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Abstract: Delta-Differential One-Way Ranging (DeltaDOR) is widely used in deep spacecraft naviga-
tion, and cross support could enhance navigation accuracy with more interferometry baselines and
longer baseline. In China Mars mission Tianwen-1, formal joint cross-support interferometry tracking
between China Satellite Launch and TT&C General (CLTC) and European Space Operations Center
(ESOC) under commercial contract was conducted around the critical stages of the mission, such as
Mars orbit insertion. Cross-support interferometry is a new challenge to CLTC, as the correlator for
routine DeltaDOR measurements do not fit for cross support, because of observable definition, blind
station clock searching, and so on. This paper discusses the new method and algorithm adopted
in joint cross support, especially for spacecraft tone signal processing and clock estimation when
correlating with the data of two stations from different agencies. Results of the cross-support inter-
ferometry tracking activities are also analyzed. Observables from CLTC and ESOC are consistent
with each other, and the difference in observables is in the order of tens of ps. All the baselines are
induced to evaluate the accuracy of the spacecraft orbit determined and predicted by CLTC, and
the DeltaDOR residuals have a root-mean-square (RMS) better than 0.5 ns (the goal is 1 ns), which
could enhance the confidence of the orbit accuracy and the effectiveness of control parameters during
critical orbit operation.

Keywords: delta-differential one-way ranging; cross-support interferometry; China Mars mission;
Tianwen-1; joint interferometry tracking

1. Introduction

Very-Long-Baseline Interferometry (VLBI) was firstly used in radio astronomy, and
since the 1970s, it has been introduced in deep spacecraft navigation by differential measure-
ment of angular nearly calibration quasar, which is known as Delta-Differential One-Way
Ranging (DeltaDOR) [1,2]. The year 1977 is a keystone in DeltaDOR history, a proposed
system that featured a custom signal generator onboard was published, the spacecraft
could produce a series of tones for differential one-way ranging [3]. Conventional earth-
based tracking technique, ranging and Doppler could precisely measure the distance and
velocity along the line of sight between the spacecraft and station; however, they suffered
from a poorer ability to take angular measurement. While DeltaDOR is a technique that is
highly efficient in determining spacecraft angular position in the plane of sky, it could be
used in conjunction with conventional Doppler and ranging data to improve spacecraft
navigation [4-6]. Taking planet orbit insertion maneuver as a typical scenario, DeltaDOR
measurements could ensure more reliability and accuracy in orbit determination than only
relying on conventional ranging and Doppler data.

The Deep Space Network (DSN) developed the capability for VLBI measurement,
and both the implementation performance and importance to flight projects have evolved
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over the past several decades [7,8]. Nowadays, the DeltaDOR measurement has matured
into the most accurate system of DSN for precise planetary navigation, and DSN has
been providing DeltaDOR measurements to a large number of deep space navigation
missions with validated performance. The accuracy of routine DeltaDOR by DSN could be
about one nanoradian, which represents the state-of-the-art performance of all of world-
wide space agencies [9-13]. Other space agencies, including the European Space Agency
(ESA) [14-16] and Japan Aerospace Exploration Agency (JAXA) [17,18], also developed
their own DeltaDOR capabilities and systems. In particular, China Satellite Launch and
TT&C General (CLTC) adopted the VLBI measurement in the China Lunar Exploration
Project (CLEP) and other deep space exploration projects. Deep space navigation accuracy
is obviously improved when combining Unified S/X Band and VLBI. The China VLBI
Network (CVN), which was mainly developed for radio astronomy, was firstly induced to
support ChangE-2 project, and CVN played an import role in China deep space exploration
projects [19-22]. In order to support China deep space exploration missions, China devel-
oped deep space stations Jiamusi and Kashi in 2013, forming a baseline more than 4000 km.
Another deep station at Argentina was put into application in 2017 for providing continu-
ous telemetry, tracking, and command (TT&C) and precise navigation services. Since then,
China has owned the third-largest worldwide distributed deep space network after NASA
and ESA [23,24]. Both DOR and DeltaDOR measurements, with expected accuracy, were
adopted in CLTC to support deep spacecraft tracking and navigation [25-27].

