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Characteristics of the electromagnetic wave propagation in
magnetized plasma sheath and practical method
for blackout mitigation
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“Magnetic window” is considered as an effective method to solve the communication blackout issue. COMSOL soft-
ware package based on the finite element method is utilized to simulate the propagation of right-handed circularly polarized
wave in the magnetized plasma sheath. We assume a double Gaussian model of electron density and an exponential at-
tenuation model of magnetic field. The propagation characteristics of right-handed circularly polarized wave are analyzed
by the observation of the reflected, transmitted and loss coefficient. The numerical results show that the propagation of
right-handed circularly polarized wave in the magnetized plasma sheath varies for different incident angles, collision fre-
quencies, non-uniform magnetic fields and non-uniform plasma densities. We notice that reducing the wave frequency can
meet the propagation conditions of whistle mode in the weak magnetized plasma sheath. And the transmittance of whistle
mode is less affected by the variation of the electron density and the collision frequency. It can be used as a communication

window.

Keywords: magnetized plasma sheath, communication blackout, finite element, incident angle, whistler wave

PACS: 52.35.Hr, 52.25.Xz, 52.25.0s

1. Introduction

When a spacecraft re-enters the earth’s atmosphere, it
has to pass through near-Earth space in the altitude range of
20 km-100 km with a hypersonic velocity. During this pro-
cess, the air at the head of the space vehicle is violently com-
pressed, and a shock wave is created. The kinetic energy of
the vehicle is partially converted into the internal energy of
the air in the shock layer, leading to a dramatic increase in
the air temperature and the consequent ionization and ther-
mochemical reactions, which further generate plasma sheath
encasing the space vehicle.!'! The plasma sheath contains a
huge number of electrons, ions and dusts, which can sig-
nificantly suppress electromagnetic (EM) wave transmission
and greatly interfere with communication signals. This phe-
nomenon is called “blackout”.!?! To solve this problem, some
strategies have been proposed, including strong static mag-
netic fields, 3! wave frequency modification,*! E x B drift, %!
terahertz (THz) wave, %81 and so on. However, currently these
methods are only theoretically feasible, and have technical
limitations in practical application. Such as heat shielding
configuration or heavy rain attenuation of THz wave.

In recent years, room-temperature superconducting mate-
rials have made significant advances in antimagnetism. It may
make magnetization of the plasma sheath the most promising
method to the blackout phenomenon. Magnetization of the
plasma sheath first pointed out by Hodara in 1961,1! which
create a pass band (called “magnetic window”) and allow the
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EM wave of a specific frequency to pass through the plasma
sheath in the direction of the static magnetic field. Since
then, many relevant studies have been carried out,[lo‘m in-
cluding simulation of sub-THz wave propagation in a mag-
netized non-uniform plasma sheath, 14! effects of nonuniform

magnetic fields on the “magnetic window”,[!

I"and study of
electromagnetic wave propagation in an overdense magnetized
collisional plasma sheath.!'®] However, most of these stud-
ies focused on the effects of the non-uniform magnetic field,
and studies on electron density, incident angle, and other rel-
evant parameters are very limited. In this study, the propaga-
tion characteristics of right-handed circularly polarized wave
in the plasma sheath with different incident angles, collision
frequencies, non-uniform magnetic fields and non-uniform
plasma densities are investigated. The frequency region of
whistle mode minimally affected by different incident angles,
collision frequencies, non-uniform magnetic fields and non-
uniform plasma densities is determined. Based on the numer-
ical results, a method for practical mitigation of blackout is
proposed in this paper.

