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Abstract: Insect migration is a key factor in the cross-regional outbreak of pests and the large-scale spread of diseas-
es, leading to severe issues such as crop loss, environmental pollution, and biosecurity threats. Monitoring migratory insects
is therefore of great significance for national strategies on food security and invasive species biosecurity. Entomological ra-
dar is a specialized radar system designed for detecting migratory insects. Compared to traditional methods such as aerial
net trapping and high-altitude light trapping, radar enables all-weather, all-day, non-invasive, and wide-area monitoring of
migratory insects, making it one of the most effective technical means for studying and monitoring insect migration. It has
already revealed many collective migration phenomena and patterns, such as layer formation and common orientation. How-

ever, research on insect migration remains a global challenge and is listed as one of the 125 scientific puzzles by journal Sci-
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ence. To unravel the mysteries of insect migration, international entomology experts generally agree that the first step is to
realize flight trajectory analysis and species identification of individual insect. The core of trajectory analysis lies in measur-
ing behavioral parameters such as insect head orientation, while species identification relies on measuring biological param-
eters such as body length, body width, and wingbeat frequency. Nevertheless, insects vary widely in size from millimeters
to centimeters, covering scattering regimes from Rayleigh to resonance regions, resulting in complex scattering characteris-
tics. Their radar cross-section (RCS) can be as low as —70 dBsm, yielding extremely weak echo signals with very low
signal-to-noise ratios, and wingbeat echoes are even weaker. Consequently, conventional radar systems struggle to achieve
precise measurements of behavioral and biological parameters. To address this, our research group has conducted studies on
weak-target measurement technology in the resonance region. We have proposed a series of methods, including
full-polarization multi-aspect 3D orientation estimation for insects in the resonance region, insect size measurement via
multi-frequency full-polarization feature mapping, and wingbeat frequency measurement via extremely weak
micro-Doppler echo enhancement. These approaches have overcome the challenges in accurately measuring individual pa-
rameters such as head orientation, body length, body width, and wingbeat frequency. Building on this, we have developed a
new-generation insect individual monitoring radar system, achieving for the first time the measurement of 3D head orienta-
tion, body length, and body width, while significantly improving the accuracy of wingbeat frequency measurement. Current-
ly, this system has been deployed in Dongying, Shandong—a national agricultural high-tech zone and a key pathway in

northern China’s migration corridor—and is operating for routine observation. It provides essential technological and data
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support for research on insect migration behavior and early-warning control of major pest outbreaks.
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