In principle, the angular position accuracy of DeltaDOR is proportional to baseline
length. In addition, from the point of view of orbit determination, navigation accuracy is
affected by baseline diversity. For example, in order to determine both components of angu-
lar position, a measurement by at least two baselines is required; in the case of orthogonal
baselines, the best two-dimensional coverage is provided, so navigation accuracy could
be improved [28]. Usually, a single space agency does not own enough tracking stations
to provide orthogonal baselines by itself; moreover, multi-tracking and communication
missions for different spacecrafts make this limitation worse. Performance of DeltaDOR
could be enhanced by intra-agency cooperation, because stations from different agencies
can be used as data collectors under the Council of the Consultative Committee for Space
Data Systems (CCSDS) standards for deep space navigation purpose. More baselines and
longer baselines could acquire a more accurate angular position of the spacecraft [29]. The
benefit of combining tracking assets of multiple agencies to provide cross support has been
generally recognized by the world community, not only by space agencies but also the
astronomy and geodesy communities. Successful joint DeltaDOR interoperability has been
tested and validated in several projects by NASA, ESA and other agencies, while excellent
results are also obtained as expected in some cross-support operational scenarios [30-32].
For example, NASA and ESA conducted the first interoperability validation, in 2007, with
Venus Express. Following the successful test, DeltaDOR cooperation has been undertaken
for the operational support of Phoenix during cruise and prior to Mars Orbit Insertion. The
first three-agency DeltaDOR cooperation was conducted in 2008 by JPL, JAXA and ESA.
During the cooperation, spacecraft Hayabusa was observed with four ground antennas,
one from ESA, one from JAXA, and the other two from DSN. These successful applications
testified that DeltaDOR capabilities could be used for future operational cross support on
all interplanetary missions.

China’s first Mars mission, Tianwen-1, is China’s first independent interplanetary
mission, which is combined with a series of complex instruments to meet scientific expec-
tations. The probe, a combination of orbiter, lander and rover named Zhurong, launched
from Earth aboard a Long March 5 rocket on 23 July 2020. After its seven-month journey to
Mars, with a few necessary Trajectory Correction Maneuvers (TCM), Tianwen-1 captured
into orbit around Mars in February 2021 (see the flight orbit of Tianwen-1 in Figure 1), and
Zhurong successfully landed on 14 May 2021 [33]. So, Tianwen-1 became the first Mars
exploration mission in the world which has completed orbiting Mars planet, soft landing,
and Mars surface measurement on the planet within one launch.
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Figure 1. China Mars Mission Tianwen-1 orbit.

Before the Tianwen-1 mission, CLTC had no previous project experience on precision
interplanetary navigation and orbit insertion in deep space at Mars distance. While arriving
at Mars and capturing in orbit require a high degree of precision, it sets a challenge for the
tracking and navigation system. Earth-based tracking stations within CLTC are adopted
to support navigation and communication of Tianwen-1, mainly including JMS, KSH
and ARG deep space stations and China VLBI network stations belonging to Chinese
Academy of Sciences. Until now, restricted by the distribution of deep space stations, only
the baseline of JMS-KSH has a longer common tracking arc of Tianwen-1, besides, since
the tracking antenna must point away from the spacecraft during the time of the quasar
observation in DeltaDOR measurements, which causes interruption of the transmission
of telemetry data to the ground station. Therefore, in order to make sure the accuracy
of orbit determination is good enough for navigation, especially during critical stages
of the mission, such as the case on performing an insertion into Mars orbit, CLTC and
European Space Operations Center (ESOC) entered into an agreement to conduct cross-
support interferometric tracking under a commercial contract. Deep space station KSH
of CLTC and deep space antennas CEB and NNO of ESA are involved in conducting the
cross-support DeltaDOR measurements. As in this case, telemetry communication could
still be supported by the JMS deep space station; furthermore, the baseline CEB-KSH
(east-west direction) is approximately perpendicular to baseline NNO-KSH (south—north
direction), which will increase confidence to the conventional orbit solutions.

This paper mainly focuses on the techniques developed and applied in CLTC during
this first formal cross-support DeltaDOR campaign. In total, there are eight cross-support
DeltaDOR measurements in the mission, and six of them are conducted successfully because
of an unexpected problem that happened with the CEB station during two campaigns. The
six successful measurements data sets are exchanged and transferred to CLTC and ESOC
through the Internet for processing and analysis. The observable defined within CLTC is
inconsistent with the standard adopted in the ESOC DeltaDOR center. This paper discusses
the new method and algorithm adopted in joint cross-support interferometry tracking,
especially for spacecraft tone signal processing and clock estimation when correlation with
two stations data from different agencies. Based on the above work, observable comparison
and navigation accuracy are also evaluated. In Section 1, the authors review the background
of this work. Section 2 provides the theorems and methods adopted in data processing.
Results of cross-support DeltaDOR measurements are analyzed in detail in Section 3 from
the aspect of signal quality, accuracy comparison and navigation accuracy evaluation. In
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the following section, some discussions are made. Finally, the authors conclude with a
summary of the results and suggestions for further work.

2. Theorem and Methods

This section describes the theorem of DeltaDOR in brief, and special data processing
algorithms developed for cross support in CLTC are analyzed.

2.1. Basic Theorem of DeltaDOR

VLBI basics are discussed in many references and tutorials [34], wherein a brief
theorem of DeltaDOR is described. The observing geometry of DeltaDOR is shown in
Figure 2 [35].

Spacecraft

§

Baseline B
¢ = speed of light

1= B-cos(b)/c el T e
Figure 2. DeltaDOR Observation Geometry.

