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A B S T R A C T

Precise orbit determination and lander positioning are still a challenge for Mars exploration. In this paper, three
positioning methods are proposed, including the same-beam differential Very Long Baseline Interferometry
(VLBI), four-way orbiter-lander Doppler and three-way loop Doppler for Mars orbiter and lander. Measurement
models and these three positioning methods are further analyzed and evaluated using simulation experiments.
The results show that about 60-m level accuracy for the Mars lander can be achieved by a combination same-beam
differential VLBI data at 10 ps noise level with two-way Doppler data at the 0.1 mm/s noise level. Since VLBI data
are sensitive to the angle between two radio sources, the accuracy of the Mars orbiter was not improved. The
geometry of four-way orbiter-lander Doppler is more sensitive than the geometry of ordinary two-way Doppler,
and therefore, after adding the four-way orbiter-lander Doppler data, the accuracy of the orbiter and lander
positioning can reach the meter and decimeter level. Furthermore, the three-way loop Doppler reduces the
number of orbital repeater signals and improves the POD accuracy at the meter level as well as the lander
positioning accuracy at the decimeter level. Therefore, the three-way loop tracking mode provides an important
reference for future Mars missions.
1. Introduction

Different types of detectors in deep-space missions can obtain
comprehensive and precise scientific data in orbiting, landing, and
sampling tasks (Liu et al., 2015; Jin et al., 2013; Wei et al., 2013; Jin and
Zhang, 2014; Tenzer et al., 2015a; 2015b). Multi-mode detection in deep
space often requires various detectors work together; therefore, the first
problem to solve is multi-detector simultaneous positioning (Liu et al.,
2017, 2018).

In the Selenological and Engineering Explorer (SELENE) mission, the
same-beam differential VLBI was successfully implemented on the Rstar
and Vstar sub-satellites (Namiki et al., 1999). The orbital accuracy
reached at 10m, and improved the accuracy of the low-order gravity
field model of the moon (Goossens et al., 2009; Liu et al., 2010). In
addition, the same-beam differential VLBI was complimented using two
ber 2017; Accepted 16 January 201
detectors focused on the moon, Venus, or Mars in the past (Counselman
et al., 1972; King et al., 1976; Smith and Ramos, 1980; Preston et al.,
1986; Edwards et al., 1991; Kahn et al., 1992; Border et al., 1991; Nandi
et al., 1993). The same-beam differential VLBI provides plane-of-sky
relative position change information at high accuracy. Also, the
same-beam differential VLBI eliminates or reduces most of the systematic
errors in observations stemming from the ionosphere, and troposphere
interference as well noise from the receiver during the correlation phase.
A joint solution for the positioning of orbiter and lander, theoretically,
will provide better accuracy for three-dimensional positioning than so-
lutions using only Doppler data that is only sensitive in the line-of-sight
direction.

In addition, Four-way Doppler was implemented for the first time
during the SELENE mission on a near circular lunar satellite and a high-
eccentric relay orbiter. Earth tracking stations cannot track satellites on
8
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the far side of the moon directly. The successful implementation of this
technology solved that problem allowing the collection of information
about the lunar gravity field on the far side. Hence, this technology had
improved the accuracy of the lunar gravity field model (Namiki et al.,
2009; Hanada et al., 2008; Matsumoto et al., 2008).

However, it is still challenging to get precise orbit determination and
lander positioning for Mars exploration currently. Multi-technique joint
positioning is significant to improve the success of Mars missions. In this
paper, three new methods, same-beam differential VLBI, four-way
orbiter-lander Doppler, and three-way loop Doppler, are proposed for
orbiter determination and lander positioning based on the multi-detector
model. The paper is organized as follows: Section 2 describes the mea-
surement model for same-beam differential VLBI, the four-way orbiter-
lander Doppler model, and the three-way loop Doppler. Section 3 shows
simulation results and discussions, and finally conclusions and perspec-
tives are given in Section 4.

2. Methods and models

2.1. Same-beam differential VLBI model

The Same-beam differential VLBI is implemented as follows: the
signals from two spacecraft are received at the same time on the same
beam width by two Earth-based antennas. The observations are based on
the delay between the arrival times of a radio source at two different
stations constituting a baseline, and carries information on the angular
position of the source (Thornton and Border, 2000; Goossens et al.,
2011). The principle of the same-beam differential VLBI observation
equations are shown in Fig. 1.  T1 and T2 are the Earth-based tracking
stations and τSmT1 represents the light travel time of the signal from the

Mars orbiter to the Earth station T1. Similarly,  τLkT1 and τLkT2 denote the
signals round-trip light time fromMars lander to the Earth stations T1 and
T2, respectively.

