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Abstract: Objectives: The rapid development of unmanned aerial vehicles (UAV), autonomous driving
and other fields have put forward higher accuracy requirements for global navigation satellite system real-
time kinematic positioning. However, the traditional filtering model with constant velocities based on the
Doppler measurements, or the filtering model with position variations based on the time—differenced carrier
phase measurements, is difficult to describe the accurate state of the moving targets, and thus cannot ac-
quire their real-time, accurate, and stable location information, especially when the receiver can only ob-
serve a single system. To solve this issue, we propose a novel filtering model for real-time kinematic posi-
tioning, and its performance is compared with the above two filtering models. Methods: The time—variable
parameters, including the coordinates and the receiver clock error, are eliminated according to the equiva-
lent elimination principle. The integer ambiguities are removed and the atmospheric delays are reduced using

the time-differenced observations. The quasi-static Kalman filtering model is constructed by considering
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the impact of the model residuals, and the described state in the filtering model becomes much more consis-
tent with the reality. The estimated model residuals are used to correct the position information of moving
targets. In this way, the accumulation of the model residuals when directly using the time—differenced phase
observables to obtain the position variations are greatly alleviated. The kinematic positioning experiments
were carried out using the single-frequency GPS and BeiDou satellite navigation system(BDS) data collected
by the UAV and the vehicle platforms, respectively, and the obtained results from three different filtering
models are compared with the referenced results from real-time kinematic positioning. Results: Experimen-
tal results show that: (1) The filtering model based on the equivalent elimination principle can achieve posi-
tioning convergence better than 30 s. Compared with the filtering model based on time-differenced phase
observables, the convergence time of the proposed method is improved by about 50%. (2) The standard de-
viations of the three—dimensional relative positioning errors with respect to the position at the initial epoch
are generally within 10 cm, and the horizontal accuracy can reach 3 cm. In addition, the positioning accura-
cy of UAV in open environment is better than that of vehicle. (3) The number of observed BDS satellites is
obviously more than that of the GPS satellites, whether on the UAV platform or on the vehicle platform.
This makes a great contribution to a faster convergence speed and better stability of kinematic positioning
for the BDS than those for the GPS. Conclusions: The filtering model based on the equivalent elimination
principle can achieve shorter convergence time and more accurate positioning results relative to the position
at the initial epoch. But it is still susceptible to cycle slips, and cannot obtain accurate absolute positions. In

the future work, the approach to accurate absolute position determination at the initial epoch will be investi-

gated, and the real trajectory of the moving target will be achieved thereby.
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UT B AR T N HLAT A B 2 Bk A5 R (Y PR Kk
TR T k23 M R DG T, 3 2 AR X 52 A7
FIR) RS R O B o T R X T e AHLAIL
FEAN B 225 3 42 BT, BOAORS B B E B AR X
O EAE B R AFEAE G . RS LA R
4t (global navigation satellite system , GNSS)/EH
— P A ER A R TC L i E LR, BTz ]
T4 A B AE B AR IR S s n ] A
GNSS ¥4 4% BUR 2l 280 7R 8 0 A 19 S i 3l 2
A SN = I TR 2 AN R 0 e A
Z—s

AR T 28 Wi /N SR il 58 7 i, R UK 2R i
BT B BT e Uy s AH AR 3 oo ) 7
B B AH SR SR e R R 2 R N T
Bl A B S AL T ARAS TN FORS A Y
Br45 R, o H AR LI TR B0 b A% L o r
iU R AR W B PSR (VAP U e 191
B DAY 3 £ 00 GE AL 45 R A B R . G
IR 55 22 3% 3 00 DU AR, SOk (7 )R] A A R Sl
LA AR AR 1Y iz SRS, BT OK G SE I Bl 2
SE AL, E TR Y (RS B BIR T8 I A B A ROR .
SCHik [ 8 J 1) FH 282 30k AH A B[] 22 4345 2] 9 20 AR 7 B
7 Ak R R IR S T R, X BRI UL I {3 1T 0 i
TR, LB TN AR 3 A A 0 o 2, {H A

SR Oh O 0 0 A 20 00 5 A7, e 2 o g
FEAT AT B2 Th 2 ] o A5 A0 T 25 JAU B0 T 5 o X 0
I 7 R ) A5 AR AR 4 2 IR R 0 1R 25 S BRI 25
3 2 6 S gt 1] RG9S B RO AT AR R
] 3 ) Al I 5 AR R e T R OR R H Y
AR 2 D B 45 0 4 0 S AR A SOk 12 )
T Cl T A B 25 ZRORAR T AU BN
JE 2 B0 S5 e WL T i 9K U ) P o e 2 0 U 5
A TSR BE ) 3 U, e RS TR Bl R Y
SEIFLE o TR TS A E LR % T
VE MR TORS R D AN 22 7 i, EL GBI E AR
18, SEmH PR 22, AN KOE T S I RE A o

