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Abstract: The Haoping 40 m radio telescope at the National Time Service Center, Chinese Academy of Sciences was
built in 2014 and is primarily used to observe navigation satellites and pulsars. Since the first successful very long
baseline interferometry (VLBI) observation of L-band radio source fringes in 2022, ten observations have been made
so far. The stations involved in the observations include the Haoping 40 m radio telescope (Haoping), the Tianma 65
m radio telescope (Tianma), the Nanshan 26 m radio telescope (Urumgqi), the Guizhou 500 m radio telescope (FAST),
the Jilin 13 m radio telescope (Jilin), the Effelsberg 100 m radio telescope (Effelsberg), the Onsala 25 m radio
telescope (Onsala), and the Chiang Mai 40 m radio telescope (Chiang Mai). This paper presents details on the
specifications of the Haoping 40 m radio telescope, as well as the design of the VLBI experiment, the observation
process, and the data processing. We also discuss the analysis of the fringe results involving the Haoping 40 m radio
telescope, using Distributed FX Correlator to obtain excellent results. We confirm that the telescope is capable of
participating in VLBI observations and performing specific data processing tasks. It can therefore play a greater role in

future VLBI observations.
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The Haoping 40 m radio telescope (HPRT) was con-
structed in 2014 at Haoping station in Luonan County,
China, approximately 100 km east of Xi’an. Although sur-
rounded by mountains, its view is largely unobstructed,
and the superior local electromagnetic environment is
highly conducive to radio astronomical observations. It cur-
rently plays an important role in satellite observations, pul-
sar observations, and VLBI observations at the National
Time Service Center, Chinese Academy of Sciences
(NTSC)-31,

VLBI yields exceptionally high-precision angular mea-
surements and is among the observational techniques with
the highest angular resolution in astronomy. It has a wide
range of applications in astrometry, geodesy, and deep

space navigationl**], as well as in the study of time com-
parison methods!”). Currently, the Chinese VLBI Net-
work (CVN) includes the Beijing 50 m radio telescope (Bei-
jing), Sheshan 25 m radio telescope (Sheshan), Tianma
65 m radio telescope (Tianma), Nanshan 26 m radio tele-
scope (Urumgqi), and Kunming 40 m radio telescope (Kun-
ming). These telescopes play an important role in interna-
tional geodesy, astrometry, astrophysics, and Chinese
deep space exploration projects. Telescopes usable as
VLBI stations are widely distributed internationally, with
VLBI networks including the European VLBI Network
(EVN), the Very Long Baseline Array (VLBA) in the
USA, the East Asian VLBI Network (EAVN), and the
Long Baseline Array (LBA) in Southern Australial®-10], as
well as the International VLBI Service for Geodesy and
Astrometry (IVS). IVS is mainly responsible for coordinat-
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ing and organizing geodetic VLBI stations around the
world to participate in observations, data transmission, cor-
relation and post-processing, and data analysis. The
results of these observations are mainly utilized for calculat-
ing Universal Time (UT1), Earth Orientation Parameters
(EOP), and the measurement of the celestial reference
frame. Several other stations based in China also partici-

A

pate in the VLBI observations organized by IVSH 1121,

The antenna of the HPRT (shown in Fig. 1) uses a
Cassegrain configuration. Its main reflector is constructed
from multiple solid panels spliced together, with an
azimuth-elevation rotation type. The panel accuracies of
the main reflector and sub-reflector are better than
0.6 mm and 0.15 mm, respectively.

Fig. 1. The HPRT at Haoping station. (A) Overhead view of the park. (B) Side view of the telescope.

The observation equipment at the Haoping station
includes an antenna, pulsar signal processing equipment,
and VLBI signal processing equipment. Detailed parame-
ters of the HPRT are presented in Table 1, which has

Table 1. Key parameters of the HPRT

four receivers operating in the L-, S-, C-, and X-bands!!3l.
The L-band receiver is mainly used for VLBI and pulsar
observations; it is the most frequently used receiver on
the HPRT, with an observational frequency range of
1.10-1.75 GHz. The C-band receiver is a broadband cryo-
genic receiver with an observational frequency range of
3.6-7.2 GHz. It was installed in August 2024.