Aligning the signal phase to the same wave front makes it possible to
obtain accurate same-beam differential VLBI data (Chen and Liu, 2010).
The measurement model of same-beam differential VLBI aligned to the
same wave front differential phase delays can be expressed as:

τ ¼ τSm � τLk ¼ �τSmT2 � τSmT1
�� �τLkT2 � τLkT1

�
(1)

Further, τSm and τLk could be shown as:
Fig. 1. Schematic diagram of same-beam differential VLBI model.
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τSm ¼ rS2 � rS1
c

þ ðRLTS2 � RLTS1Þ þ f½t1ðTDBÞ � t1ðUTCÞ� � ½t2ðTDBÞ

� t2ðUTCÞ�g (2)

τLk ¼ rL2 � rL1
c

þ ðRLTL2 � RLTL1Þ þ
�½t1ðTDBÞ � t1ðUTCÞ� �

�
t'2ðTDBÞ

� t'2ðUTCÞ
��

(3)

rS2 ¼ jXðSmÞ � XðT2Þj (4)

rS1 ¼ jXðSmÞ � XðT1Þj (5)

rL2 ¼
��XðLkÞ � X

�
T '
2

��� (6)

rL1 ¼ jXðLkÞ � XðT1Þj (7)

where XðSmÞ represents the position state of the orbiter at time m, XðT1Þ
is the position vector of tracking station T1 on the Earth, XðLkÞ is the
position vector of the lander Lk at time k, XðT2Þ and XðT '

2Þ indicates
different position vectors of station T2 because the former is the time
received from the orbiter. The latter value is the time a signal received
from the lander. In the implementation of same-beam differential VLBI,
T1 is the main station and the time scale of the observations is t1ðUTCÞ.
Since the positions of the two spacecrafts are different, the time of
t2 and t '2 in equation (2) and in equation (3) are different. The values rS1
and rS2 represent the geometric distance of the signal transmitted from
the orbiter to the station T1 and T2. The values rL1 and rL2 represent the
geometric distance of the signal transmitted from the Mars Lander to the
Earth station T1 and  T2, respectively; RLTS2 and RLTS1 are the relativistic
time delays for the orbiter to station T2 and T1, called the Shapiro delay
(Shapiro, 1964; Moyer, 2005; Tommei et al., 2010). The values RLTL2

and RLTL1 are Shapiro delay for the Mars Lander to station T2 and T1. As
observations recorded by deep space network (DSN) stations are given in
UTC time, corresponding time-scale corrections are required. The third
and fourth terms in equations (2) and (3) represent the time-scale cor-
rections converting UTC to TDB.

From equation (1), the partial derivatives of the same-beam differ-
ential VLBI observations to the Mars orbiter are obtained as:

∂τ
∂xSm

¼
	
XðSmÞ � XðT2Þ
jXðSmÞ � XðT2Þj �

XðSmÞ � XðT1Þ
jXðSmÞ � XðT1Þj



⋅
1
c

(8)

Moreover, the partial derivative to the Mars Lander is:

∂τ
∂xLk

¼ �
 

XðLkÞ � X
�
T '
2

���XðLkÞ � X
�
T '
2

���� XðLkÞ � XðT1Þ
jXðLkÞ � XðT1Þj

!
⋅
1
c

(9)

2.2. The four-way Doppler model

We extended the four-way Doppler model to Mars Mission. The key
technology in four-way orbiter-lander Doppler enables signal relays by
satellite. The concept is shown in Fig. 2. The Earth tracking station sends
an uplink frequency to the orbiter at epoch Ti, then the orbiter receives
the signal at epoch Sj and immediately relays to the lander, and the
lander receives and relays the signal at epoch Lk to the orbiter. The signal
is re-transmitted back the Earth at epoch Sm and tracking station on the
Earth will ultimately receive the downlink signal at epoch Tn.

The computation of the range rate measurement for the four-way
orbiter-lander Doppler is similar to the traditional two-way Doppler.
The backtracking method is applied according to the path of
Tn-Sm-Lk-Sj-Ti, followed by time forward projections (Moyer, 2005). The
Earth station receives downlink signal at time Tn and records the time
tag. However, the rest of the time (Sm-Lk-Sj-Ti) are unknown. The
downlink signal arrival times ðTnÞ are given in Coordinated Universal
Time (UTC) written as UTC (Tn). At first, Tn must be converted into the



Fig. 2. Schematic diagram of four-way Doppler model.

