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Arizona State University Satellite 1 (ASUSat1):
Low-Cost, Student-Designed Nanosatellite
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On 27 January 2000 at 03:03:06 (coordinated Universal time) Arizona State University Satellite 1 (ASUSat1)
was launched into space. The launch was the culmination of six years of effort by over 400 students. ASUSat1 is an
innovative nanosatellite bringing new concepts for low-power, low-mass, highly constrained designs. Its primary
mission was Earth imaging, with several secondary missions including attitude and orbit determination, amateur-
radio communications, passive stabilization techniques, and composite-material research. After the successful
launch and deployment of ASUSat1, the satellite operated for 14 h. In spite of this, the team collected telemetry
from and commanded the satellite and veri� ed many of the design concepts incorporated into the satellite. A
majority of components and subsystems performed as designed and built by the students, including the Marmon
clamp deployment mechanism, boom deployer, microswitches, tape antennas, gravity-gradient stabilization sys-
tem, carbon-composite structure, boot-loader software, computer, modem, receivers, transmitter, passive thermal
control, thermal sensors, power storage and regulation system, dynamics board, sun/Earth sensors, and ground
station. Following the on-orbit failure of ASUSat1, the team conducted an investigation to single out the problem.
Even though no speci� c problem was identi� ed, the team has noted several design and system-level issues to be
taken as lessons learned from this project to future student satellite projects.

Introduction

A RIZONA State University Satellite Laboratory (ASUSat Lab)
is managed entirely by undergraduate and graduate students

with oversight by a faculty advisor. Industry engineers and addi-
tional faculty are available for consultationand periodic evaluations
of studentprogress.There are over half of a dozen projects currently
underway. These range fromsoda-can-sizedsystems launchedfrom
amateur rockets to as high as 3.6 km before descending under
parachute, to a constellation of three nanosatellites demonstrating
imaging, formation � ying, innovative communications, innovative
command and data handling, and micropropulsion to be launched
from the NASA space shuttle in 2003 as part of the U.S. Air Force
Of� ce of Scienti� c Research/Defense Advanced Research Projects
Agency/U.S. Air Force ResearchLaboratory/NASA GoddardSpace
Flight Center/Department of Defense Space Test Program Univer-
sity Nanosat Program. The latter project is a joint effort with the
University of Colorado at Boulder and New Mexico State Univer-
sity (for example, see Ref. 1).
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Arizona State University Satellite 1 (ASUSat1) is the original
project.Begun in October1993, over 400 students (90% undergrad-
uate) participatedin thenumerousiterationsofASUSat1 from initial
concept, through design and development, integration and testing,
and � ight and ground operations. These students gained valuable
hands-on experience in the design and application of nanosatellite
technologies, and today many of them are practicing engineers in
the space industry.

The purpose of this paper is to describe our approach to student
projects and our program’s � rst project, ASUSat1. New concepts
for the highly constrained designs characteristic of nanosatellites
and how the system performed on orbit are described.

ASUSat Lab
Motivation

ASUSat Lab was founded in October of 1993, when a local
launch vehicle company agreed to launch a small payload for the
students if the satellite would perform meaningful science, weigh
under 8 kg (including the release mechanism), and � t within an en-
velope of 33 cm in diameter and 27 cm in height. Students from
high school through the doctoral level, from engineering, liberal
arts and sciences, business, communications, and social work have
participated in all leadership, management, and teaming aspects of
real aerospace projects. Approximately 50 students presently work
on the various projects sponsored by ASUSat Lab each semester,
90% are undergraduates.Students either are paid as interns, receive
course credit, or volunteer.The students also participate in a signif-
icant number of outreach activities to local schools and community
and professional functions and are called on frequently for recruit-
ing and awareness by the university. The various projects depend
on industry and the National Space Grant College and Fellowship
Program for support, including mentoring and assessment, � nan-
cial support, hardware/software donations, and use of fabrication
and testing facilities. Details may be found in Ref. 2.

Student projectssuch as those sponsoredby ASUSat Lab provide
a unique opportunity to combine the educational, research, and ser-
vice missions of a university in a single program. The students are
presented with a multidisciplinary work environment, where team
effort is a must. This experience, although it represents the real
working environment of most engineers today, is still unusual in a
university setting. Moreover, the limited resources and rigid con-
straints typically placed on the projects require the developmentof
innovative technical solutions.These new solutions range from the
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design of new low-cost components to the development of manu-
facturing techniques that can be easily performed by students with
little manufacturing experience.

In recent years, the space community has been faced with new
constraints, lower budgets, shorter design times, etc. (the faster,
better, cheaper philosophy). In this new environment, the kind of
thinkingfound in studentprojectsmay providesome of the solutions
that are required for the success of space explorationin the future. It
is our opinion that such projects can make valuable contributionsto
the aerospace� eld, not only by trainingscientistsand engineers,but
also as a tool for the development and testing of new technologies.
A university satellite program with its industry and government
partnerscan providean inexpensivetestbedand innovativesolutions
to satellite technologies.

Moreover, over the past decade, many issues on university strat-
egy have been the subject of continuous discussion. In particu-
lar, industry has submitted inputs about the quality of engineering
education.3 Student projects very successfully address these needs
by involvingpredominantlyundergraduatestudents in isotropically
integratedprojects.These projectsprovidethe relevanceto students’
basic classes and help them see what engineering is all about and
choose a direction. One feature of such a program that strongly im-
pacts the students’ education is interaction with industry and gov-
ernment. This day-to-day contact brings the students closer to the
industryenvironmentand helps students learn industry/NASA prac-
tices, establish a long-lasting network, and identify future job op-
portunities.With the large amount of industryinteractionassociated
with such a project, students also gain con� dence in their abilities
and developeffectivepublic-speakingand human-interactionskills.
Students acquiring these skills at the university level become even
more valuable to their profession.

