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Abstract

In this work we propose SERENADE: a large-scale, real-time, and
flexible emulator for satellite networking. While existing tools rely
on heavier container-based node emulation, SERENADE is written in
Go, and models nodes using ultra-lightweight threads. This design
enables SERENADE to realistically emulate up to several 100,000s
of nodes (both satellite and ground nodes) on a single machine,
a first of its kind. We ensure that scale does not come at the ex-
pense of responsiveness; SERENADE starts up in a few seconds and
tracks satellite trajectories in real time (rather than being pre-
computed), making it ultra-responsive to changes on-the-fly. Ad-
ditionally, SERENADE is designed to interface easily with external
applications, allowing for arbitrary and dynamic network inputs
and measurements. These features make it the first satellite network
emulator suitable to operate as a digital twin for satellite network-
ing. Our evaluations highlight SERENADE’s ability to efficiently scale
while maintaining a high degree of networking realism and remain-
ing adaptable. We demonstrate SERENADE’s digital twin capabilities
through several real-world case studies, including disaster relief
and satellite constellation updates. We also use SERENADE to illus-
trate how many proposed frameworks for user-satellite association
fail to effectively scale to large deployment scenarios and result in
grossly under-utilized network resources.
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Figure 1: Container-level architecture for SERENADE

1 Introduction

In recent years, there has been a rapid proliferation of satellites
in Low Earth Orbit (LEO). One of the primary advantages of LEO
over other, higher-altitude orbits, is that its proximity to Earth re-
sults in low enough latencies to enable broadband networks. While
SpaceX’s Starlink [11] is the current leader in LEO Satellite Net-
works (LSN) for communication systems, there are other (either
already launched or planned) constellations as well (OneWeb [6],
Iridium [15], Telesat [7], Amazon Kuiper [45]). These deployments
and others (very low earth orbit [37], cis-lunar systems [19]) repre-
sent a new frontier for a range of applications from personal [16, 27],
industrial [10, 12, 18] and governmental [22, 39] use cases.

With these quickly growing deployments, there is a need for
rapid innovation in this “space”. However, outside of a few select
entities (i.e., the commercial enterprises deploying the LSNs) there
is little opportunity to conduct networking experiments. Many re-
searchers have attempted to reverse engineer the popular Starlink
network by purchasing user terminals and conducting “outside-in”
experiments [26, 38]. These approaches can yield interesting in-
sights, but they tend to be descriptive rather than innovative. An
alternative is to rely on simulations, but this lacks the realism of
real networks and traffic. A middle ground is emulation, which
attempts to combine simulation of satellite constellation dynam-
ics with real (virtualized) networking platforms. A LSN emulator
must realistically model both the LEO satellite aspects (i.e., satellite
mobility, global scale, etc.) and the networking aspects (i.e., traffic
dynamics, realistic congestion, etc.).

A related but distinct tool is the Digital Twin (DT). DTs are a
framework that pairs a real-world system with a virtual counter-
part and enables a continuous flow of information between the
two. Data from the real-world flows to the virtual one either to
serve as input or to update models of the underlying real system;
these models can then be used to conduct experiments or drive
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Figure 2: Flow of traffic through SERENADE

decision making to update the real-world system. Originally from
the domain of industrial systems and manufacturing [24], DTs have
recently been applied to many fields [32, 34, 48] including commu-
nication networks [17]. Since there is an immense cost in deploying,
operating, and updating LSNs, Network Digital Twins (NDTs) can
be leveraged to reduce the deployment risk by enabling controlled
“what-if” testing, providing significant value for LSN operators.

DTs go beyond emulators in that they must also be responsive
to real-world dynamics. To function as a true NDT, an LSN em-
ulator must meet three key requirements. First, it must support
large-scale deployment, encompassing thousands of satellites and
ground nodes to capture full-system interactions. Second, it must re-
produce realistic traffic dynamics across all nodes, since collective
behaviors, such as congestion, routing adaptation, and load balanc-
ing, emerge only when the network operates at scale. Finally, the
emulator must remain responsive, enabling rapid reconfiguration
and continuous operation without lengthy startup or reinitializa-
tion times, as any tool that requires minutes or hours to restart
cannot function as a true digital twin.

While existing satellite emulators (e.g., [28, 30, 49]) have ad-
vanced the state of the art, they remain unable to deliver the scale
and responsiveness required of a true LSN digital twin, as they
are constrained by the heavy virtualization layers in which their
designs are based. To bridge this gap, we introduce SERENADE!, a
lightweight and massively scalable emulator designed from scratch
in Go [14]. Its architecture replaces heavy virtualization layers (e.g.,
containers) with lightweight threads (goroutines), where each net-
work node (i.e., satellite, gateway, or user terminal) is represented
by a group of cooperating threads. This design minimizes per-node
overhead, enabling SERENADE to emulate scenarios several orders
of magnitude larger than existing tools on a single workstation,
while reducing startup time to only a few seconds regardless of
constellation size.

Beyond scalability, SERENADE introduces a hybrid traffic model
that balances realism and efficiency. All nodes can generate syn-
thetic traffic that reproduces network-level load, congestion, and
contention, while a configurable subset of nodes connects to Ex-
ternal Application Modules: Docker-based environments running
unmodified applications with full networking stacks. This inte-
gration allows real and synthetic traffic to coexist and interact,
enabling realistic end-to-end evaluations under representative net-
work conditions. By combining scale, responsiveness, and traffic
realism within a single unified framework, SERENADE hopes to serve
as a foundation for next-generation LSN digital twins and to offer

!Satellite Environment for Realistic Emulation, Network Analysis and Design
Exploration
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researchers a powerful tool for analyzing and designing large-scale
satellite networks. Moreover, SERENADE’s control plane enables the
introduction of orchestration intelligence (both heuristic and ML
based) into the emulation, key to its use as a NDT.

Our evaluation of SERENADE demonstrates its ability to scale to
massive numbers of nodes (500,000+) while maintaining network-
ing realism and a fast response time, and compares it to existing
emulators. Additionally, a Starlink measurement campaign was car-
ried out to validate our realism claims. To highlight the importance
of massive-scale, we consider an exemplary, important problem in
LSN: maximizing network utilization. We illustrate that the com-
monly assumed models of user-satellite connectivity lead to severe
network under-utilization when applied across multiple thousands
of users. Additionally, we illustrate that SERENADE’s responsiveness
makes it usable as the emulator component of a LSN DT system
through several case studies (disaster relief, constellation updates).

Our contributions in this work are as follows:

o We highlight the limitations of existing LSN emulation tools to
serve as the platform for LSN Digital Twins.

e We present our solution: SERENADE, which enables flexible, re-
alistic LSN emulation at massive scale (500k+ emulated nodes)
while remaining responsive enough to serve as a DT (<2 second
startup/reconfiguration time). All of this is achieved on a single
machine thanks to its thread-based approach, eliminating the need
for distributed emulation.

e We use SERENADE to unveil the network inefficiencies of stan-
dard access assumptions in LSNs and illustrate how SERENADE can
be used to evaluate multiple network orchestrators (e.g., heuristic,
optimized, ML-based.)

e We showcase how SERENADE might be used as a DT in sev-
eral real-world case studies (disaster relief, constellation updates)
highlighting its responsiveness.

We believe SERENADE can serve as an important toolkit for the
scientific community and aid researchers in their contributions to
the rapidly evolving domain of LSNs. SERENADE has been made
available at https://github.com/serenade-project/SERENADE.

