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Abstract  In recent years, commercial space companies represented by SpaceX have proposed
numerous mega-scale low-earth-orbit (LEQ) satellite constellation networking plans. Satellite
routers are the key infrastructure for the satellite Internet. As the manufacturing and launching
costs of satellite routers are considerably high, it is necessary to conduct large-scale network
emulation as well as hardware-in-loop verification on the ground before launching the satellites
into space. Compared with traditional network simulation/emulation solutions, the ground
emulation of mega-scale satellite constellation networks has the requirements and challenges of
highly dynamic topologies, mega-scale networks, real traffic emulation, and hardware-in-loop
verification. At present, existing ground network simulation/emulation tools (such as QualNet,
NS2/NS3, OPNET, Mininet) cannot meet the above requirements simultaneously to verify the
real protocol stack of mega-scale dynamic satellite networks. To address the above requirements,

we design and implement a container-based LLEO satellite network testbed by integrating discrete
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event simulation technology and virtualization-based emulation technology. In the control plane,
the system is based on mathematical modeling of the satellite constellation and produces discrete
events of the satellite link on and off under the drive of an internal clock, which precisely reflects
the regular topology changes of the network. In the data plane, the system leverages Docker
containers to implement the satellite and ground nodes, and leverages Linux virtual network
devices to implement the inter-satellite and satellite-ground links. The system enables distributed
deployment and hardware-in-loop emulation based on the tunneling protocol, making the system
have good horizontal expansion capabilities to break the performance bottleneck of single-host
emulation. To fully exploit the computing capability of the multi-core processors, the system has
developed a concurrent task scheduling mechanism based on multithreading for performant
scheduling of discrete events during the emulation. The evaluation results show that on a multi-core
host, the network testbed can carry 3276 virtual nodes and 1. 6 Gbps real traffic. Compared with

the single-threaded implementation, the concurrent task scheduler based on multithreading
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improves CPU utilization by 45% and shortens emulation scenario creation time by 56 %.
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purpose, a high-fidelity network testbed needs to be built
for LEO satellite networks to provide an environment for

evaluating and verifying the LEO satellite network protocols
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on the ground before launching these satellites into space.
The cost-effective network testbed is a necessary complement
to the expensive in-orbit experiments on satellite network
protocols. However, the topology of the LEO satellite
network is extremely dynamic, the scale of the satellite
constellation is enormous, and the network traffic pattern is
complex. To this end, the network testbed needs to enable
the accurate modeling of the satellite constellation topologies,
the emulation of satellite/terminal nodes over distributed
hosts, and the loading of real network traffic, all of which
produce extreme challenges to the testbed design. Existing
solutions either leverage network simulation, which is not
that real and limited by the computer performance, or relies
on network virtualization, which is however not dedicated to
accurately modeling and emulating the dynamic satellite
network topologies. Furthermore, LEO satellite constellations
contain a huge number of networked nodes including the
satellites in the space and the terminal nodes on the ground.
Therefore. the network testbed is also expected to be highly
performant and scalable to carry the massive number of these
networked nodes.

To address the aforementioned requirements, we build
an LEO satellite network testbed via integrating the discrete
event simulation technology and the virtualization-based
emulation technology. First, we establish a mathematical

model to abstract the dynamic satellite constellation, which

produces discrete events of the satellite link on/off under the
drive of an internal clock. Second, we use the Docker
containers to emulate the LEO satellites/terminal nodes, and
use the Linux virtual network devices to emulate the inter-
satellite links and satellite-ground links. Third. we leverage
VXLAN tunnels to support distributed virtual node deployment
and hardware-in-loop emulation, making the network testbed
have good horizontal expansion capabilities to support current
and future mega-scale satellite constellations. Finally, a
concurrent scheduling mechanism based on multithreading is
developed for performant scheduling of discrete events,
taking advantage of the modern multi-core CPUs.

We conduct an extensive performance evaluation of the
proposed testbed. Evaluation results indicate that the LEO
satellite network testbed well satisfies our design require-
ments. On a multi-core machine, the testbed can carry 3276
emulated nodes and sustain a traffic throughput of 1. 6Gbps.
Compared to the single-threaded scheduler, the concurrent
task scheduler based on multithreading greatly improves the
CPU utilization by 45% so that the time for emulation is
significantly reduced.
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