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Wl T VLBIB AN BEAS S MARBEL N, T35 BORTETCUE H bR & S A
HERN A,

I 1 b R ST 6 A3 Ll ik AR 88K SC & Rl R 25 m R B O B O il
FT198THEMI993E T 4G FEATVLBDR M. 2+ EHIR A 25 TREIE R T, HEHVLBIK
(Chinese VLBI Network, CVN) B4 KM AN K ARE. — DG uM— MK
6, 20134, o [ERL =B E AR I o0 2 I VLBI2010 R GiAsdET Beit 7 E N E B
WVLBIRA® %24 X B T HARUTLHN 2 & ST LA, WERFE PEHE
58 5T 10100,

FE NG H Bk TR VLB ER WL 77 1, bt 20804 AX S (B Al H AR ik A7 i b 3k 7] 28 2
EFVLBIW I SEEE M. 20004 H AE (S TR0 U144 (National Institute of information
and Communications Techonlogy, NICT)#EAT & iy VLB A AL EEALHF 7T, K HH T
PRER TR T2. 200448 o R BE 1i R S0 & £F A S5 EIR H E N VLB BR 22 A
[AE TER SR T 2R SUIR L IR/ — 325 SO & T 1%, 3k45 1 TLE VLB &
JFREEERG TR, 5em 7 EEVLBIWIE K M xR ERE, £ R85 EN LR, TEVLBIY
D758 FH T o5 TR MPIER . 20074 Lanyi S 3@ Jo 2k T8 e i
KAWL E, RS Al A $)1-2 nrad. 20134EPlank®% WA FH VLBIMM S A 22 (K0
ST GE B, A5 B OIS XS BE 230 psHIRTHE T, a5 A I — Ik S A TR () TV,
A S K G S AL BRI A2 . 20174 Plank % 51 R F KR A7 T Hobart A1 Ceduna )
ik, VLB RXTGNSS (Global Navigation Satellite System) T2 3747 7 Wil
SEEG, 7o F W VLBLE A 1 7732, TFR 13 T 25 0000 PR I 7 DA K 4
SINT T, DME T SR 2 00 5256, 20184 55 81 72 2R F op [ R} 2 Bt [ K %
B LI VLBIR S, X H 2125 GEO (Geosynchronous Earth Orbit) 2RI fE T
WML fFHDIFX (Distributed FX)FIHOPS (Haystack Observatory Postprocessing
System ) B A BEAT B 5% S Jm Ab B, RIS B T8 Sk 40, I IE I RS L £ 0910 ps.
S T20209 34T T GEO P2 oI & B R G RSB BOR 1B 7, o 22 I =
KT R RGN, 0503 W REA RO R AR TR I I s I F T P i e
YN ERGE LI 41 ns.
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MHEVLBUH 7T FIHLA (WISHAO (Shanghai Astronomical Observatory). NASA. USNO
(United States Naval Observatory). JIVE (Joint Institute for VLBI in Europe). VERA
(VLBI Exploration of Radio Astrometry). KVN (Korean VLBI Network)%)¥H H &
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PR F2E PRAR. §T IR ZE, Joi%il 2 2 A2 AT 55 AN ] 4 5%, T 100 T 2 IR k.
H 4= 7520t 20804 A4 % FH Fortranff i X EF A4S 844 FH 5¢ &b BEHL & 28 B H T~ 2% S0 .
H 20104F B J5 B AH SR LA 21 Q3R 8 K N, 3220 B ACRE AR A SR Pl 36 [ 25 R
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g, F[EVLBA (Very Long Baseline Array )it H )4 AH ¢ AL EEATL B A 7EDIF X 24l
ZIUTFRI.
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T B O (A O S5 AR B 1% R G T IR UR I R SO A, A 5 R B AR A+ X S
R, o TH R IR, BASZ T R B AR P2 AR ). At it T B 1 S5
PRANE BEAE 8T B 41 B AL ER 7R3 A48 T AR SRR 3R IR AL, iR T 4L
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2.1 FiRRH#E
2.1.1 DiFX

