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Abstract This work analyzes the annual fluctuation of the observadimia of the Mingantu Solar radio
Telescope (MST) in S, C and X bands. It is found that the datg wéth local air temperature as the
logarithmic attenuation of equipment increases with teraijpee and frequency. A simplified and effective
calibration method is proposed, which is used to calibfaeMST data in 2018-2020, while the correction
coefficients are calculated from data in 2018-2019. For Sne>& bands, the root mean square errors
of one polarization are 2.7, 5.7 and 20 sfu, and the relativ@® are 4%, 6% and 8% respectively. The
calibration of MUSER and SBRS spectra is also performed.rélaive errors of MUSER at 1700 MHz,
SBRS at 2800 MHz, 3050 MHz and 3350 MHz are 8%, 8%, 11% and 1G¥entively. We found that
several factors may affect the calibration accuracy, eafgat X-band. The method is expected to work
for other radio telescopes with similar design.
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1 INTRODUCTION technology while its sensitivity was obtained through
experiments.

A solar radio telescope plays an important role in At present, because of the difficulty in obtaining
observing and revealing the physical processes of thghe absolute calibration value, the method is usually
solar atmosphere, solar flares, coronal mass ejections ag@lly applicable to radiometers with single frequency
other solar activities. It is one of the most important(Broten & Medd 1960Findlay 1966 Tanaka et al. 1973
means to monitor and study the solar-terrestrial spacglessmer et al.(1999 developed a relative calibration
weather. Solar radio radiation flux is related to the sunspahethod, which refers to the standard source to calculate
number, white light flare, X-ray flare and energetic particlethe radiation (or brightness temperature). This method is
event, among which the 10.7cm flux is an importantysually used in spectrum analyzer, because the absolute
indicator of such solar activitiet {u et al. 2010Wen etal.  calibration of spectrometer is a complex task in broadband
201Q Klein et al. 2018 Schonfeld et al. 20)5Currently,  frequency.Yan et al. (2009 found that nonlinear effect
solar radio telescopes are operating world-widely, sucljuring strong solar radio bursts can have a significant
as Phoenix (100-4000MHBenz et al. 199)1 Ondrejov  effect while Tanetal. (2009 2015 found that the
spectrometer (800-5000MHZjiricka etal. 1998 the calibration coefficient of SBRS varied with the local air
Solar Broadband Radio Spectrometer (SBRE) €tal. temperature, and therefore temperature wavelet correctio
1995 Fuetal. 2004 Jietal. 200% and the Mingantu calibration methods were proposed, which resulted in an
Spectral Radioheliograph (MUSER) et¥afi et al. 2009 jmprovement of calibration result comparing to that of

Calibration is a crucial step to obtain more reliableconStam coefficient calibration.

results from observation. For multi-dish telescopes such In this work, the observation data of the Mingantu
as MUSER, single-dish calibration is fundamental. InSolar radio Telescope (MST)Ggngetal. 2018 in
the early times, absolute calibration was used. Théingantu Observing Station (42.2%, 115.24E) is ana-
antenna gain was extracted from radar and communicatidgzed, and an improved temperature correction calibration
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method is discussed. Since January 2018, MST flux dat@aussian fitting value of the daily calibration coefficient
appears annual fluctuation ranging about 2 dB, 2dB anth the past ten years for each frequency channel. Thus, 366
3dB in S, C and X bands, which are corresponding tagroups ofC; andC- are obtained by a least square method.
2801, 4542 and 9084 MHz, as shown in Figlire Wang L. et al. calibrated Mengcheng Solar Radio
Through detailed examination of various influencingSpectrometer (McSRS, 12-16 GHz) and found that the
factors including system design, variation of distanceresults of traditional calibration methods were not ideal
between the Sun and the Earth, air temperature and sldue to instrument electronics issues. It was improved
background, the local air temperature is found to be modby analyzing the relevant radiation mechanisms with the
responsible for the fluctuation: MST system gain variewobservation data of NoRP, NoRH and GOES assuming that
with air temperature and frequency. From data in the yeathe calibration coefficient varies with time linearly in the
of 2018-2019 of local air temperature, standard flux andange of interest:
MST, six sets of temperature correction coefficients are
obtained. By applying these coefficients to MST data in Rops = Fobs X (kX t+0b) + Ry, 3)
the year of 2018-2020, the residual mean square deviation .
of si);gle polarization reduces to 2.7 sfu, 5.7 sfu and 20 sfu\thereRb’ - andb are the parameters to be determined,

with relative errors of about 4%, 6% and 8%, respectiveIy.lsa?(;ne seriesFops is standard flux /o is the observed

