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We carried out a series of VLBI observations of Nozomi by using a dedicated narrow bandwidth VLBI system.
The three carrier waves with frequency interval of 515 kHz were recorded in 3 channels of the system and
correlated by a software method. As a result of the correlation, the residual fringe phases of the main carrier
wave are obtained for every 1.3 seconds. We can also continuously track them for 100 minutes. The variation
of the residual fringe phase is +/— 150 degrees. Moreover, we can derive succesively the group delay for every
100 seconds by using these three carrier waves. The RMS of the group delays is 13 nsec and its average is
well accorded with the delay determined by the range and Doppler measurements within an error of 2 nsec.
Consequently, we confirmed the validity of the narrow bandwidth VLBI system, and it could be expected that
this system, in addition to range and Doppler measurements, can be applied to three-dimensional tracking of a
spacecraft and the precise gravity measurement of the Moon and the planets.
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1. Introduction

The lunar gravity field has been investigated by Doppler
measurement for the last 40 years. Recently its global map-
ping has been done by “Clementine” (Zuber et al., 1994)
and “Lunar Prospector” (LP) (Konopliv et al., 2001). Al-
though these observations contributed to knowing the low
degree gravity field and the detail structure of the nearside,
the gravity field of the rim of the Moon was not clearly in-
vestigated like the nearside. This is because the Doppler
measurement is sensitive to the direction of the line of sight
(LOS). Over the rim of the Moon, the gravity force from
the Moon acts mainly in the direction perpendicular to LOS
and we cannot estimate the gravity field precisely only by
Doppler measurements. The internal structure, which is
conventionally derived from the gravity and the topographic
data (Bratt ez al., 1985), is interesting especially for the rim
of the moon. For example, the observational fact that a crust
of the far side is older and thicker than that of the nearside
is one of the important phenomena related to the thermal
evolution of the moon, and there may be new facts under
the rim region of the Moon which give us a key to clear up
the cause of the dichotomy. In order to improve the low
order and degree components of gravity field especially for
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the rim of the Moon, we apply very long baseline interfer-
ometry (VLBI) technique in VRAD (the differential VLBI
radio sources) mission of Japanese lunar exploration project
SELENE (SELenological and ENgineering Explorer) in ad-
dition to a conventional 2-way Doppler and newly applied
4-way Doppler measurement (e.g., Hanada et al., 2002;
Namiki et al., 1999). By measuring the difference of arriv-
ing 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 perpendicular to LOS in contrast to the
Doppler measurement.

The VLBI technique has been applied to tracking of a
s/c since 1960s (e.g. Border et al., 1992; Sagdeyev et al.,
1992). These VLBI observations of the s/c were success-
ful, and recently it has been used for deep space missions
of NASA and ESA (Antreasian et al., 2002; Thornton and
Border 2003). However, a large amount of VLBI data pre-
vented the real time processing. Moreover, frequency allo-
cation of the downlink signals was not appropriate for pre-
cise group delay measurement and limited the accuracy of
angular component of the position of the s/c to several tens
to nano radians (Thornton and Border 2003). In order to de-
tect a small motion of an s/c generated by the regional grav-
itational acceleration of the Moon, multi-frequency VLBI
(MFV) was proposed (Kono et al., 2003). In MFV method,
radio transmitters on board two small sub-satellites around
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Table 1. The characteristics of the narrow bandwidth VLBI sampling and
recording system S-RTP station.

Quantization Number of channels

6 bits 4

Sampling rate
200 kHz

the Moon emit three carrier waves in S band and one in X
band, and differential VLBI observation between the two
sub-satellites is carried out. When we derived 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 (Kono et al., 2003). This accuracy will
be contributed on determination of the low degree coeffi-
cients of the spherical harmonics of the lunar gravity field
(Matsumoto et al., 2002). In association with this plan, we
have developed a narrow bandwidth sampling and recording
system for VLBI and a correlation software for processing
of the data obtained in the VRAD mission.

Using the systems mentioned above, VLBI observations
for tracking of LP were carried out (Kono et al., 2003). In
these observations, a phase delay was estimated within an
error of a few degrees for a short period, however a group
delay could not be estimated because only one frequency
signal was used in LP. For applying VLBI to the gravity
measurement of the Moon, we must obtain the phase delay
for longer period within an error of a few degrees and deter-
mine the group delay without cycle ambiguity. In order to
confirm the performance and capability of our narrow band-
width VLBI system and analysis software, we conducted a
fringe phase tracking and group delay determination for a
few hours by VLBI observation of Japanese explorer No-
zomi, which transmitted a main carrier wave and two sub
carriers with frequencies of 515 kHz apart from that of the
main carrier. In this article, a detail of the VRAD system,
and the result of the fringe phase tracking and the group
delay measurement of Nozomi are shown.

