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CASSINI ORBIT DETERMINATION RESULTS:

JANUARY 2006 – END OF PRIME MISSION

P. G. Antreasian, S. M. Ardalan, J. J. Bordi, K. E. Criddle, R. Ionasescu, R. A. Jacobson,

J. B. Jones, R. A. Mackenzie, D. W. Parcher, F. J. Pelletier,

D. C. Roth, P. F. Thompson, A. T. Vaughan∗

After the forty-fifth flyby of Titan, the Cassini spacecraft has successfully completed
the planned four-year prime mission tour of the Saturnian system. This paper reports
on the orbit determination performance of the Cassini spacecraft over two years spanning
2006 – 2008. In this time span, Cassini’s orbit progressed through the magnetotail and
pi-transfer phases of the mission. Thirty-four accurate close encounters of Titan, one close
flyby of Iapetus and one 50 km flyby of Enceladus were performed during this period. The
Iapetus and Enceladus flybys were especially challenging and so the orbit determination
supporting these encounters will be discussed in more detail. This paper will show that
in most cases orbit determination has exceeded the navigation requirements for targeting
flybys and predicting science instrument pointing during these encounters.

I. Introduction

A seven-year interplanetary trajectory was flown by the joint United States National Aeronautics and
Space Administration, European Space Agency and Italian Space Agency (NASA/ESA/ASI) combined
Cassini-Huygens spacecraft (S/C) to reach Saturn. From the time it entered into Saturn orbit on June
30, 2004 through July 1, 2008, the Cassini S/C has completed the planned four-year prime mission tour of
the Saturnian system. This includes the successful flight of the Huygens probe through the Titan atmosphere
and landing on Titan’s surface on January 14, 2005. Cassini has successfully flown by all the major satellites
in the Saturnian system at close range (altitudes < 2100 km) except for the innermost satellite, Mimas.
Forty-five of these flybys have been of Titan, the largest moon of Saturn, and three have been of Enceladus.

This paper reports on the orbit determination results of the Cassini S/C over two years spanning January
2006–July 2008 (end of prime mission). Thirty-four accurate close encounters of Titan, one close flyby of
Iapetus and one very close 50 km flyby of Enceladus were performed during this period. Table 1 lists the
satellite encounters covered in this report. This table lists the corresponding achieved altitudes, times of
closest approach (TCA) and orbital characteristics. Prediction accuracy of the satellite ephemerides is a key
challenge for successful navigation, especially for the Iapetus and Enceladus encounters. The improvement
of these ephemerides through the orbit determination process is discussed. Post-flyby results are compared
to OD predictions to evaluate orbit determination performance. Also discussed in this paper are the OD
support for the Ultraviolet Imaging Spectrograph (UVIS) observations of star occultations of Iapetus and
the plume of Enceladus.

On July 1, 2008, the Cassini S/C embarked on a two-year extended mission to further investigate the
Saturnian system especially, Titan and Enceladus. This extended mission is referred to as the “Equinox
Mission” as it will allow Cassini to observe the rings and moons as the sun crosses the plane of Saturn’s
equator. This extended mission will include 26 additional close flybys of Titan, 7 of Enceladus, 1 of Rhea
and 1 of Dione.

∗Members of the Engineering Staff in the Guidance, Navigation and Control Section, Jet Propulsion Laboratory, California
Institute of Technology, Pasadena, CA 91109
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Table 1. Satellite Flyby Results from January 2006 to May 2008∗

Encounter Achieved TCA Achieved Altitude In V∞ Orbit Inc‡ Rev.

TCA† Error∗∗ Altitude Error∗∗ or Period‡ No.

(ET) (sec) (km) (km) Out§ (km/s) (days) (deg)

Titan-11 T11 27-FEB-2006 08:26:23.60 0.60 1812.02 -1.11 Out 5.5 23.3 0.4 22

Titan-12 T12 19-MAR-2006 00:07:00.61 -0.39 1949.42 -1.66 In 5.5 39.2 0.4 23

Titan-13 T13 30-APR-2006 20:59:18.86 -0.14 1855.75 1.21 Out 5.5 23.3 0.4 24

Titan-14 T14 20-MAY-2006 12:19:16.09 0.09 1879.26 0.38 In 5.5 39.2 0.4 25

Titan-15 T15 02-JUL-2006 09:21:52.06 0.06 1905.90 0.13 Out 5.5 23.3 0.4 26

Titan-16 T16 22-JUL-2006 00:26:30.98 -0.02 949.90 -0.10 In 5.5 24.0 14.9 27

Titan-17 T17 07-SEP-2006 20:17:55.99 -0.01 999.50 -0.50 In 5.5 16.0 24.7 29

Titan-18 T18 23-SEP-2006 18:59:53.49 -0.51 959.75 -0.25 In 5.5 16.0 37.7 30

Titan-19 T19 09-OCT-2006 17:31:12.02 0.02 979.71 -0.29 In 5..5 16.0 46.8 31

Titan-20 T20 25-OCT-2006 15:59:11.99 -0.01 1029.47 -0.53 In 5.6 12.0 55.4 32

Titan-21 T21 12-DEC-2006 11:42:35.98 -0.02 999.98 -0.01 In 5.5 16.0 53.3 36

Titan-22 T22 28-DEC-2006 10:06:26.67 -0.33 1296.82 -3.18 In 5.5 16.0 56.8 37

Titan-23 T23 13-JAN-2007 08:39:35.95 -0.05 1000.27 0.27 In 5.5 16.0 59.4 38

Titan-24 T24 29-JAN-2007 07:17:00.03 0.03 2631.22 -0.12 In 5.5 18.1 59.0 39

Titan-25 T25 22-FEB-2007 03:13:29.01 0.01 1000.37 0.37 Out 5.8 16.0 58.8 40

Titan-26 T26 10-MAR-2007 01:50:05.04 0.04 980.57 0.57 Out 5.8 16.0 56.2 41

Titan-27 T27 26-MAR-2007 00:24:32.11 0.11 1009.94 -0.06 Out 5.8 16.0 52.4 42

Titan-28 T28 10-APR-2007 22:59:04.84 -0.16 990.88 0.88 Out 5.8 16.0 46.9 43

Titan-29 T29 26-APR-2007 21:34:03.02 0.02 980.81 0.81 Out 5.8 16.0 39.0 44

Titan-30 T30 12-MAY-2007 20:11:02.97 -0.03 959.15 -0.85 Out 5.8 16.0 28.0 45

Titan-31 T31 28-MAY-2007 18:53:00.21 0.21 2298.62 -1.07 Out 5.8 16.0 18.0 46

Titan-32 T32 13-JUN-2007 17:47:16.01 0.01 964.87 0.13 Out 5.8 16.0 19.5 47

Titan-33 T33 29-JUN-2007 17:00:51.00 0.00 1932.61 0.20 Out 5.9 22.8 0.4 48

Titan-34 T34 19-JUL-2007 01:12:25.18 0.18 1331.84 -0.24 In 5.9 39.7 0.3 49

Titan-35 T35 31-AUG-2007 06:33:40.79 1.79 3324.20 -2.24 Out 5.8 32.4 6.5 50

Iapetus-1 I1 10-SEP-2007 14:16:53.43 8.43 1650.86 6.91 Out 2.4 32.0 6.2 50

Titan-36 T36 02-OCT-2007 04:43:48.06 0.06 973.04 -1.96 Out 5.9 23.8 5.0 51

Titan-37 T37 19-NOV-2007 00:48:30.01 0.01 999.41 -0.59 Out 5.9 16.0 12.4 53

Titan-38 T38 05-DEC-2007 00:07:54.91 -0.09 1298.33 -1.67 Out 5.9 16.0 26.4 54

Titan-39 T39 20-DEC-2007 22:58:59.95 -0.05 969.50 -0.50 Out 5.9 16.0 38.0 55

Titan-40 T40 05-JAN-2008 21:31:24.63 -0.37 1014.03 4.03 Out 5.9 11.9 47.1 56

Titan-41 T41 22-FEB-2008 17:33:11.91 -0.09 999.73 -0.27 Out 6.0 10.6 56.8 60

Enceladus-3 T41 12-MAR-2008 19:07:17.02 0.02 53.93 -2.07 In 14.6 10.6 56.8 62

Titan-42 T42 25-MAR-2008 14:28:53.00 0.00 999.39 -0.61 Out 6.0 9.6 63.7 63

Titan-43 T43 12-MAY-2008 10:03:02.96 -0.04 1001.42 1.43 Out 6.0 8.0 70.1 68

Titan-44 T44 28-MAY-2008 08:25:37.05 0.05 1400.04 0.04 Out 56.0 7.1 75.6 70

∗Achieved TCA and altitude uncertainties are generally less than 0.01 sec, and 20 m for all flybys except Iapetus TCA of 0.2 sec

