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BE HUEREHRETEENRESWNSESBERIHFHERTERNERMEEMSE TR, MEE
2fF5 (Cellular-SOP) STHHEBRMUESMASL (MEMS-INS) NBEENMEEMGEHITTHR, BRE—FMETEX
BEXEERN (McC) FZo WMEr (VB) EMNBENSIRR/REIER (CKF) &i&. FAE MCC BESEEZEWN
PRSI, FRIEENFHEEENERZEE, XA VB EENBAGETMNESNSGZE, LIERENREEE
; ERSIANERBIETEMLR, 58 MEMS-INS IRERSHATIME. BT ENNIREIENSEERE TN
100 )R Monte Carlo {FERERBEMAENIAZIRE, WAHREEHTTIIE, ERFH: MREIZIKFEEMISR
REN 43 m, BERE CKF, MCC-CKF, VB-CKF #] VB-MCCKF 93 BIFR(E 58.7%. 30.6%. 33.8%%0 23.3%, EmAIK
FEANRES 19.9 m, AHRBEIAREBEEIHIHIRENNS M FHEAMAUEEZ, $2F Cellular-SOP/MEMS-INS @&
EMRVERY. REMSREERNEE

XA HBESH, BERREER, SAEXE, THONME; BiEREK

FESESE  TP274; TN967.1 XERERS A DOI: 10.13700/j.bh.1001-5965.2026.0165

Adaptive cubature Kalman filter for Cellular/MEMS-INS integrated system

FENG Xumin, JIN Tian™?

(School of Electronic and Information Engineering, Beihang University, Beijing 100191, China)

Abstract To address the degradation of vehicle positioning accuracy caused by abnormal cellular measurements and time-
varying measurement noise in complex urban environments, an adaptive integrated positioning method using cellular signals
of opportunity (Cellular-SOP) and a micro-electro-mechanical system inertial navigation system (MEMS-INS) is investigated.
An adaptive cubature Kalman filter (CKF) based on the maximum correntropy criterion (MCC) and variational Bayesian (VB)
inference is proposed. The MCC is employed to reduce the influence of abnormal cellular measurements on state estimation,
while its kernel width is adaptively adjusted according to the measurement innovations. VB inference is used to recursively
estimate the measurement noise covariance, enabling the filter to track variations in measurement quality. Vehicle
nonholonomic constraints are also incorporated as auxiliary observations to enhance the observability of the MEMS-INS error
states. The proposed algorithm is evaluated through 100 Monte Carlo simulations involving time-varying measurement noise
and random outliers, as well as field experiments conducted in a complex urban environment. The results show that the
proposed algorithm achieves a horizontal positioning root mean square error of 4.3 m, representing reductions of 58.7%,
30.6%, 33.8%, and 23.3% compared with the standard CKF, MCC-CKF, VB-CKF, and VB-MCCKEF, respectively. The
maximum horizontal positioning error is reduced to 19.9 m. These results demonstrate that the proposed algorithm can
effectively suppress the influence of abnormal measurements and adapt to variations in measurement noise, thereby improving
the accuracy, stability, and environmental adaptability of Cellular-SOP/MEMS-INS integrated positioning.

Key words integrated navigation; cubature Kalman filter; maximum correntropy; variational Bayesian; adaptive filtering
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Giitekvith, ERFEITEE M RS2 E TR R R G GE IR RS, phAh, e BE S s
5 GNSS fhrn B EHC LA LS e TR R, ©F GNSS/INS HAGHT Tk CKF ARk
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Cellular/MEMS-INS "5 2H & 7€ A [ B Gl IR A At DR A ZE

RIS, EEE SEERSZRER . ZREREPWFERE BN SRR
T /NSE T7 R ZE R M TR AT A TEIRE S DR 2 W U 2 T 30 8 B R AR RO e, DT PR AR 2R 4 A L
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FT Huber BREEFAGTHTIERD, BT HES MG (W Student-t 704 Laplace 7347 ) FIRER B 7
VRI8-191, DL Ry T B K AH S E N (maximum correntropy criterion, MCC) )& #& I J7 120, MCC
T 5 NAZ R B R AR A B, 6 KR ZE W LA G R B T, TR T R R TE B IR A A
AR AZ 22 K7E . MCC-CKF BikK MCC 55 CKF 454, BEUS A ) =7 &I i T30, 1B444:
MCC J5 LM VEREFEAR KFE B B T 1% eR B0 58 FE S B B, 8] 72 A% 95 P Xk DLOE B 52 24 A 858 A
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Rl s, f U 75y 22 ] e B A B AR A0 I R AR AR Ak . MRk 48 R 5 B SL IR SR UL (1 e 75 it 5
Bt 255 FEGEM G RAL, MRS REE, M™ERNEET RS RN KH. FEANEH
T 2P EE NIRRT, Bl Sage - Husa [ MR P, Wiy 22 DU IS 7 ARASE R AE T 81 Bk
ZG G BT R P 7 Z TS . R, BIR DTV R AR 4 56 2 Bl & R Y SR,
EE FIR R M DUARUE M 75 Gk S8l — Bk S e tE . VB-CKF i@ i 6 A8 25 DL i
(variational Bayesian, VB) W5 N CKF, ik x5 00 75 0 77 2 AT R i S /e &l vk, SeBl 7
MR AU EIE R, A AGE TR RAC A, (X EE R E R R 2N, RS IR
53 b A R 128,

