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Abstract and uplinks were provided by NASA's Deep Space
Network (DSN).

In the summer of 1998, the Lunar Prospector (LP). ) . .
spacecraft was tracked from DLR's Weilheim groun igure 1. DLR's 30m Deep Space antenna at Weilheim
station. Over a period of six weeks passive 3-wayThe uplink signal generated by the 26 m and 34 m
Doppler data have been collected by the 30 m deetations at Madrid (DSS 61, 66), Canberra (DS$482,
space antenna making use of the available uplioka fr or Goldstone (DSS 16, 24, 27) was received by the
stations of the Deep Space Network (DSN). The papkunar Prospector spacecraft, retransmitted cohgrent
describes the tracking campaign and the subsedaémt and finally received by the 30 m antenna in Weithei
analysis using both Geodyn Il and DLR’s in houdeitor Here, the downlink signal with a nominal carrier
determination software DEEPEST. The originafrequency of 2273 MHz was processed by an ESA
measurements exhibit a noise level of 0.5 mm/®ant standard Multi Purpose Tracking System (MPT&fjer
times of 30 s. Taking advantage of the LP75G gyavipassing the low noise amplifier and a recentlyaithedt
model, the data could be modeled to an accuracy lofv-Earth S-band receiver.
typically 6 mm/s rms in weekly orbit determinations
Attempts were also made to model the 0.2 rev/dioota
of the LP spacecraft, which is evident as a peciod
signal with a ~7 mm/s amplitude in tracking datj
sampled at a 1 s interval, but proved to be urfaatisry
due to an apparent instability of the rotation .r&ieally
all tracking data were processed using the GEODIN
& SOLVE program available at TU Delft to generatg
partial derivatives for gravity field coefficientand
demonstrate the basic capability of solving forl@bgl
75x75 gravity model.
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Lunar Prospector Tracking Figure 2: 3-way Doppler tracking principle

. . . The measurement principle, which is known as 3-way
A six weeks tracking campaign of the Lu”arDoppIer tracking, differs from common 2-way

Prospector (LP) spacecraft was conducted at DLRSeasurements by using separate uplink and downlink
Weilheim ground station (Fig. 1) in summer 1998mit gtations. In contrast to 2-way measurements, deifts

speciéahl permission of the LP project. Trackingteta%n biases in the uplink frequency generation are not,
July 67 (DOY 187) and was terminated on August'15 p,ever, cancelled by corresponding errors in the

(DOY' 227). Throughout this period, passive 3-Warequency standard of the Doppler measurement Anit
Doppler measurements (Fig. 2) were collected by BLR, qr6gen maser atomic clock operated at the Weilhei

30 m antenna whenever LP was visible from Weilheing;o\nq statioh was therefore connected to the MPTS

system to provide a highly accurate and stableentz
for measuring the carrier frequency of the received
downlink signal.




Non-destructive  Doppler measurements  werB s. A pronounced beat pattern with a typical gkod
registered at a count interval of 1 s, but later-oB0 min may e.g. be observed by selecting evéty 5
combined into effective 30 s count intervals fobibr measurement from a set of 1 sec count interval d&=
determination purposes. The measurements exhilwit a corresponding spin period of P = (1/5s-1/1808s)
noise level of about 3 mm/s at 1 s count intenaals 5.014 s is compatible with the value derived abioom
equivalently, 0.5 mm/s at count times of 30 s. Besia Fourier analysis. In case of a 30 s count intethal
notably reduced data noise, the integrated measumtsm same beat period applies but the amplitude of the
are essentially free of periodic Doppler variationsiveraged Doppler variation amounts to a mere 0.02
caused by the 5 s/rev spacecraft rotation. mm/s, which may be neglected in comparison with the

The Doppler counts were subsequently converted @werall data noise.
average range rate measurements using the nonfhal LIt is furthermore noted that the rotation induced
uplink frequency. Furthermore, the data preproogssi Doppler variation could not be modeled in a saitgfy
comprised the assignment of the proper uplink atati manner over long data arcs, even when applying a bi
identification to the data records, based on tmedast harmonic sinusoidal antenna rotation model. Appiren
of the DSN operations schedule. Additionally adaal the rotation period is not strictly constant bubjsat to
monitoring was performed, followed by a manual datainor variations. These may be attributed to vt
editing to remove records affected by uplink statioof the moment of inertia caused by thermal exmansi
transitions or occultation phases. of the booms of Lunar Prospector. Similar effecgen

been observed for other spinning s/c (McElrathy.pri
comm.) but could not be quantified for LP in thiady
Spacecr aft Rotation due to the non-availability of telemetry informatio

Lunar Prospector is equipped with helical low-gain
and medium gain antennas, which are nominally atign
with the s/c spin axis. Any radial offset betweka spin
axis and the symmetry axis of the receiving and/or
transmitting antenna results in an oscillationhaf phase
center with a period equal to the spin period o B\t
short Doppler count intervals (1 s), the s/c rotativith
a amplitudedv of about 7 mm/s is clearly discernible
from the tracking data (Fig. 3). This finding is in
agreement with Beckmann and Corithend indicates
an antenna offset adv/w or 6 mm, wherewis the s/c
angular rotation rate. Using a data arc of 30 min
duration with 1 s count interval, a s/c rotatiomipe of
P=5.02+0.02 s was derived by a Fourier analysihef
tracking data residuals. Besides the main signal a
superimposed oscillation with twice the frequency a
about 1/8' the amplitude was found. It indicates a
notable asymmetry of the periodic phase centeatian
but remains otherwise unexplained.

