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Fig. 1. Modal horizontal wavenumbers from theory and

from the calculation using Eq. (10).
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Fig. 2. Modal separation results of CBF, D-CBF, single-frequency SBL, and the proposed method at SNRs of —10dB, —5 dB and
0 dB: (a) CBF; (b) D-CBF; (c) single-frequency SBL; (d) the proposed method.
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Table 1.  Comparison of modal separation performance of
four different methods.
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Fig. 3. Modal separation results of proposed method in different array apertures: (a) 16 array elements; (b) 32 array elements;

(c) 48 array elements; (d) 64 array elements.
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Fig. 4. Number of separated modes versus the number of

array elements.
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Fig. 5. Modal separation results of proposed method for different § values: (a) 8=10.5;(b) 8=1.5;(c) 8=2;(d) 8=3.
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Fig. 7. Modal separation results of proposed method with SNRs of ~15 dB (a) and —20 dB (b).
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Fig. 9. Modal separation results of the proposed method with frequency spacings of 0.5 and 2 Hz: (a) Frequency spacing 0.5 Hz;

(b) frequency spacing 2 Hz.
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Fig. 11. Typical shallow water sound speed profiles used in the simulations: (a) Thermocline sound speed profile; (b) negative-

gradient sound speed profile.
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Fig. 12. Modal horizontal wavenumbers from theory and from the calculation using Eq. (10) for two sound-speed profiles: (a) Ther-

mocline sound speed profile; (b) negative-gradient sound speed profile.
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(d) proposed method.
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Abstract

A major challenge for underwater passive detection in shallow-water waveguides is the accurate separation
of normal modes from passive target-radiated signals (such as ship-radiated noise and opportunistic source
signals) using a horizontal line array. Existing methods typically handle each frequency independently, so they
fail to fully utilize the correlation of modes across frequencies. As a result, stringent requirements are imposed
on array aperture and signal-to-noise ratio (SNR) to achieve reliable modal separation. To address this issue,
the waveguide invariant is incorporated as a physical prior, and a cross-frequency-consistent dictionary of modal
horizontal wavenumbers is constructed under the constraint of the shallow-water modal dispersion relation.
Based on this dictionary, multi-frequency jointly sparse modal separation is carried out within a sparse
Bayesian learning framework. Numerical simulations in a benchmark shallow-water environment show that
compared with representative existing methods, the proposed method achieves higher modal separation
accuracy and reduces the array aperture required to separate all propagation modes by more than 20%, while
maintaining high separation accuracy and robustness under low-SNR conditions. Its performance is further
improved as the frequency spacing decreases. Moreover, this method benefits from a more precise waveguide
invariant and is more sensitive to underestimation than overestimation. The low-order modes can still be
separated with reasonably high accuracy even when there is a significant mismatch in the waveguide invariant.
Finally, the proposed method is validated using passive experimental data collected from a horizontal line array
deployed in a shallow-water region of the South China Sea in 2021. The sea-trial results further demonstrate its

feasibility in realistic ocean environments.
Keywords: shallow-water, horizontal line array, dispersion relation, modal separation
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