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Precise Cassini Navigation During Solar Conjunctions
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The Cassini spacecraft and its ground segment are currently testing a novel radio frequency multilink technology
to perform radio science experiments. During solar conjunctions, this allows the complete removal of the solar
plasma noise from the Doppler observables, with benefits for deep space navigation as well. This is obtained
combining the carrier frequencies of three independent downlinks; two of them, at X and Ka band (Kal), are
coherent with an X-band uplink, whereas an additional Ka-band downlink (Ka2) is coherent with a Ka-band
uplink. During the June—July 2002 Cassini solar conjunction, this procedure was fully tested for the first time. It is
shown that, using the adopted multifrequency plasma calibration scheme, the standard deviation of the Doppler
frequency residuals is reduced up to a factor of 200 over the uncalibrated X-band data. This large improvement
in the data quality, revealed by values of the frequency stability previously achieved only during solar oppositions,
makes the navigation accuracy of deep space probes nearly independent of the solar elongation angle.

Introduction

URRENT deep space navigation systems rely on X-band ra-

dio links, used for both range and range-rate measurements.
The frequency stability of these links (measured by the Allan devi-
ation) is generally on the order of 10~'* at 1000 s integration time,'
yielding range-rate accuracies on the order of 1.5 x 10~ cm/s. Near
solar oppositions, when the sun—Earth—probe (SEP) angle is close
to 180 deg, higher stabilities (on the order of 2 x 1071*) can be
achieved because the solar wind velocity is nearly parallel to the
line of sight.? For missions in the ecliptic plane, the largest insta-
bilities are obtained during solar conjunctions (SEP angles close to
zero) lasting up to two weeks. The dramatic decay in the attainable
navigation accuracy is caused by the signal phase scintillation due to
the solar plasma. Radiometric data collected when the line of sight
falls within 40 solar radii from the sun are generally not used for
the orbit determination process because of the high measurement
errors introduced by the solar corona, which lead to long time spans
during which navigation cannot rely on actual data.

More than 30 days of tracking data, across the 2000 and 2001
solar conjunctions, were removed for the orbit reconstruction of
the Cassini spacecraft, currently in cruise flight to Saturn.>~> This
strategy is widely accepted and proven during the cruise flight, but it
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is not recommended during critical mission phases, when frequent
ground-commanded maneuvers are executed. An example of this
is the Cassini Saturn orbit insertion (SOI) maneuver, scheduled on
1 July 2004, only seven days before a solar conjunction.® To reduce
the orbit determination uncertainties, the whole maneuver would
greatly benefit from using all radiometric data collected leading up
to and following SOL

The Cassini spacecraft and ground segment are currently used
to test a novel multilink radio frequency system to perform ra-
dio science experiments (RSE). In addition to the standard X-band
uplink/X-band downlink (X/X), the onboard configuration provides
an exciter KEX, which generates a Ka-band downlink signal (at
32.5 GHz), coherent with the received X-band uplink, resulting in
an X/Ka link. Moreover, a Ka/Ka link is obtained using a coherent
frequency translator (KaT), which transmits to the ground a Ka-band
signal (at 32.5 GHz) coherent with a Ka-band uplink (at 34 GHz).
The primary goals of RSE are the measurement of the solar gravita-
tional deflection during the Solar conjunction experiments (SCE)”-
and the search for low-frequency gravitational waves (due, for ex-
ample, to the coalescence of massive black hole binaries) during
solar oppositions.’

Originally proposed to calibrate the Doppler observables used for
the estimation of the post-Newtonian parameter y during the SCE,
the multifrequency plasma calibration scheme!® has also shown to
be very effective in improving the accuracy of the orbit determi-
nation process. This has been demonstrated during the test of the
Cassini ground and onboard systems, performed on May—June 2001
(Ref. 11) and during the June-July 2002 solar conjunction.'? With
this method, the sky frequencies, which are reconstructed using
data from a wideband open-loop receiver (OL) in the three bands
(X/X, X/Ka, and Ka/Ka), are coherently combined to remove the
effects of the solar plasma, the major noise source in the Doppler
observable. However, the observables used by the orbit determina-
tion program (ODP) developed at the Jet Propulsion Laboratory are
obtained from the block V receivers, which digitally lock and track
the carrier in a closed loop. Thus, using the OL plasma calibrated
sky frequencies for the orbit determination process requires the ad-
ditional computation of Doppler observables compatible with the
data format required by the ODP.

