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Abstract: Inorder to further study the technology of spacecraft successfully landing on asteroids for deep space exploration
missions, the paper proposed that optical autonomous navigation should be the key technology to realize asteroid landing: the
principle and methods of optical navigation were introduced; and the algorithm of spacecraft state estimation during spacecraft
landing on asteroids was discussed.
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Possibility analysis and anti-jamming countermeasures on regional shutdown of GPS signals

REN Siheng, JIANG Jingli, SHANG Guogiang, YANG Na, LI Chunyan, LI Qian, MENG Yao
(School of Non-Commissioned Officer, Space Engineering University, Beijing 102249, China)

Abstract: In order to explore the real reasons of the navigation failure of Yinhe incident and improve the performance of
the navigation countermeasures of Global Navigation Satellite System (GNSS), the paper discussed the possibility of regional
shutdown of Global Positioning System (GPS) signals: from the perspective of basic principles and benefit ratio, the possibility
of turning off GPS signals regionally under the background of regional navigation warfare was disproved; and the advantages of
using electromagnetic interference as a means of attack in navigation warfare were analyzed; then the significance of establishing
BeiDou navigation satellite System (BDS) was argued; finally the countermeasures to improve the anti-jamming ability of
navigation satellite systems were given.

Keywords: satellite navigation; global positioning system; navigation warfare; anti-jamming; Yinhe incident
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Position accuracy and its test method for navigation digital maps

CAI Yanhui', ZHANG Wei*, YAN Qingging', WANG Xiaodi', BAI Jin', MA Xu'
(1. National Quality Inspecting and Testing Center of Surveying and Mapping, Beijing 100830, China;
2. Geographic Information Management Department of MNR, Beijing 100034, China)

Abstract: In order to supplement the insufficient research on the spatial position accuracy evaluation of Navigation Digital
Map (NGM) with the mandatory introduction of the nonlinear deflection, the paper proposed a test method of the positioning
accuracy: concepts of the position deviation of map surface and the positioning accuracy that can be obtained by users were given;
and the position accuracy detection method of navigation electronic maps based on Android platform architecture was constructed.
Experimental result showed that the surface position deviation of current navigation electronic maps could be more than 100
m, while the average accuracy of positioning service obtained by users would be about 6 m.
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Adaptive threshold zero-velocity detection for pedestrian navigation with foot-mounted low-

cost inertial sensors

HU Xin', TAO Xianlu', ZHU Feng', ZHANG Xiaohong"’
(1. School of Geodesy and Geomatics, Wuhan University, Wuhan 430079, China;
2. Collaborative Innovation Center of Geospatial Technology, Wuhan 430079, China)

Abstract: In order to further improve the positioning accuracy of multi-sensor fusion in global navigation satellite system,
the paper proposed an adaptive threshold zero-velocity detection method: the low cost Inertial Measurement Unit (IMU)
mounted on the foot of the pedestrian was used for dead reckoning, and the zero speed update was carried out to suppress error
divergence by using the zero speed information of pedestrian landing; the maximum likelihood test statistics were constructed
by the outputs of accelerometer and gyroscope, and it was found that the magnitude and minimum values of the test statistics
in the sliding window became larger with larger speed; then the adaptive threshold model was established with the magnitude
and minimum values, by which the calculated threshold can be dynamically adjusted according to the speed change, ensuring
that zero velocity state can be detected in each step without too much detection as zero-velocity state for the dynamic state;
finally the feasibility of the method was verified by using adaptive thresholds and fixed thresholds to solve the different speed
data. Result showed that: the smaller fixed thresholds would miss many zero-velocity intervals of faster walking data, and the
larger fixed thresholds would have obvious misjudgment of dynamic as static; while the adaptive threshold zero-velocity
detection method would accurately detect all zero-speed intervals, which means the proposed method could be significantly
better than the fixed threshold method.

Keywords: low-cost inertial measurement units; pedestrian dead reckoning; maximum likelihood test statistics; adaptive
threshold; zero-velocity detection
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Bluetooth metro station locationing selected by integrated AP

JIN Xiao, WU Fei, ZHU Hai, YAN Song, HU Rui, LU Wenxia
(School of Electrical and Electronic Engineering, Shanghai University of Engineering Science, Shanghai 201620, China)

Abstract: Aiming at the problem of low positioning accuracy in some areas when using bluetooth technology under subway
station environment, the paper proposed a comprehensive Access Point (AP) selection strategy: on the offline stage, the collected
bluetooth data were processed by Kalman filter; and combing with the characteristics of AP territorial regions, the regional and
fluctuation analysis of the APs in the positioning environment was carried out; then the optimization of AP combination was
realized by the ranking method of the maximum mean values and the stability; finally the weighted K nearest neighbor locationing
method was used to evaluate the locationing performance in the online fingerprint matching phase. Experimental result showed
that the average positioning error of the proposed method in the subway station could be 1.09 m, which reduced by more than
0.45 m compared with the non-AP selection, the maximum mean value method and the information gain method, indicating the
better positioning effect.

Keywords: subway station; bluetooth technology; access point selection; fingerprint matching; weighted K nearest neighbor
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Type Al fault integrity monitoring for BDS broadcast ephemeris

LIU Yuanyuan, LI Liang, LI Hui, CHENG Chun
(College of Intelligent System Science and Engineering, Harbin Engineering University, Harbin 150001, China)

Abstract: Aiming at the problems of large observation noises and complicated ambiguity resolution in using the traditional
single-type satellite observation method to mornitor type A1l fault of broadcast ephemeris, the paper proposed a method of type
A1 fault integrity monitoring for BeiDou navigation satellite System (BDS) broadcast ephemeris based on parameter sensitivity:
the orbit errors were calculated by combining pseudo-range and carrier phase measurements; and according to the integrity risk
requirement of the system, the minimum detectable error was estimated by integrating with the position error function based on
the sensitivity analysis of broadcast ephemeris parameter change; then the detection threshold was compared for realizing type
A1 fault integrity monitoring. Experimental result showed that: in the case of no ephemeris fault, the minimum detectable error
calculated by the proposed method would be smaller than the detection threshold that meets the integrity risk requirement; while
when the fault occurs, the minimum detectable error would exceed the detection threshold, indicating the feasibility of the
method for BDS.

Keywords: BeiDou navigation satellite system; ephemeris fault monitoring; parameter sensitivity; minimum detectable error;
integrity
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(1. ERITREKRY, FM  450001; 2.61085 #HHL, HiM  311200)

WE: #yTH SRRSO HRBLERY (GEO) TEZHENMEE, #H 1M GEO TEHRHFHE FE: FIA L
BHEXREL KuMBELTHNE (CED MNERZH#TTHNE; FAAXTHERE (TLE) EHERNERFL, #
EFERAEME, XAKAEERYS GEO T2 TN E., IREELH: KUNMBEITNRERHLE, £FAEARE
ZERE, BEZAERERFHARERZEATURE, FEUNKEREHEFTES; EEMBRAREREN
TR AFFEFHAREGRBEZIRD, TAFWARABEARB TES; IIFOBETAMAE—Z, BFEHE
WESRT, RHEIEMAEYNKENEE—ENERRZE,

XA ELATHNE; KukB; HRBLAETE; HEfe

FESES: P228 NEFRER: A NEHE: 2095-4999(2021)01-0038-06

Analysis on orbit determination of GEO satellite based on Ku-band CEI

LIU Zejun', DU Lan', ZHANG Xuchen', HUANG Xiaoxia’
(1. Information Engineering University, Zhengzhou 450001, China; 2. Troops 61085, Hangzhou 311200, China)

Abstract: In order to further improve the real-time monitoring accuracy of co-located Geostationary Earth Orbit (GEO)
satellites, the paper proposed a GEO orbit determination method: the L-type orthogonal double baseline Ku band of
Connected Element Interferometry (CEIl) measurement system was used to do interferometry; meanwhile, Two Line Element
(TLE) was used as prior orbit information to determine the ambiguity of the whole cycle, and the precise orbit of GEO
satellite was obtained by batch processing algorithm. Experimental result showed that: due to the significant effect of the
troposphere on Ku band, the atmosphere would be more stable in winter than in summer, and the troposphere error in the
signal spatial transmission path could be basically offset, leading to the better observation data of winter compared to summer;
while the data quality of evening would be better than that of daytime in summer; there would be little difference of internal
coincidence accuracy between winter and summer, while the external coincidence accuracy in winter would be significantly
higher than that in summer; moreover, in addtion to an obvious trend term, the variation law of external coincidence accuracy
in both seasons could be consistent, indicating that there would be certain systematic error in the observation data of both
summer and winter.

Keywords: connected-element interferometry; Ku band; geostationary Earth orbit satellite; orbit determination
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BDS P A pp2z Wity LSTM Bk

;“;,‘-‘K,Z(J:\ 17 5‘1’\45’191’ 1’2’ qu{l }}Ebz’ H’\ a}"’j L’ 5[’/1111
(L T TREEARKY NS SRS, T BH 1230005 2. sk RAHMLR, W KEXHA 427000)

WE: 4+ TERMA%L (BDS) HrEHZFETRFB oML SFWER, BRE I A¥BEE 1 RZE5KER
T2 (LSTM) #AAAA N ZTMER . S ZHBEHLF TR 1 KEZEWFIHTET RSP LBNRFERN;
FRTAEEN L RZFFIHER LSTM ER BT NE . T; REETNG 1 xZEE TR LTRSS Z; REAE
FARTESMAZENITHE RS (IGMAS) X4 H BDS R+ #ErEa £~ B NNH 2 HFEHTLR., EELEH: 4
ZHRFEEZLBE 1 RENTAEE, LSTM HEEFREE AL RS LSTM A 24 h FUIRAF E B8 R &~ & FRH 24
EFNEHEWNEEER 5 ARG T T4%F0 44%.

KR LI TESMASL,; ERETEHZTM; KAHCILER,; KERAE

FESES: P228 XEKIRERE: A NXEHS: 2095-4999 (2021) 01-0044-09

LSTM algorithm for short-term prediction of BDS satellite clock bias

JI Changdong', ZHU Jinshuai"’, LI Hu®>, ZHANG Meng', LYU Guanghan'
(1. School of Geomatics, Liaoning Technical University, Fuxin, Liaoning 123000, China;
2. Zhangjiajie City Institute of Surveying and Mapping, Zhangjiajie, Hunan 427000, China)

Abstract: Aiming at the problem of the underperformance for China international GNSS (Global Navigation Satellite System)
Monitoring and Assessment System (iGMAS) Ultra-rapid Predicted (ISU-P) Satellite Clock Bias (SCB) products, the paper
proposed a SCB prediction model combining the modified single difference with the Long-Short Time Memory (LSTM) model:
the outlier detection based on the improved Median Absolute Deviation (MAD) was carried out for the sequence of SCB after
single difference between adjacent calendars; and the data of the single difference sequence after preprocessing were trained and
predicted by LSTM model; then the predicted single difference was superimposed to restore the forecast SCB; finally the data of
iGMAS Ultra-rapid Observed (ISU-O) SCB of BeiDou navigation satellite System (BDS) products were test. Results showed that:
the prediction accuracy of LSTM model would be improved obviously by the proposed method; moreover, compared with SCB
of ISU-P products and wavelet neural network (WNN) model, the 24 h prediction accuracy of LSTM model after the preprocessing
could be improved by 74% and 44%.

Keywords: BeiDou navigation satellite system; ultra-rapid satellite clock bias prediction; long short-term memory; data

preprocessing

0 2= A RS E B B ek PR SRS (global
B navigation satellite system, GNSS) fJ ik 55 6E 11"~
2 FMARRHAAMIAEL T, L TR ph 225 B b2 TR 5 /i & 48 (BeiDou navigation satellite

KiSHER: 2020-05-26
E—EHEEN: HKE (1970—) , B, TFHEMA, WL, #¥, Ry E SN S g R L,
BEEEE T LB (1993—) , B, WEEE AN, BEHE, BRSNS E A BdE L,
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Performance evaluation and analysis of BDS-3 on-orbit satellite clocks

YANG Yufeng, PENG Yong, LIU Menghan, QIU Jiaping

(School of Geography and information engineering, China University of Geosciences, Wuhan 430078, China)

Abstract: In order to supplement the insufficiency of related study on the satellite clock performance of BeiDou navigation
satellite System with global coverage (BDS-3), the paper proposed to evaluate and analyze the performance: the precision
clock difference products of Global Navigation Satellite System (GNSS) Research Center of Wuhan University were used to
calculate the frequency accuracy and the frequency drift rate of the satellite clocks by least square method fitting clock
difference data; and the frequency stability of the satellite clock was discussed using overlapping Hadamard variance; then the
characteristics of the long-term variation of the fitted residual sequence of the BDS-3 satellite clock error model were analyzed
and the accuracy was statistically counted; finally the indicators of BeiDou navigation satellite (regional) System (BDS-2) and
Galileo satellite clocks were utilized to do the comparative analysis. Results showed that the new generation of rubidium
clocks and hydrogen clocks on BDS-3 could have better performance than BDS-2 satellite clocks, and the performance of
BDS-3 hydrogen clocks could be equivalent to that of Galileo satellite clocks.

Keywords: satellite clock; clock difference model; frequency stability; performance analysis
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Performance analysis of BDS-2/BDS-3 real-time satellite clock offset joint estimation

WANG Haohao', HUANG Guanwen', FU Wenju®, XIE Wei', CAO Yu'
(1. College of Geological Engineering and Geomatics, Chang’an University, Xi’an 710054, China;
2. State Key Laboratory of Information Engineering in Surveying, Mapping and Remote Sensing, Wuhan University,
Wuhan 430079, China)

Abstract: In order to supplement the insufficiency of related study on the positioning service performance of BeiDou
navigation satellite System with global coverage (BDS-3) real-time satellite clock bias and the improvement extent of positioning
service performance of BeiDou navigation satellite regional System (BDS-2), the paper proposed a performance analysis method:
BDS-2, BDS-2/BDS-3 real-time satellite clocks were estimated respectively and the accuracy was evaluated based on the
undifferenced model; and real-time kinematic Precise Point Positioning (PPP) stimulation experiments were performed with the
real-time estimated satellite clock product. Results showed that the Standard Deviations (STD) of the real-time estimated BDS-2
and BDS-2/BDS-3 satellite clock offsets could be both better than 0.5 ns; with the participation of BDS-3 satellites, the STD of
the joint real-time estimated BDS-2/BDS-3 satellite clock offsets would be averagely improved by 18% compared to BDS-2;
meanwhile, the positioning performance of BDS-2/BDS-3 real-time kinematic PPP could achieve shorter convergence time and
better positioning accuracy relative to BDS-2 single-system.

Keywords: BeiDou navigation satellite system with global coverage; undifferenced model; satellite clock estimation;
kinematic precision point positioning
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(1. VRS MERFLE 5 TR YR, B 2111005 2. db7 5 BEGIT A RERNAGRAR, BMa 211153)

HBE: 44 FA2RTESMASL (GNSS) EAMEEAZM (PPP) RERABWMFHUERMGEEFEZERN
5 AL, 3 B % GNSS £ %4 PPP MR % R G0y M Bk S AT 1P 1 : LB 2 4T 5 B IR % & 4 CAPPS.magicGNSS. CSRS-PPP . Net_Diff.
RTX-PP) W44 M; HAAoMIEELERFRZAAMNTAS . BILCBERATARELR (ZTD) #E. TRERE
#i: APPS. magicGNSS. CSRS-PPP #u Net Diff i % R o S E w7 kBl 5 KB M Z, UL CSRS-PPP % R L&A &
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XA BEEERM, EAMARS, HAEM; BN, XREER

FESES: P28 XEAFRERE: A NEHS: 2095-4999(2021)01-0068-10

Accuracy comparison of online PPP service system positioning and ZTD estimation

YUAN Haijun', SHI Hongkai', HE Xiufeng', XU Xueyong®
(1. School of Earth Sciences and Engineering, Hohai University, Nanjing 211100, China;
2. Northern Information Control Research Institute Group Co., Ltd., Nanjing 211153, China)

Abstract: Aiming at the problem of different performances of Global Navigation Satellite System (GNSS) online Precise
Point Positioning (PPP) service systems, the paper proposed to evaluate the performances of the systems: the service
characteristics of five service systems (APPS, magicGNSS, CSRS-PPP, Net_Diff, RTX-PP) were comparatively analyzed; and
the accuracy of kinematic and static positioning and Zenith Tropospheric Delay (ZTD) between different service systems was
evaculated. Experimental result showed that: the kinematic positioning accuracy of the four service systems (APPS, magicGNSS,
CSRS-PPP, Net_Diff) could reach the decimeter level, among which the CSRS-PPP service system would be the best; moreover,
the static positioning accuracy of the five service systems could all reach the centimeter level, among which the systems of APPS
and RTX-PP would be significantly better than the other systems, even meeting the needs of centimeter-level or millimeter-level
positioning; meanwhile, the ZTDs of APPS, magicGNSS and CSRS-PPP service systems would have high accuracy, which could
be high consistent with the ZTD products released by 1GS as well.