J. Yan et al. Planetary and Space Science 163 (2018) 5–13
TDB time scale, TDB (Tn). Then TDB (Sm), TDB (Lk), TDB (Sj) and TDB (Ti)
can be obtained by the light-time solution (Moyer, 2005), and finally TDB
(Ti) is converted to UTC time, UTC (Ti). The whole calculation process is
carried out in the Barycentric Celestial Reference System (BCRS). The
range-rate measurement model can be expressed as:

R ¼ ðR1 þ c⋅RLTnmÞ þ R2 þ R3 þ
�
R4 þ c⋅RLTij

�þ c⋅½TDBðTiÞ � UTCðTiÞ�
� c⋅½TDBðTnÞ � UTCðTnÞ�

¼ c⋅½UTCðTnÞ � UTCðTiÞ�
(10)

R1 ¼ jXðSmÞ � XðTnÞj (11)

R2 ¼ jXðSmÞ � XðLkÞj (12)

R3 ¼
��X�Sj�� XðLkÞ

�� (13)

R4 ¼  

��X�Sj�� XðTiÞ
�� (14)

where R1, R2, R3, and R4 represent the geometric distance as shown in
Fig. 2, XðSmÞ, XðSjÞ, XðTiÞ, XðTnÞ, and XðLkÞ represent the position vector
expressed in BCRS. Since the distance from Mars orbiter to the lander is
relatively small, the relativistic delay between the lander and the orbiter
is not considered in equation (10). The calculation of the range rate
measurement is expressed in the integral Doppler form. In one Doppler
integration period, the range rate measurement can be described as the
rate of the distance change between the start time Ts and the end time Te.
Rs and Re are obtained by equation (10) at epochs Ts and Te. The range
rate can be expressed as:

_R ¼ ðRe � RsÞ
Te � Ts

(15)

For the calculation of the partial derivative, according to equation
(10), we can deduce the partial derivative of the distance to the orbiter
and the lander as:

∂R
∂Sj

¼ X
�
Sj
�� XðTiÞ��X�Sj�� XðTiÞ

��þ X
�
Sj
�� XðLkÞ��X�Sj�� XðLkÞ

�� (16)

∂R
∂Sm

¼ XðSmÞ � XðTnÞ
jXðSmÞ � XðTnÞj þ

XðSmÞ � XðLkÞ
jXðSmÞ � XðLkÞj (17)

∂R
∂Lk

¼ XðLkÞ � X
�
Sj
���XðLkÞ � X

�
Sj
���þ XðLkÞ � XðSmÞ

jXðLkÞ � XðSmÞj (18)
7

2.3. Three-way loop measurement model

A new measurement model, named three-way loop Doppler based on
the four-way orbiter-lander Doppler model is proposed. The difference
between this new model and four-way orbiter-lander Doppler is that
three-way loop measurement reduces the number of links between the
Mars lander and the orbiter and instead, transmits a downlink signal
directly from Mars lander to an Earth tracking station. The schematic
diagram of three-way loop Doppler measurement model is shown in Fig.
3. The Earth tracking station sends an uplink frequency to the Mars
orbiter at epoch Ti, and the signal is received at the Mars orbiter at epoch
Sj; the Mars Lander at epoch Lk receives the signal from the orbiter. The
signal is re-transmitted back the Earth by the transponder on the orbiter
and received by tracking station at epoch Tn.

Similar to the four-way orbiter-lander model, the three-way loop
model also uses “backtracking” to calculate the range, based on the Tn �
Lk � Sj � Ti path. This distance model can be expressed as:

R ¼ ðR1 þ c⋅RLTnkÞ þ R2 þ
�
R3 þ c⋅RLTij

�þ c⋅½TDBðTiÞ � UTCðTiÞ�
� c⋅½TDBðTnÞ � UTCðTnÞ�

¼ c⋅½UTCðnÞ � UTCðiÞ� (19)

R1 ¼
��X�Sj�� XðTiÞ

�� (20)

R2 ¼
��X�Sj�� XðLkÞ

�� (21)

R3 ¼ jXðTnÞ � XðLkÞj (22)

Similarly, the range rate model can be expressed by equation (15).
The partial derivative is calculated as follows:

∂R
∂Sj

¼ X
�
Sj
�� XðTiÞ��X�Sj�� XðTiÞ

��þ X
�
Sj
�� XðLkÞ��X�Sj�� XðLkÞ

�� (23)

∂R
∂Lk

¼ XðLkÞ � X
�
Sj
���XðLkÞ � X

�
Sj
���þ XðLkÞ � XðTnÞ

jXðLkÞ � XðTnÞj (24)

