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Abstract

The analysis of the propagation characteristics of electromagnetic wave in reentry plasma layer is an important issue in fields
of spacecraft control, communication and stealth technology, which has attracted the attention of many researchers in last
decades. In this paper, the propagation characteristics of obliquely incident TE waves into reentry plasma sheath with
bi-Gaussian electron density profile are investigated by using the scattering matrix method (SMM). Based on the matching
condition of electromagnetic wave (EM) in multilayer plasmas, the scattering matrix equations of the oblique-incident TE
waves are derived and the reflection, transmission and absorption characteristics with incident angle, plasma electron density
distribution, and collision frequency are respectively studied. The computational results showed that the reflectance,
transmittance, and absorptance change significantly with the incident angle, electron density profile, and collision frequency
when the TE wave propagates obliquely into the plasma sheath. In addition, the higher the frequency, the more the reflection
vibrations are, and the transmittance and the absorptance peaks move from low to high frequencies with increasing incidence
angle, electron density profile and collision frequency. The present method and results may contribute to establish an alternate
methodology to overcome the communication blackout by plasma formed around the vehicle during reentry into atmosphere.
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1. Introduction

When a vehicle reenters the Earth's atmosphere at hyper- EM waves radiated from an onboard antenna are largely at-
sonic speeds, the tremendous heat due to friction with the  tenuated by reflection and absorption effects of the plasma
atmosphere causes the surrounding air molecules to dissoci-  sheath, and intermittent communication outage and blackout
ate and ionize, and then, the surface of the hypersonic vehi- problem are frequently generated by the plasma sheath [3].
cle would be surrounded by a plasma space sheath [1, 2]. The Hence, the study on the interaction mechanism between the
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EM wave and the plasma sheath is of significant importance
[4, 5].

Many studies on the propagation characteristics of EM waves
in the plasma sheath have been done. In Refs. [6] and [7], there
have been researched the absorption, reflection and transmission
of EM waves by a nonuniform plasma slab under the different
plasma conditions such as center plasma density and collision
frequency, and the uniform external magnetic fields. The au-
thors calculated the reflection and absorption power of each
subslab by using Fresnel’s law and obtained the total reflection
power. Applying the impedance transformation method with
multilayer dielectrics, Yuan et al. [8-9] calculated the reflection
power of EM wave and investigated the effects of different
plasma parameters and incident wavebands for the total reflec-
tion and the absorption, in a bounded plasma stealth model. Hu
et al. [10] introduced the scattering matrix method (SMM) to
calculate the reflection, absorption, and transmission for a non-
uniform plasma slab. They divided the nonuniform magnetized
plasma slab into a number of subslabs with constant electron
densities, and recursively obtained the reflected, absobed and
transmitted powers of EM wave. Lu ¥ et al. [11] experimentally
measured the propagation signal attenuation in a plasma wind
tunnel using the Ka band antenna. Gregoire et al. [12] and Cao
et al. [13] investigated the EM wave’s reflection and absorption
characteristics of conductive targets coated with nonuniform

plasma by using the Wentzel-Kramers-Brillouin (WKB) method.

By using Finite-difference time-domain (FDTD) and transmis-
sion line methods, Ji et al. [14] analyzed the absorption and
transmission characteristics of nonuniform plasma layer with
varying electron number density of the parabolic profile, and
studied functional dependence on the electron number density
and collision frequency. Sun et al. [15] calculated the back scat-
tering radar cross section with the Runge-Kutta Exponential
Time Differencing-Finite Difference Time Domain method to
illustrate the strong penetration of terahertz wave. Most of the
articles were aimed at the determination of the absorption, re-
flection and transmission of the vertically incident EM waves in
the plasma sheath.