This paper is organized as follows. Equations and disper-
sion relations of circularly polarized wave in the magnetized
plasma sheath taking into account the collision are given in
Section 2. The emulational model used in this paper is pre-
sented in Section 3. Section 4 and Section 5 provide results
and related discussion. Finally, conclusions are given in Sec-

tion 6.
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2. Wave equations and dispersion relations

In this paper, the electric field E of wave equation in the
plasma sheath can be expressed as

Vx(VxE)—k%(s—;I):-)E_O, 1)
0

E(x,y,2) = E(x,y)e'*, )

where ky = ®/c, @ is circular frequency of high frequency
wave fields, c is the speed of light in vacuum, & is the per-
mittivity in vacuum, k; is the component of the wave vector
k in the z direction. J is the induced current in the plasma
sheath, o is the conductivity tensor, € is the dielectric tensor.
In Eq. (1), it involves the transformation of the dielectric ten-
sor in the coordinate system of STIX frame!!”! to the dielectric
tensor in the coordinate system of this paper, where the non-
uniform magnetic field By is aligned along y direction and the
k is placed in xoy plane in the coordinate system of this paper.
The transformation is given as

€= Gfl .E(STIX) -G, (3)

where G is the transformation matrix. It is given as

1 0 O
G=|0 0 1], 4)
0 -1 0
where e(8T1X) is the dielectric tensor in the coordinate system

of STIX frame. It is given as

g & 0
eS| g & 0 |, 5)
0 0 &

where €|, &, and &; are the components of the eBTIX)  We
assume that the ions are stationary at high wave frequency,
thus in this paper the plasma density is replaced by the elec-

tron density. The components of the g(STIX)

in the magnetized
plasma sheath taking into account the collision can be written

as

105 (Ve — i)

€ = ; ) (6)
o[(Ve — i0)* + 0]
i
&= e TET ()
o[(Ve —10)” + 07F]
)
i
=1+ ——"— 8
= o(Ve—io)’ ®

where V; is the collision frequency of electrons. @,. and e
are electron plasma circular frequency and electron cyclotron
circular frequency, respectively, which are given as

e%ne

Wpe = €))

me&o ’

ac=50. (10)
where e is the charge of the electron, n, is the electron density.
me is the mass of the electrons. By is the scalar part of By.

The EM wave propagating along the By direction in the
magnetized plasma sheath can be mainly decomposed into
left-handed circularly polarized wave (left-handed wave) and
right-handed circularly polarized wave (right-handed wave).
The dispersion relations of left-handed wave and right-handed

wave in this paper are given as

212 2 2
k 0>/
Right-handed wave : n? = — =1 — L, (11)
? 1— (/)
212 2 2
k 2./
Left-handed wave : n> = C—z =1- L, (12)
0} 1+ (0 /)

where n is the refractive index. In Eqgs. (11) and (12), we get
the cut-off frequencies of left-handed wave and right-handed

wave separately by setting k = 0, which are given as

1
R = E[wce+(w§e+4w§e)'/2], (13)

1
o = 5[—wce+(w36+4w§c)1/2], (14)

the 1/n? versus @ of left-handed wave and right-handed wave
is shown in Fig. 1. We use the blue line to represent the left-
handed wave and the green line to represent the right-handed
wave. Wave can propagate in the magnetized plasma sheath
while 1/n% > 0. According to the findings depicted in Fig. 1,
it is apparent that the propagation of the right-handed wave
is viable within the magnetized plasma sheath when its fre-
quency is lower than the electron cyclotron frequency. This
specific frequency range is identified as being below the right-
handed cut-off frequency, and is thoroughly examined in Sub-
section 4.1 for further elucidation. From Fig. 1 and Eq. (14)
we can also find that the left-handed wave fails to propagate
in the magnetized plasma sheath when the wave frequency is
lower than the left-handed cut-off frequency, which means that
its propagation is strictly limited by By and n.. While in the ac-
tual re-entry process, n. is not completely controllable. Thus,
the left-handed wave will not be concerned in this paper.

Notably, the above derivation between cut-off frequen-
cies and dispersion relations is all based on the premise that
the incident angle 6 = 0° (0 is the angle between k and By).
For 0 # 0°, dispersion relations vary with k. Therefore, we
set up a control group in Section 4 with 6 = 0° and 0 = 15°
separately to study the difference between oblique incidence
(6 # 0°) and direct incidence (6 = 0°). And the effect due
to different incident angles is further investigated in Subsec-
tion 4.4.
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Fig. 1. The dispersion relations of right-handed wave and left-handed
wave.

