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Abstract As the most sensitive single-dish radio telescope, the-Rivedred Aperture Spherical radio
Telescope (FAST) is very susceptive to radio frequencyrfetence (RFI) from active radio services.
Moreover, due to the rapid development of space applicatiomd research, satellite interference has
become one of the main RFI sources for FAST, particularlyatlt band. Therefore, we have developed
several measures to mitigate satellite RFI. On the one femédntenna with 4.5-meter diameter has been
constructed and installed at the FAST site to detect thdligaiaterference in the frequency band between
1 to 5 GHz. Meanwhile, we have developed a satellite RFI @dmsatbased on the FAST sky coverage,
the observing frequency bands, and known satellite systBjnsombining the satellite RFI monitoring
antenna and the database, we have established a satelliteitiRfation system. With this system, we can
not only track satellites to collect their characteristiosl update the database but also help the observer to
program the observing plan by predicting satellite intenfice. During the practical observation of FAST at
the L band, the feasibility of this system to mitigate s@&IRFI has been proved. In particular, the system
effectively avoids strong satellite interference fromegimtg the main beam of the telescope and causing
receiver saturation.
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1 INTRODUCTION by International Telecommunication Union (ITU). For
instance, BeiDou Navigation Satellite System (BDS)
Due to the rapid development of active radio services;,q|udes several Geostationary Orbit (GEO), Inclined
the radio astronomy service (RAS) is more vulnerable theosynchronous Orbit (IGSO), and Middle Earth Orbit
radio frequency interference (RFI) from active services(\ieo) satellites. Besides, the center frequencies consist
For the Five-hundred-meter Aperture Spherical radig 1561.098, 1207.140, and 1268.520 MHz,'et8ince
Telescope (FAST)Nan et al. 2016Peng etal. 2004the e satellite communication shares the frequency band with
main challenges of RFI mitigation are caused by thghe RAS and can hardly be avoided by radio quiet zones,
high sensitivity of the telescope in the bands of 70—t hecomes more difficult to be mitigated. According to
3000 MHz, the complex system of the telescope and thgye current observations, satellites have become one of
deteriorating radio environment. Thanks to the radio quie{ne main RFI sources for FAST, especially at L bands.
zones around FASTZpangetal. 2014and measures as the key receiver of FAST, the 19-beam receiver is
of Electromagnetic Compatibility (EMC)Zpangetal. yseq to observe the main scientific objectives of FAST
2016 2018ah), RFI from terrestrial transmitters and the including HI and pulsars in the band between 1.05 and
telescope itself have been mitigated effectively. 1.45 GHz (iang et al. 2020 During the observation, the
Nevertheless, there are thousands of artificial satelliteg,ost detected RFI is from the radio positioning satellite

revolving around the earth. Depending on the purposesystems, such as BDS, the Global Positioning System
the satellite is placed into a certain orbit around the

earth, and certain frequency bands are allotted to?ikttp://ww csno-tarc.cn/systenfintroduction
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Table 1 Lists of Satellite Systems that Might Affect the Table2 The Technical Specifications of the 4.5 m Antenna
FAST 19-beam Receiver

No. Specification Value
No. Frequency (MHz) Satellite System 1 Frequency range 1 GHE GHz
1 1176.45-1.023 GPS, Galileo 2 Antennagain >30 dBi
2 1207.14:2.046 BDS, Galileo 3 Gain (LNA) >20 dBi
3 1227.6:10 GPS 4 Focus ratio F/D =0.4
4 1246.0-1256.5 GLONASS 5  System temperature <300 K
5 1268.52:10.23 BDS 6 Tracking accuracy <0.2°
6 1381.05:1.023 GPS 7 Pointing accuracy <0.1°
7 1467-1492 AsiaStar 8 Angle measurement accuracy < 0.1°
9  Rotation speed 0.01 ~ 5° s~ 1
10  Max rotational acceleration 50 52

(GPS), and broadcast satellite systems, such as AsiaStar.
The main satellite systems that might affect FAST'S 19+ne traditional alt-azimuth antenna, the antenna with X-Y
beam receiver have been listed in Tablé-igurel shows style does not have the blind zone at the zenith. Due to
the time-frequency plane and spectrogram from the centgps advantage, this antenna is more suitable for satellite
beam of the 19-beam receiver on 2020 February 14yacking tasks, especially when the satellite is locateat ne
The RFI from satellites can be detected clearly. In somene zenith Li & Jia 2014). Moreover, the receiver of the
cases, _strong RFI can cause data overflow or even receiVgfienna is capable of dual circularly polarized signals
saturation. and can realize real-time switching. Further technical
In general, satellite RFI has always been labeledpecifications of the antenna are presented in T2ble
and mitigated during post-correlation processiag ét al. In May 2019, this antenna was installed at the FAST
2017 Fridman & Baan 2001 Data from bands contam- sjte. The EMC performance has also been tested and
inated by strong satellite RFI would be discarded duringyet the specifications in 1-5 GHz band. Nowadays, with
processing, in this way all scientific data in that bandine monitoring system, the satellite can be tracked and
would be eliminated at the same time. It may reducgnonjtored. Figurel shows the measurement results of the
the observation efficiency of the telescope and shortegate|lite RFI by using this antenna in the 1-1.5 GHz band
the life of the receiver. In order to mitigate the RFI g5 2019 August 22. Compared with Figurghe main RFI

