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Abstract

Abstract

The Global Navigation Satellite System (GNSS) has been widely applied across
various fields, providing global users with Positioning, Navigation, and Timing (PNT)
services. However, in complex environments such as urban canyons and indoor spaces,
the availability and accuracy of GNSS signals are often limited. This has driven the
research and development of pseudolite systems. By deploying ground-based or low-
altitude base stations to transmit navigation signals, pseudolite systems enhance GNSS
services, ensuring more continuous observation periods and higher positioning
accuracy. Additionally, in GNSS-denied environments, pseudolite systems can
independently provide comprehensive services. Against this backdrop, this paper
focuses on key technologies for high-precision positioning using pseudolite systems,
including station deployment, refinement of the pseudolite tropospheric delay model,
independent pseudolite positioning, and integrated pseudolite/GNSS positioning. The
aim is to improve positioning accuracy and reliability in complex environments. The
primary research content and innovations of this paper include:

(1) The deployment problem of pseudolite systems is addressed using the Multi-
Objective Particle Swarm Optimization (MOPSO) algorithm, with the dual
optimization objectives of system signal coverage and geometric configuration to
enhance positioning service performance in the target area. A novel line-of-sight-based
visibility analysis method is proposed, which directly determines signal coverage
without requiring interpolation. The system’s geometric configuration is evaluated by
calculating the average HDOP of grid points. Using the DEM data of Jiuzhaigou, China,
as the experimental basis, the MOPSO algorithm’s ability to optimize the geometric
distribution of base stations while ensuring signal coverage was verified. Compared to
the traditional single-objective Particle Swarm Optimization (PSO) algorithm, the
MOPSO algorithm significantly improved system coverage by 49.8% and reduced the
average HDOP by 72.4%. Additionally, compared to the commonly used Convex
Polyhedral Volume Optimization (CPVO) algorithm, MOPSO improved system signal
coverage by approximately 30%. This study provides a reference for the practical
deployment of multi-objective pseudolite system base stations.

(2) Using the ERAS global meteorological reanalysis data, the spatiotemporal
characteristics of the cutoff height for pseudolite tropospheric dry and wet delays were
analyzed. It was demonstrated that using a uniform cutoff height for tropospheric dry
and wet delays at any global location introduces errors into the pseudolite tropospheric
delay model. The cutoff height for the tropospheric dry delay was modeled based on
longitude, latitude, and day of the year, while the cutoft height for the tropospheric wet
delay was averaged annually to generate a gridded product. The proposed gridded
product was used to obtain the cutoff heights for pseudolite tropospheric dry and wet
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delays via bilinear interpolation. Compared with the original method using fixed
empirical values, the refined pseudolite tropospheric delay models (RTCA, MRTCA,
Bouska, and Hopfield) reduced RMSE by 17.1%, 25.6%, 23.3%, and 26.1%,
respectively. The performance of the refined pseudolite tropospheric delay models was
evaluated under different elevation angles at a slant distance of 5000 meters. The
pseudolite tropospheric delay decreases with increasing elevation angle. The LTC
model, which does not account for altitude, performed significantly worse than other
models, with an average RMSE exceeding 0.4 m. In contrast, the RTCA, MRTCA,
Bouska, and Hopfield models showed closer performance, with average RMSE around
0.15 m, and the MRTCA model slightly outperformed the others. At a constant elevation
angle, the pseudolite tropospheric delay increases with slant distance, exhibiting a near-
linear relationship at low elevation angles, which becomes non-linear at higher
elevation angles. The LTC model had the smallest RMSE at low elevation angles but
performed poorly at high elevation angles, with the RMSE reaching nearly 0.2 m. In
contrast, other models showed improved performance at higher elevation angles, with
RMSE reduced to approximately 0.08 m, and the MRTCA model showing the highest
accuracy. Seasonal variation also significantly impacted the accuracy of pseudolite
tropospheric delay models, with larger errors observed in summer and smaller errors in
winter. The introduction of a seasonal periodic term could be considered to further
improve the pseudolite tropospheric delay models.

(3) Based on field data from pseudolite test areas, a thorough analysis of pseudolite
system signal quality was conducted, along with an evaluation of its positioning
performance in complex environments. By employing a triple-differencing method
between epochs, it was found that the pseudolite system's pseudorange noise was 2.25
cm, and carrier phase noise was 5.5 mm, highlighting the superior signal quality of the
system. Additionally, the pseudolite system significantly increased the number of
visible satellites for the user's receiver in challenging environments, reduced the cycle
slip rate, and maintained strong signal strength with an average SNR of 52.1 dB, which
is better than the GPS L1 and BDS B1 signals. Despite time and frequency
synchronization between pseudolite stations, there was still a time offset in the tens of
nanoseconds. Analyzing the periodic characteristics of this offset showed that it
remained relatively stable over short periods. When not correcting for station
synchronization biases, systematic errors were observed in the SPP positioning results
of the pseudolite system in the N, E, and U directions. After correcting for
synchronization biases, the SPP positioning accuracy of the pseudolite system
improved, achieving around 1 m in the horizontal direction and approximately 3 m in
the vertical direction. Compared to the uncorrected results, horizontal accuracy
improved by 21.7%, vertical accuracy by 28.9%, and 3D accuracy by 28.5%. The
pseudolite system also performed well in PPP positioning, achieving a horizontal
RMSE of 0.101 m, a vertical RMSE of 0.255 m, and a 3D RMSE of 0.275 m. The
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convergence speed of pseudolite PPP positioning was significantly faster than that of
GNSS PPP, requiring only 14.1 seconds to reach a horizontal error of less than 0.1 m
and a vertical error of less than 0.2 m. After convergence, the pseudolite PPP positioning
accuracy further improved, with a horizontal RMSE of 0.012 m, a vertical RMSE of
0.036 m, and a 3D RMSE of 0.038 m. To address the challenge of weak geometric
conditions, the Levenberg Marquardt (LM) iteration and navigation trajectory
constraints algorithm was proposed to improve the robustness and accuracy of the
pseudolite system positioning.

(4) The inter-system bias (ISB) between pseudolite and GNSS systems was
explored, and the performance of pseudolite/GNSS combined positioning in complex
environments was evaluated. A clear linear trend was observed in the ISB between
pseudolite and GPS, reflecting synchronization errors between the two receivers.
Through epoch differencing, the trend component of the pseudolite/GPS ISB was
successfully eliminated. The enhancement effect of the pseudolite system on the
positioning performance of low-cost GNSS receivers has been validated. The
integration of the pseudolite system significantly improved GNSS SPP performance,
with the pseudolite/GNSS combined SPP showing substantial accuracy improvements
inthe N, E, and U directions, achieving a horizontal RMSE of 0.646 m, a vertical RMSE
of 0.988 m, and a 3D RMSE of 1.181 m. Compared to standalone GNSS SPP
positioning, the pseudolite/GNSS combined SPP improved horizontal accuracy by
37.2%, vertical accuracy by 37.6%, and 3D accuracy by 37.5%. The pseudolite/GNSS
combined PPP achieved a horizontal RMSE of 0.019 m, a vertical RMSE of 0.041 m,
and a 3D RMSE of 0.045 m, significantly outperforming standalone GNSS PPP.
Additionally, the inclusion of pseudolite data substantially shortened the PPP
convergence time, requiring only 4.5 seconds to reach a horizontal error of less than 0.1
m and a vertical error of less than 0.2 m. Using more pseudolite stations can further
improve positioning accuracy and system robustness, although the marginal benefit
decreases beyond a certain number. The increase in pseudolite enhancement time also
significantly improved GNSS PPP positioning accuracy, requiring only 16 seconds of
enhancement to meet horizontal and vertical error requirements. After the pseudolite
enhancement ended, GNSS-only PPP showed a slight error jump but maintained
convergence. Compared to no pseudolite enhancement, horizontal positioning accuracy

improved by 94.4%, vertical accuracy by 90.2%, and 3D accuracy by 91.0%.

Key Words: GNSS, Pseudolite, Tropospheric Delay Model, PPP, Integrated
Positioning
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Timing, PNT) k55, SoRHeAs 7 NS, EiETT 3, 80 7R P 4
DRI (ByaE, 2016, 2018; MU0 E 4§, 2021, 2023) .

GNSS ) H I S AR 7 AAISRE A fr B A5 B 7=l 2%, 3K
EDURE B 1 b 257 NS )45 S e A B ) T BRI E () INF 6], T GNSS 15
MR — R ARG . RIS HoRS A . 04>, GNSS BIikSS B4 o B A
ANTTEERI—HB5, TLENNFH, R ERH M ESETS), #HEAT
CHISCRE GEIRFR, 2008, T4 25,2013) o GNSS FEMFILERE. MEA. &
KAz w] A Al SEE, T2 BT 2008, BB E 1 SAT R AR A
BHEE T R  E

VE (S BRI LAl 5, GNSS MU H B A ISR AR, HAER 7 5T
R B HES) T 2R R R . GNSS FORFE R E . M il K<
S KGRI AR S B AR AL @ W S ) )i M, ARCRHBAES)) T M ERR} 5
(PR & (Bevis et al., 1992; Tavella & Petit, 2020; Ruhl et al., 2017; Li et al., 2015;
Altamimi etal., 2016) . BH# 5l I GNSS REWEAE iff U bR (1 AR AN 2 2548 4k,
W R VE S, A KRR, FEN BRI (8] [ 22 52 (RS i AR ifE . GNSS iR
I LU AR A TR AR AT BRS BERN S SRR, ARV 2 ad 2 xE LS
FLUNA BN ] RE .

RS TR RS KR IR AT LB 3] 20 4D 60 AR, Hml H 12
N THRERTER, HMEESARH DRI A E, GNSS My e 2 [}
Wi, B L GNSS R4t 3 [H 1) 23K E 7 24t (Global Position System, GPS),
FOR DB AN B 5E 1 BRI HOR Bt Bl S, R T A 1 gl 7 S T
£ 24 (Global Navigation Satellite System, GLONASS ). R B3 [rinFng 541 T2
A4 (Galileo Navigation Satellite System, Galileo) A+ [E 4L} T2 SHi R4t

(Beidou Satellite Navigation System, BDS) fH#FENIZAT, TER T ZH. £ R4
ZHE AT SRR G LR RSk R (Farrell J, 2008; lvanov N & Salischev V,
1992; Falcone et al., 2017; Yang et al., 2018) .

GNSS IR EATT T 2B, MWEIHIBAL, RGN, BPRKERZ
Wi 2 RGRG B RS BB AL BePI) GNSS 5E A7 T EAK AN LEE S, H
T2 3 B2 (Hernd&dez-Pajaresetal., 2011) . %1ii/Z (Guerova G etal., 2016)
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DS 2 884238 (Xie P & Petovello M G, 2014) Z5[K K HIFM, EALRE BRI
F5 25 B € AL (Precise Point Positioning, PPP) FlSZi &4 % 7 %€ A7 (Real-Time
Kinematic, RTK) AR Iy GNSS ik 12 amPE 2l . XA RA R
FIRTE T GNSS WEAKE L, &9 K T HNHYEHE, #E3h 1 248Uk HoR 3
AAHr . PPP HoR@IS A DEYUE., DEMENRSEE, R8Ik
Y0 [ A SE I EOR R EE B B m e SRS B . PPP [ KA 3B AE T H Akl .
T PPP A i SR AE Y, , (NTE—FH GNSS HUHLED P3R5 Shg e for, Atk
R R R DX Sl R Al oA 7 s b T, i, VbR, AR A
PR HiIX . PPP [IX—H¢ P KK 1 GNSS 754 BRYE 8 1 N 7, 6155
i B2 e A IS5 AT LAFE 25 B8 2 I FH P A (5R/NAD 4§, 2017, JREE, 2020; e/
%,2020) o RTK FARM CLH iy s A0 E KRG B2, 9 GNSS SIS A FE .
FHHR AL 1 MRSt Bl RTK 38 1) FH 2 7 i A0 P B2 SOl Lo 1] 1) 22 29 e I 2000
RERS AL RTINS Rl N ER S S RS BE I E AL 45 R, MR T 7 GNSS I RIS 14 A0 52
o Ak, FEE DEEEMIEINAZ RS IF1T1817, GNSS 1978 5570 B AR 55 n]
FYEBER T RIERTE (& 45 2014; FIFEM 2%, 2009; Leandro R et al.,
2011) .

B GNSS UG 7 RERIK M IZH N, HHEAERRRELL R TR
gt, ELFMEH IR — LG B, 55 9% T2 GNSS [HF 2
A — (EAZEfE 5, 2013) o GNSS {55 - M\ T A b % A 22 R i v P B 50 8
T, AR AR TE SONES, B 52 BT T & . BB, B
fb, BT (A0 GNSS 55 TH&8) MG (41 GNSS X)) #%f GNSS
()22 A A B T 7 B s RE R AE R M BRI = R MU OR AR
AU, GNSS 155 HIT-PUAIR G T B ok SOMEPE R G R OB 45, 2020;
R 45,2023) o HIR, GNSS EE MG )@ AL PRS2 3w 2 R . 23T
ML g T R, PEE SEE @RISR, SEZ KT
RN 5 4 o) @ o X AR5 5 i & T R, 38 7] Be S EUE A7 2 22 KRG .
EENAET, HTEIYN LRGSR ERER, GNSS 55 )L ki,
MITAELS GNSS 7£ % A EEH L2k 24 AERRAR L X 25 H AR, B
LRSS T ARHIE B0 GNSS 15 5 PR R A IOE R 7 Pk b4k, GNSS Kk E
AT SEVEAE M i RS N 2 BIGEM . FL S R AR R ) 5 8 A2 Ak, Rl
FEGRK PTG ) B B R R T, 2 FBUEAR R ERIC, RN 3%
3% (loannides et al., 2016; Falletti et al., 2018; Zidan et al., 2020) .

EF0FT GNSS (e @, & FhEEIE 9% R4 (Satellite-Based Augmentation
System, SBAS) AL 5H 245 (Ground-Based Augmentation System, GBAS) #
]z W5 (Dixon K, 2006; Sabatini R et al., 2016; Lipp et al., 2005; Guerova G et al.,
2016) . HiFEOY A2 (XFRAKE, Pseudolite) SRS 2 HA R —IEZEH AR

2
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FB. M TR RGMARRS GNSS AL, FEAE: Huh, W, FH e
& (W 1-1 ). T RLRZ RS MAEHE GNSS P2 DhRess 2 i, Kbty
PERGH TAEFEEM S GNSS AL, Fuli Kk FHE S, H - i Sy S
G EWE AR TSN 22 AR AE, DR 7 o 75 220 3 22 /0

PUANJE 3k 1) S S 5 RS2 E A (Stone et al., 1999)
@;3

! ck Reference

Base ‘\I tion
&
Base Station - e
Clock Refer -
" Base Station Clock Reference

Positioning Terminal
K@

Base Statlon Clock Refer

B 1-1 hRERGAEE

Figure 1-1 Schematic diagram of the pseudolite system

—J5 T, Dy PR RGE RN GNSS sl 540, nf LLhdid BUR JLAS 8 7 Th 34
58 GNSS IR % 11 ge

(D) ¥ ERGHE S F 5N A S B R4 GNSS 1] LUAAERH]
Feft PNT IR%%, (RLERRE XSGR B, FH P vl RE 2 T AT 02 A 2 1) 1) 7t
NI 520 58 ALK FE B S BUE AR W 12 Fos, D ERE RS UA xﬁr%
GNSS 78 fi i, LR TE T EE 52 IR XK, #0775 %S ST B GEX
ik 4%, 2014) .

() $RTFENKEE: & A0AE FE 2 SR 2 A M U M B . @it /e
SR I A PR Oy R FR s, AT DLAESF T A S A 7 [ A GNSS amnmﬂ,
MNIAE H bR X3RN 3T - e AR B CRBAPMF, 2006) .

(3) I e est: 5 GNSS TLEAMLL, D TR 5 H P UL ([
PRER, Xk 1 Bhas AL AR I AR DG, IR T ki AE A &
BRI S, T3 s DR AR IE B CRAR4E 55, 2016)
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PE
PE L
{jﬂ A
h--\ /{Ijj
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- . . - . .
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I EE . - . .
- .- 1& I . .
I . | 4 I . .
I . . — I .
| la e |

Bl 1-2 SRFEHN TENEE GNSS ~EE

Figure 1-2 Schematic diagram of pseudolite enhanced GNSS in complex environments

A, R WEN . BEMM N ESF, GNSS (55 85
WEUERY, B AERRIR S DL T OB N, O B RS nT DUME N4 F M2 3R 4 PNT
MR o 8 AE SR H A X380 R ISR AT v Oy T Rty i DR o 2 [ T e A
JURTRG A, AT SCE kg BEsE AL, A, P BR R AU HBE HORIE M, fig
gIE N T 2P R (FRéZE 45, 2005; WA 4%, 2006) o

gx ERTR, th DR RG] UA/E R RS, BT GNSS HE K
FEMFRMEYE . 7£ GNSS ANA FHBIEOL T, O B R Gk n] DI S i Sk FE (0 257
A PNT IjR%. 200, h EERGIE — LR wm LIRS Eae, FEHE—
T Ah, AERA—FAERTEG e A, th TR Rgudih = 5HAM AR
G ISLIG RS . Rk, TCWRAERFERT I 2 TARERN H J5 10, X P T2 ks
AL IR A Fi 8 B 2

1.2 ERIMARIR
1.2.1 GNSS ZRZiHir

1.21.1 GPS

GPS = Rk LEEM RS, HILmLhEW# 20 #Had 60 F48. 4
Iy, e E BT EE TR, TFHIRE M EENE L 2 BRIE A S AR e A
Z4i(Yunck etal., 2000) . 5 - F 2238 & 3¢ B 2 1 A4 2 2 A R 45 (Transit ),
ZARST 1960 FHRNLH, (HHT PEMEAMN, Transit REHFS LA 2ERE
B VEAAAE R E AL o IXFP R G0 T BT 2 BN, s P EAE S 1)
BRI EH PRI E . R4 Transit (E40 & —NEKHEE, HEMRR
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PEARAE 6 1B 2277 FF 46 SR S Je e I m] SE Atk 77 % (Stansell T A, 1971; Black,
1990) .

