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CASSINI NAVIGATION: THE ROAD TO CONSISTENT SUB-
KILOMETER ACCURACY SATELLITE ENCOUNTERS  

Julie Bellerose*, Sumita Nandi†, Duane Roth‡, Zahi Tarzi§, Dylan Boone§, 
Kevin Criddle§, and Rodica Ionasescu§ 

This paper reviews the orbit determination performance for the last five years of 
the Cassini Mission Solstice Tour. During this period of time, Cassini had more 
than 30 satellite encounters, including Titan, Rhea, and Dione. We report on the 
navigational flyby accuracy, comparing post-flyby reconstructions and encoun-
ter predictions, and discuss the performance improvement and challenges over 
the years. Finally, we give an overview of the "Grand Finale" end of mission 
planned for 2017.  

INTRODUCTION 

Cassini launched in 1997, and has now completed its prime mission, its Equinox first extended 
mission, and 3 years of its Solstice second extended mission. The extended missions were named 
to correspond with the applicable season at Saturn. Since its arrival at Saturn in 2004, Cassini has 
completed more than 230 orbits around the planet. The prime mission included 45 flybys of Ti-
tan, 4 of Enceladus, and 9 of other icy satellites. The Equinox mission added 26 Titan encounters, 
and 12 more Enceladus and icy satellite flybys, and the Solstice mission has added 46 Titan en-
counters, 12 Enceladus, and 12 other icy satellite flybys. At the time of this meeting, Cassini has 
just entered the last Inclination Phase (Inc-3), getting ready for the final act. Over this period, 
there have been several papers describing the orbit determination process and performance up 
through 2012 1,2,3,4,5,6. This paper gives a high-level overview of the changes in orbit determina-
tion strategy since 2012 and a summary of the recent navigation performance. 

In 2010, the Solstice mission was approved to continue exploring the Saturn system for seven 
more years. The Solstice Mission timeline, with color-coded sub-phases, is shown in Figure 17. 
After the first inclination phase (In-1, 2010, ending with T79), Cassini came back to the equatori-
al region (Eq-1, until June 2012), then returned to higher inclinations in three different inclination 
phases that lasted 3 years (In-2A from 0 deg to 60+ deg, In-2B from 60+ deg to 40 deg, and In-
2C from 40 deg to 0 deg), to come back to its last equatorial phase this year (Eq-2). In the last six 
months of the mission, Cassini will traverse the D-ring twenty-two times, passing just a few thou-
sand kilometers from Saturn’s cloud top. This last mission sub-phase, referred to as Proximal Or-
bits in Figure 1, has been named Cassini Grand Finale. The Cassini spacecraft will be disposed of 
during its final orbit, heading toward the planet and flying into Saturn’s atmosphere on September 
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22nd 2017. Smith and Buffington presented the scientific motivation behind the design in 20098 
and 20109. The extended trajectory also had to satisfy many operations and safety constraints7.  

During the past 11 years, Cassini has provided a wealth of new science discoveries, described 
in thousands of scientific papers (see Cassini Solstice mission website for latest10). Experience 
over the long mission duration has also evolved better science support products through process 
enhancements and in-flight calibrations. For instance, satellite encounter accuracy has improved 
from kilometers at the start of the tour, to typically sub-kilometers in the last three years (even 
less than 100 meters for a few encounters!) – a remarkable attainment considering the large dis-
tance between Earth and Saturn. This was achieved from a combination of careful maneuver per-
formance analysis, improved orbit determination strategies, and improved ephemerides of the 
natural bodies in the Saturn system. In addition to improving science return, the established na-
ture of the operations has made it a fruitful training ground for new engineers.  

While the improvements to the navigation accuracy has been a long process, this paper focus-
es on those lessons learned and adopted strategies in the past 3 years of operations. We character-
ize the navigation process performance in terms of the latest targeted encounter results, and we 
discuss some navigation challenges. Finally, we give an outlook of the work involved in complet-
ing the next one and a half year of the mission.  