3. Simulation model

We employ the COMSOL Multiphysics software pack-
age, utilizing the finite element method (FEM), for address-
ing the interconnected wave equations within the frequency
domain. We make the assumption that linear perturbation
variables exhibited oscillations characterized by the time-
harmonic term e'®’. Figure 2 illustrates the two-dimensional
(2D) simulation model of EM wave propagation in the mag-

netized plasma sheath, where /; =/3 =0.1 mand [, = 0.3 m.

-
3l
7 Integration line

Y lo Air

Y
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-
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x
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-1
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Air

EMW excitation
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L

Fig. 2. Modeling of the EM wave across the non-uniformly magnetized
plasma in the xoy plane of the Cartesian coordinate system.

3.1. Basic model setting

The initiation of EM wave excitation is positioned in the
lower air region, with k of EM wave lying in the xoy plane.
The mode of EM wave is right-handed circularly polarized
wave. Electron density and magnetic field non-uniformities
are assumed along y direction, while uniformity prevail in x
and z directions. We apply periodic boundary conditions, for
left and right boundary and employ perfect matched layers
(PMLs) to model the air region extending infinitely. Wave fre-
quencies span from 1 GHz to 40 GHz, with an input wave
power of 1 W.

3.2. PML setting

In this paper, PML are used to simulate the infinite bound-
ary conditions for EM waves. The electromagnetic property
of the PML is the same as the air. The polynomial stretching

function is applied in the y direction, which is given as

fo(6) =sEp(1-1), (15)

where & is the dimensionless coordinate, which varies from 0
to 1 over the PML layer. s is a scaling factor. To retain per-
fect absorption for plane waves incident at an angle 6 relative
to the boundary normal, it is necessary to compensate for the
longer wavelength seen by the PML in the stretching direction
by setting the scaling factor

s=1/cos8, (16)

where p is a curvature parameter, which is equal to the default
value 1. The function returns a new, complex and stretched,
coordinate interpreted as relative to the typical wavelength
for each simulation frequency, which means that the com-
plex displacement for stretching in a single direction is A =
Afp(§) — LpmiE. Lpwmy is the original thickness of the PML,
and we set Lpyp = /; = 0.1 m in this paper. A is a typical
wavelength.

3.3. Coefficient definition

We define two integration lines (red lines in Fig. 2) and
one integration surface (yellow surface in Fig. 2) to calculate
the transmitted coefficient, reflected coefficient and loss coef-
ficient.

The integration line located at the upper air: the PML
boundary calculates the transmitted coefficient Cr, which is
used to evaluate the transmission efficiency of EM wave
through the plasma sheath. The definition of Ct is

Jdi(n-S)
= —h

where S is the Poynting vector out of the plasma sheath, n is

Cr ; a7

the unit vector normal to the integral line, and P, is the input
power of the EM wave source.

The integration line located at the bottom air: the PML
boundary calculates the reflected coefficient Cr. The defini-
tion of Cg is

(18)

- |L81-5)

Pi
The integration surface calculates the loss coefficient Cy..
The definition of C is

(0]
CL= Tgo/ds [Re(E*-e*-E)], (19)
where E* is the conjugate part of E, € is the anti-hermitian
part of £(STIX),

3.4. Electron density setting

During the practical re-entry process, electron density
within the plasma sheath follows a distribution pattern charac-
terized by lower density near the interface, reaching its max-
imum at a specific distance from the vehicle. Experimental
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findings on plasma sheath behavior!'®! suggest that the elec-
tron density profile could be accurately represented by double
Gaussian model. In addition, Ouyang er al.!'” showed the
electron collision frequency distribution and electron density
distribution in the plasma sheath at different re-entry altitudes.
The value of 1, ranges from 4.9 x 10> m—3 t0 4.3 x 10! m—3,
while the value of v, spans from 0.1 GHz to 100 GHz. Thus,
we utilize the double Gaussian model to simulate electron den-
sity distribution and select four clusters of electron densities
commonly observed in the plasma sheath at different re-entry
heights as the maximum values of double Gaussian models,
which are 5 x 1017 m™3, 1 x 10’8 m™3, 5 x 10'8 m~3, and

1 x 10" m~3, respectively (shown in Fig. 8).

