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ABSTRACT

Small satdli tesare wonderfil opportunities
and apaential seiiousspacesafety dilemma.
Ther size and mass ouldredue launch costs
gredly. Theirlimited kinematic cagpabili ties
and snall cross setions could also conplicate
orbital safay. Several missions require many
smal satellit es, increasing the overall riskto
themsévesard athers. As efficient
miniaturized conporents and propulsion
techniques develop, smdl satllites can operde
onorbit longer and n higher orbits, psing
enduring risks inhigherorhits.  This pger
corsiders snall satdlit e opeational concepts
andcapailities thet shaild minimize risk

Referecel estimates paentially hundreds
of small sddllites ty sone definition shortly to
bein low Eath orbit.

The defiition of smallnessis
cortroversial. Weprgpose 1ot to distinguish
by physicd size or mass but r¢herby
functional charaderigtics important for
mitigaing debris and moderding orbit traffic.
These intudethe ablity to obsave the
spacerdt for the purpose é orhit
determination, the &bility of thespacecatft to
maneuver andthe alility to conmunicae with
and ontrol the saéllite.

NASA recently sdicited onceps for
debis mitigaion fromCubesats, sahe world
istaking theg spaecrdt seriousy and ther
potentialy unfavoréale impact onthe spae
entepriseeven more seriousy. Eadh naion
has adifferert perspetive on small satdlit es.
Recently duiing ISO deliberdions in Brazil,
Russian epresentaties sated that Russais
very mud aganst very small saellites. China
isanmbivalent but tending towards the sane
opinion. Nationsthat anly build or only
operde satdlit es are much morefavorably
inclined. Developing nations are enthusiastic,
ard the UN Office of Ouer Space Afairs is
promoting tha intereg with corferencesand
workshops.
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without compromising technicd or economic
patential. We proposesdellite classifications
on omit basel onfunctiondity rathe than size
ormass. Soralargesatelites with limited
capalility can preset even worse risk$iéin
small satdlit es.

1 INTRODUCTION

There isa revoldion in smdl satdlites that
are reldively inexpensiveto devéop ard
launch. Appraximately 90% of small sdellites
resideor are interded to operate inlow Eatth
orbit; however, anincressingnumbe join the
crowd dreadyin Sun SynchronousOrbit.

Figure 1. Typical cubsat cafigurations.
(Courtesy of I1SIS Cubesa Solutions)

There are more than50 Cubesats curenty
inlong livedorbits.? Thisis the outame of
ther being dedoyed wherethe primay
payload of thelaunch was depaged. TheUS
Air Forcerecently denonstratedthe allity to
deploy small saelli tes eroute tothe launcher's
ultimate degination in orbits with corfident
decay wihin required time limits® We will
demorstratethat tha there areopeationaly
safeorhit regimes for snall satdlit es tha siill
satisfy nost misson needs. We will also
reportstudies of orbt seletion for maximum
and most frequent observdility and describe
technguesfor acheving aufficient
ob=vahlity, maneuvesbility, and
communication withou gred impad on the
valuable payload mass

2 CHARACTERISTICSFOR SAFE
OPERATION

There ae oppatunitiesto deweop safe
opeaational techniques for smd saellites. Our
colleagues paticipate in the QB50" project
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which will launch from Rusda 50identicd,
two unit Cubesasto chaaderize theuppe
atmospheae. Thesesaelliteswill bedesgned
and huilt with diverseinstruments ly
universities all overthe world.

It is very importart to the debris mitigation
community that smal saellites slould not be
distingushed from large ones for debrs
pumposes.No IADC guddines shaild be
compromisel or speial dispensaion granted
to smdl satdlites. Our task is b exgoit these
exciting progpects within pradica condraints.

2.1 OPERATIONAL DISCRIMINANTS

Ther ae seveal different small saellite
definitions. We alopt that that seems nost
common as pesenedin the |lAA study ¢
Earth hsevation Satelites:mini saellites <
1000kg. micro sddllites <100 kg, nano
satdlites <10 kg, pico sdellites <1kg

Howeve, theseare not sfficient to
chamacteize saellite orbtal risksor
ardhitectures. A mass discnninart bdies size
orientation, maneuverabili ty, observabes,and
many inportantmatters.

The cloiceof orbital architedures for
smadl saéllitesby any déinition must consder
these otercharaderisics.

2.20BSERVABILITY

If an objed in orbit camat manauver,
knowing whereit is ormight beis aitical.
The firg corsiderdion is tha the object be
diseernble ather passivay by virtue of is
own amissians or reflectionsof bakground
radigion orthrough adive illumination. The
degreeto which the objects state of mation
can be detrmined « its future statesstimated
depends onthe digtribution of observéon
oppatunities and the density of dbservdions
aoquired during each observadion intervd.

