




Monday, May 3, 2021

Time (PDT) Event

9:00-9:05 Opening Remarks: A. Babuscia

9:05-10:00 Keynote Speaker: C. Kundrot, NASA Headquarters
Moderator: A. Babuscia

10:00-10:02 Promotional Video by MMA Design

10:02-10:15 Break

10:15-12:00 Session A: Interplanetary Mission in Development and In-
novative Mission Concepts

Session Chair: M. Saing

A.1 Lunar Ice Cube Mission in 2021
(P. Clark)

A.2 Lunar Polar Hydrogen Mapper (LunaH-Map) Mission Up-
date

(C. Hardgrove)

A.3 Cislunar Autonomous Positioning System Technology Op-
erations and Navigation Experiment (CAPSTONE)

(B. Cheetham)

A.4 HAWK - the deep space platform for navigation, commu-
nication, and scientific exploration

(S. Simonetti)

A.5 Deep Dive: A Saturn Probe with In-Situ Power
(G. Landis)

A.6 Solar-powered Outer Solar System SmallSat (OS4) Archi-
tecture and Technologies

(R. Staehle)

A.7 TecEdSat-7 and 10 The little spacecraft that Could
(M. Murbach)

12:00-12:30 Session A Q&A Panel: A. Babuscia

12:30-13:30 Lunch
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Monday, May 3, 2021 (continued)

Time (PDT) Event

13:30-15:15 Session B: Telecommunications
Session Chair: A. Babuscia

B.1 Small Satellites as Data Couriers: Mission Concepts and
Scalability

(M. Sanchez-Net)

B.2 INSPIRE - Interplanetary Network for the Space Internet
(J. Velazco)

B.3 Long Duration Telecommunication Concept Using Trees
(S. Anderson)

B.4 Deep Space Station 17: A University-Operated Affiliated
Node on the NASA Deep Space Network- Preparing for Oper-
ational Readiness

(B. Malphrus)

B.5 Recent Features Added to the Iris Deep-Space Transponder
(Z. Towfic)

B.6 Integrated Communication and Controls for Swarms of
Small Satellites

(J. Diller)

B.7 Advancing Secure Small Satellite Laser Communications
(J. Richards)

15:15-15:45 Session B Q&A Panel: C. Lau

15:45-16:00 Break
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Monday, May 3, 2021 (continued)

Time (PDT) Event

16:00-17:45 Session C: Interplanetary Mission Technologies
Session Chair: R. Nugent

C.1 Blue Canyon Technologies: Overview of Microsats
(D. Hegel)

C.2 Charge Dissipating Conformal Coating for ESD Protection
of Spacecraft Electronics

(A. Goff)

C.3 DSP Generated Dynamic Power and CubeSat Power Sys-
tem SWaP Reduction, with Transceiver Sensitivity Enhance-
ment in Interplanetary Small Satellites

(M. Hopkins)

C.4 A Chip-scale Optomecahical Inertial Accelerometer for In-
ertial Navigation Suitable for Small Satellites

(J. Flor)

C.5 Design of Two-Stage Docking System for Autonomous
Micro-Aerobots

(K. Kukkala)

C.6 Automated Design of Off-world Multi-Robot Mining Base
Using L-Systems/Bio-inspired Methods

(C. Penny)

C.7 Simulation and Evaluation of a Mechanical Hopping Mech-
anism for Robotic Small Body Surface Navigation

(K. May)

17:45-18:15 Session C Q&A Panel: P. Clark

18:15-18:20 Day 1: Closing Remarks: A. Babuscia
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Tuesday, May 4, 2021

Time (PDT) Event

9:00-9:05 Opening Remarks: A. Babuscia

9:05-10:00 Keynote Speaker: A. Ricco, NASA Ames Research Center
Moderator: S. Weston

10:00-10:02 Promotional Video by ASTERIODS Lab, University of Arizona

10:02-10:15 Break

10:15-12:00 Session D: Innovative Mission Concepts
Session Chair: S. Weston

D.1 CATSAT: A 6U inflatable antenna technology demonstrator
mission

(A. Chandra)

D.2 First Phase of the Lunar Ark Concept – Towards Saving
Life on Earth from a Future Catastrophe

(J. Thangavelautham)

D.3 Ultrafast missions to outer planets and Kuiper belt objects
with extreme solar sailing

(A. Davoyan)

D.4 Spacecraft Charging as an Asset to Interplanetary Small
Spacecraft

(S. Young)

D.5 Pico Balloon Platform for Venusian Atmospheric Explo-
ration

(J. Crest)

D.6 CubeSats Beyond LEO - 2021 Survey of MEO, GTO, GEO
and Interplanetary Missions

(E. Kulu)

D.7 Office of strategic planning
(C. Derewa)

12:00-12:30 Session D Q&A Panel: M. Saing

12:30-13:30 Lunch
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Tuesday, May 4, 2021 (continued)

Time (PDT) Event

13:30-15:15 Session E: Propulsion and Launch Systems
Session Chair: C. Lau

E.1 Modular FEEP propulsion systems for smallsatellite mis-
sions

(D. Krejci)

E.2 Enabling Independent Interplanetary CubeSats with
Staged Electrospray Propulsion

(G. Pettersson)

E.3 Space-to-Space Transport Enabling a New Space Economy
Beyond LEO

(C. Foulds)

E.4 Design and Testing of PEM hydrolysis system for producing
Hydrogen and Oxygen propellants for CubeSat Applications

(J. English)

E.5 LEO Refueling of Electron/Photon for High-Performance
Interplanetary Smallsat Missions

(R. French)

E.6 Interorbital Systems: Launch Services to LEO, Luna, and
Beyond

(R. Milliron)

E.7 Development of Hot-Fire Engine Test Stand at Land-Grant
University Amid Restrictive Pandemic Protocols

(G. Ogden)

15:15-15:45 Session E Q&A Panel: R. Nugent

15:45-16:00 Coffee Break
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Tuesday, May 4, 2021 (continued)

Time (PDT) Event

16:00-17:45 Session F: Next Generation Deep Space Compact Payloads
and Packages

Session Chair: P. Clark

F.1 The CubeSat Infrared Atmospheric Sounder (CIRAS) for
measuring Temperature Profiles in Mars Atmosphere

(T. Pagano)

F.2 Instrument Thermal Management for Lunar Night Opera-
tion/Survival without Radioisotopes

(D. Bugby)

F.3 Lunar CubeSat Mass Spectrometer
(J. Simcic)

F.4 CMOS System on Chip for Compact instruments
(A. Tang)

F.5 Miniaturized Solid-State Quantum Magnetometer for
Space Applications

(C. Cochrane )

F.6 The Lunar Amended Regolith Gardening Experiment
(S. Gilroy)

F.7 Surface Imaging of Lunar Volatiles in the InfraRed (SILVIR)
(P. Clark)

17:45-18:15 Session F Q&A Panel: S. Weston

18:15-18:20 Concluding Remarks: A. Babuscia
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Poster Session

Poster Title Speaker

CATSAT: A 6U inflatable antenna technology demonstrator
mission

A. Chandra

Design, Fabrication and Testing of Solar Thermal Thruster for
CubeSats During Covid-19

R. Lu

Developing a Power System for the Lunar Ark L. Williams

Parker Solar Probe Offers An additional experimental proof for
theory of the relative image

E. Moawad

Visible light sensitivity due to the shape of the orbit E. Moawad

Cost Analysis Methodologies for Deep Space SmallSat Constel-
lations

J. Hamaker

A Model for the Simulation of Artificial Gravity in Settlements
on Metallic Low-Gravity Celestial Objects

A. Kalra

Tuning Walking and Hopping Gait for Asteroid Mobility G. Flores

The Impact of the Yarkosvky Effect on Satellite Navigation
around Small Bodies

Q. Lamey

Demonstrating the Feasibility of Cryopreservation in Space and
Planetary Environments Using CubeSat Storage Units

C. Pedersen

Advancing Utilization of the Moon Using Small Form-Factor
Cryogenic Technologies

A. Diaz

Automated Design of Robots for Exploring Extreme Environ-
ments of Mars Following an Animal Survivalist Approach

H. Kalita

Advancing Small Satellite Docking Systems using Active Light-
ing and Cues

A. Thirupathi
Raj

Towards Optimal Traffic Management of Off-World Small Min-
ing Robots Modelled from Ant Colonies

A. Wissing

Swarm Enhancement of Autonomous Navigation around Rub-
ble Pile Asteroids

L. Vance

The Improvement of Volatile Collection Via Small Satellite In-
struments

S. Ippolito
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1. Welcome

Welcome to the tenth Interplanetary Small Satellite Conference, which
will address the technical challenges, opportunities, and practicalities
of space exploration with small satellites.

Again due to COVID-19, this year the conference will be entirely
virtual. We have included a section on Webex steps and tips to allow
you to maximize the quality of your experience. Last year, despite the
challenges of running a completely virtual meeting for the first time,
ISSC brought together more than 700 participants from different com-
panies, space agencies, and academic institutions all over the world.
The 2021 edition of ISSC will feature live keynote talks, live session
talks and panels, asynchronous posters videos, and enhanced virtual
opportunities for exhibitors to engage with the audience.

This conference is organized by an evolving group of students,
alumni, and staff from Caltech, JPL, NASA’s Small Spacecraft Systems
Virtual Institute, and CalPoly and its roots trace back to the iCubeSat
2012 conference. The scope of the conference is slightly broader and
includes interplanetary small satellite missions that do not fit into the
CubeSat standard. We believe that with this shift we will be able to
incorporate an important segment of the community, as well as en-
courage the “outside the box” thinking that will be critical to future
interplanetary small satellite missions.

Thank you for virtually joining us.
—The Organizing Committee
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2. General Conference Information

For your convenience, there are quick links below to help navigate
through the sessions and abstracts, exhibitors, and posters during the
conference. Exhibitors will be available in a Zoom room live chat
during specified times and many have included YouTube videos and
flyers on their Exhibitor page. Exhibitors who are not available to live
chat in a Zoom room throughout the conference will be available by
email only and contact information for all exhibitors are provided.

Please do not hesitate to email us any time during the conference
if you experience difficulties with Webex or have general questions
about the conference.

info@intersmallsatconference.org

• All posters can be found here: ISSC Posters

• All abstracts are listed in this program and can be quickly found
in the Agenda tables of this program. The six sessions can be
quickly accessed here:

Session A Session B

Session C Session D

Session E Session F

• Exhibitor details are listed here: Exhibitor Information

• Keynote Speaker biographies are here: Keynote Speaker Bios

• General Tips for presenters: Notes for Presenters

Information on how to access webex live streaming are not posted
on webex, and are sent directly to you via email. Please refer to the
next section for guidance on how to manage the webex applicaiton,
join the webex meeting, and genral tips for presenters.
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3. Webex Information

Initial Webex Setup Steps
Although Webex Meetings will automatically be set up when you

join a meeting, you can save time by setting up Webex Meetings, on
Windows or Mac, before your meeting starts by following these Webex
set up steps:

1. Navigate to nasaenterprise.webex.com

2. Click on “Set Up” in the left hand menu and click on “Webex
Meetings”

3. Click on Set Up to complete the set up process

Interplanetary Small Satellite Conference
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Joining the Webex Meeting

1. Navigate to the Webex invitation link provided in the email.

2. Enter the 9 digit meeting number from your invitation in the box
provided and click join.

3. When prompted, enter the meeting password that is provided in
the email

4. When entering the room, you will be asked to select your audio
connection. Call using computer will use your computer speak-
ers and microphone for audio. You can also have the system call
your phone, or you can dial into the meeting using the phone.
When you have made your selection, click on the green “Connect
Audio” button.

5. To join by phone, please use the following:

+1-929-251-9612 USA Toll 2
+1-415-527-5035 US Toll

Access code: see code in invitation email
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During the Meeting

1. Please keep your microphone muted unless speaking.
A red microphone icon indicates you are muted. If you
are joining via phone, you can also mute and unmute
by dialing *6 from your keypad.

2. By default, the main speaker is displayed in the large video win-
dow in “Active Speaker Video View.” If you would like to change
the video layout to see all cameras, click on one of the video
layout icons on the top right of the video window.

3. Each session of the conference will be followed by a
joint question and answer period for all speakers from
a particular session. To ask a question, use the chat
function by clicking on the chat bubble button on the
bottom of the screen.
You may need to mouse over or click on the bottom
of the WebEx video for the floating button menu to ap-
pear. When you write your question, please include the
name of the speaker for whom the question is meant.
Questions will be read aloud by the co-chair of the ses-
sion.

4. For a full description of meeting controls and navigation, see:

WebEx Help: Get Started with Cisco Webex Meetings for Attendees

Interplanetary Small Satellite Conference
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General Tips for Presenters

For those who are presenting, please be familiar with the best prac-
tices for webex presentations.

1. How to share file: user must use Webex App

2. Testing your microphone

3. If available, please turn on your camera while presenting

4. Speaker will have 15 minutes for their presentation;

Q&A will be held at the end of each session.

Session-at-a-Glance

10 minutes before
The host will start the Session Webex
meeting.

2 minutes before The host will start the recording.

2 minutes before
The Session Chair will upload the presen-
tation(s) and turn over control to the pre-
senter.

1 minute before The Session Chair introduces the session.

Start of session
The Session Chair will introduce the first
presenter and all following presenters in
the session.

Q&A Session

Designated Session Q&A Panel will read
collected questions to presenter. Any
question not able to be answered dur-
ing the Q&A will be recorded along with
questioner’s name for future contact by
someone.

4. Exhibitor Information

Please use the table below for exhibitor details, including contact
and respective zoom room link information. Note that zoom room
availabilities vary per exhibitor and this information can also be lo-
cated here: ISSC Exhibitor Page. All zoom room availabilites are
displayed in PDT.

14
Interplanetary Small Satellite Conference

www.intersmallsatconference.org

https://help.webex.com/en-us/ngpfivv/Share-Content-in-Cisco-Webex-Training/
https://help.webex.com/en-us/bzg2s7/Test-Your-Speaker-and-Microphone-in-Webex-Meetings/
https://help.webex.com/en-us/n3t9lrab/Select-Advanced-Video-Settings-for-Webex-Meetings
https://intercubesat.org/exhibitors.html
http://www.intersmallsatconference.org


Exhibitor Details
Jet Propulsion Laboratory SmallSat Formulation, Team Xc
Contact: Alex Austin, Team Xc Lead Engineer
Zoom Availability: Monday 9-10AM, 11AM-12PM & Tuesday
9AM-12PM

Exhibitor Page
Zoom link

Advanced Multi-Mission Operations System
Contact: Zsarina M. Bulchand
Zoom Availability: All Conference Breaks

Exhibitor Page
Zoom link

NASA Small Spacecraft Systems Virtual Institute
Contact: Bruce Yost, S3VI Director
Zoom Availability: All Conference Breaks

Exhibitor Page
Zoom link

NASA Small Spacecraft Technology Program
Contact: Elwood Agasid, Deputy Program Manager
Zoom Availability: All Conference Breaks

Exhibitor Page
Zoom link

NASA Ames Engineering
Contact: Sally Cahill, Division Chief - Spaceflight Division
Zoom Availability: All Conference Breaks

Exhibitor Page
Zoom link

Morehead State University Space Science Center
Contact: Benjamin Malphrus, Executive Director
Zoom Availability: Monday 10-10:15AM, 12:30-1:30PM &
Tuesday 10-10:15, 12:30-1:30PM

Exhibitor Page
Zoom link
passcode:
MSUSSC

ASTEROIDS Laboratory, University of Arizona
Contact: Jekan Thanga, Principal Investigator
Zoom Availability: Monday & Tuesday 9AM-5PM

Exhibitor Page
Zoom link

Space TREx Laboratory, University of Arizona
Contact: Jekan Thanga, Principal Investigator Exhibitor Page

KSAT Kongsberg Satellite Services
Contact: Ruben Nunez, Director of Business Development Exhibitor Page

VACCO Industries, VACCO CubeSat Propulsion
Contact: Cleve Samson and Joe Cardin
Zoom Availability: Monday 9AM-12PM, 2-6PM & Tuesday 9AM-
12PM, 1-6PM

Exhibitor Page
Zoom link

MMA Design
Contact: Sandy Sorzano and Mark Bailey
Availability via MS Teams: Monday & Tuesday 8AM-4PM

Exhibitor Page
Teams link

Innovative Solutions In Space
Contact: Konark Goel, Business Development Engineer
Zoom Availability: Monday & Tuesday 9:30AM-12:30PM

Exhibitor Page
Zoom link

Copper Mountain Technologies
Contact: Heather Enayat, SW Territory Sales Manager

Exhibitor Page
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5. Organizing Committee

Alessandra Babuscia received her B.S.
and M.S degrees from the Politecnico di
Milano, Milan, Italy, in 2005 and 2007,
respectively, and her Ph.D. degree from
the Massachusetts Institute of Technol-
ogy (MIT), Cambridge, in 2012. She is
currently a Telecommunication Engineer
at NASA JPL (337G). She has developed
communication systems for different uni-
versity missions (CASTOR, ExoplanetSat,
TerSat, REXIS, TALARIS). She has been
with the Communication Architecture Re-
search Group, NASA Jet Propulsion Labo-

ratory, Pasadena, CA. Her current research interests include communi-
cation architecture design, statistical risk estimation, multidisciplinary
design optimization, and mission scheduling and planning. She was
a member of the organizing committee for iCubeSat 2012 (MIT, Cam-
bridge), and she is a session chair at the IEEE Aerospace Conference.

Carlyn Lee is a software engi-
neer for the Telecommunication
Architecture Group at NASA Jet
Propulsion Laboratory. She is
involved in link budget analy-
sis tools development and opti-
mization for space communica-
tion and navigation. Her research
interests include communication
systems, networking architecture,
and high-performance computa-
tions.
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Julianna Fishman is the founder of
Technology Horse LLC, a program and
project management services company.
Ms. Fishman facilitates activities of
the Technology Integration Agent, a
process utilized by several multidisci-
plinary NASA programs to define mis-
sion, program, and project priorities;
support requirements analysis; and per-
form technology assessments. From
1994 to the present, she has pro-
vided program and project formulation
and implementation support to several
NASA programs at both NASA Head-
quarters and Ames Research Center to
include: Space Biology, Gravitational
Biology and Ecology, Fundamental Space Biology, Biomolecular
Physics and Chemistry, Astrobionics Technology Group, Dust Manage-
ment Project, Small Spacecraft Technology Program, Small Spacecraft
Systems Virtual Institute, and the Office of the Center Chief Technolo-
gist. In her capacities, Ms. Fishman makes contributions in the areas
of program and project document content development; focus group,
workshop, and review planning; and development of presentations,
white papers, and communications material. She holds a Bachelor of
Science degree in biology and a Master’s in Business Administration
from Norwich University in Northfield, Vermont.

