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CASSININAVIGATION DURING SOLARCONJUNCTIONS 
VIA REMOVAL OF SOLAR PLASMA NOISE 

P.T ortora*, L.Ie sst, J.J.B ordi', J.E. Ekelund', D. Roth' 

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 used for navigation. This is 
obtained combining the carrier frequencies of three independent down-links: 
two of them, a X- and a Ka-band (Kal), are coherent with a X-band up-link, 
while an additional Ka-band down-link (Ka2), is coherent with a Ka-band up- 
link. During the June-July 2002 Cassini solar conjunction, this procedure was 
fully tested for the first time. We show that, using the proposed multifrequency 
plasma calibration scheme, the standard deviation of the Doppler frequency 
residuals is reduced up to a factor of 200 over the uncalibrated 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 

Current deep space navigation systems rely on X-band radio-links, used for both 
range and range-rate measurements. The frequency stability of these links (measured by 
the Allan deviation) is on the order of at 1000s integration time',yi elding range-rate 
accuracies on the order of 1 .5~10 .~  cm/s. Near solar oppositions, when the sun-earth- 
probe (SEP) angle is close to 180", higher stabilities (on the order of 2 ~ l O - l ~ )  can be 
achieved, since the solar wind velocity is nearly parallel to the line-of-sight2. The lowest 
stabilities are obtained, for missions in the ecliptic plane, during solar conjunctions (SEP 
anglesclo set ozero) whi chcanlastu pto two weeks.T hedr amaticdecayinth ea ttainable 
navigation accuracy is caused by the signal phase scintillation due to the solar plasma. 
Radio metric data collected when the line of sight falls within 40 solar radii from the sun 
are generally not used for the orbit determination process, due to the high measurement 
errors introduced by the solar corona, leading to long time spans during which navigation 
cannotrely onactualdata. 
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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 S a t ~ r n ~ - ~ .  This strategy is widely accepted and proven during the cruise flight, 
but it 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 July 1'' 2004, only seven days before a solar 
conjunction6. In order to reduce the orbit determination uncertainties, the whole 
maneuver would greatly benefit from using all radio metric data collected leading up to 
and following SOI. 

The Cassini spacecraft and ground segment are currently used to test a novel 
multilink radio frequency (RF) system to perform radio science experiments' (RSE). The 
on-board configuration provides, in addition to the standard X-band up-link/)(-band 
down-link (X/X), an exciter (KEX) which generates a Ka-band down-link signal (at 32.5 
GHz), coherent with the received X-band up-link, resulting in a X K a  link. Moreover, a 
KaKa 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 up-link (at 34 GHz). 
The primary goals of RSE are the measurement of the solar gravitational deflection 
during the Solar Conjunction Experiments (SCE)8-9, and the search for low-frequency 
gravitational waves (due, for example, to the coalescence of massive black hole binaries) 
durings olaroppositi onsl'. 

The multifrequency plasma calibration scheme' ', originally proposed to calibrate 
theDoppl erobs ervables usedfor the estimation of thepost- Newtonianparam eter y during 
the SCE, has also shown to be very effective in improving the accuracy of the orbit 
determination process. This has been demonstrated during the test of the Cassini ground 
and on-board systems, performed on May-June 2001 1 2 ,  and during the June-July 2002 
solar conj~nction'~.  With this method, the sky frequencies, reconstructed using data from 
a wideband open loop receiver (OL) in the three bands (WX, X/Ka, 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 determination 
program (ODP)I4d evelopedat the Jet Propulsion Laboratory, areobt ainedf romthe block 
V receivers (BVR) which digitally lock and track the carrier in a closed loop (CL). Thus, 
using the OL plasma calibrated sky frequencies for the orbit determination process 
requires the additional computation of Doppler observables compatible with the data 
formatrequir ed by theODP. 

The analysis of the 2001 Cassini solar conjunction datal2, has shown that the use of 
the multifrequency plasma calibration scheme can lower the Allan deviation to values of 
2xlO-I4, at integration times of 1000 s, when the impact parameter is about 25 solar radii. 
This corresponds to a range rate accuracy of about 3 ~ 1 0 . ~  cids. At an impact parameter 
of about 6 solar radii, the Allan deviation is on the order of 4 ~ 1 0 ~ ' ~  (1000 s integration 
time), stillwellbelowthe corresponding original uncalibrated X-band value. 
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For the 2002 Cassini solar conjunction a much wider data set has been analy~ed’~.  
The results show that, while the stability of the uncalibrated links degrades as the line-of- 
sight get closer to the Sun, the Allan deviation of the plasma calibrated frequency 
residuals has nearly constant values of 1 -2~10 . ‘~  at integration times of 1000 s. Similar 
values were previouslyac hieved onlynea r solar oppositions. 

