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Low Earth orbit (LEO) satellite networks introduce rapidly changing topologies
and strict resource constraints, making routing a central challenge. This thesis
investigates Int2Sat, a routing architecture for the integration of LEO satellite net-
works with inter-satellite links into the Internet. This thesis focuses on the concrete
realization and evaluation of Int2Sat in an emulated network environment.

The main contribution of this work is the complete implementation of Int2Sat’s
forwarding and control components. The data plane is realized through P4-based
packet processors for satellites and gateways. These processors use an SR-MPLS
encoding tailored to the constraints of LEO satellite payloads. The control plane is
implemented as a modular Python framework that computes routing state, manages
mobility events, and programs the data plane via the PARuntime. Additionally, this
thesis introduces the non-terrestrial network emulator (NTNE), a scalable and ex-
tensible platform capable of emulating dynamic LEO constellations, custom routing
logic, and large-scale programmable networks.

Using realistic constellation scenarios, the thesis validates the functional correct-
ness of the Int2Sat implementation and demonstrates stable end-to-end connectivity
under fast topology changes, predictable routing-state updates, and efficient control
plane behavior. The NTNE itself is shown to support multi-satellite scenarios of
varying scales, confirming its applicability as a research tool for future work on
routing, resilience, and traffic engineering in non-terrestrial networks.



1 Introduction

The deployment of broadband Internet access in remote or sparsely populated re-
gions through terrestrial networks is often economically and technically impractical.
In many areas, extending terrestrial infrastructure is infeasible due to challenging to-
pographies such as mountain ranges, valleys, or deserts. To address these limitations,
satellite networks have emerged as an essential complement to terrestrial infrastruc-
tures, bridging connectivity gaps in rural and hard-to-reach regions. Standardization
efforts, such as those by the 3rd Generation Partnership Project (3GPP), highlight
the potential of non-terrestrial networks (NTNs) to enhance 5G mobile broadband
by extending coverage, improving resiliency, and offloading terrestrial traffic [1], |2].
The Broadband Commission for Sustainable Development also emphasizes the role
of geostationary satellites in achieving global coverage and bridging the digital divide
[3]-

Recent large-scale satellite network deployments, including SpaceX’s Starlink,
Amazon’s Kuiper, and Eutelsat OneWeb, demonstrate the feasibility of NTNs for
delivering broadband Internet on a global scale. These systems leverage large-scale
low Earth orbit (LEO) constellations equipped with inter-satellite links (ISLs), form-
ing dynamic mesh networks in space. However, the rapid orbital movement of LEO
satellites (with orbital periods of roughly 100 minutes at altitudes up to 1,000 km
[4]) results in a highly dynamic network topology. These frequent but predictable
link changes require a specialized routing architecture.

To address these challenges, the Int2Sat routing architecture introduces a novel
approach for integrating the Internet and NTNs, which employ LEO satellite net-
works with ISLs. It applies the software-defined networking (SDN) principle to
enable programmable control of the NTN data and control plane, thereby sepa-
rating control and forwarding functionalities. The data plane employs a segment
routing paradigm to steer packets through the NTN based on lists of forwarding in-
structions, also called segments. Satellites and gateways (GWs) are equipped with
packet processors capable of encapsulating unlabeled packets with segment routes
and forwarding them between user terminals (UTs), that represent end-user de-
vices in the NTN, and the GWs. Additionally, GWs implement Int2Sat’s control
plane and are responsible for advertising IP prefixes associated with UT addresses
to connected autonomous systems via BGP, thereby integrating UT's into the global
Internet [5].

1.1 Thesis Goal

The objective of this thesis is to implement the Int2Sat routing architecture in a
testbed, evaluate its feasibility and demonstrate its functional correctness. More
specifically, this work focuses on implementing the satellite and gateway packet
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processors and the control plane logic of the gateways. The packet processors are
implemented using the programming protocol-independent packet processor (P4)
language. For the control plane logic, the controller presented in [6] serves as foun-
dation, providing the routing information which are translated by the GWs into
configurations for the packet processors.

For the functional evaluation of the Int2Sat routing architecture an emulated
testbed is required as illustrated in Figure [1.1} This non-terrestrial network em-
ulator (NTNE) must be capable of representing the core NTN nodes required for
the routing architecture evaluation. It must allow the integration of the developed
P4 packet processors for the Int2Sat data plane and the developed Int2Sat control
plane logic. Furthermore, the emulator should allow the assessment of the routing
architecture’s capability to handle NTN dynamics by emulating handovers for links
between satellites and ground nodes.

Emulated Testbed (NTNE)
SDN
Controller
Int2Sat (based onf6f) |
Control Plane E :
v v =
Testbed
/,-'\\ % Controller
R & !
Int2Sat % AN < % !
=, P P CR
Data Plane S S
User Satellite Gateway Internet
Terminal P4 Switch P4 Switch Node

Figure 1.1: Concept for the emulated testbed (NTNE).

1.2 Thesis Structure

Chapter [2| provides the technical background necessary for understanding the sub-
sequent chapters. Chapter [3| reviews related work, focusing on existing network
and satellite network emulators, and analyzes their suitability for the NTNE. The
results of this analysis form the basis for the design of the new, generic, and exten-
sible NTNE described in Chapter [l Chapter [5] presents a detailed overview of the
Int2Sat routing architecture, followed by Chapter [6] which describes its implemen-
tation within the NTNE. The evaluation in Chapter [7] demonstrates the practical
applicability of the implemented routing architecture using different NTN scenar-
ios. Chapter [§] discusses potential future work, focusing on extensions of the non-
terrestrial network emulator and open implementations for the Int2Sat architecture.
Finally, Chapter [J] summarizes the findings of this thesis and provides an outlook
on future research directions.



2 Technical Background

This chapter provides the foundational concepts and technologies required for under-
standing the design and implementation of the Int2Sat routing architecture and its
realization within the NTNE. First, the chapter outlines the fundamental properties
of non-terrestrial networks. It then introduces segment routing and software-defined
networking, which form the conceptual basis for Int2Sat and are used throughout
this thesis. Building on this, the chapter discusses the P4 language and relevant
execution environments, that enable the implementation of programmable packet
processors on satellites and gateways.

2.1 Non-Terrestrial Networks

Non-terrestrial networks (NTNs) extend communication infrastructures beyond the
terrestrial domain by incorporating satellites in space at altitudes above 180 km and
airborne platforms, such as drones or balloons, in the lower Earth atmosphere at
an altitude between 8 and 50 km. Satellites are differentiated by three main orbital
operating heights: geostationary orbit (GEO), medium Earth orbit (MEO), and low
Earth orbit (LEO). GEO satellites operate at a specific altitude of 35 786 km above
Earth’s equator, that exactly matches Earth’s rotation. This enables them to remain
in a fixed position relative to a point on Earth’s surface, rendering GEO satellites
ideal for telecommunications applications, such as radio and television. However, the
minimal propagation delay of approximately 120 ms at the speed of light renders
GEO satellites unsuitable for broadband Internet support [7], [8]. Instead, projects
like the 3GPP rely on MEO satellites, which are situated below GEO satellites,
and LEO satellites, which typically operate at altitudes between 500 and 2000 km.
LEO satellites are preferred over MEO satellites as they provide lower latency and
a better link budget. However, LEO satellites provide less Earth surface coverage,
because of their low altitude. This requires multiple interconnected LEO satellites
to provide global broadband connectivity [1].

To better understand the routing architecture introduced later, the following sec-
tions introduce the core node and link types of a NTN.

2.1.1 Nodes

A non-terrestrial network consists of several types of nodes, each fulfilling a distinct
role within the network [9], [10]:

e User terminals (UTs) act as the access endpoints of the network. They
represent end-user devices, that are either deployed on fixed or mobile plat-
forms, or relay devices that serve multiple end-user devices. A UT connects
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to the satellite constellation via radio interfaces, leveraging special antennas
to connect to and track orbiting satellites.

e Gateways (GWs) interface the satellite constellation with the terrestrial
Internet. They serve as ingress and egress points for terrestrial traffic and host
enough computational resources and antennas to connect to multiple satellites
at once. Gateways are also referred to as ground stations in 6G NTNs.

e Satellites (SATSs) form the space segment of the NTN. Multiple satellites
are interconnected as a mesh of nodes, forming a satellite constellation. Each
satellite acts as a forwarding node, relaying packets between UTs, GWs, and
other satellites. Constellations, especially LEO constellations, create continu-
ously changing network topologies as they orbit the Earth at high velocities.

2.1.2 Links

Communication in an NTN is realized through a set of heterogeneous link types that
differ in physical properties and operational behavior [8]—[10]:

e User-terminal-satellite links (USLs) connect UTs to their serving satel-
lites. In this context, they are also referred to as service links. Service links
are subject to rapid changes due to UT mobility, satellite movement, or envi-
ronmental conditions.

e Gateway-satellite links (GSLs) provide connectivity between satellites and
gateways. These links form the attachment points between the space segment
and the terrestrial Internet segments. They are also referred to as feeder links.

e Inter-satellite links (ISLs) are optical or traditional radio links between
satellites. They can be established either between satellites in the same orbit
or between satellites in different orbits. Multiple ISLs create the spaceborne
mesh network that enables multi-hop forwarding through the constellation.
Their availability is dictated by satellite geometry, pointing constraints, and
orbital motion.

e Terrestrial links (TLs) interconnect gateways with terrestrial Internet in-
frastructure and ensure end-to-end connectivity to Internet nodes.

2.2 Segment Routing

This section summarizes the key concepts and mechanisms introduced in the main
IETF specifications for segment routing (SR), focusing on the architectural foun-
dations (RFC 8402 |11]), the MPLS data plane instantiation (RFC 8660 [12]), the
IPv6 data plane instantiation (RFC 8754 [13]), and the more recent compressed
SRv6 encoding (RFC 9800 [14]).
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RFC 8402 specifies the general architecture of segment routing, which enables
source routing by encoding a topologically or service-defined sequence of instruc-
tions, called segments, into packets. Segments are represented by segment identi-
fiers (SIDs) and may be local or global within an SR domain. SR supports multiple
control plane models (distributed, centralized, hybrid) and allows per-flow state to
be maintained only at the ingress of the SR domain. It defines two data plane
instantiations: SR-MPLS and SRv6 [11].

RFC 8660 describes the instantiation of SR on the MPLS dataplane by mapping
each SID to a single MPLS label. An ordered list of segments is encoded as a label
stack, where the active segment is always the top label. Completion of a segment
is signaled by popping the corresponding label. SR-MPLS relies on existing MPLS
forwarding behavior without requiring changes to the MPLS dataplane. The RFC
defines how Prefix-SIDs, Node-SIDs, and Adjacency-SIDs are signaled and used
within MPLS networks [12].

RFC 8754 introduces the segment routing header (SRH), a new IPv6 routing
header used to encode an ordered list of IPv6 SIDs. The active SID is carried in the
packet’s [Pv6 destination address, while the remaining SIDs are stored in the SRH.
Processing of an SRv6 SID involves updating the destination address with the next
SID and decrementing the segments left pointer. The RFC specifies SRH structure,
processing rules, TLV options, and interactions with IPv6 extension headers [13].

RFC 9800 extends RFC 8754 by defining mechanisms for compressing SRv6 SID
lists using compressed segment identifiers (CSIDs). The document introduces two
new SRv6 endpoint flavors: NEXT-CSID and REPLACE-CSID. These allow mul-
tiple SIDs to be packed into a single 128-bit IPv6 address container. This reduces
the size of SRv6 encapsulations, particularly beneficial for long SID lists used in
traffic engineering. The RFC updates SRH processing rules to accept either stan-
dard 128-bit IPv6 SIDs or CSID containers and defines rules for SID allocation and
multi-domain compression [14].

2.3 Software-Defined Networking

Traditional networks tightly couple the control plane and the data plane: network
devices make forwarding decisions locally, based on distributed routing protocols,
and expose little to no programmability beyond fixed-function forwarding. This clas-
sical model is depicted in Figure , where each device independently embeds
routing logic, forwarding state, and vendor-specific configuration interfaces. Such
vertically integrated designs hinder innovation, complicate network-wide coordina-
tion, and limit the ability to introduce new forwarding behaviors [15].
Software-defined networking (SDN) breaks with this paradigm by decoupling the
control and data planes through a standardized, programmable interface as illus-
trated in Figure The SDN model introduces an external controller that
maintains a logically centralized view of the network, computes forwarding deci-
sions, and installs these decisions on the data plane devices through a southbound
API. This architectural separation provides three key advantages: (i) simplified de-
vice functionality, (ii) controller-driven adaptation to network dynamics, and (iii)
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Programmability Programmability
(by the user) (by the user)
' API
_______ Yoo
Control plane : Controé plane ,
v
Data plane Data plane
(a) Traditional networking. (b) SDN with a fixed data plane.

Programmability
(by the user)

(c) Software-defined networking with full net-
work programmability

Figure 2.1: Networking concepts according to Hauser et. al. [15]

a unified programmatic interface for configuring heterogeneous forwarding elements
[16].

A full network programmability, as shown in Figure 2.1(c)| extends SDN by not
only enabling the control plane but also the data plane to be redefined through
software. This programmability spans multiple abstraction layers: from high-level
intent-based configuration down to protocol-independent packet processing within
forwarding hardware [15].

This development is exemplified by the P4 language, which allows operators to
implement custom packet-processing pipelines that are independent of specific proto-
cols or hardware vendors. Instead of being bound to predefined match-action tables,
developers can describe how packets are parsed, processed, and forwarded, enabling
full flexibility in implementing routing architectures, new protocols, or application-
specific processing [15].

