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Introduction:  The lunar gravity field has been in-

vestigated by Doppler measurement for the last 40 
years. However, the gravity field of the rim of the 
Moon was not clearly investigated like the nearside. 
Over the rim of the Moon, the gravity force from the 
Moon acts mainly in the direction perpendicular to line 
of sight (LOS). So we can’t estimate the gravity field 
precisely only by Doppler measurements which is sen-
sitive to the direction of LOS. In order to solve this 
problem, we apply very long baseline interferometry 
(VLBI) technique in VRAD (the differential VLBI 
radio sources) mission of Japanese lunar explorer 
SELENE (SELenological and ENgineering Explorer) 
in addition to a conventional 2-way and newly applied 
4-way Doppler measurements [1]. By measuring the 
difference of arriving time of the same wave front of a 
radio signal from the spacecraft (s/c) at two or more 
separated antennas, VLBI can precisely determine the 
position and the velocity of the s/c in the direction per-
pendicular to LOS. 

Recently, the VLBI technique has been used for 
deep space missions of NASA and ESA [2][3]. How-
ever, a large amount of VLBI data prevented the real 
time processing. Moreover, frequency allocation of the 
downlink signals was not appropriate for precise group 
delay measurement and limited the accuracy of angular 
component of the position of an s/c to several tens to 
nano radians (nrad) [2]. In order to detect a small mo-
tion of an s/c generated by the regional gravitational 
acceleration of the Moon, multi-frequency VLBI was 
proposed [4]. When we measure the fringe phase with 
an accuracy of 10 degrees by using differential VLBI, 
the relative position of two sub-satellites around the 
moon will be decided with an accuracy of 20 cm for 
the 2000 km baseline [4].  

In association with this plan, we have developed a 
low rate sampling and recording system for narrow 
bandwidth VLBI and correlation software. In order to 
confirm the performance and capability of our VLBI 
system, we conducted a VLBI observation of Japanese 
explorer GEOTAIL which transmitted a few carrier 
waves. In this paper, a detail of the VRAD system and 
the result of correlation and the group delay measure-
ment would be shown.  

VRAD system: Back-end system. In radio astro-
nomical and geodetic VLBI surveys, usually wide 
bandwidth signals from radio stars have been recorded 
to improve the accuracy of the group delay. However, 
the wide bandwidth signals are not effective for track-
ing an s/c because they consume higher power in the 
s/c. For this reason, we have developed a low rate 
sampling and recording system, called S-RTP station. 
The sampling rate and quantization are 200 kHz and 
6bit, respectively. This system samples and digitizes 
the video signals, and records them on a hard disk 
drive.  

Correlation software. Correlation software has 
been also developed. In a conventional correlator, a 
geometric delay is calculated assuming plane wave 
coming from the extra galactic radio sources. However, 
this assumption is not valid in the case of an s/c at a 
finite distance from the Earth. So we modified the de-
lay model from the plane wave to a spherical wave. In 
our method, the propagation times from the s/c to each 
ground station are calculated directly by solving the 
light time equations. 

Observation: We carried out the VLBI observa-
tion of GEOTAIL from November 15 to 16, 2004. The 
radio telescopes involved in this observation were 
MIZUSAWA 20m (MIZ20), 10m (MIZ10), URUMQI 
25m (URU25), and SHANGHAI  25m (SHA25). 

The downlink signal of GEOTAIL was either in te-
lemetry mode or ranging mode or ripro mode. There 
was only one carrier wave in the telemetry mode. In 
contrast, the downlink signal consisted of a main car-
rier wave and some harmonic waves in ripro mode. 
The frequency interval was about 500 kHz. So we 
could estimate the group delay in ripro mode. The 
main carrier wave and the two harmonic tones whose 
frequencies were 2259.85MHz, 2259.30MHz and 
2260.90MHz. They were separately recorded in three 
channels of S-RTP station. To compensate the phase 
difference between these three channels, the phase 
calibration signals at every 83 kHz were mixed with 
the IF signals in front of the video converter. Addi-
tionally, several QSOs whose positions were well 
known were observed for calibrating the clock pa-
rameters. 
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Result: Cross Correlation of QSO. Because the re-
corded bandwidth of our system is only 100 kHz, we 
observed the QSO whose source flux density (Sc) is 
large enough to detect the fringe and estimate the 
group delay within an error of less than 1ns. The corre-
lation of the signal from QSO was carried out by the 
software. As a result of correlation and the group delay 
analysis, the clock offsets between each baseline were 
estimated within an error of less than 1ns.  

Cross Correlation of GEOTAIL. The frequency of 
the carrier waves from GEOTAIL changed slightly by 
a few Hz in 1PP of 1 second. So the Fourier compo-
nents of only +/- 10Hz around the center frequency of 
the carrier wave were used to calculate the residual 
fringe phase (RFP) with a high SNR. As a result of the 
correlation, we could continuously track the RFP of 
the main carrier wave for 3 hours of all baselines. 
Moreover, we could obtain the RFP of two harmonic 
tones for 1 hour in ripro mode.  

Group delay analysis. A residual group delay 
(RGD) of the signals from GEOTAIL without instru-
mental delay correction was estimated as shown in 
Fig.1. The temporally change of the RGD would be 
resulted from an error of apriority orbit of the s/c. In 
the case of URU25-SHA25 baseline, the change of 
RGD which were 70ns in 30 minutes corresponds to 
the movement of the s/c by 650m in the direction per-
pendicular to LOS when the distance between the s/c 
and the antenna was about 177000km. The accuracy of 
the apriority orbit of the s/c is several km, so the tem-
porally change of RGD represented the residual be-
tween apriority and real orbit.  

After the removal of the linear trend of RGD, the 
RMS of the RGD were 1ns or less for 120 seconds 
integration as shown in Table.1. These errors could be 
caused by the thermal noise in the ground systems and 
were roughly consistent with the error expected from 
the SNR of the signals. In this observation, the total 
bandwidth of the received signal is only 1.5MHz. 
However, the SNR was very large and the baselines 
were intercontinental so we could estimate the angular 
component of the position of the s/c with an accuracy 
of about 50 to 150 nrad. This accuracy was almost as 
good as NASA/ ESA. 

Conclusion:  We carried out a VLBI observation 
of GEOTAIL by using dedicated narrow bandwidth 
VLBI system. In this observation, we recorded a few 
carrier waves. As a result of software correlation, the 
residual fringe phases of the main carrier wave in each 
baseline were obtained at every 1 second. We could 
also continuously track them for 3 hours. Moreover, 
we could derive the group delays within an error of 
1ns or less for 120 seconds integration. From this re-

sult, the angular component of the position of the s/c 
could be estimated with an accuracy of 50 to 150 nrad. 

Finally, we confirmed the validity of the new 
hardware and the software in VLBI system. It could be 
expected that we can detect the regional gravity field 
of the Moon precisely by using this system. Further-
more, in addition to the range and Doppler measure-
ments, VLBI observation by this system has a capabil-
ity of precise three-dimensional positioning of an s/c. 
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Fig.1 The residual group delay of the signals from 
GEOTAIL without instrumental delay correction.  
 
Table.1 The parameters of each baseline and the result 
of the group delay analysis. 

 MIZ-URU URU-SHA MIZ-SHA 
Baseline length 4375 km 3261 km 1985 km 
RMS of delay 0.79 ns 0.62 ns 1.05 ns 
Position  accuracy 54 nrad 57 nrad 159 nrad 
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