3.5. Electron collision frequency setting

Compared to the electron density distribution, the estima-
tion error of the electron collision frequency distribution is sig-
nificant. The estimation error is approximately within an order
of magnitude, which implies that providing an exact profile of
the collision frequency distribution is of limited significance.
Besides, the impact of the electron collision frequency distri-
bution on the wave field is negligible. Therefore, selecting a
set of constants to determine the electron collision frequency
is adequate. We similarly choose four common groups of elec-
tron collision frequencies at different re-entry heights as con-
trol experiments, which are 0.5 GHz, 5 GHz, 10 GHz, and
50 GHz, respectively.

3.6. Magnetic field setting

We assume that a rectangular magnet is used to excite the
non-uniform magnetic field. Guo ez al.*"! indicated that the
magnetic induction in the x, z directions could be much smaller
than that in the y direction by proper placement of the rectan-
gular magnet, which means that the effects of magnetic induc-
tion in the x, z directions can be neglected in this paper. The
magnetic field distribution of some typical rectangular mag-
nets within the plasma sheath can be approximately modeled
using the Biot—Savart’s law.[?!] Thus, we assume that the di-
rection of By is along the y axis and that the magnitude of By

follows an exponential attenuation (shown in Fig. 3).

3.7. Mesh setting and convergence

We select mapped mesh form for simulation across all
mesh configurations. Zhang et al.!*?! indicated that the calcu-
lation error can be controlled in +1% if the mesh size in the x
direction is less than 0.1, and the mesh size in the y direction
is less than 0.14,, approximately. A, and A, are the wavelength
in the x and y directions. Therefore, the plasma sheath’s mesh

size in x and y directions is respectively adjusted to 5 mm and

0.33 mm to make sure that the calculation error is controlled in
+1%. We adjust the mesh size to 2.5 mm and 0.17 mm, 1 mm,
and 0.06 mm for x and y directions respectively for numerical
simulations, and the results such as transmitted coefficients re-
main the same, which indicate that the mesh size has met the

convergence requirement.

4. Numerical results and discussion

4.1. Dependence on non-uniform magnetic fields

The distribution of By in the plasma sheath is illustrated in
Fig. 3. The maximum values of By are 0.25 T, 0.5 T, 0.9 T, and
1.5 T, respectively. The maximum value of 7, is 5x10'8/m?
and V. is 0.5 GHz. Grantham has confirmed that the commu-
nication blackout occurs when the power attenuation is more
than 40 dB.[?3! Thus, we assume that the wave can penetrate
the plasma sheath when the transmitted coefficient is greater
than —40 dB.

14r Bomax=15T
I — Bymax=09 T
1.2p — Bomax=0.5T
I — By max=0.25 T
1.0t

0 002 004 006 008 010
y (m)

Fig. 3. The distribution of non-uniform magnetic field in the plasma sheath.

Reflected, transmitted and loss coefficients versus wave
frequency for different non-uniform magnetic fields in the
plasma sheath at 8 = 0° and 8 = 15° are shown in Figs. 4
and 5. We use the dashed lines to represent the minimum val-
ues of electron cyclotron frequency fee (fee = Wee/27) and
the dotted lines to represent the maximum values of right-
handed cut-off frequency fr (fr = @r/27). It can be seen
from Fig. 4 that when the wave frequency is less than the min-
imum value of f, the transmitted coefficient is greater than
—40 dB. Wave in this frequency region is known as whistle
mode, which can penetrate the plasma sheath to send informa-
tion. Obviously, the minimum value of f is a turning point.
For the wave frequency exceeds the minimum value of fc,
the transmitted coefficient drops dramatically to well below
—40 dB. This frequency region is known as the cut-off region,
wave in this cut-off region fail to penetrate the plasma sheath.
As the wave frequency gradually increases to the maximum

values of fr, the transmission coefficient increases sharply to
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above —40 dB. It indicates that the maximum values of fg is
another turning point. At this point, wave can penetrate the
plasma sheath again. And wave in this frequency region is
called the high frequency right-handed wave. From Egs. (10)
and (11), we know that f.. and fr increase with non-uniform
magnetic field. As shown in the comparison of Figs. 4(a)-4(d),
non-uniform magnetic field simultaneously affects the propa-
gation of whistle mode and the high frequency right-handed
wave in the plasma sheath.

