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Abstract—SatGoNetEm is an open-source, modular, container-
based emulator for large-scale satellite constellations and non-
terrestrial networks. It bridges the gap between discrete-event
simulation and real-world experimentation by combining high-
fidelity constellation dynamics with realistic Linux-based pro-
tocol stacks running inside Docker containers. The framework
integrates a dedicated topology engine for orbit propagation
and time-varying Inter-Satellite and Ground-to-Satellite links
connectivity with GoNetEm, a network emulator written in
Go, which provides scalable container and virtual-link orches-
tration. SatGoNetEm supports flexible addressing, automatic
link-state management and multiple routing modes, including
pre-computed routes and distributed protocols such as OSPF
via FRRouting. The framework further supports hardware-
in-the-loop setups by bridging container interfaces to Linux
veth/bridge devices, enabling direct connection of real network
equipment to the emulated constellation. An API-based control
plane and web interface enable interactive scenario management
and observation. Experiments with realistic LEO constellations
show near-linear initialization time, efficient link updates with
constant per-link latency, and low steady-state CPU overhead
after network construction, making the platform suitable for
scalable, protocol-accurate evaluation of next-generation satellite
internet systems.

Index Terms—LSN, network emulation, Docker containers

I. INTRODUCTION

The rapid expansion of Low Earth Orbit (LEO) satellite
constellations has fundamentally transformed the landscape
of global communications and networking. Major commercial
deployments such as Starlink [1], OneWeb [2] and Amazon’s
project Kuiper [3] are establishing thousands of satellites
to provide global broadband coverage, creating complex dy-
namic networks that require advanced evaluation and testing
methodologies [4], [5]. As these constellations become integral
components of future internet infrastructure, researchers and
engineers face increasing challenges in developing and testing
protocols and applications for satellite-terrestrial networks.

Traditional network simulators, while valuable for initial
protocol development, often fall short when evaluating real-
world satellite network scenarios due to their limitations in
modeling realistic protocol stacks, container-based applica-
tions and distributed system behaviors [6]. Existing satellite
network emulators such as LeoEM [7], StarryNet [8], OpenSN
[9] and simulators such as Hypatia [10], LEOCraft [11] have
made significant contributions to the field, yet they face con-
straints in scalability, flexibility, and integration with modern
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network functions like firewalls and other standard Linux-
based routing suites such as Free Range Routing (FRRouting)
[12].

The need for reproducible, extensible and realistic testing
environments has become critical as satellite networks tran-
sition from research prototypes to operational infrastructure
supporting mission-critical applications.

Container-based network emulation has emerged as a
promising approach for bridging the gap between simulation
and real-world deployment [13]. By using containerization
technologies such as Docker [14], researchers can execute
unmodified protocol implementations, run distributed appli-
cations and achieve horizontal scalability. However, adapting
these techniques to the unique challenges of satellite networks,
including dynamic topologies, variable link conditions and
complex routing requires specialized tools and methodologies.

To address these challenges, we present SatGoNetEm [15],
a modular container-based network emulator specifically de-
signed for satellite-ground network scenarios. SatGoNetEm is
built on top of GoNetEm [16], a general-purpose Go-based
network emulator that handles container lifecycle and virtual-
link construction, but has no awareness of satellite dynam-
ics or routing semantics. SatGoNetEm contributes the layers
above it: SGP4-based orbit propagation, time-varying topology
management, satellite-aware addressing and a full routing
framework supporting OSPF, MPLS and pre-computed routes.
Unlike previous approaches that focus primarily on simulation
or basic emulation, SatGoNetEm provides a comprehensive
framework that integrates realistic satellite constellation mod-
eling, dynamic topology management, and container-based
protocol execution. Our system separates concerns through
a modular architecture that decouples topology management,
addressing and routing schemes, dynamics and orchestration
parameters (e.g., node lifecycle and link impairment schedul-
ing), enabling researchers to focus on protocol development
and evaluation rather than infrastructure complexity.

The main contributions of this work are:

• An open-source, fully implemented modular and scalable
emulation platform named SatGoNetEm (Section IV):
we design and implement a decoupled architecture that
separates topology management, simulation control, time
synchronization, and network configuration. Bulk operation
of address assignment and batched routing updates reduce
the computational overhead of each step.



• A real-time dynamic satellite constellation module called
SatComTopology (Section IV-B): the platform natively em-
beds a tool that handles time-varying satellite constellation
with automatic link state updates, interface management,
and routing table synchronization.

