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When only data transmission signals with a bandwidth of 1 MHz exist in the rover, the position can be obtained using the dif-
ferential group delay data of the same-beam very long baseline interferometry (VLBI). The relative position between a lunar
rover and a lander can be determined with an error of several hundreds of meters. When the guidance information of the rover
is used to determine relative position, the rover’s wheel skid behavior and integral movement may influence the accuracy of
the determined position. This paper proposes a new method for accurately determining relative position. The differential group
delay and biased differential phase delay are obtained from the same-beam VLBI observation, while the modified biased dif-
ferential phase delay is obtained using the statistic mean value of the differential group delay and the biased phase delay as ba-
sis. The small bias in the modified biased phase delay is estimated together with other parameters when the relative position of
the rover is calculated. The effectiveness of the proposed method is confirmed using the same-beam VLBI observation data of
SELENE. The radio sources onboard the rover and the lander are designed for same-beam VLBI observations. The results of
the simulations of the differential delay of the same-beam VLBI observation between the rover and the lander show that the
differential delay is sensitive to relative position. An approach to solving the relative position and a strategy for tracking are
also introduced. When the lunar topography data near the rover are used and the observations are scheduled properly, the de-

termined relative position of the rover may be nearly as accurate as that solved using differential phase delay data.
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1 Introduction

The moon is, on average, 3.8x10° km away from the earth,
and is an ideal springboard and transfer platform for deep
space exploration and expansion in outer space. The
long-term schedule of the Chinese unmanned lunar explora-
tion plan is divided into three stages: orbiting, landing and
returning [1]. The first Chinese lunar explorer, CE-1, was
launched on 24 October, 2007, whereas the CE-2 satellite
was launched on 1 October, 2010. The CE-2 satellite was
the forerunner of the succeeding lunar explorations and is
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intended to take photos of the lunar surface, obtain topog-
raphy data on the polar region, and prepare for soft landing
on the lunar surface. During the orbiting stage, the explorers
fly around the Moon and take photos of the landing area. In
the landing stage, the main tasks are to soft land on the lu-
nar surface and automatically explore the area. In the land-
ing stage, a lunar rover and a lander are used; such equip-
ment requires a tracking and controlling system that simul-
taneously manages multi-explorers. The position of the
rover relative to the lander must be accurately determined.
The automatic exploration and remote operation technolo-
gies of the rover are innovations that are keys in the landing
stage [2]. By exploring the topography and construction of
the local area, scientists can realize an important objec-
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tive—establishing the relationship between the local topog-
raphy and the evolution of the local construction [3].
Moreover, precise position determination of rover position
can be used to estimate its movement, ascertain accurate
position on the lunar surface, and set up a local topography
model. Hence, the landing stage presents significant impli-
cations for engineering and science.

Conventional methods determining the position or the
orbit of explorers include measuring range, Doppler, and
angle. In deep space exploration, very long baseline inter-
ferometry (VLBI) is a precise approach to angle measure-
ment. VLBI can provide plane-of-sky position information
and can therefore be used to determine the relative position
of a rover and a lander. The group delay with an error of
several nanoseconds can typically be obtained using a
phase/bandwidth formula because the bandwidth is usually
less than 10 MHz for a spacecraft. To improve the accuracy
of the group delay, multi-frequency signals can be adopted
because the frequency range between the signals corre-
sponds to the bandwidth. Hence, group delay with an error
of 0.1 ns (30 mm) can be obtained using differential
one-way range (DOR) signals, which have a bandwidth of
nearly 40 MHz. In a previous study [4], we proposed a
method for determining the relative position of a lunar rover
using high-accuracy multi-frequency same-beam VLBI ob-
servation. We designed the radio sources on board the ex-
plorers that are used for multi-frequency same-beam VLBI
observation. We also analyzed the error of the relative posi-
tion determination of the lunar rover using same-beam
VLBI observations. The analysis indicated that the differen-
tial phase delay between the lunar rover and the lander, with
an error of 1 mm, can be obtained using multi-frequency
same-beam VLBI when the separation angle of the two ex-
plorers is small. The two-dimensional relative position in
the plane-of-sky between the lunar rover and the lander,
with an error of 1 m in the distance of the Moon, can be
determined using the differential phase delay data from four
Chinese VLBI stations (Beijing, Shanghai, Kunming, and
Urumgqi stations). The relative position of the lunar rover,
with an error of 10 m, can be determined using differential
phase delay and the range data of the lander when the lunar
topography near the rover with an error of 10 m can be ob-
tained.

To use the method described above, radio sources on
board the lunar rover and the lander should be specially
designed. The volume of the lander is usually larger because
it can contain more payloads and supply stronger power.
Hence, supporting the radio source on board is more easily
achieved by the lander. On the contrary, the lunar rover is
usually smaller and constrained by strict limitations in pay-
load volume and weight. The power supplied to the pay-
loads is also limited. This is especially true during the early
landing exploration phase, when the volume of the lunar
rover is so small that it cannot contain the radio source de-
signed for multi-frequency same-beam VLBI observation.
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Only the data transmission signals can be received. The
bandwidth of the data transmission signals is usually 1 MHz.
Accurate determining the relative position of the lunar rover
is difficult to accomplish merely through the traditional dif-
ferential group delay of VLBI observation. The group delay
data normally contain obvious system and random errors.
The bandwidth of the signals of the lander is approximately
40 MHz; thus group delay with an error of less than 1 nano-
second can be obtained. However, the group delay of the
lunar rover with an error of several nanoseconds can be ob-
tained using data transmission signals with a bandwidth of
approximately 1 MHz. The differential group delay between
the lunar rover and the lander with an error of several nano-
seconds can be obtained. The relative position of the lunar
rover can be determined with an error of several hundreds
of meters. The three-dimensional instantaneous position of
the landing point of the CE-1 satellite can be determined,
with an error of approximately 550 m [5]. The distance that
the lunar rover can travel in one day is several tens of me-
ters. If the relative position with an error higher than this
value can be determined, evaluating whether the lunar rover
moves within one day will be difficult.