Keywords: precision point positioning; online solving system; kinematic positioning; static positioning; tropospheric delay
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point positioning, CSRS-PPP). K5 by SZIf 4
JG 4L (Trimble centerpoint real time extended post-
processing, RTX-PP) £5', it ix &4 it 5% & 45 1% M8 i
BN A [FBEAT V36, a5 Rk 1 Fiow.

%=1 GNSS 7 PPP RS &SI

Mk %5 % Gt 4 B RN R 48k

APPS % E WA 30 1925 = (Jet Propulsion Laboratory) https://apps.gdgps.net/apps_howtouse.php

magicGNSS GMV fii 2 it K5 E B (GMV Aerospace and Defence) https://magicgnss.gmv.com/ppp

CSRS-PPP N K HAR ¥ PEE (Natural Resources Canada) https://webapp.geod.nrcan.gc.ca/geod/tools-

outils/ppp.php

Net_Diff ¥R L4 GNSS 4 Hrvh s (GNSS Analysis Center at http://center.shao.ac.cn/shao_gnss_ac/
Shanghai Astronomical Observatory)

RTX-PP FERKFE (Trimble) AF https://www.trimblertx.com/UploadForm.aspx

H AT S A 223 1K 2 GNSS 1E4k PPP Ik
% RGN RS LR S T FEVEHEAT T . RS
B, A IE IR 55 2 G 8] fide 5 45 SR 19 5 A0 kG FE R A% e
YWAEAE 22 S, (HIYRE SO &S @ O oK 2 K s 346
TE AL 53 K I IRIHG L, i S5 R TV L = 48 9B (zenith
tropospheric delay, ZTD) th B A5 5 s A5 E ",
T, IR LRSS R G LE B A M X IR S 8 0K R
WAL B K PRGN o EE T R,
X 8 R 55 FR G0 ¥ AT B Bk BOHE E AT — e R ) Ak
H, HAFKRS RS FILER I EEESR, L
CSRS-PPP JIk %5 & St i e i 14 e 4F, W A 280 ik 2R
RPN RIE" . BRI I T
7+ GNSS fE£k PPP IR 55 R G sl H K GNSS MLl £t
WEIEIF M, Ak, BEE PPP BRI & &, %R
55 358 Jo F BT AR B 10 B4 Ak B AR 2 AN [ R
53T, TR RS R G0 IR 55 e v R0 A6 1 g
BIH R, il i KX E GNSS 40 1 H

(GNSS Analysis Center at Shanghai Astronomical
Observatory, SHAO) i i T Net_Diff 7£ £k K5
& EALR S Conline PPP service of Net_Diff,
Net_Diff). (Ktt, AL EFH £ KL i) GNSS W
T EHE, X GNSS fELE PPP JIR %5 & 4t 1 IR 45 4 1k
J e A A e A BEAT EFT VA

AR ICE SR GNSS #E 4k PPP Ik 55 % 4t (APPS.
magicGNSS. CSRS-PPP. Net_Diff. RTX-PP) [}]
MR 55 5 i M Ak PR A HEAT T8 SRR, SRS k4
BRI Z1 0 A () 18 /> 1GS ¥ ) GNSS MLl %4,
R STAF 53 73] 32 52 3 % WR 55 R G kAT )38 i
E AL, R % R 55 R G A5 RAEZR (BD
18 (N> R CUDY =ANT5 ) B 58 RLRS B2 R PEAG 2%
MR RG M E R YERE, IF NSRS R G E AL
(1 fife B0 4 SR R SR EUH AH B ZTD, B IGS KA 1) ZTD
PPN B EME, R ARRS REEAK) ZTD

@ ¥
X& IO
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1 GNSS f£% PPP IR &%t

PPP I RAUFIFH #. & GNSS #HUHLR & 5
OO K IR Oy L B AL ks K
(receiver independent exchange format, RINEX) 1]

I H e o ) 0T, Ftp B AR 45 07 SR AL 48 & IR

%/%éﬁ’
ARG

RT3 o WX T B S 2 O 53R B % B 5%
BLERY X GNSS R4k PPP R % %

45 (APPS. magicGNSS. CSRS-PPP. Net_Diff.

RTX-PP)
55 5 KLY

(RIBR 55 5 A E — N E T, KRG
PALINER 2 s .

T2 GNSS 7%k PPP RS ARG RIBR S 45 S X EE

k%% 244 SRR E A 30 TR EESMAS

SCAF S A%

i 25 2R

4 Bk o L R 4 C global

APPS [EENRTIES .
positioning system, GPS)

GPS, Mk LE M A4S
( global navigation satellite
magic GNSS A, 5 system, GLONASS) % fliiFmg T
B EHAY (Galileo navigation
satellite system, Galileo)

CSRS-PPP RIS GPS, GLONASS

GPS, GLONASS, Galileo, b=}
TR % M R % ( BeiDou

Net_Diff RIS navigation satellite system, BDS)
FAAAERTTTE £4 (quasi-
zenith satellite system, QZSS)
GPS. GLONASS, Galileo,
BDS, QZSS

RTX-PP A

RINEX 2

RINEX 2
RINEX 3

7c W 1 R 1]

RINEX 2
RINEX 3

RINEX 2
RINEX 3

[E R Bk 2 HE 42 Cinternational terrestrial reference
frame,ITRF) 2014 o i) 2% A) B AR AL B . R ML AR B T2
XL 7 ORI JE AE R 0 b 22 A

ITRF2014 H R 25 ) B0 AR AL bR o K HiL AR bk B X 7 7
Z. WMWIZEIR . BhZE A TR Kk

ITRF2014 (g KM AR AR . XL 2 REIR B 22 R X B
J7 2 I TR BUR LA RS B R R T

ITRF2014 HF) 2% A) BL AR AR BR . K M AA b 25

ITRF2014 HF ) 75 18] B A AR A s R i Al s AL ) T2 22

B

H% 2 AT %1: APPS. magicGNSS. CSRS-PPP
1 Net_Diff JIR 55 & Gt 35 3CHF #5032 € AL,
RTX-PP JIR %5 R GiAN SCHFiF s € fr; Net_Diff Hl
RTX-PP k% R4 X FFVU R EE RS0, H AR
FRGNILFH T SFMARG .

AL, X GNSS 7F 2k PPP il 45 & Gk B i 4L
AL IR . R E AL 2 R IR AR K
WS BB E — BN ER, Wk 3 Fin. RN
N5 [ £ 265 7 20 80 0T B BE 2 50 Ak 2 7 AN
[, i FH ) PPP & A8 32 B0y AR 2= R A G 5 AL
THEZHAGHA, R/RIE K% (The University

of Calgary, UofC) 7 I 6 Bl L ™,

PPP
A7 R 45 W

AF 22 AE 21 5 155 B SR 00O 2 R 5 AR
MAE, xF RN

P :p+C(tr—ts)+T +yl+d g —di+m +eg
L =p+c(t—t)+T =yl + 4N;+D,; =D+ (1)

Br i

-B + M, +e,

A =12, NEMIMERBE: B LaslN
LA B L f O BB BAR AL ME s p AT
I 2 B TR B B T B 2 LA B

FANLPIR

B c oA t . t 7

%= 3 GNSS 7f£% PPP REZ R G AL IBFE A XTEE

RS RS 4LF AP SE AR R ot it J2 AR R ke 55 B 44
" R W i
APPS GISPY FABRAAHE Vel % Bk HLI0 o B global mapping
function, GMF) B %k
o . - . . " il S S AT i i
magicGNSS NAPEOS TC HL 2 A A A A BERTES SE Gt (Saastamoinen) Y A EL L (Vienna mapping
function, VMF) 5 #§
CSRS-PPP CSRS-PPP  JC i A i A5 A B HE R (Hopfield) # 70 VMF1 i %
Net_Diff Net_Diff TC L 2 A R Saastamoinen 7 VMF1 B %t
RTX-PP RTX-PP To B R AR A JC W1 i 1 76 B i i B
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RIGE, . TEL PPP % R4S E MM ZTD fili 11K B2 1 HL 8% 71

SRS E R B, T MRt iR R
2
u%gﬁ%:%@%%%m;%:%;&\mﬁ

590 A 52 48 R BRI 5 d, (D) ©
02 (D7) 42 518 Dy B CRRIE AL I i L T2
WEPFIEIR s B« B 730 A 9 BBAR AL L i B oL o
AR AT AL 22 mos M2 3l D Dy RN
AL IME ) 2 BARIRE &5 « &, 22 AN NERA
RS UL AL B 00 00 i 7 R AR AR RAL R 22
Ak 22 AR 41 & 8 7 B AT 78 20 A Dy i A 3 A
PR A AE A RS S, SCREA Rtz il WL
LERIES S E ey DR N3 ONIKENECIPNEF SSIE
K, X PPP i B5H B AN S5 R AR 8 A — R I
T B RN SRR i) Z 1) PPP € fi
B, e S FH U Py I R 48 3 A 57 08 WU 4EL 2 ) 4
IR E R A, RN
f].zPl — f22P2

S
dip + M +ép

:p+c(tr —t5)+T +d -

2 gL (2)
L :M=p+c(tr—ts)+T + 4N +

f2—f7

S S
D —Di+B =B +M Té,

A Poy Ly 20 5l O BE R U8 AR A7 1 6 FL B 2
AWM d, (D, ). di(Dy) 2 B AL HEZ
AR e R AR b AR USCHLRD T2 1 A 4
B B e By 43 0 B B R A A B AR AL L
UMt A TR St PTG AR AT R 225 Ae ~ Ny 20 3
T LS S22 A rP O R R RO s my
Mg 23 3 0 6 BB 2 4 TR B4 P 2 R KR o7 0 )
M ZHABIRE: 65~ &, MANERERAGTH
By SE R0 KA L 000 L £ O 0 e 7 R AR A R A A 2

THEZHEBETER T — & EEBEN
PPP 1 52 Ma , {H B 42 50K SR 4 Py (25 R0 5 I8 A A3 0
B LI 75, o A7 B S R A RO R

Uofc # B i1 i 5= K R /R I B K %% (The
University of Calgary) m# #3781, ZHE R 2
1 P EAH AR, MESH LR EAA
RIANTR], e 3SR F T U0 B 5 R 48 3 4 7 < 3 7
AXWAAE", WFRER N

Pei = i ZLi =p+c(tr —ts)+T +%+ My +&p_

foL - 2L
L =M:p+c(tr—ts)+T + 4N + M +e

IF f12 _ f22

(3

Uofc BRI R 7 — il B8 2 AE IR 12, 38
AT RIS O BEOUL WA ) W M B, ABLATY AR AE R G
IR AR 2, 3K L i 2 FVRDR B 2 0xe LA 4Y B, A
PR 2 BN B AR 1

TE FEA) A% R SR ) D B G R S 2 A U A
I3 Ik AR AT 7 s 8] 22 40 WAL, Sk 2 A 3R
PR - f1PR,

f2—f2
ALy = L (K) =Ly (k=1) = Ap(kk—1)+

c(At, (kk-1)= At (kk=1))+ AT + M, +2,,

P. =ptc(t —t)+T+m+z,

(4

TSR JSEAS T T 3 PR ASM S5 S 50 A ok T B

SR 52 e DA ] 5 0 1) A, (HLE 2 5 R UL N0 A A £
e AR, AR 25 R RS HOR RS L A%

2 FEEMBEITME

SEIGE AR S AR 18 AN IGS i 1)
GNSS WLl B, Frik 1GS uh /A 1 fis,
HoEHE LR, Naedi g, W FERN 24 h
(2019-09-01, FFHN 2019 F5F 244 K.

90°N

"
o = nril
60°N bake . yakt
.
30°N s sto ik .
hnpt N bjfs
Ipal
0°
. b darw
30°S cord .
hob2® 1%
60°S

[}
syog

90°S
180°W 120°W  60°W 0° 60°E  120°E  180°E

1 SLWHIEEIGS sEE S

H T RTX-PP IR % RFA CHrah & AL,
WS IRAN LA o AT Fo At 4 Bl IR 45 R G Bh A& A
Ao 1 Sa A N DT b AR BB A A ak ) g 5K, R
A3 542 AE ] APPS. magicGNSS. CSRS-PPP il
Net_Diff IR % RGP AT EL NS €M FHE, H T
BRI SRS RANIMREL R, Rk &RE 25
Sl S T S5l A AR 55 1GS R A D JE AR ST A v % ks 2
FAbR R 22, IR ZEEE#E EV N U =45 B
BEATH . Hodf EL NG U =AN 71 BE w2
U/NF 10 em B JE 20 APioc#ER/NF 10 cm #LK
SEALCSR, RS R G sh A e AL 4 R R
(root mean square, RMS) J& 48 & fr & ISR it
HAAEIM RMS, sLigah Rk 4 FE 2 o, Hf
B7 7€ L RMS X fe /INFI R K T 2 AN 36 Chob2 .
bake) & i fi 22 i 77 Bl an 1] 3 AT 4 B




72 T E AL R 2021 4 2 H
= 4 GNSS fE% PPP RE RGNS EN 10
RMS 5 {EXTEE HAL: cm
5_
) E 77 M N 75 [ /) U W) £
ARG o
RMS {4 RMS #J{H RMS )4 ﬁ ok
APPS 3.94 5.07 14.79 ‘ﬁ
magicGNSS 2.69 2.51 4.50 -5t — EJjE5R
— NFER
CSRS-PPP 0.78 0.75 1.81 UJ7 553
710 L 1 1 1 1 L Il
Net_Diff 5.32 3.74 12.51 0 3 6 9 12 15 18 21 24
] 8]/h
20 (a) APPSHAFLER
mm APPS 10
e 15F B magicGNSS
3 CSRS-PPP
Hd I Net-Diff 5k
s 10F £
® st :\r;g (S
i:_[
0 1 1 1 1 1 1 U'H 5 N méi:
LT ERUSES POT oML o X 30 S — EJrg
SEEETRZEECETISERES — W
_— Uy g 31
{Mﬂﬁg%\' -10 1 I ! | | L
(a) EJFIIRMS o 3 6 9 12 15 18 2l
30 i) /h
i ok
o5l wm APPS (b) magicGNSSfiH &5 4t
£ B magicGNSS 8
3 20f CSRS-PPP
| [ Net-Diff
o 15 4L
F 1o} g
Sk E ok
&
0 1 1 1 1 | | E
[Z 0] = o — — - N
BEEESEZESEES 4 ERES af -
cg=27 87 2 g NS — N4 R
Wit 2 Bk UK 453
N ¢ 78 1 1 1 1 1 L 1
(&) NJTFIHIRMSH o 3 6 9 12 15 18 21 24
80 B[R] /h
APPS "
701 o MagicGNSS (¢) CSRS-PPPAESIL
£ 60 CSRS-PPP 20
2 L O _Di
ket 50 Net-Diff sl
mK 40r
& 30p < 1T
ool % S5t
10 E 0k
0 1 Il 1 1 1 1 E 5
CPTEBNEZS YL T 2P 2K EL TR
SEEEEEEELEERIEE YRS ol s
R — N4 R
W35k 44 FR -15F T
S UJj )4
(c) Uy IJE—JH(JRMS{E -20 I I I I | I 1
. N . 0 3 6 9 12 15 18 21 24
2 GNSS £k PPP R S5 A Gt & M B 7S E AL ISF i)/

RMS %ttt

MR 4 FIE 2 FTAD: 4 FfiR 9% & 4830 245 R 1)
BEN T KRG B EORGRE L HAFMR S R4S

3 GNSS £k PPP AR5 &4t hob2 MBhEH7S E i

(d) Net Difffisigh i

(CE=ol-4

6] Bl 25 € o Mk e A7 AE 22 7, i Ll CSRS-PPP IR 5%
ARG TR R I A, magicGNSS fii% &
ikz , APPS Al Net Diff % 5 Gok v 2 .