2.4 Programming Protocol-Independant Packet
Processors (P4)

Protocol-independent data plane programmability enables network devices to sup-
port customized packet-processing behavior. Programming protocol-independent
packet processor (P4) is the predominant language in this domain, allowing devel-
opers to specify how packets are parsed, matched, and acted upon without relying
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on predefined protocol semantics. P4 programs define the full processing logic of a
packet processor: its parser, match-action pipeline, tables, and control flow, while
remaining independent of the underlying hardware platform.

A P4-based system is built around three key abstractions: the P4 program, the
P4 architecture, and the P4 target. The P4 program describes protocol-independent
packet-processing behavior. The P4 architecture specifies the abstract switch model
(such as the widely used vlmodel), including available parser states, table structures,
and pipeline blocks. The P4 target is the concrete hardware or software system,
such as programmable ASICs or the behavioral model version 2 (BMv2) software
switch, that executes compiled P4 code. The relationship between these components
is illustrated in Figure [2.2] which shows how a P4 program is compiled against a
specific architecture and deployed on a target |15], [17].

P4 Program
(data plane)

:‘\ _________ g______________________________________________T_ _______ _,E

.| Data plane API

P4 architecture
—=—»{ P4 il i
(e.g. vimodel) COMPEET L5/ Code (eg. P4 i{un‘clme)

P4 target
(e.g. BMv2)

Supplied by the user Control plane

Supplied by the manufacturer

Figure 2.2: P4 development and deployment process according to [15], [17].

Compilation produces both device-specific code and a data plane APIEL such as
P4Runtime. The control plane installs table entries, configures actions, and manages
runtime behavior, while the data plane strictly executes programmer-defined logic
at line rate. This separation allows flexible, fine-grained control plane programma-
bility without modifying the forwarding pipeline itself. In contrast to traditional
network devices, P4 targets do not embed protocol-specific assumptions; instead,
packet formats, parsing logic, and processing behavior are fully defined by the P4
program. This enables operators to introduce new protocols, enforce custom routing
architectures, or implement telemetry and security mechanisms without hardware
redesign [15].

P4 has evolved through two major language specifications: P4,4 and P416E|. The
original P44 specification introduced the core concepts of protocol-independent pars-
ing and match-action processing, but it was tightly bound to a fixed switch model
and lacked strong type safety. The newer P44 specification significantly restruc-
tures the language by providing a more modular and expressive design, improved
type checking, and clearer architectural abstraction. Whereas P4, implicitly en-
coded architectural constraints into the language itself, P4, decouples the language

'In this thesis, the term data plane API is used interchangeably with the term control plane API.
2 At the time of this thesis P46 v1.2.5 is the most recent version of the P4 language specification
[17].
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from the architecture, allowing architectures, such as vlmodel, to be defined inde-
pendently. This shift enables portability across targets and cleaner integration with
control plane APIs such as P4Runtime. As a result, P44 has become the dominant
specification for modern P4 development, while P4, is maintained primarily for
legacy support [15], [17].

2.4.1 P4 Architecture: vlimodel

The vlmodel architecture is the reference P4, device model designed to preserve
compatibility with the original P4,4 programming model while enabling the struc-
tured and strongly typed abstractions of P4,4. The vlimodel architecture provides a
logical pipeline abstraction that closely mirrors the behavior of the BMv2 software
switch. It exposes a fixed set of programmable blocks i.e., parser, ingress, egress,
and deparser, together with intrinsic metadata and built-in externs, allowing P4
programs to be executed on any target implementing the same model [15], [18], [19].

Figure [2.3] shows the block-level structure of vimodel, highlighting its packet-
processing pipeline.

7

Y

Y
HEHE

Y

Ingress Egress
Parser match-action match-action Deparser
pipeline pipeline

Figure 2.3: P4 vlimodel architecture according to Hauser et. al. |15].

The vlmodel architecture consists of the following elements [15], [18], [19)]:

e Parser: Extracts packet header fields and populates metadata. Its behavior is
defined entirely by the P4 program as a state machine that transitions between
parsing states based on header values.

e Ingress Match-Action Pipeline: Implements the primary packet-processing
logic. P4 tables in this stage can perform header modifications, encapsulation
or decapsulation, selection of outgoing ports, or preparation for further pro-
cessing. The ingress pipeline has access to intrinsic metadata such as the
packet’s ingress port, length, and parser outputs.

e Traffic Manager: A fixed-function component responsible for queueing, schedul-
ing, and buffer management. While not programmable in P4, it interacts with
the programmable stages through intrinsic metadata fields such as the egress
port.
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e Egress Match-Action Pipeline: Provides additional programmable pro-
cessing after queueing, enabling actions such as header updates, mirroring,
cloning, or specialized egress-side transformations.

e Deparser: Serializes the modified packet headers and payload back into a
byte stream before transmission.

Externs in vlmodel provide additional functionality that cannot be expressed
directly within P4 language constructs. These include counters, meters, registers,
checksum units, hash functions, and clone/mirror engines. Externs operate through
well-defined APIs and may maintain persistent state across packets, making them
central for implementing measurement, stateful processing, or auxiliary protocol
logic [15], [18].

Within the landscape of P4 architectures, vimodel occupies a transitional role be-
tween P41, and more modern architectures such as the portable switch architecture
(PSA). While PSA generalizes programmability for a broader range of hardware tar-
gets, vlmodel remains the dominant model for research, prototyping, and teaching
because of its simplicity, compatibility with BMv2, and widespread tooling support.
Its rigid pipeline structure and intrinsic metadata conventions make it a natural
architecture for software-based experimentation and controlled evaluations of novel
routing or forwarding concepts.

2.4.2 P4 Target: Behavioral Model Version 2

The platforms capable of executing P4 programs are the so called P4 targets. These
targets could either be software-based switches, FPGA back ends, ASICs, and NPUs.
Among these, software targets play a central role for prototyping and experimen-
tation due to their accessibility, flexibility, and ease of integration into research
environments. The most prominent and widely used software target is the behav-
ioral model version 2 (BMv2), which constitutes the reference implementation for
P4 [15].

BMv2 is a modular software switch designed to execute P4 programs indepen-
dently of hardware constraints. In contrast to its predecessor p4c-behavioral, BMv2
uses a static, program-independent C++ code base. P4 programs written in P44 or
P44 are compiled into a JSON representation that BMv2 loads at runtime, enabling
rapid deployment and iterative development. This architecture separates compiler
output from switch implementation, simplifying extensibility: new externs, custom
packet processing logic, or debugging features may be added by modifying BMv2’s
C++ source code [15], [19].

BMv2 consists of multiple backend variants. The most feature-rich backend
is simple_switch, which supports the P44 vimodel architecture and provides a
program-independent thrift API for control plane interaction. The extended variant
simple_switch_grpc, additionally implements the PARuntime API via gRPC, en-
abling interoperable, controller-driven configuration. Another backend, psa_switch,
targets the PSA architecture, offering a higher-fidelity representation of modern
hardware switches. For didactic purposes, reduced versions such as simple_router

10



2 Technical Background

and 12_switch are provided, though they do not support full P44 functionality
[15], [19].

Performance-wise, while BMv2 is not intended for production deployment, mea-
surements show throughput up to approximately 1Gbit/s for standard IPv4 for-
warding pipelines. This makes BMv2 suitable for functional validation, debugging
of complex packet-processing pipelines, and educational use. Its active community-
driven development ensures evolving support for new P4 features and architectures
[19].

2.4.3 P4 Data Plane API: P4Runtime

P4 data plane APIs provide the interface through which an external control plane
configures, monitors, and coordinates the behavior of P4-programmable forward-
ing devices. These APIs expose essential runtime mechanisms such as table entry
management, counter and meter access, packet cloning or mirroring control, and
event reporting. They decouple the control plane from target-specific internals,
thereby enabling external controllers to operate on heterogeneous P4 targets in a
uniform manner. Modern SDN controllers rely on these APIs to enforce network-
wide policies, update forwarding state, and integrate P4 targets into larger control
architectures |15].

A central role among these APIs is played by P4Runtime’ It is a platform-
agnostic, gRPC-based interface defined jointly by the P4 language consortium and
the open networking foundation. P4Runtime operates independently of the specific
switch architecture or target type, allowing the same controller logic to manage soft-
ware switches, FPGA-based systems, and ASIC-based devices. Its API is generated
automatically from the P4 program during compilation, ensuring that the control
plane and data plane remain tightly aligned. The interface supports all essential run-
time operations, including the insertion, modification, and deletion of match-action
table entries, reading and writing counters, meters, and registers, and managing
packet replication, cloning, and digest messages. The message and object model of
P4Runtime is defined in a set of protobuf specifications that precisely encode table
schemas, action formats, and metadata descriptions [15], [20].

Through its use of gRPC bidirectional streams, P4ARuntime enables asynchronous
event delivery, allowing the data plane to notify the controller about events such as
digests, errors, or exceptional packet behaviors. This facilitates responsive controller
logic and supports advanced SDN applications including telemetry, dynamic routing,
and runtime debugging [15].

3At the time of this thesis v1.4.1 is the most recent version of the P4Runtime specification [20].
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This chapter provides a structured analysis of existing network emulators from re-
lated work and assesses their suitability for realizing the NTNE. First, the approach
for the network emulator analysis is described. Second, existing network emulators
from related work are analyzed based on the approach. Last, the analysis results
are summarized and the motivation for the development of the NTNE is given.

3.1 Network Emulator Analysis Approach

The network emulator analysis is split into two parts. The first part covers classical
network emulators, while the second part explores specialized satellite network emu-
lators. The analysis evaluates the emulators based on their scalability, extensibility
and integration of custom routing architectures. In order to assess the scalability and
extensibility of each emulator, a common model for all network emulators is defined,
as shown in Figure From that model different, comparable categories for the
network emulator analysis can be inferred: (1) hosting (2) network node emulation
(3) network link emulation (4) network orchestration (5) source code availability.
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Figure 3.1: Common model for the analyzed network emulators.

The hosting category considers the possibility to deploy the emulator on one or
more host machines. With the network node and link emulation categories, the
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technologies used for emulating network nodes and network links are examined.
Emulated network nodes in a classical network emulator are switches, clients and
servers. These can also be mapped to the nodes of a NTN, such that satellites
and gateways are represented as switches, user terminals as clients and internet
nodes as servers. The setup and teardown of the emulated network nodes and
links is performed by a network orchestrator. The capabilities of this orchestrator
are analysed in the network orchestration category. The last category considers
the source code availability, i.e. if the source code is open-sourced, proprietary or
unpublished, as this a major factor for the extensibility of the network emulators.

3.2 Classical Network Emulators

This section analyzes different classical network emulators based on the defined
approach. The selected list of network emulators focuses on prominent and recent
network emulators that represent different emulation approaches. A complete survey
of existing emulator solutions is out of scope for this work. Included in this list are
Mininet |21], Distrinet [22], CORE [23], VITO [24] and the hybrid testbed proposed
by Windisch et. al. [25].

3.2.1 Mininet

The Mininet emulator introduced in [21], is a network emulator developed as a
testbed for the evaluation of software-defined networks. Mininet is designed to effi-
cently use the resources of a single host machine. To that end, Mininet leverages the
control group and network namespace features of the Linux kernel, as well as stan-
dard shell processes to emulate network end nodes, like clients and servers. These
features allow sharing the same kernel among all end nodes, while also isolating
the mandatory network resources [26], [27]. Network switches are emulated using
software switches, that are running as processes in the root namespace. Hereby,
Mininet natively supports OpenFlow switches and Open vSwitches. For the emula-
tion of network links, Mininet leverages Linux virtual Ethernet devices, which can
tunnel traffic between the different network namespaces at the data link layer. The
transmission of packets over this link is seamless, meaning packets transmitted from
one network namespace are immediately received in the other network namespace
[28]. For the network orchestration a command-line interface and a Python-based
API are provided. The Mininet source code is published as open source on GitHub
under the BSD licensdll

Mininet offers scalability on a single host machine, through its lightweight virtu-
alization approach, essentially allowing it to be scalable with the resources available
on the host machine. However it cannot be natively scaled onto multiple hosts. The
open-sourced Python API for Mininet’s network orchestrator allows for extensibil-
ity and already incorporates functions to setup and teardown network nodes and
links. These functions can be used to emulate the required NTN dynamics. The
implementation of custom routing protocols is limited to the protocols supported

Thttps://github.com /mininet /mininet Accessed: 06.11.2025
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by the used software switches. However, Mininet can be extended to support other
availalbe software switches through its flexible architecture.

3.2.2 Distrinet

The Distrinet emulator [22] is developed as a distributed alternative for Mininet,
allowing hosting on multiple machines. To that end, Linux containers are leveraged
for the emulation of network nodes, which in turn are based on Linux namespaces
and Linux control groups [29]. For the emulation of network links between the dis-
tributed hosts, Distrinet builds VXLAN tunnels over the physical links between the
hosts. These tunnels encapsulate the original layer 2 packets in an UDP datagram
[30]. The Distrinet network orchestrator API is compatible with the Mininet API.
It leverages Ansible to maintain the Linux containers on each machine from a cen-
tralized master machine. Furthermore, the network orchestrator is responsible to
setup SSH connections from the master machine to all other hosts, which are used
for accessing containers on remote hosts. The source code for the network emulator
is provided as open source on GitHub under the MIT licenseﬂ

The VXLAN tunnels allow enough scaling of emulated point-to-point links be-
tween physically-separated network nodes. However, using UDP datagrams for the
encapsulation introduces a certain protocol overhead. Furthermore, the traffic on
these physical links is prone to additional delay and jitter, as the links are shared by
multiple flows. The extensibility of Distrinet is equal to that of Mininet, as Distrinet
is API-compatible and also open source.

