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Abstract

We propose a Very Long Baseline Interferometry (VLBI) precision evaluation method for probe delay
measurement, so as to investigate the error contributions from different components in the Chinese VLBI Network
(CVN). This method takes the idea of traditional closure delay analysis for distant radio sources. It focuses on the
VLBI closure delay only and therefore excludes the influence of probe orbit determination, which makes it very
suitable to evaluate the capability of VLBI probe delay measurement. In this paper, we first introduce the principles
of closure delay analysis. Then the statistical results of typical CES (Chinese Chang’e 5 lunar exploration mission)
and HX1 (Chinese Mars exploration mission) observations are presented, including the comparison of the closure
delay precisions between CES and HX1 for four closed baseline triangles in CVN. According to the result, we
realize that the precision discrepancy between CE5 and HX1 in the closure delay analysis is less than that of
residual delay after orbit determination, which reflects the precision level of the VLBI delay measurement.
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1. Introduction

Very Long Baseline Interferometry (VLBI), as the technique
with the highest angular resolution, has been used in
astrophysics (Thompson et al. 2001), astrometry (Ma et al.
1998; Schuh & Behrend 2012) and deep space exploration
(Zheng et al. 2014; Liu & Zheng 2020) since the mid-1960 s
(Matveyenko et al. 1965). The Chinese VLBI Network (CVN)
(Liu & Zheng 2020) consists of five radio telescope stations,
including Seshan25 (Sh, 25 m telescope established in 1987),
Urumgi (Ur, 26 m telescope established in 1993), Miyun (Bj,
50m telescope established in 2006), Kunming (Km, 40 m
telescope established in 2006) and Tianma (Tm, 65 m telescope
established in 2012), together with a data processing center
located in Shanghai. The primary missions of the processing
center are data receiving and playback, correlation, post
processing, and probe orbit determination. Using the VLBI
technique combined with the ground-based ranging and
Doppler velocity measurement, the precise orbit measurement
of lunar probe is achieved. CVN has played an important role
in probe tracking in the Chinese lunar exploration mission.
Besides that, CVN is undertaking the orbit measurement of the
Chinese Mars exploration mission. The accuracy of VLBI orbit
determination is continuously improved (Hong et al. 2020).

The whole VLBI tracking task can be divided into two
stages. The first stage is delay measurement, which includes
raw data correlation and post processing. The purpose of this

stage is to obtain the observables of each baseline and scan.
The second stage is orbit determination, in which a more
accurate orbit is reconstructed by combining a priori orbit with
those observables obtained at the first stage. Up to now, the
precision evaluation of VLBI system is based on the post-fit
residuals of delay after orbit determination, which actually
contains errors introduced in both delay measurement and orbit
determination stages. The precisions of VLBI delay residuals
after the orbit determination of Chinese lunar and Mars probes
are listed in Table 1.

The observation of CE5 (Chinese Chang’e 5 lunar explora-
tion mission) and HX1 (Chinese Mars exploration mission) are
overlapped in the time from 2020 July to 2021 May. The
precision difference of VLBI residual delay can be observed
between these two missions: the precision of HXI is higher
than that of CES. At present, it is difficult to identify specific
reasons for this difference in the whole complex observation
system. To deal with this issue, we propose a new method to
evaluate the delay precision of the VLBI system in the delay
measurement stage. It is based on the closure delay standard
deviation analysis, which does not depend on the orbit
determination process, and therefore separates the error in the
delay measurement stage from that of orbit determination.
Moreover, based on the closure delay principle, the errors
related to the station, such as the effects of station atmosphere,
clock and geometry, are canceled out. As a result, it provides an
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Table 1
Precisions of VLBI Delay Residuals after the Orbit Determination

Probe Name  Frequency Band  Beacon  Residual Delay Precision (ns)
CEl S VLBI 6.2
CE2 S VLBI 49
CE3 X ADOR 0.8
CE4 X ADOR 0.7
CES X ADOR 0.4
HX1 X ADOR 0.2

Note. The name in the first column begins with CE represents the probe name
in Chinese lunar exploration mission, while HX represents the probe name in
Chinese Mars exploration mission.VLBI beacon means the measurement and
control downlink signal of probe which include the telemetry signal and
ranging and velocity measurement signal. ADOR beacon means Delta
Differential One-Way Ranging signal.

independent way for the quality assessment of CVN in probe
delay measurement stage.