S Ti) B SHE ot S5 < 00 o) R M S & N A TR, A FEAUK VB HEWT S MCC SRR HEN 45,
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0T I S ST HREVE ARG SRR ) 5 VB-CKF AL, Halid MCC b KBk 72 B AT FEAL, Hg5R T
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1.2 WRMpERY
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Sk AR T M SR R I T T DA
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AL, BEIE B BLR R N
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AR Cellular/MEMS-INS 520 &G € f4ite, B LTE Oheb/eR s 0L B #:E N CKF &l 77 18,
AR SE i 5 e 58 e o AL R I T AT AL B Rl . AR FIH INS T4 B i H IS BE S, JF bR
W 5 3 PR S 1 5k 25 A 3E AR, 7R SO B R R Al TE R R BB IE INS R ERE . Bk,
MEMS-INS [k B A5 XS 54K, (R X T Hb [ 22 495 °F & vl R H 25502 2 22 Rtk 5 N JE S8 B 29
(nonholonomic constraint, NHC) . HH T Z2 40 7 1E ¥ 4T Bk A2 A 0] im) A1 2 ) R FE 4200 T %, BRI mPR
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0 010
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R 2Ny NHC Dy oM™C 2 NHC WELIIMEFS . 4B 2 58 s 05, DU A
SRS R E YRS FE
2 BEF B8 AHEER Cellular/MEMS-INS BiERI CKF &%
2.1 BWHBETRAEXBNEEREAG X
SR SR B R R R, A SCTE CKF BB BT BESIN MCC #EN, @ f B 3 T 4%

BRI HCHARBURE FE B, 0 S o B BEAT H0 ) o B KM SR M 8 SONBERLAZ & X MY FERZ 75 (A U AH S, B
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X B R8sy, R R NagEs, HERERXA
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Ka(e):exp(—;?J (12)

He: e=X-YRRZEARR, WLUEH, HREBMIZRBEERLT 1, HiRZE KN ZE
KA /)N, DRI BE % B2 AR S 0 00X JrE SRt T (R B M

FE S BRI 1 r i KR SR v U 368 5 5 KA A% R B0 R S DL B il i, AL AE B AR W] BLEROR
N

max J —iiexp —i (13)
mi3 2a’

stebrs m Oy
FUFE R AT, 3 S RS F 3 AT LS
min ibie? (14)
i=1
by BRI IR, AR (12) R (13) HOBERE T DA E] B gy BT R
et MCC 7308 S P ] 90 B, (7 S R o ] % 9 L 0 3 1 45 e 15
T TFRE IE, BRI AR SO PR £y 2K 0 S ST BRI o 9 T T I R [ 0 T 4 20 R 2 R 1 B
W, B EALEE
7 510 Y
i \/ﬂ( )
e Seii FR BT 28R S = HiPacaH Ry | At e .
G M S a0 I E R, 8 | UE AR IR AH 6 LR T AR
2
bs,?=exp[— ]ae»

k,i
Z(a(|))2

e DO AR R | AR R AL

Zm:blsli)rkzi
(a2 :i:]_m— 17)
N0
; K,i
AH AR P VRS A K H 1A% 58 B 22 4B /N T 1T PRAR :
at a0 < (19)
Bl IR AR IR EE B TR 1) F KA ) 25 AROEAR I FE o 8 ik AH S I UM 18 28 i 1) 12 0 g 75 I 7 22 AT DA
KRN

. Rai R R
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k.1 K,2 bk,m

Horpr, MCC AU AR h B R FH A B R 75 B 05 22 h B — 2 VB fiH S5 R g i, FERT A6 I 21 i
Je UG M gL S TRt .
2.2 BT WHHERRYEE BiEN AT
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T 73, T R e A Py 2 AT R R, STILRIIME S BT S I AT