The bene� ts of these projects far outweigh the obstacles. The
ASUSat Lab team feels strongly about the educational aspects of
the program and is always willing to share ideas and suggestions.

Management Aspects
From our experiences and many lessons learned over the past

eight-plus years, our approach to working with students can be ex-
pressed by the following points:

1) Students thrive in an environment created around a real-world
program relevant to national needs (such as a space program) in
which research results are transformed into hardware and then
tested. In the ASUSat Lab, students (principallyundergraduate)re-
search,design, build, and launch or test low-cost satellitesand other
space systems.

2) Set high standards and live by them. Promote ethics.
3) Encourage students to take initiativeand make decisions.Give

students as much responsibilityas is feasible.
4) Encourage students to explore different areas of the project.

They should not be con� ned to work on a problem that directly
correlateswith their major; they should be able to explore and grow
by learning other subsystems.

5) Involve as many students as possible in industry-related ac-
tivities, such as tours, teleconferences, and technical reviews and
exchanges, and other aspects of a research program, such as paper
and proposal writing, reviews, and conference presentations.

6) Spend the extra time teaching a student how to do a task
properly . It seems faster as a manager to do it yourself, but if you
teach students properly, then they can continually perform the task
and pass the skill along.

7) Create and continuously improve a friendly and useful docu-
mentation system that makes it as easy as possible on the various
team members, and document everything. This is a tough one but
especially critical because of high student turnover.

8) Provide access to state-of-the-art tools. Over the years, the
ASUSat Lab program has attained various resources, along with
many dedicatedindustrypartners.ASUSat Lab resourcesdeveloped
include high-end workstations, software packages, class 10,000
clean room, ground station, and a knowledgeable team of engineer-
ing students with satellite-design experience. University resources
made available for the students include a professionally run ma-
chine shop, a student-use machine shop containing four computer

numerically controlled machines, and a rapid-prototyping labora-
tory. Most universities, including Arizona State University, cannot
provide the full range of resources needed for project success, and
so industry has helped � ll the voids in many areas. Industry is one
of the main supporters of the ASUSat Lab, not only through its
generous monetary and component donations, but also through its
provision of advisors, many needed tools, and manufacturing and
testing facilities.

9) Interact frequently, patiently, and respectfully with students.
Listen to their opinions. Mentors should include faculty, industry,
graduate students,and undergraduatepeers. Industryengineerspro-
vide a very important facet to mentoring. Students view these in-
dividuals as coming from the real world and providing a sense of
relevance.The experiencedstudents on the team (both graduateand
undergraduate)alsomakevery importantcontributionsto mentoring
and take this responsibilityvery seriously.The closeness in age and
similarities in life experiences are major reasons for this success.

10) Involve students in outreach to local kindergarten through
12th grade schools and community and professional organizations.
The students actually embrace this activity as a very important as-
pect of the program and readily respond to and seek opportunities
to inform the public. This contributesto addressingcurrent national
concerns about the availability of a suf� cient future workforce, by
encouraging precollege students to seek careers in science, engi-
neering, and mathematics.

11) Promote diversity.Efforts are made to attract members of un-
derrepresented groups and students who might not otherwise have
the opportunityto participate in research.ASUSat Lab has a history
of success in recruiting women and minorities. At present, 42% of
the undergraduate interns are women and 29% are minority. Once
again, this has been recognizedas a key element to futureworkforce
needs. An effectiveway to generatediversity is to encourageminor-
ity/women students presently on the team to serve as role models
and to make personal contactswith other minority/women students.

Organization
Projects are modeled as much as possible after industry and are

completelystudentmanaged.Projects are conductedfroma systems
point of view keeping requirementsand constraints in mind; the stu-
dents are contributing to a multidisciplinary team. The projects are
required to actually work to perform valuable research or science,
giving students invaluable hands-on teaching in design. Preferably
there is an industry-or government-sponsoredlaunchon an expend-
able launch vehicle, sounding rocket, balloon, or the shuttle, thus
providingstudentswith real constraintson testing,safety,deadlines,
documentation, and size, power, and mass.

Student projects have added challenges to face. Most have lim-
ited funding available. However, minimal resources do encourage
innovative technical solutions and interactions with local industry
professionals.Also it is critical to promote and to improve continu-
ously team organization.Challengeshere includeproject continuity
as studentsgraduateor otherwiseleave the team. Informationis very
easily lost as people leave. To this end, establishinga friendlydocu-
mentation system (on the computer) is crucial; paperwork is not as
much fun as design and building, and different strategies have to be
tried for different students.There is no simple solution.Many times,
multiple organizationswork together, and students have to learn to
run programs over long distances, taking into account time zones,
cultural differences, and perhaps language. Students often times do
not initially have an appreciationfor or experience in working with
students in other disciplines or other majors. Students also join a
team with greatly varying experience levels, usually very little ex-
perience; bringing new members up to speed is a challenge. An
effective idea is to assign a more experienced student mentor to
each new participant.Finally, studentshave many demands on their
time, classes, laboratories,homework, exams, family, etc. It is crit-
ical to establish a team structure that is � exible, adaptive, and time
ef� cient: Do not keep students in too many meetings.

ASUSat Lab presently operates in the following way. Stu-
dents serve in the following capacities. Individual projects, for
example, ASUSat1, have project leaders, subsystem leaders (sci-
ence, structures and materials, attitude and orbit determination and
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control, power, command and data handling, propulsion, etc.), and
identi� able team members.Each project leaderreports to the faculty
advisor (last author of this paper). The subsystem leaders report to
their respective project leaders, and team members report to their
respective subsystem leaders. Team members typically contribute
to more than one project, that is, cross talk.