However, the researches on the propagations of the
obliquely incident EM waves in the reentry plasma sheath
have not been given much attention, and there have been
made only a few studies on it. Laroussi et al. [16] studied the
propagation of microwave launched at an arbitrary angle into
magnetized, steady-state, two dimensional, nonuniform and
collisional plasma slab in consideration of the condition of
continuity of wave impedance at the boundary between sub-
slabs. Cheng et al. [17] analyzed both the propagation prop-
erties of S-polarization and P-polarization EM waves with
the incident angle in inhomogeneous plasmas, by using the
direct finite-difference method (DFDM). Numerical results
show that the transmittance and reflectance for
S-polarization EM wave respectively decrease and increase
monotonously with incident angle in plasma with certain
collision frequency, and for low-collision plasma, enhanced
power absorption can be achieved by P-polarization wave
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with proper obliquely incident angle. Bai et al. [18] studied
the transmission properties of the perpendicular polarized
wave and the parallel polarized wave obliquely incident in
the reentry plasma sheath by using the transmission line
analogy (TLA). They calculated the effects of reentry plasma
sheath on the polarization property of obliquely incident EM
waves for the GPS navigation right hand circularly polarized
wave. Mao et al. [19] analyzed the propagation characteris-
tics of THz waves in the plasma sheath and proposed the
communication frequency with the flight speed.

In the paper, we discuss the propagation characteristics of
obliquely incident TE wave in the reentry plasma sheath, by
employing the SMM. The plasma sheath is considered a
nonuniform, unmagnetized, cold, weakly ionized, steady
state, and collisional. We examine the effects of the incident
angle, plasma density profile and collision frequency for the
reflectance, transmittance and absorptance of obliquely inci-
dent TE wave in the reentry plasma sheath.

This paper is organized as follows. Section 2 outlines an
approximate layered model for the nonuniform reentry plas-
ma sheath, presents a modified computation method for TE
waves obliquely propagating in the plasma sheath, and veri-
fies the validity and the precision of the model. In Section 3,
the numerical method is used to study the propagation char-
acteristics of obliquely incident TE waves in our plasma
model, and the reflectance, transmittance and absorptance for
the incident wave are drawn with various incident angles,
electron densities, and collision frequencies. The conclusion
is mentioned in Section 4.

2. Model and Formulation

2.1. Physical Model for Plasma Sheath

The electron density distribution of reentry plasma sheath
is inhomogeneous and varies with altitude [20]. As shown in
Figure 1, the variation of an electron density outward from
the vehicle surface at an antenna location can be represented
by a bi-Gaussian function [21, 22].
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Figure 1. Variation of an electron density outward from the vehicle
surface.
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It is described as follows:

Nepeax EXP [—al (z-1 )2 ]

Ne(z) = )
Nepeax EXP [—az (z-1) J

where Ne(z) is the plasma electron density at distance z, Ne-
peak 1S the maximum electron density of the plasma sheath, z;
is the thickness of the plasma sheath, a; and a, are the raise
index of electron density from the surface wall and the
fall-off index to the free space side, respectively, and z, is the
distance from the vehicle surface to the maximum electron
density position of the plasma sheath.

2.2. Formulations
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0

Figure 2. Propagation schema of obliquely TE waves in the multi-
layered plasma.

The geometry of an obliquely incident TE wave propagat-
ing in plasma sheath of the xoz plane is shown in Figure 2.
The electron density distribution of plasma sheath varies
only in z-axis direction. The plasma sheath is divided into n
sufficiently thin and adjacent layers with constant electrons,
that is, we assume that the electron density of plasma in each
stratified layer is homogeneous. The complex dielectric
function of m-th plasma layer given by Drude model [23] has
the following form.

2
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@

where j=+/-1, v is the collision frequency between elec-
tron and neutral gas, w is the angle frequency of the incident
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EM wave, o, =

(e2 Nem)/(mego) is the electron plas-

ma frequency, Ne,, is an electron density of m-th plasma lay-
er, g is the permittivity of free space, e and m, are the ele-
ment charge and the mass of electron, respectively.

The EM wave propagating through the m-th plasma layer
satisfies following Maxwell’s equation,

oH
VxE = —Ho _at (3)
oE
VxH = €0€r,m E (4)

where g4 is the permeability of free space. Eliminating H
from these equations, we can obtain as following.

o’E

AE :Soll,logr'm atz (5)

In the case of TE wave, considering that the solution of the
equation (5) have the forms E= (0, E,., O)ei"’t and

H= (HX, 0, Hz)ej“’t, and the propagation constant vector

is k= (ky, 0,k,), we can obtain E,, i.e.