3.2.3 Common Open Research Emulator

The common open research emulator (CORE) by Ahrenholz et. al 23], is another
mutiple-host network emulator like Distrinet. It is written for the FreeBSD oper-
ating system. The network node emulation is based on FreeBSD’s network stack
virtualization together with the FreeBSD jail mechanism, forming so called virtual
images. These virtual images are managed by the network orchestrator using a
FreeBSD netgraph. Such a netgraph contains kernel objects as nodes and hooks
into the nodes for interconnecting them. A pair of hooks creates an edge and al-
lows building any type of network [31]. Links between virtual images are emulated
using special netgraph pipe nodes, that can impose certain bandwidth, delay and
packet loss requirements on the transmitted packets |32]. In order to build tunnels
between network nodes on separated hosts, CORE introduces a C daemon called
Span, which is running as a user space program on FreeBSD, Linux and Windows.
The network orchestrator can be accessed via the CORE API and a graphical user
interface (GUI). The CORE source code is published on GitHub under the BSD
license?]

Considering the lightweight kernel virtualization technologies used by CORE, the
scalability can be compared to that of Distrinet. The portability of Span onto ma-
chines with UNIX and Windows operating systems enhances its scalability. However,

Zhttps://github.com /Giuseppel1992 /Distrinet Accessed: 06.11.2025
3https://github.com/coreemu/core Accessed: 06.11.2025
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by running Span in the user space, additional processing overhead is introduced.

3.2.4 Hybrid Testbed

The hybrid testbed by Windisch et. al. [25] relies on the same virtualization tech-
nologies as Distrinet i.e., Linux containers and VXLANSs, to create a multi-host
network emulator. The main difference to Distrinet is the proposed orchestration
approach, which splits the network definition from the network creation. This is
done using an intermediate representation (IR) format, that contains the topology
and networking information of the whole network and is computed as part of the
network definition. The IR format is distributed to the hosts as a file, enabling offline
network creations, or directly via SSH. The source code for the network emulator is
published on GitHub under the GPL-3 licensd]

Looking at the virtualization technologies, the hybrid testbed provides equal scal-
ability and extensibility as Distrinet and CORE. However, the IR format introduces
an abstraction layer, that allows incorporating hosts with any operating system.
This is currently not considered in the implementation, but could be an extension
on the open sourced network emulator.

3.2.5 Virtual Testbed Orchestration

In contrast to Mininet, Distrinet and CORE, the virtual testbed orchestration
(VITO) emulator proposed in [24], is a single-host emulator using virtual machines
(VMs) for the emulation of network nodes. It leverages QEMU for the processor
hardware emulation and the KVM hypervisor for privileged accesses by the VMs.
Network links are emulated using the Linux 802.1d Ethernet bridging module. For
the network orchestration libvirt is leveraged. The source code for VITO is unpub-
lished.

The QEMU hardware emulation and the KVM hypervisor introduce a certain
amount of overhead, especially considering the deployment of large-scale satellite
networks, where each satellite requires its own emulated hardware. Another deficit
of VITO, in terms of its extensibility, is the unpublished source code, which requires
the NTNE to be implemented from scratch. Still, VITO’s approach of using virtual
machines, allows running any program that cannot be run on the host’s kernel,
contributing to the approach’s extensibility.

3.3 Satellite Network Emulators

While classical emulators such as Mininet and Distrinet provide a solid foundation
for network experimentations, they lack built-in mechanisms to model orbital dy-
namics, link variability, and handover behavior inherent to non-terrestrial networks.
Therefore, additional satellite-specific emulators are considered.

4https://github.com/FriwiDev/new _testbed Accessed: 06.11.2025
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3.3.1 LeoEM

The LeoEM satellite network emulator described in [33| is used for evaluating TCP
implementations on LEO satellite constellations. It is built upon Mininet, using
Mininet end nodes to emulate user terminals, Open vSwitches for satellites and
gateways, and virtual Ethernet devices for the NTN links. Mininet leverages a data
pipeline approach for the network orchestration and especially for the emulation of
NTN dynamics. The pipeline starts by sampling the locations of each satellite in
a shell. Then these locations are used, first to compute handover events between
UTs, GWs and their respective access satellites (AcSs) and second to compute the
shortest routing path between two UTs. These steps are repeated for each sample of
the emulation time. Afterwards the precomputed data is replayed using the Mininet
emulator. The source code of LeoEM is available on GitHub under the MIT license’l

The data pipeline approach allows precomputing all the necessary information of
the emulated scenario, offloading the emulation from large computations. This is
sufficient for small scenarios with only two UTs, but does not scale with larger sce-
narios. Furthermore LeoEM is specialized for the evaluation of TCP, making Open
vSwitches perfectly suitable. However they only support data plane programming
via OpenFlow, but cannot be used to implement packet processors for a custom
routing architecture like Int2Sat [34].

3.3.2 StarryNet

The StarryNet satellite network emulator proposed in [35], is a multi-host emulator,
leveraging a container-based emulation approach, comparable to Distrinet. In con-
trast to the Linux containers used in Distrinet, StarryNet relies on Docker containers.
Satellites and gateways are emulated as Open vSwitches inside the Docker contain-
ers. The emulation of network links is accomplished using Docker virtual bridges
and Docker VLANs. The centralized network orchestrator uses the Docker engine
command line interface (CLI) together with the Docker Swarm mode to manage and
access containers on the distributed hosts. For the emulation of NTN dynamics, the
orchestrator uses a pregenerated file similarly to the approach of LeoEM. This file
contains events for link handovers, link failures, and routing updates, which are
sequentially processed and distributed to each node or link by the centralized or-
chestrator. The new routing information for a routing update event are distributed
by the network orchestrator using BIRD configuration files [36]. The source code
for StarryNet is published on GitHub under the MIT licensd’}

The scalability of StarryNet is comparable to that of Distrinet, as both use a
container-based emulation approach with multi-host deployment capabilities. How-
ever, StarryNet does not scale with larger scenarios, as it uses a pregenerated event
file, similarly to LeoEM. Furthermore, the sequential processing of the event file by
the centralized network orchestrator introduces a synchronization problem in the
network, as routing updates and changes in the network topology are not applica-
ble in parallel. Also similar to LeoEM, StarryNet relies on Open vSwitches and

Shttps:/ /github.com/XuyangCaoUCSD /LeoEM /tree/main Accessed: 06.11.2025
Shttps://github.com/SpaceNetLab/StarryNet Accessed: 06.11.2025
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the BIRD routing daemon. These technologies support IP routing architectures,
but must be replaced with other technologies to allow implementing custom routing
architectures |34], [36].

3.3.3 OpenSN

OpenSN builds upon the network emulation approach of StarryNet, but introduces
some extensions to the network orchestration. As described in [37] OpenSN relies
on the Docker engine software development kit (SDK), instead of the Docker engine
CLI. Second, a distributed container runtime manager on each host is introduced,
responsible for creating containers and executing commands inside the containers.
In addition, OpenSN also adds a virtual link manager on each host, that manages the
Linux virtual links and Linux network namespaces, replacing the Docker network
manager used by StarryNet. At last OpenSN, also introduces a replacement for
StarryNet’s event file, by setting up a distributed database for the storage of key-
value pairs on all hosts using etcd. These extensions and the remaining source code
are published on GitHub without any licensd}

Switching from the Docker engine CLI to the Docker engine SDK improves the
performance of all Docker engine API accesses as no shell processes must be spawned
anymore. The deployment of the container runtime manager, virtual link manager
and key-value database on each host, allow a distributed network orchestration,
that tackles the synchronization problem in LeoEM and StarryNet. However, the
synchronization overhead of the key-value database via the etcd backend must be
taken into account [3§].

3.3.4 Proto2Testbed

The Proto2Testbed is an emulator developed for the evaluation of security protocols
over satellite networks. It uses virtual machines for the emulation of network nodes.
Similar to VITO, the virtual machines are running on a single host using QEMU and
KVM. The network link emulation leverages virtio to create paravirtualized network
interfaces and Linux bridges to interconnect these interfaces. The Proto2Testbed
network orchestrator is running on the host and accesses the virtual machines via
a dedicated management network and custom protocol [39]. The Proto2Testbed
source code is published on GitHub under the GNU GPL-3.0 licenseﬂ

The VM-based emulation approach of the Proto2Testbed is suitable for the eval-
uation of security protocols, as some programs e.g., WireGuard, must be installed
as kernel modules on a dedicated kernel. However, the virtualization approach in-
troduces a significant overhead through the processor hardware emulation, which is
not negligible for the emulation of large-scale satellite networks. Instead Ottens et.
al. propose to use a link emulation approach that pregenerates satellite link traces
using a simulator and then replaying these traces in the emulator using netem.

"https:/ /github.com/OpenSN-Library /OpenSN-Library Accessed: 06.11.2025
Shttps://github.com/martin-ottens/proto2testbed/tree/main Accessed: 07.11.2025
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3.4 Summary

This chapter reviewed a range of existing emulation platforms relevant for the devel-
opment of the NTNE. Table summarizes the evaluated emulators and highlights
their used emulation technologies, which contribute to their scalability and extensi-
bility. Classical network emulators such as Mininet and Distrinet provide efficient
and lightweight virtualization environments for networking research. Their use of
container- kernel-based virtualization enables rapid topology deployment and repro-
ducibility, but their static architecture requires additional extensions to represent
the temporal and spatial variations of NTNs.

Emulator Virtuali- Multi- Orchestration License NTN Dy- Custom
zation Host namics Routing

Classical Network Emulators

Mininet [21] Kernel X Python API / CLI BSD X Limited
(Linux) (OpenFlow)

Distrinet [22]  Containers 4 Python API / CLI /  MIT X Limited
(LXC) Ansible (OpenFlow)

CORE |23] Containers v C API / GUI BSD X Limited
(FreeBSD)

Hybrid Containers v Python API / GPLv3 X Limited

Testbed |25 (LXC) Pipeline

VITO [24] VMs X Unknown API / Unpub- X Limited
(QEMU/KVM) libvirt lished

Satellite Network Emulators

LeoEM |33 Kernel X Python API / MIT Limited Limited
(Mininet) Pipeline

StarryNet |35] Containers v Python API / MIT Limited Limited
(Docker) Docker CLI (Swarm)

OpenSN |37 Containers v GO API / Docker None Limited Limited
(Docker) SDK / eted

Proto2Testbed VMs X Python API / Cus- GPLv3  Limited Limited

[39] (QEMU/KVM) tom protocol

Table 3.1: Comparison of classical and satellite network emulators from related work.

Satellite-oriented emulators, including LeoEM, StarryNet, and OpenSN, have ex-
tended the classical emulation paradigm to address orbital motion and inter-satellite
communication. However, these systems typically rely on pregenerated mobility
traces or static event files rather than real-time orbital propagation. While they
offer valuable frameworks for simulating specific scenarios, they remain limited in
flexibility and runtime adaptability. Moreover, few of these platforms natively sup-
port integration with programmable packet processors or the fine-grained control
necessary for custom routing architectures like Int2Sat.

The comparative analysis reveals a clear research gap: no existing emulator pro-
vides an extensible framework that combines real-time topology dynamics, scalabil-
ity, and programmable data plane integration. The new NTNE introduced in this
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thesis is designed to fill this gap by combining the scalability of kernel-based vir-
tualization with a hybrid orchestration and seamless integration of custom packet
processors. This approach enables functional evaluations of advanced satellite rout-
ing architectures under time-varying network conditions.
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(NTNE)

The evaluation of custom routing architectures, such as Int2Sat, requires a scalable
and extensible emulator that allows for full network programmability. Chapter
showed that the analyzed network emulators from related work do not fulfill these
requirements out of the box. This chapter describes the non-terrestrial network
emulator, which is desgined to fill this gap among the available network emulators.
The following sections first cover the requirements for the NTNE and then show its
architecture and implementation.

4.1 Requirements

This section defines the requirements for the NTNE:

1. Programmability

The NTNE must allow for full network programmability. Therefore, it must
support the programmability of both the control and data plane planes of the
emulated network. Control plane programmability is achieved by following
the SDN paradigm. Software-defined networking splits the networking func-
tionality of a switch into a fixed-function data plane and a programmable
control plane. Adhering to the SDN paradigm enables users of the NTNE to
implement any custom control plane algorithm.

While following the SDN paradigm allows users to program a switch’s control
plane, it traditionally implies a fixed-function data plane. To provide full
network programmability, the data planes of switches in the NTNE must also
be programmable.

2. Scalability

Currently active or planned LEO satellite constellations are designed to con-
sist of numerous satellites. For example, as of February 2025, SpaceX’s Star-
link already operates a satellite constellation of over 6750 satellites [40], and
Amazon’s Kuiper is planned to initially include 3232 satellites [41]. These
large-scale satellite networks require the NTNE to provide means for scaling
to different scenarios and also adapting to future deployments.

3. Extensibility

The NTNE must be designed as a modular and extensible framework so that
new functionality can be added with minimal changes to the core. This in-
cludes well-defined interfaces and stable public APIs.
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These requirements build the foundation for the following proposed architecture
of the NTNE.

4.2 Architecture

The high-level architecture of the NTNE is shown in Figure The NTNE is
built upon the Mininet framework. This section provides the reasoning behind the
selection of Mininet for the network emulation and its applicability in realising the
NTNE requirements.
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Figure 4.1: High-level architecture of the NTNE.

Mininet uses Linux network namespaces and Linux control groups to virtualise
network end nodes, i.e. clients and hosts. These Linux kernel features isolate the net-
working system resources for each node and limit the resource usage of the processes
running in each node [26], [27]. The NTNE leverages Mininet clients to emulate user
terminals and Mininet hosts to emulate internet nodes, i.e. servers.