and Enceladus TCA of 0.06 sec and altitude of 250 m

†S/C event time, ET = Ephemeris Time ≈ UTC + 65.185 sec

∗∗TCA & altitude errors are with respect to reference trajectory targets; approach maneuvers were cancelled occasionally

causing small inherent errors from reference targets.

‡Conditions after encounter, inclination is with respect to Saturn Mean Equator

§Encounter occurs before (In) or after (Out) Saturn periapsis
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Figure 1. The Cassini S/C orbit inclination with respect to Saturn equator and period from January 2006 –
2008.

Table 2. Solar Conjunction period (SEP < 15◦) during prime mission
and start of extended mission.

Begin Minimum Min. SEP End

June 28, 2004 July 8, 2004 0.3◦ July 27, 2004

July 6, 2005 July 24, 2004 0.3◦ August 11, 2005

July 20, 2006 August 7, 2006 0.8◦ August 25, 2006

August 3, 2007 August 22, 2007 1.4◦ September 8, 2007

August 17, 2008 September 3, 2008 1.7◦ September 21, 2008

From January 2006 through July
2006, the line of apsides of Cassini’s
orbit aligned with the Saturn-Sun di-
rection; apoapsis or apocrone passage
occurred through Saturn’s magneto-
tail. This phase included the Titan en-
counters Titan-11 (T11) through T15.
Then, to begin the pi-transfer phase,
Cassini’s orbit inclination with respect
to Saturn’s equator was increased be-
ginning with T16. Due to the gravity assists of several carefully planned sixteen-day resonant Titan flybys,
from September 2006 (T17) through February 2007 (T32), Cassini’s inclination increased to 60◦ in order to
perform a pi-transfer sequence which rotated the orbit line of apsides by about 180◦.1 This was accomplished
between the inbound T24 and outbound T25 flybys.a After this pi-transfer the inclination was reduced to
zero through July 2007. These phases included twenty-five Titan flybys (T11–T34) with altitudes ranging
from 959 km to 2631 km. In August of 2006 and 2007, Saturn and Cassini went through solar conjunction
as seen from Earth, when S/C activities are minimized because the solar plasma interferes with Cassini’s
telecommunications (Table 2. Just after the August 2007 solar conjunction, Cassini flew by Titan at an
altitude of 3324 km on August 31, 2007 (T35), on its way to its first targeted close encounter with Iapetus
at a distance of 1651 km on September 10 (I1). From Iapetus through the end of the prime mission on
July 1, 2008, Cassini again began to increase its orbit inclination through nine additional close Titan flybys
(T36–T44). Nineteen days following the T41 encounter, Cassini was targeted to the closest satellite flyby of
the mission with a 54-km altitude flyby of Enceladus.b This flyby was especially exciting as the S/C flew
through the icy plume emanating from from its southern pole region to take in situ science observations.
The phases of this segment of the Cassini prime mission are shown in the orbit inclination and orbit period
plots in figure 1.

II. Orbit Determination Background

The orbit determination performance during the first two years of the tour enabled vast improvements in
the determination of Saturn and Saturnian satellite ephemerides and masses, Saturn gravity and pole, as well
as the non-gravitational forces affecting the S/C’s motion. These improvements in the orbit determination
processes along with Cassini’s very accurate orbit trim maneuver (OTM) performance and telemetry have
helped eliminate many planned statistical maneuvers which were scheduled to clean up orbit determination

aTitan encounters occur either before Saturn periapsis, inbound (In), or after outbound (Out), see Table 1.
bThis assumed a spherical shape model of Enceladus of 247.3 km. The altitude was 48 km assuming a shape of 256.6 km x

251.4 km x 248.3 km.
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or maneuver execution errors during this phase of the tour. Roth et al.2 discuss the accuracy of the
S/C’s first satellite flyby with Saturn’s distant moon, Phoebe, before the satellite tour began and also the
reconstruction of the Saturn Orbit Insertion (SOI) phase of the mission. Antreasian et al.3 report on the orbit
determination results that supported navigation during the early phase of Cassini’s satellite tour through
the second close targeted Enceladus flyby in July 2005. This included the Titan flybys Ta–T5 as well as the
first two Enceladus encounters. It was determined after the first Titan encounter, Ta, (Roundhill et al.4)
that our determination of Titan’s ephemeris was in error by more than 2 σ (close to 40 km). However, the
Titan orbit was well determined from Ta and the second Titan flyby, Tb. And since Titan passes through
the same orbital longitude relative to Saturn during the time of the Tc encounter as for the Ta and Tb
encounters, Stauch et al.5 explain how this and the refinement of our dynamic models in the OD processes
prepared the navigation team for the Huygens probe delivery to Titan during the Tc flyby. Bordi et al.6 then
explain how this preparation led to the very accurate Huygens probe navigation, which includes the Huygens
probe targeting, release and the orbiter positioning for the receipt of the probe’s telemetry. Antreasian et
al.7 further report on the orbit determination performance after the E2 flyby through the eleventh Titan
encounter in January 2006, which included the icy satellite flybys of Dione and Rhea. The details on the
OD results covering the unique double close flybys of Tethys and Hyperion are described by Criddle et al.8

An overview of the Cassini OD processes and how they interact with the Navigation and Spacecraft
Teams is provided by Antreasian et al.9 That paper discusses the radio-metric and optical navigation
tracking requirements to insure successful navigation. It also discusses how the encounter-to-encounter data
arcs are laid out and how the OD team is staffed to meet the demanding maneuver design schedules, with
up to 1.4 maneuvers per week. As described in that paper, the robustness of the OD solutions are routinely
validated from overlapping short and long data arcs.

The accurate maneuver performance of the S/C’s main engine (ME) and Reaction Control System (RCS)
during the prime mission are discussed by Wagner et al.,10,11 Williams et al.12 and Goodson et al.13

Spacecraft telemetry for both ME and RCS maneuvers are routinely used in the orbit determination processes
for Cassini, as explained by Ardalan et al.14 Roth et al.15 further discuss in more detail how telemetry is
calibrated and used to quickly converge and stabilize post-burn OD solutions. Based on the reconstructed
OD solutions for maneuvers and the performance of the telemetry, Roth et al.15 perform statistical analyses
to determine the telemetry’s accuracy which is then used in operations.

Reconstructing the orbit past satellite encounters can be particularly challenging, especially during Titan
low-altitude flybys of 950–1300 km. Titan’s atmosphere imparts a significant drag force during these flybys.16

Pelletier et al.17 discuss how the S/C dynamics are modeled during Titan flybys when atmospheric drag,
RCS thrusting and Titan’s oblateness are included to improve the post-encounter orbit predictions. Satellite
low degree and order gravity spherical harmonics are also significant contributors to the post-encounter OD
solution convergence. Determinations by Mackenzie et al.18,19 of the gravity of Rhea from the radio science
data taken during the 500 km flyby in 2005 and by Iess et al.20 of Titan’s quadrupole gravity field from
three radio science experiments performed during Titan flybys are used in the OD operations.