• A flexible routing framework: users can choose between
pre-computed file-based routes, static shortest-path compu-
tation, or fully dynamic routing protocols such as OSPF,
label-switching mechanisms like MPLS [17] or custom
protocols.

• Container-oriented deployment: we provide docker im-
ages built upon GoNetEm [16], and a gRPC-based [18]
orchestration overlay that enables each network node to run
in its own isolated container. This approach affords realistic
protocol stack emulation and distributed application testing.

The rest of the paper is organized as follows. In Section II,
we review existing satellite network simulators and emulators.
In Section III, we formalize the system model used to design
SatGoNetEm. Then, in Section IV, we introduce and describe
SatGoNetEm. Finally, we evaluate SatGoNetEm through com-
prehensive experiments demonstrating its scalability, perfor-
mance, and flexibility and accuracy in Section V.

II. RELATED WORK

The evaluation of satellite networking protocols and archi-
tectures has been split between discrete-event simulation and
virtual emulation. These two methodologies are judged based
on metrics such as initialization performance and the accuracy
of the network metrics they produce. Furthermore, each offers
distinct advantages and limitations such as distributed routing
or custom docker images. This section categorizes existing
platforms for satellite network evaluation, summarized in
Table I, and identifies the gaps that SatGoNetEm addresses.

A. Discrete-Event Simulation for Satellite Networks

Discrete-event simulators have been widely adopted for
modeling satellite network behaviors at different levels, where
events occur at a specific point in time and marks a change
in the system state. Unlike real-time emulation, the simulation
clock can advance independently of real-world time, allowing
for the rapid execution of long-duration orbital scenarios.
These simulators can be broadly classified into flow-level and
packet-level simulators.

1) Flow-Level Simulation: Flow-level satellite network
simulators focus on high-level performance metrics such as
end-to-end propagation delay and throughput analysis with-
out capturing fine-grained packet forwarding behaviors. As
shown in [19], StarPerf exemplifies this approach by providing
trajectory simulation, topology generation and shortest-path
calculation for LEO constellations. While simulators such as
StarPerf offer insight into constellation architecture optimiza-
tion, they cannot evaluate networking protocols or capture
realistic packet-level interactions.

2) Packet-Level Simulation: Packet-level satellite network
simulators are typically built on mature discrete-event simula-
tion frameworks such as ns-3 [24] and OMNeT++ [25]. For
instance, Hypatia [10] offers an extensive packet-level simula-
tion environment based on ns-3, supporting detailed analysis
of congestion control mechanisms and routing protocol be-
havior in satellite networks. Similarly, [26] expanded packet-
level simulations to assess IP-based and Information-Centric
Networking architectures in LEO satellite constellations using
OMNeT++. Their study highlights the usefulness of such
tools for examining networking approaches that diverge from
traditional TCP/IP designs.

However, packet-level simulators also exhibit notable draw-
backs. The complexity of discrete-event scheduling results in
prolonged simulation runtimes, especially for large-scale con-
stellations where routing protocols trigger substantial control
traffic and frequent link-state updates. In addition, these tools
typically cannot run full, unmodified protocol stacks or real-
world applications, which constrains the fidelity and practical
relevance of the obtained experimental results.

B. Virtual Network Emulation for Satellite Networks

Virtual network emulation addresses the limitations of simu-
lation by running real protocol stacks and applications, provid-
ing more realistic experimental environments. Existing virtual
network emulators employ different virtualization technolo-
gies, including lightweight process virtualization (mininet),
container technology, and virtual machines.

1) Lightweight process virtualization: Mininet [20] enables
the creation of realistic virtual networks with real kernel stacks
but lacks specific support for satellite network emulation.
To address this, LeoEM, introduced in [7] as part of the
SatCP work, extends Mininet to emulate LEO constellations,
incorporating StarPerf’s trajectory calculation and shortest-
path algorithms. However, these lightweight process-based
approaches face limitations, as they fall short when evaluating
container-based applications or complex distributed system
behaviors, as they lack the needed software isolation.

2) Virtual Machine-Based Emulation: Virtual machine
(VM) technology offers complete isolation and kernel cus-
tomization capabilities but at the cost of significant resource
overhead. On one hand, LORSAT [21] provides VM-based
emulation for LoRaWAN satellite scenarios but supports
only bent-pipe architectures without routing capabilities. On
the other hand, NEaaS [22] offers Network Emulation-as-
a-Service through VM-container hybrid architecture, but the
dominance of VMs prevents large-scale network emulation.