DiFX?! 2 —Fp I 4 T 00 2 A A DG, A H AT ECHE G AR, 72 KA 2 5
Iy VLBIHE 1) IR AL B b 2 A H], 40 T EHT (Event Horizon Telescope)s
LBA (Long Baseline Array). VLBA. IVS (International VLBI Service for Geodesy
and Astrometry) %5 W 0 HE 1A 5 AL HE. DIFXECAEAH AL IF & 45 T20055, H %
# Adam Deller5 WalterBrisen &, 3 H B AF|, 3£ B A& B I DIFX Developerff
RS . AR, AT MRS, HRER. 4B T A IRIE. B 20074 S, REAEAS
#HHFUser Development Meeting, #FEE0 BAFHEATHES . FFRAMY &, #1:2020911H,
A SORTRR A N2.6.1, SCH T F ARAS 792.5.2, BT ARAS BT AN SR A B8 T B M40 1)
2.1.2 AIPS

5% [ [E 37 4 H K 3 F (National Radio Astronomy Observatory, NRAO)F K& )R
FEME ab i R 45 (Astronomical Image Processing System, AIPS?), s&— /M T2 B A
TR0 G 6 S5 P D0 0000 DA S TR AR SRR A B R SRR I B AL, ARG T
Psis VA STRY T2 4%, A& FLAC R 210 5 AU (J0 L A2 R A4 DN 5 443 ) £ FH )32 (R 34
Lz —.

LA RT{EDEC Alpha (3077 UNIX). Sun (Solaris)f1PC (Linux)% £ #iitH AL
RAEK LisAT. Z B B AR 4 18 A VP AHIE(GNU General Public License,
GPL)R#P, a3 b R FEH . [FIRNRAOSR M T BT 1 & B URACRL A1 — 12k 1) &
frRRI8 EEHNRAOMEric W. Greisen#ET4E4. 200046, B G482 HE AT A 5
B, B BEAE debugtG Vs Ah T . BEAE A HT, 31DEC17 A& B A (1) K AT A B4
. HATRFTR A A31DEC20, SCH i IR A< 31DEC19.

2.1.3 ParselTongue

ParselTongue® ;2 2 L ATPS.  Obit LA f HoAt v] G5 T-4F 55 B H5048 4 Jok 2, U Py thon 4

M, RVFIZITAIPSIES, Ffilid Pythont M AIPSHEE KL MY K, L RFIZTODbItE
UDIFXZ%ME: https://www.atnf.csiro.au/vbi/dokuwiki/doku.php/difx/start

2AIPSZ %ML http://www.aips.nrao.edu/index.shtml
3ParselTongueZ# Mik: http://old.jive.nl/jivewiki/doku.php?id=parseltongue:parseltongue
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[H]250.128 sv BB A AT 1024, S HIREECE AR 40 B 1) 0 1.024 s I8 E A S AN 64.
X T SERAT 45, BRI — MR FH AT H B 22 s A HE I B 22 ph s (s B AN R, WA
TR JUAAT I AR A )y TR AR POE T A S IR A i N FITS U A% . 5 b
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FIITEE. S B 251 B R B s R S AT 2%, TR 2 AT 2R Bt TG 2 3R B SIZ IR (1) K AR aE A A
Y B A T BA DU A FH P () R B JE AR TAS IE H B R LE, A& IE A A A

ARG EC RN S
AIPS
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[ | l \
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K1 ki R GHEAUR & K
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Fig.1 Schematic diagram of the data processing approach

K278 28 1 B SiE A5 #E A1 2% S0 2% 10 2 28 5% 4045 Mk LE (Signal-to-Noise Ratio, S-
NR)&E SR, B3R TR HERT 5 b 2FCOo2 T & 1Y B A e oh 3R il /2 IR 346 i 20 R vk i
TEEARINZERE 4 B 3% I LR G T2 B <R wEpixR, 462-C02 1
2218 MHz{5 5 B, RS 56 3 58 MHz, 28 R K N5 s, LLILET NS
i, JL-KSHEZ AR M LLAE100-6005E B 4 A2 4k, 52+ 7£300-4007E [l ;5 JL-SY HE 445 4
EE 1008007 FHl 4 A2 4k, 4 H 7E300-4007E [l 5 3% 25 26 A HE i AH AL 35 7E0°-360°38 4k,
WU JE AL I TE 0° 5 3T