The post-encounter maneuver, which is often optimally designed with the subsequent apoapsis maneuver
to retarget Cassini for the next encounter, is nominally dependent on OD solutions filtered with the first two
post-flyby tracking passes. Improvement in our modeling of the Titan encounters has reduced the dependence
to one post-flyby pass in most cases.

A. Rado-Metric Tracking Data

The orbit determination of the Cassini S/C is dependent on the coherent 2-way X-Band (7.2 GHz up/8.4
GHz down) Doppler and range radio-metric tracking data acquired through daily nine-hour passes via the
NASA’s Deep Space Network (DSN) in Madrid, Spain and Goldstone, California.c Each nine-hour tracking
pass acquires approximately 6–7 hours of 2-way Doppler and range data due to the 2–3 hour round-trip
time of the radio signal. Because of the mounting of the science instruments on Cassini, science observations
taken within twelve hours before and after close satellite encounters generally preclude the pointing of the
high gain antenna towards the Earth. Therefore, no tracking data are available from these encounters. Two-
way and three-way radio-metric data were, however, acquired during radio-science experiments occurring
for the Titan-11, Titan-22 and Titan-33 encounters on February 27, 2006, December 28, 2006 and June 29,

cThe southern DSN complex in Canberra, Australia, is rarely used during the prime mission because of the significantly
shorter view periods caused by the high declination of Saturn.
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(b) 2-Way X-Band Range tracking residuals and normalized residuals

Figure 2. Two-way radio-metric tracking residuals during prime mission.

2007, respectively. These data were included to estimate Titan’s quadrupole gravity coefficients in the OD
solutions to support the Titan flyby reconstructions and the post-flyby OD predictions.20

The radio-metric data are calibrated to remove the measured variability of the Earth’s ionosphere and
troposphere effects on the data. The 2-way Doppler and range data are weighted on a pass-by-pass basis
using the root-mean-square (rms) of the data scaled by a factor of 3.36.3 The effectiveness of this weighting
is routinely challenged through the OD filter using tighter and looser data weights, and the adopted scale
factor has been found to be superior. Figure 2 shows the combination of the post-fit residuals from all the
reconstructed orbits during the prime mission. Also, shown in these figures are the residuals normalized
by their data weights. Solar plasma has a pronounced effect on the radio-metric tracking data during solar
conjunction periods where the radio signal passes close to the sun. This is evident by the large increases
in noise of the Doppler residuals in figure 2. This effect also causes significant biases in the range data,
and thus the range data are usually deleted during solar conjunction. Range data were included in the OD
reconstruction of an arc spanning the 2007 solar conjunction, however. Parameters that model the delay of
the ranging signal as it propagates through the solar corona were estimated in this case. Table 2 lists the
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periods when the Sun-Earth-Probe (SEP) angle is between ±15◦. Uncorrelated stochastic range biases per
tracking pass are applied with a priori of 3 m in addition to global station-dependent range bias estimates
constrained to 1 m to account for station-to-station differences. The stochastic range bias estimates are
shown in figure 3 for the entire prime mission. The noise of the radio-metric data are shown in figure 4 for
the prime mission. The red and green data points correspond to the 70 or 34 meter diameter dishes of the
DSN’s radio telescopes. Generally, the 70 meter antenna shows significantly less range data noise than the
34 meter antennas, but the difference is less pronounced in the Doppler data.
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Figure 3. Stochastic range biases during prime mission

B. Optical Navigation Tracking Data

Optical navigation (opnav) images of the nine major satellites are used primarily to determine the ephemerides
of the nine satellites, Mimas, Enceladus, Tethys, Dione, Rhea, Titan, Hyperion, Iapetus and Phoebe. These
images are shuttered by Cassini’s narrow angle camera, which has a resolution of 6 µrad/pixel. During this
phase of the prime mission, approximately three to six images are taken every 3 days . The post-fit opnavs
residuals are shown in figure 5. These residuals are normalized by their data weights in this figure. The
opnav data weights were effectively normalized by the resolution of the satellite image taken at different
ranges, multiplied by a satellite dependent scale factor (see Ref. [3]). Stars were weighted at the larger of
0.1 pixel or their formal point-source sigma.Corrections to the camera pointing angles about the pixel (M̂),
line (N̂) and camera boresight (L̂) axes based on the stars are estimated in the OD filter for each image,
with an a priori uncertainty of 1 deg for each axis, using a white noise stochastic model. These corrections,
shown in figure 6, were usually much less than 2 µrad in the angles about the pixel and line axes and less
than 0.5 mrad for the twist angle about the boresight. First order phase biases were estimated for all opnavs
with an a priori uncertainty of 5%.

C. OD Filter

The Jet Propulsion Laboratory’s Orbit Determination Program (ODP) pseudo-epoch state batch processor
is used to determine together the orbits of Cassini, Saturn and the nine major satellites. This estimation is
dependent on the satellite ephemeris covariance, which contains correlated information of Saturn, Saturn’s
pole orientation and gravity, and gravity of the satellites. This covariance was formed from the radio-metric
and optical navigation images taken from Cassini, as well as the historical information gathered from Earth-
based astrometric observations (Table Mountain, the U.S. Naval Observatory, Hubble Space Telescope, etc)
and the Voyager and Pioneer 11 S/C.21,22 While a localized Saturn and satellite ephemeris and gravity
are routinely estimated and the covariance updated in the daily OD operations, a global determination is
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Figure 4. Radio-metric noise
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Figure 5. Optical navigation (opnavs) residuals during prime mission

performed periodically using all the observations to date.22 This grand Saturn satellite determination is
then fed back into the daily operations.

References [3],[7] and [9] detail the significant perturbations affecting the S/C’s motion. They discuss the
OD filter configuration for Cassini OD, such as the assumptions and the a priori uncertainties applied. The
perturbations include the small forces from the RCS that is fired periodically to manage the momentum of
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the reaction wheels in the Reaction Wheel Assembly (RWA) by biasing the wheels to acceptable speeds and
to control the S/C’s attitude during low altitude Titan flybys. The RCS is needed to control the attitude
during some flybys for the higher turn rates required by radar observations, and to have control authority
to compensate for drag torques during flights through Titan’s atmosphere. The RCS system is also fired
to spin the RWA down before ME maneuvers and again to spin the RWA up afterwards. Occasionally, the
S/C’s attitude is controlled by the RCS during Saturn periapses for observations of Saturn whistler events of
lighting activity by the Radio and Plasma Wave Science (RPWS) instrument, which needs to have minimal
interference induced by the RWA electronics. The RWA has exhibited drag spikes which may be a prediction
of possible failure. Therefore, every three months, a RWA friction test is executed to evaluate the health of
the RWA wheels. These events consists of five thrusting events (spin-up to bring wheels up to speed, coast
down to zero, spin-up in negative direction, coast down to zero, spin-up back to RWA control). Ardalan et
al,14 give a thorough description how the RWA and RCS systems interaction affect navigation. The small
forces are predicted by the Attitude & Articulation Control Subsystem Team’s Kinematic Predictor Tool
(KPT) or the Flight Software Development System (FSDS). Figure 7 show how the predicted small forces
have performed over the entire prime mission. These predictions have improved considerably through the
mission, the a priori uncertainties have changed from the beginning of the tour of 5 mm/s per event, to
2.5 mm/s to the recent 1.2 mm/s based on the weighted standard deviation of their error as in figure 7.
Since the FSDS-predicted small forces are superior over the KPT results, the navigation team generally
requests that these predictions be made available for all events that occur after each arc’s apoapsis targeting
maneuver through the next encounter. With the accurate maneuver performance and good OD performance,
the accurate predictions of small forces often allow us to cancel the statistical final approach maneuver.