E

, = E(x z)e Jate i

(6)

The total electric field in incident region can be written as

U]

—-jk jk -k
EyO — EO (e JKz,0Z +rel z,oz)e JKy,0X

where r is the amplitude reflection coefficient, and Ky, and

k, o are respectively the x- and z-components of the propa-

gation constant vector in the free space.
In the m-th layer, the total electric field is sum of the re-
flected and incident components, i.e.

k

- ik - ik
Ey‘m — E0<Bme J z.mZ +CmeJ z,mz)e J x‘mx

®)

where, B,, and C,, are unknown coefficients, which are relat-
ed to transmission and reflection waves in m-th layer, and

Kym and K, are respectively the x- and z- components
of the propagation constant vector in m-th layer as

Kym =KpSing,, =k,sing 9)
K, m = Kn COSE, (10)

where ki, is the complex propagation constant of m-th layer as:
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and c= (goluo )_1/2 is the velocity of light in the free space.

According to Snell’s law,
kosin@=ksing =---=k,sing, =---=k,sing, (12)
where n is a divided number of plasma sheath.

In the last region i. e. n+1-th layer, there is only a trans-
mitted wave, thus, the electric field can be expressed as

Y

where t is the amplitude transmission coefficient.

Applying the matching boundary condition that the tan-
gential components of electric field and its derivations have
matched at the each interface [24], we can obtain a matrix
equation at z=0,

where d,, is a thickness of m-th plasma layer.
At the boundary between last plasma layer and free space
(i.e. z=z7), we obtain as following

Bn
c =Vit, (18)
n
where
. ) 1 = Jkz n4a0n
e*sz,NdN elkz.NdN e
V; = )
T gty glkandy Kot et (19)

I(z,N

Combining Egs. (14) and (16) with Eq. (18), we can ob-

tain following:
r
Sq 1= Vit (20)
where, S is a global scattering matrix given by:
1
S =] 18 =(Sa S2). (21)
i=n

where Sy, and Sy, represent the first and last column vectors

k
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where S; is the scattering matrix of first interface, i.e. inter-
face between free space and plasma sheath, which is defined

| )

Considering the matching boundary condition at m-th in-
terface (m=1), the resulting equation is following,

Cm Cm—l

where S, is the scattering matrix at m-th interface which is
defined as

(14)

1
2K, 1

kz,l _kz,O
I(z,l +kz,0

kz,l + kz,O

S
! I(z,l _kz,O

(15)

(16)

e_jkz‘m—ldm ejkz‘m—ldm
_ zm-l efjkz‘mfldm kz,m—l ejkz.m—ldm (17)
kz,m kz,m

of the matrix Sy. Then, the equation (20) can be transformed
into

_(Sgl_VT )_1 ng (22)

Finally, the power coefficients of reflection, transmission
and absorption are expressed as follows:

R=[r*, T=[tf, and A=1-R-T (3

To see the propagation properties clearly of TE wave, we
define the reflectance, transmittance and absorptance, re-
spectively, by using the decibel scale as

Reflectance = 20Ig R,
Transmittance = 201gT,
Absorptance = 20IgA

(24)

2.3. Validity and Precision of SMM

In order to check the accuracy of this method, we compare
SMM  with DFDM  [17] and  approach  of
Wentzel-Kramers-Brillouin (WKB). Figure 3 shows the effect
of the electron-neutral collision frequency on the propagation
properties of a normally incident TE wave. In this calculation,
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a bell-like plasma-density distribution is assumed across the
plasma layer in the z-direction Ne(z)=Neyeul1-(1-22/z1)F,
where Neyex=ao’Mes/e’, the EM wave frequency is 2.85GHz,
and the thickness of the plasma layer is taken as z;=10cm. In
Figure 4, we compare the transmittance results of SMM and
WKB. Here the electron density distribution of plasma sheath
is represented by a bi-Gaussian function as Eq. (1), where Ne-
peak=5x10"'m3, a;=a,=5m™, z;=10cm, the collision frequency
is v=20GHz, and the incident angle is 8=7/4. As shown Figure
3 and Figure 4, it is seen apparently that the propagation prop-
erties calculated by using SMM is in a very good agreement in
both DFDM and WKB. Therefore, we can apply the SMM to
more complex calculations.