The three-way loop Doppler mode has reduced a link and therefore is
reliable and relatively simple to implement, unlike the four-way orbiter-
lander Doppler mode. Meanwhile, by adding a link between the orbiter
and the lander, and a link between the lander and the Earth tracking
station, the three-way orbiter-lander Doppler mode can resolve the po-
sition of orbiter and the lander at the same time, unlike the two-way
Doppler mode. Given the massively increasing volume of tracking data,
we think that three-way loop Doppler mode is the optimum solution for
solving Orientation and rotation Parameters of Mars.
Fig. 3. Schematic diagram of three-way loop measurement model.
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3. Simulation results and analysis

We independently developed the Mars Gravity Recovery and Analysis
Software (MAGREAS), which is part of Wuhan University Deep Space
Orbit determination and Gravity Recovery System software (Ye, 2016;
Yan et al., 2017; Yan et al., 2017) in order to enhance the capability of
Mars spacecraft precise orbit determination and recover the Martian
gravity field model. Our simulation was based on the MAGREAS. During
the simulation, we applied three new Mars measurement models as
described in section 2, and evaluated the accuracy of Mars Lander posi-
tioning and the orbit determination for the orbiter. The contributions of
the three new tracking modes are investigated for the positioning of the
Mars spacecraft relative to the traditional two-way tracking mode.

In Table 1, we present a typical Mars spacecraft orbit in this simula-
tion with choosing an attractive lander site located in the Amazonis
Planitia (30�N, 165�W), due to its low altitude, flatness, potential water
history signature and its location near Olympus Mons. Fig. 4 shows the
Martian topography and our chosen landing site. The map source data
came from NASA, collected by the Mars orbiter laser altimeter (MOLA)
science team (Smith et al., 2001a,b).

The Chinese Lunar Exploration Program (CLEP) is developing rapidly
with subsequently more Chinese Deep Space Network (CDSN) (Dong et
al., 2016). Now the CDSN consists of three globally distributed Chinese
Deep Space Stations (CDSSs), including the Jiamusi station (66m dish),
the Kashi station (35m dish) and the Zapala station (35m antenna) in
Neuqu�en, Argentina. These sites provide near continuous tracking of
interplanetary spacecraft, as the Earth rotates.

The data processing method is based on the classical dynamical orbit
determination theory (Montenbruck and Eberhard, 2012; Tapley et al.,
2004). The local parameters include six initial orbital elements while the
Lander position can be treated as a global parameter. After precise orbit
determination for each arc, local parameters can be solved, and then,
normal matrices obtained from each arc solution. The global parameters
can be obtained by integrating the multi-arc normal matrices. The global
iterations do not stop until the results of the global parameters converge.
The algorithm process is similar to gravity field recovery (Yan et al.,
2012).
3.1. Simulation and analysis of same-beam differential VLBI

The simulation strategy is shown in Table 2. Based on the dynamic
models from Table 2, the true orbit was generated by integrating the
motion equation with the initial orbit elements, and the orbits were then
used to create simulated two-way data and same-beam differential VLBI
data. The Earth stations for simulated two-way Doppler data are Jiamusi,
Kash, and Zapala stations. Gaussian white noise with 1 sigma value of
0.1 mm/s and 10 ps were added to the two-way Doppler data and same-
beam differential VLBI data. If the influence of the Mars atmosphere and
ionosphere is not taken into account (Jin et al., 2004, 2016), there would
be bias in the same-beam VLBI observables; hence, we added a mea-
surement bias of 20 ps in these simulated observables. The sampling rate
was 5 s. The tracking stations for same-beam differential VLBI were China
VLBI Network (CVN), located in Seshan, Beijing, Kunming, and Urumqi.
The arc length was one Earth day. Perturbations considered in the
simulation included non-spherical gravitational perturbation, N-body
perturbations, solar pressure, Phobos and Deimos perturbations, Martian
atmospheric friction, relativistic effects, and the Martian solid tide.

In order to make the simulation more convincing, we added
Table 1
The orbital elements used in the simulation.

Semi major
axis (m)

Eccentricity Inclination
(degree)

RAAN
(degree)

argument
of perigee
(degree)

mean
anomaly
(degree)

7617819.000 0.495 15.666 119.478 323.181 87.152
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systematic errors in the observables of the lander and orbiter, including a
Lander position error of 1 km in each of the X-Y-Z components and de-
viation of 100m at the initial orbit elements. Further, errors were added
at factor of three to the uncertainty in the gravity field coefficient. Table
3 shows the simulation results of orbit determination and Table 4 shows
the results of lander positioning.