An organized meeting structure ensures communication among
all team members. All members of a project are required to attend
a weekly general meeting, unless there is a class con� ict. Weekly
generalmeetingsare held to ensure that all team members are aware
of the general team progressand any outstandingissues To promote
communication skills and con� dence, a different student prepares
the agenda and runs the meeting each week. The progressand status
of the individual projects is reported at this time. The project leader
and subsystem leaders make up the systems team and meet weekly
to lay out milestonesand discuss systems issues. Subsystem leaders
are then responsible for assembling their groups to delegate tasks
and to prepare the weekly report.Each subsystemhas a separate1-h
meeting once a week to discuss tasks within the group and to help
each other out. Faculty and industrymeet with students at all levels,
fromregularone-on-oneconsultationsto systems-levelinteractions.

Team-building activities are necessary and can be made enjoy-
able. For example, have a team party or hold a car wash for charity
or take a group of elementary-school students to a local museum.
These types of activities bond the team closer together and encour-
age the students to enjoyworking togethermore.These management
techniquesbuild teams that are comfortablewith each other, respect
one another, and are less likely to quarrel among themselves. We
hold (at least) monthly activities/socials. The faculty and industry
are invited to these activities.

ASUSat1
Miniature satellites are considered to be those under 200 kg

(Ref. 4, p. 853), microsatellites as between 10 and 50 kg, and
nanosatellitesas between 1 and 10 kg. Figure 1 shows nanosatellite
ASUSat1 of mass 5.9 kg, easily being held by one person.

The original goal of the ASUSat1 project was to show capability
in a very low-mass, low-power, low-volume, and low-cost package
and to provide technology demonstration in � ight to enable other
nanosatellite missions. The strict mass, volume, and power con-
straints associated with nanosatellites eliminate the use of many
common off-the-shelf components and require innovative rethink-
ing of many commonly used techniquessuch as active attitude con-
trol, radiationshielding,largebatterypacks,structures,thermalcon-
trol, and many complex mechanisms. Also with the minimal power
that can be generated from the small surface areas, only the lowest
power consuming devices could be used. Moreover, when consid-
ering the design of nanosatellites,system considerationsare partic-
ularly important. No longer are size, power, and mass unlimited as

Fig. 1 ASUSat1; 5.9-kg mass.

with larger satellites.The entire system must be carefully integrated
together.No longeris this just a buswith systemsadded inside;every
part must be justi� ed, minimized, optimized,and ideally multifunc-
tional. Performance is not the only issue from a systems standpoint.

Students went through a series of invaluable lessons in search of
feasible solutions. These lessons ranged from problem de� nition,
exploring design space, conducting trade studies, determining the
feasibility of manufacturing, and quality control. Note that these
lessonsare not taught in the classroombut were learnedhands on by
participatingin a realdesignproject.In retrospect,thecore objective
of the project has been to explore the frontier of the smaller, faster,
cheaper product space, which is the fundamental challenge to all
nanosatellites and all of the subsystems that support the mission.
The next sections outline the solutions developed by the students.

Mission Objectives
The mission objectives chosen for ASUSat1 and representative

of likely, typical nanosatellite objectives include the following:
The � rst is spectral imaging. The cameras onboard had relatively

coarse resolution.These cameras could be used to identify potential
targets and suggest where one should point for � ner resolution.
Also, this capability could be used in the future for detecting other
spacecraft.

The second was a global positioningsystem. A terrestrial system
was � own to demonstratethe ability to determineposition.This unit
had been conditionedfor space by the use of epoxies and shielding
and was expectedto give positionaccuracywithin 150 m and similar
accuracy for velocity measurements.

The third was to achieve three-axis passive stabilization. Sta-
bilizing a nanosatellite is not a trivial task. Because of the strict
power,cost, andweight constraints,thedynamicsteamcouldnot use
standard devices such as off-the-shelf torque rods, magnetometers,
thrusters, and sensors. However, for Earth imaging and for commu-
nicationsoptimization,a stableEarth-pointingorientationis needed.
The ASUSat1 team developed an innovative passive stabilization
and damping collaboration incorporating many student-designed
components.The studentsdevelopedan innovative,passive,gravity-
gradient � uid damper. This coupledwith the gravity-gradientboom
was to provide three-axis stabilization.

The fourth was to achieve §10-deg attitude determination at
low cost ($1000 per satellite). This was a low-power, low-weight,
student-designedsystem utilizing23 inexpensivesun/Earth sensors.

The � fth was autonomousoperations.An onboard computer and
power and dynamics boards together were to monitor and regulate
power, control all of the satellite subsystems, gather all of the data
from the various subsystems and experiments, and store and make
available all of these data for download by the satellite operators.

The last objectivewas communications.ASUSat1 was to demon-
strate that it could carry onboard a low-power transmitter, modem,
and two receivers, along with a transmit and a receive antenna, and
have useful contact with the ground. The ASUSat1 team was to
demonstrate the ability to send up new commands and receive new
data. Amateur radio operatorsaround the world were also to be able
to use the satellite as an analog voice repeater as well as to download
telemetry.

