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ABSTRACT

Distributed Spacecraft MissigBsSMs) are gaining mentum in their application t@ih science
missions owing to their ability to increasemsion sampling in spatial, spectral and temporal dimensions.
This thesis identifies a gap in the angular sampling abilities of monolithic spacecrafblisdfaation
missions and propaséo use distributed spacectafaddress this gap. The saeperformance metris
chosen to be Bidirectional Reflectdbistribution Function (BRDF), which describes the directional and
spectral variation of reflectance of an optically thick surface elemetitreg Brsyant. Airborne instruments
are the goldéstandard for BRDF estimation (e.g. Cloud Absorption Radiometer/CAR). They can collect
thousands of reflectance measuremantee same ground spdiut are localized in space and time
Spaceborne platforms estimate BRDF by combining angular measuremimisroade alordyack, cross
track or by autonomous pointing. However, their plane of data acquisition is very restricted with respect to the
sun and the target itself might change over time of acquisitiorations with spectrometer payloads ¢
make multispectral reflectance measurements of a ground targetnyazenith and zZmuthal angles
simultaneously and estimate the angular signature of the surface. Constellations with overlapping ground spots
can capture the angular components of glodaemporally varying science products.

This workdemonstrates the performaimopact and feasibility of a BRDF estimatidgsion using a
systems engineeritapl (driven by model based systems engineering or MBSE), intricately coupled with a
science elaation tool(driven by observing system simulation experiments or OSREsjationsand
payload pointing stratega® optimized to maximize angular spread and minimize estimation errors. The
effect of angular spread on spatial, spectral and radisaeifling dimensions is quantifiedafailable
spectrometer payloads that fit within the 6U CubeSat staretdrical feasibility within 6U is verified for
attitude determination and control, propulsion, communication and onboard processing n®Mules. D
architectures are generated and compared to each other and monoliths, in terms of BRDFsalbedo, gr
primary productivitand total outgoing radiatioRerformance is benchmarked with respedata fron
previous airborne campaigns (NASA L &Rver neasurements (AMSPECadhd ideal values from radiative
transferor climatenodels UMGLO, COART); and accepted BRDF models.

A formation of 6 small satellites produces lesser average error (21.82%) than larger monoliths (23.2%)
over extended time perioggrely in terms of angular sampling benefits. The monolithic albedo error of 3.6%
is shown to be outperformed by a formation of 3 satellites (1.86%), when arranged optimally and by a formation
of 5 satellites (3.36%) when arranged in any waysadellie formatimm pushes albedo errors to 0.67% and
reduces gross primary productivity sfrom 89.77% (monolithic) to 78.69%.
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I. Introduction

I-1. Distributed Spacecraft Missions

A Distributed Spacett Mission (DSM) is a missitiat involves multiple spacecratft to acloeee
or more common goalSheyare gaining momentum in their application to earth science missions owing to
their ability to simultaneously increase observation sampling in spatial, spectral, temporal and angular
dimensions.DSMs encompass a diverse familyspacecraft configurations including homogenous
constellations such as Global Positioning System (GPS) and Iridium, heterogeneous constellations such as the
A-Train, close proximity clusters in active formation flight such as the upcomirgjlipreBASMAand
Edison (EDSNR]. Fractionated spacecraft where all physical entities share subsystem functions such as System
Fg3] andcellulaizedsystems from old, defunct satellites such as DARPA RAbarxother categories of
DSMs DSMs may be depled in a staged fasHishreconfigurable while in orbit and replenished when older
satellites cause graceful degrad@tidmis allows for scalabil#gd theflexibilityto evolven the mission and
puts lespressure on risks and schedidehnologie®tsupport DSMs have also sgesat increase: Proximity
operations ah formation flight[7,8], orbit initialization and scatter maneu®s high data rate
communication links between satellites and with the ddd}miniaturized thrusters for actomntro[11]
and opersource cluster flight developmé&¥hile ororbit demonstrations have been few, the advent of new
technologies poisito an optimistic future for DSM demaasions for improved science.

Cost, schedule and risk considerations in monolithic and distributed missions have ushered in an era
of small satellites to complement flagship missions in the important field of earth observation and remote
sensing@.2] To avoidbeing cost prohibitive, small satellites will be required to enable DSMs, especially those
with large numberdNanosatellites (<10kg), now largely enabled by the CubeSat class of satellites, are
convenient small satellites to demonstrate better andrchedpamance because they have iaddit
advantages of access to standardizeddngescondary payload laundi3dMiniaturization of spacecraft
components and availability of secondary launchestareagsty increasing the capability of small satellites,
and paving the way to a future where certairdefeied science goals may be more efficient to achieve by
going small and fast, than going the flagship route.

|-2. Spacebased Earth Observation
In earth remote sensinBjstributed Spacecraft MissiamrsDSMs have been traditionally used to
improve sampling in the following four dimensions of an observed image simul@spatialy temporal,
spectral and radiometric. Ntatthe performance iraeh dimensions is dependent on the performance in
another.

U Spatial resolution of an image can be increased by using multiple satellites in formation flight to
synthesise a long baseline aperture for optical interfefpAjatrg synthetic aperture rad&isce
the total i maging time i s r est {ff betvemrdthesmbert he DS
of spatial pixels (swath) and the number of wavebands (spectral range) that cafilb§ D&ided
can be used to fractionate the payloadreiawer number of wavebands per fraction allows for

U Constellations of evenly spaced satellites on repeat track anbitg msporal sampling within a
few hours as well as continuous coverage maintenance.

U Large spectral range can be achieved for an increased number of wavebands by using multiple payload
spectrometers and corresponding focal plane arrays (FPAs) $iettbiat iigions of the spectrum
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are mapped on different FPAs. Multiple telescopes may also be used for different spgicins of
so that the aperture diameter is customized to the wavelength of interest to allow better spatial
resolution (diffractionriit).

U Radiomeic resolution is proportionsd the time it takes to readout an image on the FPA. High
radiometric resolution limits the number of pixels (i.e. swath and global coverage) and wavebands (i.e.
spectral range) that can be im§tfglibecause it takes moira¢ to read each element. If the spectrum
is fractionated and global spatial coverage is achieved using constellations, more radiometric sampling
can be achieved without a science cost in a different dimension.

This research focuses on improving sampting less studied but critical dimension of an earth
observation imagehe angular dimension. Earth reflectance depends on wavelength, surface and many angles.
Instantaneousngular spread is important in navigation DSMs, for example GPS, where \tbe ltds¢o
be visible to 4 satellites in wide spread to be able to determine his state most avowrpteljedd tassess
theimportance and applications for Earth and Atmospheric Science.

I-3. Angular Sampling in Earth Observation
Angular sampling irfips taking images of the same ground spot at multiple 3D angles of solar

incidence and reflection simultaneodsig. neassimultaneous measurement requirement deems monoliths
insufficient for accurate and dense angular sanjpB2@] Monolithic spacecraft have traditionally
approximated the angular samples by combining measurements taken over time wath ferghdl8H 18]
or Multi-angle Imaging SpeciRadiometeon the Terra spacechadtr crosgrack swath (e.g. MOOI®]or
ModerateResolution Imaging SpectroradiometerTerrd sensors. However, a single satellite can make
measurements only along a restrictive plane with respect to the solar phase aiaa theaangeinenare
separated in time hwinutes alongrack or weeks crotmck. In areas of fast changing surface/cloud
conditions especially during the melt season/tropical storms, a few days cafargaekéference in
reflectance. Neaimultaneosi angular sampling can be improved by ugorghationor constellation of
nanosatellites on a repeatigigundtrack orbifl7] Theformationcan make multipectral measurements of
a ground spot at multiple 3D angles at the same time as they pass overhead either Ushd) ofariew
(NFQOV) instruments in controlled formation flighig(rela) or wide field of view (WFOV) instruments with
overlapping ground spots imaged at different afigese(lb). In this thesis, NFOV refer to sensors with
FOV less than 3° while WFOV to those with FOV greater than 100°.

The widely accepted metric to quantify the angular dependence of remotely sensed reflectance signal
is alled Bidirectional ReftanceDistribution Runction (BRDF) BRDF of an optically thick body its
reflectance as a function of illumination geometry and viewing geometry, hence carries information about the
anisotropy of the surfaf29][21], [22]1t is determined by the structural and optical properties of the surface
such as shadow casting, multiple seajtemutual shadowing, transmission, reflection and absorption by
surface element facet orientation distribution and dénd@pends on fowanglessseen irFigurelc d the
solar zenita n g | e  o/blacky Polaraz{miith angle /Green)view zenita n g | e odblack)@nd ( U
viewazimuth anglé /&ed) & as well as otihe wavelength of light. The azimuth angles are added to provide
one azimuth angle relative to the solar positibed the relative azith angleor RAA This dissertation
assumes prior information about surface topography so that the any ground element can be reduced to a flat
surface. The simplifying assumption is tscdpe BRDF complexities that arise from the shape and
orientation ofthe reflecting facet, such as those modeled in computer {28pbicworbital debris
characterization from the gro{@#] and concentrate only on angular retrievals.
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Figure 1 (a) A DSS making mui-angular, multi-spectral measurements by virtue of pointing its
NFOQOVs at the same ground spot, as it orbits the Earth as a single system (adapted from Leonardo
BRDF[25]). (b) A DSS making multitangular, multi-spectral measurements by virtue of their
overlapping WFOVs at different angles (from GEOSc#26]). (c) BRDF geometry and angles in
terms of two directionsd incoming solar irradiance(blue) and outgoing reflected radiance (red)
measured at VNIR wavelengthsfigure credits: Australian National University.

Since BRDF is a reflectance quantity, it is edliinaiee near solar spectrum or VNIR (Visible and
near Infrared) with a few tens of nanometers from the UV spectrum. The losgesaaealso shawuch
milder angular dependence than VNIR. Reflectance in the long wave is a function of only vieglesenith an
(because there is little sunlight past 5 microns). It is a complex convolution of the Earth temperature with the
atmosphere/clouds, and more popularly known as limb darggfivghile an application of angular long
wave radiation is discussed in the thesigrimary focus mn BRDF. BRDF is used for the derivation of
surface albe@8] calculation of radiative ford@g] land cover classificatjd@] cloud detectig25]
atmospheric corrections and aerosol optical prof#8iie8RDF estimations have proven to be good
indicators of human activi¢.g. ship wakes increase reflected sunlight by more thaf31J0UR& concept
of using formations for BRDF estimation has been suggeste{Pb¢fooavever, neither was comprehensive
systems engineering used to evaluate technical feasibility nor BRDF models or data used to evaluate additional
science impact.
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ll. Problem Statement and Research Objectives

Multi-Angular EarthObsevation (EO) from space is relevantnany scientific applications
However measurements at multiple simultaneous angles are inadequate using spaceborne sensors and are cos
prohibitive for global, frequent coverage using airborne sé&istiibuted Spacecraft Missiofi3SMs) &
either formation flight or constellatierase a potential method to improve the processlofgiaultiangular
measurements.h&€re has never been an effort to develop a quantitative framework that assesses the
improvementsind serves as a tool to inform architecture decisions for maximizing science performance and
minimizing lifecycle costs. In the interest of cost, small satellites, specifiesdlichitednare been chosen
as the spacecraitinterest.

Il -1.Problem Staements
Theoverallquestion ofhis dissertatiois: Candistributed space spetdasgribd; achieve better angular
performance in earth observation at lower costspiaueonaigiigegpatial, spectral and temporal €dnstraint
If sohow can an optimal mission b@ designed

The specific problem statements associated with the above question are:
1. Is it technically feasible for a naabelliteformationor constellation to optimizngulaspread and
sampling resolution bettéan current space missions with BRDF products?
2. How does angular spread and sampling affect sampling and spread in other sampliisgattahains:
spectral, tempordfadiometric?
3. How can | s el ect forindtienarchieatures t(ntaximDgmgulamparfordnance,
minimum cost) for a given set of constraints?

Technical feasibility implies the achievement of objectives within currently available technologies for nano
satellites, either commiatoff-theshelf (COTS) or open sourced and laareliabilities. Mission constraints
comprise of spectral/spatial/temporal/radiometric resolution requirementsleziges set cfurface type

that are to be observyeshd specified geophysical applications for eagirface typés a large naturally
occurring community of flora and fauna occupying a major habitat.

Il -2.Thesis Scope
Thisthesis attempts to informajorengineering decisions about thegtesi DSMs using tools from

systemengineering, BRD#r relatedscience and the nasatellite devebment community. The focus has
been primarily on the integration of model based systems engineering (MBSE) with Observing System
Simulation Experiments (OSSE) to answeovbkeallresearch question. Both MBSE and OSSE are widely
recognized modular tools the engineering @nscience community. While the thesis also contains
contributions in developing or improvegmendividual tools (for exampéemodeling tool for large baseline
formation$, benefits in improving others (for example, improved BRIdE|ls) havenly been presented as
guantified suggestions and not implementatidmly those subsystems that are unique to and need to be
customized for the research objective have been studied. Specific algorithms for optimizing subsystem
performance ia nanesatellite have also not been dealt with; instead existing literature to support claims of
their existence and applicabiiég beenited.
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Il -3.Thesis Objectives
Themaincontribution of this thesistise identificatio@ndyuantification of an imp@nt gap in the
sampling abilities of earth observation mis8iangular sampling, proposition of naatellitdormatiors in
Distributed Spacecraft Missiofiermation flight or constellations) to fill this gap and quantifying the
performance per urgbst ovethemission lifecycle if using the proposed concept.

To answer the research questions, the low level goals are:

1. Develop acomprehensive systems engineering model tightly coupled with a science evaluation model
that usestateof-theart BRDF dat a col | ect e dandasateliteangpaigh® SAds airb

2. Explore a tradespace of trajectories for formation flight and orbits for constellations that offer a large
angular spread when observing a ground target.

3. Analyze the applicability of avddademempirical BRDF modgko the surface types of interest and
radiation models for global heat estimationp(é them with the results of the astrodynamics analysis
to make an Orbit Generation + OSSE tool.

4. Simulate and understand the temporal ieriaf angular performance and required counter
maintenance of the DSM over lifetime.

5. Calculate the traddfs between angular spread and the spatial dimension (spatial resolution and swath),
radiometric dimension (Signal to Noise Ratio) and spectrasidim@pectral resolution and range)
because Earth reflectance depends on all these variables.

6. Confirm that the optimal designs, in terms of qrhitdthe highlevel designs, in terms of the optical
imager payloadre supportable by current technolaoglyaechievable within small satellites.

7. Demonstrate improved angular sampling (using BRDF products as ofedricgdium resolution
ground pixel, at any given waveband of interest to the remote sensing community that needs angular
signatures, while ensigrithat the Signal to Noise Ratio is acceptable enough to compute integrated
products with flagship mission measurements.

8. Develop a simple architectaiifferentiating lifecycle cost model to size the tradespace of DSM
architectures.

9. Find the global missioorbits and payload characteristics that maxangéarperformance and
minimize cost for two case studies, one with a NFOV pé#lfloadess thaB°®) and one with a WFOV
payloadFOV more than 100

U The NFOV study the primary studywill maxmize BRDF performance for the severajorsurface
types (Snow, Forest€roplandsGrasslands, WateCitiesand Desert) as tHermationflies over each
throughout the missioh.will serve to provenhanced angular measurementofdpaMbtiesmparedt
current missiongmproved estimation of other geophysical applications such as snow albedssand G
PrimaryProductivitywill be correlated with improved BRDF.

U The WFQV study the secondary studwill maximize the performance of estimating thetikedigeat
flux leaving the Earth and therefore the diurnal variation of heat captured by the Earth as a percentage of
incoming heatt will serve to prove that DSMs hawdanced capabilities when the required measurements intrica
link angular, splagiad temporal sampling
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[l -4. Thesis Outline

This thesiswill demonstrate a new space solution to -amutilar earth observation and a new
methodology proposed to quantify the benefit to cost advantages of the proposed solution with respect to
existing spa@nd airborne missions.

Chapter 1l is a detailed literature review that discusses four gaps: (1) insufficiency of the current
measurement making mechanisms (air and space) in estimating global BRDF and its impact on products that
depend on angular sding, (2) current methods for designing DSMs and the lack of a science application
driven design technique, (3) models and tools for formation, payload and subsystem design and a requirement
to adapt them for muleingular applications and (4) availaldenodels and further cost development for
DSMs is needed. The chapter also describes thecaepiied BDRF models to estimate hemispheric
reflectane from a few angular samples.

Chapter IV proposes a new methodology to design DSMs driven by saiemocanme by
dynamically coupling systems engineering with science evaluation. The subsystems within the engineering
model are introduced to make ground for detailed modeling in Chapter V and VI. The cost model development
is fully described and a vergmwoposed to use for costing all the architectures in Chapter VII. As part of
science evaluation, models for integrating radiance measurements into science products for WFQOV sensors are
introduced. Since the NFOV models and products were introduced tier @hapis chapter continues to
describe the data from current space, air and tower missions that it uses. Radiative transfer models are describec
as fillers of data gaps because no mission has provided global radiation measurements overstiien. Finally,
case studies on the engineestignce coupling are presemtegplain the full approach.

Chapter V explores the full tradespace of variables in the orbits module in the engineering science and
the science evaluation module for NFOV sensoBBRBRerforms sensitivity analysis of those variables with
respect to performance, streamlines them to retain only the important ones and sets bounds for their range.
While the orbitsleterminénow the satellites will be organized in space, the imagiegtnaoelgies dictate
where they will point to make optimal images in coordin@ticge imaging modes, given any orbit, are
introduced and compared with respect to BRDF estimation of local surface types. The detailed process of
generating all architectsifer formations and constellations is described and intermediate, apadjnatsta
metrics discussed in terms of their insufficiency in expressing scienoameftr the mission designer.

Chapter VI discusses the critical subsystems thataéedcustomized and their feasibility is
confirmed for NFOV formations or WFQOV constellations. A 3D imaging payload is shown to be a necessity
and modeled preliminarily because onenteasures the full wavelength spectrum of interest to the BRDF
communiy has never flown on a nasatellite before. ADCS is modeled to ensure the ability of the NFOV
sensors to epoint at the same spot at the same time, propulsion to ensure formation initialization and
maintenance, communication to check feasibility olakimg data collected by the payload using expected
ground stations and links and onboard processing to facilitate compression and other secimmgasydhnct
as guidance support.

Chapter VIl uses the approach detailed in Chapter IV to geneaaiespdce of architectures using
methods in Chapter V and within the subsystem constraints from Chapter VI. The NFOV formation
architectures are compared to each other and to monoliths (MISR on Terra) in terms of their performance in
estimating BRDF and itlependent products, over mission lifetime and globally over all surface types. The
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WFOV constellation architectures are compared to each other and to existing monoliths (CERES on Terra,
Aqua or TRMM Tropical Rainfall Measuring Mis$imnterms oftheip e r f or mance in cal cul
radiation budget.

Chapter VIII summarizes the insights from this thesis and suggests ideas for future work.
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[l. Literature Review

To frame the design problem, the previous and ongoing work can be summanzediessi
(1) Reviewing literature in the matftgular earth observation domain and identifying the existing gap (later
called Gap #1) which led to tbeerallresearch questiod C a n )vaerddirdt@roblem statement;
(2) Reviewing literature to sugpbe implementation of the proposed approach (using DSMs) and answer
thed H o guestions in the problem statem8itce the implementation literature also revealed some required
improvements in existing methods for formation design, modeling tedsntwogipport formations and
costing DSMs (later called Gap #2, Gap #3 and Gap #4 respectively), they have been listed as additional
contributions of this thesis.

I -1. Gap Analysisin current Multi-Angular Acquisition

/Il -1.1. BRDF Importance and Applications

The biirectional reflectance distribution function (BR@#Scribes howadiation is reflecteat an
optically thick surface. BRDF itself, as a ratio of infinitesimals, is a derivative with instantaneous values of
reflected radiance and solar illuminf2idnWhile it can never be measured directly, real measurements can
involve norzero intervals of above parametécsurateBRDF time series at customized spectra and spatial
scales can estiraahany biophysical phenomena that are currently wrought wit[82ir¢83][34]some of
which are describdmlow While relative importance of the variables depends on the products, inadequate
angular sampling of the refietlight causes science erodrE5%to 90% in reflectance prodyes]
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Figure 2: [Left] Snow albedo edimated using only nadirreflectancevs. integration of reflectance
measured at thousands of angles by the Cloud Absorption Radiometer (CAR) during the ARMCAS
campaign in Alaska, 19985]. The red arrows represent the errors in albedo estimation when-off
nadir angular measurements are not considered, as dependent on wavelength and nature of the
ground target.[Right] Vegetation albedo estimated using tower, aircraft (CAR) and MODIS
measurements as dependent on time of the day, integrated over the VNIR spectri86]. Black
arrows represent the difference between the two {26%) hemispherically andspectrally integrated.

Albedo is the integration of reflectance measured over the fuly Viemisphere at a single or over
all solar zenith angleAs early as 1998, the NASA ARMBCairborne campaigd5]in Alaska measured
reflectance at thousands of zenith and azimuth angles using a radiometer that was flown around in circles on
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an airplane and estitad albedo using these measurements. The comparison with nadir reflectance albedo is
shown inFigure2-left andit shows 45%0% errorglepending on the wavelength or geolocation sampled. A

more recent but unpustied studjB6](ratified by37) showsl5%20% difference between vetjetaalbedo

estimated using many an@lasver or aircrafFigure2-right)andMODIS albedo products. Tower and CAR

data contains thousands of angular measurements while MODIS has very restricted numbéWbileangles
spatial and spectral sampling differences also contribute to the error, the main reason can be argued to be
angular undesampling by thderramonol i t h t hat carries MODI S, as Wi
albedo has been an important congpomf climate studies and the Earth radiation Budget (ERB) since the
196095[38] Referencg38]le st abl i shed t hat E a3 andnd@ 9.4 as lwhseprbvdousya s ¢ |
thought, but further progress has not been made on albedo uncertainty. A change of 0.01 in albedo corresponds
to a 3.4 W/m change in reflected or absorbed sunlight (assuming incoming radiation to be 343%)W/m

which is more than half the Earth Radiation Imbalance[@R8swill be described later. Aerosol retrievals

are also primarily affected due to inadequate scattering angles in polariZEgiphldia]

Global Carbon Budget
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Figure 3: [Left] Gross Primary Productivity (GPP) is proportionate to Photosynthetic Efficiency
which is proportionate to BRDF corrected Photosynthetic Refractive Index (PRI). Withuw BRDF
corrections, a correlation would not exisf44]. [Right] Large uncertainties in the global carbon
budget in terms of total outgoing carbon vs. total absorbed carbon is greatly attributed to the lack of
angular knowledge of outgoing radiation as well as its diurnal variati¢f0].

Quantifying the extent to which forests an@tatign act as a sink for atmospheric carbon dioxide is
imperativeo estimate carbon feedbacks of vegetation in response to global climaj¢s¢Haefpeestation
and forest degradatiancounts for 12% of anthropogenic carbon emissions, which have nearly doubled in the
past 30 yed#6] Vegetation analysis is adversely affected bysana@ing on the principal plane and
hotspot$d7] Current Gross Primary Productivity (GPP) estimates whmertainties up to 40% in the
terrestrial carbon uptald8] This is known as the missing carbon problem over land, as highlighted with red
ellipses irigure3-right. GPPisthegpduct of phot os §aso dalked light usedffitiencyi e nc y
(LUE) - and photosynthetically active radiation (APAR) absorbed by thinplecent studies, it has been
shown that measurements of vegetation reflectance at multiple angéessshto estimate changes in
protective leaf pigments as a function of shadow fr¢8ibimhese protective leaf pigments (xanthophylls),
regulate light usefieiency in leavesnder conditions where factors other than light are limiting the
photosynthetic processes, excess radiation energy is dumped as heat, a process which strongly depends ol
incident solar radiation. This downregulatembe measured byeans of thd’hotosynthetic Reflectance
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Index (PRI), a normalized difference index that is sensitive to the xanthophyll absorption at 531nm.
Photosynthetic efficiency is proportionaht differential of PRWuith respect to the shadow fractjéh[5]

This differential can be estimated fromBR®F of PRI. There is no correlation betwewn-BRDF PRI

and efficiencgind the smooth curnglown inFigure3-left would have been an uncorrelated clutter instead.

Recent studies have also shown an overestimatiengreéening of Amazon forests during the dry
season due to seas o rmeankor geontefbif blsing densernspabk€ed bn§uwar s u n
sampling (CHRIS instrument on the PROBA apaft) reduces GPP uncertainties to[49pshowing a
75% improvement in carbon cycle calculatibovever PROBA is not designed to measure GPP and does
not provide the temporal resolution and global coverage required to do so.

Earth Radiation Imbalance (ERI), which is the difference between the Total Solar Irradiance divided
by 4 (TSI/4) and Total Outgoing Radiation (TOR), is estimated to be 02hyWénrent climate models
(annual average) with an uncertainty bet&eer +7 W/n2[52], [53]In fact, there is uncertgireven about
the uncertainty. dtlelsand observations pin it at 0.5 WJ[r0], [54{vhile oceanographerstimate it between
0.4and0.7 WIn?[39] Since climate change results from a less than 1% ERI and TSI is estimated at 341.3
W/m2[39]with 0.03% accuracy, there is great scientific need to improve the estimation accuracies of TOR. If
the Earth had no internal processes such as winds and clouds, the ERdwautli at ed o u;t by PI
howevethe presence of thesegmomenaauses radiative forcing and possible entrapment of heat. Reference
[55]and[54Jhave shown that the Earthds energy budget i s
of ERI that is not being absorbed as heat by the oceans (blue reigiored. This heat is analogous to the
previous discussion on missing cagbahonly better measurements can help trace the source of uncertainty
Traditional assumptions ignore short time scale radiative forcingr(#) such as the diurnal cycle and the
intrasseasonal time scales such as the Madden Julien oscillations, but scientists have argued that forcing in one
scale can influence long term climate. For example, the net flux measured by the CEREJ563tmiment
TerraandAquain morning and afternoon SSO respectively has been monotonically increasing over the years
[52] Thus, nonlinear analysis of ERI time record with high temporal sampling without assuming Gaussian
distributions is need¢§si7]

A GLOBAL NET ENERGY BUDGET

Net radiation
Total net energy change including melting \\
Arctic sea ice, Greenland, Antarctica, glaciers
1.0 - |

Wm2

Missing energy

0.5~

Ocean heat content change

0.0 '
1995 2005 2010

Figure 4: Missing energy between ocean heat content and ERI observations as showfbi

NOAA specified accuracy for future ERB measurements is 1ZfdNlomgwaveand 1 W/n# for
shortwave, with radiometric stability of 0.3 Wildp to 90% of the errors in the computation of atmospheric
radiative forcing, whichakey assessor of climate change, is attributed to the lack of good angular description
of reflected solar fl{&8] Previous studies have also suggested the use of the quadrature sampling technique
by multiple satellites to improve BRDF and reduce errors in radiative forcing eg2ihgdé®hAccuracy of
BRDF estimation is therefore a representaetanve met
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mission with the ERIS instrument proposed to be mounted oniGflisatellites had shown that the NOAA
requirements are exceeded by a factor of 2 with 2 hour temporal rg26lution

/Il -1.2.  BRDF Modeling
BRDF models are used to estimate reflectance values at all combinations of view zenith, solar zenith

and relative azimuth angled are &unction of those angles and multiple param@tér®e described later).
These mods may be classified in a number of y@}ssuch as thodmsed upon the treatment of the optics
and others being physical or empirical. Physical models rely upoimdipde physics of electromagnetic
energy and material interactions, and require inputs such as surface roughness parameters and the complex
index of refraction. Empirical models rely solely upon measured BRDF values, vanipideaiimodels
incorporate some measured data but may have significant elements-baphygicsciples. For this study,
semiempirical models will be used to m&DF as a function of 4 angles and wavelength. The most popular
ones for BRDF estimatiamEarth sciencare the RosghickLi-SparseRTLY mode[37], [61]62] Rahman
Pinty Verstraete (RPWodel[63], [64]modified RPV to remove then-linear terms in the RPV model and
CoxMunk model (CM)31], [65]RPV models have been applied for BRDF retrievals using MISH H&ta,
for MODIS dda and CM for directional ocean reflecfétde

BRDF(BS_ UV-A(!). }\] = R(Ug- Uw A‘b/\) Ross Thick Kernel (kVol)
= fisolN) + fool(N)K (05,0, Ad)
+fm(AJKg,D[BS.BV.&b.P,,.PSJ

where:
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cosf; + cos, 4
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cosg = cost, cosB, + sinb, sinb, cosAd

K 1+ sech] sech, + tanb, cosAd

g 2 Li Sparse Kemel (kGea)
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Figure 5: [Left] The RTLS equations for BRDF[62] - Equation 1, as a 3parameter linear function of
two kernels, Kq and Kgeo. [Right] The kernels as a nonrlinear function of view zenith angle (plot
radius, contoured eery 10 deg) and relative azimuth angle to the sun (plot polar azimuth) at a solar
zenith angle of 28. The kernels in this figure and the next are wavelength independent.