In this article, a new method for accurately determining
the relative position of the lunar rover is proposed. Accord-
ing to this method, the differential group delay and biased
differential phase delay of the lunar rover and the lander can
be obtained first using the same-beam VLBI observation
data. The bias of the biased differential phase delay can be
estimated using the statistic mean value of the differential
group delay as basis. The residual bias is estimated together
with the solved-for state variables when obtaining the rela-
tive position. In the same-beam VLBI observation, the re-
sidual correlation phase can be obtained by correlating the
received signals. The differential residual correlation phase
can be obtained by differencing the residual correlation
phase of the two explorers. To acquire the differential phase
delay from the differential residual correlation phase, cycle
ambiguity should be addressed. Cycle ambiguity cannot be
solved for a one-frequency signal, and remains at the same
level for a continuous observation period. The differential
delay obtained from the differential residual correlation
phase includes the bias caused by the cycle ambiguity of the
phase, which is called the biased differential phase delay.
The random error of the biased differential phase delay is
very small. For example, if the frequency of the signal in
X-band is 8.4 GHz and the random error of the phase is 3.0
degrees, the random error of differential delay is approxi-
mately 1.0 picoseconds (1 ps = 0.001 ns). The movement of
the lunar rover can be observed with a resolution of several
meters through the biased differential phase delay. However,
because of the uncertainty of the cycle ambiguity contained
in the differential residual correlation phase, the bias of the
biased differential phase delay is uncertain, and the scope of
the bias cannot be determined as well. The accuracy of the
differential group delay is known. The statistic mean value
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of the differential group delay reflects the system error be-
tween the differential group delay and the true value. The
statistic mean value of the differential group delay can be
used to modify the bias of the biased differential phase de-
lay and obtain modified biased differential phase delay. The
bias of the modified biased differential phase delay can be
estimated during the calculation of the relative position of
the lunar rover.

The effectiveness of the method is confirmed using the
same-beam VLBI observation data of SELENE satellites.
The examples of radio sources on the lunar rover and the
lander are designed in accordance with the fact that radio
sources can influence the accuracy of the observables. To
show the sensitivity of the differential delay to the relative
position, we simulate the differential delay between the lu-
nar rover and the lander. We also present a method for
solving the relative position of the lunar rover and the bias
of the modified biased differential phase delay.

2 Biased differential phase delay and differen-
tial group delay

2.1 Calculating the biased differential phase delay

In multi-frequency same-beam VLBI observations, two
explorers with small separation angles are simultaneously
observed within the main beam of the receiving telescopes.
The residual correlation phase of each explorer between the
two telescopes is first obtained, and then the differential
residual correlation phase is determined from the residual
correlation phases of the two explorers. The cycle ambigu-
ity in the differential residual correlation phase is unknown.
If the cycle ambiguity can be addressed, the differential
correlation phase can be obtained. The differential phase
delay can be acquired by dividing the differential correla-
tion phase by the frequency of the signal. The differential
group delay of the two frequencies can be determined by
dividing the difference of the correlation phase of the two
signals by the difference of the two frequencies. If the sig-
nal is of wideband type, the derivative correlation phase via
the frequency is group delay. If the cycle ambiguity cannot
be resolved, the differential phase delay from the differen-
tial correlation phase is biased. In a continuous observation
period, the correlation phase is also continuous and the bias
is a constant. The bandwidth of the signals is far lower than
their frequencies; thus, the accuracy of the differential phase
delay is much higher than that of the differential group de-
lay. For the differential phase delay, the separation angle of
the two explorers is small, and the influences of the atmos-
phere and the ionosphere are almost canceled in the differ-
ential correlation phase. The paths of the signals from the
two explorers are the same in the receiving instruments, and
each pair of frequency signals is recorded in the same
channel. The delay in the instruments is almost canceled.
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The differential phase delay, which is the basic observable
in multi-frequency same-beam VLBI observation, can pro-
vide information on the relative position of the plane-of-sky.
The error of the differential phase delay is very small,
which results in very high resolution of the relative position
of the lunar rover.

The differential geometry delay between the lunar rover

and the lander, Az,, can be expressed as A7z, = X —rgL ,

R L
where 7, and 7, are the geometry delays from the two
explorers to the two receiving stations on Earth.
The residual correlation phases ¢° and @" (i i" fre-

quency) of the rover and the lander can be obtained after
eliminating the model value of the geometry delay. The
relationship among the residual correlation phase, differen-
tial residual correlation phase, differential phase delay, and
differential group delay can be expressed as follows.

