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Low Earth Orbit mega-constellations make up a large portion of modern developments in
space communications. The ability to simulate and properly research these complex systems
is currently being developed to answer questions on the capabilities of the rapidly expanding
industry. The development and improvement of a simulation-based platform for satellite network
testing can help research efforts to enable industry and government entities to work together
in the growing enterprise. The ongoing development of the SpaceNet Testbed is investigated,
detailing its use of orbit-based constellation dynamics modeling, software-based emulation, and
a hardware-in-the-loop integration design. An overview of the testbed’s software infrastructure
design is described alongside details regarding the make-up of its hardware components. Use
cases are presented comparing the differences in performance between the satellite network of
an actual Starlink mega-constellation currently in orbit and a custom constellation with the
same quantity of satellites, but with ideal node spacing and initial orbital positioning. Results of
these use cases are then discussed, focusing on the latency of the data traffic and how it differs
when varying the testbed’s user-defined configurations. In the future, resiliency testing and
ground station to satellite link behavior analysis can be included into the testbed. The testbed
has potential to help lead efforts in simulating complex space communication systems.

I. Introduction
Low Earth Orbit (LEO) mega-constellation networks continue to provide flexibility and accessibility in satellite

communications. However, in many aspects, traditional research can find itself outpaced by ongoing industry
developments and the rapid deployment of large LEO network satellites [1]. While there has been substantial research
regarding LEO satellite communications in general, investigations into mega-constellations and their expected levels
of data traffic are only just beginning [2][3]. LEO space networks already need to adapt to satellites’ high speeds,
intersecting orbits, and position variability over time, but these issues are made even more difficult by the size of today’s
mega-constellations.

Satellite internet has been available through networks existing in geosynchronous equatorial orbits (GEO), but these
networks have limited capabilities due to high network latency and low bandwidth [4]. Current LEO mega-constellations
like Starlink and the growing networks of OneWeb and Kuiper aim to provide high speed internet across the globe, with
goals of significantly lowering network latencies compared to their GEO predecessors [5]. However, the lower altitudes
of these networks require a number of satellites in the thousands. The large number of high mobility nodes requires the
network to have near-constant topology, link, and route changes.

Finding new ways to efficiently simulate and test the behaviors of these complex satellite networks can improve how
well these systems can be designed and understood. Developing a multi-functional testbed to simulate the capabilities
and traits of mega-constellations creates room for a variety of satellite network testing without having to use or modify
an existing network. One such testbed is Hypatia [1], which is specifically designed for LEO networks, but uses NS-3 to
handle network simulation, which can have issues regarding scalability and is meant more for smaller networks [6].
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Many more testbeds are being developed to further expand the research field’s ability to conduct both realistic and
large-scale simulated experiments [7][8][9].

Currently, the Space Network Testbed (SpaceNet, formerly NeTSat [10]) is being developed to serve this role of
a multi-functional LEO network simulator. The testbed works with a hybrid structure, combining a software-based
emulator with a FlatSat-inspired, hardware-in-the-loop (HIL) integration design; it also makes use of Mininet, a network
emulator that can use predefined network topologies to achieve large-scale functionality [11]. SpaceNet is the first of
its kind to use Mininet while featuring software defined networking, a HIL hybrid design, and weather effects in its
ground station modeling. The testbed’s basic functions include data performance measurements of emulated satellite
constellation networks and link creation between emulated networks and real, hardware-based nodes, but additional
functions are currently in development involving constellation and orbit design experiments, network resiliency tests,
and integrating emulated terrestrial nodes into the non-terrestrial network. SpaceNet capabilities will be shown here
to compare the emulated network performance of a custom-made constellation and an existing section of the Starlink
mega-constellation.

II. Testbed Overview
The software side of the SpaceNet testbed is split into two phases: simulation (Phase 1) and emulation (Phase 2).