TheRTLSmodel is the most linear of the three. Represented by equdtiguseh) it a linear sum
of 2 kernels, dependent on the 3 BRDF angles, and a simple inversion of 3 parameters is required. The
parameter (or kernel weighd) i the isotropic scattering component and equivalemtairziew (MZA
G=0), zenitass u n  (sPH)Zeflect@nce retrieval. Parameteisfthe coefficient of the LiSpaReciprocal
geometric scattering kerngkdderived for a sparse ensemble of surfaces casting shadows on a Lambertian
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backgroun2] Par ameter fvol (N) is the coeffignsdcaled f or
for its assumpt i oni ivtle refativelaimshcandid®a f aca nOpiy3 .t he sc
phase) angle between sun and view directions.

The RPV formulation splits a BRF field into a scalar amplitude component and the associated angular
field describing the anisotropy of the surface that is represéfitraef. In the equations, = RAA, =G
SZA and G = MZA or the zenith angle of the direct
and to he detector, respectivelarémneter k is the modified version of the Minnaert's funlstibndntrols
the bowl obell shape of the BRDF fielch® par amet er LJ establishes the dt
scattering, depending on its sign, following the HEByeg e n st ei n f or mul @accoumta and t
for the hotspot effect egpially significant in the backscattering rggibirhe RPV model can be linearized
by modeling BRDF in its logarithmic form and approximatirigidifeg ; LJ) t er m-b*acs(g)p4, b) = e
wher e c¢ os (Fpyres.Thedirear égaation then reduces to log(BRDF) =k*M_Kainel a _ker nal
+ H_kernel. Since the H kernel (=f[ 3, G_kdrtnel ]) c
invert for the parameters k and b, for an initial
or g kernels are plotted kigure6, and a modified RPV (MRPV) inversion requires the estinoatio
parameters 3, k and b.

Polz0, Q0,5 k, 0, p,) = Mi(to, 0; k) Fre(g: ©)H(p; G) —g?

Fralg: @) = S —
[1 +28cosg + 07"

cosg = costlcostly + sinfsinfycose,
where

- - 1-p.
M; (6o, 0:k) = —cos* Oocos™”'0 Hp:G) =1 +Tﬂgr‘ F(6) = expl-beosy)
" (costy + cost)' ¥

M term, without the (k-1) power G term, non-linealy affected by tho cosg term, linearly afftected by parame ter b

Figure 6: [Top] The RPV equations for BRDF[67] - Equation 2, as a 3parameter nonlinear
function of 3 kernels, M, F and H. The MRPV model is expressed as logarithmic BRDF and
Fie( g; LJ) appr oxi ma-b*eod(g)de=t]. [Boftdm) The=kereels ps(a noHinear
function of view zenith angle (plot radius, contoured every 10 deg) and relatammuth angle to the
sun (plot polar azimuth) at a solar zenith angle of 28

The CoxMunk model is the most néinear among the mentioned 3 models and simulates the
reflectance of the windffled ocean surface outside the glitter. The solution raidiaéve transfer equation
at the flight level z can be represented &b I(z, AsishHowrin Figurer-left, [(zQr , . sepanasthe direct
surface reflected term R from the sky and path terms which are the diffuse (atmospherically scattered) radiance
at altitude z that has undergomeractions withtheoce®@® r epr esent s t h eDZaze)r ocsaon
be assumed to be 0 because it represents the depth above the airplane and will be negligible for spaceborne
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measurementt Figure7d s

e q @ra ttds(MBAsorG, O= cos(SZA 016

a n dRAL. The direct

surface term is a product of the Fresnel reflectafe{& probability density function of slope distribution
(P) and the bidirectional shadowing factor (S). P is dependée orientation of the normal to the wave

t h
wave

A
t he

facet

t hat facet

formulation is used in this thesig(rre?).

Wi

t h

r es p e ,Sts)defimed as the corditiamal prababilityof occurrence of an event

sur f ac erisony dapendlent brmw@terc o nt r |
refraction (assumed m = 1.4) and SZA (dependence pldtigdrig/-right bottom). Both P and S depend
nortlinearly on the mean square slope, which linearly grows with the wind speatkar @epdindency has

been modeled in a variety of ways and dimensions sinbéuGoX 6 s [6%],r[68]gnd nha kimplest

The CM model thus models the sea surface as a perfectly reflecting mirror vibitbdsira
particular direction (hence, ®lepe) depending on the wind speed. The slope probability as a function of

speed, VZARAA at SZA = 28 deg captures the glint accurdiglyré7-right top) and its tensity is toned
by the flat S surface. The parameters fofinear inversion are wind speed @), & s o |

optic

al dep

the path radiances. The latter is dependent on the first two variables through the full radiative transfer model,

but will beassumed constanttiris work66]
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Figure 7: [Left] The Cox-Munk equations for measured ocean reflectiof66], [68], [69] - Equation 3,
as a simplified 3parameter nm-linear function BRDF and sky/path radiance. The BRDF model is a
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function of view zenith angle (plot radius, contoured every 10 deg) and relative azimuth ki the
sun (plot polar azimuth) at a solar zenith angle of 28wind speed = 1m/s. [Right top] Fresnel kernel
(R) as a function of solar zenith.
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The current models are functions-@f@arameters only because reflectance measurements that could
invert for more complex models have not been available ddoi@els with more parameters can help
characterize more complex reflectance dependency on angles and surface types, Hrtablngxisulti
angular measurements can pave the path to better, mddescan then be used to design even better
measurement solutions, starting a positively reinforcing innovation loop in the fieldaoglaukimote
sensing. Models can be expanded in many ways. For eBRMplasingcomputer graphics may be done
with more than 10 variablg®OPp[72]for temporally and spatially varying phenomena. Compressed sensing
theory suggests the use of spherical harmonics (SH) to theoretically model radiation leaVinng]a[gghere
and the measurements are suggested to be the convolution of the images formed using indeggndent sour
Reconstruction can be done by incorporating prior information if available. Spherical harmonics based
reconstruction has been used for evaluating the geopotential of the Earth in the GRACEShiE&5n
The GRACE mission bears a qualitative similarity to the ERB mission, in that it represents a mathematical
field, the geopotential, on the surface of a sphéré&ince the SH model provides a way to synthiesize
complete distribution on the entire sphemmfaodiscrete sample on a sphteemethod has been proposed
for radiaion leaving the Eaifthi7] This dissertation assumes prior information about surfaceafupog
so that the any ground element can be reduced to a flat surface.

/Ml -1.3. Current Multi-Angular Acquisition Methods

Current multangular missions, NFOV or WFOV, have fallen short of making simultanecus multi
angular measurements limited by their geonfetigquisition. This problem was recognized in context of
efficient radiative forcing measurementhényear2000 and formation flight clustevere proposed to
mitigate it (LeonardBRDF [25], [59] However, the study was not conducted from a BRDF science
performance or systems engiimgestandpoint, narrow fields of view were not considered and results were
not drawn from or compared to existing missions. The study however fuelled the idea of exploring the concept
of DSMs for BRDF in systematic and comprehensive detail includirgoggipayload support and cost
estimation.

Airborne instrumentfeasuréocal angular reflectances and estiBRIeF very accurately because
they are able to fly around a ground spot taking thousands of angular meastinergetdsn standard for
BRDF specific missions has been on the airborne side in the form of the Cloud Absorption Radiometer (CAR)
[20]instrument which watevelopedtaNASA Goddard Space Flight Center (GSEBR has 14 channels
of bandwidth 810 nmbetween 335 and 2344.1inis designed to scénom 5° before zenitto 5° past nadjr
corresponding to a total scan range dof. 18@as an instantaneous FOV (iFOV)°adnd makes up 114600
directional measurements of radiance at ¥ygmgr channel at a spatial resolution-@&700nj20] The CAR
is flown on an airborne platfor(a.g. Convair G880 and €131A)[78][20]and makes measurements at a
~600m altitudeThe measurements show very good correlation with laboressyrements BRDF using
a goniometric setyp9. Airborne and lab measurements match within 0.03 at 870 nm and 0.1 at 470 nm, over
all viewing angles for Savannah vegdtgijpAs part of its angular coverage, CARseanmple BRDF in the
principal plane (PP) i.e. the plane containing the sun and the normal from {b&jtavheth imeededor
determiningsubpixel level vegetation structure and other land reanstegproducts Vegetation canopies
often exhibit a pronounced peak called the hotspot on the PP and the amplitude and width of this feature is
used to determine the biophysical parameters of the ved8@jtibtowever, air campaigns are sparse and
concentrate only on specific local megidt is extremely expensive, if not imposdiblecale up airborne
measurements globally or repeat them temporally with equal frequency. Space based observation is critical for
those purposes.
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Spacecraftan only approximate BRDF to varying degréescauracyFigure 8 shows what
monolithicspacecrafare able to measure blue versuswhat is required nesimultaneously to estimate
BRDF, in red. Some monoliths make all measurements over the sametpadsl€laithers combine
measurements over several overpasses (right). Since mostspatieesafare in sursynchronous orbits,
their orbits are very restricted with respect to the Sun and their 3D angular covelagiad dlke sensors
that conbine multiple overpasses (right) are even more at risk of inaccuracy because they combine
measurements taken over more than two weeks. For fast changing environment such as tall tropical clouds and
melting snow, the targetelf changesver this time.

T=0 week 0/

\‘s T=2 k:
P Y & T=2 week:

What is measured What needs to be . g
with a single satellite p———— S What is measurec hat needs t
over time and/or BRDE estimation with a single satellite measured for
multiple overpasses over time and/or BRDF estimati

multiple overpasses 2 » P
flga & =} -

Figure 8. Measurements a single satellite is capable of making, in blue, versus multiple angular

sampling measurements in red. affsénsorsrirahetop pagel
or over a few weeks for crossack sensors in the bottom panel, represents nominal time
differences that a LEO satellite takes to make the given measurements.

over

Table 1 Comparison of current spaceborne mission instruments with BRDF products (rows) in
terms of science metrics (columns)n all dimensions relevant to reflectanceRed highlights
indicate sparsemeasurements for BRDF estimation, grey row represents the CAR specifications as
comparison,last column indicates the instrument life Number of angles arenear simultaneous
angular measurements of the same ground spot and RGT is the repeat ground track period.

BRDF-related X

Measurementi’ Number (Si.rou.ndkPlx;l Revisit Time (any Spectral # if 1 Year of first
Current of angles 1ze In km view) in days Range in pm spectra Operation
Instruments ¥ km bands

IMODIS 1 0.25t0 1 ~2(16day RGT) 0.4-14.4 36 1999
POLDER 12 6X7 ~2(16day RGT) 0.42-0.9 9 2009
1CERES 1 10 to 20 ~2(16day RGT) 0.3-12 3 1997
IMISR 9 0.275to 1.1 | 9(16 day RGT) 0.44-0.87 4 1999
ZATSR 2 lIto2 3-4 0.55-12 7 1995
ZASTER 2 0.015t0 0.09 | ~2(16day RGT) | 0.52-11.65 14 1999
3CHRIS 5-15 0.017to0 0.5 | As per command | 0.415-1.05 18-63 2001
Airborne CAR |>10,000 | 0.01-0.27 N/A 0.34-2.3 14 1983

Current spaceborne instruments, as showiralite 1, estimate BRDF by making maltigular
measurementswing to their large cross track swath (e.g. MQ8|I8r ModerateResolutionimaging
SpectroradiometdPOLDER[81]orPo | ar i zat i on and Directi op@adrity
Clouds and Earth's Radiant Energy Systemmbined aBigure8-right multiple forward and aft sensors with
or without scanning aitiés (e.g. MIg&8]or Multi-angle Imaging SpeciRadiometerATSR82] or Along
Track Scanning Radiometer, AS[EBRor Advanced Spaceborne Thermal Emission and Reflection
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Radiometer) combined afigure8-left, or autonomous maneuverability to point at specific ground targets

that they have been commanded to observe (e.g. [B#RIS Compact High Resolution Imaging
SpectrometerTheCERES radiometers are présen Terra, Aqua and Tropical Rainfall Measuring Mission
(TRMM) with a resolution of 20 km in the first two and 10 km in the latter and have only&b&idse

they are primarily an improvement to the ERBE instruments instead of praadiitiogat BRDF products,

they are more applicable to the WFOV broadband €dkesthan CHRIS (which does not provide global

or repeatable coverage), MISR (with only 2D coverage) and POLDER (with very coarse spatial resolution),
none of the instrumentsqvide full 3D angular coverage within a short time frame. Those that do provide
angular coverage pay in terms of sampling resolution inatdeashe other four dimensions, e.g. temporal

for CHRIS, spatial for POLDER and spectral for MISR (maritedeali colors iTablel).

Figure 9: Comparison of angular sampling over one repeat ground track of 6 instruments ttoe
same location (except Landat). The sun is at1l80 azimuth and the shade of the spots indicate the
solar zenith angle (from[80]). Radius represents the view zenith angle and the polar azimuth, the

relative azimuth with respect to the Sun.

Barnsley et. gB0] have simulated BRDF polar plots for measurements by 9 instruments over one
repeat cycle (e.g. 16 days for @ IS) around spring time at a location of coordinates (50N,0), except
for LANDSAT whose target location was (16N,0). Six of the simulations are dhiguwret LANDSAT
(Land Satellite) has no angular coveragadagar ndir. Both MODIS and AVHRRAdvanced Very High
Resolution Radiome}dravelarge zenith coverage over restricted azimuth because of their large cross track
scan capability. ATSFhas two sensors with cross track scanning for both, one poutitiagthane pointing
forward,andhence shows zenith spreads in some zenith and some azimuth spread. MODIS and MISR show
near perpendicular angular samples because they are both on the sameTspaEiaaitross track and
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along track instrument respeely. The last instrument plotted called HIRISE is no longer a part of NASA
Earth Observation System (launch candelgtips been included to show its excellent BRDF potential. The
POLDER instrument was launched onboard the ABE@Hatform in 1996ftar the papej80]was written.
Thespatialmatrix makes it possible to observe, at a given timdinzehsional field of view albeit at a very

coarse resolution ofdkm([81], [86], [87]There is a large overlap of successivehetspequired every 20
secondsAs a consequence, a given Earth target is observed from up to 14 different directions as the satellite
overflies the surf ace amlgdas dnarsgular eoderageweary simiar tontdiRISEh 6 s
shown irFigured. CHRIS by virtue of the autonomous maneuverability of the PROBA platform can combine
the best of all the above but regaveeks to months of notice if a particular target needs to be commanded

to observe.

/Il -1.4. Gap ldentification #1

Angular sampling of ground spots is clearly an important measurement requirement which has diverse
applications in albedo, carbon budget and climate change. There is also clearly a gap in the angular sampling
capabilities of curremonolithic missiond air and spaa&especially when requirements for other sampling
dimensions are set. DSMs as formation flight (with NFOV payloads being maneuvered to point at the same
spot at the same time) or constellations (with WFOV payloadgywhuskspots overlap) are potential ways
to increase the 3D sampling in making measureMEQV. refer to sensors with FOV less than 3° while
WFOQV to those with FOV greater than 1@MSMs can be cost efficient aamgatellites, by using the 6U
CubeSastandardand the associated rideshare opportufilt8srhe CubeSat standard is considered a bus
constraint, the measurement requirements in the spatial, spectral and temporal dimesions are driven by the
stateof-the-art instruments (CAR, MISR) and the angular requirements are driven by maximizing angular
spread (CAR being the best possible spread).

Having identified a potential solution, a comprehensive tool is needed to evaluate the idea in terms of
sciece and cost, compare different DSM architectures with each other and to existing monoliths in terms of
science performance and cost. The science performance is especially complicated by the close interaction of
many sampling dimensions and the unavigjlaifiln objective metric to judge angular spread in itself. A
tightly coupling between the possible angular spread and its subsequent science value will be required. The
identified gap can then be filled by the proposed concept by evaluating andirsgsteimgtical[$8]

1l -2. Distributed Mission Design Methodologies
Previous research on distributed satellite mig8@&jnfO0Ehows that almost all satellite systems are involved
in information collection and dissemination ance treated as modular information processing centers. The
Generalized Information Network Analysis (GINB9] adopted communications theory and proposed to
measure system performance in terms of four quality of service metrics: isolation, integrity, rate, and availability.
Isolation is the ability of a system to isolate and distinguish informatitenfeigm different sources within
the field of view. Integrity is a measure of the quality of the information being transferred. Rate is a measure of
the speed at which the system transfers information between the sources and sinks in the nettyk. Availabi
is a measure of the instantaneous probability that information is being transferred through the network between
all of the sources and sinks. The three system level metrics proposed were capability, performance, and lifecycle
cost; where capabilitysahe probability that the system would maintain performance oveetepreéned
threshold over the mission lifetime (constrairite goal 0GINA [89]was to maximize performance and
minimize lifecycle cost, later adapted by RefdBfljas a mukobjective optimization problem.
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Mission degn methods have also included using fuzzy expert logic to make architectural decisions on
distributing instruments on melatform systenf@1] by formulating the problem as a combinatorial
optimization to select instruments, assign them to satellites and schedule them over the mission; mach
learning methods like neural nets for cost estifg]j@nd applying Obje&trocess Methodology (OPM) to
organize and prioritize critical decisions in fractionating planetarfo8jv€mstelkion mission design has
been attacked as a maltjective optimization problem for communication payijeatsd with a value
centric approa¢d4] payload notwithstanding.

Il -2.1. Small Satellite Nomenclature
Before discussing distributed missof small satellites and gesociated methodss important to
todelineatt he scope of 0 sworkihténdsdosatdeessl i t esd t hat this

In Europe, the need for standardization of small satellite nomenclaturst wastired in an IAA
reviewpape96] ESA defined small (3300 kg), mini (8850kg) and micro (580 kg) satellites while EADS
Astrium defined miniXL (10B000 kg), mini (460 kg) and micro (1200 kg) satellites. The review
discussed other small and large satellite nomenclatures, their typical revisit times, grounchsampledista
Earth observation applications. In the US, the National Academy of Sciences published a ref@r{ in 2000
defining the core obsvational needs (required measurements, data continuity, etc.), payload characteristics and
busesSze nomenclatuyéoweverwas not assessed. The first size based classificatioadeiasl991 by
Sweetingd8]and refined further by Kramer et al in 20@3into nano, micro, mini, small and large. Konecny
[99] later reviewed by Xue et al [5], exaediite range of mirgatellites from 100 to XMRgand removethe
medium 504000 kg satellite clas&lmost 50% nanosatellites (<10 kg), investigated i12@W6ad a
Cube&t form factor while others were sptadrirectangular or cylindrical.

Table 2. Examples of recent Cubesats for Earth Observation Missions

1000 o 1000
100

Cubesat Volume l

Type (cmXcmXcm) io

1.33 10X10X10 CanX-1, CanX-ArduSAT, PhoneSAT, Compass-1

2U 2 10x10x20 ION, CubeSTAR, QB50 constellation

3V 3.99 10x10x30 QuakeSat, geneSat-1, 0/OREOQS, CanX-2, Aalto-1,
ExoplanetSat, MicroMAS

6U (dev) 13 10x20x30 ChipCube, SOCRATES, SuperNova
12U (dev) 24  N/A N/A
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Picosatellite
Nanosatellite
Microsatellite
Minisatellite

Medium-Satellite

The |l ate 19906s brought in the CubeSat era in
used for technology demonstration and educational oufi€ddhthey havedound increasing use
scientifically significant Earth observation missions over the last decagatéléas such as the SPHERES
have been used simultaneously for science, engineeringlgstitigrtesting102]as well as outreajd 3]

Cubesats with scientificayevanpayloads leadingthe discovery amportant results in Earth science have

also been flowfil2], [95] All Cube&tsto date have been launched as secondary payloads #Cbe P
launcher. NASA funds a few dozen every year through the NASA and the Launch Services
Program[13]ELaNa). Satellites over 100 kg theeESPA (EELV Secondary Payload Adapter) ring to fit
inside large launch vehicles and are also launched as the secondary payload. NASA funds af#wslaunches
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class of satellites every year through the University Nanosatellite Progra@B&MNR3onstellation of 50
2U Cube8ts, is scheduled for a dedicated launch in 2015 using the Russiaar@hillbe the first primary
Cube&@t payload launche&eferencd101] has looked at monolithiCube&t technologies for Earth
observation whil&kekrence[104] plotted the typical altitudieclination options available for secondary
Cube&t launches. As expected, maximum opportunity is seen betw@&80 4080 and inclinations
corresponding to the International Space Station or Sun Synchronous orbits.
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Figure 1Q Small S#ellite Nomenclature (top panel) and examplg4d2], [95] of Earth Observation
Missions (bottom panel) grouped intovertical columns based on their sizbased classification

Figurel00 left panel defines the small satellite nomenclature to be usedviortkisnd for the
models developed in this research. The-setedi¢ class 10kg) ishe home for currently active CusisS
1U being 1 kg up to 3U being 3 kg. As ldegeedtsare developed, such as 6U at2&g or 12U and 27U,
the Cube&t standard will be pushing the bounds of-satellites into the microsateltategoryzigurel0d
right paneb shows the examples of small satellite missions, as revig\2dpiio 2008, categorized into
the above defined classes as vertical columns arranged by mass of theiViieltesatellites dominate
the space, over the last four years -satailites have increased greatly in numbers owin@tdo#at form,
launch opportunitieéow poer electronics and inexpesive communication solutions on amateur bands
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/1 -2.2. Model-Based Systems Engineering (MBSE)
Since DSM design and operation is a function of a much larger number of variables than its monolithic

counterparts, it is imperative to understand the-afésdand interdependencies among the variables early in
the designtage. ModeBased Systems Engineering (MBSE) is a useful tootiirgse A DSM desigimat
hasbeen used for many large missions in the past and has deceotigtrated success in small satellite
desigfil05]106]in trading conflicting design variables. It is a focus of working groups under the International
Council on Systems Engineering (INCOSE) and the developed tools have been applied to existing missions
such as RAMO05]and PHOENIX107] Specifically, the Space Systems Working Group (SSWG) has
developed an MBSkased CubeSat modBheseexisting tools for monolithic spacecraft and other space
design can be and have been adapted for distributed spaceasystdims

SinceMBSE isan acaatedframework fomodulamissiondesignsoftware tools to design different
modules for a spatased earth observation system have been available in the past. The space logistics and
interplanetary transportation industised the MlIdeveloped SpaceNE®@ modular and open source
tool[108] The CubeSat standard and associated documentation proviiisg standard to develop and
deploy up to 8U (4 kg) spacecrdf®9] Individual components of space system design can be combined from
different sof war e . For exampl e, or bit design can be don:¢
Analysis Tool) or NASA JSCds Copernicus tool. Spa
Plan Generator (Automated Scheduling and Planning EnvironmentNjA@PHEaestro tools. Specific
interfaces for risk and science return for Saturn and Mars missions are also available. Tools for specific science
data analysis such as USGS06s I ntegrated Software
Scienc®lanning tool can be modified for some mission design. Cost/risk associdistiittted launches,
staged deployment and reconfigurable constellations, all of which allow flexible design with increased costs,
have been studied at NBJ

/Il -2.3. Observing System Simulation Experiments (OSSE)

Observing systesimulation experiments (OSSE) have been traditiosedlyo quantify the impact
of observations from future absation systems such as satellite insttaroe grounébased networks on
data products such agather forecasts, by mimicking the process of data assimilation. In atmospheric
applications, real imperfect observations are drawn from the real atmdspdere iodel) to produce
estimates of global atmospheric states at sequences of time. For land applications, simulated land surface state
are propagated through the sensor measurement and retrieval process to investigate and constrain expected
levels ofretrieval error. The goal is to validate science return for proposed instruments and therefore the
instrument design. The historical development of OSSEs from simple equations to supercomputing models
have been documented in literat{k#0] and they have been used for designing CLARRED
HysplR[112]and the Hydros Radiomdil3]

OSSEs are very importdot effective DSM design in earth science, bettegaantitativgaps of
flagship missiorman only be established in the language that the science leads of the big missions understand.
For exarple, the measurement solution that wtsk proposes from MAO is intended to complement
current flagship and Decadal Survey missions, by alleviating some sampling requirements that could cause
creeps. The Earth Science Decadal $uivigy[115h s k e dSynkergies ofacomplementary measurements...cost

effective replacement of i ndi vi dentaclappsheawarda syséeemano v i
approach that ties observations together to\staitty ymdeestaxling BEyttem feedbackw hen pr oposi n
instruments for the next decHdet] Eight years | ater, only 3 of thos

Mid-Term assessment to stress on complementary solutions like hosted payloads and gtrfthadn fli
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Il -2.4. Gap ldentification #2
While MBSE and OSSEs have been developed in detallidtiyno published effort hategrated them
and used their synthesis as a coupled tool to design more optimal missions whose science goals are quantitativel
defined. Architectures can be generated by varying the design variables in the MBSEassadsiranits
effect on data assimilation and science products using OSSEs for an extended period within mission lifetime.
Since there is 0ideal angul arappiedto BRD& eeférence(ded@et put s
impossibly expensite maintain against astrodynamics, maintanble orbits are propagated and those that
minimize BRDF errors chosérhe coupled technique simultaneously addresses the current gap in MBSE
which lacks science evaluation and the current gap in OSSEs whieb englymint designs. Typical OSSEs
are very resourdetensive, and will need to be simpli§igghificantlyfor rapid architecture prototypirign
account for the inherent stochasticityatural systenamd their measurements, the sensitivity efrtipgified
OSSE tantrinsic varianceiie to topographic errpBRDF model inversion errors, radiometric measurement
errors andimited samplingn thespectralspatial, temporal, and angular need to be quantified.