The principle of VLBI closure delay has already been used
in astronomy and geodesy. For instance, the closure quantities
can reveal the radio source structure information to some extent
(Doeleman et al. 2001; Xu et al. 2017; Anderson & Xu 2018).
The closure phases and amplitudes have been incorporated in
the self-calibration processing of the radio source imaging
(Cornwell & Fomalont 1999; Thompson et al. 2001). The
differential phase delay closure information can be used to
correct delay ambiguity in the differential phase delay
calculation of the same beam interferometry (Chen &
Liu 2010). In this work, the closure delay method is used to
evaluate the precisions of CES and HX1 probes in the delay
measurement stage. The closure delay precision (the standard
deviation) of ADOR group delay is calculated. We will
demonstrate that the closure delay analysis is suitable for the
precision evaluation of CVN probe delay measurement.

In this paper, we first introduce the VLBI closure delay
principle in detail. Then we present the results of the closure
delay precision analysis of some typical probe observations.
Finally, we summarize and give discussions.

2. Closure Delay Principle in VLBI

Imaging that three VLBI stations make up a closed triangle
which has three baselines. The closure delay principle is
described as that the measured delays and delay rates are
summed around these three baselines. The sum of delay and
delay rate is called “closure delay” and “closure delay rate”.
This is a powerful method to test the internal consistency and
quality of the data (Whitney 1974). Delay stands for the
difference between the arrival time at two stations of the same
signal wave front. Delay rate refers to the change rate of delay
with respect to time. Given that we have three stations, a, b and
¢, which form a closed triangle. The arrival times of a certain
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Figure 1. Histogram of formal error.

wave front to the three stations are donated as 7, 7, and .
respectively. Then the delay for these three baselines can be
expressed as T,, =1, —t;, Tpe=1t.— 1, and 7., =1, —t.. The
closure delay 7, is defined by

Tabe = Tab + Tbe + Tea (1)

Theoretically, the closure delay 7,,. should be zero if we
substitute the delay expressions of 7, 7. and 7, into formula
(1). However, due to the errors introduced during the delay
measurement stage, the actual delay of 7, is not zero. In
general, the nonzero closure delay reflects the VLBI delay
measurement precision.

In the practical observations, one may be troubled by the fact
that the actual time recorded by each station does not
correspond to the same wave front of the received signal.
Therefore, when calculating the closure delay using the actual
delay observables, a correction to the delay observables is
needed to make the geometry of a triangle completely close. A
detailed discussion about the correction and dedicated
equations can be found in the supporting material (Anderson
& Xu 2018). A simplified form for the delay correction can be
expressed as

1
Tabe = Tab + The + Tea + [Tie 7Jab + 57—176 : Tlah2 (2)

A prime on a delay symbol indicates only the geometric
delay without the station clock offset. A dot and double dots on
a delay symbol refer to the first and second order derivative
with respect to time (Xu et al. 2017). Conveniently, the time
correction has already been considered in the delay processing
at Shanghai data processing center.

