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Abstract:  With the rapid advancement of technologies such as the Internet of Everything, intelligent sensing, and hu-
man-machine interaction, multi-source separation in complex acoustic environments has become a crucial front-end chal-
lenge in speech signal processing. However, non-stationary speech signals exhibit distinct energy distribution characteristics
across different temporal and frequency scales, encompassing both rapidly changing formant structures and relatively stable
harmonic and periodic information. Traditional single-resolution time-frequency analysis methods face fundamental con-
straints in such scenarios: short analysis windows yield insufficient frequency resolution, hindering the distinction of har-
monic structures across multiple sources; conversely, longer windows degrade temporal resolution, compromising the cap-
ture of rapidly changing transient features in speech. Consequently, existing multi-source separation techniques often exhib-
it inadequate time-frequency structure analysis, loss of speech details, and separation imbalance in complex acoustic envi-
ronments. Therefore, existing fixed-resolution separation methods frequently suffer from blurred time-frequency structures,
loss of speech detail, and distorted separated signals in real complex acoustic environments, which limits the robustness and
practicality of the system in real-world scenarios. To address these challenges, the proposed method implements a multi-

branch parallel deep neural network. Each branch independently processes time-frequency spectra generated with different
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window lengths and employs nested hierarchical recurrent units for feature modeling. Specifically, each branch incorporates
a two-stage recursive module: a frequency-spatial modeling unit (Frequency Long Short-Term Memory, F-LSTM) that oper-
ates along the frequency axis to extract cross-channel spatial correlations and spectral structures, and a time-spatial model-
ing unit (Time Long Short-Term Memory, T-LSTM) that recurs over time to capture the long-term dynamic evolution and
temporal dependencies of speech signals. Furthermore, the approach feeds multiple sets of time-frequency spectra—generat-
ed from different analysis windows and featuring varying resolutions—into the network in parallel. During training, all
branches are jointly optimized through a shared time-domain reconstruction loss, promoting the learning of consistent and
complementary representations across resolutions. Each branch incorporates a nested architecture to enhance the interaction
and fusion of cross-resolution features. At the output stage, the complex spectral masks estimated by each branch are inte-
grated via a fusion layer, and the time-domain signal is reconstructed through inverse short-time Fourier transform, ultimate-
ly enabling end-to-end training under both time-domain and spectral constraints. Through multi-resolution joint optimiza-
tion, the model simultaneously captures transient details and periodic harmonic structures within the speech spectrogram.
The proposed multi-resolution fusion scheme significantly improves both objective metrics and subjective listening quality
in highly reverberant and multi-speaker environments, and demonstrates structural flexibility, making it transferable to other

time-frequency analysis-based network frameworks, thereby providing a scalable design approach and methodological foun-
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dation for future multi-source separation models targeting complex acoustic fields.
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Figure 2 Comparison of multi-resolution spectrograms in noisy environments
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Table 2 Evaluation of the separation results of two sound sources in a

noisy environment of 20 dB
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Table 3 Evaluation of the separation results of two sound sources in environments with different SNR
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Figure 3 Comparison of multi-resolution spectrograms in reverberant and noisy environments
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Table 4  Evaluation of the separation results of two sound sources in

reverberant and noisy environments
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