1973 4, EEEFIEXEZT “SHPEERN SN R%” (Navigation
System with Timing and Ranging, NAVSTAR), X&t&4 KATEIT GPS KGRI
£ . NAVSTAR 5i H B ERE— PRI L EH T RN IR INRS, BT
fRTB B) AT AR M A F P SR AR B A B . B A (8] 45 2. (Parkinson & Gilbert,
1983; Heuerman & Serms, 1983; Betz, 2020) . 1978 4, 55— GPS 5246 TR Al
DR ST, X AhnEHE GPS RGN T WD B B . 4ot 2 48 Bl An oK eieidt
GPS RAMIPEREISE] VAW, BT 20 thed 80 AR, BRI P EMMEEK
U, GPS WA f VG HEIZHY K, KRG IBHRSZWIP IR ENRES . ST, GPS
RGAE I BN R EERS TR B ZE Ty, FERIMN ARTFBAEH - 1993 4, FEE
24 i GPS P AEMRINEE, GPS RG1EA A 7 48R A4 KAk RSB
X— BRI EE GPS RENEHNHY AR, BoEERH ALl
ZAE RS T E . GPS 14 Bk 35 1 A0 ks B2 5 A g fr il L AE el [RA
FRLABE TSRS T2 M. 2000 4E, SEEBUFE LT 6 RAE S ki
PR FHPERRF (Selective Availability, SA), X —#35 B Eem T KAMH T BIEAL
¥, (315 GPS [N FHTEEE AN 72 (Kremer et al., 1990; Braasch et al., 1994:
Liu, 2002) .

BEN 21 A, GPS RGULLL JIIAAMT IS, LARNDH H G i 75 SR AL
APkl GPS NI DEMBHRMEZ LD — D EEH B TR EA,
GPS Il B s S Sk . HarmPiTHiae s, LAEKHIE Ay, XL
T 15 GPS RGAMUAERBRENKEE LA iR, e 7 HAEEEMEKH
QI AT S

Kl 1-3 Eon 7 GPS P EIEBITHIE.

1.80° -150° -120° -90° -60° -30° 0° +30° +60° +90° +120° +150° 180°

) Latitude

Tl oo i i i i H i 1 o _9
180° -150° -120° -90° -60° -30° 0°  +30° +60° +90° +120° +150° 180°
Longitude

B 1-3 GPS FERTHZE (FEIZESNMRAETHEHNAZE, 2024a)
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Figure 1-3 GPS satellite trajectory diagram

GPS RGLH = A F L H . A B BHBAMA P B B, ThRBZ
GPS RGN 5y, HE/D 24 BT R R, 1X 88 TR /3 A fE /S AN EUE T 1 -
FloethBRIZIT (Leeetal., 2024) . BRI R ERHE W IR 181, #LRES [HAS B RE H
B4 . XL TR AW R IR S, St A AN s . Lk, &l B2
Sy, FOITEEA4EY GPS DEMIEFIEIT. BARFmAIKN s, 38
s AN o SR T PR ER R R, a4 S A BX S, OF
] TR R AR A, DAORRF PSR 18] RS i o 3N, B Bt A T2 AR 8
FUERIE S S, i TEE SRR, &5, AP B2 HEEERE GPS #
WCHLZE BT, T2 B T 25 s a AATER . 2Lk B 2 DU 5 GPS L EAE 5,
TR X EAF S AT TR, A P RS ALE . AT (a5 2L (Lietal.,
2024) . GPS #WHLC&) Z M H TN FHE S BaeTHl. IREFMARS.
AU MR 2% LA RCRL =R i, AR P3R4 T kS BE I PNT fiR%5 .

1.2.1.2 GLONASS

GLONASS #%4i2 HBEP it KRS EE RS 5EEP GPS R4
FHZEAL, GLONASS HIWFARIGT 20 thad 70 454X, SN T2 BE T
K, T IRAUES ) AL SRS . GLONASS REGIMKRIELH T 24 B,
Rl R AE 20 AT 90 4FAX, BEAE IR IBRARIAMZ G A AE, GLONASS [ SO 4E
— RN . SR, 7E 21 Haw), WP HEUFEFIRARERE, KEMA
2t | GLONASS %%, ffiHBA NN EIRFM RS, 14, GLONASS
H5HAEIR S TR RS, BORERE AR SRS 1 E 1 G 7

GLONASS 5HAh 2R FM LA R v & MHEARX M —HETHXH T
$iiyr %1tk (Frequency Division Multiple Access, FDMA) HiAR. HARKU, &R
GLONASS & #AE A B B AR Z R R IEE T, AR F— I ZIE s AT (1)
FI A B R EREREAEA R b RN AL 44 . FDMA Bt E R0 TR S
R MR H . Bk, TR EENGE SRR L, Sl
PUBCNZS G th X 43 RERS R B AN A P2 G 5, XAERTH R I S AL 3R
WAHM Kk, Wi EARME FAARIE S, GLONASS /b | EERPIES T
Yo, ZXEEE S T SE AR e R ARMAE A (Karutin et al., 2020)

SR, FDMA HARLE SR S8 1R AR — Se Pk R AR . o, T
TR TR 5 A RIS TR, HEAS R G0 75 BT s B, IX AR BE IR H
7 BRI L T AT RE S ECR IR BE A R . LR, BEOHL T B RS AR B TR AR
V0l N B SCFAR BRAE 5, IX 3G N T ORI R A A ECA . 4k, FDMA R4
FEVLTPLRE ) EARXT LSS, SEm 1 B4R 1) € A It RE o
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1-4 GLONASS P2 R HFfE (GLONASS Applied Consumer Center, 2024)
Figure 1-4 Development history of GLONASS satellites

BT ERJFEF, GLONASS RAEINANT I HiELZ 5N T CDMA
55 (B 1-4). #H—LH GLONASS-K 2P FE N & 5 FDMA 1 CDMA 15
5, DMRE RGRHSMEAPERE (Steigenberger & Montenbruck, 2024; Thoelert et
al., 2024) . XM R(E 5 &M GLONASS G4 5 {7 Hh 5 HAh SR R S b
A TAE, $RALEE Sk AR AT SE 1 A IR 55 o [RIET, A3k AT L B B vt
KW Z MR E RANBCGMEH, WA R T BT FDMA 7RI

A ) L

1.2.1.3 Galileo

Galileo RGEHMEFEFHRAERENM TE RS, BAENSERAH PR
RS . m A SEREN IR S . 5 GPS R4 A1 GLONASS R4 A A, Galileo
RGBT AR BIGA LR A NE S, B T F R IRG], BRI RS x4
ERF P T O ALE B . Galileo R G TR AR FGNE SIS B 3
BB R4, HirEE SR LE SMEARMZ TtbkE.

20 4D 90 FEARY], B BN FHRGE T RN, KR E SR 2045
EE ) GPS ARE W) GLONASS RAFE— M XIEAHIR. Rk, RKEE R
EFFREACHER TR SN RS, DU RIS SURE) B EBF 22

Galileo RGIHELE 1994 15 RBEHE H, Bl 5, BRI B B0 A i3k,
EHEREX — 2 KEIH . 1999 4, Galileo HXIIEREF), HIRKEZE ARSI
MG (ESA) [+ S . OTE YIRS SRR RR R FH R E . AR
FIE i) LB S BB R, X —FHIBEE T Galileo RGTMIERNZER o

2003 4E, Galileo BEATHH AR (GIU) AL, H11571% RS KRS
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#2005 4 12 H 28 H, Galileo )5 —RisLds L2 GIOVE-A IR S, Xir&
FIHBEN T RBERSEHER B . GIOVE-A R 5§ 328 H ({2 Kl B BoR,
TG SIS, AR T2 - & R 850 ams 1 e .

Galileo RGLHIERE M 2006 FIT45, B0 KO 18 210 BRI 58 i 1 i &
Bl BCHt . SR, T0H RIHEREIEAE— MR, Tl E TR PR . TSR = DA
FEPREVER R . REI, Galileo RGAE 2011 FE528 T B T/EEE
RS, EH T EER—5.2016 4 12 A, Galileo ZFIEAXIFHIRIVID RS
EWELCERES I P RIER . SRR RS .

b6 5 I TR HEdE, Galileo ZR 48 M 1L BB W G n, i [ JE A et i — 20 58
¥ . HHEl, Galileo %t 178 50 AR SS & Sk B E/KF, G SRENZ
RGHE MR —PHET T 2R P RERKEE . Galileo RARI Z (G T (BFE
El. E5. E6 #iB0 i HRABERMBI TR I M2 B similne 11, kP Hg58
T RS ATSEEAN AT F A

Kl 1-5 FE7r T Galileo 242544,

Tracking, Telemetry and Crbitography and
Command Stations Galileo Space Segment Synchronisation Stations
(TT&C) (O353)
r'/_ TMTC Mavigation Data Uplink OS5 Data 0SS Data _\\I
- N [ 2N

Crbitography
and

Precision

Timing N
) Synchronisation
Spt?_h;n Processing
Satellite Contol Facility { ) Facility (OSPF)
(SCF)
A Matigatign Data *Tima ref v Processed Ddta

Mawvigation Control Facility
Status and cp-ordihation rl\\ (NCF)

\.._ Satellite Control _/, \\_ Mavigation Control _.-/
h 4 h 4
( Service Centers Interface )
\‘_ Mavigation System Control Centre J/

& 1-5 Galileo Z24t4EH (European Space Agency, 2024)
Figure 1-5 Galileo system architecture

Galileo RFARMMIMSAIEATFRSE (0OS). EAEEMRS (HAS). AFLF
VFIRZS (PRS), Ay 22 4 %5 (SoLS) LA K k5% (SAR) (Fernandez-Hernandez
etal, 2022) . Hr, HAS AEME IR KRG AL 5 ORI IR, G T 22
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ks BEE AL AR (Naciri et al., 2023) o JaH =M AR S5+ Galileo R S8 HIHF (AR
% o PRS JIR 55 /& — P ) BURFFRHZ AR 7 0 e A ik %, B mbn T s
AfEENE, LA, ZAeME SRS SRR (RUgamer et al., 2020) . SoLS
MRS HRAL T SEF BOM5 ., P BERS J2 N T iR Galileo R G5 TARIRZS AT BE M)
R L, MR DR AE DB AT 25 P BR S A H IR ) AT R B o I Tl 25 1) o 2
TR PR T, B8 IR LU R (0 B fR [% (Galluzzo et al., 2020
Galileo RGICFENR T HERRS, X2 X EPRE RS I Tk 4> (Rollaetal.,
2021) . SAR M&e#udBVGBR G S, B BEAIEARERH O, FI
Galileo RS HA [ In|HERE DR, REWEIAE R & K IETHIME B, 5 RN 1RHAE
5O . X IUIRSS KRG da 1 HE R S [a], 325 7 HEE . L A S a X 3
IR (Martini et al., 2024) .

1.2.1.4 BDS

BDS #&i2H EHE FERNEREEFNMAS. BDS REKE T2 %M
“C=IBRET R HERERY, B NSRRGSR RN EERIE RS, B TR
G T e A IR 55T

HBRAC S RGN AR, X —BrBaa T 20 D 90 EACK, FHAE 2000
FIERTTIRIR IR ST . 62— S RGERH T A BEEMP T X — R EERSS
T E KA X, A E A AR SCIEAE I T Re . AR BB dESE R
GisIl 1 E E S SNEIRIE BAR, R ERKESE 1A

BB RIACI S RGN AR, X BB 2004 TG, HARRAEI KM
XTI e AL RS - A6 =5 KA T 2012 FIEXBANEH AR T AL —5,
AbF =5 HAG S B8 ROk BEAN TR 32 178 5 Y, RS AR MV R Hb X S {1 4 R i
) PNT k%% BbAb, b3k =S4k SR B RROCEME ThRE, JRRY 1 X I8 52 ik
%o X Bebr SR L RGN X 78 15 30 0] AR AR 55 1 S B AT

RIS RGNER, XEIGFRGENERUE RN B. t3=5
RGN 2009 FEIHEERAN,  HFRE AR BRVE N RS sk R SRS . b=
SRGCRA T AR HERFE LS (GEO). MHiRHHhERFEESHIE (IGSO) Al 5 Hh
BREE (MEO) fENKIZHIE DEHAM T3, A1 43R & 1S AN . 2020
b =9 /G EE SRR RIS . X — REMMUR I EIRVEE N
HERE S PNT RSy, AR EFEI RS (SBAS). [ Frat Uik 55 A4 BRAG
SRS Z RO ThRE . dL =9 RGN, & T EE IR R S
LT N B R BRI R E S, N PR T 2R SR 55 R
(Zhang et al., 2020; Geng et al., 2022; Song et al., 2023) .

Kl 1-6 &7~ T BDS RGEARIRSS KA T LE o
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B1I. B1C. B2a. B2b. B3I 3I1GSO+24MEO
EFXShES
B1I. B3I 3GEO
BDSBAS-B1C
EEIRSRS 3GEO
BDSBAS-B2a
Xis L (kf7) . S (Fi3) 3GEO
ERBERS L (E17) 14MEO
28k
B2b (F17) 3IGS0+24MEO
UHF (E77) 6MEO
EFFERRS
B2b (F47) 3IGS0+24MEO
R ENIRSS B2b 3GEO
B iERiRSS BIE(SLER. ERMEETEH BE(SLER. ERNEETH

&l 1-6 BDS REMRFRAEMWE (FEIEFMAZEHEHPAE, 2024b)

Figure 1-6 Comparison diagram of BDS system service types

1215 XEBDESMARR

Br T XA 4 MNP ESNARSR, ©F — %R e Hh X 5 H K424t
PNT RS HIXE LR SM RS, WEpE X T LA 24 (Indian Regional
Navigation Satellite System, IRNSS) I H A #E KT A& R4t (Quasi-Zenith
Satellite System, QZSS). 54Ek L2 SN RAA[F, X E SN RSNE G
IR NAIR, @F REGRENER . FrE XIS brya . 88 5 E D,
HIX IR TR SRS R IE R A ST 0 R X R R AT TRk, R 71X
DX 455 P SR AL B s P AR B S AP e BT R DA R B A () AE 5 AR 1

(1) IRNSS

EIE XS0 LR RS (IRNSS), thFKAN NaviC (Navigation with Indian
Constellation), %54t HH EJEE [ 54123 (ISROD T FH KM —Fi X P E T
fiR S, H BRI A DR SHTSURE B E6e7), Jm 2 E N H KK
FHiFER (Rao, 2020 .

IRNSS RGEHE-CR R =Bk (b 50E (GEO) LA AU A} H Bk
FIDHIE (IGSO) DA . XFMHC ERENS v R AR X3 CEE 3 1500 km
MO AR . IR EEUIE TR TR /RIE B2 35,786 A HEEIE
L RAERR SRR E 1B 5 78 o o R LR [F] A0 B TE TR B R A 2 N 30°
bR BRI EAUE TR

10
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K 1-7 B/~ T IRNSS R4 Z5E 56 .

) y 3;
N i
N N . F =
“‘._.- — ”_'

-
- 1)

& 1-7 IRNSS R4 5 S BHLE

Figure 1-7 IRNSS system signal coverage area

IRNSS RGN T E MRS : tnEE ks (SPS) FIFRSIRSS (RS).
W AR S T I B -, & T R Z R R o PRI R S5 ) 3 e X 5
FUREE F P, SR AL T RS BE AN SE SR TP Re 77, B ORAERFIR TR SR AT oL R 4
HEEE AT SE FHTERE . IRNSS RGN RS 7 A X8 B 2RSS X 78 w5 BN A
+ KA 1500 2~ BIEH, HRIFEA KIS A A A RAE T 10 m 16 E R
55 URELRRSS DX UL HEBE )32 IR X, G0 2 3 0« B V350 AR A S R AR BR 55
TR EIX A X A A7 B AR S5 ASE FEAE 20 m A 47 (Srinu & Parayitam, 2020; Gaur &
Agrawal, 2023) .

(2) QZSS

QZSS HGilH HAFH MW I KA JAXA) A XD E S &
S8, WA HE AN TG GPS ItERE, A H A K X e e 5 i T
B SRRk (Zhuetal., 2020) .

QZSS Mtz LR H PR M %, Ho a8 e R TiE TR A Bk [F P H0E T
B ERTHE (QZO) TP AR QZSS —AMEEMA MM, HPuEwiHERFT
FEAE A R J] 30 4 DX N TR PR BF A e AR A 4 v 115 5 AR e PR m] S .
RIUIE TR R e P EUIE BT, AT DATE 26 B X S R A TR 4 (M5 5 7 16
JEHAEI T2 5L X 55 GNSS 15545 5 52 B RS 1) P 55 A R AR

QZSS AGRHK LEESAH LIC %, X&—F5 GPS #ANESR

11
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B, BEMGE GPS R4MTERE. LIC 55 M5 N#15 QZSS ey 58 A 1) GPS
FRWHLAR S, MR AL Eks e AR %s (Lietal., 2021, 2022) .
K 1-8 JE/8 T QZSS L EIBITHIE,

1-8 QZSS EEZBATHE
Figure 1-8 QZSS satellite trajectory

122 (hIEAR%HR

P LR RS EYE T 20 4D 70 AR, BHHIEEN T 1 GNSS Bz
BS54, GNSS ATl B Fmr R B, W2 HAR AR E. £
Bz A PREESHEMT, N T X GNSS &7 IR AL HE, JFaEwF 71 2
BEOR . O TR W LU [ IS O 5 B PR AR SAIBIE 5, JFHE R iEH
PG SRR, Oy GNSS BT MR IE At T —Fh = 8 AR 845

b DEBRM A RE, HSHAFAR IR T 5250 = Fel £ Emi=s
WU, O G 1133 T 750 KEE . CHLIE I3 Tl  — DB SR A ks FE A
FE 258 ST BOE R 5 R IR0 T ] Rl UBR (L 2 68 (Rops FE A m] Sk . @it AL
A et PR RS, REE R B IR AL ASNALEAR B, &5 1 Aok FEAT
RGEBME, iR T CHHEE R FAM T B GNSS 155 2 IRIG I T 2 4 E Rl

12
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(Lee et al., 1997; Henzler & Weiser, 1999; Progri & Michalson, 2002) .

X — N R HESN 1O DR FOR Bt — 0 A Jg, s A% ey — i E
HIF LT B AMXAENT S SRR E 368 HoAth 75 2 =g 2 € A 1) 37 5t 43 2
TTZNH . D BEFRK IS KR, a9 R G0 @ Sn )iz N
BUE [ Ak, o T HAESRTT GNSS PERE T T B 2.

