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Abstract

Low Earth Orbit (LEO) Non-Terrestrial Networks (NTNs) are emerging as a promising
connectivity solution for Internet of Things (IoT) sensing applications deployed in remote,
isolated, or infrastructure-limited environments. However, sparse LEO constellations
inherently lead to intermittent connectivity, long service gaps, and frequent disruptions,
challenging conventional 5G architectures that assume continuous end-to-end availability.
This paper presents and experimentally validates a distributed 5G Core architecture en-
hanced with Store-and-Forward (S&F) capabilities to enable reliable delivery of IoT sensing
data over intermittently connected LEO-NTN scenarios. The proposed architecture dis-
tributes selected 5G Core functions between ground and satellite nodes and introduces an
S&F module capable of locally buffering uplink IoT data during periods without feeder-link
connectivity and forwarding them once the ground connection is restored. A functional
prototype is implemented using Open5GS, UERANSIM, and an emulated satellite node,
and experimentally evaluated under representative intermittent-connectivity conditions.
The results demonstrate that the proposed architecture successfully preserves and delivers
IoT sensing data across temporary link disruptions. The experimental findings confirm
the feasibility of integrating S&F mechanisms into distributed 5G Core architectures and
provide practical insights into the design of resilient IoT sensing services over sparse
LEO constellations.

Keywords: non-terrestrial networks; LEO satellites; distributed 5G core; store-and-forward;
delay-tolerant IoT; system architecture; experimental validation

1. Introduction

The extension of mobile connectivity beyond terrestrial infrastructures has become
a key enabler for large-scale Internet of Things (IoT) deployments in remote, rural,
and infrastructure-less environments. In this context, Non-Terrestrial Networks (NTNs)
based on Low Earth Orbit (LEO) satellite constellations have emerged as a viable solution
to provide global coverage and support services in scenarios where continuous end-to-end
connectivity cannot be guaranteed [1]. However, the dynamic topology, intermittent visibil-
ity, and frequent backhaul disruptions inherent to LEO systems fundamentally challenge
the centralized assumptions of conventional mobile network architectures.
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In parallel, Delay-Tolerant Networking (DTN) and Store-and-Forward (S&F) mech-
anisms have gained renewed attention as a practical approach to cope with intermittent
connectivity, long propagation delays, and disrupted backhaul conditions. Such character-
istics are increasingly relevant not only in satellite systems, but also in rural connectivity,
disaster recovery, and mobile sensing scenarios [2,3]. S&F mechanisms enable reliable ser-
vice operation even in the absence of continuous connectivity, making them a cornerstone
for future mobile and satellite-integrated networks.

Standard fifth-generation (5G) core network designs rely on persistent connectivity
between the Radio Access Network (RAN) and centralized core functions to ensure continu-
ous control-plane coordination and user-plane data delivery. In LEO-based NTN scenarios,
this assumption is frequently violated due to satellite mobility and limited contact win-
dows, particularly in sparse constellations and IoT-oriented deployments [4,5]. As a result,
supporting reliable IoT services in NTN requires architectural adaptations that enable
autonomous operation during connectivity outages while preserving end-to-end service
continuity and compliance with 3GPP specifications. Several recent studies have explored
S&F operation in satellite-based IoT systems from different perspectives. Architectural
proposals for S&F-enabled NTN highlight the role of onboard buffering and intermedi-
ate user-plane functions to tolerate discontinuous feeder links [6]. Other works focus
on mitigating latency and improving delivery performance through techniques such as
inter-satellite links (ISLs), further reinforcing the relevance of S&F in LEO constellations [7].
Experimental evaluations of delay-tolerant communication have been conducted in terres-
trial and hybrid environments, demonstrating the feasibility and robustness of DTN-based
approaches under real connectivity constraints [2].

However, the majority of system-level experimental studies on satellite IoT rely on
Low-Power Wide-Area Network (LPWAN) technologies, particularly Long Range (LoRa)
or LoRaWAN. Multiple works analyze store-and-forward performance, buffering behavior,
and delivery ratios in LoORaWAN-based satellite systems, highlighting their suitability for
non-real-time IoT services with extremely low data rates [8,9]. While these approaches
effectively demonstrate the feasibility of S&F over satellite links, they remain largely
detached from the evolution of standardized mobile core networks and offer limited
integration with 3GPP-compliant architectures.

In contrast, recent standardization efforts within 3GPP have explicitly addressed the
integration of satellite components into the 5G system. In particular, Technical Report
TR 23.700-29 (Release 19) [4] identifies support for delay-tolerant services as a key issue
for NTN-enabled IoT deployments and outlines architectural principles for distributing
selected core network functions across satellite and terrestrial segments. Nevertheless, these
specifications primarily provide high-level architectural guidance, leaving open questions
regarding practical system design, functional placement, and experimental validation.

In this context, this paper addresses the following research question: to what extent can a
distributed 5G core architecture with integrated Store-and-Forward capabilities support autonomous
IoT operation over LEO-based NTN while remaining compliant with existing 3GPP frameworks?
Rather than focusing on performance optimization, the objective of this work is to assess
the system-level feasibility, architectural dependencies, and design trade-offs associated
with distributing 5G core network functions in intermittently connected environments.

To this end, the paper presents a distributed 5G core system architecture in which
selected control-plane and user-plane functions are deployed across satellite and terrestrial
segments, enabling localized autonomy and in-space data persistence during backhaul dis-
ruptions. A representative system prototype is used to experimentally validate end-to-end
operation across disconnected operational phases, allowing the analysis of functional inter-
actions, operational states, and architectural constraints under realistic NTN conditions.
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The main contributions of this paper are summarized as follows:

*  We present a system-level design of a distributed 5G core architecture for IoT ser-
vices over LEO-based NTN, addressing intermittent connectivity through integrated
S&F mechanisms.

*  We analyze the functional distribution of 5G core network functions between satellite
and terrestrial segments, identifying architectural dependencies and design trade-offs
required to enable autonomous operation during backhaul disruptions.

*  We experimentally validate the proposed system using a representative prototype,
demonstrating autonomous registration, session establishment, and reliable store-and-
forward data delivery across disconnected operational phases.

*  We derive practical design insights aligned with 3GPP Release 19 NTN principles,
highlighting both the feasibility and limitations of deploying resilient, delay-tolerant
IoT services using distributed 5G core architectures.

The remainder of this paper is organized as follows. Section 2 shows the related works.
Section 3 discusses the system requirements and design challenges for distributed 5G core
deployment in NTN scenarios. Section 4 presents the proposed system architecture, while
Section 5 describes the implementation of the representative system prototype. Section 6 an-
alyzes the experimental results from a system-level perspective. Finally, Section 7 concludes
the paper and outlines directions for future work.

2. Related Work

S&F mechanisms have long been studied as a fundamental approach to support
delay-tolerant communications in satellite networks. Early research focused primarily
on routing strategies, buffering policies, and link-level considerations in LEO constella-
tions. For instance, Lu et al. [10] analyzed the routing complexity of S&F-enabled LEO
satellite networks, highlighting the impact of satellite mobility on data delivery paths and
forwarding delays. Similarly, Rahim et al. [11] investigated link budget and system design
aspects for ground sensor terminals in nanosatellite-based S&F missions. While these
works effectively address S&F operations in satellite systems, they do not consider their
integration into 5G core network functions; in contrast, this paper explicitly integrates S&F
mechanisms into a distributed 5G core architecture and validates their operation at the
system level.

Standardization efforts within the 3rd Generation Partnership Project (3GPP) have
explicitly recognized these challenges. In particular, TR 23.700-29 (Release 19) identifies
the support of delay-tolerant services as a key issue for NTN-enabled IoT deployments
and outlines high-level architectural principles for distributing network functions across
satellite and terrestrial segments. Nevertheless, the specification does not provide guidance
on practical implementation strategies or experimental validation, leaving open questions
regarding system feasibility and operational behavior.

