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As the scientific data volume in deep-space exploration rapidly grows, spacecraft heavily relies on high data-rate signals that
span several megahertz to transmit data back to Earth. Employing high data-rate signals for high-accuracy radiometric inter-
ferometry can simultaneously deal with data transmission and spacecraft navigation. We demonstrate very long baseline inter-
ferometry (VLBI) tracking of the Chang’E-3 lander and rover to determine their relative lunar-surface position using downlink
high data-rate signals. A new method based on the VLBI phase-referencing technique is proposed to obtain the differential
phase delay, which is much more accurate than the differential group delay acquired by conventional VLBI approaches. The
systemic errors among different signal channels have been well calibrated using the new method. The data from the Chang’E-3
mission were then processed, and meter-level accuracy positions of the rover with respect to the lander have been obtained.
This demonstration shows the feasibility of high-accuracy radiometric interferometry using high data-rate signals. The method

proposed in this paper can also be applied to future deep-space navigation.
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1 Introduction

Deep-space exploration bridges human beings with the un-
known outer space. Many interplanetary spacecraft are now
investigating mysterious unknowns and generate a large
amount of scientific data. The growing data volume requires
much more high-capacity downlink than ever before, which
will take more time for a spacecraft to send out high da-
ta-rate signals back to the ground in a restricted bandwidth.
Meanwhile, accurate spacecraft navigation is also indispen-
sable for mission security and science objectives. Ranging,
Doppler, and radiometric interferometry are the three basic
techniques used for spacecraft navigation [1]. Ranging is
employed to obtain the distance between a spacecraft and
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a ground station, and Doppler obtains the change rate in the
distance. They are sensitive to the spacecraft movements
along the line-of-sight direction. On the other hand, radio-
metric interferometry, which is sensitive to movements in
the plane-of-sky, obtains the angular position of a spacecraft
by measuring the signal arrival-time delay between two
widely separated tracking stations, which is also referred to
as very long baseline interferometry (VLBI) [2]. VLBI
measurements are less sensitive to non-modeled spacecraft
acceleration and provide important supplements for ranging
and Doppler.

The time delay of VLBI measurement is calculated from
the correlation results of the signals received by two stations.
The wider the bandwidth of the signals is, the more accurate
the time delay is. In addition, to reduce the measurement
errors arising from such sources as atmospheric perturba-
tions, station location uncertainties, and instrument errors, a
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nearby reference quasar with a well-known position is al-
ternately observed to correct the time delay of the spacecraft.
Then, we can obtain the differential delay between the two
sources and determine their relative angular separation,
which is the basis of the delta VLBI (AVLBI). However,
using a high data-rate signal over a bandwidth of several
megahertz from a spacecraft only allows us to acquire the
differential group delay from conventional AVLBI, which is
not sufficiently accurate to satisfy the mission requirements
[3]. To improve the delay accuracy, another technique
called delta differential one-way range (ADOR) has been
investigated [4]. By transmitting several wide spanning
beacons from a spacecraft, this technique can expand the
signal bandwidth span to approximately 40 MHz at the X
band, and the differential group delay accuracy could reach
several hundred picoseconds. Nevertheless, beacon trans-
mission usually disrupts the transmission of scientific data
because of limited downlink power and spectrum manage-
ment requirements.

In this paper, we present a high-accuracy VLBI tracking
experiment conducted for the Chang’E-3 lander and rover
using their high data-rate signals. The lander is selected as
the reference source, and the position of the rover on the
lunar surface relative to the lander needs to be determined
[5,6]. To obtain a much more accurate differential phase
delay instead of a differential group delay, a method based
on the VLBI phase-referencing technique is developed.
Without requiring beacon measurements, the VLBI phase-
referencing technique can operate with all types of space-
craft signals and resolve the phase ambiguities in the space-
time domain, leading to a 10-ps-level differential phase de-
lay [7,8]. This method has been tested by the National Aer-
onautics and Space Administration and European Space
Agency [9-11]. A previous VLBI phase-referencing ex-
periment in the Chang’E-3 mission demonstrated the feasi-
bility of spacecraft tracking utilizing a narrowband low da-
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ta-rate telemetry signal from the rover [12]. However, some
new problems arise when we use the high data-rate signal.
The details of the problems are discussed in Section 2, and
Section 3 describes our method. The experimental results
are discussed in Section 4, followed by the accuracy analy-
sis in Section 5 and conclusion in Section 6.