Moreover, at the Deep Space Network (DSN) complex located at Goldstone (CA) - 
DSS 25, an advanced media calibration (AMC) system has been developed and 
iinpleinented to perform RSE. It consists of water vapor radiometers, digital pressure 
sensors and microwave temperature pro filer^'^-'^ providing a precise calibration of the 
dry and wet frequency shifts due to 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 3, when the AMC, rather than the standard 
seasonal tropospheric models,area ppliedtothe navigation data. 

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. Then the 
algorithmto reconstr uctth e skyfrequ enciesfr omwideband OLd ataisill ustrated,andt he 
effect of the solar corona on signal properties is described. Then, 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 obtained residuals is characterized in 
terms of Allan deviations and power spectra. In the next Section, the techniques for the 
reduction of the non-dispersive, tropospheric effects, using the advanced media 
calibration system, are analyzed. Finally, we show a thorough comparison among the 
frequency residuals and orbital solutions obtained using, in the ODP, uncalibrated and 
calibrated data.C oncluding remarksa re offeredinthelas t Section. 

GEOMETRY OFT HE2002 CASSINISOLAR CONJUNCTION 

During June-July 2002 Cassini solar conjunction (SCE 1 ), the radio science 
equipment on-board the spacecraft and at the DSN ground stations was operated to 
acquire the down-link signals with 24 hour coverage. At the DSS 25 complex, the only 
one with Ka-band uplink capability, the OL receivers acquired and sampled the down- 
link carrier in three bands (X/X, X/Ka and Ka/Ka), while at the DSS 45 (Camberra, 
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(D0Y) 157/2002 to1 861200 2.T hea mounto fda taac quiredfor theWKalinkatDSS 
2 5 s  identical to that of theWXlink. 
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Table1:Sum maryofOL dataacquiredatDSNs tations 
during2002Cas sini solarc onjunction 

Cumulative Cumulative 

%A cquired DSN Expected Actualpass 
Band station PassD uration Duration 

(hh.mm) (hh.mm) 

X/X DSS25 359.00 340.08 95% 

Ka/Ka DSS25 262.40 188.15 72% 

x/x DSS45 129.20 125.08 97% 

X/X DSS65 254.36 241.21 95% 

The relatively low percentage of Ka/Ka data acquired at DSS-25 is due to a 
malfunctioning of the Ka-band up-link 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. 

Sincethe plasma calibration isinadepossi ble bythe simultaneousacquisiti onof the 
down-link signals in the three bands, Table 2 summarizes the amount of multifrequency 
data expected and actually acquired at DSS 25; in practice it represents the intersection 
between the X I X  and KdKa data sets (rows 1 and 2 in Table 1). In Table 2, actual tracks 
shorter than 5 hrs have not been considered and DOY 172 has been discarded due to the 
high solar plasmanoise. 

Table2:Sum maryofmu ItifrequencyOL dataacqui red at DSS 25 
during2002Cas sini solarc onjunction 

Cumulative Cumulative 
Expected Actual Pass 

PassD uration Duration 
(hh.mm) (hh.mm) 

%A cquired 

262.40 166.35 63% 

The geometry of the 2002 Cassini solar conjunction and the relative distance of the 
line-of-sight vector from the center of the Sun (impact parameter), for the multifrequency 
data acquired at DSS 25, are shown respectively in Figures 1 and 2. The minimum SEP 
angle was reached on DOY 172/2002 (June 21") at about 1: 14 pm UTC, when the impact 
parameter was 1.6 solar radii. The multifrequency link data closest to conjunction were 
acquiredonDOY 17312002, at anim pactparam eter of about 3.5s olar radii. 
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RECONSTRUCTIONA NDCHAR ACTERIZATION OF THE OPENL OOP 
SKYFREQUE NCIES 

The radio science receiver (RSR) files, acquired at station DSS 25, consist of records 
oft he1 a ndQ ( inp hasea ndi nq uadrature)c oinponents oft hed own-convertedc arriers ignal, 
plus a header containing ancillary information needed for a full reconstruction of the signal. 