1 -3. Application of DSMs for Multi-Angular Acquisition

The GINA formulation, introduced in Sectith-2, can be applied to DSMs for muatigular
measurements in the following mantastation encompasses spatial, spectral and angular resolution or the
ability tomake out signals between different angles, geo spatial ground pixels and spectral bands. Integrity refers
to the signal to noise ratio or adequate radiometric sampling, rate to the BRDF polar plots per unit time (as
those seen Figure9) and availability is the ability of the satellite to acquire, process and download data. GINA
also does not consider complexity and risk which this thesis will address. The angular sampling part of isolation
will be enabled byrimation flight and/or constellations (literature reviewed in Skcttandlll -3.2), the
spectral and spatial part of Isolation as well as Integrity by the payload instrumeht (3&cdod the Rate
and Availabilitaspecby techitd capabilities of the critical subsystems (SéidtiBr¥). After the review,
will summarize the gaps in existiygfems engineering literataheir applicability to mubingular imaging

/Il -3.1. Formation Flight Solutions
BRDF estimation needs formation flight (FF) orbits so that the satellites can fly in predictable relative

geometries and allow analysis of angular coverageoatiiéertical acal Horizontal (LVLHyround target
, as the satellites fly overhead. While a tight formation or close proximity is not essential, the satellites must
maximize angular spread and be able to image the same groundsiputltesrously. Hras been anabd
at several levels of fidelity, focusing on understanding and manipulating the relative motion of satellites in the
LVLH frame. LVLH or the orbital frame travels with the reference spacecraft but rotates based on the
spacecraft 0s dii6pltiassanies toahtlherEarth tomtesi uaderithe frame, whikdlites
observe the part of the Earth directly below it at any instant of time.

The |l i neari zed Hi |l I, Cl ohessy and Wi ltshire
equationd 17], [118llescribe relative motion between any two spacecradtnmagion and can be extended
to multiplespacecrafin this framework, one satellite is assumed to be traveling in a circular Kegterian or
while the others are perturbed from this orbit by a small quantity. From the HCW EtlaLi¢hs8]3D
accelerations for any satellith respect to the origin centered at the first satellite, X axis pointing radially
towardthe earth and Y axis in thieedtion of motion, is given Bguation4. The additional orbit perturbations
over and above these accétana arg1) J2 effects due to neapherical Earth (typically 2.4 X6 1/s2 in
LEO, (2)differential acceleration being 4 orders smaller for a 1000m sep@gdhond)pody perturbations
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due to differential force by the Sun and Moon orsgheecraf(typically 348.3 X 16 m/s2in LEO, (4)
differential acceleration being 5 orders smaller), solar radiation pressure (typicafynls? ¥ 1E&EO) and
(5)atmospheric drag due to small differences in the spacecraft shape and ballisticarakHiomspheric
properties (typically 3.2X-9@®/s2in LEO). These accelerations neegxtorrections addressed in Chapter
VI.
O W 0 W CW
O ® ¢gw
G G £
Equation 4
By seting the acceleration termsEquationd to zerq oneobtairsthe closed soletin s t o t he Hi
eqguations orelative geometries which do not need any active comtr@ihtain The analytical solution takes
thefollowing form[119] with 6 initial conditions:
0o —O0Bl0 2 PRI 1
€ € €
)
&

0o AT Wé—o&m @ oo o CT o
go TOBI0 G AT
Equation 5

It can be seen that the x (zemithadir) and y (along track) motions are coupled but the cross track/z
motion is decoupled from bodtelliptical motion. To avoid secular growth Btiked motionpnecan set the
secular term teero € ow ™) in the second equationBfuation5. The other 5 initial conditions
may be tweaked to produce the kind of relative motion desired nfjoledka offset in yY) can be tweaked
to prodice an irplane formation of a train of satellites like Higadn[120] The HCW equatits have some
closed solutions which can be used to makeanglilar BRDF measurements by formation flight without
the need of active control to maintain relative configuration in the presence of perturbing natural disturbances.
These are the string ofgoks (SOP) where the satellites remain in a string in theratrdirection separated
by a constant distance, say S km, cross track scan (CTS) which is esse@ffatiprfiguration extended to
include oscillations in the Z direction of any andglitund phase desired and the free orbit ellipse (FOE) where
all the satellites arranged in elliptical rings around the LVLH origin. The FOE configuration allows us to achieve
both circular rings (at an anglet@6.565 to the horizontal) as well as dliigh rings that have circular
projections on the ground/x=0 plane (at an angt86fto the horizontal)119]

Formation analysis using HCW models have been successfully demonstrated in the TechSat 21
missiofl21], [122hnd later in the MotherCube mission, by leveraging curvilinear orbji 2#8@ince
BRDF estimation requiresry largintersatelliteeenith angles, very lamgersatellitalistances areqeired
which violate the assumptions of the HCW equagwuas with curvilinear correctioHEW does not account
for Eartho6s curvature and wh dimear gynamigsaand geruthatians e r a
introduce large errors. Thus, while\Wi€olutions are a good approximation for trade studies, a higher level
of fidelity is required. Dual Spiral equatj6fyrovide relative equations of motion #radlytically factor in
the curvature of the Earth. @hrepresent the motion of a point about a secondary axis which in turn rotates
about a prama&yyrapisse®(s the motion of the point
t he angular radi.i of t hxgyiEpegoledf theBsecbndaoyraxistwhherespeet o n d a
t he pr i ma,rthe rotatior rate oatimedecghdary axis.
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d=90- acodsind, cosr, +cosd, sinr, cosut]

_ écosr, - sind, sindg
Da =acos2g pur— U
€ 2 u Equation 6

Under the assumption of the primary and secondary axis being mutually perpendicularaiall time
P representing the rotation of the Earth, the dua
The equationslescribe largescale relative motion of-atiitude satellites in circular orbits using two key
parameters, relative indioa (i) i.e. the angle at which the orbits of the two satellites intersect, and the relative
phase® i .e. the angular separation bet[@é&eanndavdrem wh e
be ~zero for this configuration otherwise there will be a collision. Relative inclihai@hrélative phase

(&) are given by the following:

AT® ATGAT® OEDROEDAIT Y

u Y Y& 0
'o U G U
... AT® ATOA'®
A0 —GEd6Ea
. Al'® ATOAT®
AlEO GEQGEQ

Equation 7

where &N is the angul ar separation al bigugllatTRe equat
T1 is the time between the satellites crossing their respective ascending nodes, n isrbicsngfuddther

satellite at their alti figudeklb) epresenting a differeneenn aic lerigdhr me d
from where the two orbits intersect to their respective ascending nodes.
(a) (b)

Relative motion locus of S1

with respactto S2

Figure 11 (a) Two satellites in cealtitude circular orbits separated by relative inclination §) and
phase differences@). (b) Relative motion of satellite 2 (S2) as seen from S1 (orbital plane marked
by right arrow) in an earth centered coordinate system, full sky geometry.

For circular caltitude orbits, the relative motion of any satellite with respect to another is an
analemma or a figure @8 motion as seen Figurellb, central figure. Here, S2 is the base satellite and the
analemma is the motion of S1 as seen by S2. Half height of the analemma is given by the relative inclination
('Q and the distance along the orbital plane equator from the baseline satellite by the reldtive phase (
Parametric equations for the analemma in the inertiatearib frame are given Byuation8, wherea i s
theazi muth of S2 at the earthds center about the p
elevation of S2 above the same pWithien the satellites are in the same orbital plane, the analemma reduces
to a point offset from the base sa&liy an amount equal to the spacing between the two satellites. The
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analemma trajectorieslicate their usefulness for capturing both SOP and CTS configurations by including
the curvature of the Earth analytically.
OBl OEQAOETIlD
| ¢0 AOATEDAITO
Equation 8

For any pair of sat@)llanegstsepaamsd makl y)aldmRAANh ¢
minimum kK ) earth angl&k) can be found frorfi24]
AT10 Al O0& ATr0 OET A
AT10 Al 04 OEl A Ai110
AifG AT B OEBAT!IAU
LE T c¢cOAT OAN Ug ATED
Equation 9
Higher fidelity models account for perturbations aacitmospheric drag, solar radiation pressure,
nonspherical earth and third body effects that accumulate over several orbits and need to be corrected for
periodically. The modified HCW equations introduce the effects of J2 perturbations due toshapebtdte
the Earth[125] and have an analytical fdeouation10) with parameters describedlg5] When both J2
and atmospheric drag effddt@6]are accounted for, the state matrix assunx&Sar, whichs a modified
version of the @ dynamic state matrix, and is required to be solved numerically to celatpudesatellite
trajectorie$l26]

Jl—s

Sl L — 5 ni)
2JTrs

¥ = XgCas( 1 —5 ni)+

¥ :—2?‘]“'“&, Sin(y1—s5 nr)+ vy, Cos{y/I—5 ni)
Jl—g

=
P B nl+3s | o,
z=Alr Cos(B(1]) 1y +————<LSin(B()r
(e} A0 os(B(r) 1) A0) in( By );
1 &y

. ny, (=35 . s
iy = 2' e Vo ==2nxgyl+s
where
=@(I+3(_'oj‘_‘.-'"r)

By i
A(r) =, B(r)

Ay

Bifl=n1+5 T

Equation 10

For the highest level of fidelity, orbit modeling and propagation software such as Analytical Graphics
Il nc. Sy st e ms-STKAAY)l Higk PréciBien O(bif BBdpagator (HPOP) is available. Full orbit
propagation can be performed for all the satellitesforthationand the solutions mapped into the LVLH
frame with respect to aeeénce satellite. Clogedmationflight trajectories are formed when satellites are in
orbits whose five Keplerian elements differ by a small amount or differentially. The relationships between the
HCW coefficients in some simplified cases and thenifééiKeplerian elements is given by the COWPOKE
equations or O0Cluster Orbits [M8tThe sbramajoraxisbiaani ons
exception because it corresponds to orbit energy, differihgclofwill break the formation. For circular LEO
orbits, the HCW and differential Kepleriements are relatedEguationlQ

When multiple satellites have the same Keplerian elements except separated by a smalydifferential
anomaly or TA, the resultant relative motion is the string of pearls\®@R)multiple satellites have the
same Keplerian elements except separated by a small, differessiakdllAasclination or RAAN, the
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resultant relative motion is thess track scan (CTS). Finally, if satellites have different TA, inclination or
RAAN as well gsrigee or eccentricity, the resultant relative motion is the free orbit ellipse (FOE). In a similar
vein, studies have also derived the relationship betwessidila of symmetric geometries in space (for
example, side of a diamond or the length of an ellipse) and the differential Keplerian elements to generate
diamond and rotating formatiofi29] Since HCW and modified HCW frames serve the same purpose and
have tle same formulation, these will not be considecedrentmethodology.

Ap = —ade

By = aV/8i% + sin® i6Q22
x(t) = Agcos(nt + ) a=0
y(t) = —2Aosin(nt + a) + Yorrs B=w-—0.
z(t) = Bocos(nt + 3) Yors = a(dw + M + cosiof2)

Equation 11

Literature to guide the selection of the chief orbit or the orbit of the referenceisamliteved
because previous studies tsnmvn ugarge differences deltaV requirements if formations are referenced
on critically inclined orbits (CIO) in comparison to sun synchronous orbit{§9STHe main causs
maintenance requirement in formations is due to J2 perturbations (and much less due to differential drag). J2
invariant orbits are designed to have osculating elements such that the difference in mean orbit element drifts
is zero to avoid secular gro\B0] The combinations of elements set to equal zero depends on the nature of
the orbitd polar vs. nowpolard and have differed by publicatidh30]vs.[59] Referenci 31]identifies and
proves (through simulation) two additional J2 invariant inclinations other than the critical ones. Therefore,
63.4, 116.6as well as 49132 can all be used to generate CIOs.

Global temporal sampling via constellati@sbeen studied in the p4$82][133] Onlyrelevant
literature to achieve mudingle cosrage will be focused upon here. WFQOV constellations f&QVidre
most applicable to esti mat e-syhchrenoug erbits dnetnet suitadld iorat i o n
this application because they miss the extreme of the systematic diurmed. WAtaditier constellations have
been studied recenf§32]133]to be among the most efficient configurations for wide area continuous
coverag. They rely on symmetric geometry and circular orbits to describe a constellation in only three variables
corresponding to the number of planes, the number of satellites in each plane, anuaae iptasing
parameter. Referesdé24]and[134 haveoptimized Walker constellations to minimize global and regional
revisit time respectively, and published the optimal number of planes, satellites and phasing for a given sensor
field of view.

/Il -3.2. Constellation Design
The utility of constellations fowultrangular observation is tfaid:
1.For global and/or more frequent coverage for NFOV payloads in formasi@hsstellations.
2.For capturin@ingulasignatures at overlapping ground spots, by\W$t@)/ payloads as constellations.

Continuous and coplete global coverage is also provided by the Streets of Coveragd &ittern
with excess coverage at the pfl&8] Flowver constellationgl36], [137]provide a more generalized
framework for relative orbits and coverage than Walker constellations. The flower satellites have identical
altitude, inclination and eccentrieltige Walker; and are modeled similarly with the add@f@mother three
integer parameters. The authors prove that they can project any symmetrical shape onto the Earth Centered
Earth Fixed (ECEF) just by varying the defining pararfie38tsan make it rotating frame independent and
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make the configuration compatible with J2 invariant orbits becausedadiinatéon are free design variables.

They have been applied theoreticallyatthEObservatiofil39] among others such as communication and
navigation. Recent work at N1U4]has also shown the utility offamt constellations, put together entirely

from secondary launches, which are capable of generating acceptable global coverage.

Geostationary orbits have neeb studied because of the compromise in spatial resolution for NFOV
payload, whose requirements are in theksnlscaleandthe inability tomage the poles when usiigOVv
payload$or TOR estimatiorover the entire globEOR uncertainty at high laites, attributed to factors such
as snow albedo, is a big component of overall TOR uncertainty and polar satellites in LEO or MEO are essential
to alleviate itEccentric orbits have not been studied because they yield formations that are unstable under
disturbances and require costly maintefi8&j&33]

/Il -3.3. Payload Customization
DSMscan make mulipectral measurements of a gdogpot at multiple 3D angles at the same time

as they pass overhead either using NFOV instruments in controlled formatiéimgiliggitleft) or WFOV
instruments with overlapping ground spots imaged at differgles flightHigure 1-right). While the
broadband RAVAN radiometer developed by JHU Applied Phydit4Qlahn be used asrepresentative
WFQV payload,mall VNIRimagingspectrometerare required to baustomizeds the NFOV payload to
measure mulingular, narrowand reflectance. NFOV payload modeling entails many trades. For example,
the signal strength and ground @endistance drops as the satellite points towanddiff or is at a higher
altitude, image overlap reduces with increasing pointing and position error and signal strength varies over the
CAR spectrum.

The pointing requirements for a mission with NFE@¥uments are relatively strict because all the
satellites have to point their NFOV payload toward the same ground spot at the same time famnigle multi
image to be correctly registered. If push broom sensors are used, only a single rowI|di@xeddatile in
the zenith angular direction and an error equal to the instantaneous field of view (iFOV) would lead to the loss
of one angular measurement. For example, if the iFOV,isOtlh en a s at el ¢wilicauges zeni
that satelie to miss the common ground target. This pointing risk may be avoided by the use of hyperspectral
snapshot imaging (HSI) which produces 2D spatial images with a single exposure at selected and numerous
wavelength bands. HSI is also required if constelati WFOV satellites are flown such that rantjie
images of any ground spot are generatediegistering the 3D images from all the satellites in view of the
spot because circular or rectangular spots increase the area and instances of YvE@apapheoach is a
constellation approach to the POLDER instrument and coarsens the spatial resolution of the measurements.

3D imaging or hyperspectral snapshot imaging (HSI) can be defined as taking 2D spatial images, where
each pi xel 0Otés alsopaptwred (EDIspectral)n Naposatglietrometers andlS imagerbave
been developed individually, but have been combined only in the last 2 years and have ndtdtown yet
example, Space Dynamics Lab is developing @BA&pshot hyperspetinstrument with very high spectral
resolution and tradeoffs with respect to bandwidth and horizontal si#plingwever it covers only the
visible speaim. Existingspectral imagefsr BRDF estimatiohave traditionally been very large. MODIS is
228.7 kg and MISR is 148 kg. CHRIS is the lightest instrument among the ones listed in Section 1B, at 14 kg.
Therefore, significant amount of development riedmsdone to reduce the maga multispectral imager
The radiometric precision, image quality and signal to noise ratios (SNR) of the small satellite images are not
expected to be similar to the heritage instruments such as MODIS arftbésBr, th images are required
to have SNR enough to distinguish signals captured by different satellites at different 3D angles so that co
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registration provides an accurate relatidd-angleimage. These observations may theztobwlemented
with high quality ata from heritage missiahsis providinga data dimension (angular) that has never been
captured before.

Hyperspectral snapshot imagers make measurements as a 3D data cube, as required, but have never
been demonstrated on nasmiellites. Theoreticalppular methods for imaging &g computerized
tomography to calculate the 3D input (x,y, k) fron
multiple diffraction ordes42], [143](2)image slicers made of appropriately aligned mirrors and grisms to
slice the 2D spatial image into a 1D vector and then disperse it $pédtré8lymultiple apertures at the
input lengl45]followed by a dispersive or a spectral element such as-Bdrabfijter arrdg46]and(4)
birefringent interferometers for spectral filtering bybeam interference followed by spatial/spectral
demultiplexing by passing the light through a Wollastor{Ig¥§nTomographic approaches suffer from
typical problems of inverse solutions, image slicers need cryogenic temperatures (although the modern version
of the Bowen slicer has demonstrated otherkibeJ optic redrmatters are preferred at visible and NIR
wavelengthi$48] and multiple apertures severely restrict the spatial FOV and thus ground resolution. Many
hyperspectral technologies have been based on the concept ofjtivauelle filtef$49] Liquid Crystal
Tunable Filters (LCTF) tsabeen used in several Hyperspectral Imager Systems (HIS)OArhgattype
LCTF which consists of a stack of polarizers and tunable retardation (birdfguigleerystal plates has been
used in many hyperspectral imaging instruments in the VNIR wavelength range. Liquid crystals however are
limited by the relaxation time of the crydtathe range of 460 m$149]- which is muchoo slow formany
applicationghat require fagtwitching of pass band wavelength to accommodate all wavebands within the
available integration time. A quicker alternative is the Bragg TungledfiBai). A volume Bragg Grating
or Volume Phase Hologram (VPH) contains material in which thefiniiféraction varies periodically. The
orientation of the modulation structure with respect to the incoming light determines whether the grating is
reflective or transmissive.

The four designs for snapshot imagers identified as payload candidasamdtiranglenance
satelliteformatiors are: waveguide spectromglBfid Acousteoptic tunable filters (AOTR52P[154]
integral field spectrograph (IFg¥]and electronically actuated Fdbeyot InterferometdiEs5], [156]The
designs and trades have been distusdetail in Sectiovil-2. Hyperspectrainaging cubes by nasatellite
payloads are also possible using the traditional Sagnac spatial heterodyne intgt#fpmétibesthis
technology has not bediscussed in further in this thesis, the methods to evaluate and compare it are similar
to those used for waveguide spectrometers. Past ERB radiometers in LEO, apart from CERES, have included
ERBE (first with active cavity on 3 satell[igsjland ScaRaB (ne¢850]158] However, none of the payloads
have been suited to package within small satellites

In the past six years starting with Swiss[26B§n 2009nanosatellitepayloads have gone beyond
technology and educational demonstrations and attempted toierdiie sontributions in Earth Remote
Sensindiyperspectral microwave radiometer developed by MIBQJusing a high frequency passive radio
receiver. VNIR hyperspectrometers for smaiéllites have been successfully demonstrated in Japan
0 T a[l6d]uging a Ritche@hretientelescope and COdhtained CCD image arrays. Adlts a 4009
spectral imager based on a tunable MEMS orauiaraied Fabifyerot Interferometer developed by Aalto
University in Finland. F#R radiometers based on microbolometers using many ogtimasedals have
been developed and te§1€@]163] CanX2 carries an atmosphesjectrometer, Cloud CubeSat MIN
camera and a polarimeterd QuakeSat a ULF signal s¢h6dt All these successful small satellite scientific
projects have paved the path for the minzation of telescopes as well as vitibliafrared detectors using
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CCD or CMOS arrays, SWIR or FIR thermal detectors, usage of dichroic filters or gratings to disperse the
different wavelengths of incident ligirid on-orbit calibration techniques usinfyared lasers/illumination
lamps/natural sources. Therefore, while development of HSI for the BRESatedlitess a clear challenge

there are past resources thatatdmndnform the process.

/Il -3.4. Supporting Small Satellite Technologies

This sectiomwill review literature on technologlest can potentiallgupport the critical subsystems
of a nanesatellite in anultrangleDSM. The intent is to assess the sthset with the goal of using them as
is orwith minor customizations in tiperformane analysis modés will be defined in Sectitvi-2, the
mission bus requirements are set to: mass less than 20 kg; physical dimensions within a 6U bus; and averag
power less than 40W, so as to adhere to the expectedftitnestic) ~6U CubeSat standaEigsting
CubeSat capabilitiesaittitude control, onboard processing, communication and propulslmndiscussed
below

For the formation and LVLH motion to be intact, the differential orbital elements ambag all t
satellitesn the formatiormust be maintained within error margins. In Low Earth Orbit (LEO), the major
disturbances to be accounted for are atmospheric drag and J2 effects duspbegicatbarth. If these
disturbances act on the different stgalrbits differently, it may cause the orbits to drift apart and eventually
break the formation. Atmospheric drag causes the semi major axis and eccentricity of the orbit, and therefore
orbit velocity and period, to change. For acigarar orbit, SMAnd velocity change per orbit is:

YA e #jT M
Y6 A#1jl MAG
Equation 12
where O 0j & represents the ballistic coefficient of the spacecrdfe atmospheric density of the
atmosphere at anyven altitudeand @ andw the baseline semmajor axis and velocity of the satellite
respectivelf satellites in the sarfiemationhave different ballistic coefficients or are at different altitudes,
it will cause their orbits to decay in differeaytsw

Correctionsjf neededcan be provided by propulsion systems aimed at raising the altitude back
periodically, either by continuously providindhlest or using Hohmann transfer every few weeks to correct
for the YéBWhen the required altituti® is knownEquation13 shows the requirédto wherei is (h+Re),
iis(h+tReY®)andQi s t he Earthdés gravitational constant. |
orbit, theYwrequiredo correct it will also be calculatecElyiation13165] The burn will be performed at
the perigee, which is assumed to fe+&e)to lower the apogeeito= (h+Re) and thus circularize the orbit.
If the perigee is not at the required altitude, a Hohmann burn will be required to correct that as well. These
equations will also be used to calculate the propulsion required to initialize the formatioste lfaithns

Y6 Y6 Y6
. [_ cO
* 5 5o °f
< t cO
% 3P 506

Equation 13
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J2effects ause a satellitebds right asctheamougivenof asc
in Equationl4(in degrees per day). Corrections need atafgecause they effectively imply a plane change
at orbital velociti§s65] Equatorial orbits need lesglffor the plane change than polar orBiternatively,
missions are designed to account for or even take advantage of the rotatioisy{edarenitity)J2 also
causes rotation of the argument of perigee, however since this thesis looks & swiiytitwas with circular
orbits, those equations have not been modeled.
YU pl* 2 AA ATEYp A
ATYp AT OHE AIXD
Y6 ¢6 OHii¢
Equation 14
The above equations aredralily for impulsive propulsion such are chemical or cold gas propulsion.
Electric propulsion provides an alternative solution. Its high specific velocity (Isp) and low thrust require longer
times and | arger !V, howe v assatthacbseofpowen Wher usingrelecsrip o n d
propul si on, the required l'v for pl ane changes o
equationd 66], [167]simplified for this dissertation applicatioBdnation15 V1 and V2 are the initial and
final orbital velocities, ai¥ehis the required plane change
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Equation 15

The time to complete the maneuverheinpatpdwbréeon cal c
the thruster (P) and efficienty d from Equation16 Mf and Mi are the final (wet) and initial masses of the
spacecraft from the standard rocket equation.
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Equation 16

COTS propulsion modules available for reatellites could be cold gas thrugi®&lor electrospray
thrusterg11](which are not yet ready for fligitie CanX2 mission has successfully flown a 0.05N, Isp 45s cold
gas thruster developed by Vacco Jpé€e Surrey Space has flown a 450 g, 0.01N, Isp 69s butane cold gas system
developed by Polyflex Aerospace Ltd on SNAPG kg small satellite, which performed proximity operations on
orbit[170]Au st i 3DPrantedd ) supports 6DOF thrusters with 'V c
0.125 mNs and flight heritage on 816 MEPSIThe propulsion tank is scalable linearly up to 3U, thus up
to 120 m/s oft Vcan be made availdble

Theformatiod s i magi n g poneddy the aditude determmation and cosygiems
(ADCS), housed under the GNC (guidance navigation and control) module in the Systems Engineering model
(Figurel9. Depending on the mode, the satellitdsnedld to constantly change their attjtadedefined in

1 Quotations and email communication with the company. Spec Sheets avaijaiielsttinsat.net/colel
gasthrusterfor-cubesats/
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their bodyfixed reference systeim,order to point their payload toward the ground tamgetefined in the
geocentric equatorial reference systenfIlB{)An intermediate reference frame, called the orbital or LVLH
frame, is a useful transition between the almv&he orientation of a satellite in the LVLH frame is defined
by a 4D vector called a quaternishich mapshe satdlite attitude in the body frame to its attitude in the
LVLH frame. Itcorsists of a threelement hypamaginary vector part and agételement scalar paft:
nHAR LW/Q R, where the quantitisuHfollow a set of rules analogous to the stfigiension
imaginary numbé® 11 p, and similar in form to the rules for forming cross preduibe real coefficients

of the quaternion components nii@yexpressed in vector notatésy, 1 1 i 71 . Given a rigiebody
rotation of anglg about the axig,hexpressed in some reference frame, the resulting oriemetidoygunit
vector of the body méde characterizedEquationl?. Thus, the inverse of a quaternion may be found simply
by changing the sign on the vector part.