Oh B2 RGAE- ST BN 2 SAARTAE B> J7 1 - 4E 79 GNSS I 9 R 488k
MSLEEHE PNT AR

FEZTERITT 1976 FH KRG HA T EMMS, Br@dBl LEG Sk
IAE TR EN RG R 471, €3k T GPS Kk (Harrington & Dolloff, 1976)
Galileo RGAE BT AIGUERT Bt R A 1 Ry TR KRG AT I (Wolf et al,
2003) . K[ SAIC AwF{E 1988 F 1 il LI KAE | R RGBS
GPS (e R e TEAKEEE, Juth TLE RG99 GNSS BE [ 24l (Stein & Tsang,
1988) . [ BDS-1 WISy A, [ P52 T UaR 5o A H O 122 R gekig st
FRGE. H E 2R T R FE A~ [ BN 3 5 5 A AR il A =y BB A
feth 17— MOy DRI gL RS, AR TS T TP R &t 1 ) @l

CEEAF, 2002) o TR 22T 75 RBTR R 7RO L2 5 GNSS 4i& Tk
WA WM, WFIT 1 12w R GURG BEAI M 2 R AR O B Sl (775 R0 2%, 20083,
2005, 2007 o PEAL LAV B FRFRIL FIBAE F 3 Wity A2 7R 4b 1 BDS-1 XUE &
GiIskEG, SEEL T IREAL, e AL RGW AT EENE (SIFRIL 5%, 2006) o fi#
JRCZEAR S8 TR R o 1) o B (A1 B 3 4 70 b B2, A FH Dy T B AT A )R BRI
TNy LR JE* 548 DOP EHIHGEIEA (Bt 5%, 2008) o i A K~ ki B
SRATAE @S T it 1 — A ity R MG 0R R 40, SEAeE i i /b2 i
PR RIE] R 5 GNSS /) PPP SERFENASE N RE TS, SEBLEOK ) E LR,
KM BE FEAIS T USSR ], 4R 8 T GNSS FEKE %€ AL USRI B A AT 5 (Fan et al.,
2021, 2022, 2024) .

F—JiH, R DR RGOSR AE PNT BRI H, EERTSER R
Bt C(Air Force Institute of Technology, AFIT) B 46T 1997 #HT V #HRRMEM T, I
R T P TR RGOSR ARG 0 € S IR 55 BIRE T, 7M1 AN TR 3t A1 Jmy o) 7€ A6 4 2
sz, FEAREH T RIS (McKay & Pachter, 1997) . JE[E f) Huddersfield X
b SEENAE RS E T LR RS, RIS TIEMEE (NLOS) 35S R
JEOK 2R () 5E AL RS B2, 5238 tH P LR RGiAE = N E AL )98 77 (Barnes et al., 2003) .
F[E [ Stanford KA7E 2004 FFRZR T —MEIHHKIH LE RGE—HKMHEN DA
FEZ] (SCPA), 1% RAREW LT GNSS $EHEZE /AL, KBRS IMTE S
PAL GNSS {5 SHIEM BSR4t 7 MALH)E AL RSS (Matsuoka et al., 2004) . X
JCEEAE 2012 SEFI TR (ML 05 T R G5, 61086 2125 B ARIEAT T @ RO,
K B i/ 3 (ILS) J5 i WU S 7 BRI 5 v 28 o AR 32 1) R (L
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etal, 2012) . VX[ 1 Paris-Saclay K51E 2016 & T —55 GNSS DjgetH A1
ENPEEMARG, FHREMEMWNRESLI T ENSKREINEEN
(Alexandre & Nel, 2016) . g 288 K2 [FIXB-F B A& TRy LR KRGk
THEM, RISl T 5555 k. ISR, ML T R AT
P (ARBUM, 2015; “RE S, 2015) o EBTRHEKSAE 2018 Rk — Dt 74 T2
BRGWT, Wk | RGN SRR AL FIERIIT K (i, 2017; SRER)
£, 2018) . RIFACIE R 2018 AEREFL 11 DA RG MG T A D3R SR,
FE T oRA “h9 5y Zhk+I 4y 237 (S SRR “ I8l RN A, thAh,
BTHSEIL T AT R N B SOR — R & 5 RIS S R RIS IR T ik
THIE#TE (JikeE, 2011; Z8VH, 2018) .

BRI Locata 22 42 H Al S A D O TR Z 40 S A v 22491
ARG E — RIS, W T DAEIE T Y, SRR E
PIKERE . Locata RGMIIZ O A E T HMURE I (] AP EOR ARG 5 A B 5, B
5 2 WM HE L R FHURE R TT R (B 1-9). HHhiin fh T2 Jeuh B 4w A2
fomt R [F2E R 7T, CRFRIGEMAM T, EEFH . M2 2] 7T 28
i, BCNT GNSS 458 4A J1#h 7 (Grgac & Paar, 2020; Black, 2020; Evans &
Eagen, 2021; Grgac et al., 2021) .

GNSST2 &)  GNSsDE GNSSDE
’:M g \f,‘,.
~& MR
gi= e ->F Locataliteigizsk <
E(Locata Liteiﬁ%i& ‘‘‘‘‘‘‘‘‘ :::\-‘ ----------------- 7 R s S
W \Locatalitei,liié’ / LocatplLifesfikis
~ e -
L \ M &
~ \ / =7
Nig \ ’ cr
~ \ / P s
® ~ \ ¢ - ey
~ 7 - =
~ " \\ / 5 ? JE—— :n
______ 5 Locatalite. HskikiElrtiaR]%H ~ }\\l sz 3 - LocatalLitef s
------ > GNSS5LocataLitex #skBI RIS pL =
—————— > Locatafs s ‘-’ A
GNSSiES Locata+GNSSi#izhyk LOCO |.O

A 1-9 Locata RZT [E][F]20 5 HMAER

Figure 1-9 Locata time synchronization and networking modes

K P B4 F Rk s B AT 2 w5 DU R FE T o me R P Rl ] A A 5
P AR Oy TR R G (BRI 4, 2023) .
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B 1-10 55FE B TR R AR

Figure 1-10 Ground-based enhancement test site

i E A AN AR AT LLE Y, B0 R IR O T8 R S8 RORIE I 180T o AT,
ELEAR BT IRFER D, W FEE SR GNSS B, R = 36 Dy 12 vk 8 AL
FARFAR BRI FL, LA 2 IS B GNSS 460 1555 23 e 41 (1 B[] [ 25 4 R
5 R R E ALK

13 RAREETRH

B, Zi. AEMENBALHIHALE L EIEEE L, B4 7 GNSS %
KRG X PR GRS T E RGOSR s [ M IUR R R J&
B, BT EEMAR AR G 7.

g, Oy R R e A SRR . AR B GNSS Z G0 kG e 6 5
RHER T UG SR o R B A FE TR LRG0T A2 (A B E R 48—, GNSS
e T e 7 1 R B B I AR, 2 iR 22 YR A AR 5 AL, 0 TR AL 3 DA K
SR ITESE T - £ GNSS kg B E AL R BRI Bl B, M DR RSt
L GNSS 2GR [F, LASAHR B AR B EE, A SCEARE T RSt 1
LS LA

W=, WREAMBIIEMT . Nt TR Rt 2 H sk,
AZEINT L HIrRFEAE (MOPSO) HiE, VLRSS S E R M LRy #Y
EMA H bR, BIESF H bR XA 10 P2 RGN E M IR ERE . $2H—Fh
BTG N TR B 70, o WA T B E B S &R, Jhdid i E
1% P 55U~ HDOP SR VTAl R G T LA A 2 o DA [E] 1L 2804 1 X 1) DEM #5445 4
SEEGHEAL, RAE T MOPSO $5ATE RSG5 57 n A LA R 284 R R AL 9 2L
PE, O TR R SR F AL T 5% .

FEPUEE, O TR E IR RS R PR RE PP, . AT BN H T T
D TR AR SR ARAY , 43 B HAE 4 BRORURE A8 FH 2056 [ i B4R i /25 T ZE IR
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MRAEIR A BT, S T b I AR B . AR EE LRI ], R, £
JERERER, $EH T —Fh2E T ERAS BRI ZE T MR AR (R = BE A% 9
e JEFE ARG H 12 D EENIGE N SE X, i NWM 5 4068 B 2
ER S AR D R R 5RO TR E (B IR 22518, IR ERAS #i#E
YE SR BRI RN, DUS SR> FAR R A S5 R B2, vPl 1 o s A i
Rebe. Jrld m A R RS DTI, RS A E IO TR R = A R AR Y
ITEREEAT T 20 df, W PR G i O B 2 IR R AL T 255

B, BRI A [E) 2 25 COE O B e AR L. AR EE Jedh
1P T I [R] [R5 i 22 ORI R R A8 SEBRISLFH Hh et O T2 S G0 R s o
= ROIE R AUENAL (SPP). FE% B e fr (PPP) MEREHEAT T vPAh. bk, 7EHD
B TR E AL R G SEBR N H iR & Ty 2k A 8 2 PR, TR RS LR A . AR
T T Levenberg-Marquardt (LM) 1EAX K SR LI R A T2 e hr
BE, et 7O R RGEAESLERN R E M YERE, Rl RAERRMET
PEFEtE. FFidEad SCIEER IR 1 1% 7 R I R A a] SE 1 .

FINE, N RGN 2 R AR /GNSS A e A BIE T . AFE S MY
BE/GNSS HE AWM R AT EIF, 08 T AR RS R Z (inter-system
bias, ISB) XJZH-& &ML IKIFEM, A M S AL Al H 7 7%) ISB 280347 1 4>
BT B Ry LA AT GNSS RGBS —FU G, AFESEH 7 — Pz T 57 GNSS
TR B Oy TR BUSHL R R AOUIIAE 1 O T2 /GNSS 41 & e o 7 ¥25 o it Sl 44
W, VRAL T R G AMn 22 ) O T /GNSS 444 SPP. PPP i fE, EHH T 1%
LIRS BEAN AT SENE, IR0 b 108 DR SE . BE ORI (RIS GNSS JE O 38 s 1 5 1)
soli, DL TR R 9 5 GNSS e AR B .

$tE, BE5RE. MATHFEEZAR A EERHT TR Y, JFRE
TRtk

B 1-11 JEIR 1 ASSTHIT AT A A R RE AR R
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Figure 1-11 Schematic diagram of the main research content structure

14 ZAKENE

AT GNSS [ HE Bk LR AN G O BE AT, #HXE GNSS )
JBRYE, SIADy LR RGO GNSS BEATHE 5. /28 1O L2 R G B P At e B
W Dy REEREEM N EEZM AR LIRS E 2, B4 T LERS
R 2 BEOCSBATEAERL T, G 1 HAEHES] T T A A PTG A AR K ek e AL 5
RITH M EEAEH, JyJase s i ERA KSR MR I8 UE 5E 1 At
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52 3 Py TAR/GNSS FEH AL AL IR 1R

282 [(HDPE/GNSS EiEEEAETLTED

BT RZHEHEN T EE RGN T, By BES GNSS A4 E
AL JEERARML, AT N GNSS Z 48 1 =y b € A (Rl AR T iR A 4l . 3282
B AR SHRGHIN A A1 R AER S8 —, GNSS mik R g L Y e Hioh
RURIE AR, 22 PR ZE IR A 5 o, e AR B DA S S Bl vt 5 v 55 5 T
£ GNSS ki B AL AL B IR LAl b, N DE RS E GNSS RGEHI R,
DY EINES: NP

21 B=&R%

211 HERS
I} 18] 2 G 45 F 152 S0 U AR vEE A [R] PR AE 2L Bl 38k v , e AT I7E 3R T
TAEANVE 2 HAR AU R R R E T . I B R G4 N 2RI Bh e [ 2 if
WRORFE A — M. R 2-1 B 7% W LRI A 5248 (Hofmann-Wellenhof et
al., 2007) .
£ 2-1 H LEIE B RG

Table 2-1 Common time systems

A BRiz3) i 8] RSt

HiEk 5 ¥% TEER, AR (UTO, UTL,
uT2)

HER A H KBHZR OS24 (TDB)

BRI, (TT)

JE ) HL - BRAE E pr i (TAD , Phift R
I (UTC) , GNSS &%

2.1.1.1 82K PART
(1) EEN

R IS 2 — T BR B AR Tz 7 R B[Rl & 0 5, A 2 24 TR
BH EISFR] o iR G8OK BH e e 04 [R1IF H0.7E B %, B9 0R 18 2 — PBLAFDOT T K BH R g ) 4
FRA—NKBHH o X R, HuERFH XS T3z A 2 58 5 — VK B 55 BT 75 (I (R RR A 1E
B H. EER RS HERE B EAEOS, BRIV R S K R e R BUR
AER S AL B B R IR DU 7 OS5 fUNI ) B 5 o 2 18 B N5 T 220
F 5y LT UL B AR b R R IR R T
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(2)  KBAKS

IR BHI & — P R BH AL BRI TR R 7 2K, B 3 ER B AR PR R 2
o H IS SRR . AR PH H S 45 SE I K BH Hh A 2 18] PRI 8] 18] B o

A PR SETY () K FH I -

FURPBHI - BT OK B A SEBrAr B & A1) H T R UE S R B,
If Hu A MR, KA RER B RIS s ARSI, PRI EOR P H R 2
AR o IX F BRI IEA e 4150, FORBHINAE 7 521 ARSI & it
(ALK AR o

PR BRI P K BH IR S ABAA BH T 7R T8 PASA) 533 B A% Al T4 5 L A A ], 3
MR T P REE” I TR 5T R, A2 BATTH 8 A6 A [ ARk Y il
R BFBF A ] Bz 2P B H o P AR BRI 8t — 2P i 1 RATTIAEAE FH b A I 18]
HI P R BB BOR BHIZ B2 2 51, B EUe a2 BRI (el b St 7 — 48—
IR HE

B 2-1 JoR 1 1EE HATURRH H IR &R

2-1 {HE HAUKPEH IR AR
Figure 2-1 The relationship between sidereal day and solar day

(3) HFm

FEARJBTR B ARBHES, B S 7 T R I ] CLE I 2R AR e 1R
brdERF[A] (Greenwich Mean Time, GMT), X A& —Fp3E-T- HiER B 3% 10 B [a) e v
MBI R L E TP TE SR, ik, MRS AsHERS At 4
IR b I [R] PR A o S I TR BRI 2E 28, GMT & A2 Ayt 7t (U,
T RSN U BR B A G I TR 00 B ) Al o

WRIEAF L, AT YL =% (Seidelmann, 1992) -
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1) UTO: 8l &8 2 HHEAR e, #CO8 UTO, (H T HERAR RS 2%
JSLAFAE AU 1

2) UTI: JEiEX UTO FEAT RS 2 R4S B (WIS [A], #7209 UT1. UT1 B4k
THOER B R R AL, PRI AR TR A S, T B HER B R AN
PRI A4

3) UT2: N 1 — B BRIER B L 215 PEAR AN I TR R 52 MR, 72 UTL 1
Sehk 30 7ML IE, FRON UT2, UT2 B T4 A,

2112 [RFEFIHEH FE

JR7 I (Atomic Time, AT) &5 TR 74k % I A1 ARAE, J2 H AT SR A I s
BT — EHOT R 78, i I R A T BRIE AR RTINS
X7 LA W RS FE AR E 1, 2 A 0 1 21k T M BK ) 3 B R AZRAZ 3 () N (1]
PRt

JER IS PR I FH R A Fe ity >R 1 I R PR s TR N 2 5 i o e i P ) DR I RUBE 72 [
bR JE 7B (Temps Atomique International, TAD . [ fr Ji 75 /& H & EREZ A E K 1
JE T8 I B A T SR (K B TRI R vEE « TAT B 51 N T A& GEist B bRl 2E RS B B
() JRIBR 4 o TAT B A RUBE A2 38k o) th % b 1) S 1 B i AT RS A [R) 22, 13—
BRANEIIN TEREE o TAL ASZHIER B B B, BRIt AR R e e HAEm, ol
1 IAE T 2 ey ] o A A

RE TAL $eft 7 H s B TRRS B2, (HE 5 3R B e 09 SERfs il 2 (A 23 77 A
Zor. B, BREHEFES (UTC) gl N, BIER TAL FIS € M 5 Rk 5 #Hsk
PRl g Gk, UTC 78 TAL BFEERE ESIN TE (BUEFD) BpLE], DLE%E
SR H A R ZE . BB H RS UTC 5 UT1 (& T3k 5 2 1
[EARHE) Z (A2 kil 0.9 #Pif, [EPR b o doe ek b —+0, DULRERIS [A]
[R[R)AE X — AL B OR 1 A BRI 1] 5 P 12 o |6 B b Bk H 4% ik 25 2H 2R (International
Earth Rotation and Reference Systems Service, IERS) &35 K AT — KA K 1 i
FREBIP R A . AR KA 6 A 30 HEl 12 A 31 HEIRE. MR
BEAD B AR DA L, (BB SR TR, W EAH R FHAREAT o BREDHLG AR FE4E
RIS 18] — 8t 7 TR HE 7 EHEAEN, (B ARfE — 548, 2015 4, HEPRAFECH
(ITUD fEHA AL L2 ERHR 1 3 gk 2R kAP 1) I j . — 28 L 500,
BRAD AT R 20 IAREE AR RGIE AME, JAAE AR R HH B AD 6 % . 2020 4F,
IERS 22 WP iE 4k Be4ERFBRAD I FE o AR R RAT 75 2 IR [R) 0] B AN H AR B A 46 5
I I ARR T 5

FEVRAE S (UTC) MR R, UTC(K)FE 12 B4R E S5 I S0 =5 $2 g sk
IS A Al h . Ry “k” RERBEAAR LI E AL AT iR E GRYZ
] oK 2 5 ] B 2% 1A I TR AR ARG B2 AR B IR 18 R T (B, Jf
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Dy T2 v s P S N SR B BRI 7T

A L ) B BRI 25 [ B isf 8] 7). (BIPMD) o IX S8 51256 52 0] g 2 FH AN [) 2R 78 ) J
Tl EAT AN [R] B B T [R]85 AR i A 7'9T‘/ﬁﬁaimi%m%%%jgwﬁﬁﬁﬁﬂmﬁ
PSR 2 B9 R, BIPM #x Sy a Al e, Bk UTC.

K] 2-2 fEor T E KRB L (NTSCO [ FE .