Parameters

Value

Antenna diameter/m
Antenna types
Antenna rotation range
Maximum slew rates/(°/s)
Minimum speed/(°/s)
Pointing accuracy
Main reflector panel accuracy/mm

Sub-reflector panel accuracy/mm
Frequency bands

40
Cassegrain parabolic antenna

Azimuth: —320° to 320° (relative to south); Elevation: 5°-90°

Azimuth: 1.5; Elevation: 1
0.0005
< 1/10 beam width
< 0.6
<0.15
L,S,C X

Fig. 2 shows the VLBI equipment at Haoping station.
Fig. 2A is the data acquisition system, Digital Base-Band
Converter 3 (DBBC3), which can provide 1-8 intermedi-
ate frequencies (IFs). The maximum bandwidth of each
IF is 4 GHz, and it can generate a maximum data rate of
16 to 128 Gbps when using 2-bit sampling(!4l. The
DBBC3 has been installed at Haoping station, but has not
yet officially started operation. Fig. 2B is the data stor-
age server, where all the data collected by VLBI observa-
tions at Haoping station are recorded. Fig. 2C is the time
and frequency system, including a multi-channel high-preci-
sion time interval measuring instrument, a pulse distribu-
tor, and a high-performance rubidium clock(!3]. Fig. 2D is

the Mark6 system, which has a maximum recording rate
of 16 Gbps and supports the Mark5B and VLBI Data Inter-
change Format (VDIF) data formats commonly used in
astronomyl!6]. Fig. 2E shows the VLBI backend system cur-
rently in use at Haoping station, including the Chinese
VLBI Data Acquisition System 2 (CDAS2) and an indus-
trial computer used to control it. CDAS2 supports a maxi-
mum of 512 MHz IF inputs with 16 baseband channel out-
puts, and also supports the output of data in Mark5B for-
matl!7-191, Fig. 2F shows the downconverter, including the
L-band downconverter, X-band downconverter, and C-
band downconverter. Currently, the L-band downcon-
verter is used for VLBI observations, and the X-band down-
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converter is still being tested. In addition, the device used
to measure the clock offset at Haoping station is a multi-
frequency

channel 53220A-350M universal counter,

A

which measures the clock difference offset between the
Global Positioning System (GPS) receiver time and local
cesium clock time.

CEVCHBRFHIRBANEARAR

Fig. 2. Photographs of the VLBI observation equipment at Haoping station. (A) VLBI digital backend. (B) Data storage servers. (C)
Time and frequency system. (D) Mark6 VLBI data recording system. (E) VLBI backend system. (F) Downconverter.

2.2. VLBI Network

After starting operation in 2023, the HPRT has offi-
cially participated in a series of VLBI observations, with
observation targets including radio sources and satellites.
The VLBI stations participating in these observations are
all located across Asia and Europe, with the geographical
distribution shown in Fig. 3, including five Chinese sta-
tions, one German station, one Swedish station, and one
Thai station. Detailed information about the stations is pre-
sented in Table 2.

2.3. Overview of Observations

In 2022, the HPRT participated, for the first time, in
a VLBI test observation organized by the Shanghai Astro-
nomical Observatory, Chinese Academy of Sciences
(SHAO), together with the Tianma telescope at the SHAO
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and the Urumgqi telescope at the Xinjiang Astronomical
Observatory, Chinese Academy of Sciences. On June 22,
long baseline fringes were successfully obtained on the
Tianma-Haoping and Urumgqi-Haoping baselines, confirm-
ing the ability of the HPRT to carry out VLBI observations.

From April 2023 to August 2024, the HPRT offi-
cially participated in a series of fringe tests and astromet-
ric observations, with observation durations ranging from
0.6 h to 6.7 h, organized by the SHAO, the Guizhou
Radio Astronomical Observatory, and the NTSCI[20l, and a
summary of the VLBI observations in which the HPRT par-
ticipated is given in Table 3. From 2023 to 2024, the
HPRT participated in a total of ten VLBI observations,
including eight radio source observations and two satel-
lite observations, all conducted in the L-band.