Chi-Wung Lau is a member of the Signal
Processing Research group at Jet Propul-
sion Laboratories. He has been working
at JPL for 15 years and has been involved
with such projects as Galileo, Deep Im-
pact, MER, Phoenix and MSL. Research
areas of interest are 34 meter array track-
ing quantum communications, and link
analysis. He received bachelor’s from
U.C. Berkeley in 1996 and master’s from
the University of Southern California in
2001.
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Pamela Clark of the Advanced Instru-
ment Concepts and Science Applications
Group in the Instrument Division, at Jet
Propulsion Laboratory, California Insti-
tute of Technology, is Technical Advisor
of the JPL Cubesat Development Lab.
She is also Science PI of the NASA EM1

Lunar IceCube Mission, as well as Convener and Program Chair for
the Annual LunarCubes Workshops, and an adjunct research professor
at Catholic University of America. She holds a PhD in Geochemical
Remote Sensing from University of Maryland. Her interests include
extending the cubesat paradigm to deep space technology demonstra-
tions and science requirements driven cubesat missions, developing
compact science instruments, evolving a low-cost development model
for deep space missions, and using the cubesat paradigm to set up
distributed networks for studying whole system dynamics. She is the
author of several books, including Remote Sensing Tools for Explo-
ration, Constant-Scale Natural Boundary Mapping to Reveal Global
and Cosmic Processes, and Dynamic Planet: Mercury in the Context
of its Environment.

Ryan Nugent is currently a Co-Principal In-
vestigator of the CubeSat Program at Cal Poly
in San Luis Obispo, CA. Ryan has spent 12
years with the program, starting as an under-
graduate student and continuing as a gradu-
ate student in Aerospace Engineering. Ryan
took a staff position at Cal Poly in 2011. He
has lead development efforts for Cal Poly dis-
penser designs, developing the processes re-
quired to support NASA, The U.S. Depart-
ment of Defense, European Space Agency,
and Commercial Organizations in certifying

CubeSats and CubeSat dispensers for domestic and international launches.
Overall, Ryan has supported 23 orbital launches in the U.S. and internationally
involving over 155 satellites, including the MarCO CubeSats. Ryan is currently
managing the CubeSat Program at Cal Poly, which manages the CubeSat Stan-
dard and is currently working on additional launch campaigns and supporting
the development of 5 different satellite projects at Cal Poly.
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Michael Saing is a Systems Engineer in
the Project Systems Engineering and Formu-
lation Section at the Jet Propulsion Labora-
tory (JPL). He is in the System Model, Anal-
ysis, and Architecture group and is a subject
matter expert in space mission cost estimation
and small satellites systems engineering. He
is also one of the subsystem’s engineer chair
for JPL’s Foundry elite concurrent engineer-
ing design teams - TeamX, TeamXc, and A-
Team. Michael is also tasked by NASA Head-
quarters as a proposal reviewer, small satel-
lites/cubesats data collection, and model de-

velopment. He graduated with an Aerospace Engineering degree (B.S.) from
CSU Long Beach. After graduation, he started his early career work at the
NASA Ames Research Center in Mountain View, CA prior to joining JPL. As
an amateur backyard astronomer, his interests and hobbies are in the areas of
astrophysics and heliophysics science, astrophotography, and telescopes.

Marco Boldt has spent the past 21 years
at Ames supporting virtual collaboration,
events, and managing the Virtual Insti-
tutes teams. For the past 14 years, Marco
developed and managed the collabora-
tive tool and virtual meeting infrastructure
used by the Virtual Institutes, Ames and
other groups across the agency. Marco cur-
rently serves as the Department Head for
Virtual Institutes and Collaborative Tech-
nologies on the NASA Ames FILMSS con-
tract.
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Sasha Weston is a Project Manager
with NASA’s Ames Research Center Small
Spacecraft Systems Virtual Institute. She
works on planning, development, and
implementation of outreach and commu-
nication materials, strategic documenta-
tion, and technical papers. She holds a
BS in Kinesiology and a minor in Physics
from San Francisco State University, and worked in the Mission Design
Center at NASA Ames for five years with the astrodynamics team.
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6. Keynote Speaker Biographies

Dr. Craig Kundrot
(NASA Headquarters)

Dr. Craig Kundrot is the Biological and Physi-
cal Sciences Division Director in the Science Mission
Directorate at NASA Headquarters. He is responsi-
ble for providing strategic direction for the division
and overseeing the planning and execution of its two-
pronged mission of pioneering scientific discovery and
enabling human spaceflight exploration.

The Division’s research is focused on using at-
tributes of the spaceflight environment, such as al-
tered gravity and space radiation, as experimental
tools to study biological and physical systems in ways
not possible on Earth. The Space Biology research
ranges from microbes to plants and animals to the
ecosystem within spacecraft. Physical Sciences research includes fluid physics, combus-
tions, materials science, biophysics, condensed matter physics, and quantum physics.
The weightless environment of the International Space Station is the most common
research platform used in the programs, but many other platforms on the ground, in
atmospheric flight, sub-orbital flight and orbital flight, are also used. The results of the
research provide benefits back to our lives on Earth and help enable sustainable human
exploration of space.

Prior to the establishment of the Biological and Physical Sciences Division in the
Science Mission Directorate in 2020, Dr. Kundrot was the Director of the Space Life
and Physical Sciences Research and Applications (SLPSRA) Division in NASA’s Human
Exploration and Operations Missions Directorate.

Dr. Kundrot has a BA from Northwestern University in Integrated Science and a
MPhil and PhD from Yale University in Molecular Biophysics and Biochemistry. After
a post-doctoral fellowship at the Laboratory for Molecular Biology in Cambridge, Eng-
land, he held a faculty position at the University of Colorado studying protein and RNA
structure-function relationships using x-crystallography. He then joined NASA’s biotech-
nology program in 1998 at Marshall Space Flight Center serving as a project scientist
and then principal investigator for a competitively awarded flight project. Dr. Kundrot
subsequently assumed science management positions for biotechnology and materials
science.

He moved to the Human Research Program at NASA’s Johnson Space Center in
2006, where he served as the Deputy Chief Scientist and as the first Mission Scientist
for the HRP’s Twins Study. He also served as Chair of the Institutional Review Board
at NASA Johnson Space Center, helping to formulate NASA’s genetic research policy for
astronauts. In 2015, Dr. Kundrot became the Life Sciences Lead in the Office of the
Chief Scientist at NASA Headquarters to coordinate life science research capability in
astrobiology, human research, planetary protection, and space biology within NASA.
Dr. Kundrot became the SLPSRA Director in the Human Exploration and Operations
Mission Directorate in 2016. He has authored numerous scientific papers and earned
several NASA awards for science and management.

Dr. Kundrot was born in Illinois and is married with two children.
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Dr. Tony Ricco
(NASA Ames Research Center)

Tony Ricco received BS
and PhD degrees in chem-
istry from UC Berkeley and
MIT, respectively. He’s held
positions at Sandia National
Laboratories, the University
of Heidelberg, ACLARA Bio-
Sciences, the Biomedical Di-
agnostics Institute (Dublin),
Stanford University, and NASA
Ames Research Center. His
R&D experience includes chem-
ical microsensors and mi-
crosystems; polymer microfluidic systems for biotech research and
pathogen detection; point-of-care medical diagnostic devices; inte-
grated autonomous bioanalytical systems for space biology and astro-
biology studies aboard small satellites; and search-for life analytical
payloads for missions to the icy worlds of the solar system.

At NASA/Ames, he served as project technologist for the GeneSat,
PharmaSat, O/OREOS, EcAMSat and SporeSat spaceflight nanosatel-
lite missions; instrument scientist and mission manager for the O/OREOS
mission; and payload technologist for the BioSentinel deep space mis-
sion. He is PI of the NASA projects SPLIce: Sample Processor for Life
on Icy Worlds and MICA: Microfluidic Icy-world Chemical Analyzer,
and a member of the ESA Topical Team on Future Astrobiology Exper-
iments in Earth Orbit and Beyond.

Tony is co-author of over 400 presentations, 250 publications, and
20 issued patents. He was an E.T.S. Walton Fellow (Science Founda-
tion Ireland), is a Fellow of The Electrochemical Society and the Amer-
ican Institute for Medical and Biological Engineering, and serves as
Vice President of the Transducer Research Foundation. He is presently
an editor of Frontiers in Space Technologies and Nature Publishing
Group’s Microgravity.

22
Interplanetary Small Satellite Conference

www.intersmallsatconference.org

http://www.intersmallsatconference.org


Session K – Keynote Speakers

7. Conference Abstracts

K.1 Expanding the Use of CubeSats and SmallSats in SMD’s
Newest Division:

Biological and Physical Sciences

Dr. Craig Kundrot (NASA Headquarters)

This talk will focus on how the Biological and Physical Sciences Di-
vision (BPSD) is looking forward to using CubeSats and SmallSats in
its two-pronged mission to pioneer scientific discovery and enable ex-
ploration. BPSD’s history and broad spectrum of scientific disciplines
will be described with a focus on how CubeSats and SmallSats have
been used in the program and the basis for their expanded use in the
future. Several types of potential experiments will be described along
with technical capabilities required to support them. An overview of
the Decadal Survey for BPSD, ”Recapturing a Future of Space Explo-
ration: Life and Physical Sciences Research for a New Era” will be
provided along with the status of the next Decadal Survey for 2023-
2032 which is now underway. The linkage between the next Decadal
Survey and the future of CubeSats and SmallSats in the BPSD portfolio
in one, five, and ten years will be discussed along with ways the com-
munity can engage the Decadal Survey process and BPSD planning
efforts.
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Session K – Keynote Speakers

K.2 Leveraging Cubesat Payload Technologies to Search for Life
on our Solar System’s Icy Worlds

Antonio J. Ricco
(NASA Ames Research Center on assignment from Stanford University)

Over the past two decades, small satellites including cubesats have demonstrated
their value as comparatively low-cost spaceflight platforms with which to achieve edu-
cational, technology-demonstration, space-exploration, and science goals. NASA’s Ames
Research Center has led the development of cubesat payload technologies that carry mi-
crobial life into space in service of astrobiology and space biology experiments in Earth
orbit—and, with the launch of the 6U BioSentinel planned for late 2021—interplanetary
space.

While these technologies progress, a very different class of life-in-space mission
is being contemplated. Due to their large, liquid oceans beneath kilometers-thick ice
crusts, the moons Europa and Enceladus are regarded as two of the most feasible non-
terrestrial environments in our solar system for the development and support of (mi-
crobial) life. To search for such life will require multi-instrument science payloads that
capture, process, and analyze icy samples, many analyses being conducted in aqueous
phase on sample quantities on microliter-volume samples.

A range of the technologies and strategies we have developed and demonstrated to
study life aboard cubesats in Earth orbit and beyond serve as an effective foundation
for search-for-life (bio)analytical systems, including:

• autonomous handling of specimens that (may) contain biological organisms in space,

• managing and analyzing microliter-volume samples at (much)-reduced gravity levels,
including bubble mitigation methods,

• building and integrating payloads from biocompatible materials, ultra-low organic
contamination, and zero contamination by unwanted microbes,

• flying a fluidic system in the dry state, with bubble-free wet-out at the start of mission
operations,

• storing organisms or reagents in the dry state, with reconstitution as needed,

• materials and electronics tolerance of ionizing radiation environments, and

• low-power, closed-loop-based thermal management methods.

Following the maxim that extraordinary claims, such as the discovery of non-terrestrial
life, require extraordinarily unambiguous proof, we are developing the sample proces-
sor for life on icy worlds (SPLIce) to serve as the enabling fluidic system integrating
an icy-moon sample-collection system with a suite of analytical instruments selected
for the breadth and complementarity of their methods and analytical outputs. The
functions that SPLIce must include, which depend on the details of the mission, sample,
and instrument suite, include such operations as sample retrieval from a collector;
reagent, buffer and standard reconstitution and delivery; reagent dilution; sample
concentration; degassing/de-bubbling; removing salts; adjusting pH or ionic strength;
adding dyes or molecular labels to facilitate detection; filtering, capturing, and staining
of particles for microscopy; delivering particle-free aliquots to instruments.
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Session A – Interplanetary mission in development and innovative
mission concepts

A.1 Lunar Ice Cube Mission in 2021

P.E. Clark
(Jet Propulsion Laboratory, California Institute of Technology),

B. Malphrus, N. Fite, and S. McNeil
(Morehead State University),

C. Brambora, and T. Hewagama
(NASA Goddard Space Flight Center)

Lunar Ice Cube, scheduled to be launched on ARTEMIS I in late 2021, is a deep
space cubesat mission with primary goals of demonstrating a cubesat-scale instrument
(BIRCHES) capable of addressing NASA HEOMD Strategic Knowledge Gaps related to
lunar volatile distribution (abundance, location, and transportation physics of water
ice) as well as cubesat propulsion, via the Busek BIT 3 RF ion engine. In addition,
the mission will also demonstrate the AIM/IRIS microcryocooler for the first time in
deep space. BIRCHES final testing is nearly complete, with several changes made to the
thermal design to improve detector performance.

Final preflight instrument testing and calibration, emphasized here, are occurring
under operational environment conditions in a small thermal vacuum chamber with an
external heated plate adjusted to simulate the thermal signature BIRCHES will expe-
rience under mission conditions. Test equipment (monochromators, sources, collima-
tors, rotating stages) are external to the chamber, with signal transmitted and received
through the chamber’s zinc selenide window, which has minimal and well-characterized
absorption. The functional, thermal, optical, radiometric and spectral response calibra-
tion of the BIRCHES instrument will be analogous to the OVIRS instrument, its direct
antecedent. Verification of detector performance, alignment, optical, radiometric and
spectral responses will be done with the instrument in thermal vacuum under simu-
lated mission conditions. From these calibrations, nominal corrections for dark current,
detector non-uniformity (e.g., bad pixels); optical, spatial or spectral non-linearity; tem-
perature and adjustable field stop position will be derived for the instrument. During
flight, periodic calibration will be performed to monitor instrument performance and
update instrument calibration parameters. Although linear Variable (wedged) filters
have very stable spectral response, spectral calibration will be performed redundantly
by comparison of BIRCHES spectra with known star spectra and infrared reflectance
spectra from prior missions including M3 on Chandrayaan acquired under comparable
(time of day, nadir pointing) conditions.

This approach has been shown to be capable of demonstrating linearity in radiance
values. Dark current and background flux will be measured using dark sky observations
periodically during the non-illuminated portion of the orbit. Although the thermal
design will constrain temperature variation during data taking as described below, the
optics box temperature will be monitored and based on earlier laboratory calibrations,
temperature corrections will be applied as necessary.
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Session A – Interplanetary mission in development and innovative
mission concepts

A.2 Lunar Polar Hydrogen Mapper (LunaH-Map) Mission Update

Craig Hardgrove, Tom Prettyman, Jim Bell, Richard Starr, Anthony Colaprete, Darrell
Drake, Igor Lazbin, Joe DuBois, Bob Roebuck, Nathaniel Struebel, Patrick Hailey, Tyler

O’Brien, Erik Johnson, James Christian, Lena Heffern, Anthony Genova, David
Dunham, Bobby Williams, Derek Nelson, Jeremy Knittel, and Alessandra Babuscia

The Lunar Polar Hydrogen Mapper (LunaH-Map) is a 6U CubeSat selected for flight
on the Space Launch System (SLS) Exploration Mission 1 (EM-1) through NASA’s Sci-
ence Mission Directorate under the Small, Innovative Missions for Planetary Exploration
(SIMPLEx) program. As of March 2020, integration and assembly of the flight space-
craft is complete. The flight spacecraft has been qualified through thermal-vacuum and
vibration testing. All components passed pre- and post-qualification checkouts and are
ready for delivery to SLS.

The primary science instrument, a miniature neutron spectrometer (Mini-NS), has
also been tested and qualified. The Mini-NS performance has been benchmarked using
calibrated neutron and gamma-ray sources. Here we provide updates on the LunaH-
Map flight spacecraft build, testing campaign, and the expected performance of Mini-
NS as well as the predicted mapping capabilities of water-ice trapped at the lunar South
Pole by the LunaH-Map mission.

Results from previous scientific missions to the Moon have identified the presence
of water/frost within permanently shadowed regions (PSRs) at the poles, however,
there remains uncertainty about the bulk (non-surficial/frost) abundance of these en-
richments and whether these small-scale enrichments are pervasive throughout lunar
south pole PSRs. Placing constraints on the spatial extent of, and bulk hydrogen abun-
dance within, PSRs will help point to specific processes and delivery sources for polar
volatiles, and can help resolve mechanisms operating over long time scales (e.g. solar
wind) from other, much shorter time scale delivery mechanisms (e.g. passing asteroids
or comets).
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Session A – Interplanetary mission in development and innovative
mission concepts

A.3 Cislunar Autonomous Positioning System Technology
Operations and Navigation Experiment (CAPSTONE)

Bradley Cheetham
(Advanced Space)

Advanced Space has partnered with NASA to develop and build the Cislunar Au-
tonomous Positioning System Technology Operations and Navigation Experiment (CAP-
STONE) mission which will serve as a pathfinder for Near Rectilinear Halo Orbit
(NHRO) operations around the Moon. The NHRO is the intended orbit for the NASA’s
Gateway lunar orbital platform – as such the CAPSTONE mission will validate simula-
tions and confirm operational planning for Gateway while also validating performance
of navigation and station-keeping for future operations. This low cost, high value mis-
sion will demonstrate an efficient low energy orbital transfer to the lunar vicinity and
an insertion and operations approach to the NRHO that ultimately will demonstrate a
risk reducing validation of key exploration operations and technologies required for the
future success of NASA’s lunar exploration plans, including the planned human return
to the lunar surface. This presentation will include the current mission status leading
up to launch, the operations plan for the NRHO, and lessons learned to date in order
to inform future CubeSat pathfinders in support of national exploration and scientific
objectives.