Equation 17

Equationl7 can be used to calculate required attitude states, given an imaging foodatamtsatellite

states, as will be shoimrSectiorVI-3. A separate set of quaternions for orienting the satellites from the LVLH

reference to the inertial 1JK frame is needed to ensure any extra control that continuous Earth pointing may

require. Up to an additional 0.p&r second of skéng per satellite, also known as thepjlr maneuver, is

needed for continuously orienting the HCW or LVLH
Given the required nadingleg) and azimutlangl€l ) attitude, attitude erro@( i n  aamdi mut h

& | n), positioniemorsd in-t r ac k o r -track or CEeRs radial ojgearth radius Re and orbit

altitude h, the magnitude of mapping error in the respective directions can be calculated by the following

equationd 35]in kilometers:

AzimuthError=¥8 6 $6 OET s
.AAEO AOOI O E YBe$TOEI =R
e o 2R
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Equation 18
Elevation of any satelli@ (Earth central angle)(length (Lf) and breadth (Wf) of an elliptical footprint due
to an angular conical beam of width FOV can be obtained from basic E8Ghetry
, £SO/ j6O Ed
7 /£ $ORI/ 6
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Equation 19

Previous work on precise pointing control in a hardméne-loop (HWIL) simulation was studied.
Tests reviewed included the SPHERES Program, GNC systeevelopment via MicroMA&71]and

Pageb3of 243



ExoplanetSdtL72] and DSS metric evaluation via the Teiaé®lanet Finder (TPF) program and DARPA
System F6n a bidto develop statef-art algorithms for MAO formationfight. The reaction wheel stage of

Exopl anet Sat , both in simulation and HWI Lwnwverific
pointing precision at LEO within 40 arce€2]or 0.011. An additional fine pointing stage is expected to
increase the pointing precision ten times. Mi cr oM

on the same testbed and the airibgawas able to closely track the commanded angular origmation
verifying the existing HWI L c oretwithatar traxkennanda&is i o n . E
reaction wheels claims to provide up to 0@0dointing determination and ©.6f control.While XACT

has never flown, MIT0s H[andawshowa upito0.0Cfcomtpol. I dpaé, L) | at
CubeSats have demonstrated betwee(l Orbi v e r s i t BRITEfL74)Taod 2¢CanXsErigs75) of

controlwith sun sensors and magnetomeBR$TE 10 arcsec of determinatidine ADCS design of the

MiRaTA satellif¢ 76]captures the current staffiethe-art in terms o€ubeSat attitude control actuators3for

axis stabilization (reactiovheels, magnetic torquemH}jtude determination sensors (sun sensors, earth
horizon sensors, inertial measurement devices, magnetometers, staanidalkierene ADCS solutions.

A large number of satellites ifoamationperforming 3D imaging is expected to generate a large
amount of data. The data nedd be processed onboard, compressed and/or -liioked. The
communication module has not been explored with link budget equations, sinceCstheSapértsard
heritage LEO data rates can be utilinddch is assumed to Befficientin terms of the link bueg
atmospheric conditions andligsat hardware

NASA Jet Propulsion Latatory has demonstrated a 50 $/Mbpwnlink from the International Space
Station(OPALS) over 148 secofiis7] The Aerospace Corporation is currently building a 3U CubeSat
(OCSD) to demonstrate the same optical downlinéfrgpeto 50 Mbps from LEQL78] MIT haslaboratory
testeda CubeSat optical transmitter that can achieve at least 18Udppeed by fine steering ADCS
capable of B&rrors better than 0.CI279]N A S A JSRRAGnESSsIon is a technology demonstration of a
practical, low cost Kiaand High Gain Antenna (HGA) on a 3U CubeSat that will enable 100 Mbps downlink
data with minimal impact on spacikcerass, volume, cost and power requireifi&§sExpected to launch
in 2016, the supporting hardwareflectarray antenna filve CubeSatrad a KaBand beaagotransmitted
has already been tested. T h Ka-bant pasaleolic eldplbyabietanteénma a d d |
(KaPDA)development effdit81]and commercial manufacturers show higher bandwidths in the near future.

High-data rate laser communicatmmmm has beam divergerméting the telscope of ~0.62
0.7°[178] and nanosat ADCS systems are usually not equipped to provide determination and control to match
those beamwidths for downlink with minimal pointing ldes/everthe mission proposed in this thesis
already has mexn pointing requirements and mission science (SNR and ConOps) would only benefit from
better pointing. In the lack of precise enough pointing for laserkarbamd or X bandommunication thus
provides amlternativeo retrievehigh volumes afata fromthe nanesatformatiors.

Downlinking can also be alternatively achieved by having a high capacity downlink on one leader
satellite and have all the others transmit theitodiatarough intes at el | i t e | i nks (I SL) .
program (expectddunch in 2015) plans to demonstrate ISL and the above downlink strategy among 8 1.5U
CubeSat®2]. There is a tradeff betweerdirect downlink from all satellites and istdrdata transfer has been
briefly analyzed. Forany pairoésatl i t es sep &y aared t mu®AANom&l y ! m, t

2 http://bluecanyontech.com/product/xact/
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and minimumk( ) earth anglé) can be found froifi 24JandEquatiorg, from which intersatellite distances
can be computed for all time instances to analyze theffrade

The onboard processing unit is primarily used to reduce data onboard before downlink. An example
of a standardized COTS unitfo’)|boar d processing i s -MAaGdlar@&eéssiiys Spa
unit. The design useSpaceCube 1 that flew on the Hubble Servicing Mission and the ISS MISSE7
experimenfi82] SpaceCubklini wasused within the Intelligent Payldageriment (IPEX), a Cube $laat
launched in December 2013, thus raising is[T&]At has demonstrated high fidelity operations models

andhyperspectr al i mage processing, both of which ai
Altimetry application has shown a 6:1 reduction in downlink data by moving first stage ground operations on
board, to makéormation science data manage&teh er al ternatives include Sj

PEARL system that uses the LEON3 chip, supports Linux, VxWorks and RTEMS as operating systems (OS)
and is TRLY Ae r o f699emicibprocddsbr which has the same specs as PEARL but,isSpRtd

Micro Inc.ds Proton 200K r unni nBiOSorProtorh40KTuamng s | n s
on the Freescale chip and a Linux OS both at5sT&Rb8d Br uhnspaceds BAP e2000 1
utilize the ARM Cortek3 cheip and the Linux/ RTEMS O& TRL %.

/Il -3.5.  Gap ldentification #3

There are many framewaokassesformation flightn the LVLH frameas discussed in Sectibn
3.1 but they arall valid for small distances (<50 km) beyond which the linearizatisndorgabecausef
Ear t h 0 s effects and assaciaterl gradtyvature and gravitan be corrected for by using #ioear
HCW equations for example nofinear instead of linearized gravity gradidrich include the effects of J2
and atmosphgar drag Alternatively, solutions from the linear modelsbeanumerically corrected for the
Earthds curvatur e. fordlobaharbit prdpaggtione veryfcamgutationailyyintensivel e | s
when creating LVLH formations, a process torstie@athe design variable space is impoftaete exists a
gap in modeling of formations with large baselines in the LVLH frame. Development of such models can help
constrain the variable space for global simulations and make for more efficient software.

A full payload model is needed to understand-aféslbetween the different sampling dimensions
(spatial, spectral, radiometeric) and angular dimension constrained-diyarstate available COTS
technologiesAs concluded, muléingleDSMs will med hyperspectral or multispectral snapshot imagers to
allow for maximum overlap among the ground spots dliffteeent satellites. Since H& nanosatellites
has never been developed, a sydiasex] approach in designing them and evaluating Hileilitiean context
of the sampling trad#fs and mission requirements is essential.thesis will present a highiel payload
design, paving a way for detailed, PhéesecBoptics dégn for validation.

A modular systems engineering model cowlle@xistingstateof-art and COT$echnologieflike
in Section 142.4) is needed to evaluate the DSM architectheggchnical support requiremeipiedicted
by the engineering modedn be searched foom such a library or datab&sassessthnical feasibility as
well as calculate associated costs. Ideal capabilities include easy updating of the library as new vendors ol

3 PEARL spec sheétttp://www.sdl.usu.edu/downloads/pearlsoft.pdf

4UT-600 spec sheéittp://ams.aeroflex.com/pagesproduct/predisetieon.cfm

5Space Micr ods Rtp/iwevmspacemice.poeniprodudisedigitsystems.html

6 Bruhnspace NIBAP series specdittp://www.adv.bruhnspace.com/index.php/en_us/englist8-

engliskus
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components become available, automated software to check if current capabilities can support the architectures
in the tragspace and automated software that will iterate on suggesting downsized requirements if the proposed
ones cannot be met. This dissertation will address the above process manually, with recommendations to enable
an efficient, automated systé@nly the crical subsystems identified in Sedfiio!3.4 have been sized in

terms of the metrics and inputs identifidéigurel5 Mass, volume and power sizing of all the subsystems

in the satellites or fulpacecraft packaging has not been performed.

" -4. Cost Models for Small Satellite DSMs

Il -4.1. Existing Cost Models

Formal cost modeling in the Phase A stage of the mission lifecycle was started by JPL after the
formation of Team X more thdg years agt84], [185]Their model included costs through all phases of the
mission using data from 60 Teami§sion studies for model prediction and validfti®#], [185]The
payload model washemistivg186]and the spacecraft model was based on the cost per subsystem as a function
of the weight of that subsystem. Wrappers as a percentage of the total acsti@ftspnd instrument
development were used for the following Work Breakdown Structures (WBS): program management, outreach,
systems engineering, assurance testing, launch vehicle and integration, etc. The statistical tools that JPL uset
for cost modehicluded: (1) Regressive fitting of polynomials (log or linear); (2) Residual analysis to find if there
were correlations between residual cost and other variables that were not captured (e.g. design life) or if the
distributions were normal, variancesfsigntly different from the original population (using F or chi2 tests);
(3) Model Validation where in the analysts kept 30% of the data aside for testing purposes and asked if the
model predicted and actual populations differ with more than 95% cenfidand chi2 tests); (4) Monte
Carlo simulations to check the model output against probability of predictions, confidence intervals and
possible forecast errors.

The RAND Corporation did an extensive survey of small satellite missions with tleedatemt &
cost model through analogy. They used 12 NASA missions and Cldr&ftjtind evaluated total mission
cost (or TMC) from conception to data analysis. Costs were collected and analyzed by phase (design,
development, test, launch, operations) and spacecraft subsystems and labor rate assumed to be
$132k/professional yearhey found the average NASA small satellite mission to cost $145 million, take 3
years to develop and have a dry mass of 407 kg which accounted for 41% of the TMC. Technical specifications
considered if187P[191)were design life, apogee, inclination, contractors #, instrument mass, propellant mass,
dry busmass, total wet mass, spacecraft volume, launch vehicle, upper stage, bus pointing accuracy, bus
pointing knowledge, stabilization type, thrusters #, fuel type, thermal system mass, power system mass, solar
array material, array area, array efficiergignBgOf-Life (BOL) power, En®f-Life (EOL) power, system
power density, battery type, downlink Data Rate (DR), communication band, transmitter power, central
processor Million Instructions Per Second (MIPS), memory, harness pinouts, andnBsuof€dde
(SLOC). Finally, actor of complexity was calculated through a discretfl8Z4/¢189¢ost per kg of the
spacecraft was normalized using this factor and regesssicsis, where S/C Cost (in $K) = 64.37*m*FC +
9095187] Complexity waaccounted for quantitatively (vs. JPL which only used a binary variable). Complexity
parameters considered included Technology Readiness Level (TRL), mission type, design life, spacecraft
density, instrument mass fraction, bus pointing, solar array amdsystem efficiency, DR, proc, SLOC,
memory.
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The typical problems that RAND uncovered with respect to spacecrafft88timere data limited
bysmall samplgets because large scale production in spacecnaficturing does not exastd bysuppliers
rarely making internal efficiency optimizations because delivering highly integrated payload requires very
specific designs therefore no minimal generalizations and diverse stakeholders for evierpaosifdton
Expert opinion proved superior to formal estimation in 33% cases (15 total), inferior in 33% and no difference
in the last 33%. Unmitigated technical risk was identified as the biggest factor in costl88¢rranss
studied being SBIRS and GPS, and the risks were primarily attributed to inadequate systems engineering,
aggressive adoption of commercial standards for military applications, lack of process controls at contractors
or their lack of domain kmdedge and reduction in acquisition workforce due to budget cuts. In spite of the
above problems, some projects did have risk assessment for each WBS but were limited by the following
problemq188]
1 Little data aailability(e.g. inadequate reviews of contractor work)
1 Credibility(e.g. inadequate experience, judgment, independence)
1 Limitations in risk quantificati¢e.g. analysts assumed 17% cost growth when historical data showed
50% growth and led to 250% inlitgaexpert subjectivity, erroneous -poebability distributions
for oO6risks?o, random functions were used for pr
1 Unavailability of methods for large cost grdet. risk is defined as variance of prediction so low
prediction impes low risk without any validation of such an assumption)

The RAND study of Air Force Missions found that most mission costs grew over their lifetimes. A metric
called Cost Growth Factor or CGF was defined as the ratio of the final cost to the estitsatesing

Milestone 1l estimatg489]whereCGF <1 represented under runs and CGF > 1 represented overruns.
Uncertainties antbst growti{189]were identified to be caused by new technology, economic conditions or

rare events after accounting for funaiatpgory, inflation, timeline/milestones and other such correlations.
Recommendations included using many validation methods and having a consistent tracking method in place.

Model Scope

Unmanned Space Vehicle Cost Mode USAF/NASA/commercial satellitedenm payload:

Passive Sensor Cost Model Space Sensor components

NASA/Air Force Cost Model USAF/NASA, Earth/interplanetary/manne
satellites, instrumen

Small Satellite Cost Model Spacecraft < 1000 kg, Earth/interplanetary

PRICE Commercial and general purpose

SEER Commercial and general purpose

Table 3: Typical cost models available for pricing the development and operation cost of a LEO
satellite mission[188]

There are several cost models available for costing satellites in low Earth orbit (LEO), as identified in
Table3[91] The major methods are categorized under top town estimations or parametric models, bottom up
estimations or component modelslagy based estimations from historical missions and expert judgment.
Specifically for Earth observation missions from LEO, instrument cost is a parametric function of mass, power
and data rate. Bus cost is the sum of costs from different subsystens avphafametric function of the
subsystem mass. Integration, assurance and test (IAT) and systems engineering (SE) costs are a function of
satellite mass (recurring) or satellite costréoomring) while operations cost is a function of lifetime and
spaecraft cost as obtained from the NASA Spacecraft Operations Cog$il B&jd@perations cost of small
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satellites is 8% of TMC and 20% of bus, edsich immuch more than large satellites where operations is 7%

of bus cos{192] Program overhead includes recurring aneretamring[91] costs with respective cost
estimating relationships (CER) errors of 39% and 36% (lower for small satellites). Overall overhead is 8.9%
and 9.3% of bus cost for small and large S/C respeldt8/gly[192]

Schedule slippage (RSS) as percentage of total development time is a function of the TRL of the least
mature componern9l], [193] which in turn can map to cost overrun as a percentage of TMC [25].
Programmatic risks can be defiasda function of sum of all TRLs below a threshold or to make them
architecturally distinf@1] Launch risks are significantly lower if distributed launch is used, therefore making
a stronger case for DSMs with staged launches. Launch risks can be quantified either through a concave risk
aversion curve or through the concept of entf@dy, [194] Accounting for net present value and cost
spreading improves the above cost estimates.

/Il -4.2. Costing multiple copies in DSMs

Cost modeling has been done and published publicly for a few plaMsedor example, GEOScan
[26] TechSat 2[B9], [90] DARPA Phoenix107]

The GEOScan (66 instruments of <5kg each for Iridium NEXT) mission proposed to minimize cost
using standard John Hopkins Univesplied Physics Lab (JHU ARiysiness practices and a streamlined
management approach. Their studigally assumed a cost copy factor of B8%], [186][L95]performed
regression analysis on JUNO JEDI, Van Allen Probes RBSPICE and STEREO and valitlatgy facbor
of 30-40% for their engineering practices.

The Generalized Information Network Analysis (GINA) tool was developed at MIT and applied to
TechSat 2[89]to evaluate performance and cost of a DSM. Complexity was not considered aside from the
number of spacecraft. The authwraracterized capabilities of a DSM as a function of informalkidions
rate, integrity and availability and performance as the probability that system satisfies requirements in terms of
capability and used Markov states and integrate on lifecycle cost as a sum of baseline cost and failure
compensation cost. The cogidel captured program slip and adaptability metrics (e.g., changing configuration
for the same mission, i.e., elasticity, or adapting for different mission goals, i.e., flexibility) could be added. The
GINA model was combined with multi objective optititinato select the most suited architecture for any
specific missiof®0] For example, in the Terrestrial Planet Finder case study, the trade was between acquiring
a certain number of images ameldost as characterized by the GINA model.

The Phoenix program assessnj@ff] performed by JPL and Aurora Flight Sceneses a
complexity based cost model to estimate development[t®4is[L96] it uses parametric equations for
programmatic cost estimation and the usual 85% NASA learning curve estimate to calculate the cost of making
many copies of the same spacecratft.

/Il -4.3. Launch Cost Modeling

Modeling launch costs for multiple spacecraft is difficult because of the compléxiosing c
between single and staged launches and/or primary and secondary launches. TransCostSystems in Germany
[197lused oO0cost engineeringd applied to Launch Vehi
cost rather than the traditional approach of maximizing performdnoenanizing weight. LV cost models
demonstrated included PRIEE. TRASIM, TRANSCOST and it was found that all CERs compute costs to
be 1525% higher than ideal cost. Cost was calculated as a function of payload capacity, engine technology,
number of engiqualification tests, engines per stage, maintenance and refurlisiweemteight did not
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immediatelynean lower cost. For example, thrusters were found to last longer if oper8tédbatdwv
maxmumthrust therefore eliciting a trade betweemtiggierformance and deployment cost. Similarly, there
was an automated optimizer to tap into different technologies to minimize cost.

/Il -4.4. Risk and Uncertainty Assessment
The RAND reports[188], [189]discussed in the previous sections highlight the critical impact of risk

on costandfurther literaturesi reviewe to summarize available methods and statistically derived gquantities
guantify estimating uncertaifit89] The studies concludéudht uncertainty about technical and programmatic
inputs need to be quantified. Expert opinion has biases stemming from information availability,
representativeness, anchgragjustment and overconfidence. There may also be conflicts of interest or the
process may be owershed. Caussffect relationships can be quantified using Markov trees. Risks should be
defined, understood and evolved with an evolving system. Recommgh88jmmssk assessment included
the use of multiple independent experts, asking expertsitie paba minimum, upper, lowwad mostikely
values for cost elements under consideration, fitting@etriistribution to these threembers and using
the upperlower values to bound 90 percent of the probability; eliciting other perceatidi@s and
providing feedback theexpert in an iterativdocumentegrocess

Historical
Analogies

CostGrowth

Deterministic
Factors

Sensitivity
Analysis

Quantitative
CostRisk
Methods

of Propagation
Errors

ExpertJudgment

Errorof
Probabilistic Estimating
Method

Method of
Moments

Monte Carlo
Simulation

Figure 12 Summary of cost risk assessment methods suitable for spacecraft progrfib®g]

Cost Risk methodologif0]include qualitative and quantitative methods as sh@&iguiel2
The following cautions apply to data collection and analysis methods mentioned in the figure. Historical
analogies need crddilolata from similar projects which are hard to find and susceptible to large time scales.
CGF may be dataased but it does not capture layers of influence that caused the growth. Sensitivity analysis
needs exact CER®wever, if the range of variatismot known a priori, select hazards should be identified.
Probabilistic outputs as distribution functions instead of a deterministic point estimate should be encouraged.
Error propagation is easy when CERs are linear, but complex relationships inetiglong gf input and
accuracy of computers need to be considered for probabilistic outputs.

Subject matter experts are capable of estimating cost and unaadaiatyery flexibldut they
mayhave bigsso careful iterative conduction and docu@on is required. Different methagtseownin
Figurel12 should be combined to avoid btaseping in due to the use of only one metAoaiethod of
moments is easy for normal distributidnseans, variances addr Bther distributions, percentiles are hard
to calculate. For such cases, Monte Carlo (MC) finds integrals and sums of random variables which are too
complex for closefbrm equations. MC methods may add and propagate variables, different distributions
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(Weibull, lognormal, triangular) can be used, expert opinion can be included, correlations captured and
interpretednumerically. It is a computationally expensive method and saved only for very high fidelity
calculabns.

Overall, methods to evaluate utaipty are suggested in the RAND Cost Uncertainty Report for the
USAF Weapon Systeii90]
A Benefitcost analysi®ut benefits/risks difficult to quantify)
A Expert judgmentuse Delphi method but experts can disagree)
A Fault tree analygi®r complex, correlated risks with specific hazards considecedtaigks rolled
back into the WBS)
AFocus groups/onen-one interviewsfor individual behaviors, communication error warning esp.
among decision makers)
ARoot cause analysis or FME@Xamine the consequences of failures or risk and chains of them and
makerecommendations. Can also introducedhé&ol system approach of STAMP
A Behavior modelin@ognitive processes of humans in the loop)
A Databased methodgornado plots, regression analysis)
AIntegrated assessm@miecision, validity, bias, dominos, iéxso that credibility of methods can be
validated)
Technical, economic, cost and schedule risks should be cofstfgeed the method will depend on the
program and potential risks i.e. scenario driven analysis. There should be a preference for the more complex
methods (probabilistic or sensitivityyaaese they can be tailored to the program. Historical analysis should be
used in cases characterized by little time or information or as a supplement. Monte Carlo is not always the best
because it lacks transpareisgybject to implementation errors aaduires significant data and time.

Value centric risk assessment (or VCRM) was first mentioned in the context of the DARPA F6
Program in3], [94], [198for value centricebign in academia and industry. Risk types considered were:
technical (e.g. low TRL of a new component being depsgyalgmer battery), cost (e.g. outsourcing not
working out due to export control), and programmatic (e.g., the launch vehicle nRiskadghagement
mechanisms suggested were: take, avoid, and mitigate. VCRM was given a stronger quantitative framework
when applied to the DARPA F6 Phag&®]. The report quantifies probabilistic impact of individual risk
items on project value using Va#RiskGain (VARG) curves. They recap the traditional approach of VCRM
(Identify, Analyze, Plan, Track, Control) and typical Tools (Layers of Riskddedeadn influence on the
risk, Ri sk Matrix). The management plan tracks th
addresses the shortcomings of the traditional model where the impact on mission value is npadantified
coupling andetoupling of risks not available. Risks are identified from and coupled to the uncertainty source,
andprobability of occurrence is available from a Markov Model S+ state transition matrix where robustness
and adaptability measures can also be codetnpaskis computed by turning inpknobs (individual and
coupled)YARG, probability and impact computed over lifetime (like Monte Carlo methods).

Il -4.5. Capturing Complexity
Since all risk reports caution against technical and programmatic risks atellgesafiaszk state of
the art technologies into a small form, it is important to quantify complexity of small satellite DSMs and map
this complexity to cost and risk. Typical spacecraft complexities discussed in the literature fall into three
categories:
A Componentevel complexity
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T Aerospace Corporation has a very evolved method of quantifying component complexity relative to
existing flight components and c¢l ai ms[200tf t o b
[201)

T Technical uncertainties can be factored into component complexitiesnesoa 6f TRL as
demonstrated in the DARPA META progrgra4]

A Structural complexitj104], [196]

T Compekxity arising from complex dependencies within the system

T Can be calculated from the design structure matrix of the system, captures emergent behavior and
influences development cost of the system

A Dynamic complexitff194], [196]

T Representative of operational complexity during different mission stages

I Each mission mode can be quantified in state space and the profbahititess of each mode
calculated

p

c n,m,A)+[iiﬁ”A”]yE(A)J

T T T
Architecture

3 Components Interfaces
#interfaces,

D5M / Related to System integration
Related to interface design Effort
and mgmt. (topological complexity)

# of components

Related to component engineering

Studies have tried to capture the cost of complex cooperation and technology development. For
exanple, a recent papgt02] formulated a data supported method of capturing international cooperation
related complexity using cyclometrionmexity where CGF = 0.917 + 0.0575*CyclometricNumber and
CyclometricNumber = f(nodes, edges, outpas)snall satellites are always pushing the boundaries of
technologyit is very probable that some small satellite component values will fall @é avadable from
past missions. In such a case, cost models of TRL trafzf8¢should be incorporated. Although TRL
transition correlates to the spending, it does not follow traditieP@lr8{&. Structural complexity can be
guantified using a simple framework shoviiginre13([196] [107) and can be empirically used to calculate
the impact on development costs. Eventually, the idea is to calculate the impact on cost of all the above
complexitieshoweversuch a mapping currently exists for oalyiporent and structural levels

/Il -4.6. System Dynamics

System Dynamics is a vedtablished field that draws inspiration from basic feedback control
principles to create simulation mof&@el] SD constructs (stocks, flows, causal loops, time delays, feedback
interactions) enable investigators to describe and potentially predict complex system perfornvemale, which
otherwise be impossible through analytical methods. SD is argued to be superior for DSM modeling in
comparison with other modeling tools such as discrete event simulation like VARG or Monte Catlo methods
This isbecause it is a robust, discrete simeilation that allows simultaneous simulation of quantitative and
qualitative parameters, captures latencies and delays, captimearnmmocesses through simple causal
structures and physically explains complex feedback interactions basedropléhssacture04], [205]
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The component interactions in the 8del (e.g. causal relationships) can be quantified using known
parametric or physitbesed equations obtained from the literature review and captured insights above.

Il -4.7. Gap Identification #4
Costing small satellite DSMs is challenging because of thiegpsvdeducdbm the literature review

1 There is no standard cosicopy database or learning curve model established for multiple satellites.
NASA prescribes an 85% learning c[#06]which will be investigated in tdissertationTo calcuite
cost to copy, cost data of arhisuse DSM mission before and after CDR (Critical Design Review) will
be needefll95] For example, the second copy of Swisq@aBpr SwissCubg is expected to be -45
60% of the original Swi€ube, depending on spares and assuming a new workforce. Regression analysis
on other missions (especially NASSsions) will provide more insight.

1 Standard models including the Small Satellite Cost Model ofZ8Qkarametric costs) and the
RAND Models[187](analogical costs) range from at least 20 kg to 500 kg of satellite mass. There is a
large class of small satellites includinQubeSadtandard that falls out of range for both such traditional
modelsin the absence of openly available WBS data on small satellites, the available cost models cannot
be improved to get more precise CERs for small satellites. However, snatches of data available from online
[208]and GSFC released sources can at most let us check the validity of the CER estimates for small
satellites.

1 Constellations especially formation flying missions have morenpraticaoverhead and need more
ground station support for orbit maintenance. This translates to operations cost more than what
parametric percentages estimafecycle risk modeling using techniques such as Monte Carlo and
VARG is possible from a theooali standpoint but model fidelity is questionable withowtossklata
for validationA physicsdhased system dynamics model may be needed.