Observaility shaild be anong principa
corsideraions forthe deign of thevehicle and
chdceof orbit architecture. As an exanple,
corsider a sinde snall saelli te for which there
are suficient optical obsewvables. Assume
that missbn requirements dow any
reasonale dtitude orinclinaton. Thetask is
to find an orhit during which thereis the
cunulative time of obsevation is greates
given asmadl set ofground bael sensrs.
Figure 1 depicts such asitudion with
instrumens in Hawai, Diego Garch, ard
Kwajaldn spedfied.

Figure 2. Small satellite orbit designed for
greates obsenablity from designaed
observation locations.

Safe opeation generaly requires sore
compronise inmission capdility. Forour
single satdli te tosee most d the Eath over
time, theinclination and apgee shald beas
high as possble. For exanpleif onewishesto
monitor syroptic enegy balance. Therewould
beonly rare and bref oppottunities for the
designated sersorsto gaher data for doit
estimation. In this casetheoptimal
parametess for longest cunrulative obsewation
ove the courseof a da are: inclination=32
deg, ecertricity=0. 1, apogeeaattitude=
8490km. Theob=wation passes ovethe
courseof theday chosenfor aralyses ae bold
lines inthe figure.

There isa sgnificant opportunity to
observe snall satdlit es dmost ubiquitoudy
with radio telescqpes. Almostall satdlites
have sgnificant radio frequency signatures
from instrunentaion ard internal electronics,
nat to menion communicaton devices. Very
preciseorhit obsevations ae feaible, and the
obsvations can als reveal anomaliesin
eledrical devicesonbaard.

23MANEUVERABILITY

The ability of a snall satdlite to manewer
mitigaes me haing toded with an
unantrolled object in orbit. A smdl satdlite
may expbit aelodynamics even inthe spase
atmospherein low Earth obit. Thedegre of
maneauverdepeds o the architedure of
control suifaces exposal to he envionmert
and the physical chaaderisticsof the
environmert. A conprehensivereview of
satdlit e aerodynamics is in the Wiley
AerospaceEngheering Encyclopedia’.
Aerodynanic dtitude ororhit control is
efficient but evironmentally unrdiable,



paricularly for collision awidane.
Avoidance manewers cannd be devedped
more than afew tens of loursin advane with
high probalility becausesatdlit e trgedories
canrot be estimated vith actionable predsion
more than afew tens of loursin advane,
pariculady in drag dminaed low Earth
orbits.

-

Figure3. Nanoséellite propulsion and
attitude control module (@urtesy of ISIS
Cubesa Solutions)

Aerodynanic forcesmay not besufficient
to acdhieve asafeend stéein the time
avalable. AsRef4 reports, aendynamic
forces n theexremely rarefied low Eath orbit
regime areextranely difficult to estimate.
Momentum transferdeperds on the physica
chamcteaisticsof sddlite sufaces,which
changessthe stellite is exposed to the
environmert. There havebeen naable
succases such as thedescet of Curiosty to
Mars and rotable failuressuch asthe Begle
Mars mission. Passiveagodynanics tha
expend no massare mote suitable for attiude
adjustment than maneuve in theauthor’s
opinion. Control surfaces al® consumepat of
the sensttive satdlite mass budgeard affed
masspropeties, for exanple, increasing
inertia.

Propulsive manewer ismore sutale.
Propusionrequires sbrederergy ard mass.
Cubesat arditedure aml missionsdo not
allow muchmass b be alocaed to stoed
propellants. Chemicd propulsion (perfore
solid becauseof the overheal of conditioning
stored liquid propél arts) is rot the best
appoach. Electromagneic propulsion, whose
high spedfic impulse can bechieved usng
eledrical energy that can be repl@ished,
seens best. Howeverthese aelow thrug
devices, and awgmening saellite energy to the
extent manauvers requiremay takealong time
atlong, cortinuous thrus. Stored hidn
pressuregasor fluids tha canbe @talyzed to a
high pressurd gaseus stée with adequate
safay ard control arealso prgulsion
altematives.

All of these pos#ilities are pradical for
long tem, modest orfi or atitudeadustment,
but they seemunsiitabe orunrdiable for
relatively short notice cdlision avadane.
Small satelitesin corjundion with other snall
satdli tes hae noawidancedtematives.

Since degralle missons al favor the sane
orbit regimes, ollisionsanmong smél satdlites
shaild na bediscounted. Conjunction
manaemnert between snall satdlit es and
larger satdites that can manaiver enough to
avoid catastrophe bemmes the sole
responsibility of thearger satelli te, which
reguires nore energy to adustits ombit than the
small satdlit e would.