The biggest advantage of closure delay principle is that
during the closure delay calculation, the effects of delay errors
related to each station, such as station position errors, station
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Table 2
Statistic of CES and HX1 Observations for Closed Triangle Bj-Ur-Tm

Date Probe Freq. Setup Scan FFT Formal Error Closure Delay Closure Delay
Name (MHz x chan) Length (s) Size Average (ns) Average (ns) Precision (ns)
20201126 CES 2 x 16 5 2048 0.199 0.005 0.036
HX1 8 x4 30 8192 0.175 —0.019 0.120
20201207 CE5 2 x 16 5 2048 0.382 —0.011 0.372
HX1 8 x4 30 8192 0.109 0.027 0.153
20201211 CES 2 x 16 5 2048 0.167 0.005 0.077
HX1 8 x4 30 8192 0.098 —0.003 0.074
20201215 CES 2 x 16 5 2048 0.239 0.021 0.069
HX1 8 x4 30 8192 0.102 —0.009 0.141
20201221 CES 2 x 16 5 2048 0.127 0.002 0.065
HX1 8 x4 30 8192 0.133 0.004 0.046
20210217 CES 4 x8 5 2048 0.142 —0.001 0.066
HX1 8 x4 30 8192 0.097 0.001 0.016
20210415 CES 8 x4 30 8192 0.192 0.040 0.093
HX1 4x8 30 8192 0.101 0.010 0.054
20210512 CES 8 x4 30 8192 0.181 —0.016 0.052
HX1 8 x4 30 8192 0.196 0.035 0.190

Note. The freq. setup for the third column means the bandwidth of channels and the number of channels.

thermal deformation errors, clock offset errors, cable delay
errors, EOP errors, errors from pointing offsets, tropospheric
delay errors, ionospheric delay errors, and so on, are canceled
out completely. As all these delay errors for each station appear
twice with opposite symbols in the calculation of closed
triangle delay, the sums of these station related delay terms are
zero (Anderson & Xu 2018).

In the closure delay analysis of quasar observation, the
nonzero closure errors are mainly from the measurement noise
and the source structure effects (Xu 2021). Nevertheless, in
probe observation, the probe signal is strong and point-like. So
the influence of the source structure could be neglected. We can
pay more attention to the analysis of the data handling
capability of the complex VLBI delay measurement system. In
the actual implementation, the precision of closure delay is
estimated with the standard deviation of closure delays.

3. Probe Observations and Closure Results Analysis

We have collected several typical observations of CES and
HX1 from 2020 November to 2021 May. Here we also listed
some important observation parameters such as the channel
frequency, the scan length, the FFT size, the triangle formal

error, etc. FFT size is set according to the spectral resolution
and is proportional to the observation bandwidth. For three
baselines, the formal errors, expressed as 0., Ope, Ocq, ar€
derived in the fringe fitting process. Then the formal error for

the closed triangle is calculated as oy = 02 + 03 + 02,

Before calculating the closure delay standard deviation, we
carry out a preliminary analysis on the triangle formal error.
The formal error histogram of one typical probe observation is
shown in Figure 1. We can find two small isolated precision
bars at around 4.5 ns for this observation, which reflects the
abnormal values in the observation. To rule out the effect of
poor-quality data, data with the formal error greater than 1 ns
has been eliminated while doing closure delay analysis. In the
future, this treatment could be applied as a sanity check of the
data integrity.

Tables 2 and 3 are the statistics with both CES and HX1
observations available within one day. Table 2 lists the
information for one closed triangle with three stations Bj, Ur
and Tm, marked as Bj-Ur-Tm, while Table 3 lists the
information for another closed triangle Km-Ur-Tm. The closure
delay precision is estimated as the standard deviation of all
closure delays in a given observation. The overviews of the
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Table 3
Statistic of CES and HX1 Observations for Closed Triangle Km-Ur-Tm

Li et al.