We can see that after we included the same-beam differential VLBI
data, the accuracy of the orbit have no significant improvement when
compared to the results from only two-way Doppler. However, it can be
used to solve the Lander's position. Table 4 shows that gravity field model
errors and measurement bias degrade lander positioning accuracy a little
(Wei et al., 2016), but have no influence on the error bar. The conver-
gence speed was fast and took only three iterations. The positioning ac-
curacy of the lander was about 32m at the 10ps noise level. In addition,
we also simulated the influence of different levels of noise in the
same-beam differential VLBI data for the lander positioning accuracy.
Taking into account that gravity field error may obscure the ability of
same-beam differential VLBI positioning, we ignored gravity field error
so that the results directly reveal how accurate the proposed method
might be for lander positioning; these results are given in Table 5.

As seen in Table 5, the positioning accuracy of the lander could be
increased by one order of magnitude for each order of magnitude
improvement in same-beam differential VLBI data, when potential errors
in coordinate transformation and other model errors are ignored. In
general, this simulation of same-beam differential VLBI indicates that the
proposed method can deliver precise Mars lander positions, while mak-
ing a complimentary contribution to precise orbit determination when
combined with two-way Doppler data.

3.2. Simulation and analysis of four-way orbiter-lander Doppler

In this simulation, the parameters and dynamic models are as those
discussed in section 3.1. The Kash and Zapala stations transmit and
receive two-way Doppler frequencies, and the tracking station in Jiamusi
receives and transmits four-way orbiter-lander Doppler signals. Gaussian
white noise with sigma of 0.1 mm/s was added to the two-way Doppler
observables. Taking into account data transmission with low code rate
and data loss, one sigma of 1mm/s noise was added to the four-way
Doppler observables. In addition to systematic errors and gravity field
model errors in the lander and orbiter data, pass-dependent measure-
ment biases at 2mm/s were considered in four-way Doppler observables.

Four-way orbiter-lander Doppler data depends on the geometry be-
tween the earth tracking station, Mars orbiter and lander. In Table 6, we
show a comparison of the number of the four-way orbiter-lander Doppler
data and two-way Doppler data. The distribution of the tracking data is
shown in Fig. 5.

From Table 6 and Fig. 5, the number of four-way Doppler data was
influenced by occultation of the Earth and Mars. The premise when
implementing four-way Doppler is that the orbiter and the Earth tracking
station can see each other, and the orbiter and the lander are visible to
each other as well. Overall, four-way Doppler data accounted for about
15% of the two-way Doppler data. In addition, we found that the
observation conditions at the Zapala station were better than other two
tracking stations, as the Zapala station has a maximum altitude of 65�.
This station will improve the tracking capabilities of the deep space
network in China.

In Table 7, we show the results of the Mars orbiter precise orbit
determination using the two-way Doppler data and four-way orbiter-
lander Doppler data. In Table 8, we list the computing process for lander
positioning using the four-way orbiter-lander Doppler data.

The accuracy of some of the arc solutions improves a factor of two
after adding the four-way Doppler data (arc No. 3, arc No. 5, and arc No.
6), but there are some arcs whose accuracy is decreased a little (arc No. 1,
arc No. 2, arc No. 4 and arc No. 7). The reason is that these arcs accuracy
(arc No. 1, arc No. 2, and arc No. 4 and arc No. 7) are precise enough
before combining four-way Doppler data, so four-way data at 1mm/s



Fig. 4. Mars lander sites distribution.

Table 2
Simulation strategy in WUDOGS.

Description

Arc length 24 h
The Orbiter Large eccentricity and elliptical orbit with 450� 8000 km

height
The Mars lander Location (30�0000000 , �160�0000000)

Cutoff angle 5�

Earth tracking station Solid earth tide displacement
H2¼ 0.6078, L2¼ 0.0847
Cutoff angle 5�

Dynamic models for
the Orbiter

Non-spherical perturbation, MRO120D (Konopliv et al.,
2016)
Three body perturbation, DE421 used (Williams et al.,
2008), including Phobos and Deimos perturbation
K2 tidal perturbation, K2¼ 0.169
Solar pressure perturbation
Martian atmospheric drag (Stewart, 1987)
Relativistic point mass acceleration and geodetic precession
(Huang et al., 1990)
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noise level may contaminate the result of high-precision accuracy to
some extent, but the influence is limited.

In Table 8, we present the Mars lander positioning results, including
two cases: one without added gravity field model error and measurement
bias and the other with considering these sources of errors. The two cases
both reached the decimeter level after convergence. Thus, the uncer-
tainty in the gravity field model and the measurement bias had little
influence on the lander positioning for the four-way Doppler observables.

