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ABSTRACT
Satellite swarms are developing as a high-capability and robust mission architecture. The APIS
team analyzed satellite swarm technology and applications regarding science, law, and the
commercial market. Based on the results, we designed a swarm mission for heliophysics. From
nature, such as bees, we can mimic natural swarm systems. This report presents an analysis of the
strengths and weaknesses of satellite swarms, as well as the opportunities and threats they face.
Our analysis is the result of research and discussion from the perspectives of science, applications,
engineering, human performance in space, humanities, management and business, and policy,
economics, and law. Building on our SWOT analysis, we propose a swarm-based heliophysics
mission to meet the scientific requirements set out by our APIS team. The mission is designed to
carry out radio tomography in Earth’s magnetosphere at various scales, thereby addressing two of
the four key science goals in the National Research Council’s Decadal Survey. The swarm
architecture enables both large-scale and high-resolution tomographic imaging, gathering critical
data that traditional constellations are not able to collect because of their inability to respond
autonomously to changes in their environment. This report presents an interdisciplinary summary
of the analysis and mission concept, with particular emphasis on scientific motivation, engineering,
operational design, and commercial and legal challenges.
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FACULTY PREFACE
An ISU SSP19 team consisting of 33 culturally and educationally diverse individuals from 16
countries analyzed the strengths, weaknesses, opportunities and threats (SWOT) of nextgeneration space systems using swarm satellite architecture. They used the SWOT analysis to
optimize a heliophysics swarm science mission based on the MagCat (Magnetospheric
Constellation and Tomography) mission goals. This team project and mission are called APIS
(Applications and Potentials of Intelligent Swarms). The APIS team comprising graduates, students
and working professionals from the space sector and beyond was completed over nine weeks in
Strasbourg, France with the vast bulk of the work undertaken during the intensive three-week
team project phase of SSP19.
The evolution of satellite approaches can be compared to the evolution of life on Earth: starting
from a simple object such as a prokaryote cell or Sputnik satellite to advanced organisms or objects
that interact. The approach of using our understanding of biology to advance technology is a form
of biomimicry.
Based on lectures from subject matter experts and an extensive literature search, the APIS team
constrained their satellite swarm architecture to a network of intercommunicating satellites
exhibiting emergent complex behavior and collectively operating to achieve a distributive
heliophysics observation system.
Working together the APIS team not only have advanced research in this field of space innovation,
but also developed skills and strong bonds that will last forever. These friendships will lead to
future international collaborations and positively impact future space exploration.
We thank all the ISU staff, lecturers and subject matter experts, our amazing team project
participants and in particular our Staff Editor, Ruth McAvinia. In the buzzing words of the APIS
team, work as a swarm, fly as a swarm!
With great appreciation of ISU, its staff and the team participants, now part of the ISU family.
Jacob Cohen, PhD
Chair
NASA Ames Research Center
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PARTICIPANT PREFACE
What is a swarm?
This question has been the focus of our attention for the last nine weeks, keeping us awake at
night and getting us out of bed in the morning. Over the course of ISU SSP19 we researched
relevant literature, discussed with experts from all over the world, and most importantly, debated
extensively within our group to analyze the Applications and Potentials of Intelligent Swarms.
We called ourselves the APIS team in reference to the scientific name of the honeybee, Apis
mellifera. Biomimicry is the science of observing the mechanical and biological phenomena in
nature to find technical solutions in the human domain. We are a group of 33 space optimists
coming from 16 countries and a significant variety of backgrounds and experiences. We cherish
diversity as the key factor for the success of our project, and we are proud to say that this feature
has allowed us not only to understand swarms, but actually to behave like one.
Like every good swarm, we worked in different configurations and adapted our structure to the
changes of the environment around us. We performed a strategic analysis on satellite swarms,
then applied our results to design a heliophysics mission using swarms.
Working together as a team at ISU SSP19 has fundamentally changed the course of our lives. We
have had the opportunity to develop our professional skills, confront our weaknesses, and form
strong interpersonal bonds that will last forever. One day, we hope to work together on new
projects as leaders of the space industry.
We sincerely want to thank: all the ISU staff, lecturers and subject matter experts; our amazing
Chair Dr. Jacob Cohen, a constant source of inspiration; our Associate Chair Andrew Simon-Butler
and Assistant Chair Dr. Anh Nguyen, whose moral and intellectual guidance has been crucial during
the course of the last nine weeks; and finally our Staff Editor, Ruth McAvinia, for her patience and
support.

THE APIS TEAM
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SSA

Space Situational Awareness

SSPC

Solid-State Power Controllers

STK

Systems Tool Kit

SWOT

Strengths, Weaknesses, Opportunities, Threat

TEC

Total Electron Content

THEMIS

Time History of Events and Macroscale Interactions during Substorms

TID

Total Ionizing Dose

TPP

Team Project Plan

TRL

Technology Readiness Level

TT&C

Telemetry Tracking and Command

UAS

Unmanned Aerial System

UN

United Nations

US

United States

USSTRATCOM United States Strategic Command

DEFINITIONS & NOTATIONS
CubeSat

Standardized satellite structure (bus).
1U CubeSat is of dimensions 10x10x10 cm.

SmallSat

Satellites of low mass and size, typically under 500 kg.

RE

One Earth Radius is a distance equal to 6378 km.

AU

One Astronomical Unit is the mean distance between the Earth and
the Sun: which is 1.49 million km.

Delta-v, Δ𝑣

Literally translates to change in velocity; used in characterizing
propulsions for orbital trajectories and launches.
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1.

Introduction

The new space age is upon us. Since the beginning of the new millennium, we have seen a rise in
space accessibility, innovative mission design, and advances in novel space technologies. It is the
time for invention, the time for risks, the time to seek out new frontiers of space exploration and
space knowledge.
In space, as on Earth, the whole is greater than the sum of its parts. Honeybees can protect their
hive against much larger predators - this is the principle of swarm behavior, whereby a collective
achieves a goal through collaboration. The Applications and Potentials of Intelligent Swarms (APIS)
project exploits this property in the context of space and demonstrates the value of satellite
swarm technology.
To answer this challenge, we can draw inspiration from the various examples found in nature.
Natural swarms have many benefits: they are robust, flexible, and have a high information delivery
capability (Bonabeau, Dorigo and Theraulaz, 2001). In technical terms, we define a satellite swarm
as a network of intercommunicating satellites exhibiting complex emergent behavior, and
collectively operating as a distributed system. We believe satellite swarms are a high-capability
and robust alternative to traditional single satellites or human-controlled satellite constellations.
We have assessed the limitations and capabilities of swarm satellites and are convinced that swarm
satellites enable new and exciting space applications. Based on this conviction and the project
requirements, we have designed a heliophysics mission using swarm satellites – the APIS mission.
The APIS mission will investigate Earth’s magnetosphere, the protective shield against the
onslaught of the Sun’s solar wind. The satellites will use radio tomography and particle detectors,
along with swarm-enabled calibration and communication, to create maps of plasma density in this
region.
In this report, we describe the flexibility, reconfigurability, and robustness of satellite swarms. We
also present a detailed feasibility study of the APIS mission, suggest directions for future work, and
advocate the widespread adoption of satellite swarm technology.

2.

Mission Statement

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.
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3.

Project Description

3.1.

Background and Project Justification

Swarm satellites are an innovative mission architecture with many potential applications. The
distributed architecture of swarm satellites allows a wide spatial and temporal range of
measurements for science missions. Taking into account the availability of commercial off-the-shelf
(COTS) components, swarms could represent a more affordable alternative to traditional missions.
In addition to this, satellite swarms’ robustness to single-point failures provides reliability,
resilience, and risk tolerance. Satellite swarms take two broad forms: homogeneous swarms
consist of identical spacecraft working together, while heterogeneous swarms consist of nonidentical spacecraft with distributed functionalities.
Despite these advantages, satellite swarms have yet to fly as anything other than technology
demonstration missions. To enable the utilization of satellite swarms, a comprehensive
understanding of their strengths and weaknesses is required. The aim of the APIS project was to
start to bridge this gap by conducting a strengths, weaknesses, opportunities, and threats (SWOT)
analysis of swarm satellites.
To put our findings into practice, we designed a swarm-enabled heliophysics mission. Heliophysics
– the science of the physical relationship between the Sun and the solar system – has a profound
influence on life on Earth. Understanding the connections between our star and its surroundings
are not only of scientific interest but also vital to understanding the impact of the space
environment on our increasingly technologically dependent society.
In 1859, the Sun threw a massive coronal mass ejection – a supersized outpouring of superheated
plasma – directly towards Earth. In the ensuing geomagnetic storm, telegraph systems across
Europe and North America failed and telegraph offices caught fire. This event – called the
Carrington Event after the amateur astronomer who observed it (Lanzerotti, 2013) – is considered
to be the severest solar storm ever to hit Earth (Townsend et al., 2003). The event of 1859 is not
unique, and there is evidence that these solar storms frequently reach Earth. (Shea et al., 2006).
The effects of such an event on today’s technologically dependent society would be disastrous
(Pelton and Allahdadi, 2015a). It is clear that we need to better understand heliophysical
phenomena. The APIS mission is designed to provide data on the large-scale time-varying structure
of Earth’s magnetosphere, which helps protects us from the radiation from solar events like the
Carrington Event (Dehant et al., 2007).
To date, heliophysics has relied on traditional large missions – monolithic satellites that take
measurements at a handful of points at best. This has been likened to trying to understand Earth’s
chaotic, interconnected climate system with just a handful of isolated weather stations (Achieving
Science with CubeSats, 2016). To better understand heliophysics, we require high-cadence
tomographic measurements of the magnetosphere from a widely distributed network of satellites.
In this project, we investigated whether satellite swarms are a suitable means to this end.
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3.2.

Project Aims and Objectives

The APIS project had two primary objectives: (a) perform a SWOT analysis investigating satellite
swarms; and, (b) design a satellite swarm mission for heliophysics research. Accordingly, we split
the primary objectives into the following goals:
•

•

3.3.

Perform a SWOT analysis investigating satellite swarms.
o

Investigate the technical potential of swarms over centrally coordinated satellites.

o

Identify new scientific and missions enabled by swarm satellites.

o

Determine the enabling technologies required to achieve the full potential of
satellite swarms.

o

Analyze the current legal and policy framework for the operation of swarm
satellites, with particular focus on registration, licensing, liability, security, and
sustainability issues.

Design a satellite swarm mission for heliophysics research.
o

Define scientific requirements originating from the 2013-2022 NASA Decadal Survey
on Solar and Space Physics (National Research Council, 2013b).

o

Analyze the scope of software needed, focusing on autonomy, efficient intersatellite communication, and the application of Artificial Intelligence (AI)

o

Derive a preliminary mission design and concept of operations that best suits the
capabilities of this new class of spacecraft

o

Assess cost-effective solutions to conduct the mission

o

Determine the legal challenges and requirements to be considered within the
jurisdiction of the United States for a swarm-based scientific mission

Project Approach

To meet the aims and objectives stated above, the APIS team prepared a project plan to outline
the structure of our work, the preparation of the deliverables required for the report, the
management of the team, and various administrative tasks.
The team separated into different groups for different phases of the project. In our Preliminary
Research and Gap Analysis Report (PRaGAR) we examined the current state of satellite swarms by
sampling research literature and preparing an annotated bibliography. In doing so, we identified
the main technology, science, legal, policy, and application aspects to consider for our SWOT
analysis.
Our SWOT analysis identified the strengths and weaknesses of satellite swarms, as well as the
opportunities and threats they face. Based on this analysis, the APIS team described multiple
potential satellite swarm applications before beginning a comprehensive study of the heliophysics
mission.
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To design the mission, we split into small sub-teams with expertise in science, mission analysis and
operations, hardware engineering, software engineering, human performance in space,
management and business, and policy, economics, and law. Each sub-team analyzed the mission
from their own perspective and fed information to other groups. The design process was both
interdependent and highly iterative; the software and communication architecture depended on
the physical design of individual satellites, which depended on mission requirements, and which in
turn depended on the mission’s science objectives.
Our design drew on previous heliophysics missions such as NASA’s proposed Magnetospheric
Constellation and Tomography (MagCat) mission (Ergun et al., 1998). Combining the technique of
magnetospheric radio tomography with satellite swarms, we designed a mission that uses swarm
satellites for multi-point measurement and variable-scale imaging of the magnetosphere. This
design could provide long-awaited data and address unanswered scientific questions.
Finally, we summarized our findings – the SWOT analysis, list of swarm applications, and our
mission design – and presented them in this report.
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4.

SWOT Analysis

A 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. The SWOT analysis of satellite swarms is presented
in Table 1. We address the advantages and disadvantages of satellite swarms through the
perspectives of engineering, science, applications, humanities, business, law, and policy.
Table 1: SWOT Analysis Chart

STRENGTHS

WEAKNESSES

•

Robustness to individual satellite failure

•

•

Combined capabilities offered by
heterogeneous swarms

Satellite swarms may not be suitable
for lower risk tolerance

•

Increased data throughput via multi-spatial
and multi-temporal measurements

Scheduling algorithms can be highly
complex

•

Complex emergent behavior can arise
from simple satellites

Navigation and communication system
design can be highly complex

•

Autonomous behavior reduces ground
operations cost

Heterogeneous swarms can be less
robust

•

Heterogeneous swarms increase
mission complexity

•
•
•
•

Calibration and verification can be
achieved through swarm communication

•

Swarm satellites could be considered a
single legal entity

OPPORTUNITIES

THREATS

•

Startups operating large numbers of
satellites

•

Satellite constellations could achieve
similar goals

•

Need for enhanced and novel data sets

•

•

New, innovative science mission concepts

Licensing and registration procedures
designed for individual satellites

•

Meeting space situational awareness
requirements

•

Potential lack of alignment with the
philosophy of space sustainability
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4.1.

Strengths

ROBUSTNESS TO INDIVIDUAL SATELLITE FAILURE:
Swarms have high robustness and resiliency, being able to continue a mission with distributed
functionality even if any satellites are damaged or lost. Intelligent algorithm design can enable
swarms to maintain and adjust their formation autonomously, as well as deal with threats such as
space hazards (Vassev et al., 2012).

HETEROGENEOUS SWARMS OFFER COMBINED CAPABILITIES:
To maximize the results of missions, especially in science and exploration, it is useful to combine
many different capabilities. Heterogeneous swarms can include swarms consisting of different
payloads, or swarms where satellites act as motherships that deploy smaller satellites. Distributed
functionality allows for multi-data type collection and adaption to new environments.

INCREASED DATA THROUGHPUT VIA MULTI-SPATIAL AND MULTI-TEMPORAL MEASUREMENTS:
Satellites in a swarm configuration can take measurements across a wide area, either
simultaneously or over time, thus increasing the output of scientific data (da Silva Curiel et al.,
2003).

COMPLEX EMERGENT BEHAVIOR CAN ARISE FROM SIMPLE SATELLITES:
Emergent behavior is a behavior that arises due to the interaction between several agents
(Winfield et al., 2005). One example of emergent behavior is swarming, in which a large number of
individuals organize themselves into a coordinated motion (Witkowski and Ikegami, 2016).
Emergent behaviors are advantageous as satellite swarms could exhibit complex behaviors with
individually simple satellites.

AUTONOMOUS BEHAVIOR REDUCES GROUND OPERATIONS COST:
Satellite swarms communicate and organize among themselves, rather than waiting on commands
from the ground. This will drive down operational costs, which increase exponentially with the
number of satellites. The operation latency will drastically reduce if the control of the swarm is
centralized via the inter-satellite link rather than dependent on contact with ground stations
(Cockrell, Alena, Mayer and Sanchez, 2012). Next-generation swarm technologies are envisioned
to possess the feature of self-organization, meaning that some degree of autonomy is essential
(Araguz, Bou-Balust and Alarcón, 2018). Autonomous satellite capabilities allow the satellite to
react to unexpected, potentially critical situations, thus addressing communication delay issues
with ground stations (Selva et al., 2017). Additionally, automation will significantly reduce the costs
and risks associated with the mission (Science et al., 2016).

CALIBRATION AND VERIFICATION CAN BE ACHIEVED THROUGH SWARM COMMUNICATION:
Individual swarm satellites maintain position, time, and calibrated instruments through distributed
communications. This results in highly accurate and, if needed, simultaneous data collection, as
well as maintenance of relative position (Rajan et al., 2018).
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SWARM SATELLITES COULD BE CONSIDERED A SINGLE LEGAL ENTITY:
The Liability Convention states, “a space object includes component parts of a space object as well
as its launch vehicle and parts thereof” (UN Resolution 2777(XXVI), I(d)). There may be types of
swarms whereby degree of interaction between the satellites means each one is able to perform
its function only as a member of the swarm, rather than as an independent entity. In space law,
this may lead to the conclusion that satellites of these types of swarm should rather be considered
“component parts” (UN Resolution 2777(XXVI), I(d)) rather than independent space objects. This
meaning can be broadened to cover connections as well as certain types of functional connections.

4.2.

Weaknesses

SATELLITE SWARMS MAY NOT BE SUITABLE FOR LOWER RISK TOLERANCE:
Satellite swarms may not yet be suitable for missions that are very risk-averse, such as human
spaceflight. The current lack of flight heritage of this mission architecture is a risk that some space
actors may not accept.

SCHEDULING ALGORITHMS CAN BE HIGHLY COMPLEX:
A large number of satellites in a swarm configuration may be time-consuming and inefficient for a
traditional mission control center operation. Multi-satellite on-board mission scheduling and
planning algorithms are required. These algorithms have a high level of complexity as they apply
scheduling optimization for every member of the swarm system and need to consider all the
constraints from hardware, software, and current situations (Zheng, Guo and Gill, 2017).

