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Executive Summary

This report presents navigation analysésch support the effort to determine feasibility dbe-

cost interplanetary satellitenission toEnceladusfor the ASTROBI Foundation. lie primary
constraint placed on the navigation strategy for mhission is to limit the use of grourzhsed
radiometric observables to save on mission operations cbisésprimary navigation strategy
under consideration is Line of Sight (LOS) optical navigation. The analyses presented here apply
this optical navigatin strategy to each phase of the missamid evaluate expected navigation
uncertainty under varying optical and operational conditions throughout the mission. Additionally,
analysis of the less common, but promising use of a star occultation timing ravigjatitegyn

the science orbit at Enceladus is presentedddition to focusing on optical navigation stpss,

critical events in the mission timeline such as planetary flybys andsje@e maneuvers have
been analyzed additionally witupplementaradiometric navigation observables with varying
observableguality and tracking cadence to support future higitslity cost and mission risk
analysessurrounding these event&ssessment of the results indicate that aticapnavigation
strategy supmented with radiometric navigation observables could prove reliable for this
mission with some caveats surrounding critical events aocheregimes of thetrajectory
However further analysis which includes the effects of these navigation errors on trajectory and
maneuver optimizatiomust be performed to fully validate optical navigation for this mission.

This analysis was performed by Advanced Space in support of and withng from the
ASTROBI Foundation. Additional analyses were performed studyingnission desigrand
ground system for this mission, which are summarized in independent reports.

Technical Activities

Optical Navigation Summary
Simulation Setup

Navigation studies are performed usimjON T E , an astrodynamics tool k
Jet Propulsion Laboratory capable of generajpose orbit calculations, trajectory optimization,

and orbit determination. MONTE is currently used by Advanced Space to ra@4&STONE

to the Moonand has been used for nearly every-daizigated mission sin@012[1].

The or bit determinati on studi es presented h
ConventionaKalmanFilter. Tr aj ect ori es are studied one #fleg
refers to the spacecraftodos trajectory between
is analyzed by first simulating measuremeatisulatedisingtrajectory produ from the mission

design team. The measurements are then processed in the filter as a covariance study. A covariance
study is similar to a normal implementation of a filter but skips any updates to estimated parameters

and only processes updates to estulauncertainty. Because the tools and dynamics used for
mission design and orbit determination disagree slightlyefilter studies are hindered and can
potentially divergé skewing results in the processlter scenarios are run as covariance studies

to capture estimated uncertainty evolution without the need forfluglity filter design.More



detail on thedynamicsand measuremeninodels used for these studies can be founthén
DynamicalModelsandMeasuremenilodelssectons, respectively.

The filter is configured to report uncertairdf/thespacecraft state in a J2000 inertidiked frame

using cartesian coordinates as well as uncertainty projected forward the next flyby for any given
leg of the trajectory using -Blane coordinatesThe B-Plane is a hypothetical plane that a
spacecraft would pagserpendicularlythroughif it were unaffected by the gravity force of the
targetflyby body. This parameterization d¢érget body intercept linearizes much of what is
otherwise ahighly nonlineardynamical encounteFigurel shows an example illustration of the
B-Plane.Thelocation of a flyby encounter on the T and R axes of glase yields predictable
behaviorfor theactualnonlinear effects of performingflyby without needing t@analyzea full 6-
dimensional orbit state.

B\Plahe

SN
‘\v&\eﬁ“’“v\

\ Asymptote intercept used

for flyby planning.

Actual trajectory intercept.

Figure 1: lllustration of the BPlane. BPlane coordinates arparameterized along the R and T directions, perpendicular to the
approach asymptote. Diagram auted from[2].

Dynamical Model

The navigation filtelpropagates the spacecraft state using point grassty fromthe Sun and
barycentersof Mercury, VenusEarth, Mars, Jupiter, Satutwhile outside the Saturnian sphere
of influence) Uranus, Neptune, and PlutManeuvers are implemented as impulsive burns
Internal to the Saturnian sphere of influence (SOI), the gravitational influence of Eselirmnd

its satellites Titan, RheaDione, Tethys, and Enceladase includedn trajectorypropagation
Ephemeris datis drawn from DE43for planetsand SATB75made available bthe Jet Propulsion
Laboratory

1 Gravity force modelled using the total mass of and originating from phanenh system barycenter when spacecraft
is far from individual gravitational bodiese | at i ve t o the bodiesd spheres of

n



Measurement Models
Inertial Angle Measurements of Solar System Bodies

During theinterplanetary an8aturn moon tour phases of the missimmeasurements of thae-
of-sight (LOS)directionfrom the spacecrafb Solar Systemddies or beaconsare used as the
primary orbit determination observabRractically, these measuremeate derived fronimages
of planets moonsand asteroidsaken onboard #hspacecrafiThe starfield in the background of
theseimagess used tasolve for the attitude of the camerarésight The direction totheimaged
beaconcan then beleterminedbased on its location within the im&afg]. The studies presented
here assumienage processintpr determining camera direction from a starfield and recognizing
and locating @eaconwithin the imagecan determine the direction to the body to withbin
arcseconds-sigma.This level of measurement precisioransistent with current technolof).
Rawmeasurements asemulatedas right ascension (RA) and declination (Deadues oriented in
a spacecraftentered J2000 framend overlaid with 6 arcsegA STD white noiseFigure 2
diagrams the geometry of this problem
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Figure 2: Line-of-sight optical navigation problenGiven known andi , measuredlirections of' and” , r, the spacecraft s
inertial position can be solved algebraically. Adapted fr¢i.