A total of 28 target sources and 6 satellites were
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Fig. 3. Distribution of radio observatories participating in VLBI observations with the HPRT.

Table 2. Technical details about VLBI stations

Station name Antenna diameter/m Country Number of observations
Haoping 40 China 10
Tianma 65 China 4
Urumgqi 26 China 5
FAST 500 China 5
Jilin 13 China 3
Effelsberg 100 Germany 1
Onsala 25 Sweden 1
Chiang Mai 40 Thailand 1

Table 3. Statistics of experimental VLBI observations involving HPRT

Date

(yyyy—mm—dd) Duration/h Type Stations
2023-04-11 6.0 Radio source observation Haoping, Tianma, Urumgqi, FAST
2023—-11-13 5.7 Radio source observation Haoping, Tianma, Urumqi
2023-11-29 6.7 Radio source observation Haoping, Tianma, Urumqi, FAST, Effelsberg, Onsala
2024-04-15 2.0 Radio source observation Haoping, Urumgqi, FAST
2024-04-24 0.6 Satellite ovservation Haoping, Jilin
2024-06—-10 0.8 Radio source observation Haoping, FAST, Chiang Mai
2024—-06—12 0.9 Satellite ovservation Haoping, Jilin
2024-06—12 0.6 Radio source observation Haoping, Jilin
2024-08-20 1.0 Radio source observation Haoping, Tianma, Urumqi
2024-08-20 2.2 Radio source observation Haoping, FAST

observed in the experiments, and the distribution of these
target sources and satellites on the celestial sphere is
shown in Fig. 4. All the target sources and satellites are
located in the northern celestial sphere or near the celes-
tial equator, making them more favorable for an array of
stations located in the northern hemisphere.

Before each observation, the required target sources

and observation time periods are selected according to the
task requirements, and the observation frequency, band-
width, upper and lower sidebands, and bit sampling parame-
ters are configured according to the parameters of the partic-
ipating stations. The Sked software is used to compile the
observation outline file based on these parameters, i.e. a
VLBI experiment format (VEX) filel2!l. This file is the
overall input file for the VLBI system, and it must ensure
that the radio telescopes forming one or more baselines

Astronomical Techniques and Instruments, 3(1): 82-91, 2026 85



o Radio source
90° Satellite trajectories on April 24, 2024
« Satellite trajectories on June 12, 2024

—90°

Fig. 4. Map of the celestial sphere, showing observed radio sources and satellites. The numbers on the horizontal line show
declination, and the numbers on the vertical line show right ascension.

are pointed at the same source in the same time period. Fur-
thermore, the data recording must be synchronized. The
observation outline typically needs to be prepared a few
weeks prior to the actual observation, and usually con-
tains several configuration parameters related to the observa-
tion, and includes antenna parameters, [F parameters, fre-
quency parameters, data format parameters, source parame-
ters, and scan parameters.

Taking the clp23a observation as an example (i.e. the
first CVN observation of 3 pulsars in the L-band during
2023), which was a phase-referenced pulsar VLBI observa-
tion, with two calibrators as well as three target sources
and three phase-referenced sources. The observation was
set up with 4 Baseband converter (BBC) channels with cen-
tral frequencies of 358.00 MHz, 400.00 MHz, 432.00
MHz, and 464.00 MHz, with a bandwidth of 32 MHz and
2-bit sampling.

The VLBI observation process at the HPRT is shown
in Fig. 5. The first step is to formulate the observation
task according to the observation outline, including the
task name, start and end times, and the frequency band of
the observation. Subsequently, based on the intended tar-
get sources and time period, the azimuth and elevation of
the antenna are calculated every second. The clock offset
at Haoping station is determined by the difference
between the GPS signal and the local cesium clock,
which must be calibrated before the observation; the
clock offset value can be displayed on the frequency
counter. It is also necessary to open the current signal chan-
nel and adjust the attenuation value. The next step is to
check the configuration parameters of the CDAS2 and
import the VEX file into the CDAS2, to automatically iden-
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tify the relevant parameters or manually set the parame-
ters of the CDAS2, including the IF frequency of each fre-
quency channel, the upper or lower sidebands, the polariza-
tion, and the bandwidth. Bit sampling information must
be synchronized with the local time server (Network
Time Protocol, NTP). Finally, a strong radio source must
be used to test the signal.

