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ABSTRACT

In an eran whichthe orbitalspacearoundEarthbecomesncreasinglycrowded
with debris SpaceSituational Avareness is becoming more and more critical. As a
result, innovative and inexpensive methods of tracking and identifiyiedebris are
becoming increasingly popular. The Falcon Telescope Neha@et of 13 small (24n)
telescopes statiodet sites around the world, one such solutioto the issue ofiebris
tracking and identi€ation The goal of this network is to determine how much
information can bebtainedabout an object in space from the optical signature of an
unresolved image.

In order to help determine how much information can be learned about a given
unknown target, it is useful to have access to a target whose exact properties are known.
A target that is passively controlled by raygty-gradient boom anthathas four panels
with unique optical signaturéaluminized Kapton film, aluminum, gold, and pyrolitic
graphite with two opposing solar panetstheproposednitial target design for this
program.n order to improve the reflection geometry, the sidegb@target will fold
down after deployment from theROD. This target will provide some degree of
stabilization as well asinique optical signaturgwhile minimizing coss. Future target
designs can incorporate more complex stabilization techniqdesoammunication
systems that will allow for commaed attitudeand exchange of attitudeformation
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Chapter 1: Introduction

Problem Statement

As the United States and other spéarng nations close out thaxth decade of
manned and unmann@desence ispacewe arebecomingplagued by the very
technology that has gotteisthis far. Space is becomimgcreasinglycrowded by both
space junk (dead satellites, debris, etc.) and operational spacecraft. Space junk is
particularly problematic ihow Earthorbit (LEO), which is a altitudeusedfor many
missions. However, the crowd) of LEO also poses a threatdpacecraft thahust pass
through LEO on their way tmediumEarthorbit (MEO) and geosynchrono&sarthorbit
(GEO)

For this reason, the tracking and monitoring of both spadegand operational
satellites iof greatconcernto both the United States and theS. Air Force and has
beenf or many years. Events such as Chinads
with a kinetic kill vehicle as well aghe increasing frequency obllisionsand near
collisions of stellitesand debrion a regular basisncrease the need for moredepth
tracking.The debris that results from these events remaiagbihuntil it burns up in
Eart hos ,avhichoas take enang decades and is an incredibly variable and
somewhatnpredictable processhe United States alreagherformsdetailed monitoring
of the positions of many thousands of satellited pieces of debria orbit, but this data
is largely position based and does not, for the most part, include imggding.

There are essentially twatrategiesgor groundbased imagingf such a variety of
objects The first is to create ever larger and faster telescopes capable of tracking both
small satellitegand debrisjmoving quickly in LEO and large satellites movimgre
slowly in GEO. However, the price of glass optics increases exponentially with their size
anda largersize alsaesults inthe weight of the optibeinggreater Heavy optics are
more difficultto move at the fast tracking speeds wiitth the precisia requiredto track
the wide range of satellite¥he second option is to create a widespread network of
smaller telescopes that are capable of high s@deeéitlower resolutiontracking whose
lower resolution data can be usedrfer some informatiorabout the objects they can

see The Falcon Telescope Network (FTN) issttecond solutior1]

1
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TheFTN consists of 13, 20n /8.1 telescopes placed at locations around the
globe.This globalnetwork oftelescopsis capable of conducting simultaneous
observations of the same object under different lighting condjtramish an Air Force
Office of Scientific ResearcfAFOSR)investigation has shown t@ave great photometry
benefits. An added benefit of thETN is thatall the hardware and software aneilable
ascommerciabff-the-shelf (COTS)componentswhich saves a tremendous amount of
money that would otherwise have to be spent on research and developsreenésult,
the unit cost for each FTN site is only ab§157,000[1]

Telescope Specifications

The telescopes used for théN are RC Optical System20i in f/8.1 Carbon
Truss RitcheyChretien Telescopégseen in Figure)l These telecopes are available for
use inthe FTN without modification They are tested and certified to at least ¥/20

wavdengthRMS and have an enhanced aluminum overcoat with 96.9% reflect®Jity. [

Figure 1. RCOS 20in /8.1 Telescope



TheFTN utilizes an Apogee Alta F4N¥IB (mid-band)high-performancecooled
CCD cameraystem. The specifications for thHiXCD are summarized in Table The
CCD for this camera system is most efficient in the visible light spedtarseen in
Figure 2 displayed in rejl In addition to the specifications of the CCD, the
specifications of the entire camera system are also important for determining the
performance expectations of the FTN. Some important system specifications for this

camera can be found in Table[Z]

Table 1: Apogee Alta F47 CCD Specifications

CCD E2V CCD4710
Array Size (pixels) 1024x1024
Pixel Size 13x13 microns
Imaging Area 13.3x13.3mm (177mnv)
Dynamic Range 83 dB
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Figure 2. ApogeeAlta F47 CCD Sensitivity3]
Table 2 Apogee Alta F47 Camera System Specifications
Digital resolution 16 bits at 1 andt MHz
System noise (typical) 15€ RMS at IMHz
Pixel binning 1x1 to 81024 onchip
Exposure time 30 ms to 183min (2.56ms increments)
Temperature stability +0.1°C
Operating environment 1 25 to 40°C, relative humidity 1090%
Plate scale 50 arcseondgmm (242.41microradians/mm)
Field of view 660arcseconds (3199. fiicroradians)




Telescope Locatios

Each of thé=TN telescope syems will be placed in one &R different locations:
Colorado Mesa Universit§Grand Junction, CQJ-ort Lewis Colleg€Durango, CO)
Northeastern JunidZollege(Sterling, CO) Otero Junior Collegé_a Junta, CQ)
Pennsylvania State Universityniversity Park, PA)Universidad de La Sererfaa
Serena, Chile)Observatorio Mamalluc@/icufia, Chile) University of Queensland
(Brisbane, Australig)University ofNew South Waledustralia(Sydney, Australig)and
Kauai Community Collegéauai, HI),as well & yet-to-be-determined locatiagin
South Africaand EuropeThese sites can be seen in Figufe/Bich has been adapted
from an early USAFA-TN Poster).
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Figure 3: Locations of Fixed Sites for tH€T'N and Approximate Ground Station
Coverage foGeosynchronou®rbit

ThesisContributions

Contributions of this thesis aen analysis of theesolution of the FTN
telescopes, initial calculation of FTN telescope Hghénsity requirements,
morphological discussioof possible calibration targets for the FTN, comparison of said
designs to a selected proposal, as well as an analysis ofaheleices and their

expected optical signatures.



ThesisOverview

Chapter2 of this thesis discusses previous, and ongoing, Spased calibration
campaigns for optical, laser, and radar calibration. Chagaikso includes a discussion of
the history ofCubeSat development and the nf¢hese satellitem Air Force
applications. Finally, chapt@rcontains brief calculations and analysis of various orbital
regimes and environmental perturbations.

Chapter3is a review of basic imaging theoig particular, the diffraction limit
andFried parameter of an optic and atmospheric effects on imaging. This review is
related to the imaging goals of the FTN and how they will effect target detection.

Chapterd contains an overview of each of the design propcest@gories and a
brief description of each of the categoyias well asa description oéach design within
the various categories.

Chapters discusseshe design comparison, elimination, and eventual selection of
a calibration target desigmhechapter als@ontains a detailed discussion of the chosen
target and considerations that must be made in target development. The final sections of
Chapter5 are a discussion of materials to be used in the ctbtbrearget desigras well
as the opticalignature that can be expectiedm each of these materials.

The final chapterChapters, includesthe final design recommendation and

recommendations for future work to be done.



Chapter 2: Background

Previous Calibration Campaigns

Satellites of vanus sizes have been used for decades for calibration of ground
and satellitedbased systemgalibrationsatellitescan be used fdaser radar or optical
calibration as required by the missidssually, the satellites used for this purpose are
sphericabecause spheres are the least complex geoaradiize orientation of a sphere
is irrelevant; regardlessf the orientationthe crosssection of the target remains constant.
Thisregularityis a highlydesirable r ai t i n athafladkeamAttdudd ar get
Determinatiorand Control System (ADCS)

There are a few calibration target qaaigns worth discussiryiefly:

1) Lincoln Calibration Sphere (LCS). The LCS is a ballaluminum spherical
satellitewi t h f a defimedraclarcsosst g ¢ t LCS& han®LCS 4 were
successfully launched in 1965 and 1971, respectively. Theyshdieeneter of
1.12m and a wall thickness of 3r@m. Unfortunately LCS 2 and LCS 3
(attempted launches in 1965 and 1968)e both lost due to launch failufighe
optical cosssection of the LCS satellites isv# (assumingl00% reflection)

Both LCS 1 and LCS 4 are still in use as radar calibration targets tadd8yl is

in a 2700km circular orbit with a predicted lifetime of 30,000 years. LCS 4isin a

Al ow Earth orbit with[4a | ifetime of about

2) Surveillance Calibration SatelliteSWRCAL). SURCAL is a radar calibration
program for the U.S. Air Foe and other approved U.S. entities. BuRCAL
programconsists ofLl5 U.S. Air Forcetarget satellitesf varying masses and
dimensions. The exact properties of all of these satellites apaiblitly
available but two of themSURCAL 160 andSURCAL 150B, are spheres with a
mass of 2.0&g andhave diameters &f0in and 16in, respectivelyThe first
SURCAL satellite, SURCAL 1A (37 kg masfunched in 1962 and decayed in
1966. SURCAL 2A (Xg mass)which was on the same launch, decayed in 1963.
The last SURCAL launch was in 1969 and launched four satghibesever, the

decay dates for these satellisgenot publicly available[5]