2 Background and Motivation
2.1 Motivation

Scale: LSNs are inherently large scale. Modern mega constellations
have multiple thousands of satellites and are designed to support
global coverage. The constellations are large to support a large
number of users—with Starlink (by far the biggest player at the
time) recently reporting over 8 million active users [46]. Researchers
and operators need a tool which can capture this level of network
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Table 1: Comparison of Satellite Network Simulators/Emulators

Responsiveness®
Tool Technol F # Emul. Traffi
00 Category echnology ocus mulated Nodes raffic (Start/Stop, 1k nodes)
StarPerf [31] Flow-Level Custom Network - - -
LEOCraft [20] Simulator Custom Network - - -
Hypatia [29] Discrete- Network - . -
3 Synthet
Plotinus [23] Event ns PHY + Network - ynthetic -
CosmicBeats [43] Simulator Custom MAC + Network (IoT only) - Synthetic -
StarryNet [30] Computation + Network ~1500 seconds
RHONE [49] Docker Power + Thermal + Comp. + Network <1024 (distributed) Real ~3600 seconds
OpenSN [35] Virtual- Network ~100 seconds
Celestial [40] Network microVMs Comp. + Network (within bounding box only) | HW resource limited Real -
LeoEM [21] Emulator . Network (single active path only) -
M 409 1
xeoverse [28] mninet PHY + Network 096+ Rea ~300 seconds
SERENADE Custom (Go) Network 500,000+ Background + Real ~1 second

2As tested in § 5.

scale if they want to accurately reflect the underlying system. While
qualities like machine thermal profiling or atmospheric effects may
factor into device- or link-level evaluation, they largely do not affect
the overall behavior of the network. There are many aspects of a LSN
which have large-scale network effects: handover decisions [51],
routing [47], traffic engineering [50], etc.

Network utilization, i.e., the amount of a network’s available
capacity being used at any time, is an important metric in any
network, but especially large-scale ones such as LSNs. The set of
network “assignments”, i.e., which users connect to which infras-
tructure or access nodes, is critical to the overall network utilization.
In small-scale networks, this choice is trivial—there may be only
one infrastructure node available. Even in larger, more complex
networks like terrestrial cellular networks, user-base station (BS)
association is largely driven by proximity-based metrics like re-
ceived signal power. In other words, these systems take a “greedy”
approach to association. By contrast, in very large networks, and
especially in a complex system with infrastructure mobility like LSN,
we need intentional, network orchestration to maximize utilization.
An emulator without the ability to capture this scale with respect
to not only the number of nodes in the network, but also to the
amount of traffic they generate, would not allow researchers to
faithfully evaluate novel network orchestration controllers.

Responsiveness: In addition to size, another identifying feature
of modern LSNs is the degree of their dynamics. Satellites are con-
stantly being added to and decommissioned from the constellation,
resulting in changing network topologies. As new users are added
to the system, demand patterns change. LSNs are envisioned to be
a key component of future 6G networks, so-called non-terrestrial
networks (NTN) [27], and will need to be integrated within the
existing terrestrial networks, adding further complexity. A net-
work digital twin solution would allow researchers and network
operators to continuously experiment and test new network-level
solutions, but to do so, the underlying emulation platform must be
responsive enough to adapt to such changes without incurring
significant interruption.

Realistic Traffic: Finally, we note that in order to be an effective
network-scale emulator, the tool must deal with real traffic. That is,
it must be able to work with packets generated in real time by real
applications. As with scale, network effects can only be accurately
modeled if there is a high degree of realism.
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As we show in the next section (§ 2.2), many of the existing works
are fundamentally incapable of meeting this large-scale require-
ment while maintaining usability let alone remaining sufficiently
responsive to function as a network digital twin.

2.2 Related Work

Because of the challenges in experimenting on real satellite net-
works, there have been several recent attempts to create LSN em-
ulators. These emulators can be broadly classified into three cate-
gories: flow-level simulators, discrete-event simulators, and virtual-
network emulators. Since our work focuses on the emulation of
large-scale network behavior, we limit our analysis to those di-
mensions which enable large-scale LSN digital twin emulators:
maximum number of emulated nodes, supported traffic, and re-
sponsiveness.

Flow-Level Simulators: In the first category, we have tools like
StarPerf [31] and LEOCraft [20], which abstract away packet-level
dynamics and instead model traffic as aggregate flows, enabling
high-level design exploration, sensitivity studies, and scenario anal-
ysis where scalability is more critical than protocol fidelity. Because
they do not generate or handle real traffic, they cannot represent
packet-level effects, congestion dynamics, or application behav-
ior, making them valuable complementary tools but insufficient as
substitutes for real-traffic network emulation.

Discrete-Event Simulators: Platforms in this category, encom-
passing ns3-based solutions such as Hypatia [29] and Plotinus [23],
or custom discrete-event simulators like CosmicBeats [43], advance
time by processing scheduled events such as packet transmissions,
link updates, or mobility changes, enabling detailed modeling of
PHY/MAC behavior and precise control over timing and propaga-
tion effects. Because they operate on simulated events rather than
real traffic, they are not designed to run in real time or to sustain
continuous, indefinite execution. Their event-driven nature also
leads to rapidly increasing computational cost as scenario complex-
ity grows, making them impractical for evaluating live applications,
end-to-end performance, or long-running operational behaviors
characteristic of real LEO systems.

Virtual-Network Emulators: These differ fundamentally from
simulators in that they execute real network stacks and real traffic
in real time, enabling end-to-end evaluation of applications, proto-
cols, and congestion behavior. Unlike simulators, which can slow
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down, speed up, or batch-process events and simply produce re-
sults upon completion, emulators must keep pace with wall-clock
time, which inherently constrains their scalability. As the size of
the emulated scenario grows, the underlying system must sustain
a growing amount of concurrent network activity while maintain-
ing real-time execution. Existing LSN emulators typically rely on
heavyweight virtualization technologies such as Docker contain-
ers, Mininet processes, or microVMs, each introducing substantial
per-node overhead.

Docker-based emulators, such as StarryNet [30], RHONE [49],
or OpenSN [35], replicate LSNs by deploying one Docker container
(or multiple, in the case of RHONE) for each node in the network.
StarryNet was the first to adopt this approach for LEO constella-
tions, demonstrating the feasibility of container-based emulation
and motivating subsequent systems. RHONE extends this para-
digm beyond networking by modeling each node’s power, thermal,
and computational constraints, which substantially increases its
startup time (approximately 2.4 times higher than StarryNet) due
to additional container initialization steps. OpenSN, in contrast,
introduces several architectural optimizations aimed at improving
emulation efficiency and vertical scalability, reducing container
overhead while maintaining compatibility with real applications
and protocol stacks. Docker-based approaches are attractive be-
cause each emulated node can run a fully isolated software environ-
ment, enabling unmodified applications and protocol stacks to exe-
cute directly. Limitations: There are several inherent limitations
with this approach: 1) Despite Docker containers being considered
“lightweight”, the incurred overhead (e.g., per-container filesystem,
caching, and processes) limits its scalability. 2) Docker networking
is inherently limited in size (max 1024 total nodes) [3, 28], requiring
distributed emulation for larger scenarios. 3) Setting up and updat-
ing the network topology requires a large volume of per-node and
per-link kernel operations, some routed through Docker’s central-
ized control path and the rest applied as per-interface tc shaping,
significantly impacting responsiveness. 4) The way satellite mobil-
ity is handled is to update the virtual network in discrete steps. This
i) takes a significant amount of time that scales with the number
of nodes in the network and ii) restricts network measurement
to either side of the update step; this point is a deal breaker be-
cause it prevents us from observing what happens during satellite
handovers, a critical point in designing satellite networks.