Kellermann et al. propose a high-level S&F-enabled NTN architecture and report a
laboratory validation for narrowband-IoT (NB-IoT)/Evolved Packet Core (EPC)-oriented
components, focusing on feasibility and standard-compliant operation under discontinuous
feeder links [12]. In that architecture, the core network is still based on 4G. In contrast, our
paper takes a system design and implementation perspective to provide a complete end-to-end
prototype of a split 5G core across satellite and terrestrial segments and to characterize its
operational behavior under intermittent backhaul, including autonomous operation, data
persistence, and deferred forwarding.

From a standardization/procedure perspective, [13] analyzes how S&F can be sup-
ported in multi-satellite deployments by identifying impacted entities and proposing
adaptations to core procedures (e.g., registration continuation across contacts and S&F-
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aware data transfer). That work is intentionally oriented toward the impact of procedures
and the behavior of the conceptual system. The contribution of the present paper is comple-
mentary and goes one step further: we demonstrate a working system that operationalizes
these concepts into an implementable split-core design, and we validate it experimentally
at the system level, emphasizing repeatable end-to-end functionality rather than protocol
proposal alone.

Other related works address narrower functional slices of the S&F NTN problem.
Zong et al. discuss architecture options and propose enhancements to mobility /session
management procedures (e.g., S&F mode broadcasting, attach/ TAU/PDN connectivity) for
split-MME and full-EPC onboard deployments [9]. Saglam proposes an enhanced paging
method for S&F IoT-NTN and evaluates it via simulation, focusing on paging triggering and
energy/signaling aspects at the access layer [14]. On the other hand, our work concentrates
on system-level integration and validation of a split-core design with store-and-forward service
logic, providing an operational model (state transition) and experimental evidence that the
system behaves correctly across disconnection and reconnection phases.

Overall, the novelty of this paper is not a new paging rule or a set of mes-
sage/procedure updates, but a systems-oriented contribution: (i) an end-to-end split-core
S&F design suitable for intermittent NTN backhaul, (ii) an operational model that captures
autonomous and synchronized modes, and (iii) a system-level experimental validation that
demonstrates autonomous operation, data persistence, connectivity restoration, and end-
to-end delivery under realistic disconnection assumptions.

3. System Requirements and Design Challenges

Supporting IoT services over LEO satellite-based NTN introduces a set of system
requirements that differ significantly from those assumed in conventional terrestrial 5G
deployments. The combination of intermittent connectivity, dynamic network topology,
and limited satellite resources requires architectural adaptations at the core network level
to ensure reliable and resilient service delivery. This section outlines the key system require-
ments and design challenges that motivate the proposed distributed 5G core architecture
with integrated S&F capabilities.

3.1. Intermittent Connectivity and Autonomous Operation

LEO satellite constellations inherently provide time-varying coverage due to satellite
mobility and constrained visibility windows. As a consequence, continuous connectivity
between the Radio Access Network (RAN) and centralized core network functions cannot
be guaranteed, particularly in sparse constellations and IoT-oriented scenarios. From a
system perspective, this intermittent connectivity imposes the requirement for autonomous
operation during backhaul disruptions.

To maintain service continuity under these conditions, selected control-plane functions
must be able to operate independently of the terrestrial core for extended periods. This
includes supporting User Equipment (UE) registration, mobility management, and session
establishment without relying on persistent connectivity to centralized network functions.
Enabling such autonomy challenges the traditional centralized 5G core deployment model
and motivates distributing core network functions across satellite and terrestrial segments.

3.2. Delay-Tolerant Data Delivery and S&F Support

A wide range of IoT applications targeted by NTN deployments, such as environmen-
tal monitoring, asset tracking, and remote sensing, are inherently delay-tolerant. However,
while these applications can tolerate delivery delays, they typically require reliable data
persistence to prevent information loss during connectivity outages.
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This requirement introduces the need for Store-and-Forward mechanisms capable of
decoupling data generation from data delivery. From a system design standpoint, S&F
functionality must be tightly integrated with the core network architecture to ensure com-
patibility with 5G procedures and to enable seamless data forwarding once connectivity is
restored. Designing such mechanisms raises challenges related to data persistence, message
integrity, and coordination between autonomous and centralized network segments.

3.3. Functional Distribution and Architectural Dependencies

Distributing 5G core network functions across satellite and terrestrial segments re-
quires careful consideration of functional dependencies and signaling interactions. While
some functions can tolerate intermittent connectivity and operate autonomously, others rely
on global network state, centralized policy enforcement, or continuous synchronization.

From a system-level perspective, determining which functions can be deployed in
the satellite segment without compromising network integrity is a key design challenge.
This includes analyzing dependencies between access and mobility management, session
management, user-plane handling, and service discovery. Improper functional placement
may lead to inconsistencies, increased signaling overhead, or service disruption upon
reconnection. Therefore, the functional distribution must balance autonomy, complexity,
and compliance with existing 5G architectural principles.

3.4. Resource Constraints in the Satellite Segment

Satellite platforms impose strict constraints on computational resources, storage capac-
ity, and energy consumption. Unlike terrestrial data centers, satellite-based deployments
must operate within limited and often fixed resource budgets. These constraints directly
influence the feasibility of deploying core network functions in space.

From a system design perspective, this limitation motivates, at the architectural level,
selective core-function deployment rather than full core replication: only a reduced control
set needs to be active on board during autonomous operation. In the prototype this
reduced set is instantiated as part of a full Open5GS deployment for tooling simplicity,
as clarified in Section 5.5. The architecture must ensure that the satellite segment can sustain
autonomous operation during disconnections without exceeding resource limitations, while
still enabling seamless reintegration with the terrestrial core once connectivity is restored.

3.5. Compliance with 3GPP Architectural Principles

Any architectural adaptation for NTN deployments must preserve compatibility with
3GPP specifications to ensure interoperability and future extensibility. Recent 3GPP studies,
particularly TR 23.700-29 (Release 19) [4], recognize the need for distributed architectures
and delay-tolerant support in NTN scenarios but leave open questions regarding practical
implementation and system behavior.

A key challenge is therefore to translate these high-level architectural principles into
a concrete system design that remains compliant with standard 5G procedures. This
includes maintaining standard registration and session management workflows, ensuring
proper service discovery across distributed components, and avoiding proprietary protocol
extensions. Addressing these challenges is essential to assessing the practical feasibility of
distributed 5G core architectures for NTN-enabled IoT services.

4. Distributed 5G Core System Architecture

This section presents the proposed distributed 5G core system architecture designed to
support delay-tolerant IoT services over LEO NTN. The architecture directly addresses the
system requirements and design challenges identified in Section 3 by enabling autonomous
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operation during intermittent connectivity, integrating S&F mechanisms, and preserving
compliance with 3GPP architectural principles.

4.1. Architecture Overview

Figure 1 illustrates the proposed split 5G core architecture in which selected core
network functions are distributed between satellite and terrestrial segments. Rather than
replicating the full 5G core in space, the architecture requires only a reduced set of es-
sential control-plane and user-plane functions to be active in the satellite segment during
autonomous operation, while maintaining a complete core network in the terrestrial seg-
ment. In the prototype, this reduced set is instantiated within a full Open5GS deployment
for tooling simplicity, and only the reduced subset is functionally exercised on the delay-
tolerant path (see Section 5.5). This division is deliberately designed to balance autonomy,
complexity, and resource efficiency on three grounds: (i) the functions kept in the satellite
segment (AMFE, SMF, UPF and the S&F service) are exactly those needed to run registration,
authentication and PDU-session establishment during a feeder-link outage, i.e., the minimal
set that preserves autonomys; (ii) complexity stays low because the satellite AMF federates
with the terrestrial core through the standard service-based architecture and NRF discovery,
without introducing new interfaces, unlike earlier EPC-based store-and-forward propos-
als; and (iii) resource use is contained because centralized coordination, policy control
and service exposure remain on the ground. The split is therefore the deliberate middle
point between two extremes it avoids: full core replication in space (maximum autonomy,
maximum cost) and a transparent bent-pipe relay (no cost, no autonomy).

Space Segment %
Satellite w

Satellite-5G Core S&F API gNodeB
(Open5GS) (Docker) (UERANSIM)
Fy
Forwarding with Data
Connectivity Restoration Transmission
4 . )
®  Terrestrial Segment 0T Devi
Forwarding with Connectivity Management o evice
Terrestrial 5G Core gNodeB
(Open5GS) (UERANSIM) ‘“‘\__* Destination
(. Fon[:;tr?iing UE Device y

Figure 1. Split 5G core architecture with S&F mechanisms for [oT-NTN communications.