Bt 2l 45 A i AR AR SRS AR B e
T i 3% 4 ) R ] I 25 80 A 3 A0 A4S TS L
2 B\ 45 R 375 5 v P B G T R [R] 1 32 3
R SR 7 Y T T RS o A7 R R RO i, AR S
P& T — MR T AR A T 2 DR A S I gl 2 A
5 %, R I ] 22 2 LI L R 2 R R = B
oK S B Bl AR (Y v R B R
A E AN TR R f UL e B A N ] 22 O3, U O T
R ] % A Sy Xof Dy e 1) A6 1 A% 2 B4 A 3t o i Bl
BT 78 X 15 0 5% 2 1 BE AL 5k E A7 34, OF A1
T I R B 22 ) A A B o7 R AR HEA T B OE
AR T 4 B2 D0 00 52 B0 0 6 ) B i 5 2



548 B T

B R AE R AE A 25 DR S B S A 3 2 B o R AT R RS 1119

AR B A ARG A T, B R 58 T B Bk 2 B
I 1F) SR R Jol ) 9 D82 A AU o

AR SCHE S E AR T AT O N 2 W
0L ) S 8 T AE Y B T AR 57 P[] 2 73 B 37
AR AL B R PR IR AR TR T AR A 2 R Y
B I S DR PR AR 0 R Lk 3 g
P LAY 0 To AL 65 F RS 3 6 R 5
GPS Hl BDS WL Kb 2847 3h 245 % o Kl 4k 21, I
Xt 3 b 2 25 U AR Y Y S 9 45 R HEAT R H A

1 RiRER

ARG D RR 2080 EEARERE
I =D Uy SR 15 ) B RN W 8 1 I R
Xi=¢u Xo U+ W, (1)
Z,—H,X,+ w, (2)
K, T AR LAk — 1AM LR I0; X 1 ¢
53 50 R % B BRI R A ) B RCR S A B U
Ry ) i WOk R R MRS Z Sk O[]
i H oWy B R ECE R ;0 NSRS, Ol
IrERAE G SOR X3 T fAds .

Sk 7 A U8 I AR, AS SOOIy AR v TR L
SN EIERE SN e DI =i W DN N
JZ 3 3R 15 2% 5% FH Klobuchar A& 84 gk iF 1 % i 2
FIE 3R 5% 2 5 ] Hopfield #5271 2 1E, HAY 1R 2% 41
58 B S R g 25 T 47 B E A 2 B AR AR L AL
FRARTRZE o DL A, X T 0 DA Y B ATL AR 7R i ik
2 TL Y DR R K 380k AR A 0L I i S8 AH B Sr HL
AN LA (] AH S M LI 4 MR R 22 0" R
1o B AT SO

, oi/sinE,0° < E < 30°

ot = (3)

o5, E=30°

AL E R TR R BE A5 o0 SR LI EL %) B FORS BE
X T Bhy BE RN A8 5 AR A 0 DU E , #2855 43 I E 3 m
A2 mm"" o 2 45 L DU A 1 00 5 M 7S R AR O S A
3 R 2 AR A A E . 2 O DU Y M
P 5 2 4% SCHR [ 7 9 4 7 B e . 0.18 (JA /)%
1.1 ETHERSTHWNERNE EIREEE

i 15 B8 sh 2% 1 7 iz 2h i 3 R e e EL R N 4
it SR A R ey, H oz 2l bR A ) A e AR A
AT, I R IR = 8 I AR R i RS O B (D)
IR A 5% 7% 40 P 2R 08 I e AN AR Ho A U
G B R 0. EARRI DB K 22 3% 45 el 7y 72
AR % 2 AR 1 iz 327 7 B8 IR A ] i X K&
HEEFEHE ¢ 73 3 Ros R

X=[z t v ] (4)
I 0 Arxl O
0 1 0 At

= 5

¢ 0 0 I 0 ()
0 0 O 1

X, F o 43 5] 7% Bl B 08 47 B ) R R
W] S5 2, A2, 40 ) 26 s AR S Sk B0 1) 42 WO PIL A
22 LA JBE by BN, 04 FE WSR3 5 T 3R 7 S [
AEBH 3X 35 Ar K R FE A IR, 7E 80 28 v — i)
W 1se FRE TR BME S Ty 220 Dy 4%
SCHR (7 1347 LA
T 2 W B B 3R 5 e Y 1 L L R A Stk ik
S 00 O B R 22 3t g )y A BRI AR B a0 2 (2)
T 2R IR I Ty A o O AR UL ] 5 Z R0 AR
B H A BAR IR
z=[P —iD] (6)

[B o0
H—[O B} (7)

K, PR B BRI ARG ;D g 23 B WG A £
UL A XS B P s B =1 m n 1 1 DhEE K&
22 5 0 Ty R ) R BUE FE L K L om R e Ry
i B TR A AR %

1.2 EFHANEBESHNMCETHLEIREER

2 AH A7 O I B PR B L AT R ) O8RS
JE PR H TR RS B E AL g s h . TEJC R Bk R
AL A BT DR ST O8I Ty AR A S AR
ST I o Dy e ) 224y T LU BR o WA, RARCHE
IR 15 2 7 B8 J s [] () B 1 A <8 1y o6 v mg A S O
AR 22 IR AT 3 ok 5 T ) 22 4 7 LLIE BR .
I, 5 RH B 3 I8 1 7 ) 4% 5% 1] e 40 AN R I, 2k
(e A O A R A T I VR TS
ZI—‘_\‘ngZO-ZN:

Me=B[Ax AL] + Ao’ — Ar'+e,, (8)
2o, A I ) 22 93 555 5 o S 3B AR 2 I AE 5 0°
Shy b TYEE (4 3 DUE 5 e, A AR B R 15 22 5 I
T ef (9 280 A B R % Bl 280 1A A AH 408 1 o0 i A
A s A, R WOIL B Bl 22 A8 Ak B s A o TR
P2 AL

X2 (8) AT fe /N V- 2= i 5, W AT 3R AR
Ax Ar, WA R T5 2245 B o e, FRICA b B
AR SE LI Ty AR R AT A g 5L T AR AL B ) 22
O3 067 A8 A B B R R R AR R IR AR T
TR I IR S T B8 L I p 72 Ry B I IR S 1] i X
EUNEE S 0 7 ESV N

X:[Jc l, N]T (9)



Hz0 RO ¥ R R BB D

2023 -7 H

U=[Azx A1, AN] (10)
A, N AR B ] A, 78 TG R Bk 0T HUR S AR
AN 0o 2o B MR 75 5 B Wb o 5 o 22 3
oy B MRS Ty 25 AR H LR 2RI RS
2 BRI EE 43 45 S50 0 il sy B RS 3k
0.005 Ji .
7E 3K (2) T8 20 Ok 5 RN 283 AR A7 98 I8 0L 7
FE b UL A B Z R RO M oH AT LR R
INH

T

z=[P 2¢] (11)
B 0
H[B u] (12)
W HSF B B TR HER R n X o, SR W T AL

(%

45 0 B A S, MRBE Sk [ 22, 76 R AR (8)
TR B R B0 0 5 e 2 AL Y (R I T
LR H18 306 A5 9 360 U B 30 A T 458 22 O ik T 0 2% B
7N T3 AT B UL I {8 5% 2, X AR 37 00 I 4 D
AT SBE . X TR AR TR RSy
T T AN 75 X 7 A6 14 A T 0 2 1 3 A
13 EFEMEERENS SABSERER

AR 45 A0 3 2 SR 012 A B R A i
A LI 7 st e SR 15 4 0 3 £ 4
Lsh 2 nt 2 S0 X, =[x ] KA K S
B E S5 X, =N, ¥ (11 (121t
A (2) , A T LI 7 AR R R

Z7=H X, +H,X,+ w (13)

A{rh ’H':[ﬂ; H2:|:;?I:|o T WL (L A A B Sy

P (13) B3k T T R m R

HPH, H]PH,][X,

[H;‘PH1 H;PHJ[XJ

Il W e I
Ao, MG T 2 i UE R 1R 2) by s 5 19 3R 5
FEFE . gt S A 2, X (14) ] R 5 5
AR T RN

M, X, + M, X,=H] PZ

{HZT PH,X, = H, PZ
Xp,H,=H,— H,M,'HPH,,

F(15) A8 2436 J7 A2 X5 . — A48T B9 X0

T Z=H,X,, Wi R 51 2 5000 5 A B s )28 1
B AR B 2 5. TRl As 3k R = (15) W I AE 2
M HAE PR (1O EF 2, WSS G
XL Jy R SRR A A o s, R R R R

(15)

2 Y08 D X R v AN I PR TR S £ 1 AR B S B
FisR At
TE AR SR b ey, iy T AR T 6 R 5
AR 22 1) 4 B A AR B T B B R 2 D A 57 08 T
TP TR R R IR 2E . AW S B AR IR 2
HY 52 ), A SCR D e 1) Py B e 2808 AR A7 22 3 W
MAE AZ , I B 78 2 BR824 531 )
S I 3k 57 B R OB B 2 R A AX B BRY JE AR
e AXo TE R B K& A I AX, B 0, {5 2 8 31 W
W) 7 e v A A A A B A R 2 B SR RS T R A
SR A 5 25 0 D 1 B AL 30 5B o 2 LA 3 L BT ¢
BT BE BLJGHT AT U, eI 2 S8R A 14 H
X=AX, (16)
Hoh R RS WAL 5 R AR AL iR 2 K
KRAHEIR (4 Py TG [A] 5% 2, 55 e P 0 R 0.02 m,
X ISE B UL 5 A
AZ=H,\X, (17)
DR A O R U Oy R A AR R B
UEUE R G B TT R S AX, BEAT IR U L IR % S
BORTR b O BB 25 o 2 AR A5 455 70 3k 22
AX, W UE AR S, BV AT 32y Je T 53 42 Pl i £
B R ph 2 B AR
AX, =M '(H'PAZ—M,\X,) (18)
TE AR A H O 4 o7 8 4 1 I, BIAT I 5 e
232 13 TG 328 4 IS 22 D 0 B SO
H1 2 (18) W] 1, 5 AN 25 JEARE 7R 4% 22 (19 5% 1)
B AX, =0, 122X 38 Ak g 2075 5 1 e 1) 2 43 B4
K AR S 1 o7 AR Al T DR, A SORSE R Y £
AT R B AL IR A Ao R X i ) 22 43 S (1 AL A
BRZETHAT T 1R 5 IR, IR T 8 22 14 0 B NS
PEWCHLIG A b S AL EAT TR BB IE . IeAh i T
W AL e S Ao A P b O O R 1 55 A A
22 W E) 1 SRR, FE — S R EE AR T L 45 R
14 & B