NAVIGATION AND COMMUNICATION SYSTEM DESIGN CAN BE HIGHLY COMPLEX:
Swarm formations require an active propulsion system or space environment management to
maintain the desired geometry. Taking advantage of gravity field characteristics or atmospheric
drag will reduce the consumption of propellant. However, extensive flight heritage has not been
proved so far (Reid and Misra, 2012). Formation flight is one of the possible characteristics of
swarm satellite missions. Maintaining formation to avoid collisions and avoiding external threats
require powerful and complex algorithms and communication links between the satellites (Gill et
al., 2013). Many types of swarms require enhanced communication and propulsion over traditional
constellations and single satellites (Dono et al., 2018). This factors heavily in satellite design and
mission planning.
Heterogeneous swarms contain satellites that may have specific, undistributed functions, such as
a mothership or a bus with a unique payload. If this satellite fails, there may be no redundant
option, and depending on the swarm may endanger the entire mission.

HETEROGENEOUS SWARM ARCHITECTURES INCREASE COMPLEXITY:
With a variety of undistributed functions and unique satellite, a heterogeneous swarm mission will
have increased complexity, due to the multitude of requirements. These may include additional
coding, hardware, launch profiles as well as frequency allocations.
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4.3.

Opportunities

SMALL STARTUPS OPERATING LARGE NUMBERS OF SATELLITES:
As more small companies increase their presence in space, a need for less human intervention in
operations arises. Many companies can launch large numbers of satellites due to decreasing
hardware and launch costs. The satellite swarm architecture would enable operations of large
numbers of satellites without requiring large teams of operators or extensive ground
infrastructure. The use of the distributed functionalities with swarm satellites could be a solution
for these new companies.

NEED FOR ENHANCED AND NOVEL DATA SETS:
Advancements in science and engineering, especially in Earth sciences and data collection, require
measurements on greater spatial, temporal, and spectral scales than a single sensor or satellite
(Malenovský et al., 2012). Swarms with distributed functionality and calibration can fulfill this need.

NEW, INNOVATIVE SCIENCE MISSION CONCEPTS:
Swarm satellites have many potential applications, and these are discussed further in Section 5.

4.4.

Threats

SATELLITE CONSTELLATIONS COULD ACHIEVE SIMILAR GOALS:
Satellite constellations have been successfully employed in many fields, including communications,
Earth observation, and navigation – they are a proven and reliable technology. Small satellite
constellations are increasingly used for commercial applications (Halt and Wieger, no date). Swarm
spacecraft technology requires a high level of autonomy and challenges for inter-satellite
communication and swarm navigation. Unless these technology gaps are closed, constellation
technology will be considered less risky if it can also achieve the same scientific goals (Sanchez et
al., 2018).

LICENSING AND REGISTRATION PROCEDURES DESIGNED FOR INDIVIDUAL SATELLITES:
Article VI of the Outer Space Treaty provides that states should authorize and continuously
supervise private activities in outer space carried out by their nationals. States are considered
responsible towards other states in the international community (UN Resolution 1962 (XVIII), VI).
A state that is a party to the Registration Convention is shall register every object it launches into
outer space in an “appropriate register that it shall maintain” (UN Resolution 3235 (XXIX), II) and
to provide the UN Secretary-General with certain information about registered objects (UN
Resolution 3235 (XXIX), III). States comply by these obligations through licensing and registration
procedures.
Among the different alternatives, there are certain states that require separate licensing and
registration applications for each space object, which could pose a significant obstacle for the
applications of swarms using a large number of satellites (Palkovitz, 2016). While pragmatic
package exceptions could be certainly envisaged, it is likely that the solution to this issue will
depend on whether a swarm constitutes a single space object or a series of many different ones,
as discussed above.
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If the proposed interpretation of component parts is accepted, this would simplify licensing and
registration procedures, since the entire swarm could be authorized and registered with one
application.

MEETING SPACE SITUATIONAL AWARENESS (SSA) REQUIREMENTS:
The United States Strategic Command (USSTRATCOM) defines SSA as "the requisite current and
predictive knowledge of space events, threats, activities, conditions and space system (space,
ground, link) status capabilities, constraints and employment” (Weeden, 2017).
The CubeSat unit is currently the smallest size that can be tracked by the USSTRATCOM (Serafino,
2017a). The impact of SSA requirements over the application of swarm satellites would be limited
to those swarms composed of satellites smaller than the 10 x 10 x 10 cm – the CubeSat unit. National
authorities will not authorize either the launch or the operation of such satellites. The very
presence of such satellites in space without the possibility of being tracked would, in fact, defeat
the whole purpose of SSA (Serafino, 2017b).
This threat could be addressed by developing public-private partnerships for testing new tracking
technologies, with the ultimate goal of implementing them into the USSTRAT system.

POTENTIAL LACK OF ALIGNMENT WITH THE PHILOSOPHY OF SPACE SUSTAINABILITY:
Space sustainability is concerned with ensuring that outer space remains accessible and useful
through the succession of different generations (Newman and Williamson, 2018). Overall, space
sustainability deals with the increasing crowding affecting certain regions of Earth orbits, the
scarcity of available frequency and bandwidth, and of course the prevention and mitigation of
space debris (Newman and Williamson, 2018).
The impact of swarm satellites varies depending on the features of the swarm and the scope of
the mission. A large satellite swarm in Low-Earth Orbit (LEO) may increase the risk of collisions due
to the higher number of objects in the area.
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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5.

Applications

Swarm technologies bring new capabilities to the space sector. As stated in the Project Approach,
we identified existing and potential swarm technology applications, and provided suggestions for
future swarm applications, including scientific missions, and commercial opportunities. Included
are applications of both heterogeneous and homogeneous swarms.

5.1.

Science Applications

5.1.1.

Space Weather

Chapter 3 of the current US Decadal Survey on heliophysics (National Research Council, 2013b)
highlights the impacts of space weather on critical infrastructure, such as damage to spacecraft
electronics or geomagnetically induced current in power systems. It shows the need to increase
our knowledge about the interaction of the Sun’s solar winds with Earth’s magnetic field. Chapter
9 describes strategic missions to achieve those research goals using swarm technology such as
MEDICI, MISTE and MagCat (National Research Council, 2013b).
5.1.2.

Earth Science

The European Space Agency’s (ESA) Earth sciences mission, named Swarm, is a constellation of
three satellites that provides records of geomagnetic field measurements (Olsen et al., 2013). The
mission aims to understand the correlation between Earth’s interior and its environment. In
addition to tracking variations in Earth’s magnetic field, the Swarm constellation has measured the
shift of the magnetic north pole. The shift resulted in a revision of the World Magnetic Model that
affects the daily lives of billions of people (ESA, 2019). By implementing swarm technologies, we
can build geomagnetic field models with a well-distributed global and instantaneous data set, and
hence provide higher accuracy of geomagnetic field model predictions.
5.1.3.

Earth Observation

Networks of imaging satellites have changed the way we obtain snapshots of our globe. (Monti
Guarnieri et al., 2015) proposed a swarm of satellites equipped with an advanced radar system to
enable high resolution data obtained in a much shorter time. Earth observation is also now faced
with problems of having diverse customers with different data needs. To fulfil the customer
expectation, a great diversity of equipment as well as a multitude of ground infrastructures are
required. An optimized heterogeneous network of satellites and ground stations could provide
solutions to the issue of scheduling imaging satellites (Skobelev et al., 2017). The user can make
decisions with real-time data by connecting new components dynamically.
5.1.4.

Planetary Exploration

Asteroids have long been targeted for scientific exploration missions as they are the building
blocks of the planets. Swarm technologies could be suitable for asteroid exploration. In highly
populated regions such as the Main Belt between Mars and Jupiter, swarms could take multiple
measurements from representative asteroids in a short period of time, while using their
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maneuvering capability for collision avoidance. The Asteroid Population Investigation and
Exploration Swarm (APIES), the first interplanetary swarm mission proposed to ESA, aimed to
investigate a hundred Main Belt asteroids. It consisted of two parts: a swarm of small satellites and
a carrier spacecraft. The carrier acted as the central hub for the swarm and as a relay satellite to
transmit the data back to Earth (D’Arrigo and Santandrea, 2006). The German Aerospace Center
(DLR) proposed a heterogeneous swarm mission – VaMEx (Valles Marineris Explorer) that would
employ a swarm of diverse robotic elements to explore a system of canyons on Mars to search for
signs of past and present life. It would consist of robots, rovers, and aerial vehicles that are able to
navigate autonomously, broadcast their positions, and exchange scientific data (Buinhas, Peytaví
and Förstner, 2019a).
5.1.5.

Astronomy

The Orbiting Low-Frequency Array (OLFAR) proposed a satellite swarm with interferometers to be
used in celestial sky mapping. OLFAR swarm's reference orbit was designed to achieve low radionoise environment (Rajan et al., 2016). Space-borne radio telescopes need quite large apertures
for low-frequency radio wave observation. A single large telescope is not capable of this, but a
distributed system of swarm satellites can observe cosmic radiation in a radio-silent zone. The
study of the origins and evolutionary stages of planets and stars has been proposed in other
missions (Buinhas, Peytaví and Förstner, 2019b).
5.1.6.

Gravitational Waves

Gravitational waves are disturbances in space-time that are caused by movements of giant masses
such as black holes. ESA’s Laser Interferometer Space Antenna (LISA) mission, to be launched in
2034, is designed to detect and measure gravitational waves, using three satellites that measure
the distance between each other in a very precise fashion, (Baker et al., 2019). A gravitational wave
mission using swarm technologies could increase the scientific output. Active communication
between the satellites combined with sophisticated artificial intelligence could help to maintain
the required precise spacing and orientation of the spacecraft and enhance the accuracy of the
measurements.

5.2.

Government Applications

5.2.1.

Disaster Management

Access to space should be equal to all nations worldwide. Swarm technologies can allow
developing countries to use Earth observation tools that to reduce risks impacts of natural
disasters (e.g. floods, drought, fires, and cyclones). Real-time monitoring provides decision makers
with time-sensitive information that is important to mitigate the disaster impact. Unlike large
spacecraft, multiple swarm satellites can be distributed in various orbital planes to reduce the
revisit time – the time elapsed between two successive observations of the same point on the
surface of Earth – to collect more data. (Santilli et al., 2018) proposed CubeSat constellations for
flood monitoring in a remote area of the Amazon rainforest. NASA deployed the Cyclone Global
Navigation Satellite System (CYGNSS) mission – a constellation of eight microsatellites – in LEO to
measure wind speeds over Earth’s oceans during the lifecycle of tropical cyclones (Ruf et al., 2012).
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Swarm technology missions could increase the level of detail captured and display changes over
observation time.
5.2.2.

Weather and Climate Change Observation

The use of multiple measurement obtained from swarm satellite missions can improve weather
and climate change observations. Radiometer Assessment using Vertically Aligned Nanotubes
(RAVAN) – a CubeSat mission that measures Earth’s radiation budget – could provide global diurnal
measurements needed for predicting the future trends of climate change (Swartz et al., 2019).
5.2.3.

Space Situational Awareness

Artificial debris objects orbiting Earth pose a threat to existing space infrastructure and operations,
and their number is increasing exponentially. We need technologies for their real-time detection
and removal from orbit ensure the safety and sustainability of future space activities. (Ivanov et
al., 2017) recently proposed a two-stage small spacecraft swarm mission for space debris
identification, classification, and aggregation. The first stage consists of small satellites equipped
with lidar, radar, telescopes and/or laser-gated and multispectral cameras, all responsible for in situ
observation of debris. In second stage, a satellite swarm deploys a net for capturing the space
debris and carries out orbital maneuvers for bringing the debris down to lower orbit. Swarm
satellites can provide rapid responses for eliminating imminent threats of collision.
To complement the above swarm applications, we conducted brainstorming to collect ideas on
new swarm applications. These are listed below:
•

To enhance our planetary defense capabilities, we could station swarm motherships in
distant orbits. These motherships would house a large number of two types of small swarm
spacecraft: surveyors and interceptors. The surveyor swarm would be equipped with a
suite of sensors, such as lidar and radar, and be sent first to analyze an approaching and
potentially hazardous near-Earth objects (NEO). The mothership receives the data from the
surveyor swarm and dispatches a swarm of interceptors to the NEO. Having observed the
interception maneuver and confirmed its success, the surveyors would return to the
mothership to recharge for future missions. The exchange of data between all swarm
spacecraft also enables the use of a minimum number of interceptors, making multiple
missions possible. This would allow fast and flexible responses to threats by NEOs.

•

To expand our exploration in the solar system, we could design a swarm-based platform
for multiple planetary explorations. Considering the time and efforts required for planning
missions for exploring one planet, it would be beneficial to develop a generic system that
can be used for various planetary explorations – similar to ESA using the same bus for
Venus Express, Mars Express and Rosetta. The mission will consist of two parts: a
heterogeneous swarm that contains a large spacecraft acting as a carrier, and a docking
station and robotic swarms for servicing, refueling, and maintenance. A set of
homogeneous swarms that consist of multiple satellites carrying sensors, cameras, and
scientific equipment commonly used in planetary exploration missions. We hypothesize
that this new platform could decrease mission cost significantly, due to the reusability of
swarm technologies for various planet observations.
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•

Another potential application for swarm architectures is that of high-risk science and
exploration missions. A mothership containing multiple sacrificial probes could examine
hostile environments, such as Venus, and easily lose several spacecraft while stitching
together their data outputs.

•

Swarm technologies could also be used for collecting space debris that can be recycled to
provide feedstock for 3D printing and in-orbit manufacturing.

6.

Human Performance in Space

6.1.

Human Spaceflight Roadmap

The international human spaceflight roadmap anticipates crewed missions to the Moon, nearEarth objects and Mars in the coming decades (ISECG, 2018). While there is significant experience
of humans living and working on-board various spacecraft and stations in LEO, notably the
International Space Station, only Apollo astronauts have left the protection of Earth’s
magnetosphere.
6.1.1.

Ionizing Radiation in Space

Earth’s magnetic field acts as a shield from the biomedical risks of exposure to space radiation
(Chancellor, Scott and Sutton, 2014). The most dangerous form of radiation is ionizing radiation,
which carries enough energy to remove closely bonded electrons from atoms or molecules,
thereby ionizing them. Ionized atoms and molecules can result in adverse health effects. There are
three types of ionizing radiation in space: galactic cosmic radiation, solar energetic particles, and
trapped radiation.
Galactic cosmic radiation comes from outside our solar system and consists mostly of high-energy
protons and alpha particles. Solar energetic particles are released by the Sun in solar particle
events (SPEs), which can result in sudden, intense storms. Radiation from outer space that gets
captured in Earth’s magnetic field, such as in the Van Allen belts, is called trapped radiation. Figure
1 illustrates these concepts.
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Figure 1: The interplanetary space environment showing galactic cosmic radiation and solar particle events.
Figure courtesy of NASA/JPL-Caltech

6.1.2.

Effect of Space Radiation on Astronauts

Exposure to space radiation can result in acute or chronic radiation syndrome. Acute radiation
syndrome can develop if a large dose of radiation is received in a short amount of time. Typical
acute radiation syndrome symptoms include nausea, vomiting, fatigue, and central nervous system
diseases. Chronic radiation syndrome is exposure to lower doses of radiation over a long period of
time. Chronic radiation exposure can lead to an increased risk of cancer or degenerative cardiac
disease, as observed in Apollo astronauts (Delp et al., 2016). There is much to be discovered about
the full impacts of radiation on humans – acceptable levels of risk for space exploration beyond
LEO have not been defined at this time (Walsh et al., 2019). This raises further questions about the
ethics of using humans as explorers in potentially harmful environments.
6.1.3.

Space Radiation Mitigation Research

Before we start to plan crewed missions to regions outside Earth’s magnetosphere, we need to
design protocols for mitigating space radiation. A consensus-based report by the United States
National Academy of Science has provided recommendations for technology investment, the top
five of which are listed in Table 2.
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Table 2: Top five technology investment recommendations by US National Academy of Science (2008)

1

Radiation biology research

Study radiation impact on life in ground facilities

2

Testing
transport
predictions

3

Research on SPEs

4

Empirical data for shielding
Test shielding design efficiency
design

5

Forecasting of SPEs

code Compare the current model of radiation diffusion with
actual measurements
Improve qualitative and quantitative prediction of SPEs

SPE spatial and temporal awareness

Temporally and spatially distributed measurements by swarms would strongly benefit human
exploration research – in particular, transport code predictions and SPE forecast models.
6.1.4.

APIS Mission Contribution

The APIS mission will make measurements focusing on the magnetotail area, and this data will be
useful crewed outer space exploration.
First, the APIS mission will help characterize the spatial and temporal radiation environment of
Earth’s magnetosphere, an area that crewed spacecraft will need to go through on their way to
and from outer space. Second, enhanced understanding of the relationship between the
magnetosphere and SPEs will improve the models we use to predict solar storms. Third, a better
understanding of Earth’s magnetotail will give us insight into the composition and behavior of the
magnetotail of Mars. Despite the fact that Mars lacks an intrinsic magnetic field, it still has a
magnetosphere as a consequence of the interplanetary magnetic field draping around the planet.
Even with a different formation mechanism, its magnetotail is still known to have significant
similarities with Earth’s (Dibraccio et al., 2015).

7.

Heliophysics

7.1.

Science Background

7.1.1.

