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In 2008, the VLBA observed the Phoenix spacecraft for 8 sessieach of about three hours, over
a period of four months up to the Mars landing. Phase-reténgrvLBI techniques were used
between the Phoenix 8.4-GHz telemetry signal, the contmemission from nearby quasars, and
the telemetry signal from the two Mars orbiters. The astiimeesults of these observations were
compared with the accurate trajectory of Phoenix deterdhafter landing in order to assess the
VLBA positional accuracy and its feasibility for future NASspacecraft tracking. The nominal
celestial position of Phoenix was obtained to about 0.15awasaracy, but achieved an accuracy
of 0.015 mas (15 meters at Mars) with respect to the Mars cefitmass within two days of
landing using in-beam observations of Phoenix and the twisMebiters.
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1. Motivation for VLBI Tracking of Spacecr aft

Doppler and radar ranging methods obtain the accurate distance to arsfiaead these are
the main navigational techniques used for the successful insertiona#@pét on or around solar-
system bodies. However, the ability of VLBI techniques to determine theespaft position on
the plane of the sky during its flight provides complementary positional infioméhat is critical
in some cases in determining the precise location of the spacecraft.

Supporting interferometric observations have been made for many ysagsthe three DSN
70-meter antennas in Goldstone, CA, Robledo, Spain and Tidbinbilla, Aastithe observing
technique measures the delay between quasars and spacecraft itrdetheir angular separa-
tion. However, to measure sufficiently accurate delays, the spaceuraftransmit special signals
that are separated by many megaHertz [1]. The VLBA, with its accurateeps$tability and ob-
servational flexibility, needs only to detect the spacecraft telemetry sigraatler determine its
relative position with respect to quasars nearby in the sky—in exactly the saanner as that
used for natural radio sources that emit relatively narrow-band emissising a technique called
phase referencing [2, 3]. Thus, spacecraft interferometry with tt@As less invasive to space-
craft operations since only the telemetry signal is needed. AngularatEper between a spacecraft
approaching a planet with other spacecraft orbiting or on the planitcgeucan also be obtained
from their telemetry signals using VLBA phase referencing.

The astrometric goals of the 2008 VLBA observations were to determine tBé pasitional
accuracy of Phoenix that could be achieved, and to begin the develbpfiz@roperational system:
obtaining accurate a priori parameters for the observations, determimrgptimum observation
scheme, correlating the interferometric data, processing the data to obtaigsincagverting the
data into observed delays for input of the VLBA results into the navigatisofilvare package.
Real-time connections from the antennas to the correlator were also intedtigarder to obtain
12-hour turn-around from observations to results, when necefsgahe mission.

2. VLBA Observing Strategy and Reductions

The observing scheme is illustrated in Fig. 1. The bulk of the observation tingsted of al-
ternating one-minute scans: Quasar—Phoenix—Quasar—OrbiterswCRIagenix...etc. The quasars
are compact ICRF sources with known position to 0.15 mas accuracy and satveral degrees
of Phoenix. During the three days before landing, Phoenix and the riere closer than’6
and could be observed simultaneously by the VLBA. The two Mars orbi@ugssey and Mars
Reconnaissance Orbiter (MRO) were always sufficient close to b with one pointing.

The mean telemetry frequencies for Phoenix, MRO and Odyssey werg, 8.439 and 8.550
GHz, respectively, with a telemetry bandwidth of 50 to 300 kHz. Accuradeexqraft orbits were
obtained from JPL navigation team and used in the correlator model to deteth@residual
visibility data. Corrections for solar and planetary gravitational bendirtyparallax and wave
curvature were included. The data were averaged every 1 sec ané fdHz bandwidths, each
with 256x 31.5 kHz channels, covered the spacecraft signals. All spacsgaétls were strong (1
to 30 Jy) and point-like, whereas the quasars were about 0.2 Jy sotitee3hMHz bandwidth
was used to obtain good SNR.
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Figure 1. The Observing Scheme: The ten VLBA-antennas alternatedradutsons of the quasar with
Phoenix and the two Mars orbiters. Within two days of landiRgoenix was sufficiently close to Mars so
that all three spacecraft could be observed simultaneauitiiyn one antenna pointing area.