Mininet can also emulate switches. To that end, it supports software switches such
as the Open vSwitch, as well as all OpenFlow-capable switches. These switches
run as processes in the Linux root namespace and can be used to implement the
software-defined networking paradigm. However, they do not fulfil the requirement
for programmable data planes, as they only support a limited variety of fixed data
plane functionalities [15], [34]. This issue is resolved by extending the Mininet
framework to support the BMv2 software switch, that can run P4-based packet
processors and thus provides full data plane programmability. The Mininet BMv2
software switches are used by the NTNE to emulate the switches of SATs and GWs.
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Each P4 packet processor provides a control plane API. This allows an SDN con-
troller to program the forwarding pipeline of the packet processor. The NTNE as-
signs the role of the SDN controller to the GWs in the NTN. Control plane algorithms
for the NTN can be implemented on one or more GWs, allowing the evaluation of
centralised or distributed algorithms.

The network links in the NTN are emulated by a Mininet link using Linux virtual
Ethernet (veth) devices. These devices can be assigned to any network namespace
and are always created as interconnected pairs, forming a bidirectional link between
the namespaces [28].

As described above, Mininet relies on Linux kernel modules for its network emu-
lation. This makes it a lightweight emulation framework with vertical scalability on
a single host. Furthermore, Mininet is API-compatible with Distrinet, an alterna-
tive network emulator that supports multiple-host deployment [22]. Therefore, the
NTNE could also be adapted to provide horizontal scalability.

Legend
|:| Software Package

1 External Package
i: Software Component Custom Routing Architecture

. Software Interface

Client [ BMv2i EBMVQ: BMv2 Host Network

Mininet . Mininet Manager

Network Emulator Wrapper

Non-Terrestrial Network Emulator

Figure 4.2: System architecture of the NTNE.

The extensibility of the NTNE is given by its modular design and abstract ex-
tension points. The system architecture in Figure shows the software packages,
software components and software interfaces that comprise this design. The NTNE
software is split into three software packages: the external Mininet package, the
network emulator wrapper (NEW) package and the non-terrestrial network emula-
tor (NTNE) package. The Mininet package contains the Python source code of the
Mininet framework, while the NTNE package contains the core software components
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of the NTNE. These include components for the NTN nodes (i.e. GWs, SATs, UTs
and servers), NTN links (i.e. ISLs, USLs, GSLs and TLs), a graph, a timer and an
orchestrator. The NEW package serves as an abstraction layer between the Mininet
and NTNE packages. It contains software components that wrap the Mininet com-
ponents in a standardised network emulation API. The NEW package also includes
the extensions for the Mininet framework, such as the BMv2 software switch.

The following sections describe the key features of each component of the NEW
and NTNE software packages. The description starts with the NEW package, as it
serves as the basis for the NTNE package.

4.3 Implementation: Network Emulator Wrapper
Package

The network emulator wrapper package serves as an intermediate abstraction layer
between the lower-level, classical network emulation layer and the non-terrestrial
network emulation layer. It wraps the classical network emulator i.e., Mininet, into
a standardised network emulation API and implements required extensions to the
emulator. The network emulation API and the BMv2 extension implemented for
the Mininet emulator are described in the following.

< <interface>> <<dataclass>> <<enum>>
NetworkManager SwitchConfig SwitchTarget
- AddSwitch(config: SwitchConfig): Switch I target: SwitchTarget BMV2 SISW_ DBG =
+ DeleteNetworkNode(node: NetworkNode): void -+ controlApi: SwitchControlApiType "BMv2 Simple Switch Debug"
+ AddLink(config: LinkConfig): Link BMV?2 SISW REL —

"BMv2 Simple Switch Release"

< <dataclass>>

< <interface>> LinkConfig <<enum>>
NetworkNode SwitchControlApiType
+ nodel: NetworkNode
+ ExecuteCommand(cmd: str): str + node2: NetworkNode P4 RT = "P4 Runtime"
BM_RT = "Behavioral Model
Runtime"
< <interface>>
Switch

+ GetControlApi(void): SwitchControlApi

< <interface>>

SwitchControlApi

t ProgramDataPlane(program: Path): void

< <interface>>
Link

+ IsUp(void): bool

Figure 4.3: Excerpt of the software components i.e., software interfaces (purple),
data classes (yellow) and enumerations (green) of the network emulation
APIL
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4.3.1 Network Emulation API

The network emulation API consists of multiple software interfaces, data classes and
enumerations as shown in Figure[4.3] These separate the classical network emulation
i.e., the Mininet emulation, from the non-terrestrial network emulation.

The software interfaces of the network emulation API define the operations sup-
ported by each network emulation component. For instance, the NetworkNode and
Link interfaces offer common methods for all emulated network nodes and links.
These interfaces are further extended by the methods of other interfaces, forming
node-specific interfaces, such as the Switch interface.

The configuration options required by certain interface methods are provided using
the data classes of the network emulation API. The API’s enumerations are used to
define specific values for these configuration options.

These software components decouple the NTNE package from the underlying net-
work emulation implementation. This enables the emulator to be replaced or ex-
tended (e.g. with Distrinet or different BMv2 modes) without requiring any changes
to the NTNE logic. Furthermore, this design simplifies unit testing by separat-
ing the software components of the NEW package and enabling lightweight mock
implementations.

4.3.2 Behavioral Model Version 2

NEW::Bmv2 Debug ) TS NEW::Bmv2 Release ) I .

SwitchControlApi SwitchControlApi
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NEW::PdRuntime SwitchRuntime NEW::P4Runtime SwitchRuntime
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| NEW::ThriftClient | NEW::GrpcClient

| NEW:: ThriftClient |

gﬁ)};g NEW::Gr chhent

_________

! BMv2 :Grpc l y BMv2:: Thrift ! 1 BMv2::Grpc ' BMv2::Thrift !
| Server H : Server 1 ‘ Server H ! Server "
[l it N ' [l i el Wit '
A 4 i T N i T
[~~|Console . ' BMv2:: | ' ' BMv2:: |
Logs [ € > Device | ' i Device |
: A ' Manager ' . ' Manager
1 P N P
BMv2: T e ' g e
IZI Logging TR ' voTTLeT
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PCAPs & :(—l Do : s E Do : e
BMV?fi ) P4 Pipeline ! | 5‘, ' P4 Pipeline ! | 5,
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Debug ' I N | ; NN |
1 . s ! . s
S P SRS I & ; SN N &
________ ' R | [ PO |
\ simple _switch grpc_ debug.bin ; \ simple switch _grpc_release.bin ;

________________________________________________________

Figure 4.4: Implementation of the BMv2 software switch in the NEW package as
debug variant (left) and as release variant (right). The differences are
highlighted in blue.
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The behavioral model version 2 (BMv2) is a software switch, implemented in C++,
designed for developing P4 packet processors. It can run arbitrary P4 programs
without recompiling it. Therefore, the P4 program is compiled into a JSON format
and then loaded into the BMv2, while it is running [19].

The BMv2 software switch is implemented as multiple targets: simple switch,
simple switch grpc, psa_switch, simple router and 12 switch. These targets im-
plement different P4 architectures, each of which provides a different set of features.
For instance, the simple switch( grpc) targets implement the vimodel architec-
ture, while the psa_switch target implements the portable switch architecture |19).
Currently, the vlmodel architecture of the simple switch grpc target implements
the largest feature range of both the P4;4 and the P44 language specifications |15].
Furthermore, the simple switch grpc target natively supports multiple runtimes
for controlling the switch’s internal components. This is why the NEW package
focuses on this target, but allows extension to the others.

The NEW package provides two variants of the BMv2 simple switch grpc target,
as shown in Figure 4.4 a debug variant and a release variant. The debug variant is
used for development purposes. To this end, it provides multiple logging mechanisms
and packet capture (PCAP) file recording on all network ports, as well as a debugging
command-line interface. The release variant is built with certain compilation flags to
exclude these logging and debugging mechanisms from the binary, thus optimising
its performance. This makes the release variant useful for evaluating large-scale
networks.

NEW::Bmv2 Adding and Deleting Links )

|NEVV::NetworkManager Mininet::... | | NEW:Bmv2 | |NEW::B1nRuntime |NE\V::ThriftClient ||BMV2::ThriftServer

. h h h h ' '
o—AddLin AddLink . CreateVethPair : : .

1
IsSwitchRunning 1 1

1 1 !
== True

AddPort ' WriteRequest: : E
—=—
____________ R
T :

—AddInterface

R L ' ' ‘ '

o-DeleteLink—s—

l—DeleteLink: L DeleteVethPair E ' ‘

1
IsSwitchRunning ! 1

[Deletelnterface™|
== True

; '
TSP - i ' '

Figure 4.5: Sequence diagram for adding and removing a link from the BMv2 soft-
ware switch in the NEW package.

The simple switch grpc target integrates two distinct control plane runtimes:
P4Runtime and SimpleSwitchRuntime. The NEW package employs P4Runtime

25



4 Non-Terrestrial Network Emulator (NTNE)

as the primary API for configuring the pipeline of the P4 packet processor, as it
represents one of the most widely adopted and actively maintained control interfaces
[15]. Within the BMv2 simple switch grpc target, PARuntime is provided through
a gRPC server (cf. Figure . To interact with this server, the NEW package
implements a corresponding gRPC client along with a software layer responsible for
constructing P4Runtime requests. These components are exposed to the NTNE via
the SwitchControlApi interface of the network emulation API, thereby enabling the
NTNE to configure and control the pipelines of the P4 packet processors.

The SimpleSwitchRuntime of the simple switch grpc target is implemented as a
Thrift RPC server. The NEW package contains the necessary software components
for this runtime and also exposes it to the NTNE package via the SwitchControlApi
interface. However, these components are primarily utilized by the BMv2 extension
within the NEW package itself. For instance, the SimpleSwitchRuntime is used
to access the device manager in the BMv2 target, which is not possible with the
P4Runtime. The BMv2 device manager enables control over the veth devices and
their assigned switch ports specifically. Figure shows a specific use case for the
device manager. Here, the BMv2 extension uses the device manager to add and
delete links from the software switch while it is running. This allows the emulation
of link dynamics as required by NTN topologies.

4.4 Implementation: Non-Terrestrial Network
Emulator Package

The non-terrestrial network emulator package contains the core software components
for the NTN emulation, including components for the NTN nodes, NTN links, a
graph, a timer and an orchestrator. The implementation and key features for all
components are described in the following.

4.4.1 Nodes

A node in the NTNE can either be a user terminal, server, gateway or satellite.
All NTN nodes in the NTNE package implement the Node interface as shown in
Figure [£.6] and Figure [4.7]

The Node interface exposes a unique identifier and a routing information object
for every node. The unique identifier is used to derive the Python object hash, that
allows nodes to be used as keys in dictionaries and other hashed containers. The
routing information object is intended to carry state used by the custom routing
architecture (e.g., neighbor tables, link metrics, next-hop information) and can be
updated at runtime.

Each concrete node type encapsulates an emulated network node. The UserTermi-
nal and Server implementations are thin wrappers around Mininet hosts and clients,
exposing their specific configurations (e.g., IP and MAC addresses). The Gateway
and Satellite implementations wrap BMv2 switch instances. Additionally, Gateway
instances host the control plane components of the SDN controller used to program
the P4 pipelines of the BMv2 switches. To that end, a concurrent thread is spawned
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NTNE::UserTerminal )

[: Y < <interface>>
e — —
e NTNE::Node @
Node Routing Unique
Information Identifier

Extlends

< <interface>>

NTNE::UserTerminal

v

Emulated Client

< <interface>>

NEW::Client

NTNE::Server J

o < <interface>>
B NTNE::Node @
Node Routing Unique
Information Identifier

Extends
]

< <interface>>

NTNE::Server

v

Emulated Host

< <interface>>

NEW::Host

(a) User Terminal

Figure 4.6: Implementation of user terminal and server nodes in the NTNE package.
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Figure 4.7: Implementation of gateway and satellite nodes in the NTNE package.

that executes one or more logical functions. These functions can be registered by the
custom routing architecture at runtime and are executed sequentially in the order
they were registered. Satellite instances provide the programmable data plane and
expose the control plane API used by the gateways.

The uniform node abstraction decouples higher-layer routing logic from the un-
derlying network emulation, enabling easy testing, replacement or extension of node
behavior without changes to the orchestration or routing components.
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4.4.2 Links
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NTNE::Node NEW::Link NTNE::Node

Figure 4.8: Implementation of the NTN links in the NTNE package.

The NTNE provides software components for inter-satellite links, gateway-satellite
links, user-terminal-satellite links and terrestrial links. Figure 4.8 shows the imple-
mentation structure for all NTN links in the NTNE. Similarly to the NTN nodes,
each link implements a common Link interface.

The Link interface exposes a unique identifier for the link and allows assigning
an object, that is intended to carry link-specific routing information by the cus-
tom routing architecture. This object can be used for example, for link metrics or
adjacency segment identifiers in a segment routing architecture.

Each NTN link encapsulates a link from the network emulation layer and pro-
vides access to its properties, such as the link state or its connected veth devices.
Furthermore, all NTN links can be used to access its connected NTN nodes.

4.4.3 Graph

The graph component maintains the NTN topology of the NTNE as an undirected
NetworkX graph (cf. Figure . Nodes in the graph correspond to NTN node
objects and edges correspond to NTN link objects. Multiple parallel edges are
supported to model redundant physical paths or separate logical channels.

The Graph interface provides various topology queries, such as retrieving individ-
ual NTN nodes by their unique identifiers or obtaining the neighbors of a given node.
In addition, it offers atomic update operations for adding and removing nodes and
links, ensuring consistency during topology changes. Finally, the interface includes
functions for computing paths through the graph, enabling routing algorithms to
operate directly on the maintained NTN topology.

The graph component is designed to carry spare NTN nodes. These are nodes that
are not part of the current active topology, but are pre-provisioned and available
to be atomically inserted into the graph. This can be used to emulate network
dynamics, for example, for failed network nodes that are reactivated. Spare nodes
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can carry pre-configured properties, such as interface assignments, initial P4 pipeline
images and routing state, to enable fast activation.

All operations to the NetworkX graph are performed under a semaphore lock
ensuring atomicity and a consistent runtime view for routing algorithms and the
orchestrator.