A similar method has been applied to the calibration o L
SBRS at 2800/3050/3350 MHz in 2.6-3.8 GHz frequency, ' en calibrating MST data, the atmosphere absorp-

range and MUSER on 1700 MHz with relative errors oft'(t)n an(:] emlzsmn a:c(fa nte?rllectedl, beczysg tthe Iic;caIbE;alri'ih
8%, 11%, 10% and 8% respectively. atmosphere does affect the solar radio intensity, bu

is usually neglected at a frequency lower than 17 GHz

2 METHOD (Tsuchiya & Nagame 1968/atsuura & Kaufmann 1968
Emissions from the Earth atmosphere are also neglected
2.1 Relative Calibration Method and Standard Flux (Gurnett 19741975 , for the emission frequency being

i . far away from MST frequency range.
Lu L. et al. calibrated the 4.5 GHz-7.5 GHz Solar Radio

. . Tsuchiya & Nagamé1965 pointed out that the solar
Spectrometer of the Purple Mountain Observatory using

i . dio wave suffers the Earth atmospheric absorption, and
NORP (the Nobeyama radio polarimeters) data at 3.75 ant‘ile absorption depends mostly on zenith distance and

9.40GHz as standard flux. The method to determine th‘aensity of water vapor, while neglecting the effects of

calibration constant is shown in Equatidr).( temperature and atmospheric pressure to the absorption.

Ca(f) = Fos(f) x (Ra(f) — Re(f)) (1) They concluded that the absorption of the terrestrial
(Rgs(f) — Ro(f) ’ atmosphere does not affect the flux measurement of the

whereC4 is the calibration constant,, is the standard 17 GHz radio polarimeter at the Tokyo Astronomical
source flux,R,,, R:, R,s and R, are the observed values Observatory. In solar radio astronomy tropospheric absorp
of noise source, matching terminal, the Sun and thdion effects are usually neglected at wavelengths larger
sky background under the specific frequency channethan 3cm (10 GHz), but important errors can result when
Calibration data were obtained at least once a daj_lux measurements are performed at larger zenithal angles
Otherwise, it is the statistical average value of calilrati (Iow Sun elevation), even in the centimeter-decimeter
constants across the past years, so as to reduce tW@velengthrangeMatsuura & Kaufmann 1968
dependence of other stations on standard sources. The Tanetal. (2013 discussed that the Sun elevation
relative standard deviation was within 10% in mosthave a small effect on the SBRS calibration because
channels. The temperature effect is not considered here. the calibration performed around noon with high Sun

Using relative calibration in conjunction with linear €levation. Furthermore, they emphasized that according
interpolation, Tan C.M. et al. conducted a systematic stud§o the analysis of atmosphere absorption, the solar flux
on the calibration coefficients of SBRS (1.0—2.0 GHz, 2.6-should be larger in summer (high elevation) than that in
3.8GHz, 5.2-7.6 GHz) from 1997 to 2007 with NGDC winter (low elevation). However, the situation of the MST
data as standard flux data. It was found that the instrume®Pservation is on the opposite: the observed data is higher
is affected by the local air temperature. Thus the calibrati in winter and lower in summer, as shown in Figure 1.