The residual correlation phases of the rover and the lan-
der can be expressed as:

¢f =2nff e —2nNf + o,
{ o))

L L_L L
¢ =2nf r" -2nN; +0o,,

where £, f" represent the frequency of the rover and the

lander, respectively, ¢*,7" represent the residual delay of

the rover and the lander, respectively, and o

P represents

the phase noise.
From eq. (1), differential residual phase delay Az, can

be expressed as:

1
Ar, =——(Ad +27AN. + 7' ), 2
b = g (A 27N, 407 @)

i

where Ag =gk —gt- fF/fL. AN, =NF-N'-fF/fF

and a;:,/1+(ﬁR/ﬁL)2-a¢.
From eq. (1), differential residual group delay Az, can

be expressed as:

1 R R R R /
1
— gt - Nt 3
2n(ﬁL—ij)[¢l g +2n(N/ - N! )+\/2a¢].( )

Disregarding the influence of the phase noise and the
ionosphere, eq. (2) equals eq. (3). That is, Az, = A7, =Ar,
where A7 represents the differential residual delay.

The signals from the rover are the data transmission sig-
nals with a bandwidth of 1 MHz. The phase at the midpoint
of the bandwidth represents the phase of the signals. For the
group delay of the signals, the signal phase is continuous in
the frequency domain, and the difference of cycle ambiguity
is zero in eq. (3). The group delay is the derivative of the
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phases from the frequencies, and is always obtained by
weighted least square fitting. The signals of the lander in-
clude both the DOR frequencies and the data transmission
signals. The group delay of the DOR frequencies can be
obtained by bandwidth synthesis. Normally, the phases of
the most proximate frequencies are selected to obtain the
differential phases of the rover and the lander.

The differential residual delay can be expressed as,
At =Art,, +At,, — AT, +AT, where Az, is the

atm ion—i inst
differential residual geometry delay. The differential resid-
ual geometry delay is the difference between real differen-
tial geometry delay Az, and model delay, Az, , and can

be expressed as Az, =Ar, —Ar, , where At At

atm °
and Ar

inst

represent the differential delay caused by the

atmosphere, ionosphere, and instrument, respectively.
However, because the separation distance between the rover
and the lander is extremely short, the paths of the signals
from the two explorers to the stations are near each other
when they pass through the atmosphere. The delays caused
by the atmosphere and the ionosphere are almost cancelled.
The signals are received by the antenna from almost the
same direction. The paths of the signals are the same in the
instruments, and each pair of frequencies is recorded in the
same channel. Hence, the delay from the instruments is al-
most canceled by the difference. The same-beam VLBI ob-
servation is clearly different from the conventional VLBI
observation. Reference radio sources should be used in the
latter. The differential delays caused by the instruments and
the clock can be calibrated using the reference radio sources,
whose positions are already well known. The calibrated
delay is used to correct the delay of the observation object.
In the same-beam VLBI observation, however, the influ-
ences of the transmission media and the receiving instru-
ments are almost identical. Most of the error is canceled
after the difference. This is the reason why the differential
delay can achieve very high accuracy in same-beam VLBL
The differential residual delay in the same-beam VLBI ob-
servation is composed mainly of the differential geometry
delay. The influences of the media and the instruments after
difference primarily serve as system errors. If the separation
angle is less than 0.1 degrees, the system error is approxi-
mately 0.5 mm [4].

If the cycle ambiguity of the differential residual phase
delay, AN,, is unknown, the biased differential residual

phase delay can be calculated as follows:

Ag,
2nfR

i

bias __
Ar,” =

“)

The bias is expressed as, Az)™ —Ar,=-AN,/ fX =
—(Nl.R /R =N /ff). If the cycle ambiguity of the phase

is altered, the bias changes as well. The bias should be
solved in the process of determining the relative position.

Sci China Phys Mech Astron

December (2011) Vol. 54 No. 12 2287
The uncertainty of the cycle ambiguity makes the solving
process more difficult. An excessively large bias influences
the accuracy and convergence of the solved-for parameters.
Obtaining the differential residual group delay is usually
easily accomplished. A lander residual group delay with an
error of 1 nanosecond or less can be obtained using multi-
frequency signals. A rover residual group delay with an
error of several nanoseconds can be determined using data
transmission signals with a bandwidth of 1 MHz. The dif-
ferential residual group delay with an error of several nano-
seconds can be ascertained by differencing the two residual
group delays. The bias of the biased differential phase delay
can be estimated through the differential residual group de-
lay, which is already known. The residual bias is resolved in
the relative position determination process. The basic proc-
ess can be described as follows. The mean value of the dif-
ferential residual group delay, Ar,, can be obtained by

Az, , = E(Az;), which is used as the estimated value of

the differential residual delay. The difference between the
biased differential residual phase delay and the mean value

bias

can be obtained by the formula, Azp)™ =A7)™-Az, ,,

which is the estimated value of the bias. The modified bi-
ased differential residual phase delay can be determined by
subtracting the estimated value from the biased differential
residual phase delay. The modified bias is then solved in the
relative position determination process. The value of the
modified bias depends on the system error of the differential
residual group delay. If the system error is sufficiently small,
the modified bias is close to zero. This influence should be
considered when the radio sources are designed.