When we excite right-handed wave, the electric vectors
of the wave rotate clockwise with time along the direction of

(a) Bomax=0.25T

—100

—+— Reflected coefficient

Power coefficient (dB)

—200
—=&— Transmitted coefficient
—— Loss coefficient
—3005 10 20 30 40
f (GHz)
o
<
+
=
[
S
&
Q 1
3 I
$ 1
g 1
o _ 1 i Lt
. —100, 10 20 30 40
f (GHz)

k. For 8 = 0°, k is parallel to By. The electric vectors of
the wave are right-handed when we observe in the direction
along By. For 6 = 15°, k is no longer parallel to By. At this
point we observe in the direction along By, the electric vec-
tors of the wave have both left-handed and right-handed com-
ponents. Since the cut-off frequency of left-handed wave is
lower than that of right-handed wave, resulting in left-handed
wave that can penetrate the plasma sheath in the cut-off re-
gion of right-handed wave. Thus, the transmission coefficient
in cut-off region with 6 = 15° increases to more than —40 dB
for the strong magnetic field, as shown in Figs. 5(c)-5(d).

(b) By max=0.5T

PPPPRPP

—50}
—100¢
—150¢
—2001

Power coefficient (dB)

—250

20 30

f (GHz)

40

(d) B

b

—20¢+

—40¢+

—60+

Power coefficient (dB)

—50 020
f (GHz)

30 40

Fig. 4. Reflected, transmitted, and loss coefficients versus right-handed wave frequency for different non-uniform magnetic fields in the plasma
sheath, ve = 0.5 GHz, 6 = 0°, ne max = 5 X 10'8 m—3. Dashed lines indicate the minimum values of fee and dotted lines indicate the maximum
values of fr. (@) Bo max = 0.25 T, (b) By max = 0.5 T, (¢) By max =09 T, (d) By max = 1.5 T.
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Fig. 5. Reflected, transmitted, and loss coefficients versus right-handed wave frequency for different non-uniform magnetic fields in the plasma
sheath, Ve = 0.5 GHz, 0 = 15°, e max = 5 x 10'® m~3. Dashed lines indicate the minimum values of fee and dotted lines indicate the maximum
values of fr. (@) By max = 0.25 T, (b) Bo max = 0.5 T, (¢) By max = 0.9 T, (d) By max = 1.5 T.
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Fig. 7. The variation of the electric fields versus the plasma sheath for the different right-handed wave frequencies, By max = 0.9 T, ne max =
5% 10" m=3, v, =0.5 GHz, § = 15°. (a) f =9 GHz, (b) f = 18 GHz, (c) f = 33 GHz.
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The amplitude distributions of the electric field for dif-
ferent wave frequencies at 6 = 0° and 6 = 15° are shown
in Figs. 6 and 7. Magnitude of the parameter is the same
as panel (c) of Figs. 4 and 5. The minimum value of f..
and the maximum value of fr at this point are about 10 GHz
and 32 GHz respectively. Wave frequencies are chosen to be
9 GHz, 18 GHz, and 33 GHz. The 9 GHz is less than the mini-
mum value of f., corresponding to the propagation of whistle
mode. The 18 GHz is between the minimum value of f,. and
the maximum value of fr, corresponding to wave propagation
in the cut-off region. The 33 GHz is greater than the maximum
value of fgr, corresponding to the propagation of the high fre-
quency right-handed wave. For right-handed wave, k tends
to infinity as wave frequency approaches f.., when wave res-
onates with the electronic oscillation. As shown in E, and E,
of Fig. 6(b), the electron cyclotron resonance occurs at the po-
sition where f approaches f... During the process of electron
acceleration, the amplitude of the electric field severely atten-
uates. Wave loses energy and fails to penetrate the plasma
sheath. Besides, the electron density is non-uniform along the
y-axis direction. If wave can excite the electric field along the
y-axis direction, which is parallel to the electron density gradi-
ent, it can generate the electron density perturbations to induce
the plasma oscillation.!??! Thereafter, wave resonates with the
plasma oscillation as f approaches fpe (fpe = Wpe/27). From
the comparison of E, in Figs. 6 and 7, right-handed wave with
6 = 15° excites the electric field along the y-axis direction. As
shown in Figs. 7(a)-7(b), the plasma resonance occurs at the
position where f approaches f,.. The singularities appearance

can be clearly observed at the plasma resonance occurrences.