There is therefore a need to assess the applicability of current cost models to small satellite DSMs and
to formulate reliable cost model components to fill up the existing gaps. The improved cost model should
efficiently differentiate between costs of the different architectures for designing a DSM toward a particular
Earth observation ggandsoserve as a totid understand the cost impact of increased perfornsartea
cost tool is paramoufdr DSM design owing to the large number of variabl@sed compared toaditional
spacecraft design (e.g. number of satdllitessatellitedistancesyandis anecessargomponent of value
centric system desi®8]

[ -5. Chapter Summary
The four gaps identified in this chapter after a thorough literature review led to the problem statement
and the lowevel research questions in Chapter II.

First undersampling in the angular domain is an earth observation gap.aBDSidsgement
measurements made by current monolithic instruments to fill this gap for better estimation of BRDF and
dependent products.

Secondesigning an appropriate DSM that will complement current measunakiegtcapabilities
will need the elvelpment ofa comprehensive systems engineering model tightly coupled with a science
evaluation modeSuch a model will leverage development in MBSE literature as well as OSSE literature. The
OSSE must be validated usitgteof-theart BRDF data collectatlu r i ng NA S And satelitée r bor n
campaignas well as accepted BRDF models in the community
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Third there is a lack of formation flight models for {begeline clusters and a streamlined process to
constrain the variable space is needed. Thegwitexplore anselectrajectorieshatoffer a large angular
spread when observing a ground ta8gieh models should be scalable to include metrics from other sampling
dimension$ spatial, spectral, temporal and radiometreceffact othe chiefrbit of the reference satellite
for formation flight casesust be well understood so that secondary launches can be selected in an informed
way. A 3D imaging payload will be needed foERASMs and a model of the same is needed to confirm
that such gayload is feasible within naad constraints. The payload model should quaatiigoffs
between angular spread and the spatial dimension (spatial resolution and swath), radiometric dimension (Signal
to Noise Ratio) and spectral dimension (spedlition and range) because Earth reflectance depends on
all these variabléghe systems engineering model should also consider if designs that are optimal in terms of
orbits and payloadse supportable by current technology and achievable withiateflisdss

Fourthcost models for DSMs lack reliable data for satellites less than 20 kg, multiple costing curves and
operational expenses related to tracking and monitoring many satellites simultasieqislaréhitecture
differentiating lifecyct®st model to size the tradespace of DSM architestuaeied

The second, third and fourth gaps need to be addressed in this dissertation in order to solve the first gap
identified in this literature review. In other words, assessing the valagguoialtimaging with DSMs and
building tools for that assessment (problem statement #2 and #3 inI&ddiot Gap #24 in Sectiomll -
2, 111 -3, lll -4) is essential to confirming that maittgular imaging measurements will benefit for distributed
missions compared to monoliths (problem statement #1 in Sectiand Gap #1 in Sectidhl -1). The
comprehensive methodology has been described in Chapter IV. The tools will psdessi#inee antbsts
of the DSM over lifetimand thus finglobal mission orbits that maximize performance and minimize cost
for two case studies, onghnd NFOV payloadiprimary studyand one with a WFOV paylog@kcondary
study)o Chapter V and VII. Feasible payload characteristics and supporting technologies will be discussed in
Chapter VI.
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V. Approach and Methodology

Having identified apossiblejmportant gap in the angular sampling abilities of earth observation
missions and proposed the use of DSMs to fill this gap, the major effort in this thesis is to answer quantitatively
if this solution is possibland ifsg what would be thealue gairte per dollar spent. Forishpurpose, a
coupled, Systeriamgineering (MBSE) model integrated with traditional BRDF Estimation modelsh@SSE)
been developedhe integrated model can explore the tradespace of DSM architectures to compare them
against magliths driven bybottscience goals and technology constrairdshelp choose the Pareto optimal
designbetween these two options

The model is comprehensively presented in the following sections as a series of camgesemnts,
component is valated using simulation examples and experimentd@hdadifferent components, in part or
togetherwill be highlighted as weltls problem statemermtsscribed iSection H1 andhethesis objectives
as statedh Section H3 addressedAlthough tle model has been developed for angular EO purposes, its
modular nature allows convenient modification for other applications that require thorough, quenttitative,
sciencariven systems design and technology choices. This coupled model, and thentevEikspnternal
methods, is one of the main thesis contributions.

IV-1. Overall Approach
The tightlycoupled systems engineering and science evaluation grageidally describadFigurel4.
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Kaseiiias Requirements app and orbit - ’-,»_ = 3
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Figure 14 Summary of the overall approach to calculate BRDF science performance, teciah
requirements and cost of different mission architectures. There are three layers of analysis.

An architecture is a design with unique values fosiglh dariables, as will be described in Section
IV-2. The full system will take measurement requirements (e.g. angular and spatial sampling), technology
constraints (e.g. maximum mass, highest altitudeppmdurface typés.g. vegetation, deserts) as input and
produce three outpufger architecturescience metrics (e.g. BRDF error), lifecycle cost and extent to which
technology constraints were n@irface tymeare large naturally occurring communities of flora ared faun
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occupying major habitat. They have very different BRDF and therefore may needdatifiatemdesigns

to capture their BRDF, hengeioritizing them igssentiaio decide a glob&drmationdesign. The overall

model has three layeFse model desibed in Box Il (brown layer) iterates over the two models described in
boxes llla and 1lIB, such that it (a) simulates measurements for every architecture via the Systems Engineering
model; and (b) evaluates the science performance metrics for eactuegahit the Science Evaluation model

driven by an OSSE at every instant of fithe.simulated measurements allow the approximation of BRDF

via models. Since BRDF is only a theoretical quantity, it serves as an input to a physics model used to compute
products like albed&ciencegerformance metrics represent performance in angular, spectral, spatial and
temporal domains. For examples angularerror terns d detailed in SectidiV-3 - are calculated as the
difference betvem (a) simulated BRDFand dependent product errors, and, (b) reference data from air, space
campaigns, and simulatidrisally, he outer layer (Box | in green) is responsible for repeating this process
over multiple orbits spanning the mission lifetime.

The model 6s formationdesigns that maximiae s€ienae gerformance and minimize cost
(outputs of Box 1) among those architectures which fit the input consRaggarch Question #1 will be
answered by comparing the most optimal outpBisx I11b to existing monolithic performance, and checking
that the technical support and costs from Box llla are achievable within nanosats. Research Question #2 will
be explained entirely by the systems engineering model in\&Research Question #3 will be answered
by trading the outputs of Box |, i.e. science and technology metrics against lifecycle cost to find the Pareto
optimal architectures that are generated by varying all the internal variables. Tifte aomgiieen by the
input to Box I.

IV-2. Systems Engineering Model (MBSEdriven)

This section describes the systems engineering (SyseEng) model shown in the left blue Box llla in the
innermost layer iRigureld. The SysEng modd driven by the MBSE framework, which treats different
spacecraft or DSM subsystems as modules that can be replaced depending on mission goals and scope. The
MBSE framework is assumed to be agnostic to formal systems languages suclrass&tsidhed tools
such as Simulink. Th8ysEng modalontains the following moduleshown inFigurel5 - as a design
structure matrix (DSM) or an N2 diagrdormation geometry (and global orbits), paylapddance,
navigation and control systems (GN@poard processing and communication, propusidrcost. Thse
subsystem modules have been idengéfedtical for theMA-EO mission and need special customization.

For example, power has been left @ehise there are no special power requirements over the 6U CubeSat
standard. The vertical arrows reprebennputs and horizontal arrowile outputs from the subsystems.

The SysEng model will take BRDF measurement requirements and 6U Cubess&iiitaruus
requirements as inputs (as identified in the previous section), use them as constraints to generate hundreds of
formation architecturesand outputthe followingthree types of metrichownin Figurel5 (a)science
performance in green (e.g. Sigmdloise Ratio or SNRp) technology supportability in blaekd (c)
resource measures in red (e.g. cost). The orbits/modes and payload module are the architecture generators;
GNC (guidance, navigation arwhtrol with GPS and ADCS), onboard processing, communication and
propulsion modules are the architecture evaluamorshe cost module is the architecture sizer. The model
also enablagptimization within the individual modules to maximize metricvalue
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The mission measurement goals are derived from the science dgbakpacidicationsf current,
successful space borne instruméppecifically MISRand airborne instrumentspecifically CAR)
Measurement zenith angles up to 80°, measurezinemthaup to 3604Qndsolar zenith angles up to 80° are
idealfor the full angular spreatihe different strategies for payload pointing for a given set of orbits, to
maximize performance, are represented by different imaging modes, as deSedtiad\ir2.2andV-
3[209] While the orbits module determines how the satellites will beemgarspace, the imaging esd
dictate where they will point to make optimal images in coordination.

Spectral requirementderived from theCAR20] instrument are 14 wavebands with spectral
resolution varying from #D nmandover the spectral range of 350 &8@2xmThese spectral specifications
are expected to represent those needed by the solar reflectance community, and can be modified easily to add
new bands or descope existing ofles.payload can be a spectrometer (NFOV) or a radiometer (WFOV),
and willbeanalyzeéh detail in Sectidiv-2.3andVI-2[15]

A medium spatial resolution of <500 m is considered as an initial requifeam800 m resolution
condition has been imposed for imaging at the longegength (2300nm), which corresponds to a resolution
of 188ma t MI SRds (865nmh eSit n dea nM| S BE imig 2&Bnghe finér iresotutiom t
requirement allows for combining data prothects fr
approach allows this requiremeriie customizahland it will be seen in Sectitir2.3that spatial resolutions
coarser than 500m are preferable to improve swath for more coverage and for allowing more integration time
per image, thus more SNR

The altitude range requirements used are 400 km to 800 km (LEO) because that range corresponds to
the most common shared rides available with primary pgydatisall the naneatellitegan bdaunched
as the primary payload itself, then tbé oonstraints may be rewed. The given LEO range has been found
to be a sweet spot for payload operations (S¥¢tB and maintenance against atmospheric drag (Section
VI1-4.2. The bugequirements are set to: mass than@kg physical dimerais within a 6U bus; aaderage
power less than W) so as to adhere to th&pectedalbeit optimistic} 6U CubeSat standardsis thesis
does not size all the spacecraft subsystems to ensuféginabia 6U standd. Full spacecraft packaging is
assignedo future workin Phase Band if the packaging solution finds 6U to be infeasible, the spacecraft
structure can be expanded to the 12U standard.

As seen ifrigurel5, therelative orbits madlilehecla full tradespace obnstellations or formation
flight architectureqoutput from STK) that satisfgither theinput constrainisor the measurement
requirementsSince there are hundreds of thousands of possilthitiesgriable space based on sensitivity
studies in Sectiohg-2.1, V-1, V-2 andV-4 has been streamlinédlditional inputs may includessgic orbit
requirementfor coverage and revisit or launch availabitigging modes adefined aslifferent stratgies
for payload pointingyivena set of orbits, as will be describ&attionlV-2.2 Thepayload modutdudes a
full physicdbased exploration to firtde optical requirements based on external (mission or other module)
requirements, use them to design dispersive spetars that will fit within a 20 kg spacecafl, evaluate
their spectral, spatiahd radiometric performandéne field of view and spatial resolution provided by the
payload will drive the attitude determination and control bits required in the GNC module. The slew rate of
payload pointing required for all the geometry solamhmaging modesill drive theGNC modute find
required angular momentum and torque capacity of the AD@Stsyatdieve payload pointing. If irdat
communication is usetiet GNC sensors and range will constraimtbesatellitelistances in tHermation
module through a feedback loop. ©hboard processuimpn takes in the raw images from the payload and
position information from the GNC module and performs hyperspectral processing to compress the image.
Furthermore, iaccuratly registershe imagéhat can thebe overlaid later with processed images from other
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satellites in thisrmationobtained at the same ground spot at different aNghkdsthe communicatention

transmits the processed images down to the Earth at the nexildoppdirtunity as a function of the range

and elevation to ground stat{as obtained from GNCThe processed image can be used to further enhance

the spacecraftds state knowl edge. Limitedinbdy avai
and communication system set a limit in terms of the amount of data that can be downlinked, which in turn
sets a limit (feedback loop) on the data collection rate of the pByégapulsion modullenitialize the

DSM and perfornstationkeepingsuch as canceling disturbing forces and dumping ADCS moniéntum.

mai ntenance within current capability is not possi
be discarded-he cosmodule is used to cost every architecture inglitd complexity and risksestimate

tradeoffs against the sciencafpemance of that architecture.

llNPUT INPUT
OUTPUT: Metrics
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>' Temporal
Modes Required Required | Numberof sats RésolutiGh
Module states states Orbit Parameters « Altitude
Prob. Of Collision .
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T Payload > * TRL, COTS support?
iFOV, Raw TRL * Spectral Range+
Module FOV v Images Mass, Power,
Sensor ? ] ;
it AActuaI Volume ial
Capabilities GNC
States s
OUTPUT: Metrics
Inter sat Module v Actual Position and >COTS SUPPOTL?
Comm-need, | Datadownlink A ) States Pointing '
i = s Co-reg Images onboard : )
capability limit torpiidance . Requirements OUTPUT: Metrics
Processing rewr SNR
ass, Power, N
- 2 4 COTS support?
Position, Att and Comm vVolqu, Data Rate aee D’/JFR' te
Maintainability Control - nage ate
T Propulsion == > QUTPUT: Metrics
M I Thrust, TRL COTS support?
INPUT odule v Operation Life
BRDF Measurement Requirements Nanosat Bus Requirements Cost
* Spatial resolution (< 500 m) * Mass <20 kg )
* Measurement Zenith Angles (< 60°) *6U cubesat standard Module OUTPUT: Metrics

* Measurement Azimuth (< 360°)

* Power <40 W

Architecture

* Solar zenith Angles (< 80°) * Altitude (400 - 800 km) “Size”
* Spectral Resolution (>14 bands) 'Lpst
* Spectral Range (350-2300 nm) * Risk

Figure 15 Systems Engineering Model as an N2 diagrasuch that theboxes represent the critical
modules that drive the tehnology feasibility study and design offormation architectures to support
the science the vertical arrows represent inputsand the horizontal arrows represent outputs. Green

outputs indicate science performance or serve as inputs into the BRDF sciera@luation box in

Figure 14 red outputs indicate costplack outputs indicate techrical performance

Many DSM architectures are generated by running the SE model for different subsystem variables
within the masurement requirements. Technical feasibility of these architectures is determined by the output
values in black shown the right side ofigure15 signal to noise ratio (SNR), COTS supportable
GNC/payload/commuication/processing, technology readiness level (TRL) and image downloading rate.
Science performance of these architectures is determined by the output valueaguigrespread, spectral
range and resolution, spatial resolusiod swath and temiad resolution. Of these, angular spread serves as
the input into the Science Evaluation model (Box |Higinrel4), because it cannot be evaluated in absolute
terms like the other metrics. Only architecturistiae valuepermitted bythe technology constraints and
measurement requirements (Input to Bo¥igorel4) will be considered. For example, technologies required
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by the GNC module (e.qg. star tracker accajadiébe checkedtliey arecCOTS supportedr if whether the
downlink channels for the required data rates can be obifairegd either the relevant architectures are

discarded, or the measurement requirements are relaxed (e.g. payload teltedimeda

To answer Research Questionth,science performance outputs achieved atities compared
to each other for different architectures. Since all five sampling dimensions-depeimdent, a high
performance in one (e.g. angular)regjiire compromise on another (e.g. swath). In the case of rgonolith

this is an absolute compromise. HowdéeeDSMs, the compromised dimension (e.g. swath) can be made up

by adding more clusters as a clustellation and increasing global coveragasattidost. Therefore, for
DSMs, the ultimate trade is against lifecycle cost addhésked outputs iffigurel5 This thesigloes not
claim to trade all dimensions against each other and provide an mpiit@etusie. Such an effort would need
an OSSE with all the dimensional variables or interviews with sditamisteer, it dpesntify a few metrics
representative of performance in each dimension and thelattens between all of them, so thatssion

designer is able to increase the DSM size to optimize for additional cost.
The cost output of the SE model is used with the angular science outputs from the Science Evaluation

model to find the Pareto Optimal architectures, to address Reseatn @3el he major modules of the

SE modeWwill now be described in Sectitwvi2.1throughlV-2.4

IV-2.1. Constellation and Formation Flight Design

Constellations can be the spatial configurateD®M in two scenarios: One, when WFOV payloads

are used and the angular spread at any given ground spot is obtained from overlapping measurements at
different angles made by different satellites in a constellation; Two, when NFOV payloads are uigésl and mult

formatiors are deployed in a clustellaf@ifjto increase the temporal resolution of observadioly thefirst
applicatiorwill be focused ofor the thesis. The second can be implemésgtetnply adding more satellites

to the constellation as identfoaimatiors.Coverage, as well as the rate of coverage, will increase as a function

of the satellite number as demonstrated in SedtibaadV-5. Figurel6represents how constellations and

their variables in the global, ECEF frame (left Box I) and/or formation flight geometries and their variables in
the LVLH frame (right Box Ill) affectéhangular and temporal performance metrics in the center (Box Il).

B o x

0s

par ameters

ar e

t Rigureld, wand ghardsgtantinguwammetrids e

serve as inputs into the Science Evaiuatodel (Box IlIb irFigurel4).

l. Constellation

Variables
Constellation Type
Ground Site Location
Altitude
Inclination
Constellation Planes
Satellites/Plane
Satellite Phasing
Instrument FOV

L

e

Aradi

Il. Angular +
Temporal
Performance
Metrics

A

3D Angular Sampling
Reuvisit Time
% Globe Covered

SCIENCE METRICS

Figure 16 Process Flow Chart for tradespace analysis of DSMs with respect to constellation and
formation orbits. Box | - constellation variables (or clstellations in the global frame), Box IlI-
formation flight geometries and their variables (in the LVLH frame), Box I standard

performance metrics.

€
Aaagi

IIl. Formation

Flight Variables
FOR: Hill’s Frame
[String of Pearls, Cross
Track Scan, Free Orbit
Ellipse]
Modified Hill’s Frame
Keplerian Element
Method

Systk

There are some formation imaging modes which use the constellation analysis software because they
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are @timized using performance at the ECEF ground spots (not in LVLH), which will be described in the next



sectionAf ul |l tradespace of constellations are propaga
and every instant of time, the coveragecamerage angle from every satédlitecorded. Therefore, every

ground spot (classified into one ofsbeermajorsurface ty has an angular spread at every time point as

a function of t heformiagthe butpitimetrie. t hat can o0seed it,

The FF frameworks and variables have been disauskediterature review and tmedel will
concentrate on customizing them for -B@ and filing up Gap #2. Traditional and stHtéheart
frameworks can be customized to model the relative trajexfttree&F clusters so as to capture the angular
spreads they are able to achi&éhe.formationflight literature fronSectionlll -3.1[17], [210has been
arrangednto three levels of frameworks of increasing model fidelity and decreasing computational ease of

exploration shown iRigurel?7. Theseare(a)Hi | | 6 s Equati ons corrected for |
spiral equations or numerical correctighymo di f i ed Hi | | ,Gusd(cemgaad giolmahosbit wi t h
modeling using differential Ke pd ip detaihto streaminenand t s . E

inform the selection of variables in the next (higher fidelity) level. The research questions are eventually
answered by the architectures generated by the global orbit propagation frarhe{&Jd€)the streamlining

exercie helps control the explosion of design variable combinations in a computationally expensive
environment.

CURVATURE CORRECTED HCW EQUATIONS/
DUAL SPIRAL EQUATIONS

CURVATURE CORRECTED, MODIFIED HCW EQUATIONS
WITH J2 AND DRAG

Anpqenay/Aapid [9poN

GLOBAL ORBIT PROPAGATION USING STK

Computational Ease of Tradespace
Exploration and Optimization

Figure 17 Levels of models used for formation flight simulation as a function of fidelity and
computational ease of tradgsace exploration.

IV-2.2. Imaging Modes
While formation flight and constellation designs determine the orbit arrangement of the satellites, the

imaging modes determine where and when the payloads willlpearhajor modes of payload operation
(Figurel8) are proposed, whose performance is a functitwediftime per target, spatial coveitag@mission
designer is willing to forego, autonomy of the system and the control abilities of the individual satellites in the
formation The mode used serves as a variable in architecture generation. For all the cases, precise attitude
determination and control systems (ADCS), delta V corrections and statistical performance analysis are needed
for the cepointing requirement asdpport feasibility of the same is demonstrated in SécttandVI-4.

1 MODE #1: Reference constant, Nadir pointing

One satellite in tHermationis the designated leader and always pothesrtadir. The other satellites in the
formationpoint their payloads to the ground spot directly nadir to the leader satellite. Point measurements of
the BRDF plane is obtained with the number of points equal to the number of satellfi@snattbe This

mode allows for continuous imaging of the ground tratkneeds uniform attitude control.
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1 MODE #2: Reference changing, Nadir pointing

Like Mode #1, there is one leader satellite ifioti@ationwhich points nadir while the others follow its

grownd track by autonomous slewing. However, in this mode, the leader satellite changes over the course of
the orbit so as to optimize the angular coverage of the BRDF plane. This allows for improved performance
and continuous imaging of the ground tracknbatls maximum torque authority in the ADCS when the
reference changes from one to another satellite multiple times in one orbit.

1 MODE #3: Ground reference, Slew and Stare

All satellites point to the same ground target as they approach over thambreoade into the horizon of

their instrument fields of view. Line measurements of the BRDF plane are obtained such that the number of
curves (great circles) equal to the number of satellite$anrthton Dwelling at the same ground spot on

for moretime and at more angles allows more angular coverage to be obtained, but at the cost of continuous
coverage of the ground track becaus®thmationhas to forgo other ground spots intiheeit stares at one.

Yrsatl  YesSat2  sat3 Y Satd

*° "k * | *»}*;
> X
: £} AR s . * s *
*x >

Figure 18 Angular coverage for any single ground point by Mode #1 through #3 using four satellites
whose measurements are marked in red, blue, purple and green. In Mode #1 (left), the blue satellite
is the reference and images the point nadir to it. In Mode #Zénter), the reference satellite changes
over the course of the orbit. The shown snapshot corresponds to the green satellite as reference. In

Mode #3 (right), all satellites stare at the same ground point and provide an arc of measurefsen

IV-2.3. Payload Custonization

High-level astomization of the payload is important to not only identify the E@if®nentand
technology feasibility of the instrumdmit al® to quantify metrics in the spatial and spectral sampling
dimensions. The associated trade stadtifids basic optics, dispersive/diffraction elements, their parameters,
and compares the identified choices both qualitatively and quantitatively using several system performance
metrics. Detailed imager designing is includ&haseBevel future workAs seen in the outputs Bigure
14, the metrics are (gpectral range and resolutiamg (b)spatial resolution and swaboth of which are
dependent on, and influenced by, sampling in the other dimdfigiorel9 shows the payload tradespace
exploration model that will be used to calculate the dependencspHtileand spectmaetrics on the
measurement requirements and technology constraints (ifpguseiid) as well as on angular metrics (from
the OSSE in Sectidi-3). The dependence of temporal metrics, specifically spacecraft revisit and time to
coverage, on the spatial metrics filmspayload model and angular metrics from the OSSE are summarized
in SectiorV-4b andV-5. The outputs of thpayloadnodel answer Research Question #2 because the payload
represents the interactiand tradeffs between all sampling dimens[@b$

Pagerlof 243



A system tradespace exploration model is used to estimate the dependence of the payload system
requirements (Box Il ifkigurel9 and the system performance metrics (Bpon the external system
requirements (Box I) and on the spectral element design (Box V). The external system requirements are
obtained from either BRDF science requirements derived from heritage airborne[20lis&ans
wavelengths, number of bands, ground pixel length), froforth&tion geometry model (e.g. altitude,
boresight angles) fs’om capabilitiesf nanosatellite technologyyeavalaible lens#0V, attitude pointing
errors). Four spectral element types have been pr@imsgdith a CCD array of Silicand InGaAs diodes
as the detectors for snapshot imaging. They will be compared to each other not only in testaleraf stan
performance and resourdast also on their influence on payload performance metrics. The system trades
provide acceptable ranges of payload system requiremhdéctiswill subsequentlpe used to design a
miniaturized spectrometer that fits iasichanosat bus. It will be shown thatiA@it optimallynitigates the
risks of system attitude errors. The performance metrics will provide simple numbers to compare the different
payload architectures.

Il. Payload System

Requirements
Waveband ranges
I. External System ‘\ Aperture diameter ‘\ R g
Requirements > Focal length € IV. Dispersive
Ground Pixel Length System Pixel sizes, FPA size System Element
Boresight angles Trades Radiometric resolution Trades Customization
Altitude Well depths 4 competent
Wavelengths Noise allowed instruments identified
Number of detector pixels Integration Time Compared by resource
F-Stop Number (F#) and performance
Number of bands metrics
Attitude Pointing Errors A 2 Calibration summarized
Solar zenith angles ‘\ lll. Payload System ‘\ and Risks Assessed
| 3 Performance Metrics IE : |
System’ Number g{vzt;vebands fia System
Trades Signal-to-Noise Ratio (SNR) Trades

Figure 19 Summary of tle modeling approach to design and evaluate hyperspectral snapshot
imagers for nanasatellite formations performing multi-angular earth observation. The model
allows tradespace analysis of the spectrometer payload on the satellites in the Ci8ivhation to
map the effect of changing external requirements (Box |) and available dispersive technologies
(Box 1V) on the optical system (Box Il) and performance metrics (Box IlI)

The stepby-step process of the model proposedFigure 19 to customize an imaging
hyperspectrometer as a homogeneous payloddrfimationof nanosatellites that perform maltigle Earth
observation is brigfdescribdasFirst, the mission level goals are I&tedderived from scienceuggments
and technology constraints. Next, the measurement requirantiehts mappedo the optical system
requirementand then to system performance metiafunctional (technical performance checks) and form
mappng (nanosat bus fitting checlk@)ally, four uniquspectral componerapplicable for HSI are identified
and customized. Calibration methods for the proposed instruments, Hbghtpaad irflight especially
intersatelliteacross the DSM, have been listed in the App¥raiiXDetdled Phase B analysis of the optical
train propose(th this thesis will be needed. The payload packaging problem in terms of computing the exact
mass, volume and thermal numbers (only high level design) are also assigned to. future work
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IV-2.3.1. Measurement GoalsExternal System Requirements

The requirements for the missiond@eved from current, successful spaceborne instryarehgsrborne
instrumentsKigurel5). The exact geometric requiremémtshe payload moduteme fran the orbit module
of the SE model, driven by spaceborne heritage requirements, and the spectral requirements from the CAR
instrument. Since the current instrument being designed is a spectrometer, not a radiometer, the band numbers
and widths will be depdent on parameters such as detector types, prevention of spectral aliasing and
radiometric range. CAR values will be used as reféfignee20). Among payload csystem constraks,
Stop number (F#p limited to undées.0, wich is reasonable for a nanosatellite.payload is required to fit
within a 6U CubseSat b&glrel5 Measurements will be collected only during daylight because the mission
is in the VNIR (near solar) spectrum and the padesxploration goal is to maximize swath to increase the
overlap of ground spots of all satellites ifiaitmationand maximize signal to noise ratio (SNR) for improved
quality of images
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Figure 20 Wavelength requirements fothe imaging spectrometer based on the Cloud Absorption
Radiometer airborne instrument at NASA GSHRO0]

IV-2.3.2. System level Optics ModelingpaddEysiem Requirements

The high level payload evaluation model has been shéwgur@2l The design variables are
obtained from external requirements and available, apprepeiatal componen(gSigurel9). The green
variables highlight the simulated optical system requirements and the red parameters the simulated performance
metrics to benchmark the different payload system architectures. Each arrow repremsetitistize qu
relationship between connecting variables and parameters as enbetevatedr example, swath is a
function of FPA size, slant height, detector pixels # and attitude pointing errors. Interesting trades around the
key variables will be desedtand baseline values chosen after studying the trades.