Heliophysics

Our home planet lies close to a vast, unpredictable, and powerful nuclear furnace — the Sun.
Though it lies almost 150 million kilometers away, the Sun has a profound effect on Earth and the
solar system as a whole (Schrijver and Siscoe, 2009).
People have always seen the auroras as portents and omens of weather. Finnish fishermen called
the lights “windlight” (Brekke and Egeland, 1983). The Gunai of south-eastern Australia made a link
between the bushfires that sweep across Australian forests to the red hues of the southern
hemisphere aurora, claiming it was evidence of bushfires in the spirit realm (Hamacher, 2015).
Today we recognize the increase of auroral activity as a result of the Sun’s solar maximum, the
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peak every 11 years when the Sun’s activity, including sunspots and solar flares, is at its highest
(Northern Lights: What Causes the Aurora Borealis & Where to See It, 2017). Just as the Aboriginals
guessed, we know now that we are affected by solar weather. Strong solar flares and rays can
negatively affect electronics, power grids, and vital spacecraft such as navigation and
communication satellites. Although we might not be able to tell just from auroras, we are
dramatically affected by changes in space and Sun weather. Heliophysics and magnetosphere
science is critical to understanding our space environment and to ensure a safe future for those on
Earth.
The interactions between the Sun and the rest of the solar system fall within the relatively young
field of heliophysics, which NASA defined in 2005 as follows:
“Heliophysics is the comprehensive new term for the science of the Sun - solar system connection,
the exploration, discovery, and understanding of Earth's space environment, and the system science
that unites all of the linked phenomena in the region of the cosmos influenced by a star like our Sun”
(NASA, 2005)
A key feature of this description is “the exploration of Earth’s space environment.” The
heliosphere — the bubble of space under the direct influence of the Sun — extends from the stellar
surface to the outer edges of the solar system. As a spacefaring species, we can physically explore
this region with satellites, thereby experimentally testing our understanding of heliophysics
(Schrijver and Siscoe, 2009).
This places heliophysics in a privileged position — few other branches of astrophysics lend
themselves to in situ experimentation, and no other impacts day-to-day life so profoundly.
Heliophysics governs processes occurring around stars strewn throughout the universe, and we
are lucky to have a natural laboratory to study these processes close to home.
7.1.2.

The Magnetosphere

The dominant force in the heliosphere is the solar wind, the fast-moving, hot and tenuous stream
of charged particles constantly emanating from the Sun (Kivelson, 1995). When the solar wind
encounters a planetary magnetic field, it flows around the obstacle like water around a rock
(Schrijver and Siscoe, 2009).
Figure 2 illustrates the above concept, with the following labels: Earth’s magnetosphere is shaped
by the pressure of the solar wind (1), and a torrent of charged particles that our Sun ejects
outwards to interplanetary space. The solar wind interacts with Earth’s internally generated
magnetic field, which decelerates at the bow shock (2), forming a shock wave. The boundary
region at which the pressure of the solar wind is equivalent to Earth’s compressed upstream
magnetic field is called the magnetopause (4). This region is nearly impenetrable and is located
between geosynchronous orbit and the orbit of the Moon. The boundary layer between the
plasma bow shock and the magnetopause is the magnetosheath (3), a transitional region where
the density of particles significantly reduces compared to the bow shock. Trapped electrons form
two further structures, the inner and outer Van Allen radiation belts. The complex internal
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structure of the magnetosphere evolves depending on factors such as solar activity. Open field
lines connect to Earth’s polar caps where energetic electrons or protons contribute to auroras. The
magnetic field lines carried by the solar wind sweep in to the magnetotail (5), the teardrop shaped
tail of the magnetosphere illustrated. Within the magnetotail, a dense plasma sheet (6) separates
the magnetotail’s north and south lobes near the equatorial plane.

Figure 2: The structure of Earth’s magnetosphere.

Astronomers have observed the collision and interaction of the solar wind and planetary magnetic
fields across the solar system, from Mercury’s weak magnetic field to the impressive auroras on
Jupiter and Saturn (Smith et al., 1979; Clarke et al., 2009; Winslow et al., 2013). Closer to home, the
interaction between the solar wind and Earth’s magnetic field sculpts a structure known as the
magnetosphere, within which Earth’s magnetic field is the dominant force (Schrijver and Siscoe,
2009). Figure 2 explains the simplified structure of the magnetosphere. Despite occurring on our
astrophysical doorstep, some key physical processes connecting the solar wind and the
magnetosphere remain poorly understood (Schrijver and Siscoe, 2009). These unanswered
questions motivate a steady stream of ongoing research.
Understanding the magnetosphere is not only scientifically interesting, but also vital for today’s
technologically dependent society. Energy transferred from the solar wind to the magnetosphere
triggers electromagnetic storms on Earth, knocking out power grids and infrastructure such as
communication networks, navigation, and transport. The effects of these geomagnetic storms on
spacecraft can also be disastrous (Pelton and Allahdadi, 2015b). Given these practical and scientific
motivations, understanding magnetospheric interactions and processes has been a driving
requirement for decades of space science missions.
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7.2.

Previous Heliophysics Missions

More than 20 science missions have flown with the aim of investigating Earth’s magnetosphere,
and more mission proposals exist on paper. After decades of single-point measurements,
multipoint imaging of the magnetosphere is central to upcoming heliophysics missions.

Figure 3: Heliophysics fleet performing investigations of Earth's extended magetosphere. Image courtesy of
(NASA, 2017a)

One notable mission that gathered distributed in situ measurements is NASA’s ongoing mission
THEMIS (Angelopoulos, 2008) The mission, launched in 2007, comprises five satellites in the
magnetotail and has provided 12 years of data collection to date. The payload addresses the
science goal of investigating substorms, magnetic phenomena that release energy and intensify
auroras.
Another mission capable of collecting three-dimensional information on Earth's magnetic
environment and its interaction with the solar wind is ESA’s Cluster mission, launched in 2000 and
still operational. Four satellites flying in a tetrahedral formation probe the interactions of electrons
and waves in Earth's magnetic environment (Escoubet, Fehringer and Goldstein, 2001).
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An upcoming CubeSat mission designed to study solar particles in a three-month mission and to
act as a pathfinder for a network of “Space Weather Stations” is NASA’s CubeSat for Solar Particles
(CuSP). The mission is planned to launch with the Space Launch System in 2021 and consists of a
single 30 x 20 x 10 cm CubeSat in a Sun-pointing, trans-lunar, heliocentric orbit at 1 AU. CuSP is
particularly noteworthy for its miniaturized instruments.
NASA’s MMS (Magnetospheric Multiscale) mission provides unprecedented high‐time resolution
multipoint particle and field measurements (Karlsson et al., 2018). Launched in 2015, MMS has a
highly eccentric orbit and operates in Earth's magnetosphere using four identical spacecraft flying
in a tetrahedral formation. MMS deals with the microphysics of magnetic reconnection, energetic
particle acceleration, and turbulence, processes that occur in astrophysical plasmas.
Additionally, a group of microsatellites performed simultaneous multi-point measurements of
Earth’s magnetic field as part of NASA’s ST5 (Space Technology 5) 90-day mission. This mission
flew in 2006 and tested 10 new technologies to pave the way for future multi-satellite missions
such as MMS and THEMIS. ST5 also contributed to an early understanding of the magnetosphere’s
dynamic nature (Young, 2007).

7.3.

Case Studies

The science community has recognized for decades the need for satellites to make simultaneous,
distributed heliophysics measurements. The distributed architecture of swarm satellites lends
itself to high spatio-temporal range measurements (Klein et al., 2019), making it a promising
architecture for such a distributed measurement mission. Two case studies of proposed magnetic
constellations provide insights on how the APIS swarm will perform a next generation heliophysics
mission. The case study missions are NASA’s MagCon and MagCat, both of which were designed
to probe Earth’s plasma-sheet and magnetotail (see Figure 2). NASA planned these missions to
determine how the magnetosphere stores, processes, and releases energy in the magnetotail and
accelerates particles to the inner radiation belts. The missions’ secondary scientific objective was
to study how Earth’s magnetosphere responds to variable solar wind and how this influences the
boundary between the solar wind and Earth’s magnetic field, the magnetopause. Neither mission
reached further than a concept because of budget constraints.

7.4.

The Magnetospheric Constellation – MagCon

The proposed Magnetospheric Constellation (MagCon) mission, shown in Figure 4, was designed
to perform distributed in situ measurements of the magnetic field, plasma, and particles in such a
way as to “revolutionize our understanding of the magnetospheric response to dynamic solar wind
input and the linkages across systems” (Guan and Kepko, no date). The mission concept proposed
a constellation of up to 36 small satellites weighing 30 kg each with a typical spacing of 1–2 RE (Earth
radii), using orbits with perigees in the 7-8 RE range and apogees dispersed uniformly up to 25 RE
(National Research Council, 2013, pg. 251). Each spacecraft was designed with a boom-mounted
magnetometer and a three-dimensional plasma analyzer to measure Earth’s magnetic field. A
simple energetic ion-electron particle telescope was also included to analyze charged particle
energization, loss, and transport throughout the heliosphere.
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Figure 4: MagCon mission concept placed over a computer simulation of Earth’s magnetosphere (NASA Science
and Technology Definition Team for the Magnetospheric Constellation Mission, 2004)

7.5.

The Magnetospheric Constellation and Tomography – MagCat

The Magnetospheric Constellation and Tomography (MagCat) mission was designed to provide
the first global images of the magnetosphere. (National Academy of Sciences, 2016) The mission
was designed to examine plasma plumes in the magnetosphere, acquire reconstructed images of
plasma density and turbulence using radio tomography, and measure three-dimensional ion and
electron distributions. Tomography, which gives maps of plasma density (Zhai et al., 2011), is a key
facet of the APIS mission.

7.6.

Scientific Motivation for APIS

Recent missions have improved our understanding of small-scale physical processes in the
magnetosphere, such as magnetic reconnection and plasma currents (Angelopoulos et al., 2008).
In 2004, NASA stated that MagCon’s database of dispersed measurements would allow us to
“emerge from a long and frustrating hiatus” (NASA Science and Technology Definition Team for
the Magnetospheric Constellation Mission, 2004). Despite the numerous heliophysics missions
that have flown, plasma turbulence and the formation of plasma structures are still elusive and can
only be understood with large-scale multi-point measurements (National Research Council, 2013a;
Matthaeus, 2019).
The APIS mission will use a suite of instruments to bridge this gap by providing large-scale maps of
plasma density and turbulence in the magnetotail — a need that (R. E. Ergun et al., 2000) identified
as early as 2000. The swarm architecture will allow the temporal and spatial resolution of the
tomographic maps to vary over the mission.
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By providing these high-resolution maps, the APIS mission will address two of the four key science
goals set out in the 2013 decadal survey on heliophysics (National Research Council, 2013a). The
baseline tomography measurements meet the spatial resolution (0.5 RE), and cadence (15 s)
targets set out by the decadal survey, and the high-resolution operational modes comfortably
exceed both these targets. The APIS mission goals, based on the decadal survey and past, current,
and future heliophysics mission, have two main scientific goals:

GOAL 1: DISCOVER AND CHARACTERIZE FUNDAMENTAL PLASMA PROCESSES IN THE MAGNETOSPHERE:
The APIS mission is designed to measure plasma flows and turbulence in the magnetotail using
radio tomography and in situ measurements. The use of a swarm architecture to produce highresolution, small-scale tomographic maps as well as large-scale observations will help explain key
plasma processes that occur not only in the magnetosphere but also in magnetized plasmas across
the universe (Schrijver and Siscoe, 2009). These processes, such as turbulence in a magnetized
plasma, require multi-scale multipoint measurements to be fully understood (Matthaeus, 2019).

GOAL 2: DETERMINE THE DYNAMICS AND COUPLING OF EARTH’S MAGNETOSPHERE AND THE RESPONSE TO
SOLAR INPUTS:
The operational architecture of the APIS mission allows simultaneous plasma density
measurements of both the magnetotail and the Sun-facing magnetosphere. The data provided by
the APIS mission will uncover couplings in plasma density between different parts of the
magnetosphere. Our orbital design allows detailed multi-plane measurements of plasma density in
the magnetotail, providing long-awaited data to the heliophysics community (R. E. Ergun et al.,
2000) at unprecedented spatial and temporal resolutions. This data will provide an insight into the
plasma dynamics of the magnetosphere in response to solar variation.

7.7.

Region of Interest

The APIS mission will provide measurements in two initial regions of interest by launching two
groups of swarm satellites. These two regions will be in: 1) A near-equatorial orbit in the
magnetotail, and 2) A polar orbit that sweeps through the magnetotail and the sunward
magnetosphere over the course of a year. The region of interest for both orbits is 8–12 RE from
Earth, where a host of scientifically interesting processes occur.
After creating large-scale tomographic maps, the satellite swarm will then move on to the second
phase of science operations and produce high-resolution maps of selected areas within the
magnetotail.

7.8.

The Magnetotail

One group of satellite swarms will be placed in a highly eccentric polar orbit carrying them through
the magnetotail, the teardrop shaped tail of the magnetosphere streaming away from the Sun
shown in Figure 2.
Our region of interest is 8-12 RE, where key physical processes such as magnetospheric instabilities,
plasma flows, morphological changes associated with geomagnetic storms, and turbulence occur
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(R. E. Ergun et al., 2000; Angelopoulos, 2008; Matthaeus, 2019). Thus, this region has been
intensely studied by previous missions, although at smaller spatial scales than we propose. Initial
science observations will provide the big-picture data required to understand the region and the
processes happening there. The high-resolution follow-up observations will then study these
processes in more detail.

7.9.

Polar Plane

A secondary plane of APIS mission swarm satellites will orbit on the same scale (8-12 RE), nearly
perpendicular to the first plane. This plane will sweep through the magnetotail and the sunward
magnetosphere over the course of the year. While in the magnetotail, the group of satellites in the
polar plane will be able to enhance downstream measurements by increasing the region of focus.
While in the sub-solar magnetosphere, the swarm satellites will be able to measure sun-side
dynamics. The measurements of plasma densities both up- and down-stream of Earth will uncover
couplings and dynamics in Earth’s magnetosphere.

7.10.

APIS Measurements

It is not possible to directly image the large-scale plasma structure in the magnetotail. In situ
measurements would require an extremely high number of satellites to achieve the desired
resolution. Therefore, we propose to use radio tomography to reconstruct the spatial distribution
of plasma. Tomography is the process of imaging with the use of penetrating waves. Waves are
transmitted along many intersecting lines of sight through a region of interest. The density integral
along each of these lines is derived from the delay in transmission. With many of these line
integrals, an estimate of the density map of the region can be produced, as shown in Figure 5.
Tomographic methods are well developed for medical imaging. Examples include computed
tomography (CT) scanning and medical ultrasound. The APIS mission uses radio tomography to
create estimates of the plasma density in the magnetotail. Radio signals are transmitted between
the satellites and the time delay of each signal is measured. The time delay of the signals is directly
related to the total plasma density along the line of sight. A map of the plasma density is
reconstructed by mathematically combining the line of sight density measurements.

Figure 5: Simplified Tomogrpahy Sketch
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The study of the magnetosphere using spacecraft has been proposed (R. E. Ergun et al., 2000) and
tested (Zhai et al., 2011). Outside the magnetosphere, International Sun-Earth Explorer 1 and 2 have
demonstrated the ability to derive the electron density in the solar wind through radio wave
propagation (Etcheto, De Javel and Petit, 1978). With measurements between multiple spacecraft,
the APIS mission will be capable of investigating the large-scale plasma density structure.
The primary region of interest for the mission is the magnetotail, in the range of 8-12 RE from Earth.
Given the technological limitations of radio transmission, radio propagation measurements with
an acceptable signal to noise ratio cannot feasibly be made across such large distances. Therefore,
we focus on the region of interest defined above. This region contains a sufficiently significant
plasma structure to meet the scientific goals. The desired resolution of the tomographic
reconstruction is 0.5 RE. Given the desired resolution of the resultant tomographic image 𝑅𝑠 and
the effective diameter of the area of interest, 𝑑, the approximate number of linear integrations
required is 𝑁 > 𝜋𝑑/𝑅𝑠 . The orbital characteristics and the number of spacecraft must meet this
driving science requirement.
Radio tomography relies on the propagation delay of radio waves in plasma. The APIS mission
satellites use two basic methods to measure the characteristic delay along a line of sight. The first
method is known as differential phase (Leitinger, 1994) and requires two coherent radio signals
with different frequencies. The phase velocity of a radio signal in a plasma depends on the
frequency and the plasma density. The phase of a probing frequency is compared to the phase of
a reference frequency transmitted through the plasma. The resulting phase delay depends on the
plasma density as follows:
𝜔1 𝑒 2
1
1
Δ𝜙1 = (
)( 2 −
) ∫ 𝑛 𝑑𝐿
2𝜀0 𝑚𝑒 𝑐 𝜔1
𝜔𝑟𝑒𝑓 2
where 𝜔1 is the probing frequency, 𝑒 is the electron charge, 𝜀0 is the vacuum permittivity, 𝑚𝑒 is the
electron mass, 𝜔𝑟𝑒𝑓 is the reference frequency, and 𝑛 is the total electron content (R. E. Ergun et
al., 2000). If the phase delay is greater than 2𝜋, the second method of delay measurement must
be employed. Group delay (Davies, 1989) resolves the phase delay that is proportional to total
electron content:
𝑒2
1
1
Δt𝑔 ≅ −
( 2−
) ∫ 𝑛 𝑑𝐿
2𝜀0 𝑚𝑒 𝑐 𝜔1
𝜔𝑟𝑒𝑓 2
where 𝑒 is the electron charge, 𝜀0 is the vacuum permittivity, 𝑚𝑒 is the electron mass, 𝜔1 is the
probing frequency, 𝜔𝑟𝑒𝑓 is the reference frequency, and 𝑛 is the total electron content (R. E. Ergun
et al., 2000). ∫ 𝑛 𝑑𝐿 is directly proportional to the total electron content. By combining the
methods of differential phase and group delay, we can derive the total electron content. A longwavelength probing frequency is desired because both types of delay are inversely proportional
to frequency.
In situ measurements of the magnetic field and the plasma density are required to interpret the
tomography measurements correctly. The scientific measurements must also be correlated with
time and position data to produce a complete picture of the magnetotail environment.
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7.11.