2 Data acquisition

Soon after touching down on the lunar surface, the rover
was separated from the lander and moved around to take
photographs of the lander at several planned sites during the
first few days [13]. The lander sent the scientific and telem-
etry data to the ground using a high data-rate signal span-
ning 5 MHz at the X band. Meanwhile, the rover alternated
between a 4-kHz low data-rate signal and a 4-MHz high
data-rate signal. Most of the time, the low data-rate signal
was selected, except for periods when it delivered the pho-
tographs back. These photo-transmission periods were no
more than 1 h at every site in most cases. The telemetry,
tracking, and command system of the Chang’E-3 mission
assigned the ground VLBI stations to track the two probes
using two 8-MHz-wide intermediate-frequency (IF) chan-
nels: the first one for the lander and the other one for the
rover. The angular separation between the lander and rover
was small enough for them to be observed by the same
beam from a ground antenna. Four VLBI stations (Shanghai,
Beijing, Kunming, and Urumgqi) recorded the signals from
the two probes and transmitted them to the Shanghai VLBI
center via network for data correlation. More details of the
observation and data correlation can be found in [12].
Figure 1 shows the interferometric fringes of the two
probes. Figure 1(a) shows the cross-power spectra when the
rover was sending out a low data-rate signal, and Figure 1(b)
shows that when a high data-rate signal was being transmitted.
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Figure 1 Cross-power spectra of the two probes via a 4096-point fast Fourier transform (a) when the rover transmits a low data-rate signal and (b) when
the rover transmits high data-rate signal. The baseline ranges from Beijing (Bj) to Urumgqi (Ur). The top panel of each IF channel shows the phase in units of

degrees, and the bottom panel shows the signal amplitudes in logarithmic scale.
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We can see the possibility of using only the data in the first
IF channel to derive the differential delay between the low
data-rate signal from the rover and the high data-rate signal
from the lander because both signals were simultaneously
recorded in the same IF channel. This process is actually
what we have previously done [12]. However, if we want to
derive the differential delay between the high data-rate sig-
nals from the rover and lander, the data in the first and sec-
ond IF channels should be used together. Then, a problem
arises, i.e., we experience unknown systemic delay errors
between the two IF channels, and we have to calibrate the
errors before calculating the differential delay. In general, a
reference quasar should be regularly observed to perform
this function using its ultra-wideband signals. However, in
this demonstration, only two 1-h quasar observation scans
were scheduled before and after the spacecraft tracking ses-
sion, which usually lasted more than 8 h every day. There-
fore, the delay errors, which varied during the spacecraft
tracking, could not be accurately estimated using the two
quasar observation scans.

3 Method

Instead of using a reference quasar, the lander can be em-
ployed to calibrate the delay errors among different IF
channels. Figure 1(a) shows that when the rover was trans-
mitting a low data-rate signal, the main beam of the lander
high data-rate signal was recorded in the second IF channel.
Meanwhile, its side lobes were also recorded in the first IF
channel. The wideband signal generated clear interferomet-
ric fringes in both IF channels, which means that the lander
can act as a reference quasar to correct the unknown delay
errors.

According to the VLBI phase-referencing technique, the
differential delay between the lander and rover should first
be determined after the IF channel calibration. Then, a radio
image of the rover is constructed. The offsets of the image
peak intensity relative to the image center represent the an-
gular separation between the lander and rover in the
plane-of-sky. Afterward, the relative position of the rover
with respect to the lander on the lunar surface could be de-
termined.

By assuming that the rover sends out a low data-rate sig-
nal during fp—t; and #,—1;, the side lobes of the lander high
data-rate signal would be simultaneously included in the
first IF channel. Here, its residual delay after the correlation

is denoted as rf + 7y, » Wwhere 7 is the residual geomet-
ric delay corresponding to the high-gain antenna of the
lander used to transmit the high data-rate signal and 7, is
the delay error in the first IF channel. By assuming that the
rover sends out a high data-rate signal during #,—#,, only the

rover high date-rate signal can now be seen in the first IF
channel, and the relatively weak side lobes of the lander
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high data-rate signal are overshadowed. Similarly, the re-
sidual delay is denoted as r,? +7,,, where 75 is the

residual geometric delay corresponding to the high-gain
antenna of the rover. Because the lander transmits a high
data-rate signal during f7,—t; for the whole time, only the
lander high data-rate signal exists in the second IF channel

over this period. The residual delay is denoted as rLD + Ty »
where 7, is the delay error in the second IF channel.

Figure 2 shows the data processing flowchart to extract the
differential delay between the high data-rate signals from
the two probes. The phase ambiguities, which are involved
in the differential delay, will be automatically resolved in
the imaging process with the help of the Earth rotation and a
mix of baselines to derive the differential phase delay. The
details of the process steps are as follows.