from satellites for FAST in a better way, we establishediom the satellite systems such as GPS, BDS, and AsiaStar
a satellite RFI mitigation system including a monitoring i getected clearly.

system and a satellite database at the FAST site. The study

on a similar system is ongoing at the Giant Metrewave; saATEL LITE RFI DATABASE

Radio Telescope (GMRT Katore et al. 201p Using this

satellite RFI mitigation system, it becomes possible forBased on the FAST sky coverage, the observing frequency
FAST to monitor RFI from the satellites, warn the potentialbands, known satellite systems such as GPS, BDS, etc., and
RFI based on the observation schedule, and avoid thiée practical satellite RFI measurement results, a datelli
strong satellite RFI during observations effectively. Bor RFI database for FAST has been developed which consists
details about the satellite RFI monitoring system, datapasof the satellite information and observation modules.
and mitigation strategy are presented in the followingFigure5shows a schematic illustration of the database, and

sections. the function of each module is described in this section.
The satellite information module mainly contains
2 SATELLITE REI MONITORING SYSTEM two parts. The first part is the basic information table

including basic information about satellites such as their
To track the satellites in FAST sky coverage, a satelliteofficial name, international number, type, weight, period,
RFI monitoring system in the frequency band between inclination, orbital parameters (two Line Elements, TLES)
to 5 GHz has been constructed and installed at the FASTable, etc. This information is updated via websites or user
site. Figures2 and3 show a block diagram and photos of import and provides the parameters for predicting sagellit
the system, respectively, it can be seen that the monitoringrbits (Li & Yu 2016). The second part is the frequency-
system mainly consists of a 4.5 m antenna, a controbower level table. It contains the frequency band and the
system, and a spectrum analyzer. power level of the satellite. This table is used to estimate
The antenna uses an X-Y style mount and the rotatiotthe level of satellites’ impact. Due to the complexity of the
range of each axis is from90° to 90°. Compared with  satellites with various technical characteristics, thegudar
2 All three signals in the figure were detected during the mtei distance has been ChO_SGh o assess whether a S-atel!lte 'S
period, which correspond to the multi-band signals (124,71268.52 and athreat to the observation of FAST. Currently, considering
1561.098 MHz) of BeiDou 5 satellite. the main beamwidth of FAST (abo2T’ at the L band with
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Fig.1 The time-frequency planegp) and the spectrogranbgttom) of FAST observation on 2020 February 14.
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Fig.2 The block diagram of the satellite RFI monitoring system.

the 19-beam receiver) and practical observations, threie marked as an RFI source requiring attention, and the
levels of RFI influence of the satellite have been identifiedsatellite with an angular distance larger tt#&nis marked
The satellite with an angular distance of ldSsfrom the  as an ordinary RFI source.

main beam of FAST is marked as a danger RFI source,

the satellite with an angular distance between 1 2hd The function of the observation module is to calculate
the angular distance of satellites based on the observation



18-4 Y. Wang et al.: Satellite RFI Mitigation on FAST

Controller Status

Limit

X

EL Polarization

Time % Time Calibration
Number of
Remaining Tracks Countdown

position

Stop Tracking

Current Orbit Ti :|

Start Time

Load Track File g
Ci\Users\lenovo\Desktop\36400. txt T
File Transfer Progress

i : /
Fig.3 The photos of the 4.5m antenraff) and the interface of the control systerngft).

From 2019-08-22 To 2019-08-22
00:00 5

00:28
00:57

-165

01:26

Time
&
=
o
dB(W m? Hz'!)

