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Project Objectives:

Navigators and maneuver designers have used the “B-Plane” successfully for 
decades.  But there continue to be issues with using it inconsistently or incorrectly.

Ø Document the problems with using the B-Plane
Ø Research and develop possible alternatives
Ø Evaluate alternatives in mission scenarios

FY19 Results:

1. Documented the benefits and detriments of using the B-Plane
2. Developed candidate coordinate frames (2 new, 1 adapted)
3. Assessed candidates against actual mission scenarios
4. Neared completion of a technical paper

Benefits to NASA and JPL:

• A concise overview of the benefits and drawbacks of using the B-Plane
• Evaluation of several compelling alternatives
• Software to use the alternatives in JPL’s institutional MONTE software for mission design 

and navigation

• Current and future missions can learn from the lessons we’ve collected, and can choose 
to adopt one of the alternatives for their purposes
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Fig. 5. Definition of B-plane coordinates

is compliant with IAU 2000A CIO based3.
B-plane is the useful plane to design the targeting con-

dition of entry and flyby. The plane is normal to the
incoming hyperbolic velocity (figure 5). The origin of the
B-plane coordinate system is the Earth center and the
horizontal axis (B.T) is parallel to the equator plane of
the Earth. The dispersion ellipse on the ground are calcu-
lated without considering the atmospheric effect, because
the purpose of this study is to compare the dispersion el-
lipse with and without optical observations and describe
the impact of ground based observations.
Three data sets are prepared for the observations and

summarized in table 4. Data set A is the all optical ob-
servation data taken by four observatories. Data set B is
the limited version of the radiometric data which assumes
that the Hayabusa spacecraft had an unexpected issue on
June 10. Data set C is the nominal case of the radio-
metric data which includes all the radiometric data until
June 13. Four cases are analyzed using the combination
of the data sets and summarized in table 5. Case 1 in-
vestigates the dispersion for the limited case and compare
with case 2 to understand the effect of the optical obser-
vation. The difference of case 1 and 2 is the availability
of the optical observations, therefore the difference of the
dispersion ellipse describes the impact of the optical obser-
vations for reentry object navigation. Case 3 describes the
nominal dispersion of the Hayabusa mission. The effect of
the tracking arc for radiometric measurement is presented
comparing case 1 and 3. Case 4 shows the dispersion only
with the optical observations and this case corresponds
to the test case for the Earth impact prediction of near
Earth objects.

3 http://www.iers.org

Table 4. Observation data.

Data Type Time [UTC]
A Optical 6/13 3:41

observation - 6:13
B Limited 6/9 11:00

radiometric data - 6/10 6:30
C Full 6/9 11:00

radiometric data - 6/13 0:00

Table 5. Analysis cases.

Case Observation Comments
data

1 B Some issue happen
in the spacecraft

2 A, B Follow up observation
by ground-based telescope

3 C Nominal case
(No trouble in the spacecraft)

4 A Optical observation only

4. Results and Discussion

The results of the orbit determination (OD) and the
dispersion ellipses are investigated in this section. The
post-fit residuals of case 4 are described in figure 6. Five
observations of Mt. Lemmon Survey are rejected due to
its large residuals. The observations of Subaru telescope
and Canada France Hawaii Telescope (CFHT) are quite
stable and all the observations fits within 0.5 arcsecond.
The rms of 2-way Doppler and range data are 0.064 mm
s−1 and 0.30 m, respectively. The standard deviations
of the position and velocity vector at the OD epoch are
summarized in table 6. The impact of the optical obser-
vations is found in the difference between case 1 and 2.
Especially, the uncertainties for the velocity dramatically
decrease. It would be due to the extension of the tracking
arc duration by the optical observation. However, the OD
solution using the full radiometric observation (case 3) is
much better than the hybrid case (case 2). Since case 4
have only 2.5 hours of optical observation, the solution
has a large uncertainties along both position and velocity
vector. The main uncertainty is along the velocity direc-
tion, because a optical imaging has no information along
the line of sight direction.
The 3 sigma dispersion ellipse on B-plane is described

in figure 7 and 8. The major axis of case 4 is 291 km
and it looks small compare with the uncertainty of the
OD epoch, because B-plane is orthogonal to the hyper-
bolic infinite velocity and the main uncertainty is along
the velocity direction. The dramatic improvement on the
uncertainties by the optical observation are found com-
paring the ellipse of case 1 and 2. The size of the ellipse
becomes about 1/600 of the original ellipse and the mean
value becomes much closer to the value of case 3. It is
natural that the ellipse of case 3 is the smallest in these

Why is the B-Plane used?