VLBI system measures the geometric delay of the signal send from the target, extra-
galactic quasar or spacecraft, between the two long-distance separated stations. The line
connecting the receiving stations is called baseline.

Observable time delay is a function of the known baseline vector and the direction to

the target [36].
B-S Bcoso
T = — =
c c

M

where B is baseline vector, and S is the unit vector the target.
Differential observable is related to determination of the relative angular position of a
spacecraft with respect to a compact calibration radio source on the plane of the sky.

AT — B- (SSC - Segrs) (2)

c
The accuracy of VLBI delay observable is affected by two main kinds of factors, the
random error and systematic error. Random error is dependent on signal-to-noise ratio
(SNR) and synthetic bandwidth; other main reasons for errors in accuracy are variation in
propagation path length for the signals arriving at the VLBI antennas, mainly including
instrument changes, troposphere and ionosphere media delay, station clock drift, and other
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constant errors, such as locations of the VLBI antennas and their axes of rotations, and Earth
orientation. In order to minimize many sources of common systematic error, including
media variations, instrumental changes, and errors associated with lack of knowledge of
the exact observing geometry, observation of calibration quasar is induced, with signal
recording channel and observing schedule specially designed, e.g., spacecraft tones signal
locates the center of the quasar signal channels. Obviously, temporal and spatial angular
separation between the measurements of the reference source and the target spacecraft play
a key important role in the accuracy of DeltaDOR. Since most components contributing
to observable errors are linearly proportional to the temporal and angular separation, it is
expected that we will minimize the effects of error by reducing the temporal and angular
separation between the spacecraft and the calibration quasar [37].

Usually, in a conventional DeltaDOR measurement, a typical spacecraft-quasar angular
separation of 6 degrees and per scan alter period of 10 min is advised; in addition, compact
radio sources having a flux density of typically at least 0.5 Jy at X band are advised for
calibration, where a jansky (Jy) = 1072 W-m~2-Hz 1.

Take observation sequence quasar—spacecraft-quasar as example for discussion. Time
tag t1,t3 correspond to calibration quasar, and ¢, is the spacecraft observation. After
correlation, we obtain observable delay of each scan.

Tegrs(tl) = Tegrs—geo(tl) + Tegrs—inst(tl) + Tegrsfclock(tl) + TegrstOP(tl) 3)
+Tegrs—pos(t1) + Tegrs—utmo(tl) + Tegrs—iona(tl)

Tsc(ta) = Tsc—geo(t2) + Tsc—inst (t2) + Tsc—ctock (t2) + Tsc—£op(t2) @)
+T5c—pos(t2) + Tsc—atmo (t2) + Tsc—iono (t2)

Tegrs(tB) = Tegrsfgeo(tB) + Tegrsfinst(t3) + Tegrsfclock(t3) + Tegrs—EOP(t3) ()
+Tegrsfpos(t3) + Tegrsfatmo(tB) + Tegrsfiono(tii)

Item Tegrs—geo is the geometry delay of the calibration quasar; the quasar position is
very accurately known, so the accuracy of Tegrs—geo is in the order of pico seconds. While the
subindex ‘egrs’ means calibration quasar, ‘SC” means spacecraft, and ‘inst’, “‘clock’, "TEOP’,
‘pos’, ‘atmo’, ‘iono” corresponds to the errors caused by instrument delay, station clock,
earth orientation, antenna location, atmosphere delay, and ionosphere delay, respectively.

A linear interpolation is induced to obtain the common systematic error at time ¢,
based on systematic error at time ¢; and t3.

Tegrsferror(tZ) = Tegrsfinst(t2> + Tegrs—clock(tZ) + Tegrs—EOP(tZ) (6)
+Tegrsfpos<t2) + Tegrsfatmo(tZ) + Tegrsfiono(tZ)

Under the condition of small angular separation and temporal intervals, the following
assumption could be made.

TsC—error(t2) & Tegrsferror(tZ)
= Tsc—inst (t2) + Tsc—clock (t2) + Tsc—Eop(t2) + Tsc—pos(t2)  (7)
+Tsc—atmo (tZ) + Tsc—iono (tZ)

Then, the observable of spacecraft Tsc g (t2) could be obtained with Equations (4)
and (7).
TsC—geo(t2) = Tsc(t2) — Tsc—error(t2) 8

2.2. Algorithm Devloping and Analysis

To take DeltaDOR measurements, spacecraft generally sends dedicated DOR tones
signal produced by the transponder or high harmonics of the telemetry subcarrier, the
spanned frequency of all the tones is usually several MHz. In contrast, signal from quasar
looks like white noise distributed in the whole channel. For this reason, in general, different
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algorithms are used when extracting the delay in the signal arrival time at the two stations
for different signal’s characteristics.