APPS IR % Z4i7E N Al U J7 1] b [k~ 35 % 22
B, W2 A 5.07 F1 14.79 cm, FH bake 35
1E U J7i FIA B T KR % 74.28 cm. CSRS-PPP

M4 ZGAE Ev Ny U = AN J5 ) b fo il sl ~F ¥ 3% 22
BN, W% 078 L 0.75 A1 1.81 cm, 4Bl
i #IA B T JE K 2 € ALK FE - Net_Diff iIR5s R4 AE
E J7 A bl uh 3R E AR, 24908 5.32 em, H
rh RS 3 D ik 3k B T JEOK 2] E AL RS T . S141, APPS
A1 Net_Diff il 55 5 4 13 43 W 55 Ccord  nlib . nril |
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RIGE, . TEL PPP % R4S E MM ZTD fili 11K B2 1 HL 8% 73

—20

- — EJy &R
—40 — N m4gE R
UJT g5 53R
600 36 9 12 15 18 21 24
i) /h
(a) APPSR 4R
10
— EJjgE R
— NH4R
5 UJT &5 3

SE fiLffi 72/cm
(==}

710 Il Il Il L Il Il Il
0 3 6 9 12 15 18 21 24

A5 [ /h
(¢c) CSRS-PPPfi#s 45 T

60
— EJj 4R
40 — NJjgR
- UJr g

5E L AR 7 /cm
(=)

-20
-40
,60 1 1 1 1 1 1

0 3 6 9 12 15 18 21

i) /h
(b) magicGNSSH#FL4E R

120 -

i — EJjI g R
80 — NAMER

L U5 I 45 51

40(

€A 7 /em
(=)

_120 | | | | | 1 1
0 3 6 9 12 15 18 21 24

IF[A]/h
(d) Net Difffi# 5145 3

4 GNSS 7fE%k PPP BR$5 R % bake MBS E M REXTEE

syog. zamb. bake) 2fj& iE o7 2 I i AH R4 K 1 %
72, Forp i A b R b X 30 3 Cnril s soyg bake)

5E 7 1% ZE AR R 5 L T b M B4 A G, cord
nlib A1 zamb 3k 75 2) 4 @ A #E v, HIBLE A2 1
IUSCSSUG A 5 R BT B WA A i o, R B
A BE A W0 B A KR B FR 480 I AL B AR D B S

A3 RMS 2 58 AL i RIS TH AR 2], Rk
T 3B AL R ZEF R

3 ERSEMKEEIRE

S 5 B A RE AL SR R 1GS 3, 7d (1

GNSS WLl # 4, A K R0 s [R] Dy 24 b, 5 [8] 18]
f& A 2019-09-01—2019-09-07, BI4EFR H 4 2019 4E
5 244—250 K. B e W 0T AR BG4 K )
7720 % 7 d I ST 3 52 31 APPS . magicGNSS.
CSRS-PPP. Net_Diff f1 RTX-PP %% & 4t b it AT
LA AR, JF T B IE IR %% 2 4010 i
HEE R, AR IE R A5 R 55 2R G0 AR S AL bR 5 1GS
AT ) JE A SO At 2 2 MR bR R 72, IR ZE M
HIEIE.NL U =ATR E. RS ARG H— K
BT A WS 7E 3 AN 77 ) _F 10 7 A7 Al 22 43 53l P 35 48 3
T AT, s RNk 5 £k 6 FE 5 PR

&5 GNSS 7% PPP RFZRGZFHSEN E HRIFREITLL Hifr: cm
ENGLEE i)
FERARFS
APPS magicGNSS CSRS-PPP Net_Diff RTX-PP

%244 K 0.19 1.11 0.70 1.10 0.34
#5245 K 0.14 1.11 0.84 0.97 0.45
% 246 K 0.20 1.04 0.78 1.01 0.38
#5247 K 0.16 1.17 0.69 1.13 0.44
%248 K 0.17 1.20 0.75 1.14 0.38
#5249 K 0.13 1.41 0.78 0.97 0.39
% 250 K 0.15 2.02 0.64 0.96 0.32

B ) 0.16 1.29 0.74 1.04 0.39




74 T E L F 2021 4 2 A
6 GNSS f£%4k PPP BREZERGZESENM N HFETFHRESTLE Bfr: cm
AFE RS R G 545 1
FERHFS
APPS magicGNSS CSRS-PPP Net_Diff RTX-PP
#5244 K 0.18 1.43 0.40 051 0.30
W 245 K 0.18 1.48 0.38 0.64 0.33
246 K 0.23 1.36 0.41 0.57 0.26
247 K 0.13 1.23 0.40 0.53 0.25
248 K 0.29 1.17 0.44 0.65 0.24
3249 K 0.19 1.05 0.36 0.52 0.28
#5250 K 0.24 1.50 0.42 0.55 0.28
¥I1H 0.21 1.32 0.40 0.57 0.28
7 GNSSTEZ PPP RBRALHESEN U HFEIFEHRBEXTLE AL cm
NFR 55 R G fe 5 45 3
ERHFS
APPS magicGNSS CSRS-PPP Net_Diff RTX-PP
3244 K 0.65 1.17 0.91 1.75 0.59
#5245 K 0.58 1.01 0.95 1.63 0.65
3246 K 0.77 1.41 0.99 1.42 0.65
247 K 0.57 1.22 0.88 1.42 0.46
#5248 K 0.66 2.14 0.88 1.19 0.60
#0249 K 0.68 1.71 0.88 1.17 0.52
3250 K 0.60 2.31 0.86 1.12 0.63
i 0.64 1.57 0.91 1.39 0.59
25 2.0 i
— APPS —- Net-Diff — APPS —- Net-Diff
2ok —~ MagicGNSS — RTX-PP - MagicGNSS — RTX-PP
= — CSRS-PPP £ L5F . CSRS-PPP
Q
@15tk 4
?E oK 1.0+
& 10F #
EL=S Bl=S L
05k 0.5
0 1 1 1 1 1 0 1 1 1 1 1
A A R SR R R A N e R R
N N Y Y W 4 W "\,b‘ ,.\,b‘ b "1?‘ "1?‘ "1?‘ Wu
L SR A O A A L A
ERH TS ERH S
(a) EJj w2 (b) NJT PR
25 .
— APPS —- Net-Diff
20F = MagicGNSS — RTX-PP
£ -~ CSRS-PPP
@St
i
S10t
BL=S
05
0 1 1 1 L 1
b?gd N N N b?f{‘ b?f{‘ bg/{‘
W W W W W W W
R R R R R R

FEMRHFPT
(¢) UJT Ptz

5 GNSS7E%k PPPMERGHSENM 7d FHREIL
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RIGE, . TEL PPP % R4S E MM ZTD fili 11K B2 1 HL 8% 75

BHSESG &5 AT A, b PR 55 R G # A& AL
RS RAE EC NG U= R EWiER 7T =X
ZJEKGAEE, EAFE RS RS0 E AR ZE A7
TE# 5. Hotf APPS Ml RTX-PP R4 R 4 £ HL
FHX B UF I FR A E AL ERE, T d 1B A I ZE B i
Fa5E; CSRS-PPP #1 Net Diff IR RG Ik
magicGNSS IR 55 & G5 AH X e 22 , 25 58 1oL 1 22 A
SRR, T d 1R 58 A7 i 2 40 5 B A4S B E - APPS
CSRS-PPP fl RTX-PP i % Z4t7E E. N. U =4
Ji b, 7d e SR ZE #R /N T Lem. o APPS
R4 RGAE EL N J5 1) b A M 22 A 6 B/, 7 d
() 2511k 2 2r W %109 0.16 A1 0.21 cm; RTX-PP
R4 RGAE U J5 ) b e A7 i 22 AH X e/, 7 d
7140 2 219 0.59 cm; Net_Diff R 55 £ 41 E.
Ulmt, ditEMmES/NT 2em, N7 L
7.d ¥ %E AL 2 BT 1 em; magicGNSS AR 55 &
GU{EEUJ7 A b, 7.d [ E A w2 ¥ /N T 2.5 cm,
N 77 b 7 d #9586 2 35/ T 2 em, 3 ANJ5 )

E¥IEER A S 2560 KRR X i K E Ar
s 72 o

4 FRBRIRME BRI

SEES RS BOR S5 AR R Y 1GS 15 GNSS W
TEHE, WA A 24 h (2019-09-01, F/HH
2019 244 R)D). H T LA APPS,
magicGNSS 1 CSRS-PPP I} 45 & 4t 1) fift 5 45 2
it ZTD, Wi b /i iX 3 FiIR 55 R Gi i
(1 ZTD K% B o 1 5 W ST A 43 5ol 42 22 £ 3
MR R G RHATE S MR, JE R E R
PR AR, ZTD, ZTD ff v B (8] [’ % > 5 min,
SRIG UL IGS RAGH) ZTD = NS5, R
BRSRGMER ZTD ¥BEKS IGS KA
ZTD F= i BIAH R RE, L4 Rinsk 8 fin, H
5 IGS $E4LH ZTD (8] 4H ¢ 5 HUHH X B K R i
AN 2 ASTEE Chob2. hnpt) 9 ZTD 1 i 7 &
WK 6 fME 7R

%<8 GNSS7#EZ PPP RS AZEER ZTD 5 IGS B ZTD LE R GiHE R

APPS [ fift 5 45

magicGNSS [ fif 5 45 It

CSRS-PPP [ fift 5 435

3
P2 S ONH RMS/ UEES H5e KA RMS/ M S ONH RMS/ M
Z£/mm mm R Z/mm mm = Z/mm mm A
bjfs 13.1 5.73 0.83 34.5 9.64 0.70 21.4 7.07 0.77
cord 20.4 5.73 0.78 18.7 4.98 0.86 20.3 6.08 0.78
darw 9.9 4.61 0.98 25.7 5.54 0.97 18.0 5.19 0.97
hnpt 15.0 5.87 0.56 22.2 5.66 0.58 18.8 5.74 0.60
hob2 7.7 3.61 0.99 21.4 3.81 0.99 9.3 3.46 0.99
Kiri 15.2 6.48 0.99 33.7 11.64 0.95 39.8 14.35 0.92
kokv 14.2 7.04 0.93 17.2 6.09 0.95 42.8 9.22 0.87
Ipal 12.0 5.78 0.93 13.8 5.41 0.93 33.3 6.63 0.89
mazg 7.6 4.03 0.91 16.2 4.81 0.86 19.0 5.09 0.84
nlib 31.3 11.48 0.90 32.3 11.34 0.88 38.5 14.83 0.79
nril 8.4 3.37 0.99 31.0 7.08 0.95 48.1 6.08 0.95
stjo 10.3 5.41 0.94 15.5 6.32 0.92 14.2 6.24 0.92
syog 13.0 5.32 0.73 15.4 5.93 0.76 26.6 9.33 0.71
yakt 7.7 3.03 0.87 11.8 4.63 0.68 +9.8 4.79 0.66
zamb 16.7 6.80 0.57 16.2 7.27 0.61 30.7 6.40 0.74
zeck 15.3 5.73 0.94 20.3 7.11 0.93 23.1 6.00 0.93
bake 37.0 9.47 0.74 34.9 10.85 0.61 38.0 9.43 0.68
artu 12.8 4.52 0.71 14.6 4.79 0.74 10.0 4.00 0.76
48 14.9 5.78 0.85 22.0 6.83 0.83 25.7 7.22 0.81
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2.46

— IGS ZTD{#

2.44 --- APPS ZTD/H

i CSRS-PPP ZTD1H

e magicGNSS ZTDfH
E240Ff
a
S 238t

236}

234}

232 1 1 1 1 1 1 1

0 3 6 9 12 15 18 21 24

I /h
6 GNSS £ PPP R & Z 4 hob2 filus ZTD {4t
5 IGS {24 H) ZTD EEs

255k

2.54F — IGS ZTDf& CSRS-PPP ZTDfH
--- APPS ZTD{H magicGNSS ZTD{H

2.53 1 1 1 Il 1 1 1
0 3 6 9 12 15 18 21 24

i (6] /h
7 GNSS 7E4 PPP BR$ & %k hnpt i3k ZTD &3t
5 IGS 121t #0 ZTD tb3k

& 8w A1, 3 FIRS RAfMRHE N ZTD ¥ A
AREMREE, 5 1GS BN ZTD =it A
B — . Hoh APPS IR R GRS ZTD
KB M A, R4 W3k () ZTD # B ¥t
9.5 mm, RMS #{HZ A 5.78 mm, 5 IGS K i
f1) ZTD 7 i ~F- 2 #H 5% 2 %5 i1k 0.85: magic GNSS
iR %% 2 Gt fif 510 ZTD K5 FE i A% T APPS B 45 R 4t
S EE ) ZTD S BT 12 mm, RMS ¥{E 2
79 6.83 mm, “FIJHK RN 0.83; CSRS-PPP ik
F RGMREN ZTD M EAX B 2. Ao, AT 3%
[ 7R &6 1 hnpt A1 nlib 0325 2 B 4 AE X 48 22 1 — 3%
PEFA S THAG B2, DR 55 ] 2R 0 7E S 56 B B Py
Z TR, S 2 AN AE S B P BT AL
FRFEE R R R .

5 #£RiE

AR T 5 F GNSS 7E4E PPP RS R 4E

( APPS. magicGNSS. CSRS-PPP. Net_ Diff.
RTX-PP) WM HE A RAREAMEA . XHRE
FEAB T T WSS ek B 2 s FIH A BRI S o
[ 18 AN 1GS W3 1 GNSS WL B4, 23 4T 7
A MES B LR, S T IXERS RS
HAMEBSEAA Ev Ny U =A T B E Ak
JE 5 I RS 8 LA S 25 P R U AR B, ZTD, St
tbor#r YA ZTD K 5 1GS KA ZTD
FEan R A O R E, AT LR

1) APPS. magicGNSS. CSRS-PPP #1 Net_Diff
MR %% 2 88 2h 45 8 AL ¥ I8 B T 45 K e ALK TE
H 1t CSRS-PPP Ik %5 & %t 8l 3 i€ A7 1% e de A, 7E
E. N\ U =ANJ7m E-FR 2 &N, 25408
0.78. 0.75 1 1.81 cm. magicGNSS filk %% & %i X
Z, APPS il Net_Diff Ik 5 & 4t 5 7 52 A7 1 G AH
Xf 5 %

2) 5 i GNSS 74k PPP iR %5 R G # &S AL
KR IA R T HE KRG HE=ZKE, Hd APPS
RTX-PP il 5% R Gt i & i€ AL vE REAH X S A, 7.d 11
75 58 AL 25 MR B2 €, magicGNSS Bl 45 & 4t &
BN ZE AN B R, 7 d RO ER A E AR 2 BOR

3) Bt K Net_Diff ik 55 R 8850 & 5 ARG %
MR 22, H K 2 W s 0 0A B T K 4 58 oL K
JE, f£E. U E, 7dF&E6mEnLnZEY
ANF 2em, N J5m B 7d IEAL R Z) /N 1em,
iR s AR REESM RS, £
B A 58 AN 7 T L A R X B8 K 0 P A

4) APPS. magicGNSS #ll CSRS-PPP Ik %5 & 4t
R ZTD HAAEEMRE, 5 1GS KAl
ZTD PRt R B mm— 8. Hd APPS k%
RAEN) ZTD KA X f k., CSRS-PPP it
RGFN B 2
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3. ARG REMBBHBEARAR, ¥ 25003

WE: ATH—SARL AR TE S M (PPP) WAL, 420 H 7 B S # A o = (b fk #4737 5 L3R
AHARTESMASG (GNSS) FHNM TR T BE4LERNENE; KEAESHL=ZIMPPP P L MAEMHER; &
FHEIITESMAL (BDS) . 4B EM AL (GPS) fuffleg T E R/ A4 (Galileo) Z AL H AW ZF =
PPP Bt A AL A, L& R R : =47 PPP ML T XA PPP, T AR MK & 2 0 E R K sma, ##
BEMERNT RN ZAREA-NMPPPHAZMEE. N U FAWEELFHT 08, 055 1.1 cm, FAZ L
AB®T 14, 1.0 F229cm; ZZH4E A = PPP # A Z LR sk bF 1B 48 T 21.7 min, 314 & Az ik sk At 8 {6 T 24.0 min,

KBIR: LI TEEMAR; AREMCRAR; WABRTESMAL; BT EAEM; F2FE0HE; ALER
BHAEME, = Ak

FESES: P228 NEFRERE: A NEHE: 2095-4999(2021)01-0078-10

Comparison and analysis of BDS/Galileo/GPS triple-frequency precise point positioning models

BU Yuhang', LI Bofeng', ZANG Nan’, GUO Haoyang’
(1. College of Surveying and Geo-Informatics, Tongji University, Shanghai 200092, China;
2. College of Intelligent Systems Science and Engineering, Harbin Engineering University, Harbin 15001, China;

3. Shandong Provincial Communications Planning and Design Institute Co., Ltd., Jinan 250031,China)

Abstract: In order to furhter study the performance of multi-system triple-frequency Precise Point Positioning (PPP), the
paper proposed to evaluate the positioning of different triple-frequency PPP models: the characteristics of code hardware delay
in Global Navigation Satellite System (GNSS) raw observation equations were analyzed; and the multi-frequency code hardware
delay of the PPP was reasonably parameterized; finally two estimable triple-frequency PPP mathematics models were given for
the combination of BeiDou navigation satellite System (BDS), Galileo navigation satellite system (Galileo) and Global Positioning
system (GPS). Experimental result showed that: compared with dual-frequency PPP, triple-frequency PPP could effectively
improve the positioning accuracy and shorten the initial convergence time, and enhance the reliability of positioning results;
meanwhile, the static positioning accuracy on E, N and U directions for the triple-frequency PPP of BDS/Galileo/GPS scheme
would be better than 0.8, 0.5 and 1.1 cm, with the kinematic accuracy better than 1.4, 1.0 and 2.9 cm, respectively; moreover, the
convergence time of static and kinematic positioning for triple-frequency PPP of BDS/Galileo/GPS scheme would be better than
21.7 and 24.0 min respectively.

