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Executive Summary 

This report presents navigation analyses which support the effort to determine feasibility of a low-

cost interplanetary satellite mission to Enceladus for the ASTROBi Foundation. The primary 

constraint placed on the navigation strategy for this mission is to limit the use of ground-based 

radiometric observables to save on mission operations costs. The primary navigation strategy 

under consideration is Line of Sight (LOS) optical navigation. The analyses presented here apply 

this optical navigation strategy to each phase of the mission and 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 navigation strategy in 

the science orbit at Enceladus is presented. In addition to focusing on optical navigation strategies, 

critical events in the mission timeline such as planetary flybys and deep-space maneuvers have 

been analyzed additionally with supplemental radiometric navigation observables with varying 

observable quality and tracking cadence to support future higher-fidelity cost and mission risk 

analyses surrounding these events. Assessment of the results indicate that an optical navigation 

strategy supplemented with radiometric navigation observables could prove reliable for this 

mission, with some caveats surrounding critical events and some regimes of the trajectory. 

However, further analysis which includes the effects of these navigation errors on trajectory and 

maneuver optimization must be performed to fully validate optical navigation for this mission. 

 

This analysis was performed by Advanced Space in support of and with funding from the 

ASTROBi Foundation. Additional analyses were performed studying the mission design and 

ground system for this mission, which are summarized in independent reports. 

 

 

Technical Activities 

Optical Navigation Summary 

Simulation Setup 

Navigation studies are performed using MONTE, an astrodynamics toolkit designed by NASAôs 

Jet Propulsion Laboratory capable of general-purpose orbit calculations, trajectory optimization, 

and orbit determination. MONTE is currently used by Advanced Space to navigate CAPSTONE 

to the Moon and has been used for nearly every JPL-navigated mission since 2012 [1].  

 

The orbit determination studies presented here utilize MONTEôs implementation of a 

Conventional Kalman Filter. Trajectories are studied one ñlegò at a time. A leg of the trajectory 

refers to the spacecraftôs trajectory between two planet or satellite flybys. Each leg of the trajectory 

is analyzed by first simulating measurements calculated using trajectory products 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 estimated uncertainty. Because the tools and dynamics used for 

mission design and orbit determination disagree slightly, pure filter studies are hindered and can 

potentially diverge ï skewing results in the process. Filter scenarios are run as covariance studies 

to capture estimated uncertainty evolution without the need for high-fidelity filter design. More 
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detail on the dynamics and measurement models used for these studies can be found in the 

Dynamical Models and Measurement Models sections, respectively.  

 

The filter is configured to report uncertainty of the spacecraft state in a J2000 inertially-fixed frame 

using cartesian coordinates as well as uncertainty projected forward the next flyby for any given 

leg of the trajectory using B-Plane coordinates. The B-Plane is a hypothetical plane that a 

spacecraft would pass perpendicularly through if it were unaffected by the gravity force of the 

target flyby body. This parameterization of target body intercept linearizes much of what is 

otherwise a highly nonlinear dynamical encounter. Figure 1 shows an example illustration of the 

B-Plane. The location of a flyby encounter on the T and R axes of this plane yields predictable 

behavior for the actual nonlinear effects of performing a flyby without needing to analyze a full 6-

dimensional orbit state. 

 
Figure 1: Illustration of the B-Plane. B-Plane coordinates are parameterized along the R and T directions, perpendicular to the 

approach asymptote. Diagram adapted from [2] . 

 

Dynamical Model 

The navigation filter propagates the spacecraft state using point mass gravity from the Sun and 

barycenters1 of Mercury, Venus, Earth, Mars, Jupiter, Saturn (while outside the Saturnian sphere 

of influence), Uranus, Neptune, and Pluto. Maneuvers are implemented as impulsive burns. 

Internal to the Saturnian sphere of influence (SOI), the gravitational influence of Saturn itself and 

its satellites: Titan, Rhea, Dione, Tethys, and Enceladus are included in trajectory propagation. 

Ephemeris data is drawn from DE430 for planets and SAT375 made available by the Jet Propulsion 

Laboratory. 