However, an inter-DeltaDOR interface, including observable definition, is adopted
for routine DeltaDOR tracking within LCTC. While this interface does not fit to the cross-
support interferometry tracking, as the definition of observables from spacecraft is the
same as quasar observation, that is the time difference in the same wavefront arriving at the
two stations. So, a new algorithm is developed and adopted to support the cross-support
interferometry, especially for the comparison of data processing results between CLTC
and ESOC. For spacecraft DOR tones signal processing, algorithm of local correlation is
developed and discussed in this chapter [38,39].

Spacecraft could work under One-way mode or Three-way mode during DeltaDOR
measurements. The following description focuses on One-way mode, which is used in
China Mars mission cross-support interferometry.

The formulation of signal S (t), Sp(t) received at the tracking stations are expressed
as:

{ Sa(t) = exp{j(2nfLa—port + ¢por ) } exp{—j2nfporTa(t) } ©)
Sp(t) = exp{j(2nfLs—port + ¢pOR ) } exp{ =2 fDoRTB(t) }

where fpor is the sky frequency of the tone signal sent by spacecraft, fr4_por is the
intermediate frequency after signal down-converting, ¢ por is original phase, and 74 ()
is the time delay between the spacecraft and the tracking station A, which is the same as
fLB—pOR, TB(f)-

Firstly, a delay model expressed by a polynomial is reconstructed for each station
receiving signal. The delay model is described with a polynomial expression, with the
order of N. The delay 74(t) and delay rate T 4(t) are listed as follows:

{ TA(t) :TANtN—FTAN,li’Nil+...+TA1t+TAO
‘ — N-1 N-2 (10)
TA(t) = Ntgnt + (N —1)tyn_1t + ...+ Ta1

In order to reconstruct the polynomial coefficient, the fundamental relation between
Doppler value and the delay rate is induced; in principle, the Doppler of signal f; .4 (t) is
proportional to delay rate T4 (t).

TA(t) _ d_est(t) (11)

fDOR

With delay rate 74 (t) obtained, then delay 74 (t) could be computed with the below
formulation, where C 4 is a constant value.

Ta(t) = / t4(H)dt +Ca (12)

Iteration strategy is designed during model reconstruction. Algorithm is explained as
follows:

1.  Coarse Doppler estimation using over lapped FFT, then delay-rate vector with respect
to time could be obtained based on Equation (11).

2. Delay rate and delay polynomial model could be obtained, with a constant offset

coefficient.

A local model signal is computed with Equation (9).

4. Cross correlation with received signal S4 (t) and local model signal S(t).

w

Scorr(t) = S(t). * conj(S(t)) (13)

5. Compute the residual phase of Sy (t) which is used to update the delay polynomial
model.

6.  Refresh delay polynomial model by iteration, until there is no phase blur in the
residual phase.
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The basic flow scheme is listed in Figure 3.

Receive signal S,(t)

y

Over lapped FFT

v

Doppler vector w.r.t time

v

Delay rate polynomial <«

v

Delay polynomial with constant
value

v

Local model signal

v

Correlation

v

Residual phase

\ 4

threshold

yes

done

Figure 3. Flow scheme of the algorithm.

Secondly, after obtaining the delay model and residual phase of each station receiving
signal, difference the two stations’ delay model and residual phase.

Finally, multi-tones are used to compute the group delay. With a apriority delay model
used to resolve the constant value difference in the two stations” delay model, a narrow
spanned bandwidth is then induced for integer cycle ambiguity resolution, and ultimate
delay observable with high measurement accuracy is obtained with the widest spanned
bandwidth.

2.3. Station Clock Estimation
2.3.1. Station Clock Description

Station clock error is one of the main contributing sources in VLBI, while DeltaDOR
could eliminate station clock drift by quasar-spacecraft-quasar sequence observation
and linear interpolation, and highly stable hydrogen maser clocks in VLBI station keeps
nonlinear error source small. However, a priority station clock value is part of apriority
delay model, which is essential to correlator. Without apriority model with proper accuracy,
fringe of quasar may not be obtained, and it becomes even worse in the case of low SNR,
such as lower flux of quasar.

CLTC uses GPS common view technique measurement system (see Figure 4) to de-
termine station clock information, which is expressed with two parameters to model the
clock, an offset and a rate. It is noticed that this method can measure the approximate clock
value of the VLBI system because of different signal propagation path, but it is enough for
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correlation. The clock model value could be used directly to refresh the apriority model
for correlator within CLTC deep space stations. Meanwhile, when it comes to correlation
raw data from different agencies, such as in cross support, clock information may not be
provided or the accuracy of apriority clock information from different agencies may be
limited, and sometimes it has to perform correlation without proper clock information.

Station B

Station A

Figure 4. Station clock information by GPS common view technique.

2.3.2. Fast Clock Estimation for Correlation

This chapter describes a fast processing method for estimating clock information. The
clock model is still be expressed as:

Clock(t) = rate-t + offset (14)

Step 1. Performing correlation without clock information for one quasar scan, we then
obtain complex cross spectrum of each sub integration time.