Mission Implementation/Satellite Overview
Earth Imaging

To demonstrateimagingcapabilityin a 6-kg package,Earth imag-
ing with an emphasis on vegetation indexing was chosen as the
primary scienti� c mission. The science package consisted of two
cameras.The modular camera systemwas essentiallya camera elec-
tronics board that takes one picture at a time and transfers it to the
command board on request. Both cameras were to work as inde-
pendent units with each having 1 MB of random access memory
for image storage and a microcontroller unit for image capture and
compression. Both cameras also had different modes of operation
including a low-power standby mode, which made them attractive
for the mission. When the extensive features of the camera were
used, all that was required to interface it to the satellite was one
standard serial port.
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The two cameras were daisy-chained inside a single com-
pact anodized aluminum housing measuring approximately
5.08 £ 6.35 £ 16.51 cm3 and of mass close to 0.4 kg. Each cam-
era required only 5 V and would operate in a sleep mode for most
of the time drawing only 3.5 mA. During wake mode, the cameras
used 125 mA and would spike to roughly 650 mA for about 15 m
during the image capture.

Eachcamerahada resolutionof 496 £ 365,whichgavea clarityof
approximately0.5 km/pixel at an altitudeof 700 km with a viewing
angle of 18 deg. The � rst camera was color with 24-bit resolution
and had the ability to pick up the visible red and near infrared (NIR)
spectrum at approximately 600–800 nm. The second camera was a
gray scale with 8-bit resolution and would use a short-pass � lter in
the visible blue spectrum to capture wavelengths between 420 and
550 nm.

When vegetation indexing is considered, the reason that plants
look so green is not because they are re� ecting a lot of green light,
butbecausetheyare absorbingsomuchof the restof thevisible light.
The cells in plant leavesareveryeffectivefor scatteringlightbecause
of the high contrastbetween the indexof refraction in the water-rich
cell contents and the intercellularair spaces. Vegetation is very dark
in thevisiblespectrum(400–700 nm) becauseof thehigh-absorption
pigments that occur in leaves, that is, chlorophyll,xanthophyll,etc.
There is a slight increase in re� ectivity around 550 nm (visible
green) because the pigments are least absorptive there. There is no
strong absorption in the spectral range 700–1300 nm; hence, plants
appear very bright.

A vegetation index is a number that is generated by some combi-
nation of these spectral ranges that have some algebraic relationship
to the amount of vegetation in a given image pixel. For the data to
best show vegetation, it is necessary to take the ratio of two differ-
ent band lengths to minimize albedo effects and atmospheric noise.
Essentially, a band where vegetation is bright on top of the ratio
and a band where vegetation is dark on the bottom is needed.Thus,
the � rst camera contained a red-pass � lter that would pick up the
visible red and NIR bands where vegetation appears bright, and
the second camera had a 550-nm short-wave-pass � lter that would
make vegetation appear dark. Also the spectral sensitivity of the
second camera (420–600 nm) would allow for further applications
such as coastal mapping, water-body penetration, forest mapping,
and deciduous/coniferousdifferentiation.

Structure
New ideas were used on ASUSat1 to allow for a structure strong

enoughto withstand the accelerationloadingand acousticsenviron-
ment during launch and still meet the tight 1-kg structural-weight
budget.The structuraldesignconsistedof a fullmonocoquecompos-
ite structure that held all components within a 25 £ 32 cm diameter
envelope. The 14-sided structure was capped off with two compos-
ite bulkheads, one being � xed and the other acting as a removable
lid. The � xed bulkhead was recessed 4 cm from the lip of the body
to allow for components (such as the damper) to be mounted on
the exterior of the structure. The removable bulkhead was mounted
� ush with the opposite lip of the bus with 12 bolts and locking-nut
plates. Located within the structurewere two componentpanelscar-
rying all of the electronics.These panels could slide in and out of the
structure with the removal of the top bulkhead.The modular design
allowed for easy access to all components during assembly and for
removal if necessary. All � ve of these structural parts were made
of a 12-layer unidirectionalcarbon-�ber composite material with a
nonoutgassing cyanate resin. A 0/0/45/¡45/90/90/90/90/¡45/45/
0/0 layup gave the structural parts a total thickness of only 0.08 cm
and a structural weight of only 0.82 kg. Small composite brackets
were used to hold the parts in place and to stiffen the structure.
These small bracketswere made of a carbon-�ber compositeweave
material with a low-outgassing epoxy resin. A small amount of
aluminum was also used on the structure in the form of brackets
and standoffs.Standard stainless-steelsocket-headcap screws were
used throughout the structure, ranging from sizes 2 to 8. The total
structural assembly came to only 1 kg.

The temperatures in the cold and hot areas start becoming a
problem once in orbit. Limiting temperatures (as determined from

the operating temperatures of internal components) ranged from
0 to C50±C. To prevent component failures due to high tempera-
tures, thermal modeling was constantly performed for ASUSat1.
The satellite was passively thermally controlled, without the use
of heaters, coolers, or thermal insulators.These components would
improve the thermal conditions from livable to desirable, but they
also add excess weight, cost, and power consumption. Various
lightweight, low-cost, no-power methods such as the use of black
paint, silverizedTe� on® , thermallyconductiveepoxy,and anodized
aluminum would help keep components at acceptable temperature
levels. To track temperatures of components during the lifetime
of the satellite and to test the accuracy of the thermal model done
for the composite structure, 25 thermal transducers were located
around the satellite.

Dynamics and Control
Stabilizing a nanosatellite is not a trivial task. Because of the

strict power, cost, and weight constraints, the dynamics team could
not use standard devices such as off-the-shelf torque rods, magne-
tometers, thrusters, and sensors. However, for Earth imaging and
for communications optimization, a stable Earth-pointing orienta-
tion was needed. The ASUSat1 team developed an innovative pas-
sive stabilization and damping collaboration incorporating many
student-designedcomponents.One of these componentswas a pas-
sive gravity-gradient � uid damper. This damper coupled with the
gravity-gradientboom was to provide three-axis stabilization.