MicroVM-based emulators, exemplified by Celestial [40], instan-
tiate each network node as a lightweight virtual machine using
technologies such as Firecracker [13]. This provides strong isolation
and high per-node realism, particularly for studying interactions
between networking and on-board computation. Limitations: 1)
Each microVM requires a non-trivial minimum memory allocation
(512 to 1024 MB per node) and supporting OS footprint, causing
total resource usage to grow rapidly with constellation size. 2) Al-
though arbitrarily large emulations are theoretically possible, the
resulting memory requirements quickly become prohibitive in prac-
tice. To mitigate this effect, Celestial makes use of a bounding box,
limiting their emulation to a small region. 3) Such baseline costs
make microVM-based approaches impractical for the thousands of
nodes typical of modern LEO constellations.
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Mininet-based emulators rely on lightweight Linux processes
and network namespaces to emulate thousands (over 4096) of net-
work nodes within a shared kernel environment [5]. This design
allows each virtual node to run real kernel networking code while
avoiding the heavier isolation and resource costs of container- or
VM-based approaches. LeoEM [21] adopts this model in a narrowly
scoped manner, emulating only the active end-to-end path between
two ground nodes to study how LEO links affect a single connec-
tion. Xeoverse [28] similarly builds on Mininet but targets larger
LEO scenarios, improving scalability and responsiveness relative
to Docker-based emulators. Limitations: 1) As with Docker-based
solutions, Mininet still requires substantial per-node and per-link
kernel reconfiguration for topology changes, which can limit re-
sponsiveness at scale. 2) LeoEM’s single-path focus limits its fidelity,
preventing analysis of constellation-wide dynamics, multi-user in-
teractions, or realistic congestion patterns. 3) Xeoverse requires all
satellite positions and routes to be precomputed before the emula-
tion begins, which i) leads to long preprocessing times (nearly an
hour for ~1,500 satellites and 100 ground nodes), ii) prevents from
adjusting to changes in the emulation environment during runtime,
and iii) limits the emulation to the pre-computed time period.

Table 1 summarizes how the previously discussed categories,
enabling technologies, and individual emulators compare across
key dimensions. This analysis shows that while several emulators
exist for large-scale satellite networks, none exhibit the proper-
ties required of a true network digital twin. Existing systems are
constrained by architectural limits or by the high per-node virtual-
ization overhead which restricts scalability and resource efficiency.
Responsiveness is likewise poor, with deployment and reconfigura-
tion taking over a hundred seconds for thousand-node scenarios
(for the most responsive emulator), which remains far too slow for
systems meant to evolve in real time. These great delays are a com-
mon issue among all existing virtual-network emulators due to the
amount of kernel operations required for setting up, updating, and
dismantling the network elements. Finally, their limited scalability
prevents realistic network dynamics such as congestion or con-
tention from emerging, as only a small fraction of the constellation
and total user traffic can be actively represented.

3 SERENADE Emulator Design

To overcome these limitations, we designed SERENADE, a thread-
based LEO network emulator purpose-built to meet the require-
ments of a network digital twin. Its design philosophy centers on
maximizing scalability, responsiveness, and realism by eliminating
unnecessary abstraction layers and minimizing per-node overhead.
In contrast to container- or VM-based emulators that duplicate
entire operating environments, SERENADE is written primarily in
Go [14] and leverages ultra-lightweight threads (goroutines) to rep-
resent the majority of network nodes. This approach dramatically
reduces memory and CPU consumption per node, enabling the
emulation of hundreds of thousands of satellites, gateways, and ter-
minals on modest hardware. The reduction in structural overhead
not only improves scalability but also yields a secondary bene-
fit: responsiveness. Without the latency introduced by container
orchestration, virtual-network device management, interprocess
communication, or kernel virtualization, SERENADE can initialize,
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reconfigure, or teardown large-scale scenarios in seconds rather
than minutes. This level of agility allows it to maintain synchro-
nization with real-world systems and supports rapid iteration of
experiments—essential properties for a network digital twin.

At the same time, achieving realism requires more than scale
and speed. Because a fully thread-based design cannot execute arbi-
trary software in the nodes, SERENADE introduces a hybrid emula-
tion model that integrates two complementary modes of operation.
Most nodes are implemented as lightweight thread-based entities
capable of producing synthetic background traffic, enabling realis-
tic network load, congestion, and contention patterns to emerge
naturally at scale. A smaller subset of nodes (i.e., the External Ap-
plication Modules, § 3.4) are instantiated as containerized envi-
ronments capable of running unmodified applications and proto-
col stacks. This hybrid design combines large-scale load modeling
with real-traffic experimentation, supporting both scalability and
application-level realism: thousands of virtual nodes can interact
dynamically with live application traffic, accurately reflecting end-
to-end performance under realistic conditions.

In the following sections, we provide an architectural overview
of SERENADE’s modules followed by detailed descriptions of each,
highlighting the key features which contribute to SERENADE’s scale,
realism, and responsiveness.

3.1 Architecture Overview

To realize these design objectives, SERENADE adopts a modular archi-
tecture that separates core emulation functions from constellation
dynamics, and control logic into independent Docker containers
(shown in Fig. 1). This separation improves clarity, scalability, and
extensibility, allowing each subsystem to evolve independently
while maintaining tight integration through shared interfaces. This
subsection provides a high-level overview of the four core modules
of SERENADE: the Networking, Constellation, Intelligence, and Ex-
ternal Application Modules; and outlines how they interact to form
a coherent large-scale, hybrid LEO network emulator.

The Networking Module (§ 3.2, § 3.3) provides the core packet-
forwarding environment in SERENADE (see Fig. 2). It models satel-
lites, user terminals (UTs), and gateways (GWs) as groups of cooper-
ating lightweight threads (Fig. 3a), incorporates a propagation com-
ponent for realistic one-way delay (Fig. 3b), and exposes interfaces
for connecting with external applications (Fig. 3c). This structure
enables scalable, packet-level emulation of both synthetic and real
traffic while keeping per-node overhead minimal. SERENADE also
includes a configurable set of External Application Modules
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(§ 3.4), each implemented as an isolated Docker container corre-
sponding to a UT or GW. These containers can run unmodified
applications (e.g., iperf, ping) and interface directly with the Net-
working Module, enabling selective integration of real traffic into
the emulation.

Several modules contribute to SERENADE’s control plane (§ 3.5):
The Constellation Module supplies the system’s time-varying
orbital state. Using Skyfield [42], it periodically computes satellite
positions and provides them to the Link-State Engine, which
determines visibility, propagation delay, and channel conditions.
A configurable time-dilation factor decouples constellation evo-
lution from networking time, supporting long-horizon mobility
studies without long wall-clock execution. The Intelligence Mod-
ule builds on this information to implement flexible control-plane
behaviors, as custom models can be deployed in the Intelligence
Module to control networking behavior (e.g., UT-Satellite associa-
tion).

3.2 Large-Scale Emulation via Threads

SERENADE adopts a thread-based emulation architecture designed
to extend scalability far beyond existing network emulators while
maintaining agility and responsiveness, two properties essential for
digital-twin operation. The primary design objective is to minimize
per-node overhead by implementing only fundamental networking
behaviors (e.g., routing, transmission, and reception) and elimi-
nating dependence on heavyweight virtualization layers such as
containers, microVMs, or the Linux kernel networking stack. These
elements have been identified as main bottlenecks regarding scala-
bility in existing emulators. By contrast, a lightweight, thread-based
design allows SERENADE to scale to upwards of 500k nodes on a sin-
gle machine. (See § 5 for implementation and experimental details.)

