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Tablel Status of next-generation BDS satellites constellation
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Figure 1 Inter-satellite link and two-way satellite time and frequency
transfer
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Figure 2 (Color online) Fitting residuals of clock offsets from
TWSTFT
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Figure3 (Color online) Fitting residuals of clock offsets from ISL
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Table2 Fitting RMS of clock offsets from ISL and TWSTFT

s ISL# 2 (ns) S HE X 5] B 2% (ns)
11S-BDT 0.176 0.237
12S-BDT 0.133 0.498
M1S-BDT 0.155 0.198
M2S-BDT 0.139 0.093
M1S-11S 0.212 -
M2S-11S 0.208 -
M1S-12S 0.138 -
M2S-12S 0.146 -
M2S-M1S 0.329 -

mi1S, 19{H=-3277.363 ns » M1S, {3{E=-38815.593 ns
+12S, 19{H=-2811.332 ns = M2S, 5{E=-2171.152 ns
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Figure4 (Color online) Difference of clock offsets from TWSTFT and

ISL satellite-ground link
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Table3 Clock offsets parameter of M1S from TWSTFT and uncorrected |SL satellite-ground link

B A0 (10°s) Al (10" ss?) RMS (10 s)
LI Bl BEL (X1) 8.3571236 2.77796 11.6
L Bl B2 (X2) 8.3571598 2.77357 6.1
ISLIREL (Y1) 12.2386712 2.78227 12.9
X1, X240 2 S 402 3.61x10°° 4.39x1073 -
X1, Y1#h 25502 3.8815476 4.31x107 -

a) L Beo B 1) i) Be &y BDT 8:00~10: 00, Ll B3 Be 21 ] By BDT 10:00~12: 00, ISLyK B[] B 4 BDT 8:00~10:00

0.8

== |1S, std=0.219 ns == M2S, std=0.296 ns
== M1S, std=0.267 ns === BJ, std=0.176 ns
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Figure5 (Color online) Stability of ISL delay estimates
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Table4 Clock offsets parameter of M1S from TWSTFT corrected and ISL satellite-ground link

B A0 (107°s) Al(10"ss™ RMS (10 s)
L% BEORBEL (X 1) 8.3571236 2.77796 11.6
Lk Bl B2 (X2) 8.3571598 2.77357 6.1
ISLIREL (Y1) 8.3571522 2.78227 12.9
X1, X25h 25 S8 2% 3.61x10° 4.39x10°° -
X1, YV 2255004 2.86x10°° 4.31x1073 -
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Figure6 (Color online) Fitting residuals MEOs from combined clock offsets and TWSTFT. (a) M1S; (b) M2S
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Figure 7 (Color online) Predicting error of M1S from combined clock
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Figure8 (Color online) Predicting error reductions at the beginning of
MEOQOS' regional station net section

ZEPEATAL B, DT AT b TR b 22 8O, A TF ik
— 2T

%25 3k

1

China Satellite Navigation Office. Beidou navigation satellite system signal in space interface control document open service signal
(Version 2.0) (in Chinese), 2013 [ [ TR St R GG HAAE. U3 TR SR GEAS HAF 545 142 SCF(2.0 fi), 2013]

Zhou S S, Cao Y L, Zhou J H, et al. Positioning accuracy assessment for the 4GEQ/5IGSO/2MEO constellation of COMPASS. Sci Chi-
na-Phys Mech Astron, 2012, 55: 2290-2299

Zhou S S, Hu X G, Wu B, et a. Orbit determination and time synchronization for a GEO/IGSO satellite navigation constellation with
regional tracking network. Sci China-Phys Mech Astron, 2011, 54: 1089-1097

Hao X G, Chen X F, Zhang C J, et al. On designed coverage of 2nd generation of china satellite navigation system (in Chinese). J Geod-
esy Geodyn, 2007, 27: 119-122 [fflG, PR, skar4s, 5. hE A TR MR GO E SRR EN. Kb 5 ks )
2, 2007, 27: 119-122]

Yang Y X, Li JL, XuJY, et a. Contribution of the compass satellite navigation system to global PNT users. Chin Sci Bull, 2011, 56:
2813-2819

Zhou S S. Studies on precise orbit determination theory and application for satellite navigation system with regional tracking network (in

2677



a4 % B & 2017HESH £62% 23

10

11

12

13

14

2678

Chinese). Dissertation for Doctoral Degree. Shanghai: Shanghai Astronomical Observatory, Chinese Academy of Sciences, 2011 [J& 3%
A BT IR ) TR ARG B SRV, WL Ane s Bl hERERE LR CE, 2011]

LiuL, Zhu L F, Han C H, et al. The model of radio two-way time comparison between satellite and station and experimental analysis.
Chin Astron Astr, 2009, 33: 431439

Han CH, Cai Z W, LinY T, et a. Time synchronization and performance of Beidou satellite clocks in orbit. Inter J Nav Observ, 2013,
doi: 10.1155/2013/371450