@i(m), m=1,2.. M;i=1,2....N (15)

where M is the FFT point during correlation, and N is the total number of sub integration.
Step 2. Both steps of rate and offset are set using Equation (16).

mtestep = 7Nk1TS 7

(16)

where F; is the bandwidth of channel, Ts is sub integration time, f is the down-converting
frequency of the channel, and ! and k are step factors.

Step 3. Iteration compensation and statistics

With each clock of fset and rate, compensation &;(m) using the following formular.

B eop ()= ;(m): exp{fﬂn{(f +(m— 1)%) (i — 1) Turate + (m — 1)%offset} } (17)



Remote Sens. 2022, 14,4117 9 of 23

Compute the cross spectrum @;,;(m) and evaluation vector d;,,; of integration time.

1 N

Bint(m) = ﬁZQi(m)f m=12...M (18)
i

‘Sint = FFT{gint} (19)

Search the maximum value of magnitude of J;,;;, and the location of the maximum
magnitude exists.

Step 4. After all the iterations, count the maximum magnitude J;,;, and the iteration
clock of fset and rate are the clock information estimation results.

The algorithm flow scheme with key steps is shown in Figure 5.

Raw Data

v

Correlation

y

Cross spectrum of sub integration
time

v

Clock offset and rate step setting

v

Cross spectrum compensation o

v

Cross spectrum of integration time

v

Evaluation vector

v

Maximum magnitude and index

Iteration no

over

Maximum magnitude case corresponds
to clock offset and rate

Figure 5. Flow scheme of clock estimation method.

2.3.3. Analysis

The algorithm described above has lower computation burden compared to iteration
correlation with refreshed delay model (named traditional method). The key computation
burden of our algorithm and traditional method are listed in Table 1; N represents FFT
point, F is the number of FFT contained in one sub integration time, and M is the number
of sub integration time.
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Table 1. Computation burden of the two methods in each iteration.
Method Key Steps Complex Plus Complex Multiply
Fringe Rotation 0 FxN
Traditional FFT F x N x log2N F x N x log2(N/2)
Method Sub Bit Compensation 0 FxN
Integration Time Spectrum N xM 0
Spectrum Compensation 0 N
This Paper FFT N x log2N N x log2(N/2)
Integration Time Spectrum N xM 0

Computation burden is obviously decreased, since only once N-point FFT is applied

in the flow chart of the algorithm in each iteration, and computation quantity of traditional
method could be much larger than the fast clock estimation method, usually by a few
orders.

3. Results

Six successful cross-support interferometry tracking sessions have been conducted by

CLTC and ESOC in Tianwen-1 mission, especially before and after TCM and Mars orbit
insertion during Earth-to-Mars transfer flying. A schedule of each session is suggested
and validated by both agencies, and several principles are considered while making the
schedule.

1.

Tianwen-1 is switched to one-way mode during the observation. In addition, DOR
tone is frequency coherent with the downlink carrier, and frequency coherence ratios
are 1/440 and 1/2200, respectively.

Sequence of spacecraft-quasar—spacecraft-quasar is adopted, where a cycle time of
10 min per scan.

For the spacecraft scan, the Doppler frequency computed with prediction orbit is
added to the standard frequency from Tianwen-1, and then channels are allocated to
record tones while the tones exist in the channel center. In total, four channels are
recorded, including the carrier, +1 DOR, +2DOR and —2DOR. Figure 6 shows the
signal distribution and channel setting in DeltaDOR measurements.

For the quasar scan, the same down-converting frequency of the channel is set, with a
different sample rate.

The TTCP recording system is used at ESOC tracking stations, data are recorded
with a nominal 4 MHz bandwidth for the quasar scan and 50 KHz bandwidth for the
spacecraft scan, and the quantization is 2 bits and 8 bits for each case, respectively.
The same bandwidth and quantization parameters are adopted in CLTC stations.

-2DOR carrier +1DOR +2DOR

£,/440 £,/2200 £/440 £

Figure 6. Channel configuration of DeltDOR measurement in cross support: the red frame means

spacecraft scan and the black frame corresponds to quasar scan.

A typical observation schedule is listed in the following table.
Figure 7 shows the distribution of tracking stations in the cross-support DeltaDOR

measurements, the average baseline is longer than 8000 km.
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90 %

Figure 7. Tracking station distribution and intercontinental baseline: KSH and CEB forming a baseline
of about 6400 km, KSH and NNO forming a baseline of about 8000 km, CEB and NNO forming a
baseline of about 11,650 km.

CLTC develops a data converter, which complements the conversion parameters
in order to satisfy generic and CCSDS standardized interfaces and provide consistency
between that data acquired at the two agencies [40]. Besides raw data, other data such as
tracking data message (TDM), meteo data, and orbit ephemeris message (OEM) are also
exchanged among agencies.

For a typical session in Table 2, the data quantity at one station is substantial up to
50 GByte (mainly from the quasar observations), and data are exchanged through the
Internet.

Table 2. Typical cross-support session schedule.