Phase 1 primarily involves sorting satellite data received in the form of two-line element (TLE) sets, simulating each
satellite’s orbital motion, and using each satellite’s simulated positional data to predefine network link characteristics and
routing tables. Phase 2 then uses this link and routing data with Mininet to create a virtual network of nodes representing
each satellite in the constellation and each ground station that links to it. This emulation phase handles the delivery
of data packets from node to node and the monitoring of network performance characteristics. The hardware portion
of the testbed works as a hardware-in-the-loop (HIL) extension of Phase 2. It uses hardware-based nodes (emulating
additional space network nodes) to communicate with the active virtual nodes and to investigate the link between a
massive space network and real, independent devices.

A. Phase 1 (Simulation)

1. Actual vs Custom TLEs
The main functionality of the testbed is to simulate a network topology for a satellite constellation network; the

network being simulated can either be a custom-made constellation or an actual satellite constellation with a real-life
irregular distribution such as Starlink, OneWeb, etc. To use a custom-made constellation, the user must provide a
collection of satellite TLE data for their constellation. The testbed has the ability to generate constellations formed in the
Walker Delta pattern; the notation for this pattern primarily requires the user to input the total number of satellites in the
constellation, the total number of orbital planes, and an orbital inclination value common to every satellite [12]. When a
user provides these properties, the testbed can generate individual TLE sets for every satellite in the constellation. These
custom-generated constellations will evenly distribute the satellites within their orbital planes, which are also equally
spaced around the Earth. Additionally, the generated TLEs give the satellites a second derivative of mean motion of
zero and a constant drag coefficient, giving the satellites ideal initial conditions (once orbit propagation begins, these
ideal conditions will fade over time). Fig. 1(a) shows a custom constellation designed to match Starlink’s original first
shell of 1584 satellites. These 1584 satellites are spread across 72 orbital planes (i.e. 22 satellites per orbital plane).

When simulating an actual satellite constellation, the TLE datasets are extracted from a satellite tracking database
(e.g. Celestrak) and provided to the testbed. The testbed then filters out the relevant satellites from the TLEs that
are to be simulated based on user-defined constellation specifications. The TLE dataset acquired from the Celestrak
TLE file for this set of experiments contains a total of 6403 satellites, which also includes the latest Gen2 Starlink
satellites [13]. Currently, the testbed is specified to only simulate Starlink’s LEO satellites with an operational altitude
and inclination of 540 km and 53�2�. Using SpaceX’s latest proposed reorganization for the Starlink constellation [14]
and the satellite distribution that is tabulated in Table 1, the testbed effectively filters out the satellites that match the
requested parameters, which totals to 1584. Fig. 1(b) visualizes these satellites in their orbits and works as a comparison
between to the custom constellation in Fig. 1(a). Unlike the custom constellation, the Starlink satellites do not have ideal
initial conditions and are not evenly distributed throughout the constellation’s mesh-patterned grid. The differences
in network performance between these two constellations can be found using SpaceNet’s emulator and are crucial to
understanding the testbed’s capabilities.
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(a) (b)

Fig. 1 (a) Starlink Custom constellation (b) Starlink Actual constellation from extracted TLEs

Altitude Inclination Orbital Planes Satellites per plane Total satellites
540 km 53�2� 72 22 1584
550 km 53� 72 22 1584
570 km 70� 36 20 720
560 km 97�6� 6 58 348
560 km 97�6� 4 43 172

Table 1 Starlink Shell Configurations [14]

2. Orbit Sorting and Propagation
Once TLE datasets have been generated or acquired, the primary portion of SpaceNet’s Phase 1 has begun. The

testbed uses a YAML-formatted configuration file as a user interface; this configuration file is used to define experimental
parameters such as simulation length, simulation time-step count, time-step length, simulation start time, and a variety of
constellation specifications. When simulating a custom-made constellation, irrelevant TLEs can be removed beforehand
and the constellation specifications (i.e. total number of satellites, number of orbital planes, etc.) listed in the
configuration file simply need to match what was already generated. When an actual constellation using outside-sourced
TLEs is simulated, the testbed uses the constellation specifications to select the relevant satellites from the TLEs.

