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Abstract

In this work, we propose an efficient finite-difference time-domain (FDTD) simulation technique for the electromagnetic (EM) wave

analysis of the Faraday rotation angle in the ionosphere. For this purpose, we first model the physical ionosphere as a scaled-down FDTD

computational domain by a space-compression factor. Next, the Faraday rotation angle calculated from the FDTD simulation is calibrated

by multiplying the space-compression factor. Numerical examples demonstrate that this novel space-compression-and-calibration technique

can lead to a computationally efficient FDTD simulation for the EM analysis of the Faraday rotation angle without accuracy degradation.
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1. INTRODUCTION

The finite-difference time-domain (FDTD) method has
been widely used to analyze various electromagnetic (EM) wave
propagation phenomena in complex media [1-5], such as the
Earth’s atmosphere. The Earth’s atmosphere consists of the trop-
osphere, the stratosphere, and the ionosphere. In the troposphere
and the stratosphere, only refraction and attenuation phenomena
affect EM wave propagation. However, EM wave propagation in
the ionosphere (usually located between 60 km and 400 km in
altitude) is complicated due to various propagation environments,
such as the static magnetic field of the Earth and plasma [3, 4].
Note that the main effect of the ionosphere on EM wave propa-
gation at frequencies higher than 1 GHz is the Faraday rotation
angle. However, conventional FDTD simulations in the L-C
bands to analyze the Faraday rotation angle require overwhelm-
ing computational burdens.

In this work, we propose an efficient FDTD simulation technique
to analyze the Faraday rotation angle due to the ionosphere. For
this purpose, we suggest a space-compression-and-calibration
technique. Specifically, the physical ionosphere is modeled as a
scaled-down FDTD computational domain by a space-compression
factor (SCF), and then the extracted Faraday rotation angle is cal-
ibrated by multiplying the SCF. The reduction in the FDTD
computational domain can lead to significant improvements in
computational efficiency. It is noted that the idea of this proposed
FDTD approach is based on the fact that the Faraday rotation
angle accumulates as EM waves propagate with altitude. We an-
alyze the Faraday rotation angle due to the ionosphere in the L,
S,and C bands, using the proposed FDTD simulation with real-
istic ionospheric data [6, 7]. Note that the anisotropic and disper-
sive characteristics of the ionosphere are implemented by the sim-
ple and accurate auxiliary differential equation method to the Lo-
rentz current equations [3].
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II. PROPOSED FDTD SIMULATION TECHNIQUE

The governing equations for the ionosphere are provided as

follows [3, 4]:

VxH=eog—]:+], (1)
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where v, wp, and wj, are the collision frequency, plasma fre-
quency, and cyclotron frequency, respectively, while &y and p,
represent the permittivity and permeability of free space. The

qe’ne
EoMe

plasma frequency is w, = , where q,, N, and m, are
the charge (C), number density (per m?), and mass of an electron
(kg), respectively. The cyclotron frequency is defined as w;, =
qeBo/m,, where By is the static geomagnetic field. The effec-
tive collision frequency is given by:
Vers = 3.652 X 10710VTN,,, + 2o7£In (220#). @)
Here, 7and N, are the ion temperature (K) and the density
of molecules (per cm?) [8]. Note that the cross-product terms in
(3) cause the Faraday rotation effect. In this work, we employed
realistic ionospheric data for EM wave propagation in the iono-
sphere. Specifically, we used realistic ionospheric data (n,, 7, and
Ny,) for wp, and v,gp from the NASA Community Coordinated
Modeling Center [6], with a 0.1 km interval, and we referred to
the Korean Space Weather Center [7] for By. We used the iono-
spheric parameters at latitude 37° N and longitude 127° E to ac-
count for realistic EM wave propagation in South Korea. Fig. 1
shows the profiles of the plasma frequency and the effective collision
frequency versus altitude. Note that the static geomagnetic field,
By, is independent of altitude.
In general, Faraday rotation is mainly affected by the ionosphere
between 60 km and 400 km in altitude. However, conventional
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Fig. 1. Physical ionosphere and corresponding ionospheric data: (a)
plasma frequency and (b) effective collision frequency.