The analysis of the 2001 Cassini solar conjunction data'! has
shown that the use of the multifrequency plasma calibration scheme
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can lower the Allan deviation to values of 2 x 1074, at integration
times of 1000 s, when the relative distance of the line-of-sight vector
from the center of the sun (impact parameter) is about 25 solar radii.
This corresponds to a range-rate accuracy of about 3 x 10 cm/s.
At an impact parameter of about 6 solar radii, the Allan deviation is
on the order of 4 x 107'* (1000 s integration time), still well below
the corresponding original uncalibrated X-band value and a factor
of 25 better than the Ka-band value.

For the 2002 Cassini solar conjunction, a much wider data set
has been analyzed.'? The results show that, although the stability
of the uncalibrated links degrades as the line of sight gets closer
to the sun, the Allan deviation of the plasma calibrated frequency
residuals has nearly constant values of 1-2 x 10~!* at integration
times of 1000 s. Similar values were previously achieved only near
solar oppositions.

In addition to the plasma calibrations, at the Deep Space Station
(DSS) 25, part of the Deep Space Network (DSN) complex in
Goldstone, California, an advanced media calibration (AMC) sys-
tem has been developed and implemented to perform RSE. It con-
sists of water vapor radiometers, digital pressure sensors, and mi-
crowave temperature profilers'>'4 providing a precise calibration of
the frequency shifts due to the dry and wet components of the Earth
troposphere. The analysis of the calibration data collected during
the 2002 Cassini solar conjunction has shown that the frequency
stability is improved by about a factor of three, when the AMC
is applied to the navigation data rather than the standard seasonal
tropospheric models.

The remainder of this paper is organized as follows: First a brief
description of the June—July 2002 Cassini solar conjunction is given,
pointing out the geometry of the Cassini trajectory as seen from the
Earth and summarizing the data acquired. The algorithm to recon-
struct the sky frequencies from wideband OL data is then illustrated,
followed by a description of the solar effects on signal properties.
The plasma calibration scheme, used to generate the plasma-free
observables, is described and, using a simple model of the orbital
dynamics, the stability of the residuals is characterized in terms of
Allan deviations. In the following section, the techniques for the re-
duction of the nondispersive tropospheric effects are analyzed, using
the advanced media calibration system. We then compare the fre-
quency residuals and orbital solutions obtained using uncalibrated
and calibrated data in the ODP. Finally, concluding remarks are
given in the last section.

Geometry of the 2002 Cassini Solar Conjunction

During the June—July 2002 Cassini first SCE (SCE1), the ra-
dio science instrumentation onboard the spacecraft and at the DSN
ground stations was operated continuously. At the DSS 25 antenna,
the only one with Ka-band uplink capability, the OL receivers ac-
quired and sampled the downlink carrier in three bands (X/X, X/Ka,
and Ka/Ka), whereas at the DSS 45 (Canberra, Australia) and DSS
65 (Madrid, Spain) the OL receivers acquired only the X/X signal.
Table 1 shows a summary of both the expected and actually acquired
data for the days of year (DOY) 157/2002-186/2002 (from 6 June
to 5 July 2002). The amount of data acquired for the X/Ka link at
DSS 25 is identical to that of the X/X link.

The relatively low percentage of Ka/Ka data acquired at DSS
25 was due to a malfunctioning of the Ka-band uplink transmitter,
caused by a heat exchanger problem. This resulted in either the
complete absence of data for some passes or some tracks being
shorter than expected.

Table1 Summary of OL data acquired at DSN stations during
the 2002 Cassini solar conjunction

Cumulative Cumulative
expected pass actual pass
Band DSN station  duration, h/min  duration, h/min % Acquired

XX DSS 25 359/00 340.08 95
Ka/Ka DSS 25 262/40 188.15 72
X/X DSS 45 129/20 125.08 97
X/X DSS 65 254/36 241.21 95
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Fig. 1 Cassini trajectory with respect to the sun during the 2002 solar
conjunction.
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Fig. 2 Cassini sun impact parameter vs time during the 2002 solar
conjunction.