 

 
1 Gravity force modelled using the total mass of and originating from planet-moon system barycenter when spacecraft 

is far from individual gravitational bodies relative to the bodiesô spheres of influence. 
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Measurement Models 

Inertial Angle Measurements of Solar System Bodies 

During the interplanetary and Saturn moon tour phases of the mission, measurements of the line- 

of-sight (LOS) direction from the spacecraft to Solar System bodies, or beacons, are used as the 

primary orbit determination observable. Practically, these measurements are derived from images 

of planets, moons, and asteroids taken onboard the spacecraft. The starfield in the background of 

these images is used to solve for the attitude of the camera boresight. The direction to the imaged 

beacon can then be determined based on its location within the image [3]. The studies presented 

here assume image processing for determining camera direction from a starfield and recognizing 

and locating a beacon within the image can determine the direction to the body to within 6 

arcseconds 1-sigma. This level of measurement precision is consistent with current technology [4]. 

Raw measurements are simulated as right ascension (RA) and declination (Dec) values oriented in 

a spacecraft centered J2000 frame and overlaid with 6 arcsec ρʎ STD white noise. Figure 2 

diagrams the geometry of this problem. 

 
Figure 2: Line-of-sight optical navigation problem. Given known ὶ and ὶ, measured directions of ”and ”, r, the spacecraftôs 

inertial position, can be solved algebraically. Adapted from [5] . 

The visibility  of measurements is constrained by beacon brightness, a function of phase angle, and 

beacon-spacecraft-Sun angle, or Sun angle. Beacon brightness is evaluated using empirical models 

for visual magnitude which derives visual magnitude of a body from its absolute magnitude, 

V(1,0), solar phase law, m, (as a function of phase angle) distance between the spacecraft and 

body, ɟ, and the distance between the body and the Sun, rb. The following equation describes the 

full model for visual magnitude of the body as seen from the spacecraft [6]. 

 

ὠ ὠρȟπ υὰέὫ”ὶ ά 

 

The beacons used during the interplanetary study are denoted in Table 1 along with relevant 

brightness parameters [6]. Measurements are simulated only if the calculated visual magnitude is 

lower than 6.0. The limiting visual magnitude for an imager can vary greatly with cost. The value 

chosen here corresponds with a low- to middle-grade imager [4]. 
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Table 1: Absolute magnitude and phase law as a function of phase angle for target beacon bodies during interplanetary cruise. 

Body 

Absolute magnitude and phase law (m) as a function 

of phase angle (Ŭ) in degrees. 

V(1,0) m 

Mercury -0.36 0.038 Ŭ ï 2.73(Ŭ/100)2 + 2.00(Ŭ/100)3 

Venus -4.29 0.009 Ŭ + 2.39(Ŭ/100)2 ï 0.65(Ŭ/100)3 

Earth -3.86 0.016 Ŭ 

Mars -1.52 + 0.016 Ŭ 

Jupiter -9.25 + 0.005 Ŭ 

Saturn2 -8.90 + 0.044 Ŭ 

 

An example showing how beacon viewability affects the ability of the spacecraft to gather 

measurements is shown in Figure 3 and Figure 4 for the first Earth-Venus leg of the interplanetary 

trajectory. Note that visual magnitude of all beacons stays below 6.0 for the duration of the leg, so 

it does not constrain the viewability of beacons for this study. The Sun angle of beacons relative 

to the spacecraft is far more constraining, limiting viewability of Mercury for most of the leg and 

limit ing viewability of other beacons intermittently throughout the trajectory. 

 

 
Figure 3: Visual magnitude of beacons as viewed from the spacecraft between launch and the first Venus flyby. All beacons 

remain bright enough for a standard imager to capture. 