APIS Science Requirements

Table 3 and Table 4 summarize the scientific motivation and requirements of the APIS mission, as
well as the measurement accuracies required. These requirements are based on the decadal survey
and previously proposed missions, and can be feasibly achieved with current technology (R. Ergun
et al., 2000; Angelopoulos, 2008; National Research Council, 2013a; Desai et al., 2019).
Table 3: Science Requirements

Science
Requirement

Best Case

Baseline

Minimum

Large-Scale Radio
Tomography Phase

Multiplane
tomographic maps of
the magnetotail 8-12 RE
downstream and the
subsolar
magnetosphere at 8-12
RE upstream with 0.5
RE resolution. All
measurements at 5 s
cadence.

Tomographic maps of
the magnetotail 8-12
RE downstream and
the subsolar
magnetosphere at 812 RE upstream with
0.5 RE resolution. All
measurements at 10 s
cadence.

Tomographic maps
of the magnetotail 812 RE downstream
with 0.5 RE
resolution. All
measurements at 15 s
cadence.

Fine-Scale Radio
Tomography Phase

High-resolution
tomographic maps of
small regions of the
magnetotail 8-12 RE
downstream at 0.025
RE spatial resolution.
Measurements at 2 sec
cadence for short
bursts.

High-resolution
tomographic maps of
small regions of the
magnetotail 8-12 RE
downstream at 0.05
RE spatial resolution.
Measurements at 3
sec cadence for short
bursts.

High-resolution
tomographic maps of
small regions of the
magnetotail 8-12 RE
downstream at 0.1 RE
spatial resolution.
Measurements at 5
sec cadence for short
bursts.

In situ
measurements to
anchor tomography

Measurements of
magnetic field, electric
field, plasma energy
distribution, plasma
density at 2 sec
cadence.

Measurements of
magnetic field, plasma
energy distribution,
and density at 3 sec
cadence.

Measurements of
magnetic field and
plasma density at 5
sec cadence.

Positional
Knowledge

0.01 RE

0.01 RE

0.01 RE

Time Knowledge

0.01 microseconds

0.01 microseconds

0.01 microseconds

Duration of science
observations

1 Solar cycle
(11 years)

2 years

4 months
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Table 4: Measurement Accuracy Requirements

Measurement
Accuracy
Radio
Tomography Plasma
Density

Range

Resolution

Cadence

0.05 cm3 - 150 cm3

2 % error acceptable

Variable, up to 2 s

Magnetic Field

0-2000 nT

0.025 nT

Variable, up to 2 s

Plasma Particle
Energy

5 eV – 1 MeV

Energy accurate to
Variable, up to 2 s
15-20 %

In situ plasma density

0.05 cm3 - 150 cm3

2 % error acceptable

7.12.

Mission Overview

7.12.1.

Science Mission Profile

Variable, up to 2 s

As stated in Section 7 the APIS mission will address key physical processes in the magnetosphere,
including: how plasma enters the magnetosphere; the formation and dynamics of the plasma
sheet; the formation of plasma structures in response to solar wind variability; and turbulence in
a magnetized plasma (National Research Council, 2013b). By using a swarm architecture, the APIS
mission will provide large-scale, high-resolution tomographic maps that exceed the targets set out
in the 2013 decadal survey on heliophysics (National Research Council, 2013b).
The key scientific feature of the APIS mission is the swarm-enabled ability to vary the temporal and
spatial resolution of its tomography measurements. This will provide the precise data needed to
understand key Heliophysics processes.
7.12.2.

Requirements

The APIS mission requirements are derived from the science requirements of Table 3 in Section
7.1.1. Table 5 summarizes the most important parameters that we need to consider for all the
different systems. Table 6 and Table 7 present the spacecraft requirements, and communication
and operations requirements respectively.
Table 5: Mission Requirements

1

Launcher

Capability to launch 40 spacecraft of 24 kg to two highly elliptical
orbits.

3 Mission length

4 months science phase

4 Orbit altitude
requirements

Apogee of 8 RE to 14 RE, 1 polar and 1 near-equatorial plane
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Table 6: Spacecraft Requirements

1

Attitude stabilization

3-axis stabilized

2

Mass

21.8 kg

3

Power

63.2 W

4

Volume

12 U

5

ISL Data Rate

≥100 kbit/sec

6

Pointing

≤ 5∘ accuracy, ≤ 2∘ knowledge

Table 7: Communications and Operations Requirements

1

Ground station passes

1 pass every 2 days, 1 hour window

2

Antenna size

98 x 98 mm

3

Data volume per pass per satellite

40–400 MB

4

Uplink and downlink frequency

2.45 GHz

5

Average power available for communication
(RF power)

4 W average (RF power)

6

Downlink data rate

≥ 20 mbit/sec

7.12.3.

Mission Concept

The APIS mission architecture is designed to meet the scientific requirements. It constitutes a
homogeneous satellite swarm spread over two orbits, polar and near equatorial, as simulated in
Figure 6 developed on the Orbit Determination Tool Kit with AGI’s (Analytical Graphics, Inc)
Systems Tool Kit (STK). The swarm satellites will exhibit emergent behavior by cooperating to
achieve tomography measurements, reference-free calibration of instruments, clock
synchronization, and data handling. The agents are capable of inter-satellite links (ISLs) allowing
them to communicate amongst themselves.
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Figure 6: Mission Design

The presented orbits meet a set of requirements, derived from the science objectives. Table 8
shows the mission orbital parameters (the right ascending node and the argument of perigee will
depend on the time and date of the launch and is therefore not mentioned)
Table 8: Mission Orbital Parameters

Parameters
Apogee
Perigee
Inclination

Value

14 RE from the center of Earth in order to
13 RE (altitude) enclose the region of interest, defined in by
the science objectives.
500 km (altitude) Higher than ISS orbit
~0∘ and ~90∘

Number of satellites in each
plane
Eccentric anomaly of the nth
satellite

Comments

𝑖

One inertially locked in polar, other
processes

20

Train formation, 18∘ of angular separation

360 ∘
𝑛
20

18∘ of angular separation, n is the satellite
number (between 1 and 20)

Mission operations consist of science, inter-satellite link and ground operation phases. In the
course of one orbit, they are subdivided as depicted in Figure 7.
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Figure 7: Mission Operational Phases

The green region indicates the ground link for the mission. Due to the highly eccentric orbit, each
satellite will have a window of ~1-2 hours per orbit for communication with the ground station. The
agents will distribute data amongst the swarm and queue it in order of importance to the science
mission for downlink. The sharing and queuing allow for an effective downlink window of up to 20
hours.
The region between the perigee and 8 RE is dedicated for other functions, such as solar cell
charging, orbital maneuvering, attitude control, etc.
The red region highlights the science phase of the orbit. Here, the swarm performs tomography
and plasma measurements. If one of the satellites recognizes interesting physical phenomena, the
swarm increases the rate of measurement by consensus.
The capabilities of the science payload and ISL will be stronger in the region of 8 to 14 RE (red
region). At the apogee the satellites slow down due to orbital dynamics and the distance between
them is reduced to enable better communication between the agents. For this reason, the red
region also indicates where inter satellite links are established in the swarm.
ISL coordination is critical to preserve important data and is performed most effectively near
apogee. Individual agents perform science logging preferentially during the ascending phase
(agents moving from perigee to apogee). This ensures that the data packages are exchanged
amongst the satellites near apogee.
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Figure 8: Science Phase using ISLs

7.12.4.

Enabling Technologies

The APIS mission comprises a swarm of 40 satellites orbiting Earth, with a perigee of 500km and
an apogee of 8–14 RE. Table 9 presents the top level APIS mission requirements for navigation and
communication. The large number of satellites and the significant distance of the swarm from the
ground station offers various technological challenges for the mission, e.g., navigation without
GNSS.
For example, how will the swarm satellites find their positions and synchronize their on-board
clocks, in the absence of GNSS satellite connectivity? To address these challenges within the
swarm, and to minimize Earth-based communication, the APIS mission will offer distributed
solutions for navigation and communication
There are two critical swarm capabilities – (a) Autonomy: the ability of the swarm to make
decisions without orders from Earth, and (b) Cooperative behavior: the ability of individual
satellites to work with each other.
Table 9: APIS mission navigation and communication requirements

Parameter

Value

Number of satellites

40

Max distance between the satellites
Antenna

8 RE
15 m half wave dipole

Data rates

20 Mbits/s

ISL budget

100 kbits/s

Storage capacity
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Measurement resolution
Time spacing of measurements

3 seconds
2– 5∘

Pointing accuracy
Relative radial velocities
Satellite spacing

200 m/s
2–8 RE

GNSS access

2.6 hours
0.01 µs

Time accuracy

7.12.5.

0.5 RE

Autonomy

Autonomy is achieved by implementing the following features: self-configuration, selfoptimization, self-healing, and self-protecting (Truszkowski et al., 2004a).
●

Self-configuration:
The ability of the swarm to reconfigure/reposition/relocate with minimal input from Earthbased operators.

●

Self-optimization:
The satellites can check and validate the measurements from their own sensors to check
for anomalies. The swarm also ensures calibration and accurate data by analyzing
measurements from multiple satellites.

●

Self-healing:
The swarm adapts and continues its mission if individual satellites suffer failures, whether
external – space hazards – or internal.

●

Self-protecting:
The swarm detects and anticipates potential hazards and can reconfigure to protect itself.

If an autonomous system has the authority to make changes to its command, and behaves in an
unexpected way, it will reduce the level of trust between the system and its operators (Alves et al.,
2018). Changes in trust levels will complicate mission design and may necessitate the creation and
installation of safeguards that further increase system complexity. The APIS mission will use
artificial intelligence, which includes distributed optimization, machine learning, and biomimicry.
To this end, the APIS mission will facilitate distributed functionality, enabling emergent behavior
of the satellite swarm. The following sections address challenges, specifically on navigation and
communication.
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7.12.6.

Navigation

Radius (m)

A single satellite in the APIS mission has the visibility of GNSS satellites for a few hours per orbit.
Figure 9 shows the evolution of the orbital altitude over a few days. Therefore, the satellite swarm
would rely significantly on relative navigation algorithms for the mission duration. Using two-way
communication, the satellites must synchronize their on-board clocks, measure their relative
position, and verify their attitude calculated from star trackers and sun sensors.

Time
Figure 9: Altitude of satellite over time. Horizontal line indicates altitude of GNSS constellation

7.12.7.

Clock Synchronization

The on-board clocks of the satellite swarm in the APIS mission need to be synchronized for
navigation, communication, and addressing the science mission (Sundararaman, Buy and
Kshemkalyani, 2005). The radio tomography requires accurate transmission and reception (Tx/Rx)
at frequencies of 10 MHz and 30 MHz, which is identical to the wavelengths used in interferometry
at ultra-long wavelength radio astronomy (Rajan, Bentum and Boonstra, 2013). The intrinsic
stochastic noise on the clock is typically measured in Allan deviation over a coherence time period
(Allan, 1966). The Allan deviation requirements for clocks at these wavelengths are of the order of
10-13, which is typically achieved by oven-controlled crystal oscillators or Rubidium standard clocks
(Allan, 1966). To ensure programmable output frequencies, we propose the use of VCXO Si570,
which additionally offers a low-jitter clock output for the range of 0.01–1.4 GHz (Silicon Labs, 2018).
The in-depth study of available clocks is beyond the scope of this project.
One of the solutions to align all the on-board clocks within the swarm, is clock synchronization
based on time-stamping. Given a time-varying mobile network of satellite swarms, the first-order
clock errors, i.e. clock offset and clock drift, can be estimated jointly along with the time-varying
distances between the satellites (see Figure 10). The satellites will employ two-way ranging, to
collect the transmit and receive time-stamps. Typically, these measurements are input parameters
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to optimization algorithms, for estimating the unknown clock and distance parameters. In (Rajan
and van der Veen, 2015) a constrained least squares algorithm is proposed, to estimate to estimate
these unknown parameters using only time-stamp measurements between the satellite.
Furthermore, these algorithms can be used provided, as each satellite has at least a single
communication link. In addition, a reference for the clock is chosen arbitrarily in the network, and
alternatively data-driven references are chosen from the network (Rajan and van der Veen, 2015).
The achievable timing accuracy using these algorithms is directly proportional to the bandwidth of
communication (i.e. number of time-stamps exchanged), and the signal-to-noise ratio of the
signals.

Figure 10: Clock synchronization for time-varying mobile network of satellites

7.12.8.

Relative Positioning

In the APIS mission, each satellite will have full access to GNSS signals for only a few hours per
orbit. GNSS for navigation will be unsuitable for this mission. The swarm enables collective
navigation – the satellites’ relative position to each other can be constantly determined. (Huff,
Schultz and De Haag, 2017) present method of obtaining accurate absolute and relative position
estimates of a swarm of small unmanned aerial systems is possible. Each satellite will require a
GNSS unit, an Inertial Measurement Unit (IMU) and an inter-satellite link. When available, GNSS
signal measurements are integrated with the estimated relative positions, to determine the
absolute position of the satellites.
For an immobile network, in the absence of a reference e.g. GNSS, the relative position of the
satellites can be estimated using multi-dimensional scaling like algorithms (Borg, Groenen and
Mair, 2013). Furthermore, (Lee et al., 2018) proposed a distributed relative position algorithm,
which offers a solution to solve for the relative position of satellites cooperatively on a sphere
domain. When the satellites are mobile, they will estimate the relative kinematics (e.g., relative
velocity and acceleration) will be estimated by solving relative kinematics models. These
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algorithms yield the time-varying relative position of the satellites, without including the orbital
information (Rajan, Leus and van der Veen, 2019).
A large consideration for the APIS team is distributed control for the swarm in terms of position
and attitude. Path-planning feedback control for autonomous and distributed position control of
satellite swarms, using local sensor data to coordinate individual satellite tasks, assuming that each
satellite is able to locally process attitude and inter-satellite distances in 3D from the on-board
sensors. Each satellite can decide, in real time, the final target position based on the available
sensor information, and safely navigate to the chosen position avoiding collision with another
satellite. This method of control uses low computational resources, and autonomous position
selection with safe acquisition, and it would work for the APIS mission. The concept of relative
positioning between satellites in a swarm is shown in Figure 11.

Figure 11: Relative position calculation by swarm satellites

7.12.9.

Biomimicry for Navigation

In the previous section, we addressed mathematical optimization techniques to solve for
navigation. We can borrow inspiration from nature, to solve APIS satellite navigation challenges.
Biomimicry consist of mimicking the biological process from one living being to another one. In our
case, biomimicry is imitation of natural systems using man-made technology.
In nature, bees are able to maintain their speed and altitude during navigation. To do this, they use
their visual and mechanosensory modalities. Bees, like satellites swarm, may need to fly in
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unpredictable conditions, the sensory abilities are required. In the APIS mission we reproduce this
ability by using GNSS and distributed localization algorithm (Roy Khurana and Sane, 2016).
We observe from nature that larger groups have greater ability to solve problems together, in
comparison to smaller groups, which is well established in social insects and flocks of birds. To
reproduce this behavior, we need to understand the network of information transfer between
individuals inside the swarm (Girdhar, 2015).
Mathematical modeling allows us to reveal the principle of natural collective behavior by computer
simulation. Grouping individuals is a means by which to make rapid decisions about where to move
or what behavior to perform. Because distributed coordination does not depend on a specific
subset of individuals, groups are robust to perturbation.
Decisions of the group members are improved by average response with all individuals. Increasing
the number of individuals inevitably improves accuracy (Colorni, Dorigo and Maniezzo, 1991;
Couzin, 2009). In the case of APIS mission, this behavior is important for the coordination of group
dynamics. Mimicking the behavior would improve the motion of the whole swarm and allow better
acquisition of science data.
By studying nature, and especially birds, we can learn and important lesson about collision
avoidance. Indeed, in nature, the leader sets a nominal trajectory for the swarm. Cooperation and
feedback of all the individuals allow the regulation of the trajectory. In a virtual structure, the entire
formation is treated as a single entity. The desired motion is assigned to a single entity which
determines trajectories of each member in the swarm (Calise and Preston, 2005).
7.12.10. Communication
7.12.10.1. Inter-satellite Links
APIS mission satellites are small in size and restricted in power supply, so at higher orbits the
satellites will not be able to communicate directly with the ground-based antennas in full
bandwidth. At these orbits, mobile ad-hoc network (MANET) technology can be used to send
information to ground stations. The swarm uses inter-satellite links to hop data from satellite to
satellite until the satellite closest to the Earth can send it to the ground (Freimann et al., 2013).
During Earth fly-by, at the perigee, the satellites employ multi-hop communication to downlink
data. See Figure 12 for an illustration. The MANET system is highly dynamic, fault-resistant, and
autonomous, which is an advantage for APIS, to communicate data to ground stations.
7.12.10.2. Data Downlink
To reduce design complexity, the communication from satellite to Earth and the ISL will be
combined. Delay Tolerant Networking (DTN) technology will store and transmit back to the ground
following processing once the satellite is at a low orbit location. DTN technology can provide
reliable communication in case of network connection interruption. Figure 12 shows the ground
communication phase of the orbit.
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Figure 12: Swarm satellites communicating with ground stations; red lines indicate ground communication

7.13.

Mission Component Selection

TRLs are the main driver for component selection. Components necessary for consideration for
the APIS mission are presented in Table 10 with their corresponding TRLs.
Table 10: Satellite sub-system overview

System

Payload

Component chosen

TRL

Ion Sensor

6

Vector Helium
Magnetometer

8

Mini Electron ion
Telescope

6

Tomography
Electronics

7

Tomography
Antenna

7

Tomography
Antenna

7

Magnetic Boom

9

Receiver

9

Antenna

9

GNSS
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OBC

9

Reaction Wheels

6

Torquers

6

Star Tracker

9

Sun Sensor

9

IMU/Magnetometer

9

Frame

N/A

S-Band Antenna

9

Amplifier

9

Transceiver

9

Solar Panel

9

Battery

9

Electronics

6/7

Thermal Control

9

Propellant

5/6

Dry Mass

5/6

Harness

N/A

ADCS

Structure

Communications

Power System

Thermal System

Propulsion System

Misc.