The plasma calibration is made possible by the simultaneous ac-
quisition of the down-link signals in the three bands. The amount
of multifrequency data expected and actually acquired at DSS 25 is
summarized as follows: the cumulative expected pass duration was
262 h and 40 min and the cumulative actual pass duration was 166 h
and 35 min, which is 63% acquired. In practice this represents the
overlap between the X/X and Ka/Ka data sets. For the preceding
data, actual tracks shorter than 5 h were not considered, and DOY
172 was discarded due to the inability to reliably estimate the X/X
and X/Ka sky frequencies.

The geometry of the 2002 Cassini solar conjunction and the space-
craft impact parameter are shown in Figs. 1 and 2, respectively. The
minimum SEP angle was reached on DOY 172/2002 (21 June) at
about 1314 hrs, when the impact parameter was 1.6 solar radii. The
multifrequency link data closest to conjunction were acquired on 22
June, at an impact parameter of about 3.5 solar radii.

Reconstruction and Characterization
of the OL Sky Frequencies

During conjunctions, the radio waves received at the ground sta-
tion are corrupted by the solar and interplanetary plasma. This noise
is inherently nonstationary, and its effects are strongly correlated
among the three bands. The refractive index of the plasma differs
from unity by a quantity proportional to the inverse square of the
carrier frequency; thus, Ka-band signals are much less perturbed
by the corona than X-band signals. However, even a Ka-band car-
rier shows strong scintillation when the beam is very close to the
sun (less than about 5 solar radii). In the radio science receivers
(RSR), the carrier is downconverted to nearly zero frequency using
an accurate model of the signal dynamics and then sampled at the
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preselected rate (1 kHz in our case). To allow for a full reconstruc-
tion, a complex representation is used, where the incoming carrier
is beaten against two 90-deg phase-shifted reference signals.

The RSR files, acquired at the DSN complexes, consist of records
of the in-phase (I) and in-quadrature (Q) components of the down-
converted carrier, plus a header containing ancillary information
needed for a full reconstruction of the signal.

The procedure for the reconstruction of the sky frequency from
OL data acquired at solar conjunction has been described in Ref. 11.
It has been shown that the typical algorithms used to reconstruct the
signal frequency from digital samples, involving a digital phase-
locked loop implemented on a computer, are not suitable at impact
parameters below 6-8 solar radii. The strong phase scintillation
causes frequent loss of lock, especially for the X/X and X/Ka carri-
ers, which leads to a significant loss of data.

A different frequency reconstruction algorithm, consisting of a
frequency estimator that processes sequentially (and independently)
fixed-length data intervals, was implemented for the Cassini con-
junction experiment.

The X/X, X/Ka, and Ka/Ka observables have also been charac-
terized by analyzing their frequency residuals.'? To this end, the sky
frequencies have been fitted using a simple orbital model,'! which
is based on the assumption that the signal dynamics over timescales
of a few hours (a tracking pass) is affected only by the Earth rotation
and linear drifts of the spacecraft angular coordinates (right ascen-
sion and declination) and radial velocity. When approaching and
leaving conjunction, the stability of the three links is significantly
degraded. In such conditions, the solar plasma noise affecting the
radiometric data causes a dramatic decay in the attainable accuracy
of the orbit solution. In Ref. 15, a method has been recently proposed
to calibrate radiometric data collected during a solar conjunction.
However, this method is not applicable to our case because it makes
use of a combination of Doppler and ranging to estimate corrections
to the navigation observables. Thus, for interplanetary missions in
the ecliptic plane, even if tracking can be performed a very short dis-
tance from the sun, when the impact parameter is lower than 40 solar
radii, the quality of Doppler and ranging observables is so poor that
these data are usually discarded in the orbit determination process.
For the Cassini orbit reconstruction, about 30 days of radiometric
data were removed across the 2000 and 2001 solar conjunctions.’

Computation of Plasma-Free Doppler Observables
Using the Multifrequency Link

The output of the sky frequency reconstruction algorithm, sum-
marized in the preceding section, is a set of three independent ob-
servables at each time instant,

(fsky )())(b/sx 5 (fsky)())(b/sl(a 5 (fsky OKZS/K;, ( l)

where the subscript specifies the uplink and downlink band and the
superscript identifies that they are observed quantities.