The satellite segment is designed to operate independently during backhaul disrup-
tions, supporting user UE access, session establishment, and local data handling. The terres-
trial segment provides centralized coordination, service exposure, and final data delivery
once connectivity is restored. Inter-segment communication follows standard 5G service-
based interfaces, enabling seamless reintegration without modifying existing procedures.

4.2. Satellite Segment Architecture

The satellite segment hosts the network functions required to sustain autonomous
operation under intermittent connectivity conditions. In particular, access and mobility
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management and session control capabilities are locally available to support UE registration
and session establishment without reliance on the terrestrial core.

To address delay-tolerant data delivery requirements, a Store-and-Forward service
is integrated within the satellite segment. This service provides persistent storage for
IoT data generated during connectivity outages and manages controlled forwarding once
backhaul connectivity becomes available. By collocating data persistence with control-
plane autonomy, the satellite segment can ensure service continuity while decoupling data
generation from end-to-end delivery.

The satellite segment is designed as a modular subsystem, allowing independent
operation and recovery. This modularity simplifies fault isolation and limits the impact
of disconnections on the overall system, while enabling flexible scaling based on mission
requirements and resource availability.

To manage forwarding on link-up, the S&F service also includes a monitoring compo-
nent designed to detect restored feeder-link connectivity and forward the buffered messages
toward the terrestrial segment. As discussed in Section 6, the autonomous operation of
this component was not captured in the reported experiments; the delivery path evidenced
here is the retrieval of the persisted messages by the destination.

4.3. Terrestrial Segment Architecture

The terrestrial segment hosts the full 5G core network and is responsible for global
coordination, policy enforcement, and service exposure. It maintains authoritative network
state and provides access to external data networks and application services.

Upon restoration of connectivity, the terrestrial core interacts with the satellite seg-
ment to synchronize network functions and receive stored IoT data. Service discovery
mechanisms enable dynamic inter-segment interaction, allowing distributed functions to
register, expose, and consume services using standard interfaces. This design ensures that
the distributed architecture remains transparent to end applications and does not require
modifications to existing service workflows.

4.4. Inter-Segment Interaction and Service Continuity

Inter-segment interaction is a key aspect of the proposed architecture. During con-
nectivity outages, the satellite segment operates autonomously, maintaining local network
state and data persistence. Once backhaul connectivity is restored, the system transitions to
a synchronized operational mode in which stored data is forwarded and network functions
reestablish coordination with the terrestrial core.

This transition is designed to be seamless and transparent to user equipment. Standard
5G procedures are preserved throughout the process, avoiding the need for proprietary
signaling extensions. The architecture, therefore, enables continuous service support across
disconnected operational phases while maintaining compliance with 3GPP-defined work-
flows.

4.5. Architectural Alignment with System Requirements

The proposed distributed architecture (Figure 1) directly addresses the system require-
ments identified in Section 3. Autonomous operation is enabled through local control-plane
deployment in the satellite segment, while delay-tolerant data delivery is achieved via
integrated Store-and-Forward mechanisms. Functional distribution decisions are guided
by architectural dependencies and resource constraints, so that only the control subset
required for autonomous operation needs to be active in the satellite segment rather than a
replicated centralized core. Finally, the use of standard service-based interfaces ensures
compatibility with 3GPP architectural principles and supports future extensibility.

https://doi.org/10.3390/s26154919
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5. System Prototype and Implementation

To assess the practical feasibility of the proposed distributed 5G core architecture,
a representative system prototype was implemented and deployed in a controlled exper-
imental environment. The objective of this prototype is not performance optimization,
but rather the validation of system-level behavior, functional interactions, and architectural
assumptions under intermittent connectivity conditions representative of LEO-based NTN.

The prototype implements the distributed architecture described in Section 3 by
instantiating separate satellite and terrestrial segments interconnected through standard
5G interfaces. Each segment hosts a distinct set of core network functions consistent with
the proposed functional distribution, enabling autonomous operation during connectivity
disruptions and coordinated operation once backhaul connectivity is restored.

The representative system prototype was implemented using open-source 5G plat-
forms to support architectural validation. Core network functions were realized using
Open5GS [15], while UE and gNodeB behavior was emulated using UERANSIM [16]. The
system is deployed using virtualized computing environments to emulate the separation
between satellite and terrestrial domains. This approach enables controlled experimenta-
tion while preserving architectural fidelity and reproducibility, ensuring alignment with
3GPP architectural principles.

5.1. Satellite Segment Implementation

The satellite segment of the prototype is designed to support autonomous operation
during periods of terrestrial disconnection. It hosts a 5G core configuration that provides
access and mobility management, session control, and local user-plane handling for IoT
devices. This configuration enables UE registration, authentication, and Protocol Data Unit
Session (PDU) session establishment without reliance on continuous backhaul connectivity.

To support delay-tolerant data delivery, an S&F service is integrated within the satel-
lite segment. The S&F service provides persistent storage for IoT data generated during
connectivity outages and exposes controlled interfaces for data insertion, retrieval, and for-
warding. Data persistence ensures that information generated by IoT devices is preserved
until terrestrial connectivity becomes available, decoupling data generation from end-to-
end delivery.

The satellite segment is deployed as a modular subsystem, allowing independent
initialization, operation, and recovery. This modularity reflects the design objective of
limiting interdependencies during disconnected operation and reducing the impact of
backhaul disruptions on local service availability.

5.2. Terrestrial Segment Implementation

The terrestrial segment hosts a complete 5G core network configuration and represents
the centralized coordination domain of the system. It maintains authoritative network
state, supports service discovery, and provides connectivity to external data networks and
application services.

Upon restoration of backhaul connectivity, the terrestrial core interacts with the satellite
segment to reestablish coordination and receive stored IoT data. Standard service-based
interfaces enable distributed network functions to register, discover services, and exchange
control-plane information without requiring manual intervention or proprietary extensions.
This design ensures that the transition from autonomous to synchronized operation remains
transparent to user equipment and external services.
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5.3. Inter-Segment Connectivity and Operational Phases

The prototype explicitly supports two operational phases, as illustrated in Figure 2,
reflecting the intermittent connectivity characteristics of LEO-based NTN deployments and
the corresponding system behavior. The figure abstracts the distributed core architecture
into two representative modes of operation and highlights the role of local core functions
and auxiliary entities during each phase.

In the first phase, the satellite segment operates autonomously, without any assumed
connectivity to the terrestrial core. During this phase, essential control-plane functions,
including Access and Mobility Management Function (AMF) and Session Management
Function (SMF), are locally available within the satellite segment to support UE registration,
authentication, and PDU session establishment. IoT devices access the network through
the satellite gNodeB, and user-plane traffic is handled locally. The auxiliary UE depicted in
Figure 2 serves as an intermediary to emulate S&F interaction and local data persistence
within the satellite segment, enabling controlled validation of disconnected operation.

In the second phase, backhaul connectivity between satellite and terrestrial segments is
restored. The system transitions to a synchronized operational mode in which control-plane
coordination is reestablished through standard 5G service discovery mechanisms. Deferred
data stored during autonomous operation is forwarded toward the terrestrial core and
subsequently delivered to external services or destination UEs. Throughout this transition,
standard 5G workflows are preserved, and no protocol extensions or proprietary signaling
mechanisms are introduced.

By explicitly supporting these two operational phases, the prototype demonstrates
that intermittent connectivity can be accommodated through architectural design rather
than protocol modification. Figure 2, therefore, serves as a conceptual reference for the
operational behavior validated experimentally in the subsequent sections.

Phase 1 Phase 2

UE loT —
SAT ‘

SAT

1'CORE GND

gNodeB
 terrestre

destination
UE

gNodeB

! UE aux

Figure 2. Operational phases of the distributed 5G core system.