CAPSTONE will fly a 12U cubesat developed, integrated, and tested by Tyvak
Nanosatellite Systems carrying a payload communications system capable of cross-link
ranging with the Lunar Reconnaissance Orbiter (LRO), a dedicated payload flight com-
puter for software demonstration, and a camera. The crosslink ranging and software
demonstration will provide critical demonstration of the Cislunar Autonomous Position-
ing System (CAPS) to enable peer-to-peer navigation for future lunar missions. CAP-
STONE is contracted to launch with Rocket Lab and will be launched in 2021. Upon
launch, the spacecraft will traverse a highly efficient transfer taking approximately three
months to enter a primary demonstration phase in an NRHO for six months followed by
a twelve-month technology enhancement operations phase.

The CAPSTONE mission is funded through NASA’s Small Spacecraft Technology
Program (SSTP), which is one of several programs in NASA’s Space Technology Mission
Directorate. SSTP is chartered to develop and demonstrate technologies to enhance
and expand the capabilities of small spacecraft with a particular focus on enabling new
mission architectures through the use of small spacecraft, expanding the reach of small
spacecraft to new destinations, and augmenting future missions with supporting small
spacecraft.
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Session A – Interplanetary mission in development and innovative
mission concepts

A.4 HAWK - the deep space platform for navigation,
communication, and scientific exploration

Simone Simonetti, Alessandro Balossino,
Valerio Di Tana, and Federico Miglioretti

(Argotec)

The boundaries of space exploration are increasingly expanding beyond Earth orbit,
enabling human and robotic exploration towards more destinations in the Solar System,
including the Moon, asteroids, and Mars. This journey into deep space has begun with
tests and demonstrations on Earth and in space. In this regard, the HAWK platform is a
deep space solution that can be adapted, scaled, and optimized based on user/customer
requirements to achieve challenging goals.

The 6U configuration has been already selected for the implementation of two in-
ternational missions in cooperation with NASA which will fly in 2021. ArgoMoon is the
only European secondary payload of NASA’s Artemis-1 mission. The main goal of the
satellite is to take significant photos, both from the historical and operational point of
view, of the second stage of the new launch vehicle (Space Launch System - SLS). Ar-
goMoon will be one of the first CubeSats to be released, so that it can get to a position
to photograph SLS during the deployment of the other payloads. LICIACube is part of
NASA’s DART mission which is the first demonstration of the kinetic impact technique to
change the trajectory of an asteroid. The main objective of LICIACube is to provide sci-
entific data and photos of the impact of the main spacecraft with the asteroid in order to
analyse and determine the success of the mission and to observe the plumes generated
by the impact.

The 27U configuration is the solution to provide communication and navigation
service in two different planets. ANDROMEDA (Argotec Nanosatellite Design for Real-
time Operations in Moon Environment and Deep space Applications) is a constellation
of lunar-orbiting microsatellites intended to provide real-time communication and navi-
gation services to lunar and cis-lunar assets, ranging from space agency missions such as
rovers or human outposts to individuals such as tourists or private customers. The Mars
Communication and Navigation (MCN) mission is a multi-satellite constellation com-
prising several deep-space microsatellites. The main is to prototype key technologies
and provide an Earth—Mars communication and navigation infrastructure to enable a
broad range of future Mars exploration missions without an expensive Earth link. The
mission shall serve as a pioneer Comms/Nav network at Mars. The preliminary phase
study is funded by ESA.

In conclusion, the use of the HAWK platform can be used for various applications
and missions that push beyond Earth orbits thanks to its performance, adaptability, and
scalability.
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Session A – Interplanetary mission in development and innovative
mission concepts

A.5 Deep Dive: A Saturn Probe with In-Situ Power

Geoffrey A. Landis (NASA Glenn Research Center)

Probes into the atmosphere of the gas giant planets, Jupiter and Saturn, and the
ice giants, Uranus and Neptune, are identified as high-priority science missions by the
NASA planetary science decadal survey. Jupiter and Saturn have complex and inter-
esting atmospheres, with structures exhibiting wind motion on all scales, as well as a
complicated structure of colored clouds. To date only a single probe has entered the at-
mosphere of a gas giant, the Galileo atmospheric probe. Temperature and pressure are
the major considerations for the depth into the atmosphere which can be achieved. The
Galileo probe penetrated to a depth of 134 km below the 1-bar level of Jupiter; failing
at a pressure of 22.7 atmospheres, when the probe reached a temperature of 152◦C.
Due to Jupiter’s deep gravity well, the Galileo probe achieved the highest velocity of
any atmospheric entry, 47 km/second. Saturn’s gravity well is only slightly less deep,
with a V of 35.5 km/sec.

The mission science objectives include magnetic fields, atmospheric isotopic com-
position and particulates), temperature, and atmospheric motion. A top-level reason
for choosing Saturn as the baseline target for the conceptual design is that it is less well
probed and less well understood than Jupiter, and was listed as one of the five top pri-
orities for a medium-sized planetary mission in the most recent NASA Planetary Science
Decadal survey.

At atmospheric probe will require power. For many probes, this power is provided
by solar arrays or by batteries. However, at Saturn the solar intensity is about 1/100th
that of that available at Earth, and the probe will descend through clouds, which will
limit sunlight even further. For battery power, the battery mass will increase propor-
tional to the desired probe lifetime. Alternately, a probe descending through an atmo-
sphere releases gravitational potential energy, E = mgh (where E is the gravitational
potential energy, m the mass of the probe, g the gravitational constant, and h the height
above or below a reference altitude). In this case, we will harvest the energy released
as it descends to power the probe. The power available at a descent velocity V is:

P = dE/dt = mgV

For Saturn’s gravity, g=10.44 m/s2 (about 6% higher than Earth’s), and hence the
power per unit mass available is 10.4V W/kg. For an example probe of 100 kg mass
descending at 10 m/s, the available descent power is a kilowatt.
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A.6 Solar-powered Outer Solar System SmallSat (OS4)
Architecture and Technologies

Robert L. Staehle, Alessandra Babuscia
(Jet Propulsion Laboratory, California Institute of Technology)

John Bellardo, Cole Gillespie
(California Polytechnic University–San Luis Obispo),

Kian Crowley (Crowley Aerospace Consulting),
and Mihir Desai (Southwest Research Institute)

To date, all spacecraft going beyond the orbit of Jupiter have required dedicated
launch vehicles, radioisotopes for power and heat, and dozens or more ground oper-
ations staff. As result, all such missions have been large and expensive, though they
have clearly produced major scientific advances. In a NASA Innovative Advanced Con-
cepts (NIAC) Phase 1 task performed in 2019 – 2020, our team defined an approach
and technology path to enable SmallSats with solar-only power to explore multiple por-
tions of the Solar System between the orbits of Jupiter and Neptune, and potentially far
beyond, starting in the next decade. With achievable developments in low-power elec-
tronics, thermal control, cold-tolerant equipment, rigidized inflatable structures, and
longer-life pulsed-plasma thrusters, such spacecraft using rideshare launches aboard
primary missions could carry a variety of instruments for heliophysics, small-body, and
planetary measurements. Originally conceived as a method for reaching the heliopause
with magnetometer, plasma, energetic particle and dust instruments, a smaller version
of the concept has been defined for operations to 30 AU (approximately Neptune’s or-
bit), potentially capable of carrying cameras and spectrometers as well. Operation to
perhaps twice Neptune’s solar distance may be possible with an upgraded thermal insu-
lation approach. A larger version, no longer a “SmallSat,” is needed to collect enough
sunlight to operate beyond the heliopause distance of 120 AU.

We outline a new architecture that could enable many outer Solar System SmallSat
(OS4) mission concepts at 1/10th the cost and mass, and 1 – 2% of the equivalent
continuous power level and operations staffing of such missions today. Inspired by
the CubeSat revolution in small, low power electronics and miniature instruments, it
appears that a small enough mass and launch size could be achievable such that these
outer Solar System (OSS) explorers could be launched as secondary payloads along with
primary missions to the OSS, and use Jupiter swingbys to target different destinations.

The example configuration utilizes a 5-meter diameter inflated parabolic concen-
trator, based on the partially-successful 1997 Spartan-207 Shuttle-borne technology
demonstration, with rigidization provided in this architecture by a UV-curing fluid in
a venous network embedded in the inflatables. A spacecraft “Hub” positioned by de-
ployable booms near the paraboloid’s focus includes Fresnel optics to separate sunlight
from rf signals, enabling the concentrator to also serve for telecommunications. With
an ESPA-compatible mass 220 kg, up to 10 – 20 kg of instrumentation could be accom-
modated.

Note: there are 29 co-authors of this work, but the abstract submission software only
accepts 6 entries, so that list is incomplete. Alternate email for corresponding author:
gaboon@sbcglobal.net
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A.7 TecEdSat-7 and 10 The little spacecraft that Could

Marc Murbach
(NASA Ames Research Center),

Thom Stone, Reine Ntone, Alejandro Salas, Avery D Brock
(Millennium Engineering), and

Cedric Priscal
(KBR Wyle Services)

The NOW (Nanosatellite Orbital Workshop) of NASA Ames Research Center (ARC)
has two cubesats in orbit at this time: 6 U TechEdSat-10 (T-10) and the 3U TechEdSat-7
(T-7). T10 was jettisoned from the ISS via the NANORACKS system 7/13/2020, and
T-7 was launched via Virgin Orbit 1/17/2021. Both were built by the Nano-satellite
Orbital Workshop (NOW) at NASA ARC, and designed and fabricated by interns and
students in collaboration with educational institutions. Prototyping novel technologies
for non-powered re-entry and communications from orbit are primary research inter-
ests, however all subsystems including power generation and distribution, subsystem
control, navigation, positioning, heat management etc. extend current technologies.
Use of distributed processors using open software platforms and standards other based
technologies and software is integral to all segments of spacecraft design. Here, we will
present an overview of the spacecraft, experiments, and accomplishments – as well as
the next three flight experiments. Some of these experiments include:

1. The exo-brake re-entry system is being developed to enable sample return and
end of life disposal

2. Internal communications for sensors, inter-subsystem and experiments uses both
a Zigbee based PAN and internal WiFi for high-speed inter-device communica-
tions.

3. The Iridium small message LEO system (Short Burst Data) is used to both com-
mand the spacecraft and send data to the ground

4. Experimental use of the Global-Star system for L-band system comparison and
back-up

5. Collaborative NOAA an experiment to communicate from LEO to the GOES
geostationary satellite using the DCS (Data Collection System) with on-board
Doppler correction

6. Mars and Lunar experimental communication systems for future cis-lunar and
interplanetary nano-satellites

7. First demonstration of the NASA Near Earth Network systems with nano-
satellites at NASA/Wallops Island

8. Solar array design and implementation for unique future flexible structures

9. Power distribution using Tardigrade rad-hard processor omni-board (designed
by the team)

10. Distributed processors with internal wifi connectivity

11. Initial experiments with AI/Machine Learning
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B.1 Small Satellites as Data Couriers: Mission Concepts and
Scalability

Marc Sanchez-Net, Etienne Pellegrini, Wilson Parker, Mark Panning
(Jet Propulsion Laboratory, California Institute of Technology),

Ingrid Daubar (Brown University), and
Robyn Woollands (University of Illinois-Urbana Champaign)

Deep space missions are always severely communications constrained. We ar-
gue that this is the major limitation in science discovery and propose a non-invasive
workaround. We propose placing a network of small satellites on cycler orbits to form
a “courier” network which can be designed to shepherd data continuously from Mars,
Venus, or even the Jovian system at rates significantly higher than optimistic DSN pre-
dicted rates.

The concept is similar to the Mars Sample Return, yet requiring no physical inter-
action aside from a few hours / year of communication, and utilizing small, re-useable
courier satellites enabled by optical communications and clever orbit selection. The net-
work might be deployed during a primary mission launch and service as a data transfer
system for one or more missions, for a decade or better, at amortized rates exceeding 2
Tb / day. The downside could be 6-18 months of latency in the worst case, making this
concept suitable as an “add on” for large volume transfers alongside primary day-to-day
DSN-based mission operations.
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B.2 INSPIRE - Interplanetary Network for the Space Internet

Jose Velazco
(Jet Propulsion Laboratory, California Institute of Technology)

The interplanetary network for the Space Internet (INSPIRE) involves the imple-
mentation of a spaceborne platform that includes deploying thousands of small space-
craft around planetary bodies in the solar system [1]. INSPIIRE’s main objective is to
provide robust solar-system-wide communications, navigation, and scientific measure-
ment capabilities with swarms of multi-use smallsats which use breakthrough technolo-
gies that are just now becoming ready for maturation. These capabilities are made
possible through innovative relay and distributed aperture system concepts. INSPIRE
spacecraft would be small (e.g., smallsats), affordable, and could include integrated
avionics, telecommunications and sensor payloads. INSPIRE seeks to exploit the full
potential of networked distributed systems by using autonomous swarms of smallsats
as a building block. We seek to systematically place spacecraft swarms on planetary
Lagrange points to gradually form this interplanetary network.

The primary mission of the INSPIRE spacecraft swarms is to act as highway “cell
towers” that relay information from assets moving along the solar system and orbiting
planets (or located on planetary surfaces) to Earth. In addition, the INSPIRE swarms
are to be furnished with suitable sensors to form a remarkably large science platform for
observation, visitation, and an increase in knowledge and understanding of the Solar
System.

In this paper we will discuss results of an INSPIRE study we just concluded at
JPL. We will show that more than 50 nodes can be deployed along the solar system to
establish a planetary network (i.e., the space internet). Each node consists of a swarm
of smallsats forming a large synthetic aperture. Results of link budget calculations show
that data rates from tens of megabits to near gigabit per second can be achieved along
the various INSPIRE nodes.
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B.3 Long Duration Telecommunication Concept Using Trees

Steven Anderson, Roger Klemm,
Steven Matousek, Alessandra Babuscia

(Jet Propulsion Laboratory, California Institute of Technology),
and Julia Christensen (Oberlin College)

As commercial space companies join government programs in setting their sights
for long duration space occupation, the telecommunication systems must be ready to
develop technologies and architecture designed for longevity. Among the most signifi-
cant obstacles in developing a long duration telecommunication system is overcoming
the obsolescence of onboard systems. Communicating with the Voyager satellites is one
of the most prominent examples of this concept. The technology onboard these satel-
lites is over four decades old and still communicates via the Deep Space Network to
relay commands and transmit data to Earth.

The Tree of Life project began as a collaborative project to expand our knowledge
of technological longevity and address the challenges of deep space travel. The concept
augments the long life of trees and an orbiting CubeSat using only necessary hardware
to create a 200-year or more ‘duet’ between the unlikely pair. Utilizing the dielectric
properties of trees, the concept turns them into a living network of antennas.

Initial work on the project determined two designs that operate in both the Ultra
High Frequency (UHF) and L-band bandwidths. Through the use of optimization tech-
niques and high-frequency structure simulator (HFSS), the designs can be tailored to fit
and operate on the unique tree where it is placed. Prior to employment of the first an-
tennas and link to an orbiting satellite, continued research is being conducted to boost
the performance of the antenna and transmit the greatest possible volume of data. Sim-
ulated work gives us insight into the proper placement and design until we are able to
test the antenna in the field with a live link to future satellites.

This presentation focuses on the most recent findings of the research involving
optimal employment of the antenna, achievable data volumes, and mechanical design
optimization.
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B.4 Deep Space Station 17: A University-Operated Affiliated Node
on the NASA Deep Space Network- Preparing for Operational

Readiness

Ben Malphrus, Jeff Kruth (Morehead State University),
Tim Pham, and Jay Wyatt

(Jet Propulsion Laboratory, California Institute of Technology)

The launch of the twin Mars Cube One (MarCO) CubeSats in 2018 represented
an important milestone in deep space exploration, that is the use of small satellite
systems and, in particular CubeSats. The next milestone in the paradigm of utilizing
CubeSats for deep space missions is the launch of 13 CubeSats slated to fly on NASA’s
Artemis 1 mission in 2021. The success of MarCO and Artemis 1 will no doubt open
the door for CubeSat and smallsat exploration of the solar system. All of these activi-
ties will require ground support for communications, navigation and tracking- support
that requires significant infrastructure including ground stations with large apertures,
full-motion antennas and specialized deep space ranging and telecommunication in-
strumentation. The DSN is generally considered to be heavily subscribed, and, even
with the expansion of the new antennas planned, and with the implementation of new
techniques (i.e. multiple spaceraft per aperture), will be challenged accommodate the
large number of missions expected as the smallsat revolution unfolds.

To begin to address this challenge, partnership between JPL and Morehead State
University was initiated in 2014 to develop a strategy to enhance DSN capabilities by
utilizing existing non-NASA assets. An enhanced DSN can be achieved by transfer-
ring DSN processes and techniques, precision timing standards, data formatting, han-
dling and transfer protocol, and mission and ground operation processes to existing
university-based large aperture antennas. The team is using the Morehead State Uni-
versity 21 m Space Tracking Antenna as a case-study to prove the validity of the concept
of adding non-NASA nodes to the DSN.

The goal of this project is to develop and implement a strategy to transfer DSN
processes and protocol to the MSU 21 m antenna system to enable integration into the
DSN as an auxiliary station to support small-sat missions. This program will serve as a
test-case to define a path for other non-NASA ground stations to provide auxiliary deep
space navigation and tracking support for small-sat missions. The program is focused
on the implementation of DSN capabilities, techniques and processes including Space-
link Extension (SLE) protocol, CCSDS data standardization, navigation and tracking
techniques and capabilities, and asset scheduling capabilities. The 21 m antenna system
hardware has been upgraded toward DSN-compatibility and the station, designated
DSS-17, is expected to become operational in the Summer of 2021.

