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ABSTRACT
NASA’s Iodine Satellite (iSAT) is a small satellite demonstration mission designed and built at NASA’s Marshall
Spaceflight Center (MSFC). Previously expected to launch late 2nd quarter of fiscal year ’18, iSAT’s flight effort has
temporarily stood-down as of May 2017 to allow for the propulsion system to mature. Once launched, iSAT will
demonstrate and characterize the efficiency of BUSEK’s 200 Watt Hall effect thruster utilizing iodine as a
propellant in low Earth orbit. This paper covers iSAT’s one year mission; iSAT’s design solution and hardware to
date; reviews the obstacles and benefits of utilizing iodine as a propellant; how iodine deposition will be
characterized on orbit; and details, from a systems engineering and mission operations perspective, the process
utilized to integrate commercial off the shelf components, custom NASA designed components, and third party
custom designed components, with in-house designed flight software and MSFC’s pre-existing Telescience
Resource Kit (TReK) ground support system software. This paper also briefly reviews the implications of utilizing
iodine propulsion systems for national security and NASA discovery class missions.
by Hillier in 2011; it was later reinforced as viable by
multiple NASA studies.3,4,5,6

INTRODUCTION
iSAT, weighing under 25 kilograms, is one of the
smallest satellites to have a fully functional guidance,
navigation, and control system with a prototype
propulsion system capable of providing station keeping
for a one year mission. Taking into account system
requirements and constraints for a mass and volume
equivalent system, iodine has a specific impulse density
of nearly 6000 g/cm3, and delta velocity capability of
over 7 km/s making it three to four times as effective a
propellant as xenon.1 In other words, iodine will allow a
future space mission to, fly farther, fly faster, and last
longer at a significantly reduced cost. Using iodine
offers a second advantage over xenon—a reduction in
risk to the launch provider and to any primary payload
due to eliminating the high pressure storage of xenon.2

If iSAT is able to successfully demonstrate use of
iodine as a propellant in a relevant environment, iodine
HET systems could be utilized on future missions,
thereby reducing mass, volume, cost, and risk on future
missions’ propulsion systems.
Importance of Iodine Propulsion to NASA
The cost savings of going toward iodine Hall
propulsion systems and other iodine based solar electric
propulsion systems would result in significant savings
for NASA. Dankanich proposed the use of iodine HET
thrusters for several categories of missions:
microsatellites (mass less than 100 kg) for use in
geocentric and interplanetary missions; small satellites
(mass less than 300 kg) for use as a near-Earth asteroid,
low-cost lunar orbit, or interplanetary missions; orbit
transfer vehicles; and NASA Exploration Class
missions.6

Impact to the Community
By characterizing the propulsion system and the
probability and amount of iodine redepositing onto the
spacecraft, iSAT will raise the technology readiness
level (TRL) of the iodine Hall effect thruster (HET),
enabling its use on future missions for the Army, Air
Force, NASA, and the commercial sector. Iodine has
been considered a viable alternative propellant for a
HET for over 15 years. First proposed by Dressler,
Chiu, and Levandier in 2000, and further investigated

In each of these cases, Dankanich expressed a
significant amount of mass or mission cost savings by
using iodine over xenon, with a mass savings of over
8,000 kg for his proposed exploration class mission.
NASA would be able to do significantly more science
and exploration missions with the same budget.

31st Annual AIAA/USU
Conference on Small Satellites
Distribution Statement A (Approved for Public Release, Distribution Unlimited SMDC-PA No. 7133, 12 June 2017)
Jehle

1

This potential cost reduction could go beyond NASA.
Commercial providers could advertise this capability to
international partners and commercial entities. By
reducing the mass and cost of space missions, iodine as
a propellant could democratize use and access to space.
Mission concepts developed by countries with a limited
or smaller scale space industry could potentially be able
to purchase services, to include use of an already
integrated iodine HET and bus to fly their payload and
conduct a space mission.

the ISRO launch of 104 small satellites in February
2017) warrant an increased need for detailed space
situational awareness with high levels of discrimination
and frequent revisit rates. Proliferation of Iodine HET
propulsion technology, and small satellite propulsion in
general, would warrant increased consideration on how
this impacts the OODA (observe, orient, decide, and
act) loop process for threat determination and response.
A swarm of 12U-24U small satellites with meaningful
propulsion capability coupled with additional robotic or
intelligence collection and communication capabilities
could in theory be a significant capability and threat.
This threat is most likely ten to fifteen years out.