The VLBI signal flowchart for Haoping station is
shown in Fig. 6. After the observation begins, the radio sig-
nal received by the radio telescope (a pulsar in this exam-
ple) converges to the feeder through the antenna reflect-
ing surface, and the signal output from the feeder is sent
to the Low Noise Amplifier (LNA), which is converted
into optical signal and transmitted to the machine room
by optical fiber. It is then converted back to electrical sig-
nal through an optical transceiver, to yield the radio fre-
quency (RF) signal. The downconverter amplifies this RF
signal, then mixes it with a Local Oscillation (LO) signal
to get the IF signal, and which is then sent to the CDAS2
data acquisition backend for data acquisition. The time
and frequency system provides the pulse per second
(PPS) signal and the 10 MHz signal for the CDAS?2.

The data acquisition backend is a device that digi-
tally samples and encodes the IF signals output by the
downconverter and records them to a local disk, or trans-
mits them directly from the network to the analysis cen-
ter. In the acquisition backend, the IF signal is divided
into multiple channels and converted to a base frequency
signal in the range of zero to several megahertz. This is
converted from bit sampling to a digital signal by an ana-
log-to-digital (A/D) converter. The digitized signal is
bound to a time scale and fed into the encoder as a digi-
tal time series, which is then recorded in the data record-
ing server in Mark5B and VDIF format. In addition, the
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1 PPS signal from the GPS and the 1 PPS signal output 3 CORRELATION

from the CDAS?2 are fed into a frequency counter to calcu-

late the clock offset. At the end of the observation, the At the end of the VLBI experiments, the data were cor-
data and clock offset information are correlated. related using the Distributed FX Correlator (DiFX) soft-
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ware version 2.6.2[2223] and fringe fitting was performed
using the HOPS (Haystack Observatory Postprocessing Sys-
tem) software version 3.23[24l. When performing satellite
VLBI data correlation, the delay model needs to be recalcu-
lated and replaced according to the satellite orbit. First,
the job delay file is generated based on the coordinate
sequence of the satellite in the geocentric inertial coordi-
nate system. The calcif2 program is then used to gener-
ate the input model (IM) file with delay and delay rate
data points at 5-second intervals, The corresponding time
values in the IM-file are replaced with the delays from
the job file, and then data correlation and fringe fitting
are performed.

The correlation, as well as the fringe fitting proce-
dure, yields a map of the fringe results for each baseline.
Fig. 7A shows the results of the Haoping-Urumqi base-
line correlation output, which calibrates the residual
delays and phases from a VLBI observation of a radio
source, conducted in April 2023, in the L-band. Four
upper sideband channels were configured, each with a
32 MHz bandwidth, 2-bit quantization, and a data log-
ging rate of 128 Mbps. Fig. 7B shows the fringe results
for the Haoping-Jilin baseline in a satellite VLBI observa-
tion, in June 2024, which was a satellite VLBI test obser-
vation using only one 32 MHz bandwidth channel and 2-
bit quantization.

From the processing results in Fig. 7A, it can be seen
that the fringe Signal-to-Noise Ratio (SNR) of the radio
source at Haoping and Urumgqi stations reaches 41, and
the phase of the fringe of each channel is distributed on
the two sides of the 0 phase. In Fig. 7B, the fringe SNR

Mk4/DiFX fourfit 3.23 rev 3383

—-0.015 —-0.010 =5 X 107

A

, Multiband delay/ps
0

of the satellite reaches 1048. Due to the difference in the
nature of the satellite signal and the radio source signal,
the radio source is a white noise signal, while the satel-
lite signal is concentrated in a certain frequency interval,
with a central frequency pointl?3], therefore, it can be seen
that there exists a peak in the fringe amplitude from the fig-
ure, and the phase is also a relatively flat near this peak.

