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The application of magnetic fields, electric fields, and the increase of the electromagnetic wave frequency are up-
and-coming solutions for the blackout problem. Therefore, this study considers the influence of the external magnetic
field on the electron flow and the effect of the external electric field on the electron density distribution, and uses the
scattering matrix method (SMM) to perform theoretical calculations and analyze the transmission behavior of terahertz
waves under different electron densities, magnetic field distributions, and collision frequencies. The results show that the
external magnetic field can improve the transmission of terahertz waves at the low-frequency end. Magnetizing the plasma
from the direction perpendicular to the incident path can optimize the right-hand polarized wave transmission. The external
electric field can increase the transmittance to some extent, and the increase of the collision frequency can suppress the
right-hand polarized wave cyclotron resonance caused by the external magnetic field. By adjusting these parameters, it is
expected to alleviate the blackout phenomenon to a certain extent.

Keywords: terahertz wave, scattering matrix method (SMM), nonuniform magnetized plasma, electric field
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1. Introduction
At velocities near or above Mach 10, atmospheric gas

flowing by the hypersonic vehicle will be heated by the super-
sonic shock in front of the vehicle. It creates friction violently
when the atmospheric gas flows around the aircraft, causing
the dissociation of molecules and atoms to form an ionized
flow, or so-called “plasma sheath”.[1,2] The electron density of
the plasma sheath can reach more than 1019 m−3,[3] so that
the electromagnetic wave energy emitted or received by the
antenna window is absorbed in large amounts, making com-
munication impossible. That is, the blackout phenomenon oc-
curs. Many technologies have been proposed to alleviate the
blackout problem,[4–9] such as aerodynamic shape, material
injection, magnetic and electric field restraint, high-frequency
transmission. With the development of electromagnetic ma-
terials and terahertz wave technology, additional electromag-
netic fields and terahertz wave transmission have great poten-
tial in alleviating the blackout problem. The frequency of the
THz wave is higher than the cut-off frequency of the high-
density plasma sheath currently studied. Hence, it has excel-
lent penetration into the sheath. The THz wave also has good
anti-interference, so researchers have begun to pay attention
to the transmission of terahertz waves in plasma and the in-
fluence of magnetic fields on transmission. Zhou et al. stud-
ied the influence of non-uniform magnetic fields on the trans-
mission of electromagnetic waves below Ka in the sheath.[10]

Zhang et al. studied the transmission characteristics of tera-

hertz waves in parallel magnetized sheaths,[11] Lemmer et al.
investigated the effects of cross electric and magnetic fields
on plasma sheaths.[12] Kim et al. studied the sheath electron
density changes near the electrode under an electric field.[13]

Therefore, the transmission characteristics of terahertz waves
in the plasma sheath under the action of electric and mag-
netic fields are worth studying. Computer numerical analy-
sis is more comfortable and efficient than the flight test with
the high cost and harsh detection conditions. It is widely
used to analyze electromagnetic wave transmission character-
istics in plasma, such as through using the Wentzel–Kramer–
Brillouin (WKB) method, scattering matrix method (SMM),
finite-difference time-domain (FDTD) method.[14–25] Yu et al.
used the WKB method to study the transmission character-
istics of terahertz waves in magnetized plasmas with differ-
ent electron density distributions.[26] Numerical simulation re-
sults demonstrated that the plasma density, plasma slab thick-
ness, plasma density models, and collision frequency signifi-
cantly influence the attenuation and transmittance of terahertz
waves. Guo et al. used the SMM to study the transmission
characteristics of terahertz waves in three parabolic magne-
tized plasmas.[27] Numerical calculation results show that the
characteristics of the absorption spectra are affected by the
parameters in the first layer of plasma and the gradient of
the parameters across the entire plasma. Zhang et al. used
the FDTD to study the three types of plasma absorptions, in-
cluding plasma resonance, electron cyclotron resonance, and
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upper hybrid resonance in homogeneous and inhomogeneous
magnetized plasmas.[28] The studies mentioned above focused
mainly on the transmission characteristics of electromagnetic
waves in non-uniform magnetized plasma magnetized in a
fixed direction and have obtained many meaningful conclu-
sions. However, they considered neither the influence of mag-
netic field inhomogeneity nor the effect of the electric field on
the plasma sheath. These external conditions will also affect
the transmission of terahertz waves in the sheath to a certain
extent.