2. VRAD System
2.1 Back-end system

In radio astronomical and geodetic VLBI surveys, usu-
ally wide bandwidth signals (from several MHz to GHz)
from radio stars have been recorded by a fast sampling-
rate system. This is because the signal-to-noise ratio (SNR)
and the accuracy of the group delay depend on signal band-
width. However, the wide bandwidth signals are not ef-
fective for real-time tracking of a s/c because they consume
higher power in the s/c and they need longer time to obtain a
result from the large amount of data. For these reasons, we
have developed a narrow bandwidth sampling and record-
ing system for VLBI, called S-RTP station, for an s/c VLBI
tracking. The performances of this system are listed in Ta-
ble 1 and block diagram of this system is shown in Fig. 1.
After the frequency down conversion and the video con-
version of the signals by using K4 or Mark-4 systems, the
S-RTP station samples and digitizes the video signals, and
now a hard disk drive is used for recording sampled data
instead of the tape recorder in the old system. Moreover,
the phase calibration signals at every several tens of kHz,
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Fig. 1. Block diagram of the narrow bandwidth receiving system.

which are ajusted to the bandwidth of the S-RTP, are mixed
to the signals to compensate the phase difference between
channels in front of the video converter.

2.2 Correlation software

A correlation software has been also developed for this
system. The software is composed of modules of VLBI
delay estimation and cross-correlation which includes a bit-
shift, a fringe-stopping and a fractional bit correction.

2.2.1 Delay model for a s/c in finite distance In a
conventional correlator, a geometric delay is calculated as-
suming plane waves coming from the extra galactic radio
sources. However, the assumption of the plane wave is not
valid in the case of a s/c at a finite distance from the Earth.
So we modified the delay model from the plane wave to a
spherical wave to estimate the geometric delay for the s/c.
In our method, the propagation times from the s/c to each
ground station are calculated directly by using the light time
equation. The propagation time from the s/c to the reference
station is expressed as follows,

| Rsc(t - t]'ef(t)) - Rref(t)|
C

Tref () = + Tgrav (1)
where R;.(¢) is the predicted position vector of the s/c
and R,.r(t) represents the position vector of the reference
station. ¢ is the time based on the reference station, c is the
velocity of light, and 7,4, is general relativistic delay. We

obtain 7,7 (#) from an iterative procedure as follows,

| Rsc(t - ‘C){gf(t)) - Rref(t)|
Cc
| Rs‘c([) - Rref(t)|
c

'L',:;l (f) = Tgrav (2)

T)Qef (t) = + Terav 3)
t,.ogf () is an initial value of 7,.7(t). On the other hand,
the propagation time from the s/c to the slave station is

expressed as follows,

| Rsc(t - Tref(t)) - Rslv(t - T/'ef(t) + Tslu(t))|
c

T (1) =

“4)

where Ry, (t) is the position vector of the slave station and
Tror (1) is given from the Eq. (1). 7y, () can be obtained

+Tgrav
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Table 2. List of radio telescopes involved in the VLBI observation of Planet-B.

Station Antenna diameter (m) System noize temperature (K) Longitude Latitude

USUDA 64 70 138°21'57"E 36°07'45"N
KASHIMA 34 85 140°39'36"E 35°5706"N
MIZUSAWA 10 130 141°07'56"E 39°08'00"N
MIZUSAWA 20 150 141°07'57"E 39°08'01"N

Time-series signal Time-series signal

2nd station

1
(—" Delay model

Bit shift

¥ (J
Fringe stopping

1st station

¥
Fractional bit correction
v ¥
FFT FFT
i ¥

Cross correlation

Fig. 2. Block diagram of the correlation process of the software.

from an iterative procedure in the same way as 7.7 (¢).
Finally the geometric delay between the reference and the
slave station is obtained as follows,

(&)

Tgeometric(t) = Ty (1) — Tref )

2.2.2 Correlation process The correlation process is
made by FX mode. The signal recorded at the 1st station is
Fourier transformed for every parameter period (PP). On
the other hand, the signal recorded at the 2nd station is
bit-shifted, fringe-stopped and corrected for the fractional
bit by using the predicted geometric delay calculated from
Eq. (5). After these corrections, the signal of the 2nd station
is Fourier transformed. Finally, each Fourier component
is cross-correlated and a residual fringe phase is obtained.
Block diagram of the process is shown in Fig. 2. In many
cases, the downlink signal from a s/c is a narrow bandwidth
carrier wave. So, we use only several tens of Hz around the
center frequency of the carrier wave to obtain a high SNR
in the course of calculating the residual fringe phase.