After data correlation initial a priori corrections, relevant data editing, @mionosphere re-
fraction model (taken from GPS observations) were applied to the visibiltyy dde quasar data
were then used as the “primary reference source” in order to deterngnestnumental antenna-
based delays and phases for each quasar scan. These valuggavpodated in time to the space-
craft data to determine their calibrated visibility. The spacecraft data werepgtocessed in two
ways: First, using FFT and clean deconvolution methods, a spacecrgf iwes obtained with a
resolution of about 1 mas. The offset of the peak intensity of the spaft@niage from the image
center gives its residual position with respect to the assumed orbit used gotrelator model.
The velocity estimates of the spacecraft orbits were sufficiently accuatihat no blending of
the image response occurred over each session of a few hoursndSéue visibility data were
converted into a residual delay between the quasar and the spadecesfth scan and for each
antenna. When this delay is added to that assumed in the correlator modetatidelay between
the quasar and spacecraft is obtained, and this quantity is free of sutympisons made in the cor-
relator model and processing of the data. It is the time difference betwegundsar and spacecraft
wavefronts impinging on each antenna, compared with the wavefrontsimgabe Earth geocen-
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Date P-QSep P-OSep P-QAccuracy P-O Accuracy

2008 (deg) (deg) (mas) (mas)
Mar 01 2.3 3.1 0.20+0.25 0.33
May 14 14 1.8 0.09+0.15 0.20
May 17 15 1.3 0.13+0.15 0.14
May 19 1.6 0.8 0.08 +0.15 0.07
May 22 1.8 0.22 0.10+0.15 0.05
May 23 1.8 0.14 0.06 + 0.15 0.03
May 25 1.9 0.06 0.09 +0.15 0.02
May 26 1.9 0.02 0.11 +0.15 0.015

Table 1: Accuracy of the VLBA Phoenix Observations

ter. This delay is similar to spacecraft navigation ranging data and couilgt basadded to the
navigation data base for processing and comparison of many typesightiaw data, including
the VLBA data [4].

3. Navigation Analysis of VLBA Data

Information concerning each of the eight observing sessions and titoenatric results are
given in Table 1. The second column gives the Phoenix to Quasar Sepdf-Q Sep) whereas
the Phoenix-Orbiter separation (P-O Sep) decreased from 3.1 degtthégsone arcmin as the
spacecraft approached the planet. The astrometric results given inbtbehtave been derived
from the JPL navigation software in which the VLBA-derived delay dateeveempared with the
known Phoenix trajectory after landing. The Phoenix position accurétyrespect to the quasar
(P-Q Accuracy) contains two terms. The first term is the relative positioaracy between the
quasar and spacecraft, and depends on their angular separatiorsky ted the quality (mostly
weather related) of the data. The second term gives the estimated qaasi@npaccuracy with
respect to the ICRF celestial reference frame. The final column lists #iggpoaccuracy between
Phoenix and the two orbiters (P-O Accuracy). This position differeneds®lute in the sense of
tying Phoenix to Mars since the relative position of the orbiters with respebetoenter of mass
of Mars is accurate to 0.001 mas. The spacecraft to spacecrafaagaignificantly improves as
Phoenix approaches Mars and the day before landing, the estimatedfé@l5 mas corresponds
to 15 meters at Mars.

4. Conclusions

The analysis of this extensive pilot program using the VLBA to track thesRixaspacecraft
demonstrates that the astrometric accuracy of spacecraft position widctdés the ICRF frame,
using quasars, is about 0.2 mas. The entire ecliptic region can be adgalesterved since the
VLBA north-south positional accuracy degrades only slightly as fattsas—30° declination. The
use of the telemetry signals from the spacecraft provides the VLBA withdbessary flexibility
to determine the spacecraft to spacecraft (or orbiter or landed spétyseparation using the same
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observational techniques as that for quasar phase referencingn iWése spacecraft are located
within a few arcminutes, their relative positions can determines as accurat@l§amas.

During the 2008 observations, NRAO and JPL developed the infrasteuatut communica-
tion needed for future collaboration: (1) The procurement of opticar fiinks between most of
the VLBA stations were investigated. This capability will be required to obtdireetric data
after critical maneuvers no more than 12 hours after the measuremeniis tl{2)near future, the
main telemetry signals for deep space navigation will move to 33 GHz for higtremaetric pre-
cision and less interference from plasma refraction. The possible dggfahe VLBA antennas
to dual 33GHz/8GHz receiver capabilities to meet this frequency chaagalso investigated. (3)
Efficient and semi-automatic methods were developed to transmit the sfaaqaiari orbits and
other parameters from JPL to NRAO, to correlate and process the dakdyquith robust scripts,
to obtain images and total delay quasar-spacecraft differences, &nadisport these data into the
JPL navigational data base for further analysis.

With accurate tracking of spacecraft, the VLBA observations indirecttgiolprecise posi-
tions of solar system objects. For example, recent VLBA tracking of thesi@aspacecraft has
procured the most accurate position of the center of mass of Saturn §8h @&servations can
improve the ephemerides and dynamical understanding of the solar sygeatso
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