BERRM2.2.1-2.2.4%5 0, A B E B R I, e KA GE, B B R RS R I AE
BEHER R E AR, 5 2% N PR A& B i a2 I A B2 I S A
ZEH.
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Fig.2 Baseline fringe signal-to-noise ratio
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BRI K. XU E 51 R B R R] BLAR NS EE R A ORI I RO AR ZE. K
A RE 2 R AR SR R 4y 5 B A, TR AR B AN R K ZE R AR
. TR IE L (5 562 R I FE 190 %, R T 7 1] (1) KA 4B 38 5 29 92.3 m20), i
KA HE & T 7K 28 AR AE T 51 AR 1, 72T 540 X O J LB K BB /N, 76 ) 6 3 X )
NI35 em /e AL R IGUTT ] FE) K7L )2 IS 4iE 4 F Saasatamoinentst 4 115 A 1) 77 [a] FR) 6L /2
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RATLE, M OAWT pf %2122,

(&) = TaryMary (€) + Twet Myet (€) - (1)
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553 G B T S R B S 1) 25 [ W VA R0.07 s, KSIEGPSEHE 53 R 400 1 2= (8
UV AE 20.17 ns, SYuhGPSEHE 5 S HHE 1) Z {8 5 K Al 150.7 ns. B FHPPPH AR 1T
{10 R TR SR AE FRRG P2 7E 12 ey, 17 48 S0 B0 o 5 0R00RG B U/ 10 e WL 35t [ Bsf
Bt 2% SR A b R GPSEE ML, T KA S (RS HEA e i FH PP P 7 V45 31 i A<
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Fig.3 Beidou C02 satellite cross-correlated power spectrum before and after delay calibration
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K4 JETRGEIESET GPSEHE UL /G KA IE: /B8 BRI R Z SR IE(TOT), 46 (7))
HNGPSEARA T REIREE R H EONMEH GPSHR 5 TR BRI B IE I ZEH (GPS-ATM).

Fig.4 Tropospheric delay based on weather data and GPS data. Left panel: red and blue lines denote
line of sight tropospheric delays (TOT) using GPS and meteorologic data, respectively. Right panel:
differences of tropospheric delays between GPS and meteorologic method (GPS-ATM).

2.2.2 HEZENIE

XF T HARVLBIW I, B 2 0 R v 38 R O A ek RS R B E R O RS
3 TR W2 5 e 1 e B B AE23) R S A A e R i ok B b SFCo2 1 B2 SH B,
DAL 2 A0 B = 2 1) I A8 % 22 ok B BB 2. NP4l BB R B IR KCSE, AT T R AR
F 7 A%0 AN [R) 28 0 B8 2 vl B 3 85 2R SR oF S A 1) 77 ) FEL B 5 I AE, X LG A ) R R
BB J5 Ab B 25 SR 22 . K FH BN UTE 1 %€ o0 (Center for Orbit Determination in
Europe, CODE*)[J3Ff 51 2 B 5 E B = B C1P (1H fiidik). C2P (2H fi#k). COD
(F J5 K %) BL KIGS (International GNSS Service)Z 43 #1 H O ALV 35 (19 7= &, ik
2019912 H3H 25 H CO2 L& HIMLM, PAIGSF™ i P4 Ay e, 4 L AR 3 7= it H 2 J2 B
WETHE ARG 2 L. 8w i B E T S A R AR Horb ) e R I AL
Tyenicn N RIS E R E, VTEC (Vertical Total Electron Content) A #E B H & JZ 1
WRE, v LA 2.

CTi = Tyenith M (€) , (2)
Tyenith = 40.28 x VTEC x v™2. (3)

AR AR, B R o 52 S R s AU A 0%, (R E S B i) Bl i v, IRt
SRR S A L B 2 I T A2 T AR R B (L B ZE (Dispersive Delay)[26-27 3
E ST mi) G AE B B S AR R T O B B R N, LAY B, disp_delay =
40.28 x 1016 STEC/c®, HHSTEC (Sight Total Electron Content)’y ATECU (Total

“CODEH & Z /™ fil: https://www.aiub.unibe.ch/forschung/code__analysezentrum/global_ionosphere_
maps_produced_by_code/index_ger.html
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Fig.5 Satellite line of sight ionospheric delays calculated using TECU maps. Top panels: line of sight

ionospheric delays of JL, KS and SY stations. Red, yellow, green and blue lines denote IGS, C1P, C2P

and COD TEC maps, respectively. Bottom panels: differences, C1P-IGS (yellow), C2P-IGS (green) and
COD-IGS (blue), of calculated ionospheric delays.

