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Pseudolite dynamic tracking and positioning
algorithm based on square root UKF
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(1.The 54th Research Institute of CETC, Shijiazhuang, Hebei 050081, China; 2. State Key Laboratory of Satellite Navigation
System and Equipment Technology,Shijiazhuang, Hebei 050081, China)

Abstract: In order to solve the limitation of traditional Kalman filter in dealing with nonlinear system and the problem of
divergence and poor accuracy of extended Kalman filter (EKF) in dealing with strong nonlinear system, a dynamic tracking and
positioning algorithm based on square root UKF was proposed based on the unscented Kalman filter (UKF) algorithm in
combination with the problem of target tracking and positioning in dynamic navigation system. In the process of recursive
operation, the square root of covariance matrix was used to replace the covariance matrix in the calculation process of covariance
algorithm. The MATLAB simulation results show that the accuracy of the square root UKF algorithm is 54.7% higher than
that of the EKF algorithm, and 14.8% higher than that of the UKF algorithm. The proposed algorithm solves the limitation of
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Kalman processing nonlinear system and the problem of the low accuracy of traditional EKF and UKF algorithms, and provides

a strong support for the high-precision positioning of pseudolite system.

Keywords: algorithm theory; dynamic positioning and tracking; pseudolite; square root filtering; Kalman filter algorithm;

nonlinearity

R TR TR TR L A R X (AN e 2 R L RS ) 32 b IR SIS 2 A R LA ik 3 2
SR LA B A5 Ty A0 X 45 559 25 Ty 52 B 52 2% R 455 52 W) 1 e S0 B 1) 1) A, A Sy — ol DX 0 3R 48 L Oh T B AT 280K
T EGFSZEPIRY [, IR AR R 0 R AUE 5. B LR, & 0 LR O pF R S A Lt TR DD T
B B th TR B B IR N S 6 B 2R B DX ) O B AR T I A 1 e e

2 T REX BT 60 B B AALE X A RS E O A G BB, B 3 A R G E AL R
B H R M Kalman JEUE A2 MY Kalman U8B B, — MM 5 . Kalman 8% 55 2 50 % 76 H LAl A8
FRRH DG BVE L TE AL B PR B3 55 AR ek R 48 U7 T RUR B FAR AH XS TR A AR etk R G, HAL P2
oF A VR N R 110 ol 2 B B S A7 DR TR AR M A B ISR T T AR ) R, AR SR Y — Rl LT OF 5 AR UKE 19 8
A BRI E A IES W WA EKF LI & UKF 5kt 4705 B v ke

1 EERREEMEE

FRM DRSNS EHEEHE BT, DA VTIREZE CRE S W & Z M AAEEMJELECR,
D] M 5 R A 2 P 0 e B AR A 38 AR S AR 5 1 de O A T K i D vk s R 30 3l B s R o v L i 5
AUEPET7 % Bl B bR B AT 2E B AT SO S5 Ak T, w DL R T E AR B E A B i BRI VA A Kalman U8
W F 2 JEKF 895 f1 UKF 8k,

1.1 Kalman jEiE & %

Kalman U85 2 AR 4 — 2 B9 08 B 0 SR FH S5 A A 3 2 X0 W & &2 0 iR A8 20 A7 Ak F 55 000 /9 — b
AT e R L UE 0 . BB R AR AN T R b e — R S RS A T R B A 0R 22 Al T A X — R A A
B RS TH RN S g0 1R 25 A8 T, P A B0 A0 28 56 3R 22 Al 1 DR B DU 0 75 75 31 Kalman 3 45 , 25 6 57 PT A3 20 1
JeB At T Kalman 3 25 15 2 AR WA S UUAG T AS B 8 52 54 o 28 A O S D0 AR Al 380 — iy e 5
i,

e i 2l 25 FR S8 AR A8 25 R A Ry

X(+1)=®dX() +TW(),
Y(t)=HX)+V(),
A X O R RGTENZ] ¢ BPIRAS Y O R ARE U IIE ;W () S RGeMe R H 7 258665 Q 5V () S Ukl
Was , H )y 22BN R @ RS R AR B s H R WEIN AR BF s 0 o R Ge Wt s SR 3 R % . Kalman I8 5 19 11530 0 A2
wmr,
TR S — 25 i
XU+1|0)=0X | 1);
AR
e+ =YG+D —HXG+1]|20);

FHERSAG A .

XE+1[r4+D=XG;+1]E+KGE+Dek+1);

1% Kalman 38 3% 25 .