Keywords: BeiDou navigation satellite system; global positioning system; Galileo satellite navigation system; triple-frequency

precise point positioning; nondifference noncombinatorial model; dual ionosphere-free combined model; positioning performance
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il

0 3l

2R DR SRS (global navigation satellite
system, GNSS) ) iy id & J& 5 %5, g it
T EMRE 2R S Y RE L TR S
%4 (BeiDou navigation satellite system, BDS) £
NERENERETHER=0ESW RS, 3t
5 (BeiDou navigation satellite Cregional ) system,
BDS-2) TRt T B1l. B2l fil B3l ({5 5%, N
TR Z RGN AR LRV, Jb2F =5 (BeiDou
navigation satellite system with global coverage,
BDS-3) #r4 7 B1C. B2a. B2b il B2a+b IY/M5H
5, HACK BDS-2 #K 1 B2l {5 54124 #% BDS-3
(¥) B2a {55 B . #1L3] 2019 4F 9 H, EE 4Bk
SENL R4 (global positioning system, GPS) & 11
12 i Block NWF TLE . 7EHE A L1 A L2 f5 5 ) i
b, BT LS (B55 RS . BREMAI N PR FH R
4 (Galileo satellite navigation system, Galileo) 7] #%&
K5 MR NES, BHE E1.ESa. ESb.E5 Hll E6 .

=S T 9 GNSS K % 7€ for O i E A
SRR U RS S S 1) R T R IR R T R
¥ 9% B 2 AL (precise point positioning, PPP) %
AR, R & #AE R0 AR B =55 A B
A2 N I GNSS R 2% e ARz —" . #4
PPP J2 [l S8 XU E A BB e JT 1, Bl A 2 05 5 1Y
FER, =4 PPP I 5T S € Ao M g 1) VAl X 2 4t
PPP A e A 0 B & . HHT, =41 PPP [
WS T —E it E. SCEk[9-101F A GPS
Block IIF LEfES, I T RT =4 PPP & ik
WEFL, 48 7 7850 PR =S IIE , 26 2002 A
RIAI A m ZE 520 . SCHR L1492 H T 3 Bl =45 PPP
BERL, SRk R W], =4 PPP AL G XU PPP
A4 5T 2 10% WSS 1], 48l s, =35 ALK
JEM . SCER12] 2 T 2R E M GPS B &
GUEE, AT T =SNG, WEAURE, MRS R
DL RS S B AN A 2, =40 PPP e A 5L 2 (]
FAEVEREZE 5. SCHR[13-14] 35 F BDS =H%# th
JRIT T AR =40 PPP & A VLS 5T . H AT KHB
5y SCHRIXEE ST BDS 5L GPS ¥ R 48 — 4 PPP & A7tk
REVEAY, XT 2 RGAHE =M PPP A hRE, DLK
Z RGALE X BDS B RS E AL RE IR TH A IR
ABEFE. ik, A ERETEHESHMN, #HTT
2 PR AT AL I =40 PPP BB, B dEEZEEA
ARG R ZH AR, JRa T 2 R
WRER 2 RGP HAARIA . BiJ5 KA BDS. GPS

A Galileo = FRZEW M E AT 2 Fh =5 PPP 7Y ()
SENLPEREREAT T 1FAl -

1 =37 PPP EfItEH

1.1 GNSS W75 %2

LWL A v BERA s, MEPEAHL @ Fidy
BE P (R FE A

@ = p; +T —p +dt —dt* + B, b -a} +¢,
Prr=p, +T +p; +dt, —dt* + D, —d] +&, }
(1

b ThR NIRRT pf AT E S5k 8 1)
JUMTEE B T2 NXHRZREIR s ¢ I | )RR AR
MU R AEIR , u; = 171 £ RS AR G I i 2 A IR
PR dt, AT dte 70 ) 9 MLk 22 A0 R Bl B,
AN} 73 9 AR b R ORI T2 AR A A A
By Dy, Ald; 2 A E £ E RO T2 )
PR AR SEIR s &, AW T LS 2RI aE AL
i 22 () BOR B 5 &, RN & SR AFLAE RN Py 00 00 000 e 75
BT & B ZBEMPE M RBEN I RE. &
BRI R R, $RIEFEHLL m AL, A
J7 FE A B AR R ZE I (s R ZRARAL 0 B IE . A
LG GE RN W B Aar A2 T« A T A8 2808 A M 3k 5
B2 SRR SUE "

D) P TR B 2 | FliehLoh 22 | REARRE IR
BB R IR KR RS SRR, R FBUETT
Rk o R, 7 2E A B S HU i 77 g e 24
ARA G AT ETRIE, ©XSHN

f-Z
i = fiz I fj2
_f2
B :T]ff (2)
DCBiSj = d? —-d’
DCB,; =D, ;-D,;

Kf: o F1 B 20 A £ A0 f K TE B 2 A
¥ %4 DCB; M DCB, ; 43l 9 T A iy FHE YO ML 3
{1 22 53 R A 2

T S, SR E M 2= 0 A 0 (Deutsches Geo
Forschungs Zentrum, GFZ) #& {1 (1) 4% % i 22 7= i 24
IE R RS2, Hrh BDS. GPS. Galileo =1 &%
i 5 10 SE R AT 5 40 5~ B11/B3I, L1/L2. E1/E5a.
HTRE LR EM 2ETIXMLEEZHE
file SR, MRS T % 2R G gk B R AT T L RS
H A Y T i A A A R AR T, HD
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dt*r =dt® + o, d} + 5,0, (3) q;r:(93®A()xr+(e3®gr)r+eandtnF—
PR, LR s ()l 22 RS £ 1 TR, (u®1,)i -3, (10)

P SE 3R T 3 RS % B %2 & DCB 7 47 2R, B

dt* +d: = dt* —,,DCB}, - 5,DCB;,  (4)

AU, UL 2= L FRUCHL S ) A 1 S 3R A
HLE 2 S B AEFE AR R . 8 T SL 28Uk, 2%
RL17], RS R ESHN

dtr,F =dt +a, D,, +5,D,, (5)

ISR SEIR 2 %0 (relative inter-frequency code
bias, RIFCB) 3D;; N
SDU' = DCBr,jl _&DCBLZI(J— > 1)

1j
AR, TE S R B de,, R T B R
(0 U ZE IR o K X PSS 30, AR S A 1)
B e 2 5 AR E B 2 f, BLAHEE S
A RIE N
dt, +D, ; =dt_-0D,;—x;-B,-DCB,, (7)

(6)

i=1-p,-DCB, , (8)

Ao 7 Rl T 5 BB R 2 8O O R B A A2 AR
B, -DCB, ,, . #J5 , HR4EHOMFE 15 T8 1 1 IR AE 1R 4
PEAT S, 3 B0 A BB BN &, =, -
B, +b;+D, —dj-

22 1R B R OE R B B S H A B
HRERX (1) TERIEN

d)jszr:p:_‘—dtrn: +T"S_'ul-’ifs_a?’r+g(p (9)
Pfr =p +dtrIF +T° +,ujz"rS —08D,; +¢&p

1.2 =3niEEIEHEEER
MR FE A0 (9D, MW n 58 B2 i B 55 T

=R ZE AR A I T R

P=(e,®A)x +(e,®g,)z+e,dt_+
(:u ® In)ir _(CB ®en)5D13

R L R
Ay . I 76 AT 0l 55 0L 0048 15 ¢ e, o 0 5 A o
ER s A FO R R B T R 55 173
RV AER s g, =gl 07 | Do B0t LRy B3 8
RHBE q =[] R AE R B
p=[l ] TR R & =[4],,,d,
&, 8,8 80 ] BRI ESHG e0 AT
FON LI GEBU IR 1o S n e RSB GBS0
BRERABWIM: ¢, =[0,0,1] FmHALER 3 4
KA T MRS AR IR 240 8D, AR AL 1 R S
BN

X =[x,z,dt.4,3D, | (1)

13 ZHNEHEBERHEHEER

G LS 2 A R L 2 R I BUE R, T
T2 AV B — B TR RS . AR A S 1 R
L, A0 TR 10 = A0 R RRE S 00 0 B T A B 5 AN
THEEHEWNE, HPA—A 2 A Ay
PRI EAH G . R EY, REi%J7 ke
785 R FH BT A MIEAS 2, (2 IX A FH AL R0 O BE 4
R B E G w RGBSR AR, A
S5 NEHBEZEHESWNEA, A EAHXT
B R, AR SCR B = A B B R AR A 0 0
A3 R BRORUTE B JZ A A A A, — i &, =
SLAE FT DA R = AN B R H A % RGR A
=HOMNME M 1 fros, H BDS £ H Bl Ml
B3I LAl |, BDS-2 #1 BDS-3 43 5% K 1 B2l

#F 1 BDS. GPS. Galileo i EBHBREARHURRFERY
SRR G4 PR as T RS Rl T LB R4 A R B W 7 5 A
B11/B2b (B2I) 2.48 -1.48 2.90
BDS B11/B3I 2.94 -1.94 3.53
B2b (B21) /B3I 9.59 -10.59 14.29
L1/L2 2.54 -1.54 2.98
GPS L1/L5 2.26 -1.26 2.59
L2/L5 12.25 -11.25 16.64
E1/Eba 2.26 -1.26 2.59
Galileo E1/E5b 2.42 -1.42 2.81
Eba /E5b 19.92 -18.92 27.47
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1 B2b M . HE RS R, ARH BDS 1.4 B HRL =57 PPP {RE!

) B2b (B21) /B3l. GPS [{J L2/L5 F1 Galileo [ ARICHE T % R G AL HE BDS. GPS fl Galileo.

E5a/ESb LHL B Z 45 . Z RGRA IO 2 — A A B Ak PR R S (R A A
ARG RS JE A A Y T ol R 2= AR WEIRfmZE . WHEAH 2 My —MEFNRA

MR (100 Jee— MAHSERE RATEL JUH o i O R R R 2 MR

a, P, 00 00 51N £ 5 18] 55 4 14 48 IR fw 22 2 %0 Cinter-system
Ro| @ 0 By 0 00 (12 code hardware bias, ISCB) *", % &% ISCB 1%
' 00 0 a g, 0 ’ SEME, Tk D Rl WL E S 2B Z S 8. K
00 0 a 0 p SCRFA SN 1SCB 2417710, BDS il Galileo 4%
5 4 A5t = O H 8 2 4 B oL eh 2
D =(e,®A)x +(e,®g,)r+e,dt_ -8 dt, =dt,_ +7
P, =(e,®A)x +(e,®g,)r+e,dt_+(c,®e,)3D,, dt_ =dt_ +7 (15
(13)
. FF; G. C Ml E 4r3I{k% GPS. BDS Al
i ¢, =[0,1]: oD, =B, DCB, - 4,-DCB, Zﬁaﬁeofﬂi:l) *_ ﬁ%;Jn{fi 8 Z
! FiR % ¥ B A A b=k TIF,C rIFG rIFE TIF,G
*Eiﬂijﬁ‘%j;j;ffﬁg Eﬁrfﬁjm%ﬁ 5% BDS FI Galileo ffj ISCB 2%, Hrhb, =
s ” @12Dyy + BraDygs FoHEUCHLI B8 A 4T 3R T o 3 /2
X =[x,z,dt,_,4_,0D,, | (14 e, W, =A% =52 B N

@ = (e, ®A7)X, +(e,® 7,5 )r+e, dt, —(u°®1,4)i°-a°

& = (e, ® AC)X, +(e3 ® gn,c)r+e3n,cdtnm +€4 e — (;1 ®l, ) -a°

B =, @ A)X, +(e,® 0, )r+e, e, e — (15 @1, )i -4
Pe=(e,®A7)x, +e(e,®g, ¢ )r+e, dt  +(u®1,)i° ~(4®e,)3D,,
PE=(e, ®AT)X +(&, @7, c ) +ey, ot +ey e +(u®1,c )i - (c, ®e,)oD;,
p

= (es ® A<E)Xr +(es ® gn,E)T + eSn,Edtr,;vG + €50 ellec T (:“ 1, ) —(c, ®e,)dD;; ¢

(16>

FU, =RENLHEZHMINRERZ RGN
®F = (e, ®A7)X, +(e,®7, ¢ )T +e, ot —&°

NE
r,F =(,® Ax )X +(8,®0,c)r+e,, cdtr,FG €.l —

rIF

D _(e2®Ax)X +(€,®0,¢)7+e,, Edtr,FG +€nellec — a;

rIF

( )
( ) (17
©=(e,®A%)X +(e,®7,¢)r+e, .t —(c,®e,5)3D, ¢
:(ez®Af)x +(e ®gnc)r+e2nc e Feoncllcs —(C, ®€,0)3D;, .
=(e,®A] )X, +(e,®0, )z +e,,dt o T Eonellec —(C, ®€,£)3D,, ¢
2 =37 PPP HyRHEHIE A

KSR AR L K 505 1 6 0 04 5 e et 7
0o 2 M, ARG R 12 100, o e o AR R AR A

i . R 0T HL 30 2 4 T £ B LR TR S
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AE2H A& PPP BENLIE T A X = RSZUCRJ —

L02 g pp e

Kef o REFBES . 1(0)= o HERH
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3 SKWEHERSR
3.1 SBBIENRMBERE

130 K3t 10d s, Hods RAEEBE N 30 s. 70 7l Al
FHl BDS . 2 48 Fl = £ 45 204 1) = 450 R0 X8 0 %
P AT B S AL B A5 5256 .

EELT 12 M4 GPS.BDS Fl Galileo = 4
WL AE 1 B B GNSS AR 4 ClInternational GNSS
Service, IGS) R H 2 GNSS L6 R EE M

(multi-GNSS experiment, MGEX) 3, 3G 43
AW 1 FTR, SR IE L T 2019 SE R H 5 121—

N T TR VA XU =4 PPP R[] 5 for 455 7
TEF AN AR A TN RTERE, R 4 FRyEAh 7 &
OXHAEZ A AR (DF-UC); @B G H &
JERETY(DF-IF); @ =Mk 2 R4 A HE8 (TF-UC);
@=L HEZHE (TF-DIF).