2 FERRERXT L LIS

S >R H A T 200 0 4K s & 2020-11-17 43
S JE ANHLF 6 RS Bl 22 56 °F 5 76 TR T &8 X
() FF R85 T SR SRS 200, T R F5 48 T LIt
R 1 K708 A7+ 42 U b, J6 A HLR I T 4645 11
HX-CH7604A /NEITE AWML RZ RER A T L
H R AT 360 K2k . W 3R 1932 sk 8 1
A 5 A I DL Lk IR S Bl A BE RS 8, il
ANl 10 m/s,

2 T NALSE L st [a] PR, S 56 v i 28 0k g 1k



548 B T

S8 IR AT A A 1 2 R S R S N 3l 2 B S o R AT S 8L 1121

S A EE R AE BT M RF 2 29 0.5 h, IF 5 & Bk B
KA RENHYE WS GPS fidts) A TR
4 (BeiDou satellite navigation system, BDS) X &
48 W8I B, R AR 2 O 1 Hz, #%1k & B o
10%o Fh T2 SCRY U8 D5 AR Y 5 12 189 R 25 1 ) ik
A A O, PRI Sk AT Ak A B UR R AR A6 R ORI
S A TurboEdit 5 v X X ¥k 4 o 17 4 B 45
T2 AR i R T 2t R e BB v 2 R B Y 10 min A2
A WL e B Kl T e 2 i B B A X L A A
AN, AR SEG HAE SR AR T Z B L HER T
B R AR S R B — A AT A5 R R OR
b 2 B0 0 45 R 5 AR SCEE R . L0 Y i O
Job R R 2 P AR T 5 o

I B T O B K 22 3t Ay O 00 L ) 3 0 OB
TR (AU — ) 5 TR A7 B 8] 25 43 1) o7 8 A8 Ak
DB A A (R TRY —) R T A A T 2 B A B v
S DB AR R (RS =) 23 6 GPS 119 L1431 3
I B AT BDS B9 BT 5 08I0 {8 HE 47 50 38 48 5 o
SR . B BB — B A5 3 B 2 ALY
o %k Ak bR, TR A =15 3 09 S HE APl By £ AR
&, R A T 14 BE DA, 7E 0B e 45 RS 35 & T O
SE AV AL B AR T T D T B UE 7 45 R TE AR (east,
E) .dt (north, N)#IK (up, U) J7 1) L 59 4H X 5L
o R, LSS I Bl 25 08 07 il S A5 3 04 78 3 4844
JEEL DK % (1 5 i by LA, AT+ 58 4% D ST AR X i T o
EENUFN MMM EERISZMH, K
J 3 3k X8 L U U A 3 B A R 4R D s AL S
H 22 A ) (4 22 , 53 BT 3 ol ik I A R 7 B 25
PSS B AT 6 8 DK B BIVAE AN 25 808 45
RAGNEM 2N O T E AL S B S —
HPETEAL o ELEEXT L AH 4B 7 T ) 9 Ak A 22 45
G TS B L 28— B B[] S AT RE & BT TG v
TEZE G R et ke i 1]

(6] I, 3B 8 1 1 A [) 10 dpt A A A7 4% 2R |y i
S IR], o T B gt 0 R A6 45 R e 22 b AT RE AL
A RGN 22, P IZ I SO (8] B E X E N
U 345 1] b 19 A o Al 22 A o) JHE B AR5 Ak i T2
SE I Y A B A 22 1) 22 S (B 24/ T 0.2 m B 46 9% 1Y
R ] 20
21 TANKRE

IR AT AN R A
T GPS Fl BDS B9 & 2 45 R 7E E N U J7 [ 1 #)
s 2 LA K UL I T35 5 1 BsF ] 7 22 Ak 43 531 151 1A
K2 I o 52 PR IR 22 5 0 U0 0 (000G 2 PR A, A2
T — (1% 5 AL 25 2R i 22 A7 AR BRIk 3l T AR B — A

B = {1 5 07 45 R AE 100 s N S 30 T W8l
1, Ve IBCER 100 B0 i I A5 i 70 7 i 45 SR 1 25 (B A
Dy B . BAAORE B AR A = 3 7E
min P2 BE T RE 67 25 2R B sl HLRE Y =i i sk
R W R, 3 5 A 2% e HODR A T R R R T
Ho g iR 2 BB A G .

nE D T e
SE 0 =
IS :
ol g 1
HE -
Ekilwww\ﬁwwwwﬂ
RE
z 3 ) ) ! ) )
s 2
BE Op——
EH 2 PN e e A A AT
,§§_4 , . , . .