3)

4)

Precision Expandable Radar Calibration Tar§&RCS. PERCS hasompleted
construction but is awaiting a launch opportunRiERCS was developed by the
Naval Research Laboratory (NREpgether with Hoberman Associates of New
York. The expandable PERCS satellite is a large Hoberman splieca has a
collapsed (stord) diameter of 1.251 and an expanded diameter of 1M2The
PERCS sphere consists of 180 vertices36ledges and providesadarcross
section of approximately 2082 at HF. Each veex is outfitted with a corner

cube retroreflector on both the inside and outside of the frame that allows for
calibration oflasersatellite tracking. The primary purpose of PERCS is to
calibrate high frequency {30 MHz) backscatteradarused for space @ather
studesof the upper atmosphel@]

Starshine Starshinewas conceived of by the U.S. Naval Research Laboratory but
has been built by a team of organizatitmatreceival no funding andvhose
members/olunteeedtheir time. NASAplacedthree Stansine satellites into

highly inclined Earth orbits at no cost to the Starshine program itself. Starshine 1
was deployedrom Space Shuttle Discoveny Junel999 in a 38#«m, 51.6

inclined orbit. Starshine & a48-cm-diameter sphere covered in 878int

diameter polished aluminum mirroStarshine 1 deorbited in February 2000 after
eight monthsn orbit. Starshine 2leployedn Decembef001from Space Shuttle
Endeavoiinto a 376km, 51.6 inclined orbit. Similar tdStarshine 1Starshine 2

had 858 polised mirrorsbut it also include®1 laser retraeflectors.Starshine 2
deorbited in April 2002 after only four months. Starshine 2 had a shorter lifetime
than Starsime 1 due to lower deploymentiadde and high solar activity.

Starshine 3 also launchedSeptembeR001 but into a 48&m, 67 inclined orbit
from an Athena | rocket out of Kodiak, Alasksatarshine 3 was significantly

large than the other two at Bih in diameter. Because of its larger size, Starshine
3 carried 1500 polished mirrors aBil laser retrageflectors.Starshine 3 deorbited

in January 2003The primary mgsion of the Starshine prograsaptical

calibration. The Starshine satellites were visible (even to the naked eye in the

right conditions) to more than 66% of Earth whileyteere in orbitIn addition



to thar mission of optical calibration, the latter two Starshine satellites also had

laser targetto perform laser ranging calibration missiofg.

In order to maintain the low cost of tR@N, oneeconomically feasible solution
for calibrationof the FTN isto useCubeSat. From a crossection perspectiveube
shapedCubeSats are not ideal because the orientation of a cube maltierssa
spheré erientationdoes natThere is no standardizespherical picosatellite degn like
there is for CubeSats. However, that is not necessarily a limitatispdssible to
change the shape of the CubeSat ona&bit tomake the reflection geometry more
favorable.

Under the assumption that cubestarbeusedinstead ofspheres, two options
remain. The first option iafi d u mb 0 s a tesriotlhave ADCS. Mhede satebites
arecomparatively inexpensivgecause they lack tieorecomplex components that
would otherwise drive up costs. On the other hand, there is an element of the unknown
when there iimited to no control over the attitudef thesatellite Lack of knowledge
about the attitude of the targsta concern from a dhlration standpoint. The second
optionisafi s ma r t othas doedave ADCS.€This option is significantly more
costlybutt here i s the added benefit of knowing, an

attitude at all times.

CubeSat History

Cubesats were first developed in 1999 at the California Polytechnic State
University[8]. The pupose for the development of CubeSat technolegyto develop
Afa new class of standardized picosatelliteso
allows standal satellite components to be made smaller and smaller. Cal Poly developed
both a sizeand mass standard for the picosatellissswell as a standardized launcher
called a Poly Picosatellite Orbital DeployerR®D) The standardization of this
technologyfurther helps to drive down the cost of development for each picosafélite.
The initial development of CubeSat technology by Cal Poly was for-anh@0
persidecubepicosatellite with a maximum mass okd (what has now become known

asalU CubeSat). ThelUa |l s o komeuwitCude Siat 0 i©r Acubeod)



approximatelyl0x10x10 cm in size andhow allowedl1.33kg or less in mass. Since that

initial development, larger CubeSats have been crgatddding2U
which isabout10x10x20cmand3U ( o r

(or

At r jwhitheneasweapproximately

10x10x30 cm. More details and sampre@delsof each type of CubeSat can be found in

Table3. [8]

As CubeSats continue to prove themselves as an g#detthnology, there is

interest in larger and larger CubeSat desighishough larger than the original CubeSat

designs,

t hese

| arger

CubeSat s

ar e

st

generations, which measure closer to?loma sile.) These designs are currently under

fidoubl

development with the Space Test Program (STP) and Air Force Research Lab (AFRL)
and include 6U, 12U, and 27U. More details and samglgelsof each type of these
larger CubeSat designs can be found in Tabj&0]

Table 3: Specifications for 1U, 2U, and 3U CubeSats

1U CubeSat 2U CubeSat 3U CubeSat
CAD
Model
[11]
1U Solid CAD Model RevD
2U Solid
CAD Model RevD
3U Solid
CAD Model RevD
Dimensions 10.0+001 in X,Y 10.0+001 in X,Y 10.0+001 in X,Y
(cm) 11.4-001inZ 227+002inZ 34.5+003in Z
Max Mass 1.33 266 4.00
(k)

e

c



Table 4: Specifications fobU, 12U, and 2U CubeSats

6U CubeSat 12U CubeSat 27U CubeSat
CAD
Design
[10]
Dimensions 12.0in X 23.0in X
(cm) 24.0inY 240inY
36.0inZ 36.0inZ
Max Mass 12.00 24,00
(kg)

These larger CubeSat designs cannot fit into the stand@@Plauncher (Figure
4) developed by Cal Poly so other launchemes under developmehy various
companiesin a number of countrieo accommodate the larger designs. Alternative
launchers alsexist for all current CubeSat siz8hese launchersre considered
complkementary to, rather than competitors of, thB®D and often present their own
advantages over theFROD.However, the FPOD continues to be a popular choice for
picosatellite missins. The RPOD and other launch systems for CubeSats traditionally
launch according to a secondary payload madeich can also be seen in Figyrd10]
The RPOD deploys the CubeSats with a spring in the base of#@D? When the door
is triggered to pen, the CubeSat slides out ajdhe rails inside the4POD and should,
in theory, be released with very minimal torque or spin. In a perfect scenario, the CubeSat
is released straight from theFOD perfectly stable with no initial conditioni reality,
initial conditions will be imparted on the satellite from both the launch vehicle residual
motion as well a®-POD tip off(misalignment of the spring, imperfect insertion of the
satellite in the HPOD, etc.)lf the CubeSat is released wah initial rate of spin, and the
CubeSat has the required systems to do so, it may correct for this initial conditian
its ADCS 30 mirutesafter release from the-POD to ensure it has cleared the launch

vehicle and any other payloatfatmay havebeen released nearli§]

10
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Figure 4: Example of PPOD and FPOD Packing and Placement Scheme for th:
Atlas-5 Rideshare System

CubeSats have the potentiaktoablegreat leaps in space technology while
simultaneously saving significant amounts of mooegr their fullsize, norstandard
counterparts. For this reason, many agenoietidingthe National Science Foundation
(NSF),the NationalAeronauticsand Space Administration (NASA), the Space Test
Program (STP)}he National Reconnaissance Organa@a{NRO) and the Defense
Advanced Research Projects Agency (DARFA)rently fund various aspects of
CubeSat development programs in a competitive environment. By competing for funding
and launches, CubeSat researshnd developers are pusg the limits of possibility for
the technology and are finding more and more creative ways to makethsdiofited
space available d@oard

TheU.S.Air Force has begun to experiment wiflnbeSat technology as well. On
12 June 2013AFIT LEO IMESA CNT Exeriment (ALICE) was launched. This
picosatellite was the first of théS.Ai r For ceds CubeSats and wa:
graduate students and staff at the Air Force Institute of TechnPA¢dy) with a3U bus
provided by the NRJ12] Unfortunately, a malfunction with the bus prevented the solar
panels from deploying and ALICE lost power shortly after deployritent the RPOD.

[13] Around the same time, the NRO also chose to provRie laus to the United States
Air Force Academy (USAFAjor the development of FalconSAZ The primary
payload onboard FalconSATis a deployable photon sieve telescope, funded by

11



DARPA. FalconSAT7 is scheduled to launch May 2016 [14] The development

budget provided to USAFA by DARPA for FalconSATis $1.8million. Almost all of

this cost s directlyappliedto research, development, and constructsamcethe program
uses an existing ground station network and other existing measures to limit development
costs. Without these resour@sailable, total project costauld increase dramatically.
[13] (Contrary to what the names might indicate, FalconSA3 notdirectlyrelaed to
theFTN except that they are both USAFA programmsany USAFAbased programs use
the school mascot, thelcon, as their namesak@&hese two CubeSat programs
represent the totality of currettS. Air Force CubeSatrojecs. However, CubeSats are
a fairly recent technology and the current interests of/t&eAir Force play very

strongly into the strengths of CubeSats. For this reason, there will likely be a surge of
CubeSat use in tHg.S. Air Force in coming years.