5.4. Reproducibility and Experimental Scope

The prototype is implemented using open-source 5G platforms and containerized
services to facilitate reproducibility and transparency. Virtualized deployment enables
precise control over network topology, functional placement, and connectivity conditions.
While the prototype does not aim to replicate the physical constraints of an actual satellite
platform, it provides a faithful representation of the functional and architectural behavior
required to assess system-level feasibility.
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The scope of the experimental setup is intentionally limited to validating architectural
operation, functional interaction, and service continuity across disconnected phases. Per-
formance optimization, large-scale scalability, and physical-layer effects are outside the
scope of this study and are identified as directions for future work.

5.5. Testbed Configuration and Reproducibility

The distributed prototype is deployed over five virtual machines interconnected
through an isolated management network. Table 1 details the hardware and software of the
testbed, and Table 2 lists the role and management address of each virtual machine. Each
5G core segment runs an independent set of Open5GS network functions with the service-
based interface (SBI) configuration reported in Table 3, while access nodes and terminals are
emulated with UERANSIM. Three subscribers (Table 4) reproduce the end-to-end path: an
originating IoT UE in the satellite segment, an auxiliary UE that mediates local Store-and-
Forward persistence, and a destination UE in the terrestrial segment. The complete mapping
between roles, management addresses and dynamically assigned PDU-session addresses
is given in Table 5, and the REST interface exposed by the S&F service is summarized in
Table 6. Intermittent connectivity is emulated in a controlled and repeatable manner by
starting and stopping the corresponding services and virtual machines, reproducing the
loss and recovery of the feeder link without requiring a physical channel or orbital model.

Table 1. Hardware and software configuration of the experimental testbed.

Component Specification Version

Host processor Intel Core i7-9700 (8 cores, 8 threads, up to o
4.7 GHz)

Host memory 32 GB DDR4 —

Host storage 1 TB SSD —

Host operating system ~ Ubuntu 20.04.6 LTS

Hypervisor Oracle VirtualBox (nested virtualization 714
enabled) o

Virtual machines 5 .X Ubuntu; 3 vCPU, 4 GB RAM, 20 GB 24.04.1 LTS
disk each

Container runtime Docker 24.0.5

5G core Open5GS (service-based architecture) v2.7.2

RAN/UE emulation UERANSIM (gNodeB and UE) v3.2.6

Subscriber database MongoDB 6.0

Traffic analysis Wireshark (NGAP, NAS, GTP, SCTP, HTTP/2) 4.2.5

S&F service runtime Python 3.12

S&F REST API Flask 3.0.3

S&F persistence SQLite 3.45.1

REST test client curl 8.5.0

Management network  Internal VirtualBox network 192.168.18.0/24  —
PDU session subnet 10.45.0.0/16 (dynamically assigned to UEs) —

Although Table 3 lists the full Open5GS network-function set in both segments, this
reflects a deployment choice: the complete set is instantiated per segment for tooling
simplicity and reproducibility, while only the control subset required for autonomous
operation (AMF, SMF and UPF) together with the S&F service is exercised on the delay-
tolerant path in the satellite segment. Open5GS allows starting only the required functions,
so a minimized onboard deployment is directly supported and does not alter the proposed
architecture.
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Table 2. Virtual machine roles and management-network IP allocation.
VM Role and Hosted Services IP Address
VM1 Satellite core-Open5GS network functions 192.168.18.80
VM2 Satellite gNodeB + S&F service (Docker) + auxiliary UE ~ 192.168.18.82
VM3 Originating IoT UE (UERANSIM) 192.168.18.100
VM4 Terrestrial core-Open5GS network functions 192.168.18.55
VM5 Terrestrial gNodeB + destination UE (UERANSIM) 192.168.18.20

Table 3. Service-Based Interface (SBI) configuration of the Open5GS network functions in the satellite
and terrestrial segments. The UPF does not expose an SBI: SMF-UPF signalling uses PFCP over UDP
(port 8805).

Satellite Core Terrestrial Core

NF 1P SBI Port 1P SBI Port
AMF 192.168.18.80 7780 192.168.18.55 7780
AUSF 192.168.18.80 7781 192.168.18.55 7781
BSF 192.168.18.80 7782 192.168.18.55 7782
NRF 192.168.18.80 7777 192.168.18.55 7777
NSSF 192.168.18.80 7784 192.168.18.55 7784
PCF 192.168.18.80 7785 192.168.18.55 7785
SCP 192.168.18.80 7799 192.168.18.55 7799
SMF 192.168.18.80 7788 192.168.18.55 7788
UDM 192.168.18.80 7789 192.168.18.55 7789
UDR 192.168.18.80 7790 192.168.18.55 7790
UPF 192.168.18.80 — 192.168.18.55 —

Table 4. Provisioned subscriber identities. All UEs share the same authentication material (key and
OPc) and the null SUCI protection scheme to simplify the controlled experiment.

Role IMSI Segment
Originating IoT UE 999700000000001  Satellite
Auxiliary UE (S&F relay) 999700000000002  Satellite
Destination UE 999700000000003  Terrestrial

Table 5. Assignment of roles, management-network addresses and PDU-session addresses across the
distributed testbed.

Element Role Network IP Session IP
IoT UE (satellite) Originating device 192.168.18.100 10.45.0.2
Auxiliary UE (satellite) S&F reception/forwarding 192.168.18.82  10.45.0.5
Satellite gNodeB Satellite access node 192.168.18.82  —
Satellite AMF Satellite core 192.168.18.80 —
Satellite SMF Satellite core — 10.45.0.1
Terrestrial gNodeB Terrestrial access node 192.168.1820 —
Destination UE Destination device 192.168.18.20  10.45.0.6
Terrestrial AMF Terrestrial core 192.168.18.55 —
Terrestrial SMF Terrestrial core — 10.45.0.1
Terrestrial UPF User plane — —
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Table 6. REST endpoints exposed by the Store-and-Forward service. The service is containerized
(Docker), persists messages in a lightweight SQLite database, and secures requests with JWT authen-

tication.

Endpoint Method Description

/store POST Store an uplink IoT message during a backhaul outage
/messages/<imsi>  GET Retrieve pending messages for a given subscriber
/ack/<message_id> POST Acknowledge reception of a forwarded message
/health GET Report service liveness/status

6. Experimental Results and System-Level Analysis

This section presents the experimental results obtained using the system prototype
described in Section 5. The objective of the analysis is to assess the system-level behavior of
the proposed distributed 5G core architecture under intermittent connectivity conditions,
rather than to optimize performance or conduct large-scale benchmarking. All results are
derived from the experimental setup described in [13] and focus on validating architectural
feasibility, functional interaction, and service continuity.

6.1. Experimental Confiquration and Validation Scope

The experimental setup is intentionally designed to reflect a realistic separation be-
tween satellite and terrestrial segments, enabling the evaluation of autonomous operation,
local data persistence, and deferred data forwarding. Table 7 summarizes the key con-
figuration aspects of the experimental system, highlighting the functional roles of each
network segment, the operational modes considered, and the scope of data persistence
evaluated during the experiments. Rather than providing exhaustive implementation
details, the table contextualizes the validation environment and clarifies the assumptions
under which system-level behavior is assessed.

Detailed reproducibility parameters of this environment, testbed hardware and soft-
ware, virtual-machine roles, network-function SBI configuration, subscriber identities,
and Store-and-Forward endpoints, are reported in Section 5.5 (Tables 1-6).

Table 7. Experimental Configuration Summary.

Aspect Configuration

Deployment approach Virtualized distributed system

Network segments Satellite segment and terrestrial segment

Satellite segment role Autonomous access, session control, S&F
Terrestrial segment role Centralized core and data delivery

Number of logical nodes Multiple distributed network entities

Operational modes Disconnected (autonomous) and connected phases
Data persistence Local storage during backhaul outages

UE roles Originating, intermediary, and destination devices

The validation process focuses on two operational modes: an autonomous satellite
operation mode, in which the satellite segment operates without any assumed backhaul
connectivity, and a synchronized operation mode, in which coordination with the terrestrial
core is restored. These modes form the basis for all experimental scenarios discussed in the
following subsections and are representative of typical connectivity conditions encountered
in LEO satellite deployments.
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Figure 3 provides a consolidated view of the end-to-end functional validation flow
used throughout this study and serves as a reference framework for interpreting the experi-
mental results. The figure illustrates how IoT data generation, local core operation, S&F
persistence, and deferred delivery are coordinated across satellite and terrestrial segments.