Since the spin period differs slightly from an atle
value of 5 s, it cannot fully be compensated byosiy
count or sampling intervals that are integer mldspof
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Figure 3: A 30 s data arc showing the 5 s rotation period_-whar Prospector. The periodic Doppler shif
+7 mm/s indicates a 6 mm offset between the antphaae center and the actual spin axis.
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Figure 4: Orbit determination range rate residuals (rms) fiMadrid (DSS61, DSS66), Canberra (DSS 42,
DSS46) and Goldstone (DSS16, DSS24, DSS27) foingadata arcs.

Range Rate(3W9.3

WHM3 (rcv)
CNB42 (xmt)
[cm/s]
0.0
-0.1
-0.2
-0.3
I ‘ I ‘
” 12h . 12h
Range Rate(:%\A/g'5 0
WHM3 (rov) 04T
MAD61 (xmt) 0-3
[cm/s] 0.2
0.1
0.0
-0.1
-0.2
-0.3
‘ ‘ 12h
22. 23.
Range Rate(3W§-4
WHM3 (rcv) 0.3
MADG66 (xmt) 0.2
[cm/s] 0.1
0.0
-0.1
-0.2
-0.3
-0.4
-0.5 I ‘ I
22. 12h 23.

Figure5: Sample Lunar Prospector range rate residuals. Resttion is Weilheim (WHM3), transmit stations
are Canberra (DSS 42) and Madrid (DSS61, DSS66).



Orbit Determination Further improvements may be expected from higher
degree and order models, that will became available
The LP tracking data collected at Weilheim seraed after moving Lunar Prospector into a lower altitudbit
a test bed for GSOC's newly developed DEEPEST orlfKonopliv priv. comm.).
determination software for deep space missions and
planetary orbiters. 450
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equations are integrated by a variable order, bhria
step-size multistep method, which is self-startamg ‘ ‘ ‘
supports interpolation as well as dense ephemel'iSngga/owoa 19980715 199GI07/22  199GI07/20 19980805  1098/08/1
output. For consistency with JPL's LP75G gravity Date

modef applied in the data analysis, the numericallfFigure 6: LP ephemeris overlap results using LP75G.
integrated DE403 libration angles were used to egdnv Shown are maximum (dashed, triangle) and rms values
from EME2000 to the lunar body-fixed, principal &xi (solid, rectangle) of the ephemeris differenceseran
system. All other transformations are based ogeometry is indicated as circles, edge-on geometry
conventional IAU expressions (precession, nutatiowertical lines.

sideral time) and IERS Earth rotation parameters.

Using the above models, data were processed info assess the quality of the orbit determination
batches varying in duration from several hoursaupvo  solutions, ephemerides from different solutions are
weeks. In Fig. 4 the rms residual values from 2&itor numerically compared. To this end, data arcs ofuabo
determination runs for different data arcs andimtat 2.5 days have been applied for orbit determinadioch 3
are depicted. The Madrid antennas DSS61 and DSS@88y ephemerides have been generated. Two subsequent
share the highest common visibility with Weilheimtrajectories overlap by 1 day and the maximum posit
among the DSN stations and thus imply long data.ar@and rms values have been computed. The results are
As consequence, the rms of the residuals of Madrid depicted in Fig. 6 for an interval of one month.
to higher values than the residuals from Goldstone It is noted that an attitude trim maneuver hasnbee
Canberra. Otherwise, no systematic anomaly rekated conducted, starting on 1998/07/27 16:10:17 UTC, to
specific station or antenna is apparent. erect the spacecraft spin axis normal to the eclipt

Under favorable conditions (face-on geometry) eangplane. The maneuver has been modeled and estimated
rate residuals of less than 1 mm/s were obtaine@8Gs within the DEEPEST s/w and vyields an effective
count intervals and short and medium arcs, thueelocity increment of about 2 cm/s. The mapping of
confirming both the accuracy of the tracking systemd remaining maneuver modeling deficiencies on the
the good quality of the LP75G gravity model. ephemeris overlap at 1998/07/28 is estimated at the

For long data arcs (Fig.5) with multiple uplinktsbns order of 100 m.
involved, individual Doppler biases were estimatdae The maximum rms value of the position differense i
to an incomplete knowledge of the actual DSN uplinB00 m, as compared to an operational GSFC
frequency and the simplifying assumption of a nahin requirement for the definitive LP ephemeris of 1000
reference frequency in the tracking data prepraegss rms in each component. The maximum position esor i
and range rate computation. The correlation ofbilas  exceeding the rms value by less than 50%.
parameters and the state vector components typisall The temporal variation of the overlap results ig. ©
at a level of 20% while the standard deviationhef bias is obviously related to the observation geometrthwi
estimates is typically 0.1 mm/s. higher errors during edge-on geometry (orbit normal