2

0 100 200 300 400 500 600

i a)/s
BT GPSBITE A HLE (o7 25 5 U 22 S UL T 2
Fig. 1 Positioning Deviation of Unmanned Aerial Vehicle
(UAV) and the Number of Observed Satellites in GPS

—o R — U=

B L e e e BV et AR (TR

I Z/m
OO O b= O =N O == N

(=)

P sy ar A s hin e

MJ\NM—\/\M\,—_MVVW

 —

U5 )5E . NI e EJ7 I e
i ZE/m

TEH ZE/m

—_—

100 200 300 400 500 600
I} 8] /s

Kl 2 BDS (#8786 AL 7 25 A 25 oW T2 4L
Fig. 2 Positioning Deviation of the UAV and the Number
of Observed Satellites in BDS

A5 — (18 o 45 R A7 A WD S0 0 R G 2%
i (o W W A S VAT ) N N
H T 3 AR A 1 5 6 45 SR 1 4R ML B 4 X o7
B 1 RE 2 B i i 35 2 LA Dy oo B R
SR RE X 07 B D 22, DR b o AR G A 2 R
Dy o6 B 558 A 2 -5 W BUR 5E 7 M 25 B9 25
Bo M TR =T, T RS 8 E 045 R N 1%
WeHIL B B e 1e] 72 A S, 2] 09 58 S YL s
U AR AR X7, DR O HG S A7 4 SR i 22 e e 2 R AR
W SICE 2 B I, AR N 7 [ A7 A6 AR /N ) 2R 2
s 7%

(EATHE AR B AR 18T 1 op E T 1) A1 A 2
U Jr 1] 84 i 22 1t 2 78 WSRO AT A7 7R B0 W IR



1122 BOBR 2 4 (fF B A D

2023 -7 H

ML v As AL i iz A A IR i D oo e 22 00 Je
IR 25 10 B B AGRR Y , H R B S h
TC AL I £ 4 5 e, A K B[R] 00 000 7 57 i 452 84
] B R D VR G Sl T i <]
FE 7 485 F A 22 A U8 ¢ 3 W] I () Rk AR A X R A
AR =B e T ] 22 43 I R AU B 2% B s e, O
I FH 33K &8 43 5% 2 X6 A bR AR Ak i AT T B IE S

Ry FE— 25 X6 FE A3 AT 3 U i AR A S A M S
() o 2 Pk AN ) 2 46 (8] B 1k BB 28 S, 6T 4% B A
R Wi S TR M SO E A 45 R AE E N U J5 )
I 18 (horizontal, H) . = 4k (three-dimensional,
3D) By E i & 25 5 i 22 (standard deviation,
STD) (RP4nBR £ g4 e 22 W SIU(E J5 19 35 07 5
2T T ot g R R 1R . SUSUER
FE SRR R, 3 Ff i I AR Y S 6 45 B 25 1 STD
I8 RG89 100 s DS 45 3R, B BRI — 1 45 1
To e St B H R Gl 22058 X R 100 s J5
E AL 25 Y P4 4H o

R 3FRR KRB B U SR 8] R WSS Y
TE LI E PR (T AFER)
Tab.1 Convergence Time and STD of Position Errors
After Convergence for GPS and BDS (UAV Experiment)

W WSt FRifE 2% /m
ES )
B i) /s E N U H 3D
A — 0.188 0.218 0.299 0.288 0.415
GPS #iM— 43  0.115 0.071 0.072 0.135 0.153
BERI= 23  0.028 0.038 0.107 0.046 0.117
TR — 0.143 0.145 0.163 0.204 0.261
BDS #iB— 33  0.037 0.064 0.053 0.074 0.091
BiEI= 10  0.026 0.013 0.044 0.029 0.053

HH 22 1A LR IR, JC8 R FH VIR Al 8 e B 75
P11 F BDS AW S B2 & STD ¥4 T GPS. 7™
A 3 i E 4 B4 DR R L B A BDS TR 0
Z F GPS, Wi ok 5 2 (1 0 4% W {8 5 JF AL
BDS iR & 2 15 BDS T A& /Y KE 45 # 76 1 K
by DX AR, R i R R [ B AR R = i 8K
Aof ] 5 2 (IR A = F 30 s PN RIS T 5 £ 45
B WS, GPS K BDS (4 Wi 85 i B 43 42 T+ T
46.5% F69.7% o

F 10y STD G5 R Sk 7 & BEAILE 100 s 5 8
P2 R R e P o m I 3 b I Dl A AR A X L 4 SR
AT LA B AR = e S 0 52 Ao RS e B AR
FH AR 5 ¥, AUAE GPS B i A2 5 1) A 4 75
o BRI =AE BDS F 1 STD LT 3 em /KK,
SR STD A K 5.3 cm. A HL AT — 5

B L GPS K BDS W18 il = 4 STD 43 1] #2
T+ T 66.4% .23.5% F160.8% .41.8% , % I H I
S 1Y 2 AL VERE
22 FHXE

WAL RS WO Aok R
558] GPS Fl BDS % T 3 Ff i ok #5180 () 52 {37 &%
FEE/N/U J5 1) L (04 22 B L0 T3 52 550 b et 1] 11
AN & 3 A 4 BT R o Bl 3.4 v 45 1 T 3 R
W E A PERE S B 1 E 2 AR — 2, M H H At
PR A 7R A TR = JL T T BH S A S5 B L A X
AL EAT e 4% 0 2 58 AR 4 19 N J7 1] 45 500—
600 JJ5 JC i Bt i B T — o i A% L (EL AR B Sl
KBNS HH,

wn

—BO— B G-

W Z/m

ANRO A~ O AN O N AN W0

U7 TAsER Ny e, EJrTalEs
{WZE/m

PEK WEm

160 260 360 40IO 560 60IO 700
N [/
Bl 3 GPS R4 R AR B i 7 45 2 D 22 SOuLinl 1 B2 2
Fig. 3 Positioning Deviation of Vehicle Sampling Data
and the Number of Observed Satellites in GPS