Having qotimizedorhit architecturg one
must assurghat the pobability of
encountering other sat#ites during the
misson is acceptale. Our hypahetica small
satdli te expeiienes doseaproad within 20
km of aThor Agena D rodket baly. Asshown
in Figure 4,thegeonetry isvery
cons@uential; nealy perpendicular to our
satdlite’s veocity vedor. Deperding on the
duraion of our missian, we shauld watch this
objec closely as well as check reguarly for
othercloseaproaches. Sevaal saelites
approachel within 50 km at thetime the
analysis was onducted.

Figure 4. Corjundiongeomery between
hypahetical nanosa ard Thor-Agena Ro&et
Body, SSN-@607

2.4 COMMUNICATION AND
CONTROLLABILITY

A small fraction of satdlites intentiondly
has no communication ability. Theseareg for
exanple, small saelli tes whose ballistic
coefficients areknown precisdy and whose
surfaces ae gpragoriatdy faceted ad
reflectiveto assure sty returns fom passve
oradiveillumination. They are most uséto
calibrate spaesurvellancesenrs a to
charaderize atmospleric dynamics, since drag



may dominate changes in their trajecoriesard
thosechanges @an beattributed tochangesin
dersity.

All other smd sdellites musbe able at
leag to downlink daa, if not respord to
commandsfrom thegrowund. These
communication links enable rangng atleast
and pehapsargular resoltion sufficient for
reasonale obit daerminaton. However,
obsevations of this naure are gathexd over
extrenely short arcs and areoften conducted
with smdl artennas with poor anguar
resoltion. Gathering ard processng
sufficient information to determine ombits may
regure seveal passes, and there aregaps
between olservdions tha arelong eroughfor
orbitsto change mateially dueto
environmertal variability during the intervals
when the saellit e caanotbe observed

S-Band Downlink

Figure5. Naroséellite communication
modue and artenna(Courtesy of ISIS Cubesat
Solutions)

This raises other issues.If thesatelite
trajedory cannot be cantrolled or even kown
very well, howwell can obsevations of other
bodesin spae or of areas onthe Eath ae
regidered in any referenceframe?

3THEABILITY OF SMALL
SATELLITESTO OPERATE SAFELY
AND CONDUCT PRODUCTIVE
MISSIONS

The insghtful publicaion, “The Future of
Small Satelites’,” provides abags for
assessig theability of smdl saellites to
adhieve characeristics that aredesirable for
safeopestion. Animportart cortribution to
that volume estmaes dtainable cgpalilities
basel onsize! Curentard reasoaly
advaned communicaion, proplsion, enegy
storage,power condtioning, and manewer
technologies were consideed and aplied to
the spectrum of small satllite classfi cations.
Theauhors’ reseachleads hemto usea
spacerdt dengty of onegrampe cubic
centme of internal volume.

Eledrical Power: Area petunit volumeis
greated for sphers and increasesinversely
with objed size. Theaefore,solarenegized
small satdlit es havehigher powerto mass
ratios than large satdli tes. However, the
power atainableis stll rathersmdl. The
authors’ estimde the mtential for no more
than 10 watts br body mounted @llson a
nanosd in represetative low Earh orht,
including edipse perials, andnot acounting
for batery power during elipse This might
bedaubled is extensible panés are used.
However, extensibe panels onsune mass ad
increaseconplexity and falure mods.
Current standads andpdliti cd corstraints
precludenuclear enegy souces inEarth obit;
paticularly in low Earth obit.

Energy Storage: Considering allowale
chargeard dischargerates, nanosats caold
sugain one watt of continuaus power for only
afew monthsandas nuch as terwats fora
few days.

Figure 6. Nanostellite power and enegy
storagemodue (Courtesy of ISIS Clubesa
Solutions)

Grourd Surveillanceand Communicaion
Characterigtics: Physics dctatesthat the
amourt of elecromagneic energytha can be
capuredby anapeture and the resoluion
attainable degpend o gperture size. Large
aperture resoluion can beadcieved with
multi ple, phasematched smi& apeturesat the
expense 6 theextent of the sptial frequency
content of the scae and the anourt of energy
that can be ceptured (signal to noisefor each
aperture). A single nancsat could achieve
hardly more than a fev meterground
separation distance relution in the visible
spet¢rum.

Communicaion antennas hae ompaable
constrants. Thetradeoff betveen antennagan
and efective isotropic radiged poweris
important.  The Reference aggregates these n
assessnent of daaraes hat could be
supported. Using the nominal 10 watt
continuows power levd estmate ananosd in
low Earth obit could syppott hardy morethan
onemegalit pe seond orafew kilobits per
seond from GEO.



Stabilization and Rointing: Thesetwo
aspets of small satdlit e opeation are not
indeperdent, but they imposedifferent
technicd denands.