Since there are over 6000 satellites in the TLE dataset used in these experiments, there are multiple groupings of
satellites that must be sorted out of that initial pool. As of September 2024, the satellite distribution in an actual Starlink
TLE dataset includes their Gen1 and V2 Mini satellites with a significant amount of them in extremely low orbits
(<350km) intended for initial system checks. Moreover, the TLEs also provide sufficient knowledge on the distribution
of satellites beyond the considered operational altitude of 540 km that essentially can be divided into two groups, one
with an operational inclination of 53� and the other with a relatively higher operational inclination of 70� and 97�6�.
These groups are depicted in the in Fig. 2, with Fig. 2(b) depicting the constellation being kept and tested.

After removing irrelevant satellites, the testbed sorts individual satellites to their respective orbital planes based on
the orbital elements contained in the TLE sets, since the TLE data does not specify satellite groupings within orbital
planes. The accuracy of the testbed’s orbit determination plays a crucial role in setting up the initial conditions for the
propagator that would simulate the entire constellation for a user-specified time duration and granularity. Therefore, the
testbed leverages the high-fidelity measurements already provided in the TLE data to assign satellites to their respective
orbits based on their 72 distinct operational Right Ascension of Ascending Node (RAAN) values according to Starlink’s
latest FCC report [14]. The orbital plane classification segment of the testbed promptly deals with this continuous
distribution of RAAN values using a data clustering algorithm called the Fisher-Jenks algorithm [15]. Like any other
similar algorithms, Fisher-Jenks classifies data to achieve low variance and set clear intervals (natural breaks) between
the clusters. Moreover, compared to other clustering algorithms like K-means, it is relatively less computationally
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(a) (b)

(c) (d)

Fig. 2 (a) Starlink satellites (<540 km; 43�, 53�) (b) Starlink satellites (=540 km; 53�2�) (c) Starlink satellites
(>540 km; 70�, 97�6�) (d) Starlink satellites (>540 km; 43�, 53�)

expensive for large datasets with uneven distributions. Consequently, the orbital plane classification for custom TLEs
would also follow the same process where the Fisher-Jenks algorithm is able to find natural breaks even faster because
of the evenly spaced values of orbital elements. After designating satellites to their respective orbits, the testbed assigns
unique IDs to individual satellites which the testbed exploits to recognize each of them in an orbital plane at any point in
the simulation phase.

Each satellite is propagated using the Simplified General Perturbations Model (SGP4) provided by the Skyfield
Python package. The SGP4 propagator considers the perturbation data for LEO spacecrafts already encoded in the TLEs,
such as the atmospheric drag and the Earth’s significant low-order zonal harmonics. Moreover, due to TLEs containing
the mean orbital elements for the satellite, the SGP4 propagator is the ideal propagation model considered for the testbed
application. Each testbed simulation is split into individual time-steps across its total simulation length, so each new
data point in the propagation is separated by a user-specified time-step length. Additionally, the satellite propagation is
a part of the testbed’s supporting mobility utilities; These utilities involve: updating inter-satellite links (ISLs) and
ground-station-to-satellite links (GSLs) for topology generation, assigning link characteristics, and generating network
routes. The testbed also has a multiprocessing capability that can exploit the computational power of the host machine
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Fig. 3 PlusGrid Representation of Testbed constellation

to establish parallel mobility management processes for each time-propagated constellation instance.

3. Link and Route Generation
The topology generation involves constructing ISLs and GSLs as a precursor to generating a routing table collecting

all of the network routes for the whole constellation specific to a pair of source and the destination ground stations, also
called target nodes, provided by the user in the configuration file. Each pairing of nodes that create a link are saved
in a file, with every link in the network eventually being used to form a connectivity matrix. Additionally, the GSL
association criteria and the ISL grid structure can be defined by the user to determine the network topology. For the
demo examples’ topology generation, the association criteria for the target node’s GSLs are configured to have each
ground station establish links with the four satellites at the shortest distances within their fields of view. This allows the
routing scheme to choose the most optimal satellite for the target node’s pathing, rather than simply connecting to the
closest satellite. The ground station’s field of view (FOV) is determined by the satellite’s operational altitude and the
ground station’s minimum sight angle and is used to determine a valid GSL connection with nearby satellites. The ISL
connections for each satellite in the constellation are established with the satellites just ahead of and behind it in the
same orbital plane as well as each satellite from the neighboring adjacent orbital planes with the shortest latency; the
algorithm making these link selections is referred to as PlusGrid [16].

