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Abstract

This article presents an algorithm for integrating a previ-
ously developed methodology into the COMSOL Time Ex-
plicit EMW Module. The Born Approximations were ap-
plied to analyze medium motion effects, equivalent to weak
bianisotropy. These effects are challenging to calculate pre-
cisely due to their low magnitude relative to computational
noise in classical approaches. Integration into CAD enables
broader and more effective application. Validation is pro-
vided for a 2.5D problem of axial motion of a circular cylin-
der, demonstrating excellent agreement with the results.

1 Introduction

In this article, we examine a specific algorithm for integrat-
ing the methodology we previously developed (a full de-
scription of the methodology is available in [1]) into a com-
mercial environment for further numerical investigations.
The Born Approximations (BAs) were used to analyze the
effects of medium motion, which are equivalent to the ef-
fects of weak bianisotropy. A precise analysis of such ef-
fects is significantly complicated due to their low magni-
tude against the background of computational noise, when
using classical computational approaches.

A notable advantage of the methodology we developed is
its flexibility for implementation using well-known profes-
sional software. The ability to describe an electromag-
netic source as a distribution of electric and magnetic cur-
rent densities is both necessary and sufficient. The com-
mercial CAD software, COMSOL Multiphysics, provides
this capability. Incorporating BAs into this modeling envi-
ronment, along with the generality of the approach, opens
up a wide range of possibilities. The developed method-
ology not only addresses the theoretical challenge of ana-
lyzing the very weak effects of medium motion (see, e.g.
[1, 2]), but its integration into COMSOL is also of signifi-
cant practical interest. The capability to perform multiscale
and multiphysics simulations, as well as parametric opti-
mization over arbitrary geometries, allows for the solution
of problems that previously lacked reliable solutions. This
is especially relevant for the development of devices based
on the weak bianisotropy effects of the medium, such as
flowmeters and profilers for liquids or gases [3, 4, 5], as
well as for dielectric spectroscopy and material structur-

oscopy [6, 7, 8]. It is also worth highlighting the potential
for efficient solutions to inverse problems in various appli-
cations [1, 9, 10]. The approach described in this paper
involves modular modeling [11], which significantly en-
hances the capabilities of the new methodology when ap-
plied to commercial software. We also explored the po-
tential for integrating our methodology for analyzing weak
bianisotropy effects into other professional electromagnetic
modeling systems. However, the simplicity of the combi-
nation algorithm and the performance of the solver, along
with the new opportunities arising from this integration, po-
sition CAD COMSOL as the most advantageous option.

It is important to note that the authors have developed
their own finite element solver, referred to as ’native.
This methodology has been verified against analytical so-
lutions for 2.5D problems [1] and partially for 3D prob-
lems [2]. Several publications discuss the performance
of the native finite element solver in various scenarios
(see, e.g., [10, 12, 13]). One apparent advantage of us-
ing the native solver is the ability to maintain complete
control over the computational kernel processes. How-
ever, certain operational constraints—such as solver perfor-
mance, parametric optimization, and mesh generation ca-
pabilities—limit the general applicability of this approach.
Integrating the methodology into a commercial system ef-
fectively addresses these limitations. At the same time, the
native solver remains the most effective tool for compre-
hensive validation of new numerical analysis methods and
approaches.

2 General Workflow

Fig. 1 shows a diagram of the main processes for apply-
ing the methodology in COMSOL. It is important to note
that while we use the native solver here to obtain equiva-
lent currents, there are no restrictions for the user in this
context. Equivalent source currents can be obtained using
any available and convenient method. The second stage is
merely converting the output data format of the equivalent
sources to a format that can be imported into COMSOL.
The subsequent operations are described later in the text.

The calculation of equivalent sources is described in detail
in [1]. Different approaches in describing the parameters
of the bianisotropy medium, are outlined in the [14, 15].
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Figure 1. Workflow diagram for applying the methodology
with COMSOL Multiphysics.