80;(;'6 s T BERTIK AR 79, SR s RS AT S ]
40°N s WTZZ UM & WUHD PN EFR T T BDS ARG H =R G H G E AL
. _ = CUSV RBOR S WSCSIOR AR D = A 5 1) R ik B0 S B L

G0 pGM 60 AN CREERFIE D 30 min) #4954 76
40°8 B A, BLIGS Aty SINEX ST A AL BR /R N
D B Mk 055 Ak . LRI PPP iR b 51 54 s i 2%

180° 120°W 60°W 0° 60°E 120°E 180° 2 7R
1 SCIGRTEENAY 12 4N 1IGS MGEX M &k 43 %

=2 SRR PPP AL IESRER

Ak B HE W

SRR E

flti it 77 %
AT AE
1k LA
FEMLTT &

X I S AE SR
L R IR

HEF 18 28

Ik i 7%

TR s AR A oL fi 2 (phase center offset, PCO) .
AL AR 4L (phase center variation, PCV)

WML EG PCOL PCV
ST 4 2% 2008

T E % DCB

TR I R
AN IR P

AR B S 3B 24

B G ) B B A A 3R A 72
R

/N R (RSB TR R R 2 IEN (BhA R

Dy BE R RO = 450 A

30 s

10°

TP AR E AL, AR Py BE R TOURS B 2 mm A 0.2 m

UNB3 Hi% fil GMF 5% & %>

DF-IF 5 TF-DIF: JCH & 2 20 & TH B —Bir 52 e 5

DF-UC 5 TF-UC: BEWLUTE i, ke SN 1x10" m'/s
1852 B4 IE

FIFH E bR Bk 5 55 f1 225 RARSS (The International Earth Rotation and Reference
Systems Service, IERS) Convention 2010 5 % £ 1 [ 44 3 A1 3 9]
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A WAL s 7= 5 LT CMONOC/PWY RS BE PEAL

HARR ', AEE, Ak’
(1. VARG ERNY 22 B, FBIH  451464; 2. AR BB 5T, M 451464)

WE: AN RAKBFEF A AL R K 14~18 d, EHHEE, LEFEREZFFILAREALTEAENER,
REFALEEF =& REARTEAEFFERAEE: S0P EAGBHETEENMNE (CMONOC) MM #K#E, &
WMo EAREER. REEH. BKREHF B CMONOC A% E . REATARELR (ZTD) # £ K A AT MK
B (PWV) HER W, R %A 1 FE 7> % #E CMONOC & ff & #aé RAKTERELFERREZTD WHE &,
HRHEEHFRRZ, BRAERFEHERMK, HARIEZ (RMSE) 2514 2. 8. 12mm; LXK E 77~ & KE PWV
WEER®R, WEREFFRARZ, BREEFFGEERRK, 28KT 1. 2. 4mm, HEHAT Lem, T LUHEE LB K
AR EAENEXR, A#THEERATRRESE.

KPR RAKTES:; RWHEEFR; BRER: TEABHETRFERENMNEL; KAATHEAE

FESHS: P228 XERFRERS: A NEHS: 2095-4999(2021)01-0088-06

Accuracy evaluation of CMONOC/PWYV inversion by different ephemeris products

CHEN Yonggui', ZHU Yuxiang', AN Chunhua’
(1. Henan Collage of Surveying and Mapping, Zhengzhou 451464, China;
2. Institute of Geography, Henan Academy of Sciences, Zhengzhou 451464, China)

Abstract: Aiming at the problem that it is not easy to meet the requirement of real-time inversion of atmospheric precipitation
in meteorology due to the delayed release of the final precise ephemeris by 14-18 d and the slow update time, the paper proposed to
invert the atmospheric precipitable water by different ephemeris products and evalute the accuracy: the observation data of the Crustal
Movement Observation Network of China (CMONOC) were used to comparativley analyze the influence of final products, rapid
products and ultra-rapid products from International GNSS (Global Navigation Satellite System) Service (IGS) on the accuracy of
CMONOC solution, zenith tropospheric delay inversion and Perceptible Water Vapor (PWV) retrieval. Results showed that: the
accuracy of CMONOC solution by different ephemeris products would be the same; the accuracy of zenith tropospheric delay
inversion by IGS final products could be the highest, followed by that of IGS rapid products, and that of IGS ultra-rapid products
could be the lowest, with root mean square error (RMSE) 2, 8 and 12 mm respectively; for the inversion of PWV, the precision of
IGS final products would be the highest, followed by that of IGS rapid products, and that of IGS ultra-rapid products could be the
lowest, better than 1, 2 and 4 mm respectively, indicating that the precision could be all better than 1 cm, which meets the requirement
of the real-time retrieval of atmospheric precipitable water, and provides a reference for short-term and imminent weather forecast.

Keywords: final products; rapid products; ultra-rapid products; crustal movement observation network of China; precipitable

water vapor
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(12~18d), HEHEHIE: IGF. IGR. IGU &£}
BUE SR AE A AR 156 min; B ZRAEE IGF. IGR

BT IGU B Ji; IGU-pre &2 7 B A5 LM
Fel, XEHMAREIIARSN. Kk, %
T 1IGU-pre & JJ5 0 PL 92 i Hi fz 8 CMONOC 3l 45
(NN &=
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2 ME GNSS REARSAEKERE

AR, BEHE GNSS HEARMIPE K fE, Hik:
GNSS TG 5t PR f Ak, Bt Ak 22 At Bk
K. BT GNSS A 50 A 3 B
K (GAMIT). #8407 (GLOBK) 4§, W BLH
GAMIT/GLOBK # f1: 3j HO iiit J2 R T A AE IR, &5
B A GOW I TR T ) AE IR T SRR R, wnT
PATS B R T ) % e3R8, B

P
F(¢,h0) (1)
F((p,ho):1—0.002 6xcos (2¢)—0.000 28xh,

ZHD =0.227 7x

K @ WIS A B s hy ISt AR =, A
N km; POyl s, #4208 hPa; ZHD
(zenith hydrostatic delay) A K TiE: /74 4EIR,
B2 Ay em, BEARSR % i 85 55 (Saastamonien) 5
BFEAA R, RO E LEIR (zenith tropospheric
delay, ZTD) {2 ZHD #5453 | K T & iR (zenith
wet delay, ZWD), B!

ZWD=ZTD- ZHD (2)
A DL S8 2 6 2 ST SR 0T 3 4

T TS BRI R I T - RTTRIEIR 5K
T RO SR R AT A5 2K AUW] k&, B

PWV = 17 -ZWD (3)
Rop T RN T, 4R 01577,
3 LBE5HERSH

3.1 BUREKIR

AR IR S 3% B CMONOC 3 i, i i 42 1k
Of < B8 5 O ks B 8 B0 UL K o XL
ST A AE K IX, RE98 B S WA [ A2

XA CMONOC/PWY ) S i 45 5, uh A4 A tn
1 ATR.

——, —

(a) CMONOCH; fi43 45

130°E__

55°Ng 110°E

3 30°N
20°N, 200N
15°N4 \15°N

70°E — 408

—_— °
100°E  110°E 120°E
(b) IGS¥H B AR

1 RN H

) S ———
90°E

PN e RN 4 PV NE S R o X
i, MESET MmN BIFS i, CHAN ik,
SHAO 3fi. TWTF 36 Al WUHN 3 [ 3088 2 1T e &
RS, HHBRN T HIEE I E A M . 1GS ML
s AR B BB IGS B A L3R ELY
32 AREIt

H B GAMIT/GLOBK M, #AliE %€ 1 &
TR A HATIRSE, AR WER 2 i, £ 2,
GMF (global mapping function) Jy4xBR#% 5% 5 %k
LC_HELP N HEZEH 5.

x2 MEBGER
S TR BJRM HOE R M) LU SR R Wi S5 B 4 T S B A
R IGF 15 LC_HELP GMF Bevis
T 2 IGR 15 LC_HELP GMF Bevis
%3 IGU-obs 15 LC_HELP GMF Bevis
E IGU-pre 15 LC_HELP GMF Bevis

TEAR S, 3 CMONOC W 36 Hh i XIKL 3k
TASH i . NMEJ 35, QHTT 3. SCQT 5. MMNS
v NMZL 3. ZHNZ 3. HLWD ¥fi. JLCB i
Z)ID WifE NS Hui— FfRE, 4 N TR X AET,

R O R TR R SR, DLk
H K IGF/IGR/IGU-0bs/IGU-pre X jz j# CMONOC/
PWV (1)K B 520
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Mok o, %5, ANFEEF 7P 5 CMONOC/PWY RS B 1T 1l

3.3
3.3.1

RN
IGF/IGR/IGU E &4 RXFEE 4

b e AL 15 5 MR 4% 2 (normalized root mean
square, NRMS) HiKkFE /R~ GAMIT 4kl 5 45 %
R LR AE i B AT S E AR B . — B R A
N: NRMS {EBR /)N, J 28 fif 5 4 FUBR U . A R bk
M, RZBZE. —RIED TN, NRMS /T 0.3: #&
KT 0.3, WA AL i 5 0 W, L PR n) e 2 A
Bk R R BRFE ARG RS, FEHGH. KA
4 P[RR P8, %t 2018 AF4ERIH S 1—7 K
(RO W 00 4 AT FE e S, AR T IGF/IGR/
IGU-obs/IGU-pre X J§7 3 £k fif 5 45 R an &l 2 .

& 2 W%, IGF/IGR/IGU-0bs/IGU-pre X i
R R NRMS {HAS/NT 0.25, ATLLILA
Z 5 MEN B G&N, BHFE—K 4 Fb
PP AL RS NRMS (3R BT, WA
FlkE =R LA S RERFARENES,
PLA# ] IGR/IGU-0bs/IGU-pre £ % IGF i3k 47 3 £k i
B, HARREIN, HE &SRR .

91
0.25 =IGF
—%g%—obs
0.20r = [GU-pre
go.ls-
S
£ 0.10
0.05f
YTk sk @3k 4K BSK Hek BIK
ARG
& 2 IGF/IGR/IGU-0bs/IGU-pre St & REHER
3.3.2 IGF/IGR/IGU %t ZTD HIREEE 7

H:T CMONOC LI #es [ i PWV B HIFS FZ
FERh ZTD BRIk E 1 o B AR B D il 345 5
(¥ ZTD ¥, S5 EMER GNSS Hdk i ik %
*F &5 (GNSS Data Products of China Earthquake
Administration, CGPS) A i I 4 it J25 7= il 12E 47 % B
0T, SRIGAE IGF/IGR/IGU X} ZTD K. M1 4
MERR I, EANZE H Z3ID bxf bbb g R, ik 3
K 3 FioR .

2540 2540
2520F 25201
E 2500F £ 2500F
g g
N 2480 5 2480f
| —#— cgps/ZTD | —#— cgps/ZTD
2460 —e—IGF/ZTD 2460 —— IGR/ZTD
2 440 1 1 1 1 1 1 1 1 1 1 1 4 1 1 1 1 1 1 1 1 1 1 1
0:00 2:00 4:00 6:00 8:00 10:0012:0014:0016:0018:0020:0022:0024:00 0:00 2:00 4:00 6:00 8:00 10:0012:0014:0016:0018:0020:0022:0024:00
X LGB %) Xf EE R Z)
(a) IGF (b) IGR
2 540 2 540
2520F 2520
£ 2500+ £ 2500}
g g
£ 2480f £ 2480}
—#— cgps/ZTD —#— cgps/ZTD
2460} 2460}
60 —&— IGU-0bs/ZTD 60 —&— IGU-pre/ZTD
2 440 1 1 1 1 1 1 1 1 1 1 1 44 1 1 1 1 1 1 1 1 1 1 1
0:00 2:00 4:00 6:00 8:00 10:0012:0014:0016:0018:0020:0022:0024:00 0:00 2:00 4:00 6:00 8:00 10:0012:0014:0016:0018:0020:0022:0024:00
X LG Z) X LE IS %)
(¢) IGU-obs (d) 1GU-pre
B3 FEEFHME ZTD 5 CGPS F=@mttL 44
x3 TREHRMRE ZTD WRESER BAL: mm
il B 45 R
uli 4 BRETI 2N /AME FYIME T e 22 Bk =
(MAX) (MIND (MEAN)D (STD) (RMSE)
IGF 5.80 -7.20 1.16 3.45 3.52
IGR 15.2 -10.6 1.95 8.22 8.26
ZJJD
IGU-obs 20.8 -13.6 1.28 12.67 12.72
IGU-pre 23.8 -15.6 1.33 13.92 13.95
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H & 3 7] LA 2 IGF 77 fh iR 55 ZTD WS & i =i » error, RMSE )73 5l 4 3.52.8.26.12.72 1 13.95 mm;
IGR /= ik, IGU-obs Fl IGU-pre 7= & R f 22 5 ANFER I E A2 ZTD 5 CGPS Z [Hfftx
IGU-obs 1 IGU-pre /= infi 55 ZTD BIRGEEAH Y. H #EZ (standard deviation, STD) 437l 3.45. 8.22.
R 10 MR A RIS ZJID 545 R —5 12.67 A1 13.92 mm; 1GU-0bs/ZTD Al IGU-pre/ZTD

IR 3 AR ARED S AEFEASEIN ) RMSE Rl STD ZEEBTE 2 mm B, K5 JEAH
ZTD 5 CGPS z [al¥J i iRi%% (root mean square 4.8 4 44H 7 CMONOC J%j# ZTD ff] RMSE 1§ .

14
mm [GF IGR = GU-obs = ]GU-pre

12~

_.
=
I

ZTD RMSE/mm
o0

ZJJD ZHNZ NMZL JLCB HLWD NMEJ SCTQ MMNS QHTT XJKL TASH
4
4 CMONOC A"EIZ£Jfh K& ZTD RMSE &

FH P 4 mT %0 &S D3k 6k AN [R] 22 1 I i ZTD # 12:00) % . IEBUR 25 (YANJI, 42662) [HH5R
FE BB — 8, IGF/ZTD WA i, RMSE 25U 7 i 5 CMONOC 1 JLCB 3 i %l , k4
7 2 mm 45 IGR/IZTD WIk§ERZ, RMSE £ MHrAFE X RE PWV FIFERm . #8255k
8 mm /47 IGU-0obs/ZTD A1 IGU-pre/ZTD HIAE & YANJI 35 CMONOC H (1] JLCB i, 7 3 L

BAK, RMSEZE 12 mm Af, H -FFEMHY. B IS /NT 5km, ATLLZANE EAEMFALE
3.3.3 IGF/IGR/IGU ¥t PWV fRE KB E 7 FERmalE N PWV /N ER. T 2018 F4

5 B PR Ak BH M 37 K 22 5 At 1 R 2 i 7 o FH R 2—31 K3LiF 30d, 60 41 JLCB 3 [ 00 Il
NN ARG S B i KR P2 o R 2 0l P i ) SR IGAE IGE/NIGR/IGU %F PWV (1820, 45 23 3k

R PR AR ] 22 382 9 12 h (UTC 00:00 #1 UTC  PWV ¥4lEic v Radio/PWV, 5 5R 1K 5 s,
4 4
3t 3t
g 2 g 2
£ 1F \E 1+
> ok > ok
z 0 s 0
ae -l a-1r
< <
SHF HE
,3_ ,3_
,1 1 1 1 1 1 1 1 ,l 1 1 1 1 1 1 1
2R 6K 10K 14K ISR H22K 26K 30K 34K HE2R oK HI0K 4K HI8K 22K 20k 30K 34K
FERHFS ERHFS
A (a) IGFEJIfRHFPWV 52 i 26 . (b) IGRE PIRFPWV 527 i i 26
3t 3t
2 2F
£t £t
> ok > ok
z 0 z 0
& -1r & -1r
< <
72_ ,2_
,3_ ,3_
,l 1 1 1 1 1 1 1 71 1 1 1 1 1 1 1
2R H6R EHIOK 14K ISR 22K 26K 30K 34K 2K 6K 0K 14K ISR H22K 26K 30K 34K
RS R
(¢) IGU-obs/ JJI S PWV 5 H45 7= i 1) 22 {8 (d) 1GU-pre & Jiflr FPWV S5 PR 7= i (1) 22 {E

B 5 AEEHRMREPWY SRETENEE
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ME 5 ATLAE H, IGFIPWV. IGRIPWV.. IGU-obs/
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(-2,2]. [-4,4]. [-4,4], X L5045 5L 0 : IGF/PWV
K E, BT 1mm; IGRIPWV KSR, T
2 mm; IGU-obs/PWV 1 IGU-pre/PWV ¥ JiF i %,
EALT 4 mm, H 35 RIE PWV IR A .