Within this architecture, network entities are abstracted as User
Terminals (UTs), Satellites, or Gateways, each instantiated as a
collection of cooperating threads (goroutines) organized into three
functional components: the Core Thread, the Application Thread,
and the Transmitter/Receiver Interfaces (Fig. 3a). The Core Thread
serves as the Node’s primary processing unit, forwarding packets
according to decisions issued by the Control Plane (§ 3.5). Packets
destined for the Node are directed to the Application Thread, which
handles synthetic traffic or interacts with external interfaces (§ 3.4).
The Application Thread is also capable of node-level intelligence,
such as generating and receiving control messages (§ 3.5). Each
Node has multiple Transmitter/Receiver (Tx/Rx) Interfaces. The
number of these depends on the number of antennas emulated at
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that node—i.e., a UT Node may have one Tx/Rx pair while a satellite
Node might have six (one each for uplink, downlink, and four ISL
neighbors).

By forgoing traditional virtualization and kernel-based network-
ing, SERENADE achieves improved scalability and responsiveness,
but doing so necessitates new solutions for high-throughput packet
processing and realistic network behavior. To address the first chal-
lenge, SERENADE employs a shared-memory transfer model, where
ownership of packet buffers—not their contents—is passed between
threads. Each packet, whether generated synthetically or injected
externally (§ 3.4), is allocated once and advanced through the emula-
tion pipeline via pointer transfer rather than data copying. The Core
Thread performs the required operations (e.g., routing, forwarding,
and propagation time calculation) before transferring ownership
to the next component. This approach establishes a packet-size-
invariant, low-overhead processing framework which contributes
to the system’s scalability and responsiveness. The complementary
challenge of preserving realistic network dynamics is discussed in
the following section.

3.3 Networking Realism in User Space

Building on the packet-processing framework introduced above,
the next design challenge lies in preserving realistic network dy-
namics while operating entirely in user space. Because SERENADE
executes outside the kernel, it cannot rely on built-in mechanisms
for precise timing, queueing, or rate enforcement. Moreover, its
multi-threaded execution depends on the scheduling behavior of
both the operating system and Go’s runtime, introducing nonde-
terminism that can distort temporal fidelity if left unaddressed.
To ensure that large-scale emulations remain both scalable and
temporally accurate, SERENADE’s design focuses on modeling key
timing-related properties—transmission and reception rates, chan-
nel capacities, and propagation delays—using mechanisms explicitly
built for user-space operation.

3.3.1 Transceiver Rates. Each Transmitter/Receiver Interface in a
Node is implemented as two dedicated threads: a transmitter and
a receiver, one pair for each antenna. These threads serve a single
purpose, enforcing ingress and egress rate limits. Without loss of
generality, consider the Transmitter Interface. A naive approach
would be to apply inter-packet delays to packets arriving from the
Core Thread to control the outbound rate; however, such delays
(e.g., 120 ps for 1500-byte-long packets at 100 Mbps) are difficult to
enforce reliably in user space. Due to the non-deterministic nature
of user-space execution, invoking a sleep operation for a specific
time only guarantees the minimum delay, with the actual delay po-
tentially exceeding the target by an unpredictable margin [4]. This
unpredictability leads to inconsistent throughput and undermines
precise rate control.

Instead, we use a token bucket as a rate limiter. A token bucket
is a traffic shaping mechanism commonly used in communication
networks to enforce a maximum average transmission rate and
maximum burst size. Upon a packet’s arrival, a number of tokens,
equal or proportional to its length in bytes, must be available in
the bucket for the packet to be transmitted. If there are not enough
tokens, the packet is delayed until enough tokens accumulate. Token
buckets should be refilled at a uniform rate for them to behave as
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Figure 4: a) Normalized Channel Factor, b) Impact of Channel
Quality (k = 0.1, 6p = 15°, a = 0.3)

expected; however, due to the maximum frequency of the Linux
clock interrupt being 1 kHz, the burst size must be increased in
order to achieve the desired maximum average rate, increasing the
burstiness of the resulting traffic. Linux’s traffic control utility (tc),
used by Mininet [5] and StarryNet [30], also implements a token
bucket filter and is thus subject to the same limitations; therefore,
SERENADE’s traffic behavior is the same as the one caused by tc.

3.3.2  Link Channel Capacities. LSNs are fundamentally wireless
networks, where link capacities vary stochastically with environ-
mental and user factors (e.g., distance, weather, multipath). While
SERENADE is focused on large-scale network emulation, it provides
researchers with a mechanism to approximate large-scale link-
level variation across ground-to-satellite links by adjusting the “ex-
change rate” between tokens and packets in each Tx/Rx interface’s
token bucket. Intuitively, tokens represent channel uses/attempts
required for transmission; increasing the tokens or number of chan-
nel uses/attempts per packet is equivalent to reducing the channel
capacity.

By default, SERENADE models channel degradation as a function
of the elevation angle 6, which reflects both distance-related free-
space loss and atmospheric attenuation [8]. The resulting capacity
is given by:

C(6) = Comas | ~—a7 1) sin(8)®, )

where k, 6y, and « are user-configurable parameters. Fig. 4 shows an
example of C(0) and the corresponding normalized rate for a single
user maintaining a link to the nearest visible satellite. This function
was selected because a similar relationship between ergodic capac-
ity and elevation angle for LEO satellites has been demonstrated
n [36]. While the exact parameters may differ, this approxima-
tion provides a practical mechanism to capture large-scale PHY
effects — absent in tools like StarryNet and OpenSN; and can be
configured for cases where constrained channel conditions are of
interest. Overall, it enables researchers to abstract complex propaga-
tion phenomena that would otherwise make large-scale emulation
computationally infeasible.

Currently, SERENADE employs a simple first-in-first-out (FIFO)
medium access scheme. When multiple UTs transmit to the same
satellite, their packets queue at the satellite’s receiver interface,
which enforces the target receive rate. As long as the aggregate
demand remains below the satellite’s capacity (i.e., uplink token
bucket rate), no losses occur; once exceeded, the buffer fills and
packets are dropped proportionally to the offered load, maintaining
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the original demand ratios. Thanks to node-level intelligence (§ 3.5),
alternative access policies can be integrated in the future.

3.3.3  Propagation Delays. Accurately emulating propagation delay
is a fundamental challenge in satellite network emulation. Since
emulating such delay requires temporarily storing packets for the
duration of their expected propagation time, this mechanism can
become a critical bottleneck due to the memory demands it imposes;
specifically, the total memory required is given by the aggregate
bandwidth-delay product (BDP) across all active links, defined as:
BDProrar = ), Rid;, @
VieA

where A denotes the set of active links and R; and d; are the
transmitted rate and propagation delay for the i-th link, respec-
tively. Given this relationship, pre-allocating memory buffers for all
possible links in a large-scale emulation becomes impractical, par-
ticularly when many of these links may remain underutilized due to
the non-uniform geographical distribution of users and gateways.

To emulate propagation delays consistently while preserving
packet order and supporting high-rate nodes, SERENADE employs
the Propagation Module (Fig. 3b). It uses a FIFO queue that aggre-
gates packets from all transmitters and feeds them into a Wait Zone,
a dedicated thread that iteratively scans an array of packet pointers.
Each iteration fills empty slots with new packets and releases those
whose transmission timestamps, set by the sender’s Core Thread
(§ 3.2), have expired. The iteration rate of the Wait Zone defines
the delay resolution, enabling precise yet scalable timing control
while maintaining efficient resource usage.