This talk will provide an overview of the DSS-17 architecture and highlight the
results of performance testing toward Operational Readiness Review.
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B.5 Recent Features Added to the Iris Deep-Space Transponder

Mazen Shihabi, Courtney Duncan, Zaid Towfic,
Brandon Burgett, Susan Clancy, and Mathew Chase

(Jet Propulsion Laboratory, California Institute of Technology)

In 2013, the Jet Propulsion Laboratory (JPL) developed the Iris Deep Space
transponder, a CubeSat compatible software-defined radio (SDR), intended to support
the first CubeSat deep space mission: the Interplanetary NanoSpacecraft Pathfinder
In Relevant Environment (INSPIRE). The Iris Transponder is a reconfigurable SDR de-
signed for missions requiring interoperability with NASA’s Deep Space Network (DSN)
on X-band frequencies (7.2 GHz uplink, 8.4 GHz downlink). The transponder provides
radiometric tracking support with the DSN to provide navigation products for precise
orbit determination while performing standard uplink and downlink communications
in a CubeSat/SmallSat-applicable package size.

In 2015, JPL developed the second version of the Iris transponder to be used on the
Mars Cube One (MarCO) mission. The second version has, in addition to X-Band trans-
mit and receive functionality, the capability to receive in the UHF band. On MarCO, Iris
successfully performed bent-pipe relay direct-to-Earth during entry, descent, and land-
ing (EDL) of the InSight lander, providing the first confirmation of successful landing,
including relay of InSight’s first image from the surface of Mars.

JPL, in partnership with Utah State University Space Dynamics Lab (SDL) contin-
ues to improve and enhance Iris. The latest version of Iris (2.1) is slated to be the
main transponder on each of seven secondary payload CubeSat missions of the upcom-
ing Space Launch System Artemis-1 Mission. In this version, several updates to Iris
were made. The power supply board (PSB) was redesigned to increase the radiation
tolerance, and further miniaturization was performed to reduce the overall SwaP (Size,
Weight, and Power) of the unit. In addition, the firmware/software on Iris was updated
with two enhanced navigation and ranging techniques: Pseudo-random Noise (PN)
Delta-Difference-of-Ranging (DDOR) technique and PN Regenerative Ranging. Also,
Over-the-Air Update (OTAU) capability of the Iris firmware/software was added. The
last feature will allow future mission to make updates to Iris’s firmware and software in
flight, if needed. This enhanced version of the Iris firwm/software by updated on three
Artemis-1 CubeSat missions: Lunar Flashlight, Lunar IceCube, and LunaHMap.

This presentation focuses on the recent updates that were made to Iris in 2020-
2021 and presents some results from recent compatibility testing at the DSN Test Fa-
cility (DTF-21) in September of 2020 and beyond. These features include, the Beacon
Transmit Mode, LDPC channel coding, Higher Data Rates on both Trasnmsit & Receive
modes to enable relay applications, 1-way ranging, and Carrier Sweep/Acquisition &
Doppler Compensation schemes to enable Multiple Uplink Per Antenna (MUPA).
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B.6 Integrated Communication and Controls for Swarms of Small
Satellites

Jonathan Diller, Qi Han, Christopher Dreyer
(Colorado School of Mines),

Federico Rossi, Saptarshi Bandopadhyay, and Jean-Pierre de la Croix
(Jet Propulsion Laboratory, California Institute of Technology)

Small space body exploration and monitoring missions traditionally involve a single
spacecraft with several instruments for collecting data. The utility of these spacecraft
has been limited due to the need to find a balance between optimal orbits for different
sensor types while also needing to send the collected data to the ground station on
the earth over the deep space network. The NEAR-Shoemaker mission to 433 Eros is
an example of such a mission. Swarms of small spacecraft are a promising solution to
better utilize resources and more efficiently gather scientific data while exploring and
mapping small bodies. However, a few of the main constraining factors in multi-robot
systems are communication limitations and data capacity.

In this work we optimize orbits for a swarm of small satellites to increase data ca-
pacity and integrate that with Ad hoc On-Demand Distance Vector (AODV), a Mobile Ad
hoc Network (MANET) routing protocol. AODV provides a robust solution for moving
data across a dynamic network of small satellites with potentially multiple hops and
helps overcome intermittent connectivity problems and limited onboard storage con-
straints. We apply our integrated solution to a case study of 433 Eros, where six small
spacecraft follow data-optimized orbits and use AODV routing to forward data back to
a single carrier satellite for long-term storage and relay back to Earth. Our simulation
studies show that this integrated approach allows us to gather significantly more data
than using a single spacecraft or using multiple non-collaborative small satellites.

This work provides a basis to further optimize the orbits of the small satellite swarm.
The simulation could be used as feedback to optimization algorithms used to help find
the optimal combinations of orbits that further maximize the amount of data that can
be collected from an asteroid or other small body object in space. This work also can be
further developed to evaluate other emerging networking technologies. The simulation
results provides promising results that can be further evaluated and validated with a
physical testbed.
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B.7 Advancing Secure Small Satellite Laser Communications

Jaxon Richards
(ASTEROIDS Laboratory, University of Arizona),

Leonard Vance
(SpaceTREx Laboratory, University of Arizona),

and Jekan Thangavelautham
(SpaceTREx and ASTEROIDS Laboratory, University of Arizona)

Given the growing demand for high-speed communication with small-satellites
from space, a low-cost, orbital laser communication network could meet these needs
without being hampered by RF congestions and licensing challenges. A nanosatellite
based global laser communications network capable of Gbit/s speeds is currently in de-
velopment but lacks a suitable receiver for laser outputs beamed at the satellite clusters.
This proposed project envisions 100 clusters of 4 3U CubeSats, totaling 400 satellites in
need of a link. The overarching system requires accurate and repeatable laser transmis-
sions to communicate between the next cluster, the previous cluster, a crosslink cluster,
and the ground station. Given the size of a 3U CubeSat, the distance between each clus-
ter, and the level of security that needs to be maintained between the 1600 data links,
multiple problems arise when considering the receiver/transmitter device design. The
receiver needs to be large and robust enough to capture and direct the laser beam from
these nanosatellites that undergo jitter and natural disturbances that reduce accuracy
in pointing, yet small enough to fit within a CubeSat’s 1U design frame. The receiver
also has to be able to present itself to the transmitter satellite while remaining hidden
to potential interfering parties.

The main focus of my research will be to develop a compact and robust laser
optical receiver that enables state of the art speed and security currently unavailable
on nanosatellites due to cost and technology limitations. With the addition of the
receiver, the proposed technology can be a secure alternative to the current leader in
communications: underwater fiber optic cables. Underwater fiber optics cables have
been eavesdropped and some-times cut by adversaries. In contrast, a space-based laser
communication network offers point to point communication that cannot be easily
intercepted/eavesdropped by a third-party. The optics required have been ordered
and once they arrive tests on the system will commence with the goal of forming a
communication link that can read photons per second, data rate and signal to noise
ratio. This data will give a clear path as to how the system will be advanced and
applied in the future. With successful application of this project the technology can be
perfected and applied to deep space communications where it can unload a portion of
the stress on the over-subscribed Deep Space Network.
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C.1 Blue Canyon Technologies: Overview of Microsats

Johannes Loschnigg and Dan Hegel
(Blue Canyon Technologies)

Blue Canyon Technologies (BCT) of Boulder CO will give an overview
of the company’s X-SAT line of Microsats, which includes the Mercury, Venus
(Classic ESPA) and Saturn (ESPA Grande) size range. (The payload capacity of
the Saturn spacecraft is up to 200kg.) BCT offers the FleXbus avionics solution
for Microsats. Built upon the same core components as the BCT CubeSats,
FlexBus is scaled to suit the larger vehicle size, e.g. larger power system at a
higher voltage, larger ACS actuators, and more modular packaging.

BCT is a world leader in small satellite bus production, and a provider of
turn-key spacecraft solutions, ranging in size from 3U to ESPA Grande-class
missions. The company has developed, qualified, and flown small satellite
buses and components that make up a highly flexible architecture, which ac-
commodates multiple types of payloads. BCT also specializes in precision
pointing platforms based on their high-performance attitude determination
and control components.

BCT has designed and is building over 93 spacecraft for 49 different pro-
grams for government, commercial, and academic missions in LEO and GEO.
The company has qualified and delivered hundreds of flight articles includ-
ing components, full ADCS systems for nano- and microsats, and complete
spacecraft. A new state-of-the-art facility provides over 40,000 square feet for
engineering, administration, assembly, integration, and test, to support high-
volume commoditized bus production, rivaling that of some of the commer-
cial constellation providers. Additional space for manufacturing will become
available this year to accommodate even higher production rates.

BCT is currently manufacturing and testing Microsat buses for the DARPA
Blackjack program, as well as several civil missions that will launch in the com-
ing years. The company’s experience also includes the first CubeSat to GEO
(ASCENT), as well as extensive NASA experience, such as the first CubeSat to
Mars (MarCO), a 7-bus microwave radiometer system for NASA and MIT-LL
(TROPICS), and 10 of the first 13 lunar CubeSat missions to be launched on
NASA’s SLS EM-1.
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C.2 Charge Dissipating Conformal Coating for ESD Protection of
Spacecraft Electronics

Adam Goff and Charles Sprinkle
(Luna Innovations Inc.)

The space environment poses significant challenges to satellites, space-
craft, and overall mission assurance. We are currently in a solar minimum al-
though are projected to be at solar maximum in 5 years. Increased sunspot ac-
tivity will lead to more electrical risks to electronic components. Additionally,
impacts of dust-sized micrometeoroids can cause an EMP-like radiofrequency
pulse that can devastate electronics. Adversary EMP and HEMP threats will
only increase as more nations move further into the space environment. Lastly,
highly charged environments can exist at Geosynchronous Earth Orbit (GEO),
Medium Earth Orbit (MEO), and Polar Low Earth Orbit (PLEO) due to solar
winds/storms and charged particles trapped in Earth’s radiation belts.

There is thus a need for advanced materials to protect sensitive electron-
ics from these threats across a variety of missions to ensure United States
space dominance. To serve this need, Luna has developed a charge dissipat-
ing conformal coating to enable greater radiation hardening, EMP protection,
and electrostatic discharge (ESD) mitigation for spacecraft electronics. The
addition of enhanced electrical protection in a single conformal coating will
give spacecraft designers a new tool to protect sensitive electronics from elec-
trical threats, while simultaneously reducing spacecraft complexity, weight,
and cost. The coating is an enterprise solution that is applicable to every
satellite, spacecraft, or aircraft component that can benefit from enhanced
EMP and ESD hardening. It is a drop-in ready solution for application to any
communication, power, navigation, or sensor system where enhanced mission
survivability and operational readiness is desired.
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C.3 DSP Generated Dynamic Power and CubeSat Power System
SWaP Reduction, with Transceiver Sensitivity Enhancement in

Interplanetary Small Satellites

Michael Hopkins
(Current RF)

CubeSat Switching Circuit generated Dynamic Power is one of the most
difficult aspects of CubeSat power system design to predict and manage. DSP
datasheets used to describe the magnitude of this system power consumption
are often generalized into a current and power specification that does not
capture exact values. This lack of precision quantification of system and sub-
block Dynamic Power often limits the power dedicated to long range signal
transmit and receive capabilities, and the coupling nature of this DSP power
limits the fidelity, and overall signal cleanliness in Interplanetary and Deep
Space CubeSat systems. In 1U units, the dimensions are roughly 100 × 100
mm, leaving very little space for solar panels, RTGs, and batteries. In 6U
units the dimensions are larger (100 × 226 × 388 mm), but the usable space
is dedicated to larger instruments, processing electronics, and transceivers,
again leaving little space for solar cells, RTGs, and batteries, which, in these
6U units, have also grown in size to meet the power demands of the payload.

What is needed are devices that can reduce needed solar panel space,
RTG size, and batteries. This can be done by limiting the deep-discharge
of system DC-Link and reservoir Capacitors in the power systems supplying
digital processing circuits, transmit/receive circuits, and other CubeSat in-
stantaneous surge current circuits, this Capacitor deep discharge reduction
limiting the needed re-charge currents from system solar panels, RTGs, and
batteries, decreasing overall system power consumption and transmit/receive
signal distortion. What is needed is a Power Saving and Sensitivity Enhance-
ment Sub-System, embodied as CC-100 ICs, and it’s various packaging config-
urations. Fitting neatly underneath System DC-Link and Reservoir Capacitors,
this TRL6 level, CC-100 IC and IP reduces dynamic power, as much as 36%
of the total dynamic power usage, in digital circuits embedded in Interplane-
tary and Deep Space CubeSat payloads. The technology also reduces classical
noise and residual, digitally coupled noise in Analog and RF systems, increas-
ing RF and analog signal path system sensitivity and cleanliness. The CC-100
IC and IP devices have proven to increase minimum receive signal sensitiv-
ity from -143dBm to -146dbm in practical receiver systems. This technology
and methodology reduces SWaP of solar panels, RTGs, and batteries by 36%
in Interplanetary and Deep Space CubeSat systems, or conversely, allows the
sensor and processing systems to grow by 36%, given the same size Solar
Panel, RTG, and Battery collection and storage systems.
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C.4 A Chip-scale Optomecahical Inertial Accelerometer for
Inertial Navigation Suitable for Small Satellites

Jaime Flor, Talha Yerebakan, Wenting Wang, and Chee Wei Wong
(University of California, Los Angeles)

High-precision inertial sensing and gravity sensing are core technologies
that enable oil exploration, mapping, obstacle avoidance, navigation, and are
widely used on space vehicles (SVs). Modern navigation systems integrate
signals from a Global Navigation Satellite System (GNSS), such as the global
positioning system (GPS), with an inertial navigation system (INS), and sig-
nals of opportunity, which complement each other for correct attitude and
velocity determination. However, as the SV orbit is higher above the surface
of the Earth, having access to GNSS signals become more challenging, and is
subject to availability. Therefore, the navigation system should rely more on
the INS and especially on the sensors that it integrates. The core of the INS
is the inertial measurement unit (IMU), which is composed of accelerometers
and gyroscopes used to measure the specific forces and angular rate in the
vehicular inertial reference frame. High performance accelerometers and in-
ertial sensors usually require big masses and weights, as this is proportional to
the measured force, and do not scale well with size. Therefore, IMUs used in
projects like the Apollo Missions (i.e. ST-124) used to weight tens of pounds.

Current trends in miniaturization and microfabrication have improved
this setup, and strapdown IMUs like the ones from recently missions to
Mars have a weight of less than 9 pounds, but this value is still larger
compared to the requirements for small satellites. In order to achieve a high
performance INS/IMU that could be used in systems with strict weight and
size requirements, here we present an optomechanical inertial accelerometer
sensor with 8.2-g/Hz1/2 velocity random walk (VRW) at acquisition rate of
100 Hz and 50.9 g bias instability. The presented solid-state implementation
uses coherent readout and provides advantages such as high sensitivity
and narrow linewidth, compared to previous techniques. When driven into
optomechanical sustained-oscillation, the optomecahnical accelerometer’s
slot photonic crystal cavity provides radio-frequency readout of the optically-
driven transduction with enhanced sensitivity. When compared to other
techniques, the current representation of the optomechanical accelerometer
measures the optomechanically-stiffened oscillation shift produces by the
parametric driving optical field, instead of the resonance shift in the optical
transmission.ies.
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C.5 Design of Two-Stage Docking System for Autonomous
Micro-Aerobots

Kairav Kukkala,
(ASTEROIDS Laboratory, University of Arizona)

Athip Thirupathi Raj,
(SpaceTREx Laboratory, University of Arizona)

and Jekan Thangavelautham
(SpaceTREx and ASTEROIDS Laboratory, University of Arizona)

Small autonomous robotic lighter-than-air vehicles, known as micro-
aerobots, are a simple, low-cost platform for the exploration and analysis of
terrestrial and atmospheric conditions of planets and moons, such as Mars,
Venus and Titan. These aerobots come in the form of vehicles such as a solar
balloon or sailplane, and possess large traverse capabilities, long lifespan, and
an extensive range for sampling and analysis through its various on-board sen-
sors. Due to the versatility of aerobots, ensuring communication and contact
through docking is an important step in realizing their full potential. When
equipped with a docking system, aerobots can transfer both information and
power, extend mission life, enhance repeatability, and assemble to create a
larger, more advanced vehicle. Currently, while docking systems for large
vehicles are well known, less development has occurred for smaller vehicles
and satellites. Research for small vehicle docking has produced a one-stage
docking mechanism, commonly a magnetic mechanism for soft capture. How-
ever, this does not fully secure and seal the vehicles together (hard capture),
disabling some of the advantages of an aerobot docking system.

In this paper, we will design a two-stage docking system, in which the
aerobots will undergo an initial phase of magnetic soft capture, followed by
vehicle alignment and hard capture through the use of shape-memory alloys
as a latch and seal. This will culminate in the construction and testing of a pro-
totype in a frictionless laboratory test environment, as well as 3D simulations
and feasibility analysis. By creating a two-stage docking system, aerobots can
more efficiently explore and analyze various planets and moons, thus expand-
ing the scope of exploratory vehicles.
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C.6 Automated Design of Off-world Multi-Robot Mining Base
Using L-Systems/Bio-inspired Methods

Charles Penny (ASTEROIDS Laboratory, University of Arizona) and
Jekan Thangavelautham (SpaceTREx and ASTEROIDS Laboratory, University of Arizona)

Multi-robot mining operations are being actively considered for off-world locations
such as the lunar surface where resources are estimated to be worth trillions. The
applications of these resources are numerous. They can be used for in-situ support of
other off-world missions such as enabling manufacturing or refueling along a cis-lunar
railroad. They can also be used for potential export to Earth to supplement the limited
supply of precious metals, which when extracted from The Earth cause environmental
concerns. However, for the exploitation of these resources to be in any way profitable,
the methods applied to extract and process them must be efficient, and low risk. These
concerns are addressed through the use of multi-robot mining which allows for the
efficient extraction of material while also limiting the toll that losing part of the system
can have on the overall success of the method. Losing one mining robot is not the
end of a mission. Still, for a helpful amount of materials to be mined and processed
the infrastructure of a multi-robot mining base must be well designed. Earth-brought
resources must be minimized while simultaneously the hardiness is maximized.