III. Flyby Results

The inclusion of the post-flyby radio-metric tracking data in the OD filter allows for accurate reconstruc-
tions of the target B-plane coordinates, as indicated by the very small size of the reconstructed B-plane
dispersions in figures 8–10. The Titan encounters are especially accurate. We achieve this accuracy because
Titan’s orbit is well known, on the order of 200–300 m. The first flybys of the icy satellites have been
more challenging since we have relied on Cassini’s optical navigation images and the satellite-to-satellite
correlations to determine their orbits beforehand. As shown in Table 3, unprecedented accuracy in Cassini’s
navigation have resulted in targeting errors for twenty-three of the recent thirty-four Titan flybys less than 1
km and nine of these under 500 m. Only ten of the thirty-four Titan encounters differed from their targets by
more than 1-σ. The post-flyby reconstruction of the first close range Iapetus flyby showed that the achieved
trajectory missed the aim point by over 2σ. This error was caused primarily by a 19 km error (2.7-σ) in
Iapetuss ephemeris. This is explained later. Also shown in Table 3 is the result of the close 54 km E3 flyby
(assuming spherical shape model of Enceladus). A possible 5-σ miss had been avoided during this flyby as
explained later.

The navigation team introduced a new maneuver execution error model before the T13 encounter. The
former model had been developed before launch and was rather conservative. The new model (Wagner et
al.11) was based on flight experience. The OTM maneuver parameters estimated in the OD reconstructed
solutions (∆V magnitude and pointing) are reported by Wagner et al.,10,11 Williams et al.12 and Goodson
et al.13 Figures 8–10 display how well the navigation performed for each flyby by showing the reconstruction
of the flyby relative to the target aim point in the encounter body B-plane impact coordinates. The red
dotted ellipses represent the dispersion from the last targeting maneuver (OD plus maneuver errors). Red
solid ellipses represent the OD solutions supporting the final approach maneuver designs, which had been
cancelled and thus these were the last control point.d Table 3 shows that the final approach maneuver was
canceled for fifteen out of the thirty-four encounters. Figure 11 shows how well the OD performed during
the prime mission. The blue lines denote the dispersion of the last control point before the flyby, which
are either the dispersions from the last executed maneuver (OD + maneuver, analogous to the red dotted
ellipses above) or the OD dispersion in the case of the cancelled approach maneuver (analogous to the red
solid ellipses above). The red lines indicate the 3-D miss distance from the target in B-plane coordinates,
and the green lines give the formal 1-σ error for each flyby. Clearly the T8 encounter reported by Antreasian

dThe control point refers to either the navigation control point, which includes an OTM that targeted the trajectory to the
desired aim point and the associated maneuver execution errors in the dispersion, or to the last pre-encounter OD solution
which was used to cancel the final approach maneuver.
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Figure 6. Opnav pointing estimates during prime mission
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Figure 7. Small RCS ∆V events (734 in all), blue lines denote solar conjunction periods.

et al.3 is an outlier because the 1-σ control dispersion was too optimistic at only 100 m.
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(a) T11 (b) T12 (c) T13

(d) T14 (e) T15 (f) T16

(g) T17 (h) T18 (i) T19

(j) T20 (k) T21 (l) T22

(m) T23 (n) T24 (o) T25

Figure 8. Encounter B-plane results (T axis is parallel to the ecliptic plane (EMO)) for the Titan flybys, T11
- T25. Times are in spacecraft event time, ET-SCET (ET = UTC + 65.2 s)
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(a) T26 (b) T27 (c) T28

(d) T29 (e) T30 (f) T31

(g) T32 (h) T33 (i) T34

(j) T35 (k) I1 (l) T36

(m) T37 (n) T38 (o) T39

Figure 9. Encounter B-plane results (T axis is parallel to the ecliptic plane (EMO)) for the Titan flybys, T26
- T40 and Iapetus, I1, flyby. Times are in spacecraft event time, ET-SCET (ET = UTC + 65.2 s)
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(a) T40 (b) T41 (c) T42

(d) E3 (e) T43 (f) T44

Figure 10. Encounter B-plane results (T axis is parallel to the ecliptic plane (EMO)) for the Titan flybys, T40
- T44, and Enceladus, E3, flyby. Times are in spacecraft event time, ET-SCET (ET = UTC + 65.2 s)

A. The Iapetus-1 & Titan-36 Flybys

The conditions leading up to the Iapetus-1 flyby were unique. The orbit of Cassini first encountered Titan
on August 31, 2007 (T35). The S/C as viewed from the Earth was just exceeding the SEP angle of 7◦ at this
time. Then OTM-125 was executed two days afterwards, with a ∆V of 0.5 km/s, to target Iapetus only 8
days later, on September 10, 2007. Since this maneuver executed precisely, the final approach maneuver for
I1, OTM-127, was cancelled (OTM-126 was a placeholder and had already been cancelled). After exceeding
the SEP angle of 15◦ as listed in Table 2, the Cassini S/C encountered Iapetus on September 10, 2007
14:15:48 UTC at a distance of 1651 km (I1). The OD delivery from the last control point (final OD for
OTM-127) is compared to the reconstructed solution, mapped to the Iapetus-1 B-plane in figure 9(k). The
error between the reconstruction and the OD delivery was 6.4 km in the B-plane and 6.9 s in the time of
closest approach (C/A). As listed in Table 3, this error yielded a 3-dimensional error of 19.5 km, or 2.7 σ.
The main reason for this large error was the large uncertainty in the Iapetus ephemeris, which turned out
to be a 19 km error (2.7 σ) at the time of the flyby. The gravity model for Iapetus also played a significant
role as discussed later.

Approximately 16 hours following the Iapetus C/A, on September 11, 2007, the System Fault Protection
(SFP) executed three times approximately 11 minutes after beginning of track, interrupting the playback
of Iapetus science data. SFP was called due to a solid state power switch trip of the Traveling Wave
Tube Amplifier (TWTA-B) line A, which shut down the prime TWTA. The S/C went to RCS control until
September 13, when OTM-128 was executed. The TWTAs were swapped from A-branch to the redundant
B-branch on Sept. 14. This produced a small change in the range data bias. The safing event powered down
the RWA, switched attitude control to the RCS, and turned the antenna towards the sun and finally towards
the Earth. This greatly affected navigation as it introduced additional ∆V for 3 days. Most of the ∆V was
imparted in the first day, after the S/C turned to Earth point, but RCS dead-banding occurred until the
S/C was put back on RWA control after OTM-128 on September 13.

We had one day after this safing event to reconstruct the Iapetus flyby conditions and the safing-induced
thrusting events for designing the next burn, OTM-128. This maneuver targeted the T36 encounter with a
relatively large ∆V of 13.4 m/s. We had missed one track of post-Iapetus radio-metric data that would have
been crucial to estimating the Iapetus ephemeris. The safing event exacerbated the determination of the
Iapetus ephemeris, as did the geometry of the flyby. Because the orbital geometry changes more slowly at
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Table 3. Orbit Determination or Navigation error for the satellite encounters from January 2006 to May 2008.