3. VLBI Observation of Nozomi

Nozomi is the Japanese explorer that had two swing-
bys by the earth in December 2002 and June 2003 so as
to be injected into a Mars orbit in 2004 (Yoshikawa et
al., 2001). During the period between these two swing-
bys, the onboard high gain antenna could not point to the
Earth due to some operational problems. In this period,
range and Doppler measurements could not be conducted
with sufficient SNR. To overcome this problem, the No-
zomi team of JAXA (Japan Aerospace Exploration Agency)
and the VLBI group of NICT (National Institute of In-

formation and Communications Technology) collaborated
to determine the Nozomi orbit by using the VLBI tech-
nique. We also took part in the observation from May 13
to 27, 2003, by using our VLBI systems. The radio tele-
scopes involved in this observation were USUDA (USD),
KASHIMA (KSM), and MIZUSAWA (MZS). Details of
these telescopes are shown in Table 2.

Usually the differential VLBI observation between an s/c
and a QSO is carried out to remove the fluctuations in fringe
phase and propagation delay caused by ionosphere, tropo-
sphere, and the ground systems. However, the switching
observation was not applied in our observation to detect a
long-term behavior of fringe phase. Several QSOs with po-
sitions well known, for example 18424681 and 18494670,
were observed before and after the tracking of Nozomi for
calibrating the clock offset and the clock rate between VLBI
stations. X band signals from QSOs were recorded in 4
channels of the K5 system, in which the sampling rate and
quantization were 4 MHz and 2 bit, respectively (Kondo et
al., 2002).

3.1 Signals of Nozomi

Between the two swing-by events, the downlink signal
of Nozomi was either in telemetry mode or in ranging
mode. There was only one carrier wave in the teleme-
try mode. In contrast, the downlink signal consists of a
main carrier wave, two range tones, and some ambiguity
tones in the ranging mode. We observed Nozomi in rang-
ing mode to estimate the group delay. The frequency of the
main carrier wave f.q.ior Was 8411 MHz and those of the
two Tange tones were fcarrier +/_fcarrier/214 (fmrrier/214
is about 515 kHz). The ambiguity tones with frequencies
Of fearrier+1— fearrier /2"1% (n = 1, 2...) were added ev-
ery 100 seconds for 40 seconds to solve the ambiguity of
the range tones. However, the carrier to noise ratios (C/N)
of the ambiguity tones were so weak that these tones could
not be detected. The main carrier wave and the two range
tones 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 60 kHz
were mixed with the IF signals in front of the video con-
verter.

3.2 Result of correlation

3.2.1 Clock offset and clock rate The correlation of
the signal from QSO was also carried out by the same soft-
ware. Correlation process of the QSO was similar to the
conventional method and the delay model was the same
as the Consensus model (McCarthy, 2003). As a result of
the correlation and the group delay analysis, the clock off-
set and the clock rate were estimated within an error of 20
pico seconds (psec) and of 0.001 psec/second, respectively.
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Fig. 4. The residual fringe phases of the main carrier wave for 3 baselines and the closure phases.
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Fig. 3. The residual fringe phases of the main carrier wave for USD-KSM
baseline.

These clock parameters were corrected before the correla-
tion of the signals from Nozomi.

3.2.2 Estimation of residual fringe phase The fre-
quency of the carrier waves from Nozomi changed slightly
by a few Hz in 1 PP of 1.3 seconds. So the Fourier compo-
nents of only +/— 10 Hz around the center frequency of the
carrier wave were used to calculate the residual fringe phase
with a high SNR. The frequency resolution was 0.76 Hz for
1 PP. The residual fringe phases for USD-KSM baseline
calculated by using the whole recorded bandwidth and only
+/— 10 Hz around the center frequency of the main carrier
wave are shown in Fig. 3. The root mean square (RMS) of
the residual fringe phase for the period of 120 seconds de-
creased from 39 to 8 degrees by this method. The averaged
SNR of the main carrier wave is about 40 for 40 seconds
integration.