7.14.

Link, Power, and Mass Budget

In this section we present extensive link, power and mass budgets. Table 11 shows the downlink,
uplink, and inter-satellite link budget for the satellites. The satellite power budget is illustrated in
Table 12, and the mass budget is given in Table 13.
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7.14.1.

Link budget
Table 11: Mission Link Budget

7.14.2.

Power Budget
Table 12: Satellite Power Budget (W)

System

Average

Idle

Peak

System

Average

Idle

Peak

Payload

10

1

250

Magnetic
Torquers

0.175

0.175

1.2

DHS

2

2

2

Propulsion

0

0

48

IMU

2.4

2.4

2.4

Thermal

8

5

15

RF/ISL
Link

13

1.7

38

Power
Electronics

4

4

4

AOCS/OBC

10

10

10

Battery
Charge

10

5

20

Reaction
Wheels

2.4

2.4

4

Losses 2%

1.2395

0.6735

7.892

63.2

34.3

N/A

Total Load
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7.14.3.

Mass budget
Table 13: Satellite Mass and Volume Budget

System

Payload

Component

Mass (kg)

Dimension (mm)

Ion Sensor

1.37

100 x 100 x 150

Vector Helium Magnetometer

0.82

100 x 100 x 50

Mini Electron ion Telescope

1.1

100 x 100 x 90

Tomography Electronics

1

100 x 100 x 20

Tomography Antenna
(stowed)

15000 x 27
1

Tomography Antenna
(deployed)

C&DH

ADCS

90 x 90 x 40

Magnetic Boom

0.4

8 x 680

OBC

0.5

96 x 90 x 17

Reaction Wheels (4)

0.52

46 x 46 x 32

Torquers (4)

0.8

96 x 90 x 80

Star Tracker (1)

0.36

100 x 55 x 50

Sun Sensor (4)

0.11

33 x 11 x 6

IMU/Magnetometer (4)

0.2

96 x 90 x 17

Receiver

0.1

71 x 46 x 11

Antenna

0.1

N/A

Frame

1.5

226 x 226 x 340

S-Band Antenna

0.07

98 x 98 x 12

Amplifier

0.3

68 x 45 x 12

Transceiver

0.1

95 x 50 x 55

Solar Panel (8)

1.4

200 x 200

Battery

1.80

96 x 96 x 144

Electronics

0.5

80 x 80 x 70

GNSS

Structure

Communications

Power System
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Thermal System

Thermal Control

1.5

N/A

Propellant

1.2

96 x 96 x 96

Dry Mass

4

-

Harness

1

N/A

Propulsion

Misc.

Total:

7.15.

21.75

Mission Design

The objective of the science mission is to map the plasma densities at the scale of 0.5 RE, for a
region of interest from 8 RE to 12 RE. To achieve our goal, we have designed the swarm to fly in two
orbits, perpendicular to one another, at inclinations of 90 and approximately zero degrees and
apogee radius of 14 RE, in order to enclose the area of interest. This configuration enables
tomography in the magnetotail as well as in the sunward magnetosphere.
In Figure 13 the orbital dynamics that occur during the first year of the mission are depicted. The
mission phases timeline is described in Table 14.

Figure 13: Configuration of orbits, with respect to the magnetotail over one year.
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Table 14: Mission phases timeline

Phase

Description

Mission
Timeline

Duration

Launch

Launch into highly eccentric orbit

1st day

<1 day

1st day

3 weeks

1 Phase:
Swarm agents cooperate to
perform tomography and plasma property
measurements in the magnetotail region.

3rd week

3 ½ months

2 Phase:
Cooperative tomography and plasma
measurements in the sunward
magnetosphere region on equatorial orbit
and later polar orbit.

6th month

3 months

3 Phase (extended mission)
Reconfiguration of swarm agents on both
orbits, to perform a higher resolution
tomography in a 2 𝑅𝐸 strip of the
magnetotail region.

1 year

4 months

Maintenance &
Ground
Operations

Desaturation of reaction wheels, charging
Downlink of scientific measurements
prioritized by swarm agents, Data analysis

All mission

End of life

Passivation of subsystems, natural orbit
decay
Comprehensive Data analysis

Dependent on orbit decay

Deployment and
commissioning

Deployment of the swarm at Apogee (Final
stage)
Two orbits with inclination angle: ~0°, 90°.
20 agents per orbit.

Validation and calibration of subsystems and
payloads.
st

nd

Science

rd

One of the main features of this orbit design is the different nodal precession that occurs between
the equatorial and polar orbit. This causes the semi major axis of both orbits to no longer be
aligned. A detailed description of this phenomenon is presented in the following section
7.15.1.

Nodal Precession of the Orbit

Orbital precession affects the orientation of the elliptic trajectory of the spacecraft. Nodal
precession is defined as the rotation of the orbital plane around the rotation axis the central body,
Earth in our case. This phenomenon is caused by non-uniform mass distribution in the central body,
and in the first approximation, the equatorial bulge of Earth is the major contributor to orbital
precession. The equatorial bulge makes the planet an oblate spheroid, with bigger diameter at the
equator than at the poles.
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The relationship that relates the precession rate to the orbit flown is the following:
3
𝑅𝐸 2
𝜔𝑝 = −
𝐽 𝜔 𝑐𝑜𝑠 𝑖
2 (𝑎 (1 − 𝑒 2 ))2 2
where a, e, 𝜔 and 𝑖 identify the orbit. 𝑅𝐸 is the equatorial Earth radius and 𝐽2 is the coefficient that
takes into account the oblateness of Earth's sphere, as described above.
Of the two orbits in the APIS mission, only the equatorial one is affected by nodal precession. The
polar orbit, characterized by an inclination of 90∘ , makes the precession null due to the cos 𝑖 term
in the equation given. While the satellites are flying in the region of interest and their apogee radius
remains between 14 RE and 8 RE, where science measurements are performed, the experienced
precession rates will range between 0.12∘ and 0.29∘ per day. Figure 14 illustrates how the
regression rate varies while the orbit decays in reference to the phases illustrated in Figure 15.

Figure 14: Variation of nodal precession against apogee
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Figure 15: Precession of equatorial orbit relative to magnetotail

7.16.

Orbital Maneuvers and Mission Extension

We have highlighted how the minimum science requirement is achieved in the course of the first
three to four months into the mission, with tomography in the magnetotail. The mission needs an
additional two months to perform measurements of the plasma density outside the tail. Following
this phase, the extended mission will exploit the opportunity enabled by satellite swarms, as
highlighted by the SWOT analysis, to reconfigure and take new measurements. The objective of
the new geometry is to perform higher resolution tomography when the orbit sweeps the
magnetotail again, about 12 months into the mission, which is detailed in Table 14, and illustrated
in Figure 16.

Figure 16: Desired reconfiguration of swarm satellites for high resolution tomography

In the depicted scenario, five satellites from each orbit will perform a maneuver to change their
apogee to 2 𝑅𝐸 lower than the reference orbit at 14 𝑅𝐸 . The remaining 30 satellites will stay in their
original orbits.
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This maneuver will take approximately eight months, beginning outside the tail and terminating
before the orbit sweeps through the magnetotail again. Modifying the trajectory of the APIS
satellites requires significant thrust because of the high energy of the orbit. To overcome this
difficulty, we will use the electric propulsion system on each APIS satellite that can operate over
long periods of time. The atmospheric drag experienced during flight close to perigee can also be
used.
In a first approximation, the electric propulsion system enables an apogee of 30 km per orbit, when
used to reduce the velocity in perigee. Attitude control can orient the satellites to maximize the
surface area exposed to the thin atmosphere. The minimum surface area, used to maintain the 15
satellites in the reference orbit, is 0.06 m2. The maximum area achieved exposing the solar panels
is 0.52 m2, inducing a drag more than eight times higher. Indicatively, the orbit decay induced by
drag on the five satellites moving to the lower orbit is 20 km per orbit, computed at a perigee
altitude of 500 km. A first estimate of the total decay rate combining the two sums is in the order
of 50 km per orbit.
7.16.1.

Reconfigurable

We now discuss the reconfigurability of satellite swarms and presented below is an example where
we assume 20 satellites in the original reference orbit. However, the recommended configuration
can continue to perform large-scale tomography with typically lesser number of satellites in the
reference orbit. This new configuration enables a higher resolution plasma map, in addition to the
large-scale map obtained from the original mission profile. We introduce the concept of satellite
groups, where each satellite belonging to each group stay in the same orbit. As an example, we
divide the 20 satellites into two groups of satellites, group 1 with 5 satellites and group 2 with 15
satellites.
One of the major trade-offs to be considered is the effect of different orbital periods, between the
group 1 and group 2. In Figure 17, the apogee alignment between the two groups is presented, as
the orbit decays and the period changes. The two groups here are aligned when they achieve
apogee one hour within one another.
This example configuration is far from optimal with a limited number of alignments over a long
time span. Satellite swarms can implement emergent behavior to achieve collaboration between
the two groups, and thereby improve the potential science return. The desired behavior is to
modify the altitudes of both orbits to maximize the frequency of apogee alignment. This will
require each satellite to plan the desired attitude at perigee to modulate the amount of drag
experienced and the thrust generated by turning the propulsion system on and off.
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Figure 17: Frequency of apogee alignment between a fixed reference orbit and a decaying orbit

7.16.2.

One Year into the Mission

Science collected from tomography will consist of largescale tomography and high-resolution
tomography of the magnetotail. At this point, the propulsion system will be running out of fuel so
maintaining the reference orbit at 14 RE and the lower orbit at 12 RE will no longer be possible. As a
result, the orbits will start decaying due to atmospheric drag. In this case, the swarm will modulate
the experienced drag to maximize the science output for high-resolution tomography. Over a time
period of ~8 months, the apogee will reduce to 2 RE, giving the opportunity to generate highresolution slices for different areas of interest.

7.17.

Mission Conclusion

If no more science is viable once the swarm decays below the region of interest of 8 𝑅𝐸 , the mission
will enter in its final stages. Rapid decay will help to minimize the number of spacecraft in orbit.
The orbit apogee will decay to a 500 km circular orbit because of the effects of aerodynamic drag
on the satellite. Once in the circular orbit, the final resources from the propulsion system will be
used to lower the perigee and apogee below the ISS. Then the satellite will fly in the maximum
drag attitude at perigee. This will enable fast de-orbiting and reduces intersection with the ISS orbit
at lower altitudes. Figure 18 shows the eccentricity decay for the duration of the APIS mission.

Figure 18: Decay of eccentricity over time
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8.

Subsystems

8.1.

Payload

8.1.1.

Radio Tomography Payload

The APIS mission aims to map the plasma density and the electromagnetic field in the Earth’s
magnetotail to measure the large-scale time-varying structure of the Earth’s magnetosphere.
Large scale in situ measurements of the entire field of interest would require a significant number
of satellites, but we will use radio tomography to estimate the plasma density map.
In radio tomography imaging, each satellite transmits a coherently phased pair of discrete radio
signals, which in turn is received by all satellites. The measured phase difference between the
signals, integrated along the ray path, yields the total electron content (TEC). For a network of 15
satellites, with a maximum distance separation of eight Earth-radii, each satellite-to-satellite
transmission and reception could take up to 0.3 seconds, and the entire tomographic cycle could
take up to 3 seconds (R. Ergun et al., 2000).
The choice of the frequency pair (called probing and reference frequency) plays a vital role in the
mission design. For example, in the MagCat mission, the probing and reference frequencies of
1MHz and 3MHz i.e., the third harmonic were used (R. Ergun et al., 2000). To transmit and receive
at these wavelengths, a half-wave dipole antenna of approximately 50 m is required, which
increases both the mass and power budget of a small satellite.
8.1.1.1. Radio Tomography RFI Mitigation
To overcome this limitation, the APIS mission would use 10MHz and 30 MHz, as the probing and
reference frequencies. The antenna lengths at these wavelengths are approximately 15 m, which
are suitable for the small satellites of the mission. Radio measurements at these frequencies are
significantly corrupted by man-made interference (R. Ergun et al., 2000). The APIS mission employs
on-board radio-frequency interference mitigation (RFIM) to resolve this issue. The dual polarized
radio signals received by each satellite will be pre-processed by the signal conditioning unit (SCU),
digitized by the ADC (Analog to digital converter), and filtered by a poly-phase filter bank (PFB).
Finally, the manmade interference is removed by the radio-frequency interference mitigation
(RFIM) block as described in
Figure 19.
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Figure 19: signal processing for radio tomography in a single APIS satellite

8.1.2.

Super-thermal Ion Spectrograph

The super-thermal ion spectrograph is based on the electrostatic analyzer based payload proposed
for the CuSP mission (Desai et al., 2019). The payload occupies a volume of 1.5 U. The payload
provides a measure of the energy spectra and the peak intensities of the incident particles, thereby
providing in situ measurement of the magnetospheric plasma.
8.1.3.

Miniaturized Electron and Ion Telescope

This payload is based on a flight-proven payload flown on the Compact Radiation belt Explorer
mission in 2018. Our payload is shielded with tungsten and aluminum, which increases the mass
but is necessary to reduce the background noise caused by scattering. The APIS mission
miniaturized electron and ion telescope instrument contains a stack of SSDs to image the electron
and ion paths. Similar payloads have been flown on-board the ISS (Barao, 2004).
8.1.4.

Vector Helium Magnetometer

Vector helium magnetometers have been used in previous missions to measure magnetic fields in
various environments. These magnetometers measure the optical properties of helium, which
changes in an applied magnetic field. Recent and upcoming missions have miniaturized this
instrument, and it is now adapted for CubeSat missions like CuSP (Desai et al., 2019).
8.1.5.

Calibration and Conclusion

Calibration is a key challenge for these on-board detectors, especially in long-term missions lasting
a few years. Conventionally, operators on Earth correct the errors accrued by the detectors over
time via telemetry. As an alternative, the swarm satellites could communicate with each other to
employ relative or reference-free calibration, to eliminate the detector errors such as offsets and
gain (Rajan et al., 2018). Since the signal subspace is unknown, the nodes can employ blind
calibration (Balzano and Nowak, 2007), which would involve a training phase during the initial
deployment of the antennas. Distributed calibration algorithms will be used to ensure the APIS
satellite swarm could collectively alleviate their on-board detector errors (Wang et al., 2017).
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8.2.

Bus systems

8.2.1.

Structures

The structure subsystem is the skeleton that supports all the other subsystems, including the
spacecraft frame and deployable solar panel and antenna.
Custom-machined or COTS parts are two common options for building a satellite structure. Using
COTS structures is simpler as nowadays 1U, 2U, 3U, 6U and 12U are standard satellite structures,
which are manufactured by several companies.
Basic power, volume, and mass estimates for the payloads informed the selection of a 12U CubeSat
form for our mission. We favor the skin-frame structure over a simple frame structure because of
its resistance to bending, tensional, and axial forces (Stevens, 2002). We chose aluminum and
carbon-fiber-epoxy as the material for our bus.
Body-mounted solar cells cannot meet the power requirements of the satellite swarms, so a
deployable solar panel is necessary. There are two panels for each side in a fixed configuration. We
have fixed a windmill design of the solar panels such that they are always pointing towards the Sun
during their orbit, this design can be viewed in Figure 20.

Figure 20: Solar panel deployed view

The APIS mission needs an antenna long enough to satisfy the science requirements, while
minimizing the space that it occupies. The swarm satellites will deploy a 7.5 m dipole antenna,
which will unfurl like a measuring tape (Miyazaki, 2018). The mechanism is pictured in Figure 21.
Carbon fiber reinforced polymer will be used for this, along with embedded copper for the main
support.
The boom material is carbon fiber reinforced polymer, while the design is a combination of two
arms in the form of ‘C’ sections, with one inside the other to reduce volume. Our boom will also
act as an insulator and so is wrapped with aluminized Kapton or coating to control electrostatic
discharge (ESD).
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8.3.

Thermal

The thermal control system keeps all the satellite subsystems within acceptable temperature
ranges during all mission phases. Thermal control technology has two control methods: passive
and active (National Aeronautics and Space Administration, 2015). The passive method does not
require input power and is therefore simpler, more reliable, and more economical. The active
method requires input power and is often combined with closed-loop control technology, so it is
highly adaptable and adjustable.

Figure 21: Antenna Deployment Mechanism (Miyazaki, 2018)

Makers of small satellites cannot use most thermal control technologies applied to traditional large
satellites (Elwood et al., 2018), since the small volume poses certain challenges to the thermal
design (Madry, Martinez and Laufer, 2018). Extreme temperature environments may make COTS
components work less well or for a shorter time. Active temperature control techniques, such as
electric heaters, ensure a strict temperature range (Science et al., 2016).
The temperature of the battery should be between 10–30°C. The temperature of the scientific
payload and other electronic equipment must be between 10–50°C. We identified a range of
options for thermal control.
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8.3.1.

Thermal Control Methods

8.3.1.1. Multi-layer Insulator
Multi-layer insulator is the most popular radiant insulation for spacecraft, as shown in Figure 22. A
low emissivity double-sided aluminized polyester film is alternately stacked on top of a low thermal
conductivity barrier made of polyester mesh. A total of 10–15 layers would be suitable for our
mission.
8.3.1.2. Electric Heater
The electric heater is currently the most straightforward active heating technique in spacecraft
thermal control subsystems. We will place heaters near the payload, battery, and other electronic
equipment to maintain their temperatures at the desired levels.
8.3.1.3. Thermal Coating
The surface thermophysical properties of the structural components play an essential role in the
heat transfer states. These materials are called thermal control coatings. We will use an optical
solar reflector (OSR), as the thermal coating, because of its favorable heat dissipation performance
and space environment adaptability.
8.3.1.4. Heat Pipes
Heat pipes are an efficient passive thermal transfer technology. Heat pipes can transfer heat from
electrical devices to a radiator, or a heat sink that is thermally coupled to a radiator. The high-power
devices on our satellite will use micro loop heat pipes such as those in Figure 23.
8.3.1.5. Thermal Sensors
The thermal sensors, like thermistors or positive resistance thermistor, will provide temperature
information to the control system. The OBC will monitor the sensors and has upper and lower limits
to turn on and off the heaters as required to maintain thermal equilibrium.