4 LERIE

ASCAE B CMONOC Wil £ 45 , AL T i &
K2 R DU R P R DI R OR S AT B
IKERIRERE, F2ILLTF 458

1) RFEE TIPS CMONOC PWV 4% i
T

2) FAKREE BRI RIE ZTD RS 2 5
PR B P SR, R R R T R AR
RMSE 454 2. 8. 12 mm;

3) BZNE R R IE PWV R B 5%
PR R P P Sz, RO R T RS B A,
SRR T 1 oom, TER A RAREE R G
TR, T DL PR B B R R B R
R B ARG B B 3 P g AT S KA ] K &, H
& P T DAY A2 S A I TR 0 T ok, AT R I
KA TR BEAK I -
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GNSS Bz 5l it £ A AE 7K A7 28 AL 3380 v () i

FERA, T E, AR TR, BT
T T SR T R R B I R LB, M 5100605 2. IRYITT K S MR EIFBEIRB AR AR, TR EYI 518001)

WE: HyH—FFHRARTERHM AL (GNSS) KAMELEA (R) ERE AR P AL EABMAEE, #H
FIF GNSS R A M AM. B UK EREF 3 M ABARFTACEARMNE. FREH: E3HABAET, AM
KR EHERST, L3I TERHM AL (BDS) A EM AL (GPS) WIEGSREAMCEMESZMALEEA
RABHIKE 099, FEHEEAET, BDS LEEFFTREACEMES LML ENEZENH TR (RMS) EH 0.09 m,
GPS TEfGHREMAZIMRMS 4 0.11m; EfEFEY, RENERZ, GPS LEF 5 R EAML L/ E S LM A&
BHAFKL 094, —FZEH RMSH 4 058m; E@HFEF, GPS TE 5 REAMLE HE S 5L A& B4 %
A ¥k 096, —FH ZMEHW RMS 4 0.16 m,

XA 4RTESMASL: RAMNE; Mo FERRS: TERSERL; AELEN

FESHS: P228 NERFRERE: A YEHS: 2095-4999(2021)01-0094-08

Application of GNSS reflectometry in water level change detection

DOU Shaohua', HE Qian', GONG Chunlong®, DIAO Jintong', CHENG Mingyu'
(1. Guangzhou Urban Planning Survey Design and Research Institute, Guangzhou 510060, China;
2. Shenzhen Water Planning and Design Institute Co., Ltd., Shenzhen, Guangdong 518001, China)

Abstract: In order to further study on the monitoring accuracy of water level change by Global Navigation Satellite System
Re flectometry (GNSS R) technology in different water environments, the paper proposed to retrieve the detection of water level
change under the environments of dam, waterway and sea area with GNSS R. Results showed that: under the three water
environments, the inversion accuracy of dam water level could be the highest, the correlation coefficients between the inversion
and the measured water level change data by BeiDou navigation satellite System (BDS) and Global Positioning System (GPS)
would both reach 0.99, and in this environment, the Root Mean Square (RMS) of difference of the water level change from BDS
inversion would be 0.09 m, while from GPS 0.11 m; and the inversion accuracy of the waterway environment could be the worst,
the correlation coefficient by GPS would be 0.94, and the RMS of difference would be 0.58 m; moreover, in the sea environment,
the correlation coefficient by GPS would be 0.96, and the RMS 0.16 m.

Keywords: global navigation satellite system; reflectometry; spectrum analysis; Fresnel reflection; satellite reflection point

trajectory; water level change
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ATHEI, 0F N 2R R} A B R AR B R K B2 R LA 1993 4F, SCHR[1]42H A 3RE N &40 (global
R o A KINHEAT KA WS, AT DL SE 47 Hh A positioning system, GPS) [l & F A, a3 1 F)

il

7= HEA: 2020-05-25
F—EHEB N TEKEL (1990—) , B, TWEESEE A, Bit, WFITIAN GNSS HIE B E M Al GNSS Hb 2 3R 55 W .
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AR T E SN RS R4 & (global navigation
satellite system reflectometry, GNSS R) Jj i 3% & ik
BRF X — B 38 . STk [2] % GPS {5 Mtk
(signal-to-noise ratio, SNR) M I {& 7 B 545 5
RS 5 15 B KRGS 5 5 R R85 2 8] 1) 2%
FRFAT 7T SCER 3142 ORI R &4 GPS
B AT 1R 2005 B ) 77, i — P
7 GNSS 72 AT 1) K e AN o STk (4] %
GNSS R F A BE AR H /i 5k AT 1 2R84,
BT GNSS R A vE R B R R . B
B N Ah 2 B AR KA AR A s W T, E BRI R
ERAERE L ER, SCHR [5-11] MR 2 B H & 2 A4
Ji T, % GNSS R £ 8 A7 22 A4 e I (4 B A EAT T
RNBETT, EFRERE: GNSS R Hi AR FKE A AL AR
A 5 56 )l 3 8 LU 5 SR ) — B L, ST S
TG K, AT UME RS0 A &b 78, dt— 24k
B | GNSS ¥ R AT 1) N . SCRR [12] %8
GNSS R FARAE RIS AR ER I w1 B2 32647 1
WEFe, 45REM . GPS L1 MMt LE S A4
(BeiDou navigation satellite system, BDS) B1 i
AT LA K PR R b fRUE R R FH 26 RO D, R
T EE B S A5 SR AH G R BT 0.9 B E . SR
[13-14]1%) GNSS R HLAAE A 7K T ) vy v A 2 P 32
T 0, &REMW: GPS T¥W RHHIE (GPS
interferometric reflectometry, GPS-IR) £t A 7E 7K [ 4
Xof P AR A ST 92 (1 7K S8 76 AR L (0 00 v kS B

XFPT ORI &, A3 BRI, WA
BV R WOK T, A7 KSR i IE , A K
BT RE TR . N T 256 70 B GNSS R HEARTEAN[H]
FKIRIR IR KA AR Ak M I FRDRS B, AR SO0 RHL, A
T8 LA ST 3 AN [R) 7K 3O 55 147 7K AL AR A 1 R
W37 o

1 GNSS R #MK LT L EIF D

1.1 GNSSR JRIE

LR AR RN ST R GNSS kS S A A 1 B
WE, B RS LE LLEANS S Y)
AR o 2 TR w5 FE A AR, oL e ke 38 1 s o
BFoMENES KAEMTEH. GNSSR 4l
BHEAEZFMHERES MRS S 80T
IR, FEARYE LA . B ONURT 5 s 2 (8] LA 9% R
oK Iz 15 3R 2 HURRAE 1) o DU & 7 540 AW GNSS K
LRVL AN B GNSS K281k AL BEF X # GNSS K
2535, FEXEFIH SNR H AR BEAT AL BRI 1) i 28
1728 - GNSS R FR I K AL AF A (1) S B an 1] 1 Ffrows o

1 GNSS+R MK L 2 14 R 38

L e o DEFEM, WESAHA,
ALY (0 h RO R ZoAH A3z o 31 s S5 T )
MHEIEE, BACA M §AEIESFRIESH
Pz, B hm. HTEENAE, BESME5HKX
SHE S Z M S AFAEM AL IEIR v, B rad 9 EA7, R

_2n ._4=h

=—5=——sine @)
L)

X A NP WX (D TREN, BHHE
ARG T Z WA ALRE R S TR A AR
DR o P R AR A T ARk . T GNSS 21k
Bl BAFAE SO AE S, LT SC R AT, B2 E
MEEE SRR N

AZ =SNR? = A? + A? + 2A,A cosy
X A NEEESHRE: A VERE SR
s A NS S IR IE
PR ABARR, W T A 2
PR 23 2 B aC e, LS 5 e T E A1
THRAARAGES . T SRIRE S SO I R S AU
SR EEREEEN S SUREL I & L BAEKUNEATTEN
LBREHT. da (D, KRBT RERHT
PRZEFF AT BLR IR

(2

A =Acos(y + (p):Acos(4Tnhsin e+p) (3D

R A (B ARIE. Wt =sine, f =%, ENED)

AR N
A, = Acos(2xft + ¢) (4

X FRIE S T B A LR
S5 THI I AR ELEE B h, TR 2 B A T A
EE Bk 22 e 0 R AT SRR 40 A, R ICHR M e K AB i ket
AT ZRAE 5 AT DA BB LA A7 H o0 & R G
T B ELEE B8, M S BRI GNSS 17 M L 5
SR KT KA o FH Tt A2 TR i BE A 19 1E 5% 6R 5L
B, NAESBERFE, RCR % W -1 R 5 K
(Lomb-Scargle, L-S) #iil 7 #r /7 L2k 47 AL B
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R4 B - JE VR R JE B, JEVR R IR S IX SR AE
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2 FFERRHSRTEE
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A& (Larson) "X 55 —JEVR R AT X {3808 k4T
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PR Y W > 0 N DRI

2 SLWEERSH
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LI HAR IR 1 AR 2 Fion.
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1 KB ESE S
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Application of Chebyshev polynomial in GLONASS broadcast ephemeris

KOU Ruixiong, YANG Shuwen, HUA Xirui
(Faculty of Geomatic, Lanzhou Jiaotong University/National-Local Joint Engineering Research Center of Technologies
and Applications for National Geographic State Monitoring/Gansu Provincial Engineering Laboratory for National
Geographic State Monitoring, Lanzhou 730070, China)

Abstract: Aiming at the problem that it is easily reduced for the efficiency of satellite coordinate calculation in real-
time navigation due to two integrations and constant iteration during calculating satellite coordinates by GLObal
NAvigation Satellite System (GLONASS) broadcast ephemeris, the paper proposed to fit satellite orbits with Chebyshev
polynomial: the satellite coordinates were calculated by the original method of broadcast ephemeris and compared with the
precise ephemeris, and it was verified that the satellite coordinate precision of the GLONASS broadcast ephemeris was on
meter level; then Chebyshev polynomial was used to fit the satellite coordinates, knowing the influence of different factors
on the fitting accuracy, on the one hand, during the fixed fitting time interval, the optimal fitting order increased with the
number of nodes getting larger, on the other hand, during different time intervals, the optimal fitting orders were not
completely consistent. Experimental result showed that the fitting accuracy could meet the needs with the appropriate fitting
time interval and fitting order selected according to the requirements when using Chebyshev polynomial to fit the
GLONASS broadcast ephemeris.

Keywords: global navigation satellite system; broadcast ephemeris; Chebyshev polynomial; fitting accuracy
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3.1 AR RBMBUSMBTHUEREE

£ 1ANZEIeHT S 15 min B K, %
T R RN EV RS 2 120 s, U 30 min 3E4 16 4> LAl
w BE30s BB 1M A, MEIA 61 Makk
s 3 AN ) A R UL B ons T 3 A2
AT G, HFGHE XS Y 1 Z g5 Bl A
ZE o AL 480 NS H Pl & X, K%
RIRZIIEE] 29 280 4, G AEAS T S HA
AT HEN 3 ARt ERE, Ak
R 1 ER 3 Pon, fEERNZ, WA MEXR
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E=AEr . FARZ LA I HKAE (MaxO ., iR
“i 0 AE P39 ME (Mean) FiR % 193577 % (Std)
TR E K BE VRO Fi A

x1 XAEEHTRMEEUENBARESHUGIRE

E{NEs TANY B IILA 4 R /mm 10 AT S ILA 45 R /mm 13 AT R A 45 R /mm 16 A7 S B A 45 R /mm

B £ Max Mean Std Max Mean Std Max Mean Std Max Mean Std
6 167.3 41.73 41.15 1616 480.3 373 8 290 2631 1945 29726 97 158 7127
7 1.613 0.247 0.362 16.99 4.031 3.67 110.7 30.28 24.26 486.7 143.1 108.5
8 0.242 0.031 0.03 1.441 0.303 0.270 7.316 1.816 1.464
9 0.178 0.009 0.01 0.081 0.008 0.009 0.160 0.022 0.019
10 0.130 0.008 0.011 0.112 0.008 0.009
11 0.276 0.011 0.018 0.134 0.008 0.010
12 0.592 0.018 0.039 0.197 0.009 0.012
13 20.16 0.351 1.158 0.585 0.015 0.032
14 2.176 0.033 0.093
15 27.90 0.344 1.317
16 370.6 4.508 17.68

R2 YHREALHENMEUENHTIRESGHIUEGIRE

WA TANY B BLE 45 R /mm 10 A5 R B E 45 S /mm 13 A SIS 25 R/ mm 16 AT AL 25 R /mm

B #4 Max Mean Std Max Mean Std Max Mean Std Max Mean Std
6 167.3 41.61 41.1 1615 478.8 373 8 286 2622 1942 29720 9678 7117
7 1.583 0.248 0.36 16.99 4.042 3.68 110.7 30.36 24.29 486.9 143.6 108.6
8 0.235 0.031 0.04 1.431 0.302 0.269 7.309 1.808 1.462
9 0.168 0.009 0.01 0.101 0.009 0.009 0.160 0.022 0.020




106 FUE AL AR 2021 /¢ 2
(5% 2)

N T AN R A 45 R /mm 10 M R A 4R 13 N9 AR A 45 R /mm 16 75 s 4805 45 2R /mm

e Max Mean Std Max Mean Std Max Mean Std Max Mean Std
10 0.111 0.008 0.010 0.097 0.008 0.009
11 0.216 0.011 0.017 0.130 0.006 0.009
12 0.685 0.018 0.042 0.216 0.008 0.012
13 17.62 0.323 1.080 0.506 0.014 0.030
14 2.000 0.030 0.088
15 22.12 0.324 1.210
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D= 7TANY B IILA 4 R /mm 10 AT S LA 45 R /mm 13 A SIS 45 R /mm 16 A7 S I ILA 45 R /mm

B Max Mean Std Max Mean Std Max Mean Std Max Mean Std
6 52.15 13.14 12.9 501.3 151.2 117 2 565 828.0 610.2 9194 3057 2235
7 0.359 0.055 0.08 3.782 0.860 0.79 24.65 6.463 5.278 108.4 30.54 23.64
8 0.104 0.010 0.01 0.246 0.046 0.040 1.024 0.269 0.207
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15 24.92 0.403 1.478
16 285.3 6.299 21.68
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(1. RETEEEMEARAR, RE  300304; 2. KA, HE 4300105 3. RiEK% @M TEYF, K 300350

WE: N TH—FHRECENABCHRLENELSSHNRAEE, BRE ILHETARTERMAL (GNSS) it
HEZES (RTK) WABEEMREESSERA 7. SHAENEREE,; FAAMLTE REK 7 EX GNSS R4 =
EHATEREAE, RAEARAINELSLREAL M (CEEMD) S5HAEMEEA (RDT) , MBREE S FEREMNES
2H (BARESHRL) « EREREH: A ETULRETRFEEZ U mANEBRES, THELSRTEREAR
TAMERYE; GNSS-RTK BEA T HRM A B ABEERLEM R T+,

KB 2R TESMAL; EWASED; ABEENE;, EHNEGERELSHM,; BN RERA; EA55HRA

FESES: P228 XEKRETE: A NEHS: 2095-4999(2021)01-0109-07

A modal parameter identification method of long-span bridges based on GNSS-RTK technology

PAN Bowen', LI Zhi*, NIU Yanbo’
(1. Tianjin Surveying and Hydrography Co., Ltd., Tianjin 300304, China;
2. Changjiang River Scientific Research Institute, Wuhan 430010, China;
3. School of Civil Engineering, Tianjin University, Tianjin 300350, China)

Abstract: In order to further improve the identification accuracy of modal parameters of long-span bridges in operation
period, the paper proposed a method of the modal parameter identification based on Global Navigation Satellite Systems (GNSS)
under the Real Time Kinematic (RTK) mode: the basic principle of the method was given; and Chebyshev filter was used to
filtering the original observation information of GNSS; then the structural modal parameters of natural frequencies and damping
ratios were extracted from the filter signals by using Complementary Ensemble Empirical Mode Decomposition (CEEMD) and
Random Decrement Technique (RDT). Experimental result showed that the proposed method could overcome the problem that
there may be illusive modes in the vibration signals; and the modal extraction output could agree well with the predicted values
of the finite element analysis, which also illustrated that GNSS-RTK technique could be efficiently applicable to monitor the
dynamic displacements of long-span bridges.