The main stabilization system was the gravity-gradientboom, a
cylindrical2-m berylliumcopperelementwith a 135-g tipmass.The
boom was to be deployed from a student-designedrelease mecha-
nism that is 3.8£ 3.8 £ 6.6 cm and of mass less than 130 g. The
release mechanism was an offshoot of current industry designs, but
was much smaller and lighter. One electrical signal was required
from the launch vehicle at the beginning of the mission to release
the element, stabilizing the satellite for the duration of the mission.

Figure 2 shows the spacecraftin its deployedcon� guration,show-
ing the extended gravity-gradient boom and transmit and receive
antennas. The extended tip mass provided the relative difference in
principal moments of inertia that enabled a gravity-gradient stabi-
lization scheme.

When the pitch and roll/yaw decoupled equations of motion of a
gravity-gradientstabilizedspacecraft in low Earth orbit are utilized,
the stability of the craft can be easily determined from the two
parametersk1 and k3 , functions of the principal moments of inertia.
ASUSat1’s principal moments of inertia are 9.616, 9.438, 0.671
N ¢ m (Ref. 5). These values give k1 and k3 parameters of 0.9 and
0.3, respectively.According to Ref. 5, ASUSat1 was clearly stable.

One advantage of the extremely lightweight spacecraft is that,
to obtain the 0.9 parameter value, the required mass for the boom
tip (an otherwise unutilized cost to the mass budget) is only 135 g.
In spacecraft design, and especially in nanosatellite design, mass,
begets additionalmass, and the inverse is also true. That is, as com-
ponent mass increases/decreases, so does structuralmass to support
it and attitude control hardware to control it.

A gravity-gradientboom [about §5 deg (Ref. 4, p. 359)] cannot
provide � ne stabilizationbecause the satellite is expected to wobble
around its equilibriumpoint.This wobble could cause the images to
miss the targeted areas of interest, and so a � ner stabilizing system
was added.

Fig. 2 ASUSat1 deployed.
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Fig. 3 Gravity-gradient � uid damper.

The � ne attitude control was also a passive system, called the
gravity-gradient� uid damper. The system can be described as fol-
lows. A ball with four different mass concentrations that � oated
in a viscous silicone liquid inside a larger shell was attached to
and moving with the satellite body. The physical principle behind
it was that the inner ball should tend to remain aligned with both
the Earth’s gravity vector and with the velocity vector of the satel-
lite’s orbital motion. Because the satellite would wobble around
its equilibrium point, the wobble energy should be dissipated with
time in the viscous liquid between the inner ball and the outer shell.
This method was based on a new concept and had not been space
proven.The system was designedby analysis, solving the equations
of motion includingthe damping torqueprovidedby the two spheres
separated by a thin layer of � uid and rotating relative to each other.
The model was derived after the work of Kumar.6 Manufacturing
advice was provided by a local aerospace company. If successful, it
was expected that the satellite would reach a steady state in about
600 orbits.Both of the methods (gravity-gradientboomand gravity-
gradient � uid damper) were completely passive, thus being an ideal
solution for a satellitewith a low power budget.Figure 3 is an image
of the damper housing and the interior ball. The holes in the ball
accommodated tungsten caps to provide the different moments of
inertia.

Because it was only a 6-kg-class satellite, not much room was
available for redundancy. One of the few areas in which a redun-
dant system was used was control. Gravity-gradient stabilization
schemes have two stable orientations: one pointing nadir and one
pointing zenith. If an uncontrollable event caused the satellite to
� ip or if the satellite was deployed in the wrong direction from
the launch vehicle, many of the satellite’s functions would cease to
work.The onlyactivemeansof attitudecontroladdedon the satellite
was one small, lightweight, student-designed Z-axis magnetorquer.
This z coil was to be used to � ip the satellite over in case of an
upside-down orientation. Because of the large current draw of the
coil, it was limited to emergency situations only.

For attitude determination, various commercial sun/Earth hori-
zon sensors were evaluated, but due to the large cost of these units,
the students reverted to designing their own sun/Earth sensors. The
emphasis in the design was to build a low-weight, low-cost sensor
array for determining the satellite’s orientation to within §10 deg.
The sensor array was built using 23 photosensors mounted on the
circumferenceof the satellite and sampling at three different angles.
Such an array reducedcosts to under $1000 and minimized required
internal volume. The data from the sensors coupledwith the camera
images were to provide the information to re� ne the attitude deter-
mination algorithm. Figure 4 is a closeup of the sensor blocks; the
long blocks were mounted on the side of the spacecraft, with the
short blocks mounted on the top and bottom bulkheads.

Fig. 4 Attitude-determination sensors.

Ephemeris determination was by the global positioning system.
The globalpositioningsystem has been introducedto satellitesonly
during the past several years but is rapidly becoming a standard
in spacecraft design. The global positioning system unit consumed
only 1.5 W and was to be used to collect orbital data points periodi-
cally that would be stored in the satellite’s computerand transmitted
to the ground station for analysis. Onboard ephemeris determina-
tion was not expected at this point because the spacecraft computer
did not have � oating-point capability. The global positioning unit
selectedwas a terrestrial (nonspacerated) unit that was conditioned
for space by the use of epoxies and shielding and was expected
to give position accuracy within 0.15 km and similar accuracy for
velocity measurements.

When the described techniques were used, it was expected that
the entire attitude and orbit determinationand control system would
have a mean power consumption of less than 0.75 W. This system
was predicted to provide 0.15-km position accuracy and §10 deg
knowledge in support of all of the mission objectives.