One of thesanticipateduture uses ol.S. Air Force CubeSats shoul the
calibration ofthe FTN. Calibration of the networkids in the algorithm used to refine the
images gathered by the many telescops.siince the goal of the FTN program is to
track and identify both known anohknown space objects, itheneficial to have a
CubeSat, or network of CubeSats, with known location and properties to observe and
calibrate the system. SindeetFTN program is one that is focused on exploiting COTS
components in order to reduce program costsnly makes sense to utilize CubeSats,
which are the closest thing to a COTS satellite, for the calibration of the system. It would
hardly make sense to spend as much calibrationmechanisnas on the rest ohe

program combined.

Orbital Mechanics

In order to determine the best designtfe@ mission otalibration, it wa
necessary to take into consideration the orbital mechanics properties for satellites at
various altitudes. Each orbitadgimed LEO, MEO,and GE® presers advantages and
disadvantages. For the purposeshas basic analysis, each orbitsvassumed to be
circular eccentricity of zerp Before deciding on the rightlat for the mission design, it

was first necessary to determine the prapsrof each orbitalegime. These properties
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weredetermined with a few quick calculations. First, the orbital spéedcircular orbit

was calculatethy

© -, (1)
where' is the standard gravitational parameter (398600.F44for Earth) ancY is the
distance from the center of Earth to the satd(thie radius of Earth plus the altitude of

the orbit) Next, the orbital period of the satellif@r circular orbitswascalculated using

Y ¢t —. 2
The angular resolution of tteatellite in radians the same foanyorbital altitude since
it is not dependent on altitude but on the wavelength of lighttendperture of the

optics. This relationships given by

— P& G- . 3
The wavelendt of light that the telescopmbservess _ andOis the diameter of

the primary optic of the telescope (in the same units as wavelehgiuld be noted
that this equation assumes a perfect situation with no atmospheric disturbance, vibration,
or other perturbing effects, which may or may not be present. For this reason, this number
represents the best case value for each situationnaredlity, the angular resolution will
be larger than these calculated valiBisce the FTN operates in the visible light
spectrum, a wavelength of 58fn (the center of the visible light spectruwgs used for
calculations The diameter of the primaryptic in the FTN telescopes is & Once the
angular resolutiomvascalculated in radians, the separation distance necessary for the
telescope to distinguidtetween two different objectgas found using

T — (4)
wherel is the altitude of the satelliteiflance from the surface Bfarth to the satellite).
Finally, the tracking speed required of the telescope to track an object in each orbital

regime is calculated using
1 -, ©))

Table5 shows the results of these calculations for each of the three orbital regimes.
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Table 5: Orbital Mechanics Properties of Various Orbital Altitudes

LEO MEO GEO
Altitude , »(km) 160 2,000 2,000 35,786 35,786
Ground speed 1 (km/s) 7.816.9 6.9 3.07 3.07
Period, 4| (hours) 1.47 2 2i 24 24
Separation distance v(m) 0.211 2.6 2.6147.27 47.27
Tracking speed © (rad/min) 2.9290.207 0.2070.00515 | 0.00515
Tracking speed,0 (arcsec/min) | 6.04x10°1 4.27x10% | 4.27x10% 1.06x10° | 1.06x10°

Another criticalaspect of te analysis of th@rbital mechaniswasthe lifetime of
the targetn orbit. Any satellite launched into LEO must haygoatmissionlifetime of
less than 25 years toitigate againsthe buildup of space debris. In order to estimate the
lifetime of the target, @alculationspreadsheqirovided by the Space Test Progranswa
used.[13] Some assumptiongilized were that he drag coefficient of the satellite is 1.05
(the drag coefficienof a cubg15]), that the mass of the satellite is the maximum
allowed for the particular CubeSat s{Zekg for 1U and 5kg for 27U) and that the
F10.7 0.7-cmradioflux) was75 sfu (sfu = 10?2W-m' 2-HZ' %), which isthe predicted
level for 2020 (This level is a solar minimunover the last 65 years, 16ci radio flux
has varied from about 75 to 378Lp]

Assumptions incorporatl into the spreadsheet itselfrethat the epoch veal
Jan 1994 a000 (idnighi); the eccentricityvas 0.00% the inclination wa 28.5; and
the right ascension of the ascending node, argument of perigee, and true anomaly are all
zero degrees. Additiongllthe daily geomagnetic index svassumed to be 10 and the
atmospheric model usedbs Jacchia 1971Although thereéhave been updates to this
model, this is the model that continues to be used by theAlt Force and the Space
Test Program Applying these assumptiorthie predicted lifetime of the satellieas
calculatedusing

0 —, (6)
which was imbedded in the spreadsheet provided by STP. In this calculai®the
mass othe satellite” is the mean atmospheric densily, is the drag coefficient anal

is the area of the satellite that is in ram. Applying this equatia vaiety of CubeSat

sizes, the predictions fon orbit lifetime of thevarioussatellites can be found in Tablé.
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Table 6: Prediction forTimein Orbitfor 1U and 27U CubeSaitis LEO

Altitude (km) 1U CubeSat Timein Orbit 27U CubeSat Timein Orbit
189 11.4days 12.7days
250 57.4days 64.3days
300 238.7 days 267.5 days
350 2.4yrs 2.7yrs
400 8.2yrs 9.2yrs
450 22.0yrs 24.6yrs

Based on these orbital mechanicahstraints, a mission orbit coubégin to be
determined. The first classical orbital eleméngsemimajor axis, must be less than
equal to450km in order for the spacecraft to deorbit in time to meet thge2slifetime
requirement. From a calibration standpoint, the most désiemicentricity for an orbit is
zero, or perfectly circular. Since it is not actually practical to get an eccentricity of
exactlyzero, the goal should be to get as close as possible. As for inclination, in order to
be visible to the ground stations estsiiéd so far, minclination of at least 35vas
required. However, the addition of a ground station in Europe will increase the required
inclination since the majority of the European continent lies betweearntD60 N
latitude. For thignission, theravas no real need for a specific argument of perigee or
right ascension of the ascending natterefoe, the raigh outline of a mission orbit was
easily established

External Torques and Disturbances

There are four primary external disturbantted affect a satellitén orbit: solar
radiationpressure (SRP), atmospheric drag, magnetic torque,ramiyggradient. Any
othereffects (unintende@ddy currents, infrared emission pressure, outgassing, etc.) are
generallyeither relatively small in magnitle compared to the four main forces, or only
last for a limited amount of time. For these reasons, they ceonsaderedegligible
most of the timeHowever, in some missions, these seemingly minor effects can end up
being significant as the other foscdrop off for examplethis canbe the case in an
interplanetary missiorl he relative magnitudes of thesféects, as well as their regimes,
areillustrated in Figuré. [16]

For the purposes of analyzing the relative effects of these fareesassumd

that the satellite of interest wa 27U CubeSat at full mass &), coated in a uniform
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specular coatinghat is symmetrical about all three axexlis launchednto a 300-km
orbit inclined af7r9° (to align withEa r t h 6 s pabefld)nndhe year 2015(While
this is a practical orbit for the FTN, it also provides a common set of \@sitdcompare
various effects.)

Interplanetary spacecraft can get
very cold, have little power. May
want thrusters only as reaction

approaches the Sun.

Solar Radiation Pressure (SRP)
increases as spacecraft

amummm
GnvityGradiem
m fades to almost Trans Lunar
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=
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Figure 5: Effects of Major Environmental Disturbances on Spacecraft Attitude Sy
Design.[16]
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As can be seen in Figubeabove, atmospheric drag has the largest effect on a
satellite inLEO. Since this altitude is the operational regime of any calibratigettéor
the FTN, atmospheric drag will have tpeatestlisturbance effect on any target that is
chosen. Atmospheric drag functions in space much like itakdes r sunface.
However, atmospheric density #disofroughly ar
altitudeo 16 meaning that the higher the altitude in the LEO regime, the less the effect
of atmospheric dragill be. Above 70@0 800km, atmospheric drag falls off
significantly andSRPactually becomes a more significaffect. Atmospheric dragma
satellitewasestimated using

Y -r60 0 on Qd, @)

where"Y is atmospheric drag, is atmospheric density (in kgAnd is the drag
coefficient,0 is the ram area (in fy wis the orbital velocity (in m/s), and rjandc &
are the center of aerodynamic pressure and center of mass, respetitifezgnCe
expressedh m).