Celestial represents a micro-VM approach using Firecracker
for LEO edge computing scenarios [23]. While providing
better resource efficiency than traditional VMs, Celestial fo-
cuses primarily on edge computing rather than comprehensive
network protocol evaluation and lacks support for distributed
routing emulation.

3) Container-Based Emulation: Container-based emula-
tion has gained traction for its balance between isolation
and performance. StarryNet [8] demonstrates container-based



TABLE I
CLASSIFICATION OF EXISTING SIMULATION AND EMULATION TOOLS FOR SATELLITE NETWORKS

Category Tool Granularity Technology Networking Support Open Source
Discrete-Event

Simulation
StarPerf [19] Flow-level Python & Matlab Route Calculation Only Yes

LEOCraft [11] Flow-level Python Optimization & Routing Yes
Hypatia [10] Packet-level ns-3 Congestion Control & Routing Yes

Virtual Network
Emulation

Mininet [20] Real Stacks Process Namespaces Generic (No Sat Support) Yes
LeoEM [7] Real Stacks Mininet Extension Trajectory & Shortest Path Yes

LORSAT [21] Real Stacks Virtual Machines Bent-pipe (No Routing) No
NEaaS [22] Real Stacks VM/Container Hybrid Emulation as a Service No

Celestial [23] Real Stacks MicroVM (Firecracker) Edge Computing (No Dist. Routing) Yes
StarryNet [8] Real Stacks Docker Distributed (BIRD) Yes
OpenSN [9] Real Stacks Docker Distributed (FRR) Yes

SatGoNetEm (Ours) Real Stacks Docker Distributed (OSPF/FRR) & Static Yes

satellite network emulation using Docker, with distributed
routing implemented through BIRD routing software [27] on
each container. Similarly, by default, OpenSN [9] implements
FRRouting for distributed routing.

These container-based satellite network emulators face sev-
eral challenges. StarryNet exhibits inefficiencies due to di-
rect interaction with Docker’s command-line interface (CLI),
leading to unnecessary overhead during container and link
management. The lack of optimization in task scheduling and
resource utilization further limits scalability for large constel-
lations. Additionally, most existing tools provide only limited
extensibility, requiring significant modifications to support new
routing protocols or custom network configurations.

To address these limitations, OpenSN introduces an archi-
tecture that separates user-defined configuration from container
management via a centralized Key-Value Database. Therefore,
by streamlining Docker CLI interactions and optimizing the
creation of virtual links, OpenSN significantly reduces opera-
tional overhead.

Despite its architectural improvements, OpenSN also en-
counters performance constraints. The platform faces a scal-
ability ceiling, in which a single machine cannot afford to
emulate thousands of satellites running resource-hungry appli-
cations, needing a complex multi-machine system to overcome
hardware limitations.

The heavy resource usage of hardware level virtualization
leaves VMs unsuitable for high-density LEO constellations.
Since each VM requires a full guest operating system in-
stance, the memory and CPU overhead scales linearly with
the number of nodes, creating a larger scalability ceiling than
with docker. This limitation needs a shift towards OS-level
virtualization (containerization), where nodes share the host
kernel. This approach, adopted by SatGoNetEm, corresponds
to the container-based approach. It preserves the ability to run
unmodified user space routing binaries (such as FRR or BIRD)
while reducing the overhead by orders of magnitude.

III. SYSTEM MODEL

This section formalizes the system model used by Sat-
GoNetEm and summarized in Table II, with emphasis on
the architectural view of the emulated network and the rep-
resentation of nodes and links. The goal is to describe the

abstract satellite communication system that the framework
instantiates, independently of implementation details.

A. Network Architecture

The satellite network is modeled as a multi-layer system
comprising two segments. The Space Segment consists of a
constellation organized into shells and orbital planes, including
Low Earth Orbit (LEO), Medium Earth Orbit (MEO) and
Geostationary Earth Orbit (GEO) satellites with Inter-Satellite
Links (ISLs) and Ground-to-Satellite Links (GSLs). The
Ground Segment includes user terminals and gateways that
provide access to the terrestrial Internet or backbone. Formally,
the system is represented as a directed graph where nodes
(representing satellites, ground stations and user terminals), are
connected by a time-dependent set of active links. The edges
capture both ISLs and GSLs, modeling the dynamic nature of
constellations where link availability and characteristics shift
as satellites move along their orbits. SatGoNetEm realizes
each node as a TCP/IP-enabled network entity and each edge
as a bidirectional point-to-point link with specific capacity,
delay and availability constraints. This model is mapped onto
Linux network namespaces instantiated as Docker containers
and connected via virtual links. Furthermore, the architecture
supports Hardware-in-the-Loop configurations by bridging the
emulated environment to physical infrastructure. This is im-
plemented by creating a veth pair where one endpoint resides
in the container and the other in the host namespace. The host-
side endpoint is then attached to a Linux bridge connected to
the Network Interface Card (NIC) as shown in Fig. 1.