2
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Figure 3. Comparison of SMM and DFDM for plasma sheath with
bell-like density distribution.
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Figure 4. Comparison of SMM and WKB for plasma sheath with
bi-Gaussian distribution.

3. Numerical Results and Discussion

In this section, we calculate and discuss the effects of the
reentry plasma sheath on the reflection, transmission, and
absorption properties of the obliquely incident TE wave by
using SMM. In our model, with respect to the typical reentry
plasma sheath generated in the RAM-C project [25], the pa-

rameters range of the plasma sheath with a bi-Gaussian dis-
tribution  is  defined as  Neyu=10"m>~10"m?,
v=1GHz~80GHz, and z;=10cm, respectively. The limit of
incident angles @ of TE wave is set as 0 to /2. To simplify
the problem, the raise index a; and the fall-off index a, are
both set to 5m™, and the position of Nepeax is fixed at the
center of the reentry plasma sheath. In order to evaluate the
propagation properties of TE wave in the reentry plasma
sheath, the nonuniform plasma sheath is divided into 50 thin
layers with constant electron number density in each layer.
The incident waveband is set from 1 GHz to 30GHz. The
chosen frequency band covers the most common frequencies
used in radar for L-, S-, C-, X-, Ku-, K-, and Ka-bands. The
numerical results are shown below.

3.1. Influence of Incident Angle

Figure 5a-c show the reflectance, transmittance, and ab-
sorptance versus wave frequency and incident angle. Here,
the maximum electron density and the collision frequency
are Nepe=5x10"m™ and v=20GHz, respectively. In Figure
5a, the reflectance of TE wave in plasma sheath decreases
with increasing the wave frequency, and increases with in-
creasing the incident angle. Given incident angle, the Re-
flectance starts vibrating around 10GHz and the amplitude
increases with increasing the frequency, and the larger the
incident angle at same frequency, the smaller the amplitude.
As shown in Figure 5b, at the same incident angle, the
transmittance decreases as the frequency increases, reaching
a minimum at a certain frequency, and then again increases.
At a given frequency, the transmittance decreases gradually
with increasing incident angle, and then a rapid decrease
occurs at a certain angle. The minimum transmittances in
Figure 5b and their corresponding frequencies and incident
angles are listed in Table 1. As seen from Figure 5b and Ta-
ble 1, the minimum transmittance decreases from with in-
creasing the incident angle, and the frequency shifts from
3.13GHz to 9.59GHz towards high.

0
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Figure 5. Dependence of (a) reflectance, (b) transmittance, and (c)
absorptance for wave frequency and incident angles. The parame-
ters are Nepea=5x10""m™ and v=20GHz.

Table 1. Minimum transmittances in Figure 5b and their corre-
sponding frequencies and incident angles. (v=20GHz, Nepe
=5x10"m’®).

Incident angle

(degree) Frequency (GHz) ~ Transmittance (dB)
0 3.13 -71.25
15 3.21 -72.36
30 3.41 7575
35 3.64 -77.39
45 3.92 -81.61
60 4.74 -90.29
& 6.20 -102.6
89 9.59 -130.1
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Table 2. Absorptance peaks in Figure 5¢ and their corresponding
frequencies and incident angles. (v=20GHz, Nepea =5x10"'m).

Incident angle

(degree) Frequency (GHz) Absorptance (dB)
0 8.66 -0.179
15 8.89 -0.186
30 9.87 -0.210
45 11.77 -0.270
60 15.49 -0.396
75 30 -0.864

Figure 5c shows that, at given the incident angle, the ab-
sorptance increases with increasing frequency, reaches a
peak at a certain frequency, and then decreases gradually.

The absorptance peaks in Figure 5c and their correspond-
ing frequencies and incident angles is listed in Table 2. Fig-
ure 5¢ and Table 2 show that the absorptance peaks are
formed at certain frequencies and incident angles, and with
increasing incident angle, the absorptance peak gradually
decreases and shifts from low to high frequencies.