A diagram of &mospheric density as a function of altitude can be found in Figure
6. Also in Figures, it can be seen that atmospheric densiglso affected by solar

weather. In solar max cycles, the atmospheric density increases.
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Figure 6: Density vs. Altitude for Various F10.7 Valugs]
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In times ofdecreasingolar activity such ag€arth is currently experiencir{gnid

2014)as we are past solar maximuatmospheric density decreasas doestmospheric

drag which results in longeorbital lifetimes of satellites(As can be seen in Figure 8,

2014 is actually a local maximum for solar actiyitpwever, this local maximuns still

historically low.)The history of F10.0bservationsas well as predictions for future

years can be found in Figuresand8, respectively.
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Figure 7: Observed Daily Mean Radio Flux at 1@m [16]
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In order to analyze the example target discussed above, each component of the
equation for atmospheric dragasdetermined. In 2015, the predicted F10.7 index is 125
sfu (see Figur8). From Figureb, it can be determined thidie atmospheric density in
2015 for a 30e&km orbit will be approximately 1.68.0" 1! kg/m?. (It should be noted that
these solar predictions are hugely variable and may or may not be accurate. The sun is, by
nature, incredibly fluid and irregulamext, the coefficient of drag for a cube 1.05
when one face of the cub®in full ram (the greatest drag scenarid8|[The ram area in
this sceario for a 27U CubeSat was 0.126 and the orbital velocity of a satellite at
300/ km is 7,725.84n/s. For a perfgly symmetrical spacecratft, tieenters of mass and
aerodynamic pressuegecollocated so thavas nota factor(atmospheric drag will
produce a force, rather than a torque, in this case)

The nextlargesteffect on the example satellite case is magnetic field interaction.
Residual magnetic fields can exist in the satatlite toelectrical components onboard,
which produce a small magnetic field as the electronics funétien current flowsand
passtmoughEar t hés magnetic field. As a result,
residual magnetic moment é[ wilROAecnt.]pi6cFarn r ange
the purposes of analysiswasassumd that themagnetic fieldvas minimal, 0.1A-m?.
The maxinum magnetic torque on tlsatellitewascalculated using

Y —, )

where"Y is the magnetic torqué, is the spacecraft residual dipole moment (im4,
0 is the magnetic moment &arth multiplied by the magnetic constait £ 7.8x10'° T-
mq), "Yis the distance from treatellite to the center &arth(in m), and_ i s unit-less
function of the magnetic latitude that ranges frmmeat the magnetic equator two at
the magnetic poles[16]

As stated beford) can be widelyarying and depends largely on onboard
systems. For a basic satellitee the example cagbathadonly a coating and no
onboard system#he magnetic dipole should be minintal norexisent. For this reason,
example calculations assuchad = 0.1 A-m? with an inclination of 79, _ = 2 since the
satellite wa aligned with the magnetic pol&ssuming this inclinatiomaximized the

magnitude of the magnetic torque for the example case.

19



The next major perturbing torquesslar radiationpressureSRP torques are
particularly difficult forces to quantify because the variables in the equation change more
rapidly and frequently than for the other major forces. Foexaenple target, the satellite
was uniformly coatednd,thereforeall surfaceshadthe same reflective properties.
However, for a nowuniformly coated objeawith an angle of incidence of zerully
absorbing dark surfaces will absorb the momentum of the photons that strikieta
specular white surface will reflect all of the pbias that strike jtback along the same
path causing the surface to experience twice the pressure force as the full absorption
surface[16] With the assumedniform reflection, as in the example case, solar radiation
pressure torqueasestimated using

"Y -0 p n ®n OaAl S, 9)
where"Yis the SRP torquégis the solar constant adjusted for actual distance from the
Sun (average valuat the edge of the atmosphete366 W/nf at 1 AUor
149,597,871,00@n), wis the speed of light in a vacuunx@® m/s),6 is the sunlit
surface area (in fjy ] is theunit-less reflectance factor (0 for perfect absorption, 1 for
perfect reflection)—is the angle of incidence of the sunlight upon the surfaceqand
ando dare the centers of solar pressure and mass, respectiifidyefce expressed
m). [16]

In the interest of simplified calculationswasassumd that the sunlight vea
directly incident upon only one side of the satellite making 0.126 m? ands = 0. The
example assundeperfect specular reflectipwhich mader = 1. Since thexample
satelite was in LEO, it wast very nearly JAU, so the average value fé#sat the edge of
the atmospherean be assumed to be the value thas#tellite will experiencéo yield
the highest possible SRP magnitudd$o, snce the example vegperfecty symmetrical
and the sunlight wadirectly incident upon only one side, the difference in location of the
centersof solar pressure and mass weota factor.Again, this disturbance@roducel a
force and not a torque.

Thefinal perturbing effect is gravitgradienttorque Thi s t or que i s create
a spacecraftos center of gravity is not align
locd v e r[16] Forahls reason, a perfectly symmetrical satellike the one in the

example, will not experience any gravgyadient torques. For a n@ymmetrical
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satellite, there will also be no gravityadient torque when the principal axistoé
satellite is aligned with the local vertical. The magnitude of the gravédglient torque
growswith increasing angle between the principal axis and the local vertical and always
acts such that the torque attempts to align the two & While na a factor for a
symmetrical satellite case, the possibility ofngsgravitygradient torque as a passive
control mechanisiis discussed in the design section.)

For a noassymmetrical satellite, the graviyradient torquevasapproximated
using

Y — 0 0O0EJ—, (20

which is a simplified expression for the case where the minimum principal axiszs the

principal axis. [16] In this expressiofY is the gavity-gradient torque about the

principal axis, isEar t h 6 s gconatant (3.988€10" miis?, IY is the distance
from thesatellite to the center &arth (in m),—is the angle between the local vertical
and thez principal axis, andOandO are the moments of inertia about #endy
principal axesrespectively (in kgm?).

For the purposes of discussion, it wassumd, for this case onlythat the
example satellite haal differenceof just 0.1kg-m? between the moments of inertia about
thezandy principal axes and that thxgorincipal axis is dset fom the local Earth
vertical by E. This scenario was entirely realistic for test case with the employment
of a gravitygradient boomin this case, the satellite woudctperience argvity-gradient
torguethat wouldattempt to realign the principal axis with the local Earth vertical.

A summary of the magnitudes of the four mairceés on the example satellite i

orbit can be found in Tablé

Table 7. Magnitude of Environmental Effects on Example Satellite

Aerodynamic Dradrorce 4.26x10°N
Magnetic Torque 5.24x10 5 Nm
Solar Radiation Pressure Force 1.15¢<10°N
Gravity-gradient Torque 7.01 Nm

In order for another force (intended or not) to have a noticeable effect on the
attitude or orbital mechanics of the satellite, it would have to exceed the magnitude of the
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primary disturbances discussed above. There are a few methods of passivetaintrol
may have the ability to do just that

1) Eddy currents. Eddy currents are created when an electric field passes through a
magnetic field at high velocity. A satellite codlteoreticallybe intentionally
designed to be asymmetrical with respect to thaticne of eddy currents by
simply placing short conducting strips on one side efsétellite and larger strips
(or a single piegeof conducting material otihe opposing sidélternatively,
slots could be cut in one side to break up the conductive p&uhgy so would
intentionally create a magnetigpole on the satellite and woulicrease the
magnetic torque. Designed properly, this cquitentiallygive the satellite soen
degree of passive control, assuming the magnetic dipole created is large enough to
overcomentherperturbatioreffectson the satellitean orbit which may or may
not be possible depending on the scenario and satellite diesigald bedifficult
to design a large enough dipole poovide sufficient passive contrdVith great
enough magnituddowever this method is still only capable pfoviding for two
axes of control.

2) Passive Magnetic Attitude Control (PMAQ)his passive attitude control system
Ai's composed of a bar magnet to supply res
suppl y damp elf]iThisgs agood sqlutien.foo CupeSats specifically
because it requires no power aimhsumegess than 5@ of themassbudget
This control method takes advantage of the sanweronmental conditions as the
eddy current solutioby creating an intentional magnetic dipole on the satellite.

In testing 3U CubeSat showthe ability to maintain £15pointing accuracy with
respect tadhe local magnetic field19] Like the eddy current solution, this
method can only provide two axes of control.

3) Gravity-gradient probe. A gravitgradient probe is a dense weight placed on the
end of relatively) longboomthatdeploys from the sateié after release from
the launch vehicleThe boom must be long enough, and the mass heavy enough,
to change the moment of inertia about the principal axis. Simply deploying the
boom causes the satellite to naturally align the principal axis with theHacl

vertical and provides two axes of stabilization with approximatetyotpointing
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accuracy about those two axgl6] As can be seen from the example case, this
method of control can produce considerable amounts of torque to provide two
axisstabiization (FalconSAF3, a USAF A fismmpa lelrenésratts a ¢
gradient boom as part of its ADCS design.)
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Chapter 3: Imaging Theory
Diffraction -Limited Performance

The performance of all imaging systerbseth natural and mamade, is limited by
diffraction. Thistheoretical upper limit is known as the diffraction limit aardoptics
system whose resolving power (ability to distinguish between two juxtaposed objects or
points of light of slightly different wavelengtpproaches meeting this thetcal
maximum resolution is said to be diffraction limitdthe closer two objectreto each
other, the harder they become to resolve. If two objects are closer together than the
diffraction limit, it is physically impossible to resolve the two obje[@6]
The accepted measure of the diffraction limit is known as the Ray@eitgtion,
which gatesit wo | mages are regarded as just resol ve
one coincides with t h[@0] Thiscrierion isillustratedlunm of t he o
Figure9. The maximum theoretical angular resolut{tire Rayleigh Criterion) of a round

optic an be calculated usirigguation3.