A 2-2 EFRZHH0ER

Figure 2-2 Master clock of the National Time Service Center

2.1.1.3 GNSS RZq}

ANE DR SRS T & EMALRI R RS, & 5 G4 I i) 3 i 2k A
& X AN

GPS &4t (GPST) LA H#FZE R G RFFH) UTC (USNO) AZ7% . GPST
Pk R S AR 2 B 19 Bz . A GPST BN, o RKRHAN
— & CHP 604800 ). 5 UTC AR, GPST J&—/NMELL R 8 N . /£ GPST
MUTC Z 18], &6 — DN WIE RS R, (Ha R ErE— e uE N . REEHIB (0CS)
£5%F GPST #HAT# ], (F15EH UTC M ZERFFE 1 ms Z W

GLONASS % %ilt (GLONASS Time, GLNT) /& GLONASS it FH (i ] £
4. GLNT H S A EES 5 E R PR F i shRb i s . SR T 4E 4R i)
(i) 5 Hh Bk B B (8] () — BOPE T AT % . GLNT b UTC AR 3 /N

Galileo #4tH} (Galileo System Time, GST) #& Galileo Z 4 Fr s F A0 B [a] 3
RS, GST N T 5 GPST fRFF—8, FHlLtaml Bk i E N 7 13 75,

BDS #4tHf (BDS Time, BDT) =&t} R 4 frfli IS (B B 1 R 48 . BDT 5
S T 2 A 33 FP A2

2-3 JEoR T AR KA KR .
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GLONASST
Tﬂh
+leap seconds -
UTC
GPST +14g
(GST) | < BDT
-19
o > TAI
-51. 184s
o oS TDT

2-3 NHERERGHIRER

Figure 2-3 The relationship between different time systems

2.1.14 JS1=E6ET

D5 — MR T ORAKIE BN NI (A R 48, B RS AR IR B N RAKIE 5 .
itk Fer (UTC) FEFB (TAD AFE, 750 3 B0 R AR B A A
REF T 15, A AR I [R] R

I ANZ IR B R AR B, T2 I R T R OR AR I 5, DUk
HOERAE 7S (Al R ) SEPR R I . EAMR FEEIE: KRB0 /1520 (Barycentric
Dynamical Time, TDB) FlIHiEK /j220} (Terrestrial Dynamical Time, TDT), 1991 4
HE fr RSB G2 (TAUD 28 21 Jm R UCAERR (Terrestrial Time, TT). TAU
FE TDB 5 TDT Z I8 K- ol AR S, AR AE A HAR XS 18 RORL T 51 kS ) Je S 1
Fit. MEH TEHMHIRIEN 1.7 ms, JAHIN 14,

212 ZTEIRGE

2 (A AL bR RPEHE T — Tl bR A0 10 7 V2SR A R AN A A E = 4 ) R A
BAIZEZ, FAFAFE MRG0 (80T CLHER TC iR HAS A B AE S . 78 AR S0
R, T EFIHUTH G A XA B B8 S50 DA K T () A A = R R
LLY S

2121 HIRAFRRSHELR

HiER 22 R (Terrestrial Reference System, TRS) J&—/NEERALAR R, FH T4
IR R R ] e FL P 2 () S AL B . TRS H5E SURFETHUER 0, 185 DA
BRLCAE N R 2. TRS 1) —ANH 20F fU& e R HEREDE R, RIS Bk B 7 Az
BERFF— 5o
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[ Prii Bk 2% R (International Terrestrial Reference System, ITRS) f&—/>4x
BRUERIHIER S R, HEPRHIRE RS (JERS) JE . ITRS F[& [ HERE M
H RS3ROSR 2 Gl B AR AR AL, BRI R — AN Ehas
ZER.

ITRS WS L A2 H PRtk 2 % HESE (International Terrestrial Reference
Frame, ITRF), & &N 2 HEHIERSEHESE . ITRF T2 EKIE A U0
Hw, 35 GNSS. VLBI. TEBOGMIFE (Satellite Laser Ranging, SLR) £l 2%
B RPN TE LR H e AL 2H A 248 (Doppler Orbitography and Radio Positioning
Intergrated by Satellite, DORIS) % ¥ . @i iX 644, ITRF Gef it R BRVEHI A
TR P A0 sk AV A B L B 1] AR AR AL o TTRF AN 25 0000 3k 76 455 5 1) 1) ) AL g
AL FE X e AL BRE I [A] () AR b 2 CRDTRE D, St 1 bRk 3 1 B I 1) (1) 3h 24538
fbo ITRF AR ER], BoxbEsE WEEE AR B BRI K RAKE . &5
A, TERS #2 RATHN ITRF JA, B AT ST RRAS Y ITRF 2020, ITRF 4
BRI P ) SR BRI T RS B B AR R RV o I A R — B AR AR AN [F] X 48R
ANTE S FH B E s P LALE [R]—REZE AT 48 %5 .

2122 RIKEFFRSHESR

brRK¥EKZ% & (International Celestial Reference System, ICRS) &—HF
TE SCHBBRAN RARAL B IS EHELL . ICRS HEFR R CEEEE S (JAU) 1E 1997 4
IEFCRAN, R T A I I oA bR FR o A R ST & 1 [ Brbr i, RS R E
Rk, DR, T8 WML AR R SO RER ML T 48— I 2L fil

ICRS & —MICHeFs AR R Gt, HETA T ARIZAL 2R B AR BRSO &,
JE XL B AR EARR [E g, I DRI — DA ZHIR B . D&, B35
HERY IS B R e AESE . ICRS B 8 CAEHWERT 0 b, ARFREl U 5 [E
Frixkz%H R (ITRS) HIHI—2L.

ICRS FJSEELIE A [E Bk Bk 225 HE 42 (International Celestial Reference Frame,
ICRF). ICRF 23T HAKILE TR (VLBD AN SRR AL B 45 H
) — AN ROCHEENESE,  FH T2 R U A 2 (AR 2 oS i 6 Rk . ICRF BN
ICRS [JEESEIL, a3k PR FHift 7 — Mg Hm R 2 HHESE . ICRF
HERKRAMUK, & 7208, DR HFEMMEJEE . ICRF3 T 2018
AT, SEECHTMARAS . ICRF3 2ET- 4536 NKEM, Hrh 303 AME A ICRF3
[P ZEHEDR - ICRF3 MWt — D4 iy 17 B = RS B, I AEAS R P B (X U B
S BN K BB HEAT 7 MRSV o

2123 HiwEHBERR
(1 PEYERRR
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TREIES R —MH Tk TEEPE B BERE) )RR &R, T
BB RIEH H T 0t DENIZIPRESMPUERR . PREPUEALIR R IR R
A LRI E . 2 A FRRL (Radial) #5817 T2 SHuERH O 2 18] 1%
271, Fon DEAEFIE I _EEE S Bk PO 284 . D) AL kR#d (Tangential)
iz br i . BinE LEPUERDIZTT miE R LEREs 77, B EE
& sz 77 ), ik TR W ATE B A . v m] A4 R4 (Normal) #EH
THUE, VAR POE T R LR TT [ 4R R PUE P AU, R R S FUE T A
(A4, G EASURHEE AR AR o V25 [m) AL ARl 38 55 B T 20 BT U 1 T A AR A B 4

(2)  TEEEAMAFR R

B R [ AR 2R FH TR TR AT AE B A 1A (R 8, TR I W AE LA
oty fETPEEFEAAR RS, Z Bl e i O . Y BhEdE R S TR 5K
RETASCAT, X THAE A, Y Hinl GRIRHUIE I 1k ], KRNI m) . Xl
TR RARE A FEMEr), 5Y MMz fhEeE.

(3)  SHOHTAL bR R

VO ARRR R, WA AR IE R (East-North-Up) ARFR R, & —F Rt AL bn
F o iU ST AL BR 22 LA St 55028 A, XOBHIE 7 AR A AR, Y BlaE 5 Al 4 b,
Z ®EJr R ER (FEEA D, MM TP R B0 AR RS R AT U
Kt Hm B AT, AN LZH R RS 1A S R 7 18 1 AL kS

2.1.2.4 MEREREWL

7E GNSS PR, 25 28 BN R AR R AT bR RER AT
DU =PRSS, MRS —AIRERTSH (B350 7.
BB AH [R] B i — SUEE AR bR R I 48 T 5 AN (R A b 8 TR IR B 40 il X R X, 5 BT
4R R

X, =T+AR-X, (2.1)
L, TRPFESH, VARERT, RN,
(BB = AR b el PR e 4% 11 73 3N (6,.,6,,6,) » W R AT AR :
R= RZ(QZ)RY(GY)RX(HX)

cos(#,) sin(6,) Of/cos(d,) 0 —sin(6 )| 1 0 0
=|-sin(6,) cos(6,) O 0 1 0 0 cos(6y) sin(6y)
0 0 1|/sin(6,) 0 cos(&) ||0 —sin(6,) cos(by)

(2.2)
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2.2 WUMRBIER BEHIAEE

221 MMiEs

AT FES/ A GNSS FIMIIALRY, FEA GNSS UL AR Bl 45 21 Oy
TE R,

GNSS =k BEE AL, GNSS FUSL AT BAAS 21 D FEOULIINE AN s AR AL WNE
FOWMEE A AT LU IR (5K P, 2018) -

P/ =p’+c-ot—c-ot! - A +TJ_%7+b?r‘WP+€a

rela

_ (2.3)
Ll =p'+c-St—c-ot' -A} +T’ +%+if N/ +4, -W! +b§’L—b§’L+gLf

rela

e,
J#RTEERPRN 5, | ERBEHE,

PJ AL 4 B2 T (O BE AU R e AR O IR, B0 m
P! FRBNL S S B D E DK UABEE, BAA4 m,

CERFINIE, FALH s,
SURORESLHIBILEN 22, st FORE LM LR, HAA s,

Alya FORAD RN EUE, #4209 m.
TIRFAHREIER, HAr 2 m,

AT | LR RRATR, A m,

A s £ Lk, R m,
NI ForiR T b B R RS A BRI, SR A

W AR 2,

by o 1D o 40 IR | 1 BN A TUR S Dy B R GEIR, #840r

bi  ATbe Syl FoR A b O LR A0 R AR AL AR AR IR, FRALA m
Ep Mg, IPRIFIRIFR | EHANRE (B ZEAEIRE, REAMAL O E,

A . B SE) AOhEE. AU, BA Y m.
H T EIE X B RE IR AN e ph 22, I F R SIS 4, Bt BT
AR N
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S o Y
P! =p'+c-ot, —c-ot] —A,, +T* —%+8Pf

rela

. (2.4)
Li =p’+c-ot, —c-ot] —AL, +T' +%+ﬂ,f Ni+4; W+eg
A,
St, =St+b!
Stl =5t +b? , (2.5)

Ay - Ng =4 'N_fj+b;,|_ _b?,L _b;,P +b?,P
F T N IR T oo A0 R w0 D PR AL RE A REIR A, AN T A

A R
g T GNSS PIRIIBLAL . B TR AT GNSS BI4E S ARMIARLL, ROy
BB AT LAY 2 B O TR Rl A H R DR R AN AE A A S . SR, BT
TR SR O L IR R B AR EIT BT T DAAS FH 28 SR S 1 200 o 300 2 ) 52 ] o
P T Rl 8 A B AE M TR B AR, BRI AT DAAS F 2% 18 H i S A AR R B2 i)
Bk, O 1A 8 AL AR 2 AT LAR 7R R -
{Pfi =pl+c-St, —c-ot] +T )+,

o o _ _ (2.6)
Li =p’+c-ot; —c-ot} +T + 4 Ny + 4 W' +g

X, SANSEERRKE S B A1) GNSS WL AL A ] .

222 HMWEHLEE
AR PSR o ZE A [F P, AT DO R AR A B AT 26, AT
TH o it S 2 B0 2 e B0 i e ) B e A T HE
(1) FKHEEHE (Tonosphere-Free Combination)
L B8 J2 SE IR 515 S AR RS b, i TR PR AN [R] 28 R L I E AT 2R PR 5
AT LA 280 B oULME R I 99% ) — i FiL B B IR R 22, B A T (Odijk,
2003) :

f 2 f2P
et R P
1~ 2 1~ 12
, ] 2.7)
L = fl 'Ll_ szz L
IF f12 _ f22 f12 _ .I:22 2

TR EH B % GNSS Hdfs a3 5 4 & 07 2.
(2) GRAPHIC 4 (Group and Phase Ionospheric Calibration)
X T RUUULIIAEL, AT DA FH I F B J2 2H 5T B F B 2 AR (5 . 5 R R
AT IR, =T DA FH F B 2 AR 6 DA R AR AL W IIMAEL R /N FE S, T [m) A S B RE
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##57 GRAPHIC A&, BARARWT:
P, +L
Poraphic = (2.8)
2

MR A 1Y, GRAPHIC H & 244 O BE AR A7 50 U B SR AP35
K GRAPHIC A& MAHRN “FF0E".

(3) HEERZEHAE (Geometry-Free combination, GF)

XF T RO, FTCLKEAS R DU AT (522, AN vH BR it i /2
FEIRRZE . AR RN R 22 . TR F P 2 . SRR seh 22 . LA JO BIHIR
W22 R S ST I, BAR AT

Pee =R —F,
{LGF =L-L

H T GF A& Ja B AE B 22 R ERAHAL o 22 F0 22 B 470 1% 22 £ 7 T 1)
AR/, BRIt GF & — AT AR T B R AEIR . 22 B8 AR RN 70 A LA R R Bk
R .

(4) EHBHE (Wide-Lane combination, WL) FIE#HHE& (Narrow-Lane
combination, NL)

i AR 2H B AT LU 1 UL B 2H 5 15 381 B AR KC RABERY B2, T 5880 [t
AR h

2.9)

f f
S
1~ "2 1 "2

fl . —_— f2 .
v fl_fZ Ll fl_fZ Lz

AR G AT DL I I E 2H A 15 21 5 R A BRI L, A IT H (4t SRS 1 1) A
AOUINME, A B B it e s, Bk =0 r .

(2.10)

f, f
= -P z2_.
N, b+, f
. f (2.11)
= 1 . + 2 -L
A A h f+f, -

(5) MW 44 (Melbourne-Wubbena combination, MW)
MW & RO R B A FARA sl A g A, BARARWT:
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LMW_LW_PN
fl f2 fl fZ
B R R 2
17 2 17 2 1+f2 f1+f2
=_C (N, -N,)+ C W+ (2.12)
fl_fz fl_f2
f, (bl —b7 )=, (bl b)) f,(b b5 )+ f,(bs —b5)
— +6‘MW
f,—f, f,+f,

MW A5 77 DAY BR KB 1 22 W] DURISREAT R BE RN, HL S K AR L
AR R 2 ) [ €

2.2.3 [EHIRE
LA B LA IR 1 UL e ks BE S0, GNSS H FH FIBE AL 3= B
AT &S AR ERILER (13 2013) .

2231 ETSEAKENERE
T v A T AT LA 2R L Mg 75 A 1Y A Dy T v B A TR B, MR 7S X O 22
CISPAF
o’ =f(E) (2.13)
X, o RS, EFRRNTDENEEMA. ARFEEZARE T, XM
FAERIFENUEAL,  Horb S Sz B v B A R O TR AR X R BRI A ek 4
IX FRL 2 U T B b 32 9 AR K b 00 0 Ak P52 42 v s P 1) v 2 A o AR
A,
Bernese (Dach et al., 2007) f# -
o’ =a’ +b?-(cosE)* (2.14)
GAMIT (King & Bock, 2009) 1# -
o’ =a’+b*/(SinE)? (2.15)
EPOS (Gendt et al., 2004) 1 F 7> BRI K Eow
a’ E>Z
o’ = 6 (2.16)

a2
HoAthy
4-sin’ E

A, aflh Ko 24, WERIELKME; ERRIVER T AR
FEf

2.2.3.2 ET{EMtbropEy =R
M (Signal-to-Noise Ratio, SNR) &/~ H1E 5 (D)3 5 1 5L 75 I K (1)
tbfE, AN dB, 2 EE 5 M EREESE. WSO b 24 B AU E
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KR FE ML . FIH SNR #EATRENIABL R A 1 77, BARA R W™ (Brunner et
al., 1999) :
SERELACEE
c°=C-10*=B:|— |10 % (2.17)
27

X, CoNEEL, RIESL, L C, =0.00224m*Hz, C,=0.00077m’Hz . B,
FONBN EREFIA T YE, AN Hz, S RRMIMMERERELL, A4 FRompEK, B
Nm. VP2 2EE IR AR R AT T it

23 RERRBIERE

=TT GNSS AL AL, AR A 2R I A A — T R 22 Y AL 3
77 I A DE A5 2 A PR T7 20 DX o 3% B8 3R Z2 18 5 4RI 73 o = AN Rk
TREUGHIRZE, BB RZ BRI R Z

231 DEiRRE

2311 IDEHEREMDEWHE

GNSS H, HEPUERZEM TR ZE— R R ZAN. Hf, TEHIE
B S ORI, R ZEECRIT R R AR B A m IR B . iR
GNSS TR SEI &, A T 75 52 mi MR T b 3\ 00N 7 ol T2 R AR FI AL,
IR B2 K% B A 2, FHNAREED (IGR). HPUEAE
(IGU). mAMEEE]T] (IGS) AL iR%s 2 (RTS).