000 7 W AR T A A, G A R T DL A B LS B, 5L Wishart 4 A%
AT R T R R 2 RV E ST, Ny 2 B T LA R o A T

R =diag(c? 1,07 5,...,0¢ ) (20)

FR T %5 00 75 2 (AR L S, BRI T B 4 0 o A A 0 M 7 7 25 R AT B . R TP
FEUAME AR Wishart 2 i fE 1% 1550 F AR NI Gamma 43 fi. 7F DUHFHTHESE F, BB RS
A5 Bk X AL 75 7 2 Ol (R 2 5 30 40 4 9 POOX O 1 2u) , piy T %086 & 49 11 e A EL B R AR, SR
AR 43 U7 J7 AT IR AT . VB J7 i it Bk Kullback - Leibler %, & J5 5 40 A4 I A0 43
f#H

p(5xk’alf | 2p) = Q((SXK)HQ(GEJ) (21)

s A% Jgit ZARAAS B BLE o s 900D Shy 4% il f W0 e 75 7 7% 0 AL U 0 491

I [ SE AT LA R 2R AR B W 4 A

a(ox) =N (X, PR) (22)
1 7 2 I B 43 A5 T 9R  Gamma 4 A, B

a(ogi) =1 Glay ;. Bei) (23)
K. iR SEG B MRESH
TR S B I8 R kAT 5

i = Okt +1/2(24)
INEE T GR T

Bt = P + 5 L%~ (H),6%)°125)
S T 45 20 0 P 7 25 0 M A
&f,i = :Bk,i /ak,i (26)

T T DARR 5 (19) Ay i B2k 75 )y 2 4 o
2.3 TEGEHREIARE

Gty IR S SAZ B 0 05 AR DI R A T 7 1 B AR 4 DL BT (MR S RN T, AR
LRI T —FE A T CellularyMEMS-INS 414 R4 H &N CKF Hyk, BEAASRUT:

1) BHEEH . WK (4) MR (5) iR 2R AT B, 438 FOR A B E A
1 = P10 ur, iy 7 245 o 57 Ny

Pak-1 = Puka Pk—l¢l;r\k—1 +Q1 (27)

W Gamma 43 7 S 5 2 3 Pk = A0 Boa=Ba, Hh, mmp 40,

2) Gt riil. WIER (7) BB, TR AR T R TR, A B S
o9 -t HETT SRR 0%, Rl Gt 4 v E E] He

3) MCC SRR . MRIER (14) 755 % Kok 8 4 5 7 (bR AL 7 B i, 7R BRI
155 B 58 a” A FIRIE R (15) ARSI, JEIRIE R (16) b g AT e 5 ¥,
B FRE AR E RS, TR (18) M e M S 22 R

4) VB BN 7 S E . A S DU AESE F, AR (23) FIR (24) EH Gamma 4375
SR, IFRIER (25) BRI 7 2 A1, TS 1 38 L T 7 1 0 e 7 7 2

5) R HEH . AR CKF &5 35 A RT3 /R 225
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Ky = P Hi St (28)

Bt 5 5¢ iR ZE R4S 3BT
5% = TRges + Ky2, (29)
P ZFE RS BN
Pe = Pk-1 — Ky S Ky (30)
3B ESERDHT

T VG TR Cellular/MEMS-INS &N CKF BiERTERE, EI Mg TR 7R T EHL
2555 MEMS-INS B MR . Wi sSLhREM LTE F5 505N E50E, it EEn
SENPEREATIONE, FFE &G EFAT X AT, AT VEAL 1% 7 V278 B 20 PR R H0 ) E AN EOE
Ay T 0 R 7 7 T (A R
3.1 LI

Bl 1 ERTEREFE. ZFEeREHRTEN. @HRE LB . GNSS FIHL. MEMS-INS
PALR AR B2 R 2R A il b, BRI LR AN AR LTE (55 IR R 54 % & S 50T R
P RFE. IR KLk, 29 H THW GNSS 555 LTEfS S, GNSS Efish BAE LIS H A, &K
SCAFE RS9 STIM300 17 MEMS-INS, - BE BRI s B i 19 2= fm A e P43 5 24 10 Fh A1 0.05 mg.