Keywords: global navigation satellite system; real time kinematic; long-span bridge; complementary ensemble empirical

mode decomposition; random decrement technique; modal parameter identification method

systems, GNSS) I 4= K iz S INF W Wl 45 74 1 3 441
N = O il ST o8 i W by NP M A 73
SRR TR SHTAS (global navigation satellite 2 Ml AT, JNHES KRR, £R% GNSS MK

0 35l

is HEA: 2020-06-28
F—EEEN: HEE (1986—) , 5, KEAN, &F, BE TR, BFRG R &S aEEEN. GNSS MH .
BIEMEEEN: & (1989—) , 5, WHALHIEA, WG, R AEIERERN. HENL,
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&, AEAR R I R AE A RS B Bl A & i AL S
DIAKEL, B Al S8 KR bR TR 45 0 fg e 1 il
FRAAE TR R Eh A ZE S (real
time kinematic, RTK) & 1 3 T~ % % AH A7 X 22 4
R LB AR, AR I 4 799 o 1) AH OGP LB, W] 58
S BRI RE R R N AR 2 . T A AR 2 R R L
I iR 22 B s, HOW RS e 2 . BRE AR R
ARG I EI R 2 B AR AN 32 B T
WSR2 MMES. RFRHBELTDLEES
(5 ) 2%, RS AR JE A 36 28, RTK F AR X 2 842 2%
LA G AR, FIHZERA 1 Ma %
KA DR 7 1R R I 55 FL AT A SR R o R
FKW, VLS RIEWARESE R GNSS A EN K
FE M 2 B AR RN T T A B R IRILY, Rk,
ARILE 1A 5 IS R 1 RLpEDR A, RHI5S
GNSS 1% B 45 15 55 8 7 a7 ok (1) 52 ) o

CER MBS 2 8 (G P L 4RAY L B JE ELD
SE VP AL SR A PR RS, TR AN S5 T AR Y
RIERYNIZH . BEEHWT, EAME SR
J I I VAl S5 R A R TR Y (0 B R Bl e S Sk
W E I, s tE AR AR A R e, Rk
SER T REAFAE S, BB WA, NG 1
RS 5 IR M IS S5, o T RIS MK
B R L L B R . ARG S R Ty
W, TR AR TR O g ON RN B S e S RT R T
Ak T ik e e S pR 50 B0 R A, 3R SE IR S S
B T KEERFEREWM S, s
MEFE R A T, T H S i s iR, R,
AN AR 8 485 A4 %) B o e B {5 S B &5 R 1 B S
SRR, LEREREN T, BERESSHR
BT AR T ORE, RO T S50 R
R RS EAERNE, MEEE
B 25 IR 50 7 25 3548 5 45 4 1) AR B T 7 2 ST R
SR, AN A A R AR F AR R, Rk, AP
WAL AR PR AN T RIS S HOR A . AR SCHR
1 M5 T GNSS-RTK [ K5 12 Mr R B Z 2R )
ik

1 REEMRBESSHIRMNGE

N T DGR E MRS R M R A RS
SRRAEEE, ARSCIR 1 Al RES 1R A S
SHORBITTIE . GITEE /e RTK TAERT,
Hi GNSS #ZUYCHLIR A H (K 9= Bl B2 A5 25 ik
VIS R yE W 7, Ml 559 4% B A 18 SR A 1Y
IR BB AN e R LANES

2 I A5 7S 70 i (complementary ensemble empirical
mode decomposition, CEEMD ) 5 [ HL I & % R
(random decrement technique, RDT), MIEWHAE 5
e IS S 28 (EA MR S E D).
1.1 GNSS RTK SRERKBENF REIRRINZER

MR CEPUE & 1 A R
BT, RENERES . REME S, R
WO s, (BN 0.2 Hz AR 4589 AR SRR
AU, T H g R g R AL 2 e
FLAH. T GNSS #USHL AT B 438 iU M AL 215
B, THEZ RS RTK Zo 2 MERHIL, f#
FZITIRAE R A TR W U5 2 1)z
FIRFH . SCHR (7R 10 Hz @& R e R 4
(global positioning system, GPS) # A, X i [F J
— KRB RI 22 ERe gk AT 179G, 45 R BN,
PRI B8N 8.26 mm, MR AT R AL A
0.004 Hz, HEZ2RELLAN. SCHR (814 Rk H
GPS 51k} L& Tt & 4i(BeiDou navigation satellite
system, BDS) XU EH A, XT 1 B RKEEE 2R
AT S8R, S5 R RO, ML GPS LR 4, MR
G & EAEARMAEERG T 20%~30%, 193]
A SE MR B AT MG S o AR SCAE A ¥ GNSS
BYCHL AT AR 20 GPS. BDS S5kl PR S
it %4t (global navigation satellite system, GLONASS)
SATESMASGN M LERE S, AR K
e kG FE IR 2N N AE 5 SRk T R SR AR .
12 YILEXRERGZHSERRERRAEDN

A

Z B AR VR 72 FEALT S 5 ARIRES 4, K
e 7 R R AR S R 5 R B B . U
ARV SE K 1 M E@E s, kHlssk
JR RIS S T S ) RS o 2R U AR IR A = X
1 K2 B 5 |H (o) 1T BAZRR A

weroffen(z) o

e e NI NI IRERE, e K, Wesh
MREERK: T2AMUILSE K20 o A HE
W, o, AL
13 EAEELUESHBREZREREESIEN
BEWIRE
AL R (ensemble empirical model
decomposition, EEMD) 3% " RE 8 K 1 A~ E T Fa.
LN TN — RV AU E X A&
A AR HE A1) 1) A AR S T A BEES o B0 Cintrinsic
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mode function, IMF) 7=, LN IMF &5 H
IR B 5y, A5 5SS 12 i i G 5%, i B
BAEBENIFR A, BARERERLL, EAMES
LU 5y ik CEEMD J5VE /2 510 EEMD J5iE
eSS EMEMRZRER 1 ME ST
%, AR R IR (E S 5 N O 9 1E 57 B RS
KEBREME TP RIS . XL R
5D 51N RS R, Rms AR K
BARG AL RANE

D EJRIBES y(t) Pl — A 8w s 5
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2 AN TR R 2 BN [F R R AR AR . — A
BIRE BN, REMAELERE. 5, HA
GRS T AR R 5, FEIREORE R E
AT .

TEREAT B I 2 11, 8 S M 22 5 i CAnsys)
HIRTTA MR, B THRE 3 4 R CEA,
T 7 25K 6 B B AR, W 2 BT o AH LY
FEABHR 5 0.678 7. 1.036 1. 1.4171. 2.125 4.

(a) 1/ 4R

(b) 2B HRA

(c) 3/

(d) 4 iEAY

(e) SHRM

() 6B
B2 RETWHIATARTESHTER

23225, 2.6945Hz. fEMAIA G, BN KIE. B
B RN K ] BEAMA44 50 3EAT B,
AHM R LINKIO oot 47 8400, M i Al R A
SHELL63 HLyeif T4, it 1765 ANgiri, 2727 4
BIo, B EA 6 NEBE, BV x. y. z B
TRE5%x. y. z B ie .

WA B G Hr 45 F AT N, AR TS AR CKAE HIAE
BB 1/4 Kb 1/2 kb K 314 Kb, EAF AR KAE b
A B AR AR, AT DA R0 B i 45 R4 IR 4R B s 1, 3R
H B 45955 22 AR BB A o (Rt B3 W 0 548 % P
10 & =20 GNSS HUL, H HRAE A BB 50 Hz,
FH oK W D &85 4 76 1E 5 18 EDIRAS T IR 3w B2 . AR
R ENR R E B, MRFEHERTE SR
FAEE R 2 R R, SRS 1S 5 Be s B Hh AR B R
RG-S HIE R, AR 50 Hz & fE 70 7 i 2 2
K. GNSS #UHL I E i 3 fro. Hr,
1 & GNSS #WHIIE NS Huh, @il = 48 & e
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Fiam:s HAR 96 GNSS NN 3wl 1 B A1E
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22 BBREBESHH
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0.04

0.02

E
S
i}_{
-0.02
-0.04 ! L !
0 50 100 150 200
A
(a) JFIn(E SR E
1x1072
1x1073
4
= 1x1074F
a
wn
(=™
1x107°
110*6 Il Il Il 1 1
0T 05 10 15 20 25 30
SZ/Hz
(b) PSD4}M 7
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[E454k, PSD EIHAZAE BRI 3 AU E % B 45 44 i) iy
3BASHR, 23BN 0.616 9. 1.096 0 5 1.389 9 Hz.
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KA 5 MUt E R 1 B mm g 28, Al 15y
IR S . EARERNE, 1E
F 55 e PR IR [RL I, tRE BR T S5 A B HERR S LIS
Pl AL A2 MBI SR, dRwE 5
. H5EMGES ML, M BiEEHERE, F
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FIH CEEMD 43/ 5 (&) FiniE(ES,
1S3 13 IMF 4r=, WE6 Frac. I (3) Kk
B E SSRGS X REL SRR 1 PR,

®1 FOWESS5SEN IMFSENBEXRK

IMF 7y & 4, KRR p
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IMF2 0.241 6
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IMF4 0.360 2
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IMF6 0.519 5
IMF7 0.338
IMF8 0.294 4
IMF9 0.228 1
IMF10 0.064 9
IMF11 0.000 7
IMF12 0.010 3
IMF13 0.018 5

HE 1 ATUEH: ®E 4 MrE5EKEES
ARG REUNT 0.1, WL MBS 2T LA
X4 o B O A Pl (B AR e (fast Fourier
transform, FFT) 573, Sk Ty 2 1% % 55 ok %, w] 20
AT 3 M AL £ EAZ/E T IMFA. TMF5 & IMF6 43
=9, B 3 B s kit — BRI
OTENER RS
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GNSS M K IEZR 72 95 € D Iy L AE PLY TR 45 ) i) &5k
v 14 B

4L 2 B F O# Rak, Kes, k3ag'

(1. BEWRE TR, b5 100076; 2. PHLEMAE Y, L 710055)

WBE: A ENGEZRIREFHNEY, B TEREHETR, EXAEEN L AN EERX, WL EAHZHXARE
KEE A, R LA IRERNE R RALTERARITESM AL (GNSS) MAFHL (IGS) X EIMAK
EXZNEUER; AETREFTENETELRE:, AR I ERLBFHFET 2000 ER A LA 2 (CGCS2000)
HWARKR:; RARINFGIRERN., EREH: ZHFEEERERERRRBANERLT, FRIAEREXETITE
EH W, FH CGCS2000 LA R TR AAF, HATKERS A ELRE; 2 I16S £ FUREEZHEE, R4
AFBAT EARF AR K

XA ARTESHMAL; BRKELZS Ffr; ELH#E; IREHN

FESHKS: P228 XERFRERS: A YEHS: 2095-4999(2021)01-0116-06

Application of GNSS ultra-long baseline differential positioning in airport engineering

control surveying

XIANG Wei', WANG Yuan’, LI Feng', LIANG Zizhong', CHEN Jinlei', ZHANG Changchang'
(1. Engineering and Designing Research Institute, Airforce Academy, Beijing 100076, China;
2. Xi’an University of Architecture and Technology, Xi’an 710055, China)

Abstract: Aiming at the problem that it is difficult to meet the related standard requirement for the traditional hierarchical
surveying model in the engineering control surveying of airport construction due to the lack of national control points, the paper
proposed an engineering control surveying method for airports: the ultra-long baseline differential positioning mode based on
International GNSS (Global Navigation Satellite System) Service (IGS) reference stations was used; and the baseline calculation
was carried out based on rapid precise ephemeris; then the coordinates based on China Geodetic Coordinate System 2000
(CGCS2000) were obtained through frame transformation; finally the engineering control network of airports was established.
Results showed that: in the case of sparse or missing national control points, the proposed method could help flexibly and rapidly
implement the horizontal control surveying to obtain the coordinates with centimeter-level accuracy under CGCS2000; while the
distribution of 1GS reference stations and the accuracy of the velocity field would be still the key constraints to obtain the results
better than centimeter level.

Keywords: global navigation satellite system; ultra-long baseline differential positioning; frame transformation; engineering
control network
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0 3i

TENL 37 8 v TR 4% o DU & AR b, A5 G0 1) e b
8 A TAF 185 K H 2 el 2820, BLTAR X8
NEEARWM AL, RWEXF LRI KA
25 /R4S (global navigation satellite system,
GNSS) U WL AT il iy, /25 3 A2 aE
F ST P ) AN, P RERLK A
BRI, — AT 10 km™ ™, {3 I BE LB 5 R 5
WA, ETTHRENEATHE . RAXMITE,
TE 4 0 320 B (X, 22 5 8 X 4 1) 5% 42 ] R B B B
HHEAE 3 A, TR L A L E R,
FETAETLETFE

HNp R TN TG, WERET
2000 [EZ KHuAkbr & (China geodetic coordinate
system 2000, CGCS2000) (¥ [E a4 4 4>, ¥
B X BN 10 km A4 . Ll gsl, R3kH)
2 AW, A 2 AN R E] (ki
BUFSE 1AM T T 1.5m, HAh 1A CO R
WO, BRI B AR AR 3 A, ANBET A2 RS
Ko BEXF UGB, 0 R B AR ZE R W B RUE L B
I8 I FE BR GNSS Mk 55 24H 23 CInternational GNSS
Service, IGS) & i 3l [ 8 378 BF 25 22 7 e AL X, R
K (GAMIT). /R Jé (BERNESE) 4 i #
FER) GNSS fl S H AT MR, I SRS ok B2
FR) T AL R o 3 SRR 5 A R B, L2 GAMIT
ATy ResR oK, T H BT HUEACRS TR, A T
R, RANRZEERT RS, EE£HT
GAMIT BT FE AU E (Windows) #:1F %
g, MHAAHZE—E KRG, FNeTSH%E
Bk, A Z, WS HESTRIRZ HE. A
M, ASCRAET IGS kil (ki P 5 = 4 5
RrBEsl, FIH B E IR B SR B, BTl rs
HRHATHE, HEdEREE, REET

CGCS2000 fJALKR A, M S 37 TR B A% K .

1 ZHIMAHREEERSE

KR 4 Gk GS18 XU GNSS #EUHL,
ETE L ADHRN, BB RES XN 44
R € sUR 2 A A ) e L AT B R A, B AR
W 1A B, HiERENBRKEKRT 5h, K&
KFEZ 16s, PEMIEM 10°, 5 IGS ELEIT
B Ul 2H R R K R R 2 Ay AR A, R AR K
790~3 100 km. [FAF{RIE X 4 D F55E 5 GDO1.
GD02. GDO03 X GDO04 Z [A145 1 h (¥ [&) 5 W il it

Be, AR 2 MR, 3552 D % GPS WA B 1 4
TR o A e 2 4 o) I R 3 X 4% o) Y £ A 1
e 1. K2 B
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POL2 ﬁ‘ BYJZES
H
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TEHN ﬂ{
LHAZ
%IISC
Bl BRELSHT
YZDI1
(SR
GDO1
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GDO02
D YZD2
ZRBAED GDO3 CHEBEALES
CBRBALES
GD04
YZD2 R
CREEERD
YZD4
GRFEHRED

B2 HREHW
2 FEHIMEIE A E

2.1 HIEALIETRE

AT 2 Windows 385 R AT £ dE b B, H
10.60 Wt A1 GAMIT/#% %4 5t (GLOBK) # {4 ik
1T IR, SERLT — 3K ks B s A B A A . 1%
R AT DA K R ol I SO RS R TR R T
RUHERM—BA VI, sTRANEN)E, 3
— 35 SR AL B L SR AL BRI N
SO RIS B SO, R e A B H S
¥ OB B S A e O SR, AWM
RIS E 0, R 1 A4 BT 58 o
B L AL T 0 U B AR e | ) AR AR B SR
BBy« TR I b 2 a0 3ty iR b A RS R L
T BN A i 2R b Ay 4 A R 2R A FEA
2 AR . KO SE RS, K AR T Gh TR R SR
fFEfEEES%, HEESE.

ZRAETH ) Windows AMLAE B 4, A T
NTHAERDE, KKTH T SO E & TE,
RTE 1 Ao AR s R LR, kb K&
AARRG A2, BEAG T A M T o AR R Ak
MW 3 Fis.



118 FHUEN

2021 4 2 H

o
iyl

| WEESHET |

iy

| AR |
B3 HELEIZRIEE
22 HETALE

P H R F ol B B A2 et X Creceiver
independent exchange format, RINEX) ] #5 #E 1k %

P53 SITEDAYS.YYO. M4 A0 b U I % 48 A1 K
A8 A 2 1 3 UL DU K S K T — O R ) AR
HAE—#, T 4 — 8. A — 8k &
WHLE RS . R 2R S5 50 1) IR M A 56 o

KL K A & R CAAE B R, S s
W FE A b B, i R AH UL SN B R 2R B S
s R SOEAE, SRR ARAL LA, FERE
ZAFE mAR IR .
23 ELMESMEE

KH 1GS & 4Liz 47 FE vk N 3L ek 4T £ 4y,
SRAGHRE BEILF] 0.1 m () Je I A8 b o FEZ iR 5k ) H
TR0 R B B A B, HR A B 8
W E KT Windows ANLERAE AT, FHREHT. F
BHHWE RHE 4 FiR.

4 BHRE

KRR E N 15, PR IR S E My 10°;
R R ECR R sth (relax) R0 TREFLERT
PR % B T 275 5k [ br th 3k 2 2% 4E 42

Cinternational terrestrial reference frame, ITRF)
2014, Ji7CH 2 020.257,

LI B s R 2 e B b HE AL 2 77 AR (normalized
root mean square, NRMS){E 4 0.206 79, /h T 0.3,
JE BRI B 45 s 0T RE D I A R AR 4 AT K
5, HAiRN0.173, INT 1, BLMEEHK.