An approach to this base design and the focus of this research is to use L-systems
and algorithmic generation for the design of a multi-robot mining and processing facil-
ity. Such a system would allow said base to scale organically to its resources available,
taking bio-inspiration from plant growth and the regenerative properties displayed by
some amphibians. An L-system also allows base design to evolve within the constraints
of machinery and technology available, growing in increments as more equipment is
sent to the base. The alphabet of the L-system can also be outfitted with structures ca-
pable of being made using in-situ resources, such as regolith, so that the viability of such
structures can be thoroughly tested prior to deployment on a mission. As a multi-robot
mining mission would be a long-term effort with multiple stages, the use of an L-system
also allows for adaptability to developments that occur throughout the lifetime of the
mission.

Rules and alphabets can be edited halfway through and the base can make the
most of its current design. Much like how trees can recover from falling and continue
growing using the fallen trunk for structure. Efficient use of available resources is vital
in exploitation of off-world materials to maintain the worthfulness of such an endeavor.
Whereas in mining on Earth a great deal of preparatory work may be done in laying the
foundation of mining and material processing, in an off-world location such work would
be a major hurdle. L-systems allow for the base design to grow organically around the
natural topography of whatever site is chosen for a mission.

Additionally, the base must have sufficient redundancy and hardiness to be low risk,
lest the cost be unjustifiable. L-systems are well suited for not only generating designs
with redundancy, but for the redundancy of separate designs to be easily compared,
allowing a design to use the same resources and reiterate over itself until it has found
a best solution. The result is a tunable and easily adapted algorithmic generative de-
sign for a multi-robot off-world mining base. Although specified as being for off-world
bases, as more effort goes into proving the efficacy of multi-robot systems a similar
methodology may be applied in designing infrastructure to support research operations
or Earth-based mining and construction. The design method may also be integrated
with distributed control systems, allowing robots within the system to navigate more
efficiently and safely.
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C.7 Simulation and Evaluation of a Mechanical Hopping
Mechanism for Robotic Small Body Surface Navigation

Kevin May
(ASTEROIDS Laboratory, University of Arizona), Himangshu Kalita (SpaceTREx

Laboratory, University of Arizona),
Stephen Schwartz

(SpaceTREx and Lunar Planetary Laboratory, University of Arizona),
and Jekan Thangavelautham

(SpaceTREx and ASTEROIDS Laboratory, University of Arizona)

The key to understanding the origins of our Solar System is likely to be found on
small bodies including asteroids, and we are more capable than ever to implement in-
situ exploration of their surfaces. Swarms of small hopping robots are an intriguing
alternative to traditional multi-wheeled rovers to traverse the extreme environments
and low gravity of small Solar System bodies (SSSBs), but several challenges must be
addressed before utilizing these swarms. As of yet, small-body surface vehicle missions
have not been carried out, in large part due to difficulties navigating in an unfamiliar
environment and complications due to low gravity.

Our past work has proposed using a small, spherical robot (SphereX) with a me-
chanical hopping mechanism consisting of a linear actuator system to orient the robot
and a spring-foot system to achieve a normal force for hopping (Kalita 2019). Two key
challenges that must be addressed when designing these robots are navigation and the
complex interactions between the surface and the hopping mechanism. In this research,
the first challenge is addressed by developing a simulated environment in the software
package Webots (Michel 2004) modeled on the asteroid Bennu to test the navigation of
a SphereX robot with realistic obstacles. The second challenge is addressed using the
n-body code pkdgrav (Stadel 2001), adapted for use in planetary science (Richardson
et al. 2000) and to compute granular dynamics (Schwartz et al. 2012), to test how
the mechanical foot might interact with asteroid-like regolith in order to optimize the
mechanism for given conditions. By demonstrating navigation in an asteroid-like en-
vironment and numerically modeling low-gravity surface interactions, a mechanically
hopping robot can be evaluated as a potential method of surface exploration and map-
ping on SSSBs.
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D.1 CATSAT: A 6U inflatable antenna technology demonstrator
mission

Aman Chandra, Christopher Walker
(The University of Arizona)

Juan Carlos Lopez Tonazzi, and Douglas Stetson
(FreeFall Aerospace, Inc.)

This paper describes the design, development and flight testing of a half-meter
spherical inflatable antenna built out of reflective and clear Mylar membrane segments.
A custom-built line feed optimized for operation at 10.5 GHz is used for spherical cor-
rection. A 1.5U deployment and gas control system has been developed and tested to
deploy the antenna and feed. The antenna system has been jointly developed by the Uni-
versity of Arizona and FreeFall Aerospace, Inc as primary payload to be demonstrated
on-orbit on the University of Arizona’s 6U LEO mission named CATSAT, scheduled to
launch in May 2022 as part of NASA’s CSLI program. The mission has been designed for
a low earth sun-synchronous orbit with the primary objective being the demonstration
of high data rate transmission from the inflatable antenna system.

This paper describes a multi-disciplinary design approach towards the development
of the system which includes thermo-structural design, RF design and operational
testing of the membrane antenna and feed system. Structural design of the spherical
membrane and antenna system have been optimized to restrict dynamic modes
of the deployed system to within the operational envelope of the on-board 3-axis
attitude control system in the expected thermal environment. RF design has been
focused on compensating for the expected cyclic variation of inflated shape. A shape
photogrammetric shape measurement system has been developed for real-time inflated
surface verification. Our design activities lead to a parameterized model of the antenna
system to facilitate re-design for varying frequencies and orbits. The model has been
used to construct scaling laws to understand performance variation with increasingly
large spheres identify sensitive design parameters for more complex feed geometries
optimized for higher frequencies.
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D.2 First Phase of the Lunar Ark Concept – Towards Saving Life
on Earth from a Future Catastrophe

Jekan Thangavelautha (SpaceTREx and ASTEROIDS Laborator, University of Arizonay),
Himangshu Kalita, Leonard Vance (SpaceTREx Laboratory, University of Arizona), and

Claire Pedersen (ASTEROIDS Laboratory, University of Arizona)

In 2013, thanks to NASA LROC imagery, several hundred pits were discovered on
the lunar surface. These lunar pits are hypothesized to be remnant lava tubes. Consid-
ering the Moon is geologically inactive, these lava tubes could be an excellent shelter
as they are likely to have remained pristine for 3-4 billion years. Lunar lava tubes are
excellent locations that are sheltered from radiation, temperature swings, and small
meteorite impacts. In-contrast Earth is a dynamic planet, with molten core, active vol-
canoes and moving tectonic plates. Earth is undergoing significant changes resulting
in loss of whole ecosystems, extinction of many thousands of species, and endangering
a critical food chain that could threaten human survival. Our human presence further
destabilizes the situation. Our civilization and our technology are very fragile to natural
disturbances that can knock it down and cause a total collapse.

Earlier we proposed steps to develop a Lunar Ark that would protect 6.7 million
species of plants, animals and fungi. However it is a long term endeavor that would
take 30 years to advance. One of the practical first-steps to safeguarding life on Earth
using the Lunar Ark could be to safeguard plant species and crops that are critical to
the food-chain. This was the premise in the development of the Svalbard Seed Vault
in Norway. However Svalbard is vulnerable to accelerating climate change. Rising sea
waters had partially inundated the facility in 2017. Furthermore we have identified at
least seven other Earthly catastrophes that can disable the Svalbard seed vault. To truly
avoid earthly catastrophes, a seed-vault facility needs to be constructed and operated
off-Earth. Lunar lava-tubes are the ideal candidates, for the reasons described above. In
addition, the lava tubes maintain a constant temperature of -25◦C which is only slightly
lower than Svalbard seed vault temperature of -18◦C.

Our studies show that the Svalbard Seed Vault can be replicated inside lunar lava
tubes and help secure more than 1 million samples of seeds of critical plants and crops.
This facility could be developed with present day technology and rolled out with 5-8
years. The seed samples would take up 100 tons of mass and is estimated to require
17 launches of the Falcon Heavy, including structures to transport seed containers
into the lava tube, with a moon lander carrying nearly 7 tons of seeds each. We
envision the seeds would be packaged into large containers comparable in dimension
to large CubeSats or small-satellites. These seed containers would contain a built-in
centrifuge that would simulate Earth gravity for the seeds inside. The modules would
be transported down a lunar lava tube and stored. The modules would be pressurized
and would obtain power using laser-power beaming from the surface. Laser power
beams would supply power to multiple seed storage containers networked in the
lunar lava tubes. In addition, the lasers will also provide communications and status
report on the integrity of the seed containers. We further analyze the logistics of seed
collection, transport to the Moon and placement of the seed containers inside a suitable
lunar lava tube.
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D.3 Ultrafast missions to outer planets and Kuiper belt objects
with extreme solar sailing

Artur Davoyan
(University of California, Los Angeles)

In this work we discuss our latest results on design of extreme solar sails, which
by making a powered flyby in a close proximity to the Sun, just 2-5 solar radii away
from its surface, are accelerated to 60 AU/year. Such solar sails can reach Pluto in less
than a year. We study conditions and parameters needed to achieve such extreme solar
sailing. We show that 10000 m2 sails can carry light weight 10-20 kg spacecraft bus
to arbitrary destinations, including out of ecliptic. We discuss sail materials and control
challenges associated with such extreme solar sailing. We conclusively show that such
solar sail missions are feasible, and have the potential to transform the way space is
explored today.
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D.4 Spacecraft Charging as an Asset to Interplanetary Small
Spacecraft

Sean A. Q. Youngm Nicolas Lee, Sigrid Close
(Stanford University), and

Jan Stupl
(KBR Wyle Services)

Small spacecraft operate on a far more limited power budget than their larger coun-
terparts, a problem compounded for interplanetary spacecraft in the outer solar system.
The reduced solar flux beyond Earth’s orbit makes solar panels less effective for space-
craft exploring the gas giants and they are susceptible to damage by intense radiation
belts. Radioisotope thermoelectric generators are expensive and bulky compared to
their power output. Interplanetary small satellite missions benefit from both alternative
energy sources and low-power electronics to power their buses and scientific payloads.
Traditionally, spacecraft engineers treat the space environment as a hazard, but it nev-
ertheless offers a potential solution. Currents from space plasmas charge spacecraft to
high potentials and can cause electrical arcing to occur between differentially charged
surfaces.

The spacecraft can harvest a small amount of power - 10 mW per square meter
at Jupiter - from the electric field between these surfaces to do useful work, either by
charging a battery or directly powering an instrument or actuator. While using the
energy directly has limited use due to the low electron density and temperature of
most space plasmas, it can nevertheless be used in situations where solar panels are not
desirable, such as high radiation environments. Two applications - a Langmuir probe
and an attitude control actuator - exploit the disparate current-voltage characteristics
between surfaces with different material properties and require minimal input power
to operate.
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D.5 Pico Balloon Platform for Venusian Atmospheric Exploration

Joshua Crest, Michael Debbins
(ASTEROIDS Laboratory, University of Arizona), and

Jekan Thangavelautham
(SpaceTREx and ASTEROIDS Laboratory, University of Arizona)

Panspermia is a theory that suggests the origins of life could be interplanetary or
interstellar. Biological material such as bacteria and viruses could possibly migrate on
comets, space dust, and asteroids. Recently, there has been an increased curiosity in
the potential for life in the clouds of Venus. NASA has expressed interest in revisiting
Venus at 50 km altitude where temperature and pressure conditions are similar to those
on earth in order to perform life detection experiments. The planets thick atmosphere,
high surface temperature, and sulfuric acid haze present unique challenges that make
current exploration costs high.

We propose a pico-balloon platform that can study the dynamics and composition
of the Venusian atmosphere, as well as perform life detection experiments. The balloons
would utilize a Teflon cloth balloon envelope and helium as a lifting gas. The payload
would feature miniaturized state-of-the-art scientific equipment and leading-edge life
detection instruments developed by Professor Linda Powers. The balloon will be power
efficient and gather energy from an array of solar panels. To ensure the long-term
durability of the pico-balloon platform the envelope and payload would be coated in
an additional layer of Teflon film. Swarms of these pico-balloons would be launched
forming a ring or multiple rings around Venus. The constellations will act as in situ
long duration detectors, scanning and identifying the regions that have the highest
potential to harness life. By employing innovative inflatable technology, missions can
be conducted for relatively low cost and low risk.
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D.6 CubeSats Beyond LEO - 2021 Survey of MEO, GTO, GEO and
Interplanetary Missions

Erik Kulu
(Nanosats Database)

Nanosats Database (www.nanosats.eu) has been tracking CubeSats and other satel-
lites between 0.1 to 10 kg since 2014. Over 2900 entries in the database encompass
1470 launched nanosatellites until the beginning of 2021 with the remaining divided
between upcoming and cancelled missions.

The database includes 59 nanosatellites marked with the keyword ”beyond LEO”,
which includes MEO, GTO, GEO, lunar, interplanetary or deep space missions. There are
only four such CubeSats launched by the start of 2021. Two of them are interplanetary
6U MarCO CubeSats, which performed Mars flyby in 2018. Two 12U CubeSats called
TDO were sent to GTO in 2019 and 2020, but only a few details are publicly available.
13 spacecraft out of the 59 are planned to fly on the Artemis-1 mission on SLS (Space
Launch System), which has been unfortunately delayed for many years. At the same
time, 9 of the 59 have cancelled status and that count might be larger. There are many
more concepts and studies for deep-space CubeSats, but they have been too early stage
to be considered for admittance though adding them is one of the future goals. The
database also does not yet include inspection camera satellites flown on missions like
IKAROS and Tianwen-1.

First part of the talk will give a statistical overview of the 59 nanosatellites in terms
of destinations, launch years, sizes, organizations and missions. Second part of the
talk will provide a very brief overview of all the missions to create an index, because
many of the NASA and Artemis-1 spacecraft will likely have their own dedicated pre-
sentations. Third part of the presentation will briefly cover relevant CubeSat technolo-
gies and products under development, e.g. deep-space dispensers, large deployables,
propulsion modules with very high delta-V and radiation-hardened subsystems.

To authors knowledge this is the first overview of interplanetary CubeSats in a single
source and the aspiration is to repeat it every year or two. With only two deep space or
GTO CubeSats launched and many technologies yet to be developed, the productive era
for CubeSats beyond LEO is still to come. The world where we can send a nanosatellite
to every Jupiter and Saturn moon awaits.
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D.7 Office of Strategic Planning

Chrisma Derewa
(Jet Propulsion Laboratory, California Institute of Technology)

NASA has titled its 2020 thrust for the Moon Artemis . The increased focus on
the Moon as a destination for future human and robotic expeditions necessitates gen-
eral purpose navigational and communications infrastructure reducing the complexity
of future Lunar missions and help establish a sustained presence. A framework through
which Lunar missions can relay communications and localize their positions shifts the
burden from the individual mission and enables resource allocation tailored to mission-
specific goals. During the summer of 2020, student interns under the Innovation to
Flight (i2F) program at the National Aeronautics and Space Administration’s (NASA)
Jet Propulsion Laboratory (JPL) in collaboration with the University of Colorado Boul-
der designed, built, and tested a prototype framework capable of providing surface
assets with communication and positioning services. The team utilized the existing i2F
CubeSat bus in addition to developing several CubeSat engineering development units
(EDUs), a ground vehicle, and a ground station to simulate a scenario in which a lunar
surface mission is supported by these services.

A primary goal of the summer was to develop a method for localizing the ground
vehicle through trilateration. Distances are inferred from the round-trip time of flight
(ToF) of radio signals between an asset and several elements. Signals were sent and re-
ceived using LimeSDR software defined radios on-board both the ground vehicle and the
EDUs; ToF and trilateration were calculated on a Qualcomm Snapdragon development
board located within the LA MOON payload data system. The ModalAI chipset on the
Qualcomm was instrumental in executing visual based position estimation. Communi-
cations was facilitated through a bent-pipe approach addressing the NASA requirement
to provide solutions for in communication denied locations. The ground vehicle re-
layed information to other surface assets in addition to its ground station through the
supporting constellation. This project demonstrates the feasibility of a lunar CubeSat
constellation for the support of surface assets and explores packaging and operations
of the components critical to trilateration and bent-pipe communication into a standard
CubeSat form factor. When implemented, this framework will open a door for new
surface missions designed with lower power requirements and increased operational
access.
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E.1 Modular FEEP propulsion systems for smallsatellite missions

David Krejci
(ENPULSION)

Liquid metal Field Emission Electric Propulsion (FEEP) is a propulsion technology
that allows high specific and total impulse densities due to the metal propellant. While
inert during integration, ground handling and launch, the technology allows for very
high specific impulse operation on orbit. Building on a decade long development her-
itage of Liquid Metal Ion Sources (LMIS) for scientific missions including Rosetta and
NASA MMS at Fotec/Austrian Institute of Technology, the technology was then used
as basis for electric propulsion systems for small spacecraft by introducing the NANO
thruster. This 40 W propulsion unit has been developed by FOTEC and commercialized
by ENPULSION, with over 160 flight units delivered to date, with 63 thrusters launched
in multiple missions. The electrostatic emission principle of ions from Taylor cones
allows, together with independently controlled acceleration and extraction electrodes
for variable specific impulse operation, and therefore controlled operation within an
independent range of thrust and specific impulse operational points.

Based on the substantial heritage both from inorbit and manufacturing point of
view, ENPULSION has introduced new FEEP propulsion systems, namely the ENPUL-
SION NANO R3/AR3, and MICRO R3. Based on the heritage porous ion emitter tech-
nology of the NANO thruster, the NANO R3 and AR3 thruster incorporate design lessons
learnt to increase resilience and allow for added features such as beam steering capa-
bility without moving parts for the NANO AR3. The MICRO R3 is a 3.9 kg thruster
including up to 1.7 kg of propellant and power processing unit, which can be operated
at thrusts up to 1.35 mN and up to 120 W. This thruster recently gained flight her-
itage by passing onorbit commissioning and being successfully used in first orbit change
operations.

