BDURE 4R (15 BB
Geomatics and Information Science of Wuhan University
ISSN 1671-8860,CN 42-1676/TN

LT

(RIUR AR (E BRARR)D) M E RIS

H JEE K 6 2 % 1) S P (R S PPP R SR T vk

= R, KEME, shEow, M ROL, SR, TR, S8, xR
DOI: 10.13203/j.whugis20240175

WA 3 2025-01-08

Mgk Hi:  2025-01-24

51 BERE, kEME, BhEOR, B, R, mRE, TR, BE, xR,

LR Z 5 1 S I SE I PPP ST 57 [0/0L]. sl 24224k (15 B RHEIR).
https://doi.org/10.13203/j.whugis20240175

@NKit s

www.cnki.net

PEER: (EgER TR, FtENF B R ER TSR ER. Hoefa. B0 e
B ERERBNACSHE, HIBSRTITF. EmAad AR, HERse e A e i i
TR CRIEM L LI HERUE R, AT AR . WIS . B e R R
FRAFE 45 W1 DUIL8) O e (0 ED R Sl Hh AR A B T S 1 o S e R X 468 1 R R N 2 L 2B & (il
SR FLAG) A T H B EE ) e FARI AR BA QIR RHEERGEE, FF 6
BRSO R, AAETE S AR AT g S HARZ AT s R ) 28 BB A & [ 5 R T
HAR R AR R, ERE MG —HEIE S 7 f9 87 AU BE 1R E T AL Mo B AR S
DR T E R 2% R i, SRR — kAT, MBSO SO H & . WU AR AR N 2%,
AL BT R R AT A B S B L

HERBA: 400 g 5 (P ESART OefBo) BraELGRARZY, £ (hHE
FARIAT (WD) R & LA S 40T T P9 25— B 4 i, DLE RS B A O 20, 7 B
W /TR SO s i HERCE R B e Ae . R R E AR (2RO ) 2 [ 58T H
PG FEL R TR 1) R 2% S S R H YD (ISSN 2096-4188, CN 11-6037/Z), Ft LAZS LI 3T (1 44 i J4 4 1
KRS IE AR



2025-01-24 12:07:12 https://link.cnki.net/urlid/42.1676.TN.20250123.1807.001

DOI:10.13203/j.whugis20240175
51 A%

RIRE, TREHE, DB, 5. B E & R SERE PPP R SR A(].
R (S BRAED |, 2025, DOIL:10.13203/].whugis20240175 (ZHAO
Qingzhi, ZHANG Dengxiong, YAO Yibin, et al. Real Time PPP Solution Method
Considering Tropospheric Anisotropy[J]. Geomatics and Information Science of
Wuhan University, 2025, DOI:10.13203/J.whugis20240175)

JB K B & T R B SR PPP RS 5
BRE T, ke, shEOR 2, S, RALY ARkE L EmREL DEL XRS
1 P RHER MR SER SR, B 74, 710054
2 PR MZ 0, widh B, 430079
3 o H R AR R T AC B B o T B A IR A R, BRPE 7522, 710065
4 BEREERFHANREEGBOE BT HORE S E RS, P 7i7e, 710032
5 REETTHUIEAZ I8 S E b S 2 KB HOR B R sei s, R, 300251
WE: XMNRZES P FHEERmARSHN TE RS (Global Navigation Satellite
System, GNSS) & L AE BE B 2K 28 2 —, WA B SEI A 25 5 fUE A7 (Real Time-
Precise Point Position, RT-PPP) i Rl G LB . 50 MBS H it THi%k
TH BRI RE IR MR, H R 5 RERHALJE % 0] S PR e Ar 45 SRR IR o K SH % ST
R FEONRZE S R R EER R, B, ARSCHR o SR BH AR 53 B0
J& & 1) e PRI RT-PPP R T715, 1207 12 T Ik r B A0 7 I 1+ BOKBH = A
FAEK FHEE S0 GNSS A5 5 5200, FE0T A 10 1552 oR B S AT Y 5k, g gt
Jajt K oF i 2 & Te) SR ) RT-PPP eR B R RIBEA AR AL . e B BRI A Y 13 AN
B% GNSS 2% (International GNSS Service, 1GS) H.U3i#ERH 64-70 3£ 7 K (1)
ZHRA RSN LA RS (Multimodal Global Navigation Satellite System, multi-
GNSS) WL % A SCH tH T VERFATIAIE, SIS 45 R RW], AR SCHR tH B A