Fig. 5a shows the CDF of excess delay for 100,000 packets travers-
ing the Propagation Module, generated by 5,000 users transmitting
at 1 Mbps. The observed delay is nearly uniform with a 95th per-
centile of 79 ps, indicating an average iteration time of about 80 s
for the Propagation Module. Because the delay error is independent
of the target propagation time, the relative excess delay exhibits a
similar distribution (95th percentile = 4.19%), demonstrating that
SERENADE maintains precise delay emulation even under heavy load.
A key tunable parameter is the Wait Zone size, which determines
the effective bandwidth—-delay product (BDP). If the Wait Zone be-
comes full and is subject to highly bursty traffic, packet reordering
may occur. Smaller zones limit the achievable BDP and increase the
likelihood of reordering occurring, whereas larger ones lengthen
each iteration, lowering delay resolution and risking FIFO overflow
when processing falls behind. To maintain performance, SERENADE
splits propagation into uplink, downlink, and inter-satellite seg-
ments so that each operates within capacity using smaller, faster
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Wait Zones. Ultimately, the optimal size is platform-dependent; see
§ 5 for details on our implementation.

In summary, SERENADE’s transition to a fully user-space, thread-
based architecture unlocks massive scalability but necessitates care-
ful treatment of time-sensitive network behavior. To preserve re-
alism under these conditions, its design combines token-bucket
mechanisms for transceiver rate control, an angle-based formu-
lation for channel capacity, and a multi-queue delay model with
tunable wait zones. Together, these components reproduce the es-
sential dynamics of LEO communication links while maintaining
the responsiveness required for real-time digital-twin operation.

3.4 Hybrid Traffic Model

A defining feature of SERENADE is its hybrid traffic model, in which
synthetic and real traffic coexist and interact within the same emu-
lated network. Synthetic traffic, generated by internal nodes, pro-
vides large-scale background load representative of thousands of
users, while real traffic, originating from External Application Mod-
ules, enables end-to-end evaluation of actual applications and pro-
tocols. This combination balances scalability with realism, allowing
researchers to observe system-level behavior under realistic con-
gestion and routing dynamics.

Synthetic traffic is produced by the Application Thread of each
user node at variable rates defined in the configuration file and
enforced via token buckets. Packets are then passed to the Core
Thread and propagated through the network as described in § 3.2.

To incorporate real traffic, SERENADE connects External Appli-
cation Modules, each mapped to a specific UT, through dedicated
external interfaces (Fig. 3c). External Ethernet frames enter and exit
the emulation via AF_XDP sockets [1], which bypass the kernel
stack to achieve high-speed, low-latency communication with the
user-space network.

While the underlying mechanics of packet exchange are han-
dled transparently, the key implication is that real and synthetic
packets traverse the same links, queues, and buffers, influencing
each other’s latency and throughput. Unlike existing emulators,
which must artificially inflate delays to approximate the effects of
congestion, SERENADE reproduces these effects naturally: synthetic
background traffic competes for shared resources, creating genuine
congestion and additional buffer-induced latency. This enables real-
istic performance evaluation of real-world applications (e.g., video
streaming, file transfer) under conditions that accurately reflect
large-scale LEO network behavior.

3.5 Satellite Modeling and Control Plane
Architecture

To support the packet processing architecture outlined in § 3.2,
SERENADE incorporates a modular and extensible control plane de-
signed to orchestrate the dynamic behavior of the emulated satellite
network. As shown in Fig. 6, it consists of three components: the
Constellation Module and Intelligence Module, both exter-
nal containers, and the Link-State Engine, which runs internally
within the Networking Module. This separation isolates orbit propa-
gation, node-role assignment, and link-state evaluation, improving
scalability and easing customization of the emulation environment.
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Figure 6: SERENADE Control Plane Architecture

Constellation Module: The Constellation Module is based on
the Skyfield Python astronomy package [42]. Throughout the emu-
lation, the module updates satellite positions on demand by com-
puting new ITRF (International Terrestrial Reference Frame) co-
ordinates at “dilated” timestamps. These modified timestamps are
calculated as:

T[n]=T[n-1]+At-n, (3)
where T[n — 1] is the previous timestamp, At is the real time
elapsed since the last update, and 7 is a speedup factor. This enables
long-term satellite dynamics, such as visibility shifts and inter-
satellite link (ISL) routing changes, to be simulated on a compressed
timescale while maintaining real-time packet-level interactions.

A core advantage of SERENADE is this decoupling of constellation
motion from real-time traffic emulation. Whereas traditional emula-
tors advance mobility and traffic synchronously, limiting scale and
scenario duration, SERENADE’s time-dilation approach reproduces
multi-hour/day orbital behavior within minutes without added
computational cost. This allows researchers to study long-term
connectivity patterns alongside fine-grained packet-level events.

Once the coordinates for all nodes have been established, the
Link-State Engine determines which satellite-to-ground links (UTs,
GWs) are currently viable, based on the minimal elevation angle.
For each visible satellite-to-ground link and inter-satellite link, the
engine then computes the corresponding propagation delay and
link channel capacity. These values are written to a shared thread-
safe data structure accessible by all nodes, ensuring a consistent
and synchronized update of the network state across the emulation
environment.

Fig. 5b shows the update time for the Constellation Module and
the Link-State Engine, for three different constellation sizes—1584
(72 orbits x 22 satellites per orbit), 3256 (72 x 44), and 6336 (72 x 88)—
and varying number of ground nodes. Note that the Constellation
Module update time itself does not vary with the number of Ground
Nodes, only the size of the constellation and in a linear manner.
The Visibility+Propagation calculation by the Link-State Engine
is proportional to the number of ground nodes times the number
of satellites. The total time between these updates represents the
minimum step size for SERENADE’s emulation. For the 1584 con-
stellation (Starlink phase 1 shell), the total update time for 10,000
ground nodes is roughly 340 ms, meaning SERENADE could update
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the positions of satellites, together with the wireless channel pa-
rameters (latency and rate) and any handovers, roughly three times
per second—this is more than sufficient to capture fine-grained
satellite behavior. SERENADE’s decoupling of the constellation and
networking modules allows speeding up or slowing down the satel-
lite dynamics with respect to real time, enabling larger emulations
to run at the desired constellation-level granularity without requir-
ing any precomputation.

Intelligence Module: The Intelligence Module is responsible
for the generation of sophisticated user-satellite-gateway assign-
ments based on the calculated visibility, delay, and capacity values
provided by the Network Module. While SERENADE defaults to a
nearest-neighbor policy for routing (i.e., selecting the closest satel-
lite and gateway), the modular design of the Intelligence Module
allows for integrating custom ground-to-space assignments and ISL
routing logic. This flexibility enables the exploration of customized
decision-making policies, allowing for various performance goals,
operational constraints, and deployment scenarios, as we will later
see in our network utilization use case § 4.

Node-Level Control: In addition to the Intelligence Module,
control plane functionality can originate from within the Applica-
tion Threads of the emulated nodes. For example, consider using
SERENADE for emulating 3GPP Non-Terrestrial Networks (NTN) [27].
One of the critical challenges for NTNs is how to handle the large
quantity of handovers that happen between UEs on the ground
and satellites. Different proposed NTN architectures define distinct
gNB functional splits, which in turn dictate the type and amount
of control messages required during handover. In SERENADE, the
Application Thread can generate these control messages directly, al-
lowing satellites to exchange information and implement a variety
of handover algorithms within the emulation.

Design Summary: The primary motivation for SERENADE is to
emulate LSNs at massive scales demanded by practical deployments
but not supported by existing solutions. The key design components
of SERENADE are to enable massive LSN emulation while maintain-
ing realistic networking behavior. Additionally, SERENADE offers
incredible flexibility in designing and conducting experiments to
facilitate LSN networking research at scale as we will see in the
following section.