BEME GG, TP ZRIER
6 /N 1GS LB AT Ik w R, i 3 4L,
R e S TS HEHEL ITRF2014. i h
2020.257 T [ 75 18] B A AR AR R

3 YEL T 2258 B, GNSS /1) 25 18] B A Ak b
X\ Y Z Jria B RAE Y 8.8 mm; Ak (ND J7 Tl
KRB J7A, mfE (W 7 m s KA 10.4 mm.
GNSS AP RS BE St ik 1 Fion

=1 SRBESIT BA7: mm
ANTE] J7 1e) B Hh g ZE
T H
X J7 i) Y J5 1A ZJi 1A N J7 [ E J5 11 U J7
% /IME 6.8 8.6 5.6 3.1 6.5 10.0
YN 6.9 8.8 5.9 3.2 6.5 10.4
SEHE 6.8 8.7 5.7 3.2 6.5 10.2
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2.4 MFRRERIEIR

R H R ) 2 2% BN 2 HESE ITRF2014,
Ji769 2 020.257, 1 TR S H BRI A B il SR i
4 CGCS2000 (Z#HKELL ITRFI7. JH7G 2000.0) 7,
DRI bt 7 B35 A7 2 T S (W) 2 26 0 4 1) A b 1 SR 1) B
oo AN S 2 HE B2 R 1) 2 v 8 LA 5 ) 240 3R
P BEEERGE . EERMA RS 5&4%
B 3 4k T SEEEHAA A, T RFE S %
HE 2 1) AL b s 480 T B e S B HE BRI I AR T, B
PR RS 14N RIS, EOFE AN
AR S

BT H D RS I AT B, AR SR AR AR B 4R
R GV BB S B e 4, BI T
SHEMESL ITRF2014. it 2 020.257 ff125 (8] B f
AR R R R 1A T 2 HELE ITRFI7. 76N 2 020.257
F10 2% [1) L A AIA B i SR B e, 25 2 HE 28 1) 1) A 45 B Ry
BT AR 2 2 BRI 2 [R) B AL bR 2 TR PR e 4 o SR
J& 5 58 B e e, BIEE TS HHELE ITRFIT.
JCA 2020.257 HALFR AR A 2T 2 HELE ITRFIT
P76 2 000.0 [ A& b B SR  #ie o g o0 B 46 ) 5 2
13 TR RVAR 5 A5 AL G T A 33 RE SR SR R
RSP IE 7 IR A5V, S8 BUSCR B T I
i o % ISP SR 4 KRR 4 B 137 A 3°%3°
R o M R R A N R S SR DR S BT
FE, ARFRAG P AT — RO o 1% VRS B W
%7 MEETHESKSEHEz ZNSiHE
W +1.81. £1.05. £1.55 mm/a, 7 & iz &) &

f¥i% 28 £2.61 mm/a’™® o i R R v X 38l T Xt o
f “Rp” ALE, Mz MR EE AR
Rr A€ R IR R, RIVRT 58 FRH L RS D OB e o {H N
Zig, BT R LRE TR MR M%7
w4 ol S A ) R A A A F
DRl MR 5 L 2

3 EHIMBRERE DT

31 HERRBRESH

PR AT CGC2000 2% [|) B £ Ak
B, RO LR ) R S ) D S R A
(10 B 2% 1) 5 A EL A, HEAT BR 2R AR % o [0 0
AR E R AR R R (LGO) MR M, T/
PR, AT R T 2 5 B AT SR =
s DA ARG T ) e A 2R

T EFR A S,  [F)D D AR B SR AS 1 2R B R
FT 1984 5K AL A5 & (world geodetic coordinate
system 1984, WGS84) (ZHHESE ITRF2000. [T
292 001.0), 17 2 53R A5 I R 46 i R 4T CGCS2000
(ZHHEHL ITRFIT. JiJtA 2000.0). GCS2000 5
WGS84 ZH MFERE SR s« 71l RSF &5 D7 1 1 52 X
FAME, RREMRRZE AN EN. X2
SR BRI R i A b A A 22 A BRI BN 2K,
FEAL bR R SEIURE VS s R R S H Rk
BERKEN T, CGCS2000 AAkrY5 WGSS84 ALtk
FE— R, PR AT DA R R 4 1) B R R —
. HL MR R WL 2 Fion.

*x2 HEERREZ A m
[ 2 2 £ 15 AR A o B R 2 22 1E
B2 R
RIjIMZEAE T HMEEAN mAETT HEMAU HiEZEHAD
GD01-GDO02 -0.006 3 -0.008 8 -0.008 1 -0.004 1
GD03—GDO04 -0.005 1 -0.004 1 0.006 1 -0.007 1
GD03—GDO01 -0.007 2 0.002 3 0.005 0 -0.000 5
GD03—GDO02 -0.003 3 -0.008 8 -0.005 6 -0.001 3
GD04—GDO01 -0.001 4 0.006 8 -0.001 6 -0.004 1
GD04—GDO02 -0.007 7 -0.004 8 -0.002 7 -0.002 1

% 2 R4k ) 2 R A A% o] DUl i (R 2P
WL B T 20 R 2 R SRR I SR R R, S5
HARARI CGCS2000 (175 8] H A A bR Bl s 5 H
RL R EAE E. N, U =A4AT71 EEEBRT
Lem, UiBHIE RAIET IGS JE v vk (1 iz iE 55
ZEOP EALIRAR Y 4 AN AU A O AL B G R A2

HERA ), RS BEIR B T 2K, AT LA NS X %
il pi B AR M — B
32 MFREREESN

SR HE BN T O M i, AR S ERAS I 1R SR A%
AR EAC A 81 F ) SR ) i L R SR A A, X i
S AT AR R A R o X L 4 RNk 3 FaR .
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AT 7 T 0 R 6 3 5 NI 5 T 0 8 49 R 85 40 5 \
A5 (CGCS2000) f# (ITRF2014. 2020.257—CGC2000) i
X y X y AX N'
YZD1 XXX6.218 XXX2.856 XXX6.192 XXX2.887 -0.026 0.031
YZD2 XXX1.394 XXX2.064 XXX1.371 XXX2.093 -0.023 0.029

e B, HCXXX” R B -

R 3 ALPR R AZ AT LB Y, 52l B K 1/100 000, #F5AHXF iR ZM T 2.5 cm/km, 1A F]

FOR M, G ERE R OB R SR A T TR S I e ) DO S R R
R A D LR X O T B 28k 2 om Fe A
fEy 7 LI 3 om e di. [N BIAE

ZERWE 8, THEARSEE.
W R 2, R 3 WBCR AT UG LR, & B, BT ESRAEH A, £ LGN

4 LHERIE

AR SCERVY T A8 74 # A ML 37 S 8 TR % A )

T 1GS Fe ik uli 1) R B 22 oy AL T AR MY TR AR T A S TRV T R TR
Fa AL T A N = R R, 3 XA o ] R A IR T, RFHEET 1GS 3 vk uf 1) Bz B 5 22 4y
AL BEREEEMRT Tom, BAAME—3. ZRTHEE @B, FIHBFZIFRK GNSS & fif H 5%
KSR, RAMAES RS CRMBOREAFIE M, 456 RIER % B I AT 8 5 TR 1 403 6 W
ARGz, HMEE xR LEA-2.0cm, £y hmL 22k, S5 RARM, 1% 7 AR P 0 g X[ 5K
9 3.0 cmo LT IGS BAE vk (IR B 22 0 m SR ) AR B B R B LT, TR BE R S PR
EALTT AR R R, BT 3 AL s Rd sl AT TR S W PR, SRR T
SLZ LR X A, BN S EZE S CGCS2000 AL bR R K A B JH K 2 ) AL bR R - [F]
(real-time kinematic, RTK) JFE A5 3, R Ik I, I8 I A SCR AR BT o i, A TR R XA i
LR E R SRR E, KB THE3IAER  1GS Hukuh oA AR, S5 A R I
B AE, BRGNS ZNEREN, REHX R, FIH SO %8 2 0] DR T K g Ak
i€
45 A L, WARBLE T x 71 EoN-2.0 emy 25 T B 1R 5K ED U6 A2 ) A Sk gk AT 4 2 A Y B
y 77 1) 2R 3.0 em &R G R 22 IR AE O I iR TR A DL A 3 X Si o 155 100 Sk DR 3 ) 3 i3k 47 428 1) Y
KEAHER) EEEMELKERTREER O, AR ARENRE, This

WEG R, AR AR RN TR ZE My < o TENE,

(1]
(2]

(3]

(4]

(5]

(6]

(7]

(8]
(9]

RS E CGCS000 AspR. HGPIFRI Ik AR BCR, IXAE A3 LI 2 8 LR p 4 il W & AR

S 3CHK

rhe N BRI [ 2 1 3B, TRE I T GB 50026-2007 [S]. dbat: o [ it &I i AR AL, 2008: 6-11.

A E A BB AR T RS, AREM RS (GPS) MIEMIE: GB/T 18314-2009[S]. Jbxit: H [H brk
fiAt, 2009: 2-4.

WEI Haohan, HE Xiufeng, FENG Yanming, et al. Snow depth estimation on slopes using GPS-interferometric
reflectometry [J]. Sensors, 2019, 19(22), 4994.

XPEPE, WL, WM. 5T GAMIT XF[E K GNSS kil BEAT 1k S R 0 b (0], W2 THE, 2019,
28(3): 25-29.

XEZE, g, XL, %. B GAMITI0. 70 fi# 5 GPS/BDS & 4k B Xt LL 347 [J]. 3 A A % 4k, 2019,
7(2): 138-142.

T . GNSS 5 % T AL 3 AR AE iy i Akl DXL 2 el & b i B2 (D] Jb st iK%, 2016,

FEMS Y, BLOERE, SCHUL. 2000 [ ZOKH AR AR & 58 AR ML IMT. db5t: T4 H it 2008.

TR, BdEaE, FAaeh, . CGCS2000 ARHAIAYM & [J]. ML 4R, 2013, 42(2): 159-167.

WO, AR, MES, & HMERSHHEL ITRF2008 76 41 E K 3L b g B (3], K Hb I & 5 Hh Bk 3 77 2%,



313 W, 5. GNSS A 3 2k 7 7 5 A 77 iR AE B3 AR 4% ) 0 b i 8 121

[10]

[11]
[12]

[13]

[14]

[15]

[16]
[17]

[18]

[19]
[20]

2012, 32(2): 86-90.
AR, kS, M4t % FET CGCS2000 ¥ 7 [E 5% /K F iz sh il FE s AL 7T (0], M4 24, 2009, 38(6):
471-476.

MR, AMEAR. T AR m/h Z IR B VER 2 AL bR i e [J]. Kb & 55 #h 3k 50 ) %, 2010, 30(2): 129-132.
T, EAER, e @, PHJE i/ e ik 8 AT 5 BR B AR AL bR i e b B R FH (9], K Hh & 5 Bk B 77 2%, 2016,
36(2): 167-170.

ZEA, IS X, kR, 45 KE CGCS2000 ARFRIERL L 4Bk ITRF2008 AEZE M AL& B 7L (0], ML @R,
2016(12): 10-12.

X, TERE, K. WGS-84(G1674) 5 CGCS2000 A4 KR H: e iF 5t [J]. M4 5 7% (| #3845 B, 2015, 38(4):
188-189.

W, &, PhEl. EREE GPS MIBUE AL i Rgik = (0], IR F IR (E BRFERR), 2002,
27(2): 148-152.

BT, X568, 2E M. 2000 B E OKHL AR BR R R EORREME S (0], 4 4K, 2011, 40(4): 403-410.
BRI, 5kMAE, FUE, 55 GNSS K% B niE L BUR MAESE 5 P Jo e #7706 [0, R & 5 3k 3 )y 2%,
2018, 38(2): 172-175.

FEMS TR, SCUUL, Rigede, 5§, 2000 FE ZORHALFR R ERZ 405 GRS 80 F1 WGS 84 Iy Lb At [J]1. M4 %4, 2009,
38(3): 189-194.

Zfllg, WR, Ah&bh, 5. BDS/GPS/GLONASS fli 4 & A R et fE 40 AT (9], 22 3@ ), 2014(9): 1-5.
JCIR. BDS/GPS H: £ Sk H 58 B IT R [D]. dbt: iFH#H KR, 2014,

(L% 87T W)

[15]

[16]

[17]
[18]

[19]

[20]

[21]

[22]

LI B F, ZANG N, GE H B, et al.Single-frequency PPP models: analytical and numerical comparison[J].Journal of
Geodesy, 2019, 93(12): 2499-2514.

WU J T, WU S C, HAJJ G A, et al.Effects of antenna orientation on GPS carrier phase[J].Man Geodetica, 1993,
18(2): 91-98.

g A, 2, k.3 i GPS+BDS 414 PPP LAY LA 5 43 (010022 2% 41, 2017, 46(12): 1929-1938.
DOW J M, NEILAN R E, RIZOS C, et al.The international GNSS service in a changing landscape of global navigation
satellite systems[J].Journal of Geodesy, 2009, 83(7): 689-689.

I, BigR, e EHREE4 G Uofc MR &R 25 5 m @ OB B L% (3] .00 2 224K, 2015, 44(7):
734-740.

ZANG N, LI B F, NIE L W, et al.Inter-system and inter-frequency code biases: simultaneous estimation, daily
stability and applications in multi-GNSS single-frequency precise point positioning[J]1.GPS Solutions, 2020, 24(1):
1-13.

LI B F, LI Z, ZHANG Z T, et al.ERTK: extra-wide-lane RTK of triple-frequency GNSS signals[J].Journal of
Geodesy, 2017, 91(9): 1031-1047.

BOEFM J, HEINKELMANN R, SCHUH H.Short note: a global model of pressure and temperature for geodetic
applications[J].Journal of Geodesy, 2007, 81(10): 679-683.



H9% H 1Y S 5E B AR Vol.9, No.1
2021 2 H Journal of Navigation and Positioning Feb., 2021

BI3cH N AL, R, KRB LIHRFES &0 = 4800 SLAM B35 I M BE VR A [3]. 5 0 5E 17 5% 41,2021,9(1): 122-129. (WANG Yayi, YU
Meng, ZHU feng.3D LiDAR SLAM algorithm and performance evaluation based on edge and surface features[J].Journal of Navigation and
Positioning,2021,9(1): 122-129.) DOI:10.16547/j.cnki.10-1096.20210118.

28 IR AL S 3 1 4R OE SLAM BE7E SV GE oAb

IR, & H, Kk #
CRIUKY WL%¥FE, R 430079)

WE: 40 ERMERERLY, ERBLAS EamH B (SLAM) A5 BEX %R KIEL L% (ICP)
WERER., FRITCE A, 2 1 F 3 HEHoL SLAM Az B E k. B E THRAW ICP M EE, &R
HHENEESAZHTEE; Ao ALK TESFMAS (GNSS) KiEmA THM AL SLAM B E fulbab. TRER X
B, SBESLAM W E R EFALMERE, HEANTEERN 1.98%, BA GNSS %1 /5, 7 LLEE SLAM 2 A fr
BH— W, KBS KR ECKE.

XA BRARS EASHE; BERR; AZHE; 2RRELEE; 2RTEEMEAS

hESHS: P228 MERFREE: A TERHS: 2095-4999(2021)01-0122-08

3D LiDAR SLAM algorithm and performance evaluation based on edge and surface features

WANG Yayi, YU Meng, ZHU feng
(School of Geodesy and Geomatics, Wuhan University, Wuhan 430079, China)

Abstract: Aiming at the problems of low computational efficiency and mismatching of the Iterative Closest Point (ICP)
method used by the traditional Light Detection and Ranging (LiDAR) Simultaneous Location and Mapping (SLAM) point cloud
registration algorithm in the high-precise positioning of automatic driving, the paper proposed a point cloud registration method
of 3D LiDAR SLAM: the overlapping point clouds scanned at different times were registered by ICP variant algorithm based on
features; and the autonomic positioning performances of LiDAR SLAM with or without Global Navigation Satellite System (GNSS)
fusion were analyzed. Experimental result showed that the linear divergence of the positioning error of LIDAR SLAM could be
1.98% of the driving mileages, while the integration of GNSS data could help improve the overall position and attitude consistency
of SLAM with the positioning accuracy of decimeter level.

Keywords: light detection and ranging simultaneous location and mapping; feature extraction; point cloud registration;

iterative closest point; global navigation satellite system
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Abstract: Aiming at the problem that there exist the disadvantages of instability and low reliability for the data transmission
of vehicular networks in intelligent transportation system due to the transient nature of network topology, so the relevant
information cannot be delivered to the required vehicles in time, the paper proposed a data transmission method: based on the
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Routing (TVDR) was implemented. Simulational result showed that the proposed method could effectively improve the throughput
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Abstract: Patriotism education is an important part of college education, and the excavation from and integration with

professional courses is a supplement to the multidimensional development of patriotism education. It's important to stimulate

students' learning interest and form the mutual promotion of patriotism education and cultural knowledge by combining the course

of satellite navigation and positioning, basing on the importance of the application for satellite navigation and positioning in
warfare, the independent construction of systems and cultivation of talents.
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