YR H #: 2025-01-08

HEWH: ERAREIELEESTE (42274039 1 42204034), K T HIE 288 i 52 A L b 25 KEHRHAR
BT S IO 4 (TKL2024B03), P2 MRS S A A HE38 300 H (959202313075) K& Z= R 5| F =
JE R BN AA T H (QCYRCXM-2023-107) & B B CHF o

B—AEE . RPRE, L, #d%, FEINF GNSS S e A5 7 [ R W A S 7L
zhaoqingzhia@163.com



XHLE 1) Ve ) RT-PPP SE AL AR A% 47778, #E NG E. U =AM J7 1 EEAL
FEE A — € e . AEWSION ) J7 1, = A7 1) e S50 1 e 2203 7l
1.45%. 0.93%AH1 2.67%. Xf AN[F 26 B2l @47 04, RIASCHR TV EAEAN R 43
JEE DX 1) PR 0035 P4 5 A7 48 SR AN 3008 P 350 — e R FE I 50 AR SR VR A
A a0k 5E BB E % A P 1) RT-PPP 218 5 757 2 A
RG] SR 5 U 6L K PR S5 e B A BTS2 I s 4

Real Time PPP Solution Method Considering

Tropospheric Anisotropy
ZHAO Qingzhi '*, ZHANG Dengxiong !, YAO Yibin 2, LI Zufeng 3, WU Kan 4,
GAO Yuting ', WANG Pengcheng ', MA Zhi !, LIU Chen *
1 College of Geomatics, Xi’an University of Science and Technology, Xi’an 710054, China
2 School of Geodesy and Geomatics, Wuhan University, Wuhan 430079, China
3 Power China Northwest Engineering Corporation Limited, Xi’an 710065, China
4 School of Aerospace Medicine, Key Laboratory of Aerospace Medicine of Ministry of
Education, Air Force Medical University, Xi’an 710032, China
5 Tianjin Key Laboratory of Rail Transit Navigation Positioning and Spatiotemporal Big
Data Technology, Tianjin 300251, China
Abstract: Objectives: Tropospheric anisotropy is one of the important factors affecting
the positioning accuracy of Global Navigation Satellite Systems (GNSS). The existing
Real Time Precision Point Position (RT-PPP) technology usually combines empirical
models, projection functions, and parameter estimation methods to eliminate the
influence of tropospheric delay, but does not consider the impact of tropospheric
anisotropy on positioning results. Solar radiation is an important factor causing
tropospheric anisotropy. Therefore, this paper proposes an RT-PPP calculation method
that takes into account the tropospheric anisotropy caused by solar radiation. Methods:
This article calculates the solar altitude angle based on the station position and local
time, characterizes the influence of solar radiation on GNSS signals, and improves the

existing wet projection function and stochastic model to construct RT-PPP function



model and stochastic model that consider the anisotropy of the troposphere. The method
proposed in this paper is validated by selecting 7 days of multimodal global navigation
satellite system (Multimodal Global Navigation Satellite System, Multi GNSS)
observation data from 13 International GNSS Service (IGS) center stations distributed
globally, with an annual area of 64-70 days. Results: The RT-PPP positioning method
proposed in this article, which takes into account the anisotropy of the troposphere,
outperforms traditional methods and improves positioning accuracy in the N, E, and U
directions to some extent. In terms of convergence time, the improvement rates of
convergence speed in the three directions are 1.45%, 0.93%, and 2.67%, respectively.
Through analysis of stations at different latitudes, it was found that the method proposed
in this paper has improved the positioning results and convergence speed of stations in
different latitude intervals to a certain extent, indicating that the method proposed in
this paper has a certain degree of robustness. Conclusions: The method proposed in
this article considers the impact of solar radiation on satellite signals passing through
the troposphere, filling the gap in the influence of tropospheric anisotropy on RT-PPP.
It is of great significance for further improving the theory and methods of RT-PPP that
take into account tropospheric anisotropy.

Keywords: Real time precision single point positioning; Solar radiation; Random

model of height angle; Mapping function
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Fig.1 Overall process of RT-PPP solution considering tropospheric anisotropy
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Fig.2 Distribution of IGS stations selected in the experiment
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Tab.2 RMS and their improvement rates in N, E, and U directions for four

stations with annual accumulation days 64-70 days in 2023

RMS/(cm) TUVA PTGG NKLG MACI

NOT%E—) 6.44 7.71 8.25 7.10
NOTED) 6.27 7.84 8.07 6.86



E(H%E—) 8.43 10.36 8.92 5.01

E(F &) 8.15 10.21 8.76 4.66
U E—) 14.27 16.95 15.59 15.80
UTED) 13.87 16.79 15.05 13.95
B 22 /(%) TUVA PTGG NKLG MACI
N 2.58 -1.66 2.14 3.39