During conjunctions, the radio waves received at the ground station are corrupted by 
the solar plasma. This noise is inherently non-stationary and its effects are strongly 
correlated among the three bands. As the refractive index of the plasma differs from unity 
by a quantity proportional to the inverse square of the carrier frequency, Ka-band signals 
are much less affected by the corona than X-band signa1s.H owever,e ven aK a-bandc arrier 
is affected by strong scintillation when the beam is very close to the sun (less than about 5 
solar radii). In the RSR, the carrier is down-converted to nearly zero frequency using an 
accurate model of the signal dynamics, and then sampled at the pre-selected rate (1 KHz in 
our case). To allow for a full reconstruction, a complex representation is used where the 
incoming carrier is beaten against two 90" phase-shifted reference signals. 

Reconstruction of signal frequency from open loop solar conjunction data has been 
described in Ref. 12. It has been shown that the typical algorithms used to reconstruct the 
signal frequency from digital samples, involving a digital Phase Lock Loop (PLL) 
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 carriers, leading to a significant loss of data. This is why a different frequency 
reconstruction algorithm, consisting of a frequency estimator which processes 
sequentially (and independently) fixed-length data intervals, has been implemented to 
estiinatecas sini skyfr equenciesdur ings olar conjunctions. 

It has been shown in Ref. 13 that the sky frequencies reconstructed from open loop 
data exhibit large amplitude fluctuations due to the solar corona. Moreover, Ka-band data 
are very sensitive to the accuracy of the antenna pointing, due to the narrow beam width. 
This sensitivity shows up with systematic signal amplitude variations during each pass. 
Near conjunction, (DOY 168 and 173) all amplitudes (but especially the X/X ones) 
exhibitlargeflu ctuationsduetoplasm a scintillation. 

The X/X, X/Ka and Ka/Ka observables have also been characterized by analyzing 
their frequency  residual^'^. To this end, the sky frequencies have been fitted using a 
simple orbital modelI2, based on the assumption that the signal dynamics, over time 
scales of a few hours (a tracking pass), is affected only by the Earth rotation and linear 
drifts of the spacecraft angular coordinates (right ascension and declination) and radial 
velocity. It turned out that the XKa  link is the most affected by the solar plasma, as 
expected, essentially because the turnaround ratio of the cross-link (3344/749 - 4.5) 
amplifies the noise accumulated during the up-link signal path. Approaching and leaving 
conjunction, the stability of the three links is significantly degraded. In such conditions 
the solar plasma noise affecting the radio metric data causes a dramatic decay in the 
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attainableaccur acyofth eorbi tsolut ion.Asa matteroffact, radiodatac ollectedwhen the 
line of sight falls within 40 solar radii from the Sun are usually discarded; for the Cassini 
orbit reconstruction, about 30 days of tracking data were removed across the 2000 and 
200 1 solar conjunctions5. 

COMPUTATION OF PLASMA-FREED OPPLER OBSERVABLES 
USING THE MULTIFREQUENCYL INK 

The output of the sky frequency reconstruction algorithm, summarized in the 
previous section,is as etof three independentobse rvables at each timeinstant: 

where the subscript specifies the up-link and down-link band and the superscript 
identifies that they are observed quantities. 

Assuming that each observed sky frequency contains three independent 
contributions, due respectively to the spacecraft orbital motion and to the crossing of the 
solar corona in theup- linkand int hedown -link, wecandef ine yast herel ativefr equency 
shiftandwrit ethefollo wings etofequation S I ' :  

The observable frequency shifts have been computed from the observed sky 
frequencies as: 

where aMx = 8801749, awKu=3344/749 and aKdu = 14/15 are the tumaround ratios for the 
three links and p = ( fK ,  )? 1 ( f x  )? is the ratio between the X and Ka-band up-link 
frequencies. In Eq. (2), Ynd is the orbital (non dispersive) contribution, while yp/-up and 
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yp/-& are respectively the plasma up-link and plasma down-link contributions to the 
relativefrequ ency shift (referredto a ( fx) t carrier). 