TCA Last Last Maneuver Nav or 3D Position 3D B-plane Delivery Comments

Control Maneuver Error OD Error∗ Error∗ Accuracy
Point Design Error? (km) (σ) Probability

T11 27-FEB-06 -5 days OTM-52 Cancelled OD 0.43 0.62 5.0%

T12 19-MAR-06 -5 days OTM-55 Cancelled OD 0.49 0.54 3.0%

T13 30-APR-06 -5 days OTM-58 > 1 σ Nav 2.1 1.8 64.0% New maneu-
ver execution
error model

T14 20-MAY-06 -2 days OTM-61 > 1 σ Nav 0.63 1.22 31.0%

T15 02-JUL-06 -3 days OTM-64 > 1 σ Nav 0.52 0.75 8.0%

T16 22-JUL-06 -8 days OTM-67 Cancelled OD 0.30 1.50 48.0%

T17 07-SEP-06 -3 days OTM-70 > 1 σ Nav 0.79 0.58 5.0%

T18 23-SEP-06 -4 days OTM-73 Cancelled OD 3.0 0.93 16.0%

T19 09-OCT-06 -3 days OTM-76 > 1 σ Nav 0.37 0.27 0.7%

T20 25-OCT-06 -3 days OTM-79 > 1 σ Nav 0.62 0.75 10.0%

T21 12-DEC-06 -6 days OTM-82 Cancelled OD 0.63 0.91 15.0% Dec 9th bias
error of 2
mm/s

T22 28-DEC-06 -6 days OTM-85 Cancelled OD 1.96 1.19 20.0%

T23 13-JAN-07 -3 days OTM-88 < 1 σ Nav 0.57 0.80 11.0%

T24 29-JAN-07 -3 days OTM-91 < 1 σ Nav 0.29 0.22 0.3%

T25 22-FEB-07 -3 days OTM-94 < 1 σ Nav 0.30 0.23 0.3%

T26 10-MAR-07 -5 days OTM-97 Cancelled OD 0.23 0.35 1.0%

T27 26-MAR-07 -3 days OTM-100 ∼ 1 σ Nav 0.53 1.23 30.0%

T28 10-APR-07 -3 days OTM-103 < 1 σ Nav 1.34 0.64 6.0%

T29 26-APR-07 -3 days OTM-106 > 1 σ Nav 0.95 0.39 1.5%

T30 12-MAY-07 -3 days OTM-109 ∼ 1 σ Nav 1.07 0.80 11.0%

T31 28-MAY-07 -4 days OTM-112 Cancelled OD 0.59 0.97 17.0%

T32 13-JUN-07 -3 days OTM-115 < 1 σ Nav 0.20 0.09 0.03%

T33 29-JUN-07 -3 days OTM-118 < 1 σ Nav 0.29 0.22 1.1%

T34 19-JUL-07 -3 days OTM-121 < 1 σ Nav 1.2 1.40 42.0%

T35 31-AUG-07 -7 days OTM-124 Cancelled OD 2.8 1.10 25.0%

I1 10-SEP-07 -3 days OTM-127 Cancelled OD 19.5 2.70 93.0% 19 km
ephemeris
error (∼ 2 σ )

T36 02-OCT-07 -5 days OTM-130 < 1 σ Nav 1.97 0.77 10.0%

T37 19-NOV-07 -3 days OTM-133 < 1 σ Nav 0.61 0.53 4.0%

T38 05-DEC-07 -3 days OTM-136 < 1 σ Nav 2.2 0.88 14.0%

T39 20-DEC-07 -3 days OTM-139 < 1 σ Nav 0.71 0.82 12.0%

T40 5-JAN-08 -3 days OTM-142 Cancelled OD 0.78 0.54 3.8%

T41 22-FEB-08 -3 days OTM-145 > 1 σ Nav 4.73 1.67 57.0% 1.5 σ maneu-
ver error

E3 12-MAR-08 -3 days JTM-148 Cancelled OD 1.31 0.61 5.0%

T42 25-MAR-08 -4 days OTM-151 Cancelled OD 1.8 1.75 62.0% R151, J151
RWA Biases
> 1 σ

T43 12-MAY-08 -5 days OTM-154 Cancelled OD 0.78 1.1 25.0%

T44 28-MAY-08 -5 days OTM-157 Cancelled OD 0.25 0.98 19.0%
∗ Error given in terms of formal (unscaled) statistics

apoapsis, more time is required to obtain the data necessary to reconstruct an apoapsis flyby. ∆V telemetry
of the safing event was used in the solution to design OTM-128; however, in our haste to get the solution
ready for the maneuver team to design the maneuver as soon as possible before the uplink of the commands,
we neglected to add a predictive model for the dead-banding activities that were to occur from the data
cut off (DCO) until the S/C went back into RWA control after OTM-128. The dead-banding thrusting
amounted to approximately 1 mm/s per day. This and the poor reconstruction of the Iapetus flyby made
for an erroneous OD solution that was used for designing OTM-128.

When it came time to design the next targeting maneuver, OTM-129, for the T36 encounter with only
three days of tracking after OTM-128, we saw that our OD solutions became very unstable. While the total
∆V for the safing event was less than 23 mm/s, its location between two major events (the Iapetus flyby
and the large OTM-128), both carrying large uncertainties, made it more difficult for the filter to distinguish
one event from the other. Furthermore, most of the activity occurred off-Earth, making it impossible to
accurately estimate the thrusting. In fact, the OD estimate for the OTM-128 maneuver ∆V magnitude
came up smaller than what was recorded by telemetry. This was unusual since it was known that for main
engine burns, the telemetry consistently records ∆V magnitudes below the navigation reconstructed values.15
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Figure 11. OD performance as measured by the 3-D B-plane error. The blue lines denote the dispersion of the
last control point before the flyby, the red lines indicate the 3-D missed distance from the target in B-plane
coordinates, and the green lines give the number of σ error for each flyby.

The OD solutions showed multi-sigma movements in the mapped T36 B-plane as each new tracking pass
was added. Clearly something was modeled incorrectly in the solutions.

The solution of the problem was finally revealed when we started running a series of very short-arc
solutions (epoch after OTM-128). The state covariance was scaled by factors of 2–100 to allow the recent
radio-metric data to influence the solutions. These short-arc solutions tended to coalesce in an area of the
T36 B-plane approximately 200 km away from the OTM-128 target, which had a B-plane dispersion of
49 km x 7 km. As the three days of tracking passes were added, the short arc solutions were in better
agreement. Then the problem was found: the modeling of the seemingly benign dead-banding activity was
not properly laid out over the three days the S/C attitude was on RCS attitude control; instead, it was
treated as one impulsive ∆V at the onset of the safing. Once properly divided up over the course of the
three days and estimated, the baseline (longer arc) showed very good agreement with the very short arc and
these solutions remained stable for one more day in time of the OTM-129 design. If these problems were
not caught, we would have likely canceled the OTM-129 maneuver and waited 11 days later until the final
approach maneuver, OTM-130, on September 26. It’s likely that the we would have converged on a similar
answer in time for the OTM-130 design. However, the additional ∆V cost of fixing this error at OTM-130
would have been approximately 1.2 m/s. Following OTM-130, the actual miss at T36 was just under 2 km,
as shown in figure 9 and listed in Table 3.