Thevisibility of measuremenis constrained by beacon brightneagunction of phase anglkend
beacomrspacecrafSun angleor Sunangle Beacon brightness is evaluated usngpirical models
for visual magnitudewhich derivesvisual magnitude of a body fronts absolute magnitude
V(1,0), solar phaséaw, m, (as a function ophase anglejlistance between the spacecraft and
body,} and the distance between the body and the Bubhe following equatiormescribes the
full model for visualmagnitude of the body as seen from the spacdéijaft

® Gpit vaé Tl &

The beacons used during the interplanetngdy are denoted iMable 1 along with relevant
brightness parametej8]. Measurements are simulated only if the calculated visuahitualg is
lower than 6.0The limiting visual magnitude for an imager can vary greatly with cost. The value
chosen here corresponds wétthow to middlegrade imagef4].



Tablel: Absolute magnitude and phase law as a function of phase angle for target beacon bodies during interplanetary cruise.

Absolute magnitude and phase lam) as afunction
Body of phase angle (U) 1in
V(1,0) | m
Mercury 036 |0.038. U3 (A 20am0O3( U
Venus 429 |0. 009 U +2iD. 8580/
Earth -38 |(0.016 U
Mars -152 |+ 0.016 U
Jupiter 925 |+ 0.005 U
Saturit 890 |+ 0.044 U

An example showindhow beacon viewabilityaffects the abilityof the spacecraft to gather
measurements is shownkigure3 andFigure4 for the first EarthivVenus leg of the interplanetary
trajectory.Note thatvisualmagnituek of all beaconstaysbelow 6.0 for the duration of the legp

it does not constrain th@ewability of beacongor this study. The Sun angle of beacons relative
to the spacecraft is far more constraining, limiting viewability of Merdarymost of thdegand
limiting viewability ofother beacons intermittently throughout the trajectory.
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Figure 3: Visualmagnitude obeacons as viewed from the spacecraft between launch and the first Venus flyby. All beacons
remain bright enouglfor a standard imager to capture.

2 Note that thisnodeldoes not take the perspeetiv of Sat urndés rings i nt avhethercount .
Saturn can be seen at all, rather than modelling apparent brightness as a measurement observable, the model provided
will suffice.



Target-Sun-Observer Angles
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Figure 4: Sun angles for all beacons between launch and the first Venus flyby. Mercury stays within 30 degrees of the Sun for
most of the leg.

In addition to beacon viewabilitycanstraint can be madedhoose an optimal pair of beacons at
any given time in the trajectaryfhis is especially useful foa spacecraft withoperational
constraintswhich would restrict itfrom freely imaging allviewable beacons For example,
collecting and downlinking science data or executing a longtlowst maneuwelimit the time
available forgatheringnavigation observablg$]. Optimal beacon pairs can be chosen using
figure of merit derived from thencertainty in a statestimatausinga batch least squares solution.
The derivation fothe figure of merit can bund in[5]. The mainelementsf the LOS optical
navigation problem which feed into the figure of merittaeebeacosspacecrafbeacon angle and
the relative distance betwettie spacecraft arehch beacon in a candidate pair. This metric favors
close beacons wase position vectors relative to the spacedafin a near90-degreeangle.
Becauséhe current iteration of the spacecraft trajectory containewdhrust maneuvers arah
overarching goal of the mission is to limit ground contact time, during thglatetary and moon
tour phases of the missitime spacecraft abilitio gather measurements of beacons should not be
significantly limited, andhese analyses utilizl viewablebeacons throughout the trajectory.

A final constraint which has not been modeled for these analyses is the operational plan for slewing
the spacecraft betweeimaging attitudes.For these analysesneasurementare simulated
simultaneously for eachiewable beacon atveryimaging time which is fixed to a Sminute
imaging cadenceA summary of measurement simulation constraints and parameters are denoted
in Table2.

Table2: Sumnary of optical measurement simulation parameters.

Parameter Value
Measurement Noise 6 arcsec 1A
Visual Magnitude <6.0

Sun angle > 30 deg




Imaging cadence

5 minutes

GroundBased Radiometric Measurements

In analysis case where optigavigation is supplemented by grodipaised radiometric tracking
range and rangete (Doppler) measurements are simulatsithg Deep Space Network (DSN)

statiors. To account for limited DSN usage, measurements are simulated with varying noise values

and tacking schedule® emulate radiometric tracking from lowguality ground stationsThese

details ardisted inTable®.