The presentation summarizes the heritage both in ground testing and selected
onorbit data for the heritage NANO thruster, and provides an overview of the R3 FEEP
propulsion systems.
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E.2 Enabling Independent Interplanetary CubeSats with Staged
Electrospray Propulsion

Gustav M. Pettersson, Oliver Jia-Richards, and Paulo C. Lozano
(Massachusetts Institute of Technology)

High-efficiency propulsion is one of the last major technology gaps for enabling in-
dependent deep-space exploration for small spacecraft such as CubeSats. In general,
electric propulsion has the potential to enable large delta-V capabilities of several km/s.
However, due to low power efficiency of existing alternatives, their capabilities for in-
terplanetary missions are limited. Ionic-liquid electrospray thrusters offer high power
efficiency by operating at room-temperature and without a neutralizer, but the lifetimes
of the current generation of these thrusters are not sufficient for deep-space missions.
Over the past three years, the MIT Space Propulsion Laboratory has been developing a
staging concept as part of the NASA Small Spacecraft Technology Program in order to
leverage the compact form factor of electrospray propulsion and bypass the thruster’s
lifetime limitations. In a staging architecture, the propulsion system consists of a series
of thruster arrays. As each array reaches its lifetime limit it is ejected from the spacecraft
in order to expose a new thruster array that can continue the mission. In this manner,
the performance of the overall propulsion system can be increased far beyond the limits
imposed by an individual thruster.

The high power efficiency of ionic-liquid electrospray propulsion is of particular
importance in interplanetary missions due to the dropoff in solar power as the
spacecraft moves away from the Sun. The compact form factor allows a staging
architecture to be used without dramatically increasing the overall mass and volume
of the propulsion system. Even in cases where staging is not required to increase the
overall lifetime of the propulsion system, staging can be used to provide redundancy in
the presence of component failure. Mission analysis and laboratory demonstrations of
the staging system have previously been conducted. In this presentation we will detail
our present hardware development efforts towards a flight-ready electrospray staging
system for a low-Earth orbit demonstration and discuss how this will enable efficient
and independent interplanetary CubeSats in the near future.
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E.3 Space-to-Space Transport Enabling a New Space Economy
Beyond LEO

Christian Carpenter, Craig Foulds, and Khaki Rodway
(Bradford Space)

Missions beyond LEO are out of reach for many SmallSat companies. High
transportation costs, long acquisition lead time, and limited propulsion system
delta-V confine these missions to LEO orbits.

Bradford Space presents a paradigm shifting spacecraft, called Square
Rocket, which enables routine and reliable deep space missions. This paper
presents the mission possibilities enabled by Square Rocket, which uses the
high ISP, high density LMP-103s propellant and ECAPS thrusters to provide ac-
cess to high orbit and deep space missions from a small launcher or rideshare
while enabling trip times 10X faster than low thrust propulsion systems. For
decades, the automotive industry has used pump-fed engines to enable low
pressure storage in conformal tanks. Square Rocket leverages this automotive
approach to propulsion that enables packaging unpressurized green propel-
lant with up to 4,600 m/s delta-V capability into a rideshare volume. Because
the propellant is transportable by road and air, the spacecraft is fueled at the
factory to avoid long lead time and expensive processing at the launch site.
In addition, the use of unpressurized tanks greatly reduces the risk of signif-
icant leaks from the vehicle, improving overall handling safety and reducing
logistics cost.

Square Rocket is capable of a wide variety of trajectories but is primarily
designed to perform short sequential perigee thrusts to raise apogee to the
desired altitude, followed by a series of circularization burns to the final orbit.
The trajectory is essentially a “slow Hohmann” or a bielliptic transfer, where
the short thrusts are representative of a cumulative impulsive change in veloc-
ity. The maneuver can be executed initially from a commercial launch to LEO
or GTO depending upon the delta-V requirements and mission needs.

Launch vehicle rideshare torque constraints require the spacecraft pay-
load center of mass to be relatively close to the payload origin. Square Rocket
is optimized for a target payload mass of 100 kg in an envelope of 60 × 70
× 90 cm. For payloads more massive than 100 kg, propellant mass can be
reduced by an approximately 2:1 ratio with the payload, resulting in a CM
requirement of approximately 36 cm for payloads from 100 kg to 300 kg.
Square Rocket accommodates many payload arrangements. Singular payload
deployments may use a 15” Lightband or similar separation mechanism. The
spacecraft can also accommodate missions such as 4 × 12U CubeSats or an
equivalent combination of 6U and other small satellites.

E.3
5/4 2:00 pm PDT

Interplanetary Small Satellite Conference
www.intersmallsatconference.org 55

http://www.intersmallsatconference.org


Session E – Propulsion and Launch Systems

E.4 Design and Testing of PEM hydrolysis system for producing
Hydrogen and Oxygen propellants for CubeSat Applications

Julia English and Gregory Ogden
(University of Arizona)

Finding sustainable methods of spacecraft propulsion is an essential ele-
ment in the continuation of space travel. Current space propulsion systems
require large propellant volumes to sustain necessary thrust. However, for
CubeSat applications, propellant systems must be able to fit into a 10 × 10
× 10 cm cube. This proposes a challenge for researchers to find a sustain-
able yet practical propellants. With the design of a closed Polymer Electrolyte
Membrane (PEM) system, it is now possible to separate water molecules into
their respective base elements of Hydrogen and Oxygen. NASA has previously
tested PEM systems to aid in the production of oxygen and electricity aboard
flights, however, there is untapped potential in using this technology to pro-
duce hydrogen and oxygen as propellants. Similarly, with the use of a PEM
system, hydrogen no longer needs to be stored in a large container but can be
generated through hydrolysis.

My project is based on solving this problem by researching and designing
a closed PEM hydrolysis system that can be scaled down to fit into a CubeSat.
Inspired by existing PEM systems, a basic design has been drawn up but has
yet to be implemented. From my current research of similar systems, the pro-
duction rate of hydrogen and oxygen is stable for only a small amount of time
but shows potential for use as propellants. While this system does not offer a
long-term sustainable fuel source, it is a step in the right direction to design-
ing systems that can generate green alternatives for spacecraft propulsion. I
hope to continue the design and testing of this PEM system to prove that it
can be a useful method of eco-friendly propulsion.
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E.5 LEO Refueling of Electron/Photon for High-Performance
Interplanetary Smallsat Missions

Richard French (Rocket Lab),
Mike Loucks, John Carrico (Space Exploration Engineering),

Jon Goff (Altius Space Machines), and
William Notardonato (Eta Space)

LEO refueling of the upper stages of small launch vehicles like Rocket Lab’s
Electron can affordably enable significantly higher performance for dedicated
interplanetary smallsat missions than is feasible with the current state of the
art. In this presentation, we will discuss a few example LEO refueling concepts
of operations, discuss the orbital dynamics implications of using LEO refueling
for interplanetary missions, and illustrate the estimated performance benefits
of LEO refueling an Electron Stage 2.

The presentation will also highlight the concept of operations and perfor-
mance for refueling Rocket Lab’s Photon small spacecraft which also acts as
the Electron upper stage for various interplanetary missions. The presenta-
tion will also discuss ongoing efforts by Rocket Labs, Eta Space, Altius Space
Machines, and Space Exploration Engineering to bring re-fueling capability to
market, including the upcoming LOXSAT-1 technology demonstration mission,
and the planned LOXSAT-2 first-generation operational LEO propellant depot.
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E.6 Interorbital Systems: Launch Services to LEO, Luna, and
Beyond

Randa Relich Milliron
(Interorbital Systems)

The expense of buying passage for a small satellite payload is often more
than a small business or an academic institution can afford, and usually more
than a government or military entity would like to spend. Waiting for an op-
portunity to launch as a secondary payload is often a frustrating, if not endless
process. Global competitions among hundreds of student satellite projects for
these rare flights leave all but the one or two lucky winners without a ride
to orbit. An inexpensive, dedicated launcher; an assortment of affordable
small satellite kits; and low-cost, rapid-response launch services are urgently
needed to create and carry small experimental, academic, government, art,
and military payloads to orbit. Interorbital Systems’ (IOS) NEPTUNE modular
rocket series: N2; N9; and N36 LUNA; and IOS’ Personal Satellite 2.0 Kits will
fill those needs. After a decade of R&D, the NEPTUNE 2 (N2) is undergoing
its final suborbital flight tests and orbital launch licensing. The N2 is designed
to launch an 80-kg small-sat payload(s) to LEO for under $500,000. Interor-
bital’s orbital launch manifest now numbers 170+ picosats. Orbital launch
services are set to begin in the first half of 2022, followed by a 2023 Moon
impactor mission, Lunar Bullet, with Ed Belbruno’s Innovative Orbital Design.

A 2021 suborbital launch of the NEPTUNE CPM 2.0 will test IOS’ guid-
ance and control systems and provide a platform for flight-testing significant
science applications and breakthrough technologies like the Wayfinder II,
a 3U CubeSat and hosted–payload platform designed and integrated by
Boreal Space, NASA Ames Research Park. It carries a mission called SHRINE,
for Stanford, Hakuto, Raymix, Inventor, NUS Experiment. Five separate
organizations provided payloads for integration into the Wayfinder space-
craft bus. The Extreme Environments Lab at Stanford University supplied
a Gallium-Nitride based magnetic-field instrumentation payload. Japan’s
Team Hakuto (now iSpace), provided a robotics experiment to validate their
hardware and software assembly. The National University of Singapore con-
tributed a materials experiment to research potential changes to a graphene
sample when subjected to launch loads. Space Inventor of Aalborg, Denmark
supplied their SpaceLink UHF radios for which they seek TRL advancement.
This launch’s flight data will complement payload performance data, allowing
participating teams to iterate and improve designs, and raise Technology
Readiness Level (TRL) for future missions. Launches booked for 2022-23
feature Avantus Federal payloads; LunAds, a UK-based Moon advertising
mission; and several on-orbit technology demonstrations, including an
advanced quantum propulsion drive.
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E.7 Development of Hot-Fire Engine Test Stand at Land-Grant
University Amid Restrictive Pandemic Protocols

Greg Ogden
(University of Arizona)

The development of the hot-fire engine test stand for the University of Ari-
zona is intended to further enhance the capability to test and analyze solid and
liquid propellant rocket engines. The design process can be categorized into
three major areas of focus: safety, structural integrity and data acquisition.
These categories are often intertwined, creating a complex design process.
Namely, the structural integrity of the stand is inextricably linked to its safe
operation, and the data acquisition system must not hinder the structural in-
tegrity of the stand nor be compromised in any way as a result of its operation.
Due to the pandemic, new lab protocols have been implemented to foster a
safer work environment, including a mask mandate for all students and staff
in the lab, as well as fewer students in the lab at any given time to promote
social distancing. With the size of the combustion laboratory, this limit trans-
lates to one person in the lab at a time, and with two students in need of the
lab space, a decreased time for each student to complete tasks requiring lab
space and resources.

Furthermore, the difficulty of rapid and detailed communication has
increased, particularly regarding explanation or correction of schematics
and/or design flaws. Upon completion, the hot-fire engine test stand will
be equipped to provide future classes the ability to witness several of the
engineering principles they have learned and the opportunity to strengthen
engineering skills vital in industry or higher education, such as data analysis
and technical writing.
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F.1 The CubeSat Infrared Atmospheric Sounder (CIRAS) for
measuring Temperature Profiles in Mars Atmosphere

Thomas S. Pagano, Michael Mischna
(Jet Propulsion Laboratory, California Institute of Technology), and

Giuliano Liuzzi (NASA Goddard Space Flight Center)

Technological advancements in detectors, cryocoolers, infrared spectrom-
eters and optical materials enables hyperspectral infrared atmospheric sound-
ing in a CubeSat. Infrared sounders flying today in Earth’s orbit, such as
the NASA Atmospheric Infrared Sounder (AIRS) and the Cross-track Infrared
Sounder (CrIS) measure the upwelling spectrum to retrieve temperature and
water vapor profiles and trace gas concentrations. These data are assimilated
by National Weather Prediction (NWP) centers worldwide and have had sig-
nificant positive impact to the operational forecasts. NASA and NOAA have in-
vested technology development funding for a hyperspectral IR sounder pack-
aged in a 6U CubeSat. A technology demonstration of a CubeSat Infrared At-
mospheric Sounder (CIRAS) is currently under development at JPL. The small
size and spectral performance of this instrument make it suitable for measur-
ing temperature and water vapor profiles and carbon monoxide in planetary
bodies such as Mars and Venus. This presentation presents the CIRAS instru-
ment and expected operation and performance in Mars orbit for measuring
lower tropospheric temperature.

The CIRAS incorporates new technologies developed at JPL to achieve
a small size without sacrificing performance. CIRAS uses a 512 × 640 pixel
format High Operating Temperature Barrier Infrared Detector (HOT-BIRD) ar-
ray developed at JPL to allow higher operating temperature, improve unifor-
mity and operability and reduce cost compared to HgCdTe arrays. CIRAS also
employs a JPL developed Immersion Grating that reduces the size of the spec-
trometer enabling it to fit in a CubeSat. The wide field and slow scan of CIRAS
allow the aperture to be small contributing to its compact design. At this time
a full scale breadboard of the CIRAS instrument is undergoing testing at JPL
for spatial, spectral and radiometric performance. This paper will focus on
the instrument technology readiness and early studies on retrieval sensitivity
in the Mars atmosphere.
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F.2 Instrument Thermal Management for Lunar Night
Operation/Survival without Radioisotopes

David C. Bugby and Jose G. Rivera
(Jet Propulsion Laboratory, California Institute of Technology)

This presentation will summarize the technology development progress
made at the midway point of a three-year internally funded JPL project fo-
cused on developing new thermal packaging technologies to enable lunar in-
strument overnight operation and survival without radioisotopes. The instru-
ment types that are targeted include magnetometers, seismometers, IR spec-
trometers, and others. Within JPL, a strategic initiative known as ARTEMIS
(Architecture for a Thermal Enclosure of Moon Instrument Suites), which is
not associated with the NASA ARTEMIS project, has two parts:

1. ARTEMIS-T, which focuses on thermal technology development; and

2. ARTEMIS-M, which focuses on magnetometer technology development.

This presentation describes the progress made on ARTEMIS-T, which started
as a technology development effort to improve thermal enclosures, radiators,
MLI, and thermal isolators, and has since transitioned to instrument accom-
modation. The cause of the transition was the award of the PALETTE project,
a NASA GCD funded effort to develop improved thermal toolbox elements
for instrument operation in extreme environments. Since that transition,
ARTEMIS-T has developed stand-alone lunar night survivable designs for mag-
netometer, seismometer, and IR spectrometer payloads. These designs do not
rely on radioisotopes and incorporate four hyper-isolative thermal manage-
ment features:

(a) a dual enclosure system with high strength, low thermal conductance ten-
sion cable (TC) supports and a combined reverse-operation DTE thermal
switch (ROD-TSW) and miniaturized loop heat pipe (mini-LHP) passive
variable conductance thermal link (VCTL) system;

(b) an affordable parabolic reflector radiator (PRR) for low-to-mid latitude
lunar operation;

(c) ultra-low e* “spacerless” MLI, in which layers of double aluminized Mylar
are hung from the TC supports; and

(d) ultra-low G thermal isolators made of either 3D-printed polymeric mate-
rial or a combination of 3D-printed polymeric material with integral TC
supports.

Each instrument design incorporates solar panels, batteries, telecom, CDH,
and other features necessary for stand-alone, long duration, day/night
operation on the lunar surface. This presentation will provide an overview
of the ARTEMIS-T project as well as a top-level description of the instrument
thermal management approach.
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F.3 Lunar CubeSat Mass Spectrometer

Stojan Madzunkov, Dragn Nikolic, Jurij Simcic, Morgan Miller
(Jet Propulsion Laboratory, California Institute of Technology),

Jim Raines, and Patrick McNally (Universoty of Michigan)

We report on the flight-quality Lunar CubeSat Mass Spectrometer (LCMS)
currently in second year of development under the DALI award. The LCMS
is designed for multi-day lunar surface exospheric investigations with primary
science goals to determine the density, composition, and time variation of the
volatiles emanating from the lunar regolith. Note, LCMS can be deployed for
flyby sampling of other exospheres (comets, asteroids, planetary atmospheres
from orbit etc.) LCMS will be ready for inclusion on NASA’s small lunar lander
missions in the 2023/2024 timeframe, which seek lower mass, lower power
instruments that can conduct high-value science investigations without re-
quiring sample handing or mobility. LCMS will be the first lunar instrument
capable of identifying and quantifying exosphere species with abundances 10
molecules/cm3.

To achieve this performance, LCMS uses a Quadrupole Ion Trap Mass
Spectrometer (QITMS) with an unsurpassed combination of low mass (7
kg), low power (max 30 W with heater bulb on), high sensitivity (0.003
counts/cm 3/sec), and ultra-high precision (0.5% for noble gas isotope ratios
over 24 hours) that is 10 × better than demonstrated by any previous ion
trap mass spectrometer. LCMS makes 100 full 2-150 amu mass spectra per
second with nominal resolution of 800. The LCMS is housed in modular 2
× 3U packages: one module for sensor and other for electronics, which can
be detached and integrated into lander separately. The LCMS build phase
ends by the end of 2021 and 2022 phase involves all environmental and
mechanical qualifications to reach TRL6.

62
Interplanetary Small Satellite Conference

www.intersmallsatconference.org
F.3

5/4 4:30 pm PDT

http://www.intersmallsatconference.org


Session F – Next Generation Deep Space Compact Payloads and
Packages

F.4 CMOS System on Chip for Compact instruments

Adrian Tang, Yonggyu Gim, and Goutam Chattopadhyay
(Jet Propulsion Laboratory, California Institute of Technology)

CMOS system-on-chip (SoC) technology from the smartphone industry of-
fers a tremendous reduction of mass and power for science instrument elec-
tronics. Leveraging CMOS SoCs, JPL and UCLA together have developed sev-
eral extremely compact and low power instruments that will be presented
here including CMOS based 100 & 180 GHz radiometers and 15 GHz & 100
GHz radar systems (all under 3 kg per 3 W) for exploring planetary atmo-
spheres, as well as an ultra-wideband ground penetrating radar instrument
for exploring the sub-surfaces of remote planetary bodies.
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F.5 Miniaturized Solid-State Quantum Magnetometer for Space
Applications

Corey J. Cochrane and Hannes Kraus
(Jet Propulsion Laboratory, California Institute of Technology)

The most leveraged magnetometers for scientific missions to space are
fluxgate (FG) and optically pumped atomic gas (OPAG) instruments due to
their high sensitivity, reliability, and proven performance over the past 60
years. Vector-mode FG magnetometers are non-complex and very robust while
the (typically) scalar-mode OPAG are highly accurate and stable. However, it
is very difficult to obtain all of these desirable specifications in a single pack-
age with adequate size and power constraints for smaller scientific missions
that involve cubesats. This opens the window for infusion of next-generation
magnetometer technologies in future missions.