Importance of Iodine Propulsion to the U.S. Army
The democratization of spaceflight implies that space
access is cheaper and more available to both the U.S.
and, eventually, to the U.S.’s adversaries. A smaller,
fully maneuverable satellite on orbit is a capability
boon to its owner and operator allowing it to perform
station keeping for longer periods, but is a threat under
an adversary’s control, allowing a satellite to conduct
proximity operations for a longer period of time. The
U.S. Army relies heavily upon space force
enhancement to accomplish its mission.7 Ensuring
access to the Army and Air Force’s space capabilities
means both protecting assets on orbit, and
reconstituting capabilities as they are degraded.

IODINE SATELLITE MISSION
Objectives
The mission objective of iSAT is to demonstrate the
viability of iodine as a propellant for a HET by
operating a BUSEK 200W HET for over 100 cycles
within iSAT’s one year mission.
Concept of Operations
iSAT will be launched as a secondary payload into a
500 km highly inclined low earth orbit. iSAT is a 12 U
small satellite designed to deploy from Planetary
Systems Corporation’s 12U canisterized satellite
dispenser. Figure 1 and Figure 2 depict iSAT’s solar
panels in their stowed and deployed configurations,
respectively. Following deployment, the checkout
phase will last about two weeks allowing subsystem
performance to be reviewed by the iSAT team from a
control room in MSFC’s Huntsville Operations Support
Center (HOSC). After check out and a test burn, iSAT
will perform perigee reduction burns until end of
mission and atmospheric reentry.
The perigee
reduction burns are currently slated to take place in a
semi-automated fashion. The operations team will
upload iSAT with a command timeline detailing iSAT’s
attitude and system characteristics, to include
anticipating ground passes, eclipses, state of charge,
GNC activities, and avionics activities.

A small satellite with a meaningful amount of delta
velocity is a potential threat that can be harder to track
for a longer period of time. This threat would have to
be mitigated through close cooperation with the Air
Force through the Joint Space Operations Center and
the National Space Defense Center. The United States
protects their on orbit assets and monitors threats.
Additional threat mitigation is achieved by posturing
the US Army to reconstitute critical space based
capabilities with small satellites until the Air force is
able to fully reconstitute a constellation.
The US Army Space and Missile Defense Command
(SMDC) has flown over 11 small satellites since
December 2010. SMDC is interested in utilizing the
capabilities that a future iodine based HET could
provide to station keeping for future versions of its
SNaP or Kestrel Eye communication and imagery small
satellites, as well as for data extrication for unattended
ground sensors.8

ISAT DESIGN SOLUTION AND HARDWARE
iSAT consists of NASA custom designed component,
third party commercial custom components, and
commercial off the shelf components. The design as of
the time of writing had a total wet mass of under 24 kg,
with around 0.5 kg of propellant. iSAT is a fully
functional small satellite with complete avionics,
electrical power, thermal control, GNC, structures and
mechanisms, and propulsion subsystems, with scientific
payloads.

National Security Implications
Iodine HET propulsion represents an incremental
increase in on-orbit propulsion. It hardly represents a
revolution in military affairs by itself, but incremental
increases in delta velocity available on smaller satellites
integrated with the potential for launching multiple
small satellites on the same launch vehicle (similar to
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antenna, IMU, magnetometer, separation connector (to
interface with the deployment box), and flight
computer. The top of the card stack can be seen in
figure 3, and from the side in figure 4.

Figure 1: Artist depiction of iSAT, stowed
configuration
Figure 3: iSAT Mass-Interface Model, Dec 2016.
Clockwise from top left: battery model, momentum
wheel housing engineering unit, hastelloy propellant
lines, propellant flow control valve models (blue),
BUSEK HET thruster model, photometer model
(red), propulsion power unit model, GPS receiver
engineering model, digital control electronics
engineering unit, and the top of the avionics and
power subsystems’ card stack.

Figure 2: Artist depiction of iSAT, deployed
configuration
Avionics
The avionics subsystem consists of a commercial off
the shelf Cortex 160 flight computer, custom NASA
built input-output board, auxiliary input output board,
2MP camera and camera adapter board, and radio
transceiver and multiplexer. The flight software was
custom designed in-house. The I/O and auxiliary
boards were designed to complement additional
sensors, and multiple GNC components. The auxiliary
board interfaced with the two photometers, three
radiometers, the four propulsion feed system heaters
and corresponding resistive thermal devices (RTD), as
well as the propulsion power unit and battery. The I/O
board further interfaced with: the auxiliary board, 2MP
camera, sun sensor, star tracker, drive control
electronics, reaction wheel and torque rod housing,
SWIFT-SLX transceiver and antenna, GPS receiver and