Date Probe Freq. Setup Scan FFT Formal Error Closure Delay Closure Delay
Name (MHz x chan) Length (s) Size Average (ns) Average (ns) Precision (ns)
20201126 CES 2 x 16 5 2048 0.152 —0.012 0.057
HX1 8 x4 30 8912 0.124 —0.035 0.217
20201207 CES 2 x 16 5 2048 0.374 —0.006 0.365
HX1 8 x4 30 8912 0.103 —0.028 0.110
20201211 CES 2 x 16 5 2048 0.168 0.006 0.070
HX1 8 x4 30 8912 0.101 —0.025 0.084
20201215 CES 2 x 16 5 2048 0.187 0.002 0.070
HX1 8 x4 30 8912 0.119 0.030 0.119
20201218 CES 2 x 16 5 2048 0.714 0.001 0.100
HX1 8 x4 30 8912 0.321 —0.010 0.046
20201230 CE5 2 x 16 5 2048 0.192 —0.002 0.044
HX1 8 x4 30 8912 0.076 0.012 0.061
20210108 CES 2 x 16 5 2048 0.222 0.013 0.083
HX1 8 x4 30 8912 0.090 0.002 0.063
20210203 CE5 4x8 5 2048 0.146 —0.010 0.085
HX1 8 x4 30 8912 0.053 —0.001 0.020
20210217 CE5 4 %8 5 2048 0.126 0.006 0.069
HX1 8 x4 30 8912 0.077 0.003 0.012
20210429 CES5 8 x4 30 8912 0.085 —0.022 0.031
HX1 8 x4 30 8912 0.379 —0.016 0.073
20210501 CE5 8 x4 30 8912 0.209 —0.055 0.146
HX1 8 x4 30 8912 0.493 —0.015 0.031
20210503 CE5 8 x4 30 8912 0.086 —0.005 0.033
HX1 8 x4 30 8912 0.078 —0.002 0.019
20210505 CE5 8 x4 30 8912 0.117 —0.001 0.025
HX1 8 x4 30 8912 0.065 —0.005 0.027
20210506 CE5 8 x4 30 8912 0.112 0.003 0.032
HX1 8 x4 30 8912 0.157 0.114 0.365
20210512 CES 8 x4 30 8912 0.129 —0.015 0.050
HX1 8 x4 30 8912 0.122 —0.009 0.089
20210520 CE5 8 x4 30 8912 0.093 —0.006 0.053
HX1 4x8 30 8912 0.265 —0.036 0.158
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Figure 2. Closure delay precision results of CES and HX1 for triangle Bj-Ur-Tm. The observations of two probes were carried out in the same day.
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Figure 3. Closure delay precision results of CES and HX1 for triangle Km-Ur-Tm. The observations of two probes were carried out in the same day.

closure delay precision results for observations listed in
Tables 2 and 3 are shown in Figures 2 and 3, respectively.
As illustrated in these two tables and figures, for most
observations, the closure delay averages are better than
0.05 ns. Besides that, under the condition of similar formal

error, different observation setups yield similar closure delay
precision, such as the observation on 2020 December 11.
Meanwhile, even though with the same frequency setup and the
same scan length, a slight difference appears in the closure
delay precisions for some other observations, such as the
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observation on 2021 May 6. Moreover, for CE5 observations
before April 15, the FFT size is set as 2048, while after that is
8192. For HX1 observations, the FFT size is always 8192.
Comparing the closure delay precisions among observations
after April 15, the difference exists even though all the
configurations for frequency, scan length and FFT size are
same. This phenomenon suggests that, in CE5 and HX1
observations, the relation between the closure delay precisions
and these observation configurations is not prominent.

In Figures 2 and 3, large precision differences between CES
and HX1 can also be found in December and May. To carry out
further investigation, we include more observation data. All
CES5 and HX1 observations from the end of 2020 November to
the end of May 2021 are collected to calculate the closure delay
precisions. Figures 4-7 demonstrate the closure delay precision

results of all the CE5 and HX1 observations for closed triangle
Bj-Ur-Tm, Km-Ur-Tm, Bj -Km-Ur and Bj-Km-Tm.