Additional Sources of Uncertainty

Additional sources of uncertainty are included in these studies to provide more restistates
of spacecraft statencertainty. These sources inclugiecertainty in the gravitational parameters
of Solar System bodiegjncertainty due to random mismodelled dynamiasd trajectory

correction maneuver errorfhese sources and their corresponding uncertainties can be found in

Table 3. It should be noted thananeuver execution errosse systenspecific whileall other
sources of uncertainty listed here systemagnosic. Forchemical propulsion systentaaneuver
deltaV errorsgenerallyinclude a fixed and proportionebmponentPropational errorsscale with
maneuver magnitudehile fixed errors do nofFixedmaneuver deltd/ errorsare generallynuch
less significant than the proportional errared have not been included hdPeinting errors are

implemented aafixed error distributiorbased ormssumedpacec af t 6 s

attilt%ude

1 sigmaproportionaldeltaV magnitudeerrors andlf -1 sigma pointing errors atgpical for
spacecrafwvith chemical propulsion systernapable of performing 10s to 100s of mianeuvers,

which matches themaneuveprofile for thismission.

Table3: Additional sources of uncertainty and their magnitudes

Uncertainty Source

Uncertainty (isigma)

Impulsive Maneuver Magnitude

1% of total DV

Impulsive Maneuver Direction 1£

Sun Gravitational Paramet@@M) | 10. kié/s?
Mercury GM 1.4 knvlS
Venus GM 6.4e3 knv/s?
Earth GM 8.0e4 knm’/s?
Moon GM 1.4e5 km?/s?
MarsBarycenteGM 2.8e4 kmd/s?
Jupiter Barycenter GM 2.1 kn?/s?
Saturn BarycenteGM 1.1 knmd/S
Uranus Barycenter GM 7.6 kni/s?
Neptune Barycenter GM 11. knv/s
Pluto Barycenter GM 0.2 kn?/s?
Randomunmodelled accelerations | 1.0e11 km/$

Caf



Optical Navigation Studies
Interplanetary Trajectory Studies
Opticalonly Navigation

The feasibility of pticalonly navigationduring the interplanetary EVVE&uiserequires that

optical right ascension (RA) and declination (DEC) measurenwnptanetary beacons with

respect to the spacecraft are sufficienttopri de knowl edg e staielsuchttime s p ac
trajectory predictionsan confidently be usedo coordinatecorrection maneuvers and safely

navigate planetary flybydhe navgational analyss for the interplanetary cruise and Saturnian

moon tour assume a consistent measurement flow at a cadence of one measurement per beacon
every5 minutes This consistent measurement flow when spanned over a long trajectory arc, one
which allows or significant change in the right ascension and declination measurements with
respect to the measured planetary bea@asys for a tight constraint on tipesition and velocity

of the spacecraft, without the inclusion of uncertainty on the locatitregilanetary beacons.

Optimal Beacons Only All Beacon Pairs
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Figure 5: 1-sigma variance of spacecraft positional state uncertainty under measurement configurations which include only the
optimal pair ofplanetarybeacons (left) and all availablg@anetarybeacons (rigpt). Uncertainty metriand methodérom[4].

©

Generally, right ascension and declination measurements to dnetgrly beacongbeing:

Mercury, Venus, Earth, Mars, Jupiter, and Sgtprovide positional state knowledge during deep
space travein the inner solar systemonsistent with approximately 1€8DOkm 3sigma, and

velocity state knowledge between 10cm/s and 1 m/s. Localized decreases in state uncertainty are
seen in close proximity to a planetary beacon, where the relative motion between the spacecraft
and the beaon becomes more observable over shorter timesjglaneover, solar exclusion (when

the available beacons have too low an angular difference with respect to the Sun) serves to worsen
the discernable position knowleddate in the interplanetargruise while outbound to the
Saturnian system, whanost of the available planetary beaconstameclose to the Sun to be
observed.Additionally, during interplanetary cruise, whetbe relative motionbetweenthe
spacecraft and beacoisdess pronounak the state solution worsens.



Earth, Jupiter Barycenter, Mars Barycenter, Mercury, Saturn Barycenter, Venus Observed Values
N = 429642 M = 1.219e+00 RMS = 1.842e+00 SD = 1.381e+00 MIN = -3.124e-01 MAX = 6.167e+00
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Figure 6: Right ascension and declination measurements collected duririgattieVVenus trajectory leg

Figure6 presentshe set of right ascension and declination measurements collected during the first
EarthVenus trajectory leg. Thelanetary beacons with the largest variability in right ascension
are Earth and Venusvith rapidvariability in the Venus right ascension measurements surrounding
the Venus flybyseen on the righThis suggests that during interplanetary traveljif@mation
content of theobserved measurementaries by relatively small amounts over short durations,
except whenapproachingthe upcoming flyby bodylt can thereforebe inferred that longer
measurement arcs are required to constrain the state uncddaimgppropriate sizuring cruse

and between flybysi a diversity ininertial viewing geometry to each beacon is much more
important than the shetérm sampling rate of the measurement type