Figure 4: Avionics and Power Subsystem Card
Stack, iSAT Mass-Interface Model, DEC 2016.
Power
The power subsystem consists of two commercial off
the shelf Cortex 130 (C130) boards, a NASA in-house
designed Cortex adapter board, solar panels, and a 12V
lithium-ion battery. The custom cortex adapter board
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interfaced with the I/O board, battery, two C130 power
adapter boards, additional RTDs, solar arrays,
separation switches and an arm/disarm connector for
releasing iSAT from the satellite dispenser.
Thermal
The thermal subsystem consists of a battery heater,
propellant heating system, and multiple resistive
thermal devices. Initially, it was desired to have a
completely passive thermal control system (less the
planned heater system for the propellant feed system).
However, due to extended recharge times of the battery,
the thermal and power team determined that a battery
heater might be necessary. The propellant feed system
and reservoir required a complex active heating and
cooling system which significantly strained iSAT’s
concept of operations due to power requirements.

Figure 7: Blue Canyon Star Tracker.

Guidance Navigation and Control
The GNC system consists of digital control electronics,
magnetometer, IMU, GPS, star tracker, sun sensor,
reaction wheels, and torque rods. iSAT is designed to
rely upon its own internal sensors to determine attitude
and upon a GPS receiver to determine its positioning,
rather than relying upon ground tracking. These
sensors are also used to determine the performance of
the propulsion system. Figures 5 through 11 provide
additional information about the GNC hardware.

Figure 8: Sinclair Sun Sensor.

Figure 9: Blue Canyon Reaction Wheels.

Figure 5: Honeywell Magnetometer.

Figure 10: Blue Canyon Torque Rods.
Figure 6: Epson Inertial Measurement Unit.
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Iodine is stored in the reservoir. In order to prevent
iodine from redepositing into the filter, lines, or PFCVs
the lines for the propellant feed system are heated in
stages before heating the reservoir, and the reservoir is
cooled first at the end of a propulsion phase. The
primary challenge overcome by the iSAT team was
integrating the propellant feed system with the HET,
and the complexity of maintaining thermal controls
throughout the propellant feed lines to prevent iodine
from clogging the feed lines.
Figure 11: SpaceQuest GPS.

BUSEK Hall Effect Thruster
The BUSEK Hall effect thruster was developed, built,
and modified to run on iodine by BUSEK. It was
delivered to GRC for integration with the propellant
feed system and testing. The BHT-200 has a nominal
input of 200 Watts and is anticipated to provide about
13 mN of thrust with a specific impulse of 1,375
seconds, it is depicted in Figure 13. Considering this
capability with 23.5kg of satellite mass and 0.5 kg of
propellant, iSAT has a theoretical life time delta
velocity capability of nearly 300 m/s, not including
potential losses.

Structures and Mechanisms
The structure was designed and built in house at MSFC
out of 7075 Aluminum Alloy, the solar panel hinges
and release mechanism (shape metal alloy frangibolt)
are custom designed.
Propellant Feed System
The iSAT propulsion feed system was designed, tested,
and built at MSFC, and integrated with the HET for
further testing at NASA’s Glenn Research Center. The
propulsion feed system is designed to operate in a
microgravity extremely low pressure environment. It
features two proportional flow control valves that
independently regulate flow to the thruster and cathode
of the HET (see figure 12).

Figure 13: BHT-200.
Testing and integration of the propellant feed system
and the BHT-200 were conducted in advance of and
independent from the iSAT bus. The test set up was
described by Polzin et. al. in 2015, with initial results of
iodine described as being nearly identical to that of
xenon.10 Kamhawi reported further details and results
of the 2016 test, describing the performance of the
BHT-200 as consistent with previous results using
xenon, with minimal impact to the thruster after
running it with iodine.11 The actual risk of iodine
deposition is uncertain, and defining that risk is a major
objective of the iSAT flight mission.
IODINE CHARACTERIZATION
Due to its high vapor pressure at the expected
spacecraft temperature—even if iodine deposits onto a
surface, direct illumination should cause iodine to
sublimate in a vacuum. According to Choi, “Iodine has

Figure 12: Propulsion Feed System.9
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Throughout the mission the solar panels’ output will be
tracked along the current-voltage curve to determine if
iodine is having any kind of corrosive effect or is
otherwise impacting performance beyond that expected
by the low earth orbit environment.

a high vapor pressure which [also] results in [a] high
rate of condensation.”12 The iodine condensate could
damage payload optical surfaces and solar panels
(impacting mission performance and mission longevity)
and has the potential to alter the thermal characteristics
of the structure’s surfaces. Choi’s work points to the
probability that iodine will have similar plume
interactions to those of xenon. This can clearly be seen
from a contour plot Choi generated from simulations
comparing neutral and negatively charged iodine to
xenon plumes in figure 14. Choi does not propose a
probability of iodine deposition. Because of the
ambiguity and uncertainty of iodine’s effect on a future
host satellite’s bus and payloads, it is critical that the
rate of deposition be characterized on orbit.