Command and Data Handling/Command Board
The commandboardwas to controlall of the satellitesubsystems,

gather all of the data from the various subsystems and experiments,
and store and make available all of the data for download by the
satellite operators.The system was based on a microcontrollerunit,
incorporatingdirect memory access, interrupt control unit, chip se-
lect unit, watchdog timer, power control, and serial ports all in one
chip. The central processing unit had a 1-MB random access mem-
ory bank, which was the microcontroller unit’s full capacity. The
random access memory was interfaced to the microcontroller unit
through an error detection and correction state machine. The error
detection and correction was completely transparent to the central
processing unit, thus simplifying software writing for the system.
The error detection and correction system could detect and correct
up to one error per byte without any fatal consequences to the sys-
tem. In the case of more than one error per byte, the system might
crash (assuminga code byte was damaged).The probabilityfor this
based on the experiencegained with other amateur satellites is very
low, thus making error detection and correction a reliable solution.
In the case of an unfortunate system crash, the command board had
a watchdog timer and a reset state machine.The watchdogtimer was
a microcontrollerunit integrated safety feature that would reset the
systemif it did not activatewithin a speci� ed interval.The reset state
machine was an independent state machine that would monitor the
uplink channel for a special sequence. In case the ground controller
wanted to reset the satellite, that sequencewould be transmittedand
the reset state machine would initiate a system reset.

The satellitewas to be operating-systemagile.On power-up,only
a bootloaderwould operate.The bootloaderwould set the satellite to
a power-safe mode and enable the operators to upload an operating
system to the satellite. This feature would give the ASUSat1 team
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the ability to tailor its mission characteristicsto any new ideas or re-
quirements that might occur after launch. At launch, the bootloader
and initial operating system were to be stored on a 128-kB erasable
programmable read-only memory.

The interface to the communications system was a dual chan-
nel serial communications controller. This chip was a full-featured
communications controller that simpli� ed the communication task
on the microcontroller unit.

The global positioning system and cameras were interfaced to
the microcontrollerunit using its onboard serial ports. The last two
main units on the command board were two parallel ports that were
interfaced to the dynamics and power board.

In the design of the command board, emphasis was put on relia-
bility, low part count, and low-power consumption.The total power
consumption was rated at about 1.2 W. Components selected were
mostly from thecommercial line with a temperaturerangefrom¡25
to C125±C. The technologyselected was mainly from older line se-
ries due to the better radiationhandling that those componentsoffer.

Dynamics Board
ASUSat1 had about 100 data sources,most of which were analog

inputs by the sun/Earth sensors, thermal transducers, power read-
ings, and system status units. Handling such a large variety of sen-
sors posed an interesting challenge. The resulting system was a
software-controlleddynamics data acquisition board.

The system was designed with three main sections. The � rst unit
was the front end, composed of a matrix-type multiplexer that en-
abled the command board to select the required input. From there
the signal was passed through a dynamic bias/gain ampli� er, which
was set by thecommandboardto � t thecharacteristicsof the speci� c
sensor. The last unit was an 8-bit analog to digital converter.

With this design, the process of sensor selection and pre� ight
calibration was greatly simpli� ed. The dynamics board could ac-
commodate a large variety of sensor types because the bias and
gain for each sensor was controlled by the command board. An-
other advantage of the design was that calibration of the different
sensors could be done by the command board after integration and
small differencesbetween similar sensors could be compensatedby
software.

Electrical Power System/Power Board
Power availabilitywas the primary factor in determining the mis-

sion pro� le. Because of the small size of the satellite, the available
power from the solar array was limited. Size restriction and that
deployable solar panels could not be implemented due to weight
and complexity limitations meant that power could be generated
solely using body-mountedpanels. Because every watt counted, the
team decided to use gallium-arsenidecells, which have an 18% ef� -
ciency. Gallium–arsenide solar panels were mounted on all 14 sides
and the top bulkhead of the satellite. The solar cells were divided
into eight groups, each connected to a peak power tracker. A peak
power tracker is a device whose function is to follow the current–
voltage curve characteristic of the solar panel and to � nd the peak
power point. Because the lighting and thermal conditions on the
panels were expected to change continuously,the peak power track-
ers were to search constantly and detect the peak power point to
ensure maximum power transfer.

Power from the solar array was transferred directly to the battery
pack. The battery pack was a six-cell nickel–cadmium pack with a
capacity of 5 A ¢ h and a nominal voltage of 7.2 V. From the bat-
tery, power was transferred to a high-ef� ciency direct current/direct
current 5 V voltage regulator (developed for the commercial cellu-
lar industry). The last part of the power system was the switching
network, which fed all of the subsystems. Because power manage-
ment was so important, all payloadshad power switches, except the
onboard computer. Calculations estimated that the system should
have 6 W average available for mission operations. Overall, the
total ef� ciency of the power system was expected to be over 85%.

Communications
ASUSat1 was to demonstrate that it could carry onboard a low-

power transmitter, modem, and two receivers along with transmit

and receive antenna, and have useful contact with the ground. The
ASUSat1 team wished to demonstrate the ability to send up new
commands and receive new data. Amateur radio operators around
world would also be able to use the satellite as an analog voice
repeater as well as to download telemetry. Antennas were simple
tape measure segments. The ground station was set up at Arizona
State University.

The transmitter was modi� ed to work in the amateur-radioband.
The transmissionfrequencieswere in the 70-cmband.The receivers
were modi� ed transceivers, with the transmitter disabled. The two
receivers operatedat separate frequenciesin the 2-m band for voice
and for commands(undisclosedfrequency).The modemandswitch-
ing portion of the communications subsystem was contained in a
student-designed board. The student-designed modem was a two-
layer board consisting of a modem and a switching system. The
modem was adapted to 9600-baud frequency shift keying, which
was used by several amateur radio digital satellites. The switch-
ing unit was responsible for routing the digital and analog signals
from and to the uplink receivers,downlink transmitter, and modem.
The design concept put an emphasis on simplicity and � exibility in
modes of operation. Because of this, the satellite would be able to
provide the amateur radio community with both voice and digital
capabilities.