NTNE::Graph )
< <interface>>
NTNE::Graph
Semaphore

A 2 v

NetworkX::Graph E Spare Nodes
< <interface>>
NetworkX::Node NetworkX::Edge NetworkX::Node NTNE::Node

- -4 | <<interface>> | -4 | <<interface>> | |-+ | <<interface>> |} --- :

NTNE::Node NTNE::Link NTNE::Node .

< <interface>>
NTNE::Node

Figure 4.9: Implementation of the NTN graph in the NTNE package.

4.4.4 Timer

The timer implements the emulation clock and is intended as a deterministic event
scheduler. It tracks the elapsed time in the NTN since a predefined epoch time. The
timer allows replaying NTN events for example, link handovers or routing updates,
in real-time with nanosecond precision. It is leveraged for the synchronisation of in-
ternal events in the NTNE components and external events from the custom routing
architecture. To that end, routing functions and also the orchestrator workflows use
the timer to schedule future actions and to drive time-dependent topology changes.

4.4.5 Orchestrator

Figures [4.10] and show the internal architecture and dynamic behavior of the
NTNE orchestrator. The orchestrator acts as the central coordination component
of the emulator, responsible for synchronizing topology changes, managing time
progression, and ensuring that the emulated NTN evolves according to the defined
scenario.

4.4.5.1 Orchestration Workflow

Figure 4.10] shows the operational workflow implemented by the NTNE orchestra-
tor. It functions as a state-machine-like controller that continuously monitors the
emulation clock and applies scheduled modifications to the emulated topology. The
orchestrator interacts with three main software components of the NTNE, through
their respective interfaces:
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e NTNE::Timer: Retrieve the current emulation timestamp.
e NTNE::Graph: Maintain the emulated NTN topology as a dynamic graph.

e NEW::NetworkManager: Apply node and link changes to the underlying
emulation platform.

The orchestration loop is executed in a dedicated thread, ensuring the required
concurrency of the orchestration workflow. It follows these steps:

1. Get emulation time: The orchestrator queries the NTNE timer for the
current emulation time.

2. Activate next scene?: It checks whether the activation time of the upcoming
scene has been reached. If so, it loads the corresponding scene description.

3. Apply scene changes: The orchestrator instructs the NetworkManager to
apply the listed modifications i.e., adding or removing nodes and links, and
updates the topology graph accordingly.

4. Last scene active?: If the active scene is the final entry in the scenario,
the orchestrator remains in a steady state until the emulation terminates.
Otherwise, it advances to the next scheduled scene.

This loop runs throughout the emulation, ensuring that time-based events, such
as mobility-induced link changes, handovers, or ISL reconnections, are consistently
applied. The orchestrator thus provides the core mechanism by which the emulator
captures the dynamic behavior of LEO satellite networks.
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Figure 4.10: Implementation of the NTN orchestrator in the NTNE package.
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4.4.5.2 Scene-Based Playbook Structure

Figure shows how emulation scenarios are defined using a sequence of scenes,
each representing the state of the NTN at a specific moment in time. The playbook
is implemented as a single-linked list, where each scene points to the next scheduled
scene. Every scene includes a change description that specifies:

e Added nodes, e.g., satellites entering visibility,

¢ Removed nodes, e.g., satellites leaving coverage,

Added links, e.g., ISLs established or ground-to-satellite connections formed,

Removed links, e.g., broken ISLs or handover-induced disconnections,

lllIll!lllllllllIlllllllllllllIlllIlIllll!lllllllIllllllllllllIllllllIllllll!lllllIlllllllllllllIlllllllI

Activation time, when the changes become effective.

Time: 2025-11-13F
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- USL: UT1 - SAT3

Figure 4.11: Abstract implementation of the NTN playbook used by the NTN or-
chestrator in the NTNE package.

This scene-based representation decouples scenario definition from runtime execu-
tion. Dynamic behavior such as satellite motion, topology transitions, and coverage
changes can be precomputed or externally generated and then encoded as a struc-
tured playbook. During emulation, the orchestrator interprets the playbook and
applies each scene’s changes exactly at its scheduled activation time.

In addition to its scene-based design, the playbook was extended with further
mechanisms to ensure scalability in large or long-running emulation scenarios. To
improve scalability for scenarios with a large number of scenes, the playbook im-
plementation was extended to support multi-threading environments and enhanced
through the introduction of the region of interest (Rol) concept.
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By protecting accesses to the playbook’s single-linked scene list with a semaphore,
scene generation can be delegated to a separate thread that runs concurrently to
the orchestrator. This decoupling enables new scenes to be produced while the
orchestrator processes previously generated ones, significantly reducing bottlenecks
and allowing the emulator to handle complex and large-scale NTN scenarios more
efficiently.

In addition to enabling parallelisation, the Rol mechanism provides another scal-
ability advantage by restricting scene generation to a defined geographical region of
interest. Instead of producing constellation data and N'TN state information for the
entire global satellite system, the Rol limits computation and storage to satellites,
ground nodes, and links that are relevant for the selected region. This significantly
reduces the number of nodes and events that must be processed, lowers memory
consumption, and avoids generating scenes for satellites that never interact with the
emulated portion of the network. As a result, the emulator can handle larger con-
stellations and more complex scenarios while maintaining efficient scene generation
and real-time applicability.

4.5 Summary

This chapter presented the non-terrestrial network emulator (NTNE), a new em-
ulation framework developed to support the evaluation of programmable routing
architectures in dynamic LEO satellite networks. Since existing emulators do not
provide the required combination of SDN support, data plane programmability, scal-
ability, and extensibility, the NTNE was designed to fill this gap.

The chapter outlined the key requirements for such an emulator and introduced
the overall architecture built on top of Mininet and extended through the NEW
package. This design enables the NTNE to emulate programmable satellites and
gateways using BMv2 switches while maintaining a modular structure that is easy
to extend.

Furthermore, the chapter described the main components of the NTNE, including
its unified node and link abstractions, the centralized graph representation of the
topology, the deterministic emulation timer, and the orchestrator. The orchestrator,
together with its scene-based playbook, provides a flexible mechanism to model the
dynamic behavior of LEO constellations. Extensions such as multi-process scene
generation and the region of interest concept enhance scalability and allow the em-
ulator to handle large and complex scenarios efficiently.

Overall, the NTNE offers a flexible and scalable foundation for experimenting
with and evaluating routing architectures in non-terrestrial networks.

32



5 Int2Sat Routing Architecture

Although low Earth orbit satellite constellations with inter-satellite links offer global
coverage and resilient connectivity, their highly dynamic topologies and strict re-
source constraints pose significant routing challenges. The Int2Sat routing architec-
ture, proposed by Menth and Fliichter |5, addresses these challenges and provides a
framework for the seamless integration of LEO satellite networks with the terrestrial
Internet.

This chapter summarizes Int2Sat’s internals, including its system model, design
principles, and architectural routing mechanisms. These foundations serve as the
basis for the subsequent implementation on the NTNE and the evaluation of its
behavior under representative NTN scenarios.

5.1 System Model

Figure 5.1 shows the system model of the Int2Sat routing architecture. Int2Sat con-
siders non-terrestrial networks to consist of a LEO satellite constellation composed
of numerous satellites that continuously orbit the Earth. These satellites provide
connectivity to ground-based UTs and GWs through radio links. The satellite that
maintains an active radio link to a UT or GW is referred to as the access satellite
(AcS) for the ground node.

Y Access \\\\ \‘\ Access
\ satellite S  satellite
_________ (AcS) Ry ___ Opticalinter- QA8 K ]
o o satellite link (ISL) 3
.', Radio Radio “‘
:'service link feeder link\‘
= ool mma §- =
User terminal Gateway Internet
(UT) (GW) endpoint

Figure 5.1: System model of the Int2Sat routing architecture.

Links between UTs and their AcSs are called service links, and links between GW's
and their AcSs are called feeder links. Gateways serve as the interface between the
NTN and the terrestrial Internet, enabling the exchange of user traffic across both
domains. Satellites are interconnected via optical inter-satellite links, forming a
spaceborne mesh network. Both satellites and gateways are equipped with packet
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processors that forward packets across their attached links. This establishes a unified
routing and forwarding infrastructure across the entire NTN.

5.2 Design Principles

The design of Int2Sat is guided by three core principles. These are described in the
following.

First, UTs are entirely excluded from Int2Sat’s routing domain. UTs operate
as conventional IP nodes without maintaining routing state or participating in
constellation-level forwarding decisions. This ensures vendor independence, sim-
plifies UT hardware, and avoids exposing routing logic to untrusted devices.

Second, the architecture is designed to minimize the complexity of satellite packet
processors. Satellites are limited to lightweight forwarding and minimal IP routing
for directly attached UTs. They do not perform routing decisions, compute paths,
or update forwarding states. This design choice prevents excessive overhead from
frequent topology changes and addresses the satellites’ limited processing, memory,
and energy capabilities.

Third, Int2Sat shifts all routing intelligence from the constellation to the gateways
by adopting the software-defined networking (SDN) paradigm. Instead of relying
on distributed routing onboard satellites, the control plane is implemented in the
NTN’s GWs, which possess significantly greater computational resources and stable,
ground-based connectivity. The gateways maintain a global, time-aware view of
the constellation. They compute end-to-end paths, manage topology changes, and
proactively update the forwarding state across the network.

Together, these principles establish a robust and scalable foundation for integrat-
ing Internet routing with LEO constellations while respecting their unique opera-
tional constraints.

5.3 Basic Internet Integration

Int2Sat is designed to facilitate a seamless and robust integration of NTNs with
the terrestrial Internet. The interface between the NTN and the Internet is realized
exclusively through the NTN’s gateways, which implement all mandatory data plane
and control plane functionalities. These functionalities are detailed in the following.

In the data plane, the GWs ensure the correct forwarding of traffic originating
within the NTN and destined for the Internet, as well as traffic originating in the
Internet and addressed to nodes served by the NTN. Int2Sat adopts the segment
routing architecture standardized by the IETF in RFC 8402 |11]. Segment identifiers
(SIDs) are used to address either nodes or links in the NTN. An ordered list of
segments encodes a complete source route across the constellation. Packets received
from a UT or Internet node are encapsulated with a source route at their respective
NTN ingress i.e., the UT’s AcS or the GW connected to the Internet. The packets
are then steered through the network via the SIDs of the inserted route.

The computation of segment lists and their SIDs is a central element of the GWs
control plane responsibilities. These computations reflect the current topology of
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the constellation and its anticipated evolution. Int2Sat distributes control plane
functions across three distinct logical GW roles: the home gateway (HGW), the
default gateway (DGW), and the control gateway (CGW). Each role is shown in
Figure [5.2) and is further described below.

SID2
SID3
SID4 SID4
SID5 SID5

Pktl Pktl
ﬁ
N % HGW

SID3

FW Table
SID3| ...

Q
Q
=
L7
%,
\ 4
¥ 4
4
B

1
SID4
SID5 '
FW Table Pkt1 ' Pkt1
SD5| ... |V !
@ Pkt1 & SID5 & & e%
Pkt1 i 5
UT1 i i Internet
1 1 .
1 H endpoint
1 1
FW Table ' ' Pkt2
sm6| .. | Vv y

f
ﬁ Pkt2 E% SID7 & & Pkt2 % PeW
SID8 Pkt2

UT2 : Pkt2 :

Figure 5.2: Basic routing architecture of Int2Sat for integrating N'TNs leveraging
LEO satellite constellations into the Internet. The figure highlights
Int2Sat’s SR data plane and the distribution of the control plane logic
among the HGW, DGW, and CGW roles.

The HGW is responsible for forwarding Internet-originated traffic toward UTs.
To ensure global reachability, each HGW advertises an IP prefix to the Internet
via BGP. Each UT is associated with a specific HGW and obtains an IP address
from its prefix, thereby enabling identification within the Internet. When an HGW
receives a packet from the Internet destined for an associated UT, it determines
the appropriate segment list for the UT by consulting its SR encapsulation table.
After encapsulating the packet with the segment list, it is forwarded through the
constellation along the prescribed source route.

Conversely, packets originating from UTs and destined for the Internet are en-
capsulated at the serving AcS of the UT and forwarded toward a designated DGW.
The DGW is responsible for configuring and maintaining the source routes from all
assigned AcSs to itself. Similar to the HGW, the DGW maintains Internet con-
nectivity and forwards received Internet-bound traffic via the route obtained from
standard Internet routing mechanisms.

Finally, the CGW is responsible for configuring all SIDs employed in the SR
forwarding tables throughout the NTN. It ensures that the SID assignments required
for source routes established by the HGW and DGW are correctly installed and
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continuously updated on all satellites in accordance with the evolving constellation
topology.

5.4 Traffic Engineering

Although the basic Int2Sat Internet integration design ensures correct forwarding
under dynamic LEO topologies, the resulting paths are not always optimal in terms
of latency or load distribution. Traffic may traverse suboptimal gateway locations or
follow longer-than-necessary satellite paths, especially when the HGW or DGW is
geographically distant from the source or destination of the traffic. To address these
inefficiencies, Int2Sat introduces optional traffic engineering (TE) mechanisms.

Gateways maintain a global, time-dependent view of the constellation. This en-
ables them to compute optimized segment routing paths tailored to specific perfor-
mance objectives. Several TE strategies are supported:

e Latency-aware path selection: HGWs or DGWs may choose alternative
ingress or egress gateways, or compute satellite-only detours, to reduce end-
to-end delay for Internet- or UT-bound traffic.

e Constellation load distribution: Segment routing enables the installation
of multiple disjoint or partially overlapping satellite paths. This allows load
balancing across ISLs, mitigating congestion and avoiding hotspots near fre-
quently used satellites.

e Feeder link load distribution: When radio interfaces of gateways become
overloaded, traffic may be temporarily rerouted through alternate gateways to
improve service continuity or prevent link saturation.