B. Node model

Each node belongs to one of the two main classes, Satellites
or Ground Stations, and is modeled with a common set of
attributes plus type-specific parameters.

Each satellite node is defined by its orbital parameters,
specified through configuration files and external libraries.
These parameters include the orbital plane index, mean rev-
olutions per day, inclination, and other Two Line Elements
(TLE)-derived quantities such as right ascension of ascending
node, argument of perigee, and mean anomaly for SGP4-
based propagation [28]. Geographically, each satellite follows
a moving position on Earth characterized by latitude, longi-
tude and altitude. From a network perspective, each satellite



TABLE II
SUMMARY OF SATGONETEM SYSTEM MODEL AND ARCHITECTURE

Model Entity Physical Parameters Network Representation Dynamic Behavior

Node Satellites Orbital Planes, TLE, SGP4 IP Router (ISL/GSL I/F) Moving Position x⃗(t)
Ground Stations Fixed Latitude/Longitude IP Endpoint/Gateway Static Position

Link ISL (Sat-Sat) d(t) = ∥x⃗u − x⃗v∥/ceff High Capacity (Fixed) 4 Neighbors (Time-Varying)
GSL (Sat-Gnd) Elevation Angle > θ Bottleneck Capacity Intermittent (Handovers)

Topology Graph G(V,E) Node set V (Static) Edge set E(t) (Dynamic) Updates at discrete step ∆t
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Fig. 1. The satellite system model and its translation to the emulation logic,
as well as integration with Hardware-in-the-Loop (HIL).

maintains a set of network interfaces, each assigned specific
IP addresses and logical roles, such as ISL or GSL interface.
This is done alongside a local routing table that supports
static routes derived from the constellation topology. While
the system model treats these as generic IP routers with time-
varying connectivity, the emulation realizes each satellite as a
dedicated Docker container.

Ground station nodes function as terrestrial endpoints or
gateways, characterized by a fixed geographic location (lat-
itude, longitude and altitude). Their networking attributes
consist of a set of interfaces connected to satellites or terrestrial
entities, using IP addressing and routing logic consistent
with the project configuration. Like satellites, ground stations
are mapped to Docker containers with full TCP/IP stacks,
facilitating granular network measurements such as latency,
throughput and congestion control behavior.

C. Link model

The network defines links between different nodes through
two primary categories: ISLs, which connect satellites within
the constellation, and GSLs, which connect satellites to terres-
trial stations. Each active link is characterized by two param-
eters. Firstly, a propagation delay d(t), which is calculated as
the distance between the two node positions ||xu(t)− xv(t)||
divided by the effective propagation speed ceff. Secondly, the
capacity is defined by directional values in bits per second,
representing the channel capacity between the different nodes
according to the user configuration.

For ISLs, the propagation delay is derived from relative
satellite positions, while capacity is fixed via configuration.
In this model, each satellite typically establishes concurrent
connections to four neighbors.

Meanwhile for GSLs, connectivity is governed by an eleva-
tion angle where a link is only active if the satellite’s elevation
angle over the horizon exceeds a threshold defined by the
emulator user (e.g., 10 deg). While delay and capacity are
derived similarly to ISLs, these links serve as the primary
source of bottlenecks in experiments, as their capacity is
much lower than that of ISLs. Furthermore, their intermittent
availability, driven by both geometric constraints and a user-
defined limit on the maximum number of simultaneous links,
triggers handover events and dynamic path changes. The
emulator user can specifically configure the maximum number
of simultaneous links for each terminal or gateway.

The emulator also includes a method to calculate realistic
GSL capacities.

D. Time-Varying Topology

Combining the node and link models, SatGoNetEm views
the constellation network as a time-varying graph which
consists of:

• A node set V, static during a simulation, meaning that there
is no creation or deletion of satellites or ground stations
during a simulation.

• An edge set E(t) which evolves over discrete times steps
t0, t1, ..., tT with step size ∆t configured in the project. At
each time step tk:

1) Satellite positions x⃗s(tk) are recomputed from the orbital
model.

2) Visibility, elevation and distance checks determine which
links satisfy the constraints.