_ (a) Me max = 5X1017 m—3

8 o .

3 o}
{

T —20t

2 1

=

& —40r !

o 1 :

8 ! i — Reflected coefficient

= —60r 1 Transmitted coefficient |

g ! i = Loss coefficient

5 —g80l N S .

A 0 10 20 30 40

f (GHz)

A (C) Te max = 5X10'8 m~3

B asrreres

<) PR R R R R eSS :m
\ H

b= —50+1 i H 1

2

S —100f !

% 1

s —150f !

(3] 1

5 —200f !

% 250 —1

& "0 10 20 30 40

f (GHz)

4.2. Dependence on non-uniform electron densities

The distribution of 7. in the plasma sheath is illustrated
in Fig. 8. The maximum values of n. are 5%x10Y7 m3,
1x10"® m™3, 5x10'® m~3, and 1x10' m~3, respectively.
The maximum value of By is chosen to 0.5 T and V, is cho-

sen to 0.5 GHz.

1019
C? 1018 L
)
s Km =5x10'7 m—3
— Me max = 1X1018 m—3
1017F  — Memax= 5X1018 m—3
MNe max = 1Xx101% m—3
0 0.02 0.04 0.06 0.08 0.10
y (m)

Fig. 8. The distribution of 7, in the plasma sheath.

Reflected, transmitted and loss coefficients versus wave
frequency for the different electron densities in the plasma
sheath at 6 = 0° and 8 = 15° are shown in Figs. 9 and 10.
From Egs. (9)—(11), we know that the value of fr increases
with the electron density, but the value of f.. remains the same.
As shown in the comparison of Figs. 9(a)-9(d), the electron
density mainly affects the propagation of high frequency right-
handed wave in the plasma sheath, while it has little effect on
the propagation of low frequency whistle mode in the plasma
sheath. Furthermore, it has been found that as f approaches
fce, the transmitted coefficient decreases sharply with increas-
ing electron density. This is attributed to the high participation
of electrons in the electron cyclotron resonance.

(b) Me max = 1X108 m—3

)
o 0
v —20¢
2
S —40f
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g 60}
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_ 1 ; . .
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Fig. 9. Reflected, transmitted, and loss coefficients versus right-handed wave frequency for different electron densities in the plasma sheath,
Ve = 0.5 GHz, 8 = 0°, By max = 0.5 T. Dashed lines indicate the minimum values of f.. and dotted lines indicate the maximum values of fR.
(@) Me max = 5% 107 m™3, (b) 16 max = 1 X 108 m™3, (€) 11e max = 5 % 108 m—3, (d) 1 max = 1 x 10! m—3.
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Fig. 10. Reflected, transmitted, and loss coefficients versus right-handed wave frequency for different electron densities in the plasma sheath,
Ve = 0.5 GHz, 6 = 15°, By max = 0.5 T. Dashed lines indicate the minimum values of f.. and dotted lines indicate the maximum values of fr.
(@) e max = 5% 107 m™3, (b) e max = 1 x 108 m™3, (¢) 126 max = 5 % 10" m™3, (d) 7 max = 1 x 10! m 3.

4.3. Dependence on the collision frequencies

The collision frequency V. is set to 0.5 GHz, 5 GHz,
10 GHz and 50 GHz, respectively. The maximum value of
By is chosen to 0.5 T and the maximum value of n, is chosen
to 5x 10" m~=3.