In this work, we report on the development of a silicon carbide magne-
tometer (SiCMag), promising to be a low complexity, lightweight, low power,
and inexpensive alternative to these heritage technologies. SiCMag measures
magnetic field induced changes in spin dependent recombination (SDR)
current within a SiC pn junction [1,2]. The change in SDR current arises from
the interaction of external magnetic fields with the quantum centers (i.e.,
atomic scale defects) intrinsic to (or implanted in) the SiC semiconductor.
This change in current can be detected electrically via magnetoresistance
caused by zero-field level crossings (vector-mode) or low-field electrically
detected magnetic resonance (scalar-mode), thereby giving the instrument
the ability to self-calibrate, a significant advantage in the remoteness of space.
The material properties of SiC, namely radiation and temperature hardness,
are also very attractive for space applications in harsh environments and
those that require accommodation on small platforms such as cubesats.
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F.6 The Lunar Amended Regolith Gardening Experiment

P.E. Clark, (Jet Propulsion Laboratory, California Institute of Technology)
Simon Gilroy, (University of Wisconsin, Madison)

Max Coleman, Gerald Voecks, Donald Ruffatto, Kevin Anderson, and Barry
Nakazono

(Jet Propulsion Laboratory, California Institute of Technology)

Plants represent attractive candidates for elements of life support systems
for a sustained human presence on the Moon, with potential contributions to
crew nutrition, replenishment of the atmosphere, purification of water and
critical psychological support to crew members on extended missions. There-
fore, there is intense interest in the possibility of using the lunar regolith as an
in situ resource for the plant growth medium. However, although plants have
been exposed to limited amounts of the regolith returned during the Apollo
missions, they have not been grown in regolith as their rooting medium. In ad-
dition, knowledge of how features such as the reduced gravity and increased
radiation of the lunar environment will affect plant usage of this resource re-
mains unknown. Therefore, in order to investigate whether lunar regoltih
can be developed into a sustainable growth medium for astronaut food re-
sources, we have developed the Lunar Amended Regolith Gardening Exper-
iment (LARGE) to directly test if regolith will release sufficient quantities of
mineral nutrients to support plant growth in situ on the lunar surface.

To do this we propose to monitor the processes of germination and growth
of radish seeds under Earth atmosphere (STP) in sampled lunar regolith on
the lunar surface after adding water and varying amounts of nutrient sup-
plements of defined composition. The LARGE package incorporates 12 inde-
pendent regolith sampling chambers where water and seeds are added and
illumination, temperature and pressure are controlled. In each chamber, at-
mospheric CO2, T, P, and humidity are monitored alongside ‘soil’ parameters
from the hydrated regolith substrate phase including: oxygen, pH, and se-
lected cation abundance. Time lapse imaging is used to monitor germination
and plant growth. The experiment progresses through lunar day, terminating
at night fall. Critically, the hardware is fully automated, all measurements are
made in situ and are recovered by telemetry.

The proposed LARGE enclosure is attached below a landing deck where it
can lower sampling tubes (based on the successful Apollo drive tube regolith
collectors) that collect regolith, retract and plant seeds in the now sealed,
pressurized sample chambers. Current work is focused on defining the
engineering solutions to the challenges of automated regolith sampling and
defining characteristics of plant growth under the conditions expected once
LARGE is deployed on the lunar surface.
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F.7 Surface Imaging of Lunar Volatiles in the InfraRed (SILVIR)

P.E. Clark, T. Pagano, S. Gunapala, D. Bugby, M. Schwochert
(Jet Propulsion Laboratory, California Institute of Technology),

and Shuai Li
(University of Hawaii)

SILVIR (Surface Imaging of Lunar Volatiles in the Infrared) is a compact
infrared imaging spectrometer with camera optics designed and packaged to
operate on a lunar surface lander. It is equipped with the JPL high operat-
ing temperature barrier IR Detector (HOTBIRD), which, operating with less
need for cryocooling than the typically MCT-based FPA, will be able to acquire
spectral reflectance absorption features for water and water components with
SNRs of 100 at longer wavelengths. A particularly scientifically beneficial at-
tribute of SILVIR is its capability to provide measurements in the three-micron
and six-micron broadband regions that will allow OH to be distinguished from
H2O. Wide-swath ( 120 degree × 90 degree FOV) images will be captured at
intervals throughout lunar day, more frequently near dawn and dusk when
temperatures change more rapidly. The SILVIR or SILVIR Plus package will
capture such images for up to 12 lunar cycles, establishing the nature of varia-
tions between diurnal cycles. A more advanced version, SILVIR PLUS, provides
visual geological context images of the scanned area with the JPL Adaptive
Imaging System version of JPL’s NavCam. The package would be equipped
with a cold temperature operating gimbal to provide the wide swath cover-
age, as well as a high performance thermal protection system being developed
through NASA STMD programs.

The goals of an investigation would be to understand the distribution of
surface molecular water and OH, distinguish between them, and determine
the nature of landscape features such as rocks, slopes, and shadows, acting as
cold traps, as a function of time of day at a local site on a scale of cm (at the
lander) to a meter (horizon).
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8. Poster Session
P.1 CATSAT: A 6U inflatable antenna technology demonstrator

mission

Aman Chandra, Christopher Walker,
(University of Arizona),

Juan Carlos Lopez Tonazzi, and Douglas Stetson
(FreeFall Aerospace, Inc.)

This paper describes the design, development and flight testing of a half-
meter spherical inflatable antenna built out of reflective and clear Mylar mem-
brane segments. A custom-built line feed optimized for operation at 10.5 GHz
is used for spherical correction. A 1.5U deployment and gas control system
has been developed and tested to deploy the antenna and feed. The antenna
system has been jointly developed by the University of Arizona and FreeFall
Aerospace, Inc as primary payload to be demonstrated on-orbit on the Univer-
sity of Arizona’s 6U LEO mission named CATSAT, scheduled to launch in May
2022. The launch is a part of NASA’s CSLI program. The mission has been de-
signed for a low earth sun-synchronous orbit with the primary objective being
the demonstration of high data rate transmission from the inflatable antenna
system.

This paper describes a multi-disciplinary design approach towards the de-
velopment of the system which includes thermo-structural design, RF design
and operational testing of the membrane antenna and feed system. Structural
design of the spherical membrane and antenna system have been optimized to
restrict dynamic modes of the deployed system to within the operational en-
velope of the on-board 3-axis attitude control system in the expected thermal
environment. RF design has been focused on compensating for the expected
cyclic variation of inflated shape. A shape photogrammetric shape measure-
ment system has been developed for real-time inflated surface verification.
Our design activities lead to a parameterized model of the antenna system to
facilitate re-design for varying frequencies and orbits. The model has been
used to construct scaling laws to understand performance variation with in-
creasingly large spheres identify sensitive design parameters for more complex
feed geometries optimized for higher frequencies.
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P.2 Design, Fabrication and Testing of Solar Thermal Thruster for
CubeSats During Covid-19

Richard Lu and Gregory Ogden
(University of Arizona)

Recent research has pointed out the feasibility and benefit of steam-solar
thermal propulsion systems for small satellites. With the growing importance
of CubeSats in space endeavors; a safe, powerful and refuellable propulsion
system is an emerging research focus. This project aims to design, fabricate
and test a solar thermal propulsion system. Due to the current Covid-19 pan-
demic, typical design iteration methods were not feasible and instead more
focus was placed on design justification and modeling before fabrication. As a
setup targeted towards testing and analysis, emphasis was placed on the cost
and mechanical behavior of the components as opposed to viability for use
in space. Difficulties involved with component sourcing due to the pandemic
restrictions also contributed to the decision-making process. Results will
indicate the levels of correlation between current simulation models and real
behaviors of the different subsystems. Additional insights will be gained into
the challenges faced when transitioning prior more theoretical studies into a
working design. These findings will be able to aid future studies that aim to
develop the technology of solar thermal propulsion more concretely.
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P.3 Developing a Power System for the Lunar Ark

Lindsey Williams
(ASTEROIDS Laboratory, University of Arizona)

and Jekan Thangavelautham
(ASTEROIDS and SpaceTREx Laboratory, University of Arizona)

The Lunar Ark is a doomsday safety vault which will store millions of
specimens of plants and animals in the event that the Earth faces cataclysm.
This design is valuable to Earth and those who inhabit it as it could become
a reliable technology for saving the life. With species becoming extinct at a
higher rate and climate behaving with increasing irregularities, the need for
a species saving facility is increasing. As part of the first phase of getting a
Lunar Ark up running, we are considering the feasibility of storing away seeds
from the Svalbard Seed Vault into the lunar lava tubes.

In order for this ark to function on the Moon, it will require an abundance
of power generated from renewable sources to operate continuously especially
during the lunar night. The power subsystem will utilize renewable resources
such as solar power with the use of solar panels. These solar panels will charge
lithium- ion batteries that power each of the modular vaults.

For each module operating at cryo-conditions, it requires approximately
5,000 J/s and 2,379 kWh. This amount of power will be generated using 12V/
100Ah lithium- ion batteries that will power during the 366 lunar night hours
and recharge during the lunar day. In addition, consideration will be made
for powering heating units that will maintain seeds at an optimal temperature
of -18◦C. The lithium- ion batteries will be attached to modules that reside
in the lunar lava tubes that reach approximately -20◦C. Typically batteries of
this chemical structure have a higher longevity and can be safely discharged
when discharging from -20◦C to 60◦C. Since the lava tubes will cause for the
batteries to perform at the lowest acceptable temperature, insulation will be
utilized to create a more stable environment. It is beneficial to utilize aerogel
as an insulator due to its low- density structure and low thermal conductivity
nature.

The testing of this design in the future will heavily rely on battery charge
and discharge simulations that will replicate the conditions in the lunar lava
tubes. Similarly, solar panels will be tested for efficiency and power produc-
tion under different environmental conditions. The testing of the battery dis-
charge and charge is significant to the power system since it tests risks such
as radiation, battery self- discharge, temperature fluctuations, and other vari-
ances. In turn, this will discover how to best increase the longevity of per-
formance to reduce the amount of human interaction needed. Decreasing the
amount of human reliance that the power system requires increases laboratory
time and reduces interaction with the modules.

P.3
5/4 5:30 pm PDT

Interplanetary Small Satellite Conference
www.intersmallsatconference.org 69

http://www.intersmallsatconference.org


Session P – Poster Session

P.4 Parker Solar Probe Offers An additional experimental proof
for theory of the relative image

Emad Y. Moawad
(Ain Shams University, Cairo)

The Parker Solar Probe (PSP) performed its first outbound flyby of Venus
on July 11, 2020. The onboard Wide-field Imager for PSP, or WISPR, cap-
tured a striking white & black image of Venus during a solar eclipse. On the
other hand, the Akatsuki is a Japanese space probe (JAXA ) that has revolved
around Venus since 2015. The onboard Lightning and Airglow Camera ( LAC )
which is designed to operate in the visible light has not produced an image of
Venus yet, whereas other 4 onboard cameras captured false-colour images of
Venus using the ultraviolet and infrared spectra. A suspicion of believing the
similarity between the WISPR image in visible light and one of the Akatsuki
infrared images led to the belief in WISPR‘ s ability to capture near infrared
images, even though it is designed to work in visible light only!

Theory of the relative image provides two reasons for the ability of WISPR
on PSP and the inability of LAC on Akatsuki to capture true-color images of
Venus in the same conditions, regarding the location, distance and the time of
imaging with respect to Venus. The first is the difference in their orientation
during capture: Akatsuki orbits Venus, which in turn revolves around the sun,
then Akatsuki also orbits around the sun in a wavy path that bends around the
surface of Venus in a vortex from, toward, and opposite to sunlight, exposing
the images to scattering, blurring and distortion. While the PSP moves along
an elliptical path around the Sun perpendicular to the direction of the Sun
rays providing the ideal location of photography. The second reason is the
relative velocity of Akatsuki and PSP with respect to Venus, which is directly
proportional to the detected wavelengths by each of LAC and WISPR respec-
tively. And as Venus is detected by the naked eye from each of the Moon and
the Earth. Then due to the lower relative velocity between Akatsuki and Venus
compared to that between the Moon and Venus, a major blue shift occurs to
the detected wavelengths of Venusian emissions by LAC and becomes unable
to capture Venus. conversely, due to the higher relative velocity between the
PSP and Venus compared to that between the Earth and Venus, a major red
shift occurs to the detected wavelengths of Venusian emissions by WISPR and
becomes able to pick up Venus in the Far-red light just before the infrared
range in white and black image.

70
Interplanetary Small Satellite Conference

www.intersmallsatconference.org
P.4

5/4 5:30 pm PDT

http://www.intersmallsatconference.org


Session P – Poster Session

P.5 Visible light sensitivity due to the shape of the orbit

Emad Y. Moawad
(Ain Shams University, Cairo)

While the ability of the solar probes to capture events using visible light
is evident, the planetary probes fail to capture the same images in nearly the
same conditions and instead capture infrared and ultraviolet images. The
planetary probe orbits the planet which in turn revolves around the Sun.
Then, the planetary probe orbits the Sun as well. Accordingly, to visualize
each of the planetary probe, the planet and the Sun in the same inertial ref-
erence frame, the path of the planetary probe around the planet can not be
predicted as an elliptical path because the planet is not static but orbiting the
Sun.

In addition, the motion of the planetary probe must be taken into account
with respect to both the planet and the Sun. And that is in a wavy path
whose axis is the elliptical path of the planet around the Sun. Along the wavy
path, the planetary probe wraps around the planet from top to bottom of its
surface and vice versa, forming a vortex around it, compressing towards the
direction of the Sun’s rotation around the Milky Way, and rarefaction in the
opposite direction away from the Sun, at a speed equals to the planet’s speed
along its orbit around the Sun.While the orbit of the solar probe in the same
inertial frame of reference of the planetary probe and the planet, is predicted
an elliptical path around the Sun, which is stationary with respect to the planet
and the two probes.

Accordingly, the solar probe travels along its elliptical path around the sun
perpendicular to sunlight providing the ideal location for photography. While,
the planetary probe travels on its wavy path in the direction of sunlight, which
exposes the photography to scattering, blurring and distortion. Moreover, due
to the difference in the shapes of the tracks of the two probes, the relative
velocities between the Sun and both the planetary probe and the solar probe
are in two different directions. Therefore, the difference in the directions of
the relative velocities of the two probes with respect to the Sun is also present
when both probes capture the same event and thus the wavelengths detected
for its emission by the two probes as well. Accordingly, the difference in the
shape of the two sensor paths around the Sun is responsible for the difference
in the sensitivity of the two probes to visible light.
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P.6 Cost Analysis Methodologies for Deep Space SmallSat
Constellations

Joe Hamaker
(Galorath, Inc.)

and Aaron Zucherman
(Cornell University )

As first demonstrated by Mars Cube One (MarCO) in 2018, miniaturized
spacecraft technology advances can now enable small spacecraft (aka Small-
Sats) to operate Beyond Earth Orbit (BEO). These developments, teamed with
a renewed commitment to lunar exploration by NASA and other space agen-
cies, promises to provide an upsurge of launch opportunities for fleets of
SmallSats to Earth escape trajectories as rideshare missions. This represents
the first sustained opportunities for missions composed of fleets of similar
spacecraft to explore the solar system to conduct commercial and scientific
operations.

These missions have been proposed and studied extensively in recent years
but have not progressed beyond technical pathfinders. History has shown that
traditional users of space struggle to approximate the costs associated with
implementing new and novel spacecraft architectures and producing copies
of spacecraft instruments and subsystems. This paper addresses the shortage
of studies quantifying the costs and the cost risk for building and operating
multiple similar SmallSats whose mission target is in deep space.

This paper implements and identifies issues with current cost models and
methodologies to deep space SmallSat constellation missions to provide cost
envelopes and suggests changes that can be made to improve applicabil-
ity. Unique and significant cost drivers are identified and discussed. Alter-
nate costing methodologies such as learning curve cost savings, technological
complexity-based costing, and COTS enabled SmallSat costing are analyzed.
Additionally, a reference mission design for the mass exploration of Near-Earth
Objects (NEO) is used to demonstrate and examine cost estimation method-
ologies for missions of this type.

72
Interplanetary Small Satellite Conference

www.intersmallsatconference.org
P.6

5/4 5:30 pm PDT

http://www.intersmallsatconference.org


Session P – Poster Session

P.7 A Model for the Simulation of Artificial Gravity in Settlements
on Metallic Low-Gravity Celestial Objects

Archit Kalra
(Carmel High School)

Current models for artificial gravity on settlements generally involve ro-
tating the residential object to induce a centrifugal force that can push inhab-
itants toward the floor of the settlement, away from the center. However, in
the scenario that there are multiple small bases on one celestial object such as
an asteroid, such models are limited in that separate “stations” would need to
rotate separately on their own axes to induce their artificial gravity. It would
be far more efficient to have an artificial gravity apparatus that could univer-
sally act on all bases. Here I propose a novel model for an artificial gravity
“ring” orbiting a metallic celestial body that contains unit cell electromagnets.

These electromagnets, when specifically activated, can act upon different
sides of the object and cause it to rotate, simulating a centrifugal force at-
tracting people towards the floor of their respective base (the ceiling if viewed
from the perspective of an observer standing on the surface of the object). The
ring itself is formed when a delivery device containing all the unit cells breaks
apart when it enters the Roche limit of the object. To ensure that it does break
apart as well as to provide an energy source for the electromagnets, I propose
a rather risky but also novel and possible solution of storing quark-gluon plas-
mas to substantially increase the density of the box, which guarantees it will
be broken apart in the Roche limit, and a superheated ion trap storage device
that can help extremely small amounts of quark-gluon plasma get released,
cool, and condense, such that matter-antimatter annihilation occurs, energy
is released, and the electromagnets are powered. Rotation of the celestial
body can be modulated by inhabitants of the settlement as needed to attain a
downward acceleration as close to g as possible.
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P.8 Tuning Walking and Hopping Gait for Asteroid Mobility

Gerardo Flores
(ASTEROIDS Laboratory, University of Arizona),

Himangshu Kalita
(SpaceTREx Laboratory, University of Arizona),

and Jekan Thangavelautham
(SpaceTREx and ASTEROIDS Laboratory, University of Arizona)

The study of small bodies, such as asteroids, is a field that’s full potential is
yet to be uncovered. Missions have been done to recover samples from these
small bodies to study their composition and origin, but the ability to traverse
on these microgravity environments has yet to be accomplished. Performing a
mission where a spacecraft can traverse on microgravity environments could
potentially elongate the analysis and sample collection process done on these
bodies. For the navigation of a spacecraft in microgravity, it is required to
have an efficient movement system, based on asteroid dynamics. Recreating
such an environment on Earth is difficult. But thanks to current technological
advancements we can create simulations and test in a virtual space.

