introduction

mission statement

The whole is greater than the sum of its
parts. A group of honeybees can defend their
hive against much larger predators – this is
an example of swarm behavior, whereby a
collective achieves a greater goal through
collaboration.

To strategically analyze the capabilities of
satellite swarms, paving the way for a novel
class of space activities, and providing an
innovative avenue for heliophysics research.

The APIS project exploits this indispensable
opportunity within the context of space, and
demonstrates the value of satellite swarm
technology. In particular, we propose its use
in a future heliophysics mission to understand
the magnetosphere and its effects on Earth
and human society.

A satellite Swarm is
a network of intercommunicating satellites
exhibiting a complex emergent behavior, and
collectively operating as a distributed system.
Homogeneous swarms

identical spacecraft working together

Heterogeneous swarms

non-identical spacecraft with distributed
functionalities
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SWOT analysis is a strategic method used to identify strengths,
weaknesses, opportunities, and threats of a specific project or
technology. Strengths and weaknesses are internal factors, while
opportunities and threats are external factors.

swot analysis
strengths

S

weaknesses

• Robustness to individual satellite failure
• Combined capabilities offered by heterogeneous swarms
• Increased data throughput via multi-spatial and multitemporal measurements
• Complex emergent behavior can arise from simple
satellites
• Autonomous behavior reduces ground operations cost
• Calibration and verification can be achieved through
swarm communication
• Swarm satellites can be considered a single legal entity

opportunities
• Startups operating large numbers of satellites
• Need for enhanced and novel data sets
• New, innovative science mission concepts

• Satellite swarms may not be suitable for missions with
lower risk tolerance
• Scheduling algorithms can be highly complex
• Navigation and communication system design can be
highly complex
• Heterogeneous swarms can be less robust
• Heterogeneous swarms increase mission complexity

O

threats
• Satellite constellations could achieve similar goals
• Licensing and registration procedures are currently
designed for individual satellites
• Meeting space situational awareness requirements
• Potential lack of alignment with the philosophy of
space sustainability
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swarm a p p l i c a t i o n s
Satellite swarms enable novel applications in the areas
of scientific research, communications, and commerical
ventures. Swarms can also be integrated into existing space
infrastructure, enhancing capabilities and opportunities
across the entire space sector.

astronomy

s pa c e w e at h e r

Law and Policy
A highly integrated homogeneous swarm may be considered
the first collective space object in the history of space
law. In this type of swarm, a single satellite cannot perform
individually, but only as part of the collective. Therefore, the
satellites should be considered “component parts” of the
whole swarm, rather than individual space objects. This
would simplify licensing and registration procedures, since
the entire swarm could be authorized and registered with
one application.

p l a n e ta r y s c i e n c e

prospecting

disaster management

S p a c e s i t u at i o n a l
awareness

Large groups of swarm satellites in low Earth orbit increase
the risk of collisions and frequency interference, raising
problems of space sustainability.
These problems could be addressed by developing new
debris mitigation policies based on environmental protection
models, such as the European Union Emissions Trading
Scheme.
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Scientific measurements

Heliophysics

A swarm-based heliophysics mission will provide unprecedented
multi-scale, multi-point data from the magnetosphere, optimizing
the scientific return of the mission.

Heliophysics is the study of the Sun’s influence on the Solar
System. The solar wind flows outward from the Sun. Earth’s
magnetic field deflects and traps particles from the solar wind in
the magnetosphere, but the complex plasma interactions in this
region are poorly understood.

Transmission

Radio tomography is used
to make a map of the plasma
in the area between the
satellites. The time delay of a
radio transmission reveals the
density of the plasma it travelled
through. A map of plasma
density can be reconstructed
from many individual
transmissions.

Reconstruction

Why?
Sudden and intense space radiation in the
magnetosphere is a major health challenge
for astronauts. A better understanding of
processes in the magnetosphere will help
keep astronauts safe.
Geomagnetic storms can knock out
satellites, power grids, GPS and navigation
systems, internet, and transportation.
Understanding the magnetosphere can
help protect vital infrastructure.