For the OD reconstruction of the data arc from T35 through I1 and T36, the safing events for this re-
construction were modeled with a series of impulsive maneuvers based from telemetry. These impulses were
constrained with an uncertainty of 10 percent in the filter. This strategy is consistent with the recommen-
dation from Parcher,23 who analyzed several strategies for modeling the safing event. Parcher23 provides
lessons learned from this study and found that in absence of telemetry, a predictive model could be made
from a run of the FSDS configured with this safing scenario. Since the FSDS runs at 3–4 times real-time,
it may be prohibitive to use this data during quick turnaround operations as in the OTM-128 design. In
absence of either telemetry or FSDS predictions, it was found that a predictive acceleration of 1 mm/s per
day over the RCS attitude control period with the correct S/C attitude (as was done for the OTM-129
design) yielded adequate results.
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1. Iapetus Ephemeris and Gravity

The closest approach altitude for the I1 flyby was approximately 1650 km from the IAU shape model of
Iapetus.e Apart from the correlation issues with the safing event and OTM-128, the choice of the a priori
values for Iapetus’ ephemeris and its gravity model greatly affects the reconstructed trajectory. In fact, at
this close altitude, Iapetus’ gravity is significant enough to change the S/C’s velocity by approximately 43
m/s.25 The ephemeris model prior to the encounter showed uncertainties of about 8 km downtrack and
about 3 km radial and crosstrack. These uncertainties are reduced to about 2.5 km (rss) after the flyby.
The largest influence on the trajectory at Iapetus comes from the zonal harmonic coefficients, which were
not thought of prior to the encounter. Effectively, the radio-metric data seemed to be quite sensitive to the
choice of J2, and its a priori value and sigma played a significant role in the final solution. Our discussions
with scientists made us believe that the best assumption was to use a value based on a uniform density
model. The unnormalized value for J2 was computed the following way:

J2 =
−1
a2
eM

(
A+B

2
− C); (1)

A =
1
5
M(b2 + c2); (2)

B =
1
5
M(a2 + c2); (3)

C =
1
5
M(a2 + b2); (4)

where ae is Iapetus’ reference radius (747.4 km), M is its mass (see Table 4), A,B,C are its moments of
inertia, and a, b, c are its radii along the principal axes of the ellipsoid. (a = b = 747.4 ± 3.1 km, c = 712.4
± 2 km).

The uncertainty of J2, σJ2 based on the ellipsoid dimension is

σJ2 = ((
∂J2

∂a
σa)2 + (

∂J2

∂b
σb)2 + (

∂J2

∂c
σc)2)

1
2 ≈ 10% (5)

Since Iapetus appears to have more mass at the equator, the J2 value came up to 0.0183, significant enough
to affect the flyby gravity. An uncertainty of 10 percent was used to account for the uncertainty in the shape
model and to constrain the value. This J2 estimate is not necessarily accurate, as the absence of tracking data
during the encounter makes it difficult for our filter to distinguish between various perturbations. However,
the filter did show some sensitivity with the post-I1 radio-metric data to the J2 parameter as its a posteriori
uncertainty was reduced. Nevertheless, including J2 in the S/C trajectory propagation and estimating J2

offered a significant improvement to the OD as it made our background stochastic accelerations smaller. In
retrospect, the J2 model was a better predictor of the flyby. As for the satellite ephemeris, results showed
that it was better to leave the covariance unscaled. This Iapetus reconstruction also tried, but was unable,
to use the results of a star occultation experiment discussed later. Uncertainties in the shape model made it
difficult to assess the timing for the Iapetus star occultation. With our best reconstruction, we found that
the S/C missed the Iapetus target by 19.5 km, which was over 2 σ. This was primarily caused by a 19 km
error (2.7 σ ) in Iapetus ephemeris.

B. Enceladus-3 Flyby at 54 km

In August 2007, seven months prior to the Enceladus-3 (E3) 54 km altitude flyby, we began comparing our
then-current Enceladus ephemeris to predictions nine months earlier (November 2006) to see how much it
had changed. From past covariance studies,1 we knew that the Enceladus orbit uncertainties, specifically
the downtrack (longitude) component grows with time in the absence of Enceladus opnavs. We believed
our estimates of Enceladus to be fairly well determined from the E1 and E2 close flybys of 502 km and 173
km, respectively. These prior flybys of Enceladus had been in March and July of 2005, allowing substantial
errors to build up in the Enceladus ephemeris. These flybys helped reduce the Enceladus formal 1-σ orbit

eThe IAU model is a sphere of radius = 718 km. The latest models of Iapetus24 suggest that the closest approach over the
equatorial region was in fact at a 1620 km altitude.
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position errors to approximately 0.2 km, 2 km and 0.5 km in the radial, transverse and normal directions,
respectively. Figure 12 shows how the transverse uncertainty of Enceladus from an August 2007 OD solution
grows by a factor of two when mapped to the time of the E3 C/A . The radial and normal uncertainties
remain stable over this time. The August 2007 solution of Enceladus showed a change of more than 10
km in the transverse component compared to the mapped uncertainty (3.5 km) from the November 2006
solution. This change, of the order of 3-σ from the formal statistics, was unexpected. For the E3 flyby,
a fairly aggressive Enceladus opnav campaign, consisting of 28 images, was planned from September 2007
through the E3 approach in March 2008. During this time, we observed a small movement in the Enceladus
longitude as each opnav was added to the OD filter. By January 2008, the current ephemeris solution had
changed another 8 km in the downtrack direction from the August 2007 solution. This was again close to
3σ from the predicted uncertainty of Enceladus in figure 12.

This movement in the ephemeris with the addition of each new opnav in the OD filter prompted us to
suspect that either our determination of Enceladus was in error (and thus our covariance of the satellite
ephemeris was over-constraining), or the opnav images exhibited a systematic bias as was believed in an
earlier paper covering the E2 flyby.3 As mentioned earlier, the satellite covariance had been formed from
the accumulation of Earth-based data, Voyager and Pioneer data and all of Cassini data to date.22 The
OD filter can be configured to weight this covariance strongly and de-weight the opnav information to some
degree. This had been our baseline strategy up to this point in the tour as it would guard against systematic
biases in the opnavs from either the camera or the center-finding algorithm.26

In the E2 case, we determined that the Enceladus opnavs used in the OD filter actually pushed the
solution in the wrong direction as verified from post-E2 reconstruction analysis. Predictions of the B-plane
coordinates for the encounter were sensitive to the scaling of the satellite a priori covariance, and also to
the weighting of the opnav data. A bias existed in the opnav residuals, especially for Mimas and Enceladus
images, and it was not known a priori whether the bias was due to the satellite covariance over constraining
the movement of these moons or whether the data were biased. Post-encounter data showed that the latter
was the case and a reconstuction strategy of deweighting the opnavs and estimating phase biases for all the
satellites was chosen. A solution with the satellite ephemeris covariance weighted tighter than the opnavs
showed better performance; in fact this solution predicted our encounter flyby conditions in the Enceladus
B-plane as will be shown later.

With the continual correction of the ephemeris from the addition of each new opnav in the OD filter,
it appeared that we hadn’t seen an end of the ephemeris changes. To be better prepared for the E3 flyby,
we evaluated different OD filter strategies starting at the time the E3 opnav campaign began in September
2007, five months earlier. These strategies included scaling the satellite covariance up by a factor of three or
five, removing the estimate of the first order phase bias, and removing the opnavs. This study spanned six
data arcs (T37–E3) and continued after the epoch of the E3 data arc. The converged reconstructed solution
(S/C, satellite states, gravity and covariance) of each data arc was used to initiate the subsequent data arc,
so that the information of the satellites was improved.

Center finding of the opnav image, which was performed using the bright limb of the satellite, could
potentially be degraded in the sunward direction due errors in reflectance models. A phase bias based on
the following equation can be estimated in the OD filter to mitigate these potential errors,

φ = φ0 + φ1sin(θ/2) + φ2sin
2(θ/2) + . . . (6)

where φ0, φ1 and φ2 are coefficients of the zeroth, first and second order terms, θ is the phase angle, which
is the angle between vectors from the satellite surface to the sun and to the camera. For our purposes, it
did not make any sense to estimate the zeroth and second order terms, so our baseline strategy has been to
include the first order term in the filter (one per satellite). This term was constrained to 5% a priori.

Since Dione is in a 1:2 resonant orbit with Enceladus, we determined that opnavs of Dione could help
Enceladus determination. Figure 13 shows the improvements in the Enceladus longitude mapped to the time
of E3 C/A. As shown in this figure, with the unconstrained satellite covariance (scaled by three), Enceladus
transverse error is reduced mainly by the opnav information of both Enceladus and Dione, to the same level
as the nominal baseline constrained satellite case (unscaled covariance). These opnavs are indicated in figure
13 by the lines labeled E for Enceladus and D for Dione.