coefficient should include this factor as follows. Gurnett (1974 and Gurnett (1973 had done some
research on the Earth as radio source. They presented
Cyq(t) = C1 + Cy x Tai(1), (2)

that the Earth emits very intense electromagnetic radiatio
wheret is the date series of the yedr,(¢) is the daily in the frequency range 50-500kHz, and the Earth
calibration coefficient, obtained from the average value oalso radiates a weak non-thermal continuum radiation
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Fig.1 (Top) MST observed raw data of solar radio flux in S/C/X bands dfdefl right circular polarization channels in
2018 Jan. 1-2020 Aug. 31Bg¢ttom) Local everyday maximum, minimum and difference tempesafd®C- maximum
temperature) at the same time in Zhengxiangbaigi, Innerddba.

decreases with increased frequency and is usually belofer the MST thermal-controlled front-end box to heat and
the cosmic noise level at frequencies above 100 kHz. keep its internal temperature stable4i@orC. As a result,
When calibrating MST data, the Sun-Earth distancghe gain loss of electronic components in the front-end
compensation factor (peak to peak value 0.3dB) is nobox will be usually smaller int0°C ambient temperature
large enough to explain MST data annual fluctuation (peakhan that in higher temperature. The MST data is a relative
to peak value 2-3 dB). While the attenuation in logarithmicvalue, it increases with temperature decrease. So we use
unit changing with ambient temperature of a 15 meter longtO(°C) as the reference temperature, and 48C) (@s the
low-loss coaxial cable explains the fluctuation. The cable itemperature parameter.
used to transmit solar signal from the radio front-end near  Figure 2 shows the everydayA(N, f,P) from
the antenna-feed to the monitoring room where the MSTEquation 4) of MST S, C and X band left and right
indoor receiving system locates in. Relative calibrationpolarization channels in 2018-2019. Howewé(f, P) is
method with all parameters except the temperature ifiound to grow in inverse proportion to the temperature
logarithmic unit is used to obtain the correction coeffitien differenceAT’, as shown in Figur8. Thus, six groups of
from standard flux and local air temperature: the coefficient ofCy(f, P) andCy (f, P) can be obtained
by fitting the curve ofA(f, P) with AT, see Equations)
A(N, f,P) = (Robs(N, f, P) — Fx(N, f, P))/AT(N), and Tablel. The curves are also drawn in FiguseThe
(4)  corrected daily solar radio radiation fld,, (V, f, P) can
where A(N, f, P) is the temperature correction coeffi- be calculated from Equatiol,
cient, Ros(N, f, P) is the daily observation value at
6:30 UT, F (I, f, P) is the standard solar radio flux.
N, f, P are the date series of the year, the frequency and A(f,P,AT) = Co(f, P)+ Ci(f,P)/AT.  (5)
the polarization, respectivel AT (N) is the temperature
difference of the day. It is the front-end box temperature Fyun(N, f,P) = Rops(N, f, P) = A(f, P) x AT(N)
of 40°C minus the maximum temperature of the day. The = Robs(N, f, P) — Co(f, P) x AT(N)
maximum and minimum temperature in the history of —C1(f, P).
Zhengxiangbaiqi is in the range37°C. It is conveniently (6)
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Fig.2 The everyday correction coefficieat(N, f, P) from Eq. @) of MST S/C/X bands of Left and Right circular
polarization channels in 2018—-201R.axis: date series from 20180101 to 20191231axis. temperature correction
coefficient (dB7C).

Table1 Fit Coefficient for MST S/C/X Bands of Left and Right Circulolarization Channels in 2018-2019

Coefficient SL SR CL CR XL XR
S-band LCP  S-band RCP  C-band LCP  C-band RCP  X-band LCP  X{R&Rd
Co 0.03696 0.03685 0.02631 0.02798 0.05465 0.05067
Ch -52.50 -53.56 -54.94 -54.95 -56.94 -55.88

Table2 RMSE and Mean Values of MST S/C/X Bands in Left and Right Qac®olarization Channels after Correction
of Temperature Effect

Correction SL SR S A CL CR C A XL XR X A
Error Total % Total % Total %

2018R 2.18 2.18 218 31 331 3.59 348 35 2397 1787 1771 7
2018M 0.33 0.53 0.44 / 0.56 1.38 0.98 / -1.79  3.79 1.60 /

2019R 2.32 2.33 231 33 3.68 4.06 3.82 3.8 2092 1944 199D 8
2019M -0.20 -0.12 -0.16 / -0.29 -1.04 -0.66 / 1.54 0.63 1.08 /