1 SERA-F &
Fig.1 Experimental hardware setup
3.2 LRp=R
ARICAEH b 5 B R 1 Fron. t T se i id 7% o G20 m BEAR AL L)y, HL WG 5 ik vl vy 88 A X ]
€, PRI AT DL I BT AR 22, AN 4R K A R REREAT oM. itk BT WIS R B T4k
PIHEATAE B . S Ah, TR ek DR — AN IS B R By LB — S Sk b AL B R AR AR R Ak
PRA . FEuh 5 I S U A A B A 2 P

1 SEMLTER ;%8
Table 1 LTE base station configuration for field test

L4t B 4 NS

AR pES 5 D

1 (116.342125,39.980318,81)  26444MHz  20MHz 368
2 (116.338495,39.980117,77)  2017.5MHz  15MHz 7

3 (116.342420,39.978120,73) 2330 MHz 20 MHz 290
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Fig.2 Experimental environment
3.3 Liush
AR SO TR GG RAEHE SO REAT AL B S S UL Bk 3 AN FEub i) TOA WM&, 25 R 3 prr.

52900 1 §

B
g
i

. . . . . . . . 161 . . . .
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
W} [il/s /s i fil/s

P 3 % il W) A 4R 4 R
Fig.3 Extracted observations from different base stations

EUE BT fe FEAE BRI N e A e Re, ik HUbR#E CKF. MCC-CKF. VB-CKF LI K& VB-MCC-
CKF 5 H 1) Adaptive VB-MCC-CKF 5yA#HAT X . A B VE A R BE R e A e, A0t
SR 2 ALR 2 3 4i it g 7R IR % (Root Mean Square Error, RMSE) . i A/KTFiRZE (MAX) LA
FeIKF gL IR Z bRl 2 (Standard Deviation, STD) 1ENTEM $84r. k Pi eI K TP EAL R Z % LN
& = (P — PET)2 + (Do — P L (B, Pop) WELIESI OB ELE IR, (p, pl) 9 GNSS B4 i
B B 450 T ARFZESEINARN. bR Z s, HFEid LR — P RER T & 5K
5 LR ZE R AR > A AE . P 5 B TR ) 4 e N B X R .

MR ZEF= AR RE, e RS 2R 2 RE0E. B NLOS EH R M, FEENMES SR
THRE M R AL, JFATREH LR R R E WM. fEZBEO N, bl CKF SR [l g = oy 22, M
DAY fff e e S i 12 0 AT 45 BE 0 AR Ak, AT ok 22 1 0 e 7S 0 OK B S I S IR, R S P AR R A A R
Ao, A6 5 Ul B RS A T . ATCUE H, bRl CKF FE F 0 & 0 A0 R 75 % 0 A 3 () 52 i
T, EAEE R B, E4 RMSE i£ 3] 10.4 m. 5l ANEHCKAHRHEN 5, MCC-CKF figfig £ —
SEFEEE A0 W S R R R R, AR RN ME CKF Bl R, Ef7 RMSE K2 6.2 m.
VB-CKF B ] it [ Id M AL v B I e 1 07 Z2 48 FH 8 s ve g, (HHA P R E R %2, YR T E
W 3k 72 SR IG I, W TS A T (AR R AT AT BESZ B RSN, A7 LR S R U S AT R DUA R ) A R 5
Wi, &AL RMSE 4 6.5 m. #t—% MCC & IMiE VB S it 4 & )5, VB-MCC-CKF 5E {7
RMSE F#KZ% 5.6 m, kT MCC-CKF Fl VB-CKF, B8 ke hnAl 5 M5 W 7 25 1 3 N AS - 1 45 & e
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i s B E RS . SR, VB-MCC-CKF A5 % F [l e 1% B FE,  H & F DL o B sk LU 24 1 ok 22
AN R, PR AN R S s A A AR E A R, R KK iR ZE N 36.0 m, T MCC-
CKF 1) 24.4 m. fHILZ T, ARCIEHPEERE T HIEMN MCC 574855 DU e /5 Al 1F,  Ge s [7] I 2%
fife S D R MR 7 s AR AR A XS s 6 5 SR 2, RL T R 00— M R R B T T S48 T At
tb4E, S5#rifE CKF. MCC-CKF. VB-CKF. VB-MCC-CKF #Htt, Ef7 RMSE 43 %% 58.7%.
30.6%. 33.8%. 23.3%, A EN. RMSE K 4.3 m. AXFTHREEN R KK FiRZEN 199 m, K Thr
#fE CKF. MCC-CKF. VB-CKF 1 VB-MCC-CKF [£] 70.5 m. 24.4 m. 40.2 m 1 36.0 m; /K°F-i%Z hrifk
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Fig.4 Positioning errors of different algorithms
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Table 2 Statistical positioning performance of the proposed algorithm under different forgetting factors
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