During autonomous operation, essential 5G core functions, including AMF, SMF,
and user-plane handling (UPF), are locally available within the satellite segment to support
UE access, registration, and PDU session establishment. User-plane data generated by IoT
devices is handled locally and persisted via the S&F service, enabling reliable operation
despite the absence of backhaul connectivity. This behavior is validated experimentally
and analyzed in Sections 6.2 and 6.3.

(1) Uplink data Satellite Segment
generation e e e o o i \
Local 5G Core Functions i
\ i
AMF SMF UPF ' .
loT UE ” T “ I i Terrestrial Segment
= |

Store-and-Forward Service L Full 5G Core
Local persistence (3) Intermittent
during disconnection backhaul External D_ata.Network
Y / Application

),

(1) Autonomous operation (2) Data persistence  (3) Connectivity restoration (4) End-to-end delivery

Figure 3. Functional validation flow of the distributed 5G core system over LEO-based NTN.
The satellite segment operates autonomously to support UE access and locally persists IoT data via
the S&F service during backhaul outages. When connectivity is restored, deferred data is forwarded
to the terrestrial segment for end-to-end delivery.

Upon restoration of backhaul connectivity, the system transitions to a synchronized
operational mode. Deferred data stored during autonomous operation is forwarded toward
the terrestrial segment, and control-plane coordination with the centralized core is reestab-
lished using standard 5G service discovery mechanisms. This phase enables end-to-end
data delivery to external services or destination UEs without requiring protocol extensions
or proprietary signaling. The reintegration process and its system-level implications are
examined in Sections 6.4 and 6.5.

By structuring the experimental analysis around the functional blocks illustrated in
Figure 3 and the configuration summarized in Table 7, the results demonstrate that the
proposed architecture exhibits consistent, repeatable, and standards-compliant behavior
across disconnected and reconnected operational phases.

6.2. Autonomous Operation of the Satellite Segment

The first set of experiments validates the ability of the satellite segment to operate
autonomously during periods of terrestrial disconnection. When backhaul connectivity is
unavailable, the satellite segment initializes its local core network functions and provides
access services to IoT UE without relying on external coordination.

Experimental observations confirm that essential control-plane functions remain oper-
ational throughout the disconnected phase, enabling uninterrupted local service support.
This behavior demonstrates that the architectural distribution of core functions effectively
satisfies the autonomy requirement identified in Section 3.1. and confirms the feasibility of
isolated operation in LEO-based NTN scenarios.

From an experimental perspective, UE registration and PDU-session establishment
procedures completed in approximately 0.35 s (a registration procedure of about 70 ms
followed by a PDU-session establishment of about 280 ms), as measured from the log times-
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tamps in Figure 6. These values are not intended as performance benchmarks, but rather
as representative indicators confirming that standard 5G control-plane procedures can be
executed reliably in the satellite segment despite the absence of continuous backhaul con-
nectivity.

Across all repetitions, the satellite core (Figure 4) initialized every network function
and accepted the registration of the satellite gNodeB (Figure 5) over the SCTP/NG in-
terface, confirming that autonomous bring-up of the local core is achieved without any
terrestrial coordination.

: S ip addr show enpOs3; ip addr show ogstun
: enpOs3: <BROADCAST,MULTICAST,UP,LOWER_UP> mtu 1500 gdisc pfifo_fast state UP group default glen 1000
link/ether 08:00:27:70:11:d8 brd ff:ff:ff:ff:ff:ff
inet 192.168.18.80/24 |brd 192.168.18.255 scope global noprefixroute enp@s3
valid_Lft forever preferred_lft forever
: ogstun: <POINTOPOINT,MULTICAST,NOARP,UP,LOWER_UP> mtu 1400 qdisc pfifo_fast state UP group default glen 500
link/none
inet 10.45.0.1/16 brd 10.45.255.255 scope global ogstun
valid_1ft forever preferred_1ft forever
inet6 2001:db8:cafe::1/48 scope global
valid_1ft forever preferred_lft forever
inet6 feB0::9a75:e10d:6358:b756/64 scope link stable-privacy
valid _1ft forever nreferced 1ft forever
:-$ systemctl list-units --type=service --state=running | grep openS5gs
-amfd.service loaded active running Open5GS AMF Daemon
-ausfd.service loaded active running OpenS5GS AUSF Daemon
-bsfd.service loaded active running OpenS5GS BSF Daemon
-nrfd.service loaded active running Open5GS NRF Daemon
-nssfd.service loaded active running Open5GS NSSF Daemon
-pcfd.service loaded active running OpenS5GS PCF Daemon
-scpd.service loaded active running Open5GS SCP Daemon
-smfd.service loaded active running Open5GS SMF Daemon
-udmd.service loaded active running Open5GS UDM Daemon
-udrd.service loaded active running Open5GS UDR Daemon
-upfd.service loaded active running Open5GS UPF Daemon

Figure 4. Satellite core: configured IP and active NF services.

[sbi] INFO: NF EndPoint(addr) setup [192.168.18.80:7777] (../lib/sbi/nnrf-handler.c:949)

[sbi] INFO: [fb5b8164-2c31-41f0-ad61-b3516babf05a] Subscription created until 2025-05-09T719:29:23.058321+02:00 [durat
bi/nnefahandlac c:868)

[sbi] INFO: NF EndPoint(addr) setup [192.168.18.80:7777] (../lib/sbi/nnrf-handler.c:949)

[sbi] INFO: [fb5b7fde-2c31-41f0-ad61-b3516babf05a] Subscription created until 2025-05-09T19:29:23.058282+02:00 [durat
bi/nnrf-handler.c:868)

[sbi]| INFO: [fb6172cc-2c31-41f0-baGb-f976d83ef978] (NRF-notify) NF registered (../lib/sbi/nnrf-handler.c:1133)

[sbi] INFO: [fb6172cc-2c31-41f0-badb-f976d83ef978] (NRF-notify) NF Profile updated [type:SMF] (../lib/sbi/nnrf-handle

[sbi] INFO: NF EndPoint(addr) setup [192.168.18.80:80] (../lib/sbi/context.c:2195)

[sbi] INFO: NF EndPoint(addr) setup [192.168.18.80:7788] (../lib/sbi/context.c:1934)

[sbi] INFO: [fd40408c-2c31-41f0-b19e-c99f555cd71c] (NRF-notify) NF registered (../lib/sbi/nnrf-handler.c:1133)

[sbi] INFO: [fd40408c-2c31-41f0-b19e-c99f555cd71c] (NRF-notify) NF Profile updated [type:PCF] (../lib/sbi/nnrf-handle

[sbi]l INFO: NF EndPoint(addr) setup [192.168.18.80:80] (../lib/sbi/context.c:2195)

[sbi]} INFO: NF EndPoint(addr) setup [192.168.18.80:7785] (../lib/sbi/context.c:1934)

[amf] INFO: gNB-N2 accepted[192.168.18.82]:34122 in ng-path module (../src/amf/ngap-sctp.c:113)
[amf] : gNB-N2 accepted[192.168.18.82] in master_sm module (../src/amf/amf-sm.c:796)

[amf] [Added] Number of gNBs is now 1 (../src/amf/context.c:1238)

[amf] : gNB-N2[192.168.18.82] max_num_of_ostreams : 10 (../src/amf/amf-sm.c:842)

Figure 5. Successful satellite gNodeB registration at the AMF.

6.3. UE Registration and Session Establishment

To further validate control-plane continuity, UE registration and PDU session estab-
lishment procedures were evaluated during autonomous operation. IoT UEs successfully
completed standard 5G registration workflows, including authentication, security context
establishment, and session creation.

The experimental results show that registration procedures remain consistent with
standard 5G behavior, with UEs transitioning through expected mobility management
states and receiving valid session parameters. These observations confirm that distributing
selected control-plane functions to the satellite segment does not disrupt standard registra-
tion or session management processes, supporting compliance with 3GPP-defined work-
flows.