Unresolved
Resolved Rayleigh
Criterion

Figure 9: lllustration of the Rayleigh Criterion of Resolving Poj&t]
Atmospheric Effects

For Earthbased optics attempting to observe objects through the atmosphere, it is
al | but I mpossible for the systemdbs resolving
reason for this discrepancggy/that the Rayleigriterion does not accoufdr movement,
vibration, poor manufacturing of the optic itself, most importantly (and hardest to

account for)turbulent atmospher€hanges in the refraction index of the air in the
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different layers of atmosphere caused by-homogeneous temperagypressure, and
humidity cause turbulenc¢22]

The ability of an optic to fAswmgo throug
important. For some telescopes, this ability is limitgdilparameter knowas the Fried
parameter (also known asherence legth). The Fr i ed parameter i s 0
aperture over which thers approximatelyneradianof RMS has e abThe r at i on.
Fried parameter is denoted byand can bealculated using

i mYuTATH- 6 Qoo T, (11)
where_is the wavelength being observeds the zenith angle (defined such that it
equals zero at zenith and 90 degrees at the horigimjhe height above the optic, and
0 is the refractive index struatel constantwhich is a parameter related to atmospheric
turbulence(In practical applicationghe Fried parameter is measured rather than
calculated.) [22]The Fried parameter can be approximately calculated using
i I (12)

However, br thevisible spectrumthe Fried parameter typically has a value between 10
and 20cmfor groundbased optical systenfsubject, of course, to the telescope
| ocati onds t i mé. Thefresolliagypowemotaa bplicecanbe et ¢
approximated using thaverse of the Fried parametsmiilar toEquation3 except with
the Fried parameter in place of the optic diametex, [22]

— P& & . (13
If i islargerthan the diameter of the primary opf@®,then the performance of the
optical system will be limited by the diffraction limit. Howeveri ifis smallerthan©,
then the performance will be limited by the Fried parameter. The implication of this
phenomenors that for a given observation locat, increases in the sizé the primary
opticd beyond the size of the calculated Fried parardetat have a very limitedeffect
on the optical performance of the systera,(there is no benefit to manufacturing an
optic larger than the Fried paramef{@2] Visually, this effect can be seen in Figl@
As thenormalizedoptic diametefO j i ) approaches and passasty, the change in

normalizedresolution(Y] 'Y ) levels off.[23] Adaptive optics can be used to correct
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some of the distortion caused by turbulent atmosphere, but even with adaptive optics, the

effect of the atmosphere cannot be entirely undone.
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Figure 10: Effect ofNormalized Diameteon NormalizedResolution ér Long Exposure

Imaging Goal of theFalcon Telescope Network

TheFTN consists ofL3 sites all over the worldhe 12 listed previously as well as
USAFA). With the exception of the Air Force Academy in Colorado Springs, each
telescopé s p r i maa0iyn in dignetethe telescope at UFA is 16in). With a
telescope so smaknd over the large distances being obserakkdf the images will be
unresolved. With such a small and inexpensive telescope, there is little to nothing that
adaptive optics can do to aid in image resolution. &oamnrections are possible
however. Some aperture photometry corrections can be snatleas error mass
correction and normalization to a standard range (absolute magnjgdje).

In testing, the 16n telescope at USAFA was capable of detecting £LbeSat
with no binning in five seconds. Usg two-by-two binning cuts the exposutiene in
half, but 2.5secis still a long exposure timén some cases, élright solar phase angle
alloweda shorter exposure timérom USAFA, most 1U CubeSats obserfetin the
12i 15" absolutemagnitudeg24] (1.84W/m? to 1.16<10 * W/m? luminosty) range[25].

26



Such a long exposure time guarantees an unresolved beagase atmospheric
effects araletrimentakenoughto fast shuttespeeds, let alone long exposures. btiy
shutter tims, there are an even greater number of possible effects to take into account
The goal resolution for each site is aboatr@ed9.70erad) The ideal resolution, at 550
nm, is0.27arcsed1.32¢ r )akat that figure is impossible to obtaifor exampleat the
Air Force Academy, in near perfect observing conditions it is possible to achieve about
1.3'1.5arcsed6.30' 7.27¢ r Yaabolution.Being at 7,280t above sea level, telescopes
at USAFA tave substantially less atmosphere to see thrandreven in this improved
observing conditionUSAFAG s t e $tikcarmat approach the calculated idddde
goal then, for thd=TN is to determine how much can be learned about an object from the
optical signature of the unresolved image or imatjesay also be possible, and
interesting, to observe the same target simultaneously from various lightings and see

what, if any, information can be gleaned from the comparison of those infizdjes.

Target Detection

One important consideration to take into account is how large the target needs to
be in order to be above the detection threshold ofFTié¢telescopes. The problem setup
can be seen in Figure IThe solar flux that reflects off the target satel{at the surface
of the satellite) can be calculated using

O pct MATOAT S . (15)
After the light from the Sun reflects off the target satellite, ftux must then propagate
throughEar t hés at niaescodeEhe flux thatheoreticallyreackssEar t h 6 s
surfaceis calculated usingassuming a Lambertian reflection surface and no extinction

through the atmosphére
0o —, (16)
wherel is the distance between the satellite ande¢lescopen meters. The best case
scenario for maximumreceptio of t he Sun 6 sforthetdiescepaabe d | i ght

neardawn or dusland for the satellite to be on the line created by the sun aed geeof
Earth(see Figurd 2).
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Ground Station
**Mote: NOT to scale**

Figure 11 Solar FluxReflection Problem Setup

b *Not to scale, enlarged for illustration only
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Figure 12 lllustration of Best Case Reflection Scenario

In this scenario, themallest (and beséingle of incidencento the satellite is
0.265. Thetelescopeshould be as near as possiblelaovn or duskvhile still allowing
observation of the satellitédeally, the reflected angle should be zero degimésn
reality this is not possiblé&or the purposes of analysisjs assumd that the reflected
angleis equal to the incident angle to maximize tight reflected. This calculated value
for maximum reflected lighteceiveds the threshold thatasused to determine the
FTN coulddetectvarious size targets

Before selecting the target sizeisiimportant to determine how small a targee
FTN is capable of detecting. The specificagdar the camera (given in Table iddicate
that the CCD has system noise ofeéléctrons at MHz. In other words, exposed to
absolutely zero light, the CCD woulidetecd 15 photons per pixel per micsecondIn
order for a target to be visible, it must be brighter than this system mbsdux at the

ground,’O, couldbe used to calculatka target of that intensitig detectable using

28



88

17

0
In this equationg is the area of the telescope leh8/&s the quantum efficiency of the
CCD (whose exact valus at various wavelengths can be found in Figyreoptical

throughputs essentially the efficiency of the entire system (there will be some loss at

every lens and thus significant loss throughout the systernhiocalculation, it wa

assumed to be 0.5), aial is the amount of energy in a single photon of a palerc
wavelengthlO can be calculated using
O — O, (18)

whereQ s P ank 6 s x10 Ykys¥spistthe gpeed 6flght in a vacuumis
the wavelength of the photon of interestdu is the frequency of the photofiaterest.
Once the value fab (number of phains detected per pixel per misezond)s
calculated, iis compared to the CCD specificatid@3] In order to be detectablé,must
begreater than 15.

As for CubeSats, the sizes of greaiestrest © the FTN programvould be the
1U and the 27$izes because atheir symmetryConductingthe abovecalculations for
these two sizes, is found that at 55@m, the 1U CubeSdunder perfect reflectioand
observation siteonditiong, with a Lambertiansurface was onlymarginallydetectable
in a 200km orbitwith only about 13hotons per pixel per micsecond detecteflst
belowthe noise thresholdin an orbithigherthan200km, the flux from the reflectioff
a 1U CubeSaties off too quickly before reaching the detectadditionally, & thislow
altitude, the CubeSat &a lifetime less than one month. The 27U CubeSat, howsver,
found to bedetectable at all wavelengths in the visible spectatrall altitudes of
interestto this progran{200to 450km). Even at 45&m, the 27U CubeSat (under the
assumed nearly perfect conditiohs$ a detection rate of 3ihotons per pixel per
microsecondwell abovethe noise levelTheflexibility of orbital altitude and easier
detectian provided by a larger targptovesto be critical in the selection phase of the
target.

At first glance, the calculations may seem to be conflicting with the experimental
results from the USAFA 16 telescope. However, as mentioned before, the USAFA

observatory is at a great advantage because there is less atmosphere to disturb the images.
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Additionally, the rough calculations conducted here asduan#ertiarreflection. Most

of the 1U CubeSais arbit have at least some specular reflection due to their solar panels
and aluminum constructiorlaving specular reflectiosignificantly decreasghe

exposure time needed to detect a tafgetFrancisChun at USAFA believes than
generalthe FTN téescope siteshould be able to detect objects down to abotit 16
absolutemagnitude(4.63x102 W/m? luminosty) [25]. At USAFA, he hopes to obtain
detectionslown to about 2Dabsolutemagnitudg24] (1.16x10°W/m?luminosity) [25].
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Chapter 4. DesignProposals
Therewerea number of ways to approach the design of an appropriate target for
optical calibration of the=TN. Thechoice of target design wa function of cost, mission
effectiveness, ease of construction, and requszdonnehours to cortsuct andoperate
postlaunch.Some possible options includle
1) Aiidumb ¢. Thesertaggetdrepurely passive; they kano attitudecontrol or

communication ando not change in any waw abit. These targetare on the
low end of the cost and persahimour spectrum.