With the assumption that each observed sky frequency contains
three independent contributions, due to the spacecraft orbital motion
and to the crossing of the solar corona in the uplink and in the
downlink, we define y as the relative frequency shift and write the
following set of equations'®:

y;’(';sx = Ynd T Yplup T (I/O()z</x)ypl‘dn
yg(t}sKa = Ynd + Yplup + (l/a)zi/Ka)ypl’d"

YR ka = Yoa + (1/BDVpip + (/B (1 /) Yoin ()

where the turnaround ratios for the three links are ax,x = 880/749,
OX/Ka = 3344/749, and OKa/Ka = 14/15 and ﬂ = (fKa)T/(,fX)T is the
ratio between the X- and Ka-band uplink frequencies. In Eq. (2),
Yna is the orbital (nondispersive) contribution, whereas yp_, and
Ypi_dn are the plasma uplink and plasma downlink contributions to
the relative frequency shift, respectively [referred to a ( fx) carrier].
The observable frequency shifts as a function of the observed sky

frequencies are

b
yobs _ (kay)g(/sx _1 (33)
XX OlX/x(fx%
yobs _ (fsky)g(b/sl(a _1 (3b)
X/Ka aX/Ka(fX)T
yobs _ (fsky)([)(T/Ka _1 (30)
Ka/Ka aKa/Ka(fKa)T

The set of Eqgs. (2) is easily solved for yna, Ypi_up, and ypi_gn:

-1
1 1
Ypl_dn = (2— - 2—) ()’;l;sx - y?(l}ska) “4)
Ox/x  OX/Ka
y;.(ljsl(a - yl(ézs/l(a - yPI—dn[l/a)z(/Ka - (l/ﬂz)(l/alz(a/Ka)]
Ypl_up = 1— 1//32
)
1 1
Ynd = y&Z’,m - (ypl_up + az—ypl_dn> E (6)
Ka/Ka

Once the nondispersive relative frequency shift y,q is solved for,
one can compute the nondispersive sky frequency for each band.
Therefore, for example, the nondispersive sky frequency for the
X/X band can be written as

(fa)¥x = (fa)¥x — axx (ASOP? = (AfOP" faxyx  (7)

where (A fx)P=* = ypi_up(fx)1 and (A fx)P"" = ypi_an(fx)1-
Substituting in Eq. (7) and dividing by ax/x (fx)+, we get

(fsky)()y(bsx (fsky);l(dx Ypl_dn
/! = / + Ypl_up + L

aX/X(fX)T - aX/X(fX)T

2
Oy /x

which provides by the comparison with the first row of the set of
Egs. (2) and the use of Eq. (3) the result

(fa)Xx = (14 yaa)axx (fx)1 ®)

Equation (8) shows that the so-called plasma-free (nondispersive)
sky frequency (X/X band) is obtained as a linear combination of
the three X/X, X/Ka, and Ka/Ka observables because, as shown
in Eq. (6), they all contribute to the nondispersive frequency shift
Ynd- The stability of the plasma-free link can be compared to the
corresponding uncalibrated links by computing the Allan deviation
of the frequency residuals obtained by fitting the sky frequency with
the simple orbital model described in the preceding section.

Figure 3 shows a cumulative plot of the Allan deviations (at 1000 s
integration time) for the available multifrequency link passes. For
each pass, the stability of the raw X/X, X/Ka, and Ka/Ka links are
directly compared to the corresponding plasma-free one. To avoid
excessive contamination from tropospheric noise and systematic
errors, only data acquired above 20 deg of elevation were considered.

Whereas the Allan deviation of the X/X, X/Ka, and Ka/Ka links
degrades with smaller SEP angles, the plasma-free signal exhibits a
nearly constant stability at levels of 1-2 x 10~!4, at integration times
of 1000 s, a value previously achieved only near solar oppositions.
The largest improvement in the signal stability is obtained on 24 June
(DOY 175/2002), where the Allan deviation of the uncalibrated X/X
signal is reduced by about three orders of magnitude. However, on
22 June, the plasma-free signal stability is about 50 times worse than
its average value. This can be explained by considering that three
main effects limit the applicability of the plasma calibration scheme
[Eq. (2)] based on multifrequency links: 1) diffraction and physical
optics effects, 2) magnetic corrections to the refractive index, and
3) spatial separation between the ray paths at different frequencies.
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Fig. 3 Cassini Allan deviations at 1000 s integration time during the
2002 solar conjunction.

