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Abstract

To address the high-precision requirements of time-frequency signal processing in complex envi-
ronments, this paper proposes a spatiotemporal cooperative optimization and adaptive frequency
disciplining algorithm based on multi-modal information fusion. By integrating multi-source sensor
data from BeiDou, GPS, and inertial navigation systems, and employing Independent Component
Analysis (ICA) for noise separation and feature extraction, a multi-modal information fusion system
architecture is constructed. On this basis, a spatiotemporal cooperative optimization model is de-
signed, utilizing graph neural networks and Fixed Interval Smoothing (FIS) to enhance spatiotem-
poral signal processing accuracy. Furthermore, a Multi-Phase Phase-Locked Loop (MP-PLL) and a
weighted adaptive Kalman filter algorithm are proposed to effectively suppress oscillator frequency
drift and outliers. Experimental results demonstrate that the algorithm significantly improves posi-
tioning accuracy, time synchronization precision, and frequency stability, markedly surpassing cur-
rent national standards, thereby providing an innovative solution for high-precision navigation and
timing systems.
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Figure 1. System architecture of position and time smoothing algorithm based on multimodal information fusion
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Figure 2. Same frequency multi-phase clock generated by multi-phase phase-locked loop
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Table 1. Comparison of results before and after adopting adaptive frequency taming algorithm
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