2 THE SOLSTICE MISSION TRAJECTORY

(a)

(b)

(c)

Figure 2-4: Solstice Mission Saturn-Centered Trajectory Views; (a) View from Saturn N. Pole
(sun-fixed, towards top), (b) View from within Saturn Equator (inertial), (c) Oblique View (inertial)

13

 
Figure 1. Solstice mission Saturn-centered trajectory oblique view7. The coloring scheme repre-

sents the various phases of the trajectory, either at inclination or in the equatorial region. The small 
red set of orbits corresponds to the proximal orbits phase. 



 3 

NAVIGATION OVERVIEW 

Navigation Operations Structure 

Prior to flying the prime and follow-on missions, the mission designers create a reference tra-
jectory, which satisfies the science requirements within the constraints of the spacecraft’s hard-
ware and operations constraints. The concept behind Cassini Navigation operations is to return 
the spacecraft to the reference trajectory at the time of targeted flybys as well as a few other pre-
determined control points. The spacecraft position is allowed to deviate from the reference be-
tween targeted encounters. A secondary (but obviously important) goal is to maintain ephemeris 
knowledge to the level required to quickly acquire spacecraft signal from Earth at any time and 
support science performed away from encounters. The process to implement this includes esti-
mating the current spacecraft trajectory and associated parameters with their covariance and using 
this knowledge to compute trajectory correction maneuvers at several times between targeted en-
counters.  

Operations Navigation is divided functionally into two sub-tasks: Orbit Determination (OD) 
and Flight Path Control (Maneuver). While the OD team estimates the spacecraft states and relat-
ed parameters and uncertainties, the Maneuver team designs upcoming maneuvers to target up-
coming encounters. The navigation analysis is divided temporally into segments focused on a 
particular targeted encounter, referred to as an ‘arc’. Figure 2 below gives an example for the 
229T115 arc, where the first encounter was the 22nd flyby of Enceladus (E22 for short) and the 
second encounter, Titan-115 (T115). The two arcs before and after are labeled 226E22 and 
231T116. The overlap between two adjacent arcs provides validation for the current and next arc 
solutions. 
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Figure 2. Schematic of the 229T115 arc, including the previous and next arcs, 226E22 and 
231T116, respectively. (credit Cassini nav team). 

 

In general, there are three maneuvers between two encounters, two deterministic and one pure-
ly statistical. A deterministic maneuver is one with a non-zero value in the reference trajectory, 
while a statistical maneuver is a placeholder. The first deterministic maneuver post-flyby is re-
ferred to as the ‘clean-up’ maneuver and is typically placed three days post encounter. A second 
deterministic maneuver is used in concert with the clean-up to target the following encounter. 
Finally a last statistical approach maneuver can be performed prior to an encounter to reduce tar-
get error from accumulated modeling errors or dispersion from previous maneuvers. To illustrate 
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this, Figure 3 shows the arc encompassing E22 and T115, where Orbit Trim Maneuver (OTM)-
434 was the clean-up maneuver for E22 performed three days after E22, OTM-435 targeted T115 
located near apoapse (note that one full revolution happened between OTM-434 and OTM-435), 
and OTM-436 served to refine the approach at T115, performed three days prior to T115. Note 
that Saturn is drawn close to E22 in this figure, with a line toward Earth, and “Cassini” indicates 
the position of the Cassini spacecraft on January 17th 2016. 

 

 

Figure 3. Cassini 229T115 arc, including the clean-up maneuver to E22, OTM-434, the targeting 
and approach maneuvers to T115, OTM-435 and OTM-436. 

 

Orbit Determination Process 

The OD team is responsible for predicting ephemeris accuracy, and supporting operations and 
science objectives. In that capacity, the team performs three distinct tasks for a given arc; a covar-
iance study to look at upcoming dispersion and flyby accuracy prediction, operations during the 
given arc, and the arc reconstruction to provide the most accurate ephemeris and enhance science 
data reduction. The timeline of those tasks corresponds to that shown on Figure 2. 

Maneuvers are typically targeted to the “B-plane” of the next flyby. Figure 4 describes the B-
plane geometry. The B-plane plane is perpendicular to the asymptote of the incoming trajectory. 
The B-vector is defined as the vector joining the body center and the point where the asymptote 
meets the (perpendicular) B-plane. Note that physically, the B-vector indicates the closest point if 
the body had no mass. Three coordinate vectors are then defined, with S along the incoming ve-
locity, T lying in the ecliptic plane, and R completing the triad. Using this geometry, the target 
point is described by the R and T components of the B-vector, B � R and B � T. The B-plane error 
is expressed in terms of those quantities, and the time of flight.  