Chen JP, Hu X G, Tang C P, et al. Orbit determination and time synchronization for new-generation Beidou satellites: Preliminary re-
sults (in Chinese). Sci Sin-Phys Mech Astron, 2016, 46: 119502 [Bs 4, WA/NT., B, 4. db=l#— 006 TR 2 4 Rk T
WA b, hERN PpReE Ji2 R3C%, 2016, 46: 119502

Tang C P, Hu X G, Zhou S S, et a. Improvement of orbit determination accuracy for Beidou Navigation satellite system with two-way
satellite time frequency transfer. Adv Space Res, 2016, 58: 1390-1400

Zhu J. Research on orbit determination and time synchronizing of navigation satellite based on crosslinks (in Chinese). Dissertation for
Doctoral Degree. Changsha: National University of Defense Technology, 2011 [Af&. T 5L 0] 5% B i S0 TR 8038 i i Kt 1] [R] 45
L. WA S Kb ERRHE K2, 2011]

Menn M D, Bernstein H. Ephemeris observability issues in the Global Positioning System (GPS) autonomous navigation (AUTONAV).
In: Proceedings of Position Location and Navigation Symposium. Las Vegas, Nevada, New Y ork: |EEE, 1994. 677-680

Liu L, LiuY C. The rank lack problem in autonomous orbit determination using inter-satellite measurement. J Spacecr Tt & C Tech,
2000, 29: 80-83

Wang F F, Guo F X, Wen Y L. Influence of the quantity and distribution of anchor stations on autonomous orbit determination of navi-
gation constellations. J Spacecr Tt & C Tech, 2015, 34: 254-259



Summary for “ Jb 25— TR I 434 il B2 11 B 2 0 2 ) R R PR 22 A A

System error calibration for time division multiple access
inter-satellite payload of new-generation Beidou satellites
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The new-generation Beidou satellites constellation consists of 2 inclined geosynchronous orbit (1GSO) satellites and 3
medium orbit (MEQ) satellites. The inter-satellite ranging payloads onboard provide the constellation with autonomous
navigation capability. Each satellite navigates using the rest of the satellites in the constellation. The satellites perform
two-way time division multiple access (TDMA) inter-satellite link (ISL) ranging using pseudo random codes. For some
reasons, the global system of Beidou navigation satellite system (BDS) will till depend on its regional station net, which
is not able to observe medium orbit satellites for the whole section. The ISL ranges also make it possible for BDS to
obtain clock and orbit observables when the satellites cannot be seen by its limited regional stations. While ranging, the
system errors of TDMA payloads on new-generation Beidou satellites must be considered, which are hard to calibrate on
the ground and will affect the accuracy of inter-satellite time synchronization and orbit determination. In this paper, a
calibration method of inter-satellite system error is proposed, and the application of 1SL ranges on satellite-ground time
synchronization is discussed. Firstly, the using strategy of ISL clock offset is discussed. The satellite-ground part
obtained by L-band two-way satellite time frequency transfer (TWSTFT) is introduced and the satellite-satellite part
obtained by inter-satellite link is modeled to obtain the clock and orbit observables. Broadcast ephemeris is used to
decouple the inter-satellite clock offset and inter-satellite range, and the observation eguations are provided. Secondly,
the L-Band clock offset is used to calibrate the combined system error of each inter-satellite payload. By comparing
inter-satellite clock offsets of a pair of satellites obtained by I1SL with satellite-ground clock offsets of the same two
satellites obtained by TWSTFT, a combination of signal transmitting delay and signal receiving delay is calibrated using
|east-squares estimation. The combined system error of one inter-satellite payload is fixed to solve the rank lack problem.
The corrected clock offsets of 1SL are then combined with clock offsets of TWSTFT to determine the satellite-ground
clock offsets and calculate the predicting clock offset parameters while the satellites are out of the regional station net.
The result shows that the accuracy of ISL clock offsets can reach 0.25 ns while the accuracy of TWSTFT clock offsetsis
0.5 ns. The proposed method can calibrate the combined system errors and improve the accuracy of inter-satellite time
synchronization. The standard deviations of a 14-day time series of combined inter-satellite system errors are less than
0.3 ns. And the calibrated ISL clock parameters are consistent with that of the L-band TWSTFT. The results of medium
orbit satellite are quite remarkable: the monitoring section length increase more than 40% of the whole section length. At
the beginning of the regional station net section, predicting error of satellite M1S is improved from 3.59 to 0.86 ns
(RMS), predicting error of satellite M2S is improved from 1.94 to 0.57 ns (RMS). Taking into account all these results,
we may reasonably come to the conclusion that inter-satellite link is a high accuracy measurement and it can improve the
accuracy of clock offset prediction.

Beidou navigation satellite system (BDYS), inter-satellite link (ISL), combination of signal transmitting delay and
signal receiving delay, clock offset deter mination, medium orbit (M EO)

doi: 10.1360/N972016-00782

2679




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 350
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 650
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