Both of these works are essential for realizing the equiva-
lent transition in general and for integrating the Born ap-
proximation into the COMSOL environment, in particular.
It is important to note that the proposed approach elimi-
nates the need for numerical calculations of a bianisotropic
medium (which are often challenging [10, 16, 17]). This is
a distinctive general feature of the method, which becomes
even more efficient when implemented in powerful CAD.

To simplify the objective formulation, we need to describe
the source of electromagnetic waves in the system using the
distribution of electric and magnetic currents [18]. We uti-
lize the "Electromagnetic Waves, Time Explicit" COMSOL
module with the "Time to Frequency FFT" predefined study
step. In this module, it is possible to define time-dependent
sources of both types of currents (electric and magnetic).
However, the distribution of magnetic currents cannot be
described over the domain in the frequency domain solver
in COMSOL [19].

In the time domain (TD), the harmonic current sources 0s-
cillations are written as follows:

J(x,3,2) = x(x,,2)| X cos(ot +arg[Jy(x,y,2)]) X+
[y (x,y,2)| % cos(ot +arg[Jy (x,y,2)])y+ (1)
2 (x,3,2)| X cos(wt +arg[J.(x,y,2)])Z.

This applies to the complex amplitudes of the sources de-
fined in the frequency domain for both electric and mag-
netic currents. Using the principles of finite element ap-
proximation, we determine the values of currents at the cen-
tres of gravity of the elements. Consequently, mesh refine-
ment contributes to an improved description of the source
current distribution. This approach is conceptually simi-
lar to another equivalent description of the moving medium
through the coordinate dependence of the propagation con-
stant [20].

A table-defined function is created to describe expression
(1), which establishes the standard intrinsic COMSOL in-
terpolation procedure. The first columns contain the coor-
dinates of the points (x, y, and/or z), while the subsequent

Figure 2. Example of interpolation of some components of
the electrical equivalent current densities in COMSOL. Top
left for |J,(x,y)|, top right for arg [Jy(x,y)], bottom left for
|/y(x,y)| and bottom right for arg [J¢(x,y)].

column contains the phase or magnitude values of the cor-
responding current component. Thus, according to (1), a to-
tal of 12 files are loaded into COMSOL in the general case
(6 for electric currents and 6 for magnetic currents). Once
the data is loaded into COMSOL, the internal interpolation
algorithm can be any method (nearest neighbor or linear).
The quality of interpolation, where the current within a sin-
gle element is constant (nearest neighbor), depends solely
on the loaded files. Extrapolation should adhere to a pre-
determined rule: it must take a value strictly equal to zero
outside the defined domain of the currents. As an illus-
trative example, Fig. 2 shows the distributions of electri-
cal equivalent currents imported into COMSOL to describe
function (1). The parameters used to obtain these distribu-
tions correspond to those under which the validation results
are presented in Section 4.

3 Time Domain Transition

The problem is initially formulated in TD, after which the
classical fast Fourier transform (FFT) is applied to obtain
the desired result in the frequency domain. We begin by
introducing three key time values: 7 = }, T, = - and Tpp,.
Here, T represents the period of the oscillations of inter-
est, 7; is the travel time for the wave to propagate from the
source to the boundary of the numerical domain, and 7,
is the observation time. These three time values are related
by the inequality: 7 < T; < T,,s. This means that during
the observation of the periodic process, the wave from the
source (1) must reach the observer (located at the boundary
of the numerical analysis domain) while completing several
full oscillation periods. Otherwise, there will not be enough
information to restore the characteristics of the process of
interest.

Next, we define the frequency discretization as dy = %,
where 7y is a number of frequencies steps. The observa-

tion time is then related to this value as T, = de' Hence



the obvious conclusion T”T”S = ny > 1 immediately follows.
Analogously we have to define the temporal discretiza-

. . Ths .
tion. First, d; = Z”’ , where n; is the number of samples.
s

Second, sampling frequency is f; = d%. According to the
Nyquist-Shannon theorem, f; > 2f must be strictly satis-
fied. This condition leads us to the inequality 1 < ny < 7.
The physical meaning of the introduced quantities is stan-
dard when observing a periodic process for a limited period
of time. Thus, ny is the number of periods during the obser-
vation, ng is the number of reports during the observation,
hence n,,, = Z—; is the number of reports per period. In this

context by reports we mean the record of the oscillatory
process parameters of state [19].