E 3.35 1.36 1.76 7.11
§] 2.81 0.96 3.46 11.71

32023 FFAFEMH 64-70 RN AFT7%E Ny Ey U J7 [l 2 28 0HE
(ABias)
Tab. 3 Absolute deviation values (ABias) in the N, E, and U directions for four
different measurement stations with a total of 64-70 days per year in 2023 under

different schemes

ABias/(cm) PTGG MAC]I NKLG TUVA
NOTE) 15.02 6.63 4.12 2.55
NOTHED) 14.59 6.28 4.15 2.55
ECT%E—) 14.36 16.32 4.01 4.15
E(H%E D) 14.39 11.79 3.72 4.02
UT%E—) 3.98 5.07 7.62 0.45
UTED) 3.93 1.11 7.87 0.15

32023 FEHEMH 64-70 KIU/MEEAE 7% Ny Ev U B RIRE
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Fig. 3 Comparison of Root Mean Square Error (RMS) and Absolute Deviation
(ABias) in the N, E, and U directions for four different measurement stations with
annual accumulation days of 64-70 days in 2023
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FIRGHEG. AFJTE NS E U T FFTE s RMS R iag . ik 4 LA
i, GEC RGHEE N, E. U =AU EJ5 % 1) RMS 735 RIS R RFAE 5.46
cm. 7.32cm A 13.78 cm, GEC HREG4 & 58 M L BGE i df, 7 U J7 1A g
DLREEE A H] 1.94%, Horh = RGURE T RAA G 7 S0 fr 45 R A0 =,
HLE LK L a5 R R G T B . AR RS RMS /E NS EL U =
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Tab.4 RMS and improvement rate of all measurement stations in the N, E, and U
directions for different system combinations and schemes, with an annual product of

64-70 days in 2023

SEALIRZE(cm) GEC GE GC G TOTAL
RMSN(7%E—) 547 5.53 5.25 6.81 5.77
RMSN(H %)  5.46 5.53 5.27 6.73 5.75
RMSE(S % —) 742 7.70 6.95 7.33 7.35
RMSE(H%& =)  7.32 7.61 6.91 7.23 7.27

RMSU(T%—)  14.05 1423 1305 1549  14.21



RMSU(J7 %) 13.78 13.98 12.99 15.21 13.99

o5 % (%) GEC GE GC G TOTAL
N 0.13 0.00 -0.34 1.18 0.30
E 1.42 1.22 0.57 1.40 1.16
U 1.94 1.76 0.46 1.80 1.52
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Fig.4 RMS of all measurement stations in the N, E, and U directions for different
system combinations and schemes with an annual product of 64-70 days in 2023
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Tab.5 Convergence time in N, E, and U directions for different schemes of four

measurement stations with an annual average of 64-70 days in 2023

KSR 8] /(min) MACI NKLG TUVA PTGG
NOTE ) 10.87 16.99 9.23 12.27
NOTED) 9.59 16.90 9.10 12.21
E(HE—) 13.61 12.04 8.99 16.07
E(7%EZ) 13.94 11.72 8.95 15.26
UTE ) 18.94 15.93 17.65 17.88
UTED) 16.76 12.13 17.48 16.83
U H/(%) MACI NKLG TUVA PTGG
N 11.73 0.53 1.47 0.49
E -2.44 2.62 0.40 5.04

U 11.48 23.84 0.97 5.83
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Fig.5 Convergence time in N, E, and U directions for different schemes of four
measurement stations with an annual accumulated day of 64-70 days in 2023
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Tab.6 Overall convergence time of all measurement stations in the N, E, and U

Gl LR B 3.76%- 3.55%, 33— DUk B A S VAR RT-PPP WS 18] A ECK

directions for different system combinations and schemes, with an annual product of

64-70 days in 2023

W ST 18] /(min) GEC GE GC G Total
NOT%E ) 11.98 11.7 13.77 22.53 15.00
NOTHED) 11.80 11.53 13.61 22.18 14.78
E(F %) 11.28 11.22 12.57 21.15 14.06
ECHED) 11.21 11.13 12.68 20.68 13.93
UTT%E) 13.95 14.03 14.85 25.75 17.15
UTED) 13.43 13.53 15.04 24.76 16.69