2020R 2.50 291 2.65 / 5.03 5.65 526 53 2030 1981 1971 7.9
2020M -0.75 -137 -1.06 38 -191 -358 -274 / 3.04 352 25-0. /

2.2 MST Data Correction correction with the standard flux. We use the variation of
the peak-peak value of the annual fluctuation of MST data

Equation 6) andCy(f, P), C1(f, P) in Tablel are applied before and after correction (decreasing about 1.5dB) to

to correct the annual fluctuation of MST observational dat@résent the temperature correction effect. Figuremnd

until 20200831. The root mean square errors at three band@sPresent the comparison between the corrected flux data

are given by comparing the MST data after the temperatur@"d the standard flux data since 2018. Teblists the
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Table 3 Left and Right Polarization Channels Correction Error ofREBon 2800/3050/3350MHz, and MUSER on
1700 MHz

Correction Left Polarization ~ Right Polarization  Total Raw A
Error sfu sfu sfu %
2800MHz/SBRS 3.97 3.72 7.54 0.08
3050MHz/SBRS 5.19 5.84 10.88 0.11
3350MHz/SBRS 4.56 5.19 9.44 0.10
1700MHz/MUSER 2.62 2.63 5.25 0.08

root mean square and mean value of residual error aftef temperature effect correction of the relative calitwati
correction in each year. method. After the correction, the flux in X-band still

In Table2, letters R and M follow the year 2018, 2019 remains. an annual cha_nge trend, as shown i_n Figdres
and 2020 in the first column represent the RMSE (Roofmd_S' Figure6 summarizes the eYeraY _maX|mum and
Mean Squared Error) and mean values separately for ealjinimum temperature of Zhengxiangbaiq from 2014 to
year. Letters SL, SR, CL, CR, XL and XR in the first row 2020. It can be seen that the temperature is relatively
represent the left and right polarization channel in S, Cstable from June to September.from year toyear, Whi_le the
and X bands. S total means all observation data in botfF'Perature changes sharply in other imes. But it is the

polarization channels in S band are used to obtain RMSEAINY season in Zhengxiangbaiqi from June to September.

and mean values. So do the C total and X total. Symbolln cloudy, rainy or snowy days, the atmosphere on Earth

A represents the relative error and equals RMSE divide&bsgr]l?s Tng‘? :adllgtlon frohm Ithe Suln ezpeplallc)j/ that Iln X
by average value of standard flux. For the year 2018—202(9,""n or - N |gur@f,.t € ,OW value e"'at_e greatly
A is estimated to be smaller than 4%, 6% and 8% in S, CErom standards emphasized in the black ellipse are not

and X bands with the average value of standard flux bein&aused by the solar acti\{ity, but th? mild .sr?owy weather
about 70. 100 and 250 sfu. on 2020 February 13-15 in Zhengxiangbaigi. On the other

way, NoRP flux data as standard also have obvious annual

The atmospheric absorption, severe temperaturgiyctuation at 3.75, 9.4 and 17 GHz, in FigitéThe annual
changes and standard flux fluctuation limit the accuracy
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Fig.4 MST temperature corrected solar radio flux (sfu) in 201862200831 compared with standard flux of NoRP

and F10.7. Three panels from bottom to top present the flux@&hd X bands. Thelack thick line indicates separation

of the year 2020 and 2019. MST observed data in 2020 are tedrby the coefficients obtained from data in 2018-2019.
The low values in three ellipses are corresponding to cantis heavy snowy and cloudy days in Zhengxiangbaiqi on
2020 Feb. 13 to 15.
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Fig.6 Maximum and minimum local temperature in Zhengxiangbai0140101-20200831. The range of temperature
is +36°C to —36'C, and the maximum day temperature difference 24

variation range on 9.084 GHz obtained by interpolation is3 APPLICATION TO SBRSAND MUSER

about 20 sfu. and that on 17 GHz is about 40 sfu.