In all the cases described above, the radial and normal components of Enceladus showed no appreciable
movement and so only the downtrack component was investigated. Figure 14 shows how the Enceladus
ephemeris changed in the satellite covariance scaled by three and the baseline cases from data arc to data
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from DCO of August 14, 2007 to E3.
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Figure 14. Comparing the differences of the post-E3 reconstructed Enceladus down-track position as function
of DCO.

arc up to the E3 arc with DCOs of March 3 and 9, 2008, compared to the post-E3 “reconstructed truth
ephemeris.” For simplicity the other cases are not shown here. The satellite covariance scaled-by-five case
exhibited similar results to the scaled-by-three case and the removal of the phase bias showed no appreciable
difference from the nominal strategy. The no-opnav case (not shown), however, showed greater downtrack
errors than the baseline strategy.

The optical residuals are nominally displayed in the camera coordinate pixel and line directions, but the
trends in the data either from systematic biases or satellite ephemeris errors are not discernible in the residual
plots like those in figure 15 (a) and (b) for the baseline and scaled-by-3 cases. This is especially exacerbated
by the fact that not all images are shuttered with the same orientation about the camera boresight. To
provide insight to these residuals, we need to rotate them into a sun frame that points one axis towards
the sun that would reveal sunward biases from the limb fits. A useful one would be to rotate the camera
residuals into the Saturn-satellite radial-transverse-normal (rtn) orbit frame. Biases or trends in one axis
would reveal satellite ephemeris errors. The rotation matrix that takes the vector from the camera frame to
the inertial International Celestial Reference Frame (ICRF) is calculated from the following 3-2-3 rotation
using the Euler angles (right ascension, α, declination, δ, and twist γ) for the opnav at time t:

T
I

c
(t) = R3(−α(t))R2(δ(t)− 90◦)R3(−γ(t)). (7)
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The residual in the camera coordinates at time, t, is

r̄c(t) = rM (t)M̂ + rN (t)N̂ (8)

where the camera coordinates, M̂ , N̂ , and L̂,mentioned earlier, represent the orthogonal axes of the camera
frame, L̂ points along the boresight towards the satellite and both M̂ and N̂ lie in the focal plane; positive
M̂ points to the right in the pixel direction and N̂ points downward in the line direction. The following
rotation matrix rotates the inertial ICRF frame to the satellite’s Saturn-centered rtn frame:

T
rtn

I
(t) =

 r̂(t)
(r̄(t)× v̄(t))× r̄(t)(unitized)

r̄(t)× v̄(t)(unitized)

 (9)

The residual vector in the camera frame can then be rotated to the satellite frame

r̄rtn(t) = T
rtn

I
(t)T

I

c
(t)r̄c(t) (10)

Figure 15 (c) and (d) show the Enceladus opnav residuals rotated using the above equations. The residuals
using the baseline ephemeris are displayed in figure 15 (c) while those using the scaled-by-3 covariance are
shown in (d). The transverse component in figure 15 (c) shows an obvious bias with a mean of 6 km. The
bias nearly vanishes for the scaled-by-three case in figure 15 (d). This indicated that the scaled-by-3 case
was reducing the Enceladus downtrack error and thus was the correct solution.

To further convince ourselves that we had the correct solution, we inverted the problem by assuming that
the baseline solution had a 10 km transverse error. Then we predicted the residual for every subsequent opnav
in the camera frame by rotating this transverse error back into the camera frame line and pixel components.
The uncertainty of the opnav weight was also accounted for. As each new opnav was included into the OD
during March, the residuals matched the predictions very well. This gave us confidence that the opnavs were
indeed working as planned and that our baseline satellite covariance was overconstrained. A case was run in
the independent global satellite analysis, where all ground-based observations were deweighted significantly
relative to the Cassini data. It had the same effect as the scaled-by-3 case. It appears that the data sets are
inconsistent at the level of the ground-based covariance.

Because the S/C trajectory is well determined for shorter orbits, the opnavs can determine the satellite
velocity errors if they are taken at times when most of the satellite’s motion is orthogonal to the S/C–satellite
direction. As the navigation team’s opnav requests compete with the science teams’ requests for observing
time, we cannot always get optimum viewing geometries. Figure 16 illustrates how the Saturn-relative
velocity of Enceladus is projected into the camera frame for the opnavs during the E3 arc. Opnavs with
larger M̂ and/or N̂ components in figure 16 than L̂ can measure satellite down-track errors more readily
than those which are mainly in the L̂ direction where the velocity is mainly along the boresight direction.
For instance in figure 16, the two opnavs at the end of October 2007 are viewing the satellite at its greatest
elongation relative to the S/C and thus have no chance to detect down-track errors. These images would
be better at detecting radial or normal errors, however. Figure 17 shows the geometry of the Cassini orbit
for the E3 data arc; opnavs of Enceladus are shown as red lines pointing from Cassini’s orbit to Enceladus.
This diagram further illustrates how much of the satellite’s downtrack velocity appears in the camera frame.
Transverse error detection is optimized when the line of sight is orthogonal to Enceladus’ orbit, such as those
found on March 10th or 11th, and is minimized when this line is essentially tangential to the Enceladus orbit,
such as in the February 3rd opnav. These geometries can be compared to the velocity components in figure
16.

At the time of design for the targeting maneuver OTM-147, the navigation team decided to adopt the
solution with the satellite covariance scaled by three. Aside from increased confidence in our the scaled-
by-three case, this was a prudent strategy for this close flyby. Figure 18 shows that, in the E3 B-plane,
the scaled-by-three solutions were 10 km closer to the final E3 target and impact radius of Enceladus than
the former baseline case. In figure 18, the green H282.100 case represents the former baseline case, the
black H264.300 and H264.500 are the scaled-by-three and scaled-by-five cases. If we had picked the former
baseline for designing this maneuver, the S/C would have overflown the target by 10 km and would have
passed uncomfortably closer to Enceladus’ impact radius. If we were wrong about the chosen ephemeris
strategy, then the flyby would have passed higher than planned, but safer. Following the apoapsis maneuver
OTM-147, five days prior to the flyby a key opnav image of Enceladus was missed prior to the OTM-148
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Figure 15. Comparing post-fit opnav residuals between baseline and case where satellite covariance is scaled
by 3.

DCO due to a technical glitch. As a consequence, the final targeting maneuver, OTM-148, was postponed
to its backup position on the day preceding the flyby. Cancellation of the maneuver was already looking like
the right course of action, so to postpone the maneuver was not considered risky.

The extra day of tracking allowed opnav images shuttered on March 9, 2008, to be down linked, processed
and included in an orbit solution to validate our expected B-plane conditions. The final few orbit solutions
proved consistent with each other. The backup OTM-148 (designated as JTM-148) was cancelled as perform-
ing the maneuver would not appreciably improve the odds of getting any closer to the target. The maneuver
team further showed that cancellation of OTM-148 reduced the downstream ∆V cost. The delivery from
JTM-148 design and the reconstructed solution, mapped to the Enceladus-3 B-plane, are shown in Table 3
and figure 10. The Enceladus-3 encounter occurred on March 12, 2008 19:07:17 ET. Using a spherical shape
model for Enceladus of 247.3 km, the calculated flyby altitude was 53.9 ± 0.3 km, which was 2 km less than
the designed altitude of 56 km. Since we canceled JTM148, this solution became our control point. The
altitude for this control point was 54.8 ± 1.6 km. So the flyby was only 0.9 km lower than our prediction.
After the flyby reconstruction, it was found that the former baseline Enceladus ephemeris was indeed in
error approximately 10 km in downtrack compared to the reconstructed ephemeris, as shown in figure 14.
The new baseline ‘scaled-by-3’ ephemeris downtrack error was approximately 1 km.
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higher M̂ , and N̂ components than L̂ can reveal satellite down-track errors more readily).