In Ref. 11, it was explained that at small impact parameters the
diffraction effects due to physical optics are responsible for occa-
sional signal fading at small SEP angles. Moreover, when the im-
pact parameter is smaller than 5 solar radii [as it was on 22 June
(Fig. 2)] both magnetic corrections to the refractive index and den-
sity gradients in the solar corona (which cause a change in the impact
parameter) become nonnegligible.

In conclusion, Fig. 3 shows that, for the 30 days of the SCEI,
the quality of the plasma calibrated Doppler observables is nearly
independent of the SEP angle, with the exception of the pass on 22
June, where the impact parameter of the signal beam was smaller
than 5 solar radii.

Advanced Media Calibration System

To perform the RSE, the DSS 25 complex has been equipped with
an outstanding media calibration system'*'# capable of providing
a full calibration of the dry and wet path delays due to the Earth
troposphere. It consists of two independent systems, where water
vapor radiometers, digital pressure sensors, and microwave temper-
ature profilers have been installed and located a short distance from
the main 34-m antenna at the Goldstone, California, complex. This
system was tested for the first time during the first gravitational wave
experiment (GWE1), November 2001-January 2002 (Ref. 9).

InRef. 8, the data reduction of the AMC acquired during the SCE1
has been described in detail. It has been shown that, for many track-
ing passes, the dry component of the zenith path delay was much
noisier than the corresponding data acquired during the GWEIL. It
turned out with high probability that the larger zenith path delay
fluctuations levels were due to the surface wind speed, which dur-
ing many passes of the SCE1 exceeded 25-30 km/h. The increased
zenith path delay noise levels then should be due to the atmosphere
and not some wind-induced jiggle in the pressure sensor mechanism.
An easy way to filter out the high-frequency dry zenith path delay
fluctuations is to average the raw data acquired by the instruments,
through a moving window (a 100-s interval used for the SCE1), to
remove the local, small-scale effects.

The parallel analysis of the GWE1 and SCE1 advanced media
calibrations data has revealed that the use of the water vapor ra-
diometers and digital pressure sensors is more effective during solar
conjunctions. This is mainly due to two concurrent reasons: First,
SCE:s are carried out during daytime, whereas GWEs take place dur-
ing the night. Second, because of Cassini’s present orbital position,
for the northern hemisphere ground stations, the SCE observations
are made in summer, whereas the GWE ones are in winter. As a
result, the tropospheric noise levels, which can be reduced making
use of the AMC, are significantly higher during SCE than GWE.
As shown in the next section, the frequency stability is improved
by about a factor of three, when the AMC, rather than the standard
seasonal tropospheric models, is applied to the SCE1 navigation
data.

Cassini Orbit Determination Using Plasma and
Troposphere Calibrated Navigation Observables

In an earlier section, we pointed out the procedures needed to
compute a plasma-free sky frequency using three independent sig-
nals simultaneously acquired in the bands X/X, X/Ka, and Ka/Ka.
These calibrated sky frequencies can now be used to form a plasma-
free Doppler observable compatible with the data format handled
by the ODP.

For two-way Doppler observables, the ODP uses the received sky
frequency in the following manner to compute the observable!®:

observable = typan - frer — foky ®

-
o

o
o 3,

Two-way Doppler residuals (Hz)
o
(6]

-1.0 - . . .
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Fig. 4 Cassini X/X Doppler residuals without plasma calibrations and
with standard troposphere calibrations.
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Fig. 5 Cassini X/X Doppler residuals including plasma calibrations
and the standard troposphere calibrations.