 
2 Note that this model does not take the perspective of Saturnôs rings into account. However, as a check for whether 

Saturn can be seen at all, rather than modelling apparent brightness as a measurement observable, the model provided 

will suffice. 
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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 viewability, aconstraint can be made to choose an optimal pair of beacons at 

any given time in the trajectory. This is especially useful for a spacecraft with operational 

constraints which would restrict it from freely imaging all viewable beacons. For example, 

collecting and downlinking science data or executing a long low-thrust maneuver limit  the time 

available for gathering navigation observables [6]. Optimal beacon pairs can be chosen using a 

figure of merit derived from the uncertainty in a state estimate using a batch least squares solution. 

The derivation for the figure of merit can be found in [5]. The main elements of the LOS optical 

navigation problem which feed into the figure of merit are the beacon-spacecraft-beacon angle and 

the relative distance between the spacecraft and each beacon in a candidate pair. This metric favors 

close beacons whose position vectors relative to the spacecraft form a near 90-degree angle. 

Because the current iteration of the spacecraft trajectory contains no low-thrust maneuvers and an 

overarching goal of the mission is to limit ground contact time, during the interplanetary and moon 

tour phases of the mission the spacecraft ability to gather measurements of beacons should not be 

significantly limited, and these analyses utilize all viewable beacons throughout the trajectory. 

 

A final constraint which has not been modeled for these analyses is the operational plan for slewing 

the spacecraft between imaging attitudes. For these analyses, measurements are simulated 

simultaneously for each viewable beacon at every imaging time, which is fixed to a 5 minute 

imaging cadence. A summary of measurement simulation constraints and parameters are denoted 

in Table 2. 

 
Table 2: Summary of optical measurement simulation parameters. 

Parameter Value 

Measurement Noise 6 arcsec - 1ʎ 

Visual Magnitude < 6.0 

Sun angle > 30 deg 
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Imaging cadence 5 minutes 

 

Ground-Based Radiometric Measurements 

In analysis case where optical navigation is supplemented by ground-based radiometric tracking, 

range and range-rate (Doppler) measurements are simulated using Deep Space Network (DSN) 

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

and tracking schedules to emulate radiometric tracking from lower quality ground stations. These 

details are listed in Table 6. 

 

Additional Sources of Uncertainty 

Additional sources of uncertainty are included in these studies to provide more realistic estimates 

of spacecraft state uncertainty. These sources include uncertainty in the gravitational parameters 

of Solar System bodies, uncertainty due to random mismodelled dynamics, and trajectory 

correction maneuver errors. These sources and their corresponding uncertainties can be found in 

Table 3. It should be noted that maneuver execution errors are system-specific while all other 

sources of uncertainty listed here are system-agnostic. For chemical propulsion systems, maneuver 

delta-V errors generally include a fixed and proportional component. Proportional errors scale with 

maneuver magnitude, while fixed errors do not. Fixed maneuver delta-V errors are generally much 

less significant than the proportional errors and have not been included here. Pointing errors are 

implemented as a fixed error distribution based on assumed spacecraftôs attitude capabilities. 1%-

1 sigma proportional delta-V magnitude errors and 1£-1 sigma pointing errors are typical for 

spacecraft with chemical propulsion systems capable of performing 10s to 100s of m/s maneuvers, 

which matches the maneuver profile for this mission. 
Table 3: Additional sources of uncertainty and their magnitudes. 

Uncertainty Source Uncertainty (1-sigma) 

Impulsive Maneuver Magnitude 1% of total DV 

Impulsive Maneuver Direction 1£ 

Sun Gravitational Parameter (GM) 10. km3/s2 

Mercury GM 1.4 km3/s2 

Venus GM 6.4e-3 km3/s2 

Earth GM 8.0e-4 km3/s2 

Moon GM 1.4e-5 km3/s2 

Mars Barycenter GM 2.8e-4 km3/s2 

Jupiter Barycenter GM 2.1 km3/s2 

Saturn Barycenter GM 1.1 km3/s2 

Uranus Barycenter GM 7.6 km3/s2 

Neptune Barycenter GM 11. km3/s2 

Pluto Barycenter GM 0.2 km3/s2 

Random unmodelled accelerations 1.0e-11 km/s2 
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Optical Navigation Studies 