Time (Minute) Target Station
TO-TO+5 Spacecraft CEB/NNO/KSH
TO + 7-T0 + 17 Quasar CEB/NNO/KSH
TO + 19-TO + 29 Spacecraft CEB/NNO/KSH
TO + 31-TO + 41 Quasar CEB/NNO/KSH
TO + 43-T0 + 53 Spacecraft CEB/NNO/KSH
TO + 55-T0 + 65 Quasar CEB/NNO/KSH
TO + 67-T0 + 77 Spacecraft CEB/NNO/KSH
TO + 79-T0 + 89 Quasar CEB/NNO/KSH
T0 + 91-TO + 101 Spacecraft CEB/NNO/KSH
TO + 103-TO + 113 Quasar CEB/NNO/KSH
TO + 115-TO + 120 Spacecraft CEB/NNO/KSH

3.1. Correlation of Data Processing
3.1.1. Clock Estimation

Interferometric fringe of CEB and NNO could be obtained with apriority clock infor-
mation supplied (if there is any), while when it comes to correlation raw data from different
agencies, such as baseline CEB and KSH, NNO and KSH, a high-quality fringe could not be
identified. Algorithm researched in Section 2.3.2 is adopted to perform the clock estimation,
and the clock offset could be acquired effectively between the cross baseline. Figures 8
and 9 show the iteration statistics and interferometric fringe for cross-baseline CEB-KSH
when doing clock estimation.
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which satisfies both the maximum magnitude and index limit corresponds to the clock information,

where clock offset is about 2.7 microseconds and rate is about 0.16 picoseconds per second.
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Figure 9. Comparison of fringes: (a) original fringe of cross spectrum of integration time, without
proper clock information contained in apriority delay model, and no fringe could be identified;
(b) fringe of cross spectrum of integration time, with proper clock information estimated.

3.1.2. Correlation of Spacecraft Scan

S/C scan raw data of each station is processed step by step following the flow scheme
in Figure 3. The number points of FFT is 1024 with overlapped 128 points, and polynomial
order is set as 6, which could fit Tianwen-1 trajectory within the scan. Taking one scan of
the data sets as an example, the reconstructed delay polynomial with constant value of

CEB is listed as:

Tcep(t) = 1.41783e 2416

—2.62806¢ 215 + 1.80669¢18#* — 1.24437¢ 1543

+3.73636e 12 + 1.232370417t + To_CEB

(20)

A local signal model with a delay polynomial is reconstructed, after the correlation

residual phase could be computed.

A priority ephemeris from orbit determination of CLTC is used to assist with resolving
phase ambiguity. Since the narrowest spanned bandwidth of tones signal is about 3.83 MHz
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(the spanned frequency between the carrier and +1DOR, see Figure 8), the maximum
tolerance of the priori knowledge of the differential group delay model is:

T

—— =~ +130ns 21
277Fspan @)

TApriori (t) ==+

In most cases, the priority model is good enough to rule out a false slope of the
narrowest spanned bandwidth corresponding to a delay, and then it helps to resolve phase
ambiguity of the largest possible spanned bandwidth. Finally, the desired measurement
accuracy can be achieved with the unblurred phases of the widest spanned DOR tones, the
results are shown in Figure 10.

1 5 Resolving Phase Ambiguity-- CEB&NNO 6 Resolving Phase Ambiguity-- CEB&KSH
1 4r
0.5} 2
0 L ] 0 | L]
E . E .
0.5} 2
4 b
-1.5¢ Sl
2 ; - : d 3 ‘ ‘ ‘ ‘
8420 8430 8440 8450 8420 8430 8440 8450
Frequency/MHz Frequency/MHz
(a) (b)
4 Resolving Phase Ambiguity-- NNO&KSH
3 =
2 b
1 F
ol °
Tl °
ol
3l
7/| =
e
8420 8430 8440 8450
Frequency/MHz
(c)

Figure 10. Resolving phase ambiguity of DOR Tones, dot point means original phase, star point
means ambiguity resolved phase, color blue represents carrier, red +1DOR, green —2DOR, yellow
+2DOR: (a) Baseline CEB-NNO; (b) Baseline CEB-KSH. (c¢) Baseline NNO-KSH.

3.2. Signal Quality Analysis
3.2.1. Spacecraft Scan

The carrier of deep spacecraft could be identified in the receiving channel of each
station, and the Carrier Noise Ratio (C/N) is mainly depended on the Gain-to-noise—
Temperature ratio (G/T) value. The following Figure 11 compares the receiving signal
power spectrum at the same scan with the same integration time in one cross-support
DeltaDOR session. Since the CLTC JMS station keeps tracking Tianwen-1 during the
DeltaDOR session, the spacecraft signal received by the JMS station is also analyzed here.
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Figure 11. Spacecraft signal received at each station: (a) JMS; (b) KSH; (c) CEB; (d) NNO.