Figure 15: Radiometer and Photometer Locations.

SYSTEMS ENGINEERING AND OPERATIONS
PERSPECTIVE

Figure 14: Contour plots of plume densities
comparing xenon (top) and iodine (bottom), as well
as neutral (left) and ‐charge ion (right) density.12

Significant work has been done to develop the
individual iSAT components. Collective integration of
these units has been done by the lead systems engineer,
flight software team, avionics test bed team, ground
software team, GNC team, and mission operations.
System integration is a supporting effort in the design
of iSAT, so the process for facilitating integration of
components and changes to the concept of operation
was reactive in nature. This section will describe how
these teams worked together to conduct a successful
integrated demonstration on the Avionics Test Bed and
what products facilitated the work.

AFRL Sensors
To characterize the probability of this risk, MSFC, in
collaboration with BUSEK and the Air Force, will use
the Air Force Research Laboratory’s radiometers and
photometers on the iSAT flight mission. The AFRL
sensors consist of three radiometers and two
photometers located along three vectors: the solar
panel’s normal vector; aligned with the propulsion’s
thrust vector; and, from the bottom panel, in opposition
to the solar panels normal vector. Figure 15 highlights
the locations of the radiometers and photometers.
Science Phase Concept of Operations
The photometers and radiometers will be activated inbetween and during thrusting to assess deposition of
iodine. The photometers measure the amount of iodine
deposition and corrosive effect it exacts onto an Inconel
filter covering one of two photodiodes. The radiometer
assesses changes to the thermal profile as the satellite
heats up and cools down during its orbit. Currently, the
iSAT mission operations team is planning on
conducting three assessments per propulsive maneuver
to assess how rapidly as well as how much iodine
redeposit onto surfaces.

Figure 16: Day in the Life document. Coordinated
component operation in the time domain, to include
periods of illumination, eclipse, ground station
visibility, attitude of the spacecraft, true anomaly,
and propulsion system timing.
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completeness by the subsystem lead, flight software
lead, ground software lead, and the lead systems
engineer before final approval and implementation.

Day in the Life
Mission Operations worked closely with the
engineering specialization teams to determine their
subsystem’s concept of operations and to deconflict any
competing requirements. The day in the life (DITL)
document facilitated a time-power visualization of
when each component was utilized, the satellite
attitude, the solar illumination, and when iSAT would
be over a ground station. The document, shown in
figure 16, facilitated the software teams’ understanding
of how iSAT would operate, and the engineering
specializations’ understanding of how each other’s
subsystems worked and how they worked together.
The DITL enabled the iSAT team to visualize the time
domain of operations and integrated it with power
consumption and generation. The DITL document
facilitated developing operational modes, power
modeling, thermal modeling, operational concepts,
script commands, and functional objectives.

Each parameter was labeled with a TReK name and
subsystem name, and was then further broken up into
data packets (APIDs), and assigned a priority and
logging rate. Each parameter in the data dictionary had
a recorded size (in bytes) and associated field order,
start bit, conversion factors for ground consumption,
engineering units, accuracy, a parameter description,
and associated nominal, warning and threshold values.
The data dictionary provided the communication team
with the packet logging rates, duration, and total size
per 24 hour period to estimate bandwidth and overhead.
iSAT’s physical channel access data units—the
CADUs—have a length of 1279 octets. After
considering overhead (markers and transfer frame
headers for VCDU, multiplexing protocol data unit, and
space packet header), the team identified a sawtooth
pattern in percent overhead to APID size (Figure 17).
Adjusting the size of each APID can result in some
optimization. The green oval was identified as a natural
trough that kept percent overhead limited to around
25%. Optimizing APID sizes was not needed, although
the opportunity was identified.