Oncesolv ed fort henon- dispersiverel ativefr equencyshift y,d,onecancom putethe 
non dispersive sky frequency for each band. So, for example, the non dispersive sky 
frequency for the WXband canbe writtenas : 

which offers, by coinparison with the first row of the set of equations (2), and using Eq. 
(3), the result: 

Eq. (8) shows that the so-called “plasma-free” (non-dispersive) sky frequency (X/X 
band) is obtained as a linear combination of the three XK, X/Ka and KaKa observables 
since, as shown in Eq. (6), they all contribute to the non-dispersive 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 
skyfrequen cy with the simple orbitalm ode1 describedintheprevio usse ction. 
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Figure 3 shows a cumulative plot of the Allan deviations (at 1000s int. time) for the 
available multifrequency link passes. For each pass the stability of the raw X/X, X/Ka and 
Ka/Ka linksa re directly compared to the correspondingp lasma-free one.To avoid excessive 
contamination from tropospheric noise and systematic errors, only data acquired above 20" 
of elevation have been considered. 
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Figure 3: Cassini 2002 solarc onjunctionAllandevia tions@l 000s int. time 

While for the X/X, X/Ka and Ka/Ka links the Allan deviation degrades getting closer 
to theD OY 172/2002( when the minimums EPa ngle occurs)t hep lasma-frees ignale xhibits 
a nearly constant stability at levels of l - 2 ~ l O - ' ~ ,  at integration times of 1000 s, a value 
previously achieved only near solar oppositions. The largest improvement in the signal 
stability is obtained for the DOY 175/2002, where the Allan deviation of the uncalibrated 
X/X signal is reduced by about 3 orders of magnitude. However, on DOY 173/2002 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 upon multi-frequency links: . Diffraction and physical optics effects 

Magnetic corrections to the refi-active index 

. Spatial separation between the ray paths at different frequencies 
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In Ref. 12 it was thoroughly explained that at small impact parameters the diffraction 
effects due to physical optics are responsible for the occasional signal fading at small SEP 
ang1es.M oreover,w hent hei mpactp arameter iss mallert han5 solar radii( as itw aso nD OY 
173/2002 - see Figure 2) both magnetic corrections to the refractive index and density 
gradients in the solar corona (which cause a change in the impact parameter) become non- 
negligible. 

In conclusion, Figure 3 shows that for the 30 days of the SCEl, the quality of the 
plasma calibrated Doppler observables is nearly independent of the SEP angle, with the 
exception of the pass on DOY 173/2002 where the impact parameter of the signal beam 
wassm aller than5 solar radii. 

THEADV ANCEDME DIACA LIBRATION SYSTEM 

To perform the RSE, the DSS 25 complex has been equipped with an outstanding 
media calibration ~ y s t e m ’ ~ . ’ ~  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 temperature profilers 
have been installed and symmetrically located a short distance from the main 34m 
antenna at the Goldstone complex. This system was tested for the first time during the 
first gravitational wavese xperiment (GWEl),onNovember 200 1-January 2002”. 

In Ref. 9, the data reduction of the AMC acquired during the SCEl has been 
described in detail. By comparison with the corresponding data acquired during the 
GWE1, it has been shown that for many passes, the dry component of the zenith path 
delay was much noisier than expected. It turned out that the larger zenith path delay 
fluctuations levels were, with high probability, due to the surface wind speed which, 
during many passes of the SCEl, exceeded the 15-20 mph. 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. This can be seen in the substantial agreement 
of the zenith path delays, as read from the systems 1 and 2. An easy way to filter out the 
highfrequencydr yzenithpath delayfluctua tionsis toaverage, thr ougha movingwindow 
(a 100 s interval has been used for the SCEl), the raw data acquired by the instruments, 
inor derto removethelocal, small scale effects. 