The C/N of each station is listed in Table 3. It could be identified that the C/N value
of JMS is 3~4 dB higher than KSH, which is approximate to the designed G/T difference
value, as expected. While the C/N of KSH is about 5 dB lower than that of the ESA deep
space antennas, they are basically the same.

Table 3. C/N statistics of each station.

Station C/N(dB) Antenna Dish (m)
KSH 459 35
JMS 47.8 66
CEB 479 35
NNO 42.8 35

Antenna pointing angles (see Figure 12) are analyzed in order to exclude whether
pointing accuracy of big dish antennas in lower elevation angle causes the loss of C/N.

Additionally, it could be testified that the elevation angle is normal for the three antennas
with the same size dish.
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Figure 12. Analysis of antenna pointing angle during the observation: (a) elevation angle of CEB
varies from 12 to 33 degree; (b) elevation angle of NNO varies from 33 to 13 degree; (c) elevation
angle of KSH varies from 61 to 68 degree.

3.2.2. Quasar Scan

Since the quasar signal is merged into the white noise of the receiving system, it is
difficult to extract the quasar signal from raw data at one tracking station. However, the
fringe of cross spectrum of different baseline (as shown in Figure 13) could reflect the
relative quality of the signal at stations.
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Figure 13. Interferometric fringe of quasar of all the baselines: (a) fringe of baseline CEB-NNO—the

SNR is about 22.1 dB; (b) fringe of Baseline CEB-KSH—the SNR is about 11.9 dB; (c) Fringe of Baseline
NNO-KSH—the SNR is about 14.3 dB.

The SNR of the fringe could be evaluated with the equations:

Pinv = k- V Tint'Fs

SNR = Pmax - Pinv

(22)

(23)



Remote Sens. 2022, 14, 4117

17 of 23

where T;;;; is the integration time, F; is the bandwidth, k is constant value, and pjay is the
maximum value of the visibility function.

It could be identified that the SNR of CEB-NNO baseline is higher than the baselines
CEB-KSH and NNO-KSH, which could reflect the signal quality at the stations, with a
similar phenomenon when receiving the spacecraft signal.

3.3. Accuracy Analysis and Comparison
3.3.1. Statistics Analysis

The residual phase of multi-DOR tones is shown in Figure 14, and the residual delay
and delay rate are shown in Figure 15. Random error or noise level are also evaluated.

Phase of DOR Tones-- CEB&NNO Phase of DOR Tone-- CEB&KSH
o F : . T T 1 o F - - - - -
——— carrier
LIDOR ———carrier
2t —2D0R ] A +1D0R
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+2DOR

B of W{W‘V ‘//\,\M,/ﬁ \/.’J\-’\i

ol -2
1S 1 L L L 3 1 L 1 L L ]
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time/s time/s
(a) (b)
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—-2DOR
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.. }/\ //\“~\ e
s \«/“'J \ / v
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(c)

Figure 14. Phase of DOR tones signal. Fluctuation of residual phase of all tones signal could be
identified, mainly caused by ionosphere fluctuation: (a) baseline CEB-NNO; (b) baseline CEB-KSH;
(c) Baseline NNO-KSH.
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Figure 15. Residual delay and delay rate: (a) Baseline CEB-NNO; (b) Baseline CEB-KSH. (c) Baseline

NNO-KSH.

It is noticed that the random error of all the baselines has the same noise level, about
0.006 ns for residual delay and 0.3 ps/s for residual delay rate, and only effective number
values of observables are reserved in Table 4. Because the C/N of signal tones at all the



Remote Sens. 2022, 14, 4117

19 of 23

stations is much higher, 20~30 dB higher than the designed threshold in the observation,
there is no obvious difference in the observable noise level.

Table 4. Random error of observables of all the baselines.

Baseline Delay (ns) Delay Rate (ps/s)
CEB-NNO 0.0057 0.3
CEB-KSH 0.0059 0.3
NNO-KSH 0.0064 0.3

3.3.2. Comparison
Observables from both agencies are listed in Table 5 and compared within a session.

Table 5. Comparison of observables from CLTC and ESOC.

Source Time Tag ESOC CLTC Difference
Tianwen-1 22:52:24.000 —0.007204728472941  —0.00720472849826374 0.0253
0054 + 161 23:02:25.900 —0.006395117735975  —0.00639511797678744 0.2408
Tianwen-1 23:11:28.000 —0.005083056289743  —0.0050830563549182 0.0652
Tianwen-1 23:16:08.000 —0.004550230125038  —0.0045502302195971 0.0946
0054 + 161 23:26:25.900 —0.003660915525043  —0.0036609153456465 —0.1794
Tianwen-1 23:35:28.000 —0.002293397934561  —0.002293397922336 —0.0122
Tianwen-1 23:40:08.000 —0.001737918208119  —0.00173791822062594 0.0125
0054 + 161 23:51:29.900 —0.00068016381945  —0.000680163704212356 —0.1152
Tianwen-1 23:59:28.000 0.000600139424078  0.000600139390881393 0.0332
Tianwen-1  +1T 00:04:08.000  0.001172134323388 0.00117213427254897 0.0508
0054 + 161  +1T 00:14:25.900  0.002128779041363 0.00212877927140748 —0.2300
Tianwen-1 ~ +1T 00:23:28.000 0.00356557724307 0.00356557734894783 —0.1059
Tianwen-1 ~ +1T 00:28:08.000  0.004147765127516 0.0041477652051242 —0.0776

Figure 16 shows the histogram of the comparison result.