Figure 22: Multilayer Insulator (MLI)
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8.4.

Electrical Power System (EPS)

The electrical power system (EPS) deals with the generation, storage, monitoring, control and
distribution of electrical power. We have classified the power systems into blocks in Figure 25 (Patel,
2004).

Figure 23: Power system hierarchy

Solar panels are the best, safest, and cheapest choice for the missions for near-Earth orbit. The
best AM0 ATJ (Advanced Triple Junction) or ZQJ (Azur Quad Junction) solar cell available gives
greater than 35% beginning of life efficiency, and will produce 245W/m2 (Azur Space, 2019). The
battery acts as a backup support whenever the solar cells or array fail to point towards the Sun
during maneuvers or payload operations.
The satellite does not have a payload pointing requirement. The solar panel is deployable and fixed,
instead of variable for sun-tracking. The solar panels are four-winged, with two panels per wing in
a “windmill” design, as shown in Figure 20. Table 15 presents the sizing details below.
Table 15: Solar Panel Parameters

Parameter

Value

Parameter

Face Area

0.04 m2

Total Panel Area
(2 panels x 4 panels)

Generation @ BOL

78.5 W

Generation @ EOL

Value
0.32 m2
67 W

Number ATJ/ZQJ 0.5 mA cells
in parallel

4

Number of cells in series

Number of Strings

4

Power Loss per String

16 W

Regulation Control

IAC-BC

Estimated Weight

1.4 kg
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8.4.1.

Battery

Small and large satellites commonly use Li-ion cells, which are the most reliable every satellite
application. We will enhance the performance of our batter with carbon nanotube electrodes
(Xiong, Yun and Jin, 2013).

8.4.2.

Energy Balance

Figure 25 shows the energy balance for the battery. The charge and discharge cycles are critical for
battery life. For a five-year mission, a safe limit with a margin for depth of discharge (DoD) of 20%
is about 30,000 cycles. We recommend battery sizing as in Table 16, considering the cycles and
battery life. The typical one orbit cycle for 33 hours.

Figure 25: Typical Energy Balance of Battery for One Orbit

Table 16: Battery Prameters

Parameter

Value

Parameter

Allowed DOD

< 20 %

Duration

1h

Number of cells in series

8

Load Power
Discharge at Average
Voltage
Regulation Control
Final Battery Size

ISU – SSP19

Peak: ~54 W
Idle: 34 W
Peak: 10 A (100 ms/3 s)
Nominal: 1.1 A
IAC-BC
8S4P

Total Cycles

Cell
Capacity

APIS FINAL REPORT

Value

~30 000
LG18650MJ1
3.5 Ah
400 Wh
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8.5.

Power Electronics

Power electronics handle the power from the source and the storage units. These components are
responsible for charging the battery and carrying out distribution functions. The major parts of
power electronics described in this section.
8.5.1.

Power Control and Monitoring

Traditionally, the power control unit regulates power from the solar panels and batteries. The
power control then consists of three units to adjust the output and charge the battery pack. A
better system would include digital integrated array control and battery charging unit (Koka et al.,
2016). Additionally, the system determines the health of critical power elements and has a set of
protection against overloads, undervoltage, and overvoltage occurs.
The short or failure of component can cause high discharge from battery causing overload. If the
charge controller or satellite fails to point towards the Sun, the battery may face undervoltage.
Overvoltage could occur due to controller failures and battery to solar array shorts.

8.5.2.

Power Distribution

Power distribution systems can be distributed or centralized. The best choice for the APIS satellites
are solid-state power controllers (SSPC) (Glass, 2010) as they are more reliable than
electromechanical relays and re-triggerable in case faults caused by noise, electromagnetic
interference or radiation effects. For satellites of 12 U, a centralized, regulated distribution will be
efficient in mass and volume with all bus systems powered with a single Direct Current/Direct
Current (DC/DC) module. We recommend dedicated DC/DC convertors for redundant systems to
avoid single-point failures, where one failure could otherwise affect the entire satellite. The
payload is sensitive and will require completely different voltage scales and should have local
DC/DC converters, low drop-out regulator, and a switch to disconnect the system from the source
to isolate a fault if required.

8.6.

Attitude Determination and Control System

The attitude determination and control system (ADCS) stabilizes and points the satellite. This
section presents ADCS components and component selection.
8.6.1.

Actuators

The actuation systems provide angular and linear motion for the satellite. This means the satellite
can change the direction it is pointing in and move to a desired location.
8.6.1.1. Reaction Wheels
The reaction wheel (RW) is a flywheel system that uses a rotating weight to create momentum.
The generated momentum will be canceled out by four other RWs usually placed in a tetrahedron
(see Figure 25) or an L (3-wheel) configuration (Nudehi et al., 2008).
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Figure 25: Tetrahedron wheel alignment (Krogstad and Gravdahl, 2006)

Micro RWs available on the market provide a small torque change and create fine rotation with a
weight of <300 g. These wheels are expected to last more than five years and are suitable for APIS.
Thus, the APIS mission will use the 4-wheel tetrahedron configuration so that in the event of wheel
failure the mission can still continue without interruption (Kaufmann et al., 2016).
8.6.1.2. Magnetic Torquers
Magnetic torquers (MT) are used for attitude determination using Earth’s magnetic field. The
torquers consist of electromagnetic circuits that do not include moving parts. This makes MTs very
reliable and independent of radiation effects as they do not have any sensitive electronics (Inamori
and Nakasuk, 2012).
8.6.2.

Sensors

8.6.2.1. Star Trackers
Star trackers are instruments that include a high-sensitivity Charge-Coupled Device (CCD). CCDs
record star patterns in the sky and compare the patterns to a reference map. The satellite can then
generate data to confirm where it is pointing. Star sensors are one of the most accurate sensors
for pointing and we chose the star tracker for the APIS mission to provide an accuracy adequate
for pointing during payload operation, Sun pointing, and ground link. The primary. Another reason
for the inclusion of star trackers is to obtain attitude estimates rapidly at all times including times
when the attitude would otherwise be difficult to obtain, i.e. in safe mode, as explained in Mission
Ops Section.
8.6.2.2. Sun Sensors
Sun sensors are low-accuracy sensors that provide the satellite’s pointing and orientation
information. We favor two-axis Sun sensors to reduce the number of sensors. Placing these
sensors in four selected corners or faces of the satellite body would be sufficient to provide
satellite orientation information with respect to Sun. The APIS mission can use the two-axis sensors
produced by CubeSat Shop, a small design capable of withstanding up to 10 kRads of radiation,
(Www.cubesatshop.com, 2019-08-15).
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8.6.2.3. Magnetometers
Magnetometers are sensors that detect the direction of Earth’s magnetic field along three
perpendicular axes. Operators or automatic systems can use information from the sensors to
estimate the satellite’s orientation in space. Magnetometers are MEMS (Microelectromechanical
Systems) that can be integrated with Inertial Measurement Units (IMUs) and GNSS units.
8.6.2.4. Inertial Measurement System
IMUs can derive the attitude or the location and pointing orientation of the satellite.
8.6.2.5. Accelerometers and Gyroscopes
Accelerometers determine the acceleration of the satellite at a point in time. Acceleration
integrated over time provides velocity information. Similarly, the gyroscopes provide angular
velocity. The MEMS-based accelerometers and gyroscopes have the highest TRL and we can
implement them directly to the mission. MEMS have quite high reliability, life, vibration capability,
and radiation tolerance while being lightweight. Since MEMS are reliable and lightweight, extra
MEMS can be place for redundancy.
8.6.2.6. Attitude Processing
The IMUs and sensors carries out primary processing of sensed signals and generated data in a
form that is interpretable by OBC or control systems. This data is also used for generating actuating
control signals to thrusters, reaction wheels and magnetic torquers for maintaining the required
pointing or slewing as and when required (Kaufmann et al., 2016).

8.7.

Propulsion System

The propulsion system consists of thrusters mainly used for orbital corrections. The satellites in for
the APIS mission require in-orbit corrections. We selected an efficient propulsion system design
based on thrust type, specific advantages, and requirements for small satellites.
8.7.1.

Pulsed Plasma Thruster (PPT).

PPT is known for having a high specific impulse, consisting of low power electric thrusters for
precise spacecraft control, and can be used for orbit maintenance. The thruster uses electricity, to
vaporize Teflon, the solid propellant, to generate thrust. Advantages of PPT are as follows (Spence
et al., 2013):
•

No tank or feed system needed

•

Small size, and easily distributed within a small volume

•

Provides high thrust for electrical propulsion systems

•

Low power consumption

•

Low-cost and easy to integrate propulsion system
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The drawback of a PPT operation is that it may create disturbances in payload science
measurements because of the possible mixing of propulsion plasma with magnetotail plasma. We
can mitigate this risk with strategic scheduling of propulsion use (Spence et al., 2013).
A variant of PPT is called Filament Pulsed Plasma Thruster (FPPT), which uses
Polytetrafluoroethylene propellant and is believed to become a compelling option to meet micropropulsion needs in the future (Woodruff et al., no date).
8.7.2.

Micro Electrospray Propulsion (MEP)

MEPs use the principle of electrostatic extraction and acceleration of ions. The propulsion system
does not need gas-phase ionization, which is an advantage. The propellant is not pressurized since
it flows through capillary action. The emission is controlled by modulating the voltage applied. This
provides better safety in handling the spacecraft and lighter weight (NASA, 2019). The MEP system
has a dry mass of less than 0.01 kg and provides thrust in the range of 10-100 µN. The advantages
of this technique are:
•

Relative high system-level efficiency

•

High efficiency at a power level of microsites or CubeSats

•

Efficient system parking

•

High specific impulse density

There are, however, system scalability issues with MEPs, which would make them harder to use.
8.7.3.

Choice of Propulsion for this Mission

The MEPs are a viable option; however, they currently have a low TRL. By contrast, the PPT system
is used by multiple companies and has a high TRL (Elwood et al., 2018). With the added opportunity
for the FPPT capability of meeting micro-propulsion needs in the future, the team has chosen FPPT
as the propulsion system for the APIS mission.
Two propulsion systems will be placed aligned to the center of mass so that the system can be
used for both linear and rotational movement. The thruster can also be used as a desaturating unit
for the reaction wheels through the on-board computer (OBC).

8.8.

On-Board Computer

Every mission needs a satellite on-board computer (OBC), which can be thought of as a smaller
version of a desktop computer with a processor, memory, operating system (OS), and the
capability for handling multiple input from on-board sensors then providing an output response to
the corresponding control systems. The OBC is responsible for reading, collecting, and processing
sensor information from the ADCS, GNSS, and communications systems. The OBC is the major
component for performing telemetry, tracking and command (TT&C) operations, and storing onboard health data. The OBC is also responsible for maintaining the on-board timers (OBT) for
synchronization and performing inertial referencing calculations (Burlyaev, 2012).
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Since the APIS mission will be studying the magnetosphere outside of LEO, radiation hardening of
the OBC processor is an important requirement; the charged particles ejected from the Sun can
cause detrimental and undesired effects to the on-board electronics (Keys and Watson, 2008;
Botma, 2 011). Based on the NASA RHESE project, we recommend radiation hardening of OBC
components through: material hardening of OBC components and shielding; the inclusion of
redundant hardware; and, software verification and reconfigurability (Keys and Watson, 2008).
The Total Ionizing Dose (TID), represents “the amount of radiation build-up a device can withstand
before its operation is deemed unreliable” and is a metric for the life expectancy of the device
(Botma, 2011). TID sets the parameters for radiation hardening.
The OBC must be able to perform all the expected and necessary tasks while abiding to the bus
requirements. We need to keep the power consumption and mass low, with the frequency and TID
high. Higher frequency is to ensure that tasks can be completed within the lowest necessary time
but also means higher power consumption. The two must be balanced. A higher TID ensures a
higher life expectancy for the electronics.
Table 18 presents the results of the trade study. We found that the CubeComputer OBC consumed
the least amount of power. Lower power consumption, in this case, is a result of a lower operating
frequency. While this conserves power, the lower frequency also means that fewer waves are
received within a given period of time, meaning that information is transferred at a slower rate.
The dimensions of the various OBCs are almost identical and so none of the choices stood out,
However, it was necessary for the trade study to ensure that the OBCs fit within the design. As
with any spacecraft design, mass is one of the main driving parameters and so the OBC that can
perform the necessary operations with the lowest mass will be the favorite over the other options;
IMT weighs nearly half the mass of the other two OBCs. Out of the three options, the
CubeComputer OBC can withstand the largest TID.
To decide on the optimum OBC for the satellites, we generated a Pugh matrix, as shown in Table
18. The matrix involves weighting the criteria (i.e. power consumption, mass, etc.) and ranking the
various OBC options, to create a final weighted score. The IMT option achieved the lowest score
and we selected it as the OBC for the APIS mission satellites.
Table 17: Potential OBC options and specifications

OBC

Power
Consumption
(mW)

Mass (g)

Dimensions
(mm, l x w x h)

Frequency
(MHz)

Total
Ionizing
Dose
(kRad)

ISIS

400

76

96 x 90 x 12.4

400

N/A

CubeComputer

200

50-70

90 x 96 x 10

48

20

IMT

300

38

96 x 90 x 10

200

15
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Table 18: APIS mission OBC Pugh matrix

Selection Criteria

ISIS

CubeComputer

IMT

Weighting

Power Consumption

6

2

4

2

Mass

9

6

3

3

Dimensions

1

1

1

1

Frequency

4

6

2

2

Total Ionizing Dose

6

2

4

2

26

17

14

Total Scores:

8.9.

Flight Software

To enable the emergent behavior of the swarm satellites, we need to partner an appropriate
operating system with the OBC. NASA conducted research on the feasibility of using COTS
technology for the Command and Data Handling (C&DH) system of a swarm of satellites (Cockrell,
Alena, Mayer, Sanchez, et al., 2012). The study used an android operating system with specific
programming to relay data from both satellite-to-satellite and satellite-to-ground stations,
demonstrating that satellite swarm behavior using COTS was indeed viable. The manufacturer for
the chosen APIS mission OBC recommends using the open source FreeRTOS as the operating
system. (Abich et al., 2017) found success in adapting the FreeRTOS software to allocate and
communicate tasks in a largescale multi-processor network, resulting in reduced network
congestion and communication energy, which are necessary and useful aspects for our swarm
mission.

8.10.

Communications

Communication is an important part of the APIS mission. Without communication, we cannot
achieve the scientific purpose. For autonomy and navigation, individual satellites need intersatellite links (ISLs) to share the information with each other. To transmit the information collected
by scientific exploration to the ground center, the satellites need satellite-to-ground
communication. This review will analyze the ways to accomplish these tasks. The simple block
diagram in Figure 26 shows the communication systems loop for ISL.
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Figure 26: Block diagram for ISL communications system

8.11.

Communication System Composition:

For the scientific goals of the APIS mission, every satellite must establish a high data rate radio
connection with other satellites and include a transceiver. The antenna must have sufficient gain
and transmission power, and the transceiver must meet the data requirements.
According to the existing patch antennas and transceivers available on the market, we investigated
the possible antenna system for the APIS mission satellites.
8.11.1.

Antenna

We considered five types of antennas for the APIS mission which are presented in Table 19.
Table 19: Antenna comparison table

Manufacturers

NanoAvionics

Endurosat

Anywaves

AAC-Clyde
Space

Surrey

Website

www.navionecs.com

www.endur
osat.com

www.anywaves.eu

www.aacclyde.space

www.surreys
atellite.com

2400-2450

2400-2450

2025-2290

2200-2300

2000-250

Gain (dBi)

6

8.3

6.5

7

3

Circularly
Polarized

Yes

Yes

Yes

Yes

Yes

Mass (g)

49

64

123

50

80

70 x 70 x 12

98 x 98 x 12

79.8 x 79.8 x 12.1

81.5 x 89 x 4.1

82 x 82 x 20

Operating
Frequency (MHz)

Dimension
l x w x h (mm3)

Considering the size of the satellite and the data transmission requirements, the patch antenna
produced by Endurosat is the chosen antenna for the APIS mission.
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8.11.2.

Transceiver

We considered five types of transceivers for the APIS mission as shown in Table 20.
Table 20: Transceiver comparison table

Manufacturer

NanoAvionics

ECM Space
Technologies GmbH

Spacecom

Skylabs

Website

www.navionecs.com

https://www.ecmspace.de

www.iqspacecom.com

www.skylabs.si

Transmit
Frequency (MHz)

2200-2290

2200-2290

2200-2290

2200-2300

Receive Frequency
(MHz)

2025-2110

2025-2110

2025-2110

2000-2100

128-512 kbps

20 Mbps

20 Mbps

4 Mbps

GMSK

Transmitter (QPSK)
Receiver (BPSK)

BPSK, QPSK,
8PSK

OQPSK

Output Power
(dBm)

30

27

30

30

Power
Consumption (W)

5

12

13

5

190

190

190

90

87 x 93 x 17

50 x 55 x 94

50 x 55 x 94

95 x 91 x 10

Transmit Bit Rate

Modulation

Mass (g)
Dimension
l x w x h (mm3)

BPSK – Bi-Phase shift Keying
QPSK – Quad Phase shift Keying
OPSK – Orthogonal Phase Shift Keying
GMSK – Gaussian Minimum Shift Keying

The transceiver made by ECM Space Technologies GmbH company is attractive in terms of power,
volume and mass.

