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Abstract In constrained environments, global navigation satellite system (GNSS) may be limited by an insuffi-
cient number of visible satellites or degraded observation geometry. To address large disparities in observation qual-
ity and the tendency of nonlinear optimization to converge to undesirable local minima or even diverge in
GNSS/cellular signals of opportunity fusion positioning, a fusion positioning method based on simulated annealing
Levenberg-Marquardt optimization is proposed. First, within a state estimation framework based on the iterated ex-
tended Kalman filter, a simulated annealing mechanism is incorporated into the Levenberg-Marquardt optimization
process. Candidate steps that fail to satisfy the deterministic acceptance condition are accepted according to a prob-
abilistic acceptance criterion to improve the reliability of iterative convergence under degraded observation condi-
tions. A convergence analysis of the algorithm is also provided. Second, a dual-factor dynamic weighting mechan-
ism driven by position dilution of precision and pseudorange residuals is developed to enhance the robustness of pos-
ition estimation. Furthermore, an exponentially weighted state smoothing method is designed to suppress instantan-
eous fluctuations in the state estimate and improve the continuity and stability of the positioning trajectory. Simu-
lation and field test results show that the proposed method achieves 3D and vertical RMSEs of 7.59 m and 6.06 m,
respectively, representing reductions of approximately 35.4% and 45.6% compared with the double Dog-leg incre-
mental estimation method, which performs best among the comparison methods.

Keywords global navigation satellite system; cellular signals of opportunity; fusion positioning; simulated anneal-
ing; iterated extended Kalman filter; Levenberg-Marquardt
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Schematic diagram of the positioning scenario
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Fig.2  System architecture of the positioning algorithm
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Table 1  Cellular base station information
AN AR S (MHz) BT AR MNT (GRJE, hFE, WiRE) o E
135 1 835.6 FDD (112.854 8, 27.889 2, 116.3) VR
33 2 140.0 FDD (112.856 1, 27.891 1, 134.6) = HE R
447 1 835.6 FDD (112.860 6, 27.884 8, 85.1) BTG A
236 2 140.0 FDD (112.857 0, 27.885 8, 84.0) ML
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Table 3 RMSE comparison of fusion positioning under
two degraded configurations of BeiDou satellites and

cellular base stations (m)

TRMEAS RMSE;p RMSEy RMSEy
LM® 74.79 12.35 73.76

WLS!M  150670417.40 14149889.48 140901624.70

SDHA™! 55.75 9.72 54.90

B MOPSO®! 75.04 12.53 73.98
DDIE 11.75 3.77 11.13

SA-LM 7.59 4.57 6.06

LMe 37.54 17.73 33.11

WLS! 34.80 16.23 30.81

SDHA™! 23.85 10.44 21.46

"2 MOPSO®! 37.54 17.72 33.12
DDIE 17.17 9.12 14.57

SA-LM 10.32 7.40 7.21
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TR TR /e SRR A B R S T A e AL

RMSE 4538, Xt F44 E1, WLS J5i% H 3 &
KB, RAAL G I/ Tyt WL LA IB AL A
J&. SA-LM ) RMSE;p 5 RMSEy 4358 7.59 m
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5, 5]) T, DDIE J5 ] RMSEsp A1 RMSEy 431
9 8.82 m Fl6.21 m, KT SA-LM /5% 15.04 m
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Positioning trajectory comparison between SA-LM and DDIE in the open-sky environment
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Table 4 RMSE comparison of fusion positioning under different cellular ranging noise conditions (field test BeiDou

data/semi-simulated cellular data) (m)

B E3 E4 E5
ik RMSE;;, RMSEy RMSEy RMSE;;, RMSEy RMSEy RMSEq, RMSEy RMSEy
LM 4374 10.96 42,34 53.56 15.73 51.20 71.04 21.52 67.71
WLS! — — — — — — — — —
SDHA!" 24.40 4.64 23.96 29.97 7.86 28.92 43.71 12.37 41.93
MOPSO®! 3350.98 1055.43 3179.98 4538.81 1474.40 4292.84 1643.85 1513.76 4390.03
DDIE™ 8.82 6.25 6.21 20.34 10.60 17.36 39.38 16.26 35.86
SA-LM 15.04 3.44 14.64 15.14 445 14.47 15.21 5.18 14.29
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Fig.7 Positioning trajectory comparison under different cellular ranging noise conditions in the tree-lined road

environment (field test BeiDou data/semi-simulated cellular data)
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KEARFPP ), dt—PR0UE 1 AL L

R ™ BUE AR E TEAS 2, Al 25 ST R H 3l A
UK. LM-IEKF 5 DDIE-IEKF £ = 4 I 75 %%
P17 B e AR B, 5T R3S T DDIE-
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NI -4 B H, BE AL S 5 NHI S T
DDIE & Hi& B8 15 B s >k B v ge e %, itk
LM-IEKF 5 DDIE-IEKF % 8 H 8 230 1) 5E 7
R .

18 N 2 e S R R = SO N W i
BRI 4 P 3R IR S P 35 5 ) e e Ar
FE, 45 R Ange 7 fon. SA-LM 5 LM. DDIE B
R B IERE 24 O(D, D2 4+ D3), HES
THRIFES 28R IR T IE M7 72 RECGERE JTT M
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Table 5 Positioning accuracy comparison of different iterative optimization algorithms in the open-sky environment (m)
E1 E2
Hik
RMSE;3p RMSEy RMSEy RMSE;3p RMSEy RMSEy
LM-IEKF 8.32 4.57 6.97 10.49 7.42 7.45
BFGS-IEKF 41.72 8.60 40.82 70.76 23.38 68.93
DDIE-IEKF 7.90 4.59 6.43 10.50 7.40 7.48
SA-LM 7.59 4.57 6.06 10.32 7.40 7.21
R 6 MPTEAS T ARSI R E ARG B L (AE S EodfE /48 5 - 07 KR (m)
Table 6  Positioning accuracy comparison of different iterative optimization algorithms in the tree-lined road
environment (field test BeiDou data/semi-simulated cellular data) (m)
. E3 E4 E5
Sk RMSE;p RMSEy RMSEy RMSE;p RMSEy RMSEy, RMSEqp RMSEy RMSEy
LM-IEKF 15.49 3.47 15.09 15.61 4.58 14.91 15.67 5.37 14.71
BFGS-IEKF 33.75 7.15 32.83 39.98 9.26 38.78 38.61 9.21 37.35
DDIE-IEKF 15.50 3.47 15.10 15.61 4.58 14.92 15.68 5.38 14.71
SA-LM 15.04 3.46 14.64 15.14 4.45 14.47 15.21 5.18 14.29
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different iterative optimization algorithms

Computational efficiency comparison of
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BFGS O(D,D, + D?) 18.27 0.0183
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SA-LM O(D,D? + D3) 3.53 0.0018
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Fig.8 Positioning error comparison of ablation experiments on the weighted fusion module
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