This paper introduces the progress in VLBI observa-
tions at the HPRT in the L-band, over the past 2 years.
We have included the status of other stations participat-
ing in these VLBI observations, the statistics of the observa-
tion information, the observation setups, and detailed
descriptions of the general observation process of the
HPRT participating in VLBI observations. We have also
discussed the process and results of data correlation and
fringe fitting. Currently, a complete VLBI observation pro-
cess has been devised for the HPRT, allowing its success-
ful participation in ten VLBI observations. It has also
demonstrated the capability to conduct correlation and
data analysis. If the HPRT is incorporated into the CVN,
it can help to mitigate the uneven distribution of CVN sta-
tions and optimize the baseline configuration, while enrich-
ing and improving the UV coverage of the CVN. In aper-
ture synthesis observations, the projection of the baseline
in the plane perpendicular to the direction of the observed
source is referred to as UV coverage, and the projection
plane is called the UV plane. Because of the continuous
motion of the target source in space, the baseline vector
changes continually, resulting in UV coverage formed by
projections onto the UV plane. Performing a Fourier trans-
form on the UV coverage yields the aperture synthesis
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beam. Good UV coverage is essential for obtaining an
ideal antenna beam and finally determines the quality of
the image. Fig. 8A shows a simulation result of the UV
coverage that can currently be obtained by the CVN net-
work, and Fig. 8B shows the UV coverage simulation
results obtained after the addition of the Haoping station
to the CVN. Adding the Haoping station to the CVN
yielded a greater number of high-sensitivity baselines,
improving the uniformity and range of UV coverage, signif-
icantly helping to improve the imaging quality.

In our future work, we will consider officially commis-
sioning the DBBC3 digital acquisition backend on the
HPRT, which can offer higher performance, together with
the two Mark6 data logging systems. Compared with the
CDAS2, which has a maximum recording bandwidth of
only 512 MHz, the DBBC3 supports a maximum data

Source
+30_DEC

3 000 2 000 1000 1000 2000 3000

recording bandwidth of 4096 MHz and can provide out-
puts ranging from 16 Gbps to 128 Gbps. The Mark6 sys-
tem also maintains a sustained data recording rate of
16 Gbps, which is essential to improve the sensitivity, reso-
lution, and frequency coverage of VLBI observations,
while helping the HPRT to participate in other interna-
tional joint VLBI observations, including EVN broad-
band recording observations.

A C-band cryogenic receiver was installed at the
HPRT in August 2024, and the signal link has been
tested. Fig. 9A shows the OH spectral lines of the star-
forming region W3 (OH) observed by the Haoping sta-
tion at 6.67 GHz in the C-band. A corresponding time
and frequency system, downconverter, and data storage sys-
tem have also been installed to operate in the X-band,
and can be used for VLBI observations after a link test is

3000 2 000 1000 1000 2 000 3000

Fig. 8. UV coverage of the CVN for a source at 30° declination. The purple curve shows the UV trajectory formed by the CVN
baselines, while the blue curve shows the UV trajectory formed by Haoping station and the CVN stations. (A) UV coverage
obtained by the current CVN station. (B) UV coverage after Haoping station joins the CVN.
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Fig. 9. C-band and X-band results observed by the HPRT. (A) W3(OH) spectral lines observed in the C-band. (B) Mars probe signals

observed in the X-band.

carried out. Fig. 9B shows the signal from the European
Mars Express mission, observed by the HPRT in the X-
band, showing clear detections of the main carrier and
sidetone signals. Downconverters have not yet been
installed for the S-band, but S-band capabilities will be
installed and tested in the future. The HPRT will ulti-
mately be able to carry out VLBI observations in the L-,
C-, S-, and X-bands, allowing high-precision positional mea-
surements of pulsars and other celestial objects, station
coordinate measurements, UT1 measurements, reference
frame connections, studies of the interstellar medium, and
other astrometric and geodetic measurements.
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