Since maneuvers in an arc are ultimately targeted to B-plane position and time, the state and 
covariance produced in the OD process is mapped forward to the B-plane of each encounter with-
in an arc. An example of the trajectory error is shown on Figure 4, on the bottom right (dispersion 
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ellipse orientation). This represents a 1-sigma dispersion, characterized by the semi-major axis, 
the semi-minor axis, and the orientation. Figure 5 represents the B-plane at T115 shortly after 
OTM-435 was executed (Dec 29th 2015). Orange indicates the target point and delivery disper-
sion after maneuver execution, while the red represents the Cassini OD solution using data up to 
Jan 6th 2016. 

Figure 6 gives an example of a pre-encounter covariance product, where B-plane uncertainties 
mapped to the flyby closest approach as a function of tracking data cutoff can be followed 
throughout the arc. Line-of-sight frequency uncertainties, science target pointing, and Sat-
urn/satellite ephemeris uncertainties are also tracked throughout. The natural body ephemerides, 
in particular, are tracked since they can be improved during certain favorable encounters. 

OD products from an arc are used for maneuver design operations one week to ten days after 
the arc epoch, in general after the last OD solution from the previous arc is delivered for the ap-
proach maneuver. As tracking data comes in, i.e. Doppler and range, atmospheric calibrations, 
Earth orientation, and data weights are updated. Depending on the arc timeline, small forces (on 
or off Earth-line biases for science, system check or calibrations momentum management), and 
dynamical events are updated as well (more details in Ref 6).  

The spacecraft state, OTM parameters, parameters for small burns from turns and momentum 
management, acceleration from radioisotope thermoelectric generator heat and zero-mean sto-
chastic accelerations are estimated with a linearized least-square estimation process with iteration 
to manage non-linearities. In addition, a single range bias parameter is estimated to fit errors in 
the Saturn ephemeris. The stochastic accelerations provide a means to prevent un-modeled dy-
namic and non-gravitational forces from biasing the estimate of the state parameters. The a priori 
values of these parameters are constrained using values based on the previous arc, or estimates 
external to the OD process. In addition, the error contribution associated with sensitivity to mod-
eling Saturn ephemeris, Saturnian satellite ephemerides and Earth platform parameters is assessed 
via including their model parameters, with covariances, in the filter as consider parameters. Table 
1 gives typical uncertainties of estimated and consider parameters used. Once a converged solu-
tion is obtained, interface products are delivered to the Maneuver team for the upcoming OTM 
design update. Occasionally, products are delivered to the Science Planning team to update point-
ing or timing of their observations. 

Finally, the arc reconstruction provides the most accurate spacecraft ephemeris and other es-
timated parameters for science analysis. Some flybys have needed additional care, using post fly-
by tracking and reconstructed calibrations.  

 

Table 1. Estimated and consider parameter uncertainties. 7 The latest OTM errors are taken 
from Ref 11, also see Ref 12 for historical data.   "*" for less visited satellite such as Hyperion, Iape-

tus, Phoebe that can have uncertainties 2-5x those of icy moons. 

Estimated Apriori 1 sigma error Consider Apriori 1 sigma error 
States < 5 km, < 20 cm /s Station locations 2 – 5 cm 

Small forces 0.25 mm/s – 1.2 mm/s Troposphere 1.0 cm wet, 1.0 cm dry 
OTM (ME) 0.02% proport., 3.5 mm/s fixed Ionosphere 5 cm day, 1 cm night 
OTM (RCS) 0.4% proport., 0.5 mm/s fixed Earth orientation 10 cm per axis 
Stochastics 5 e -13 km/s2 Satellite* <0.1 km Titan, <km icys 

Transponder bias 500 m Saturn 0.2 km 
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APPENDIX D B-PLANE DESCRIPTION