FDTD simulations of the entire ionospheric region (340 km) re-
quire tremendous computational resources. Moreover, computa-
tional burdens increase as the frequency increases. Our numerical
experiments indicate that it seems to be practically impossible to
simulate the ionosphere in the L-C bands using the conventional
FDTD approach.

To resolve this issue, in this work, we propose an efficient
FDTD simulation technique for the study of the Faraday rota-
tion angle in the ionosphere. Specifically, the entire ionosphere is
geometrically modeled as a scaled-down FDTD computational
domain, and then the calculated Faraday rotation angle is calibrated
by multiplying the SCF. This space-compression-and-calibration
technique is reasonable because of the accumulation behavior of
the Faraday rotation angle. It is worth noting that any SCF can
be used upon maintaining the realistic altitudinal variation shape
of the ionospheric data.

Fig. 2 shows the scaled-down FDTD computational domain
for the entire ionosphere by the SCF of 34. Note that the iono-
spheric data are the same as their physical counterparts. To validate
our proposed FDTD simulation technique, we considered the
physical ionospheric region between 94 km and 128 km, and its
corresponding FDTD domain range is 1 km to 2 km in Fig. 2.
All FDTD simulations were performed using the workstation
(AMD Ryzen Threadripper 3990X CPU). We computed the
Faraday rotation angle of EM waves through the ionosphere re-
gion in the L, S, and C bands. The incident wave is a DC-offset
sinewave for the L. band (f, = 1.5 GHz), the S band (f. = 3
GHz), and the C band (f; = 6 GHz). The FDTD spatial step
size and the FDTD temporal step size are 0.02 m and 0.066 ns
for the L band, 0.01 m and 0.033 ns for the S band, and 0.005 m
and 0.0165 ns for the C band, respectively. It is noted that the
FDTD spatial step sizes are determined by the point per wave-
length of 10, and the FDTD temporal step sizes are chosen to
satisfy the Courant stability condition. Table 1 summarizes the
Faraday rotation angles computed by the conventional FDTD
simulations (for the 34-km computational domain), the proposed
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Fig. 2. Scaled-down FDTD computational domain for the physical
ionosphere by the SCF of 34: (a) plasma frequency and (b)
effective collision frequency.
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Table 1. Faraday rotation angle

Faraday rotation angle (°)

L-band S-band C-band
Original FDTD 0.10061 0.02515 0.00628
Proposed FDTD
SCF = 34 0.10080 0.02520 0.00630
SCF = 340 0.10139 0.02527 0.00631

FDTD simulations with the SCF of 34 (for the 1-km computa-
tional domain), and the proposed FDTD simulations with the
SCF of 340 (for the 0.1-km computational domain). As shown
in Table 1, the proposed FDTD simulation results agree very well
with the conventional FDTD simulation results. Table 2 summa-
rizes the CPU times for each FDTD simulation. The CPU times
of the proposed FDTD simulations are significantly less than
those of their conventional counterparts. As shown in the tables,
the proposed FDTD technique achieves a significant improve-
ment in computational efficiency while maintaining high accu-
racy.

Now, we investigated the realistic EM wave propagation char-
acteristics in the entire ionosphere (from 60 km to 400 km in al-
titude) using the proposed FDTD simulation technique. Fig. 3
shows the Faraday rotation angle at several observation points. As
shown in Fig. 3, the Faraday rotation angle increased as the alti-

tude increased, and the operating frequency decreased.

Table 2. CPU time

CPU time (hr)
L-band S-band C-band
Original FDTD 119.7 476.87 1,756.4
Proposed FDTD
SCF =34 0.093 0.371 1.142
SCF =340 0.010 0.041 0.133
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Fig. 3. Faraday rotation angle in the entire physical ionosphere.
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III. CONCLUSION

In this work, we propose an efficient FDTD simulation ap-
proach for calculating the Faraday rotation angle in the iono-
sphere, based on the novel space-compression-and-calibration
technique. Numerical examples were employed to validate the
computational efficiency and accuracy of the proposed FDTD
simulation technique. It is believed that the proposed FDTD
simulation approach can be efficiently applied to predict EM
wave propagation in the ionosphere for space surveillance radar

applications.
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