From Fig. 4 it is evident that in general both thean perpendicular to line of sight) and smaller erroesar
and the maximum rms residuals increase with inangas face-on phases. This is caused mainly by increased
data arcs. This phenomenon is clearly related foitte  gravity model errors on the lunar far-side that are
modeling deficiencies and can most probably beelevant for edge-on geometry, while the lunar gyav
attributed to restrictions of the LP75G gravity rabd field for face-on geometry is reasonably well known
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Thus the orbital variation of the overlap ephemeriachieved, a sparse coverage of the pole regions is
differences is much smaller for face-on geometryO(~ obvious as well as uncovered meridional stripes wit
m) than for edge-on geometry (~200 m). The numlber about 150 km width. As a global 75 degree and order
tracking measurements for edge-on phases is redwycedfield corresponds to a surface resolution of 75 Kma,
about 30% as compared to face-on phases, but dbes eollected tracking data do not suffice for the itesbn
significantly affect the results, since systematicors of a high degree and order gravity field.

are dominating. Furthermore, the singularity of fidee- Nevertheless, to demonstrate the principal capabil

Figure 7: Coverage of the lunar surface with Weilheim 3-itmppler tracking data from 1998/07/05-1998/08/16.

on observation geometry is removed by extendemhd skill for the development of such a complex etod
tracking arcs of 2.5 day duration that provide isight first attempts were finally made to adjust a 75rdeg
variation in parallax. On 1998/07/29, a slighthgier and order lunar gravity field model solely usinge th
error maximum is observed than during the edge-OWeilheim 3-way Doppler measurements. At the time of
phases 14 days before and after. This may partily the analysis, LP75D was the most advanced gravity
attributed to a residual mismodeling of the at@udm model, that was therefore used as reference andriapr
maneuver, that occurred during this face-on period.  model. The relevant computations were carried éut a
Prior to the Lunar Prospector mission, one ofstiaée- TU Delft using a local version of GSFC's GEODYN II
of-the-art gravity models was the GLGM-2 modeltét and SOLVE programs installed on a Cray J90
GSFC. It is a spherical harmonic model complete toomputer. To ensure consistency with the LP75D
degree and order 70 that has been developed fromr8ference frame, a semi-analytical libration series
band Doppler tracking data from the Clementineompatible with DE403 (J. Williams, priv. comm.) sva
mission, as well as historical tracking data frone t implemented into GEODYN. Partial derivatives and
Lunar Orbiters 1-5 and the Apollo 15 and 1éhormal equations for a set of 75x75 gravity field
subsatellite3 coefficients were generated for three subsequest on
The tracking of Lunar Prospector has contributedieek data batches (covering the weeks 28-30, where
substantially to an improved knowledge of the lunaweilheim data were available at that time) andrlate
gravity field. This may be demonstrated by comparss combined within the SOLVE program. Kaula's rule for
of ephemeris overlaps using either GLGM-2 or LP75QGhe a priori uncertainties of all coefficients cfgteen,
Overlaps from orbit determination runs using GLGM-gjiven by 1.5-10°n% was, furthermore, used to
for face-on geometry lead to differences of 9 knd anconstrain the gravity field solution, since the agiv
4 km, in contrast with 0.04 km and 0.07 km for LB&/5 measurements alone do not allow the complete set of
The orbit determination runs were even found tedje coefficients to be determined.

for edge-on geometry. As result, the sample 75x75 gravity model JLGM-03
(Joint Lunar Gravity Model) was obtained and orbit
Gravity Field Determination determination runs for the three week batches were

rerun with the new model. While the Doppler resldua

In Fig. 7 the coverage of the lunar surface sdielyn  rms values using the LP75D model were 3 mm/s, 9
Weilheim 3-way Doppler data is given. Although amm/s and 5 mm/s for the weeks 28-30, respectitiéy,
coarse coverage of the lunar near-side has beeorresponding figures reduced dramatically to Orb/sn



for the full three-week arc while using JLGM-03. The authors wish to thank the Lunar Prospectoregtoj
To assess the derived lunar gravity model furtbeait the LP radio science PI, the JPL Deep Space Network

determinations have been performed with independesmhd the LP Navigation Team at GSFC for generously

data from calendar week 31. Surprisingly, it turoed, supporting this work.
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To demonstrate the development of a high degrde an
order lunar gravity model, the sample 75x75 gravity
field JLGM-03 was derived, despite the lacking
coverage of the lunar surface with Weilheim Doppler
data. While the resulting gravity model is by noywa
competitive with models derived from continuous
tracking, it marks an important step in Europeamatu
gravity field analysis and demonstrates the readirier
more detailed investigations within the upcomin¢gSe
and LunarSat missions.
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