Interplanetary Trajectory Studies 

Optical-only Navigation 

The feasibility of optical-only navigation during the interplanetary EVVES cruise requires that 

optical right ascension (RA) and declination (DEC) measurements of planetary beacons with 

respect to the spacecraft are sufficient to provide knowledge of the spacecraftôs state such that 

trajectory predictions can confidently be used to coordinate correction maneuvers and safely 

navigate planetary flybys. The navigational analyses for the interplanetary cruise and Saturnian 

moon tour assume a consistent measurement flow at a cadence of one measurement per beacon 

every 5 minutes. This consistent measurement flow when spanned over a long trajectory arc, one 

which allows for significant change in the right ascension and declination measurements with 

respect to the measured planetary beacons, allows for a tight constraint on the position and velocity 

of the spacecraft, without the inclusion of uncertainty on the location of the planetary beacons. 

 

 
Figure 5: 1-sigma variance of spacecraft positional state uncertainty under measurement configurations which include only the 

optimal pair of planetary beacons (left) and all available planetary beacons (right). Uncertainty metric and methods from [4] . 

 

Generally, right ascension and declination measurements to the planetary beacons (being: 

Mercury, Venus, Earth, Mars, Jupiter, and Saturn) provide positional state knowledge during deep-

space travel in the inner solar system consistent with approximately 100-300km 3-sigma, 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 beacon becomes more observable over shorter timespans. Moreover, solar exclusion (when 

the available beacons have too low an angular difference with respect to the Sun) serves to worsen 

the discernable position knowledge late in the interplanetary cruise while outbound to the 

Saturnian system, when most of the available planetary beacons are too close to the Sun to be 

observed. Additionally, during interplanetary cruise, where the relative motion between the 

spacecraft and beacons is less pronounced, the state solution worsens.  
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Figure 6: Right ascension and declination measurements collected during the Earth-Venus trajectory leg 

Figure 6 presents the set of right ascension and declination measurements collected during the first 

Earth-Venus trajectory leg. The planetary beacons with the largest variability in right ascension 

are Earth and Venus, with rapid variability in the Venus right ascension measurements surrounding 

the Venus flyby, seen on the right. This suggests that during interplanetary travel, the information 

content of the observed measurements varies by relatively small amounts over short durations, 

except when approaching the upcoming flyby body. It can therefore be inferred that longer 

measurement arcs are required to constrain the state uncertainty to an appropriate size during cruise 

and between flybys ï a diversity in inertial viewing geometry to each beacon is much more 

important than the short-term sampling rate of the measurement type. 

  

The interplanetary cruise is analyzed on an arc-by-arc basis, each arc spanning a trajectory leg 

between planets.  The navigation analysis for the interplanetary cruise is therefore split into four 

arcs: 

 
Table 4: Interplanetary cruise launch, flyby, and arrival dates 

Trajectory Leg Start Date End Date 

Earth-Venus 05-OCT-2026 05:55:41 TDB 29-MAR-2027 14:00:34 TDB 

Venus-Venus 29-MAR-2027 14:00:34 TDB 20-JUN-2028 21:09:57 TDB 

Venus-Earth 20-JUN-2028 21:09:57 TDB 21-SEP-2030 11:06:07 TDB 

Earth-Saturn 21-SEP-2030 11:06:07 TDB 12-NOV-2035 18:26:02 TDB 

 

 

Each arc is analyzed independently, where right ascension and declination measurements acquired 

during a given arc are used to estimate the state uncertainty along that arc. Subsequently, B-plane 

crossing predictions and their associated uncertainties are made along each arc, where the 
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instantaneous state uncertainty at a given time is used to make a prediction of the conditions at the 

upcoming flyby, as well as the uncertainty associated with that B-plane prediction. Included in this 

analysis are statistical trajectory correction maneuvers (TCMs) and deterministic deep space 

maneuvers (DSMs). All maneuvers are implemented with a magnitude uncertainty of 1% 1ů and 

pointing error of 1° 1ů. For the reported covariance analysis, statistical TCMs impart no change in 

velocity; they only serve to inflate the spacecraftôs velocity uncertainty, and function as a 

placeholder for the approximate size and location of a maneuver which may be necessary en-route 

to the next flyby.The DSMs used are pulled from trajectory design products, and do impart a 

change to the spacecraftôs velocity, as they are required for modeling the spacecraftôs trajectory to 

the next flyby. En-route maneuvers for the interplanetary legs are implemented as follows: 