To investigate the result in detail, we can divide the whole
observation period of these two missions into several phases as
illustrated in Figure 8. The CE5 observations were mainly
conducted on 2020 November and December. After being
launched on November 24, the CES probe landed on December
1 and returned to the Earth on December 3 after 3 days’
working on the Moon surface. For HX1, before being captured
by Mars on February 10, it had a long flight to Mars. Then after
orbiting Mars for nearly three months, HX1 landed on May 15.
Referring to the closure delay results in Figures 4-7, we can
draw some conclusions related to the mission phases. CE5 has
a lower delay measurement precision at the beginning of
returning phase. The possible explanation is that the orbital
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Table 4
Closure Delay Precision Summary
Closed triangle Bj-Ur-Tm Km-Ur-Tm Bj-Km-Ur Bj-Km-Tm
Probe name CE5 HX1 CE5 HX1 CE5 HX1 CE5 HX1
Precision (ns) 0.133 0.076 0.115 0.082 0.176 0.095 0.136 0.072

maneuver and posture adjustment of CE5 conducted frequently
which lead to the instability of CES5 signal. For HX1, there is no
significant relationship between the mission phases and the
closure delay precisions. Moreover, we analyze the relation
between the formal error and the closure delay precision for
CES5S and HXI1. Figure 9 demonstrates the result for triangle
Km-Ur-Tm. The relation between the formal error and the
closure delay precision is not clearly observed. This may
suggest that the error of closure delay is independent of the
formal error, which suggests that the closure delay principle is a
useful tool to evaluate the quality of VLBI delay measurement.

The mean values of the closure delay precisions for all the
observations are presented in Table 4. From the mean values
for these four closed triangles, we can find that the closure
delay precision of HX1 is higher than that of CES, which
reflects the delay measurement capability in CVN. None-
theless, the difference between CES and HXI1 in the delay
measurement stage is less than that after orbit determination.

To sum up, from all the closure delay precision results
presented in our work, we can find that:

1. As implied by Tables 2 and 3, for most observations, the
closure delay averages are better than 0.05ns. The
precision difference is not obvious for observations with
both CE5 and HX1 data available within one day.
Moreover, the closure delay precisions exhibit no direct

relevance to the important observation configurations in
CES5 and HX1 tasks.

2. CES exhibits a lower closure delay precision at the first
few days of the returning phase, which may be due to the
instability of the CES5 beacon and the frequent orbit
maneuver. For HX1, a clear relationship is not observed
between the mission phases and the closure delay
precisions.

3. The closure delay precision of HX1 is slightly higher than
that of CES5, which illustrates the subtle difference in the
delay measurement capability between CE5 and HXI.
Nonetheless, the discrepancy in the delay measurement
stage is smaller than that after orbit determination.

4. Conclusions and Discussions

The conventional approach for the precision evaluation of
the CVN system is based on the post-fit delay residuals after
orbit determination. The corresponding result is demonstrated
in Table 1, in which a distinct precision difference between the
CES and HX1 probe is observed. The possible reasons for the
difference in delay residuals may be related to the received
signal quality of the probe and the complexity of the probe
orbit. To investigate the error contributions from different
components of CVN probe observations, inspired by the
traditional closure delay analysis for distant radio sources, we
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propose to apply the closure delay principle to probe delay
measurement. Based on the closure delay principle, the effect
of orbit determination error is excluded, which makes it
possible to focus on only the internal precision of the VLBI
delay measurement system.

From the closure delay analysis of the above observations,
the precision difference between CES5S and HXI1 in the delay
measurement stage is better than that after orbit determination.
Moreover, we find that the closure delay precisions vary with
mission phases and there is no clear relation between the
precision and formal error. In addition, we realize that, the
statistic of the closure delay precisions in Table 4 demonstrates
a slight difference between the two missions. Besides that,
based on our current data, the closure delay precision is not so
related to the important observation configurations for these
two missions. Therefore, the quantity of closure delay is the
reflection of the delay precision of the CVN delay measurement
system. In general, because the closure delay analysis excludes
errors introduced in the orbit determination stage from the
whole VLBI system, it provides us a new way to evaluate the
precision of the VLBI delay measurement system.
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