Moreover, we could continuously track the residual
fringe phases of the main carrier wave for most obser-
vations of all baselines, i.e. USD-KSM, KSM-MZS, and
MZS-USD. The residual fringe phases of the main carrier
waves in each baseline from 07:00:00 to 08:40:00 on May
27,2003 in UT and the closure phases are shown in Fig. 4.

The RMS of the closure phases is 3 degrees for the period
of 100 minutes when the integration time of the residual
fringe phases are 5.2 seconds. This result suggests that the
correlation by the software method has been carried out suc-
cessfully, and the intrinsic error of the residual fringe phase,
which is caused by the thermal noise of the ground systems
or the model of the software, is 3 degrees. Furthermore, the
residual fringe phase of each baseline varies with various
periods from several tens of seconds through several tens of
minutes as shown in Fig. 4. To clarify these fluctuations,
the Allan standard deviation (ASD) of the residual fringe
phases were calculated for each baseline and are shown in
Fig. 5. From Fig. 5, the ASD decreased at the rate of 1/t
(7 is the averaging time) until T was less than 10 seconds
for USD-KSM and 30 seconds for KSM-MZS and MZS-
USD. Consequently, the short-term variation of the resid-
ual fringe phase would be explained by the thermal noise
of the ground systems. The difference of the ASD for three
baselines would be attributed to the difference of the param-
eters of the ground systems: system temperature, diameter
of the antenna, coherence factor, and aperture efficiency of
the antenna. The ratios of the ASD expected from the nomi-
nal value of the parameters of the ground systems are 11 for
USD-KSM/KSM-MZS, 5 for USD-KSM/MZS-USD, and 3
for MZS-USD/KSM-MZS. These values are roughly con-
sistent with Fig. 5. While 7 is longer than 10 seconds for
USD-KSM and 30 seconds for KSM-MZS and MZS-USD,
the fluctuation of the atmosphere became dominant and the
ASD hardly decreased. The ASD of the residual fringe
phases caused by the atmospheric fluctuation varies from
107'2 to 10~'3 according to the atmospheric condition, and
1.5 x 10~" from Fig. 5 corresponds to the value of clear
day. In addition, the ASD for longer than 200 seconds was
not calculated. This is because the observation period of
about 6,000 seconds is not enough to obtain the ASD for
longer than 200 seconds.

Two range tones were correlated by the same way as the
main carrier wave to carry out the group delay analysis.
In contrast to the main carrier wave, we could detect the
residual fringe phase of the range tones only for the USD-
KSM baseline because their SNR was less than that of the
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Fig. 5. The Allan standard deviations of residual fringe phases of the main
carrier wave for 3 baselines.

main carrier wave. Moreover, the transmission of Nozomi
in ranging mode was divided into 2 modes, A and B. In the
mode A, the ambiguity tones were added to the downlink
signal and decreased the SNR of the range tones. So the
residual fringe phases of the range tones were not obtained
for this period of 60 seconds as shown in Fig. 6. On the
other hand, the ambiguity tones were not added in the mode
B and the residual fringe phases of the range tones were
obtained in this period of 40 seconds in B of Fig. 6. The
averaged SNR of two range tones in the mode B is 19 for
40 seconds integration. Therefore the group delay analysis
could only be carried out during the mode B.

3.2.3 Estimation of group delay Before analyzing
the group delay, the phase difference of the separate chan-
nels obtained from the phase calibrator signals has to be
removed from the residual fringe phase as follows,

8] = 8¢ = Bpiis = Sy ( = 1,223 (©

where 6¢; is the residual fringe phase of ith channel and
¢;i_];,qi and ‘f’fylc%l,i are the phase of the phase calibration
signal in ith channel, respectively. The residual group delay

of the signals is given by,

5¢1{+1 - 5‘1’1{
2w (fiv1 — f7)

where f; is the frequency of the carrier wave. The propaga-
tion delays of the troposphere and the ionosphere are also
corrected. The atmospheric delay is corrected by using the
tropospheric model (Davis et al., 1985) and the ionospheric
delay is corrected by using a regional ionosphere map (Ping
et al., 2002).