 
Table 5: Deterministic and statistical maneuvers implemented in the interplanetary cruise  covariance analysis 

Deterministic Deep Space Maneuvers (DSMs) 

Trajectory Leg  TCM Location  TCM Magnitude  Error  1ů 

Earth-Venus 31-JAN-2027 12:18:12 TDB 5.311 m/s 1%, 1° 

Venus-Venus 18-NOV-2027 09:55:42 TDB 1.177 m/s 1%, 1° 

Earth-Saturn 21-SEP-2030 12:49:19 TDB 310.456 m/s 1%, 1° 

Earth-Saturn 13-FEB-2033 16:51:06 TDB 38.513 m/s 1%, 1° 

Statistical Trajectory Correction Maneuvers (TCMs) 

Trajectory Leg TCM Location  TCM Magnitude  Error  1ů 

All  T0 + 21 days 20 m/s 1%, 1° 

All  Mid-cruise 5 m/s 1%, 1° 

All  Tf ï 21 days 1 m/s 1%, 1°  

All  Tf ï 7 days 0.1 m/s 1%, 1° 

 

TCMs are assumed to be executed relative to the start and end of the arcs between flybys: 21 days 

after launch or flyby to clean up flyby execution errors, a mid-cruise trajectory correction, and two 

B-plane targeting TCMs executed 21 days and 7 days prior to an upcoming flyby. Below, an 

example is given which showcases the initial Earth-Venus leg uncertainty evolution under the 

statistical TCM and deterministic DSM configuration noted in Table 5. This illustrates a case 

where an additional post-launch cleanup TCM is implemented alongside the nominal four 

statistical TCMs and deterministic DSM on Jan 31st, 2027.  
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Figure 7: 3ů positional uncertainty along the first Earth-Venus arc, shown on a log scale 

 
Figure 8: 3ů velocity uncertainty along the first Earth-Venus arc, shown on a log scale 

Here, the trajectoryôs response to increases in the velocity uncertainty is directly observable in 

Figure 8, where the deterministic DSM and statistical TCMs are responsible for the sharp increases 

in velocity uncertainty. The response takes weeks to settle back to the previous steady state, and 

the average 3ů velocity uncertainty is maintained between 0.1 and 1 m/s. The response is visible 

in Figure 7 as well, showing that an increase in velocity uncertainty is matched by a corresponding 

growth in positional uncertainty, as the time rate of change of positional uncertainty is related to 

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

at the end of the arc, denoting the rapid approach to Venus, where the relative motion of the 

spacecraft with respect to Venus serves to constrain the possible positional states which may 

produce the measurements shown in Figure 6. The state estimate and corresponding uncertainty 

along the arc may be used to predict the upcoming B-plane crossing conditions and accompanying 

uncertainty for the first Venus flyby. It is noted that, for a time during the flyby, Venus cannot be 

TCMs 

DSM 



12 

 

used as an imaging beacon because the planet will fill the frame of the camera, or at least obscure 

enough stars that an attitude solution cannot be determined from the starfield. The time span in 

which this occurs is camera-dependent, so these studies opted to ignore measurements from the 

flyby body in the 7 days leading up to and following each flyby. 