The originating IoT UE completed the standard 5G registration and PDU session
establishment procedure, authentication, security-context setup and IP allocation from the
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10.45.0.0/16 pool, consistently within approximately 0.35-s (Figure 6). The corresponding
NGAP/NAS exchange (Figure 7), captured at the N2 interface between the gNodeB and
the core, confirms that the procedure follows the expected 3GPP signaling flow without
authentication or session-assignment errors. Figure 7 documents this procedure at the
packet level: the ordered NGAP /NAS exchange registration request, authentication, NAS
security mode, initial context setup, and PDU-session resource setup) completes without
error responses or retransmissions. This confirms that the IoT UE performs a standards-
compliant 5G registration and session establishment entirely within the satellite segment,

i.e., control-plane continuity is preserved during autonomous operation.

Authenti
Received
SQN-MS [
Security Mode Command received
integrity[2] phering[2]
ed
REGISTERED/NORMAL - SERVICE]
Sending
] Initial
Sending a Request
is allowed for identity[0]
ion Update Command received
lishment Accent received

L, TUN interface[uesimtun®, 10.45.0.2] is up.

Figure 6. IoT UE registration and PDU session (IMSI and session IP).

[W[ip.sre=="192.168.18.82]

No. Time Source src port_ Destination dstport_Protocol Length Info
@

67 8.981086654 192.168.18.82 34122 192.168.16.60 38412 SCTP 108 HEARTBEAT_ACK

138 15.635582415 192.168.18.82 34122 192.168.18.88 38412 SCTP 108 HEARTBEAT_ACK

133 18.428848446 192.168.18.82 34122 192.168.18.808 38412 SCTP 188 HEARTBEAT

172 21.264798467 192.168.18.82 34122 192.168.18.808 38412 SCTP 188 HEARTBEAT_ACK

266 27.413481431 192 168.18 .82 34122 192 .168.168.88 38412 SCTP 108 HEARTBEAT_ACK

279 46.221824522 192.168.18.82 34122 192.168.18.808 38412 SCTP 188 HEARTBEAT ACK

316 42.537442552 192 .168.18.82 34122 192 .168.168.88 38412 NGAP/N. 140 InitialUEMessage, Registration request
382 42.566432983 192.168.18.82 34122 192.168.18.86 38412 NGAP/N. 148 SACK (Ack=8, Arwnd=106496) , UplLinkNASTransport, Authentication response
428 42.576842317 192.168.18.82 34122 192.168.18.80 38412 NGAR/N. 188 SACK (Ack=1, Arwnd=166496) , UplinkNASTransport
533 42.599361608 192 168.18 .82 34122 192 .168.16.688 38412 NGAP 1008 SACK (Ack=2, An = ) , InitialContext
538 42,510615020 192.168.18.62 34122 192.168.16.50 38412 NGAP/N.. 240 UpLinkNASTransport, UpLinkNASTransport
651 42.527565099 192.168.18.52 34122 192.168.15.80 38412 SCTP 64 SACK (Ack=4, Arwnd=106317)

652 42.329807460 192.168.18.62 34122 192.168.18.88 30412 NGAP 104 PDUSess1onResourceSetupResponse

5412 SCIF

773 55.008622301  192.168.16.62 34122 192.168. 16,50 38412 SCTP 198 HEARTBEAT ACK

033 61.720617336 192.168.10.02 34122 192.168.10.00 30412 5CTP 100 HEARTBEAT_ACK

873 67.869794147 192.168.18.82 3412 192.168.18.86 38412 SCTP 108 HEARTBEAT_ACK

018 73.406257472  192.168.18.52 34122 192.168.18.80 38412 SCTP 108 HEARTBEAT ACK

919 73.715562825 192.168.18.82 34122 192.168.15.50 38412 SCTP 108 HEARTBEAT

944 79707172492 192.168.18.82 34122 192.166.18.80 28412 SCTP 108 HEARTBEAT_ACK
1866 85.704732913 192.168.18.82 34122 192.168.18.88 38412 SCTP 108 HEARTBEAT_ACK
1851 91.944564614 192.168.15.52 34122 192.168.18.50 38412 SCTP 108 HEARTBEAT_ACK
1887 98.074950882 192.168.18.82 34122 192.168.18.588 38412 SCTP 108 HEARTBEAT_ACK
1146 164. 234658139 192.168.18.82 34122 192.168.18.58 38412 SCTP 108 HEARTBEAT_AGK
1147 104.430332316 192.168.18.82 34122 192.168.18.80 38412 SCTP 108 HEARTBEAT
1158 110. 362803742 192.168.18 .82 34122 192 .168.168.68 38412 SCTP 108 HEARTBEAT_ACK
1222 115.993186898 192.168.18.82 34122 192.168.18.88 38412 SCTP 188 HEARTBEAT_ACK
1263 122.134233994 192.168.18.82 34122 192.168.18.808 38412 SCTP 188 HEARTBEAT_ACK
1295 128.285699962 192.168.18.82 34122 192.168.16.60 38412 SCTP 108 HEARTBEAT_ACK
1857 134.426551948 192.168.18.82 34122 192.168.18.56 3Ba12 SCTP 108 HEARTBEAT_ACK
1358 135.666697799 192.168.18.82 34122 192.168.18.808 38412 SCTP 188 HEARTBEAT
1365 140 .0856683952 192.168.18.82 34122 192.168.18.808 38412 SCTP 188 HEARTBEAT_ACK
1432 146.192871217 192.168,18.62 34122 192.168.10.60 30412 SCTP 108 HEARTBEAT_ACK
1470 152.337588897 192.168.18.82 34122 192.168.18.88 38412 SCTP 108 HEARTBEAT_ACK
1586 158.998872587 192.168.18.82 34122 192.168.18.80 38412 SCTP 188 HEARTBEAT ACK
1577 165.664447624 192 .168.18.82 34122 192 .168.168.88 38412 SCTP 1068 HEARTBEAT_ACK
1578 166.592560613 192.168.18.62 34122 192.168.18.80 38412 SCTP 108 HEARTBEAT

Figure 7. Wireshark capture of the N2 (SCTP) interface between the satellite gNodeB (192.168.18.82)
and the satellite AMF (192.168.18.80) during autonomous operation. The highlighted packets show the
complete NGAP/NAS sequence of a successful IoT UE attach: Registration Request, authentication,
NAS Security Mode, Initial Context Setup and PDU Session Resource Setup Response, with no error
responses or retransmissions.

6.4. Store-And-Forward Data Integrity and Reliability

The S&F mechanism was evaluated by generating IoT data during disconnected
operation and persisting it locally within the satellite segment. Data messages were stored
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using structured payloads that preserved content and associated metadata throughout the
disconnected phase.

Upon restoration of backhaul connectivity, the buffered messages were delivered to
the destination, enabling end-to-end data delivery without loss or corruption. Experi-
mental validation confirmed that all transmitted messages maintained complete integrity
throughout the store-and-forward process. These results demonstrate that integrating S&F
functionality at the system level effectively supports delay-tolerant IoT data delivery under
intermittent connectivity conditions. S&F store and retrieve operations completed in the
order of a few tens of milliseconds (well below 200 ms), i.e., negligible compared with the
registration and session-establishment time. Across the 200 simulation runs performed, all
buffered messages were retrieved intact, corresponding to a delivery ratio of 100% with no
message loss. Across all experimental cycles, stored data was successfully forwarded upon
connectivity restoration without any observed loss or corruption, confirming the reliability
of the integrated persistence mechanism.

Uplink IoT messages generated during the disconnected phase are pushed to the Store-
and-Forward service through its REST API after JWT authentication, and are persisted with
their content and associated metadata (originating IMSI, timestamp and priority), as shown
in Figure 8. Store and retrieval operations exhibited sub-second latency, and the associated
HTTP/2 transaction is observable at the network level (Figure 9).

interface uesimtun® -X POST jhttp://10.45.0.5:50

pe: applica
ation: Bearer eyJhbGc IUzIINLISINR5cCI6IkpXVCI9.eyI1c2VyIjoidGVzdCI9. r8vm-PL5cMIaDRNNWTO58eMMSXHZZSARTWD9zBI3WIO" \

Figure 8. IoT message stored through the S&F REST API.