4 Using SERENADE: From Emulation to Digital
Twin

In the previous section, we have laid out SERENADE’s core design
principles as well as detailed its modular architecture. We now
describe how researchers and operators can use SERENADE, both as
a realistic, large-scale emulator and as a real-time network digital
twin for LSNs. Fig. 7 illustrates how users interact with SERENADE
in both cases. The first step in using SERENADE is in providing ini-
tial configuration files. These YAML files collectively describe the
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satellite constellation parameters, UT and GW locations, commu-
nication constraints, and constellation speed-up factor. Users also
configure the demand model which, as described in § 3.4, has two
components. First, users define the background traffic model—i.e.,
how much traffic is generated synthetically by nodes. Second, users
configure the External Application Module which creates client
and server containers and attaches them to the appropriate nodes.
Using these containers, researchers can inject real-time, dynamic
traffic, observe the network behavior, and generate packet traces.

Large Scale Emulation: An important component of SERENADE’s
control plane is the Intelligence Module, which defines how users,
satellites, and GWs connect to one another. Recall that certain
network-level behavior, like network utilization, can only be prop-
erly observed at scale, as discussed in § 2.1. Through its thread-based
design, SERENADE gives us a platform to evaluate different network
behavior at the appropriate (realistic) scale.

The Intelligence Module allows for flexible implementations,
and as such, we have included several different controller baselines.
This includes two heuristic controllers: the “nearest-neighbor” as
described in § 2.1 and “hold” which maintains association as long as
visibility constraints are met. We have also formulated the network
utilization problem as a mixed-integer linear program, and used
a commercial-grade solver [25] to maximize network throughput
through load balancing. While this is the optimal controller, solv-
ing the full optimization cannot be done within the timescales of
satellite dynamics. In this scenario, the assignments are fed to the
Intelligence Module through a pre-computed CSV file. To bridge
the gap between scalable but sub-optimal heuristics and an optimal-
but-slow controller, we have also designed a graph neural network
to make network-wide orchestration decisions. ML-based inference
is faster than traditional optimization, and the GNN is a natural fit
for satellite problems due to the structure of satellite constellations,
and has been used in similar applications such as handover [33] and
routing [52]. In § 5, we use SERENADE to evaluate these different
network orchestrators on the task of network utilization.
Network Digital Twin: While SERENADE can be used by researchers
as a stand-alone platform for generating data and testing, ultimately
network operators need a tool that not only models an LSN, but
also reflects the dynamic reality of the true system. This second
mode of operation for SERENADE is the network digital twin. As
illustrated in Fig. 7, SERENADE can receive information from the
real world and update on-the-fly to reflect these changes. In the fol-
lowing section, we will demonstrate multiple instances of real-time
dynamic updates to the underlying emulation.

5 Evaluation

In this section we evaluate SERENADE across a range of performance
metrics and experimental case studies. We proceed by compar-
ing SERENADE to several state-of-the art emulators on key scalabil-
ity and responsiveness metrics across diverse emulation scenarios
(§ 5.1). Out of the emulators listed in § 2.2, we have not included
RHONE [49] and xeoverse [28] due to them not being publicly-
available, Celestial [40] for lack of scalability and use of bounding
boxes to limit emulation size, and LeoEM [21] for limiting its emu-
lation strictly to satellites in the current active path. Thus reducing
our comparison to StarryNet [30], OpenSN [35], and Mininet [5]
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as a stand-in for the closed-source xeoverse. We then benchmark
SERENADE’s Network Module ability to emulate network traffic
realistically, including a comparison to real world Starlink mea-
surements (§ 5.2). Finally, we return to the motivating use case of
network orchestration (§ 5.3) and operation as a LSN-DT (§ 5.4).
Implementation: All the following evaluations are executed on
a single desktop Linux workstation with a 12-core Intel i9 CPU at
3.5 GHz with 32 GB of RAM. Based on the discussion in § 3.3.3,
we set the size of the Wait Zone array to 2!4. Unless specified, we
emulate a 1584-satellite constellation based on the Starlink Phase 1
deployment.

5.1 Scalability

We demonstrate SERENADE’s capability to emulate extremely large
numbers of nodes within a large-scale network (LSN), highlighting
both its scalability and the limits imposed by physical and computa-
tional constraints. As illustrated in Fig. 5b, there exists an inherent
limit to the number of nodes in the emulation for a desired physics-
update period (i.e., the granularity at which SERENADE can emulate
the movement of satellites). Nonetheless, SERENADE’s unique ability
to dynamically accelerate or decelerate satellite dynamics with re-
spect to the network emulation softens this limitation. While these
design mechanisms alleviate some of the timing constraints, hard-
ware resources, in contrast, impose hard and unavoidable bound-
aries on the achievable emulation scale.

Scaling the Nodes: To characterize these effects, Fig. 8a presents
a series of experiments where we progressively increase the number
of non-traffic-generating nodes, including satellites, gateways, and
user terminals. The results clearly show that CPU load remains
nearly constant as the node count grows, demonstrating that the
computational overhead of maintaining additional idle nodes is
minimal. Meanwhile, the memory footprint of SERENADE increases
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predictably with scale, reaching approximately 15 GiB for 500,000
nodes, which represents a practical upper bound given our available
hardware resources.

Scaling the Traffic: Fig. 8b explores the second dimension con-
straining SERENADE’s scalability: the total amount of emulated traf-
fic. To examine this, we deploy three scenarios with 100, 1,000, and
10,000 active user terminals (UTs), respectively. Each scenario is
configured such that the aggregate throughput reaches 0.1, 1, and
10 Gbps, corresponding, for example, to 1,000 UTs each transmit-
ting at 10 Mbps for the 10 Gbps case. Across all configurations, the
hardware footprint remains nearly identical, with memory utiliza-
tion showing minimal variation regardless of total traffic volume.
However, CPU utilization scales with the offered load, eventually
becoming the dominant limiting factor once the total throughput
surpasses approximately 10 Gbps (~75 % CPU load). Thus, while
SERENADE can faithfully represent the full size and geometry of
large constellations, its scalability in practice also depends on the
aggregate workload carried by the constellation rather than just on
the total number of emulated nodes.

Takeaway: SERENADE supports realistic LSN experiments by ad-
dressing both dimensions of scalability: (i) emulating large constella-
tions and ground deployments with modest per-node overhead, and
(ii) generating realistic, network-wide traffic patterns.

Remaining Efficient: We now compare, for a fixed emulation
size, the resource usage and startup time of SERENADE and the
existing baselines. All emulators are configured to run a 1000-node
topology; well within the documented limits of StarryNet, OpenSN,
and Mininet. Figure 9a reports the CPU load and memory usage
required by each emulator, while Figure 9b shows the corresponding
start and stop times.

StarryNet exhibits the highest CPU load and the slowest initial-
ization and teardown times, with delays reaching up to 20 minutes
even at this moderate scale. OpenSN, which also adopts a container-
based design, significantly reduces both CPU usage and start/stop
latency, improving performance by roughly an order of magni-
tude for the latter, yet remains restricted by its 1,024-node cap per
machine, requiring distributed deployments for larger constella-
tions, increasing deployment complexity. Acting as a baseline for
Mininet-based emulators, we can observe our simple Mininet exam-
ple uses the least amount of hardware resources among pre-existing
alternatives, with its startup and shutdown delays falling in the
multi-minute range?. By comparison, SERENADE sustains low CPU

2These results don’t take into account the additional delay due to the topology and
satellite mobility pre-computation performed by xeoverse.

