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Abstract: To address the limited dimensionality of raw observations in millimeter-wave hybrid-array uplink sensing and
the carrier-frequency and timing offsets caused by clock asynchrony, a robust asynchronous tensor estimation architec-
ture based on a regularized signal ratio and tensor sparse reconstruction was proposed. Virtual fully digital observations
were constructed through time-division beam scanning, and a dominant reference path was extracted from uplink data to
form a reference signal. A noise-power-aware regularized signal-ratio model was introduced to suppress asynchronous
phase interference and mitigate heavy-tailed noise amplification caused by ratio operations. The equivalent observations
were then organized into a third-order space-frequency-time tensor, and low-complexity estimation and automatic pair-
ing of the angle of arrival (AoA), delay, and Doppler parameters were achieved via decoupled subspace estimation and
tensor sparse reconstruction. Simulation results showed that the proposed architecture maintained stable detection and es-
timation performance under heavy-tailed noise and severe asynchronous conditions, achieved an effective detection rate
above 90% at -5 dB, and enabled more than 99% of estimates to converge to millimeter-level accuracy in the medium-to-
high SNR regime. The proposed architecture provides a robust and low-complexity solution for asynchronous millimeter-
wave uplink sensing.
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