KG+1D)=PG+1|0O)H'[HPG+1 | t)H" +R]"; (D

THE— 20 T ¥ 5 12 2%

Pit+1|t)=@®PG | t)®" +TQI"; (2)

THER— 25 WO AR T3 5 1R 25

PG+1|t+D=[I,—KG+DH]PG+1]|), (3)

J T HEIE G M Kalman P83, B 1 45 T Kalman 383 1 R GBI BUAE [&]



%56 4 BRI TP R UKFE 0908 T8 )48 R 2 07 5k 495

1.2 EKF IR UKF ik &% AR g,
Kalman JEH AL BANERIBAI LI i,
59l L R G I A A LA IR AR L R — T
W AE AR A B AR R AR LR R G _—
SRR K AR B AR sk, R % REERL A
8 S BRI 3 55 B 23 SO TL R A RAT o @ ]
ﬂPﬁf?ﬁEE’ﬂﬂlE%@ ) B Ut B E R
EKF L K UKF mﬁ?ﬁzﬁiﬂﬂnﬁﬁ%%ﬁ D (— |
%2R UEAT T 5 A R4
ERE )5 A< 385 2 (R 58 08 I /RS AR 2% A1 Kalman 78k & %R
PE R £ ) FT A () B RL Taylor 2040, % Fig.1 System model of Kalman filter

— AR L R AL By — AL R S
(AR, P R4 B 19 1% 58 Kalman JEPEHEAT IR AL . (B2 Kalman 33 77 75 B0 £ E P DL R A
T i 22 45 TR, [ B 3SR 28 G B0 28 G M e 1) e TR MR 8 2 80 DRI > R S AT i 1) AR e M sl )
IR R 22 BRI EKF (8 Pk Bt 22 9 8 1 B B o i R

A Kalman 8% #% (UKF) 25 3T HE LM R 45

[y — Pk ik B Kalman 38 4% » % Al Kalman 21 0§ IR R AL (EKF) i ¥
HEZE Xk — 2 T 5 B 0 FH R e CU'T) 725 45 i e DK v

b 7 2 LA R 249 (8 (A 2% 1 Ab B ) B, UKE 52 0% I // // 17(/

R A 2 M BB AT I (8L T o A 2k R R Y _'( ;:}@ s
HOE S5 85 43 A5 i 4T3 {00 () A 40 R 55 % % Jacobian = P fPfT YN stianr
5 oK S VAT /2 W 5 L SR 0 7 UKE 2R T K i W,, .

EKF **TWEE FsE TR i i ,}(fm

TSRO R 2 . Q\wﬁ N )Um%v« /

Uv}ﬁﬁ%
2RI UKF il B B2 UT %#5 &AL 58
TEAES UKFE Jey kg, = T X a4 R AR S Fig.2 Comparison between UT transformation

FRAE LR A e 4 R LG R T LB e i 22 and lincarization
A A A TR 22 T O 2 R B 1 R B R R
PR 23 R 1 32 2] 52 ) o DA T 552 V0 3088 I 0 30k A0 A0 8500 8 DA R R e PR o o T v T I B R D RO LA B g
R BE L 7 336 12 B0 AR mP SR By 28 0 W 1) 1 AR R AR 1 0 50k R e AR v A B0 28 R I L 3k R )y T R
I R AL Kalman 38 & yk0Y

R (D—X) kWEME X =E[X,].P,=E[(X,— X)) (X, —X )" ] R#EE L, EixH P, KHmm
P BOREREN HEEE LRZHLT ARMERIEX — &, B, o P, nys ik
K P, VOIS, ik 4 =X, DA A ST 7 AR UE T R
21 P MEFRBERRE

WA L Py BA X FRAE e M L 17

P, =55 .,
T2
Py =@ P @ =@ S S0 @iy =Siu 1S s
B P S =D S FEARIR (D,
P,=[I—KH, P, =S, I —S,, H,[H,S,, \Si H, FR,T'H,S,. \}Si/i 1> ¢))
e Fo=S H )5 R
P, =S, Al —F,[FF, +R,J'F; S, =S [l —a,F,F. ]S, .