All TE mechanisms rely on the same segment routing approach as described in the
previous section and require no additional satellite functionality. This makes Int2Sat
well-suited for experimentation with routing optimizations in LEO constellations,
where predictable topology changes and centralized control allow for proactive, fine-
grained traffic steering.

5.5 Protection Switching

In addition to supporting basic forwarding and traffic engineering, Int2Sat aims to
provide resilience against unexpected link or node failures within the constellation.
Although LEO satellite networks exhibit largely predictable dynamics, unplanned
disruptions, such as temporary ISL or satellite outages, can still occur. Therefore,
the architecture incorporates protection switching concepts.

The fundamental design principle is to maintain lightweight protection logic on
satellites while placing the computation of backup paths in the gateways. Satellites
only store a small set of precomputed backup next hops for their segment rout-
ing entries. This enables immediate local deviation when a link or adjacent node
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fails. Gateways, informed by predicted link availability and potential failure pat-
terns, proactively compute these detours and install them alongside primary paths.
This approach avoids complex local failure detection or recomputation on satellites,
keeping onboard processing requirements minimal.

5.6 Summary

Int2Sat provides a structured and scalable approach for integrating the Internet
with non-terrestrial networks leveraging LEO satellite constellations. The architec-
ture aligns naturally with the resource constraints and dynamic behaviour of these
non-terrestrial networks by decoupling control and data plane functions, assigning
all routing intelligence to gateways, and limiting satellites to lightweight segment-
routing operations. Segment routing serves as an efficient forwarding mechanism,
enabling explicit path control, predictable updates under orbital motion, and exten-
sibility toward advanced features, such as traffic engineering and protection switch-

ing.
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6 Routing Architecture
Implementation

The previous chapter outlined the conceptual design of the Int2Sat routing architec-
ture and its role within non-terrestrial networks. This chapter presents its concrete
realisation on the non-terrestrial network emulator introduced in Chapter [d It
translates the architectural principles into an operational control and data plane
suitable for evaluation under dynamic LEO conditions.

The following sections first describe the overall software architecture, including the
interaction between Int2Sat, and the NTNE. Subsequently, the selection process of
a suitable encoding for Int2Sat’s segment routing approach is presented. Finally, the
implementation of the Int2Sat software package is detailed, covering the processing
of routing information and the configuration of the P4-based packet processors used
by satellites and gateways.

6.1 Software Architecture

This section presents the software architecture for the implementation of the Int2Sat
routing architecture on the NTNE presented in Chapter [} The complete system
architecture for the implementation is shown in Figure [6.1]

The system architecture consists of five packages. The Int2Sat package contains
the main software components for the routing architecture logic. It also comprises
the simulation and satellites (SandSat) package, which provides constellation infor-
mation, as well as the packet processors package. The latter contains the P4-based
packet processors for the satellite and gateway switches in the NTN. The system ar-
chitecture also shows the underlying non-terrestrial network emulator package and
its network emulator wrapper package described in Chapter |4l Together, these pack-
ages enable a full-stack emulation of dynamic LEO satellite networks running the
Int2Sat routing logic. The specific functionality of each package is described below.

At the top of the system architecture, the Int2Sat package implements the control
plane functions for the NTN. Its core is formed by three logic functions, that are ex-
ecuted on the NTNE gateway nodes: the HGW, CGW, and DGW functions. These
functions operate on both static and dynamic routing information. Static routing
information includes MAC addresses, IP addresses, and SIDs, which form the ad-
dresses for the nodes and links in the NTN. Dynamic routing information comprises
link-state changes, topology updates, and route recalculations. As shown in the
system architecture, updates are distributed among the different gateway functions
(HGW, CGW and DGW), reflecting their responsibilities in the hierarchical Int2Sat
control plane design.
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Figure 6.1: System architecture for the implementation of Int2Sat on the NTNE.

To provide realistic satellite dynamics, Int2Sat integrates with the SandSat library,
proposed in [6] (see the upper-right corner of the system architecture). SandSat sup-
plies essential external data of an emulated NTN, including constellation state, time
information, and topology changes. The SandSat constellation simulator is used to
simulate satellite constellations. It produces time-stepped information for the con-
nections between satellites, gateways, and user terminals. This information is used
to build the playbook for the NTNE orchestrator, which contains the time-stepped
topology changes. The Path Computation Element (PCE) in SandSat calculates
paths between the NTN nodes. The produced paths are provided as node lists.
These lists are combined with the static routing information from the Int2Sat pack-
age to generate the segment routing encapsulation headers for packets traversing
Int2Sat’s SR domain. Changes to these headers and to the SR forwarding tables
are packaged as gateway logic updates. The gateway logic functions apply these
updates to the P4-based packet processors in the NTN. All communication between
SandSat and Int2Sat occurs through the SandCast API, depicted as the integration
point between the two packages.

The lower part of the system architecture shows the NEW and the NTNE pack-
ages, which are described in detail in Chapter [ These components implement
the non-terrestrial network on which the Int2Sat routing architecture operates. The
UTs, SATs, GWs, and servers are instantiated as emulated nodes connected by USL,
GSL, ISL, and TL links. The NTNE orchestrator processes the topology changes
in the supplied playbook, while the NTNE timer ensures synchronization with the
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constellation time and routing updates of the Int2Sat package.

The following sections cover the implementation details of the presented software
architecture. The next section focuses on selecting a suitable encoding for Int2Sat’s
segment routing approach, as Int2Sat itself does not imply a specifc segment routing
encoding. The final section of this chapter describes the implementation of the
Int2Sat package in accordance with the selected segment routing encoding.

6.2 Implementation: Segment Routing Encoding

The Int2Sat routing architecture uses an SR paradigm to steer packets through the
LEO satellite network. However, the architecture intentionally leaves the specific
segment routing encoding open to the implementer in order to remain flexible with
respect to different deployment environments. This section analyzes the available
segment routing data plane standards proposed by the Internet engineering task
force (IETF) to determine the most suitable standard for implementation in this
thesis. The analysis includes the following IETFEF SR standards:

e Segment routing with MPLS (SR-MPLS) published as RFC 8660 [12]
e Segment routing over IPv6 (SRv6) published as RFC 8986 [42]
e Compressed SRv6 (CSRv6) published as RFC 9800 [14]

The next subsections introduce the evaluation methodology used to analyze each
segment routing standard. Then, the analysis results are presented, including the
selection of the most suitable segment routing encoding for the Int2Sat routing
architecture.

6.2.1 Methodology

A structured comparison is required to identify which of the IETF segment rout-
ing encodings is most suitable for the Int2Sat routing architecture. Since Int2Sat
is designed around the resource constraints and operational characteristics of LEO
satellites, the choice of a suitable segment routing encoding must align with these
satellite-specific requirements. In particular, satellites are considered by Int2Sat to
operate with limited memory capacity and restricted computational performance.
Therefore, the size of the segment routing header and the number of bits that must
be processed per packet directly impact the applicability of each SR approach. The
methodology of this analysis is therefore driven by two central requirements: min-
imizing the memory footprint associated with storing and buffering packets, and
minimizing the number of bits that must be inspected or manipulated during for-
warding operations.

Because SR-MPLS, SRv6, and CSRv6 use fundamentally different header formats
and SID encodings, a normalization step is required to establish a fair basis for
comparison. Figure[6.2]shows the normalization for the SRHs and the SID encodings
in all three standards.
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Figure 6.2: Normalization of the SRHs and SID encodings of SR-MPLS, SRv6 and
CSRv6.

The SR-MPLS standard encodes the SRH as an MPLS label stack consisting of
multiple label stack entries (LSEs). Each LSE consists of 32 bits and encodes one
SID. The next SID is always contained in the LSE at the top of the label stack.
An SR-MPLS router uses the next SID to identify the forwarding instruction for a
received packet (e.g., forwarding the packet via a specific interface). Furthermore,
the next SID identifies the operation performed on the label stack. These operations
can be a push, pop or skip. The bottom-of-stack bit marks the last SID of the label
stack. Therefore, it is sufficient for an SR-MPLS router to inspect only the topmost
LSE, while the rest of the label stack does not need to be inspected [12].

In SRv6, the SRH is encoded using an IPv6 header and multiple IPv6 SR extension
headers. The IPv6 header is positioned at the beginning of the SRv6 SRH. The
destination address field of the IPv6 header contains a copy of the next SID. All
SIDs of an SRv6 segment route are encoded in the IPv6 SR extension headers with
a fixed size of 128 bits. Segment identifiers with a smaller size than 128 bits are
padded with additional bits. To that end, the normalization of SRv6 and SR-MPLS
consists of encoding each 32-bit SR-MPLS LSE as a 128-bit SRv6 SID with 96 bits
of padding. RFC 8754 defines a reduced SRH, that omits the first SID from the
I[Pv6 SR extension header because the SID is already included in the destination
address field of the IPv6 header. This allows segment routes with a single SID to
omit the IPv6 SR extension header, thereby reducing the overall size of the SRH.
Processing an SRv6 SRH at an SRv6 router begins with inspecting the IPv6 header
and performing a longest-prefix match in the router’s forwarding information base
(FIB) with the SID in the IPv6 header’s destination address field. This identifies
the forwarding instruction for the packet and the operation to perform on the SRH.
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After the lookup, the SRv6 router inspects the IPv6 SR extension headers and
copies the next SID to the destination address field of the IPv6 header. The next
SID is identified using the segments-left field of the IPv6 SR extension header. This
analysis assumes a worst-case scenario, wherein the next SID is found in the last
IPv6 SR extension header [13], [42].

The CSRv6 segment routing standard aims to reduce the size of the SRv6 SRH
by introducing compression flavors for the SRv6 SIDs. Figure illustrates the
basic principle for all compression flavors. Each flavor introduces a CSID and a
format for encoding multiple CSIDs within the IPv6 SR extension header segments.
In this context, these segments are also called CSID containers. The flavors do not
impose a specific size for the CSIDs, instead, an implementer can choose the size for
the CSRv6 domain. For the normalization of SR-MPLS and CSRv6, each CSID is
assigned a size of 32 bits. This means that each CSID container can contain up to
four MPLS LSEs. Processing a CSRv6 SRH is similar to the processing of an SRv6
SRH. The CSRv6 router performs a longest-prefix match of the CSID in the IPv6
header’s destination address to determine the packet’s forwarding instruction and
the operation to perform on the SRH. Afterwards, the next CSID is copied from
its CSID container to the topmost bits of the IPv6 header’s destination address
field, replacing the current CSID. Identification of the next CSID is based on the
segments-left field in the IPv6 SR extension header and the remaining bits of the
IPv6 header’s destination address field. For the normalization with SR-MPLS, two
bits are used to encode the index of the current CSID in a CSID container, allowing
to address all four CSIDs in the container. As with SRv6, this analysis assumes the
worst-case scenario for identifying the next CSID, i.e., that the next CSID is found
in the last IPv6 SR extension header [14].

The described normalization allows the SR approaches to be evaluated using com-
mon metrics: (i) the SRH size, and (ii) the number of processed bits that contribute
to the processing overhead at each hop. The SRH size metric quantifies the ad-
ditional memory a satellite must allocate when receiving and forwarding an SR
packet. The processed bits metric captures the number of bits that must be parsed,
matched, or modified at each router. This metric reflects the computational load
and forwarding latency on a satellite.

Using this consistent and implementation-independent methodology, the three
segment routing standards can be compared objectively with respect to the resource
limitations of LEO satellites.

6.2.2 Results

The results of this analysis are presented in Figures [6.3

Figure displays the SRH size metric for segment route lengths ranging from
1 to 50. SR-MPLS exhibits the smallest and most stable SRH size across all route
lengths, increasing linearly with a slope of four bytes per additional segment and
reaching 200 bytes at 50 segments. In contrast, SRv6 shows a very steep increase
due to its 128-bit SID format and the required IPv6 and SR extension headers. This
results in an SRH size of 856 bytes for 50 segments. The steps, observed in the
SRv6 plot, originate from the fact that the IPv6 SR extension headers can contain
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Figure 6.3: Comparison of the SRH sizes for the normalized SR-MPLS, SRv6 and
CSRv6 standards for different segment route lengths.

only 15 segments at once. This requires an additional IPv6 SR extension header
every 15 segments. A similar characteristic is shown in the CSRv6 plot. Here, the
header size increases stepwise every four segments. This behavior stems from the
structure of CSRv6’s CSID containers, which can contain only four CSIDs at once.
Compared to SRv6, CSRv6 substantially reduces the SRH size. However, even with
its compressed SIDs, the SRH size still grows to 256 bytes at 50 segments and thus
remains larger than the SRH size of SR-MPLS.

A similar behavior is observed for the number of bits that must be processed per
hop, as shown in Figure [6.4] SR-MPLS requires 32 bits to be examined per hop,
regardless of the segment route length, because forwarding decisions depend solely
on the topmost 32-bit LSE. CSRv6 again provides a noticeable reduction compared
to SRv6. However, it still reaches 322 processed bits at 50 segments, primarily
due to the parsing of the IPv6 header and IPv6 SR extension header fields. SRv6
introduces the highest processing overhead, reaching 704 bits for 50 segments. As
with the SRH size, the number of processed bits for SRv6 increases stepwise with the
number of IPv6 SR extension headers required for the SID encoding. The smaller
SRH sizes for SRv6 and CSRv6 for a segment route with only one segment, stem
from the reduced SRH encoding, which omits the IPv6 SR extension header.