2.2 Examples of calculating the biased differential
phase delay and differential group delay

SELENE satellites were launched in October 2007, and they
consist of a three-axis stabilized main satellite and two
small spin satellites, called Rstar and Vstar [6]. The main
satellite is controlled to maintain a nearly circular polar or-
bit of approximately 100 km in altitude. The orbits of the
Rstar and Vstar are ellipses. Rstar serves as the relay satel-
lite between the main satellite and the ground station. Rstar
and Vstar transmit three carriers at 2212, 2218 and 2287
MHz for same-beam VLBI observations [7]. The differen-
tial phase delay between Rstar and Vstar is obtained from
the differential correlation phases of the three carriers. The
VLBI observations of SELENE were mainly executed by
four Japanese VERA stations, ISGK, MZSW, IRIK, and
OGSW. Four international stations (25 m, Shanghai, China;
25 m, Urumgqi, China; 26 m, Hobart, Australia; 20 m, Wet-
tzell, Germany ) were involved in parts of the observations.
The same-beam VLBI observations were executed from
November 2007 to February 2009. The differential phase
delays were obtained from the VLBI observation data, and
were used to solve lunar gravity [8]. The three frequencies
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of Rstar and Vstar are proximate to one another. The fre-
quency differences of each pair of frequencies were almost

the same and less than 50 kHz. Hence, £/ f" ~1. To

obtain the differential phase delay, the cycle ambiguity must
be solved, and the necessary constraints for solving the cy-
cle ambiguity must be satisfied [9]. The simple procedure of
solving cycle ambiguity is described as follows. The cycle
ambiguity AN,;=AN,—AN; is first resolved in the frequency
range of 6 MHz. When the error of the predicted geometric
delay is less than 83 ns, AN,; is O or 1. The value of 83 ns
corresponds to an error of 4000 m in the position near the
Moon for a baseline of 2000 km, which can be easily satis-
fied. Then, the cycle ambiguity of AN, is resolved in the

frequency range of 75 MHz based on the value of AN,;.
Finally, the cycle ambiguity of AN,, AN,, and ANj; are re-
solved based on the value of AN;3,, with a requisite error of
the differential correlation phase of less than 4.3 degrees.
Although 4.3 degrees is strict, it is easily satisfied in the
same-beam differential VLBI observations because the
maximum separation distance between the rover and the
lander is only several kilometers. In SELENE same-beam
VLBI observations, more than 85% of the cycle ambiguities
can be successfully resolved. A differential phase delay
with an error of 1 mm can be obtained when the separation
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angle is small [10]. The relationships among the differential
group delay, differential phase delay, and biased differential
phase delay are analyzed using the accurate differential
phase delay observation data of Rstar and Vstar.

Figure 1(a) shows that the differential residual phase de-
lay can reflect the change in the delay from the two explor-
ers to the stations with very high resolution. Figure 1(b)
illustrates the entire history of the differential delay in the
observation period. The varying scope may reach several
kilometers. The error of the differential phase delay is 1 mm
for a small separation angle and several millimeters for a
larger one; this error is far smaller than that of the differen-
tial group delay. Figures 1(c) and 1(d) show the accuracy of
the group delay in different bandwidths. As shown in these
figures, the system and random errors are clearly different
for varied bandwidths. The differential group delay is more
accurate for a wider bandwidth.

Figure 2 shows that the random error of the delay clearly
decreases with the increase in the integral period. However,
the system error is nearly unchanged. The difference be-
tween the biased differential phase delay and the differential
phase delay of fl is a constant bias.

Figure 3(a) shows that the system error of the differential
group delay of f1-f2 at baseline VERAISGK-VERAMZSW
is —0.582 m. The bias of the biased differential phase delay
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Figure 1 Differential delay and comparison of the same-beam VLBI observation from the baseline VERAISGK-VERAIRIK (converted to distance unit);
(a) differential residual phase delay of f1 obtained from the differential correlation phase; (b) differential phase delay of fl obtained from the differential
residual phase delay plus the model value of the differential delay; (c) differential group delay between f1 and 2 minus the differential phase delay of f1;
mean value is —0.973 m; standard deviation is 1.502 m; (d) differential group delay between f1 and f3 minus the differential phase delay of f1; mean value is
—0.050 m; standard deviation is 0.123 m; integral time is 1 s, and data rate is 1 point per second.
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Figure 2 (Color online) Differential group delay and biased differential phase delay were compared with the differential phase delay for baseline
VERAISGK-VERAIRIK with different integral periods. (a) Difference between the differential group delay of f1—f2 and the differential phase delay of f1,
difference between the differential group delay of f1-f3 and the differential phase delay of f1, and difference between the biased differential phase delay of
f1 and the differential phase delay of f1. The bias of f1 is 0.949 m and the integral period is 1 s. (b) The integral period is 10 s. The mean value of the differ-
ential group delay of f1-f2 minus the differential phase delay is —0.973 m and the standard deviation is 0.470 m. The mean value of the differential group
delay of f1-f3 minus the differential phase delay is —0.050 m and the standard deviation is 0.045 m. (c) The integral period is 30 s. The mean value of the
differential group delay of f1-f2 minus the differential phase delay is <0.974 m and the standard deviation is 0.258 m. The mean value of the differential
group delay of f1-f3 minus the differential phase delay is —0.050 m and the standard deviation is 0.032 m. (d) The integral period is 60 seconds. The mean
value of the differential group delay of f1-f2 minus the differential phase delay is —0.973 m and the standard deviation is 0.180 m. The mean value of the
differential group delay of f1-f3 minus the differential phase delay is —0.050 m and the standard deviation is 0.027 m. The moving smooth method is used

when integrating the data. The data rate is 1 point per second.