R TR 2 7 (1) OO L TR P vy, B ZE NG FEAN A2, T LA ] 5 T FH S A
T E B 22 SEI SIS E AL RS, o™ AN e F T 5 Ab B

W% 2 R4t GNSS UG e MBS br TAE RN i) =Y, 1GS T
TR ERSTIH, FRYE MGEX (Multi-GNSS Experiment). %5 H &
ﬁGm,mﬁmms(MMmfmsﬂQms%%%M$Fﬁ%F% HEh, B
T IGS i RTS %5, &F 2 XA AT DAA it o 9% BOAs 2% (1) SC I ks 25 B 00 S5
ZETE o

GNSS T2 B3y # 7 sk R T80, (EAESEPRR A, BT 523 T2 B
L BB R, SN GNSS RGN I8 2 A7 i 22 BUEAS o TR 2
EAH P E, DEMZEED IGS &7 AR O i ks B 22 7= i gk AT T
B ZRMEIE . EAME RS 2RO T, AT Do | 3k 2 D Fe it ) 122
ZEERATBIE. DR ZERLIRRN:

At) =a,+a - (t-t))+a,-(t-t,) (2.18)
L, t, WSHETTC, a, a a, 7 0ilRn LREBIES BRI ZIR e 2 Bhig
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2% Py T E/GNSS mkh e A Bl P i

B AR A 2

Iy DR EAM RS, Dy DR AAER (SSET GNSS P EIEIRZ)
A AP RIS bR 2, KT DLE B 2K g o T — S R ) 25 0 TL A il
Bty TREEISRYL, MTF2am, B R T B R A s s sh R A,
PRI 75 25 58 0k A AR IR TR 1 22

GNSS T2 H kg B 10 5 74k, 1M b T2 RS0 SR AR RO 1A 95 s
AR 12 A RS 2 S 0D T 0k I B e it () 22, S 300 TR 0 2 ]
(Rt [A] [F] 2P AR AR R 22 CGRLLT GNSS B %),

BT[] [R] 25 RO R i 0 T 0 R R G IE AT 2 0 2, il A3 LR el o4k i (5
ST o AT LR IR D S S B AE A0 R FE S A A BT &%, 1% 071k ERARBE
{3 S kS B2 RIS ] [R] 28, (F FE St 32 B T AR B il 49 e ik« AR 2R, TG
2R I 1) [R) 25 77 45 U R B H e v PR S A AN 3, B AR T B 2R % . B i
D TR 3t 22 [) B o 4 B 1) (5] 20 5 22 0T DASE IO T4 anFb Ik 2 . SR, 1%
FAT S0 TR e AR B i i o 18] 2-4 IR T 3-5 ns (K3 I 1] 5] 25 1% 2 %ot
O TR E LR, A] U B35 AN 33k 1) 8] [F) 25 1R 22 04T UE, 2 0 A7
WL R GE 2% . D T sl o [ i) 25 45 225 1) X0 E D ¥k 2 HE 28 DU 25 R PRI A 41

1t
*  URMS=2.508m,STD=0.321m
*  E,RMS=1.444m,STD=0.07m
N,RMS=0.633m,STD=0.066m
—~ 0r
E
5
G
c
.8
‘@
s}
0- -

0 2000 4000 6000 8000 10000
Epoch

2-4 Py TLEFEuHI R FHRZN R AL fR

Figure 2-4 The impact of pseudolite base station time synchronization errors on positioning
2312 HEXIEMNIRE

GNSS et il 2 12 A 5 FR SO e AT it ] 22 T 1EAT e A R, SR LA
R B R 2 2 BRI R BRI A (1 o Ay BR AR B KGO8 A IR S5 I, AERE

RN AL LT FE IR ZE o AT 1R RN SR - A 52 ol F T U&7 (Ashby,
2003) :
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2 2
B g ML 1) Ve (2.19)
Fe c (R R 2c

X, Fo RRSHIEIR, AN Hz, AT LAICATETC 55 b 1K — A bR ife
B, 6P T GNSS RGN & AR [ P ARERINE s v oIk b (00 78 jt TG 75
MU ARPR R (BCD R, S48 m/s; Ry Rom TEBRINE, $4008
Hz; R, WHLERFAZ, #4008 m; ROATERIHFUEFRRE, PO N m; v #Rn A
TE it PLPEHESE R (3 B

M EXFTEAE W, X TARGEERAES DA, EHEFR T s A,
B UL LR A RS AT 3 R 2 s TR B SERRAIER o i R T i B R
H A Bl FE R 1) PR TS . ST 2, AR RGBT TR B A BRI R
Wi, %5 s B % AT

XIT GPS &4 5, DLEMIEEREMA )y 10.23 MHz, {HAE PR K Z /7%
FER) GPS T & i A AT A, AN N HUE T2 8 iR (% 1 -0.00457 Hz( Ashby
& Spilker, 1996) . {H GPS D EHIEZ —MERPUET AL IER, TR S EAH
FELERS ZIARAY,, 75 ZEAIN—ANBA M A SRRk T 8 RS 31 2 J5 R 5 50
AR ARAY, o X ANERAM A RSO DUE

C

A, A g TR RN SO, A m; ¢ My, FoRiE R T LA
fr 8 (m) MUEFE (m/s). FHEVEERZ, FEK ST v, AT DU O3
Akr £ (ECEF) Fit#.

T8 R RS, TR Rl R HASEE EE T 1, Bl DIAEE
FEXT TR 380 (4] R

A =

rela

(2.20)

2313 RZMBIHRE (PCO) 5L (PCV)

BEAT GNSS REAHAL Hh O Bl IR Tk BEsE AL E R B . GNSS SR EL
FONLIE ST TR REAG 0y, TSR IGS SRR % 8 I 4T 2 A i 55 A
PEARET TEFLE, WHEZAISIAE— MuZE, B 2T REM
M LEUE . FEFEEMNZE, REMM P OIHAR—ANEEIME, EaiE T
B A R T A R AR A, TR B PCO o5UE SRt AT AR AL 0028
1k PCV LIE.

M 2006 4F 11 A 5 Hild, IGS AFRHAXT PCO #1Y, Zi—Affi F 4% PCO
BUOERERL, PCO BUIEAE AT BAKE TLE AL AT 0o B IE B R 28— M3 e X ~F
Bt i, BIRZES % A (ARP), MMMz H OMmEe (PCV) A BLHE— 0% s ik
TEAB BLSEME 5 K ST A (Schmid etal., 2007) , %18 B AH 5155 & H 77 [ AH ¢
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%4 PCO Ml PCV BB FIEPritbER S HEHELL (ITRF 2005) [FRf &40 (Rothacher
& Schmid, 2006) . 2011 5E 4 A 17 H, IGS KiALARHELE Y # 3] T ITRFO8 H: & A
TR AR UIEAE SO igs08.atx (Rebischungetal., 2012) . Z )5, IGS X kA [
BT A igsldatx TN T HE £ 1 GNSS TR RS HH 7 SUE A 3%
(Rebischung & Schmid, 2016) . #% 2024 4£9 A, HRiHHH igs20.atx X 1F
AR ATHE L KRGt ZAR, b PCV SUEAEARE AL R 77 57 1 50 150 5 A 1 R 58
BOKATIE JUANE K (Rebischung, 2023)

T ERERS, 7 LI E A, A TR Bl A R S R 2B
R, [FIR BG5S R RS R IRE . B 1A s ) R BB 5, R
LRILAT R G 55 M B B BIAE 5 o 78 O T2 J ks [ ik i) () 20 0 i v 256 00 £
BT Z A XS, WZEIRTOR T REMALH O mZE, 52 T RPRERE . R, Rk
FEASE Ot — /N AN AT 208 1) B R 2208 T AR R I W R FIBA A HE T —Fh 2k
UL 15 2 A [ R ZR AR o b b 2 T ik (U8, 2022)

2314 REME{IERIRE

T8 e FEUHLIL /& T A R 2RI % R 21 A A AW & 3 hna] ik 31—
JAAEAL, X iR EA AL SE . BT R AR R A 125, BRItk
ML giLGE— BEAFTE. Bhoh, 2Rk A H iy, TR 1K BH g BLIAR 7 1A AN F 5 ) K
FH, AT 3R1S 2 0% 1K FH BB AE N e U5 L it 75 208 LR W, MR ES AR
ik DR RAERED), BIRETI KM SRz (Wuetal., 1992)

XIT PPP ffECRUL, A2 Ab g SR 2K T B A NG 2 HBO
[ o B EAEH T OIGS #hr= i fE, X — BRSO R .. MRS
IEAE AT A T 2 hs g -

W =sign [E-(Ex f))} cos™ {D—XD

— = 2.21)
‘DMD|
/\EFI7
D =% -k (K-8)=Kx¥y
B ﬂg )ﬂ g (2.22)
D=%-K-(k-R)—Kxy

Kep, WRRAMR | EARGOWIIE (m) MIARMgES80IEE; kK A TS
WL H B ey RN 20 ol e T B AN WSOLTE F )l o ML~ A R R T 4R T
AL T R ST I B s XA 4 S R AL b AR FA AL

T ERRGE, HRAERSERERN, KRGS IRZE MR IEE .
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232 EBBRIRE
2321 HBBERIERRE

HEE R R S EEZ X, E~A T KPS 525 928 DL TR (ki
TAERFHER K S5 KA BB T 3 A ek 7 1 X 3. H B JE 340
B X3k A RS HYE FIAE 50 km-2000 km 2 [8], T 58 4 HE S )RS X SRR NG 2
HE AT AR RS0l i G5 5 1 e IR, Py B AAE AL
B Z LR ] LLRIR N

40. 28

lp =

2.23
_40. 28 @23)

IL

A, fRRIE, TEC HRBHTEHE,

H AT H B J2 BB [ SO E J7 vk E G P 0TSO0 s, w] DAR
TG HL B JE A R BRI 99% 1) — i LB JE AEIR R 22 o 0 T AU Kitfs , W] BA
SR FH AN PR A AR 3 ok P B 2 B R 3R 2256 S RIS o o AL ) S B 5 S A Y
A GPS f] Klobuchar 8 Z##5#% (Klobuchar, 1987) , Galileo f#] NeQuick %%
(Angrisanoetal., 2013) , BDS HIA&M LB ERY GRigit 45, 2017) 5. i H
IR DMB IR 50%~70% /04 I HL B R 4B IR R 22 . I35 LB R B
SRR JE RS (Global Ionospheric Maps, GIM).

T BRERSE, O DR & ERR, EoEfietiad iz, KW
WA S ZEIRRE

2322 IRELERIRE

WHRE IR Z IR IR T REESZH T 50 km A4 EELL T RKSZEFREH
B KA RS2 T 3 B G A 5 REIR , B R B 2 T A B R ZE ) 7 R
gy o BT HEIR IR SR UL, 1% MR R I BN E, 2T R 2
DA BB RSB 45 3 (R AER 4/ AL RIS B R 2, AKIRAEZ A )
TEERTE S BT IR AEIR 3 (AR A R R R o 6T Rk B AR U, T
2 R B AR AT O50IE, AR I 08 e 3B PR3 4R 35 o R ok A S 40 AT SR A
R E T E N N TR

T =ZHD-M,, (E)+ZWD-M,,, (E) (2.24)

ARrh, T #BRMRERIER, ZHD (Zenith Hydrostatic Delay) A1 ZWD ( Zenith

Wet Delay ) 43 il 7 R IG5 7] IR 2 FRE B AR AEIR ;. E LR Z M My, (E)

HTM o (E) 7051 73 X8 VL FR) Bk S 1R 2 o
FLHA R X2 2B IR UE AR B Hopfield #27%Y (Hopfield, 1969) . Saastamoinen
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B (Saastamoinen, 1972) . EGNOS %! (Penna et al., 2001) L\ UNB %%
R (UNBI-UNB4) (Collins & Langley, 1997; Leandroetal., 2007) , H Rk
B e N B2 AR ES JE AR GPT (Global Pressure and Temperature) £i
M, HHEERAA GPT2. GPT2w Fl GPT3 (Boehmetal., 2007) . #5432
A NMF (Niell, 1996) . GMF 1 VMF1 (Boehmetal.,2006) %, 45BN
3T

ST LR RS, B5HMERREANLTEANRE, H i AE K.
BRI, 5 FH ) GNSS X2 B IR RN B8 B4 T O TLE SR Z BB ek i H
A, CABFIRM 7 a0 PR Z IR . S E i EganA |
T IUA BT URR O T X2 A IR AT ARG A e PR RE VP AY

2323 HEWNRYNIRE

AR AR RV B ) B2 K B 12, SGAE 28 S B 1) K Z I 2 R AR B4 M B [R]85
WRRAE Shapiro EIR . KT ZF B ER H /137 (1) GNSS /55, X R E(E R IE
I~ (Mccarthy & Petit, 2003) :

-2GM R +R+p
Atshapiro = Cz £ In(R + R _p] (225)

R, Aty 277 Shapiro ZERIR%, GM, FRMIKTH B G R Fow
BN OB B, R 7 PRSI CIIEE . p 2 PRSI BB .

X LR RS, O 1R Rk BB BB, Gt/ T Bl s Sy 213
DAIEEES, Rl Shapiro 3EIR ¥R 22 1] LA ZREANTT o

2.3.3 BEWHIRRE

2331 BB FORE (PCO) 5T (PCV)

XFF NEU J7 R IR 2k PCO B iEAE, bR T7 5 R 2R my U 2L,
B OEAE MRS AR . ML R PCV S MR ALk, XA
AT DU atx SCEFFEHEAT LR M N 415 BIHERR1E .

T8 LR RS, O TR B I R AR HOAR € iR LS % L
PREF 1) B uf R 2R AH AT O A0 bR i T 1

2332 HWHHE

E SRR B T 28 R B A, L — R A ge i (R A ek
FeE M A 7, TCIERH BCE S R TR AL . i AR SERR I e A, —
R RSB Z AR N S RO AT A T 0073, R IR FT s, IR
AN T3 762 1) (R BRSO A 22 ORI AN AR O
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2333 MEKFLTRUE
(L [

AN AR CUnRBED xR 51 J52m, Hsescbe EAaER R4 T
B2, ST B AL AR, X —UREERR AR i 2 . B R 22
XL A B ) B2 i B K AT LR 2P 1T 5 em, 2 30 emee [ A4S R SR RO VA
BRI, TEME (m, n) BrEERIER %, BAATTVAAT LS TERS fEHLR 55
o IR S R AT

(2) i

R IR ZE S TP X R T SR 5] DB L B T RS Sh B A
A _E A O LA Bt 2 52 B — R SO o ) Y B2 b A — A R
WA RNy E MRS . ST R ERE G, S F RS R . i
W R 22 AT LR IRON |

Ac:ifj-%-cos(a)j-t+;gj+uj—c1>cj) (2.26)
j=1

KX, f M, 8RR SR AR SITIEME, ThF jRon 1A E
MR, o FORMIE,  y FORVIRALLA, A RO oy RN oy
j F IR A A7 2R 25
(3) ]

R 72 R HBIK 1 7 SR O T B IR A A ) O A 32 11 o 1 T il ) 2 A i R T
CABEPRAE RS, 2 2> S B0k s A 88 5 AR AL . 5 m A i [ 4] AN [\, 1l
S BAARAS:, B2 M S SR R A S 3 (2 430 XD tRFBia sl T DLid s i
WLAL bR 2 mifE 7 1A) 25 mm FZKSFE 5 R 7 mm 285 . PRk, T2 K90 0 e r B
F, M ol e 75 g e

WAENG, SN, FENDAL BRI, A5 R LA RS 7T
PAEIR N

A¢:—9cos(2¢)[(xp—)?p)cos/”t—(Yp—Vp)sin }L]
AL=9sing[ (X, - X, )sin 2+ (Y, -V, )cos A | (2.27)
Ah:—335in(2¢)[(xp—)?p)cos/i—(Yp—Vp)sinl]

R, X, = X RY, =Y, 485 B AR AR AR A TP B bs (X, Y, )
Ak

YT TR RS, O T I R SO ) B PR B i, BRIt AT DAAS F 2%
HiBRFEAE [ R
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2.4 HIETALIE

P DR RGN LERR Y, WAL, 2 AN E, HlT
Y. WORSERERS, &% S HITE SRR R W, Kitk, X0y EE s E
HH B S ()R 22 DA R B A A LU PRy i sl P R 00 R ) ok o S o Ak B o
K —.

241 {hEEMMERZERN

7 GNSS i A PR AE A, 1 T AR WEIAE T AL 2 7 ORI RE, BTt — A
D UL SR A S B 22 RO Ao

H B A B Oy BRI R ) DAAS 2]

| i

c-ot, =P —pl+c-5t) +A) —T1+F—gpf (2.28)

rela
|
2
{E AT CABE A o g R AL AT UE, JifbiR 2 ¢, PIaANE IS G, EACRTBAf
GVSE

b, W TFHBERER —, XUWINME R ER TR RS, S5O0

c-ot, =Pl —plyc-sti+Al, T (2.29)
I
St =Pl —p'+Al -TH/c+5t] (2.30)

rela

Xt P AT SR L 22 BT 24045 B S L B 22 RO A -

zn:[(PfJ—puAje,a ~T')/c+6t} |
Sty =12 - (2.31)

L, Sty RoRBRWLENZMYIE, nFom TR

TEAS BRSO 22 PAME 2 S5 5 SRAEAS WL 15 3 B3SO b 22 AR SO
ENME R ZEME , IF5 BIY o, 47 HLE ARYE 258, 414 GNSS 57 (A R,
Oty FIBCE T

Oty =5%107°  [AE Bh AL KRR L
(2.32)

St =3x107 F&/BHERA
5 e B B KA R S R DA A i T B X I 1 D B O M AR 25 04T 580 R »
FFEFE RN ZRYIE, BRI Oy BRI HAE SRV RN - A K2
DB R AR Z 2R, SR SO L R B bR
T BE ALK, AR R ZE AT AR, Oy TR Sl [P 2 JE
Ze (REET GNSS Hi LR ZE) M U A%EE, Bkt 2Byl b2
CILIER7 g /NS W
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n

Y(Pl-p-T!)Ic
Sty =2 - (2.33)

Dy DEERLH, BIH o, MRIE Dy 12 R GEH o o B B i E .

2.4.2  FRALUGE B Bk

2.4.2.1 XS5EBRER

Blewitt #2H TurboEdit & BkZRMI 777 ER A GF &M MW H& % H Bk
A, AT LA ORI BN — T B R Bk, S B AT U5 BRI 5 ik
(Blewitt, 1990) .

(1) GF AA AR

B ORI GF HE AR UEH, NdhEE T LEFO RIS % &
) TUART PR B 00, SR T B T UL 25 L TR B2 X RE S SR T R R ZE T,
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Figure 3-1 Visibility analysis algorithm based on line-of sight (Left) and occlusion judgment

43



O T2 i P S o R B B AR T

schematic diagram (Right)
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Figure 3-2 Schematic diagram of DEM grid division
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& 3-3 N 7 Bis R EE

Figure 3-3 Schematic diagram of the target point in the N direction
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Figure 3-4 Schematic diagram of the target point in the N-NE sector area
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xyzl
X, Y,2,1
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Reference Plane /// Yy
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Figure 3-5 Visibility determination based on the reference plane
(a) Points O and T are visible (b) Points O and T are not visible

PAZE 5 AR A 100 km X 100 km X35, 73##%4 30 m () DEM #5461, #%
X 3k I PR A S 3333 X 3333, TEAHIEHISAT IR T, A8 HIRAT B SEF H H
5355 S AT X BGEAT T AT, AT SIE T ST (] D 124.9 FPAE LS5 26 5
VRTINS R 4758.8 7, S5 IR IRATIE IR TR T AT 40 15

312 HBEEFSH
TEEMIFEESLLFHAEERAR: (1) TESERL 80y 5 a5k )k
NS 5 IR R 225 (2) TR LA Y . ¥ FZ A+ (Dilution of precision, DOP)
& — R F P AT R SIS BT B & B LRI 25 8 AR AR, IR T P S R
VAV ZEL S FR JLART P T o 8 0 22 B TSR AR FH = A (R0 BE0KS P2 1) %44 T, DOP {&
HAIS, R P 5 T 2 (R A RSGER)  LAT A 2Rl , ol it i 22 FR) TBOR A E FH k)N
SRS OB . RS BE R LT
GDOP = \/h, +h,, +hy; +h,, =/tr(H)
PDOP = ,/h, +h,, +h,,
HDOP = ,/h, +h,,
VDOP =/,
A, GDOP ##x N JUA K K F (Geometric Dilution of Precision); PDOP
B AR AL B RS FE K7 (Positional Dilution of Precision); HDOP #%HF5 N /K P-4 B A
“f- (Horizontal Dilution of Precision); VDOP #} #5 A  ELA# & KT ( Vertical Dilution
of Precision). #E[E H #FR A EFERE, RN B BEIAL B HhE .