It will be seeln SectionV/1-2.2that it is more efficient to divide the spectral range of BRDF interest
into sub ranges or barisf width3_ in Equatior21 Eachband is spectroscopically characterized by multiple
bins with nearly uniform widgh _in Equation21) corresponding to spectral resolution. The number of bins
in a band is gineby R:

! 60EQOOD MIYANQ 6¢ 6HNQOOL TWRHVI 6¢ 6¢& Q

Yo 8 Qs QQ@o

Equation 21
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Figure 21 Dependency chart of payload systn performance metrics (red, analogous téigure 19
and optical system parameters (green, analogouskgure 19 on the design variables, which
includes external systemequirements, customizedspectral componentqalso in Figure 19 and the
FPA detectors. Each arrow represents an equaticenumeratedin the supporting text

The requirednistantaneous field of view (iIFO3§pald of mapping to a giveground pixel size (gps)
depends on t he b o rHg asistplhyEqaatiog2l[£35] D (s the slant didtande betwdem  (
the sensor and the ground pixe$ theEarth central ang(different from spectralin Equation21), - is the
elevation angle ahds the boresight angle at the hori@dahl angular variables are showfignre22 Lengh
of e ar tvdctdrdo the sateliitais Re.

¢ agEcs OBl 22O
$ (Fs
$ABO (s m
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Equation 22

The pixel size required to capture at least one ground resolution element will bEqiradio i3
and depends on the same variables as iFOV depends on. A pixel size can be saifiéngechdiesaititude,
angle and ground resolution need2dirt Equation24) & for diffraction limited imagingand the swath
achieved by the instrument can then be calculated as a function of its focal length (f) and number of pixels per
side of the focal plane arfapix)- Equation24.
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Equation 24

The total power received on the FPA can be calculated by the following equation derived from first
principlesd conversion of F¥ to steradians and multiplying by the angle as well as the aperture surface area:
RN . .. &1 6
Olmmﬁ:!,1¢B:P"712AZ$NOEﬁT
Equation 25

Where FOV = the full field of view achievable using the entire focalrpégres calculated simildEgoiation
22, Da = aperture diametédr,® _ is the width of the spectral bin_aandd _R-HY & &the bin integrated
radiance) is obtained from radiation transfer modétspdwer, multiplied by the optical transmission of the
spectrometer, reaches the detectors on the FPA and is integrated over the exposure time. While instrument
optical efficiency varies with the spectrometer type, a fixed value of 0.5 has beenrusadulatamns.
Energy received at the aperture is the integration of power received over the exposure or integration time of
one image (intTime)Equation26. Energy received can be mapped to photon numberrbg Rla&ds L aw
(Equation27) where c = speed of light= wavel ength of the image and h
time available depends on the dwell time of the sensor on any ground pixel (gps) forlaygiy@) and
on the spectrometer/spectral element type used as will beEgeation39 andEquation40.
% O01lfshEB : 1Z ET O4 &I AATHO ERATOA0 ET ARAIT OOOBPABDE ACWEIZA T O
Equation 26
%
3 EA
Equation 27

The noise components depend on the detectors selected, signal received and stray light. For CCD detectors, it
is given by the CCD eation[211} Equation28d where Nis the total number of signal photons (requirement

9 in the pevious section). The major contributors of noise are readout roisphl{dtons generated when

no light shines on the detectors), dark current najse jNotoelectric effect electrons generated by the heat
produced by the system or thermal noisectivatot be distinguished from electrons generated by photons)

and random sky noise{N: photons from background or sky). All the noise factors scale linearly with the
number of pixels imaged. Readout noise is assumed td [fer51é bit A/D at 1 MBPSeadout), dark

current 12.5#pixel/s[212]andrandomnoiseat the detector300 electronf213]
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Equation 28
Signal to Noise Ratio (SNR), giveegyation28, is considered the main determinant of fantle
image quality in this studieritage instrumentsgypically have an SNR requirement over 100; for example,
SNR of 200 for the airborne AVIRIS instrum@i@]and 250 for CHRIf84] On the other hand,,aSNR
of as low as-20 has in the past provided useful data when used with theatgorébim215]and MODIS
considers upto 5% uncentsiin its data as acceptable. For the scope of this thesis, it is important to verify
that the SNRs are acceptable but it is more important to quantify how the external varii#esaind
componentsn Figure 19npact the SNR relative to each otlemrause they impact the relative rank of the
formation architecture$herefore, SNR 28 taken as a soft requirement and the exact calculation of SNR is
assumed to not be required for architedifferentiatinglecisions ifPhase AModeledSNR is senéve ta
1 Quantum efficiency (QE) which is the ratio of incoming photons to those photons actually detected by the
CCD and is between @9 in the operational range of the CI&5] A constantvorstcaseralue of (b
was useiht h i s simulaiens, andl Phase B analysis will need to compute which wavelengths are
affected mostor AOTFs, the short wavelength response of the camera is limited by the AOTF tuning
element and its long wavelength response by loss in qudictancefof CCD FPA.
1 Charge transfer efficiency (CTE) which describes the level of accuracy that the charge stored in each pixel
can be transferred from one pixel to another in the readout procesasanched to be 0.99 at worst.
Well depth computatisrhave not been performed for the Heylel payload study.

IV-2.4. Cost Model and Results from Development
This section will describe the development of the DSM cost model, which will be used in Chapter VI,
by putting together opesource and easily availaidga sets and modeflsom the literature review, the
following insights for improving cost models for small satellite Re@been gathered

A. To calculat¢he cost to copy, cost data of arhimuse DSM mission before and after CDR (Critical
Design Reew) will be needed. For example, the second copy of SwidSCtjdne SwissCubg is
expected to be 48% of the original Swi€sibe, depending on spares and assuming a new workforce.
Regression analysis on other missions (especially NASA missions) withprewidgght.

B. In the absence of openly availabtek/Breakdowrructuredata on small satellites, the available cost
models cannot be improved to get more precise CERSs for small satellites. Snatches of data available from
online[208]and GSFC released sources can at most let us check the validity of the CER estimates for
small satellites.

C. Lifecycle risk modeling using techniquels as Monte Carlo and VARG is possible from a theoretical
standpointbut model fidelity is questionable withemlegquatesk-cost data for validation.

Data from past and current DSMs can be used to inform cost models which may then be applied to predic
new mission costa.list of 60 DSMéave been compilédntroduced irSectioriV-2.4.1- which can be used
as reference modes to calibrate the SD model.

IV-2.4.1. Collection of Data from Past Missions
The NASA GSFOistributed Speecraft MissionGroup[216]gathered data from 59 DSMpast,
operational and plannédfrom publicly available sources. They spanned overanchitgctures such as
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constellations, clusters, formation flying, virtual telescopes, etc. and over a wide range of applications including
science, commercial communications, defense and technology demonstrations. The data was sorted based on
type of misen, spacecraft configuration, number of spacecraft, lifespan, cost, etc. so that insights could be
drawn on DSMg:igure23shows DSMs from this study grouped in vertical columns by tHeasedsatellite
classedefined ifrigurel®dd s t op panel . The average masses of the
on the Yaxis of the data point.

Unfortunately, cost data from public sources was not availabldhformagisions and WBS elements
were not available at all. Referd@08]reported schedule slips and cost overruns for many albdkie
missions, especially those without fixed price contracts. Annual contracts weraegftgiated for every
year for every contractor leading intractable cost data collection issues as well as an incalculable creep. To avoic
getting into unreliabtetails, only the total cost of the mission as it stands today was used.
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Figure 23 Examples of previous and planned DSMs sorted by their individual spacecraft masses
(average when not homogeneous), grouped by the small spaedtclass defined inFigure 10

Note that although the data has been primarily sorted by mass for regression analysis (for simplicity),
small satellite mission costs are primarily driven by technology. Far,@Gvtipt/s Xband transmitters by
Axelspace in Japan at 1 kg mass cost $300,000 because the cost is driven up by shrinking a very high tect
instrument into a small form. Cdhus is impacted bthe high teclandhe small size. This implies that for a
sufficiently advanced Earth observation mission, the benefits of cheaply launching a lower mass may be
outweighed by fitting the technology into the lower mass. Cost models should be able to capture the conflicting
effects of both variables to select idpetimonolithic architecturar, if appropriate)SM architecture. Insights
from analyzing the data from 59 DSMs and estimating costs using available cost models dneSeetsented
IV-2.4.2
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IV-2.4.2. Regression Analysis ofiBsisnNData
For regression analysis, the DSMs frgure23are revisitedl'wenty of the fifty nine studied DSMs,
masses notwithstanding, have two homogeneous or heterogeneous spacecraft. The Earth afsensation mi
or ones with science payload clearly show a decreasing mass with increasing nhumbers. The navigation and

communication missions costing billions of dollars are the ones on the top right.
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Figure 24 Scatter plot of previas and planned DSMs by the size of their individual spacecraft

masses (average when not homogeneous) and number of physical entities in the DSM, grouped (in

color) by the small spacecraft class defined Figure 1Q Linear (top) and exponential (bottorm)
regression curves for each sizieased group shown
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Thirty five of the fifty nine missions for which cost and mass data was available have been scatter
plotted inFigure24 The colors corrg®nd to the size based classes of the DSM satellites. For each class, linear
(top) and exponential (bottom) curves are fit to the cost vs. number cdssdtllitspread. Under the
assumptiorthat the classes represent similar sizes and the sameatmngainfreamework developed and
operated all the missions, linear curves represamaunring costs and exponential curves represent recurring
costs. Nanosatellites and medium satellites are the only classes that show a high correlation folr both types o
fits, possibly owing to similar modus operandi of DSM development over the available data set. This also helps
establish consistent data for the rsatellite class. The seafplot inFigure24 was also sorted in terms of
types of orbits, spatial relationship between the satellites, functional category, etc.; however none of those
groupings produced a correlation coefficient higher than the size based sorting. Hence, the latter was used for
further regression analy$ihileFigure24assumes the entire cost to be eitherraonrring (top) or recurring
(bottom), reality is a combination of the two where:

TMC = NRE + RE
NRE = NRE* N
RE = RE * Nlogp
Equation 29

Non-recuring costs are orianme expenses and therefore do not follow the economies of scale.
Recurring costs alleviated from having more units because learning reduces further costs. For example, ground
system costs are considered entirelremnring costs wkilaunch costs or integration and testing costs are
entirely recurring coqts35] Other WBS costs are a combination of both-IMear least squares regression
was then used with the TMC data to find @teoretical first und TFU - recurrhg cost), NRE(TFU non
recurring cost) and b (learning curve factor). The results for eabhsadsdass of satellites have been listed
in Table4, right panel. The learning parameter is 0.77 forsaseibte and 0.79 for medium satellites, which
is lower than the NASA prescribed value off 23 Under the assumption of TMC = RE, linear least squares
regression may be used and the results are listed in the left panel. It is only under this thegtineptio
NASA prescribed learning factor of 0.85 or risopbtainedThe analysis shows that the prescription possibly
overestimates the cost of making multiple copies of a spacecraft.

Table 4: Inversion of learning cuve parameers using data shown irFigure 24[Left] Linear
inversion performed assuming only recurring costs, [Right] No#inear inversion performed
assuming sum of recurring and nofrecurring costs

‘b’ million e
0

Nanosat (<10kg) 0.77 4.27
Nanosat (<10kg) 0.86 2.54
Microsat (<100kg) 0.56 28.5 7.93
Microsat (<100kg) 0.67 42.79
Minisat (<500ke) 0.93 97 Minisat (<500kg) 0.33 164.04  81.68
MedSat (<1000kg) 0.94 110 Medsat (<1000kg) ~ 0.69  464.78 0

IV-2.4.3. Learning Curve Calculations$tam@xpy Factors
JHU APL published results of their analyses to find the cost to copy multiple copies of a spacecraft or
instrument in 201[395] APL has developed and manufactured the JEDI (N=3), RBSPICE (N=2), STEREO
(N=2) and Van Allen Probes (N=2). They published the cost to copy (C2C) to be 28%, 45%, 41% and 36%
respectiveljd95] This implies that it cost APL 28% of the first unit of JEDI to build thedsecdmird unit.
It can be seen that C2C decreases with decreasing N. Assuming that JEDI and RBSPICE were all copies of
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each othef195] the C2C for 2, 3 and 5 units was plottédgare25[195] Assuming an initial learning curve

factor (b=85%), the learning equatiofigure25is fit, the estimated learning parameter is b = 6612%o.

value will be used for costing multiple spacecraft in the next section, based on traditional models to estimate
the cost of the first unith comparison, literature on aircraft production shows implied learning rates between
18% and 30%, depending tme units considered, after accounting for rexpee and productivity
shockf217]

50%

40%
30%

20% L

REpgpq = (RE‘paonad + REbus) « N« Nlogb/log2

10%

0%

o 1 2 3 4 5 6

Figure 1: Instrument CtoC Factors vs. Total Number of
Instruments

Figure 25 Cost to Copy (C2C) factors derived from cost data available within JHU Applied Physics
Lab for instruments developed within their faciliy [195]

IV-2.4.4. Applicability of Small Satellite Cost Models
This section discusses tpplication of traditional cost models, specifically the $&@Jand the
RAND modelqd187], [191fo small satellite masses. Project reserves in keeping with the percentages of WBS
elements that are used in NASA GSFC have also been included. A learning curveop@réézterm the
previous section has been used and has been applied to only the recurring fractions of the TFU cost. Recurring
fractions are obtained from referefds8] for example ground dtat support is 0 and IAT is 1.

10*

Jo | —CIC Weight = 20 kg

| —/C Weight = 100 kg
m—S/C Weight = 500 ky
m—S/C Weight = 1000 kg

UM

‘-d--' """"

ﬂ-'——(sgb

Cost of the spacecraft in FY04 million$

- (4kg)

10 i l 1
1

Number of satellites in the mission

Figure 26 Comparisonof costs esti mated using RAND Corporati

to known S/C and instrument cost§184], [188dd as hed | i nes, SMADO®s Small S
[207] 8 solid lines with data from real missions$ text colored by the closest modeled spacecraft
weights
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Figure26 compares the total mission cost minus launch costs f% 9 and 13 satellite DSM using
the SSCM (solid Ilines) and RAND model s afedsate hed | i
estimate bus and instrument cost as a function of mass, lifetime and data rate. All other values were model
spedic. No complexity, launch costs or extra ground operations costs were considered over the regular
operations. Software costs were a function of lines of code only, which were very difficult to estimate; eventually
values analogous to the MIT SPHERESisagewere used2(9], [220] as currently functional on the
International Space Station. (RANIB7]and[191). The coefficient of cost estimated in ground operations
in the SSCM model is double that in RAND. Since ground operations have been assumed to be entirely non
recurring, the learrgreconomies of scale do not apply. As a result, the cost predicted by SSCM is lower for
few satellites but overshoots the RAND estimates for more satellites. Interviews with experts at NASA GSFC
revealed that ground operations are more complex and cedbmb6EMs than monoliths so the SSCM
model seems intuitively more representative.

A few candidate DSMs froRigure24 have been highlighted &igure26in the same color as the
closesmodeled spacecraft weight. While most of the data falls very close to the predictions, many precautions
should be made. The GRACE mission was an international cooperation between USA and Europe and the
cost here only includes the USA secb&EDynld svo ghysical entities are so different that they could be
two different missions rather than the same DSM, therefore no gain from the learniDEShyel
(Deformation, Ecosystem, Structure and Dynamics didsa)ow been transitioned into the NASRO
SAR mssion. CYGNSS and CLARREO aotyet operational so the cost cited is expected cost, and therefore
not real data. Finally, since none of the models are applicable to2h&dedpacecraft, the nasatellites in
Figure26d o not have a curve to fit them. Again, total
does not include the internal costs incurred by the universitieg) bbédndividual satellites.

The SSCM model was then usedalculate the total cost of developing and manufacturing only the
first small satellite of mass 1@kgample mass)n d ot her speci f i c &igured/nThe | i st ec
cost calculated for every sygtem and the total cost of $15.08 million in FY 2010 is therefore a function of
technical variables like power and pointing and not just mass.

INPUTS

Day Power Required 10.0 W
) Total £a 11k " EOL Array Power 10.0 W
6.0 Ground Support Equipment (GSE) ‘. —ost:lC;;:iﬁioan' i shtpipte Total COMMS Power Lsw
5.0 Launch & Orbital Operations Support.. 1- i [ i Total Payload Power 5.0/W
4,0 PrograinLavel ‘- Total Power System Mass 2.0 kg
1.3 Integration, Assembly, & Test (IA&T) }- QL?L:;:a ii qunz
1.2 Payload ‘— Pointing Accuracy 0.0 deg
1.1.6b Command & Data Handling (CD&H) \_ Telemetry/Comand Data Rate: 5600.0 bps
1.1.6a Telemetry, Tracking and Command.. 1— Propulsion Systerm Mass 2 kg
1.1.5 Propulsion (Reaction Control) |#8 Comand Data Handling Mass 1 kg

1.1.4 Electrical Power Supply |
[i==mmmree— e e

1.1.3 Attitude Determination and Control.. i
|
|

1.1.2 Thermal Control
1.1.1 Structure

— FIRST UNIT Cost Estimate
[emscm——— | FY'97 SM  FY'10 SM
e =) EOL Power, Pointing Accuracy CER $ 51.09 S 67.95
TT&C/CDS Mass,Payload Power CER $ 140 S 186
500 1000 1500 2000 Downlink Rate, Power, Propulsion CER $ 555 S 7.39
Costin FY 1997 $K Bus Mass,Pointing Accuracy CER S 130 S 1.73
Array Area/ACS Type CER $ 7.59 S 10.09
$
$

1.1. Spacecraft Bus

o

Power Subsystem Mass CER 1.08 5 1.43
Average (Millions): 11.33 5 15.08

Figure 27 Cost estimated per subsystem (bar chart on left) of one spacecraft by Aerospace

Corporationds Small Satellite Cost Moshelit (SSCM)
mission (excel spreadsheet)
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To check the sensitivity of technology useleoost,some of the input parametens varieénd
its effect on casn FY97 $million. Changing the data rate from 10 kbps to 10 MBps to 1 GBps resulted in a
cost of $11.35, $11.4 and $11.45 million respectively. Since COTS products will be used to support the
communication link, these cost estimates imply that thebe willy a $100,000 difference in deploying a
radio transmitter (10 kbps) or deploying an optical transmitter (1 GBps) on the 16sktehiteoWhile
previous proposals have certainly supported the availability for laser tecHiflpdies optical
demonstrations that are currently being developed by DLR in Germany and the Aerospace Corporation in the
US[178]clearly demonstrate that the cost of optical technology is more than that. Shailgilyg the
pointing accuracy from 0.1, 0.01 to 0.001 degrees resulted in the cost increasing from FY97 $ 6.45, 11.33 and
22.21 million respectively. The technology to support 0.1 degrees (sun sensors) is different from that to support
0.001 degrees (starckers). However, current COTS quotations (e.g. Blue Canyon technologies XACT) show
that it costs ~$100,000 for a nanosat star tracker system. Integration may cost a few additional thousands but
estimating it to $18 million more sounds a bitmach. Avart from inputs possibly being out of range for
SSCM data set, another major reason for this disparity is that the inputs of the cost model are independent,
while in reality, values of the subsystems (e.g. telemetry) to support very high valuebsysitras ge.g.
data handling) are intricately dependent.

The SSCM sensitivity study above highlights the need to have cost models that aréivedie sens
different technologies, their associated complexities and internally couplentipdenity ashrisk assessment
has been proposed by the Aerospace Corporation in the form of their COBRATime@d&DBRA model
was useth our next study, where the methodology and data sets are def2adeil {2@1], [221]The data
set relative to which complexities are ctdculacluded 120 DoD and NASA missions from after FY89,
excluded launch delays or failures and projects with heavy international cooperation. Complexity drivers include
(Table5 column 1) subsystem technical patermée.g. mass, power, performance, technology choices) and
programmatic factors (e.g., heritage, leveldahdancy, foreign partnershipprty such parameters are
considered that are either continuous (e.g. mass, power), and represent a ras\gewidetlizy a minimum
and maximun® column #2 and #3 inTable5, or discrete, such as propulsion type (none, cold gas,
monopropellant, bipropellant or ion engine) that represent a finite number of choices.

2 2 = 1.529
System Cost as Function of Com plexity y =10.867e55"" Schedule as Function of Com plexity y ;5;1:;;5
10000 - R? =0.8769 ) e
A Successful 132 -~ A Successful (unconstrained)
B Failed : B 120 + mFailed
S m A

X Impaired 4 5 ‘2_, 108 + Impaired £
£ 1000 - To-be-determined N = é 96+ To-be-determined G 8
s o - E 84+ A & A

2 A h
g 8, b g 724 s b podt m
- & A 1N 4
P = ﬁ‘i‘t‘b’-&s A Y 60 M A, Bau oA
S 1 A " & 48 ok A A
(@] 00 ™ 2 BAL % W 3 £ % A g Ag AA- Predicted
A< Amm %< Predicted 2 3 ATAp X
AA A = g = AM Mission
e e Mission S 4t %E A A% X :
AAA s Cost D & R Schedule
A . Q424 A X
10 T T T T 0
0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%
Complexity Index Complexity Index

Figure 28 Predicted mission cost and development time as a function of relative mission complexity
with respect to other missions evaluated by the Aerospace Corporat[@00], [201], [221]Mission
complexity is a function of component complexities as calculatad Table 5. The candidate mission
is a LEO satellite measuring passive Earth reflectance as part of a DSM
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For two of the exampleanosat case studidse factors corresponding to spacecraft complexity, as
origirallyproposed, are listed Trable5 along with the minimum and maximum value that the component
takes within their data set. The column o6datad re
satefl t e whi ch will be a part of a DSM that is taske
from the same ground spot as it formation flies in LE®), (17]222). For ech factor, the complexity of
the nanosat is calculated as a percentage of where the data point corresponding to the nanosat lies with respec
to the data points for all the other space missions considered. For discrete data, the discrete ratg of the data
assessed and then converted into a percentage. The average complexity of thissianssaealculated
to bel7.096 and 15.26% respectively

The map between complexity percentile and required mission cost and development time for
successful missis (green triangles) is showfigure28using a green trend line. The missions plotted are
among the 120 studied missions and equations are
that if missias are attempted cheaper than or faster than this model predicts, then there is a large probability
of failure as highlighted by the red and yellow crosEaguioe28 Using the above model, the estimated cost
for an examplaanoesatdite (10 kg) mission is $27.8&#lion and the estimated development tirB&.is17
months- Table5 [Left]. Completely removing the payload subtracted less than 7% of the misJiba cost.
high cost is ikkeeping with the intuition expressed in the data collection section that the cost of LEO small
satellites are driven more by technology than mass, so the utility of shrinking the satellite should be critically
assessed and avoided if the mission techi®lagy state of art. In such cases, micro satellites would win the
peformance to cost ratio battle. Indeed, if the mass, power, data storage and other such constraints were
reduced (or more resources allocated) as Seavieh [Right], the complexity of the mission reduced by 2%
and the cost dropped by nearly $3 million.

A sensitivity analysis for the COBRA made rurby varying theV and pointing accuracy required
by theexample 10 kgatellite. It does a great job in predicting the increasstdrirom 1 degree to 0.1 or 0.01
degree, by estimating a $,20025Q000increase. It overshoots the COTS quotatisrexpected (to atmt
for integration) ani certainly better than the SSCM estimate of $ 18 million more. When the required delta
V is increased from none to 40 m/s to 80 m/s to 120 m/s, the respective costs are estimated to be FY97 $
27.88 27.9 and27.93million. Quoations from a 3D cold gas propulsion system printing company called
AustinSat revealed that their 1U propulsion unit capable of providing 40 m/s of delta V costs $100,000 with
6DOF thrusters included and would scale almost linearly as more 1U uni¢sldog 40an/s of more dekta
V. The COTS system therefore costse than what the COBRA model predibiés observation held true
even when propulsion system mass was manually added to the tofakemasdel can thus be improved
and made more suitalite COTSsupported small satellites if COTS data and figures were included in the
data set to calculate complexity. Sugcdid not have accesshe data set (only the publiskégure28), no
guantitative chaeg could be made

Small satellites are always pushing the boundaries of technology. It is very probable that some of its component
values will fall out of range available from past missions. In such a case, cost models of TRL transition such as
the one Bown inFigure29[203]should be incorporated into the COBRA model for the relevant factors.
Although TRL transition correlates to the spending, it does not follow traditidfalu® The COBRA

model also does not capture the structural compdéxatysmall, tightly packed satellite which has been
theoretically shown to drive development costs. Structural complexity can be quantified using a simple
framework shown iRigurel3[196][107) and can be easily introduced in the COBRA model via a new factor
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and recalculating the data fit. Capturing the above developmentimmpssats/dor small satellites whose

costs are driven more by technology than by fregstoposed-hangesould not be madeecausef lack

of access to the data.seastly, sine many small satellite missions are collaborations between many
organizations, the COBRA model could be improved by adding a foreign partnership complexity factor that
captures the number of collaborators, not just the nationality. For example, gper¢2d2prmulated a

data supported method of capturing international cooperation related complexity using cyclometric complexity
where CGE 0.917 + 0.0575*CyclometricNumber and CyclometricNumber = f(nodes, edges, outputs).