After these corrections, the geometric delays of the sig-
nals from Nozomi are obtained in every 100 seconds by
the group delay analysis. These derived geometric delays
well accorded with the geometric delay determined by the
range and Doppler measurements, and the differences be-
tween these geometric delays are shown in Fig. 7. The av-
erage of these differences are about 2 nano seconds (nsec)

)

8Tgroup—delay =

1045

and this result showed that the group delay is obtained with-
out cycle ambiguity of about 2 micro seconds, which is the
inverse of the frequency intervals of the three carrier waves.
On the contrary, the RMS of the differences between the
geometric delays is 13 nsec. The tropospheric and the iono-
spheric fluctuations were at the order of a few nsec during
the observation period, so most of the error of the group
delay could be caused by the thermal noise in the ground
system. The SNR of the two range tones are almost half of
that of the main carrier wave, which is 19 for 40 seconds in-
tegration in average. The error of the group delay expected
from the SNR of the range tone is 12 nsec and is in con-
sistency with the RMS of the differences of the geometric
delays. The baseline length is about 200 km for USD-KSM
baseline, the precision of the angular distance of Nozomi is
3710 mas. The distance between Nozomi and the ground
station is 6 x 10° km in this observation, so the estimated
position error of Nozomi is 117 km. Moreover, it could be
expected that the accuracy of the angular distance and the
position of Nozomi would be improved to 46 mas and 1.4
km respectively, if the SNR of the range tones are as large
as the main carrier wave and the frequency intervals are 20
MHz.

4. Discussion

As mentioned in the previous section, we can continu-
ously track the residual fringe phase of the main carrier
wave for 100 minutes and obtain the group delay of the
three carrier waves without cycle ambiguity. These results
confirm the validity of the narrow bandwidth hardware and
software VLBI systems. In this section, we suppose the fea-
sibility of the VRAD mission of SELENE from the result of
Nozomi considering the C/N of each observation.

The three carrier waves in S-band whose frequency inter-
vals are 6 MHz and 75 MHz will be received to obtain the
precise group delay on differential VLBI observation of two
sub-satellites in VRAD. In order to obtain the group delay
without the cycle ambiguity, the phase error of the residual
fringe phases of these carrier waves are required to be less
than 10 degrees between the switching period of 120 sec-
onds. In the case of the main carrier wave of Nozomi for
the baseline of USD-KSM, the C/N is 6 and the RMS of the
residual fringe phases of every 1 PP of 1.3 seconds during
120 seconds is 8 degrees. In contrast, the specification of
the C/N of the carrier waves in VRAD is 3.5, and the phase
error is expected to be 14 degrees for 1 PP of 1.3 second
in VRAD because the phase error would be proportional to
the inverse of the C/N. This phase error would be improved
by the square root of the integration period. By integrating
the residual fringe phases for 3 PP, the phase error would
be reduced to 6 degrees and the requirement of 10 degrees
in VRAD would be achieved. This result suggests that the
group delay of the three carrier waves would be obtained
without cycle ambiguity and the small acceleration of the
sub-satellite caused by the gravity field of the Moon will be
detected from the geometric delay.

5. Conclusion
We carried out a VLBI observation of Nozomi. In this
observation, we recorded three carrier wave signals by us-
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Fig. 7. The difference between the geometric delays in this VLBI obser-
vation and those calculated from the orbital motion estimated from the
range and Doppler measurements.

ing dedicated narrow bandwidth VLBI system, and corre-
lated these signals by the software method. As a result of
correlation, the residual fringe phases of the main carrier
wave in each baseline are obtained at every 1.3 seconds.
We can also continuously track them for 100 minutes. The
variation of the residual fringe phase is +/— 150 degrees
in peak-to-peak and its Allan standard deviation shows that
the variation comes from the fluctuation of the atmosphere.
Moreover, we can derive successfully the group delays for
every 100 seconds by using three carrier wave signals. The
RMS of them is 13 nsec. The average of the obtained ge-
ometric delay well accorded with the geometric delay de-
termined by the range and Doppler measurement within an
error of 2 nsec. From these results, it could be expected that
if the SNR of the range tones are as large as the main carrier
wave and the frequency intervals are 20 MHz, the accuracy
of the angular distance and the position of Nozomi would
be improved to be less than 46 mas and 1.4 km respectively.

From the result of the correlation and the group delay
analysis, we confirmed the validity of the new hardware
and the software in VLBI system. We also confirmed the
feasibility of the VRAD mission of SELENE. That is, the
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