The parallel analysis of the GWEl and SCEl advanced media calibrations data has 
revealed that the use of the water vapor radiometers and digital pressure sensors is more 
effective during solar conjunctions. This is mainly due to two concurrent reasons: first, 
SCE are carried out during daytime while GWE take place during the night; second, due 
to Cassini’spresento rbitalpositi on,for th enort hernheinispheregro undstations, t heSCE 
observations are made in summer while the GWE ones are in winter. As a result, the 
tropospheric noise levels, which can be canceled 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 3, when the AMC, rather than the standard 
seasonaltr oposphericm odels,a re applied to the SCElnavigati on data. 
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CASSINI ORBIT DETERMINATION USING PLASMA AND TROPOSHERE 
CALIBRATEDNA VIGATION OBSERVABLES 

In the previous sections we pointed out the procedures needed to compute a plasma 
free sky frequency using three independent signals simultaneous acquired in the bands 
WX, WKa and KaKa. These calibrated sky frequencies can now be used to form a 
plasma-free Doppler observable compatible with the data format usually handled by the 
ODP. For two-way Doppler observables' the ODP uses the received sky frequency in the 
following mannerto computethe observable": 

wherefREF is the Doppler reference frequency and aru,/~,, is the turnaround ratio, which 
depends only upon the down-link band, since it is always referred to an S-band up-link 
carrier. For an X-band down-link signal, as/x = 880/221. Thus, at each timetag, the 
plasma calibrated sky frequency can be directly substituted to the corresponding 
uncalibratedone to form aplas ma calibratedobservable: 

* f REF - 

Ther esult of this procedurei s a newn avigationfi lewher e the Dopplerobservabl es, 
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 
beenpro cessedforthefirsttime for orbit determination. 

For a full comparison between the plasma-free and raw observables, we processed 
(in the ODP) the original, plasma free and plasma free with the AMC navigation files, 
wheretheobse rvables arecom presseda t 300s. 

To compare the results of using the three different tracking data sets in terms of 
spacecraft navigation, a short arc, spanning just the solar conjunction period (between 
June gth and July 5th, 2002), was processed. The initial conditions on June gth, 2002 were 
obtained from a long arc solution that has an epoch of February 2gth, 2001. The only 
parameters estimated in the short arc solutions were the spacecraft 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 eachpas s isequaltothe 1 -ovalue of thefr equency residuals. 

One-way,two -wayan dt hree-wayDo pplero bservablesarefo rmedresp ectivelyw hen: 
- the spacecraft(S/ C)g enerates asi gnal whichis receivedatt heg round station 
-t hes aineg roundst ationg enerates theup -link signalto th eS/ Can d receivest he down-links ignal fromit 
-t heu p-links ignalto th eS/C i sg eneratedi n a ground stationb utth ed own-link signalfr omth eS/ C is 

rcceivedin ad ifferentg roundstat ion 
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Figure 4 shows the two-way Doppler frequency residuals obtained by running the 
ODP andusingtheorigi nal (uncalibrated), X-band trackingdatafile. 
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Figure 4: Cassini 2002 solarc onjunctionX /X Doppler frequency residuals 
obtained using plasmauncali brateddat a andthes tandard troposphere corrections 

Note the increasing variation of the frequency residuals when the spacecraft gets 
close to conjunction (which occurred on June 21"). On June 24'h, 2002, when the average 
level of the residuals was already getting back to lower values, there is an evident 
signature in the data, already noticed in terms of increased Allan deviations in Figure 3 .  
This was probably caused by a strong solar event in a direction perpendicular to the 
Earth-to-Cassinilineofsight. Theoverall 1 -ovalue of theseresiduals is7.16 x 1 O-'Hz . 

Figure 5 shows exactly the same time interval of Figure 4, but now the plasma 
calibrated two-way Doppler observables have been processed. The y-axis scale reveals 
that the noise reduction is huge with nearly constant levels for the 17 passes shown. The 
June 22'ld, 2002, pass has not been included in the plot since it is the only one where the 
multifrequency plasma calibration scheme did not offer reliable results - see Figure 3 .  
The 1 -ovalueof theplasm acalib ratedf requencyr esidualsi s3.5 x 1 OW4Hz, morethan20 0 
timesbett er than the corresponding uncalibrated ones. 
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Figure 6 shows the additional improvement in the stability of the frequency 
residuals, which can be obtained once the AMC are applied to the plasma calibrated 
navigation observables. For some passes, especially after conjunction, the noise reduction 
is close to a factor of 5 ,  while for some others the effectiveness of the advanced 
troposphere calibration is less evident. The 1-0 value of the plasma calibrated frequency 
residuals is 1 . 2 ~  Hz, respectively a factor of 3 and 600 better than the corresponding 
plasmacalibr ated and uncalibratedones. 