is 1.491 m. Figure 3(b) indicates that the system error of the
differential group delay of f1—f2 at baseline VERAMZSW-
VERAIRIK is —0.408 m. The bias of the biased differential
phase delay is —0.542 m. Meanwhile, Figures 2(d), 3(a), and
3(b) show that the bias of the biased differential phase delay
varies in a large scope. This variance is caused by the un-
certainty of the cycle ambiguity of the phase. The three bi-
ases of the biased differential phase delay are closed for the
three stations. It means that the sum of the biases equals
zero. Given that the differential phase delay is closed [11]
and the model value of the delay for each station is unique,
the differential residual phase delay is also closed. The
phase-closure characteristic of the differential phase delay
of the multi-baseline results in closed biases. This constraint
can be used to verify the solved biases from each baseline.
The differential group delay of f1-f2 includes a system
error at each baseline. The system error varies from 0.4 to
1.0 m. The system error is caused by the system error of the

differential phase. For the same-beam VLBI observations in
SELENE, the system error of the differential phase arises
from the separation angle between Rstar and Vstar, the ele-
vation of the antenna, and the frequency-phase characteris-
tics of the receiver. If the separation angle between Rstar
and Vstar is large, the influence of the ionosphere, atmos-
phere, and antenna phase is remarkable. If the elevation of
the station is low, the influences from the ionosphere and
the atmosphere increase. The influence of the instruments is
related to the difference of the frequencies from the two
explorers. If the difference of the frequencies is large, the
influence is also large. The phase variation relative to the
direction in the main beam of the receiving antenna is not
clearly observable. Such influence is cancelled by differ-
encing the phases of the two signals. The radio frequency
signals are converted into intermediate frequency signals
after they pass through the down-converter and the band-
pass filter at a bandwidth of 100-500 MHz. The bandwidth
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(Color online) Differential group delay and biased differential phase delay were compared with differential phase delay at baseline

VERAISGK-VERAMZSW and VERAMZSW-VERAIRIK. (a) The differential group delay of f1-f2/f1—f3 and the biased differential phase delay of fl
minus the differential phase delay of f1 at baseline VERAISGK-VERAMZSW. The mean value for the difference of f1-f2 is —=0.582 m and the standard
deviation is 0.251 m. The mean value for the difference of f1-£3 is —0.021 m and the standard deviation is 0.027 m. The bias of the biased differential phase
delay of f1 is 1.491 m. (b) The differential group delay of f1—f2/f1-f3 and the biased differential phase delay of f1 minus the differential phase delay of f1 at
baseline VERAMZSW- VERAIRIK. The mean value for the difference of fl1-f2 is —0.408 m and the standard deviation is 0.233 m. The mean value for the
difference of f1-£3 is —0.029 m and the standard deviation is 0.020 m. The bias of the biased differential phase delay of f1 is —0.542 m. The integral period is

60 s. The data rate is 1 point per second.

of the filter is wide. The bandwidth of the signals is narrow
and can be incorporated in the middle of the bandwidth of
the filter. The influence of the filter on the frequency-phase
characteristics of the intermediate frequency is very small.
The intermediate frequency signals are converted into sig-
nals with a bandwidth of 0-2 MHz after they pass through
the down-converter and the low-pass filter. The signals with
a bandwidth of 2 MHz are converted to low frequency sig-
nals with a bandwidth of 0—100 kHz after they pass through
the down-converter and the low-pass filter. The low fre-
quency signals are then sampled and recorded. For the low
frequency signals, the low-pass filter enables only the be-
ginning of the signals of 2 MHz to pass through. The
nonlinear frequency-phase characteristics of the filter in the
head influences the phase of the low frequency signals. The
phase fluctuation in the bandwidth of 100 kHz can reach
approximately 2 degrees [12]. The length of the observation
in Figure 3(b) is shorter than that in Figure 3(a). This dis-
crepancy is caused not by the tracking process, but by the
interrupted phase. The interruption in phase is related to the
characteristics of the instruments. The feeder of the receiv-
ing antenna of VEAR is composed of a screw vibrator array.
Many electrical devices are found in the feeder cabin; these
may produce disturbance. The disturbance signals may be
as strong as the received signals, which can be seen from
the frequency spectrum of the receiving signals [11]. The
frequency of the received signals continuously shifts be-
cause of the Doppler effects. When the frequency of the
received signals approaches the frequency of the distur-
bance signals, distinguishing the received signals from the
recorded data will be extremely difficult. At this time, the
phase of the received signals might be interrupted. This kind

of influence should be avoided when designing the meas-
urement systems of the lunar rover and the lander.

2.3 Error analysis of the bias from the modified biased
differential phase delay

The same-beam VLBI observation between the lunar rover
and the lander differs from that in SELENE in several as-
pects. All these attributes are beneficial in improving the
accuracy of same-beam VLBI observation. The rover is
located near the lander. The maximum separation distance
between the rover and the lander is only several kilometers.
The separation angle from the two explorers to the receiving
antenna on the ground is very small. For example, the sepa-
ration angle is less than 0.001 degrees when the distance on
the lunar surface is 5 km. The phase error influenced by the
phase pattern of the receiving antenna and the transmission
media may decrease to several millimeters, which is highly
beneficial for the same-beam VLBI observation. In deter-
mining the relative position of the lunar rover and the lander,
the model value is computed based on the determined posi-
tion of the lander. The differential residual delay directly
reflects the relative position of the lunar rover. The receiver
in the China VLBI network already uses the DBBC [13].
Compared with the frequency-phase characteristics of the
ABBC, those of the DBBC are more stable, and the nonlin-
ear variation of the band-pass is very small. The nonlinear
fluctuation can be decreased further by correction. The
phase fluctuation for different frequencies in the same
channel decreases and the system error of the differential
delay becomes very small. Figure 4 shows the new charac-
teristics of the frequency-phases among the channels. The
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effects of the band-bass correction are also shown in the
figure.