Large saellites have highinettia, requiring
largertorques to iiitiate motonand sistan
acelemtion. Thiscan be migaedby
appgying torques to he leag massiveelenents
of the sysem thread involved in redirecing
boresights dynamicdly. Pointing comporerts
can take dvantageof stable platforms whose
stability is assved by he mass andnertiaof
the platform.

Small saellitesdonot erjoy that
advantage. Pdnting andstabilization are very
closely couped. Sabiization is the most
importart elenent,since thesatelite canna be
allowedto tumble. The bw inertia allows
high angilar aceleration, which nust be
danped. Rawedesh a the Uhiversity of
Kentucky charctelizes he stabiization and
pointing task a wel as nostreference§.

Active techniqueswhich expend enggy
either propulsively or electromagnetcaly
enploy aduaors such 8 momentum storage
devices. Active teehrniques maybe bgondthe
pale for missin oriented nanosdellites.
Achieving sufficient contral authority and
magin is achdlenge

Passivemethodsinclude pasivemagneic
stabilization, aeostbilization, and graity
gradernt stabili zation. As statel in the
referance,passivetechniques ofen achieve
stability on only two of three rotation axes.
“Rotation around the megné axis in magndic
stabilization is unontrolled, aswell asroll in
aepodynarmic gabiity and rotaions alout the
gravity gradient boomaxis.” Jasm
estmates the capalilities o passive tecmiques
in smal spacecraf platforms. Pasive
techniques sdfar can adiieveno bdterthan
stabilization precison of a fav degres.
Active tehniques atthis s@e anachiere
boregght stabilization on the order of
milliradans. Largesatelitescan do much
beter.

Maneweralility: Small satdlites can take
advantageof the rocket equéion, which
reveds that the delta V that can be achieved
depends on hev much prgellant is avail able
but on how mud of theinitial mass ofthe
satdlite is prgellant. Eledromagnetc
thrusta's hare spedic impulses of thousands
of seconds, hut these artr notwiddy enployed.

For a speific i mpulseof ahunded secords, if
90% of nanosaellite mas were propelant,
total ddta V could be abut one km/secstil a
small fracion of LEO orbit velodty. An
inclination change of one degee wouldrequre
afew hurdred meters perseond  If only
10% of nanosa masswere propHarnt, orly a
few modest nanaiverswould corsumethe
entire capablity. Indepedent of overhead
mass ad power requirenerts of
manaiveraility, onecannot expet much
collision awidancemanewerability from a
nanosa.

4 REGULATORY, LEGAL, AND
ETHICAL CONSTRAINTS

One can only conjedure hov the evolution
of the snall satllite enterprise will affect the
sugainability of spae ativity. Seveal
commentaorsopinetha small satdlit es
amost by ddinition canna meet evencurrent
regulatory constrants® The US National
Oceanicard Atmogpheic Administraion
sewned rotice on thesmdlsat conmunity that
Eath dbservdion saellites for which aUnited
States etity is respasible requirelicenss ™
The Federd Aviation Administraton is
diligent about laund ard reentry requirements.
The Federd Communicéaions Commissn
requires licenses forall U.S. sdellite
transnissions*? Virtually none havesougtt or
been grarted swchlicerses. Licerses require
compeent launchand dsposd information &
well asplans for the areas tabe olsaved,the
resoluion d the products, and intended
dissenmnation. There aremany comsiderdions,
sweh as whether such conservdive
requirements wil lead the snallsa focus ©
othernaions @ whetherif concesgons are
granted, the entire regulatory regime would be
diluted.

There ae severd etlical ard technicd
guidelines for satiites. Nonediscrimnae
small satelliesfromlargeones. No
nanosaellite projed could exst if all were
applied fuly and dgmaticdly. Laund
providers andassod@ted liability parhers bea
much of this burden At leag they might
become more discriminaing of the smadlsats
they agresto deploy and themissions of the
satdlit es. Oltrogge dfered atarecent snallsat
conference that thecommunity must pay
greaterattention to qperationd anddesign best
practices. ISOhasbegun © develop sut non-
normative qoerational pradices. All are
invited to paticipate.



5 CONCLUSION:

Small satdlitesare revoluionary opportunities
for organizations ad natonswith limited
financing and oher resoures The caphility
shoud beencouragel and exploited for mutual
bendit. This pape citesthe risks d
unfettered exploitation and baunds he ahlity
of smallsats, ranosats ad smallerin paticular,
to meet he corstraints imposel on lager
satdlites aml, in principle, onall saellites.
Noneof thesecorstraints is rormative or
broally legdly enforeable. Spacemissin
and ommerce st&eholdersshoud consider
this small saellite dlemmaand arive at
aceptbe canpromises befoe compromise
ceaseso mater.
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