The interplanetary cruise is analyzed on anlgrarc basiseach arc spanning a trajectdeg
between planetsThe navigation analysis for thaterplanetary cruise is therefore split irfitur
arcs:

Table4: Interplanetary cruise launch, flyby, and arrival dates

Trajectory Leg Start Date End Date
EarthVenus 05-OCT-2026 05:55:41 TDB | 29-MAR-2027 14:00:34 DB
VenusVenus 29-MAR-2027 14:00:34 DB | 20-JUN-2028 21:09:57DB
VenusEarth 20-JUN-2028 21:09:57DB | 21-SER2030 11:06:07DB
EarthrSaturn 21-SER2030 11:06:0MDB | 12-NOV-203518:26:02 TDB

Each arc is analyzed independentifrere right ascension and declination measurements acquired
during a given arc are useddstimatehe state uncertainty along that aBubsequently, lane
crossing predictions and their associated unceiégi are made along each arc, where the



instantaneous state uncertainty at a given time is used to make a prediction of the conditions at the
upcoming flyby as well as thancertainty associated with thagfane prediction. Included in this

analysis arestatistical trajectory correction maneuvers (TCMs) and determirdstp space
maneuvers (DSMsAIl maneuvers are implemented wihmagnitudeincertainty of 19d (and

pointing error of 1 10. For the reported covariance analysis, statistical TCM&itmo change in

velocity, theyonl y serve to inflate thendfunptoe ascar aft 6s
placeholder fothe approximate size and location of a maneuver which may be necassauye

to the next flybyThe DSMs used arepulled from trajectory design produgtand do impart a
change to t he spthewe cequactar racsleling ¢hé spacedtatyés t r aj ect
the next flyby En-route maneuvers for the interplanetary legs are implemented as follows:

Table5: Deterministic and statistical maneuvers implemented in the interplanetary cruise covariance analysis

Deterministic Deep Space Maneuvers (DSMs)

Trajectory Leg TCM Location TCM Magnitude Error 10
EarthVenus 31-JAN-2027 12:18:12DB 5.311m/s 1%, 1°
VenusVenus | 18NOV-2027 09:55:42DB 1.177mls 1%, 1°
Earth Saturn 21-SER2030 12:49:19DB 310.456m/s 1%, 1°
Earth Saturn 13-FEB-203316:51:06 TDB 38.513 m/s 1%, 1°

Statistical Trajectory Correction Maneuvers (TCMs)
Trajectory Leg TCM Location TCM Magnitude Error 1
All To+21days 20 m/s 1%, 1°
All Mid-cruise 5m/s 1%, 1°
All T¢1 21days 1mls 1%, 1°
All T¢1 7 days 0.1 m/s 1%, 1°

TCMs areassumed to be executetlative to the start and end of the dvesween flybys21 days
after launch or flyby to clean up flyby execution errors, aonidse trajectoy correction, and two
B-plane argeting TCMs executed 21 days and 7 darysr to an upcoming flybyBelow, an
example is given which showcases thitial EarthVenus leg uncertainty evolutiaimder the
statistical TCM and deterministic DSM configuration notedlrable 5. This illustrates a case
where an additonal postlaunch cleanup TCM is implementaiongside thenominal four
statistical TCMsanddeterministic DSM on Jan $12027.

10
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Figure7: 30 positional u n c evenusaarcyshown om b logsgalet he f i rst Earth
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Figure 8: 30 velocity uncerVerusanctshowadnalogscalehe f i rst Earth

Her e, the trajectoryds response to increases
Figure8, where thaleterministic DSM andtatisticalTCMs areresponsible for the sharp increases

in velocity uncertainty. The response take=eks to settle back the previous steady sta@nd

the average 30 velocity wuncertainty is maintai
in Figure7 as well, showing that an increase in velocity uncertagitgatched by a corresponding
growthin positional uncertainty, abe time rate of change pbsitional uncertainty is related to

the size of the velocity uncertainty. Additionally, a sharp decrease in positional uncertainty is noted

at the end of the ardenotingthe rapid approach to Venus, where the relative motion of the
spacecraft with respeto Venus serves to constrain the possible positional states which may
produce the measurements showrrigure6. The state estimate and corresponding uncertainty

along the arc may be usedpoedict the upcoming $lane crossing conditions and accompanying
uncertainty for the first Venus flybyt is noted thatfor a time during the flyby, Venus cannot be

11



usedas an imaging beacon because the planet will fill tlw@é of the cameyar at least obscure
enough stars that an attitude solution cannot be determinedHheostarfield.The time span in
which this occurs is camerependentso these studies opted to ignore measurementstifrem
flyby bodyin the 7 day$eading up to and following each flyby.
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Figure 9: B-plane uncertainty at the first Venus flyby as predicted along the &antius arc