Figure 4 illustrates that data from channel 1 are taken as
reference. Data from channel 5 are correlated with data
from channel 1. Channels 1-4 come from one DBBC, and
channels 5-8 come from another DBBC. Five percent of the
data at the head and the tail of each channel are removed
before the analysis to decrease the nonlinear influence. The
rms of the residual correlation phase after band-pass correc-
tion ranges from 0.3 to 0.5 degrees. The rms increases when
the bandwidth of the channel increases. The residual corre-
lation phase shows white noise characteristics. If the inte-
gral period is increased, the error decreases. These charac-
teristics are beneficial for decreasing the system error of the
differential group delay.

3 Principle and examples of designing radio
sources on board the lunar rover and the lander

The same-beam VLBI observation is used to determine the
relative position of the lunar rover. The principle for de-
signing the same-beam VLBI observation is that the fre-
quencies from the rover and the lander should be recorded
at the same channel of the receiver. In such conditions, the
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influences from the transmission media and the instruments
are cancelled by differencing the phase of the two signals.
Hence, the accuracy of the differential delay is extremely
high. A differential phase delay with an error of 1 ps can be
obtained using specially designed multi-frequency radio
sources [4]. Suppose that the lander can transmit the DOR
signals and the data transmission signals, whereas the rover
can transmit only the data transmission signals. According
to the aforementioned principle, the on board radio sources
are specially designed to achieve highly accurate same-
beam VLBI observations. The examples of radio sources
can be referenced in future lunar explorations.

Figure 5(a) shows that the data transmission signals with
the bandwidth of 1.0 MHz are placed in the scope between
the range tone and the first tone of the DOR at 3.8 MHz
relative to the carrier of the lander. If the lander simultane-
ously transmits the carrier, as well as the range and first
tones of DOR, the receiver of the VLBI system can record
these lander signals together with the data transmission sig-
nals of the rover with a bandwidth of 8 MHz. The group
delay of the lander and the rover can be obtained from the
recorded data. The differential group delay can be obtained
from the two group delays. The modified biased differential
phase delay can be determined from the biased differential
phase delay and the differential group delay. Figure 5(b)
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Figure 4 (Color online) Frequency-phase characteristic test among the DBBC receiving channels. The input signals are X-band signals. The bandwidth of
the receiving channel is set as 4 MHz/8 MHz. (a) Correlation phase of channels 1 and 5 with a bandwidth of 4 MHz. Left Y-axis represents the phase. Right
Y-axis represents the residual phase after linear fitting; (b) two order polynomial fitting to the residual phase of (a) used as the correction value. The rms is
0.341 degrees after fitting; (c) and (d) represent the correlation phase of channels 1 and 5 with a bandwidth of 8 MHz. The rms is 0.478 degrees after fitting.

The integral period for the correlation phase is 1 second.
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Figure 5 Examples of radio sources fit for the same-beam VLBI obser-
vation: (a) using the frequencies of the lander and data transmission signals
of the rover in same-beam VLBI observation; (b) using the data transmis-
sion signals of the lander and the data transmission signals of the rover in
the same-beam VLBI observation.

shows that the data transmission signals of the rover with a
bandwidth of 1.0 MHz are placed beside the data transmis-
sion signals of the lander. The receiver of the VLBI system
can simultaneously record the data transmission signals of
both the lander and the rover with a bandwidth of 4 MHz.
The modified biased differential phase delay can be ob-
tained after determining the group delay of the lander and
the rover. In the two cases, the signals of the rover are de-
signed to be as proximate to one of the signals of the lander
as possible to simultaneously receive and record these sig-
nals from the two explorers in one narrow channel. Because
the signals from the two explorers are received in the same
channel, the difference from different channels has no in-
fluence on the phase of the signals. The influence from the
channel is cancelled by differencing the phase of the signals
from the two explorers. The frequencies from the two ex-
plorers are near each other; thus, the bandwidth of the re-
ceiving channel is narrow, and the influence of the fre-
quency-phase characteristics of the channel can be de-
creased to a very low level. This level can be decreased
further by enlarging the integral period. The test data of the
DBBC show that the influence of the frequency-phase cha-
racteristics is approximately 0.3-0.5 degrees with a
bandwidth of 8 MHz when the integral period is 1 second.
The design of the radio sources is highly important in
achieving effective same-beam VLBI observation. If the
frequencies from the two explorers are far from each other,
the bandwidth of the channel has to be very large to simul-
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taneously record these signals in one channel, indicating
that the volume of the sample data is extremely large. This
phenomenon makes cancelling the influences from the in-
struments and the transmission media difficult. The error of
the observables may increase.

4 Simulation results of the differential delay
between the lunar rover and the lander

Determining the relative position of the lunar rover necessi-
tates the sensitivity of the observables to the relative posi-
tion. The relationship between the differential delay and the
relative position of the rover and the lander in different
conditions is analyzed through simulations.

The conditions needed for the simulation include ground
stations selection, objects setting, and the observation pe-
riod of interest. The four selected China ground stations are
the Shanghai (SH), Beijing (BJ), Kunming (KM), and
Urumgqi (UR) stations. The four stations can construct six
baselines. Two of them are selected in the simulation
analyses, the BJ-KM baseline, which ranges from north to
south and the SH-UR baseline, which ranges from west to
east. The two baselines are almost orthogonal in direction.