2) A passively changisatellite These targetdo not havecommunications systems

butdo change in a predictable and/or known way ancerbit. Therearea

number of parameters that collled changeh orbit without requiring
communication with the satellite. The space environment can trigger changes in
parameters in a number of waygluding atomic oxygen exposure, temperature
change, and light exposure. Each of these triggendgdesa unique capability to
change the dynaigs of the satellite in a predictabileannemwithout having to
communicate with it.

3) A passively controlled satellit€rnvironmental factorssuch&sar t hés magnet

field, the passage between sunlight and ecligsavell as orbital mechanical

factors alow for control methods thato not require communication withe

satellite to executthem Theseareless expensive than activentml methods

anddo not requirepersonnehours afteraunch. These control methockn

generally maitain attitudewithin about +10 of a specific axisbeitEar t hdés | oc @
magnetic field or the local Earth vertical.

4) An actively controlled satellitelThese satellitesreat the high end of the cost and

personnehour spectrum. Not onlgo they contain all the typicaligsystems
(Attitude Dynamics and Control Systems, communications, étatjheyalso
require ground station monitoriregnd communicatiom order to obtain attitude
data and control the attitude of the target as desliesl subsystemsanbe as
simple @ as complicated and/or numerous as necessary to meet the mission

requirements.
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Each design optiohasits own advantages and disadvantages so the choice of
target depends entirely on the priorities of the Usach are discussed in more detail

below.

ADmbo Targets

A fi du mb igoné thadgesnot require any attention pelstunchandhasno
way of changing parametdars orbit These targetarecomparatively inexpensiyéo the
pointofidi sposabilityo ( ceanpaaswithditteddnoboacerng pr oduced
over the loss of one or more unjtahdcanbe launched iclustersto increase
effectiveness. A d u nidvget for theFTNcouldc onsi st of fApaintingo eac
CubeSat with a uniguand known colorfor example: full rdect, full absorb, low
spectrum(blue)reflection, and high spectrufred)reflection. These four coloanbe
strategically divided among the six sides of the cube such that amyngiangle on the
satellitewill produce a unique color combination tiaall allow for attitude
determination.
A similar program, called Occult&SR, is a satellite designed by the Michigan
Technological University with the goal of providing calibration and validation for the Air
Force Maui Opt i c al-re®lval bhject charactetizatibngpogramp i ¢ n o n
[26] In this way, the OcculuASR program has goal that isvery similar to thé=TN
calibration targetOcculusASR uses a color scheme of white, red, yelland blue but
in their analysis, th OcculusASR teamsuggest that white, red, green, and blue might
provide better optical contrast. If this design solutstine desired route for tHeTN, it
would be wise to take this recommendation into consideration. It would also be wise to
consider using common sgamaterials on each of the panels (each with a different
optical signature) since the ultimate goal of &N is to translate information learned
about the calibration target to operational, unknown targets. Another recommendation
that the Michigarmechteam maksis to use more diffuseatherthan specular materials
to increase signal strength at rgpecular angles. However, it may be possible to find a
way to utilize both diffuse and specular materials.
An addition that could be made to this fidu

retro reflectors on each of the eight corners of the cube. These retro reflectors are highly
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reflective and will produce a very bright signature that will appear brightéreoground
than the rest of the satellite. order for these retro reflectors to be effective, however,
theFTN sites would have to be equipped with dgiipmento actively illuminate the
targetsi.e.,with a laserThese bright spots allofer calcuations of spin rate and other
useful knowledgehiat would bamore difficultto glean fronthe unique color scheme
alone.This addition is similar to the PERG&tellite discusseid Chapter 2

Passively anging Targets

Passively changing targeasethe midpointof the cost anghersonnehour
spectrum These targetshange their color or shapeorbit due tdnteraction with the
environment (i.e.atamic oxygenor radiationexposurg, or theychange their attitudas a
result of interaction witle a r tmhgaetic field or changes in temperature andgbit |
due to passage througha r t h 6 s s h anthgevo. using bassiva changthat it
exhibits a way of taking advantage of environmental factorsdahgppresent no matter
what andwhich are generey considered disadvantages.

The first passive changeggerdiscusedis atomic oxygenAtomic oxygen
typically has a detrimentaffect on satellitesbut it is possible to utilize its presence as
an advantge. Atomic oxygen can affectsaellite in three different ways:

1) Atomic oxygen degradatiotJsng a material thadegradesn the presence of

atomic oxygen allowthe entire satellitéo change shape in some wayusyng a
degrading trigger or switch to activate a dgmc change once the trigger
degrads sufficiently. Possible option®r shape change include, arenot

limited to: a mechanism for turning the cube into a spbeemother shaper
fideploying one or more panel3able8 summarizesample polymers that show
both high and low dgradation(erosion yield)jn the presence @tomic oxygen

on the MISSE 2 PEACEestonboard the International Space Station (ISS).

2) Atomic oxygenablation Some materials, such esluloseacetate, degrade and

flake off in the presence of atomic oxyg@&acing a thin layeof this material

over anothebasematerial that does not degrade would make the target change
colorand thus reflectivity, in orbit. Alternativelya thin strip of this materiadan

be used to create a trigger mechanismdhatause a dynamic change. See Table
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8 for examples of materials on the MISSE 2 PEA€&thatshow highablation

(structural change)

3) Atomic oxygen color changétomic oxygen exposure changes the color of some
materials. Kaptoi, for instancechanges frm blackto orangen the presence of

atomic oxygen(Unfortunately this process is somewhat slavdifferent material

choice may be beneficigbee Tabled for more detail§ This methodis, perhaps,

the simplest passive change mechanism. Tableludesa sample of notable
color changes, or lack thereof, for the MISSE 2 PEAECIE

Although not explicitly explored, exposure to radiation (UV or cosmic) might also

provide changes in material properties that could be exploited.

Table 8 MISSE 2 AtomicOxygen Exposure Results of Materials with Greatest al
Least Mass Loss Over 3.95 Years Exposure tox@@3 atoms/cm AO Fluencd27]

with White Pigment (PVF)

Material Name Mass | Erosion Yield | Structure | MISSE
Loss (g)| (cm®/atom) Change S/IN
Polyoxymethylene y 24
37 14x1 N/A 2-E5-12
(POM) 0.37838| 9 0 / >

Allyl Diglycol Carbonate 026730 >6.80¢10 24 Peeling | 2-E5-14

(ADC)
Polymethyl Methacrylate S04 .
: >2. 3

(PMMA) 0.19459| >5.60<10 Peeling | 2-E5-16

Cellulose Acetate 0.19148| 5.05¢10 2 Peeling | 2-E57
(CA)

Po'y'm'd?F')l)KaptO” H 0.12478| 3.00x10 % N/A | 2E530

Fluorinated Ethylene Propylene 0.01248| 2.00x10 25 N/A 2-E5-42
(FEP)

Amorphou(sAlF:I)uoroponmer 001235 198102 N/A 2_E5-45

Perfluoroalkoxy Copolymer Resi 001079| 173102 Dimpled | 2-E5-44
(PFA)

Polytetrafluoroethylene i 95
(PTFE) 0.00894| 1.42x10 N/A 2-E5-43
Crystalline Polyvinylfluoride 000471 1.01x10% N/A 2.E511

Note: Erosion yields listed with a > symbol indicate polymers that were eroded partially or complet

through all layers
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Should a stableolor scheme be desiredwitll be importahto choose materials
thatmaintain their color in the space environment. Some of tineserials are listed at
the bottonof Table9. Because of its stability in both appearance and structure, gold foil
is a vey common satellite coating. Gold foil remains gold in calod shinywhen
exposed to atomic oxygeand it does natblate or degrade in the presence of atomic
oxygen.

Alternatively, a norstable materiatanbe used and coated with a thin protective
layer that is stable in the space environm@mte possible option for a space protective
coating is a new material called a ceramer (a ceramic, polymer compound) developed at
the University of Akron. The material is a hybrid of silicone/silox@mnbining @ganic
and inorganic materiathati s optically transparent and
oxygen as well as UV radiation and highergy particles via the in situ fabrication of
nanophassilicon/metato x 0 ¢ | [28 These slicomxo clustes offer protection
from UV-radiation at the 29G100nm wavelengthwhich hels preventfiyellowingo of
the underlying material.

Table 9 MISSE 2 Atomic Oxygen Exposure Results of Materials with Notable Ci
Change Over 3.95 Years Exposure to 8 B! atoms/cm AO Fluencg27]

Material Name Color Change MISSE S/N
Epoxide Tan to Salmon 2-E519
(EP)
Polyimide Black to Orange 2-E5-30
(Kapton H)
Polyimide Black to Burnt Orange 2-E5-31
(Kapton HN)
Polyimide Black to Tan Gray 2-E5-32
(Upilex-S)
High Temperature Polyimide Resil Black to Dark Red 2-E5-34
(PMR-15)
Crystalline Polyvinylfluoride N/A (White) 2-E5-11
With White Pigment (PVF)
Polyoxymethylene N/A (Light Gray) 2-E512
(POM)
Polybutylene Terephthalate N/A (White) 2-E5-21
(PBT)
Pyrolyzic G)raphite N/A (Black) 2-E5-25
PG

35



In testing, theceramethybrid coating, exposed to moderate AO fluence (up to
2.22x10%! atoms/cr), shovs low mass loss of thunderlying material and showe
evidence of microcracking in the coating. The absence of microcracking means superior
specular light transmittance. Unfortunately, at high fluence (up tec1®8atoms/cm)
the materiafails. The AO fluence experienced by the polymers on MISSEstoper
hal f way between the testingfoltecezamer of fdAmoder
Therefore, the performance of the material in the LEO environment would likely be
worse than the fimoder at eo0 afshlade m@egthlloev dilh t est i
fluence level results. For this reason, andfierpurpose afeducing exposure to the
harsh spag environment in general, it woulbe best to choose an orbit with a higher
altitude. When the stability of the color of the underlying material isgif hiterest, new
protective coatingnaterialslike this one could prove to be usefirt avoidng having to

find or create a space stable material with the desired optical properties.