Figure9 highlights a important circumstance resulting from the reliance on optical navigation for
the EarthVenus arc (and additional interplanetary ard¥)e uncertainty associated with the
predidion of the Bplane crossing conditions is quite large, up until the end of trendrapproach

to Venus. Generally, very little timie given to react to an erroneousplane prediction, due to
the prediction not being made with enough confiddnagisernwhether a corrective maneuver
may benecessary, or if an implemented corrective manepratuced the desired resulfhis
corresponds with an uncertainty of thggBne crossing conditions that may be prohibitively large
too soon prior to the flybyo mitigate risk requirementén example illustrating the Earth flyby

is given below:

12



Figure 10:

2000
2250
2500

2750

3250
3500

3750

B-T
Figure 11: Zoomed depiction d3-plane predictions of Earth flyby atZ1 days, 77 days, and I3 days, using optical navigation

Earth

Flyby

—8000

—6000

—4000

—2000

6000

S~

T [ Optical T-3 Day |

T T
—— Collision Radius |
[ Optical T-21 Day
[ Optical T-7 Day

\
\
)

y

/

-

8000

—15000

B-Plane predictions of Earth flyby atZ1 days, 77 days, and B days, using optical navigation only

—10000

—— Collision Radius
| Optical T-21 Day
1 Optical T-7 Day
[ oOptical T-3 Day

—5000

B-

0 5000

7

Earth Flyby

10000

15000

S )

/

5000

5500

6000

6500

7000

7500

8000

The EarthB-plane crossingonditions are known with a confidence of approxima®s€l§ km(3-

sigma)a | o

ng

t he

ongest

axi s

21

days

pr

or

to t

sooner where the crossing conditions are known with a more comfortable certainty. The

correponding overlap withthe oI | i si on
especially in the case whae&orrective maneuver must be implemented, whereattiesponding
increase to the velocity uncertainty due to maneuver executiais eney worsen the knowledge

radi

us

i s

of the flyby conditions unleghat knowledge isupplementethrough other means

n o t-21 Hagsr

out s

Errors on the order of approximately 100km are generally permissible for deep space travel and

communications purposebut may be unsuitable fmavigating a planetary flybyrom this, it

may be inferred that deegpace navigation during quiescent periods of the interplanetary cruise

13



may be accomplishedith optical navigation via measurements to planetary beattmvsever,
additional measurement datzay be requiregbrior to executing a planetary flyby, as the state
uncertainty collapses upon approach to the flyduy potentially todateto satisfyflyby execution

and risk mitigation requirements. If flypymust be executed within some statistical bounds such
that prohibitive cleanup costs are avoided, or such that probability of collision limits are not
exceeded, thethe predictiosatmissioncritical times (such as-21 days, ¥7 days, and 13 day3
produced via optical navigation alongy not be sufficiently smallThe planetary flybys of the
inner solar system take on much similar geomigaywhat isshownin Figures 10 and 1Bndis

also shown in subsequent figures the Optical Navigation Supplemented with Radiometric
Observablesection which highlights numerical representations of flyby conditions under various
supplemetal radiometricmeasurement strategies.

The EarthSaturn leg is of special importance in this feasibility study, asuhger of viewable
planetary beacordecreaseastheir angular location relative to the Sun approaches and falls below
the solar exclusiothreshold of 30 degrees.

Optimal Beacons Only

All Beacon Pairs

- 105

L10*

10°

Figure 12: Expected positional uncertainties in the outer solar system, showing worsened observability outbaturd.to S

Figure 12illustrates this issue. The planets of the inner solar system maintain close proximity to
the Sun, and observing thdmcomedlifficult due to solar exclusiorhis may be delayed, but

not avoided completely with physical bafflingo allow better viewing of neg®un bodies, but

the close angular proximity of these beacamd their position relative to the spacecraft and Saturn
would not provide very valuable information. Recall that optimal beacon selection prefers beacons
whichare close to the spacecraft and whose position vectors relative to the spaceatedinear

90 degree angldhe situation's worsenedsJupiter also retreats behind the Sluming most of

this leg resulting inpositional uncertainty on the order of several thousand kilomietavsnd to

Saturn This positional uncertainty is not improved upon until reaching close proximity to Saturn,
which complicates the comptitan, execution, and observation of rudurse corrections.