The lander is set on a fixed place A of the lunar surface,
which is the center of the near-side on the lunar surface
facing the earth. It can be defined as the point of intersec-
tion between the X-axis of the lunar body-fixed coordinate
and the lunar surface. The separation distances between the
lunar rover and the lander are set as 100 m, 1 km, and 10
km. The directions of the rover relative to the lander are
considered east and north. The minimum elevation of the
ground station is 10 degrees. The simulation observation
period is one and a half days starting from 1 October 2015.
The software used for the simulation is the same as that
used in CE-1 satellite orbit determination [14].

The following conclusions can be drawn from the simu-
lation results: (1) The differential delays along the west-east
and north-south directions are clearly different, indicating
that the observables are sensitive to the direction of the rela-
tive position. (2) The differential delay varies linearly with
the separation distance in the same direction, implying that
the observables are sensitive to the separation distance. (3)
The differential delay varies in the scope of several tens of
centimeters in the entire observation period when the sepa-
ration distance is 100 m. The error of the differential delay
should be less than the centimeters level to resolve the 10 m
level changes in the relative position. Achieving such accu-
rate observation using the traditional differential group de-
lay is extremely difficult.

The conditions in which the rover is stationary to the
lander have been discussed above. The moving conditions
are analyzed as follows. Suppose that the lander stays in
place A and the rover is moving relative to the lander. Two
cases are discussed. One is that the rover moves from place



Chen M, et al.

Sci China Phys Mech Astron

December (2011)  Vol. 54 No. 12 2293

0.1 10 T
—_ (c)
gg © RS
g Z -04 -10
o
§5 o2 0
o 9 -0, k. -
2.0 : .
E ; -0.4 V.11 Y S T S [
§ 3 05 i i i
LB -06 -60
o=z 07 -70
-0.8 -80
0.6 60
2E o4
o c
© S 02
=5
32 o0
o T
% £ -02
33 04
@ O
56 06
-0.8

10 15 20 25 30 35
2015-10-01 T (h)
Separation distance is 100 m

2015-10-01 T (h)
Separation distance is 1 km

2015-10-01 T (h)
Separation distance is 10 km

Figure 6 (Color online) Simulation results of the differential delay with different relative positions for the rover and the lander on the lunar surface. (a) The
separation distance is 100 m in the west-east direction; (b) the separation distance is 1 km in the west-east direction; (c) the separation distance is 10 km in
the west-east direction; (d) the separation distance is 100 m in the north-south direction; () the separation distance is 1 km in the north-south direction; (f) the
separation distance is 10 km in the north-south direction. In the figure, * ** denotes data from the BJ-KM baseline, ‘x’ denotes data from the SH-UR baseline.

B2 (which is located at the east of A with a separation dis-
tance of 1 km) to place B3 (which is located at the east of A
with a separation distance of 10 km) with an unchangeable
speed of 6 km per day. The other case is that the rover
moves from place C2 (which is located at the north of A
with a separation distance of 1 km) to place C3 (which is
located at the north of A with a separation distance of 10 km)
with an unchangeable speed of 6 km per day. The simula-
tion results of the differential delays are shown in Figure 6.

Figure 7 shows that the rover moves from the place with
a separation distance of 1 km, so that the curves initially
overlap with that of the fixed separation distance of 1 km.
The rover reaches the place with a separation distance of 10
km, so that the curves overlap with that of the fixed separa-
tion distance of 10 km at the end (The overlap is not evident
because the ending area cannot be observed.). Figure 7 also
shows that the curves simultaneously move across the
X-axis, a behavior that reflects the special relative position
between the two explorers and the two ground stations.

The case in which the lander stays in the center of the
lunar nearside is analyzed. In this case, the differential delay
observables are most sensitive to the relative position of the
rover and the lander. For more general cases, the landing
area of the lander can be assumed to have a longitude A,
which varies from —90 to 90 degrees, and a latitude ¢.
Given that the VLBI observables are sensitive to the direc-
tion in the plane-of-sky, the VLBI observables are also sen-
sitive to the projection of the relative position in the plane-
of-sky. The sensitivity of the VLBI observables to the rela-
tive position decreases when the landing point is far from
the center of the lunar near-side. This decrease can be de-

scribed by the factor cos¢-cosA. This phenomenon is par-
ticularly true near the rim of the lunar near-side, because the
VLBI observables show hardly any information on the rela-
tive position.

S Method for determining the relative position
of the rover

The basic process of lunar surface survey begins from the
necessary preparations after landing. The rover is released
from the lander and reaches one or more specified regions
along the planned path. Communication between the rover,
lander and stations continues. The weighted least squares
method can be used to determine the relative position of the
rover using the same-beam VLBI observation. The Taylor
expansion of the estimated parameters at the prior value is
used to develop the linear condition equation. The estimated
values are obtained from the iteration. The condition equa-
tion can be simply expressed as Px=y—b, where P is the
Jacobi matrix consisting of partial derivatives, x is the
solved-for parameter vector, y is the residual vector, and b is
the biases vector of the observables. For the differential
delay, b is the bias of the modified biased differential phase
delay. To establish condition equations, some other tech-
nologies including the coordinate system definition, esti-
mated parameter selection, prior value determination, and
the method of solving the bias also need to be studied.