Reflected, transmitted, and loss coefficients versus right-
handed wave frequency for different collision frequencies in
the plasma sheath at 6 = 0° and 6 = 15° are shown in Figs. 11
and 12. We notice that the collision of free electrons with neu-
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tral particles dominates the process when f is less than fe,
the transmitted coefficient decreases with increasing V.. No-
tably, there is a discernible shift in dominant mechanisms as f
approaches and reaches f;., with electron cyclotron resonance
taking precedence, transmitted coefficient increases with Vve.
As f beyond fr, the dynamics revert to electron—neutral par-
ticle collisions being preeminent, thereby reviving the pattern
of reducing transmitted coefficient with heightened v.. More-
over, from a comparison of Figs. 11(a)-11(d), the curve of the
transmitted coefficient becomes flat as v, increases.
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Fig. 11. Reflected, transmitted, and loss coefficients versus right-handed wave frequency for different collision frequencies in the plasma
sheath, By max = 0.5 T, 8 = 0°, fe max = 5 x 10'® m—3. Dashed lines indicate the minimum values of fee and dotted lines indicate the maximum
values of fr. (a) V. = 0.5 GHz, (b) v =5 GHz, (¢) V. = 10 GHz, (d) v. = 50 GHz.
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Fig. 12. Reflected, transmitted, and loss coefficients versus right-handed wave frequency for different collision frequencies in the plasma sheath,
By max =0.5T, 0 = 15°, n¢ max =5 x 10'® m~3. Dashed lines indicate the minimum values of f;. and dotted lines indicate the maximum values
of fr. (a) ve = 0.5 GHz, (b) v, =5 GHz, (¢) V. = 10 GHz, (d) v = 50 GHz.

4.4. Dependence on the incident angles

The incident angle 8 is set to 0°, 15°, 30°, and 45°, re-
spectively. The maximum value of By is chosen to 0.5 T. The
maximum value of 7, is chosen to 5x10'8 m~3 and v, is cho-
sen to 0.5 GHz.

Reflected, transmitted, and loss coefficients versus wave
frequency for different incident angles in the plasma sheath is
shown in Fig. 13. It is evident that the transmitted coefficient
fluctuates with 6 within the frequency range from 20 GHz
to 30 GHz, which is primarily attributed to the alterations in
plasma resonance and cut-off frequency. From Subsection 4.1
we know that only an oblique incident wave is capable of ex-
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Fig. 13. Reflected, transmitted, and loss coefficients versus wave frequency for different incident angles in the plasma sheath, v,

citing the plasma resonance. As 0 increases, the plasma reso-

nance intensifies and the transmitted coefficient decreases. Be-
sides, for 6 # 0°, k is given as

2_ 1242

k* = ki + k5, (20)

where k, and k, are the components of the wave vector k in

the x-axis and y-axis directions, respectively. With the wave

frequency held constant, k remains the same and k, increases

with 8. Leading to an inverse relationship between k, and in-

creasing 6. The wave cuts off as ky drops to zero. Thus, the
cut-off frequency increases with 6.
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0.5 GHz,

Bomax = 0.5 T, fle max = 5 x 108 m™3. (a) 8 = 0°, (b) 6 = 15°, (c) 6 = 30°, (d) O =45°.
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5. Practical method for blackout mitigation

In this section, simulation results are presented for the
propagation of low-frequency whistle mode in various in-
cident angles, collision frequencies, non-uniform magnetic
fields, and plasma densities. Three sets of above parameters
are fixed quantitatively, allowing for the isolated variation of
a singular parameter to investigate its specific impact on the
transmission coefficient of whistle mode. Wave frequency
range for this simulation is demarcated between 0.1 GHz to
4 GHz, with intervals set at 0.1 GHz increments. The trans-
mitted coefficient as a function of wave frequency for differ-
ent parameters is shown in Fig. 14. The relevant parameters of
Fig. 14 are listed in Table 1.

Within this spectrum, whistle mode has a high value
of the transmitted coefficient for strong magnetized plasma
sheath, as shown in Fig. 14(a). However, considering that
strong non-uniform magnetic field has not been obtained prac-
tically at an acceptable weight and volume for space vehicles.
In its present state By = 0.5 T, whistle mode can penetrate the
magnetized plasma sheath at a frequency of 0.1 GHz-1 GHz
to transmit information effectively. Similarly, within this spec-
trum 0.1 GHz-1 GHz, the transmitted coefficients of whistle
mode in Figs. 14(b)-14(d) are almost greater than —40 dB.