Inor der toh elpvi sualizethe differences in the solutions andt heun certainties in the 
estimates, the results are mapped forward to the Saturn B-plane in Figure 7. For 
reference, the long arc solution and error ellipse is also shown in this figure. The long arc 
solution is considered the best estimate as of July 2002 of the Saturn B-plane location, 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.T direction 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 thead vancedmediacalib rations resultsin evenbetter a greementwith thelong 
arcs olution. 
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These results are impressive when considering that the short arc solutions rely on 
roughly30daysofDo pplerdatafr omonl yone gro undstationdur ingso lar conjunction.It 
shouldbepoi ntedou tthatt heerr orell ipsesa nd associatedmeanvalu es inthi splot arefor 
comparison purpose 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 hture 
maneuvers or thrusting events, which would normally dominate the size of the error 
ellipse. Furthermore, the actual mean values will differ because hture spacecraft 
maneuvers and orientation changes (that will impact the direction of the radiation 
acce1erations)a re 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-direction. A very accurate estimate of this 
value was made during the GWE1. The RTG acceleration estimate is very precise since 
during theGW Et hespace craft orientationw as not changedand was maintainedusing the 
reaction wheels rather than the reaction control thrusters. Additionally, continuous 24 
hour tracking of the spacecraft was available during the GWE. The z-direction of the 
RTG acceleration was well determined since the spacecraft was oriented such that the z- 
axis was pointed towards Earth. Table 3 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 advanced media 
calibrationsare includedinthetrackin g data. 

Table3:Su mmary of the RTG acceleration estimatesobta inedusin g 
differentse tsofX-ba nddat a and ODPs etup 

Case 
RTG I O  

acceleration uncertainty 
Km/s2 Km/s2 

LongA rcS olution -2.98xlO-" 0 .05~10- '~  

UncalibratedShortArc -7 .44~ 1 0-' 1.12x10-12 

PlasmaCalibratedShortA rc -2 .89~10- l~  0.1 3 x 1 0." 

PlasmaC alibrated+AMCS hortArc -3 .07~10- '~  0 .08~10- '~  

15 



CONCLUSIONS 

The Cassini spacecraft and its ground segment are equipped withan advanced radio 
frequency system (RF) to perform radio science experiments. In addition to the standard 
X-band down-link, coherent with a X-band up-link, the spacecraft on board configuration 
allows two additional down-links in the Ka-band, one coherent with the X-band up-link 
and the other coherent with a Ka-band up-link. The simultaneous acquisition of the three 
down-link carriers is possible only at the Goldstone (CA) complex - DSS 25 - which is 
the only DSN station with a Ka-band up-link and down-link capability. This 
configuration, originally devised to perform an accurate test of the general relativity 
duringsolar conjunct ions,all owsthecom plete removalofth esolarplasma noi sefr omthe 
Doppler observables. Moreover, the DSS 25 has been equipped with an advanced media 
calibration system which allows the full calibration of the dry and wet path delay 
components of theE arthtrop osphere. 

During the 2002 Cassini solar conjunction experiment, the RF system was operated 
continuously for 30 days, from June 6'h through July 5'h. The multifrequency plasma 
calibration scheme has been applied to all those DSS 25 passes where the three 
independent down-links were available (1 8 passes in total). Then, the plasma-free 
Doppler observables, derived from radio science open loop receivers, have been fitted 
usingtheo rbitdeter minationpro gram(0DP) totestt hecapabil itieso fthenewsystemfor 
precision spacecraft 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 
factorof 600over thecor responding uncalibrated data.Thus,withthi snewtechni que,th e 
data acquired near solar conjunctions can be successfully calibrated in order to gain 
frequency stabilities and orbital solution accuracies usually recorded when the spacecraft 
is at solar oppositions. 

During the 2003 Cassini solar conjunction experiment (SCE2), a real time test of 
the plasma calibration technique proposedin th ispap erwi llbe perf0nned.T he30daysof 
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 
capabilities of this novel method for spacecraft navigation. This experience is valuable in 
view of the potential applications for the Saturn orbit insertion maneuver (SOI) (which 
occurs only 7 days before a solar conjunction, on July IS', 2004) and during the four solar 
conjunctions which willoccurdurin g theCas siniSatu rntour (2004-2008). 