Software
The software of ASUSat1 was composed of two main phases.

The bootloader was the phase in which the satellite was to wake up
after power-on or system reset. The bootloader’s objective was to
keep the satellite in a power-safemode and to enablebasic hardware
diagnostics and code upload. Once the satellite was determined to
be healthy, the operating system was uploaded to the satellite. The
operating system used on the satellite was one used by various am-
ateur satellites and proven reliable and easy to use. The system pro-
vided multitasking, intertask communications, and low-level hard-
ware handling.

The system had a main module that handled the schedulingof all
of the activities on the satellite while maintaining a proper power
budget.Each of the subsystems(camera, global positioningsystem,
communications, and telemetry) had a task associated with it and
was to be activated based on a predetermined schedule developed
by the operations team.

Satellite Deployment
Figure 5 shows a � ight version of the student-designed and

student-built deployment system, which consisted of the guide rod
running through the centerguide tube on the satellite, the separation
spring mounted to the guide rod, the Marmon clamp band for hold-
ing the satellite in place during launch, the pyrotechnic bolt cutter,
and the base plate for mounting the system into the launch vehicle.
This hardware supported the payload during ascent, and then de-
ployedit safelyaway from the launchvehicle.The platewas 0.95-cm

Fig. 5 Marmon-clamp deployment system.
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a) b)

Fig. 6 ASUSat1 during � nal assembly.

Fig. 7 Integration of fully functional ASUSat1 to multiple-payload
adapter.

aluminumthat was pocketedout from thebacksideto reduceweight.
The deploymentsystem, includingcablingand ordnance,hada mass
of only 2.3 kg.

Integration
Figure 6 shows the � nal assembly of the ASUSat1 spacecraft. In

Fig. 6a, canbe seen theboom-deployerhousing,thecamerahousing,
the shrink-wrappedz coil, and the attitude-sensorblocks. Figure 6b
shows the insertion of the command and communication panel; the
visible side is the communication system (receivers,modem, trans-
mitter, and global positioningsystem).The commandand dynamics
data acquisition boards are on the other side.

Figure 7 is a photograph of ASUSat1 taken on 23 June 1999,
after the satellite passed acceptanceand functionality tests and was
integrated to the multiple-payloadadapter.

Mission Sequence of Events
After the successful liftoff of the launch vehicle on 27 January

2000 at 03:03:06coordinatedUniversal time, the 6-kg nanosatellite
ASUSat1 was the � rst of � ve payloads to be deployed.The U.S. Air
Force requested that each of the payloads immediately inform them
of initial signal acquisition, to con� rm successfuldeployment from
the fourth stage.

BecauseASUSat1 was an amateur-radiosatellite,several stations
worldwide volunteered to monitor for signs of life. The station that
played the most important role in this was that of the South African

SunSat team. The launchpro� le outof Vandenbergsent the payloads
south, over Antarctica, and then north directly over South Africa.
About 45mins after liftoff,ASUSat1 was heardby radio amateursin
South Africa. Over the next several hours, telemetry was collected
fromseveral stationsworldwide.At � rst, telemetry indicatedthat all
systems were nominal except battery charging. After an evaluation
by the operations team, it was decided that the problem could be
either a real charging problem or a sensor malfunction. As a pre-
caution, the team decided to command the satellite to reduce power
consumption. Nine hours into the mission, the team had the � rst
opportunity to command the satellite, and commissioning began.
In later passes, it was con� rmed that in fact a critical failure in the
power system was preventingthe solar arrays from supplyingpower
to the batteries. The last contact with ASUSat1 was made 14 h into
the � ight. Power budget calculationssuggested that the satellite had
about 15 h of operational time on battery power alone.

Results
Even though the mission lifetime was much shorter than the team

expected, the telemetry data obtained provided a lot of insight into
the operation of the satellite.

Deployment
The deployment of ASUSat1 was controlled entirely by the

launcher. The deployment occurred in three steps. In the � rst step,
the rocket maneuvered to bring ASUSat1 to a nadir-pointing ori-
entation. Once this maneuver was completed, a signal was sent to
initiate the deployment of the satellite’s gravity-gradientboom and
downlink antenna. Shortly after that, the main bolt cutter was � red,
and the Marmon clamp holding the satellite securely in place pulled
away, and the satellitewas deployed.The satellite was turned on by
two microswitches,which activatedon physicalseparationfrom the
deployment mechanism.

Proper deployment of the boom cannot be veri� ed by means
of telemetry, yet the downlink signal played an important role in
con� rming that the satellite was stable. The downlink signal was
strong and stable with low cyclic fading. This suggested that the
satellite was not tumbling, but gravity-gradient locked, with a very
low wobble around the stable point. In addition, a strong downlink
could not have been possible if the downlink antenna would not
have been deployed.Therefore, it is a safe assumption that all of the
elements of deployment took place successfully as expected.

Telemetry
The operation of ASUSat1 after power-up was in safe mode and

controlledby the bootloader.In safe mode, the satellite turned off all
noncritical subsystems of the satellite and awaited command from
the ground station. Periodically, it transmitted telemetry and status
beacons to help with tracking and analysis. This mode proved to be
of extreme importance in this mission. The ability to have multiple
groundstationscollectdata in a nonintrusivemode was a greatmode
of operation.

System Mode Switches
The systemmode switchesgave the operatorsa quick summary of

the power settings of all payloads and the communicationssystem.
The power settings were all set to safe mode. Later, this was veri-
� ed by actual voltage and current readings. The two receivers were
constantly switched into one modem. Again, the switching pattern
indicated that the computer was behaving as expected.