There are two requirements that must be met to achieve locomotion in
microgravity: the design of the movement system and its movement gait. The
approach taken for experimentation is to conduct self-learning tests where the
movement system will adapt to the body’s surface and conditions to obtain an
optimal movement gait through iterations of the process. The movement gait
ideal for traveling in microgravity is a hopping gait; due to the low traction
and gravitational acceleration, wheels or a walking gait are not ideal for this
setting. As for the design of the movement system, there are various pos-
sibilities to obtain this type of movement. An option is creating a bipedal
system with prismatic spring legs, and the use of innovative designs, such as
inflatable components, are also taken into consideration. By testing these de-
signs and integrating evolution-based simulations, we can potentially utilize
less power on the movement system and focus its use on other systems. With
the developed movement system, the plan is to perform a soft landing and
perform lunges toward the planned site in the form of “mini-hops.” If this ap-
proach is effective and functions accordingly, it could standardize movement
mechanisms on spacecrafts destined to small bodies.
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P.9 The Impact of the Yarkosvky Effect on Satellite Navigation
around Small Bodies

Quinn Lamey
(ASTEROIDS Laboratory, University of Arizona),

Leonard Vance
(SpaceTREx Laboratory, University of Arizona),

and Stephen Schwartz
(SpaceTREx and ASTEROIDS Laboratory, University of Arizona)

Navigation around small bodies in space comes with a host of challenges
that makes accurately maneuvering around them difficult. One of these chal-
lenges is the existence of the Yarkovsky effect, and how hard it can be to
predict the extent of the effect over time. The Yarkovsky effect describes the
phenomenon of solar rays heating up one side of a body, such as an asteroid
or spacecraft, and then as the body rotates during its orbit, the side that was
previously heated up is now in a shadow, and begins to cool off. As the craft
radiates the heat energy away, a small thrust results in the opposite direction,
creating a new acceleration and thus affecting the orbit of the spacecraft (e.g.,
Rubincam 1987).

This also presents an opportunity, as quantifying the Yarkovsky effect is
important to planetary science in that it dictates the divergence in orbital ele-
ments within asteroid families (so-called Yarkovsky Drift, Bottke et al. 2006)
and controls the flux of asteroids into near-Earth space. The difference the
Yarkovsky effect can make in an orbit depends on how its force compares to
that of the gravitational force that the spacecraft experiences. The stronger
the gravitational force, the less Yarkovsky perturbs the orbit of the body. By
running simulations with an already well understood gravity model, a better
understanding of the Yarkovsky effect on navigation can be achieved.

This study uses the gravity model of (101955) Bennu, which has been
well characterized by NASA’s ongoing OSIRIS-REx Mission (Lauretta et al.
2017). Our study involves a small spacecraft with a cross sectional area of
10 × 30 cm in orbit around Bennu. Observing how the satellite navigator
behaves with and without the Yarkovsky effect implemented is instructional
on precisely how the effect alters the navigation solution of the satellite. With
this more accurate understanding of the Yarkovsky effect, better predictions
of how it will affect spacecraft navigation in a microgravity environment can
be made in the future.
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P.10 Demonstrating the Feasibility of Cryopreservation in Space
and Planetary Environments Using CubeSat Storage Units

Claire Pedersen
(ASTEROIDS Laboratory, University of Arizona),

Himangshu Kalita
(SpaceTREx Laboratory, University of Arizona),

and Jekan Thangavelautham
(SpaceTREx and ASTEROIDS Laboratory, University of Arizona)

The study of small bodies, such as asteroids, is a field that’s full potential is
yet to be uncovered. Missions have been done to recover samples from these
small bodies to study their composition and origin, but the ability to traverse
on these microgravity environments has yet to be accomplished. Performing a
mission where a spacecraft can traverse on microgravity environments could
potentially elongate the analysis and sample collection process done on these
bodies. For the navigation of a spacecraft in microgravity, it is required to
have an efficient movement system, based on asteroid dynamics. Recreating
such an environment on Earth is difficult. But thanks to current technological
advancements we can create simulations and test in a virtual space.

There are two requirements that must be met to achieve locomotion in
microgravity: the design of the movement system and its movement gait. The
approach taken for experimentation is to conduct self-learning tests where the
movement system will adapt to the body’s surface and conditions to obtain an
optimal movement gait through iterations of the process. The movement gait
ideal for traveling in microgravity is a hopping gait; due to the low traction
and gravitational acceleration, wheels or a walking gait are not ideal for this
setting. As for the design of the movement system, there are various pos-
sibilities to obtain this type of movement. An option is creating a bipedal
system with prismatic spring legs, and the use of innovative designs, such as
inflatable components, are also taken into consideration. By testing these de-
signs and integrating evolution-based simulations, we can potentially utilize
less power on the movement system and focus its use on other systems. With
the developed movement system, the plan is to perform a soft landing and
perform lunges toward the planned site in the form of “mini-hops.” If this ap-
proach is effective and functions accordingly, it could standardize movement
mechanisms on spacecrafts destined to small bodies.
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P.11 Advancing Utilization of the Moon Using Small Form-Factor
Cryogenic Technologies

Alvaro Diaz-Flores
(SpaceTREx Laboratory, University of Arizona)

and Jekan Thangavelautham
(SpaceTREx and ASTEROIDS Laboratory, University of Arizona)

The next stage of exploration and utilization of the Moon will require us
to operate in extremely cold environments well below -180◦C. Such capability
will enable us to operate in the Permanently Shadowed Regions (PSRs) of the
Moon. In addition, advancing such technology can also provide a multitude of
benefits, including in the long-term preservation of living cells for safe-keeping
on the Moon (a modern Lunar Ark) (Foing 2004) (Diaz et al. 2021) and long-
duration space travel. The objective of this presentation is to explore the use
of cryogenic applications and insulation technologies for lunar applications.
Such an effort can facilitate the next stage of exploration and utilization of
space. Our main applications are the conceptual design and analysis of a
Lunar Robotic Ark housed inside a lunar lava-tube. A Lunar Robotic Ark can
preserve Earth’s rich bio-diversity in a locale that has remained pristine for
3-4 billion years and at a steady state of -25◦C. In these conditions we look
to provide an estimation of the power required to maintain bio-matter at -
196◦C and seeds at -180◦C. Operating at these very cold temperatures would
sound like a burden, however we can exploit unique phenomenon such as
superconductivity and quantum levitation to minimize material to material
contact and heat transfer.

To further evaluate the feasibility of the lunar robotic ark, we also need to
determine the feasibility of transporting cryo-preserved material in transport
cannisters from Earth to the Moon in at least 5 days. As a first step, we
wish to determine feasibility of designing a transport cannister that maintains
cryo-temperature for 5 days at LEO. For this we start with a 3U CubeSat that
contains cryo-refrigeration system that uses a Stirling engine and insulation.
Last but not least, exploring the PSR’s of the Moon is a high-risk high-reward
mission to prospect for water ice but also permanent locations to house a
Lunar Robotic Ark. There needs to be sufficient water ice on the moon to
enable development of a lunar base of any kind. PSR conditions present major
challenges for operations of conventional landers and rovers. The best option
is to provide a distributed low-cost solution. FemtoSats, a platform of less
than 100 grams and smaller than a CubeSat can be scattered by the hundreds
or thousands into a PSR and help first map the conditions and look for traces
of water ice.
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P.12 Automated Design of Robots for Exploring Extreme
Environments of Mars Following an Animal Survivalist Approach

Himangshu Kalita
(SpaceTREx Laboratory, University of Arizona)

and Jekan Thangavelautham
(SpaceTREx and ASTEROIDS Laboratory, University of Arizona)

The discovery of living organisms under extreme environmental conditions of pres-
sure, temperature, and chemical composition on Earth has opened up the possibility of
existence and persistence of life in extreme environment pockets across the solar system
including planets such as Mars. Subterranean ecosystem on Earth have remained iso-
lated but have thrived for millions of years. Exploring such environments on Mars can
ascertain the range of conditions that can support life and can also identify planetary
processes that are responsible for generating and sustaining habitable worlds.

Over the last few decades, numerous missions started with flyby spacecraft, fol-
lowed by orbiting satellites and missions with orbiter/lander capabilities. Since then,
there have been numerous missions that have utilized rovers of ever-increasing size and
complexity, equipped with state-of-the-art laboratories on wheels. Although, current
generations of rovers have performed exceptionally well, but they are designed for pre-
defined tasks and are not suited for exploring the extreme environment pockets of the
solar system. There is an important need for new robot design solutions that can access
these rugged environments. In this work, we propose to use machine learning methods
to design robotic platforms end to end that are better suited for exploring extreme en-
vironments. Our methods shows new notions of mobility, that combining hopping and
running, that are better adapted to the low gravity, rugged surface environments. These
procedures result in creative ideas that may not have been thought by human designers.
Our approach can evolve next generation exploration platform that seek to survive in
an alien environment much like individual animals and operate for long duration. What
better way is there to seek out life on planets like Mars by advancing animal survival
strategies to utilizing local resources and shelters.

Current design methods use engineering experience and judgement of a team of
experts to identify candidate designs. This process requires significant expertise and ex-
perience and is long and expensive in terms of time and labor. The lack of a systematic
approach to fully evaluate the whole design space might lead to a sub-optimal solution
or worse an intractable solution. Machine learning techniques however benefit from
the exponential rise in computational speed and can overcome human team limitations,
including number of experts available, time available to perform a design task, and time
available to meet together and work continuously. We have applied these principles to
design rovers suited for rugged environments, walking/hopping robots for low-gravity
environments and hopping/rolling robots to explore underground environments like
caves, pits and lava tubes. A machine-automated approach can augment a human de-
sign team by being able to review a larger candidate of designs than would otherwise
be impossible and thus find better designs. This approach can be very useful to a design
team to make informed system design decisions by finding a set of near-optimal solu-
tions that represent the trade-offs among conflicting objectives, such as mass, cost, and
performance.
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P.13 Advancing Small Satellite Docking Systems using Active
Lighting and Cues

Athip Thirupathi, Raj Connor Sturgeon
(SpaceTREx Laboratory, University of Arizona),

and Jekan Thangavelautham
(SpaceTREx and ASTEROIDS Laboratory, University of Arizona)

The rapid advancement of technology and improvements in miniaturizing and mod-
ularity of spacecraft systems has led to emerging small spacecraft that are able to
achieve scientific capabilities comparable to large spacecraft at a fraction of the cost.
Small satellite technology is growing at an exponential rate in various avenues, but
their full capabilities are yet to be realized, especially in the field of distributed systems
for on-orbit servicing as well as in-space assembly, so that they can be assembled on-
orbit into a larger fractionated satellite or rearranged into specialized modules. These
limitations can be traced down to limited advancement of rendezvous, docking and
assembly of small satellites in space.

The existing on-orbit docking mechanisms have a large heritage over a few decades
and have a high TRL for larger satellites, but on-orbit docking mechanisms for small
satellites are yet to be tested in a space environment. The mechanisms developed so far
for docking of small satellites are primarily single phase involving magnetic force (soft
capture), which does not provide a seal for transfer of material from one spacecraft to
another to enable on-orbit servicing.

In this presentation, we explore various methods for two stage docking of small
satellites, the first phase being an initial soft capture during which the alignment ma-
neuvers of the two docking spacecraft are performed and a second phase being hard
capture, involves the structural latching and sealing at the interface to create a tun-
nel, after which umbilicals can be engaged to transfer material, such as fuel, from one
spacecraft to the other. To further simplify the docking process we will be experimenting
with and optimizing active lighting technologies that will provide alignment cues, brak-
ing and direction maneuvering for the small satellites to dock, starting from significant
misalignment and differences in velocity between a pair of satellites.

We aim to perform 3D Physics simulations and analytical calculations such feasi-
bility calculations and detailed trade studies between different methods of two stage
docking. Based on the 3D simulation results and the analytical calculations prototypes
shall be developed for testing in simulated conditions in the laboratory. Ground based
systems such as 6-DOF robotic arms mimicking the ADC systems of the spacecraft and
air tables to simulate the frictionless environment of space will be used to validate the
designs. Based on the results of the trade study, we aim to propose a CubeSat mission
concept that will deploy and demonstrate the technology on-orbit.
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P.14 Towards Optimal Traffic Management of Off-World Small
Mining Robots Modelled from Ant Colonies

Ashleigh M Wissing
(ASTEROIDS Laboratory, University of Arizona)

and Jekan Thangavelautham
(SpaceTREx and ASTEROIDS Laboratory, University of Arizona)

With the goals of pushing humanity further into space, the need for a more efficient
method for getting raw materials to other planets has arisen. One solution to this is
mining on Mars and Earth’s moon since their escape velocities are much lower than
Earth’s and they are abundant in the key resources needed. Based on energy analysis,
a fully automated base with no humans maybe the simplest option. Such a base could
be modelled after a self-organizing ant nest. One approach is to evolve self-organizing
traffic behaviors among swarms of robots using organization principles inspired by ants
– with survival instincts, cooperation capability, and a “colony mindset” – rather than a
human made path that is followed. We analyze several strategies including aggregation
that enables multiple simple individuals to operate as one big individual.

These strategies as we show can lead to optimal area coverage and optimal trans-
port of good from one location to another. This will be achieved through bio-inspired
methods based on ants and their use of pheromones, but programmed using agent
based modeling. Given a 50 by 50 grid that is to be mapped and mined, n number of
robots will map the area searching for material to mine. They will “leave pheromones”
in blocks they have traversed by logging numbers in an identical 50 by 50 array simulat-
ing the grid, and gather materials found along the way to bring them back to the base
at location (0,0). Numbers logged in this array represent how much of a pheromone is
present at any given time, and which robot left it. Pheromones dissipate over time, and
the materials are randomly generated every time the simulation is run. Future steps
of this research include modular robots moving in sync to determine the most optimal
configuration. This research is intended to test the scalability of the robots working in
a team or individually, analyzing simplicity, energy and time efficiency, traffic coordina-
tion, and overall effectiveness.
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P.15 Swarm Enhancement of Autonomous Navigation around
Rubble Pile Asteroids

Leonard Vance
(SpaceTREx Laboratory, University of Arizona)

and Jekan Thangavelautham
(SpaceTREx and ASTEROIDS Laboratory, University of Arizona)

Navigation around small interplanetary bodies is a significant challenge, especially
when the gravity environment trends downwards to the microgravity level consistent
with rubble pile asteroids such as Bennu or Ryugu. As part of a larger project to extract
material from such active asteroids, this paper explores an autonavigation technique
for nanospacecraft swarms, using mutually reinforcing line of sight measurements to
derive ongoing position and velocity estimates.

The OSIRIS-ReX mission has confirmed that Bennu shoots particles into space spo-
radically, but with sufficient frequency to ensure that significant material could be cap-
tured without the challenge of touching down on the surface of the asteroid. Some
13 ejected particles per day were observed on average during the initial assessment by
the team, many of these in episodic events where dozens of particles were observed
dispersing from a common launch point and time.

Simple line of sight measurements, measured over time between two objects, both
under the gravitational pull of a single central body, are sufficient to derive position
and velocity estimates for both the tracking and the tracked object. In the execution of
a swarming maneuver to capture a number of objects released during a typical Bennu
ejection event, mutual supportive line of sight measurements between multiple space-
craft and multiple objects should significantly improve performance, providing precision
navigation of individual. Error covariances histories for various techniques combining
independent assessments are shown, giving an assessment of the potential of this tech-
nique in the proposed swarm situation.
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P.16 The Improvement of Volatile Collection Via Small Satellite
Instruments

Sophia Ippolito
(ASTEROIDS Laboratory, University of Arizona), Leonard Vance

(SpaceTREx Laboratory, University of Arizona), and
Jekan Thangavelautham

(SpaceTREx and ASTEROIDS Laboratory, University of Arizona)

The priority for obtaining samples from the Solar System’s origin has always been
high within the scientific community. It is acknowledged that particles from comets
would be very valuable, however, their volatile qualities have made them challenging
to capture. If a process could be created to increase the yield of volatiles returned to
Earth, the scientific gain is quite high. This study aims to do so through collection of
particles in only a targeted region of a comet’s coma. To meet this challenge, a design is
created that utilizes the simple implementation of a door powered by a motor arm. This
design is still conceptual and yet to be tested in preliminary experiments, however its
principles are promising. A door is powered by a simple motor arm. This arm actuates at
the precise time particles are able to enter an aerogel chamber. The door swiftly closes
to seal volatile materials in order to preserve them, thus only capturing particles from
the designated region within the coma. While the motor type has not been determined,
a trade study is planned to occur in order to do so.

This design should enable the return of volatiles from space, increasing our un-
derstanding of refractory and volatile material mixing within comets. Additionally, this
design is simple enough that it may be implemented on a small scale, thus it may be
tested on orbit via a cubesat of choice. The design is set to be tested in a thermal
vacuum chamber prior to any on orbital testing in order to diagnose any potential prob-
lems. Based upon the anticipated number of particles of small orbital debris captured,
it is possible to scale these results to that of a comet’s coma and predict the effective-
ness of such a device in reference to volatile particle collection. A preliminary analysis
predicts that the time necessary for the design to be exposed to orbital debris is in terms
of months for a respectable amount of debris to be collected. However, the purpose of
this instrument is to test the performance of the door and arm design on orbit; the yield
of particles is a secondary goal. Therefore, in practice one would expect that the goal
of such experimentation would be to confirm that the design is successful in collecting
material in a targeted region only, regardless of the amount of debris collected.
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