N udp.streameq 0 (X] -

No. Time e LepocDosboaton dstport  Protocol Length Info '

- 1 0.000000000 %.18.1“0 3% 4997 UDP 69 35097 -~ 4997

2 0.000099829 . 18,82 . 8. 35097 UDP 61 4997 . 35097

12 1.077225044 192.168.18.100 35097 192.168.18.82 4997 UDP 69 35097 - 4997
13 1.077392420 192.168.18.82 4997 192.168.18.100 35097 UDP 61 4997 . 35097 Len=17
49 2.158143969 192.168.18.100 35097 192.168.18.82 4997 UDP 69 356097 — 4997 Len=25
50 2.158304069 192.168.18.82 4997 192.168.18.100 35097 UDP 61 4997 . 35097 Len=17
59 3.243576906 192.168.18.100 35097 192.168.18.82 4997 UDP 69 35097 -~ 4997 Len=25
60 3.243887653 192.168.18.82 4997 192.168.18.100 35097 UDP 61 4997 . 35097 L

[~ 653 575425085 152.166.15.100 3500/ 162.168.18.52 4057 UDP___ 69 3508/ 4557 Len=ps
704, 5697 Len=17
108 5 - B X |997 Len=25
109 5 097 Len=17
117 6 -~ 097 Len=29
122 6 097 Len=114
129 6 997 Len=25
130 6 097 Len=17
164 7 997 Len=25
165 7 097 Len=17
178 8 997 Len=25
179 8 097 Len=17
216 9 997 Len=25
217 9§ - 097 Len=17
23318 [-......ed....Nw....h...... 997 Len=25
234 14 |!..i....POST /store HTTP/1.1 097 Len=17
268 1] Host: 10.45.8.5:5000 997 Len=25
269 1] |User-Agent: curl/8.13.0 097 Len=17
282 1% Accept: */* 997 Len=25
283 11 Content-Type: application/json 097 Len=17
320 1§ Authorization: Bearer eyJhbGciOiJIUzIANiISINRS5cCIBIKpXVCJ9.eyJic2VyIjoidGVzdCJ9.r8vm-PLS 997 Len=25
321 11 cMJaDRNNWT0S8eMMSXHZZSAh1WD9ZBI3WIO 097 Len=17
335 14 |Content-Length: 171 997 Len=25
336 1 097 Len=17
370 1% | { 997 Len=25
371 1 "imsi_origin": "999700000000001", 097 Len=17
378 1 "imsi_destination”: "001010987654321", 097 Len=29
383 1 "message_content": "Este es el primer mensaje de este sistema Store and Forward" 097 Len=114
388 1 Hoonod hacal/ahacaaonoaacs 4E. .4i.@.7..8 997 Len=25
390 1 o 097 Len=17

« - Nwed - »

Figure 9. Store-and-Forward persistence during the disconnected phase: an uplink IoT message is
buffered locally via the REST API, and the corresponding HTTP/2 transaction is captured at the
network level with Wireshark.

Quantitative indicators are obtained from the recorded experiments without additional
runs. The UE registration and session-establishment time is measured from the UERANSIM
UE log as the interval between the Initial Registration message and the successful PDU-
session setup (Figure 6); the S&F store and retrieve latencies are reported as order-of-
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magnitude estimates for the local REST operations; and the delivery reliability is reported
over the 200 executed runs. Table 8 summarizes these indicators.

Table 8. Timing indicators and delivery reliability. Latency values are measured from the representa-
tive logged run (Figure 6); delivery reliability is reported over the 200 executed runs.

Metric Value Basis

UE registration procedure ~70 ms Figure 6 (representative)
PDU-session establishment ~280 ms Figure 6 (representative)
Registration + session (total) ~0.35s Figure 6 (representative)
S&F store operation (POST) tens of ms (<200 ms)  REST *

S&F retrieve operation (GET) tens of ms (<200 ms)  REST *

Delivery ratio 100% (200/200, 0 loss) 200 runs

* Order-of-magnitude estimate for local REST operations.

6.5. Inter-Segment Reintegration and Service Synchronization

The experimental results obtained across disconnected and reconnected operational
phases can be abstracted into a conceptual system-level model. Rather than representing
isolated experimental observations, the validated behavior reveals two well-defined opera-
tional states governing the system dynamics under intermittent connectivity conditions.

As illustrated in Figure 10, the system alternates between an autonomous satellite opera-
tion state and a synchronized operation state. In the autonomous state, the satellite segment
independently supports UE access, session management, and local data persistence via the
Store-and-Forward service, without reliance on terrestrial coordination. When backhaul
connectivity is restored, the system transitions to the synchronized state, where deferred
data forwarding and standard 5G core coordination are reestablished. Conversely, loss of
connectivity triggers a transition back to autonomous operation. This state-based interpreta-
tion highlights that the proposed architecture exhibits structured and repeatable operational
behavior, reinforcing its suitability for real-world NTN-enabled IoT deployments.

Backhaul restored

/ Autonomous_ Satellite / Synchronized \
Operation Operation
e Local UE access e Core coordination restored
® |ocal session management e Deferred data forwarding
e Data stored via S&F e Standard 5G workflows
\- No terrestrial dependency/ \ /
A

Connectivity loss

Figure 10. System operational state transition model derived from experimental validation. The sys-
tem alternates between autonomous and synchronized satellite operation depending on backhaul
availability, exhibiting structured, repeatable behavior under intermittent connectivity conditions.

A critical aspect of the proposed architecture is the seamless reintegration of dis-
tributed network segments upon connectivity restoration. Experimental results show that
the satellite segment dynamically reestablishes coordination with the terrestrial core via
standard service-discovery mechanisms.

During this synchronized operational phase, stored data is successfully transferred to
the terrestrial segment while control-plane coordination resumes without manual interven-
tion. This behavior confirms that the transition between autonomous and synchronized
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modes can be achieved transparently, preserving service continuity and avoiding disrup-
tions at the UE or application levels.

The end-to-end outcome of the synchronized phase is shown in Figure 11: once back-
haul connectivity is restored, the satellite AMF is dynamically discovered and registered at
the terrestrial NRF through standard service-based mechanisms (Figure 12); the destination
UE then retrieves the buffered messages directly from the S&F service, which holds them in
a local database on the satellite-side node, through its REST API (Figure 11). The monitoring
component described in Section 4.2, intended to autonomously push the messages toward
the terrestrial segment on link-up, is part of the implementation but its operation was
not separately recorded in these experiments. Across all experimental cycles every stored
message was forwarded and delivered without loss or corruption. Table 9 consolidates
the validation campaign, mapping each functional criterion to the experimental evidence
that supports it; all defined criteria were satisfied, confirming consistent and repeatable
behavior across the disconnected and reconnected operational phases.

curl --interf

sInRScCI6TkpXVi

L primer mensaje de est stema Store and Forward",
are and Fort
primer men

$ grep "NF EndPoint(addr)" /var/log/open5gs/nrf.log | tail -n 15
EndPoint(addr) setup [192.168.18.55:7788] (../lib/sbi/context.c:1934)
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EndPoint(addr) setup [192. .18.55:7788] (../src/nrf/nnrf-handler.
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EndPoint(addr) setup ../src/nrf/nnrf-handler
EndPoint(addr) setup .18. P] (../lib/sbi/context.c:2
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group default qlen 1000

inet 127.0.0.1/8 scope host

valid_1ft forever preferred_lft forever
inet6 ::1/128 scope host noprefixroute

valid_1ft forever preferred_1ft forever

2: enp@s3: ROADCAST ,MULTICAST,UP, R_UP> mtu 1500 qdisc pfifo_fast state UP group default gqlen 1000
1 c:cf:b8 brd ff:ff ff:ff:ff
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Figure 12. Synchronized operation after backhaul restoration: deferred data is delivered end-to-end
to the destination UE, and the satellite AMF is dynamically discovered and registered at the terrestrial
NRF through standard service-based mechanisms.
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Table 9. Validation criteria and experimental outcomes. Each criterion is supported by logs, terminal
captures and/or Wireshark traces obtained from the prototype.