3) For each link, attributes are updated.
Thus, the system model supports dynamic connectivity, as

links may appear or disappear as satellites move, dynamic
routing, as shortest path routes between ground stations may
change over time, and dynamic performance, as end-to-
end delay and capacity between two endpoints become time-
dependent.

IV. SATGONETEM FRAMEWORK

This section presents the design of SatGoNetEm (Fig. 2),
a modular, container-based emulation framework designed to
decouple the dynamic complexities of constellation modeling
from the functional aspects of network emulation.



Fig. 2. Modular architecture of SatGoNetEm

A. The Orchestrator (SatComOrchestrator)

SatComOrchestrator is the heart of the framework. Written
in Python, it serves as the model-to-network engine that
manages the entire emulation lifecycle. Python was chosen for
the orchestrator because of its scientific ecosystem (NetworkX,
astropy), which directly supports the topology and orbital com-
putations tasks, and its grpcio library provides gRPC sup-
port. Since all performance-critical operations are delegated
to the Go-based GonetEm backend, the interpreted overhead
of Python has no measurable impact on emulation fidelity. Its
primary function is to transform the time-varying graph model
of the constellation, as generated by the SatComTopology
module (see Section IV-B), into active network configurations
within the emulation environment. Firstly, it coordinates all
major components, including handling the initial setup, time
step synchronization and cleanup of the network environment.
Then, regarding container orchestration, it utilizes gRPC-based
communication for orchestration with the GoNetEm emulation
backend (see Section IV-C). GoNetEm was chosen over direct
use of the Docker SDK or higher-level orchestration frame-
works for two primary reasons: First, its server architecture
exposes a gRPC interface, which allows the orchestrator to
control the emulation remotely and programmatically. Second,
GoNetEm performs low-level network operations directly via
netlink sockets, such as virtual Ethernet pair creation and
traffic-control configuration. By contrast, the Docker SDK
alone provides no native support for link-impairment creation,
and general-purpose orchestrators such as Kubernetes intro-
duce significant overhead. Finally, the orchestrator is designed
for scalable implementation, supporting efficient operations for
tasks like link creation or update, or address assignment and
routing table updates, which is crucial for emulating large-
scale constellations.

It is important to distinguish the contributions of Sat-
GoNetEm from those of GoNetEm [16]. GoNetEm manages
container lifecycle, virtual-link construction and kernel-level
link impairments. SatGoNetEm contributes the layers above

it: SGP4-based orbit propagation, satellite-aware addressing,
routing semantics (OSPF, MPLS, pre-computed routes), and
the orchestrator that closes the loop between constellation
dynamics and the live emulation environment.

B. The Dynamics module (SatComTopology)

The SatComTopology module is responsible for transform-
ing constellation configuration files into a set of active em-
ulation entities representing orbital elements, ground objects,
and communication links. It defines a generic entity model
that is independent of the network state and any specific
implementation. The core functionality of this module is the
computation of the constellation state by applying orbital me-
chanics, updating entity positions over time, and determining
connectivity across the constellation.

To compute satellite positions, x⃗s(t), high-fidelity orbit
propagation models are used, including the Simplified General
Perturbations-4 (SGP4) [28] model based on TLE data. At
each discrete time step tk, the module recomputes the state of
the network, which is formally represented as a time-varying
graph. To determine the active links at each time step tk,
the module performs geometric checks, including satellite-
to-ground station elevation constraints, as well as additional
parameters depending on the selected connection strategy. A
link is established only if the internode distance and relative
orientation satisfy user-defined thresholds for GSLs.

The module also supports the simultaneous modeling of
multiple orbital shells and distinct constellations. Users can
instantiate hybrid networks combining multiple LEO, MEO
and GEO satellites within a single emulation scenario.

Finally, SatComTopology can also be used as an independent
library. It can be directly imported and used within Python
code, or it can generate intermediate NetworkX graph repre-
sentations through a set of adapter submodules.

C. Network Emulation Backend (GoNetEm)

GoNetEm [16] is a network emulator written in Go that
uses Docker containers and OpenVSwitch [29] for network
construction. It operates as a client-server architecture, which
facilitates its use by the SatGoNetEm framework.

The core binary responsible for managing the emulation
environment is gonetem-server. It directly interfaces with the
host system’s Linux kernel to perform low-level network tasks,
such as creating and launching Docker containers as network
nodes and setting up virtual links.

On the other hand, gonetem-console acts as the command-
line client, which SatGoNetEm replaces with its own Python-
based orchestrator and gRPC interface for automated control.