In situ measurements will help us better
understand plasma dynamics. Instruments
will measure the magnetic field and the
plasma characteristics at each satellite.
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Mission Overview
launch
• Launch 40
swarm satellites
to near
equatorial and
polar elliptic
orbits

•
•
•
•

deployment and
commissioning

science:
swarm ops

maintenance
and ground ops

Deployment at apogee
20 satellites per plane
Initialization of subsystems
Calibration of science
instruments

• Cooperative science
measurements of the
magnetotail
• Relative swarm
navigation
• Data cross-link

• Desaturation of reaction wheels
• Battery charging
• Downlink of scientific
measurements prioritized by
swarm satellites
• Data analysis

Downlink & Uplink

end of mission
• Passivation of subsystems
• Natural orbit decay
• Comprehensive data analysis

Inter-satellite Links

APIS heliophysics mission:

Perigee: 500 km

Apogee: 14 Re

Top-Level Mission Requirements
• Tomographic maps of two planes of the magnetotail 8-14 Re (Earth
radii) from Earth with 0.5 Re resolution
• Measurements from in situ instruments: vector helium magnetometer,
solid-state telescope, electrostatic analyzer

Scan to see the
swarm in action
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• Complies with international
space law, US federal
regulations, and NASA
procedures
• Abides by the highest
environmental protection
and space sustainability
standards
• Illustrates how the current
space law framework
can support innovative
technologies
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s at e l l i t e d e s i g n

enabling swarm behavior
Distributed
Artificial
Intelligence

Power

Deployable solar panels
400 watt-hour battery

Attitude
Determination &
Control
3-axis stabilized

Distributed
Optimization
Biomimicry

Thermal
Heaters
Micro heat pipes

Propulsion
Pulsed plasma
thruster

Communication

Payload

Communication
S-band radio
Patch antenna

Navigation
• Reference-free
calibration of payload
• Radio frequency
interference mitigation
for tomography
measurements

Payload
MHz radio
15-meter antenna
Payload
Magnetometer
Structure
12U CubeSat

• Relative
satellite clock
synchronization
• Relative position
estimation using
inter-satellite
communication

• Multi-hop
transmission to
Earth via
inter-satellite link
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Machine
Learning
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Mission Management
Spacecraft
payload
$30 million

budget
US $250
million

CONCLUSION
Satellite swarms are a force to be reckoned with. As with
cooperative behavior seen in nature, individuals are stronger within
a group. Swarm satellites’ capacity to communicate with each other,
to respond autonomously and collectively to change, demonstrates
a more robust architecture than a constellation.

Reserve
funds
$50 million
Personnel
$100 million

The APIS team spent nine weeks in Strasbourg, France investigating
the capabilities of satellite swarms, and after taking into account the
challenges posed, we strongly recommend their use.

Commercial
off-the-shelf
spacecraft bus
$70 million

The team would like to thank the following:
Chair: 				Jacob Cohen
Associate Chair: 		
Andrew Simon-Butler
Assistant Chair: 		
Anh Nguyen
Staff Editor: 			
Ruth McAvinia

TIMELINE

spin-offs

Data
analysis

Advances in coordination
and consensus software
will enable other swarm
applications for the
Internet of
commercial sector
Things
Earth
observation:
disaster and
weather
monitoring

Research and
development

3 months

Preliminary
design and
technology
completion

6 months

Bus manufacturing
and payload
development
Integration, testing,
and launch
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Ginosar, Butler Hine, Adil Jafry, Christopher Johnson, Larry Kepko, David Korsmeyer, Ofer
Lapid, David Mauro, Joel Mueting, Robert Nakamura, Andres Dono Perez, Adam Zufall

Sponsored by NASA

20.8 months

Electronic copies of the Executive Summary and
the Final Report can be downloaded from the ISU
Library website at http://isulibrary.isunet.edu/

4 months

Operation and
sustainment

24 months

Closing phase

15 months
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