Table 5: Cost estimated for a spacecraft as a function of the relative complexity of its components
with respect to components used in previousii ssi ons, based on the Aer osfg
Complexity Based Risk Assessment (COBRA) model. Inputéfatadin Column 3) are from2
examples ofnanosatellite missiors

Factor Min Max Data Complexi Factor Min Max Data Complex?
Payload Mass 1] BORS 5 0.082440231 Payload kMass 0 E0BS 5 0.082440231
Pauload dwg Power I £000 5 0083333333 Payload Awg Power 0 5000 5 0083333333
Pauload Peak Power I 13025 10 0076775432 Payload Peak Power 0 13025 0 0076775432
Pauload DR 0 304538 234E+05  76.70B3552 Pauload DR 0 304538 2.34E+05 7B 7OR3552
# Payload I 23 1 4347826087 # Pavload 0 23 1 4347826087
Data Yolume 0 2168000 100391520 4767346939 Data Walume 0 27168000 4500000 212585034
Foreign FParthership I ] ] 100 Foreign Partnership 0 5 5 100
Ciezign Life I 240 2 0833333333 Die=zign Life 0 240 1 [0416EEEEET
Laurch Margin I 2 ] ] Launizh kdargin 0 2 I} 1]
Laurch Mass 17 13183 13 -0.022071886 Launch kdazs 17 18189 17 1]
Sat kaz= 17 1B329 13 -0.024521824 Sat kass 7 16329 17 0
Buzs dru mass 15} 10264 £ -0.087813445 Bz dru rass =] 0264 10 -0.043735247
ST heritage 1] 100 0 0 SIC heritage 0 100 I 0
Radiation 1] GO0 0 0 Radiation 0 GO0 1] 0
Fedundarncy I} 100 1] 1] Fedundancy 0 100 1] 0
Orhit I 5 1 20 Orbit Il 5 1 20
BOL Power 12 12500 15 0024023062 BOL Paovier 12 12500 a0 0144138373
Crbit Ave Power 3 5342 7 0074920397 Orbit Ave Pawer 3 5342 20 0318411688
EOL Power 3 9960 3 ] ECL Pavier 3 35960 3 0
Solar Array drea 0 175 001 0005714236 Salar Array Area 0 175 00 0005714236
Solar Cell Tupe 0 4 1 25 Salar Cell Tupe 0 4 1 25
Battery Tupe I} 4 1 28 Battery Tupe 0 4 1 25
Battery Capacity 1 12 10 0737007ay Battery Capacity 1 122 40 3194103134
# Articulated Struct 1] 13 0 0 # Articulated Struct 0 13 1] 0
# Deploved Structures I} 22 i i # Deployed Structures 0 22 I} i
Solar Array config I} 3 i i Saolar Array config 0 3 I} i
Structures I 3 0 0 Structures 0 3 1] 0
ADCS tupe I B 3 a0 ADCS tupe Il B 4 BEREEEERET
Painting Accuracy 190E-06 20 0.01  0.049950805 Pointing Accuracy 190E-06 20 001 0049330605
Pointing Knowledge  190E-06 20 0005 0024930502 Fointing Knowledge | 130E-08 20 0005 0024930502
Slew Rate I 36 100E-03 0002777778 Slew Rate Il 36 Z00E+00 5555555556
HThrusters I ] 12 3157854737 HThrusters 0 ] 12 3157894737
Fropulsion Tupe I} [} 1 20 Fropulsion Tupe 0 i} 1 20
Delta W I 5845 120 2053036784 Delta W 0 5845 40 0634345555
Cornm Band 1] B G oo Comm Band 0 E 7 1I6.EEEEEET
Diawarlivk. DR 1 MB0S26 1200000 8213967178 Diowrilink DR 1 1460926 120000 8213905574
plink DR 1] 40000 1.00E+03 258 Uplink DR 0 40000 1.00E+03 25
Tranzmitter Power 1 519 30 5598455598 Tranzmitter Power 1 519 30 5598455558
Central Proc I 1600 000 £2.5 Central Proc 0 1800 1000 £2.5
Software Code 2 1496 ] 187416332 Software Code 2 14496 an 187416332
Flight St Reuse I a0 28 ZATTITIIIR IFIight SW Reuse 0 a0 28 2TTIIVIITE
Dlata Storage 0 3.00E+06 1.50E+0F L] Diata Storage 0 3.00E+06 9.00E+05 30
Thermal Tupe I 4 ] ] Thermal Type 0 4 I 0
Average 1713048263 Average 15, 2622045
Cost 2793251927 Cost 2519973617
DevTime 3273320845 DevTime 3151093057
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R? = 0.99987

1.8X

3.2X

2t03 3to4 4105 5t06

Figure 29 Cost growth(Y-axis) required to support ircreasing TRL (X-axis) for any component as
published in[203]

In spite of not being able to implement the proposed changes in the small satellite (single) cost models,
the COBRA model will be used to calculate the TFU cost for tig&Mérmation in Chapter 7 due to better
sensitivity analysis than SSCM. The cost value deriVatl@d [Right] will be used because the subsystem
are the closest to those derived in Chapter VI. Since we need a reliable metric of architecture differentiating
cost, the FU cost is far less important than cost as a function of DSM variables such as satellite number and
orbital spread. Also, since a 3D imager payload (S#eRonith supporting subsystems for slew maneuvers,
imaging modes, oadinated downlink and propulsive maintenance (S¥ti®)V1-4, VI-5) has never been
flown in a coordinated manner within a nanosat, the cost of the first unitigsriefiably estimate based on
past mission data only. Design decisions should therefore not emphasize overtly on the cost of single satellite
and instead predict the differential value of adding more, once more detailed studies establish assingle unit co
The learning curve parameter derived and validated in Be@iér2andO will be used as cost to scale up a
DSM. Ground station and operations costs, even if underdeveloped, are asseiragotuced within the
0l earningdéd and with 40% of t &igusek6. Andrittcal componentofst as
future work is to improve planning and scheduling operations of DSMs and quantify its asstxiated co
(problem 6Cd in the costing model ). Differenti al
vendors and component providersd numbers cited ea
on COBRA and SSCM.

IV -3. Science Perbrmance Evaluation Model (OSSEiriven)
Angular grformance ithe model is computed in the innermost layer (right Box llIBigirel4
and the detailed version is showrrigure30 The inputs to thé&igure30 model are the solar zenith,
measurement zenith and relative azimuth angle of all satelaasatianat any given instant of time, which
comes from the systems engiitey model, and ttseirface typef interest, which is an external requirement.

Performance in all other sampling dimensions comes from the SysEng model iiVSkétion
temporal metrics from the orbits module, spatiaiaadtom the orbits and payload module and spectral
metrics from the payload module. If a single metric encompassing some or more of the other sampling
dimensions, appropriate OSSESs can be selected and plugged in just as the angulamO&&nzitigly,
mission design decisions can rely on interviews with scientists to prioritize the conflicting sampling metrics,
given a quantification of their dependencies (also shown in Se2tdwI1-2 andV-4).

For NFOV sensors in formation fligtte OSSE model is summarized as follows: Ref&ebde

isaset of reflectance values of shieface typef interest measured by CAR at all angles. The B&i2Fn
is vey dependent on the wavelength sumfiace typerhereforereferenc@®RDF to be used depends on the
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geographic area that ttoeemationis expected to fly over and the application of interest/data products of
interest (depends on wavelength) as séégure34. A sample of these values that corresponds to the view

zenith and azimuth angles offirenatiord s s at el | i t e sReferencBsReD Fedc taendd fursoend tah
to invert a BRDF model and estimate todehparameters. These parameters are then used to run the forward
model and calculate reflectance at all angles. The difference between this estimated reflecifeceraned the

CAR reflectance is called the adtBakialue (RMP).BBDFxand i s
be used to calculate geophysical variables such as albedo and GPP. The difference between these variable
calculated from th€AR reflectance valuestvsh e f or war d model esti mated val
e.g. alb#o error. BRDF errors and App errors at any instant of time are the outputs from the science
performance evaluation model and determine the goodness of thenmgiitndesign and corresponding

angular spread. By calculating the error over time fbtradaspace dbrmationarchitectures or designs

helps us judge them based on an intricately coupled science metric. The error obtained is a sum of the model
error, linear inversion errors and sampling dure to architecture; whehe first twoareassumed to be

negligible.

1. True BRDF (CAR data) > BRDF Error
g 2. SE-Model Angular | I

Sampling Outputs 7. Specific Applications
(e.g. albedo)
Geophysical variable App Error

= f(BRDF)
A

6. Estimated BRDF usinga
sampling of True BRDF Data

3. Selectcorresponding
samples from “Truth”
)

» 30

4. Fit known BRDF model and
invert for model parameters

A 4

BRDF(0s,0v,®s,A) = 5. Run forward model
f(params,kernels) with inverted parameters

Figure 30 Summary of science performance evaluation (from the innermost blue box named
6Sci ence Eval Eigure 14drhe médeldoebirfesangular output from the formation
architectures in the SE model with the BRDF science evaluation model. The metrics of performance
are BRDF Error and Application Error, marked in green boxes.

WFOQV sensors arranged as constellaiiothe other handeedreferencelata all over the globe and
over time, thus cannot use only CAR data (not available, being airborne). Instead, High resolution radiative
transfer (RT) model called the University of Manchester Global Climate Model (YMGir@ulated to
output radiatiomt different times, geographic locations and wavelefighse40. UMGLO model results,
modulated with CAR data for angular differentiation (desieri8edtionV-3.1), are assuméal be the truth.
The corresponding OSS$IEven SciEval model is shownFigure31 The SysModel outputs simulated
measur ements per architecture (Box2), wteiermine ser ve
the subset of theferencd OR ( Box 1) that the const elréfaenddOR 6s s en
are selected accordingly (Box3) and a model is fit on the samples to estimate model parameters (Box 4). The

7The UMGLO model data has been obtained with permission via Christine.L8ibif@reading.ag,uk
from Malcolm Brooks at the Met Office and Richard Allan at the University of Reading
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next section discusses fotential models, especially the spherical harmonics model, which can be used for
this purpose. The inverted model parameters are used to determine TOR globally, over time (Box 6) and
compared to the truth (Box 1) to give an objective measure of gobtimessahitecture with respect to the
UMGLO model truth (Box1). The Pareto optimal architectures are then selected as a function of the two
objective metri performance error and cost.

TRUTH AT MIDNIGHT SCIENCE EVALUATION OF OSSE
Langwave Tatal Outgoing Radiation in Wim? - 1. True TOR (UMGLO Model) > — OUtgomg
20 w 2. Temporal and Angular Radiation Error:
o samples fromany Optlljnlla.tlon
a0 . constellation architecture Objective
g % A
T o0 s & e 250 -
2 SFNG A TR L ey
§® #‘:‘-?ﬁi’\"ya\ﬂ\ ‘.&".?% 1l f 200 ™
a0 i 0 ‘—j’ _‘ ﬁ\(} \:‘ v'( Q 150
M X o\ 150 ’
S . 73’ 1 {; ~ o ’ 6. Estimated

TOR at all Earth

0 Edl 100 180 200 280 0 30 gridpointsand

gitude in degrees L 5
times using
Shortwave Tatal Outgaing Radiation in V/m? y parameters.
o0 3. Select corresponding
”

e Samples A A
700 i 4. Fit a Spherical Harmonics model

H 500 i and invert for model parameters

ﬁ 500 300

2 - L I

0 © > s(0.40)=33.C, ()Y (6.4)+5,,(1)%,:(6.4)
300 3 = 1=0 m=0 5. Run forward
200 150 1 ; model
. A y(6./1,t)=—“(!):(9’,l #)dQ+e, with inverted
) 0 B RS ’ parameters

ngitude in dey

Figure 31 [Left] TOR at every grid point on Earth at 00:00 on August 29, 2010, as generated by the
modified UMGLO model for longwave (top) and shortwave (bottom) radiation. Such data is
available and used as truth at 3 hour intervals. [RighBrocess flow chart for evaluating the
6goodness® of any constellation architecture (Box
error (green box).

The major drivers or influencers on BRDF erttuais need to be investigated &fermation fight
(FF) or constellation variables to get a tradespace of angulgil3préatdandsurfacaype and temporal
behavior ofthe formationor constellation. In the following sections, the radiation data assimilation and
spherical harmonics methodology for WFQOV sensors, data to use as truth for science performance validation
followed by case studies demonstrating the NFOV formatnd science evaluation madebresented

IV-3.1. Radliation Integration and Spherical Harmonics
The models used in NFOV sensors have been described in great detail il Se2tonl their sensitivity
analysis performed BectionV-1.2to select the appropriate one for the different Earth surfaceRgpes.
WFOV sensor s, the critical measur ement estimati n
instrument over its FOV. Assumiig tinstrument aperture to be a polygon of area dA, as Bapmnéi2
(left), the total flux reaching it is the integration of the infinitesimal cones of radiance coming from multiple,
radiating grid points ondrEarth (in the) direction). The area of each element of the Earth grid can be
calculated from its equivalent spherical pol ygon:
Al ternatively, AP may be c dFigwed2(right)drotal fluk (hemispberi®) c oo
is then given by the radiance integratickpf over FOV:
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Equation 30

The main purpose of a science model is to estimate the measurements at all points in space and time,
given a sample set of measurements at a subset of theimepaai@ts. In the spherical (SH) harmonics
modeljotalait goi ng r adi a tdinEquationdl) isexpRss¢dsat(thd sakeljite gititude, location
in Iat|tude/Iong|tudeand time usmg a truncated SH model. The basis function® aré_

0 wéiwéil, ® -A 0 O&ii-0E)l, whered ¢ iis—the associated Lengendre
pol ynomi aI , S and k are |ati radiaeteravil meadure thgspatialhd e  r e
averaged TOR (irestd of in situ TOR) over the instrument fafldiew and yield a spatially integrated
me as ur e me rEquatipr@I®ithisomte  asimeasurement noise.
$(040=3 3¢ (0 0.0)+5, (010.4)
»\'(Q,A,T):fl .[ .\'(9',1’,[2)(IQ+€

Q(8.4)

Y [E,7(6.2)+ 5,7 (6.)]+

m=0

M.—-

v(0,A,1)=

I
o

Equation 31

Combinihp t he two equations gives the simulated m
functions whose coefficients can be solved for if a sufficient number of satellite measurements of flux are
available and the s at erbnentintegration méthodssciende Bodilg and trsith k n o
data will depend on the application under consideration. Both the methodology and the software tool are
modular enough to allow easy swapping of case studies. The two sets of harmonic coeffinieldENC/S
are related by the Pellican cap parametdiquation32, which acts as a smoothening filter oveefieeence
datg223] Larger FOVs will result in smoother measured fluxes because harmonics from neighboring points
will affect the mearements.

§-+8

1
— [P 1((:05 FOV) — cos FOV P,(cos FOV)]

b= 1—cosFovz+1

1
B = 3 [sin Fov

Equation 32

Figure 32 Spherical Geometry representation of radiance and TOR at the satellite
The averaged coefficients can be inverted from measurementsedacktieeoefficiens estimated

from them analytically. Flux at any latitude and longitude on the sphere can then be calculated from the
referenceoefficientsFigure33 shows the difference iaferenc OR at the Equator and essited TOR
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using the above method in 1D for varying FOV and for different density of measurements. Denser
measurements result in lesser errors. Measurements aq@attdey 15 neaimultaneous measurements

result in <1W/n% of difference from the truthwhich is the NOAA prescribed accuracy for shortwave
retrievals. When measurements are not well spread, errors soar even if their numbéfigare3gige. r i g ht
most bars show 48 measurements simulated 4wg2of the Equator resulting in the maximum error.
Therefore, it is not just the measurement and satellite numbers, but also the spread and arrangement that are
verycrucial Higher FOVs reduce error for uniform spread because of more overlap artd abpityre

angular variation of teferencelata but increase error for clustered spread.

90

| EFOV =50dey | TP NRPRTs O
[ IFOW = 103dey ]
o -FOV=13Udeg . U

=]
=]
T

-
[=]
T

[ w i m o]
[=] [=] [=] =] =]
T T T T T

Error in Total Cutgoing Radiation [W:’mz]

=]
it

o

100 375 24 0s
Spacing of uniform Equatarial Crossing [deg)]
0.5deq is clustered and non-uniform

Figure 33 Difference inreferenceand estimated TOR using 1D spherical harmonics for equally
spaced measurements along the Equator (i3 sets) and clustered measurements over2dght
set), i.e. 3, 9, 15 uniform and 48 clustered measurements.

TOR is assumed to be static over three hours, validated by climate science models. The spatial
resolution of the proposed SH model is the Earttumference divided by the number of SH terms in the
expansion 0 | OEquation31 Therefore, more model parameters and more satellites are required for more
spatial resolution (e.g. 100 for a 400 km resyluti@asurements are very high look angles/nadir angles are
also noisier (high e), so just increasing the field of view per satellite is not sufficient. Increasing FOV also
averages out the truth and misses angular dependence of radiance, requirielljtegamdanore overlap
to converge to theeferencdlux. This creates a strong case for constellations.

IV-3.2. Data from Cloud Absorption Radiometer

Airborne or tower dataof mutin gu |l ar refl ectance serve as o0tru
For some OSSEs such as those for estimating total outgoing radiation globally, exhaustive measurements are
not available hence, radiative transfer model simulations are used to fill uf2##g§ bapal BRDF data
from airborne campaigns thie Cloud Absorption Radiometer (CAR) on platforms such as NABAsP
us ed alR0] Bhe €CARthds @n IFOV of &and isdesigned to hawezenith to nadir scan range 0f°190
By flying it around a ground spot in circles and at different heights, radiance measurements are obtained at
every degree of reflectance zefuthto 80 due to a Selevation cutoffand azimuth angle for stafieart
BRDF estimatidi20] By repeating measurements at different times of the day, reflectance at different solar
zenith angles may also be availlaut it is not as exhaustive as the measurement angles.

CAR data for all seven major Eatinface tyeare availableigure34shows the global distribution
of the majosurface type as extracted from GEQ@vhich draws from MODIS data. The grid points are 5 deg
apart at the Equator and distaadpusted for higher latitudes. For eagface typeahe inset polar plots show
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the reflectancén colorshormalized at the top of the atmosphere as a functineasfurement zenith (plot

radius) and azimuth with respect to the Sun (polar azimuth). Both the shape and the intensity values of these
plots are very different, indicating the importance of local but angular data collection as well as global and
temporakhssessment of this data.

MODIS Land
Cover Map +
CAR data
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Figure 34 Typical BRDF, at representative wavelengths, of the major Earurface types,
geographically sorted using the MODIS land cover typdhe white gaps indicate deserts.

NASA CLAMS campaign @D data has been used for water BRDH®&IICLAMS was centered
at the Chesapeake Lighthouse sea platform 20 km eagtrad Beach, at which NASA and NOAA make
continuous, longerm measurements of radiation, meteorology, and ocean waves. THegnsga4shows
the data at SZA = 20 deg. Three other data sets at SZA = 36 deg,and 44 deg have been shown in more
detail inFigure35 Quite obviously, water BRDF is characterized by a reflectance peak for the sun glint or
specular reflectance when MZA equals SZA when looking aintif@A®=0). While angular reflectance
around the sun glint gives valuable information about wind speeds and aerosols, the regions far from the sun
glint aresignificantfor the ocean color commurj@g] Satellitormatiors can be optimally arranged to
measure or avoid the sun glint depending on the application of interest. Reflectance at 472 nm has been plotted
andused,begge t he bl ue b avaithble(bands)isthe mOskeBghtative for water studies.

Data collected during the SAFARI campaign (2000) is used for Savannah [28jeshieoARI
collected BRDF for a variety of natural surfaces and ecosystems in southern Africa including savannah, salt
pans and clouds. The savannah is characterized by a distinct backscattering peak in the principal plane
(RAA=180deg) called the hot spot, around the angular point where SZA=MZA. The hotspot region is very
useful for land and aerosol scientists to quantify photosynthetic productivity, glory effect on water clouds, etc.
The inset irFigure34 shows the data collected over Skukuza, the hottest and most arid regiorugrethe Kr
National Park, at SZA = 28The vegetation at Skukuza is dominated by knob thorn trees and [@&fwood
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The polar plot is expandedHigure36to show the hotspot in more detail and compare it to savannah data at
SZA =67, as collected froMaun in Botswana, a region dominated by mesiagd multstemmed mopane
tree$20] Both plots show reflectance at the near infrared (682ndh)lb the absence of the green band in
CAR, the NIR band has the best espntation of vegetation BRDF.

Water reflectance at SZA16  Water reflectance at SZA30  Water reflectance at SZA 44

.22 0.5
0.2
0.10
.16
14
.12
0.1
10.08
10.06
0.04

0.02

Figure 35 BRDF of water(color bar) as collected off Virginia Beach by the CAR instrument in
NASAds CLAMS c¢ amp a icagansolar2ehith angle d? B6BX apdcAt’ feft to right) is
shown. The radial striatiors for all the data plots are 20n View Zenith Angle (VZA).

Savannah reflectance at SZA . Savannah reflectance at SZA ¢  Snow reflectance at SZAX 66

1.6

FigUre 36 BRDF of savannah (left, middle) as collected over Maun, Botswana (left) and Skukuza,
South Africa (middle) bythe CARm st r ument i n NASAG6s SAFARI campai
shown is at solar zenith angle Z8and 67 respectively. BRDF of snow (right) over Alaska during the
ARCTAS campaign in 2008 is shven for solar zenith angle 6%

Snow measurements are obtained fneARCTAS campaign (2Q@8} inBarrow, Alaska, over the
Elson Lagoon. The-8B carried a payload, including the CAR and AATS instruments, designed to study
aerosols and the radiation environnrethie ArcticFigure36 (rightmost) shows the BRDF signature at the
near infrared band of 1036 nm, the chosen band for snow because of its minimal obstruction due to cloud
cover and aerosols. The SZA &6 the specular reflectance direction shows tinetdisin glint, which is
characteristic of snow, however much more diffused than the one seen over water. The BRDF signatures of
forests and croplandsigure34) are very similar to the ones over savannah, bgitgtion. The insets show
the BRDF signature at 870 nm for forests, collected in the Eco3D Campaign over Wallops, Virginia in 2011,
and for croplands, collected in the CLASIC Campaign in Ponca City, Oklahoma in 2007. The band was chosen
because the BRDRiaotropy was observed to be the most pronounced among the NIR bands and it is required
to be capturedybthe formation flight solution. Urban reflectance data is representedIdyEXeB
campaign that focused the longrange transport of pollutionpghl atmospheric photochemistry, and the
effects of aerosols and clouds on radiation and cliimaiglotted data is from phase 1 of the shetjormed
in Mexico from March-20, 2006
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BRDF signature over deserts is assumed to be a Lambertian sw adtellite is sufficient to
measure it. The satellite positions over time step from the systems engineering model infurfaeehich
typelies under théormation and t he appropriate oOoOtruthod i s used
coarser thn the NFOV ground spot, hence, only suréace typper time step is processed. The position of
the monolithicspacecraft such as Terra (also dai AM1) or PARASOL Rolarization & Anisotropy of
Reflectances for Atmospheric Sciences coujite®beervations from a Lidaig obtained from their Two
Line Elements (TLE), data based within AGI STK. Exact orbital statesifatiors of individual satellites
can be used to determine angular spread, which is then evaluated in the OSSE. Noteahstrisorali
for all the data plot&igure35andFigure36) are 10 degrees in VZA.

IV-3.3. Data from AMSPEC Il - the Automated Multi-angular SPEQro-radiometer
Canopy refleahce measurements fram automatednultrangular, specti@adiometer platform
called AMSPEJR25]is available for some forested regions. These measurenusefarebtaininggt r ut h 6
at the 531 nm band, which the CAR does not possess, which is necessargaimurlationsAMSPECs a
tower based instrument which can adjust its look angle betw&iadd scan up to 3306f azimuth (after
which the tower gets in the way). As an automated instrument, it can collect data all day hence has more solar

illuminationangle coverage.

SZA =9 deg SZA =3 deg SZA =3 deg

Figure 37 The view zenith (VZA) and relative azimuth RAA) of the AMSPEC measurements from
the DF-49 site, binned by measurements taken everyaf solar zenith (SZA). Radius indicates the
VZA and polar azimuththe RAA of the measurement with respect to the Sun.

AMSPECdata has been validated to be very closely correlated to the CAR data, and can be used to fill
up solar zenith gaps in vegetated or forested regions, if {2@6jré&tis thesisises data from a site called
0 DB 9 6, -year ol6, kecorgtowth coniferous forest located on Vancouver Island, British Columbia,
Canada, at 300 m above sea | evel (49A52676 N, 12!
western red cedar aB#o western hemlock and is among the most productive forest types in Canada. The
stand density is 1100 stem kndth tree height ranging between 30 and 35 m. The site is located within the
dry maritime Coastal Western Hemloclgbeioclimatic subzone e annual temperatur e
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characterized by cool summers and mild winters with occasional drought during late summer. The leaf area
index (LAI) is 7.3 AmM-2[227]

SZA = 25 deg SZA = 40 deg

025

.02

0.015

AZIMUTH: View Azimuth Angle in degrees

Figure 38 AMSPECdataat 531 nmrom the DF-49 site as a function of VZA andRAA, for
measurements collected at SZA 25 (left) and 40 (center). [Right] VZA and RAA of all AMSPEC
measurements at the DF49 site, irrespective of the SZA, collected of a one day period.

Since thAMSPEGinstrument is mounted on a tower and scans the surrounding canopy by changing
its lok direction, its angular spread is not as extensive or regular as the CAR irfSiguneditshows
measurement angular spread collectaIBPECovera one day span, binned evéryfaolar zenith angle.

The @p in the top, right quadrant is due to the views being obstructed by the tower on which the instrument
is mounted. The view zenith range is fronf-6@0 because the instrument cannot look straight down from

the tower as CAR can do from an airplaMSPEC reflectances are binned over short periods of time so that

the BRDF values not only capture the directional effect seen in all VNIR wavelengths but also the physiological
effect during the xanthophyll cycle, which is more active in sunlit leavesdidshrosbsl he reflectance

values at° intervals of VZA and RA#or are shown ifrigure38 at a morning hour in August 2006 when

the leaves are suniithe edge of the hotspot and the full hotspot itself isyctear in the left and center

panels respectively. AMSPECmeasurements from B are shown iRigure38right, and it is clear that

this data alone cannot be used as truth because its angular spreadugmti piok any angle that the
architectural outputs of the SggEnodel produces.

-0.065

-0.005 0.6

Figure 32 BRDF of forest data, synthesized by RTLS inversion on data collected over the-B%
forest site by the AMSPEC instrument in 2008009, at the [left] 531 nm and [right] 570 nm band.
The calculated PRI (always negative) is shown in the right most panel. Note the difference in color
scales over the three panels.

The approach adopted is thus, to inveREnSmodel on all thAMSPEC measurements at the 531
nm band (all VZARAA, SZA:Figure38right) and calculate theRTLScoefficients. These coefficients are
then used to calculate reflectance at all VZARaAdangles, and this reflectansed as the truth for the
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xanthophyll sensitive band. The saare berepeated for a xanthophyll insensitive band (red band chosen
because of its overlap with one of CAROs bands) .
modeling theRTLS paranetersis shown inFigure39 for both bands. The synthetic data sho@92
coefficient of correlation with CARO6s red band dat
angular data sets as OSSE tithik PRI calculated from both synthesized data sets is also shown.