0.0050

0.0025

-0.0025

Two-way Doppler residuals (Hz)
o

-0.0050
June9 June14 June19 June24 June29 July 4

Time (date 2002)

Fig. 6 Cassini X/X Doppler residuals including plasma calibrations
and the advanced media calibrations.
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Fig. 7 Saturn-centered B plane of several Cassini orbital solutions obtained using different data sets.

where frr is the Doppler reference frequency and op/an is the
turnaround ratio, which depends only upon the downlink band be-
cause it is always referred to an S-band uplink carrier. [Note that
one-way, two-way, and three-way Doppler observables are formed
when 1) the spacecraft (S/C) generates a signal that is received at
the ground station, 2) a ground station generates the uplink signal to
the S/C and receives the downlink signal from it, and 3) the uplink
signal to the S/C is generated in a ground station but the downlink
signal from the S/C is received by a different ground station, respec-
tively.] For an X-band downlink signal, ag/x = 880/221. Thus, at
each timetag, the plasma calibrated sky frequency can be directly
substituted to the corresponding uncalibrated one to form a plasma
calibrated observable:

(observable)y)x = as/x - frer — (fary)X)x (10)

The result of this procedure is a new navigation file where the
Doppler observables, to be processed by the ODP, are free from
solar plasma noise. This new observable has been computed using
OL data (RSR files and a digital frequency estimator), which have
been processed for the first time for orbit determination.

For a full comparison between the plasma-free and raw observ-
ables, we processed (in the ODP) the original, plasma free, and
plasma free with the AMC navigation files, where the observables
are compressed at 300 s.

To compare the results of using the three different tracking data
sets in terms of spacecraft navigation, a short arc was processed,
which spanned just the solar conjunction period (between 9 June and
5 July 2002). The initial conditions on 9 June 2002 were obtained
from a long arc solution that has an epoch of 28 February 2001. The
only parameters estimated in the short arc solutions were the S/C
state and the radioisotope thermoelectric generator (RTG) radiation
accelerations. For all three cases, only station DSS 25 two-way
Doppler data were used. The weights assigned to the tracking data
were assigned on a pass-by-pass basis, where the a priori uncertainty
assigned to each pass is equal to the 1-o value of the frequency
residuals.

Figure 4 shows the two-way Doppler postfit residuals obtained
by running the ODP and using the original (uncalibrated), X-band
tracking data file.

Note the increasing variation of the frequency residuals when the
S/C gets close to conjunction (which occurred on 21 June). On 24
June 2002, when the average level of the residuals was already re-
turning to lower values, there is an evident signature in the data. This
was already noticed in terms of increased Allan deviations in Fig. 3.
That was probably caused by some large coronal mass ejections ob-
served by the Solar and Heliospheric Observatory (SOHO)** in the
region traversed by the Earth-to-Cassini line of sight. The overall
1-o value of these residuals is 7.16 x 1072 Hz.

Figure 5 shows exactly the same time interval of Fig. 4, but now
including the plasma calibrated two-way Doppler residuals. The
y-axis scale reveals that the noise reduction is huge with nearly
constant levels for the 17 passes shown. The 22 June 2002 pass is not
shown in the plot because it is the only one where the multifrequency
plasma calibration scheme did not offer reliable results (Fig. 3). The
1-0 value of the plasma calibrated postfit residuals is 3.5 x 10~ Hz,
more than 200 times better than the corresponding uncalibrated ones.

Figure 6 shows the additional improvement in the stability of
the frequency residuals, which can be obtained once the AMC is
applied to the plasma calibrated navigation observables. For some
passes, especially after conjunction, the noise reduction is close to
a factor of five, whereas for some others the effectiveness of the
advanced troposphere calibration is less evident. The 1-o value of
the plasma and media calibrated postfit residuals is 1.2 x 10 Hz
a factor of 3 and 600, respectively, better than the corresponding
plasma calibrated and uncalibrated ones.

To help visualize the differences in the solutions and the un-
certainties in the estimates, the results are mapped forward to the
Saturn B plane (perpendicular to the incoming asymptote at the
target planet) in Fig. 7. For reference, the long arc solution and error
ellipse is also shown in Fig. 7. The long arc solution is considered

**Data available on the SOHO home page online at URL: http:/
sohowww.nascom.nasa.gov [cited 24 May 2003].
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Table 2 Summary of the RTG acceleration estimates obtained
using different sets of X-band data and ODP setup

RTG 1-o
acceleration, Uncertainty,
Case km/s? km/s?
Long arc solution —298x 10712 0.05x 10712
Uncalibrated short arc —7.44 x 10712 1.12x 10712
Plasma calibrated short arc —2.89x 10712 0.13x 10712
Plasma calibrated plus AMC shortarc ~ —3.07 x 10712 0.08 x 10~12

the best estimate as of July 2002 of the Saturn B-plane location, and
so it provides a measure of the accuracy of the short arc solutions.
The uncalibrated solution is clearly the poorest, with a large offset in
the B-plane T direction (Fig. 7) relative to the long arc solution. The
solution made with the plasma calibrated data shows a significant
improvement in the level of agreement with the long arc solution.
Furthermore, the addition of the advanced media calibrations results
in even better agreement with the long arc solution.