S

—

7= /m

R i — =

fWZE/m
[\SN ] [}8] A\ — — wWwn © n O
-

UJSTsERL NJFERL EJ5TalE R

—

PR ZE/m

==
=}
[=)

160 260 360 460 560 660 700
5 1) /s
P 4 BDS BT RATE R E 10745 R i 22 K T 2 4K
Fig. 4 Positioning Deviation of Vehicle Sampling Data
and the Number of Observed Satellites in BDS

Xof AR A S v 3 e e D A TR ) i AT ] 58
B SIS AR X AL 45 R AE ENLU 45 5 ) ) H
3D STD #47 T Heit, &5 b iy L5 I AL
ST — B, A AR 2 B o WS ] Y X
RACINDW 2 8 e L -8 R S AN =1
BDS i e 8505k BE & STD 115 8% 8 % it T GPS, th



548 B T

S8 IR AT A A 1 2 R S R S N 3l 2 B S o R AT S 8L 1123

BAFPRE R 10 sLAN o AH TG ABLSE 50 ) 25 2%
W S5 B I B T 2 AT 2R T AR 4 S 5 v ) e R
KW o TRV, 45578 = (4 ie S5t 1] 475 % K T
R = X% F GPS FIBDS 3 5 3 542 T+ T 71.7%
M42.9%.,

x2 3IMBEERBNESEFBERESEEMRERES
(REXR)
Tab. 2 Convergence Time and STD of Position Errors

After Convergence for GPS and BDS (Vehicle Experiment)

. E I LI&(@(H# brifE 2% /m
BRL JH] /s E N u H 3D
R — 0.198 0.328 0.399 0.383 0.553
GPS MBI — 46  0.170 0.041 0.064 0.175 0.186
BOR= 13  0.036 0.031 0.119 0.048 0.128
HR A — 0.155 0.242 0.344 0.287 0.448
BDS MAI— 7 0.090 0.127 0.033 0.156 0.159
B = 4 0.051 0.065 0.057 0.083 0.100

F W 85 AR A5 22 A9 STD Gt 45 Bl LI &
B = ARSI W SRR E P AR B E LT
BERL— M L PR 0, GPS R BDS Hr g
=R RTINS S BB H T B =4k STD 3
BE TR B =AY S R 22 STD 7E 10
em ZE A5, AN B JE AL S 50 ) 8 AR B, 2R
T I8 A HLECHE R 48 1o i rp BR800 0 (.
KNGy 5% % i te iR 22 T

3 HRiTie

A% SCR T A HIL RIS 42 2R 2 0 75 40 8l 2
45 4 %k 3 ol 38 I8 A5 8L 43 591 3 F GPS R BDS i
1TSS . BEF U8 P25 5, X 3 i o gl A5 7Y
FEAS TR TR 2R 40T A e S5Ot 1] Rl 83U 19 e 2
FRUEZ VAT T Geit o b % bk B3 F 55 0 7
25 5 3 A A A5 A B R I A W SO B L AR R T
B 000 5 - 4 T T 50% A4

G A TE B RS B R AR T b B = AR
AL R YR B TR B e R TRy
PR SR ERE . £ A 3 Ik I B AL FE BDS
M GPS T B AR R IKF , TCie R F VR R 8 i
L AR T BDS By IS BE & STD ¥ F
GPS.

RIS B AR R — B AR o 45
— AR AR E A B T R R B R
AR A Sy ] B, 25 5 S B BB A AR AR R IR
22 BT B0E 7 45 S & HUW )8 (R AR SR e 7

A Al i Y (] I RT LLBE AT JE Bk Y 2R 5 A A A Y
=g FEMALH)E SRR T e, BB T
IR 18] 28 73 i A% 1R 22 B 52 0, B R I 358 1 R R
HhRE A3 45 R R RIS ) AL E 7 S B R AT 5 %
JE S Bk B 5 )

MSEBRBEH 4 A BE TR, AR SCHR Y 1) 8 T 45
T 25 DB A 52 I ) 25 B 0 RE 67 98 A R RE A
AR B B O i B9z Sl s, T AT A A 2 A
Z AR RGP E R Sh B3 HirzZ
[ ) A G 07— IBEAR 25 5 3R, — HL3h S B 15
BB E IR LB R GG 1 B — A H AR 4% IR
BB Ay o PRI, AR SCER Y AY 3l 25 7 7 A 1Y
XA 2 H bR 9 S 0RA — 5 18 A {E