Appendix D B-Plane Description

Planet or satellite approach trajectories are typically described in aiming plane coordinates referred
to as “B-plane” coordinates[35] (see Figure D-1). The B-plane is a plane passing through the target
body center and perpendicular to the asymptote of the incoming trajectory (assuming two-body
conic motion). The “B-vector,” B, is a vector in that plane, from the target body center to the
piercing-point of the trajectory asymptote. The B-vector specifies where the point of closest approach
would be if the target body had no mass and did not deflect the flight path. Coordinates are defined
by three orthogonal unit vectors, S, T and R, with the system origin at the center of the target
body. The S vector is parallel to the spacecraft V

1

vector (approximately the velocity vector at the
time of entry into the gravitational sphere of influence). T is arbitrary, but it is typically specified
to lie in the ecliptic plane (Earth Mean Orbital Plane and Equinox of J2000.0 (EMO2000)), or in a
body equatorial plane (Earth Mean Equatorial Plane and Equinox of J2000.0 (EME2000)). Finally,
R completes an orthogonal triad with S and T (i.e., R = S⇥T).
A target point can be described in terms of the B-vector dotted into the R and T vectors (B · R
and B · T). The spacecraft state in the B-plane can be represented by the following six quantities:
B · R, B · T, TF (time-of-flight), S · R, S · T, and C3. S · R and S · T are the declination and right
ascension of the incoming asymptote S and C3 is the vis-viva integral (V 2

1

). The B-plane error
(miss) is determined by �B · R, �B · T, and �TF; the asymptote error is determined by �S · R,
�S · T, and �C3.
Trajectory errors in the B-plane are often characterized by a 1-� dispersion ellipse, shown in Figure
D-1. SMAA and SMIA denote the semi-major and semi-minor axes of the ellipse; ✓ is the orientation
angle of the ellipse measured clockwise from the T axis. The dispersion normal to the B-plane is
typically given as a 1-� time-of-flight error, where time-of-flight specifies what the time to encounter
would be from some given epoch if the magnitude of the B-vector were zero. Alternatively, this
dispersion is sometimes given as a 1-� distance error along the S direction, numerically equal to the
time-of-flight error multiplied by the magnitude of the V

1

vector.
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Figure D-1: B-Plane Coordinate System
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Figure 4. B-plane geometry representation7. 

 

 

 

T115 Encounter B-Plane
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Figure 5. T115 B-plane solution (red), in-

cluding the target and dispersion from OTM-
435 (orange). 

 B-Plane Uncertainties Vs. DCO

8

 
Uncertainties at OTM DCOs

OTM DCO (UTC) B·R (km) B·T (km) Altitude (km) TCA (s) SMAA (km) SMIA (km)

OTM434 22-DEC-2015 04:43:51 0.69 3.51 3.48 0.17 3.57 0.25

OTM435 28-DEC-2015 22:13:51 0.68 3.47 3.44 0.16 3.53 0.24

OTM436 11-JAN-2016 23:58:51 0.27 0.62 0.64 0.05 0.64 0.19

9

 
Figure 6. 229T115 B-plane uncertainties from the covariance study. 
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TARGETED ENCOUNTER PERFORMANCE 

Then and Now, what has changed? 

There have been significant changes in the Cassini navigation process over the last 11 years 
that have combined to reduce the satellite encounter accuracy from kilometers to as little as 10s of 
meters. Much of the improvement is related to better modeling resulting from on-orbit characteri-
zation of both the spacecraft and the Saturnian system. Some of the reduction comes from a shift 
in project priorities on use of propellant. The major contributors are discussed here. 

The project is now especially concerned about fuel depletion, which would result in a prema-
ture ending for Cassini, and could potentially transgress planetary protection regulations. Latest 
propellant updates indicate the main engine has about 18 m/s of bipropellant left and the RCS 
system has 35 m/s of hydrazine available (90th percentile number)13,14. Since a Titan encounter 
imparts a large delta-v, small target misses can result in significant downstream delta-v to return 
the spacecraft back to the reference trajectory. As a result, the navigation team evaluates the 
downstream delta-v (and hence, propellant) penalty associated with cancelling each upcoming 
maneuver, and typically waits to evaluate the maneuver design using OD from the last tracking 
pass prior to the maneuver to make a cancellation decision. During the Solstice Mission, the 
threshold above which downstream cost of cancellation has become unacceptable is 70 mm/s 
compared to roughly 0.5 m/s in the Prime and Equinox Missions. The approach maneuvers are 
particularly affected, as it is common now to implement a 20-30 mm/s maneuver a few days prior 
to encounter. In addition to resulting in better targeting, due to the late design cutoff, this process 
has resulted in smaller deviations from the reference trajectory (even away from encounters), 
which generally supports better navigation performance. The fourth year of the Cassini Solstice 
Maneuver experience was detailed by Vaquero et al 201411, while Wagner et al 201412 describe 
the effort in updating the OTM error modeling for both main engine and RCS maneuvers from 
looking at performance statistics. This error modeling has been updated every couple years.  