H=(G"G)" (3.6)

(3.5)

Hrp,
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—10(x) -19() 190 ) 1] (9 ) 1

G= _1§<2)(Xk—1) _1§2)(Xk—1)_1(22)(xk*1) 1 — _[1(2)(Xk*l)]T 1 (3-7)
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TH R 7 2 1 TR R 2 By 5 I B
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% H bRy TR AR UG W) S A SRRt DA AL E . HH R TES 2
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f.(X) = maximize<s(xl’ >; Xn)>

f,(X) = minimize(HDOP (X,, X,,--, X, ))

A, Xy, Xy, X R N Ay TR ISR E . S(X, X, X, )&
R IEY T R G AT LA B 4 AR UL by PR X S, RREEAH
PR HDOP( Xy, X, -+, X, ) ot B0 TR R G0 nl WX $k 135 HDOP.
HARR AL £ R AT SC 3,11 b il ig i ml &, B Tivh iy PE RGME S H &
o HFRRE T, SRR ATSC 3.1.2 AR iR i &, B TRty PR R4
LRI 2 o AN T F O T2 2 et ooy S8 A AH I E R R 00 o s 7 558 X
REIZTT 5 T 5 58 i R B K BT HDOP ik 2 & /MU L .

(3.8)

a

322 ZBEFRNFEHEANSIH

KLFEEALE (PSO) & —Ff 3 R AR i, AR AR i ish Bk o AN
BRI SR S AR AR - MOPSO B2 R e Al T8 H A flifb i) PSO Bk R R £ H
Frflifk (Coello et al., 2004) . HuJEOh T2 R Gt Pkl 78 T 75 5] I 2 A
Hirea$, B KM RGE 5 i R AR/ NI HDOP. thAk, XA Hbr
HomF —A ), Xt FE0%Z B AnRAb m AR 2 ME— 1, T —H &
AR, N Pareto FALA#EE . MOPSO Sk AL AR
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AR 2. YR BARRR VR, AR A P LI R R, B E
ME ., wth DEESWOHEERN n, W EEY i WBIEA
X (%,Y,2)(i=12,3,---,n) . Hr, x Ay Ror a8, z 7] LA DEM ¥4 /%L
b 5. X n MY DEEM D RERE, —R T

IR 3. TFE PSO WG N JE(E . MRYE Pareto SCALIR N, SRISWIGHRYRE (1B
PRy Pareto I S ALEE ). THEAERIGEAL 5 A2 BURL T RRL T /1) H 5 iR 2
fH AT, o WAURL T j AT 1 Pareto I I S DL 4R A AOAEERL T & i A2 i SCIC
B f, >f,, Hf, <f,,, WHRIZKT j BN Pareto I L&+

IR 4. BB EBRNKLF pbest WITEW NI H & . £ Pareto IlnH R4 BE
Wk H2 R B IUR T gbest.

AIRS5: WU AR AL E, AT S8

{Vid t+)=wo-Vyt)+c 1 ( pbest;, () — X, (t))+C2 1 ( gbest;, (t) — X (t))

Xig (t+1) = Xjg (t) +Viy (t+1)

A, Vig R i B, X KT i WAE: CMC, %R T, EH
WEN 2, Kb g TR THRIREEREES, CRiE IR T4 mE R b
LA RBEALR L, BUAVEREIDY[0,1]; o RARVERCE, AT R BLS 2 20 E -

[0

_ max
D= WOppay — "

(3.9)

Onin_ ¢ (3.10)

K, O R KBENE, BEREN 0.9; o, Z/MIERGE, B
WHEN0.4; ¢ 2 HRTHIIEAREL t,, 2R BRI

AT 3.10 T A TREBBERE, (A EARER G hZ N, A
AR IV R R BRI R R A%, 78 5 S sl sl

IR 6: MR EFENAE, B E BRI EN . R
Pareto SZHCJE U B H MARARKL T pbest. 18 AR ERALK 75 Pareto 15 %
LR Pareto SCHCIRWBEATLLAR, HEHT Pareto Il s L4E, F7E Pareto IEHT
AR T BEA LI £ BB & R R KL T gbest.

ABR 7. W BB RGEREL, R G S, R BIEIR 5 4kEEH3E .

HARGFE I E 3-6 Fis.

49



O T2 i P S o R B B AR T

Population
initialization

Calculate the
fitness values. |

Judge pbest.,
Archive set

Update the

Select ghest speed and

position
A
Max No
terations ?
& 3-6 MOPSO LI A2 Al

Figure 3-6 MOPSO algorithm flowchart

3.3 {FELSHT

3.3.1 MOPSO EEF&E% PSO EIARIRTEL

PULZEVGHBIX ) DEM #% RIS (£ 10 km X 10 km) 4, 345 1# ] MOPSO
LT O LR R G AT v A k. Oy RIS ERE N 10 m. #it T
N VUFR T AT X LG A A

TR 1 MR TR ARG AE B AR XN I S A, O LR Bk 8 E W BN
9. 16+ 25. 36 f1 49,

T5 % 2: £ HARXIRA, il I 81 PSO Hikx b3ty TR RGNS 58 %

RIHATHAL .
72 3: 4E B AR XA N, {8 FH 4 B PSO B0 i e £ T2 R 48107 HDOP
BEATRAL .

Z4: fEHFXIA, i1 MOPSO Hik RN X h T2 KRG 5%
% R A HDOP #4704k

EXRET Zd, TR 2 2 4 NSHENT: MERER 50, HRERK
O 1006 43 50T DM AT, DISRAS(E S F 3. 135 HDOP HithFEfh
TPEEHEZFFIRR. LA 16 MR RIS AE], FHITE 2 MTE 3
BT SOE FE A B 3-7 s
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B 3-7 FR2 (B MIFER3 B MHETHRWRSERE

Figure 3-7 Convergence process under optimization of scheme 2 (Left) and scheme 3 (Right)

VU5 S BARGE R ANZR 3-1 P
R 31 UFHTRTHLERERE. FS5ERRMNFH HDOP

Table 3-1 Number of pseudolite base stations, signal coverage, and average HDOP under
four scenarios

HEubEE LES BERE /% S35 HDOP
1 7.7 10.07
9 2 52.0 21.36
3 17.3 4.62
4 47.5 6.36
1 21.5 5.67
16 2 84.1 16.63
3 34.5 3.01
4 70.4 5.02
1 32.6 4.72
o 2 92.9 15.14
3 43.4 3.09
4 89.3 4.21
1 46.5 3.69
2 96.6 14.53
36 3 51.7 2.6
4 92.8 3.39
1 56.1 3.19
2 98.5 10.87
49 3 58.3 2.23
4 95.1 2.91

M 3-1 TBUEH, 5% 1, B0y B2 P2 0 AR oL s,
PEATHTLESS, T HDOP fEHBUK. A1, BIAEHSE 1 49 APy A,
B R MAN 56.1%. EJ75 2 H, B H bR BEEE RO R Oy LR R i1E
SRS REATIA, U RAER T R RN RS R R TR 3
POy T2 R 48107 HDOP {HBEATIit, Pte HA /i1 HDOP
fH. 7% 4 KM T Z AU, BARRGNIESE & RN T HDOP ANfE
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Rl AR B, (HEIENE AR T BUFHF .
T 3-8 A 3-9 @R T =M OF R TN RIE VG L P HDOP At ok HE 1)

Coverage/%

—e—Scheme 2

Scheme 3

17.3 —8—Scheme 4

5 15 25 35 45 55
Number of Base Station

3-8 =M R T HIERTEEMENHERIRR
Figure 3-8 The relationship between coverage area and number of base stations under the
three schemes

21.36

10

Mean HDOP

" —8—Scheme 2
6.36

Scheme 3

—~&—Scheme 4

Number of Base Station

B 3-9 =FiF R T 7% HDOP FIEIHE KRR
Figure 3-1 The relationship between average HDOP and number of base stations under the

three schemes

TR MR 4 MR, 77X 2 1 PSO FiEkAUHth LE RAMESE
SmEEATRHIA, TR 4 WHKEFER RN TE RGN TR, Hik,
HEAMRRESEGE R TR 2 AL, BIAZERN 7.2%. 775 2 11°F15 HDOP
b7 & 4 st 72.4%, AR 4R T HE 2.

T3 RATR 4 MIEEERY, 7% 3 1 PSO FiEAUHth TLE KRG L4
R TR E AL, R34 HDOP B/, R 4 JEFMNZRM TERSR
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MESEHER, NILRSH T HDOP th 5% 3 =24 24.6%. X1, BT %
3WHEZEW EERAMNELR, TRANBLERILTE 3 FH 49.8%. Ft
FAMTITE 3,

i ERR, 7% 1 KRMBISIR oA, B RN JTR 2 MR 3 IR
FHH DL B H bRk T REC AL, R ER 5 ey R RGNS 5 8 5 R AP
HDOP. ALz )3T MOPSO K HE R Dy TR AT T iEAE D ILE R4
5 5B MU 8 E#ES T R . R\ R, 425 MATE
AFEREAT DB IR 90% ) H AR X, ~F-#% HDOP 4y 4.21.

3.3.2 MOPSO BEEMOZ EABRMUEERITEL

AT VAL BT B 1 MOPSO 5L YERE, FRATTH 5 B m™ 2 T4
R4 (CPVO) BT EL A . CPVO $ik (1 JE L PR 550k 2 [ B o7 %
I AT R T 2 AR R AR K ELS DOP fE R tE. 7ESEEeH, HfEH CPVO
FAER n A BRSO, B Je RS L BRI B4 AT ) O TR Rt Oy
o RIGEE n-1 My TEIESEIAE, 508 ET RO TE W J7 A A FE A
(Blanco-Delgado & Nunes, 2010) .

R TAET AT, hdRieHE BiR$RE B0 B hrIX 48, FH5 7l CPvO M
MOPSO FEFEAT T LS5 . PR BV A g R N PR . B 3-10 R s
I e O LR B A B . AEAH RIS 1) O R R T, IR REIR 2 7 ANE
(R m AT S R

10396

longitude 10386 x = latitude fongitude o i fathide
0384 3308 o ol

@) (b)

longitude 10385 ™, BT atitude longitude 10386 7 3T atitude
10384 08 1 330

(©) (d)
& 3-10 CPVO fl MOPSO 2L 1045 B i
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(a) CPVO6 5 EE (b) CPVO10H5EE (¢) MOPSO6 4 TLE (d) MOPSO 10ty EE
Figure 3-10 Comparison of CPVO and MOPSO algorithm results
(a) CPVO 6 pseudolites (b) CPVO 10 pseudolites (¢) MOPSO 6 pseudolites (d)
MOPSO 10 pseudolites

# 3-2 CPVO il MOPSO B4 R HE
Table 3-2 Comparison of CPVO and MOPSO algorithm results

—#873 HEuh¥iE BHER /% SF3 HDOP
6 10.1 7.83
10 22.3 7.37
CPVO 16 39.6 6.52
25 55.7 5.12
6 40.9 6.91
10 49.3 6.15
MOPSO 16 70.4 5.02
25 89.3 421

M 3-2 AT LA H, MOPSO H L CPVO Hik BARHR Al LA T35 B
th BEAR G U454, {HAEF-¥) HDOP J7 1, MOPSO &4/t CPVO Hik/h
2] 17.3%. $R1, CPVO HIEAUMRAL AL, 1A HE ARG S EHER.
X3 T MOPSO BE{ERGMME S E G F AR T CPVO HikEA BEM
#, Z)Eh 30.6%.

3.4 AKEIEE

th LR EAL RSB B T2 — 2 BRI R, FH bR fE R e X A
SR AR RIE 5B R A U R . FEARBFFL Y, MOPSO Sy 10y TR 2
SRS . RS 5 7 o Rl I AT TR, T DEM S R A5 )P
¥ HDOP M T8 R R LIRS o [ L 28V H DX PR 45 B 45 SRR B

(1) MOPSO BVETEM IR R G5 5 78 i S W RN, ARk J sl 1) J LA A L

(2) 52441 PSO HiEME, MOPSO Hik¥ R4 E w6 FIRE T 49.8%,
715 HDOP #2511 72.4%.

(3) MOPSO HiEM CPVO HE#ER v LU T3R5 R 4 (1) O 2 Ak i JUART
7Y, {H MOPSO BIEAE RGE 578 o H 7 ik — 24w 149 30%.

5T MOPSO Sk FEfh TR RGuA ik ik AU e ig st TR KRG M)
SEER, O XN BRI e SR, X% B ARy TR R s
PREpEIRMt T 5%, BHFEEERNE, RITE S RYE T ELRAH, L
PR HR ks 75 5 R Oy TR Rk M BE VG R ANE S0 B, ik — D IR W
RS PRSI
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£48 HIREMNRELBREEE R HEEETE

£ GNSS 4, it JZ AR C AR R, (EX LAY I AN G ELHE M H]
T ARG LAER Al TH R Z IR . BAR O A WA HE T GNSS [FX i J= 48
ISAEARHE G G Oy B2 RGN R IR IR AR, (H X Ee AR R () 1 e 1 AR A5 2
TR HISEPRIAE. H AT, OOA PP AR 2 2 5 TAm R T 10 1t 7T
RS O PR R G SRR BN IEAF AR BN ZE S Ak, B RO B2 X
JEAGIR % 3 > ] 72 (R s T WRAE IR kb B2, IR AR R RE S R LN 2
AR, TSI TR E

N T BEEDy TR Z IR R B, AT Bk 17 X1 [t
®, JEFIH ERAS Bk G0l o0 i Bl Rl & BRI IR AL T TR B b R
FEo ARJe, i B S Bl DY s R LS S5 IR X P
%, UWEHA S PEA AR T AR EE R AR S aRk 12 DEENL
I E NI X, JFRH] GNSS Ao B B i (19 NWM S 238 2575 (1 45 R A
AR IEIR IS 540, X elck A Ja AR AT TS LR, IR0 T Rs LR 1
O XS JE A B R R

41 (AREXNREERERBEURITETE

BUAT [0 FH Dy T2 A2 5 A7 28 G381 X IR0 J A 2R3 A it T 4 6 o] LA Xt U
JET IR AL IR A AL 5 B o SRTT, AE 4 RS R AR R A 22 56 (5 2 A0 1 &k
LRI A R, A7 BAE R R AN SRR (0] 22 SRR,
AR iy DT IR RS L

DN VP A SRR PR R, ASBIE FEae i 1 4Bk 12 A EEN LIRS X 38
ASCAEH] NWM I 238 5 0 22925 10 45 R AT D O 12 23 5 4 O L 22 )0 i =
IBINZAE, JFRA ERAS HE/E N IR AR N, DU /b HAt R 20 4
R

411 FRNMHIREXNREEERE
X2 GE IR 43 A EE )5 AEIR (AR ) AR eI 5 77«
AL, = AL, +AL,, @.1)
W25 To 2k #.3 R 2% 71 2= (Radio Technical Commission for Aeronautics, RTCA )
NIREIE R R4 (Local Area Augmentation System, LAAS) Z37 | —/MAfLZ 4E
IBFEAL (RTCA, 20000 .« X /= IR R FE )% () o B AR B M

7N
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ALy, =10°-N.,-D-

h,, —h
1o p'] (4.2)

Frh, PR ETHRIGES RS, D Rrt TR 5 P UL H]
(IRHEE, o, RF P Bl e, Ny 2Oy TR SRR RE e, Mg SR BERY o L
Bl RE . ARYEZL, Moy o B Ny o 3% 40 31 By 42700 m F1 12000 m. HL 5

15 o 40 T 02 97 T A SR AR AR M b, 3 e N g sl < S e
PR, ATLLEE LT AR

P

N, =77.6-—
=

dry

(4.3)

£ 7.4475.(T -273)

Ny =22770-—-10 T3
T

X, PRKAEN, BACNZE, TRIEE, BRI fRHEHE
&, BACAE N (%), REFERERE, XESHAEMAH B2 jio el ik
LRI T Ak

MAT 4.2 FTLLE H, RTCA BERAAN SCTEDy TR Bl 5 B P L 18] 1)
w2 S Le i B ) — M . {E RTCA BB A E25 B mBhl, 19 21E U
RTCA (MRTCA) #74 (Bibergeretal.,2003) . MRTCA # A AT LA LA AR FE
N

2 2

- hmvh; o M+ hh2 .th, +h

Hopfield A& —FE T GNSS H L E AEIR AL, B0 2 ZE 1R 4y
NGB Ry, FF 5 ma Ha AT #7375 . Hofmann-Wellenhof M Hopfield
B o F T DR E A R G R RE B ALY (Hofmann-Wellenhof et al.,
2012) o ZBAA IR NPT AT R AR 53, HA S R R

h., hol | he —hy
Bouska M Hopfield B% it 5: 1 5 O T 3k vy 52 Ak 4T 59 A0 DG 1 £

P EXHRERHA (Bouska & Raquet, 2003) . iX— 5 & Bouska 5% 55 §if T #2 31 /1)
Hoh =ANBEAL 2 [a) £ X ). BARKG, Bouska 575 4E Dy TR Sl
FEE Ak ()3T 55 BT R0 J2 SR B2 ], T AN SN X BN S i 2 AR AR 3, IR A

AR AL POy TR 58 (57 2R G AR 2 SE IR I m] RESE RS i PE . Bouska A57Y
AL AT 2 20w

AL, =10°-N.,-D- (4.4)

Aly,, =2-107-N.,-D- (4.5)
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o =Py (4.6)

A =2.10"-N .
L"'Op hrov - hpI

R .