1) Containerization and Node Orchestration: All network
elements, including satellites, ground stations and user ter-
minals, are instantiated as dedicated Docker containers. This
approach ensures complete isolation and allows these nodes to
run a full TCP/IP stack, enabling realistic testing of network
functions. GoNetEm supports different Docker-based images
to emulate various node roles, and SatGoNetEm takes full
advantage of this to create custom images.



On the node side, each element in the topology (satellites,
ground stations and user terminals) is instantiated in parallel.
Upon loading a topology, GoNetEm walks through node
definitions and submits concurrent tasks to create concrete
node instances. Once instances are created, a pool of con-
current workers is used to start all containers simultaneously,
significantly reducing the setup time for large constellations.

2) Virtual Link Construction: At the link level, GoNetEm
models point-to-point connections as virtual Ethernet (veth)
pairs that span separate network namespaces. For each logical
link between two nodes, using low-level netlink operations
and explicit namespace switching, it then creates a virtual
Ethernet pair whose two endpoints reside in the respective
nodes namespaces.

Beyond virtual topologies, SatGoNetEm supports hybrid
setups where one endpoint of a veth pair is placed in a host
namespace or Linux bridge instead of a container. This design
makes it possible to connect external interfaces of physical
devices to the emulated ISL/GSL fabric, effectively embedding
real hardware into the constellation for hardware-in-the-loop
testing and protocol validation under realistic, time-varying
link conditions.

3) Layered Link Impairments: Once the interfaces are es-
tablished, link characteristics parameters are enforced through
a layered queueing discipline composition applied at the kernel
level via rtnetlink sockets. Parameters such as delay, jitter and
loss are applied via a netem [30] discipline, while a Token
Bucket Filter (TBF) [31] discipline is used to accurately model
rate limiting, by stacking it on top of the netem hierarchy.
This layered approach enables independent manipulation of
temporal properties via netem and throughput constraints via
TBF.

4) Satellite Node Container Stack: The emulated satel-
lite nodes utilize a minimal-base Docker image to ensure
a low-overhead network stack supporting both IP routing
and advanced Software-Defined Networking (SDN). Routing
Functionality (Layer 3) is provided via the FRRouting suite
for dynamic protocols like OSPF, while a Programmable For-
warding Plane is enabled via BMv2 [32] and the P4Runtime
Interface (PI) [33], allowing for P4-based packet processing
logic, as well as MPLS-label switching. For experiment mon-
itoring, the image includes testing tools such as iperf3 [34]
for performance metrics, hping3 [35] for attack simulation and
tcpdump [36] for packet-level analysis.

D. Network Module

The Network module focuses on defining and applying
the logical network configuration to the containers managed
by GoNetEm. It manages the flexible addressing schemes
(IPv4 and IPv6) and the logical roles of network interfaces
(ISL, GSL) on each satellite and ground station container. It
also offers routing support, in particular: Static/Precomputed
routing configuration derived from the constellation topology,
which can be applied through standard routing tables or
MPLS-label switching via source routing, and Dynamic or

Distributed routing, enabling the execution of distributed
routing protocols like OSPF directly within the container.

Finally, to manage traffic and Quality of Service (QoS),
the system converts the physical link latencies and capacities,
calculated by the SatComTopology (IV-B) module, into net-
work control configurations to accurately shape the traffic flow
between nodes.

E. WebAPI and WebGUI

The control and observation layer of SatGoNetEm is imple-
mented through a structure consisting of a FastAPI-based API
and an interactive Web Graphical User Interface (WebGUI).

The core control plane is exposed via a FastAPI application,
which serves as the backend for all front-end interactions and
external scripting. This API ensures that the entire emulation
stack is remotely controllable and observable.

The API exposes endpoints corresponding directly to the
core services within the SatComOrchestrator (IV-A), includ-
ing project management (operations for creating new emu-
lation scenarios, loading configuration, starting/stopping the
network...), topology state (retrieval of the current network
state, including dynamic satellite positions, active links and
node addressing) and dynamic updates (interface to push new
configuration parameters, enabling runtime modification of
link conditions and node parameters).

F. Additional Capabilities

SatGoNetEm also connects between pure emulation and
real-world testing through its Hardware-in-the-Loop (HIL)
capability. External hardware, such as 5G modems, routers,
IoT devices or any other user equipment can be physically
connected to the emulator via standard network interfaces like
Ethernet or Wi-Fi. In this setup, the connected device perceives
the emulated satellite link as a real network connection. The
emulator applies the dynamic delay, jitter, packet loss and
capacity characteristics of the satellite path to the link in
real-time. The HIL interface is configured using veth pairs,
in which one endpoint resides inside the emulated container,
while the other is placed in the host network namespace. This
host-side endpoint is then attached to a Linux bridge connected
to a physical network interface card, through which external
hardware interfaces directly with the emulated constellation
fabric.