01:55 =173

02:24

Frequency(MHz)

From 2019-08-22,00:00 To 2018-08-22, 03:00
T T T T T

GPS LS

-150 T

-155
BD2 B2 mean

G GLONASS 1.2

-165

-170 ‘l
175 ﬁ I

ABO | e

dB(W m™? Hz)

| !
{A _)FL\__f__L_/\-«.__,__%Wﬂ—«-._._..JM

190 I 1 i i i L i 1 i
1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500
Frequency (MHz)

Fig.4 The RFI measurement results by using the 4.5 m antenna on 20d¢8st 22. Time-frequency plan¢op),
spectrogramifottom).

schedule. After uploading the planning period andof the satellites operating in the observation band are
observation proposals which include the beam parametersbtained from the basic information table and imported
observation frequency band and source information, etctp calculate the satellite’s orbit during the observation
the module can calculate the pointing of the main beanperiod automatically. The angular distances between the
during the observation. Meanwhile, the orbital parametersatellites and the main beam of FAST are estimated and the
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Fig.5 The schematic illustration of the satellite RFI database.
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Fig.6 The predicted orbit of BeiDou 5 satellite on 2020 January2D(left): the red point corresponds to the satellite
and thegreen line shows the satellite’s orbit withia® of the beam center; 3Dright): thewhite curve represents the orbit

of the satellite, the smaller conical surface represe@&ttrange from the beam center, and the larger conical surface
represents the field of view.

satellites that might affect the observation of FAST couldremoval. In the next section, we discuss a satellite RFI
be predicted. As a result, a satellite RFI table is exportedhitigation strategy based on this monitoring system.
which consists of the transit time, frequency band, and
power level of satellites. Besides, it supports 2- and 3-
dimensional display of the satellite orbit passing the mairy SATELLITE REI MITIGATION
beam of the telescope for more visible information.
As mentioned above, using the satellite RFI mitigation

Meanwhile, the basic information of the satellites cansystem including the satellite RFI monitoring antenna and
be updated by the measurement results from the satellitatabase, we can not only track the satellite to obtain its
monitoring system. Also, the satellite orbit file from the characteristics but also assess the effect of satelliteoRFI
database can be imported into the control software ofhe observation and export the satellite RFI table to detect
the monitoring antenna for tracking mission. Using thethe strong satellite RFI. In this section, the satellite RFI
database, the proposal can be revised to avoid the stromgjtigation strategy is described, and an example is also
satellite RFI, also it provides a basis for subsequent RFgjiven to show the accuracy and effectiveness of the system.
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Fig.7 The spectrogram of the BeiDou 5 detected by the spectrungzerationnected to the telescope during the predicted
time period on 2020 January34

For satellite tracking missions, the purpose is to detedbeen proved during the practical observation of FAST.
the characteristics of the satellite and update the basign example of the application of this system is described
information table for subsequent RFI evaluation. Beforebelow.
tracking, the monitoring period needs to be set up and On 2020 January 14, an observation was scheduled
the satellites falling in the sky coverage of FAST duringin tracking mode. After uploading the observation plan
the period can be obtained. Then, users are required iato the database, eight satellites that might pass the sky
select the satellite they wish to track and export the orbitithin the angular distance df° to the main beam of
file. After that, the orbit file is uploaded in the antennathe telescope were marked. The smallest angular distance
control software, and monitoring results can be stored foof about0.6° between one satellite (BeiDou 5) and the
subsequent processing and evaluation. Moreover, the reahain beam of FAST in 2- and 3-dimensional figures
time display of the satellite signal is supported by theare shown in Figuré. During the practical observation,
spectrum analyzer connected to the monitoring antenna. signals from BeiDou 5 were detected by the telescope

during the predicted period. Figureives the spectrogram

The strategy of proposal planning can be divided intoof BeiDou 5 detected by the spectrum analyzer connected
the following steps: (1) the operator uploads the proposéb the telescope. According to our experimental results, it
to the observation module and set up the period; (2) oushows that our system can accurately predict the satellite
system can automatically calculate the pointing of theorbit and the transit period. With the predicted results,
main beam during the period and predict the orbit ofwe could reschedule our observing plan or give observers
satellites working in the observation frequency band bysome tips in advance. In this way, the strong satellite RFI
using the orbital parameters in the basic information tablecan be avoided conveniently to protect the receiver from
(3) satellites that would affect the observation can besaturation and improve observation efficiency.
marked and the period falling on the main beam witkfin
of the telescope also can be obtained. With the predicted conCLUSION AND PERSPECTIVES
satellite RFI table, it is possible to reschedule the prahos
shuffle the observing sequence of sources or adjust tHe conclusion, we have now established a satellite RFI
observing band to avoid satellite interference. On therotheamitigation system including a monitoring antenna and
hand, we can provide the prediction table to the observer teatellite RFI database for FAST. Based on the practical
pay more attention when those satellites arrive. Moreovergsults of satellite RFI, we can obtain the satellite RFI
observing a different source at a different frequency dyrin characteristics and update the database. Moreover, this
satellite passage is also an effective way to avoid data lossystem helps us to predict the satellites that threaten
The dynamic observation mode of FAST is planning toan observation and program the observation plan. The
minimize the data loss or loss of observing time duringreliability of the system has been proved during the
this passage. In general, the feasibility of this system hagractical observations. Particularly, it works efficigntib
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