The local Cartesian coordinate system is developed to
describe the relative position between the lunar rover and
the lander. The origin is the geometric center of the landing
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Figure 7 (Color online) Simulation results of the differential delay when the rover moves relative to the lander. (a) For baseline BJ-KM, the rover moves
from west to east. (b) For baseline BJ-KM, the rover moves from south to north. (¢) For baseline SH-UR, the rover moves from west to east. (d) For baseline
SH-UR, the rover moves from south to north. In the figure, ‘-’ denotes the differential delay with the fixed separation distance of 1 km; ‘x’ denotes the dif-
ferential delay with the fixed separation distance of 10 km; ‘0’ denotes the differential delay when the separation distance varies from 1 to 10 km.

location, and the three components are along the east, north
and zenith. The position of the lander is directly described
in this coordinate system. Choosing the positions of the
rover in the local Cartesian coordinate system as the state
variables is a convenient approach. However, estimating the
coordinate parameters of the rover is difficult when only the
same-beam VLBI observation is used because of the limita-
tion of the observables. VLBI is a unique observation tech-
nique for measuring the relative position discussed in this
paper. VLBI observation can provide strong constraints to
the projection of the relative position in the plane-of-sky.
However, it shows weak constraints along the range direc-
tion, raising the need for a third constraint. Given the flat
surface around the landing location, the height constraint is
used, which can be obtained from the digital lunar topog-
raphic model. Because the grid in the available lunar topog-
raphic models [15-17] is excessively large to enable direct
use, the regional digital lunar topographic model from the
CE-2 mission is considered. Thus, the estimated parameters
are [x,y] coordinates. The prior value of the relative position
is known before the rover leaves the lander. After the rover
leaves the lander, the prior value required in subsequent
observations can be obtained by two methods. The first is to
take the estimated parameters in the previous observation as
the prior value of the later observations because the rover
moves slowly and continuously. The other method is to ob-

tain the prior value from the planned trace of the rover. The
biases of the observables can typically be estimated together
with the other parameters. If the observation periods are
limited, the biases cannot be solved but can be derived from
the statistics of the residuals. The process can be iterative to
obtain the final biases. In determining the relative position
of the rover, the biases should not exceed the system error
of the differential group delay; these errors can be used as
constraints when calculating the biases. The biases derived
from different baselines may be different, but they should
be closed that they can be used to verify the obtained biases.

Scheduling the track is an important problem in deter-
mining the relative position of the rover. If the rover is ob-
served continuously during its movement, the trace of the
rover can be obtained. The observations begin before the
rover is released from the lander, and continue throughout
the entire observation period. The rover remains at rest at
the designed characteristic place, while the observation is in
progress. During the continuous observation, only one bias
exists in the differential delay. This bias can be calculated
using the observations before the movement of the rover,
and is used as prior value for the subsequent trace. The sim-
plified model can be set up to describe the trace between
two characteristic places, in which the planned trace and
telemetry navigation information are considered. The model
parameters are calculated using the observation data. Con-
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tinuous observation for long periods may be difficult; hence,
the observations are designed piecewise. The characteristic
places are then selected. The rover remains at rest at the
characteristic places to facilitate continuous observations.
Accurate relative positions are separately obtained. The
biases of the differential delay at different places vary. In
addition, determining the relative position is difficult if the
observations can be obtained only during the movement of
the rover, because its trace cannot be accurately known. The
courses mentioned are listed below.

(1) The lander tracking begins as soon as it lands on the
Moon to acquire the position of the lander on the lunar sur-
face.

(2) When the lunar rover works normally after it is re-
leased from the lander, the same-beam VLBI observation is
initiated. The self-test of the rover can be arranged at the same
time. This observation period can be used to calibrate the
tracking system error and obtain the initial phase difference.

(3) The characteristic places, such as sampling places,
photo-taking areas, detection sites, and so on, are designed in
accordance with the mission of the rover if the observation
periods are limited. The rover remains at rest at the charac-
teristic places to conduct continuous observations, which
allows for the acquisition of accurate relative positions.

(4) If the continuous observation cannot be achieved at
the characteristic places, the communication and data
transmission should be arranged in time to collect the ob-
servations. All the observations are used to calculate the
positions of the characteristic places. The biases vary for
different observations.

(5) If continuous observation of the characteristic places
is achieved, the bias of differential delay is unique. The
trace can be modeled to solve the history of the trace. For
example, the multi-section linear model can be considered.

6 Discussion and conclusion

In this article, the same-beam VLBI observation was used to
determine the relative position of the rover. Considering the
lunar rover enables only the transmission of data transmis-
sion signals; thus, a new method was proposed to determine
the relative position of the rover with high accuracy through
the biased differential phase delay. The method was con-
firmed using the same-beam VLBI observation data of
SELENE. The designed radio sources for the rover and the
lander, as well as the measured results of the DBBC of the
receiver, show that a more accurate phase can be obtained
using the same-beam VLBI observation between the lunar
rover and the lander. The differential group delay is helpful
in modifying the biased differential phase delay. Finally, a
method for determining the relative position of the rover
and a tracking strategy were introduced. Compared with the
differential phase delay, the biased differential phase delay
necessitates the determination of an additional bias in each
continuous tracking period. The biases were solved together
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with the state parameters in determining the relative posi-
tion. This solution does not directly affect the stability of
the normal equation of the estimated parameters. Acquiring
a relative position that is nearly as accurate as that from the
differential phase delay observables is possible if the ob-
servations are reasonably scheduled. The relative position,
with an error of 10 meters, can be determined using the dif-
ferential phase delay observables [4]. Using the method
proposed here, the relative position of the rover, with an
error of several tens of meters, may be determined through
the biased differential phase delay. A data processing ap-
proach was developed, whereas the software required and
further analyses are reserved for future work.
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