1) The correlated data are imported into the astronomical
image processing system (AIPS) [14]. The low sig-
nal-to-noise ratio (SNR) side lobes of the lander high da-
ta-rate signal are flagged in the first IF channel during #o—t,
and #,—t; as well as the rover low data-rate signal. The re-
maining high-SNR sub-channels, which are actually the
useful parts of the lander high data-rate signal in the first IF
channel, are fringe-fitted to obtain residual delay

P+ Ty,

2) The fringe-fitting solutions obtained during 7,—#, and
t—t; in Step 1 are applied to the lander high data-rate signal
in the second IF channel, and the second IF channel are

subsequently fringe-fitted, which means calculating (TLD +

T4) — (zF +174,) . Therefore, the delay error difference

T between the two IF channels is derived.

ch2

3) The delay error differences during #,—, are interpolat-
ed using the solutions acquired from Step 2 during #—#; and
t,—t3. The results are represented as 7, —7,, and are ap-

~ Tent

plied to the signal in the second IF channel. The second IF
channel is fringe-fitted again to calculate (7} +7,,)
—~(T g + 7). Considering that the variation in the delay

error difference within a short time interval is quite small,
the interpolation errors are ignored, and we can obtain

D ~
T~ Tent-

4) The solutions from Step 3 are applied to the rover high

data-rate signal in the first IF channel during #,—¢,, which is

equivalent to calculating (zj + 7y4,) — (7 + 74,) . Then,

the differential delay between the lander and rover during
t—t, is determined.

5) The differentiated signal of the rover is exported from
the AIPS and imported to the difference-mapping program
[15]. The data are cleaned, and a radio image of the rover is
constructed without self-calibration. The offsets of the im-
age peak intensity in right ascension (RA) and declination
(Dec) are measured and transformed into the lunar local
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Figure 2 Data processing flowchart to extract the differential delay between the high data-rate signals from the two probes.

coordinate system of the lander to obtain the relative posi-
tion of the rover on the lunar surface. Here, we assume that
the height difference between the two probes is known in
the coordinate transformation, as will be explained later.

4 Results

The observation data of Chang’E-3 on December 14, 15,
and 21, 2014, were processed. We obtained the rover posi-
tion relative to the lander at three sites. Figure 3 shows the
images of the rover, and Table 1 lists the relative position
results using our method and the traditional AVLBI tech-
nique. The high SNR of the high data-rate signal leads to
good image qualities, although the observation scans were
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short and only four stations were available. The table also
lists the epochs when the rover was sending out high da-
ta-rate signal and the reference values of the relative posi-
tion. At the epoch on December 14, the rover was still lo-
cated atop the lander before their separation. The height
difference used to calculate the relative position and the
reference value were read from the ground assembly dia-
gram. Thus, this measurement provides a valuable result in
evaluating the practical accuracy of the method. At the
epochs on December 15 and 21, the rover was located at
sites A and E, respectively. The two probes were supposed
to be at the same height level, and the reference values were
measured by visual localization technique with an accuracy
of approximately 0.4 m [16,17]. We can see that the differ-
ences between our results and the reference values are less
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Figure 3 (Color online) Images of the rover on December (a) 14, (b) 15, and (c) 21, 2014. The image centers are marked with crosses. FWHM means full

width at half maximum.
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Table 1 Relative position measurements of the rover with respect to the lander

VLBI phase referencing

AVLBI differential group delay Reference value

Date Epoch (UTC)
North (m) East (m) North (m) East (m) North (m) East (m)
14 Dec. 17:11:00-17:36:00 and 18:12:00—-18:23:00 1.30 0.12 -- - 0.95 —-0.05
15 Dec. 13:10:40-13:39:00 and 14:13:40-14:24:40 8.82 1.42 -4.24 0.43 9.03 1.50
21 Dec. 20:24:40-20:57:30 and 23:09:50-23:48:30 -19.11 -0.18 59.00 31.97 -19.77 -0.20

than 1 m, whereas the AVLBI measurements differ greatly
from the reference values, demonstrating the feasibility and
high-accuracy of radio interferometry using high data-rate
signals with the VLBI phase-referencing technique. The
relative positions in this study in terms of accuracy also
agreed with those obtained from previous experiments using
narrowband low data-rate signals [12] or the same-beam
interferometry method [18].

To further investigate the performance of our method, we
tried to measure the relative distance between the high-gain
antenna of the rover, which is employed to transmit high
data-rate signal, and its low-gain antenna, which is em-
ployed to transmit low data-rate signal. The positions of
these two antennas have been differentiated. Table 2 lists
the two measurement results on December 15 and 21. The
height difference between the two antennas was 0.17 m.
The reference value of the relative distance was obtained
from the ground assembly diagram. The measurements were
very close to the reference values because the data have
been differentiated between two stations, two probes, and
two antennas, canceling most of the measurement errors.