The visual representation of PlusGrid in Fig. 3 shows the optical laser-based ISL connections from the central
satellite to its neighboring satellites that sufficiently guarantee the total connectivity of the network topology of a
densely populated Starlink constellation. The numbers represent the satellite indices that the testbed assigns during the
simulation, where an arbitrary satellite ID 1263 was found to have connections with satellite ID 1264 and satellite ID
1262 in the same orbital plane and satellite ID 1240 and satellite ID 1290 in the adjacent orbital planes. Specifically,
a satellite would establish a two-way (bidirectional) connection with its neighbors on the same orbital plane that
effectively facilitates the inter-hemispheric flow of the network traffic. Additionally, it also establishes another set of
two-way connections with neighboring satellites in the adjacent orbits that promote the traffic flow along the latitudes.
Consequently, when a satellite with such a ISL configuration forms a constellation, the overall optimal route from the
source to destination nodes is computationally less expensive and is decently optimal in terms of metrics like latency or
the number of hops, moreover favorably maintaining this optimal route for a prolonged period of time. An important
remark on the application of PlusGrid regards a significant difference in how the algorithm works for the custom and
actual TLEs; in the custom TLE case, all the satellites are bound to have exactly 4 ISLs at any given time interval,
but this is not observed in the actual TLEs. Due to the uneven distribution in the actual constellation, the satellites
have a significant chance of establishing ISLs with a neighboring satellite whose 4 neighbors are already determined.
Ultimately, this would force certain satellites to have more than 4 ISL connections, given that all the satellites are
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purposely required to perform two-way ISL connections. The testbed currently implements a PlusGrid ISL scheme for
the entire constellation while considering range limitations on the ISLs and though it might provide fairly accurate routes
and avoids frequent expensive link changes, there are plans to use a more adaptive grid algorithm for higher e�ciency
where the testbed simulator can leverage the time-based variations in satellite proximity with changing latitudes.

After the connectivity matrix generation is complete, link characteristics are assigned to each existing connection
in the network topology. This includes the calculation of latency and throughput matrices for both ISLs and GSLs.
The GSL throughput values are accurately computed by considering the density of users, the channel width, and the
Signal-to-Noise ratio (SNR). The SNR also updated with weather condition data (using OpenWeather's Weather API
[17]) for each ground station at every time-step in the simulation. The link characteristics in these matrices are primarily
used as initial values for the emulation phase to build o� of.

The users can specify the metrics that would be used to construct the routing table. After the topology is generated
and link characteristics are determined, the next stage of the simulation is to execute a routing algorithm that computes
the routing tables based on the metrics provided by the link characteristics. More speci�cally, the testbed exploits the
NetworkX graphing API[18] to assign satellites and ground stations as graph nodes, the connectivity matrix provides
connections as graph edges, and the metric values assigned to each edge are determined by the link characteristics. This
construction of the constellation graph is followed by a routing scheme that computes every network route and ultimately
constructs the routing table for the whole constellation. The current default routing scheme that the testbed utilizes
is Floyd-Warshall's Shortest Path algorithm which handily calculates the shortest path for each pair of nodes (both
satellites and ground stations) in the graph based on the decided metric [19]. If ground stations apart from the target
nodes are also available to the testbed, the resultant routing table exhibits all possible paths data tra�c can �ow between
any combination of target nodes among the provided ground stations. Along with the connectivity matrices, routing
tables are generated for each time-step within the simulation, as each time-step will feature a unique network topology.

B. Phase 2 (Emulation)

1. Mininet Virtual Network
To emulate the modeled constellation network in real-time, SpaceNet employs the open source Software-De�ned

Network emulator to generate a massively parallel virtual network topology that leverages the full Linux network stack
for realistic network protocol behaviors. The software side of SpaceNet is also run within a VirtualBox virtual machine
(VM); this is the recommended approach by Mininet's developers [20] and it helps to prevent Mininet from potentially
disrupting the rest of the user's machine and to focus it solely on the functions of the testbed. In Mininet, SpaceNet
designates each satellite and ground terminal as a "Linux Router" device, allowing each node to operate independently
to service network tra�c as needed. SpaceNet has successfully emulated network constellations with over 1500+ nodes
and 3000+ inter-satellite links. Fig. 4 provides a visual overview of Phase 2's operations.