Xfa,=[F,F,+R, "



496 Mo B R % %R 2020 4

22 FAHAFREBEFRE
ST AR UE D T 0 ol
X, =®,, X,,, +K,[Z, —H,®,, X, ], X,=E[X,],
K, =a,S;: S H, =a,S,, .F,,
F,=S,, . H,.
S =@ 1S, Po=8,8.
1

1+ JaR,

AR DL L7 A e R AT RN B — BB P IR P, B RAETUE.
AL - AL D 0 S, T LA AR B 7 A UKE [ et B

DAL

S, :Swe—l[l *akrkaFZ]v r, =

X, =FE[X,].Sx, =sqrt(E[(X, — X)) (X, — XD,
RGN MG KRB 5N
X, =E[Xx‘]=[X, w' V'],
B
Sx,
SZ:sqrt(E[(X?)*X;)(X:*X;)T]): Sw o (5)
Sy
AW RV 4300 2R G i R R DL KOO0 R [ s Sy = /Ry Ry AL RRME PO 25 Sy = JRy
Ry g W00 W P Py 2 S B
DN T E=1,2,3 BYyS2 0 B
T Sigma A5 ]t
gl =[Xi Xii+7S%., Xii—rSk,

o

THEAUER S
Yy =+n+2,

w(m) _ A
! A+n’
w(()(-) :w(()m) + (1 *(112 +ﬁ),
(¢) (m) 1 .
i T Wy =——,1=1,2,,2n,
“ 2+ "

KA =a* (ntw) —n NEGZES K n TR R LER o P 5E S B 2 (6 5 [l Sigma xi 2047
JE Y 3220 BE DK B g s IR 6 s B U 22 3T S O B Sigma sUAUE A 5 20 8 IR R 0 58 = 20 B IR R
TG AR ] BT 5 A

éf,k—l :f(&ll véfvv—l s Up1)s

2n

< (m) g X
X = E:wi éu(k,k—n ’

i=0
Sx. :ql’{[«/ wi” (éz(lzzm.(k,kfl) _Xk):l} ’
Sk, =cholupdate{Sx, +&0 iy — Xz},
Xi :h(ﬁiw D éi 1)v

2n

ZZ = ijln)xl~(k/kfl) °
i=0
TS L I B 5 AR

Sz :qr{[«/F(X(]:z,,).(k% b =271,
Sz, =cholupdate{Sz, » X0/ *Z/? 9605[) .



%6l BRI TP R UKFE 0908 T8 )48 R 2 07 5k 497

2n

Py, = ijl)(gf(.(k.k—l) 75(& )X b 72}3 )Tv

K, =Py, /52,)/87,
X, =X, +K.(Z, —Z»),
U=K,S7,
S x, =cholupadate{Sx, .U, — 1},
A b R MERBCE RS "RB AT =M Cholesky 43 15 31 B9 % M J7 H 5 qr (A) 7R X 5 A
T qr AR BT = M54 R %50 ; cholupdate{R ,U, =V} /R (R EVUU) 1 Cholesky 7)fi# .

3 (FESH

3.1 Kalman $8EHFE ST
FEZMHEEW T ANBHBMAE X, (0,0 X W 2 m/s,Y FA 20 m/s B 473, BB BN
80 s, & 3. 4 MW NEL AR AR MRS 2 #h3g5T Kalman JE 37 A% IR i 730 MR 215 00 .

1 600 <ot r N,
— LT p 3 ~o JE TR 22
PA00F o Sy 30( ~ WPRRE
1200 - mkt#uis / 1
= 1000} i P ? ;
S g0l = i
6001 ;ﬁ
4001 ot
2000
0 »';/f( . I . . | . | | : . . . . ! . |
-20 0 20 40 60 80 100 120 140 160 180 0 10 20 30 40 50 60 70 80
A8 BR X/m LI 7] /s
a) IEIALIE b) MR IR ZE
B3 ZMHIKAET Kalman 7Bk H k6 AR Iz R
Fig.3 Localization and tracking effect of Kalman filtering algorithm in linear state
- - o JEIY IR
1 800 L rsiE 30 -y fi;:)i fil ze%
1600F o S »sl , kR R
L 200k —+- YR ¢
12001 £
£ 1000 a
= e o
800 N #
600 [ "y N
400 [ e
200 -
0 L | L | ] H . . . . L L
-40 -30 -20 -10 0 10 20 30 40 0 10 20 30 40 50 60 70 80
X/m UL B[] /s
a) UEPHLIE b) uE

A4 FEXRHAKRET Kalman 38k 5369 2 A5k 37 2 R

Fig.4 Localization and tracking effect of Kalman filter algorithm in nonlinear state

A& 3 AT LA Kalman 8395 78 28 BREG 1 K 55 {1 2 Pk i A9 20CR 5 o AR, DR 22 W 28 i/ .l BT 4 T 1A
A A PR 2 M b BRASCR RN R BEAR N, Kalman 3§ LT BEA A ARCR W o oKk, BEHLIE 30 1 5 K
SEC TG



498 Mo B R % %R 2020 4

3.2 EKF,UKF KA1 UKF & £ 8e 3Ttk o 47
Bl 5 &3 FE IR E N IRES R, F 6 & 3 MEERNIEL T EMREIRE, £ 1R TRz
522 Keas ATt Ia] L B/ 7 & 95 % BAE IX IR N7 M UKE 11 88 555 8 67 50

