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Abstract

Numerical investigation into the propagation characteristics of high-frequency electromagnetic
waves generated by GPR in dispersive media is of critical importance for guiding the processing and
interpretation of field-measured radar data. Numerical simulation in the frequency domain, which
computes electromagnetic response characteristics across discrete frequencies and transforms
them into the time domain via Fourier transform, offers enhanced computational stability and high
accuracy, thereby enabling its widespread application in GPR modeling. This study develops a GPR
numerical simulation algorithm based on the frequency-domain finite element method with trian-
gular meshes for Debye dispersive media. Starting from the frequency-domain electromagnetic wave
equations governing the Debye dispersive medium model, the second-order electromagnetic wave
equations with PML boundary conditions were systematically derived in the complex-stretched coor-
dinate system through the appropriate construction of auxiliary differential equations. Building
upon this foundation, the finite element equations for the frequency-domain triangular meshes
were rigorously derived using the Galerkin method. The numerical simulation results demonstrate
that the PML boundary conditions constructed in this study effectively absorb strong spurious re-
flections at truncated boundaries. Compared to non-dispersive media, high-frequency GPR electro-
magnetic waves propagating in Debye dispersive media exhibit faster energy attenuation, pro-
longed wavelet duration, and reduced propagation velocity and resolution. These analytical find-
ings provide valuable insights for GPR data interpretation and inversion.
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Figure 1. Schematic diagram of the trian-
gular grid elements
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Figure 2. Narrow and uniform half-space model
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Figure 3. Schematic diagram of triangulation of the long and narrow model
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Figure 4. Snapshot diagram of the wave field at different times of the dispersive medium and the non-
dispersive medium under the PML boundary conditions
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Figure 5. Comparison of single-channel waveform results received by receiving point 1
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Figure 6. Comparison of single-channel waveform results received by receiving point 2
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Figure 7. Comparison of single-channel waveform results received by receiving point 3
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Figure 8. Schematic diagram of the double-layer geoelectric model
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Figure 10. Snapshot results of the Debye dispersive medium and non-disper-
sive medium of the double-layer geoelectric model
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Figure 11. Single-channel waveform of a receiving point with different offsets
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Figure 14. Multi-Offset profiles of dispersive and non-dispersive media under PML
boundary conditions. (a) is a non-dispersive medium and (b) is a dispersive medium
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