In previous work, using the SMM, we compared and an-
alyzed the transmission characteristics of the left and right-
hand polarized THz waves when the various parameters
changed.[29] However, we did not consider the non-uniform
distribution of the magnetic field and did not add an electric
field to the model to change the electron density distribution.
Therefore, to explore the transmission characteristics of ter-
ahertz waves in the sheath more comprehensively, this paper
considers the magnitude and direction of the inhomogeneous
magnetic field, the influence of electric field on plasma density
distribution and the collision frequency. Besides, the trans-
mission performance before and after adding a magnetic field
or electric field are compared. The SMM is also used in this
work for calculation and analysis. Because the SMM makes
fair use of the layering idea to reflect the inhomogeneity of
plasma, by expressing the total electric and magnetic fields in
each thin plasma layer, multiple reflections between layers can
be considered. In addition, compared with the precise algo-
rithm FDTD, it does not require a lot of meshes, and the trans-
mittance can be calculated directly and efficiently. The SMM
algorithm has low complexity and high computational effi-
ciency, so it is very suitable for analyzing the plasma sheath.
The rest of this article is arranged as follows. First, the to-
tal transmission model and the SMM model, and theoretical
derivation are introduced. Then, before and after the electric
or magnetic field is added, the transmission performance of
the right-hand polarized terahertz wave in the plasma sheath
is calculated and analyzed under different electron densities,
magnetic field distributions, and different collision frequen-
cies. Finally, some conclusions are drawn from the present
studies.

2. Theory of SMM
We use the SMM to study the transmission characteris-

tics of electromagnetic waves incident perpendicularly to the
plasma sheath. The overall model used is shown in the cross-
section of Fig. 1.

Electromagnetic waves enter into the plasma in a verti-
cal direction. The magnet under the antenna provides a non-
uniform magnetic field to magnetize the plasma sheath on the
aircraft’s surface. We simulate the magnetic field distribution

of the magnet with the ANSYS Electronic Desktop V 19 and
show the results from the model in Fig. 1. The simulation
data will also be used in Section 3. In addition, in this model,
we add positive electrode and negative electrode on the air-
craft’s surface to introduce an electric field. An electrostatic
plasma sheath is formed when a negative voltage is applied to
the negative electrode in a plasma. In the electrostatic plasma
sheath, the electrons are depleted due to the applied nega-
tive voltage.[13] And electrodes and antenna can move syn-
chronously according to the position we require. Because it
is assumed that it is non-uniform only in the x-axis direction,
we will analyze the transmission of THz waves in the plasma
layer in the xoy plane. Since magnetized plasma is a disper-
sive medium and possesses anisotropy, it can be divided into a
certain number of thin layers with the same characteristics for
analysis.

Incident 
wave

Magnet Antenna

B

Path 1

Path 2

Path 3

Plasma

Vehicle

θ

o

z

y

x

Fig. 1. Lumped model of terahertz wave incident on plasma under applied
electromagnetic field.