3or TR 350 KPR
EKFffi} L ——-UKFAli AR 2%
o URFAES 30 T N

20 el - S sl T IR UKF {522 |
}E | ! g Il
b= ! \ £ 201 | \‘ ‘ A\
NG R 1 \ | [\
£ o ;ﬁ 15 A ko
& - |

L
=
‘

VAY: AV
0 5 10 15 20 25 30 35 40 45 50
i [8) /s
B6 3AHEMIELETALIRIZIEZ

Fig.6 Nonlinear positioning and tracking error

|
S
(=)

S 10 15 20 25 30 35 40 45 50
s 7] /s
B 5 3 Ak e Ak o R AR R IR ROR
Fig.5 Nonlinear positioning and tracking effect

of the three algorithms of the three algorithms

iR £ ¥ 7 £ % 47 I 30 & FLSH
k1 AR £33 F £ A E AT = - S
Tab.1 Mean square error of estimation and the run time 20 : OSBRI
i H
EKF UKF FJ5 i UKF
AR T 2% /m 9.640 3 5.090 0 4.366 2
BATH ]/ 0.657 0.723 1.044
0 5 10 15 20 25 30 35 40 45 50
P 5 I 6 AT LU W M 3 g e 2k ol
P4 s M “u\“ ] RN £ i \ Sl = N N N
‘@mﬁ:? EKF Eﬁa@{}%ﬁgﬁcﬁﬂzﬁfi Hﬁflﬁkﬁifﬁ B 7 95% %45 KT F 548 UKE &
O 7 AR 95 00 i EAR X )P J5 AR UKE #Y R 73 L 58 e s
EF‘E‘T\)K’L‘L%I(%

EHERTT LA G 2], 3 1 oI RLAE L EKF AR 223 07
#£9.640 3 m. BAR/NTF 10 m (HiR &4 B W22,
UKF AR 2 %77 254 5.090 0 m,FJ5 #E UKF 141t
W2 T 2R 4.366 2 m M LT EKF AFEEER T T 54.7 % M L T UKF KT T 14.8%,

FEVE AT R v AN TSR W 2 R P BT TR R B LT O AR AR R T TORS B DL R E fE/\%Ii
AR NIRRT EKF 8@ 7t E N 0.657 s; UKF 53k 1is fr it 1E o 0.723 s, F 5 R UKF Bk 19is
Bfa] A 1.044 s,

Fig.7 Tracking and positioning effect of square

root UKF under 95% confidence interval

4 & E

1) FEDE P B v SR F W 5 22 R0 W 00~ 7 iRACE P07 2206 5 2 5 i i AR QR E T 3 4 AR P i AR
M

2) 5 EKF L J UKF AL, A SCR A9 LLF 05 R Kalman 3 35 58 1k 19 8l 252 (7 BR RS0 itk T
S H IR RS RE A T A A B T

DIARMIFE MR T Kalman A FRAELAE R GEHY Jm BR 1 LA Ko A% 58 EKF il UKF 805K B 2 1 R) 2, Sy £
TR RGN R E LRI T A S SR

4) T A o A R T AR Y R A AR A A Ik 1A B N I SR A SRR AR R T S A R Ty T
AT RARDT



%6l BRI TP R UKFE 0908 T8 )48 R 2 07 5k 499

% % 3L #k /References:

[1]

[3]

[4]

[5]

[6]

(7]

(8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]
[21]

[22]

E . BT TR BOR MR N E AL R SRR BT B S BLD ] B - B AR B R A, 2018,

LI Zhanying. Hardware Design and Implementation of the Indoor Positioning System Based on Pseudo Satellite Technology[ D].Chengdu:
University of Electronic Science and Technology of China,2018.

2RI b 3 Ph TR 2R 48 R B E L G B BOR B ST DL S« B 7R %%, 2018,

LI Kun. Key Techniques for High Accuracy Positioning of Beidou Pseudolite System[ D].Chengdu: University of Electronic Science and
Technology of China,2018.

R L ANEE O TR A B R 2 R TR A ik RS L) ] BRI B R 2019, 14(5) 1 22-28,

XIE Ruiyu,SUN Jin. Calibration method of pseudo-satellite assisted satellite incomplex terrain[ J]. Modern Defence Technology.2019,
14(5) . 22-28.