14



Cartesian Position Uncertainty Magnitudes
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Figure 13: Instantaneous uncertainty evolution outbound to Saturn

Even without the consideration of midurse corrections, the positional state uncertainty
outbound to &turn growsunboundedThis is due to thémited viewability of the inner planets

and Jupiter, with Saturn being the only available beacon to meagurascension and declination
with respect to:

Earth, Jupiter Barycenter, Mars Barycenter, Mercury, Saturn Barycenter, Venus Observed Values
N = 3608136 M = 1.102e+00 RMS = 1.910e+00 SD = 1.560e+00 MIN = -4.782e-01 MAX = 6.283e+00
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Figure 14: Collected measurements along the entire interplanetary cruise, showing a drought of measurements while outbound
to Saturn

Figure 14 showcases this issue from@asuremerdvailability perspective. Once the spacecraft

is well outside the orbits of the inner planets, the only available beacon that may be measured is
Saturn The very low variability in right ascension and declination implies that the state space
which may reproduce these measurements within statistical sigo#idaurguite largeSaturn is
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observed to be slowoving and so a much larger number of spacecraft posusocity states

exist which may reproduce the measurement trajectory, resulting in worsened resolution of the
flown trajectory.Calculating and exetting trajectory corrections while outbound to Saturn will

be done with large uncertainty, where #féects of a maneuver will be difficult to resolve, if
possible at allFor this leg of the interplanetary cruiselditionalmeasurement sources should be
consideregdas optical navigation does rda#livernavigation uncertainties sufficient for trajectory
prediction and maneuver planninig.is recommended thaadiometric navigation be utilized
during this leg of the cruisend other areas on the interplanetary cruise wisiobw sparse
measurement availabilityResultswhich support this recommendation are presented in the
following section.

Optical Navigation Supplemented with Radiometric Observables

Opticalonly navigation studies indicate navigatiperformance which may allow for safe deep
space navigation during quiescent periods of interplanetary travel within the inner solar system.
Positional uncertainties on the order of hundreds of kilometsisvelocity uncertainties on the
order of tens of centimeters per second may be permissible during quiescespatsefravel, as
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However, close attention must be paid to the execution of planetary flybys, which are extremely
sensiive to B-plane intersection conditions. A misplacedane crossing may result in large
corrective maneuvers, and so constraining the uncertainty of predipi@t&crossing conditions

is a missiorcritical focus which warrants evaluation of supplemental navigatiaimods. As

such, supplemental radiometric tracking is incorporated into this section of the interplanetary
navigation studiefRadiometric measurements aduive planetary flyby navigation uncertainties
below acceptable boundsuch thatnavigationaccuracy requirements derived in subsequent
analyses may be more readily satisfied.

A configurable radiometric measurement strategy is assumed, with the following measurement
configurations, each spanning ad#&ytrackinginterval leading up to the negtanetary flyby:

Table6: Radiometric tracking schedules and measurement noise values.

Range DEjplaler Tracking Pass
Flyby Start Date Flyby Date | Uncertainty | Uncertainty Cadence
STD STD

Venus 1| 12-Feb2027 | 29-Mar-2027 1.0m 0.1 mm/s 1/wk, 8 hours
10 m 1.0 mm/s 1/wk, 4 hours

10.0 mm/s 1/wk, 1 hour

Venus 2 | 06-May-2028 | 20-Jun2028 1.0m 0.1 mm/s 1/wk, 8 hours
10 m 1.0 mm/s 1/wk, 4 hours
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10.0 mm/s 1/wk, 1 hour
Earth1 | 07-Aug-2030 | 21-Sep2030 1.0m 0.1mm/s 1/wk, 8 hours
10m 1.0 mm/s 1/wk, 4 hours
10.0 mm/s 1/wk, 1 hour

The intent with this study is to identify radiometric tracking schedules which supplement optical
measurement® reduce the predicted-dane uncertainty at piiéyby epochs (21 days das,

and3 days prior) and allow for corrective maneuvers to be executed with ample time for cleanup.
Assumed measurement noise values span one to two orders of magnitude tdloapensitivity

of navigation performance troundbased tracking capaliies the lowest measurement noise
values assumed in this analysis are consistenttivitbe assumed imavigationanalysesusing

Deep Space Network (DSN) radiometric measwnets Uncertainty analysis resultsr the Earth

flyby configuration is shown belowMuch of the supplemental radiometric tracking results are
reminiscent of thes which illustrate howarious radiometric tracking cadences serve to constrain
the predictedB-plane crossing conditions as giged at thé-21 days, 7 days, and 3 days epochs.

Table7: Predicted Bplane uncertainties for Earth flyby, made at 21 days prior to the.flyby