ACKNOWLEDGMENTS 

The work of P.T. and L.1 has been funded by the Italian Space Agency (ASI). The work 
of J.J.B, J.E.E. and D.R. was performed at the Jet Propulsion Laboratory, California 
Institute of Technology, under a contract with the National Aeronautics and Space 
Administration. 

16 



REFERENCES 

1. Thornton, C.L., Border, J.S., “Radiometrick Tracking Techniques for Deep-Space 
Navigation”, Deep-SpaceCommunication sandN avigationSer ies, JPL Publication00- 1 1, 
Oct .2000. 
2. Armstrong, J.W., Woo, R., Estabrook, F.B., “Interplanetary Phase Scintillation andt he 
Search for Very Low Frequency Gravitational Radiation”, The Astrophysical Journal, 

3. Roth, D.C., Guman, M.D., Ionasescu, R., Taylor, A.H., “Cassini Orbit Determination 
From Launch to the First Venus Flyby”, Paper AIAA 98-4563, AIAA/AAS Astrodynamics 
Specialist Conference,August 10-1 2 1998, Bos ton,M A, USA. 
4. Guman, M.D., Roth, D.C., Ionasescu, R., Goodson, T.D., Taylor, A.H., Jones, J.B., 
“Cassini Orbit Determination From First Venus Flyby to Earth Flyby”, Advances in the 
AstronauticalSciences , Spaceflight Mechanics 2000,Vol. 105, pp. 1053-1 072. 
5. Roth, D.C., Guman, M.D., Ionasescu, R., “Cassini Orbit Reconstruction From Earth To 
Jupiter”, Advances in the Astronautical Sciences, Spaceflight Mechanics 2002, Vol. 1 12, 

6. Cassini Mission Plan, Rev. N, JPL D-5564, May 2002. 
7. Kliore, A.J., etal.“Cas siniRadio Science”,A ccepted forpubl icationonS pace Science 
Reviews. 
8. Iess, L., Giampieri, G., Anderson, J.D., Bertotti, B., “Doppler measurement of the solar 
gravitationaldeflecti on”, Classical and Quantum Gravity,Vol. 16, 1999, pp. 1487-1 5 02. 
9. Iess, L. et al., “The Cassini Solar Conjunction Experiment: a New Test for General 
Relativity”, Proceeding of the IEEE Aerospace Conference, March 8-1 5, 2003, Big Sky, 
Montana,USA. 
10. Abbate, S.F., et al. “The Cassini Gravitational Waves Experiment”, Proceedings of 
the SPIE Conference 4856 on “Astronomy Outside the EM Spectrum”, August 2002, 
WaikoloaHI, USA. 
11. Bertotti, B., Comoretto, G., Iess, L., “Doppler Tracking of Spacecraft with 
MultifrequencyLi nks”, Astronomy&Astrophysics ,Vo1.269, 1993, pp.608-61 6. 
12. Tortora,P.,Ies s,L .,E kelund,J .E.,“ AccurateNavigation of DeepSp acePro besusing 
Multifrequency Links: the Cassini Breakthrough during Solar Conjunction Experiments”, 
Proceedingsof The World SpaceCongres s,October 10- 19, 2002,Houston, USA. 
13. Tortora, P., Iess, L., Herrera, R.G., “The Cassini Multifrequency Link Performance 
during 2002 Solar Conjunction”, Proceedings of the IEEE Aerospace Conference, March 
8-15,2003,Big Sky,Montana, USA 
14. Ekelund, J.E. et al., “Orbit Determination Program (ODP) Reference Manual”, JPL 
D-l8671(JPL internal document), Volumel-4, Pasadena,CA, Feb. 2000. 
15. Resch, G. M. et al. “The Media Calibration System for Cassini Radio Science: Part 
111”, IPN ProgressReport ,42- 148,l-12 ,2002. 
16. Keihm, S. J., “Water Vapor Radiometer Measurements of the Tropospheric Delay 
Fluctuationsat Goldstoneovera FullYear”, TDA ProgressReport ,42- 122,l-11 ,1995. 
17. Moyer, T.D., “Formulation for Observed and Computed Values of Deep Space 
Network Data Types for Navigation”, Deep-Space Communications and Navigation 
Series, JPL Publication00-7 ,Oc t.2000 

V01.230, 1979, pp.570-574 . 

pp. 693 -704. 

17 