As shown in the layered model in Fig. 2, the entire plasma
sheath is divided into n layers. The upper area (0) and lower
area (t) are free spaces. Each layer of the layered plasma is
regarded as a uniform plasma, and the propagation constant is
k(m),

k(m) =
ω

c

√
ε
(m)
r , (1)

where ε
(m)
r is the relative permittivity in the m-th layer of the

sheet, c is the speed of light in vacuum, and ω is the an-
gular frequency of incident electromagnetic wave. The rela-
tive permittivity of the sheath is expressed by the Appleton
formula[30]

ε
(m)
r = 1− Z

X− Y sin2
θ

2(X−Z)
±

[
Y 2 sin4

θ

4(X−Z)2 +Y cos2 θ

]1/2 , (2)

where sign± represents the left polarization or right polariza-
tion; θ is the angle between the wave propagation path and the
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magnetization direction; X = 1− iv/ω , with v being the colli-
sion angular frequency, and ω representing the incident elec-
tromagnetic wave angular frequency; Y = ω2

ce/ω2, with ωce

being the electron cyclotron angular frequency; Z = ω2
p,m/ω2,

with ωp,m being the plasma angular frequency of the m-th
layer.
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Fig. 2. Model of THz wave propagation in layered plasma.

The collision angular frequency can be expressed as[31]

v = 2×π×5.814×1012 p
p0
×T−1/2, (3)

where p is the pressure, T is the temperature, and p is the stan-
dard atmospheric pressure.

The plasma angular frequency is expressed as[32]

ωp,m =

√
Nee2

meε0
, (4)

where Ne is the free electron density, e and me are the elec-
tron charge and electron mass, respectively; ε0 is the dielectric
constant in a vacuum.

The electromagnetic field in the incident area 0 and the
thin layer 1 in Fig. 1 are represented by the incident electric
field E i

z , the reflected electric field Er
z , the incident magnetic

field H i
y , and the reflected magnetic field Hr

y. They are respec-
tively written in the following forms:

E i(0)
z = E0 e−ik(0)x,

Er(0)
z = AE0 e ik(0)x,

H i(0)
y =−E0

η0
e−ik(0)x,

Hr(0)
y = A

E0

η0
e ik(0)x,

(5)



E i(1)
z = B1E0 e−ik(1)x,

Er(1)
z =C1E0 e ik(1)x,

H i(1)
y =−B1

E0

η1
e−ik(1)x,

Hr(1)
y =C1

E0

η1
e ik(1)x,

(6)

where A is the reflection coefficient incident on the surface of
the first plasma layer; B1 is the transmission coefficient of the
electromagnetic wave from the area 0 into the plasma layer
1; C1 is the reflection coefficient of the electromagnetic wave
from plasma layer 2 back to plasma layer; k(0) is the wave
number in free space. In this way, the total electromagnetic
field relationship between the incident area 0 and the thin layer
1 can be determined, and the matrix relation can be obtained
by the imposed boundary conditions of the interface at x = 0:(

B1
C1

)
= S1

(
A
1

)
, (7)

where

S1=
1

2k(1)x

(
k(1)x − k(0)x k(1)x + k(0)x

k(1)x + k(0)x k(1)x − k(0)x

)
. (8)

In the same way as the above, continuing to match the
next interface until the n-th yields the matrix equation as fol-
lows: (

Bm
Cm

)
= Sm

(
Bm−1
Cm−1

)
, (9)

where

Sm =

(
e−ik(m)

x dm e ik(m)
x dm

k(m)
x e−ik(m)

x dm −k(1)x e ik(m)
x dm

)−1

×

(
e−ik(m−1)

x dm e ik(m−1)
x dm

k(m−1)
x e−ik(m−1)

x dm −k(m−1)
x e ik(m−1)

x dm

)
. (10)

The left and right of the last interface are the plasma layer
(n) and free space (t). There are only transmitted electromag-
netic waves in the area (t) but no reflected electromagnetic
waves. Therefore, matching the boundary conditions at x = d
can obtain a matrix equation(

Bn
Cn

)
=Vt ·D, (11)

where D is the total transmission coefficient and

Vt=
1

2k(n)x

 (k(n)x + k(t)x )e i(k(n)x −k(t)x )dt

(k(n)x − k(t)x )e−i(k(n)x +k(t)x )dt

 . (12)