Optical 05 Min Cadence B-PLANE UNCERTAINTY AT Earth T -21 DAYS
Radio Measurement Strategy %%tee SMAA ( km 3¢ SMIA( km 310 TCA(sec
No Radio B-Plane 337.5119 186.8477 18.2412
Radiometric Range and Doppler Noise: 1m & 0.1mm/s
1/Week, Max 8 Hour B-Plane 95.4024 41.0901 0.7087
1/Week, Max 4 Hour B-Plane 122.8847 58.3409 0.7142
1/Week, Max 1 Hour B-Plane 159.6627 145.7617 0.7584
Radiometric Range and Doppler Noise: 1m & 1mm/s
1/Week, Max 8 Hour B-Plane 143.9779 72.1884 0.7194
1/Week, Max 4 Hour B-Plane 158.1899 138.7184 0.7535
1/Week, Max 1 Hour B-Plane 160.7256 150.0571 0.7720
Radiometric Range and Doppler Noise: 1m & 1 cm/s
1/Week, Max 8 Hour B-Plane 149.8102 87.7897 0.7253
1/Week, Max 4 Hour B-Plane 159.6817 146.9459 0.7619
1/Week, Max 1 Hour B-Plane 160.7721 150.1584 0.7732
Radiometric Range and Doppler Noise: 10m & 0.1mm/s
1/Week, Max 8 Hour B-Plane 95.6036 41.1748 0.7087
1/Week, Max 4 Hour B-Plane 123.0034 58.4305 0.7142
1/Week, Max 1 Hour B-Plane 159.6629 145.7630 0.7584
Radiometric Range and Doppler Noise: 10m & 1mm/s
1/Week, Max 8 Hour B-Plane 151.8484 88.5264 0.7264
1/Week, Max 4 Hour B-Plane 158.6436 141.6779 0.7563
1/Week, Max 1 Hour B-Plane 160.7271 150.0606 0.7720
Radiometric Range and DopplerNoise: 10m & 1 cm/s
1/Week, Max 8 Hour B-Plane 159.8501 146.9307 0.7659
1/Week, Max 4 Hour B-Plane 160.6957 150.0289 0.7723
1/Week, Max 1 Hour B-Plane 160.7784 150.3312 0.7810

With no radiometric trackingoptical navigation provides 21 daypredicted Bplanecrossing
conditionwith uncertainties on the order affew hundred kilometerSupplemental radiometric
trackingmay provide anavigationsolution whichhelps to reduce this flyby uncertainty 59%

or more along the longest axesven at the most casual of measurement cadehcé&s21 days,
there remains ample time to adjust B¥plane crossing conditions based on the current best state
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estimatewhere a corrective maneuver may still be reli@@gmed necessaaynd executed the
desired crossing conditiotis outside statistical bounds ¢ime currenprediction.

Table8: Predicted Bplane uncertainties for Earth flyby, made at 7 days prior to the flyby

Optical 05 Min Cadence B-PLANE UNCERTAINTY AT Earth T -7 DAYS
State
Radio Measurement Strategy Type SMAA (km SMIA (km TCA (sec
No Radio B-Plane 148.1775 144.4109 7.4495
Radiometric Range and Doppler Noise: 1m & 0.1mm/s
1/Week, Max 8Hour B-Plane 26.5979 13.0115 0.2035
1/Week, Max 4 Hour B-Plane 33.0107 15.6201 0.2080
1/Week, Max 1 Hour B-Plane 39.8254 26.8730 0.2247
Radiometric Range and Doppler Noise: 1m & 1mm/s
1/Week, Max 8 Hour B-Plane 36.6469 17.1103 0.2105
1/Week, Max 4 Hour B-Plane 39.6469 25.5256 0.2225
1/Week, Max 1 Hour B-Plane 40.4241 37.5483 0.2453
Radiometric Range and Doppler Noise: 1m & 1 cm/s
1/Week, Max 8 Hour B-Plane 37.8261 18.6955 0.2128
1/Week, Max 4 Hour B-Plane 39.8665 30.2412 0.2286
1/Week, Max 1 Hour B-Plane 40.6062 37.9471 0.2486
Radiometric Range and Doppler Noise: 10m & 0.1mm/s
1/Week, Max 8 Hour B-Plane 26.6421 13.0187 0.2035
1/Week, Max 4 Hour B-Plane 33.0334 15.6343 0.2080
1/Week, Max 1 Hour B-Plane 39.8254 26.8743 0.2247
Radiometric Range and Doppler Noise: 10m & 1mm/s
1/Week, Max 8 Hour B-Plane 38.2334 18.6388 0.2130
1/Week, Max 4 Hour B-Plane 39.7305 27.1297 0.2244
1/Week, Max 1 Hour B-Plane 40.4287 37.5612 0.2454
Radiometric Range and Doppler Noise: 10m & 1 cm/s
1/Week, Max 8 Hour B-Plane 39.9880 32.5303 0.2312
1/Week, Max 4 Hour B-Plane 40.4235 37.4820 0.2451
1/Week, Max 1 Hour B-Plane 40.6217 37.9673 0.2491

Similar to the F21 day prediction, radiometric tracking servesntore tightly constrain the
predicted Bplane crossing conditions. Evenldys prig, certain measurement cadences allow for
the safe execution of a planetary flybpmder the predicted uncaimties shown above still
allowing for fine tuning of the flybyonditions with 7 days to reacdditionally, supplemental
radiometric tracking at -R1 days serves to perform nearly as good or better than the optical
navigation solution at-I days, allaving for two weeks or more of plannirgdreaction time for
trajectory correction.