Functional Objective Sheets
The mission operations team developed functional
objective sheets to identify specific actions performed
by the satellite bus and subsystems. Functional
objectives were required to develop standardized script
commands, and to help identify states and conditions
the satellite bus had to meet, to include: voltage levels,
satellite attitude, logging rates, and power states of
components. Functional objectives were developed by
combining events from the DITL and commands from
the data dictionary, and provided the most detailed level
of tracking on how iSAT would function and be
commanded.
Command and Data Handling
iSAT’s data dictionary is a command and data handling
document established to track communication standards
and served as the interface control document between
flight software and ground software. The format was
developed to facilitate communication between the
flight software, ground software, mission operations
team, and systems engineering. The data dictionary was
needed due to the complexity of designing flight
software from scratch, integrating multiple components
from various sources, and communicating with
preexisting NASA ground software designed for the
International Space Station. In its current version, the
iSAT data dictionary compiled the outputs of each
component in a standardized format for NASA’s
Huntsville Operations Support Center’s (HOSC) preexisting Telescience Resource Kit (TReK) ground
support system software’s consumption. iSAT, as of
the time of this paper, had over 850 telemetry items
identified. Each telemetry item had to be reviewed for

Figure 17: Current Bandwidth Assessment of %
overhead data vs. APID size in the CADU (Greyline) and APID (Blue line).
Avionics Test Bed
The avionics test bed was utilized to test components
and flight software to ensure communications were
flowing properly. In December 2016, the iSAT mission
operations, flight software, ground software, and
avionics test bed team conducted an integrated demo to
ensure full functionality of a limited set of hardware
and software, including the custom NASA auxiliary
board, I/O board, flight computer, flight software,
hardware drivers, magnetometer, IMU, flight camera,
and ground software.
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than on regular weekly or bi-weekly battle rhythm
cycles.

Figure 18: iSAT Avionics Test Bed, as of early 2017.
The demo ensured functionality and data flow, and
establish initial concepts for displaying limited
telemetry in a human readable format. The avionics test
bed, as of early 2017, can be seen in figure 18. The
mission operations team utilized MSFC’s TReK and
EPC (enhanced HOSC system (EHS) P/C) software
user interface to develop an initial concept of
commanding, transferring, and displaying real time
telemetry.

Mission operations set up small working groups with
hardware owners to determine needs, constraints,
limitations, and identify data packet prioritization. The
working group allocated each data packet into one of
four categories: critical data for real time consumption
(for immediate consumption during a comm pass); high
value information (logged, but buffered first priority);
non-critical data (logged and buffered chronologically),
and; data that was used for check out and
troubleshooting only (typically not logged or
transmitted). The products of these working groups
were integrated into the functional objective sheets,
DITL document, and the iSAT data dictionary. These
documents were then reviewed at a board headed by the
lead systems engineer and attended by a presenting
member from the mission ops team, a representative
from the flight software and ground software teams,
and a representative for each component being
discussed. This minimized work load on individual
team members while facilitating maximum scrutiny and
understanding for mission operations and system
engineering.
Future Work
The mission operations team is finalizing the iSAT data
dictionary, functional objectives and other operations
documentation. Once work on the iSAT bus is turned
back on, mission operations will continue to work with
flight and ground software to further develop and
finalize the concept of commanding iSAT through the
EPC display.

Figure 19: Initial concept for EPC display.
Mission Operations Role in Systems Integration
Integrating the disparate systems required a deliberate
and dedicated effort. Due to funding constraints the
iSAT team members also worked other engineering
activities, which limited the amount of time available to
work the iSAT subsystems. The program was able to
overcome these constraints and successfully integrate
the bus hardware and demonstrate integration through:
document control (clear documentation, clear
documentation ownership, clear hardware and data
ownership), and through a lean integration process.
Mission operations utilized a working group and
decision board process on an as needed basis rather

Mission operations will work in a cyclical fashion with
the avionics test bed, flight software, and ground
software as hardware and drivers are fully integrated
into the ATB to fully develop the concept of
commanding iSAT prior to launch. A stand-alone
demo was conducted in December 2016, prior to the
temporary stand down of the flight project in May
2017.
Future integration tests were planned to
demonstrate full hardware and software integration, and
for the flight readiness review.
CONCLUSIONS

Iodine HET propulsion provides multiple benefits over
xenon HET propulsion. The primary benefits result
from the solid state storage of propellant. Iodine, at
ambient temperatures is a dense solid, eliminating the
need for a massive pressure vessel to compress and
store xenon. While operating, iodine is utilized at low
pressures, further negating the need for a pressure
vessel. This results in opportunities for low cost
Jehle
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systems, that are scalable to larger systems, but also
opens up the opportunity for a secondary payload to
have a propulsion system without increasing the risk to
a primary payload or launch provider. These reductions
in cost and improvements to performance are estimated
to overcome the drawbacks of a complex heating
system and the risk of iodine redepositing on an
operational system. In its current state, iodine HET is a
near-to-mid-term opportunity for reducing mission
costs for NASA and the U.S. Army.
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