Validation Criterion Experimental Evidence Met
Satellite core operation and registration of .

elements (gNodeB, IoT UE, auxiliary UE) Figures 4-6 Yes
Ingthal buffering and forwarding of IoT data with Figures 8 and 9 Yes
Terrestrial core operation and registration of Terrestrial core NF status and  Yes
elements

gNodeB/UE registration logs
Delivery of buffered messages to the destination
UE

Distributed architecture and dynamic
registration of the satellite AMF

Figure 11 Yes

Figure 12 Yes

Connection interruptions are emulated in a controlled and reproducible way by start-
ing and stopping the corresponding services and virtual machines. This is a deliberate
methodological choice: it isolates the core-network behavior under validation (registration
continuity, data persistence and inter-segment reintegration) from radio and orbital layer
variability, so that the observed behavior is attributable to the architecture rather than to link
conditions. Within this setup, synchronization recovery is governed by internal, standards-
based mechanisms: upon reconnection, the satellite AMF re-registers at the terrestrial
NREF through service discovery (Figure 12), and, as reported in Section 6.7, the transient
coexistence of two AMF instances requires an SMF context reset before new registrations
succeed. External physical factors such as Doppler, visibility-window dynamics, chan-
nel impairments, and orbital mechanics act at the radio/link layer: they modulate the
frequency and duration of the interruptions, but not the reintegration logic validated here.

6.6. System-Level Insights and Limitations

The experimental results highlight several system-level insights. First, distributing
selected core functions enables autonomous operation without compromising standard
procedures, confirming the practicality of architectural adaptations for NTN scenarios.
Second, integrating Store-and-Forward functionality within the core architecture provides
an effective mechanism for supporting delay-tolerant IoT services.

However, the results also reveal inherent limitations. The current validation delib-
erately uses a small number of devices (an originating IoT UE, an auxiliary UE and a
destination UE), which is the minimal set needed to exercise the complete end-to-end store-
and-forward path; the objective is functional feasibility, not load characterization. At larger
device populations, the design does not introduce a new scaling barrier beyond two iden-
tifiable points: the S&F persistence and REST layer, currently backed by a lightweight
SQLite store, whose throughput bounds the sustainable message rate; and the transient
multi-AMF coordination reported in Section 6.7, which currently requires an SMF context
reset. Because the architecture reuses the standard 5G service-based architecture, it inherits
the horizontal-scaling mechanisms of the 5G core (multiple UPF and SMF instances and
NF scaling), and, since the UEs are software-emulated, the ceiling reached in the prototype
is the capacity of the emulation host (five virtual machines on a single workstation) rather
than a protocol or architectural limit. A dedicated load study with hundreds to thousands
of devices is the natural next step to quantify these bounds.

Additionally, the trade-off between autonomy and centralized coordination requires
careful functional placement to avoid excessive complexity or synchronization overhead.
These aspects represent important directions for future investigation.
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6.7. Operational Constraints and Deployment Insights

Beyond confirming functional feasibility, the implementation exposed a set of practical
constraints directly relevant to the design of distributed 5G core deployments over NTN.
First, co-locating a gNodeB with a core instance on a shared network interface leads to
SCTP/NGAP port collisions once the default per-function loopback addressing is replaced
by a single routable interface; isolating the access node in a separate node removed the
conflict and is the recommended deployment pattern. Second, when the satellite AMF
is attached to the terrestrial core during the synchronized phase, two AMF instances mo-
mentarily coexist and share session context, which blocks new UE registrations; restarting
the SMF after the second AMF joins clears the stale context and restores correct operation.
These observations indicate that functional placement and multi-AMF coordination are
the critical design points when distributing the control plane, consistent with the auton-
omy/coordination trade-off discussed in Section 3. The system also proved sensitive to
the initialization order of the distributed functions. A deterministic startup sequence was
required for reproducible end-to-end operation:

Start the satellite core (Open5GS network functions).

Start the satellite gNodeB.

Start the IoT and auxiliary UEs.

Exercise the Store-and-Forward store/list operations.

Stop the satellite core functions except the AMF and SCP.

Start the terrestrial core.

Restart the satellite AMF and SCP.

Restart the terrestrial SME.

Start the terrestrial gNodeB and the destination UE.

Verify connectivity and perform the Store-and-Forward download.

O NG L=

—
o

Finally, the scope of the emulation must be kept in mind when interpreting the results:
the testbed reproduces the logical connectivity and the full 5G signaling flow, but it does
not model the physical radio channel, Doppler effects, or the orbital dynamics of a real LEO
platform, and it is not intended to scale to hundreds of nodes. These constraints do not
affect the system-level conclusions on autonomy, data persistence and standards-compliant
reintegration, but they delimit the boundary between the architectural validation presented
here and a future field or hardware-in-the-loop deployment.

Capturing and validating the autonomous, monitor-driven satellite-initiated push end
to end (the monitor firing and the push transaction) is left as future work.

7. Conclusions and Future Work

This paper has presented a system-level study of a distributed 5G core architecture
designed to support delay-tolerant Internet of Things (IoT) services over Low Earth Or-
bit (LEO) Non-Terrestrial Networks (NTNs). Motivated by the intermittent connectivity
and dynamic topology inherent to LEO satellite systems, the proposed architecture dis-
tributes selected 5G core network functions across satellite and terrestrial segments and
integrates Store-and-Forward (S&F) mechanisms to enable autonomous operation during
backhaul disruptions.

Through the implementation of a representative system prototype, the work has ex-
perimentally validated the feasibility of autonomous UE registration, session establishment,
and reliable data persistence during disconnected operational phases. The results demon-
strate that standard 5G procedures can be preserved without protocol extensions, while
architectural adaptations at the system level enable resilient operation under intermittent
connectivity conditions, in line with the principles outlined in 3GPP Release 19.
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From an experimental standpoint, the proposed system exhibits stable and repeatable
behavior across all evaluated scenarios. UE registration and session establishment proce-
dures were consistently completed in approximately 0.35 s during autonomous operation,
while Store-and-Forward interactions showed sub-second latency for data storage and
retrieval. Across all experimental cycles, across the 200 runs performed, no data loss or
corruption was observed (a 100% delivery ratio), confirming the reliability of the integrated
persistence mechanisms under intermittent backhaul conditions.

Beyond functional validation, this study provides system-level insights into the design
trade-offs associated with distributed 5G core deployment, particularly regarding functional
placement, autonomy, and centralized coordination. Future work will address scalability
for multi-satellite and multi-gateway scenarios, investigate intelligent, traffic-aware Store-
and-Forward strategies, and explore dynamic orchestration mechanisms, as well as security
and resilience aspects tailored to spaceborne deployments. Regarding security, future work
may explore mechanisms to protect the inter-segment synchronization and data transfer.
While quantum key distribution has been studied in this context and its vulnerabilities
analyzed [17], such schemes are likely disproportionate to the threat model and resource
constraints of low-rate, delay-tolerant IoT over resource-limited satellites; a lightweight,
standards-based protection of the service-based interfaces is therefore a more proportionate
near-term direction.

Author Contributions: Conceptualization, V.M.B. and EX.R.S.; methodology, V.M.B. and EX.R.S;
software, VM.B. and EXR.S,; validation, R.P. and C.M.; formal analysis, VM.B., R.P. and C.M,;
investigation, VM.B. and FX.R.S.; writing—original draft preparation, V.M.B.; writing—review
and editing, VM.B., EXR.S., RP. and C.M.; visualization, V.M.B.; supervision, VM.B., R.P. and
C.M.; project administration, V.M.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author. The data are not publicly
available due to privacy.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

3GPP 3rd Generation Partnership Project
5G Fifth Generation

AMF Access and Mobility Management Function
CP Control Plane

DTN Delay-Tolerant Networking

EPC Evolved Packet Core

GSO Geostationary Orbit

TIoT Internet of Things

ISL Inter-Satellite Link

LEO Low Earth Orbit

LoRa Long Range

LoRaWAN Long Range Wide Area Network
LPWAN Low-Power Wide-Area Network
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MME Mobility Management Entity
NB-IoT Narrowband Internet of Things
NR New Radio
NTN Non-Terrestrial Network
PDN Packet Data Network
PDU Protocol Data Unit
RAN Radio Access Network
RRM Radio Resource Management
S&F Store-and-Forward
SMF Session Management Function
TAU Tracking Area Update
TR Technical Report
UE User Equipment
UPF User Plane Function
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