In order to present the improvement in orbit accuracy after using
Table 3
Initial orbit position difference between solution and true one using the same-beam differentia
Landers position error of 100m deviation and gravity error with a factor of three of the gravity fi

Arc No. Two-way Doppler only

Δx (m) Δy (m) Δz (m) Errors(m)

1 2.342 �3.450 �1.861 4.566
2 0.268 �0.115 �0.761 0.815
3 0.313 0.741 �3.030 3.135
4 0.106 �0.186 0.380 0.436
5 1.551 1.371 �2.689 3.393
6 1.789 0.176 �7.484 7.697
7 �0.081 0.172 �0.076 0.204

9

four-way data, we present the orbital differences of two arcs with
considering gravity field model error and measurement bias in Fig. 6.
This figure shows the orbit differences between the true orbit and the
reconstructed orbit constructed from the two-way data only (left row),
and the orbit differences from the two-way and four-way data together
(right row). Differences are given in three components (R, radial; T,
tangential and N, normal).

These results reveal that the differences in directions T and N are
reduced doubly after the four-way Doppler data are included. Thus, four-
way data improved orbit accuracy to some extent. In this simulation, we
ignored the effect of the Mars atmosphere and ionosphere on the four-
way Doppler link. These errors could be reduced during data pre-
processing and estimated into the systematic measurement bias.
3.3. Simulation and analysis of three-way loop Doppler

Taking into account that the three-way loop Doppler model is similar
to four-way orbiter-lander Doppler, we set the three-way loop Doppler to
a similar configuration as those discussed in section 3.2, and shown in
Table 2. Gaussian white noise with one sigma of 0.1mm/s was added to
the two-way Doppler observables. One sigma of 1mm/s Gaussian noise
and measurement bias of 2 mm/s were added to the three-way loop
Doppler observables. In the three-way loop Doppler model, the signal is
directly transmitted to Earth after the lander receives the signal from the
orbiter. The simulated data include two-way Doppler and three-way loop
Doppler. The deep space tracking station in Jiamusi transmits and re-
ceives three-way loop Doppler signals; the Kashi and Zapala stations
transmit and receive two-way Doppler signals. The sampling rate was set
l VLBI and two-way Doppler data in Mars J2000 system (estimated bias values, with the
eld coefficient uncertainty). The errors denote the absolute difference from the true value.

Two-way Doppler with Same-beam differential VLBI of 10 ps noise Bias (ps)

Δx (m) Δy (m) Δz (m) Errors(m)

2.076 �3.059 �1.667 4.055 19.999
0.872 �0.433 �2.671 2.843 20.001
0.293 0.690 �2.852 2.948 20.000
0.117 �0.355 0.649 0.748 19.999
1.586 1.414 �2.787 3.504 20.000
1.981 0.194 �8.287 8.522 19.999
�0.296 0.587 �0.301 0.723 19.999



Table 4
The iterative process for the lander position using the same-beam differential VLBI data with 10 ps noise. The errors denote the absolute difference with the true value, and triple standard
deviation is used to represent the uncertainty of the results.

Number of iterations without the gravity field model errors and measurement bias with the gravity field model errors and measurement bias

Δx (m) Δy (m) Δz (m) Δx (m) Δy (m) Δz (m)

1 �1003.005 �974.060 994.485 �1008.613 �980.512 993.310
2 �9.487 �3.787 �0.386 �15.031 2.409 �0.314
3 �0.194 �0.148 �0.074 0.214 �0.837 0.867
Total �1012.686 �977.995 994.025 �1023.430 �978.940 993.863
Errors 12.686 �23.005 5.975 23.430 �21.060 7.137
3σ �32.661 �20.812 �59.075 �32.661 �20.811 �59.075

Table 5
The positioning accuracy of lander using different noise of same-beam differential VLBI
data (without the gravity field model errors).

Random
noise

0.1 ns 10 ps 1 ps

Position
errors

ΔX(m) 129.242�133.882 12.686�32.661 �1.154�2.556
ΔY(m) 237.947�212.773 �23.005�20.812 6.8433�.678
ΔZ(m) �24.555�116.547 5.975�59.075 �0.484�4.366

Table 6
The number of four-way Doppler data and two-way Doppler data.

Arc No. Kashi Jiamusi Agrio

2WRR 4WRR 2WRR

1 3272 668 4188
2 3262 1760 4197
3 3252 844 4207
4 3240 597 4216
5 3231 2053 4225
6 3220 1367 4235
7 3210 450 4243

Fig. 5. The distribution of Four-way Doppler data and two-way Doppler data
(The vertical axis is the elevation angle observed by the station, and the
horizontal axis is the time).
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to 5 s. The precision orbit determination and lander positioning results
are given in Tables 9 and 10.