Thermal
One of the challengeson ASUSat1 was thermalmanagementwith

the carbon composite structure. To verify the thermal models, 25
thermal sensors were mounted in various locations. The telemetry
suggested that the initial temperatures were within the design lim-
its. The maximum external temperature was 30±C, and the internal
temperature was a minimum of 10±C. Even though the team did not
get to monitor the steady-stateconditions, the temperaturesactually
measured suggested a nominal environment for satellite operation.
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Sun/Earth Sensors
The sun/Earth sensors required extensive of� ine analysis, and a

special operations mode was required to sample them properly. To
enableoperatorsto do a simple test of the sensors, the telemetrydata
set was designed to include samples well below the ideal sampling
rate. The data received from the sensors were not suf� cient to make
any � rm conclusionsas to the exact orientationof the satellite.With
that, the top and bottom sensors appeared to give values that were
consistent with proper satellite orientation (nadir pointing).

Power Consumption
Five monitoring points gave a picture of current consumption

by the various subsystems. The � rst four indicated current con-
sumption, which was veri� ed during integration.All of the subsys-
tems were operating nominally. The last telemetry channel was the
battery-charging indicator. The indicator read zero charging in all
of the telemetry frames. This is the channel that initially got the
operators’ attention and signaled that something was wrong. Later
this would be veri� ed with the battery voltage.

In addition to the current monitors, the system had 11 voltage
monitors.The voltageswere veri� ed with the systemmode switches
and were found to match.

The operation of the dc/dc converters that power the regulated
5-V bus met the tight design tolerance. The battery voltage was
used to monitor and verify the charging problem. Between the � rst
and last telemetry frames, the battery voltage dropped from 7.36 to
7.02 V. The nominal battery voltage of the pack was 7.2 V.

Communications
The digital communications system was the key to communi-

cations with the satellite. The downlink signal was reported to be
strong and clear during the lifetime of the satellite. Several stations
worldwide reportedhearing the periodicbeacon of the satellite.The
ASUSat ground-station established command and control over the
satellite. An anomaly occurred in the downlink, yet it was quickly
resolved by the team. Subsequently, a more in-depth investigation
would have been conducted to determine the cause of the anomaly.
With that, the problem resolution would have indicated that it was
not a critical issue.

Fig. 8 Fault tree analysis.

Flight Computer
The � ight computer was the heart of ASUSat1. The computer

controlled all of the functions of the satellite. Throughout the mis-
sion lifetime, the data suggested that all of the components of the
computer operated � awlessly.

Dynamics Board
All of the sensor sampling was accomplished by the dynamics

board. The board included a sophisticatedsoftware-controlledvari-
ablegain,variablebias128-channelanalogto digitalconversionsys-
tem. The systemperformedas expected,with no apparentproblems.

Global Positioning System, Cameras, Fluid Damper,
and Ham Radio Repeater

Unfortunately, not all of the experiments on the satellite got a
chance to be tested. All of the experiments required a multitasking
operatingsystem to be uploaded to the satellite.The commissioning
of theexperimentswas expectedto takeplace in the secondand third
phase of satellite operation, in the month after launch.

Failure Analysis
After the on-orbit failure of ASUSat1, a formal investigationwas

done. The possible failure modes were recognized, and plausible
causes were considered.

Launch Environment
The � rst big question concerned the launch environment and

whether it was within the speci� cations provided by the launch
provider.ASUSat1 was designed and tested to withstand the launch
to acceptable industry standards. When data provided postlaunch
were used, the launch environment was determined to be within
the envelope speci� ed by the launch provider. This ruled out any
damage to the satellite by the launcher.

Fault Analysis Tree
The fault analysis tree is shown in Fig. 8. The starting point for

the analysis was that the satellite failed about 14 h after launch.
Supportingevidenceincludedthat the charge indicationwas reading
zero current and battery voltage was dropping. Payload failure was
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ruled out because the telemetry indicated that all of the payloads
were operating within the design envelope. Two main faults were
identi� ed. The � rst was that the current sensor failed and essentially
cut off power to the system. This is not likely because the sensor
read zero. In the case of sensor failure, it is most likely that the
reading would have been saturated.

The more likely answer is in the tree branch from the “no-charge
from array” box. All of the possible scenarios that could have led to
no charge from the array are indicated.Because of the small amount
of telemetry available, none of the failure modes can be identi� ed
as a “smoking gun,” and the real reason will never be known.

During the fault analysis process, the team did stumble on a sys-
tems failure in the integration process. Throughout the integration
and quali� cation process, the satellite was run through tests that
veri� ed all of the critical components of the satellite. Because of
the lack of a mobile test � xture, the team was not able to do a full
illumination test on the solar array after it was integrated onto the
satellite. Even though the arrays were tested before � nal integra-
tion, and just before � nal closeout, after the array was plugged in,
a functional test was not performed. The team recognizes that on
the system level this possibly could have mitigated the satellite’s
on-orbit failure.

Conclusions
ASUSat1 was all about engineeringchallenges.The initial design

requirementswere consideredby many to be next to impossible. In
1993, nanosatelliteswere not considered to be viable spacecraft for
anyseriousmission.ASUSat1 proved that evennanosatellitescanbe
prospective candidates for science and communications missions.

ASUSat1 integrated a never-seen-beforenumber of experiments
into a 6-kg package. The team is not aware of any satellite that
was designed to achieve so much per unit mass. The short on-orbit
lifetime was a great disappointment to the team, but by no means
is this project a failure. The experience gained from the design,
construction, integration, operation, and failure is enormous. This
experience is the baseline of the ASUSat program’s ongoing and
future projects.
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