35 T T T T T T T T T

0
0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25

ns
Figure 16. Histogram of difference statistics.

The delay difference for the spacecraft scan has a Root Mean Square (RMS) of 0.0624 ns,
while quasar scan has RMS of 0.1977 ns. One might hope for better agreement in the delay
computations for the quasar scans, since the signal strength for the quasar is rather low,
and the flux of 0054 + 161 is about 0.5 Jy, which causes a relatively larger formal error for
this source than the spacecraft.
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3.4. Orbit Determinaiton Review

Observables of all the baseline are used to evaluate the orbit accuracy during the critical
operation, which aims to review the orbit accuracy and enhance the confidence to maneuver
operation parameters. Figure 17 shows the residuals of DeltaDOR measurements before
Mars orbit insertion, since Mars orbit insertion is one of the most important operations
during the whole mission, and there would not be another chance if anything unexpected
happened which was caused by inferior orbit accuracy in this case. The residuals are
calculated with respect to an orbit determined by CLTC and are then predicted forward.
The residuals of all baselines have an RMS of 0.135 m, which corresponds to 0.45 ns, which
is much better than the expected accuracy of 1 ns.
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Figure 17. Orbit accuracy review with cross-support DeltaDOR measurement. (a) Baseline CEB-NNO;
(b) baseline CEB-KSH; (c) baseline NNO-KSH.

4. Discussion

In order to support the joint cross-support DeltaDOR measurements conducted by
CLTC and ESOC, this paper researches an algorithm and method which is different from
the conventional processing within the CLTC, especially for the clock estimation and
correlation for spacecraft scan. Results of the cross-support data sets are also analyzed in
detail. Clock offset of stations between different agencies could be obtained effectively,
and delay difference for spacecraft scan has RMS better than sub nanosecond, which could
testify the effectiveness of the algorithm adopted in CLTC.

In particular, processing DeltaDOR measurements of all the baselines shows that
DeltaDOR measurements before Mars orbit insertion are accurate to better than 0.5 ns (the
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expected goal is 1 ns). Residuals of CEB-NNO/CEB-KSH/NNO-KSH baselines have one
sigma accuracy of 0.6, 0.4 and 0.3 ns, respectively.

Since the residuals provide a direct estimation of the predicted orbit accuracy, in order
to make sure maneuver control parameters effective, such as Mars orbit insertion, the
maximum orbit error must be limited to 40 km. Based on the basic DeltaDOR measurement
geometry, DeltaDOR delay observables would be better than 1 ns. The results give confi-
dence to the orbit determination and the maneuver planning. The DeltaDOR measurements
jointly conducted by CLTC and ESOC successfully support the orbit accuracy review in
China Mars mission.

In addition, the station clock offset in the order of microseconds could be identified
when correlated with raw data from different agencies; however, the reason is not presently
understood and needs more research. It has been noticed that the station clock offsets
between different agencies are relatively stable in all the DeltaDOR measurement data sets,
in the same order of microseconds, but not exactly the same.

5. Conclusions

China Mars Mission Tianwen-1 has been in operation more than a year since it reached
Mars; until now, Tianwen-1 has made major achievements while also delivering a number
of surprises. Both the orbiter and rover work well, as original planned.

Cross-support DeltaDOR measurements by intra-agency cooperation could benefit
the measurement of the angular position of the spacecraft, as more baselines and a longer
baseline could be arranged in the observation. In the Tianwen-1 mission, CLTC and ESOC
successfully conducted cross-support interferometric tracking under commercial contract,
which aims to make sure the accuracy of orbit determination of CLTC is good enough for
the critical stages of the mission, such as insertion into Mars orbit and TCM. Cross-support
data processing is a new challenge for CLTC; the correlation of raw data of cross baselines
without proper clock information is inevitable, and DOR delay without ambiguity needs
additional processing steps designed within the CLTC.

In this paper, we discuss and analyze the algorithm and method developed especially
for cross-support interferometry tracking. Results analysis testifies the effectiveness of the
cross support, through which the predicted orbit accuracy is good enough especially for
the critical maneuver in the mission.

Through this work, the performance of cross-support DeltaDOR measurements by
CLTC is tested and analyzed preliminary. In order to evaluate the measurement capability
of CLTC for interoperability with other agencies, more research and experiments still need
to be carried out in the future. However, cross-support measurement itself is undoubtedly
a good way to track, and it is a very good idea which could be focused on in future studies.
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