Through the above formulas (7), (9), and (11), we can
recursively transform and obtain

Sg

(
A
1

)
=Vt ·D, (13)

where

Sg = Sn ·Sn−1 ·Sn−2 · · · ·S1 =

(
2

∏
m=n

Sm

)
S1. (14)
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Next, Sg = (Sg1,Sg2), where Sg1 and Sg2 represent the first
vector and the second column vector of Sg, so formula (13) can
be transformed into(

Sg1 −Vt
)( A

D

)
=−Sg2. (15)

Finally, the matrix of coefficients A and D can be written
as follows: (

A
D

)
=−

(
Sg1 −Vt

)−1 ·Sg2. (16)

Then the normalized transmission power of electromag-
netic wave is expressed as |D|2.

3. Numerical results and discussion
This part will discuss the transmission characteristics of

the right-hand polarized terahertz wave in the plasma sheath
under different parameters after having added a magnetic field
and an electric field. According to the plasma parameter elec-
trostatic probe measurement data of NASA’s reentry flight
test,[1] the double Gaussian distribution can approximate the
electron density distribution of the aircraft surface sheath and
the specific distribution model expression is given below:

Ne =

{
N0 exp

(
−a(x− x0)

2
)
,

N0 exp
(
−b(x− x0)

2
)
,

(0≤ x < x0) ,

(x0 ≤ x < d) .
(17)

Note that N0 in this model indicates the maximum of the
plasma electron density, and d is the thickness of the plasma
layer. The coefficient is set to be a = 300, b = 220, d = 0.1,
and x0 = 0.06, respectively, to determine the position of the
maximum electron density in the incident path. The specific
distribution is shown in Fig. 3(a).
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Fig. 3. Electron density distribution of (a) before and (b) after adding elec-
tric field.

Research shows that an electrostatic plasma sheath is
formed when a negative voltage is applied to a negative elec-
trode in a plasma. In the electrostatic plasma sheath, the elec-
trons are depleted due to the applied negative voltage, forming
a low electron density area.[3,6,13] These researches show that
when a−1000 V potential drop is applied across the two elec-
trodes in plasma with an electron density of 1× 1018 m−3, a
low electron density area will be generated around the nega-
tive electrode with a radius of about 3 cm to 4 cm. Thus in

our work, we assume that the voltage applied to the positive
electrode and negative electrode are 0 V and−1000 V, respec-
tively, and assume that the radius of the low electron density
region formed by the electric field is about 3 cm. Here we do
not consider the distribution of electric fields for the time be-
ing. Figure 3(b) shows the radial electron density distribution
when an electric field is added.

To verify the accuracy of the SMM in our work, we find
other two research results and compare them. From Ref. [33],
we can obtain an experimental result. From Ref. [18], we can
obtain a simulated result based on the FDTD method under
the same parameters. The absorption coefficient obtained sep-
arately by the SMM method, by the FDTD method and in
experiment are demonstrated in Fig. 4. Here, d = 0.15 m,
N0 = 7.9× 1018 m−3, and v = 1.6× 1011 s−1. We can ob-
serve that the simulated results by SMM are in good agree-
ment with the results by accurate algorithm FDTD, and the
locations of the absorption peaks in the two simulated results
are very close to the experimental data. The difference be-
tween the simulation and the experimental data is considered
to be caused by external conditions and by the parameter set-
tings of the plasma.
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Fig. 4. Plots of absorption coefficient of two simulation results and experi-
mental results.

