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Since 2017, the Institute of Applied Astronomy of the Russian Academy
of Sciences in cooperation with the National Astronomical Observatories of
the Chinese Academy of Sciences has been conducting observations of the
Chang’E-3 lander carrier wave signal. The paper presents the features of
observation scheduling and results of data processing. High-precision phase
radar measurements have been obtained with an instrumental error of 1-2
mm. The deviation of residuals in model calculations does not exceed + 1 cm.
The estimates of CE-3 lander position have been obtained with an accuracy
of 0.5, 7.4 m and 3.2 m in celenocentric cylindrical longitude, Px and Py
coordinates, respectively.
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1. INTRODUCTION

In December 2013, the Chinese spacecraft Chang’E-3 (CE-3) landed on
the surface of the Moon [1]. The lander was equipped with the transceiver device
(transponder) operating in the X-band. The transponder was designed to receive a
7.2 GHz signal and its coherent reradiation at a frequency of 8.47 GHz.

Radio telescopes at Jiamusi and Kashi stations of the Chinese Deep Space
Network with 66 m and 35 m antennas [2] regulary transmit the signal to CE-3.
Reradiated signal from the transponder is recorded simultaneously by the 32 m radio
telescopes (RT-32) at Svetloe, Zelenchukskaya and Badary observatories [3], as well
as by the radio telescopes at the Seshan, Kunming and Urumgqi observatories that are
part of the National Astronomical Observatories of the Chinese Academy of Sciences
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(NAOC). Thus, the Lunar Radio Ranging (LRR) technique was implemented, which
allowed estimating the lander position and the model parameters of the orbital and
rotational motion of the Moon regardless of lunar laser ranging (LLR) observations
[4]. Expected impact of the LRR observations on the lunar ephemeris accuracy was
estimated using numerical simulation [5].

Compared with the LLR, LRR has several advantages such as independence
of weather conditions and the phase of the Moon, reduced requirements for target
tracking accuracy, simultaneous observation by several stations and a larger number
of stations that can record a signal. Simultaneous reception of a transponder signal
by two or more radio telescopes is called 3-way LRR, reducing the uncertainty in
lander position, but increasing the number of estimated parameters. In the following
sections, we present the description of the methods used and the results of LRR
experiments.

2. OBSERVATIONS AND DATA PROCESSING

A software complex was developed for scheduling LRR observations. It
determined joint observation windows and formed an ephemeris file for a specified
configuration of the transmitting and receiving antenna systems and selected near-
Earth object (asteroid, comet or spacecraft). Planetary ephemeris DE430 [6] and
corrections to the Earth’s rotation parameters (the pole coordinates, the precession,
the nutation, and the universal time) were used in the software complex to calculate
the ephemeris files for the radio telescope control system.

Observations were carried out automatically on RT-32 according to a schedule
in X-band [7]. A signal from CE-3 transponder with a frequency of 8.47 GHz was
recorded, taking into account the Doppler shift. The radio telescope receiving system
converted the signal from SHF to an intermediate frequency of 390 MHz. Then, the
data acquisition system P1002M [8] converted the signal to video frequencies in the
2 MHz bandwidth from intermediate frequencies. The data were recorded by the
Mark5B registration system with two-bit sampling. Then, the recorded data were
transmitted for processing by the optical fibre channels.

Processing of observation data was divided into two stages. At the first stage of
processing, the integrated observable phase ¢ of the recorded signal at a given time
was calculated. Using the obtained phase ¢, at the second stage, the selenocentric
coordinates of the lander and phase ambiguities, corrections to time scales of the
observatories, tropospheric and ionospheric delays were determined.

The digital phase-locked loop (DPLL) was used to calculate the integral phase
@ of the recorded signal [9]. The implemented algorithm is shown in Fig. 1. The
input signal was multiplied by the current value of the digital signal generator with
the model phase ¢,. Then the resulting complex signal was accumulated over an
update interval. Residual phase @, for the given n-th interval was calculated as the
complex sum U argument. Residual phase was passed to the loop filter to assist in the
generation of model phase rate. The 3rd-order digital loop filter used residual phase
values @, to estimate phase rate ¢, .1 for the (n+1)-th interval according to
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where ¢,,+1T is phase change per update interval T=0.01 sec and loop coefficients
K =5.218E-2, K,=1.210E-3, K, =1.052E-5 for loop noise bandwidth of 2 Hz. Then
these values were used to calculate the next model phase ¢,, while the observable
phase ¢ was obtained from ¢, and phase residual @, at a given time.
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Fig. 1. Algorithm of the digital phase-locked loop for obtaining observable phase.