 

 
Figure 9: B-plane uncertainty at the first Venus flyby as predicted along the Earth-Venus arc 

Figure 9 highlights an important circumstance resulting from the reliance on optical navigation for 

the Earth-Venus arc (and additional interplanetary arcs). The uncertainty associated with the 

prediction of the B-plane crossing conditions is quite large, up until the end of the arc and approach 

to Venus. Generally, very little time is given to react to an erroneous B-plane prediction, due to 

the prediction not being made with enough confidence to discern whether a corrective maneuver 

may be necessary, or if an implemented corrective maneuver produced the desired results. This 

corresponds with an uncertainty of the B-plane crossing conditions that may be prohibitively large 

too soon prior to the flyby to mitigate risk requirements. An example illustrating the Earth flyby 

is given below: 
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Figure 10: B-Plane predictions of Earth flyby at T-21 days, T-7 days, and T-3 days, using optical navigation only 

 

 
Figure 11: Zoomed depiction of B-plane predictions of Earth flyby at T-21 days, T-7 days, and T-3 days, using optical navigation  

The Earth B-plane crossing conditions are known with a confidence of approximately 500 km (3-

sigma) along the longest axis 21 days prior to the flyby, and it isnôt until 7 days prior or even 

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

corresponding overlap with the collision radius is not far outside of 3ů probability at T-21 days, 

especially in the case where a corrective maneuver must be implemented, where the corresponding 

increase to the velocity uncertainty due to maneuver execution errors may worsen the knowledge 

of the flyby conditions unless that knowledge is supplemented through other means. 

 

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

communications purposes, but may be unsuitable for navigating a planetary flyby. From this, it 

may be inferred that deep-space navigation during quiescent periods of the interplanetary cruise 
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may be accomplished with optical navigation via measurements to planetary beacons. However, 

additional measurement data may be required prior to executing a planetary flyby, as the state 

uncertainty collapses upon approach to the flyby, but potentially too late to satisfy flyby execution 

and risk mitigation requirements. If flybys must be executed within some statistical bounds such 

that prohibitive cleanup costs are avoided, or such that probability of collision limits are not 

exceeded, then the predictions at mission-critical times (such as T-21 days, T-7 days, and T-3 days) 

produced via optical navigation alone may not be sufficiently small. The planetary flybys of the 

inner solar system take on much similar geometry than what is shown in Figures 10 and 11, and is 

also shown in subsequent figures in the Optical Navigation Supplemented with Radiometric 

Observables section, which highlights numerical representations of flyby conditions under various 

supplemental radiometric measurement strategies. 

 

The Earth-Saturn leg is of special importance in this feasibility study, as the number of viewable 

planetary beacons decreases as their angular location relative to the Sun approaches and falls below 

the solar exclusion threshold of 30 degrees. 

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

Figure 12 illustrates this issue. The planets of the inner solar system maintain close proximity to 

the Sun, and observing them becomes difficult  due to solar exclusion. This may be delayed, but 

not avoided completely with a physical baffling to allow better viewing of near-Sun bodies, but 

the close angular proximity of these beacons and their position relative to the spacecraft and Saturn 

would not provide very valuable information. Recall that optimal beacon selection prefers beacons 

which are close to the spacecraft and whose position vectors relative to the spacecraft create a near 

90 degree angle. The situation is worsened as Jupiter also retreats behind the Sun during most of 

this leg, resulting in positional uncertainty on the order of several thousand kilometers inbound to 

Saturn. This positional uncertainty is not improved upon until reaching close proximity to Saturn, 

which complicates the computation, execution, and observation of mid-course corrections. 
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Figure 13: Instantaneous uncertainty evolution outbound to Saturn 

Even without the consideration of mid-course corrections, the positional state uncertainty 

outbound to Saturn grows unbounded. This is due to the limited viewability of the inner planets 

and Jupiter, with Saturn being the only available beacon to measure right ascension and declination 

with respect to: 

 
Figure 14: Collected measurements along the entire interplanetary cruise, showing a drought of measurements while outbound 

to Saturn 

Figure 14 showcases this issue from a measurement availability 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 significance is quite large. Saturn is 
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observed to be slow-moving, and so a much larger number of spacecraft position-velocity states 

exist which may reproduce the measurement trajectory, resulting in worsened resolution of the 

flown trajectory. Calculating and executing trajectory corrections while outbound to Saturn will 

be done with large uncertainty, where the effects of a maneuver will be difficult to resolve, if 

possible at all. For this leg of the interplanetary cruise, additional measurement sources should be 

considered, as optical navigation does not deliver navigation uncertainties sufficient for trajectory 

prediction and maneuver planning. It is recommended that radiometric navigation be utilized 

during this leg of the cruise, and other areas on the interplanetary cruise which show sparse 

measurement availability. Results which support this recommendation are presented in the 

following section. 