• Convenient mapping from 3D to 2D
• Linear relationship with maneuver ∆Vs
• Simplifying assumptions are often benign
• Long history of successful usage

Osculating Perifocal 
Frame

Angular Momentum 
Frame

Modified Target 
Plane

Definition
• Trajectory always in XY-

plane
• Periapsis always toward +X

• Plane normal is 
instantaneous angular 
momentum

• Reference direction to define 
XY orientation is free

• Perpendicular to trajectory 
at periapsis

• Reference direction to 
define XY orientation is free

Benefits

• Can depict entire trajectory 
in 2D

• Always clear where periapsis 
is

• No radius scaling required
• Valid through capture

• Can depict entire trajectory 
in 2D

• No radius scaling required
• Valid through capture
• Valid even in circular orbits

• No radius scaling required
• Similar interpretation as B-

Plane
• Can easily assess impact 

probability
• Doesn’t assume a two-

body trajectory

What is it 
good for? ü Trajectory visualization ü Trajectory visualization

ü Maneuver targeting
ü Covariance mapping and 

visualization

What is it not 
so good for?

✘ Maneuver targeting
✘ Covariance mapping and 

visualization

✘ Maneuver targeting
✘ Covariance mapping and 

visualization ✘ Trajectory visualization

AlternativesThe 
B-Plane

AMDG

What are examples of 
when the B-Plane is 
insufficient?

• Non-Keplerian trajectory (e.g. 
close flyby)

• Low velocity, distant flybys
• Low thrust spiral-in approach
• Swarm / multi-spacecraft
• Irregular central body shape

The perils of not 
re-computing impact radius

Juno arrival:
Osculating Perifocal Frame

InSight:
Modified Target Plane

What are the B-Plane’s 
shortcomings?

• Assumes a two-body (Keplerian) trajectory
• Assumes a hyperbolic (not captured) trajectory
• Not intuitive to understand for a wider audience
• Multiple possible definitions for out-of-plane 

component
• Does not show velocity information
• Inconsistent usage is subtle and prevalent

• Not including partial derivatives of !𝑆
• Not including partial derivatives for event-

relative mapping time
• Using one B-Plane for multiple solutions
• Varied choice of reference direction
• Varied choice of mapping time

Our recommendations
When using the B-Plane…

ü Pick a sensible reference direction and clearly communicate it
ü Be consistent about including/excluding the partials of #𝑺 and interpreting the results
ü Be consistent about including/excluding event time partials and interpreting the results
ü Know when it’s okay to depict multiple trajectories on a single B-Plane

When working with flyby / insertion / landing trajectories…
ü Test the convergence properties and results using other frames for maneuver design
ü Depict the trajectories in an alternate frame, especially when communicating with a 

wider audience

Jupiter approach:
non-Keplerian near periapsis

Psyche approach:
Angular Momentum Frame

Figure 6. 14F8-S22 trajectory viewed from Jupiter’s northern hemisphere, centered
at Jupiter in the rotating frame with the y-axis points to the Sun, z-axis normal to the
Jupiter orbit plane, and x-axis completing the right rule. Gray: pump-down; blue:
COT-1; cyan: COT-2; maroon: petal rotation; orange: Europa illuminated hemi-
sphere transition; magenta: COT-3; green COT-4; black: orbits of the four Galilean
satellites. Spacecraft’s trajectory shaded black when in Jupiter’s shadow.