These results are impressive when considering that the short arc
solutions rely on roughly 30 days of Doppler data from only one
ground station during a solar conjunction. Note that the error el-
lipses and associated mean values in Fig. 7 are for comparison pur-
pose only and do not represent current best knowledge of Cassini’s
ephemeris. In all cases, no attempt was made to model the errors
associated with future maneuvers or thrusting events, which would
normally dominate the size of the error ellipse. Furthermore, the
actual mean values will differ because future spacecraft maneuvers
and orientation changes that will impact the direction of the radiation
accelerations are not modeled.

Another way to assess the quality of the solutions is to compare
the value of the RTG acceleration estimate in the spacecraft z di-
rection. A very accurate estimate of this value was made during the
GWEJ]. The RTG acceleration estimate is very precise because dur-
ing the GWE the spacecraft orientation was not changed and was
maintained using the reaction wheels rather than the reaction control
thrusters. Additionally, continuous 24-h tracking of the spacecraft
was available during the GWE. The z direction of the RTG acceler-
ation was well determined because the spacecraft was oriented such
that the z axis was pointed toward Earth. Table 2 shows the values
of the estimates of this parameter for the three different short arc
cases, as well as the estimate from the long arc solution. Once again,
the results show a dramatic improvement in comparison to the long
arc solution when the solar plasma calibrations are included in the
Doppler data. However, little improvement is seen in this parameter
when the AMCs are included in the tracking data.

Conclusions

The Cassini spacecraft and its ground segment are equipped with
an advanced radio frequency system to perform radio science ex-
periments. In addition to the standard X-band downlink, coherent
with an X-band uplink, the S/C onboard configuration allows two
additional downlinks in the Ka band, one coherent with the X-band
uplink and the other coherent with a Ka-band uplink. The simultane-
ous acquisition of the three downlink carriers is possible only at DSS
25, which is the only DSN station with a Ka-band uplink and down-
link capability. This configuration, originally devised to perform
an accurate test of the general relativity during solar conjunctions,
allows the complete removal of the solar plasma noise from the
Doppler observables. Moreover, DSS 25 has been equipped with an
AMC system, which allows the full calibration of the dry and wet
path delay components of the Earth troposphere.

During the 2002 Cassini solar conjunction experiment, the radio
frequency system was operated continuously for 30 days, from 6
June through 5 July. The multifrequency plasma calibration scheme
has been applied to all of those DSS 25 passes where the three in-
dependent downlinks were available (18 passes in total). Then, the
plasma-free Doppler observables, derived from radio science OL re-
ceivers, have been fitted using the ODP to test the capabilities of the

new system for precision S/C navigation. In addition, the advanced
troposphere calibrations have been applied to the plasma calibrated
data, resulting in a data set of the highest quality. The analysis of the
ODP frequency residuals reveals that the application of the plasma
and troposphere calibrations to the Doppler observables yields a
global improvement of a factor of 600 over the corresponding un-
calibrated data. Thus, with this new technique, the data acquired
near solar conjunctions can be successfully calibrated to gain fre-
quency stabilities and orbital solution accuracies usually recorded
when the S/C is at solar oppositions.

During the 2003 Cassini second SCE, a real-time test of the
plasma calibration technique adopted in this paper will be per-
formed. The 30 days of continuous multifrequency tracking from
DSS 25 will have the main goal of a second precise test of general
relativity, but will also allow to gain further confidence in the ca-
pabilities of this novel method for S/C navigation. This experience
is valuable in view of the potential applications for the SOI ma-
neuver, which occurs only seven days before a solar conjunction,
on 1 July 2004, and during the four solar conjunctions, which will
occur during the Cassini Saturn tour (2004-2008).
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