Figure 11: Latency comparison in
SERENADE for different constellation
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Figure 12: User throughput through
multiple switch events in SERENADE.

load, minimal memory usage, and near-instantaneous start/stop
times under these same conditions.

Takeaway: SERENADE ’s lightweight, thread-based architecture elim-
inates the resource and orchestration overhead of containerized and
network namespace-based emulators, enabling large-scale LEO con-
stellation experimentation on a single machine with far superior
efficiency and practicality.

5.2 Networking Realism

Matching Real-World Latency: To assess the latency fidelity of
SERENADE, we conducted a measurement campaign using a REV-4
Standard Starlink user terminal located in the continental United
States. We collected RTT measurements by issuing ICMP echo
requests directly toward the serving ground station/PoP, and we
compare these observations against those produced by SERENADE
under equivalent operational conditions.

Fig. 10 shows the measured RTT from the Starlink measurements
as well as two configurations of SERENADE: without (SER-NC) and
with congestion (SER-C). A common limitation of existing LSN em-
ulators is their inability to reproduce the inherent delay dispersion
observed in real systems. Prior work (e.g., [30]) has shown that
simplified or fully virtualized networking stacks tend to produce
unrealistically low variance in RTT. In practice, however, LEO net-
work latency fluctuates due to a combination of satellite handovers,
constantly changing propagation distances, and queuing dynamics
driven by traffic demand.

SERENADE addresses this challenge through two complementary
mechanisms. First, the Intelligence Module supports more advanced
satellite selection policies, beyond the naive “closest satellite” heuris-
tic, capturing realistic variations in both link distance and handover
timing. Second, SERENADE’s ability to emulate many thousands of
nodes enables controlled generation of synthetic background traffic,
allowing us to accurately model congestion effects and the resulting
non-uniform queuing delays.

As shown in Fig. 10, SERENADE closely matches Starlink’s ob-
served RTT distribution in the congested scenario (SER-C), includ-
ing the increased dispersion under load. This demonstrates that
SERENADE can faithfully capture not only baseline LEO propagation
delays but also the dynamic latency characteristics arising from
realistic satellite mobility and traffic-induced contention.

Emulator Latency: Figure 11 illustrates the importance of sup-
porting sub-second constellation updates in an LSN emulator. With
a 0.3-second update interval, SERENADE clearly captures the charac-
teristic “U-shaped” RTT pattern that arises as satellites approach
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and recede from a UT over a 15-second assignment window (match-
ing Starlink’s behavior). This fine-grained update cadence preserves
the smooth, continuous delay evolution dictated by orbital motion.
In contrast, using a 10-second update interval effectively quantizes
satellite movement: the RTT curve becomes piecewise-constant,
masking the natural delay dynamics and significantly reducing
fidelity for mobility-sensitive evaluations.

Crucially, SERENADE can sustain these sub-second updates indef-

initely because satellite positions are computed on demand rather
than precomputed. By contrast, other LSN emulators face funda-
mental limitations: those that rely on precomputed orbital trajecto-
ries (e.g., xeoverse) cannot update the constellation faster than the
granularity of their stored traces, while those with heavier update
pipelines or less efficient control-plane architectures cannot process
state changes quickly enough to support sub-second ground-to-
satellite reassignment [35]. Regardless of the specific cause, these
constraints force competing emulators to operate at coarse update
intervals, reducing the temporal fidelity of the delay dynamics they
can reproduce. SERENADE’s lightweight, real-time update mech-
anism therefore enables a level of fine-grained, mobility-driven
realism that alternative platforms cannot match.
Satellite Switches: In this experiment, we wish to observe how
SERENADE handles satellite mobility from a networking perspective.
We consider 10 UTs located in relatively close proximity to one
another. All UTs are connected to External Application modules
which run an iperf client to send TCP traffic to a server located
at a nearby GW. The satellites are configured to have a capacity of
10 Mbps for the purpose of illustration. The measured throughput
for each UT is shown in Fig. 12. In the beginning of the emulation,
the UTs are distributed between two satellites: six on one and four
in the other. The UTs connected to the first satellite can achieve a
throughput of roughly 1—60 = 1.66 Mbps; likewise the UTs connected
to the second satellite achieve around 2.5 Mbps. After 25 s, the
assignment® changes such that the distribution is now 3/7 for the
first/second satellite. The UT throughputs adapt accordingly. After
another 25 s, a new/third satellite is utilized such that the distri-
bution is 3/2/5. Finally, the first satellite leaves, and the remaining
two satellites share load equally.

This experiment highlights two aspects of SERENADE. First is
its ability to capture many traffic traces simultaneously. While
SERENADE’s hybrid traffic model relies on synthetic traffic to scale
to massive numbers of nodes, we can still collect real traces from
a non-trivial number of users as needed. Second, it demonstrates
how SERENADE faithfully handles dynamics in LSNs. As satellites

3Note that we use a custom assignment to illustrate the above point.
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move, and assignments change, the per-user throughput adapts as
congestion reduces the capacity available per node.

Takeaway: SERENADE is a high-fidelity LSN emulator, matching
real-world and theoretical performance, despite the challenges of user-
space-based networking.

5.3 Case Study: Network Utilization at Scale

We now return to the important problem of LSN network utiliza-
tion introduced in § 2.1. In this experiment, we consider 5000 UTs
randomly distributed throughout the United States, 54 GWs placed
at crowd-sourced Starlink GW locations [9], and the 1584-Starlink
phase 1 constellation. Each UT attempts to transmit at 1 Mbps, each
GW has eight antennas, and each satellite has a 100 Mbps capacity.
We test both the Greedy (i.e., “nearest neighbor”) satellite selection
strategy as well as the Optimized and GNN controllers. The op-
timized and GNN-based assignments are uploaded to SERENADE’s
Intelligence Module; however, in the future, the controller will run
the GNN model directly. Recall that SERENADE uses a “time-dilation
factor” to speed up satellite mobility while retaining real-time net-
working measurements. This allows us to capture the behavior of
long-term satellite mobility (e.g., multiple handovers, many differ-
ent satellites, etc.) in a short amount of time. We run the emulation
for 300s with a time dilation factor of 10, for a total simulated time
of 50 minutes.

Fig. 13a shows the distributions of the average throughput for
each UT over the entire emulation for each strategy. As expected,
when using the Optimized controller, the total network load is
balanced across the satellite constellation. The result is that there is
little congestion, and all 5000 users are able to achieve nearly the full
rate of 1 Mbps nearly all the time. When using the GNN controller,
we lose a bit of efficiency, but the majority of UTs are above 80% of
the desired throughput. And while the Optimized Controller takes
on average 4-5 seconds to compute a solution, the GNN inference
is effectively instantaneous by comparison, making it a promising
candidate for real-time LSN network orchestration. By contrast,
when UTs deploy the Greedy strategy, the UT experience is much
more varied. While some users are able to achieve their full rate,
there are what appear to be three modes in the distribution, with
the two other modes achieving only around 0.75 and 0.55 Mbps.

To inspect these three modes further, we also connect External
Application Modules to 10 random UTs in the experiment and run
iperf transmitting 1 Mbps of UDP traffic to measure their achiev-
able rate. The traces from three of these UTs using the Greedy
connection strategy are shown in Fig. 13b. User 3 is able to achieve
the full 1 Mbps rate, indicating that over the course of the exper-
iment, its chosen satellites are never overloaded; meanwhile for
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User 1, the opposite is true. Its satellites are always subject to heavy
load, thus it never achieves more than 0.75 Mbps. On the other
hand, User 2’s rate oscillates back and forth between these two
modes.