 

Optical Navigation Supplemented with Radiometric Observables 

Optical-only navigation studies indicate navigation performance 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 kilometers and velocity uncertainties on the 

order of tens of centimeters per second may be permissible during quiescent deep-space travel, as 

the dynamics which drive the spacecraftôs trajectory are not subject to wide acceleration 

dispersions due to changes in position of a few hundred kilometers. Even in the presence of 

statistical deep-space trajectory correction maneuvers, which serve to directly contribute to a 

spacecraftôs velocity uncertainty, optical-only navigation constrains the spacecraftôs instantaneous 

state uncertainty such that reliable predictions may still be made about the spacecraftôs future 

orbital state for ground-station pointing purposes. 

 

However, close attention must be paid to the execution of planetary flybys, which are extremely 

sensitive to B-plane intersection conditions. A misplaced B-plane crossing may result in large 

corrective maneuvers, and so constraining the uncertainty of predicted B-plane crossing conditions 

is a mission-critical focus which warrants evaluation of supplemental navigation methods. As 

such, supplemental radiometric tracking is incorporated into this section of the interplanetary 

navigation studies. Radiometric measurements can drive planetary flyby navigation uncertainties 

below acceptable bounds such that navigation accuracy requirements derived in subsequent 

analyses may be more readily satisfied. 

 

A configurable radiometric measurement strategy is assumed, with the following measurement 

configurations, each spanning a 45-day tracking interval leading up to the next planetary flyby: 

 
Table 6: Radiometric tracking schedules and measurement noise values. 

Flyby Start Date Flyby Date 

Range 

Uncertainty 

 STD 

Doppler 

Uncertainty 
 STD 

Tracking Pass 

Cadence 

Venus 1 12-Feb-2027 29-Mar-2027 1.0 m 

10 m 

0.1 mm/s 

1.0 mm/s 

10.0 mm/s 

1/wk, 8 hours 

1/wk, 4 hours 

1/wk, 1 hour 

Venus 2 06-May-2028 20-Jun-2028 1.0 m 

10 m 

0.1 mm/s 

1.0 mm/s 

1/wk, 8 hours 

1/wk, 4 hours 
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10.0 mm/s 1/wk, 1 hour 

Earth 1 07-Aug-2030 21-Sep-2030 1.0 m 

10 m 

0.1 mm/s 

1.0 mm/s 

10.0 mm/s 

1/wk, 8 hours 

1/wk, 4 hours 

1/wk, 1 hour 

 

The intent with this study is to identify radiometric tracking schedules which supplement optical 

measurements to reduce the predicted B-plane uncertainty at pre-flyby epochs (21 days, 7 days, 

and 3 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 to capture the sensitivity 

of navigation performance to ground-based tracking capabilities, the lowest measurement noise 

values assumed in this analysis are consistent with those assumed in navigation analyses using 

Deep Space Network (DSN) radiometric measurements. Uncertainty analysis results for the Earth 

flyby configuration is shown below. Much of the supplemental radiometric tracking results are 

reminiscent of these, which illustrate how various radiometric tracking cadences serve to constrain 

the predicted B-plane crossing conditions as predicted at the T-21 days, 7 days, and 3 days epochs. 

  
Table 7: Predicted B-plane 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 
State 

Type 

  

SMAA (km 3ů) SMIA  (km 3ů) TCA (sec 3ů)  

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 Doppler Noise: 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 tracking, optical navigation provides a T-21 day predicted B-plane crossing 

condition with uncertainties on the order of a few hundred kilometers. Supplemental radiometric 

tracking may provide a navigation solution which helps to reduce this flyby uncertainty by 50% 

or more along the longest axis, even at the most casual of measurement cadences. At T-21 days, 

there remains ample time to adjust the B-plane crossing conditions based on the current best state 
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estimate, where a corrective maneuver may still be reliably deemed necessary and executed if the 

desired crossing conditions lie outside statistical bounds on the current prediction. 