There are extensive product exchanges between the Attitude & Articulation Control Subsys-
tem (AACS) and Navigation teams for ingesting small forces, from activities such as turns for 
OTMs, spacecraft momentum management, or science related turns, and the process has been 
refined over the years. Navigation estimates for small forces directed along line-of-sight are used 
by AACS to improve knowledge of thruster forces. This in turn improves telemetered delta-v 
values for small forces not directed along line-of-sight. The overall effect is that all small forces 
are modeled better. In their paper presented in 2008, Ardalan et al15 explained how telemetry was 
adapted to better suit navigation needs.   

Another major change relates to our knowledge of ephemerides and gravity parameters of Sat-
urn and its natural satellites. The Navigation team used to estimate the planet and satellite ephe-
merides from arc to arc, using the a posteriori states and covariance from one arc as the a priori 
input for the next arc to address errors in the ephemerides of the bodies. Bi-annual updates based 
on longer tracking arcs were also ingested. These Saturnian system updates also integrate astrom-
etry from Earth-based observations and the Hubble Space Telescope, Doppler tracking from Pio-
neer 11, Voyager 102, and Cassini, and science imaging and ring occultation data. See Jacobson 
et al 2006 for more insights into the Saturn and satellite gravity field products generation16. By 
estimating satellite parameters directly, resonant bodies’ parameters are also improved greatly. 
After 11 years of flight and data gathering in the Saturn system, the planetary and satellite ephe-
merides are now well known, to between a few 100s meters (Titan) to a few kilometers (icy satel-
lites), and thus not estimated anymore with the operational OD process. Satellite ephemerides 
currently used are sat375, delivered in March 201517.  
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Cassini Optical navigation was originally one more source of data toward improving satellites 
knowledge. As satellite uncertainties have reduced, the OpNavs now serve to maintain the satel-
lite ephemerides’ accuracy and prevent runoff over time. The last OpNav is scheduled for Sep-
tember of 2016.  

In addition to the obvious improvement in target-relative position determination from having 
better satellite ephemerides, changing to a strategy of holding the ephemeris of the natural bodies 
fixed shifts more information from the tracking data to the estimation of spacecraft state, and re-
duces the level of error in estimating dynamic parameters that would correlate with the state of 
the bodies. 

Encounter Performance Summary 

Table 2 below shows encounter accuracy statistics for each encounter since T80, in Jan 2012. 
Previous performance was discussed in Pelletier et al 20126 and Antreasian et al 20084. The color 
scheme in the table follows the different phases of the Solstice Mission as indicated in Figure 1. 
The bold rows indicate flybys discussed in the next section. 

The encounter performance at each flyby is quantified by comparing the post-flyby recon-
struction to the predicted position at closest approach based on the design of the approach ma-
neuver prior to the flyby. If the modeling and covariances are realistic, we expect the post-flyby 
B-plane solution to lie within the covariance of the pre-flyby B-plane error ellipse. Table 2 re-
ports the 3D encounter miss in column 4 and corresponding 3D sigma level based on the state 
error covariance at the last pre-flyby control point in column 5. The 3D error is computed by dif-
ferencing the pre- and post-flyby state coordinates at target closest approach, while the 3D error 
sigma is effectively the ratio between this error vector and the one-sigma error ellipsoid in the 
direction of the difference vector. This is analogous to computing the Euclidean distance of a vec-
tor, but weighted by the covariance matrix, which is referred to as the Mahalanobis distance. The 
relationship between the 3D error sigma and the probability of lying within the covariance ellip-
soid specified by the last control point can be expressed in terms of the Gauss error function. 