20194F12 H 3 H 33k ZE {H M EUE Zi vt 25 R E6Fw, Ho g 9CIP-IGS. N
C2P-IGS. Z{1 NCOD-IGS. JL. KS. SY 335COD-IGSZ A sk {2 (Standard De-
viation, STD)E 73 % 48.25 x 1072 ns. 1.23 x 107" ns. 1.03 x 107! ns, ZFHEHF >
AifE40.4 nsPy. B HEIRATABICIP.  C2P I TR AR AL 5 5 Ji5 (Sl A 70 ) 22 57 K %2
FE1 nsbA, KSub1 H i A2 H 1idlk i 2 2 45 R 5 5 5 B R 45 R & L s 4, JLAISY
UiC1P. C2P4E R 53 )5 45 B Z R K. X FSABL SR 5%, i CIP. C2PHL &
JEBEAI AT SEI0.5-1 sk L AKCE (1 FL B 2B 1E. 6 TR ST 45, W] {5 5 1) 4Bk
R B IE L B JE I 4
2.2.3 BB IE

TEBMBE RS B IEFR T, FRATTELEL T B AR BB 1E 5 i —Fho& 25 T PPP R Z 24
LRI 55— M2 TDBBC (Digital Base Band Converter) % 2 £ 45 4 57 1)
B AL, PPP AR FH I3k GPSH L B GPSEL I FIPPP 7 V45 21 1) 8 2 13 51l @ 5
£ T DBBCHUE i) 5 A @ il K DBBC I B ZE 4l — B 2k VESULA 43 3. AHSRFR 15 8 F 1Y
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Fig.6 Histograms of differences of C1P-IGS, C2P-IGS and COD-IGS ionospheric delays
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Fig.7 Comparison results of different clock models. Left panels: black dots (FITS) denote clock model
used in DiFX and FITS file; blue (PPP) and red (DBBC) dots denote clock data of PPP and DBBC.
Right panels: red lines (real DBBC-FITS) are differences between DBBC and FITS clock model; blue
lines (real PPP-FITS) are differences between PPP and FITS clock model; green lines (fit_DBBC-FITS)
and black lines (fit_PPP-FITS) are calculated corrections of clock model using DBBC and PPP data,

respectively.
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Fig.8 Three baseline residual delay. Black dots (Real_time) are the post-processing results of
uncalibrated real-time data; Blue dots (PPP) are the post-processing results of using PPP data to
calibrate the clock model; Red dots (DBBC) are the post-processing results of using DBBC data to

calibrate the clock model.
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Fig.9 Three baseline residual delay accuracy. Left panels: the gray dots indicate the residual delay of the
baseline, the red line indicates the fitting results of the residual delay of the baseline. Right panels: the

accuracy of the residual delay of the baseline.
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Fig. 10 Evaluation of orbit determination. Blue, red, yellow, purple lines show the differences of the orbit
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Satellite Interferometric Data Processing System
Based on Astronomy Open Source Software

ZHU Meng-yit:23% WU Yuan-wei® YAO Dang'® GONG Jian-jun!
LIU Jia'® LI Xi-shun’?? MA Lang-ming'® WEI Pei!3
LEI Hui'®* YANG Xu-hail?

(1 National Time Service Center, Chinese Academy of Sciences, Xi’an 710600)
(2 University of Chinese Academy of Sciences, Beijing 100049)
(8 Key Laboratory of Precise Positioning and Timing Technology, Chinese Academy of Sciences,
Xi’an 710600)
(4 School of Astronomy and Space Science, University of Chinese Academy of Sciences,
Beijing 100049)

Asstract For VLBI (Very Long Baseline Interferometry) satellite tracking, the raw
observational data should be processed by cross correlation and post-correlated data
processing. Through correlation, delay calibration and fringe search, the satellite’s base-
line geometric delays are finally calculated. Here, a software package used for satellite
interferometric data processing was developed based on several open source astronom-
ical software packages. The system can work in both real-time and post-event modes
to perform cross correlation, atmospheric delay, ionospheric delay, clock-model, and in-
strumental delay calibrations, fringe search, and generate baseline delay and delay rate
sequences. Satellite baseline delay sequences with an accuracy of 1-2 ns was success-
fully obtained by using this system to process the interferometric data of Beidou GEO
(Geosynchronous Earth Orbit) satellites.

Key words instrumentation: interferometers, methods: data analysis, methods: obser-
vational, techniques: interferometric
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