For the output time settings, we use a set of reports within
the interval [0 = T,5;] with a step size equal to d;. We ap-
ply continuous Fourier transformation scaling over the in-
terval [0 < T,,], where f represents the maximum output
frequency. Since ny is an input parameter, it is always an
integer, which ensures the inclusion of the frequency f in
the output Fourier spectrum.

4 Numerical Results and Verification

The BA methodology from [1] was validated for the 2.5D
case by comparing it with the analytical solution [21], using
the native solver for a classical electromagnetic scattering
problem involving a moving circular cylinder. The native
solver’s results are considered a reliable reference, with ac-
curacy sometimes surpassing traditional analytical methods
(see [1, 2]). This enhanced accuracy is attributed to the BA
methodology, not just the native solver. We expect sim-
ilar or even improved results in COMSOL, which we will
verify by applying the methodology to this well-established
problem.

The geometry of this problem matches that presented in [1],
as well as the analytical solutions in [21, 22]. Scatterer re-
gion is a disk with its center coinciding with the center of
the numerical analysis domain. The outer boundary of the
numerical domain is subject to scattering boundary condi-
tions, with a constant impedance of Zy. The background
medium is free space. Incident wave frequency f = 1 GHz;
numerical domain radius R = 2.968 m; radius of scatterer
r=0.211 m; permittivity of scatterer € = 2; non-magnetic.
Both the native solver and COMSOL use the same compu-
tational mesh, which was generated by COMSOL’s stan-
dard mesh generator for the reference frequency of 2f. The
following parameters were selected for the time-domain
solver: ng = 512 and ny = 200, resulting in an observation
time of T, =2 x 1077 s. To determine the wave travel
time, 7;, we note that the shortest path from the source re-
gion to the boundary of the numerical domain is (R — r).
Since the wave propagates at the speed of light, the travel
time is approximately 7; ~ 9.2 x 10~ s. Given that the os-
cillation period of the sourceis T = 1079 s, the fundamental
time inequality is strictly satisfied. For validation purposes,
we use the smallest residual value to terminate the iterative

Figure 3. Comparison of the E, field distribution calculated
in native solver (green asterisk marker) and in Comsol (blue
line) for the B = 10~* (at the top) and B = 107° (at the
bottom). Left side — along x axis, right side — along y axis.

process in the native solver, i.e., § = 10712, A more de-
tailed description of the solver’s operation can be found in
[1, 13].

Returning to Fig. 1, which was obtained specifically for
these system parameters, we can state the following. In
this specific case, the current densities depend only on two
spatial coordinates (x and y), remaining constant along the
cylinder’s axis of symmetry (z). Moreover, the current
component along this axis is strictly zero (J, = 0), which
slightly reduces the amount of data imported into COM-
SOL. Fig. 3 presents the validation results. The most
notable is the secondary field component E,, which is a
second-order effect. The agreement between the results
from the native solver and COMSOL is good. Possible
sources of minor discrepancies include differences in solver
fine-tuning, automatic mesh refinement during the solv-
ing process in COMSOL, and variations in post-processing
algorithms. Both sets of results also cross-validate well
against the analytical solution [1, 21].

5 Conclusion

An effective algorithm for integrating the recently devel-
oped BA methodology into the COMSOL Time Explicit
EMW Module was presented, significantly enhancing its
application potential in computational tasks. High accuracy
in modeling complex medium effects was demonstrated.
The presented validation confirms the approach’s correct-
ness. The results open up new opportunities for optimiza-
tion and further development in numerical modeling of rel-
evant problems. Additionally, partial verification of the ap-
proach was obtained for the classical 3D problem of scat-
tering by a rotating sphere.
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