This case study seeks to illustrate how researchers may use
SERENADE in the future to diagnose, prepare, and test network-scale
solutions for LSNs. Emulators which are incapable of modeling
massive numbers of nodes would be unable to fully capture the
network dynamics of a full scale LSN deployment. Network utiliza-
tion is one example of a vitally important metric that is only really
observable on an emulator the size of SERENADE. Additionally, us-
ing SERENADE as a DT means that as the real world changes (either
through constellation updates or traffic pattern shifts), researchers
can easily and rapidly test the proposed GNN-based controller in a
controlled environment.

Takeaway: SERENADE supports numerous, customizable network
orchestration controllers through its Intelligence Module.

5.4 Case Study: Responsiveness for Digital Twin

As mentioned, digital twin systems rely on a bi-directional rela-
tionship between the real and emulated systems. This requires the
emulation platform to be responsive to information gained from the
real world. To highlight SERENADE’s responsiveness, we consider
the following case studies.

5.4.1 Constellation Updates. LSNs are rapidly changing, with new
satellites being deployed, satellites going online, coming offline, etc.
on a nearly daily basis. Existing LSN emulation tools are designed to
run pre-defined experiments for a single satellite topology in mind.
If an update to the topology is needed, the emulation must be shut
down entirely and then restarted which may require significant
turn-around time (this was highlighted in Fig. 9b).

Owing to SERENADE s lightweight and modular design, researchers
can respond to changing constellation topologies on-the-fly. Con-
sider the following scenario, depicted in Fig. 13c. Researchers are
using SERENADE to monitor the throughput of two users (ul, u2)
located in close proximity to one another and connected to the
same satellite (s1). They use SERENADE to measure the throughput
achievable by each user by running iperf client in the External Ap-
plication Modules. The operators of the constellation then deploy
a new satellite (s2) in a nearby orbit to s1. The researchers up-
date SERENADE’s config with the new topology, and restart only the
Networking, Constellation, and Intelligence Modules of SERENADE,
leaving the External Applications running. The total time to apply
the update is approximately 1.5 s. After the update, u2 connects to
s2 rather than s1. The result is that both UTs are able to utilize the
full satellite capacity of 200 Mbps. It is important to note that the
TCP congestion control algorithm used for this test is BBR. BBR
continually probes the available bandwidth during transmission
and periodically drops its throughput to 2% of the achieved rate to
accurately measure the roundtrip delay [2]. This drop in throughput
is what can be observed in Fig. 13c at t ~ 20 s and t = 55 s.

Takeaway: LSN configuration updates (e.g., demand model and
constellation config) can be seamlessly modified without disrupting
ongoing applications

5.4.2  Demand Dynamics: Disaster Relief. As LEO satellite networks
become more and more prevalent, more and more users will begin
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to access the network. The locations from which these users come
online and the nature of their traffic are unknowable a priori. The
benefit of SERENADE as a digital twin is that we can add or modify
the behavior of user nodes on-the-fly. This is in stark contrast to all
of the existing systems which can only run pre-defined experiments.

To illustrate this, we consider the very real case study of hur-
ricane disaster relief. In the fall of 2024, Hurricane Helene made
landfall in the southeastern United States, knocking out a signifi-
cant portion of the terrestrial network infrastructure in the area.
During this period of disaster, many people turned to satellite net-
works (e.g., Apple’s direct to cell [41] and Starlink [44]) as a means
of connecting to emergency services and contacting loved ones.
These services represent an important resource to those in distress,
and it’s important that they are able to respond quickly.

We conduct an experiment inspired by this scenario: Upon learn-
ing of an oncoming storm, we prepare SERENADE by allocating 5000
UTs throughout the region the LSN provides service to (i.e., the
US mainland), which includes two potential hurricane trajectories,
shown in Fig. 14a. Initially each UT generates a demand of 1 Mbps.
Of these, we set up a number of them with external interfaces to
monitor their throughput via iperf (in this example, four of them
within the eventual trajectory). When the hurricane hits, as we
learn its exact trajectory, we model the previously mentioned ex-
pected increase in users by increasing the demand of the synthetic
users within the storm’s path by a factor of 10. With SERENADE, it
is possible to push this new demand configuration to the targeted
users, on-the-fly, without needing to stop, reconfigure, or restart
the emulation, unlike existing tools. Fig. 14b shows the achieved
rates for the five test users. The “unaffected” user is able to maintain
its full rate throughout the storm, while the other four see their
rate drop predictably as the damage sweeps over them and more
users begin to rely on the LSN for connectivity. Note that this is
a targeted experiment to highlight the adaptability of SERENADE’s
traffic model. More sophisticated experiments are also possible, for
example: studying the potential impact this increase in demand
may cause on the rest of the network as different load-balancing
strategies are attempted.

6 Discussion

Distributed Scalability: SERENADE does not currently support dis-
tributed emulation (i.e., dividing the emulation workload between
several machines). We argue that such horizontal scalability in
other emulators (e.g., Docker or microVM-based) is not an inherent
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advantage, but rather a necessity imposed by their architectural lim-
itations, specifically: a) strict caps on the number of nodes per host,
b) excessive per-node resource overhead, or c) both. In contrast,
SERENADE’s lightweight thread-based architecture enables single-
machine scalability of up to 500,000 nodes while maintaining realis-
tic network behavior, a scale that systems like StarryNet or OpenSN
can only achieve by distributing the load over hundreds of machines.
While SERENADE empowers even students/researchers with limited
compute to run realistic at-scale LSN emulation, nonetheless, if
future research demands distributed operation, SERENADE could be
extended (through multiple instances with appropriate interfaces)
to incorporate this feature.

Lower-Level Realism: A key design decision in SERENADE is
to focus on large-scale network behavior rather than low-level
PHY/MAC interactions. This choice reflects a deliberate trade-off be-
tween low-level fidelity and scalability. Emulating detailed physical-
layer phenomena can provide valuable insights, but it also imposes
significant computational overhead, making it impractical for the
scale and responsiveness that a network digital twin demands. To
maintain efficiency, SERENADE models link capacities through a
simplified, parameterized channel abstraction without incurring
the cost of full signal-level emulation. This level of abstraction
is sufficient to reproduce the effects most relevant to application
and user performance, which evolve at coarser time scales than
the instantaneous dynamics of individual channels. More detailed
PHY/MAC modeling could be incorporated in future work, but
doing so would shift SERENADE’s scope away from its current em-
phasis on massive-scale, responsive emulation toward finer-grained
physical simulation.

7 Conclusion

In this work, we presented SERENADE, a scalable and highly respon-
sive emulator for large-scale LEO satellite networks. By leveraging
lightweight thread-based emulation and a hybrid traffic framework,
SERENADE can realistically model dynamic constellations exceeding
100,000 nodes, orders of magnitude beyond the capabilities of exist-
ing tools. It does this while remaining ultra-responsive, enabling
on-the-fly changes to parameters such as constellation dynamics
or user traffic patterns. Together, these properties—scale, respon-
siveness, and realism—position SERENADE not only as a powerful
platform for analyzing the behavior of large satellite constellations,
but also as a foundation for network digital twins capable of mir-
roring live system dynamics in real time. By combining accurate
large-scale emulation with rapid adaptability to evolving conditions,
SERENADE enables the study of system-level effects such as conges-
tion, connectivity evolution, and network utilization under realistic
and time-varying network conditions. Ongoing work focuses on
extending SERENADE’s framework to support 3GPP non-terrestrial
network (NTN) contexts and protocols.
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