 
Table 8: Predicted B-plane uncertainties for Earth flyby, made at 7 days prior to the flyby. 

Optical 05 Min Cadence B-PLANE UNCERTAINTY AT Earth T -7 DAYS 
 

Radio Measurement Strategy 

State 

Type 

  

SMAA (km 3ů) SMIA (km 3ů) TCA (sec 3ů) 
 

No Radio B-Plane 148.1775 144.4109 7.4495  

      Radiometric Range and Doppler Noise: 1m & 0.1mm/s  

1/Week, Max 8 Hour 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 T-21 day prediction, radiometric tracking serves to more tightly constrain the 

predicted B-plane crossing conditions. Even 7 days prior, certain measurement cadences allow for 

the safe execution of a planetary flyby under the predicted uncertainties shown above, still 

allowing for fine tuning of the flyby conditions with 7 days to react. Additionally, supplemental 

radiometric tracking at T-21 days serves to perform nearly as good or better than the optical 

navigation solution at T-7 days, allowing for two weeks or more of planning and reaction time for 

trajectory correction. 

 
Table 9: Predicted B-plane uncertainties for Earth flyby, made at 3 days prior to the flyby. 

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

Radio Measurement Strategy 

State 

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  



19 

 

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 & 1 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 case, even in most casual radiometric tracking cadences, the supplemental radiometric 

tracking allows for an estimation uncertainty of the B-plane crossing conditions of less than half 

that provided by optical navigation. In the most extreme cases, the predicted B-plane crossing 

conditions are known to a fidelity as 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 B-plane predictions, as the motion of the spacecraft relative to the flyby body 

is more readily observable over a shorter time. This results in a situation where the flyby conditions 

may be known well via optical navigation, but usually only in cases where the flyby is soon to 

happen. These circumstances are especially important when considering low altitude flybys, as is 

the case with the first Venus flyby shown below: 

 

 
Figure 15: Predicted B-plane crossing conditions for the first Venus flyby, with optical-only and radio-supplemented tracking, at 

T-21 day, 7 day, and 3 day pre-flyby epochs 
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Figure 16: Zoomed depiction of the predicted state uncertainties at the B-plane crossing, relative to the Venus impact radius 

projected onto the B-plane 

Figure 15 and  Figure 16 above depict the predicted B-plane crossing conditions for the first Venus 

flyby, relative to the impact radius of Venus projected onto the B-plane. A spacecraft flying by 

Venus with the planned relative velocity must not cross the B-plane within the impact radius, as a 

collision or interaction with the upper atmosphere may result at periapsis or sooner. Figure 2 shows 

that at 21 days prior to the flyby, optical-only navigation results predict that an interaction with 

the collision radius is not far outside the 3-sigma probability, while supplemental radiometric 

tracking serves to reduce that likelihood to less than 6-sigma. Additionally, optical-only navigation 

of the flyby could require that the spacecraft correct for more than 300km across the B-plane at T-

21 days. Any corrections to the trajectory shall inject uncertainty into knowledge of the 

spacecraftôs velocity, worsening the knowledge of the B-plane crossing and requiring additional 

measurement information to constrain the estimate of the upcoming flyby.  

 

Optical-only navigation may allow for the safe execution of planetary flybys under circumstances 

which allow a spacecraft to react accurately on short notice, on the order of 7 to 14 days, and have 

fuel margins to correct for navigation uncertainties near this magnitude, as well as to correct the 

trajectory for any errors resulting from executing an imperfect flyby under the uncertainties shown 

above. These conditions illustrate that navigating planetary flybys with optical-only navigation 

may impose mission risks and cost which must be accepted or addressed with mitigation strategies. 

Radiometric tracking can dramatically reduce the likelihood of navigation-related mission risk 

where optical navigation does not suffice, and at a minimum, is a recommended supplement during 

mission-critical events such as flybys and maneuver execution. 

 


