To compensate the influence of the atmosphere on the propagation of
radio signals, we used tropospheric and ionospheric delays from IGS data. The
tropospheric delay was calculated using Vienna mapping functions based on the
weather data of each station. For this purpose, wet and hydrostatic delays at the
zenith were determined. The zenith delay was projected onto the source-station line
of sight using the mapping function [13]. The ionosphere was modelled by one thin
layer at an altitude of 450 km above the Earth’s surface. To calculate the ionospheric
delay, the mapping function [12] was used.

Phase modelling used the following data and models:

*  EPM-2014 [10] ephemeris to calculate geocentric position of the Moon

and lunar rotation parameters;

* LRR and LLR observational models implemented in ERA system [11],

which included all required IERS recommendations [12];

» for each radio telescope and observation interval, phase ambiguity, zenith

wet delays and station clocks were adjusted.

As a result, the corrections to a priori values of the CE-3 lander coordinates
were obtained. Parameters of the orbital and rotational motion of the Moon, radio
telescope positions, as well as Earth orientation parameters were not estimated but
fixed to their a priori values.
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3. RESULTS

During the period from December 2017 to June 2018, six CE-3 3-way
LRR observation sessions were successfully conducted. We also had 2-way LRR
data obtained in 2014. Table 1 presents the dates of observations, configurations
of receiving-transmitting stations and instrumental accuracy obtained for each
observation session expressed in standard deviations (RMS) of the integral phase
in mm.

Table 1
CE-3 Observations Obtained in 2014 and 2017/2018
Date Configuration Phase RMS, mm
2014-11-13 Jiamusi—Jiamusi -
2014-12-03 Jiamusi—Jiamusi -
2014-12-04 Jiamusi—Jiamusi -
2014-12-05 Jiamusi—Jiamusi -
2014-12-06 Jiamusi—Jiamusi -
2014-12-07 Jiamusi—Jiamusi -
2014-12-08 Jiamusi—Jiamusi -
2014-12-09 Jiamusi—Jiamusi -
2014-12-10 Jiamusi—Jiamusi -
2017-12-07 Kashi—Svetloe 1.17
2017-12-10 Kashi—Svetloe 1.28
2018-03-31 Jiamusi—Badary 2.01
2018-04-02 Jiamusi—Badary 2.95
2018-06-25 Kashi-Badary 1.72
2018-06-27 Kashi—Badary 2.13

We obtained the selenocentric coordinates of the lander, tropospheric and
ionospheric delays, and corrections to the time scales of the observatories. As a result,
the deviation of phase residuals in model calculations did not exceed £10.0 mm
(see Fig. 2). The estimates of CE-3 lander position were obtained to be 19.532° W,
1245291.01 m and 1208076.4 m, with rms deviation 0.5, 7.4 m and 3.2 m in
selenocentric cylindrical longitude, P and P coordinates, respectively. Principal
Axis (PA) coordinate system of EPM [10] ephemerls was used in this study.
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Fig. 2. Residuals of 2-way and 3-way LRR-observation.
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4. CONCLUSIONS

The analysis of residuals of LRR observations confirmed high accuracy of the
performed measurements. The standard deviation of phase LRR observations was
1-3 mm. LRR observation residuals obtained from the Kashi—-Badary configuration
did not exceed +10.0 mm.

Using 2-way LRR observations carried out in 2014, the selenocentric
PA coordinates of CE-3 lander were determined, the values of which were:
X=1173627.868 m, Y= -416350.220 m and Z=1208076.399 m. A comparison with
the results obtained from 3-way observations during 2017-2018 showed a good
match.
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TRISVIRZIENU MENESS RADIO PARRAIDES EKSPERIMENTS
UZ RT-32 RADIOTELESKOPIEM

D. Marsalovs, Dz. Pings, V. Li, M. Vangs, DZ. Sans,
J. Bondarenko, M. Vasiljevs, E. Jagudina

Kopsavilkums

Kops 2017. gada Krievijas Zinatnu akad@mijas LietiSkas astronomijas
institlits sadarbiba ar Kinas Zinatnu akad@mijas Nacionalajam astronomiskajam
observatorijam veic Chang’E-3 piezeméSanas nes€ja vilna signala novérojumus.
Darba aprakstitas noveérojumu planosSanas iezimes un datu apstrades rezultati.
Augstas precizitates fazes radara merjjumi tika ieguti ar instrumentalo kladu 1-2
mm. Atlikumu novirze modela aprékinos neparsniedz + 1 cm. CE-3 piezemesanas
ierices stavokla aprekini tika iegiiti ar precizitati 0,5, 7,4 m un 3,2 m attiecigi
celenocentriska cilindriska garuma, Px un Py koordinates.

Atslegas vardi: Chang E-3, ciparu fazes blokésanas cilpa, Méness efemers,
Meéness radio diapazons, fazes merisana, radioteleskops
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