4 & iF

S 1 FE Gl R A B 00 00 R Al AR R T
T B ANRRE 1 Bl A E AR B, A SCHE [l A% ¢
() 56 T Oh I K 22 3 0t O 000 L 10 o 3k 308 e A 7R A
BEF A A B ) 25 43 9 07 A A e i TR AR R S 42
W — b R T S A 2% B Y PR S 08 D
IR Sfe S B S s ) B A B 5 RE VT o

BE T A5 M T 2 D B O BRL A o T A U D AR R
R4 S5 A 0 25 R E RS B 1 Oy A e B e ) AR
b1 57 B R 25 2 50, (5 00 D00 5 R R X6F N ) 1 T8
RS T B AR B K Ak . SR )5 38 D ot i) 22 4
WL 2 A8 S S R 2 R U, 1 A5 R Aok AR A
BB 22 14 B o A 2 08 A5 B 1Y i 25 X A
AR BT TAHYUEIE KIS T R M
A7 [ 25 43 3R BN 5 A8 A i R 14 5 A0 8% 22 1Y
SR R TE AR G R A Y 3 2 00 00 £ 4
XiF 3 ik ik A AU 43 B AT T 35 GPS R BDS 1)
BT R N S, A0 S 57 45 T X D Ik B AR ) A
PEREHEAT T X5 LA AT, 45 10 R 458

1) A Bb 56 1 FH A B 18] 25 43 14 07 8 A8 Ak g8
P AT AR SCAR MY B T S A T 2 R B ) PR
25 U8 IR R g S IR PR Y S AL WA S (] R
R 11 JBE K R 8 A L TIC A AL S 50 2 A S 5
o B e SR 1) 2948 T 30 s, A X B G JC A B 9 3D
SE A AR 25 1 B 9 22 BEARAE 10 em LAWY, P RS B
ik 3 ems

2)H T3 A BDS LA B £ T GPS
TR BCHIR A R RE R L Y TR DY S
g, DT 1 ok B 22 (9% TC 4% YO0 0 (I 0 B g g A 780 5
JE RO TE 38 SR FH IR o 0 0 7 3% L & R R BDS
F1hy s S B R R R R F GPS.



1124

DR 2 R (R

ISR Y

2023 -7 H

SR AR B AR 2 5 A AR 4 A
B 7R B B S R A BE A o [R A
T = BRSBTS B D3 A B R R PR
SE A, ELJC v sl B 1 3 0 B A6 R B 4 X
fr iR 22, Dot A RE 52 B iz 3l B0l 8 AR O I i
& RV B8 B U B o A SRR
M) P At gk K 6 0 D OGS AT PR IR
J5 52 173 70 L 5238 Bl U3 AR I

LAk AR S 56 BT FH (0 0L 00 250 B s R AR ¢
S, 25 150 R0 6 RS A A IR AR M AT 5 ok — A0
Mo ELARSCSEI AR T B0 5 R 58 1 E o7 A5
RN 20 2 R G p s DL BEAT I, R
AR B = rp A SOOR 25 8 A Bk A9 1 L, A 52 P Y
JO7 ) v e R AT AR N A A . X 4B T I Y
i) A R 2 AN R — AP TR AW ST 8 07 1)

2 % X #

[1] IMT-2020 (5G) Promotion Group. Positioning
White Paper: Vehicle High Precision Positioning
White Paper [R]. Beijing: China Unicom Network
Technology Research Institute, 2019. (IMT-2020
(5G)HEELH . 72 AL R 20 RS 8 AL R
(R Abxt: o [ ) 2% 5 AR BFFEBE , 2019.)

[2] Yang Yuanxi. Thoughts on the Development of Satel-
lite Navigation Application Industry in China [J].
Satellite and Network, 2011 (S1) : 18-20. (¥ JC
H.oOPETRESHMA SRR ET] RS
M4, 2011(S1): 18-20.)

[3] Liu Jingnan, Gao Kefu. Challenges and Opportuni-
ties for Mapping and Surveying and Location Based
Service in the Age of Intelligence [J]. Geomatics
and Information Science of Wuhan University,
2017, 42(11): 1506-1517. (W Zw, kTR . % hE
Ap AR 225 55 007 75 IR 55 BB PR S L [T ], s
K222 (5 BB M), 2017, 42(11) : 1506-
1517.)

[4] Grewal M S, Andrews A P, Bartone C. Global
Navigation Satellite Systems, Inertial Navigation,
and Integration[ M ]. New York, USA: John Wiley
and Sons, 2020.

[5] Maurici L.
Filter [M].
lishers, 2020.

[6] Yamaguchi S, Tanaka T. GPS Standard Positioning
Using Kalman Filter [C]//SICE-ICASE Interna-

tional Joint Conference, Busan, Korea( South) , 2007.

An Introduction to the Extended Kalman
New York, USA: Nova Science Pub-

[7] Tang Weiming, Zhang Xianchun, Hui Mengtang,

et al. Research on BeiDou Pseudorange Single Point

[8]

[10]

[11]

[14]

[15]

[16]

[17]

Positioning Algorithm Based on Kalman Filter [J].
Bulletin of Surveying and Mapping, 2016 (10) : 6-
8. (LW, skoedr, Hamat, % . BT R/RK2 MK
B AL Sk D B A U N SR B S T] I 2 e 4
2016(10): 6-8.)