ISU – SSP19

APIS FINAL REPORT

PAGE | 59

APPLICATIONS AND POTENTIALS OF INTELLIGENT SWARMS

9.

Mission operation

We divided the APIS mission into the operational phases shown in Figure 27. The current state-ofthe-art for swarm behavior requires a set of finite states or modes of operation for the swarm
system. The following is a brief description of each operational state:

Figure 27: APIS mission operational states

•

Initialization:
This phase is to obtain the initial estimates for the satellite subsystems. It is the first state
the swarm satellites enter when deployed, or when exiting safe mode.

•

Housekeeping:
This is the mode where the satellite performs maintenance for all subsystems.
Maintenance includes orbital maneuvers, attitude maneuvers, on-board data
storage/management, etc.

•

Communications:
This is the state when the swarm satellites communicate among each other (ISL) or with
the ground to downlink science data.

•

Power Charging:
This state occurs after initialization and is when the batteries are charging. Though this
state could be included in housekeeping, it is kept as a separate state to ensure the
batteries have sufficient charging time to accommodate the higher rates required for
performing the science measurements at the required speed.

•

Science:
The science phase is when the payloads are recording scientific measurements at an
adaptive rate dependent on the predictive models on-board the satellite OBC. An adaptive
mode allows for efficient sampling in the processes of interest after the first baseline of
measurements.

The number of tomographic lines (𝑁) required to construct a plasma density map of a region of
interest of diameter (𝑑) to a desired resolution (𝑅𝑠 ) is defined by:
𝑑
𝑁 ≥ 𝜋
𝑅𝑠
To obtain measurements at the desired scale, 83 tomographic lines, and therefore 15 satellites, are
needed. Therefore, we have 20 satellites in each plane, accounting for satellite failure.
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9.1.

Deployment and Commissioning

All satellites will be attached to an ESPA ring, which is attached to a final stage for satellite
deployment. The launcher injects the satellites and the final stage into the desired orbit. The swarm
satellites detach from the ESPA ring adapter at apogee, and the final stage then de-orbits itself.
The commissioning phase is automated, and all swarm satellites test their own payload and bus
systems. The satellites transmit any anomalies to the ground for further investigation. Due to the
swarm capability, the swarm group in one orbital plane can start its science phase without the need
to wait for the swarm group in the second plane. Once all satellites are deployed and
commissioned in both orbital planes, the science phase can generate results at a significantly
higher rate.
9.1.1.

Science

We will spend the majority of the mission's lifetime in the science phase. The orbit design allows
the swarm satellites to be in the magnetosphere region of interest by using orbit precession. The
science phase (altitude above 50 000 km) lasts for 27 hours per orbit.
Tomography technology requires a minimum number of lines to reach the necessary spatial
resolution. The swarm satellites will achieve this goal by performing the tomography
measurements when they get close to the apogee area, where they cluster together due to orbital
dynamic and at a range of 2–8 𝑅𝐸 . The transmissions will coincide, using the code-division multiple
access (CDMA) protocol, which leads to swarm behavior. A simulation of the ISLs in the swarm are
shown in Figure 28.

Figure 28: Simulation of inter-satellite links for a single satellite

Each satellite will also perform in situ measurements of the particle distribution and plasma
properties for the tomography data processing. During a science phase of four months, the swarm
satellites will perform 1,000 measurement sequences.
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After each satellite stores its data, the swarm will perform autonomous measurement
prioritization based on information theory, which maximizes the scientific return of the swarm.
While at apogee, the swarm will cluster together, enabling ISL communication to the nearest
neighbors to share their measurements, sort the data, and decide autonomously which
measurements should be kept in the collective swarm memory to maximize the scientific data
quality.
9.1.2.

Science Data Management

We estimate the science data each spacecraft will collect. To achieve this goal, we need to know
the data volume downlinked to the ground during every pass of each satellite, through the perigee
of their orbit. Based on the engineering spacecraft design, APIS satellites can have up to 20
Mbit/sec of data downlink. To manage thermal issues and data packet loss we assume a
guaranteed data rate of 1 Mbit/sec. With one hour of contact with the ground station, each satellite
can transmit a volume of 400 MB. Data generations rates are shown in Table 21.
To understand the volume reserved for science, we need to take several steps. First, it is common
practice to expect a 50% success rate of package transmission, so the data transmitted over each
pass through the perigee is now reduced to 200 MB. Second, we assume half of the volume
consists of spacecraft telemetry and housekeeping data. The conclusion is that we can assume to
successfully transmit 100 MB of science data per spacecraft for each pass.
At this point, we aim to calculate the observation time that maximizes the scientific output while
remaining within 100 MB of data per orbit.
In Table 4 we report the data generation rates for scientific payloads that APIS will fly. To correctly
estimate the volumes of data generated by the scientific payloads, we took the THEMIS mission as
a reference (Angelopoulos, 2008).
Table 21: Data generation rates

Instrument

Data rate [bit/s]

Flux Gate Magnetometer (FGM)

278

Search Coil Magnetometer (SCM)

533

Solid State Telescope (SST)

1019

Electro-Static Analyzer (ESA)

1655

Tomography imaging

243
(2432/image, image every 10 sec)

To gather maximally useful science data, we require simultaneous operation of five payloads. As a
result, the total bit rate is 3728 bits/s (466 bytes/s). The science time per orbit is in the order of 2.5
days, therefore exceeding the orbital period. This allows the satellites to transmit data from two
orbits in one downlink pass.
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The data generation rate for tomography is computed by analyzing the formation of the swarm
when performing the measurement. To achieve the imaging spatial resolution, we need to obtain
scientific results, more than 100 ISLs must be established in the formation. To do so 15 satellites
are required. However, the APIS formation will aim to connect 20 satellites at a time. As a result,
each spacecraft, for one image, will receive signals from 19 other sources. For each source, the
phase difference between the two frequency signals is stored in a 64-bit array, and an additional
64 bits are allocated for the timestamp of the measurement. Assuming one measurement every 10
seconds, 243 bit/s is generated for the topography measurement.
9.1.3.

Ground Station

We considered Amazon Web Services (AWS) based ground stations for this mission design, in
particular those in the US Ohio region and US Oregon region. The S-band link cost is US $10/min,
which is an extremely competitive cost. AWS will also provide a secure data archival facility for the
mission data.
9.1.4.

Decommissioning

Due to the low-altitude perigee, atmospheric drag is a major perturbation, reducing the orbital
eccentricity after every pass. Approximately two years after launch, this slow decay will result in a
trajectory designed to plunge the satellite into Earth’s atmosphere. This timeline depends on the
atmospheric drag experienced by the satellites and on the thickness of the atmosphere, varying
mainly with the solar phase. Using this approach offers a sustainable solution to spacecraft failures
in the early stages of the mission, while the operating spacecraft will rely on the propulsion system
to maintain the desired orbit. It also ensures that after terminating the mission, the swarm will not
leave space debris behind.

9.2.

Launch

Our proposed orbit design outlines a scenario of 40 spacecraft (1040 kg) distributed over two
orbital planes. The difference in inclination between the two planes is 90 degrees. We can choose
between two different strategies to achieve this goal. A first one consists of launching the satellites
on a single launcher and performing maneuvers once in orbit to distribute the swarm. A second
option relies on the use of two launchers to directly insert the two groups of satellites in their own
separate orbits.
9.2.1.

Single Launch

The mission scenario of a single launcher consists of the first injection, of the whole swarm, into a
highly eccentric equatorial orbit. This orbit is characterized by the orbital elements of the final
equatorial plane. In this configuration, once in apogee, a kick-stage will provide enough delta-v to
change the orbital plane for 20 of the 40 satellites, from equatorial to polar. Performing the
maneuver in apogee will optimize the use of propellant. The following equation gives the delta-v
required:
𝛥𝑖
𝛥𝑣 = 2𝑣𝑎 𝑠𝑖𝑛 ( )
2
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where 𝑣𝑎 and 𝑖 indicate respectively the velocity at apogee and inclination of the orbital plane. For
the APIS mission the final stage will impart a Δ𝑣 of 1.1307 Km/s to a payload mass of 520 kg.
SpaceX’s Falcon 9 is the launcher that best meets the requirements for the mission, in this scenario
for cost and capabilities. The block 5 iteration of the rocket is capable of positioning 8300 kg in
Geostationary Transfer Orbit (GTO). It would therefore be possible for APIS to share the launcher
with other missions, thus reducing the cost. Extending the apogee from the geostationary belt to
the required orbit will require a further Δ𝑣 of 820 m/s. SpaceX states the cost of its Falcon 9
launcher to be US $62 million, which makes it very competitive on the market.

9.3.

Multiple Launches

By using multiple launchers, we can insert the spacecraft directly into their final orbits. To achieve
this goal, two Vega launchers, manufactured by Arianespace, have the required power. The
characteristics of the Vega launcher are visible in Figure 29 and the cost per launch is US $37 million.

Figure 29: Vega launch characteristics

In Figure 29 the circular orbit of 500 km altitude is of interest for our case. We will need a kick stage
from here to move 520 kg of spacecraft from LEO to the final highly eccentric orbit, polar in one
case and equatorial in the other. The spacecraft will not need a change in orbital plane.
We estimate the delta-v needed to achieve the highly eccentric orbit is 6.8 km/s. The system shall
be required to perform a considerable amount of thrust. The design of the kick stage shall not
exceed a mass of 1100 kg for polar orbit and 1600 kg for the equatorial orbit.

9.4.

Launcher Selection

Of the two above options, we decided to use one launcher for both orbits of the APIS mission. A
single launcher will deploy the swarm and, as presented in the SWOT analysis, an emerging
opportunity is the reduction of launch costs (SpaceX, 2019) from private companies such as
SpaceX. The capability to launch large payloads at a reduced cost makes it the optimal choice for
the mission. Other than mass, an important requirement for launcher is the volume in the fairing.
The 12U CubeSats use miniaturized components to minimize the volume. The total volume
occupied by the APIS satellites is 0.48 m3. The selected deployer will also require part of the volume
in the fairing. The largest part of the volume will be occupied by the stages to reach the selected
orbits. However, the computation of the space occupied will be left to future work. In conclusion,
it is reasonable to assume the volume for the APIS mission will meet the Falcon 9 fairing.
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10.

Management and Business Considerations

10.1.

Management

The start of the new millennium saw the rise of commercial launch providers and the
standardization of the CubeSat, a small 10 x 10 x 10 cm satellite platform (Chin et al., 2008). This
created an environment that favored the entrance of new companies, organizations, and
innovative space businesses. Previously driven by public space agencies, the space sector has
shifted to private companies focusing on developing and providing affordable launch capabilities
(Salmeri, 2019). Within the industry, this change in approach is called NewSpace. One of the
characteristics of NewSpace has been commercial companies launching satellite constellations to
Low Earth Orbit (LEO).
Satellite constellations have proven to be a profitable business model by several successful
commercial companies. These have produced dependable systems exploiting lower operational
costs through commercial off-the-shelf (COTS) parts and the capacity to add new satellites in orbit
when needed (SPACE INVESTMENT QUARTERLY: Q1 2019, 2019).
The APIS mission takes advantage of these developments and has based the cost estimate of the
mission on these commercially available opportunities.

10.2.

Mission Structure

The projected organizational structure of the APIS mission can be viewed in Figure 30.

Figure 30: APIS mission organizational structure
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10.3.

Timeline

We broke the APIS mission into six phases, as shown in Table 22.
Table 22: Timeline of the APIS mission

Phase Number
1
2
3
4
5
6

Phase Meaning
Research and development
Preliminary design and technology completion
Bus and payload manufacturing
Integration, testing, and launch
Operation and sustainment
Closing phase
Total:

Time Period Estimate
3 months
6 months
20.8 months
4 months
24 months
15 months
6 years

The first phase includes formulation of the idea and feasibility analysis of the mission concept. This
is combined with confirming the technology required to complete the mission. The third and final
task in this phase is the development of the program technical management plan.
In the second phase, we define the specifications of the end products that are in the form of mockups, trade study results, specification and interface documents, and prototypes. This will allow us
to research and select the best COTS parts suitable for the mission, as well as clearing up any issues
that we discover after the first bus is built. This is a crucial step since issues here could cause knockon delays on the order of 6 months.
While we are waiting for the first bus to be built and sent to us, we will be working on the structure
of the organization and defining testing and payload protocols before arrival. Manufacturing of
the first bus will take six months, but afterwards the process will be more streamlined thanks to
the standardization of the production line.
In the third phase, the spacecraft will undergo testing and integration prior to launch, to ensure
the systems operate as expected. The first satellite bus will take a month to test, but after that the
target schedule will be one satellite per week as the testing processes become more systematic
and efficient. Software and hardware will be tested during this phase to ensure that the swarms
are able to meet the system requirements and launch preparations.
After the swarm satellites reach the science orbit, the operational phase can begin, which is
primarily collecting science measurements and transmitting them back to the ground stations.
During the operational phase we only have three months each year to collect data, for two years.
The closing phase will be deorbiting the satellites and finalizing the feedback and report of the
project.
In total, the mission schedule comes to five years and seven months, this will provide us with five
months slack time. Slack time is the amount of time the mission can be delayed by without having
a critical impact on the timeline of the mission.
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10.4.

Budget

The projected budget breakdown, which can be viewed in Figure 31:

Figure 31: Budget breakdown

Experienced managers will mentor a newly employed team of young professionals as a way to
reduce salary costs. Though they may lack in experience, the recruitment process will ensure that
they have the required aptitude and will be trained to the highest standards. We would also use
the RF UL/DL facilities at NASA, to reduce the amount we spend on working space. The breakdown
of the personnel cost is displayed in Table 23.
Table 23: Personnel Cost Breakdown

Role

Years

Number of people

Project Manager

6

1

$1,320,000

Deputy Project Manager

6

1

$1,320,000

Lead Systems Engineer

5

1

$1,100,000

Payload Systems Engineer

3

1

$660,000

Principal Investigator

2

1

$1,760,000

Payload Engineering Support

2

2

$1,760,000

Spacecraft Systems Engineer

2

1

$440,000

Structures Engineer

1

1

$220,000

Thermal Engineer

0.5

1

$110,000

Orbits Engineer

2.5

1

$550,000

1

1

$220,000

Attitude Determination & Control Satellite
Engineer

0.5

1

$220,000

Communication Engineer

1.5

1

$990,000

Control and Data Handling

0.7

1

$770,000

Flight Software Welder Engineer

0.7

1

$770,000

Propulsion Engineer
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Electric Engineer

0.7

1

$462,000

Integration & Test Lead Engineer

0.7

1

$154,000

Test Engineer

0.7

1

$616,000

2

1

$440,000

0.7

1

$155,000

Mission Operation Manager

2

1

$1,320,000

Flight Dynamics Engineer

1

1

$440,000

Ground Data Systems

1

2

$440,000

Radio Frequency Upload/Download Link
Facilities

-

-

$87,600,000

Safety & Mission Assurance
Schedule Manager

Total Personnel Cost:

$103,837,000

The satellite bus is designed to fit our needs and costs US $1.2–$1.5 million to manufacture.
Additionally, our payload, including all instruments totals $2.4 Million. This leaves $50 million as
reserve.

10.5.

Manufacturing

There are two approaches in manufacturing a satellite bus – developing it in-house or outsourcing,
with the latter being more appropriate for the APIS mission. The mission is science-driven; thus,
we are mainly focused on science instruments and software-driven solutions rather than hardware.
It is cost-effective to outsource the manufacturing and testing of the bus as it will allow us to save
money that we would otherwise spend on staff. The mission will use 40 identical satellites, which
drives down manufacturing costs.

10.6.

COTS Components and Manufacturing Affordability

COTS components have become increasingly available and are improving in Technology Readiness
Levels (TRL). As the number of satellites required increases, the increased use of COTS parts will
decrease the cost per unit. However, in high radiation environments, such as our mission orbits,
COTS parts may not be sufficiently radiation-hardened, and it is difficult to predict their durability
to these environments (Bonin and Stras, 2018). A cost breakdown is shown in Table 24.
Table 24: Cost Breakdown

Parameter

Value

Cost per full time equivalent (FTE)
Number of payloads

US $ 200,000
4

Data downlink per day

60 minutes

Number of Spacecraft

40
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10.7.

Standardization and Reduction of Launch Costs

A standardized model could be developed from the spacecraft design in this report. This would
allow for an assembly line mass production of satellites, while at the same time being open to
modifications for specific missions. This will result in the cost being significantly decreased. Using
components designed for a shorter lifetime will enable the cost to be decreased yet again. A key
feature of this robust network design is that swarm effectiveness is only marginally decreased
when satellites fail.
While the APIS mission does not use SmallSats, the favorable commercial market for SmallSats –
their digital revolution and miniaturization (Crisp, Smith and Hollingsworth, 2015) – will support the
development of swarm satellite applications.

10.8.

Spin-offs

Below we identify technology spin-offs and commercial applications that can be derived from the
APIS mission.

INTERNET OF THINGS (IOT):
Swarm satellites provide a personalized technological ecosystem. Broadband Internet could
become available widely, allowing various household electronics to be connected to the same
network. The cost of connecting to the Internet would decrease in a scenario where satellites
provide worldwide access from space.

DATA ANALYTICS:
The big data market is growing and requires a robust infrastructure for the accurate measurement
and use of science data. On-board data processing on swarm satellites could decrease the need for
large ground infrastructure.

EARTH OBSERVATION:
Swarms provide a more efficient and reliable way to gather data thanks to increased coverage,
which promises better data results for disaster management and weather observations for
numerical weather prediction.