On this basis, the SMM can be used to calculate the in-
fluence of the external magnetic field and the external elec-
tric field on the transmission characteristics of terahertz wave
in the plasma sheath. The peak electron density is an essen-
tial factor affecting the transmission of terahertz wave. Fig-
ure 5 shows the variations of normalized transmission power
with frequency when the maximum electron density N0 is
1×1017 m−3, 1×1018 m−3, and 1×1019 m−3. At this time,
the total thickness of plasma plate is d = 10 cm, the number
of layers is n = 50, the collision frequency is fv = 50 GHz,
and the magnetic field strength is B = 0 T or B = 3 T. As the
maximum electron density increases, the transmission power
decreases, gradually forming a completely non-transmissible
stop band at the low-frequency end. Figure 5(a) shows the
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comparison among the effects of adding a magnetic field to
the transmission power for three different maximum elec-
tron densities. When electromagnetic waves propagate in a
plasma with an external magnetic field, the electrons in the
plasma will be subjected to a magnetic field to make a cy-
clotron motion. The right-hand polarized wave will rotate syn-
chronously with the cyclotron electrons to form a cyclotron
resonance, resulting in energy absorption. We can see that
when N0= 1×1017 m−3, B = 3 T, and the magnetic field per-
pendicular to the incident direction of the terahertz wave, due
to cyclotron resonance, the transmission power will first de-
crease and then increase with the increase of the wave fre-
quency, forming a protruding peak, and the frequency cor-
responding to the top of the peak is near the cyclotron fre-
quency. Comparing with the situation of no magnetic field, the
transmission power increases at the low-frequency end, which
is more conducive to the passage of electromagnetic waves.
However, without a magnetic field, the THz wave shows better
transmission in the high-frequency band. When the electron
density increases to a certain value, a transmission stopband
appears, and a magnetic field will make the stopband wider,
but not conducive to electromagnetic wave transmission. Fig-
ure 5(b) shows the comparison among the electric field’s in-
fluences on the transmission power when there is no magnetic
field. It can be seen that the transmission power increases to
a certain extent after the electric field is added, and it is more
evident at high electron density. In addition, we also investi-
gate the case of adding the magnetic field and electric field at
the same time. The influence on the transmission under the
combined action of the magnetic field and the electric field is
just the superposition of Fig. 5(a) and Fig. 5(b), so we will not
analyze it here.

According to the model in Fig. 1, since the magnitude
and direction distribution of the magnetic induction intensity
provided by the permanent magnet is not uniform, the angle
θ between the incident electromagnetic wave and the mag-
netic field intensity vector will change due to different wave
propagation positions. Figure 6 shows the magnetic field in-
tensity distributions and direction distributions along the three
paths above the permanent magnet simulated by the ANSYS
Electronic Desktop V 19. Here we assume that the permanent
magnet can achieve a sufficient large magnetic field intensity.

Figure 7 shows the variations of transmission power of
terahertz wave with frequency when the wave is normally in-
cident on the sheath along the three paths in Fig. 1. We can
see that the magnetic field magnitude distribution along path 1
is not much different from along path 2. Still, the transmis-
sion performance along path 1 is better than along path 2. We
can infer that the distribution of the magnetic field direction

affects the transmission performance. Therefore, we will ana-
lyze the magnitude and direction of the magnetic field below
separately.
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Fig. 5. Influences of separately applied magnetic field and electric field on
transmission under different electron densities (a) without electric field and
(b) without magnetic field.

0 0.04 0.08
2

3

4

5

6

B
 (

T
)

θ 
(Ο

)

x (m)

 Path 1
 Path 2
 Path 3

0 0.04 0.08
10

30

50

70

90

x (m)

 Path 1
 Path 2
 Path 3

(a) (b)

Fig. 6. Distributions of (a) magnitudes and (b) directions of magnetic field
along three paths.

