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Introduction: We use two novel methods for numerical simulation of meteor radar reflections. The one is based 

on the discrete exterior calculus, time-dependent simulations, and a control-based approach for accelerating the time 

evolution. The other is implemented as a time-harmonic solver based on the volume integral equation method for 

electric current. Despite the different framework, both methods give the solution in frequency domain. We model 

the radar reflections in a three-dimensional space as time-harmonic electromagnetic scattering from plasmatic obsta-

cles. This makes our study different from the more conventional numerical simulations concerning scattering by a 

solid obstacle without a plasma model. 

Numerical models and simulation methods: With numerical techniques, it is possible to test how changes in 

the atmospheric conditions [1] affect the meteor radar reflections and explain unexpected features in the measure-

ments. We apply the partial differential equation model, in which the scatterer is presented as a plasmatic obstacle, 

and the dielectric tensor is derived from the equation of motion presenting charged, non-magnetized cold plasma [2]. 

Numerical simulations based on the model were earlier presented with the FDTD for 2D layers [3] and for 3D do-

mains [4]. The recent method development and enhanced computational resources provide possibilities to improve 

the accuracy of the numerical simulations and solve more demanding problems. Therefore in our calculations we 

implement two novel numerical methods that have recently shown to be efficient for 3D simulations. 

Discrete exterior calculus: The properties and calculus of differential forms is provided in a natural way at the 

discretization stage. Hence, with the discrete exterior calculus (DEC), constructed with discrete differential forms, 

we associate the degrees of freedom of the electric and magnetic fields to the primal and dual mesh structures, re-

spectively. The connection between the primal and dual forms is obtained by the discrete Hodge operator, the quali-

ty of which depends on the mesh construction. Our generalized formulation of the DEC for Maxwell’s equations [5] 

works on unstructured grids, covers both the classical Yee’s FDTD scheme and the Bossavit-Kettunen approach. 

The method has shown to give promising results with time-dependent problems [6]. 

Accelerated convergence for time simulation: The time-harmonic solution can be reached by asymptotic time 

simulation. However, the method is computationally inefficient, especially for scattering problems with non-convex 

or inhomogeneous obstacles. We improve the method by accelerating the convergence of the time-domain simula-

tion to the steady-state solution. With the DEC space discretization, only matrix-vector multiplications are needed 

for explicit time-stepping which provides efficient time evolution. The first results considering three-dimensional 

electromagnetics coupled with the meteor plasma dynamics are presented in our campanion study [7]. 

Volume integral equation method for the electric current: In the volume integral equation method for the 

electric current (J-VIE), the unknown equivalent electric current density is expanded with piecewise constant basis 

functions [8]. The resulting system is solved iteratively by the generalized minimal residual method restarted after 

every 50 iterations (GMRES(50)). The matrix-vector multiplication in each iteration step is accelerated by the pre-

corrected-FFT algorithm. 

Conclusions: We describe two novel methods for numerical simulation of meteor radar reflections. For both 

methods, only sparse matrices are stored. With the DEC, most of the matrices are diagonal, and the solution proce-

dure is realized by the conjugate gradient method. Only the current and previous gradient and search vectors and 

scalar-valued weights must be stored at each iterations. For the VIE-based method, a large but sparse precorrection 

matrix for the FFT is assembled, and the solution method (GMRES) uses the results of the earlier iterations. The 

DEC-based controlled time integration is found to be more efficient, and its performance is not sensitive to the level 

of discretization and the values of the input parameters. 
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