0

Pyttt
—50
—100
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By max=0.5T

Transmitted coefficient (dB)
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—200 T
0 1 2 3 4
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—150 —— Bomax=09 T
—200 —<+—Bomax=15T
—250
—300
3 0 1 2 3 4

Thus, whistle mode within wave frequency of 0.1 GHz to
1 GHz, subject to the limits of the non-uniform magnetic field,
showcasing a heightened transmitted power when mediated by
different parameters. It remains substantially unaffected by
fluctuations in parameters such as Ve, ne, and 6, highlighting
a considerable advantage over the left-handed wave which ex-
hibits a dependency on the magnitude of electron density. In
addition, whistle mode at this frequency region facilitates a
more expansive propagation region as compared to the capa-
bilities achieved with MHz wave.[?*] Moreover, it precludes
the necessity for high-frequency THz wave, thereby offering
a more pragmatic and simplified approach to antenna design
for space vehicles. In summary, low-frequency whistle mode
presents a promising avenue for communication owing to its
resilience to variations in the defined parameters.

Table 1. The parameters in the simulation.

Parameters Tlewres (@ (b () (d
By max 05T 05T 05T
Ve 0.5 GHz 0.5GHz 0.5GHz
fe max 5%10"¥ m™ 5x10'8 m~3 5%10'8 m—3
0 0° 0° 0°

—50¢+

e v,=0.5 GHz =

Transmitted coefficient (dB)

—100¢ ve=>5 GHz oo ]
—»—v,=10 GHz \
—«—v, =50 GHz

e R S—

f (GHz)
0

—50¢+

—— =0

Transmitted coefficient (dB)

—100} 0 =15°
—— 6 =30°
—— 0 =45°

B S R S—
f (GHz)

Fig. 14. Transmitted coefficient versus wave frequency for different parameters in the plasma sheath.

6. Conclusions

In order to use the “magnetic window” to solve the com-
munication blackout issue. We employ finite element anal-
ysis software package COMSOL to model the propagation
of right-handed circularly polarized wave in the magnetized
plasma sheath, and investigate the effects of different incident
angles, collision frequencies, non-uniform magnetic fields and

non-uniform electron densities on the transmission response of

right-handed circularly polarized wave. The results show that
right-handed circularly polarized wave can penetrate the mag-
netized plasma sheath when the wave frequency is less than
the minimum value of electron cyclotron frequency or greater
than the maximum value of cut-off frequency of right-handed
circularly polarized wave. The reason why right-handed wave
cannot penetrate the magnetized plasma sheath is that elec-
tron cyclotron resonance drains the energy of right-handed
wave as wave frequency approaches and reaches electron cy-
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clotron frequency, while oblique incident wave (incident an-
gle 6 # 0) also resonates with the plasma oscillations as wave
frequency approaches and reaches electron plasma frequency.
Cut-off frequency of right-handed circularly polarized wave
mostly depends on the distribution of non-uniform magnetic
field and non-uniform electron density, and electron cyclotron
frequency mostly depends on the distribution of non-uniform
magnetic field. Besides, incident angle and collision fre-
quency affect right-handed wave propagation in the magne-
tized plasma sheath to a certain extent.

Based on the above findings, we investigate the trans-
mitted power of low frequency whistle mode as affected by
different incident angles, collision frequencies, non-uniform
Wave
frequency range for this simulation is demarcated between
0.1 GHz to 4 GHz. The results show that subject to the lim-
its of the non-uniform magnetic field, low-frequency whistle

magnetic fields, and non-uniform plasma densities.

mode remains substantially unaffected by fluctuations in colli-
sion frequency, electron density, and incident angle within the
frequency range of 0.1 GHz-1 GHz, which has a number of
advantages compared to other waves. Such as simplifying the
antenna design and expanding the propagation range of fre-
quencies. The superior performance of whistle mode against
perturbations due to variations in parameters enables it to be
used as a communication window to send information.
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