Passively Controlled Targets

In addition to passively changing targétrgets whose properties change without
command)passively controlled targetsealso an optionPassively controlled targets
arecapable of maintaining some degree of attitude control without requiring command.
Some of these passive control optiondude:

1) InteractionwithEar t h 6 s maltgsrbasic phgsicd thatecbnducting

components traveling at high spebadtugh magnetic fields will induceddy
currents If the satellitds symmetrical tlen the force created by these currents
will cancelout. However, if the satellits made intentionally asymmetrical it
could theoreticallye possible to utilize the net force created in a favorable and
predictable wayThis effect can be achieved with either a PMAC system or an

eddy current desigms dscussed previously.

2) Light interaction The passge of the satellite throughar t h6s shadow at a
period changes the light exposure, and thus the temperature safehite.

Knowing this, one couldtilize some form of photoresistor to induce ofpasin
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the dynamics of the satellite or a thermal conduction of some kind (such as a
bimetal switch or expansion to create a circuit) to induce a desired change.

3) Gravity-gradient boomThe satellitecanbe programmed such that after a certain

amount of so exposure a gravitgradient boonis deployed. @ce the boom is
deployed no commandarenecessarput two-axis stabilizations still present
It is also posdile to design a target thasesmultiple passiveADCS methods for better
accuracyEach of hese solutionpresents different method of exploiting the naturally
occurring phenomena in the space environment and attempting to turn common
disadvantages into advantages without greatly increasing cost of construction or post

launchpersonnehours.

Actively Controlled Targets

Actively controlled targetarethe most expensive solution atine onlysolution
thatrequirespostlaunchpersonnehours in a groundatellite operations centek simple
case of active contra to move the solar panels thange the aerodynamics of the
satellite. Thi s tdmarsacti®econtradsysteshgoaldbel v have
programmed to change position of the panels at regular intervals or in response to light or
temperaturgas previously discussed. Howeviegan be done as an active conttob.

The more complex solutias to incorporate all the usual subsystems th®
satellite. Thissolution isthe most costly option becau$ese subsystems are expensive
in andof themselves. However,alsorequresa ground statiod which is costly and
personnehours to download antbmparehe attitude datdo the observed data from the
telescopegWhile all target designs will require analysis of the telescope data, an
actively controlled target has the unggaddition of comparison to known attitude which
will require extra work.)rhis solutionhasthe advantage of knowing the exact attitude of
the satellite at any site where it is being obsgis@that the observed imaggnbe

compared to the known attitude.
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Chapter 5. Design ProposalComparison and Selection

DesignComparison

To this point, a number of possible solutions for a calibration target design for the
FTN have been discussed. However, many of these solutioeglaeimpractical, do
not have flight history, or are poor choices for other reasons. Each of the ojetsogs
wasdiscussedbriefly in preceding chapters with enough detail to begin to rule out design
proposals. Based on tkelar luminositypredictedtio be received on the ground from
reflectionoff the target, a 27U CubeSatthe preferable choice for target size over the
1U CubeSatA summary of the relative cost, complexity, and gasnhch personnel
hours for each of the designs discussed canl&lfom Table 10.

1) Unique colorschemeFrom acost perspective, this choicethe lowest cost in

terms of both design/production and personnel hours. However, thistyp
design, when deployed, wouldmblefreelyin space. Because of the small size
and low moment of inertia, thepin rate has the potential to faély high. With
the low optical resolution of the telescopes, it will be difficult to an accurate
optical signature with enough detail to make a goodrdenation of information
about the satellite.

2) Unique colorscheme and retroreflectorBhereasons to not use this desaye

mostly the same as those discussed abovetérgat with only a unique color
schemeHowever,with this designthereis the additionalrequirement toetrofit
some or all of the telescope sites with an active illumination sgguich as a
laser. In addition tthetime needed to makbesechangesadding lasers to the
sites wouldalso significantly increase the cost of eadageope unit.

3) Atomic oxygenablation A 27U CubeSat in a 35Km circular orbithas a

predicted lifetime of 2.yeas, which, basedn MISSE, is enough time for some
materials to begin teblate due to atomic oxygen exposure. However, the
downside of basing a design off of the results of MISSE is that MISSE Il was
3.95 years long and in that exposure time, there were nexpiosure
measurements or data recorded. As a result, there iscte@rainderstanding of

the timeline under which these changes occur. In order for the satelliténto be
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4)

5)

6)

orbit long enough to have enough exposure to atomic oxyganidie, a 27U
CubeSat would have to be above the altitude of the ISS where the MISSE data
werecollected As altitude increases, the density of atomic oxygen decreases
meaning that the higher the altitude of the satellite, the longer it will take for the
ablationto occur. The unpredictability of the behaviortloé material for this
method nakes it less than desirables a calibration strategy

Atomic oxygen color changés with the atomic oxygeablationdesign above,

the unpreditable nature of this designakes it undesirable as a calibration target.

Atomic oxygen degradatiomgain, many of the same reasons discussed above

mack this design undesirable. However, these designs (both degradation to change

shape and degradation to move the panels) involve the addedainty and
complexity of designing dynamic system thatill changebased on an
unpredictable triggeHowever, his desigrhasthe benefit of changing in a more
predictable way than other desig@nce the triggeis activatal, the change in the
satelliteis well known/understoadJnfortunately thereis a great deal of coplex
design involved in creating an AO degrading trigger and dynamic system.
Practically, the excess work and the unknowvthe triggering device are not
worth the smaladdedbeneft of knowing how the target woulthange.
Additionally, eventhough the second stage sh&plenown, the time it wouldake
to get to the second stagaot.

Eddy current interactionn terms of magnitude, the force creabydmagnetic

field interactionis in the midrange of solar radiation pressure, magnegicl f
interaction, and atmospheric drag. Eddy currents are adwellmented force on
satellitesin orbit and have been studied since the conception of space flight.
However, the majority of this investigation has been with the goal of limiting or
dampening the effectf eddy currents, not in taking advantage of eddy currents
as a way of controlling the satellite. This design propadlsatefore hasno flight
history or test data to determine if it would, in fact, be effective in space flight.
More researcwill need to be conductaato eddy current control before this

proposal would be viable.
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7) PMAC. Another form of magnetic field interactipthe magnitude of this forée
predicted to be midange of the four maiperturbations discusseBMAC is in
theproposal stages itself and has bsenulatedand shown to be fairly effective
at maintaining the attitude of the satellite. Howewasryiththe eddy crrent
proposal, this desigtioesnot have flight history and should be tested further
beforeanattemp is madeto implementt in a calibration target.

8) Gravity-gradient boomOf the four mairperturbationgliscussed, vity-gradient

hasthe greatest magnitudey far. Gavity-gradient booms have a long flight
history and are well documented amtlerstood. Of the dynamic desigptions
proposed, this desigathe simplest because it ortigsto move oncgrather than
repeatedly. The amount of movemeand the complexity of the design required
areless than the other designs. By placing a qudael on the side opptsithat
from which the boondeploys, as well as around the hole the bodeploysfrom,
the satellitecanbe programmed to deploy the boom once a baktasycharged to
a certain pointOnce the boom has been deploykd,lioom willconstantlypoint
toward, or away fromEzarth(providing twceaxis stabilizationpnd the adjacent
four sides will be visible to the ground from various angles. This is the first of the
truly viable design options.

9) PhotoresistUsing a photoresistor asaitch for a dynamic systemmasits own
compleities. A photoresistor switchoald make it so that the satellite would have
one shape when exposed to surtliggid another shape whendrar t hés s hadow.
In order to detect the reflection from a target,tédescopevould have to be in
the dark and the satellite would have to be in the light. There¢fmesatellite
would only be viewable ione of the two modes and the other would be mostly
wasted Alternatively, the switcltould be programmed so that the mode changes
each time the satellite reenters sumlight In this way, every other time the
satellite is visible to a givetelescopehe shape would be differenthi design
requiressignificant powerand a fairly complex degn including numerous
actuators to execute the shape charigepending omwhich shape changeas
actuated, the satellite may or may not have pointing stability. As discussed

previously, lack of pointing stability for such a small target will be largely
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detrimental. The added complexity and cost of this desggmot worth the
minimal advantage potentially gained by changing the shape of the target.