5 Error analysis

The VLBI phase referencing was developed to study remote
quasars. For near-field spacecraft, the following measure-
ment errors should be carefully considered.

5.1 Variation in the position vector from the lander to
the rover in J2000.0 coordinate system

The position vector from the lander to the rover is invariable
in the lunar local coordinate system when the rover stops at
a certain site. However, in the geocentric equatorial inertial
coordinate system J2000.0, where the separation between
the two probes in RA and Dec are determined from the im-

age, the vector changes with the motion of the Moon, which
indicates that the relative position we obtain is the average
during the observation scan. Therefore, we must know the
magnitude of the variation in J2000.0. Figure 4 shows the
simulation results when the rover was at site A on Decem-
ber 15 with the epoch ranging from 15:00 to 17:00. We can
see that the variations in the three vector components are
less than 0.2 m, and the angular separation seen from the
Earth center is very stable, whereas the vectorial angle var-
ies by approximately 0.5°. Because the mid-interval of the
scan is chosen as the time instant when we transform the
offsets in RA and Dec to the lunar local coordinate system,
the measurement errors induced by this term would be less
than 0.1 m.

5.2 Uncertainty of the lander location

In the coordinate transformation, the position of the lander
is required. The lander location on the lunar surface has
been determined with an accuracy of approximately 50 m
using ranging, Doppler, and ADOR measurements [19].
Uncertainty in the lander location can result in relative posi-
tion errors. We evaluated the effect of this term when the
rover was at site A. The uncertainty of the lander location
was supposed to be 0.02° in both longitude and latitude
(~600 m on the lunar surface) and 100 m in altitude. Figure
5 shows the simulation results. The errors caused by the
uncertainty were somewhat small. Hence, we do not have to
take this term into account.

5.3 Height-difference error between the lander and
rover

Determining the three-dimensional relative location of the
rover is impossible if only the offsets between the two
probes in RA and Dec are available. We assumed that the
two probes were located at the same height level on

Table 2 Measurements of the distance between the high- and low-gain antennas of the rover

Relative position *

Relative distance

Date Antenna
North (m) East (m) Reference value (m) Measurement (m)
15 Dec. High gain 10.36 093 1.13 1.18
Low gain 11.52 1.03
High gain -17.53 -0.54
21 Dec. . 1.13 1.36
Low gain -18.84 —0.86

a) Positions of the rover antennas relative to the lander high-gain antenna.
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December 15 and 21 owing to the flat terrain. This approx-
imation would greatly affect the results. Again, we consid-
ered the rover at site A as an example. Figure 6 shows the
simulation with varying height-difference errors between
the lander and rover. We can see that the variations in the
relative positions in the north and east directions exceeded
0.6 m when the height-difference error reached 1 m. From
the visual location results, we observed that the actual
height-difference errors were much less than 1 m on De-
cember 15 and 21 [20]. Therefore, the position errors in-
duced by this term are less than 0.5 m. However, the analy-
sis demonstrated the importance in improving the height-
difference accuracy. One method to achieve this is to add
ranging and Doppler information, which can provide con-
straints in the line-of-sight direction but was not available
for the current simple rover [21]. Another approach is to use
the lunar topographic maps from the Lunar Orbiter Laser

12

Variation (m)

-1.2

0 0.2 0.4 0.6 0.8 1.0
Height-difference error (m)

Figure 6 Variations in the relative position caused by the height-differ-
ence error.

Altimeter data to obtain the height difference [22]. The pos-
sible accuracy using these new data should be further stud-
ied.

Overall, in the demonstration, the relative positions of
the rover with meter-level accuracy have been achieved.
The differential phase delay accuracy of our results is
equivalent to approximately 20 ps, which is approximately
two orders of magnitude better than the differential group
delay obtained from the AVLBI measurement.

6 Conclusion

A successful demonstration of radiometric interferometry
using high data-rate signal has been presented in this paper.
The feasibility of the new method for spacecraft VLBI
tracking has been demonstrated. The systemic delay errors
among the different IF channels in the Chang’E-3 mission
were well calibrated, and the relative position between the
lander and rover was determined with meter-level accuracy.
Our results show the capabilities of high-accuracy inter-
ferometry without disrupting the scientific data transmission.
Applying this method into future interplanetary missions is
promising to obtain the accurate angular separation of a
spacecraft with respect to a certain reference.
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