0 0.1 0.2 0.3 0.4 0.5

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

T
ra

n
sm

it
ta

n
c
e

Frequency (THz)

 Path 1
 Path 2
 Path 3

Fig. 7. Variations of normalized transmission power with frequency along
three paths.
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As shown in Fig. 8, the maximum electron density is N0 =

1×1018 m−3, the collision frequency is fv = 50 GHz, and the
potential applied to the negative electrode is V = −1000 V.
The magnetic field strengths in Fig. 8(a) are 1 T, 3 T, 5 T,
respectively, and the magnetization angle is 90◦. In the mean-
time, figure 8(b) shows the transmission coefficients when the
magnetic field intensity is set to be 3 T, and the magnetiza-
tion angles are 30◦, 60◦, and 90◦, respectively. Figure 8(a)
shows that with the magnetic field strength increasing, the ab-
sorption peaks move toward higher frequencies due to the cy-
clotron resonance effect. However, the absorption bandwidth
is almost unchanged, so the transmission power at the low-
frequency end is much improved, and the transmission perfor-
mance at the high-frequency end is weakened. On the other
hand, as shown in Fig. 8(b), as the angle between the direction
of the magnetic field and the propagation path increases, the
transmission power increases to a certain extent. In this way,
by controlling the strength and direction of magnetic field,
electromagnetic wave at a specific frequency can better pass
through the plasma sheath.

Figure 9 shows the variations of the normalized transmis-
sion power with frequency of terahertz waves in the plasma
sheath under different collision frequencies. Figures 9(a)–9(c)
correspond to different situations: none of magnetic field and
electric field, only magnetic field, both magnetic and electric
fields. At this time, the values of the collision frequency fv

are 10 GHz, 50 GHz, 100 GHz, and 200 GHz, respectively,
the maximum electron density is N0 = 1× 1018 m−3, the po-
tential is V = 0 V or V = −1000 V, and the magnetic field
strength is 0 T or 3 T. We can see that the increase of col-
lision frequency can also increase the transmission power at
the low-frequency end, and the high collision frequency can

inhibit the energy absorption caused by cyclotron resonance
to some extent when a magnetic field is added. This result is
due to frequent collisions between electrons, ions, and neutral
particles, which weakens the cyclotron motion of electrons in
the magnetic field. In this case, the absorption peak decreases,
which is more conducive to transmitting right-polarized tera-
hertz waves in a particular frequency band. Besides, after the
electric field is added, the transmission power trend in the fre-
quency band is almost unchanged, but the value is improved to
a certain extent, which is more conducive to the transmission.
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Fig. 8. Variations of of transmission power with frequency of THz wave
(a) at different strengths and (b) in different directions of magnetic field
strengths.
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Fig. 9. Influences of the collision frequency on the THz wave transmission at (a) V = 0 V and B = 0 T, (b) V = 0 V and B = 3 T, (c) V = 1000 V and B = 3 T.

4. Conclusions
In this work, both a magnetic field and an electric field

are used to improve the transmission performance of terahertz
wave in the sheath, considering the inhomogeneity of the mag-
netic field strength and direction distribution to the antenna
window. The SMM is adopted to calculate and analyze the

influences of maximum electron density, magnetic field mag-
nitude, magnetic field direction, and collision frequency on the
transmission power of right-hand polarized terahertz waves
after adding a magnetic field or electric field. The calcula-
tion results show that the maximum electron density signifi-
cantly affects the transmission of terahertz wave. The higher
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the electron density, the less the electromagnetic wave energy
remains after passing through the sheath. After adding a mag-
netic field to the antenna window, the electromagnetic wave
transmission power at the low-frequency end can increase to a
certain extent, but it is not conducive to electromagnetic wave
transmission with a frequency is near the cyclotron frequency.
Both the strength and direction of magnetic field can improve
the transmission performance of electromagnetic waves in the
sheath to a certain extent. The magnetic field’s distribution
perpendicular to the transmission direction is most conducive
to transmitting right-hand polarized terahertz waves. Increas-
ing the collision frequency can alleviate the energy absorption
caused by cyclotron resonance to a certain extent. By appro-
priately adjusting the above parameters, the ability of electro-
magnetic waves to transmit in the plasma sheath at a particular
frequency can be improved to a certain extent, and the black-
out problem can be improved.
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