The link topology and routing tables generated during SpaceNet's Phase 1 are provided as inputs to Phase 2, along
with additional con�gurations speci�ed in the simulation con�guration �le. As the version of Mininet employed in
SpaceNet does not support the creation or destruction of links after the start of emulation, link topologies for all time
increments are used to construct a "meta-topology" in Mininet where only links available for a speci�ed time period
are enabled with the rest disabled. SpaceNet allows the Mininet emulator to execute for the length of the current time
period. After the speci�ed time period elapses, SpaceNet updates link states to match the new instance topology while
providing routing table updates to all network nodes as needed.

To aid scalability and researcher access, SpaceNet can build "optimized" Mininet topologies, consisting of only
nodes and links identi�ed as servicing application network data and relevant to paths between the source and destination
target nodes. This optimized topology reduces topology complexity by orders of magnitude, permitting researchers to
perform studies with SpaceNet on commodity systems and run experiments in a more timely manner.

By default, SpaceNet acts as a centralized coordinator, using Mininet's API to send commands to network nodes or
modify the topology conditions. However, SpaceNet may also have each network node run independent commands
or Python scripts, permitting decentralized and autonomous node execution. SpaceNet may still send and receive
commands from network nodes through a secondary management network using Google's Remote Procedure Call
(gRPC) framework. gRPC is an open-source network communication protocol that is fast, e�cient, cross-platform, and
well-adopted across the Internet [21].
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Fig. 4 SpaceNet Phase 2 uses Mininet to emulate a constellation topology for every time increment and produce
application output for analysis.

2. Network Performance Measurement
After SpaceNet creates the network topology and starts the Mininet emulator, network performance data is collected

by executing various Linux command line utilities and applications. Currently, SpaceNet fully supports the Linux
Ping and iPerf command line utilities, but has the capacity to support future applications as needed. The ping utility
simply sends ICMP packets from a speci�ed source node to a speci�ed destination node, and SpaceNet logs the round
trip latency of the ping response (i.e. the amount of time it takes the packet to back and forth between the source and
destination nodes). The iPerf utility consists of con�guring an iPerf "server" on the speci�ed destination node and
having an iPerf "client" send TCP or UDP tra�c from the speci�ed source node to the destination. SpaceNet logs iPerf
activity at both the source and destination nodes to gather various performance statistics such as data throughput, packet
loss, and jitter.

With default con�gurations, Phase 2 applications are executed continuously with network topology and routing
table changes occurring in the background at the appropriate time increments. However, depending on the size of the
constellation or number of changes necessary from one time instance to another, application results may be skewed
during periods of time the network is in a transitional "indeterminate" state. While this may be bene�cial for speci�c
research studies that are interesting in capturing this phenomenon, SpaceNet also supports running applications in
discrete time periods, excluding "indeterminate" network transitions, and compiling individual application outputs into
a single output �le.

C. Hardware-in-the-Loop Integration
An experimental �atsat setup has been developed which con�gures Raspberry Pi (RPi) nodes to emulate a satellite

constellation network, enabling bidirectional communication through software-de�ned radios (SDRs). GNU Radio is
utilized to facilitate robust interactions and data transmission between these nodes, e�ectively simulating satellite-to-
satellite communication pathways within the constellation. This con�guration, as shown in Fig. 5 provides a controlled
environment in which signal propagation can be systematically observed and tested, establishing a practical framework
for initial experimentation. A simpli�ed schematic of the hardware-in-the-loop testbed is presented in Fig. 6.

As previously mentioned in Section II.B.1, the software phases of the testbed are managed on a VirtualBox virtual
machine (VM) running on a host machine. The VM is set up to have three bridged network adapters. With bridged
networking, VirtualBox allows the host computer to intercept and inject data into the physical network through software.
This creates a virtual network interface, allowing the VM to behave as another node on the host network with its own IP
address. The �rst adapter is used to connect to the internal network and is con�gured to have Promiscuous mode ON,
which allows the adapter to accept multiple MAC addresses, enabling all incoming tra�c to reach the virtual network
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