*pl "~ Nrov

5
1_[1_ hrov - hpI ]
h*,O - hpI

A, N R Dy T Rl e AR PRI AT A 56

i 7 DL DU 5 Oy T2 A2 sl PR WSO 2 TR 1) vy 55 22 AH 5% () P T 50 T = A
IRFERL, I —Fh R 2 & Oy T2 Bl AN SO 2 18] PR Rk 1 B T 0 2= A AR A5
M, FRA LTC (Length based tropospheric delay ) &7, LTC #AME 5 T2 vl
2P EBLERAS BRI RSN, T T RS BB TR . At
SR IE % ' $L (TAG Resolutions, 1999) {15 . LTC A 24T

Aly,, =10°-N-D
N:JI%&E%E+H2%Z$+SB%3$; @.7)

17.269- (T —273.15) |
237.30+ (T — 273.15)

X, D, P, TR FHIE SCS T80 D TR X2 BB A R A H]

W EHEARFTULEH, 78 LTC BRI, Oy LRI IR 5 0 TR Kok
FH P T ) B 22 T K o X —F 845 LTC R AYTE R L i B F v mT
DU TS SR 2, RN AR T B AR KB, T /N 75 B 1 1 2 S )
FoMR . AHA AT RE S BOM = B U SR IR R

e=06.1078-exp

412 (AIEEXNRELERRENENL

A AR E R (BR 7 LTC B8 #EH 7 WA SR rh 43 2+
P SE T AR L v PR o FRAN T T Sk A L v P B R AR v D B IR S AR R RS
BARME, JATHEE TIE S5, 4R F UL R, DL I
BIC SR R AR A AR A o 3P et A BT 92D H T8 [ 2R B T SR R 22
AT i vy O 1 6 2 S IR A Y AE AN [F) PR 8 25 A T BRRG T o

RIEE X, BATHERSERES 0 Pa B BN TEIR 8L S E, Lt
MR 0 g/kg W BEAE QIR AR AR S FE o SR, "R BRI, fESERRTE Il
H, RAEEATRETEATEE] 0 Pa, (HAERELEAENL T & n] DUEH Ha 1IX AN FEARME

ERAS AR IR S TR 0 (ECMWE) )55 TLAC A BRAS5E F20 W B
£, B TN 1950 4F 1 A EIIAERRH. ERAS $24t 7 REXRA. Mt E
S AR B 3B /N (Mufpz-Sabater et al., 2021) . ERAS B35 AT A B & A
Bt S, BABREM a8, el ot s mAdE Fi R4, K
B IR A AR, AR R E . ERAS B35 37 R RAEEE, 1§
F ERAS B4 243, 1854 2 AT A 15 5 0 Pa (1) FEAE AT 18R AL & FE
{8 FH ERAS Hd vT LU e b Xt B LRI 1 IR B 28 0 g/kg 110 B o JE 0 0% e P Y
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T 2B AT 2 TG, AT AT B0 e R ik =

BATEIE T 2020 F£Z 2022 1 ERAS £EREMEE (OB EE. |
JE. KAEHIRMIE, 2PN 19x10), FHo 7T, BIERMEIERE (hyyo
F Pyt ) AERMZFE VL —ER I HI (DOY) Z A5 R .

KATFLEIR 5 XAE LB IR AR 90%, R IERfl H KR bR IR H HE .,
Kl 4-1 BoR TAFEZET BT REIR AR R Ny o SEEBERZ FE 2 I E R

m x10*

uly 1, 2021

Z ’ '

B 4-1 ARAZEFHTERBR LR ER D6 E

Figure 4-1 Distribution diagram of hydrostatic delay cutoff height in different seasons

MAERRERE, THEIR M hyy o FBUETEEZE 40000 % 50000 m
218, KBRS BE KT 42700 m, X 3 W BB B [ 52 (6 42700 m £
Sl —E IR E . NAEFERERE, THER ML Ny o (EL MR, ZEAR
I BAEAS AN K. SRT, 764 AR 10 B, F—28E T, FREERSILEE
Nary 0 FOEAE AR ) AL, FRR R KBO k. £ 1 H, FA—% T,
THEIR FI AR R B Ny o OB B I AGZ B> . 727 A, A—&E T, TIER
[ 1 750 Moy PRI HSCAE AL T R ST kD

ME 4-1 ATLLE Y, EABRYE PS5 (2 5604H hyy o = 42700 M 2: 5
BOH I FE IR AR AR 2 o 7R AR R P A, TR AR R Dy o AT —
SE AR RS o DRI, AT DA P 4 TR J) 4 TR A T ZE IR A3 LE 35 Ny
I 2020 4E 4 2022 4R ERAS i, FRATHE 1 1ox 18 M i BT B3R 1
AL Ny o HOPIIE(AY), DA ESRIGA, A )R HETHRIE(AL A
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AR

DOY _( DOY
h,. ,=A, +ACos 27 |+ A sin 2
o = Ao+ A (365.25 ”j A (365.25 ”j

Y 4 |+ A, cos bOY 47rj
365.25

(4.8)

DO
+ COoS
A (365.25

X, DOY FREMH,

MAERRERE (B 4-2), W IER P e o FAUETEREITE 0 22 12000
m Z[8], REZH0E M M EBEI T 2% EEE 12000 m. K, BEEIRERT
BIEEE Ny o BEE N 12000 m ZAAIEN . WNEFENBEFIIRE, RERLE
IRAY LR AR 1) 10%, (HF HARG IR RIZL,  H3A i AR .
b, BATHET 1ox 18 W f_FIRAEIR B E S Doy o FUAEPIME, RIS ZAEAE
I i o

m

& 4-2 ARAFTRERBILRHER S E

Figure 4-2 Distribution diagram of wet delay cutoff height in different seasons

413 WS TEFTE

DA X PRI 80 5 A0 FH 31 T Ak b v KSR 8% (Po =1013.25 mbar, To = 18
°C, Ho=50%) >k LLAAN ] (1) P T2 A2 )it J2 2 SR AR Y. (Fukushima et al., 2004; Wang
etal., 2005; So etal., 2013) . #Rifi, 7EO8 PEEN RAEMLIRR A, HPHIK
MU B RIS R S5 CRAE D) BERAEXEED A e TARERE T
R, A B SEERIE T VRS R O TR X E B IR AR ) PERE

AR SCIEFE T 2020 4EF 2022 SR ERAS AERAS WK , i I 002 1 P 3 )
T3 3REL T S0 DX IR A RS G AE o X T S BR 2 AT A 1 S 56 LU A FH b e
KA I LI 0T 5
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N T R LI B Oy TR 2 SE IR A A A S B A R R B, FATTIE
TABRIEHE AR 12 MU sl X (B 4-3). XL N EEE, sk
JE G EAEAR v B 2 B 7 Wty | SRR

90°M e 1200
CYLT
® 1000
LFPG
KLAX KATL 1800
o
SBBR @ 1 400
FALE
200
[
SCRM
9OW 0 90°E 0

Bl 4-3 AxERYE E FTEA L K 2070 B

Figure 4-3 Distribution map of selected airports worldwide

DA FRIF 9530 1 RS-l T AN A B TR 2 A AR B 2 1) fR AR i 22, {H %
B4R % . NWM BB ERE R —FhE T Snell & kS B2 FELE I (ER
RIETT R IO RE R AR ERIE S ZH) (Zusetal., 2021) o 1 5GEIdd
F ERAS F70 A Bt KR B 56 X S M R 8, Fadidt NWM 3 ka8 7 i 22
VERAR SIS X IR AR E IR 2 A, AT VEAG E 3 O T2 At 2 R IR A2 1)
HERRTE . BT 08 2R XHRE AR NWM 52838 82924046 F ERAS BdiE, XFEA]
DLIRE G AN [R) S B0 X 45 SR 52 o TR i R 52, Hbak 1 [F]— B 2R 5 05
[ B AR AR . NWM S 2008 i 5 22 1 SR B 40 1] 4-4 BT
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Top of the Neutral
Atmosphere

h

Bl 4-4 NWM 5t LB ER B2 i 7 1B
Figure 4-4 Schematic diagram of NWM ray-tracing single-difference method

2O Py TR B s BT L P BRSOL IR e B2 DA S p TR Rkl 5 - B AL
Z A B A, mrRLdE I DU At S P BRI = R A
h, :\/(I’+h)2+D2-2x(r+h)x Dxcos(B+x/2)-r

(4.9)
:\/(r+h)2+D2+2x(r+h)>< Dxsin 3 -r
I H,
B =p+0
= p+arcsin(D-sin(B+xz/2)/(r+h,)) (4.10)

= p+arcsin(D-cos B/ (r+h,))

X, DRy LEILGEFH L2 M RHE, O &y, r 2Bk
Breag, hRh DR, h RE PR S, B RS H
PN MR A, 0 et TR I 5 P oLt 2 [ e £, B2
FH P SO A 1 s B A

TR, SOy BRSSP Bl B e FE A R N, B
7T R EMA T HER M R B IE, (22 NWM 28368 Bx # 22 AE T 50 PR X
JEREIR I TSR AP R 22 . Ik, DU I8 TR AN 1 i B A A A 0

42 BUNKNIBEEXREEREESFES

B, FATPHE 7O R EXRE T R L S E RS . B,
FEABR 12 DL SL58 DXk P oAl 1 08 B2 XHE B IR AUE AL AT R . B
Ja, BAVHRE T A REEAEAESERER, 0 TR RO LR RE R
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R ZZ IS E

421 ABEXNARBERZERFEWHITE

YRE IR SAE R YIMIE, M54 E WA IHERIK (Ding et al., 2023)
BRI, FRATEIR 7AEAHEIZ R N 50 0 A T AN E 4 B B AN il A 45
(Bl 4-5(a)-(e)). B, IR KRR 2020 4% 2022 4 ERAS £dlE 115 H
4R H T 2B IR L . ARG A 20 4.8 P04 H AT 2B 3R A8k L 7 B (AR i M
IR T P I 1) 5 PN () S B J AR AN AR AR AL (A140) . R EAZRFR IR 1Al (1)
B IR . MRS 2k 3R JRAA AL b (8 FF 10 8] 52 18 Nyry o = 42700, 4R, sizBy
B H 18R AL & B S ] e {E 2 T AR B3 w22 o AR SCHR H I VA R &
T IER AL m R R TS . MAEERVERERE, A5 21T iR L &
&5 S2hR TR AL m A ZE AR, UERE/NT 0.6 km (B 4-5(f).

— (a) 90°N,180°E — (b) 45°N,180°E —_ (c) 0°N,180°E
£ _ & _ & _
%48 . g %343 i §. %45{”%/""\ fE.
@ .3 K] v @o P ©w
I 46 f S Tas S T4 s
>, k=) > © > h=)
g 445 Hop D44 w J44 ®
S a2 .JW TE S ¢ 8a >
> OM MM_NO o 0 bat e, prTym 0 feal

o4 N4 n 40 - 0
2020 2021 2022 2023 2020 2021 2022 2023 2020 2021 2022 2023

o o (f) Average fitting residual
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Z 2 —
Ems . . ] §=4s K
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& 4-5 FRIBELEENEZRE
(a)-(e) 180° E MIAFZE LM RHMEHRN OFFHNERE
Figure 4-5 Fitting result diagram of hydrostatic delay cutoff height
(a)-(e) Fitting results of grid points at 180°E and different longitudes (f) Annual average
fitting residual

P DEARET MR AE R AL R Doy, 0 1 Ny o EAARERAS D007 5 1 T 24
Ko By #eR T LIRS 5 2L AT B o A2 3RAG uli il BRI AR DU A6 X s T SR 1
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ZAEM R P SR ZE R . SEERAERTIA R 12 DL I X it 1T, O 2
Bl 55 ] L T ) e BE AR W O 45° 5 RHBBCEDA 5000 mo A5
TR SRRl P ZE R, AR NI 4-6 ATE 4-7 Fr.

90 (a) Difference in dry delay cutoff height
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KATL ZBAA LFPG RJTT KLAX HI09 WSSSSCRMSBBRYMML FALE CYLT

b) Difference in wet delay cutoff height
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KATL ZBAA LFPG RJTT KLAX HI09 WSSSSCRMSBBRYMML FALE CYLT

Bl 4-6 —FM =A% R 7= A& O 2B XIR B A B HR
Figure 4-6 Comparison of one-year and three-year grid products fitting the pseudolite
tropospheric cutoff height

Kl 4-6 o, A3 PN P i A5 B TR AR S E (B 4-6(2) K
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Difference in tropospheric delay
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KATL ZBAA LFPG RJTT KLAX HI08 WSSS SCRM SBBR YMML FALE CYLT
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Figure 4-7 Comparison of one-year and three-year grid products for estimating pseudolite

tropospheric delay
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(FHER 5000 m, FEMAM S BAFE90° , EFEA1° . FOEEERRELNR
JRIERAER, Lo BRSSO E RN EERRER, ARF> R st.)
Figure 4-8 RMSE:s of different tropospheric delay models before and after refinement
(The slant distance is 5000 m, the elevation angle varies from 5 ° to 90 °, and the interval is
1 °. The hollow bar chart represents the fixed value of cutoff height directly used in the
original tropospheric delay models, the solid bar chart represents the new value of cutoff
height obtained after grid interpolation in the refined tropospheric delay models, and the
different part indicates the improvement.)
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(2} RJTT, Slant Distance = 5000m

(b) KLAX, Slant Distance = 5000m
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Figure 4-9 Characteristics of refined pseudolite tropospheric delay with varying elevation
angles
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Figure 5-8 Time series diagram of GPS carrier phase noise
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Figure 5-12 Schematic diagram of base station time synchronization bias
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Figure 5-13 Pseudolite SPP positioning accuracy without correcting base station time
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Figure 5-14 Pseudolite SPP positioning accuracy with correcting base station time
synchronization bias
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Table 5-1 Comparison of pseudolite SPP positioning accuracy using different random models

BEALALRY N- E- U- 2D- 3D-
RMSE(m) RMSE(m) RMSE(@m) RMSE(m) RMSE(m)
St R TR 0.727 0.394 3.111 0.827 3.219
(EME LR 0.722 0.393 3.070 0.822 3.178
AR 0.851 0.399 4.020 0.940 4.128
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Figure 5-16 Histogram of error distribution after pseudolite PPP convergence
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(Levenberg, 1944; Marquardt, 1963) .
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p":pg+xo—j-dx+¥-dy+zo JZ -dz (5.7)
Lo Po Lo
Aoep, (XY, Z0) oty PR ALRR,  p) Foomth TR b B UL I
JUATEEES o
XFE, SE—ANHGRIEE LA, "L IR 2R E A A
B 1 1 1 N
PRV . Jet.E ket A SRR | gy
P—p-D Po Po Py q
: = : B (5.8)
n n n n n n dz
P'—p"-D X=X YooV 4,2 11l c-dt
o ol Jo S
Hr,
D! =c-ot] -T! (5.9)
XEE, P2 5 1S BT AL BR N -
X X, | |dx
Y=Y, |+]dy (5.10)
z z, | |dz

an ROy LR SR AL bR 5 SERR AR AR A 22 K, T AR B R PR AL T A
ZFRBIEYHRZE BRI, DB LA PR AT AT

MR AT BUE Y, A ) B AE 145 8 [dx, dy, dz] - £ GNSS ™, @ H AL
H i 4R diik A% (Gauss-Newton, GN) SRR R AEZeME S/ — e /L, Ak A3
i

dX = (37 (X,)-3(X,)) 37 (%) 1(X) (5.11)

A, (X)) Eom X Ak 2= .

e T AR IR A Y R s R 3T 3 BRI SR E AE Dy PR R GRS
R A, T O R Sl LA AL R A RE i, AR SE PR AR T RO RERE 0T @
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G=J3"J+4-1
|00 (5.12)
00 0 1

ECHVE ZNCIES @
BB H =070, JBFE H SUREER Dy o RFIERR Dy v, B4 AT LA

H-v=u-v (5.13)
m,

Gv=(H+4-1)-v

=H-v+A4-1-v

=u-NV+A-v

=(u+a)-v

BRI, FERE G HAFEE N g+ A .

