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Abstract: With the rapid development of mega low earth orbit (LEO) satellite constellations, an abundance of signals
of opportunity have emerged as potential solutions for assisting global navigation satellite system (GNSS) navigation in
GNSS-denied environments. Taking Starlink signals as a representative example, accurate time-frequency estimation and re-
liable demodulation are essential prerequisites for navigation applications. However, the high dynamics of LEO satellites in-
troduce severe Doppler effects, which challenge the accuracy and robustness of time-frequency estimation and the reliability
of demodulation. To address the lack of robustness of existing time-frequency estimation algorithms under low signal-to-
noise ratio (SNR) conditions and the instability of traditional methods in high-dynamic environments, this paper proposes a
demodulation method for Starlink signals based on correlation and clustering, and validates it through both simulation analy-
sis and real captured downlink signals. By exploiting the unique synchronization sequence structure of Starlink signals, a de-
layed autocorrelation method with enhanced correlation structure and an improved intra-symbol phase difference algorithm
are designed to achieve synchronization sequence detection and coarse Doppler estimation. A symbol-by-symbol fine time-
frequency estimation method based on K-means clustering is proposed. Under a non-data-aided condition, constellation clus-
tering statistics are extracted, and the residual time-frequency errors are estimated by maximizing the empirical signal-to-

noise ratio (ESNR). Simulation scenarios are constructed to analyze the convergence behavior and estimation accuracy of
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the proposed method. Furthermore, real captured Starlink downlink signals are employed to evaluate the algorithm perfor-

mance in terms of bit error rate (BER). Experimental results demonstrate robust convergence and improved estimation accu-

racy under high-dynamic conditions. For real captured downlink data at 7.3 dB SNR, the proposed method reduces BER by

55.10% compared with baseline methods, enabling more reliable demodulation and supporting Starlink-based assisted navi-

gation.
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Figure 1  Frame structure of the Starlink downlink signal
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Figure 2 Flowchart of the proposed Starlink signal demodulation method
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Figure 11 Demodulation results of the Starlink downlink signal
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