Figure 17. Orbit diagram showing Enceladus Opnav locations during E3

C. Stellar Occultation Experiments

1. Iapetus Experiment

A diametric occultation of the star σ Sagittarii by Iapetus was planned to be observed by the UVIS instru-
ment 1hr 20min before the Iapetus-1 encounter C/A. A late redesign of the I1 encounter gave the science
instruments better viewing geometries and produced a better star occultation than the previous design that
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Figure 18. Comparing solutions in Enceladus-3 B-plane. (Here the green H282.100 case represents the former
baseline case, the black H264.300 and H264.500 are the scaled-by-three and scaled-by-five cases. The blue
H285.100 case used a newer global satellite solution.)

included a grazing star occultation at 14 min before closest approach and would preclude close imaging.25

The occultation experiment was performed to determine if there exists an atmosphere surrounding Iapetus.
This redesign cost the mission a significant 14 m/s in ∆V . Our knowledge of the Iapetus ephemeris made
this occultation experiment especially challenging. The redesigned observation was designed to achieve the
diametric occultation of the star at a depth of 16 km from the ellipsoidal disk of Iapetus as viewed by the
UVIS instrument from a distance of 15,000–8000 km from Iapetus. The 1 σ uncertainty of Iapetus ephemeris
in the polar direction of the occultation was approximately 3 km. Combining this with the 2 km uncertainty
in polar dimension of Iapetus and the S/C’s normal uncertainty of 2 km, the 1 σ uncertainty of achieving
the occultation was 4 km. With this level of error, the first grazing occultation design could not ensure the
occultation to occur close enough to the limb. The new occultation experiment was a much better design, as
it allowed up to 4-σ error. The experiment was a success, but no atmosphere was found at Iapetus. Figure
19 (a) displays the view of the occultation as seen by Cassini’s UVIS instrument. The ingress and egress
times for the designed and reconstructed trajectories are shown in this figure. These are compared to the
actual times recorded from the UVIS instrument. Due to the uncertainty of Iapetus’ shape, we were unable
to include the observed occultation times in our OD reconstruction.

2. Enceladus Plume Experiment

On October 24, 2007, the UVIS observed of the star ζ Orionis as it was being occulted by the Enceladus
plume. The S/C was targeted by OTM-131 to a specific point in the Saturn system in order to ensure
the star would pass within 16 km from Enceladus’s limb at the south pole as viewed by Cassini from a
distance of 600,000 km. Planetary and stellar aberration as well as light time from Enceladus had to be
taken into account. Stellar parallax was determined to have a negligible error of approximately 200 meters.
The light-time correction at this distance amounted to 2 seconds. The star actually skimmed 12 km from
limb of Enceladus. After the observation was designed and sequenced, we found that the star location used
in design was offset significantly from the latest star catalog database, Set of Identifications, Measurements
and Bibliography for Astronomical Data (SIMBAD). The error in the star location was found to cause a
systematic error of 1.4 km closer in the grazing distance. The DCO for OTM-131 was just after the T36 flyby
with two tracks of radio-metric data. Figure 20 shows the estimates of the minimum occultation distance
against the reconstructed OD solution as a function of DCO leading up to the event. The minimum grazing
altitudes are compared against the designed values in figure 19 (b). This observation was very successful as
the UVIS instrument returned measurements showing an abundance of water vapor as well as other organic
material.

D. Satellite, Planet and S/C Parameters

The 1 σ formal S/C and satellite orbit uncertainties for all the reconstructed orbits since the Rhea flyby
in November 2005 are shown in figures 21 and 22. Figure 21 shows that the radial component of Cassini’s
position throughout the prime mission is well known (< 10 meters). The transverse component remains
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under 100 m during this time. The normal component is approximately 3 km before T9 and remains under
1 km thereafter. The consequence of scaling the satellite covariance up by 3 during the E3 arc is evident in
this graph by the increase in the S/C uncertainty. The satellite uncertainties show some interesting jumps.
Recall that a new satellite ephemeris and covariance from the global fit as described earlier were introduced
into the operations periodically. Most satellites exhibit uncertainties under 10 km. Titan is known under
300 m throughout, with the normal component being the largest. Enceladus remains under 3 km uncertainty
and shows no signs of improvement after the E3 flyby due to the scaling of the covariance. Table 4 lists the
Saturn and satellite masses (GM) after the last reconstructed solution of the prime mission. Notice that
the uncertainties in this table are slightly larger than those reported by Antreasian et al.7 because of the
satellite covariance scaling. These values are results of our OD reconstructions; refer to Jacobson et al.22

for a more definitive determination. Figure 23 shows the estimates from the reconstructed solutions of the
satellite masses (GM). Also, shown is the estimate of the Saturn system mass. The first order opnav phase
biases estimates are shown in figure 24. The Saturn gravity and pole parameter estimates are displayed in
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Figure 21. Reconstructed S/C orbit position uncertainties

figure 25. Finally, the estimates for the thermal radiation force normalized to the pre-tour mass is shown in
figure 26.

Table 4. Saturn System and Satellite Masses (GM) de-
termined from OD reconstructions at the end of prime
mission (after the Titan-44 flyby)

Body GM (km3/s2)

System 37940585.1 ± 0.5

Saturn 37931207.6 ± 0.5

Mimas 2.503 ± 0.001

Enceladus 7.208 ± 0.006

Tethys 41.216 ± 0.006

Dione 73.113 ± 0.002

Rhea 153.942 ± 0.002

Titan 8978.140 ± 0.002

Hyperion 0.3715 ± 0.0006

Iapetus 120.503 ± 0.007

Phoebe 0.5537 ± 0.0003

Figure 27 shows the stochastic accelerations es-
timated during the entire prime mission. Maxi-
mum values in figure 27 (a) mainly represent cor-
rections to telemetry thrusting profiles during low
altitude Titan encounters. Figure 27 (b) then dis-
plays the lower lever background stochastic accelera-
tions; these remain within ±0.5×10−12 km/s2. This
level represents the knowledge of our solar radiation
pressure model. Figure 27 (c) shows all stochastic
acceleration estimates divided by their a priori un-
certainties. Only a few groups of these accelerations
have been found to exceed their a priori by 2 to 3
σ.

IV. Conclusion

The orbit determination to support the naviga-
tion and science teams for the Cassini prime mission

has been challenging. The first year in orbit, the satellite ephemeris and gravity models were vastly improved
over pre-tour models. The modeling of the low-altitude Titan encounters was refined during the second year
of tour; these models included atmospheric drag, Titan gravity, and especially the RCS thrusting activity
through close approach. The intense third year in orbit was spent applying these refined models in the OD
filter to accurately navigate the S/C through the 16-day pi-transfter phase. Overall, the OD performance
has met navigation requirements for navigating the prime tour and for achieving exceptional science observa-
tions. The challenges of the I1–T36 and E3 encounters were overcome by diligent observations and extensive
analyses. The extended mission has just begun with even more challenges.
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(b) Enceladus
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(c) Tethys
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(f) Titan
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(h) Iapetus

Figure 22. Reconstructed satellite orbit position uncertainties
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Figure 23. Satellite GM estimates from reconstructed OD solutions.
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(c) Tethys
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(d) Dione
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(e) Rhea
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(f) Hyperion

Figure 24. Satellite opnav first-order phase biases from reconstructed OD solutions.
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(a) Saturn J2
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(c) Saturn Pole Right Ascension
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Figure 25. Saturn J2, J4 and pole estimates from reconstructed OD solutions.
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Figure 26. Acceleration due to S/C thermal radiation. Estimates normalized by the mass to the pre-tour
mass from reconstructed OD solutions.
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(c) Normalized

Figure 27. Stochastic accelerations during prime mission: large estimates occur during low Titan encounters
in (a), nominal background noise in (b), and all estimates normalized by their a priori uncertainties in (c)
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