Guo Lei, Wang Fuhong, Sang Jizhang, et al. A
New GNSS Navigation Algorithm Based on the Con-
straint of Position Variation Between Epochs [J].
Geomatics and Information Science of Wuhan Uni-
versity, 2020, 45(1): 21-27. (384, EHL, F
B, OAE L —lORT RO R D T I A AR A YRR
GNSS U T]. RBURZ 24 (fF BB 70
2020, 45(1): 21-27.)

Zhou Jiangwen. Theory of Errors [M].
Surveying and Mapping Press, 1979. (AL . #
22 M. dent: W2 R, 1979.)

Schaffrin B, Grafarend E. Generating Classes of

Beijing:

Equivalent Linear Models by Nuisance Parameter
Elimination, Applications to GPS Observations [J].
Manuscripta Geodaetica, 1986, 11: 262-271.

Shen Y, Xu G. Simplified Equivalent Representa-
tion of GPS Observation Equations[J]. GPS Solu-
tions, 2008, 12(2): 99-108.

Chen W, Hu C, LiZ, etal. Kinematic GPS Precise
Point Positioning for Sea Level Monitoring with
GPS Buoy [J]. Jowrnal of Global Positioning Sys-
tems, 2004, 3(1/2): 302-307.

Cui Xizhang, Yu Zongtao, Tao Benzaochou, et al.
Generalized Surveying Adjustment [M]. Wuhan:
Wuhan University Press, 2009. (&% B, it 5545,
PeAEE A T 22 (ML B UK
fAt, 2009.)

Klobuchar J A. Tonospheric Time-delay Algorithm
for Single-Frequency GPS Users[J]. IEEE Transac-
tions on Aerospace and Electronic Systems, 1987, 23
(3): 325-331.

Yuan Y, Huo X, Ou J, et al. Refining the Klobu-
char ITonospheric Coefficients Based on GPS Obser-
vations [J]. IEEE Transactions on Aerospace and
Electronic Systems, 2008, 44(4): 1498-1510.

Wang N, Yuan Y, Li Z, et al. Improvement of
Klobuchar Model for GNSS Single-Frequency Iono-
spheric Delay Corrections [J]. Advances in Space
Research, 2016, 57(7): 1555-1569.

Hopfield H. Two-Quartic Tropospheric Refractivity
Profile for Correcting Satellite Data[J]. Jouwrnal of
Geophysical Research, 1969, 74(18): 4487-4499.
Deng Chenlong. Theory and Approach of Multi—fre-
quency and Multi—constellation GNSS Real Time
Double Differenced Ambiguity Resolution [D]. Wu-



548 B T

S8 IR AT A A 1 2 R S R S N 3l 2 B S o R AT S 8L

1125

[19]

[22]

han: Wuhan University, 2016. (R . £ £ &R
BE GNSS 52 I XU 22 KM 2 fige 5 2098 5 7 ¥ BT 5¢
[D]. &3 RBKA=, 2016.)

Li Zhenghang, Huang Jinsong. GPS Surveying and
Data Processing [M].
Press, 2010. (ZEfEAL, & #0H . GPS Wik 5 24l
AbEEIM]L R BB A R, 2010.)
Colosimo G, Crespi M, Mazzoni A. Real-time

Wuhan: Wuhan University

GPS Seismology with a Stand-alone Receiver: A
Preliminary Feasibility Demonstration [J]. Jouwrnal
of Geophysical Research: Solid Earth, 2011, 116
(B11): 302.

Liu Xiandong, Song Lijie, Huang Lingyong. Outlier
Detection in Detecting Cycle Slips Based on Epoch-
Difference Location Model[J]. Science of Surveying
and Mapping, 2011, 36(6): 58-60. (K54, K
AN, AT PiTulal 22 70 s o AR YA 22 PR I k4R
DRABELT]. ML, 2011, 36(6): 58-60.)

Zou Xuan, Li Zongnan, Chen Liang, et al. A New
Cycle Slip Detection and Repair Method Based on

[23]

[26]

Epoch Difference for a Single-Frequency GNSS Re-
ceiver [J].
Wuhan University, 2017, 42(10) : 1406-1410. (4B
e, 2250, BRSE, A8 — B D I ] 25 43 B BT
FBRHEI 5 08 2 Ok (1] BDUK 230 (5 B Rl
), 2017, 42(10) : 1406-1410. )

Xu G. GPS Data Processing with Equivalent Obser-
vation Equations [J]. GPS Solutions, 2002, 6 (1) -
28-33.

Blewitt G. An Automatic Editing Algorithm for
GPS DatalJ]. Geophysical Research Letters, 1990,
17(3): 199-202.

LouY, Zheng F, Gu S, et al. Multi-GNSS Precise
Point Positioning with Raw Single-Frequency and
Dual-Frequency Measurement Models[J]. GPS So-
lutions, 2016, 20(4): 849-862.

Yao Y, Zhang R, Song W, et al. An Improved Ap-

proach to Model Regional Ionosphere and Accelerate

Geomatics and Information Science of

Convergence for Precise Point Positioning [J]. Ad-

vances in Space Research, 2013, 52(8):1406-1415.