10)Bimetal A bimetal switchworksmuch the same as the photoresiswitch.
When the satellites in thesunlight it heatsup and the bimetal switch besit
complete a circuit that would cause the satellite to chahgpe. When the
satellitecoolsoff, the switch benslback and opesthe circuit.Again, the satellite
canbe programmedo that each time tharcuit is closed it switchesmodes (ie.,
enters mode number one when entering the sun and remains in that mode in
Earthdés shadow, ent e resteringahé sunlightand er t wo
remains in that mode, and then returns to nmwd®vhen enteringhe sun once
again) As with previous designs, this design also kpkinting stability.Again,
the added complexity of this desjdor little intellectual gain, mee it an
inappropriate choice for an initial calibration target choice.

11)Full ADCS. This & by far the most expensive option. CubeSats are definitely less
expensive than fAsmall satso, which have
set of subsystems for a CubeSat is not inexpensive by any means. It is entirely
possible that the full cosb design and build a fully active 27U CubeSat could
exceed the cost of all of the telescopes combined (about $2 million). Because of
the excessive cost of this design, it is not a desirable first round choice, but it
could potentially be implemented in twe design revisions should the initial
designs be successful. The major advantage of this design is that the user can
command dynamic changes if desired. If not, the user could at least receive exact
data about attitude to compare to what is imaged ogrthend. In the end,
attitude data will prove to be most useful in backing out exactly how much can be

gleaned about a target based on the unresolved images.
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Table 10 Comparison of Possible Target Designs

. . Relative Design Postlaunch
Design Method Design Cost Complexity | Personnel Hours
Color Scheme Low Low None
AiDumbo Tar ge ColorScheme with Moderate Low None
Retroreflectors
AO Ablation Change Color Low Low None
Passive| AO Color Change| Change Color Low Low None
Change : Change Shape Moderate High None
AQ Degradation Move Panels Moderate High None
Magnetic Field Eddy Current Moderate| Moderate None
.| Interaction PMAC Moderate| Moderate None
Passive Gravity-gradient | Boom Moderate| Moderate None
Control . .
Light Interaction Photoresst Moderate H!gh None
Bimetal Moderate High None
Active Control Full ADCS High High Routine Operation

Design SelectionGravity -Gradient Boom

Based on the comparisaoetailedabove, a target with aavity-gradient booms
viewed aghe best initial target design for the FTRNe gavity-gradient boom has been
used for passive control of satellites for decattas a fairly simple design concept; after
deployment from thePOD, the CubeSawill be in free tumble. Withowd commando
do so whichwould require a communicatn subsystem}he satellitewill deploy a
collapsible boom thas stored inside the CubeSat duriagnch. The boom should be at
leasta meter longvith a small, dense weight on the end away from the satellite.
Deploying the boonshifts the moment of inertia of the satellite and caus® stabilize
in a position with the boom constantly pointitagvard, or away fromgarth. It is
possible depending on the attitude at the time that the boom is deploydbe stable
deployed configuration to beith the satellite closer tBarth and the boom weight
pointedaway fromEarth.

Regardless of whether the satellite @ Bbommasss closest tdearth, the sides
adjacent (perpendicul#o the surface dEarth)arethe sides that wouldave the unique
colors on themDepending on the spin of the satellite about the boom axikthe
location of the telescope with respect to the satetlite ormore of these unique sides

will be facing the telescope at any givienet
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Since the mission of tHeETN is eventuallyto determine information about
unknown targets, is best to make the side$ the targefrom materialsthat are both
commonon the outside of spacecraftd havainique optical signatureBor thisreason,
it makes sense to utilizpyrolytic graphite duminized Kapton film gold foil, and
polished aluminumThe gold and Kapton sides should oppose each other since these
sides have the most similar optical signature. However, as the Kapton is eposed
atomic oxygen it will blacken, causing two adjacent sides to appear black in(Evien.
though they both appear black in color, the reflectance properties of the two materials are
different, see Figures 14 af8.) Solar panelsreplaced on the boomeployment side
and the opposite sidserving the dual purpose of providing power for the boom
deployment as well as a fiftlunique optical signaturélsing these materision the
calibration targeallow inferences to be made about how the same matégalve on
other objects of intereshiorbit.

The boomis deployed after the solar panels cause the satellite to collect enough
battery charge to deploy the boom. The solar pgreldald enough power to drive an
actuator to deploy the boom once, attge boom deplay the solar panels are no longer
necessary. In the worst case scenatienthe boom fails to deploy for some reason, the
solar panel sides will not be wasted because thestiilprovide an optical signature
that is differentiable fnm the other sideshe target simply becomes the first design
proposal of a free tumbling satellite with a unique color scheme

Material Properties

It is critical thatoncein orbit, each side of the targstdistinguishable. However,
with the low resolution of thETN telescopes and the small size of the target satellite, the
Aii mageso of the target will | ikely not be
between the various colors. Insteedlor differentiation will have to be in the form of
detecting differences in thetensity ofreflectedsunlight detectedThe amount of
sunlight reflected off the satellite and down to the telescope depends on the reflectivity of
each materialThe special mat&ls selectedn orderof decreasingeflectivity, are:
aluminum gold foil, aluminized Kaptoriilm, and pyrolytic graphiteSolar panel which
arealso discussea@reless efficient reflectors than aluminized Kapfiim but more
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efficient than pyrolytt graphite The reflectance of aluminuand goldover various
wavelengthgan be found in Figure 13.

In orbit, both the gold foil and the aluminum will be stable both in color and
structure. However, the alunized Kapton filmwill slowly blacken over tire and
become increasingly mattéven before atomic oxygen exposuttee Kapton filmis not
a highly efficient specular reflectdsut asthe film blackens it becomes ever less
specularly reflective. A comparisaf specular and diffuse reflection of pend post
atomicoxygenexposedaluminized Kapton film can be foumd Figurel4. It is
important to note thabefore atomic oxygen exposure (at the beginning of the mission)
the aluminized Kapton has a diffuse reflection of amrer the visible spectmand as
the mission continues, the diffuse reflective efficiency of the aluminized Kapton
increases to as much as 25% innhd-rangeof the visible spectrumAt the same time,
the specular reflection in theid-rangeof the visible spectrum decreasesn about 40%
to about 5%This is a unique quality of thrEuminizedKaptonfilm that should be
observable by thETN.
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Figure 13 Reflectance of Various Shiny Metalser Various WavelengtH29]
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Figure 14: Specular90° (Left) and Diffuse 45° (Right) Reflection from ¥4 mil
AluminizedKaptonFilm [30]

The lastspecial materiafor the hteral sides of the CubeSatsathepyrolytic
graphite. In MISSE testing, over nearly four years of atomic oxygen exposure, pyrolytic
graphite proved to bgtablyblack in color without showing signs of structural damage.
[27] The reflectance for pyrolytic graphite can be found in Figdt is theleast

reflectiveof the materials chosewhichis to be expected for a black surface.
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2500 2008

Figure 15 Reflectance Spectrum of Pyrolytic Graphite [31]

Finally, the ®lar panelsiecessary to provide power to deploy the b@oenmade
of silicon under glasdhe reflective properties ailiconcan be seen in Figule. While
it is common (for power purposes) to minimize reflection off the solar panel, for the
purposes of this mission (limited required power and desired reflectismhdre
detrimental thameneficial to us an antireflective coating.
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Figure 16: Comparison of Surfad@eflection br aSilicon Solar Cel[32]

Design Considerations

Because of the way the targetlesigned, its only visible to thetelescopavhen
thetelescopes in thedark and the targes illuminated. The gavity-gradient boom of the
satellitekeepsthe boom either constanthpinted toward or away froBarth The
colored calibration panetse therefore always perpendicular to thecal surface of
Earth andvouldrar el y have the correct gefooeetry for t
sides and down tBarth. Anglirg the side panels aftdeployment i©one way to mitigate
the pooreflectiongeometry issue.
When the boondeploys the satellitewill stabilizeto the closest low energy
pointing, which couldbe with the boom pointing towaat away fromEarth. Which
direction the satellite stabilizes in depswd the speecraft attitude when the bodms
deployedwhichis affected by the launch vehicle, th&BPD deploymentand a number
of other unpredictablanfluences. For this reasonjstnearly impossible to determine
which direction to Aunfoldo the side panel s.
actuatoisused to Afl att en oside parelspuibtetmttiket e, pushing
structureallowing foramuch more appropriate reflectiggometryregardless of &
attitude the satellite settledl. Figurel7 shows a model of the satellite before and after
boom deployment.
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Figure 17: Model of Satellite Before (Left) and After (Right) Boom Deployment

Because of the viewing conditions required for the sadbitoe visible, the target
is only observablairectly overheadrom approximately 0330 to 0600 and again from
1800 to 2030 locdime (times when the telescojein the dark and the satellie
illuminated, see Figur&8). The angldo whichthe side panels of the target collapsen(
Figurel9) is dependent on the timé dayfor whichthe anglds optimized. The farthe
away from theSunthe targets, the farther the side pandiaveto collapse in order to

provide the most ideal reflection geometry.

**Note: NOT to
scale**

Figure 18: Local Observability Timesdr Target Satellite

As far as strength of reflectatgnal, the best times of the dageapproximately
0330 and 2030 local time astheset he t i mes when the angle of
rayshavethe potential to be the smalleblowever, if the targas optimized for this
angle, the reflection a&very other time of the dawill be fairly poor. The better design
choiceis to optimize the angle for a time somewhere between the statti@add of a
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