WR4E Eoe TR, FERE H R —A IR, FUHAHEE >0 X T
R A>0, #E u+1>0, RIFEFE G WRHMEENIER. XATUES], %M G
AR LENFRFERE H Rt 2o B3 718, ILEERE G 752 — AN X FREERE .
HEE G AMURIE T —Fr 280y 0 B9 pUg s/ ME, 1 HARE Ve — M Ea R
W, TETHELIEIN FOVFRIT,

B, T LM Rkt E dX A ST IRIRO:

(5.14)

dX =(37(X)-3(Xo)+A-1) -7 (Xo)1(X,) (5.15)
KA R ) H bR s 800 s
e(X)=dot(I(X),1(X)) (5.16)
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HARBRE RN e a0 HAReR s/, MR, PHJE RECE R 2 £, § KRERK
B B, AESZUCRE R, BRJE RE0RD 365, gihMERIPK.
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Figure 5-17 Flowchart of LM iteration calculation
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Figure 5-18 Schematic diagram of pseudolite base station layout
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Figure 5-19 Comparison diagram of convergence results for GN iteration and LM iteration
under the same conditions
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Figure 5-20 Schematic diagram of typical application scenarios for pseudolites system with
weak geometric configurations
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Figure 5-21 Schematic diagram of positioning results for tunnel pseudolite system
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Lh = pd+C-6t; —c-St7  +c-1SB, + T + 4 N+ 4, W™ 45,

(6.2)

K, BSHEFRM S S FTC4 H e SCH A

TEFERZ, MT GNSS R 400 LAESCSUAT IAE , 38 3 XU HL B9 2
HEHEHEEELRIRZE. AL, TR RFGE R H e s g, (=
P R ARG E S EA B E, BRAFEZEHEZEERIRZE . HARZE
T AR B T7 AT LS5 B N

6.2 {HITLE/GNSS A& AL EH

GNSS Fifh P E RS #AG & H A 2RSSR, NFERSGAEHE EN
ZHI, BERFENARRG AT S, X0 THERS . RS R
KREE,

100



%6 TR G 2 1) 0 PR /GNSS A M FVED T

NEGRIER R, th TLE REuE5 B RETEEE A5 GNSS AHE B L i
B, DR TGV B 4 A8 — A RS L R i 420 Oy 2 I S AUE 5 F1 GNSS IS 0ifE
Fo ALK DR RGKIESMEBCAN 2.4G ISM (Industrial Scientific
Medical Band) #iBt. AT SEMA G RGN RN, AL T W 6-1 fr

TRILh T2 /GNSS HE LA .
; GNSS-S;

e/

PS-R
«——25cm———
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Figure 6-1 Schematic diagram of pseudolite/GNSS combined system

6.2.1 BIEES
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A T O TR TR 2 () R I AR A5 T v B sl st ) [ 45 e 22 2OE B0 7%, B2 Bl
PRERGAZIL T WEBEIR RN ED . 6T ahAs @ sk il, JoH & mndiz s A
BRSO TR /GNSS A& €N, AUk A GNSS B LZE T N [H]
[F)2,  RIK P 2 AR AE T 5% 21 [R]— B %1

GNSS  FWOHL I 7 A FS 1 (I TR, HOeE Sh s i B AP ik (Pulse Per
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IR B S IR AT AME, (RS PPS AN A R H SR A%
R IE, FEAE PPS I ZISZHOUMIE, TSIl ph T B GNSS LI
Ifa][E 2P . BARRAR W E 6-2 Fis .
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Figure 6-2 Schematic diagram of pseudolite/GNSS time synchronization

6.2.2 ZTEIES
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BRHLR AR 25 cme =N REHIAIAL O R & [l e fE— R B LI s Wik
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/GNSS BH AW e, KT ES A GNSS TA 26 T2 L r 00
WME . BARTTIEA R AR, Z 5006 D BE WL A AR A WM #RE H, AR
FEEAX 536

B G GNSS HZUHLLE R — o 2| F—M T E, & BT %
GNSS TEMMME 538 L AL, , B& GNSS LR GARAL .02y P2

BWHUARAL O REE B S . GNSS TR 20y T E BN B IIME A L, .
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IS A e P AT A
L>+L2=25%+2L} (6.3)
i,
2 2
L= %—sz (6.4)

R GNSs 12 2 O TR s O INME 5 O T2 SRyl it Oy 22
55 IO MM AT L6 5K AR it r] LASEELD 12 /GNSS 4145 (1 A3 - GNSS
UL S Dy 2R BZHLPE IF A, (M E R LB = 2= 57 0] Iy B2 S
GPS WA Gt la) i 2= A FH b3 R SUOUL DAL PR 75 3925 mT DASICBILAE P i £ 22 8] 7]

ak
)

6.3 SCINUHES3Hn

N T BRAIEDy TR /GNSS A& e ALt RE, 758 T3 rh A4 11 v B A2 B B R
SCE A R X ) O T2 Sk i i, FH O T /GNSS 46 A 3 24 i ) A 3R AT SE
8, HIFR T 02 AE/GNSS A 58 AR Hd AT B A

6.3.1 fATE/GNSS HEEMNRFKBREDTHT

BT RIRSIS RAEIEAE, A/NITRH QM A GPS. BDS Mt TLE
ARG AR Z AT . F R B YA TER (B 751, ISB 780 2 RE ML 5 AR
b2 B A BT

Kl 6-3 E7n T GPS F1 BDS R4t Al 2= B I ]34 B o B AT LB HE, GPS
F1 BDS R4t [0 22 /£ AR M Bl shBOK, Ja 2B asE, “F3{E N 49.7ns, STD
N 1.826 ns.
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Figure 6-3 Time series diagram of GPS/BDS ISB
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Figure 6-4 Time series diagram of GPS/PS ISB

e DEM GPS ARG mZEM—xioula 25, 5 RE 6-5 fras. MK
Al DLE Y, ol 24y, th TR GPS R4t 1A 2 1 A0 O 2 4 i B .
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Figure 6-5 Time series diagram of GPS/PS ISB after epoch difference
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Horp, P TR A C 48 FHES s i A R I 7 VEREAT 1 2Rk N A] [5] 5 0 22 24 I
GNSS i/ 7 GPS+BDS XU AR Gt AU G HL B2 = 2 A WA, Dy T2 A FH S A0l
H. K&l 6-6 lB7r T GNSS SPP & fiifh TLE2/GNSS 4H4A SPP & i 4k Xt LA

MEIHFTTLUE H, GPS #1 BDS H R4t T 7] WP EHud />, M §0 SPP
NG RZE, R uIEEN . th TE/GNSS 44 SPP @ fisitk T
GNSS SPP &7 &5 5 4E NVE\ U =51 F#A B B L% ~F i RMSE 24 0.646
m, =FE RMSE 4 0.988 m, —#E RMSE #y 1.181 m, #HttT GNSS SPP &1,
PR T 37.2%, mifERE T 37.6%, =4ERE T 37.5%. B, hTE RS
N AT DL 25 455 GNSS SPP & 7 1 fE -
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Figure 6-6 Time series diagram comparing SPP positioning errors of GNSS and GNSS/PS
combined system
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Figure 6-7 The comparison chart of SPP positioning errors for different systems

6.3.3 AT E/GNSS 4H& PPP ENMERESHT

6.3.3.1 {HTE/GNSS A& PPP EIFR
ARSI TS AR AA GNSS VN SCRF BDS-2. £ TR LSRR
RN 2465.43 MHz SN (P1). 08 L2 RS Al s B ER N
B, PR A DR KRG R EBIEEEM, HEHEREAERL (SNR) &
o HARLRZE AT KT LS L —mh A AN, BADE 6-1 frx.

2 6-1 A EE/GNSS 414 PPP &L b FHERIE

Table 6-1 Pseudolite/GNSS combined PPP positioning processing strategy

25 GNSS R
WA 2 A THEEHE EE A A
KFER (Hz) 10 10
A GPS: L1/L2; BDS: B1/B2; P1
0k R A 10° /
BEATLAR Y 125 L E R {5 Lb E AL
SRR ZTD fi# A Saastamoinen 1% MRTCA B iE

BINIE, ZWD 54
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I OBE ML W & 15 it
(2emAh); 5 ek B fd
VMF1 7
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B R IE (Petit & Luzum, /
2010)
T R IE (Petit & Luzum, /
2010)
Bz W W

Kl 6-8 JE~ 11 A bk b PR SR & A5 31 1) O T2 /GNSS A4 PPP B A4 .
MBI CLE T SeiA sy ™ 8, GPS Ml BDS R4t T 1l WL T2 4L
b, BAREGA GNSS L RER ZE, Wi 33X PPP B4 REE, £ A%
(i N AT RAUACRT L B2 300 DOP A6 56 77 T % 5 R GE 3k 4T 2403% . GNSS PPP H1 T
Bammr Kot s, s kst O P E/GNSS 44 PPP SE LA LT GNSS PPP
AL RAE NV Ev U =AJ7 ) EEA R . Pl RMSE 4 0.019 m, =
4t RMSE A 0.045 m, HMELT GNSS PPP &7, PR 7 96.4%, mfiide 1
95.6%, —4EFEmE T 95.8%. Mo, TEMAN T PR RGZ G, PPP &M UNSIET [A]
HRNERE TR, AT 4.5s BIATRSAE I E AR Z /N T 0.1 m, e e iRz
F02m, KKIEF T PPP @A 15
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Figure 6-8 Time series diagram comparing PPP positioning errors of GNSS and GNSS/PS
combined system
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Figure 6-9 The comparison chart of PPP positioning errors for different systems
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K 6-10 JE7R TR 1~6 M A% GNSS PPP jE A58 7E Ny E. U =4
M ARG . B TAEN RN GPS ARG WESE, RMEH— My LA
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Figure 6-10 The Impact of pseudolite quantity on enhanced GNSS PPP positioning results

% 62 th LEHEX GNSS PPP EARFEARE AN
Table 6-2 Comparison of the impact of pseudolite quantity on enhancing GNSS PPP

positioning performance

il [ & =% FHR BER =4i%
3|
RMSE/m RMSE/m RMSE/'m &E/% &/ % &/ %
GNSS+0/1 PS 0.519 0.930 1.065 / / /
GNSS+2 PS 0.081 0.121 0.145 84.4 87.0 86.3
GNSS+3 PS 0.060 0.089 0.108 88.4 90.4 89.9
GNSS+4 PS 0.037 0.042 0.056 92.8 95.5 94.7
GNSS+5 PS 0.025 0.042 0.049 95.1 95.5 95.4
GNSS+6 PS 0.019 0.041 0.045 96.4 95.6 95.8

M 6-2 A LA, fH 2 My T EB T, w5l LU GNSS PPP Ak
FEHE R 85% /4, P RMSE i T 0.1 m, &FE RMSE LT 0.2 m. {H [t ]
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Figure 6-11 The impact of pseudolite enhancement duration on GNSS PPP positioning
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Figure 6-12 GNSS PPP positioning results after pseudolite enhancement
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RG22 1) AT AR, A g A AR AT Al o, Al THS 28 1ISB 240
177 50T o e A, A5 B3 5 £y 152 /GNSS 21 45 5 A A ek 2 [ 25 () ) gk 47 1 H,
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/GNSS BT B AR, X TAE/GNSS KA A M EREHAT T 1F 54
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(1) BDS #l GPS &% (8w 2 AE I 4 M Brl sh K, Ja8Bohiase, “FHME
N 49.7 ns, STD A 1.826 ns. TR GPS RSl w2 4746 I B e v ika %y,
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Bty LRI GPS RSt [RMR 2 AT, JJiolal—ikZ )G, GPS/PS ISB “Fi4{EH N
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(2) P DERFEMMART LR E 5% GNSS SPP EfitEft. D AE/GNSS
44 SPP EALAHLL T GNSS SPP B 45 AE Nv Ev U =ANJ7 A A B B
%, Pl RMSE 4 0.646 m, 7ifE RMSE 5 0.988 m, —#4i RMSE A 1.181 m.
FIEL T GNSS SPP 217, fh LJE/GNSS 44 SPP SENLKE TS T 37.2%,
RS T 37.6%, =4ERE T 37.5%.

(3) GNSS PPP JE {7 s W S TR e, S RAAEHR 4540, PRI e ik
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FPFHAAT 01 m, ST 02m. Oy DA R 160 Ntz G, €47
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(6) thDEMGEL R G, GNSS o7 PPP E iR EEA A/ MEBAE, H
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TVl ERHESN 5000 m AN A i BE AR 264, O T2 0 2= S 35 b e 2 A
BRI . LTC B T AF R AR R, HIERE S Z 0T HAA, 71
RMSE i 0.4m. M2, RTCA. MRTCA. Bouska F/1 Hopfield 1578 3 Hj 5
NEEE, P34 RMSE ¥J7E 0.15 m /247, A MRTCA BERIRIBEIL . M E A
— T, O TR XL E LB IR R EE (3G KGR, PEAK s A N SR R Lk
PERR, MAEm s A TR RATE KA. LTC BRI EE A T RMSE &
N, BTEEEE A N RUAE, RMSE ek, A2 0.2 m. HAWBILE &= 5
A N HIRING B2 T, RMSE [£%E %) 0.08 m, MRTCA BEAUREE fe . 25

HE
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A O TR AL REIR BB AR B A B R, HRRERA, MAFIRE
BN, T ATE RE G ) NZET 1 JE T DA sdE — 5 5k Oy T = S IR AR A

(3) FET O PRSI S MBARREN T T DR RENE S RE, IF
VRS T AR T T e A ERe . IS oo al =k E S T, R PR RS
AR 4 2.25 cm, TEUEARAIEE A N 5.5 mm, Wos i BE RGHEE TR
BT S . tsh, TR RGAES RSP RER S 7 H PSR e 12
BEAE, KT Bk, RN R TR S 5, “FHE R Lk B 52.1 dB,
.7 GPS L1 1 BDS Bl {55 . RE LR KRG I AT T RSIEL, (E54F
FE LA F0 ) BRI [0 22 o 38 3L 0 A JE 0l ) [8] [ 20 O 22 16 L B R, R I L AE
JLENF [) AR O B o FE R 5 RS IR IS I (8] [F 2D m Z I 0L R, O T2 RSiH SPP &
R 5RAE Ny Ev U =N AR R Gin 2 . 2o Feuf i 8] [ 5 I 22 AR IE
th L RS SPP B ALk FEAEFIH LAl iEFIZ) 1 m, SFELATEL 3m. 5K
IEAHEE, ~FIHJT SRR T 21.7%, mfEdTndem 1 28.9%, =4ET7 Mdem 1
28.5%. A ITLA PPP EMERILHt, H-FH RMSE Jy 0.101 m, =#% RMSE A
0.255m, —#k RMSE 4 0.275m, 1A% GNSS 7FH A 444 F B E ks .
BE PPP & S Sl i i 25 BT GNSS PPP, X 75 14.1 s BIATIA 3 [f 8 A7 1%
Z/T 0.1 m, EIEEMIRE/NT 02 m. EISE, TR PPP ENAS i —
ATt P RMSE %] 0.012m, =4 RMSE 183 0.036 m, =4t RMSE % #|
0.038 m. X 55U R &Pk, $EHAEH LM BRI S BE R
Gt 58 ALK H I FIAS 2

(4 FF T RS GNSS RGN ZE, FHPG T ERRE T EE
/GNSS A AR . O TLEF GPS Z A1) ISB R ILH B B & %, K
BT P E R M FD R . @ Tioei 5 7%, BT O AR
GPS ARG ImZERETHAIT . WAUE T P2 KGR EA GNSS HEUHL A & f7 184
s . D R RGN B E I T GNSS SPP 2t GE, th PE/GNSS &
SPP JEAZFE N\ Ev U =ANJ7 ) ERREFEISA W& 52w, 11l RMSE 4 0.646 m,
% FE RMSE 4 0.988 m, =#E RMSE N 1.181 m. 5 ¥lfii Fif GNSS SPP & {7
b, fh TLE/GNSS & SPP e fife Tl HiR S 1 37.2%, mifE Edgm 1 37.6%,
=4 B3RE T 37.5%. th TLE/GNSS 414 PPP @A RS SLEL - RMSE 4 0.019
m, =FE RMSE & 0.041 m, =#E RMSE } 0.045 m, EZFMLT #AdF GNSS
PPP s&fii. Ub4h, th LERGNIMANTESFE T PPP & 07 IURSKIT [A], X7 4.5
s RIANABPPIE AR 22/ T 0.1 my, S @Ak Z/NT 0.2m. EHEZ T
A ] DAt — P S e M FE M R B B, HEE — e B EE, MERA
3 o 25 R aefs sk o Dy T 2 14 SR S ) %) 384 It S5 2 4 75 7 GNSS PPP JEALFE B, X
i 16's HPh 1A 3 9if R ATk 2P T A s AR A E AR Z R . O BRI EE s,
GNSS 57 PPP & fr i % B /MEBAS, (AR fRIFI Sk, MR ot TLE 1
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ok, “FIHENMFEEIEE T 94.4%, SfEENFEERE T 90.2%, =4EEiFEEiR
=7 91.0%.

7.2 T—ZMRFAME

KT I 296 A5 AE T O PR R Y e A K Py PR K A
GNSS UL 3 AL AT AT 1, (2R TR 5 &, BTG = f TR Xl b A
GNSS ML S350 M RE TPl o BbAL, ASSCIOT T BAR IS T W25 IR
BATS A Vi 2 A etk — IR AN AT (R 58 AR

(D Py DR RS HHHA M INME S AFAE /N 2 (Uncalibrated Phase Delay,
UPD), UPD 5#i AR IOMI B i RN G, A SRR DL BORI 5 2R 25 7 B Rk
O PR R R I 2 M RE 5, SRR AR A AR 22, FF B[RS
BN PR/ AL I IIE PRI o A BE 7K ST S O AEAE 7 e, AE 58 A E0as Ak P o 75 22
LA i . WO TR I AR B 22 et Seai O 2 s AR A7 90 UPD K AH
AL RS ffbRE . RN, WECH P Ak T UPD BRI AL B0 FE [ e 502,
S TR vk B o PR W S

(2) HhFL Pl TR R G5 n] LAAE GNSS FE 1R 45 1E B A7 3 435 sk BE 1 e LR 55 »
{E AR 55 B ™ B 2 PR T R s 2 J bl TR 7 & s A, SR vtk
5, AERETH L DU RIEHE TS T oK. SR, [ A 41 i e 2t — Al e 6 B
TR IT o ] DAEEA R AL IR0 B . It/ 2= 0 TR O . 800 AR 45 22 2R
s, JT/E GNSS/Z Aty TE MRy PR B & 2 SHUh T S R 5T, o2
DU 2= S BRI T . A 2R R AL B R S8, S GNSS SHUE L. (558
R =R 7/5 ol Nt 187 N R N A AR L S 7 N

(3) B LE RAEARM AR Z SN Z N, ke fek
KR R IB A TR RGN RIS . XS RGUEAN BT, TR — R 2
P2, BAERT 2 10 N A S s R v 8 7 IR S5 o TR H 2 38 K i) Oy B2 7
PRECEE, SIS [F] - I R) AR 2 — B AR AR O B . 05 B BB R FH - 7 5 R
AT P RS T B, Bef% 44 e A IR S5 S St Fi AR e v, 8k B e Ao &5
R W AR . ik, TR R S AR B T W (R {5 S iR E S
X3, SERbEERH AL E, FRSCBlE A B PR BTG A, AR IX —H R
Pl o MbAh, SCI A N AN oS DI th 2 O TR R GEA KK JE I S8 T7 1) 6
BT ENINARES SRR L REZES, W78 % N AR EE ) SL B
TR, 6 TFERTHA P R RIS O E B AR AU R T RIE L. R
GUERR P R &, AERER O TR R GRS IR AL SRS FE e 4 IR 45 1 IR
L REE T 2 F P T 0 5% SRR 0 A .

(4) Dy PR RGN LMEN GNSS A 7R, e e X IR it ks B2 e fir
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55 (BHAE N T2k FL SRR G IRAFAE — S R R 9 7 A R i dx s JR BR A
BE— D ARTFE AL IR ST BAS FEAT SR, W] DR 2 A AR B S B . I8 SRRy
PR ARSH GNSS. BHEFALRS (INS). BRI Mk, #ik 5 H Atk
IR AR, SEILEORE 2 R AN . 2 AR RS HEZL T, 12 A Kalman
TEBAT LT PEPAR A THEAR , XK B AR AL s s 2 AT B AL AL 22,
B DR AE LR 55 KB SEPEANRR EE, DL AR R SRR GO T ik B L oy T S AN
SR IE MR R 455 7 K
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