would be well illuminated. This is followed by COT-1, COT-2 and the petal rotation, where the latter is
designed principally for gravity science observations, but is also very useful for IPR and trailing hemisphere
coverage for SWIRS. It uses a series of non-resonant transfers, alternating between increasing and decreasing
the orbit periods (4 : 1+ and 5 : 1� in our case) which rotates the line-of-apsides counter-clockwise and
produces alternating repeated equatorial groundtracks. The next phase is the Europa illuminated hemisphere
transition phase which rotates the orbit such that the illumination is now in the sub-Jupiter hemisphere of
Europa instead of the anti-Jupiter hemisphere. This phase requires the spacecraft orbit period to decrease and
the inclination to increase to setup the correct geometry for Europa-to-Callisto ⇡-transfer. This phase also
includes a Callisto ⇡-transfer, and a Callisto-to-Europa ⇡-transfer. This places the next set of Europa flybys
approximately 180 deg from the location of the Europa flybys in COT-2. This is followed by COT-3 and
COT-4 which again steps through the groundtrack coverage but over the now sun-lit sub-Jupiter hemisphere
of Europa.

Details of the 14F8-S22 tour are listed in Table 2. Details for 13F7-A21 can be found in Reference 6.
Details for 15F9-A22 and 15F10-S22 can be found in the Appendix. The tables include detailed information
on the flybys for the entire tour. Figure 7 shows all the flyby groundtracks color contoured by altitude for
14F8-S22 at the end of COT-4. Closest approaches are marked with an “x” and numbered according to flybys
from Table 2. The build up of the groundtracks are in Figure 8-13, with both the altitude contours and the
local time contours.

Figure 14 shows the cumulative potential opportunities coverage for the Short Wave Infrared Spectrometer
(SWIRS) and the Topographical imager opportunity for 14F8-S22.

The mission operations will be nearly identical for all Europa flybys. Maneuver locations are also the same
per orbit with determinisitic manuevers located 3 days post flyby for clean up, a targeting maneuver near
apoapsis, and a statistical maneuver located 3 days prior to the next flyby. In Figure 15, a representative
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5.2 Tour: Europa Clipper

Europa Clipper is a proposed mission set to launch in 2023, that will orbit Jupiter and do continuous flybys
of its satellite Europa in a quest to understand more about this potential life-harboring moon. Figure 12
shows a snapshot of the trajectory as it reduces its energy to perform its first Europa encounter. Figure
12(a) shows the trajectory centered at Jupiter, whereas in (b), the trajectory is centered at Europa. Figure 13
shows the trajectory for the same time span as Figure 12, but centered at Europa in an osculating perifocal
frame. One advantage of viewing the trajectory in this frame is that at the time of closest approach, one can
see flyby altitude (as opposed to a zommed-in view of Figure 12(b), which appears as though the spacecraft
is crashing against Europa).

(a) Jupiter centered trajectory (b) Europa centered trajectory

Figure 12: Europa Clipper trajectory as it approaches its first Europa flyby of the mission, in EME2000.
The trajectory begins one and a half revs before the Europa encounter and ends three days after the encounter.
Note, on (b), how the flyby occurs at the origin.

Table 2: Comparison of different targeting schemes used to converge the Europa Clipper trajectory, spanning
over 60 flybys and 128 maneuvers.

Target Type Number of Iterations Comp. Time DV

Average Max. Median E03-TRG (s) (m/s)
B-Plane (Varying Axis) 1.41 4 1 2 557.36 1283.41
B-Plane (Fixed Axis) 1.72 8 2 8 610.85 1283.41

Cartesian 1.52 4 2 2 580.14 1283.18

5.3 Low thrust: Psyche approach

To analyze a low thrust approach trajectory, the Psyche mission approach phase to the asteroid (16) Psyche
is analyzed here. As mentioned in Section 3.4.2, the two major shortcomings of the B-Plane during
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Maneuver Targeting Example for Europa Clipper Trajectory

B-Plane targeting, showing that 
including partial derivatives of !𝑆 is key