Figure 7 shows Titan encounter misses for the whole tour. On average, the 3D miss is 0.92km, 
whereas it was 1.45km and 3.1km during the Prime and Equinox Missions, respectively. The Ti-
tan ephemeris error improved from ~40km at the beginning of the Tour to a few 100 meters. 

Table 2. Encounter Summary, 2012 - 2016. 

Target Date Altitude 
(km) 

3D error 
(km) 

3D sig Delivery 
acc. (%) 

Comment 

T80 02-Jan-12 29415 0.4 0.6 6 Software transition 
T81 30-Jan-12 31131 2.1 1.3 39 sat351 
T82 19-Feb-12 3803 1.0 2.1 78  
E17 27-Mar-12 75 1.2 2.2 83 E16 5 mos prior 
E18 14-Apr-12 75 0.4 2.3 84  
E19 02-May-12 75 0.5 3.8 99 Saturn underest. 
T83 22-May-12 955 1.6 0.9 14  
T84 07-Jun-12 959 1.9 1.9 68  
T85 24-Jul-12 1012 0.7 0.6 5  
T86 26-Sep-12 956 0.2 0.5 2 changed to sat355 
T87 13-Nov-12 973 1.3 4.3 99 Nav flyby 
T88 29-Nov-12 1014 0.6 2.2 83  
T89 17-Feb-13 1978 0.7 1.0 19  
R4 09-Mar-13 1000 0.4 1.2 29  
T90 05-Apr-13 1400 0.1 0.2 0.1 sat358 
T91 23-May-13 970 0.1 0.3 0.6  
T92 10-Jul-13 964 0.5 1.5 50  
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T93 26-Jul-13 1400 0.6 1.3 36  
T94 12-Sep-13 1400 0.1 0.5 3.4  
T95 14-Oct-13 961 0.2 1.6 54  
T96 01-Dec-13 1400 0.04 0.3 0.7 Solar conjunction 
T97 01-Jan-14 1400 0.2 0.6 6  
T98 02-Feb-14 1236 0.42 3.5 99 3-sig under 
T99 06-Mar-14 1500 0.23 0.6 6 sat360 

T100 07-Apr-14 963 0.28 1.0 21  
T101 17-May-14 2994 0.06 0.9 14  
T102 18-Jun-14 3659 0.29 2.3 85 2-sig over 
T103 20-Jul-14 5103 0.14 0.6 6  
T104 21-Aug-14 964 0.08 0.2 0.3  
T105 22-Sep-14 1400 0.21 1.1 27 sat365 
T106 24-Oct-14 1013 0.07 0.9 14  
T107 10-Dec-14 980 0.24 1.7 59 Nav flyby 
T108 11-Jan-15 970 0.20 0.4 1.4  
T109 12-Feb-15 1200 1.62 3.5 99 1-sig over, sat381 
T110 16-Mar-15 2275 0.05 0.1 0.04 LGA, sat375 
T111 07-May-15 2722 0.54 2.2 81  
D4 16-Jun-15 516 0.74 1.8 65 approach otm canceled 

T112 07-Jul-15 10953 0.34 1.4 45 approach canceled 
D5 17-Aug-15 475 0.42 1.4 39 approach canceled 

T113 28-Sep-15 1036 0.13 0.7 7.9  
E20 14-Oct-15 1840 1.68 2.4 87 1-sig under 
E21 28-Oct-15 50 0.91 1.4 40 approach canceled 

T114 13-Nov-15 11920 1.21 9.9 100 2-sig under 
E22 19-Dec-15 5000 0.14 0.4 1.8 ap., target otm canceled 
T115 16-Jan-15 3817 0.55 2.5 88  

 

 
Figure 7. Titan encounter misses (in km) during the whole Cassini Tour. 
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Those Larger Misses, and Flybys of Interest 

Although all satellite encounters offer incredible scientific data, a few will be discussed here 
either due to their unique science value or their larger than expected miss values.  