IV-3.1. Radiative Transfer Model data modulated with CAR data

As mentioned earlier in Section IV, for applications that need temporally varying and global truth data,
CAR data is not available because airborne and limited spatially and temporally. The ERB case study
requires TOR globally anddui tri-hourly. Since such measurements have never been obtained, a global climate
model is used along with a radiative transfer modeshéoate the TORt every 0.351®f longitude and
0.2344 of latitude, every three hours through August 29, 2010 (arbitrarily selected). The Met Office global
forecast modg28](UMGLO) is ued to generate the TOR truth data. The global TOR values at short and
long wave at two (of eight) times of the day for nadir view is sh&iguredQ Assuming the UMGLO
radiation field to be isotropic, radiance is equalinegilions of the hemisphere.

Y 6 'Q Q6 EGHH 0
Equation 33

Latitude in degrees
Latitude in degrees

il a0 100 180 200 250 300 350 0 a0 100 150 200 250 300 350
Longitude in degrees Longitude in degrees

Latitude in degrees

u] 0 100 150 200 2e0 300 350 o 50 100 150 200 280 300 350
Longitude in degrees Longitude in degrees

Figure 40 Outgoing radiation in W/m 2 at the top of the atmosphere (h=100km) for long wave (top)
and shortwave (bottom) radiation at 00:00 (left) @n12:00 (right) on August 30, 2010 as simulated by
University of Manchmadel orabtke latitiviEsla@ loaditudes totserve as

isotropicot rut hé dat a.
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In practice, however, earth reflectance in the solar spectrum is anisotrispguantfied by the
BRDF. Thus, solar reflectance can be represented as@RDB(,orkthe reflectance at a given solar zenith
angle measurement zenith angle G, relative azimuth
YO QQOESND G e, 2 00 6 &
Equation 34

Broadband BRDF of Arctic snow

(=]
@D
T

o
o
e

Bi-Directional Reflectance normalized at TOA reflectance
o

g
3

B 40 20 0 X 40 & & 1w
Meaurement zenith angle in degrees from anti-hotspot to hotspot direction
Figure 41 BRDF of Arctic snow[28], as an example. Blue curvbroadband reflectance of snow
measured by CAR, normalized at the top of the atmosphere (TOA) measured in the vertical plane
containing the sun and target. Polar pletbroadbandreflectance of snow at all measurement zenith
anglest G=radius) and relative azimuth with respe:
Solar zenithd = 67°.

BRDF values for eight of the magorrface typeof the Earth are available from airborne campaigns
and have been used to quantify the anisotropy of thgamadield output from the UMGLO modé&ligure
34). Data from the Cloud Absorption Radiometer (CAR) instri@®reveloped at NASA Goddard Space
Flight Center (GSFC), quantifies reflectance at all 4 BRDF va@ableS,, k at an ilhad r ument
over 14 bands from 335 to 2344 nm. Since this section focuses on broadband, wide FOV me@siRements,
measurements can be averaged to provide the same. For Eigungdd,shows the reflectance or BRDF
of Arctic snow as an example (averaged over all wavelengths but constant solar zenith) for vargieng measure
zenith and azimuth. Measured flux over snow when BRDF is accounted fé&U%odaigher than when only
nadir reflectance is considered. Since a large amount of TOR is reflected off the polar ice, BRDF considerations
are important to estimate the trgorrectly.

IV-3.2. Formations applied to Snow Albedo and Vegetation BRDF

The coupling between the MBSE model andD®8E model for BRDF estimation using NFOV
formationswill be explained via 3 short case studies. In the first case study, the Free Swhiif @H)p
configuration in the curvature corrected HCW fiampkiggedo the science evaluation model for estimating
snow BRDF and albedo. An FOE inclined at 21° with LXEB plane was chosen based on previous studies
that showed the possibility of labge consistent angular spread with such a configuatipf21Q]A full
tradespace enumeration of every possible way INesatelld orient on an FOE leads to tens of millions of
architectures which are not efficient to explore because most of them are redundant and significantly
underperforming. Since previous studies showed the necessity of a large angular spitiad, thetisate
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FOE are forced into architectures with equal satellites per ring, equal azimuthal spacing in each ring and
constrained to a maximum of 6 rings and 8 azimuthal slots. 5, 9 and 13 satellites were chosen for the study
where 1 satellite was alsvéyrced to point nadir for reference reflectance measurements to benchmark the
others against.

A detailed, variable streamlining process in Sé&f#oand V-3 showed that the HCAWOE
formationsneed differential inclinations and eccentricities which are impossibly expensive to maintain within
nanosats (Sectitdi-4). However, the physical representation of the angular spreads is better visualized using
HCW-FOE formatons as opposed to the maintainable HCV8 formations. Further, the sensitivity of errors
to the spread or number of satellites and its evolution in time is more pronounced in such orbits- This HCW
FOE study thus shows the intricate mapping between ifomratits (both static and over time) in LVLH to
the measurement spreads on the ground to the BRDF estimation errors when the ground signatures are
different (snow vs. vegetation), and effectively explains the MBSE+OSSE coupled model. The full tradespace
analysis in Chapter VII will use global simulations of the highest fidelity with maintainable orbits.

The results of the full factorial study are shovalie6 as the best and worst configuration for 5, 9,

13 satellites as judged by the BRDF error they produce with respeceterémedC AR data irFigure34

The first column of figures shows the LVLH position of the satellites in FOE configuration at the instant of
time which recorded minimum (top rows, best case) or maximum (bottom rows, worst case) errors. The second
column shows the resultant measurement zenith and relative azimuth achieved by all satétiteatioeach

by pointing their sensor to the grospadt directly below the LVLH origin (which always contains the reference
satellite). Since global parameters are not considered in this frame of analysis, the sun is assumed to always b
in the orbit plane of the reference satellite or the EXAMHplaneln reality, the solar azimuth changes a lot

causing the measurement azimuth to change a lot (unless the orbit is sun synchronous).

The worst errors are found when all the measurements are bunched upadirieak angles i.e.
negligible zenith ranred dots in second figure column). Errors are even worse when the measurement angles
have no azimuthal spread and more so when they are asymmetrically concentrated on one side of the BRDF
polar plot. For example, the worst case error with 5 sateftim® ithan an order of magnitude more than
the worst case error with 9 satellites. Architecturally, this disparity was possible because the 6 ring maxima
prevented 9 satellites from lining up on one side. Errors almost the same as the maximum (<E)imifferen
the N = 9 and 13 satellites case showed measurement angles line up in a straight likégasegi@e s
configuration bears a strong resembl anceintheo MI SR
maxi mum zenith angl e. MI SR8 s BiBUEB) iehalfiwaybetweendhisc ul a't
maximum error and minimum error which translates to half an order of magnitude in albedo errors. This
implies that having a large zenith range mitigates some error caused by the lack of azimuthal spread but cannot
reduce it beyond a certain value. The least errors (blue dots in second figure column) for snow albedo and
BRDF are always achievedobytzerith range (so that the sun glint at low sun conditions is captured) and
azimuthal spread (so that the symmetry in the BRDF plot is captured). Large differences in look angles for
identical satellites causes a huge elongation of swath, however thiddmapMISR (with look angles
varying from 0 to Ppalso has to deal with.

The best and worst BRDF RMS and albedo errors from the full factorial reGalite Gare
summarized as a function of the numbeat#llites iffigure43 Worst case errors drop significantly from 5
to 9 satellites, as explained by the fact that all 4 satellites bunched up in the same direction from the Sun which
9 and 13 satellites could do. The worst case error drop between 9 to 13 satellites and the overall best case
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error drop is <0.3%, indicating nearly no gain in increasing satellite numbers. Since BRDF error is the sum of
sampling error, model error and model inversion erroreRdifsmo del i s not a Operfect
earth reflectance (only 3 parameters), it may not be sufficient to capture the improving errors due to increasing
spread because of its own coarseness. Since the inversion error is <0.5% or negligible, psdect

model meant that almost entire error is a metric of samylinlity

Availability of new spreads creates a scientific incentive to create better models such as those in
computer graphicr0], [71]or compressed imaging which uses a spherical harmonics representation of
reflectanc¢73] Comparing the worst configurations for 9, 1@lgas and best configurations for 5, 9, 13
satellites also reveals ~40% difference in BRDF errors but very little absolute improvement. On the other hand,
the worst case improvement from 5 satellites is 400%. This shows that if satellites arepreg#orouy in
rings/zenith and azimuth as the full factorial study was forced to do (except in the 5 satdhiteecisse),
leeway where even the worst is only ~0.001 worse than the best in albedo. This iofiéicaiioedause the
satellites wikkpin around in the ellipse and the best configuration will distort perifii¢alB10put can
never get worse than the statue to orbital dynamics alame perturbations considered.

Table 6: Results of the full factorial analysis of N satellites in an FOE configuration at 21° with X=0
plane, equally distributed in a flexible number of rings overqually spaced azimuth per ring. One
satellite is always forced to point nadir as the reference satellite to make baseline reflectance
measurements. In the BRDF polar plots, radius = view zenith angle, polar azimuth = relative
azimuth with respect to theSun.

FormationConfiguration in the Instantaneous Estimated BRDF using

LVLH frame with trajectories  Measurement Angles fi  parameters inverted on

from the HCW equations the geometry shown measurement samples
shown

w
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Nadir-Zenith (HCWEX) in km

Cros:

9 satellites
Albedo error = 0.0034

N =

Nadir-Zenith (HOWLX) in km

RMS error = 0.0570 RMS error =0.0875 RMS error = 0.0571

13 satellites

N =

Sross Track (HOW-D) in km

Alang Track (HCW.Y) in km

Maximum Error Case Minimum Error Case Maximum Error Case Minimum Error Case

Albedo error = 0.0306 Albedo error = 0.0024 Albedo error = 0.8

RMS error = 0.087

Nadir-Zenith (HCW-X) in km

Cross Track (HCW-Z) in km Along Track (HCW-Y) in km

Figure 42 [Left] FOE configuration with 9 satellites withan RMS error of @87 (among the highest)
with respect toreferenceBRDF. This measurement configuration is very similar to that of MISR on
the Terraspacecraft with 9 sensors. However, it is very constrained in zenith angle rargg&ight]
shows the anguhr coverage in view zenith and azimuth)which MISR is not.
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Figure 43 BRDF RMS error (left axis) and albedo error (right axis) with respect to CAR data for the
best (green, left) and worst (red, right) configurations as affigtion of number of satellites in the
informed full factorial simulation in Table 6.

In the second case study, the modified HCW equation solutions, with J2 and atmospheric drag included
and curvature correctenle plugged ia the science evaluation model for estimating snow BRDF and albedo
[229] To draw from the first case study, the number of satellites and HCW initial parameters were set in order
to recreate the best configuration with 13 satellitgisle, 5th row in this high fidelity frame. The trajectories
were propagated for 15 orbits (~1 day) and shoRiguned4top. Six satellites each spin around the inner
(red) and outer (blue) ringequal spacing. Drag and J2 causes the rings to tumble about the cross axis as well
as drift along track. The view zenith angle subtended at the ground target (orange star) by the first satellite on
each ring is plotted Figure44-bottom. A small increase the angle subtended (trendirfyy istsezn over 15
orbits. The drift is characteristic of an differential inclination driven FOE. Arctic snow sampling needs
maximum angular spread and coverage at theheoles differential inclination (not RAAN) will be needed.

This calculation and plot assumes thdbtineationalways flies over snow for an entire day which is
not realistic. However, the exercise is useful to evaluate the effect of error owvéiirtiorenagiecisions to
phase the satellites so that the configuration over snow corresponds to minimum error. When the angular
spread achieved by the abfmrenationis plugged into the science evaluation model for snow BRDF, RMS
errors can be calculated éach instant of time and plotted ova&5lorbits Figure45shows a small linear
trend downward because of the slight increase in zenith angles subtended at the ground target which increases
the closeness to spiing the sun glint. Too much drift would cause the formation to go over the horizon with
respect to the reference satellite which would kill the simultaneous sampling capabiidymeititme
Formationmaintenance strategies such as changing tlengefsatellite and/or commanding the other
satellites to point at the ground track of the reference satellite instead of directly below it (assuming a few
minutes time separation in making measurements is acceptable) and/or active propulsion cartde adopted
recover angular sampling capabilities in the event of too much drift.

Figured5also shows a distinct oscillatory pattern of the BRDF RMS errors with 6 oscillations per orbit
(short term) and 1 oscillation per orbit (lomg}eThe insets iRkigure45 show the measurement angles
corresponding to seleotests and troughs. The presevicé satellites per ring ensures a wide azimuthal
coverage and taps into the different quarters of the BRDF poliar gpite of the orbital dynamics causing
the satellites to rotate about the center. The patterns seem to indicate that crests correspond to maximum
sampling along principal pland. 80 line/plane, contains the sun) while the troughs correspondinoethe t
when the satellites have all rotated out of the principal plandotfriaBonis expected to encounter snow
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in X% of its orbit, the satelliteBould be phasedich that the first or last X% of the orbit (least error) seen in
Figure 11 corresponttsthe flight over snow.

~
[=]

B i Initial X = 150 km
s .| = Initial X = 400 km

Initial ¥ = 150 krm
Initial 3 = 400 krn

]
=
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[N
]

Wiew Zenith Angle subtended at nadir ground spot in degrees

[=]

i
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Orbits completed

Figure 44 [Left] The best 13 satelliteformation configuration in Table 6 propagated over 1 day
including J2 and atmospheric drag effects; trajectories oféhinner (red) and outer (blue) ring shown
in LVLH frame. Orange star represents thg@round target at (0,0;altitude) in LVLH frame. [Right]
View zenith angle subtended at ground target for one satellite in the inner (red) and outer (ring).
The graphs for tie other 10 satellites are phase shifted versions.

4000 -
Cross Track (HCW-Z) in km 1000 Along Track (HCW-Y) in km

o

Figureds0 s i ns et s s h o fermatibrewittaadually spaced)satellitel (@ tazimuth) have
on sampling specific angles. The measurement spnaéts ralmost the same over orbits because as one
satellite rotates out of a given view zenith and relative azimuth angle, another one moves in to fill its space.
Thus, if theormationis designed such that some combination of angles is captured nagpihal &l ensure
that they are always captud&dth more efficiency as number of satellites increases. This is all the more useful
when changing solar azimuth angles are taken into account because the satellites rotate even faster because ¢
it. Drift does cause some degradation in the view zenith angle and nitigthiools have been discussed
earlier in this section. Sun and drift caused dynamics are best assessed in the global STK frame, which is the
highest level of framewonksed
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0.064 -

Fraction of an orbit covered

Figure 45 BRDF RMS error with respect to the CAR data for thermation shown in Figure 44
when propagated for 1 orbit (left) and 15 orbits (right). Insets show the measurement angles
achieved at spgcific points in time marked.

In the third case study, the Free Orbit Ellipse (FOE) configuration in the curvature corrected HCW
frameis pluggetb the science evaluation model for estimating vegetation BRDF in Southd@P8frTdee
study is essentially the same afirftecase study except for a very diffesarface typewith the intent of
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understanding the difference between the results caused by chafag@dye A full factorial analysis is

done with the same variables and constraints as the firstdyadeestults are presenteBigure46for best

(blue, left) and worst (red, right) error configurations using 4, 5, 9 and 13 satellites. The respective errors are
noted on the first column as e = [minimum RMS ammaximum RMS erroRigure47shows the dependence

of these errors on the number of satellites.

N = 4 satellites N = 5 satellites N = 9 satellites N = 13 satellites
DZ [ 0.0135, 0.0831 DZ[0.0135,0.0763 DZ[0.0135, 0266] DZ[0.0135, 0.0192
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Figure 46. Measurement angles obtained witfiormations with increasing number of satellites
(columns) that gave the minimum (blue column 1) and maximum (red, column 2) RMS error with
respect toreferenceBRDF of savannah vegetation measured by CAR, where E = [min Error, max
Error]. In the polar plots, radius = view zenith angle, polar azimuth = relative azimuth with respect

to the Sun.

As eatrlier, the worst errors occur when all the satellites are bunched toward near nadiri.e. N=4or 5
satellites, second (red) columfrigure46. These configurations fail to capture the azimuthaloraibht
BRDF and, more importantly, the hotspot as seEigime34 which is the peak reflection on the principal
plane that occurs at view zenith angle equal to solar zenith angle with the sun behind e st e,
errors show a big drop between 5 to 9 satellites since the 9 satellites are forced to symmetrically arrange
themselves on either side of nadir. While the worst case still occurs due to lack of azimuthal coverage, errors
are improved becauselofé¢ abi |l ity to capture the hotspot. Not e
at much restricted zenith range, as before. The worst case in 13 satellites captures the full zenith variation of
BRDF but not the hotspot at all, hence only a slighbimment in errors (red curveHigure4?). The best
case errors are seen (blue ddigare46 when at least a part of the hotspot is captured, measurements are
maden the upper hemisphere to capture thehatsipotandhe zenith variation of BRDF is sampled.

The best case error for one time instant does not seem to depeachomber of satellites at all,
when Savannah truth is uggcben curve iRigure47). For example, the best configuration in the 4 and 5
satellite case exploit the symmetry of the left and right hemisphere and achieve the same errors as the 9, 13
satellites with full zenith aadimuthal spread. Mever propagated over the whole orbit, the latter will do
much better because the azimuthal sampling will compensatédionatienrotating about the nadir. The
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4 satellite case will be demonstrated in the STK frame to show its drawback overdaneaiitve could
also be attributed to model errors, and better models can be tested iRSte&tbadssess the difference.

—@—Best Configuration  —@—Worst Configuration
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@ 003 |- N\
0.02
B o i

0.01

RMS Error of the Config wrt True

4 5 9 13

Number of satellites in the cluster

Figure 47 BRDF RMS errorfor Savannahwith respect to CAR data for the best (green) and worst
(red) configurations as a function of number ofatellites in the simulation from Figure 46.

The vegetation results are not extremely different from the snow results except a critical one: Snow
needs more azimuthahgaing than vegetation. Vegetation produces the same and least error with a straight
line sampling across the BRDF polar plot (N=4 satellites, bluekigts@6) snow produces near maximum
and never minimumrers in such a configuration (N=9 satellites, red détigjime42). Vegetation errors
shoot up when the sampling is not available fartdgottom hemispheres. This difference explains why the
MISR sensor whicltis 9 forward aft sensors does better for vegetation than far exempt when the
measurements align perpendicular to principal pldlhgmulations in Chapter VIl will show the comparison
of monolithic MISROs er r oansg ovarimarty orbits, which accoorastfor on ¢
measurements moving around the BRDF polar Spaase results also agree very closely with an simulated
annealing and genetic algorithm optimization to find the best and worst sampling points for vegetation and
srmow for 5, 9, 13 satellites.

IV-4. Chapter Summary
This chapter introducéso models: (a)@upled systems engineering model (MBiSEN) and(b)

the science evaluation model (O86¥n) to evaluate the optimal distributed mission architectures for
BRDF estimation. The SysEng model comprises architecture generating modules which are orbits, imaging
modes and payload; architecture validating modules which are critical subsystems including ADCS, GNC,
communication, onboard processing and propudside;chitecture sizing modules which are the subsystem
modules and costing. While the orbits module determines how the satellites will be organized in space, the
imaging mode strategies dictate where they will point to make optimal images in coordinztidoad he
module builds on prior literature (Chapter Ill) and a comprehensive framework to put together existing
methods to model a mudthgular, mul$pectral imaging payload is proposed.

Three major problems with current cost and risk megsighat limit their direct application to
estimating the costs of DSMs. 3éare(a)the absence of reliable learning curve fa@jsnall satellite
(<20 kg) costing tools ac) operations costing. An extensive data set of 53 DSMss(apea information
only) from NASA GSFC arfd/e instruments from JHU APL is used to calculate learning curve parameters
and understanding how numbers impacttoasipy. Existing models and methodologies that may be
applicable in part to DSMs have been identified in Chiptia a literature survey and some appropriate
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methods (SSCM, RAND and COBRA) and applied them to estimate the cost of small satellites and DSMs
using them. A 66.2% learning parameter when used with SSCM or RAND models were found to match well
with exsting mission costs. However, the compibzaited COBRA model suggested three times more cost

for the same single satellite tttenSSCM did, when applied toM&-EO payload and subsystems. Due to

the lack of a reliable single satellite cost nthd€lOBRA estimate will be used as Taxd the derived

learning parameter used for mission cosfuasction of satellite numbé&rhe TFU assumption is justified

because (1) the thesis problem statements need architecture differentiating cost, tfiusaast af[@RSM

variables such as satellite number and orbital spread is more important; (2) the satellite is a new integration of
existing technologies, thus hard to reliably estimate based on past mission data only even with a reliable cost
model.In addition to obtaininga simple architectwdifferentiating lifecycle cost model, ¢beting exercise

helps to identifyaluable insights on the use of existing models and suggest changes in existing models especially
in terms of accounting for TRL, comg:and operatinfplanning/scheduling ground suppeod$ts.

The OSSEs for the NFOV payloads in formations vs. the WFOV payloads in constellations are
structured differently and have been described. The formations are evaluated in the LVLH fraioeabnd use
airborne data (CAR instrument) as truth, depending sarfaee typaender them. BRDF models used in the
OSSEs have been extensively described in Chapter Ill. Tower data AbBRECinstrument is used to
obtainreferenceeflectance at bandsmexistent in the CAR, for photosynthetic products. The constellations
are evaluated in the ECEF frame and use a radiative transfer model run along with airborne data for angular
differentials as truth. The proposed method to integrate flux over thaenstfield of view and fitting
spherical harmonics over the simulated measurdmdastribed. Finally, a fractional tradespace of low
fidelity formation§HCW-FOE) were coupled to the NFOV OSSE to demonstrate science evaluation over
some selectesirfae typs of interest. Number of satellites and how they are arranged influences the BDRF
estimation error for both vegetation and snow. Chapter V will show how these low fidelity models streamline
the bounds for the design variables which can then bedhjpuitt a high fidelity model, whose results for
BRDF estimation and dependent products will be showcased in Chapter VII.
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V. Results for Orbit and Observing System Simulation Sensitivity

Chapter Il highlighted the systems engineering model and its ewpgular spread, temporal
resolution (revisit time) and coverage for all the DSM architectures. The angular spread framttSgsEng
without temporal characteristics, serves as the input to the science evaluation model to assess angular scienc
performance required for answee research questioi$iere is lack of opesource, orbital analysis software
for understanding the complex design tradd3istributed Spacecraft Missi¢gBsSM), both constellations
and more pertinently formation fligiihere is especially lack of softwhed can be modularly plugged into
OSSEs once a science goal has been identified. Thisstagptefith assessing the science evaluation OSSE
models and the truth data, in terms of sensitivity to the typical amehitagables, to confirm that they can
differentiate between architectures generated by varying the orbits (and payload varialdesyaldisehe
reviewed literature in Sectith-3.1 and Ill -3.2 and builds an orbital architecture generating tool, for
formations in the LVLH frame and constellations in the ECEF frame.

The formation models are grouped into theeels of increasing fidelithelsimpler modekare used
to understand the impact of design variables on the output and used to streamline their bounds, to prevent
variable explosion when the computationally expensive, complex models are run. The angular output not only
depends on the architecturehaf orbits, but alsan how the satellites point at their common target. The three
imaging modes or pointing strategies proposébdpter 1VSectionV-2.2are compared in terms of their
angular coverage (aetcost of spatial coverage) and its impact on BRDF estimation feuddeatysd
vegetation and snow. Constellation architectures and their angular output are inputted into the ERB problem
to show the preliminary utility of the tool.

This chaptealso identifies the key architectural variables for formations and constellations as well as
the key variables in the OSSE models, by a thorough sensitivity analysis and streamlining process. Intermediate
metrics (angular, spatial and temporal) depemuémt identified variables are quantified. However, they are
found insufficient to decide mission designs because of the sheer volume of apgfioationmetridata
over space, time and choices. The requirement of an OSSE to pull togetherctiveyqoetiics and help
make an applicati@pecific design choice is highlighted.

V-1.Sensitivity Analysis of Science Models

BRDF estimation is a complex problem that depends on many vanedletength, surface type,
number of measurements, VZA, RAA &Zd\ spread of the measurements. To simplify the OSSE as much
as possible, BRDF dependence on these variables is analyzed in the context of BRDF estimation from
spaceborne formation flight. This is done to uniquely and exhaustively map the impact @fttohangin
engineering design variables. A similar effort will then be performed in\G2etiaV-4 on the systems
engineering side of the model to streamline the variable space so that onlytitkevagables are
capturefP30]

For any given truth (constant surface type and SZA) and any given number ousetefigiajned
optimizationis usedo find the est and worst angular sampénghe VZARAA polar plot. Obviously, the
astrodynamics and systems engineering constraints will not allow a perfect spread, however, the analysis can
inform what to aim for and what to avdituristic optimization routinespecifically simulated annealing,
have been found to be the best for the purposwidlrite used frm MATL ABds Opti mi zati on
optimization within the OSSE. Appendix Xompares the performance of simulated annealing with other
optimization rotines such as genetic algorithms, swarm optimization and pattern search. After constraining
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the key design variables in the OS8Ey€ENngModeb s o (satgllite states and corresponding angular
coveragecan be evaluated in terms of BRDF estimatioertaintyThe reducedariable OSSE is applied to
a baseline formation architecture to demonstrate the evaluation process.

V-1.1. Sensitivity toWavelength

The CAR data are available at all angles for 8 wavebands, with the band width in parenthesis: #1 =
0.310 um (0.009 pm), #2 = 0.381 um (0.006 pm), #3 = 0.472 pm (0.021 pm), #4 = 0.682 pm (0.022 pm), #5
=0.870 um (0.022 pm), #6 = 1.036 um (0.022 um), #7 = 1.219 um (0.022 um) and #8 = 1.273 pum (0.023 um).
The 6 other wavebandserwhea, hdvenottbaeed usad iithis gtudy. Hithe aAald 6 s
dependence is very different per waveband, then a different measurement spread will be optimal for different
wavebands, in spite of looking at the same surface or ground spot. This willtertatifigathe instrument
or flying instruments that measure different parts of the spectrum on different physicabeldiitigsnore
complexity to the mission. On the other hand, if the angular dependence per waveband is similar, then the
formation gemetry can be optimized for any band and optimal performance at the other bands expected. The
BRDF data as a function of VZA and RAA per surface type (thus per SZA) wareratzed among all
pairs of wavebands and results from the least correlatéacé s/peplotted inFigure48 Only significant
correlations (p<0.05) have been considered.

Significant correlation among CAR bands

Significant correlation among CAR bands
in Savannah (SAFARI 2000)

in Snow/Ice (ARCTAS 2008)
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Figure 48 Correlation at p value<0.05 among data collected by CAR at 8 different wavebands, taken
two at a time, for 4 of the 7 major surface types.

Snow and croplands show very high correlation among all band pairs and the minimum Pearson
coefficient @) is 0.83 and 0.67, respectively. The red and NIR bands (#4 and higher), our spectral region of
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