The above-mentioned temperature correction method is
applied to MUSER at 1700MHz and to the 2.6—-3.8 GHz
frequency band of the Huairou spectrum analyzer SBRS.
In fact, the transmission loss of the 15m long CoaXIaIThree frequency points 2800/3050/3350 MHz are selected
cable had ever been measured in 10 ambient temperaturfegrn the 2001-2002 observation data and historical

from —40°C to +60°C at five frequencies (2 GHz, 2.8 GHz, empera’;ure The tleft an?f ngft\t urcutl)atlr p(;lalnzagmn
45GHz, 9.1GHz and 10GHz) before it was used Onempera ure correction coefficients are obtained to cbrrec

the observation data in 2003. However, the sky background

MST, showing that the cable had similar but not exactly idered. and th dload roduced
the same temperature and frequency characteristics. THigconsidered, and the noise source and load are introduce

measurement was done by thet'l@Research Institute fto corlrect;hERoFs ROTS;n IIEEquattl_o ns4) and quu;monQ)
of China Electronics Technology Group CorporationIS replaced by formula). Equations 4) and 6) become

(CETC). When we realized that gain change of the lon Equatlon_s ® and 9).' Rgsults applied to SBRS and
. . . USER is presented in Figur@s10, 11 and Table3.

coaxial cable with the ambient temperature may cause the

annual fluctuation of MST observation data, we asked the Raun(N) — Ry (N)

engineer in the 18 institute, CETC, if they had done Ru(N)— Ry(N) )

some temperature experiments on the coaxial cable, they

provided us a group data of the measurement. Figuse AL(N) = (Rsun(N) — Ry (N)

plotted based on this measurement result. The temperature R, (N)— R:(N) (8)

and frequency characteristics difference between thecabl — Faun standara(N))/AT(N) .

and MST is because MST receiving system is composed by

more temperature sensitive electronic units than the cable Fsun (V) = (Rsun(N) — Rsky (V) /(Rn(N) — Ri(N))

and there is a temperature gradient along the 15m long —Cox AT(N)—-C; .

cable. (9)
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3.75GHz, NoRP 4.542 GHz; NoRP 9.4 GHz, NoRP 9.084 GHz; NoRBHZ.
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Fig.8 The transmission loss of the 15m long coaxial cable measnr&d ambient temperatures from <4Dto +60°C
at five frequencies (2 GHz, 2.8 GHz, 4.5 GHz, 9.1 GHz and 10 GiyA)6" institute, CETC.
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4 CONCLUSIONS

especially for that in X-band of short wavelength. From
the temperature correction results (F4. Fig. 5 and

telescope similar with MST. The grassland climate is
rapidly changeable, which is a test for high-precision

The annual fluctuation of MST observation data is mainlycOrrection. Secondly, the annual fluctuation of standard
caused by long coaxial cable’s gain change with thdlux data (Fig.7) needs to be corrected before being
ambient temperature. The relative calibration method!S€d as standard source for MST. Thirdly, we use the
proposed in this paper improves the temperature effe¢p@ximum temperature (Fid) in the day to correct the

of MST, SBRS and MUSER observation data. HoweverMST dataon 80 UT. There is an error between maximum
there are several factors limit the calibration accuracyl®mPperature and the real temperature. Finally, to avoid the

temperature effect on radio telescope observation dasa, it
better to keep sensitive electronic equipmentin a thegmall

Table2), the X band temperature correction effect is not controlled environment or replace it with low temperature

ideal. So, firstly, the atmospheric absorption effect inrsho

sensitivity equipment. For example, using fiber cables and

wavelength especially concerning the snowy, rainy and®me optical-electronic transformer equipment to replace
cloudy days may need to be considered in calibratindhe long coaxial cable. This work provides a reference
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Fig.11 MUSER 1700MHz left black) and right ¢ed) circular polarization correction coefficients vary widmiperature
difference from 42C in 2015-2018.
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