T87 and T107 were two dedicated navigation flybys. These encounters were particularly in-
teresting due to their geometry being favorable for obtaining two-way coherent tracking through-
out at low Titan flyby. Note that there have been other flybys with tracking, but at higher altitudes 
and used by the Radio Science Subsystem.  The data obtained was used to estimate Titan atmos-
pheric density and correlate with results from the AACS and INMS* teams. A week long arc was 
used in order to reduce complexity in the estimation process, with a refined model for the Titan 
atmosphere. Results were presented by both Pelletier18,19 and Boone20. 

The T109 miss of 1.6 km was partially caused by a 1-sigma overburn of the approach maneu-
ver, but mostly due to a change in satellite ephemeris, which finally did not fit Titan as well as 
previously. The T114 miss of 1.2 km was caused by a 2-sigma underburn of the targeting maneu-
ver, with the approach OTM canceled.  

The Dione flybys (D4 and D5) presented a few more challenges, having ephemeris errors in 
the order of one km, and Gm value, harmonics, and orientation partially defined due to distant 
past encounters. Many alternate modeling and estimation schemes were compared, including re-
starting the planet and satellite ephemeris and gravity estimation for more accurate results. The 
Dione parameters needed slight corrections. However, the miss at D4 was also partially due to a 
larger error on the ephemeris than expected. 

Finally, the most recent icy satellite flybys were those of Enceladus (E20 to E22). These fly-
bys provided views of unseen surfaces, as well as data through the Enceladus plume. Like Dione, 
Enceladus parameters were more uncertain than for Titan. However, science pictures taken prior 
to E20 provided reassurance that the Enceladus state in sat375 was accurate to the level of its 
formal errors. Note that E22 was re-targeted (5km) for fuel savings. 

Saturn Periapsis Anomalous Impulse 

The last equatorial phase of Cassini (Eq-2, from T110 to T113) offered some more navigation 
challenges. During this phase, Cassini went from an orbit inclination of 8.5 deg to 0.3 deg (T110), 
and remained near 0 deg inclination until T113. Then, after two flybys of Dione and two of En-
celadus, the inclination increased to 1.4 deg by T114 and E22 in November and December 2015, 
respectively. Curiously, the OD team observed modeling errors which manifested as small, unex-
pected delta-vs at some of the Saturn periapses during the equatorial phase. These were usually 
seen as few sigma shifts in the estimated state mapped to the B-plane between solutions made 
with data prior to and post Saturn periapsis. In addition, these anomalous delta-vs were also visi-
ble in the estimates of small burns before and after the periapsis, where the estimated values 
could be up to a few mm/s more than telemetered values. While the observed extra delta-vs were 
small, they were several times larger than the expected error on the small burns, which are cali-
brated to 0.25 mm/s with the use of post-burn telemetry and therefore, stood out. In order to pre-
vent aliasing into dynamic parameters that impact forward state propagation and parameters of 
interest for calibration those added delta-vs were accounted for in the estimation process by using 
larger stochastic acceleration covariances. The magnitudes of the anomalous delta-v have slowly 
decreased since T114, although are still noticeable especially after a Titan flyby. Those periapsis 
anomalous delta-vs are plotted by closest approach distances with respect to body radius for Sat-

                                                        
* Ion and Neutral Mass Spectrometer team 
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urn, Titan, Enceladus, and Dione flybys in Figure 8, and in terms of Saturn latitude and longitude 
for the Saturn periapsis only in Figure 9. The delta-v values reported were integrated using the 
estimated added stochastic accelerations (note that those were not needed at all close approaches). 
We noted larger anomalies when closer to Saturn, but no other distinct patterns.  

Various options are being investigated. In particular, a run-off of the Saturn ephemeris could 
easily impart a few mm/s difference from the predicted Cassini states. Estimating Saturn parame-
ters in attempt to resolve some of those anomalies have led to correction in the order of a few 
sigmas. In addition, small corrections in the planet orientation and spherical harmonics will have 
an impact of all satellite parameters. A new Saturn ephemeris is to be delivered soon by the JPL 
Solar Dynamics Group. Other possible causes include the ring mass, which will be integrated in 
our software soon, and a non-constant J2 for Saturn. The J2 perturbations are felt twice as much 
near zero inclination21. These are topics of ongoing work. 

 

 
Figure 8. Saturn periapses and satellite flybys, including associated delta-v anomalies (in mm/s). 