In Table 9, the combination of the three-way loop Doppler and two-
way Doppler resulted in limited improvement to the orbital accuracy
as compared with the solution from two-way Doppler data alone. This is
because the noise level of three-way close loop Doppler data is at 1mm/s,
which is an order of magnitude bigger than the two-way Doppler data.
However, the orbital accuracy of arc No.3, arc No.5, and arc No.6
improved slightly. The accuracy of lander positioning reaches the deci-
meter level, which is better than the positioning results from the same-
beam differential VLBI model. In order to investigate the merit of this
three-way loop Doppler, another experiment, considering that the ob-
servables are always affected by the orbital errors, was executed, testing
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the influence of orbital errors on lander positioning. Ten meter errors in
each X-Y-Z components of orbit were added and not adjusted; these
lander-positioning results are shown in Table 11.

Three-way loop Doppler model has better accuracy than the four-way
Doppler model shown in Table 11. The reason is that the former model
has a direct link to the Earth tracking station, which provides a constraint
on lander positioning. The latter model however, only links with the
obiter so that the orbital errors have more influence on lander
positioning.

3.4. Discussion

In order to show the contribution of these methods in orbit deter-
mination clearly, the initial orbit position difference between solutions
and true one was generated in Fig. 7. As shown in Fig. 7, orbit accuracy is
improved after adding these data, except for same-beam differential VLBI
with 10 ps noise. The highest and most stable orbit determination ac-
curacy can be reached by adding four-way data or three-way loop data.

These three methods, the same-beam differential VLBI, four-way
Doppler, and three-way loop Doppler, are all effective for lander posi-
tioning. The four-way Doppler and three-way loop Doppler can play a
part in improving orbital accuracy, but the same-beam differential VLBI
data could not improve spacecraft orbit accuracy. A possible reason is
that the same-beam differential VLBI data give information about the
angles between the spacecraft and the lander, and cannot constrain the
spacecraft orbit directly. The noise level of same-beam differential VLBI
data directly affects the positioning accuracy of the lander, which could
be increased by one order of magnitude for each order of magnitude
improvement in same-beam differential VLBI data.

The four-way Doppler can improve orbital accuracy significantly as
well as lander positioning. Our previous work showed that two-way data
are more sensitive in the line-of-sight direction, while four-way data have
a more rigorous geometric configuration (Li et al., 2016) due to the link
line between the lander and the orbiter form an angle with the orbit
plane. Therefore, the extra link in the four-way tracking mode between
the lander and the orbiter could better constrain error in the tangential
and normal directions and thus make complements the traditional
two-way tracking mode (Ye, 2016).

The three-way loop Doppler and two-way Doppler shows high sta-
bility in the orbital accuracy as comparedwith the solution from two-way
Doppler data alone. The improvement was similar to that from the four-
way data. Furthermore, the three-way Doppler has the advantage that the
orbital errors have less effect on the lander positioning than the four-way
Doppler does and it is more intuitive and more convenient to implement
in comparison to four-way Doppler model. Since the lander is stable on
Mars, with massively increasing volume of tracking data, the three-way
loop Doppler mode has the potential to solve orientation and rotation
Parameters of Mars.

4. Conclusion

In this paper, we investigated three tracking modes that potentially
could be employed during future Mars mission to constrain the posi-
tioning of the orbiter and lander. After adding the same-beam differential



Table 7
Initial orbit position difference between solution and true one using four-way and two-way data (estimated bias values, with the Landers position error of 1 km deviation and gravity field
model error with a factor of three of the gravity field coefficient uncertainty).

Arc No. Two-way Doppler only Two-way Doppler and four-way Doppler

Δx (m) Δy (m) Δz (m) Errors(m) Δx (m) Δy (m) Δz (m) Errors(m) Bias (mm/s)

1 2.342 �3.450 �1.861 4.566 2.489 �3.669 �1.978 4.854 2.000
2 0.268 �0.115 �0.761 0.815 0.531 �0.251 �1.584 1.689 2.000
3 0.313 0.741 �3.030 3.135 0.137 0.281 �1.115 1.157 2.000
4 0.106 �0.186 0.380 0.436 0.133 �0.351 0.663 0.761 2.000
5 1.551 1.371 �2.689 3.393 0.413 �0.344 �0.661 0.851 2.000
6 1.789 0.176 �7.484 7.697 0.784 0.077 �3.286 3.379 2.000
7 �0.081 0.172 �0.076 0.204 �0.130 0.269 �0.129 0.325 2.000

Table 8
The iterative process of the lander for four-way Doppler data.