B3 2 /(%) GEC GE GC G Total
N 1.54 1.52 1.16 1.54 1.45
E 0.6 0.73 -0.85 2.26 0.93
U 3.76 3.55 -1.25 3.85 2.67
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Fig.6 Overall convergence time of all measurement stations in the N, E, and U
directions for different system combinations and schemes, with an annual product of
64-70 days in 2023
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Tab.7 Classification list of measurement stations based on different latitude

intervals in the experiment

RA % A e
(10°N-20°N,
(10°S-10°N) (>20°N,>20°S)
10°S-20°S)
NKLG TUVA DJIG TOW2 REUN UFPR
KIRI COCO ALIC MACI
ASCG PTGG ouUs2

K7 25 7 2023 SRR 64-70 RANEAE AR TR AR RGHE N,
E. U JFAATA MG e iR 2. B 7 w8, K CTEEANR RS A 550
0. (EARSE R MG, BIRFF GEC RGAA EAS s, ik
SENRE E S8 NIKER B GEC R4 A, 75 NWEU =N AIEE R 53508 2.05%.
1.05%#1 2.63%, {HLE L BB REF 5 GPS R40E Mk FE s s i, £ NLE,
U =ANJ5AEE RS BN 0.48%. 1.54%F1 1.51%. K 8 45 H1 T 2023 FE4EFLH 64-
70 RAFLEE. RFEFTREEARZRSG N E. U J5 8 A k5 44 i 1,
HI P 8 W, ASCTETEAFILEE . AN[E] 2 Gugh & Ik (S SOt a1 #4843 250
TEARA EEMSG, GE RGEHAFIE GPS RGN M HGE R, £ N E. UJ
[ B3 R4 B T LA E) 0.18%- 0.99%- 7.29%A1 2.11%. 3.08%. 5.21%; #EH4:
JEE R e 26 5 WU B GPS RS AR, 7E NWE U =ANJ5 11 43 1) o] LA 31 0.13%



3.00%F1 3.6219%F1 2.61%- 0.05%F1 2.72%, IIESZASCHE H AU X it 2 4% ) S
P RT-PPP 5355005 A 5] 26 £ WS SOt TR) R (A BE 3 A it v R 8 45 T 2023
FAERH 64-70 RAFLE . AFJTE Ny By U J7 [ g ik s 2= Fil sk
I ) e FE e e it 3R 8 T, 7 R e AR ZETE m A FE Mk e/, 7E N
E. U =ANJ51a40 B A LLAH] 5.00 cm. 6.37 cm £ 12.99 cm. & 0K () 235 2
FEAREE BE s 1) N J7 [0 A E 7 BB %2, 0l il BUEE] 1.75%. 1.32%; 1B
iy, U 5 ReGER AR 2.27%. WS R RS B st g /e i, N
E. U =T SR BT UL S 0.71%. 1.30%M 4.55%; H2h 15 0 4 2 )
w7 AL N A E J7 [ 808 s A, Be5 25 n] LLIA$ 2.04%. 2.23%, #t—2 i
HA AR SCHR HH PR 8T B X3 2% 45 10] 53 44 (1) RT-PPP RS VEZ A FE s, BAAE
SRARI N, NP AN [ 035l 4 T G B RS S TR 35 A TR AK o
#* 82023 FAEMMH 64-70 RAFLEE . AFTE N By U J7 A FrA sk
5E V15 22 A SIS 1] % L s =R
Tab.8 Positioning errors, convergence times, and improvement rates of all
stations in the N, E, and U directions for different latitudes and schemes, with an

annual product of 64-70 days in 2023

EATRZ (RMS/em) WSS TE] (min)

Jila) RebE e &sadE  R4GE  Ta4E sS4
NOTE ) 6.68 5.77 5.03 18.88 15.01 11.88
NOTHED) 6.57 5.87 5.00 18.75 14.74 11.64
ECTE ) 8.51 7.34 6.43 15.37 16.51 11.04
ECi%D) 8.40 7.25 6.37 15.17 16.14 11.15

UOTE) 15.45 14.11 13.29 18.85 18.27 14.88
UTT%ED) 15.20 14.04 12.99 17.99 18.01 14.59

o3 2/ (%) Total Total Total Total Total Total

N 1.75 -1.67 0.57 0.71 1.79 2.04
E 1.32 1.25 0.92 1.30 2.23 -1.05
U 1.63 0.52 2.27 4.55 1.47 1.94
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Fig.7 Positioning errors of all measurement stations in the N, E, and U directions
for different latitudes, schemes, and system combinations, with an annual

accumulated day of 64-70 days in 2023
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Fig.8 Convergence times of all stations in the N, E, and U directions for different
latitudes, schemes, and system combinations, with an annual product of 64-70 days in
2023
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