The results of both metrics consistently show that SR-MPLS has the smallest
memory footprint and the lowest processing overhead. Given the strict memory
and computational constraints of LEO satellites, SR-MPLS is the most resource-
efficient and practically viable segment routing encoding for the Int2Sat routing
architecture. Nevertheless, CSRv6’s compression is a possible alternative worthy of
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Figure 6.4: Comparison of the number of processed bits by a SR router for the
normalized SR-MPLS, SRv6 and CSRv6 standards for different segment
route lengths.

further research, as it could be suitable for deployments capable of IPv6 dataplane
processing or that would benefit from [Pv6-native tooling. However, due to the strict
per-packet memory and processing constraints of LEO satellites, SR-MPLS is chosen
for this implementation. Therefore, the remainder of this chapter describes the
concrete Int2Sat implementation using SR-MPLS as the segment routing encoding.

6.3 Implementation: Int2Sat Package

This section describes the implementation of the Int2Sat package and covers the data
models for static and dynamic routing information. It also explains the generation
and scheduling of gateway update objects and how the gateway logic functions apply
those updates to the switches in the Int2Sat routing domain. The last section details
the implementation of the switches’ P4-based packet processors.

6.3.1 Routing Information

The Int2Sat package distinguishes between two types of routing information, static
and dynamic. Both types are essential for configuring and operating the emulated
NTN. The following covers the implementation details for each type of routing in-
formation respectively.
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6.3.1.1 Static

Static routing information comprises all configuration elements required for routing
and forwarding that remain constant throughout an emulation run. These elements
include all layer 2 and layer 3 addressing information used for packet delivery within
the NTN and across the Internet, namely MAC addresses, IP addresses, and segment
identifiers (SIDs).

This static information establishes the foundational addressing and forwarding
context for the P4-based packet processors. During system initialization, each net-
work interface of every emulated node is assigned a MAC and IP address. MAC
addresses are drawn from a predefined address pool, while IP addresses are allo-
cated from dedicated IP-prefix blocks. The distribution of IP prefixes within the
NTN follows a structured pattern: each emulated gateway (GW) receives its own
prefix, and all user terminals (UTs) associated with a given home gateway (HGW)
are assigned IP addresses from that gateway’s prefix. In the real-world Int2Sat ar-
chitecture, these prefixes would be announced via BGP to connected autonomous
systems, providing global reachability for GWs and their assigned UTs [5]. In the
emulation environment, this behavior is reproduced by configuring each server with
the appropriate IP routing and ARP entries, ensuring correct end-to-end layer 2 and
layer 3 connectivity. Similarly, each server receives its own prefix, and the forward-
ing tables of the GWs are provisioned accordingly to guarantee correct forwarding
between gateways and servers.

Within the Int2Sat domain, segment routing is used to steer packets between
gateways and user terminals across the satellite network. As discussed previously,
this thesis adopts the SR-MPLS standard for encoding segment-routing information.
SR-MPLS constructs a segment routing header (SRH) from one or more MPLS head-
ers, each 32 bits in size and containing a 20-bit label field [43]|. The Int2Sat package
uses this label field to encode SIDs and stacks multiple MPLS headers to form a
complete source route between the access satellites (AcSs) of user terminals and
their associated gateways. The resulting sequence of SIDs specifies the individual
NTN nodes and links a packet must traverse to reach its destination.

To support this mechanism, each gateway and satellite is assigned a global node
SID, ensuring uniform addressing across the entire SR domain. User terminals,
however, do not receive global node SIDs due to their mobility and the resulting
variability in their serving access satellites. Instead, each access satellite maintains
a set of local adjacency SIDs, one for each of its service links (USLs). Traffic destined
for a UT is therefore guided through the SR domain using global node SIDs up to
the current AcS, which then uses a local adjacency SID to forward the packet over
the correct USL.

All global node SIDs and local adjacency SIDs are encoded within the 20-bit
MPLS label field. The Int2Sat package reserves disjoint label ranges for global node
SIDs, adjacency SIDs, and special-purpose SIDs (e.g., MPLS reserved labels defined
in RFC 3032 [43]). A dedicated label allocator assigns concrete labels during initial-
ization and publishes these assignments as part of the static routing information.

Together, the complete set of static routing information i.e., SIDs, MAC addresses,
IP addresses, and IP prefixes, forms the baseline configuration on top of which all
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dynamic routing information is determined. The next section covers the types of
the dynamic routing information and the mechanisms responsible for maintaining
and updating this dynamic routing state.

6.3.1.2 Dynamic

Dynamic routing information is determined by the routing state in the NTN that
evolves over time due to the topology dynamics inherent in LEO constellations. A
single snapshot of the current routing state includes the configured source routes
and forwarding information on all satellites and gateways within the Int2Sat SR
domain. The source route state and the forwarding state change in correlation with
the rotation of the satellite constellation around Earth. This imposes predictable
dynamics for the links and nodes in the NTN.

Predictable dynamics include for example, changes in the source routes between
UTs and GWs, originating from the periodic reselection of new AcSs of both GWs
and UTs. Similarly to the soure route state, the forwarding state in the Int2Sat
SR domain is also prone to prone to predictable dynamics, as forwarding entries
must be changed in accordance with the current availability of the NTN links. The
Int2Sat control plane can predict changes in the source route and forwarding state,
as it knows the entire constellation and models, which allow calculating changes in
advance.
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Figure 6.5: Process for deriving the update objects for each type of gateway (CGW,
DGW, HGW) from the evolving dynamic routing information.
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In the Int2Sat package, the evolving state information is provided by the SandSat
library and its components, as shown in Figure The SandSat constellation
simulator is capable to simulate the evaluated satellite constellation. It derives
the link availability for all NTN links from the orbital movement and visibility of
the satellites in the constellation. The link state is internally used by the PCE
component to calculate the path state between all NTN nodes. The link and path
state information from the SandSat components are retrieved by the Int2Sat package
via the SandCast API. The information is returned as a sequence of time-stepped
description objects. Each description object contains the current link state and path
state, derived from the simulated orbital positions and visibility relationships of the
satellites.

The link and path states of each description are combined in the Int2Sat package
with the static routing information to produce the CGW, HGW and DGW updates.
Each update is associated with an activation time and contains concrete modification
instructions for the SR-MPLS tables on the relevant nodes. The CGW is respon-
sible for updating segment-routing forwarding tables (SR FW table) on gateways
and satellites, while the HGW and DGW update the the SR encapsulation tables
(SR encap. table) used at the ingress and egress of the Int2Sat domain. These up-
dates may involve inserting new entries, deleting expired ones, or adjusting entries
to reflect changes in adjacency or next-hop assignments.

The diagram in Figure [6.5] shows the stepwise, time-aligned nature of these up-
dates. For each new constellation state description, corresponding CGW, DGW, and
HGW updates are derived and scheduled. All updates of a specific gateway function
are combined into a single-linked list where each update points to the next one.
This ensures that all satellites and gateways maintain a forwarding and encapsula-
tion state that is consistent with the current topology of the NTN. Consequently, the
Int2Sat implementation can track the evolving satellite network with high temporal
fidelity, enabling correct packet steering even under rapid and continuous topological
change.

6.3.2 Gateway Logic Functions

The Int2Sat package registers an individual logic function for each type of gateway,
i,e. CGW, DGW, and HGW at the emulated gateways in the NTNE. The general
structure for each logic function is shown in Figure

The updates derived from the dynamic and static routing information are applied
by their specific logical gateway function. As illustrated in Figure[6.6] each gateway
role in the Int2Sat architecture, i.e., CGW, HGW, and DGW, implements its logic
function following a common structural pattern. Each function operates as a time-
driven control loop that reacts to the evolving constellation state provided by the
NTNE. First, the logic function queries the NTNE timer to obtain the current
emulation time and determines whether a new update must be activated. If an
update is pending, the function retrieves the corresponding gateway or satellite node
from the NTNE graph and its switch-control interface, which is exposed through the
NEW::SwitchControl Api.

After obtaining the correct node and control interface, the logic function applies
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Figure 6.6: Common implementation structure for the logic functions representing

Int2Sat’s CGWs, HGWs, and DGWs

the update in two phases. First, obsolete forwarding or encapsulation rules are
removed from the switch tables to prevent stale states from persisting across topology
transitions. In the second phase, new table entries corresponding to the updated
source routes or forwarding paths are inserted. This separation of deletion and
insertion avoids transient inconsistencies in the data plane and mirrors the behavior
of real-world SDN control plane systems.

Although all gateway logic functions share this structural workflow, they differ in
the type of routing state they manipulate. The HGW maintains and updates the
SR-MPLS encapsulation rules used for source routes toward UTs. The CGW installs
forwarding entries on satellites and gateways based on the latest path computations.
Finally, the DGW updates the encapsulation rules for the source routes on the AcSs
of UTs toward the DGW itself. In this way, each gateway type contributes a distinct
portion of the overall routing architecture while relying on the same standardized
update mechanism.

The gateway logic functions update the data plane incrementally, ensuring that
only the affected source routes and forwarding entries are modified after a topology
change. This design minimizes processing overhead on the constellation and makes
the architecture compatible with the strict resource limitations of LEO satellites.
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6.3.3 Packet Processors

The packet processors used in the Int2Sat implementation are based on the P4
vlmodel architecture, which is implemented on the BMv2 software switches. As
shown in Figure[6.7 the vlmodel provides a standard programmable pipeline con-
sisting of a parser, checksum verifier, ingress control block, deparser, and checksum
calculator. The Int2Sat packet processors map their forwarding logic onto these

building blocks.

Packet 101001001011100100...11100010100011011001

Port 1 N} Port 2 N} Port n N
P4 Packet Processor ) I—.—I I—.—I I—.—I
Parser
Parse IPv4 Hdr Parse MPLS Hdr
EtherType
Parse Ethernet Hdr
else o bevas
Reject
Packet Eth IPv4| ... Packet |Eth MPLS n MPLS 0
N% %
Checksum Verifier
N2 N2
ngress
No match v
IP forwar- found | [SR encapsu- Insert MPLS SR forwar- Perform Stack
ding table 7| 1ation table Hdrs ding table Operation (Pop, ...)
No match No match
[found Drop packet found | v
« | Set Egress Switch
>
Port
Packet |Eth MPLS n-1| ... |MPLS 0
Deparser
[Emit IPv4 Hdr ](—[Emit MPLS Hdrs ](—[Emit Eth Hdr e
v Calculator
k4
N

Port 1 \vl Port 2 @ Port n @

Packet | 101001001011100100...11100010100011011001

Figure 6.7: Common flow diagram for the satellite and gateway P4-based packet pro-
cessors, implementing the data plane for the Int2Sat routing architecture.
Building blocks of the underlying vlimodel architecture are highlighted
in different colors. The egress match-action pipeline is omitted as it is

not used.

The overall packet-processing pipeline consists of header parsing, checksum ver-
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ification, ingress-table lookups for IP forwarding and SR encapsulation, and SR
forwarding. This is followed by header reconstruction in the deparser and recalcu-
lation of the checksum prior to transmission of the packet on its determined egress
port.

To reduce processing overhead, particularly on resource-constrained LEO satel-
lites, the parser is implemented as efficiently as possible. It only extracts the head-
ers that are strictly required for forwarding decisions. Ethernet headers are always
parsed, followed by an IPv4 header if the EtherType field indicates IPv4, or by the
single topmost MPLS header if the packet carries SR-MPLS traffic. No deeper MPLS
stack is parsed during ingress, reducing memory accesses and lowering latency.

Although satellites and gateways use the same underlying P4 program, they differ
in terms of how the packet processor leverage their tables. Satellite switches use the
IP forwarding table to forward packets between multiple connected UTs of the same
access satellite. Gateway switches, on the other hand, populate the IP forwarding
table with routes that lead to Internet nodes, such as servers. The SR encapsulation
table is also role-specific. Satellite switches configure this table with a default rule
that forwards all packets toward the DGW, enabling satellites to primarily operate
as transit nodes with minimal control logic. Additional entries may be configured if
traffic engineering behaviour is required, such as load balancing or alternative failover
paths. In contrast, gateway switches use the SR encapsulation table to install the
source routes generated by the HGW for the user terminals associated with that
gateway. These entries describe the exact MPLS label stacks that are pushed onto
packets before they are injected into the satellite constellation. The forwarding
table is used uniformly across satellites and gateways to implement MPLS-based
segment forwarding. The table performs the necessary label-stack operations, such
as popping the active label or continuing with the next label, and determines the
packet’s outgoing port. Packets that do not match a forwarding entry are dropped
to prevent inconsistencies and forwarding loops.
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7 Routing Architecture Evaluation

Following the implementation of the Int2Sat routing architecture in the previous
chapter, this chapter evaluates its functional behavior and its integration with the
NTNE. The evaluation has two goals: first, to verify that the implemented routing
architecture operates correctly under dynamic LEO conditions, and second, to assess
the effectiveness of the gateway logic functions and the applicability of the NTNE for
scenarios of different scales. The following sections describe the evaluation method-
ology and present the results obtained from two representative emulation scenarios
based on the Kuiper and Starlink constellations. The chapter concludes with a
summary of all findings.

7.1 Methodology

The evaluation focuses on three central objectives. First, the functional correctness
of the routing architecture shall be demonstrated. This includes showing that end-to-
end communication between a UT and a server connected to a GW remains possible
despite the dynamic topology of the satellite constellation. This demonstrates the
functional feasibility of Int2Sat’s basic Internet integration. Second, insights into
the internal effectiveness of the implementation shall be provided, with particular
focus on the control plane operations of the CGW, DGW, and HGW logic functions.
These insights help quantify the computational load induced by routing updates and
reveal how the implementation behaves during frequent topology changes. Third,
the applicability of the NTNE for the functional evaluation of custom routing ar-
chitectures and its scalability shall be demonstrated. To this end, the evaluation
considers two emulation scenarios of different sizes and satellite densities to show
that the emulator can handle varying network scales.