V. PERFORMANCE EVALUATION

This section assesses the emulation efficiency, scalability,
and network fidelity of the proposed emulator. The experi-
mental environment uses a single machine equipped with an
Intel Core Ultra 7 155H CPU and 32 GB of memory, running
Ubuntu 22.04 LTS with Linux kernel 6.8.0, Python 3.10.12,
and Docker Engine 29.3.0.

The following metrics are evaluated to assess efficiency
and scalability: Network construction (Section V-A), CPU
and memory usage (Section V-B), and link state updates
(Section V-C). Network fidelity is assessed through RTT-
based network fidelity (Section V-D), Ground fiber comparison



(Section V-E), considering large-scale constellations given in
Table III, for fidelity evaluation.

TABLE III
LEO CONSTELLATION TOPOLOGIES USED IN EXPERIMENT

Constellation Planes × Sats Total Sats Altitude (km)
Iridium [37] 6× 11 66 780
IRIS2 (LEO Shell) [38] 12× 22 264 750
OneWeb [2] 18× 40 720 1200
Kuiper [3] 34× 34 1156 630
Starlink (1st Shell) [1] 72× 22 1584 480

A. Network Construction

For each topology of LEO constellations given in Table
III, the measurement covers the total time from starting the
emulation script to having all containers and virtual links
ready.

Fig. 3 shows the construction time in seconds, categorized
by the various stages of the startup process. The total initializa-
tion time is dominated by the GoNetEm Initialization, which
includes both parallel container deployment (Node Initializa-
tion) and virtual interface creation (Link Initialization), while
orchestrator initialization, which also includes SatComTopol-
ogy startup, and addressing remain relatively negligible, stay-
ing below 10 seconds even for the largest configurations. The
combined initialization time scales linearly with the number of
satellites. Specifically, for the Iridium (66 nodes) constellation,
the total global initialization is achieved in around 3 seconds.
In contrast, for the Starlink Shell 1 constellation (1584 nodes),
the total time reaches approximately 95 seconds. These results
confirm that the Docker container initialization is the primary
bottleneck, accounting for nearly 60% of the total startup time
in large-scale scenarios.

Fig. 3. Initialization performance of SatGoNetEm across five different LEO
constellations

B. CPU / Mem Usage

To evaluate the computational overhead of the emulation
platform, we monitor CPU and memory utilization across the
entire lifecycle of the constellation from initial orchestration
to final state. We analyze two scenarios: a small IRIS2-like
constellation (22 × 12 satellites) and a large Starlink-like
constellation (72× 22 satellites).

As shown in Fig. 4, the IRIS2 constellation exhibits a very
short initialization window. The orchestrator and GoNetEm
phases occur within the first 15 seconds, characterized by
a sharp CPU spike to approximately 80% and a very small
increase in memory usage. Due to the relatively small number
of nodes, the addressing and routing phase occurs in a second,
allowing the system to reach its final state in under 15 seconds
total. After that, during the dynamic state (Emulation Start
period), in which satellite positions keep changing and links
update their state, CPU usage remains almost non-existent,
only characterized by very subtle spikes when an update
occurs.

Fig. 4. System resource utilization over time for IRIS2 constellation.

Fig. 5. System resource utilization over time for Starlink constellation.

In contrast, the Starlink-like constellation demonstrates the
scalability of the emulator as shown in Fig. 5. During the
GoNetEm initialization phase, CPU usage remains high dur-
ing the first stage (representing Docker container startup),
followed by a period of lower CPU activity (during link
creation). Notably, memory usage grows linearly during the
node startup phase, rising from around 30% to 60% as the
1,584 nodes are loaded. Following GoNetEm startup, the
addressing and routing phase shows a second CPU surge
peaking at around 85% as the network topology and routing
tables are established. After the small period of steadyness,
during the dynamic state, update times can be clearly seen due
to the sudden spikes in CPU usage, meaning that an update
has been triggered.

C. Link State Update

Link creation and update is an important aspect of the emu-
lation in order to properly emulate the time-varying topology.



In fact, the propagation delay and throughput of both GSLs and
ISLs changes greatly throughout the emulation as time moves
and nodes change positions, getting closer or further away
from each other. Therefore, it is necessary to benchmark the
efficiency of our emulator in updating and creating hundreds
or even thousands of links simultaneously.