RESILIENT MILITARY COMMUNICATIONS:
Due to the nature of their operations, the military will always benefit from robust technological
solutions. It is imperative for militaries to have communication resources that will function at all
times, even after a satellite or several stop working. The military is an attractive market, as most of
the money spent in the space industry goes towards military usage (Shuey, 2001).

ASTEROID PROSPECTING:
With the rise of the in situ resource utilization (ISRU) industry, prospecting of asteroids is
important. The observation instruments used for the APIS mission could also be used to determine
which asteroids are most promising to mine. Asteroid prospecting is important for ISRU as it would
open a new opportunity for space mining industries to allocate their resources in a more effective
manner.

ISU – SSP19

APIS FINAL REPORT

PAGE | 69

APPLICATIONS AND POTENTIALS OF INTELLIGENT SWARMS

11.

Legal and Policy Considerations

11.1.

Legal Requirements and Procedures

Since the APIS mission will be conducted by NASA, it requires compliance with United States (US)
law. Within the US, space activities are regulated by administrative agencies. The National
Aeronautics and Space Act (House Select Committee on Astronautics and Space Exploration, 1958)
provides rules and procedures for launch authorization and frequency allocation for NASA missions
(House Select Committee on Astronautics and Space Exploration, 1958, s.51, a.201). NASA also
complies with space debris mitigation and environmental protection regulations (Assurance, 2017).
When purchasing parts or contracting services, NASA must comply with the Federal Acquisition
Regulation (FAR), although US federal law provides some alternatives that could simplify the
process.
In the limited time for this project, the team researched applicable US federal regulations and
NASA procedures for conducting heliophysics research in the magnetotail of Earth using satellite
swarms. The mission requires certain frequency assignments by the National Telecommunications
and Information Administration – NTIA (in coordination with the Federal Communications
Commission (FCC)), the registration of the space objects involved, and an adequate orbital debris
mitigation plan. NASA missions do not need authorization to launch from the US since NASA
authorizes its own launches. Finally, based on the SWOT analysis, the APIS mission uses COTS
components, and depending on the price, a purchase order or a bid request must be published.

11.2.

Frequencies

Space activities using radio frequency require authorization from the International
Telecommunication Union (ITU), which is the authority on the international level for management
and coordination of the electromagnetic spectrum. The ITU is the United Nations’ oldest
specialized agency with more than 180 member states. Within the ITU system, states apply for
spectrum to distribute at the national level between commercial and governmental activities. In
the US, while commercial applications for frequencies are managed by the FCC, requests from
governmental agencies are handled by the NTIA. Frequency licensing for NASA missions is
managed by a spectrum manager (NASA, 2017b). The APIS team recommends that any frequency
requests be submitted to the spectrum manager as early as possible in the mission process to
ensure adequate time for coordination (Directorate, 2011; Human Exploration and Operations
Mission Directorate, n.d.).

11.3.

Registration

As demonstrated through the SWOT analysis, registration procedures vary depending on national
legislation. In the US, the practice is to register each space object launched into outer space
individually with the national registry and to inform the UN.
The APIS mission consists of 40 satellites to be launched separately in two groups of 20. Current
US law requires each satellite to be registered individually. However, if the US policymakers
adopted the interpretation proposed in the SWOT analysis, then the satellite swarm would legally
be one space object.
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11.4.

Space Sustainability

Space sustainability is the concept that outer space should remain accessible and useful for all into
the future (Newman and Williamson, 2018). As demonstrated in the SWOT analysis, satellite
swarms may not be considered in line with space sustainability.
According to NASA NPR and the FCC, each NASA mission requires an appropriate orbital debris
mitigation plan (Assurance, 2017, p.2). Likewise, under the UN space debris mitigation guidelines,
an orbital debris limitation plan should account for the safe deorbiting of non-functional space
objects. The APIS mission accounts for the disposal of the swarm satellites and thus complies with
the abovementioned rules.
The orbital architecture of the APIS mission requires the satellite swarm to periodically pass
through LEO, posing a risk of collision with other objects. However, the orbital design places the
satellites into a train formation, i.e. crossing LEO one at a time, and only for a very short period.
This significantly reduces the risk of collision with other objects in LEO and the creation of space
debris.
Any mission has a chance of failure, and failed satellites may turn into space debris. The mission’s
low altitude orbit in LEO (about 500 kilometers) ensures that non-functioning satellites will deorbit
within approximately two to three years, and well within the 25-year limit set forth in current debris
mitigation standards.

11.5.

Purchasing

Purchases pursuant to the US’s Federal Acquisition Regulation are complicated and time
consuming, and requirements vary depending on cost and scope of the purchase. A more efficient
alternative is the Other Transaction Authority (OTA); a term describing the “streamlined
procedures that federal agencies may use to procure innovative research or prototypes, without
the constraints of a typical contract, grant, or cooperative agreement,” from the Oles Morrison
site1. Using the OTA may shorten the purchasing process to approximately three months. Based
on the research, it may be possible that the APIS mission can purchase COTS spacecraft
components through the OTA because using COTS for swarm satellites can be considered
innovative research.
The APIS mission may also rely on ground stations located outside of US territory. NASA already
operates various mission from ground stations all over the world through the near-Earth network
(Campbell, 2015). The APIS mission may join this network or, if needed, expand it in cooperation
with selected commercial providers and international partners, as with KSAT
(www.kongsberg.com, no date).
Having considered the legal and policy issues, the mission complies with the applicable legal and
policy requirements under national and international space law that were researched during the

1

https://www.oles.com/blog/other-transaction-authority-an-overview/
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project. Table 25 summarizes all the law and policy considerations necessary for APIS mission.
Below is a simplified checklist for NASA missions involving spacecraft launches in the United States,
based on the research conducted for the project:

CHECKLIST FOR NASA MISSIONS:
AUTHORITIES:
a) National Aeronautics and Space Act, 51 U.S.C. § 20113 (a).
b) National Space Policy of the United States of America, 2010.
c) U.S. Government Orbital Debris Mitigation Standard Practices, 2001.
d) NPD 1000.3, The NASA Organization.
e) NPD 8700.1, NASA Policy for Safety and Mission Success.
Table 25: Law and policy necessary considerations

Need to know

Requirements

Satellite mass
and dimensions

Licensing,
Registration

Frequency
allocation

Licensing
Frequency

Considerations
•

NASA Policy Directive 2570.5E

•

NASA’s Launch Service Program

•

National Telecommunications and Information
Administration (NTIA)

•

Space Communications and Navigation (NASA) –
SCaN

•

NASA Policy Directive 2570.5E, NASA
Electromagnetic Spectrum Management

•

NASA Procedural requirements 2570.1C NASA Radio
Frequency (RF) Spectrum Management Manual

•

NASA’s Use of spectrum for space science and Earth
science (nasa.gov/directorates/heo/scan/spectrum/)

Orbital
Parameters for
LEO & Deep
Space

Licensing
Frequency

Payload
requirements

Licensing,
Registration

•

NASA’s Launch Service Program

Launch Date &
Location

Licensing,
Registration

•

NASA’s Launch Service Program

Time in Orbit

Licensing,
Registration

•

NASA’s Launch Service Program
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•

NPR 8715.6B, NASA Procedural Requirements for
Limiting Orbital Debris and Evaluating the Meteoroid
and Orbital Debris Environments

RESPONSIBLE OFFICE:
•

Office of Safety and Mission Assurance

FORMS:

Debris
Mitigation
Measures

ISU – SSP19

•

NPD 8010.3, Notification of Intent to Decommission
or Terminate Operating Space Systems and
Terminate Missions.

•

NASA-STD-8709.20, Management of Safety and
Mission Assurance Technical Authority (SMA TA)
Requirements.

•

NASA-STD-8719.14, Process for Limiting Orbital Debris
(Expires Feb. 2021
https://www.orbitaldebris.jsc.nasa.gov/library/npr_87
15_006b_.pdf).

•

NASA-STD-8719.14

GOVERNMENT DOCUMENTS
•

NPD 1000.5 Policy for NASA Acquisition

•

NPD 8010.3 Notification of Intent to Decommission
or Terminate Operating Space Systems and
Terminate Missions

•

NASA-STD-8719.14B – 2019-04-25 11 of 79

•

NPD 8020.7 Biological Contamination Control for
Outbound and Inbound Planetary Spacecraft

•

NPR 7120.5 NASA Space Flight Program and Project
Management Requirements

•

NPR 8020.12 Planetary Protection Provisions for
Robotic Extraterrestrial Missions

•

NPR 8715.3 NASA General Safety Program
Requirements

•

NPR 8715.6 NASA Procedural Requirements for
Limiting Orbital Debris and Evaluating the Meteoroid
and Orbital Debris Environments

•

NASA-HDBK-8719.14 Handbook for Limiting Orbital
Debris
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Public private
partnership
information if
applicable

Licensing,
Registration

Cyber security
measures

Licensing,
Registration

Launch
company
options
Operator/
ground station

12.

SPECIFIC REQUIREMENTS WHEN WORKING WITH FOREIGN
COMPANY:
•

National Aeronautics and Space Act

•

National Aeronautics and Space Act, 51 U.S.C. § 20111
(sec. 813 Cybersecurity)

Licensing,
Registration,
Contracts

•

NASA’s Launch Service Program

Licensing,
Registration

•

SCaN

Discussion

The APIS team draws its 33 members from 16 countries and a variety of professional backgrounds,
ranging from engineers and scientists to lawyers and managers. The research and documentation
we produced is the result of an intense period of interdisciplinary work, confronting an unfamiliar
topic under strict time constraints. Despite these obstacles, we worked collectively to meet our
primary objectives and identify avenues for future applications of swarm satellites.
Following the strategy laid out in our Team Project Plan (TPP), we produced a comprehensive
SWOT analysis of swarms and designed a heliophysics mission that exploited the capabilities of
swarms. Taking inspiration from our subject, we formed a heterogeneous swarm with distributed
functionality—we brought together the expertise of individual team members to form a more
capable whole. One of the great strengths and successes of the team was our ability to come
together and make consensus-based decisions despite our diversity of background, culture,
nationality, and gender.
We inevitably also experienced issues in the execution of the team project. The high- and mediumrisk internal problems we identified in the TPP, such as poor communication, intercultural barriers,
and low morale, were sometimes present. We attribute the team’s cooperative and collaborative
approach in spite of these difficulties to a combination of ongoing mitigation measures and the
professionalism of the team.
The initial scope of the Team Project was broad. We faced many unknown unknowns before we
could make any significant progress. The first task facing the team was to adequately define
satellite swarms and assess their capabilities, applications, and potential, as well as their
weaknesses. While conducting the SWOT analysis, the APIS team faced the challenge of bringing
together analyses from different research groups into a concise overarching analysis.
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Work on the APIS mission was demanding, requiring close cooperative work between technical
teams in science, engineering, and operations. The international, intercultural teams overcame
their respective hurdles through interdisciplinary working. The science team developed a strong
science case with no prior knowledge of heliophysics, the operations team met the science
requirements with a swarm architecture, and the engineering teams developed a viable satellite
and software design, all under intense time pressure. The other aspects of the project, namely
humanities, human performance in space, legal, and management and business, all also had to
apply themselves to unfamiliar concepts to provide an interdisciplinary context to the mission.
Despite the obstacles facing the team, we were able to carry out the SWOT analysis and propose
a heliophysics mission. Though we met our objectives we have only just scratched the surface. The
opportunities for further study are many and varied.
A heliophysics mission is one of the potential scientific applications for swarms. Researchers have
proposed swarms of airborne rovers on Mars (Zhu et al., 2019), swarm-based space interferometry
(Engelen, Verhoeven and Bentum, 2010), and swarms of thousands of tiny spacecraft exploring the
asteroid belt (Truszkowski et al., 2004b). Swarms’ ability to autonomously collect distributed data
could be applied to multiple fields of science, and future research should fully explore as wide a
variety of potential applications as possible.
From the perspective of engineering, future work should focus on detailed studies to verify and
develop our design into a comprehensive mission proposal. The biggest issue we faced was
communications; satellite swarms will require technological improvements for effective
spacecraft-to-spacecraft communication. A second enabling technology for satellite swarms is
propulsion. We require significant advances in propulsion technology to fully take advantage of
the reconfigurability of swarms. Finally, components need to get smaller. The miniaturization of
subsystems and payloads will enable smaller swarms with greater capabilities.
The software engineering of satellite swarms also requires further development. Biomimicry as a
whole has not been fully explored, particularly when applied to satellite swarms. Similarly, machine
learning and distributed optimization are promising techniques for satellite swarms that have yet
to taken advantage of.
Despite the technical focus of our project, we also identified areas for further study in the
humanities. The dependence of modern society on a functioning electrical grid raises interesting
questions on the social impact of a devastating geomagnetic storm. We also suggest further
research into the perception of space weather across time and cultures. Finally, we suspect that
swarm satellites will be hampered by persistent negative perceptions of autonomous systems, and
that a suitable outreach and media relations strategy would be a high priority for any future swarm
mission.
There are also interesting questions in the field of human performance in space. Future swarms
could pave the way for human exploration of Mars or enable next-generation communication
networks on other planets. Using swarms for exploration will require further study into the
interaction of humans and autonomous systems in space. The heliophysics data from the APIS

ISU – SSP19

APIS FINAL REPORT

PAGE | 75

APPLICATIONS AND POTENTIALS OF INTELLIGENT SWARMS

mission would also prove useful in predicting the radiation environment encountered by
astronauts outside low Earth orbit.
In the fields of policy and law, important issues remain unresolved. Satellite swarms will inevitably
have an impact on space situational awareness and space sustainability. The launch of a distributed
autonomous system into already congested orbits increases the risk of collision. Another open
issue is the licensing of satellite swarms—it is not clear yet if swarms would be treated as one space
object or multiple and we identified the importance of this distinction. The legal underpinning and
policy framework for satellite swarms should be prepared before these missions become a reality.
A final area for future study is the commercialization of satellite swarms. Areas traditionally
dominated by satellite constellations, such as navigation, telecommunication, and Earth
observation could be disrupted by satellite swarms. The issues highlighted above are promising
areas for further study, but continued research into swarms will doubtlessly uncover new
opportunities and challenges. In this project, we investigated satellite swarms from an
interdisciplinary perspective, and we hope that our conclusions will inform future research.

13.

Conclusion

Satellite swarms are a force to be reckoned with. Like cooperative behavior seen in nature,
individuals are stronger within a group. The capacity of swarm satellites to communicate with each
other, to respond autonomously and collectively to change, demonstrates a more robust
architecture than a constellation.
Our interdisciplinary, intercultural, and international research identified the challenges facing
satellite swarms. Scientists and companies must find new swarm applications, engineers must
improve enabling technologies, and lawyers must clarify the legal status of swarms. This is beyond
the scope of this project, but we have indicated the first steps towards these goals.
The APIS team—consisting of 33 members from 16 countries—formed during the nine-week Space
Studies Program at the International Space University in Strasbourg, France. After evaluating the
capabilities of satellite swarms and taking into account the challenge they pose, we are convinced
satellite swarms have a role to play in space.
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In this appendix, we present the designs that have been investigated, which did not completely
meet the requirements.
One of the complexities of the presented mission is the requirement to perform large scale
tomography in a very large region. For this reason, the reconfiguration of the swarm over the vast
region requires large amounts of delta-v. The limitation to a 12-unit spacecraft reduces the
capabilities of the propulsion system both in thrust and in propellant mass, such that rapid
reconfiguration is not possible.
In this section, we will assume a limited number (less than ten) of ESPA class satellites (~200 kg).
To address the issue of a rapidly changing magnetotail, we intend to enable the capability of rapidly
reconfiguring of the swarm in order to localize and map the regions where high amounts of energy
are released. Being able to reach events that at the moment are not mapped and therefore not
known, will add scientific value during the entire mission lifetime.
In the timeframe of hours, the formation, once flying compactly, will expand to create a circular
geometry that surrounds the event. Tomography measurements still require all the agents to be
in the same plane, however, this configuration provides the opportunity to generate sections of
the plasma density, at different inclinations (even perpendicular to the ecliptic plane), as shown in
Figure A-1.

Figure A-1: Rreconfiguration of swarm agents

The satellites will behave as a train on the perigee side of the orbit. In the course of the orbit, there
will be a point where a decision will be made by the swarm by consensus, to plan the maneuver
that will result in the desired configuration once in apogee. One of the satellites will perform as a
leader, which according to it the swarm’s maneuvering strategy will be planned on-board.
After performing the scientific measurements, the agents will plan to reassemble once passed the
apogee in a specific location in both space and time. It is then up to each satellite to define its
trajectory in order to meet the swarms’ objective.

ISU – SSP19

APIS FINAL REPORT

PAGE | A.1

APPLICATIONS AND POTENTIALS OF INTELLIGENT SWARMS

A second concept investigated was the design of passive RF reflectors to enhance the resolution
of tomography when particular conditions are detected, which is illustrated in Figure A-2. The
reflectors would be carried on-board the agents and deployed when necessary. This addition
enables each satellite to perform tomography independently, by simply releasing a reflector and
using it to measure the plasma density between itself and the released unit. The combination of
multiple reflectors, deployed by the whole swarm in the region of interest, will enhance the
resolution of the tomography image.

Figure A-2: Reflectors deployment to perform higher resolution tomography

Following this approach, we considered that passive reflections would not provide information
regarding the local magnetic field, where they are dispersed, as illustrated in Figure A-3. At the
same time, it would be of scientific value to also understand the environment where the reflectors
are placed. For this reason, we developed the concept of flying dipole magnets on the deployable
units. The interaction with the local magnetic field will align the units along the field lines, however,
oscillations around the equilibrium configuration are expected, because there are no damping
forces. Implementing keyed corner reflector on each unit will enable attitude computation,
enabling scientists to better understand the magnetic field direction in the region. The intensity of
the field can be instead derived by measuring the frequency and amplitude of the oscillations.

Figure A-3: Passive dipole magnetometer deployment
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