Two evaluation scenarios are considered, both based on prominent satellite con-
stellations: one from Amazon’s Kuiper project and the other from SpaceX’s Starlink
project. In the Kuiper scenario, an NTN with a UT placed in Tiibingen and a GW
including a connected server placed in Berlin are leveraged. The emulated NTN’s
constellation corresponds to Amazon’s Kuiper system, consisting of 1,156 satellites
at an altitude of approximately 630 km and an orbital inclination of 52°. The total
emulation time is 10 minutes. Using the region-of-interest concept, no more than
20 satellites appear in any given scene, enabling a medium-scale evaluation of the
routing architecture.

The Starlink scenario uses the same ground-node locations but employs a larger
constellation: a Starlink shell of 1584 satellites at an altitude of approximately
550 km and an orbital inclination of 53°. The emulation time is again 10 minutes.
Due to the region-of-interest limitation, a maximum of 55 satellites become active
during the evaluation, providing a large-scale scenario for assessing scalability.
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7 Routing Architecture Evaluation

Two metrics are used to evaluate functional correctness, scalability and the inter-
nal control plane behavior. The first metric is the round-trip time (RTT) between
the UT and the server connected to the GW. This metric directly reflects the un-
derlying dynamic path length and thus provides evidence for correct data plane
operation under topology changes. It is also used to evaluate the scalability of the
NTNE by comparing RTT behavior across the two scenarios.

The second metric captures the operational activity of the gateway logic functions.
It includes the number of forwarding-table deletions and insertions performed by the
CGW, as well as the number of encapsulation-table operations performed by the
HGW and DGW. These operations quantify the workload induced on the control
plane and demonstrate the effectiveness with which the implementation handles
routing updates as satellite density increases.

Both scenarios are executed on a single host equipped with an Intel© Xeon© CPU
E5-2683 v4 with 16 cores and 32 GB of RAM. To evaluate the NTNE performance,
the gateway and satellite switches within the emulator are configured to leverage the
BMv2 software switch in its release variant. This excludes any logging or debugging
functionalities on the switches, enabling the assessment of the maximum achievable
NTNE performance on the given host.

7.2 Results

Kuiper Scenario
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Figure 7.1: Measured RTT between the UT and the server connected to the GW
(blue) and the corresponding hop count of the UT-GW path (green)
over time in the Kuiper scenario. The start points for dropped packet
intervals are marked in red.
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7 Routing Architecture Evaluation

Figures show the measured RTT between the UT and the server, as well
as the corresponding UT-GW hop count, for the Kuiper and Starlink scenarios, re-
spectively. In both scenarios, changes in the constellation topology are reflected by
rising or falling RTT values. These fluctuations closely correlate with the number of
hops along the UT-GW path: increases in path length lead to increased RTT, and
vice versa. Each topology change triggers a brief interval of packet drops, marked in
red in the figures. Over the full emulation period, the Kuiper scenario experiences a
packet loss of 5.28 % (2853/3012 received /sent packets), while the Starlink scenario
shows 9.30 % (2742/3023 received /sent packets). These losses occur exclusively dur-
ing topology transitions, confirming that packets are forwarded correctly during all
steady-state periods.

Starlink Scenario
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Figure 7.2: Measured RTT between the UT and the server connected to the GW
(blue) and the corresponding hop count of the UT-GW path (green)
over time in the Starlink scenario. The start points for dropped packet
intervals are marked in red.

The measured RT'T statistics further support the functional correctness of the
Int2Sat implementation. In the Kuiper scenario, the average RTT is 2.965 ms, while
the minimum and maximum RTTs are 1.402ms and 7.551 ms, respectively. In the
Starlink scenario, the corresponding values for the minimum, average, and maximum
RTT are 1.438ms, 8.582ms, and 23.121 ms, respectively. Although these values
illustrate the expected behavior of the routing architecture, they do not reflect real-
world satellite RTT performance, as the current NTNE implementation does not
emulate physical link characteristics such as delay, jitter, or bandwidth limitations.
The measured RTTs therefore represent the maximum achievable performance of
the emulator on the given host.
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7 Routing Architecture Evaluation

A comparison between both scenarios shows similar minimal RTTs of approxi-
mately 1.4ms, but noticeably higher average and maximum RTTs in the Starlink
scenario. The RTT standard deviation of 4.023 ms in the Starlink scenario also ex-
ceeds the 1.511 ms observed in the Kuiper scenario. These differences align with
expectations, as the Starlink scenario involves a larger number of active satellites
and thus experiences more frequent routing and path-length changes. Despite this
increased dynamism, the figures demonstrate that the paths generated by the Sand-
Sat library remain relatively stable, with maximum stable-path durations of approx-
imately 60 seconds in the Kuiper scenario and 30 seconds in the Starlink scenario.
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Figure 7.3: Operational activity of the CGW, HGW, and DGW control plane
functions over time in the Kuiper scenario. It shows the number of
forwarding-table deletions and insertions for the CGW and the number
of encapsulation-table updates for the HGW and DGW.

The operational activity of the CGW, HGW, and DGW logic functions is shown in
Figures[7.3H7.4 In both scenarios, the CGW performs the majority of control plane
work, reflecting its responsibility for maintaining the forwarding state of all satellites
and gateways. The figures demonstrate that each topology change imposed by the
constellation triggers a burst of CGW operations, consisting of coordinated deletion
and insertion events in the SR forwarding tables. In the Kuiper scenario, these bursts
occur relatively infrequently and involve a limited number of table updates due to
the smaller number of active satellites. In contrast, the Starlink scenario exhibits a
noticeably denser and more irregular pattern of CGW activity, with a significantly
higher number of operations per update interval. This increase corresponds to the
larger number of satellites participating in the region of interest, requiring the CGW
to update more forwarding rules whenever path changes occur.
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7 Routing Architecture Evaluation

The HGW and DGW traces in both figures remain comparatively sparse. Since
both gateways only manage the encapsulation rules associated with the single em-
ulated UT, their operational activity is limited to at most one deletion and one
insertion at a time. This behavior is visible in both plots as isolated, low-frequency
update points. This confirms that the workload of the HGW and DGW scales with
the number of user terminals rather than with the constellation size. The consis-
tency of their traces in the two scenarios also shows that the SR-encapsulation logic
remains stable and is unaffected by increasing satellite density.

Starlink Scenario
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Figure 7.4: Operational activity of the CGW, HGW, and DGW control plane func-
tions over time in the Starlink scenario. It shows the number of
forwarding-table deletions and insertions for the CGW and the num-
ber of encapsulation-table updates for the HGW and DGW.

7.3 Summary

The evaluation demonstrates that the implemented Int2Sat routing architecture op-
erates correctly and efficiently under realistic LEO satellite dynamics. The RTT
measurements obtained in both the Kuiper and Starlink scenarios confirm that
end-to-end communication between user terminals and gateways remains functional
throughout continuously changing topologies. Observed RTT variations directly
correlate with the evolving UT-GW hop count, validating the correctness of the in-
stalled source routes and forwarding entries. Packet losses occur exclusively during
topology transitions, which is consistent with the expected behavior of a system
undergoing frequent link and node changes. Countermeasures to reduce the packet
loss during these predictable topology transitions are subject to further research.
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7 Routing Architecture Evaluation

The analysis of the gateway control plane activity further highlights the implemen-
tation’s internal effectiveness. The CGW exhibits an increased operational load in
larger constellations, reflecting its central role in installing and updating forwarding
entries across the network. Distributing CGW functionality across multiple GWs,
may be a suitable solution for higher CGW loads in larger constellations. In con-
trast, the activity of the HGW and DGW remains minimal and largely constant,
because their workload scales with the number of user terminals rather than the
constellation size. This behavior confirms that the gateway logic functions are im-
plemented efficiently and adhere to the architectural design principles established in
earlier chapters.

Finally, the evaluation demonstrates the applicability and scalability of the NTNE.
By limiting the emulated topology to a region of interest, the emulator can han-
dle both medium- (Kuiper) and large- (Starlink) scale constellation scenarios while
maintaining stable performance throughout the experiments. These results validate
the NTNE as a flexible and suitable platform for evaluating routing architectures
under diverse non-terrestrial network conditions.

Overall, the results confirm that the Int2Sat implementation and its basic Inter-
net integration is functionally correct, computationally efficient in its control plane
design, and fully compatible with the NTNE as an evaluation environment. These
findings provide a solid foundation for further experimentation, optimization, and
extension of routing mechanisms for LEO-based non-terrestrial networks.
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8 Discussion

The previous chapter evaluated the Int2Sat implementation on the NTNE, demon-
strating its functional correctness, operational efficiency, and applicability across
medium- and large-scale LEO satellite scenarios. While the results confirm that
the routing architecture and emulator form a robust foundation for research on
Internet-NTN integration, they also reveal opportunities for further development
and refinement. This chapter discusses these future directions for both the Int2Sat
implementation and the NTNE itself.

8.1 Future Work: Int2Sat

Although the implemented Int2Sat mechanisms demonstrate correct behaviour un-
der dynamic constellation conditions, the following aspects of Int2Sat present valu-
able opportunities for extension.

A first extension in future work could be the implementation and evaluation of
Int2Sat’s protection switching mechanisms. The current implementation reacts to
predictable handover events driven by LEO mobility, but it does not yet provide
explicit mechanisms for fast recovery from unexpected link or node failures. Eval-
uating these mechanisms under controlled failure injections in the NTNE would
provide insights into packet loss reduction and control plane responsiveness.

Another promising direction is the implementation and evaluation of Int2Sat’s
traffic engineering (TE) use cases. These include latency-aware path selection, traffic
distribution across multiple disjoint routes, and congestion-avoidance mechanisms.
Evaluation outcomes could include the functional feasability for each TE mechanism,
the cost in control plane resources and responsiveness, and the stability and fairness
under realistic dynamic conditions. These results will guide which TE features
are practical for operational Int2Sat deployments and how the NTNE should be
extended for large-scale TE experimentation.

8.2 Future Work: NTNE

The NTNE successfully enabled the evaluation of Int2Sat within realistic constel-
lation scenarios, yet the system architecture offers several natural extension points.
The future work items and how they integrate into the current emulator architecture
is illustrated in Figure [8.1}]

One extension is the introduction of a graphical user interface and a remote con-
troller. These components would simplify experiment configuration, provide visu-
alization of constellation dynamics, and support remote orchestration of emulation
runs. This extension requires an API called the NTNE protocol (NTNEP) and a
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Figure 8.1: Future work for the NTNE.

server that implements the API and interacts with the emulated network of the
NTNE.

The figure further identifies the extension of the NTNE with a watchdog mech-
anism. This component would monitor the health of all emulated nodes, links,
and processes, automatically detecting failures or stalled components. Integrating a
watchdog would significantly increase the robustness of long-running experiments.

Another extension is the integration with external programmable hardware switches
and other external hardware. Hardware-in-the-loop capability enables hybrid ex-
periments and improves the relevance of performance measurements for real-world
deployments.

The last extension of the NTNE concerns the realistic emulation of NTN link
characteristics. The current implementation models topology dynamics and con-
nectivity state but does not yet emulate physical layer effects such as propagation
delay, jitter, bandwidth limitations, or packet error rates. As a result, measured
RTTs primarily reflect processing and routing behavior rather than real satellite
communication performance. Incorporating configurable link-delay models, based
on geometric propagation distances, modulation and coding schemes, weather ef-
fects, or queueing behavior, would enable significantly more realistic end-to-end
performance evaluations.
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9 Conclusion

The primary objectives of this thesis were the implementation and evaluation of
the Int2Sat routing architecture. This work provided a complete reference imple-
mentation of Int2Sat’s data and control plane. This implementation confirms the
feasability of Int2Sat’s basic integration of non-terrestrial networks leveraging LEO
constellations into the Internet. The data plane was realized using SR-MPLS as
the underlying segment-routing encoding and was implemented on P4-based packet
processors tailored for satellite and gateway functionality. The control plane was
developed as a modular Python library that manages dynamic routing state and
configures the programmable data plane accordingly. To support the systematic
evaluation of this implementation, this thesis introduced the non-terrestrial network
emulator (NTNE), a time-dynamic emulator. The NTNE enables modeling of NTN
topologies, hereby being capable of reproducing LEO scenarios in a controlled envi-
ronment while allowing the integration of custom routing architectures.

The evaluation results confirm that Int2Sat operates correctly and efficiently un-
der realistic constellation dynamics. End-to-end connectivity between user terminals
and gateways was maintained despite frequent topology changes, validating the cor-
rectness of the implemented routing behavior. Furthermore, the results demonstrate
that the modular control plane design is computationally lightweight and well suited
to LEO satellite constraints. The NTNE successfully supported emulation scenarios
of varying size and complexity, illustrating both its scalability and its suitability as
a research platform for future investigations in non-terrestrial network routing.

9.1 Future Research

Beyond the concrete implementation extensions outlined in Chapter[§] several broader
research topics emerge from this thesis. The most relevant directions are outlined
in the following subsections.

9.1.1 Predictive Control Plane Mechanisms

A promising research direction is the development of control plane mechanisms that
more effectively exploit the predictable dynamics of LEO constellations. Since satel-
lite positions, link states, and handover events can be forecast accurately, future
work could investigate proactive update strategies, prediction-guided scheduling,
and techniques to reduce control plane signalling overhead. Such mechanisms may
improve responsiveness, minimise packet loss during transitions, and further reduce
the computational burden on constrained satellite nodes.
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9 Conclusion

9.1.2 Evaluation of Alternative Segment-Routing Encodings

A second research direction concerns a comparative assessment of the SR-MPLS
encoding used in this thesis and alternative segment-routing approaches, particu-
larly CSRv6. While SR-MPLS was selected based on its compact header structure
and favourable processing characteristics, further research should examine additional
criteria such as extensibility, alignment with IPv6 infrastructures, and runtime effi-
ciency under realistic LEO constellation conditions. Implementing and benchmark-
ing CSRv6 and related encodings within the NTNE would provide empirical insights
into their suitability for future non-terrestrial routing architectures.
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