Link update focuses mostly on updating the propagation
delay of links, done using traffic control settings, while link
creation focuses on ground station handover. When a satellite
flies over the connectivity area of a ground station, a new link
has to be added. Moreover, when the satellites flies outside
this area, the link has to be destroyed.

Fig. 6. Scalability of SatGoNetEm link state changes: total execution time
and per-link time in milliseconds (ms) for link update versus link creation for
10, 100, and 1000 links

Fig. 6 shows the time it takes for SatGoNetEm to create
new links and update existing ones, emulating ground station
handover. It can be clearly seen that for any number of links,
the time of execution per link remains constant (i.e., around
12.5 ms for link creation and 2 ms for link update), while the
total time grows linearly with the number of links to process.

D. RTT-Based Network Fidelity

Beyond construction and update overhead, we evaluate the
fidelity of the emulated network by comparing measured
round-trip time (RTT) against a theoretical baseline derived
from the graph. We run Dijkstra’s algorithm to obtain the
minimum-delay path between a pair of ground stations to
obtain the theoretical end-to-end RTT. In parallel, we measure
RTT between the corresponding emulated nodes using ICMP
echo requests (ping) between the containers.

Fig. 7 shows the RTT for a pair of ground stations consid-
ering the constellations given in Table III. It can be noticed
that the measured ICMP latencies closely track the theo-
retical baseline derived from Dijkstra algorithm. The figure
captures the dynamic nature of the network in which the RTT
continuously fluctuates, reflecting the changing propagation
delays caused by the physical movement of LEO satellites
relative to the ground stations and to the handover of ground
stations to a different satellite. A handover can be identified
by the sudden peak in RTT, showing the ARP discovery

Fig. 7. Comparison of Analytical (Dijkstra) vs. Emulated Round Trip Time
(RTT) for multiple LEO constellations between a pair of ground stations (Paris
- San Juan).

when a new link is created between a ground station and a
satellite. Furthermore, the small difference between emulated
and the theoretical baseline is a result of the emulator’s design.
While Dijkstra represents a purely mathematical calculation of
propagation delay, the emulated measurement includes real-
world networking overheads.

E. Comparative Analysis: LEO Constellation vs. Terrestrial
Latency

To evaluate the potential latency benefits of satellite Net-
works, we conducted a comparative analysis between our
emulated LEO constellations and a terrestrial fiber baseline
as highlighted in Fig. 8. The analysis covered over 1,100
global city-pair routes for 47 randomly generated ground
stations, providing a comprehensive dataset for benchmarking
performance. Furthermore, in this scenario, it is considered
that ground-stations can connect to every satellite visible with
an elevation angle higher than 10 deg.

Fig. 8 illustrates the RTT comparison for a sample of 10
global routes. The RTTs were compared against a theoretical
terrestrial fiber baseline (Ground), calculated using the great
circle distance between ground stations adjusted by a refractive
index of 1.5 (speed of light in fiber ≈ 200,000 km/s).

Fig. 8. RTT comparison for 10 randomly selected global city pairs.

The full dataset reveals distinct performance characteristics
across network architectures. IRIS² outperformed terrestrial
fiber on 71.38% of tested routes, while Kuiper and Starlink



led the field at 84.93% and 82.51% respectively. OneWeb
improved on 56.02% of cases due to its higher orbital altitude,
and Iridium showed the most balanced profile at 46.54%. Ter-
restrial fiber retained an advantage on shorter intra-continental
routes, where satellite links incurred a significant propagation
delay penalty.

VI. CONCLUSION

In this work, we presented SatGoNetEm, an open-source,
modular and container-based emulation platform specifically
designed for large-scale satellite constellations. By decoupling
topology management from network execution, our framework
achieves efficient linear scaling, initializing over 1,500 satel-
lites in approximately 95 seconds. The platform’s ability to
handle dynamic link updates with a consistent per-link latency
ensures realistic modeling of time-varying satellite-ground
connectivity and handover events. Furthermore, experimental
results across five major LEO constellations show high fidelity
in capturing temporal dynamics, with measured RTTs closely
tracking the theoretical Dijkstra baseline.

Moving forward, we aim to expand SatGoNetEm’s capa-
bilities by enhancing the security implementations, advancing
routing protocols and leveraging the Hardware-in-the-Loop
capability for 5G integration. By providing a realistic testing
environment that supports unmodified protocol stacks and
modern containerized network nodes, SatGoNetEm enables
researchers to validate the next generation of satellite internet
infrastructure.
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