Number of iterations without the gravity field model errors and measurement bias with the gravity field model errors and measurement bias

Δx (m) Δy (m) Δz (m) Δx (m) Δy (m) Δz (m)

1 �866.989 �862.227 863.430 �868.606 �867.197 867.299
2 �122.648 �118.451 120.158 �120.491 �119.361 119.883
3 �10.785 �10.954 10.734 �10.712 �11.385 11.483
4 0.215 �0.194 0.387 �0.183 �1.625 1.408
Total �1000.207 �999.826 999.709 �999.992 �999.568 1000.073
Errors 0.207 �0.174 0.291 �0.008 �0.432 �0.073
3σ �0.467 �0.696 �0.527 �0.467 �0.696 �0.527

Fig. 6. The Differences between true orbit and reconstructed orbits from two-way Doppler and four-way Doppler. (The figure (a) shows orbit position differences
of arc No. 3 using two-way Doppler, and the figure (b) shows this differences after including four-way Doppler. The figure (c) shows orbit position differences of
arc No. 5 using two-way Doppler, and the figure (d) shows these differences after including four-way Doppler).
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VLBI observations, the orbit accuracy cannot be greatly improved
because VLBI data are only sensitive to the angular difference between
two objects. Nevertheless, the position of the orbiter could be restrained
in some arcs, and the lander position accuracy could reach around 60m
11
with same-beam differential VLBI noise of 10 ps. After combining the
four-way orbiter-lander data, the accuracy of the orbit was improved
doubly when compared to one derived from the two-way Doppler, and
the positional accuracy of the lander reaches the decimeter level. By



Table 9
Initial orbit position difference between solution and true one using three-way loop and two-way data (estimated bias values, with the Landers position error of 1 km deviation and gravity
field model errors with a factor of three of the gravity field coefficient uncertainty).

Arc No. Two-way Doppler only Two-way Doppler and three-way loop Doppler

Δx (m) Δy (m) Δz (m) Errors(m) Δx (m) Δy (m) Δz (m) Errors(m) Bias (mm/s)

1 2.342 �3.450 �1.861 4.566 2.401 �3.539 �1.908 4.682 2.000
2 0.268 �0.115 �0.761 0.815 0.474 �0.222 �1.405 1.499 2.000
3 0.313 0.741 �3.030 3.135 0.155 0.327 �1.311 1.360 2.000
4 0.106 �0.186 0.380 0.436 0.129 �0.326 0.620 0.712 2.000
5 1.551 1.371 �2.689 3.393 0.443 �0.371 �0.715 0.919 2.000
6 1.789 0.176 �7.484 7.697 1.609 0.159 �6.731 6.922 2.000
7 �0.081 0.172 �0.076 0.204 �0.125 0.259 �0.124 0.313 2.000

Table 10
The iterative process of the lander for three-way loop data.

Number of iterations without the gravity field model errors and measurement bias adding gravity field model errors and measurement bias

Δx (m) Δy (m) Δz (m) Δx (m) Δy (m) Δz (m)

1 �886.827 �887.513 887.320 �884.534 �884.478 885.170
2 �101.075 �99.832 �99.193 �102.287 �101.788 100.893
3 �11.254 �10.767 11.462 �12.069 �11.305 12.017
4 �1.073 �1.485 1.459 �1.126 �1.762 1.690
Total �1000.229 �999.597 999.434 �1000.016 �999.333 999.770
Errors 0.229 �0.403 0.566 0.016 �0.667 0.230
3σ �0.567 �0.893 �0.845 �1.127 �0.891 �0.844

Table 11
The influence of orbital errors on lander positioning.

Errors Four-way Doppler Three-way loop Doppler

X (m) 13.458 �0.817
Y (m) 17.337 �20.712
Z (m) �52.418 �8.727
Total (m) 56.828 22.491

Fig. 7. Initial orbit position difference between solutions and true one
(gravity field model errors and measurement bias are not considered). The
difference is the total discrepancy from initial orbit position in J2000 frame.
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considering the three-way loop Doppler data, the accuracy of orbit and
lander position is consistent with those from the four-way orbiter-lander
Doppler.

The simulation results show that our proposed tracking models for the
orbiter-lander have advantages when locating the position of the lander,
and improve the accuracy of orbit determination. This work could pro-
vide a reference for the future Mars mission. In the future, the further
contribution of these tracking modes towards Mars orientation parame-
ters solution and gravity field modeling will be investigated.
12
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