 

MISSION STATUS 

There are now ten Titan flybys remaining in the Cassini mission, with the last one, T126, oc-
curring on April 22nd 2017. From now on, every encounter will be increasing the Cassini orbit 
inclination, reaching 63 deg by T126, to prepare for the proximal orbit phase (Cassini Grand Fi-
nale). To achieve those remaining flybys, there are twenty-seven OTMs left to execute, with at 
least four to be performed on main engine (OTMs less than 0.25 m/s are executed with the RCS 
system). The project has reached the point where, in the case Cassini runs out of main engine bi-
propellant, it could complete all of the remaining maneuvers on the RCS thrusters system13. Still, 
every maneuver is carefully designed to avoid any unnecessary cost. 

Although the mission comes to an end, the concern of running out of propellant has led to the 
development of additional design tools. In particular, the navigation team developed a tool to in-
vestigate alternate end of mission scenarios, taking into account NASA planetary protection pro-
tocols. It is with great interest that some of the team mission designers were able to develop tech-
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niques using two-body and three-body flyby transfers theories to design feasible alternate endings 
within the Cassini budget22.  

Nonetheless, everyone on board is eagerly anticipating Cassini’s F-ring and proximal orbit 
phases, depicted in Figure 10. The mission plan during the Cassini Grand Finale is comprised of 
22 polar, highly elliptical orbits. The navigation concept for ballistic orbits with no satellite en-
counters is much different, and the science pointing requirements are only stringent near selected 
Saturn periapsis events. In order to meet the science requirements, only three maneuvers are 
planned in the five months after T126 to keep the Cassini trajectory dispersions small23.  

 
Figure 9. Latitude and longitude of Saturn periapses and associated delta-v anomalies (in mm/s). 

 

CONCLUSION 

The Cassini mission has been in orbit in the Saturnian system for more than 11 years, and has 
returned a wealth of discoveries and operational knowledge in the outer Solar System. In this pa-
per, we reported on the last three years of navigation operations focusing on orbit determination 
and encounter performance. Modeling and strategy changes over the past years now allow us to 
navigate bodies at 100s of meters in accuracy, and consider a miss larger than 1 km an outlier. 
The Cassini Grand Finale will be spectacular - do not miss it! 
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2 THE SOLSTICE MISSION TRAJECTORY

inclined and has the aforementioned node distance – conditions established in the prior In-3 phase.
A 3000 km wide gap between Saturn’s upper atmosphere and the innermost portion of the main
rings is believed to be a safe environment for spacecraft traversals through the ring plane. This
gap, located at an altitude of 1670 to 4670 km above Saturn (0.1 bar level), is believed to be clear
of ring particles large enough to destroy the spacecraft and to be populated by an atmosphere of
su�ciently low density that spacecraft control authority can be maintained. However, no craft has
ever flown this close to Saturn, so there is some risk in traversing this region which is mitigated
by the trajectory design employed in the SM which ensures eventual Saturn impact regardless of
whether the spacecraft survives the first orbit’s traversal through the gap (i.e., no future spacecraft
maneuvers are required or planned). An implicit assumption, based on Galileo mission precedent,
is that Saturn impact will satisfy potential Cassini Planetary Protection requirements.

The T126 flyby places the spacecraft in a 9-Titan to 22-spacecraft rev orbit resonance. The space-
craft completes 22 proximal orbits in ⇠143 days - approximately one orbit per week. Periapsis
is placed near noon Saturn LST to maximize the Doppler shift as viewed from Earth in order to
optimize Saturn and ring gravity field (RSS) measurements and was a major tour design driver.
Periapsis altitude varies widely within the 3000 km gap (Fig. 2-24) due predominantly to seven non-

(a)

(b)

Figure 1: Inner D ring EOM orbital geometry for an outbound Titan flyby at the ascending node ( i = 61º); (a) Saturn north-polar 
view – only the s/c trajectory (green) above the ring plane is shown to illustrate the evolution of the node distances, (b) Saturn 
equatorial view – exhibits the change in longitude of the ascending node due to J2 perturbations.
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Figure 10. Cassini proximal orbits phase7 (a) Saturn north-polar view, with spacecraft trajectory 
(green) above the ring plane showing evolution of node distances, (b) Saturn equatorial view. 
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