Table9: Predicted Bplane uncertainties for Earth flyby, made at 3 days prior to the flyby

Optical 05 Min Cadence B-PLANE UNCERTAINTY AT Earth T-3 DAYS
State

Radio Measurement Strategy Type SMAA SMIA TCA
No Radio B-Plane 83.3317 82.4386 7.208

Radiometric Range and Doppler Noise: 1m & 0.1mm/s
1/Week, Max 8 Hour B-Plane 10.0489 5.5976 0.0708
1/Week, Max 4 Hour B-Plane 15.0334 8.4850 0.0751
1/Week, Max 1 Hour B-Plane 19.4706 17.1562 0.0981

Radiometric Range and Doppler Noise: 1m & 1mm/s
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1/Week, Max 8 Hour B-Plane 17.4783 10.5950 0.0803
1/Week, Max 4 Hour B-Plane 19.4516 16.6317 0.0965
1/Week, Max 1 Hour B-Plane 19.8386 18.8321 0.1032
Radiometric Range and Doppler Noise: 1m & 1 cm/s
1/Week, Max 8 Hour B-Plane 18.1157 12.0337 0.0834
1/Week, Max 4 Hour B-Plane 19.6273 17.8483 0.1000
1/Week, Max 1 Hour B-Plane 19.8548 18.8677 0.1035
Radiometric Range and Doppler Noise: 10m & 0.1mm/s
1/Week, Max 8 Hour B-Plane 10.0851 5.6095 0.0708
1/Week, Max 4 Hour B-Plane 15.0497 8.4976 0.0751
1/Week, Max 1 Hour B-Plane 19.4706 17.1565 0.0981
Radiometric Range and Doppler Noise: 10m & 1mm/s
1/Week, Max 8 Hour B-Plane 18.7515 12.4415 0.0851
1/Week, Max 4 Hour B-Plane 19.5383 17.0856 0.0978
1/Week, Max 1 Hour B-Plane 19.8391 18.8334 0.1032
Radiometric Range and Doppler Noise: 10m & cm/s
1/Week, Max 8 Hour B-Plane 19.7129 18.1709 0.1004
1/Week, Max 4 Hour B-Plane 19.8384 18.8321 0.1032
1/Week, Max 1 Hour B-Plane 19.8607 18.8906 0.1059

In each casegven inmost casual radiometric tracking cadendhs, supplemental radiometric

tracking allows for arestimation uncertaintgf the B-plane crossing conditior less than half
that provided by optical navigation. In the most extreme calsesyredicted Bplare crossing

conditions are known to a fidelitgs high as four times more precise than with no radiometric
tracking at all As the flyby approaches optical measurements relative to the flyby planet serve to
further constrain the lanepredictions, as thmotion of the spacecraft relative to the flyby body

is more readily observable oveshorter timeThis results in a situation where the flyby conditions

may be known well via optical navigatiohut usually only in cases whettee flyby is soon to
happenThese circumstances are especially important when considenragtitude flybys, as is
the case with the first Venus flylshown below

Venus Flyby
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Figure 15: Predicted Bplanecrossing conditions for the first Venus flyby, with opticaly and radiesupplemented tracking, at
T-21 day, 7 day, and 3 day pflgby epochs
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Figure 16: Zoomed depiction of the predicted state uncertainties at-hlarme crossig, relative to the Venus impact radius
projected onto the Plane

Figurel5and Figurel6 above depict the predicted@ane crossing conditions for the first Venus
flyby, relative to the impact radius of Venus projected onto talBe. A spacecratft flying by
Venus with theplannedrelative velocity mushotcross the Bplanewithin the impact radius, as a
collision or interaction with the upper atmosphere may result at periapsis or $6gues.2shows
that at 21 days prior to the flybgpticatonly navigation resultpredictthataninteraction with
the collision radius isiot far outside the -8igmaprobability, while supplemental radiometric
tracking serves to reduce thiielihoodto lessthan6-sigma Additionally, opticalonly navigation

of the flyby could requir¢éhatthe spacecraft correct for more tH200km acoss the Bplaneat T-

21 days.Any corrections to the trajectory shall inject uncertainty iktowledge of the
spacecraftodos velocity, -plane sassing and requinng adlitiooalv| e d g
measurement information tmnstrain the estimate the upcoming flyby.

Opticalonly navigation may allow for the safe execution of planetary flybys under circumstances
which allow a spacecraft to reaatcuratelyon short noticeon the order of 7 to 14 dayamd have

fuel margins to correct for nayation uncertainties near this magnitude, as well as to correct the
trajectory for any errors resulting from executing an imperfect flylger the uncertainties shown
above These conditions illustrate that navigating planetary flyite opticatonly navigation

may impose mission risland costvhichmust beacceptear addressedith mitigationstrategies
Radiometrictracking can dramatically reduce the likelihood mévigationrelatedmission risk
where optical navigation does not suffieed at a minimumis a recommended supplementing
missioncritical events such dl/bys and manaverexecution
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