ST AL S P TR A R I 2R AL 5 e R R S S ] 18] 25 [ D] R 5 - B S R K, 2014,

SHI Haiqging. Research on Enhancement Network Optimization and Precise Timing Synchronization for Air-borne Pseudo-satellites of
Beidou[ D]. Nanjing: Nanjing University of Aeronautics and Astronautics,2014.

AR R AL GNSS WML b - /R By 9 B 5 LD )M . 7 28 Tl K3, 2015.

ZOU Juncheng. Research of Kalman Filtering in GNSS Receiver[ D].Guangzhou: Guangdong University of Technology,2015.

JR LR .GNSS T R 2R B sl O Ak 5k 58 (D] K 70« F B B 2 FR K%, 2016.

ZHOU Chengsong. Research on Kalman Filtering Optimized Algorithms in GNSS Navigation[ D]. Changsha: National University of
Defense Technology,2015.

EFHE R AR B IR R IELT ] AM H TXF L. 2017,40(3) :64-68.

MAO Xiuhua.WU Jian. Research into Kalman filter algorithm[J].Shipboard Electronic Countermeasure,2017,40(3) :64-68.

BN E AR IR S 0B D I K MO 5 7 TTolk i A A L 2015,

It E. 304 Kalman J8 A AR 22 (9 820 (1] 00 2Rl , 2006, 31(1) : 17-18.

YANG Yuanxi. Influence of dynamic Kalman filter model error[J].Science of Surveying and Mapping,2006.,31(1): 17-18.

70 ST Al 2 M R O B U I B A e BORG BE A BT [ DL PR P R K4, 2017,

FENG Yali. Improvement and Accuracy Analysis of Nonlinear Kalman Filtering Algorithms[ D].Chongqing: Southwest University,2017.
A AR 2R 4 R R 8 DR B S R A ST L DL AL BT v R 2 B K2, 2016,

YE Songqing. Research of Nonlinear Kalman Filtering Algorithm[D].Beijing: University of Chinese Academy of Sciences.2016.

EWEAE TN AR AL =S TR RS B DR RPN 43 [0 . S 72 42 2019, 7(4) 1 60-63.

WANG Haichun, JIA Xiaolin, LI Ding. Accuracy assessment and analysis of broadcast ephemeris of BDS-3 satellites[ J]. Journal of
Navigation and Positioning,2019,7(4) :60-63.

KAZMIERSKI K,SOSNICA K, HADAS T. Quality assessment of multi-GNSS orbits and clocks for real-time precise point positioning
[JJ.GPS Solutions,2018,22(11) :678-683.

BRADLEY W. Near-optimal low-thrust earth-mars trajectory via a genetic algorithm[ ] ].Journal of Guidance, Control and Dynamics.
2015,28(5):1027-1031.

CHANDRA K P B,GU D W,POSTLETHWAITE I.Square root cuba-ture information filte[ J ]. IEEE Sensors Journal, 2013, 13(2):
750-758.

VO B T, VO B N, CANTONL A. The cardinality balanced multi-target multi-bernoulli filter and its implementation [ J]. IEEE
Transactions on Signal Processing,2009,57(2) :409-423.

VO B N.VO B T.Labeled random finite sets and the multi-object conjugate priors[J]. IEEE Transactions on Signal Procession,2013.
61(13): 3460-3475.

FHRIR B R 2SR 2 F AR ERER LT P8 2 i TR R4 41, 2016, 43(6) « 176-182.

WANG Haihuan, WANG Jun. Multi-target tracking with the cubature Kalman multi-bernoulli filter[ J]. Journal of Xidian University.
2016,43(6):176-182.

TR ARG 0V SR AN IR BRI R R S A L A S Tk )] 1R AR SR S, 2017,36(3) :62-65.

ZHANG Dong. JIAO Songming, LIU Yanquan. Fused attitude estimation algorithm based on complementary filtering and Kalman
filtering[ J]. Transducer and Microsystem Technologies,2017,36(3): 62-65.

. GPS 5B 5 Bl pL B LML AL 5T i Tolk th ekt L 2012,

F UL AR EKE 5 A Al 58 DT LA 5 P BB ST L) ] AR A R 22 47, 2018, 31(8) « 1187-1191.

WANG Jian, MA Jianlin. Research on attitude algorithm of EKF and complementary filtering fusion[]]. Chinese Journal of Sensors and
Actuators, 2018,31(8): 1187-1191.

TR IR X AR T G Y O S R B B S AL AR N B AR LRI L) T IE Tl B . 2019, 36(6) :390-395.

ZHANG Suying,ZHAO Guohua. Path planning of mobile robot based on improved ant colony algorithm[]J]. Hebei Journal of Industrial
Science and Technology, 2019,36(6) : 390-395.