3.2. Influence of Maximum Electron Density

In order to investigate the effects on the reflection, trans-
mission, and absorptance properties of the obliquely incident
TE wave for the maximum electron density in our model, we
fix the collision frequency and the incident angle to
v=20GHz and @=/3, respectively. Figure 6a-c exhibit the
reflectance, transmittance, and absorptance of obliquely in-
cident TE wave versus wave frequency for various maximum
electron density of plasma, where blue, red, and black lines
represent the maximum electron densities Nepeakzlolem'3,
Nepea=10"m™, and Nepe,=10""m, respectively. Figure 6a
shows that the reflectance decreases with increasing the
wave frequency, and increases with increasing the maximum
electron density. As shown in Figure 6b, the transmittance
depend strongly on the maximum electron density of the
plasma, the minimum transmittances decrease rapidly such
as -3.9dB, -29.3dB, and -138.0dB for the maximum electron
density Nepe=10""m=, Neyey=10"m™, and Nepey=10"m?,
respectively. In addition, with increasing the maximum elec-
tron density, the transmittance peak shifts from 1.3GHz to
5.8GHz, and is broadened. The absorptance increases with
increasing the maximum electron density, and the absorp-
tance peak values are respectively -2.71dB, -0.49dB, and
-0,41dB for the maximum electron density Neeu=10"°GHz,
Nepea=10""GHz, and Ne,e,=10"°GHz, as shown in Figure 6c.
From the figure, we can also see that the absorptivity bands
are broaded, and the absorptance peaks shift to the higher
frequency range such as 1.8GHz, 6.45GHz, and 23.14GHz,
as the electron densities are enhanced.
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Figure 6. Dependence of (a) reflectance, (b) transmittance, and (c)
absorptance on wave frequency for various maximum electron den-
sities. The parameters arev=20GHz and 6=7/3.
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3.3. Influence of Collision Frequency

Figure 7a-c show the reflectance, transmittance, and ab-
sorptance versus wave frequency and collision frequency.
Here, the maximum electron density and incident angle are
Nepea=10"m" and @=7/6, respectively. As shown Figure 7a,
the reflectance decreases and vibrates with increasing the
wave frequency and collision frequency, but the variation with
the collision frequency is not so severe. Figure 7b shows that
the transmittance decreases and then increases again with in-
creasing frequency, and increases at low frequencies, but de-
creases slightly at high frequencies, with increasing collision
frequency. The minimum transmittance increases with in-
creasing collision frequency such as -170.2dB, -120.5dB,
-91.5dB, -71.9dB, and -55.7dB, for the collision frequency
1GHz, 20GHz, 40GHz, 60GHz, and 80GHz, respectively. In
addition, the minimum transmittance point shifts from 4.9GHz
to 7.3GHz with increasing the collision frequency.

Figure 7c shows that the absorptance increases with in-
creasing the collision frequency, and at high frequency and
high collision frequency, the most of TE wave are absorbed.
It is because the higher the collision frequency, the more
frequent the collision between electrons and neutral particles,
and the greater the momentum transfer from electrons to
neutral particles, thus increasing the absorption energy.
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Figure 7. Dependence of (a) reflectance, (b) transmittance, and (c)
absorptance for wave frequency and collision frequency: The pa-
rameters are Nepe=10"°m™ and 6=/6.

4. Conclusion

The calculation results show that the larger the angle of
incidence in the wide frequency band, the greater the reflec-
tance but the lower the transmittance, and the absorptance
decreases monotonically with increasing incident angle be-
low a certain frequency, but at higher frequencies the ab-
sorbance peak appears and this absorbance peak shifts to-
wards higher frequencies. The plasma electron density has a
great influence on the propagation characteristics of TE
waves. That is, when the maximum electron density of the
plasma layer is increased, the reflectance and absorptance
increase greatly, whereas the transmittance decreases rapidly,
and the transmittance decreases less than -30 dB in the wide
range from 1 GHz to 18 GHz as the maximum electron den-
sity is Nepey=10"°m?~10""m™. As the collision frequency
increases, the reflectance decreases slightly, but the trans-
mittance and absorptance increase. In particular, in plasma
sheath with high collision frequencies, most of the TE waves
can be absorbed. Our approach can be applied to the study of
the propagation characteristics of electromagnetic waves
obliquely incident with arbitrary frequency into the plasma.
These results can be useful for the research on the commu-
nication blackout in the reentry plasma sheath.

Abbreviations

EM Electromagnetic

SMM Scattering Matrix Method
DFDM  Direct Finite-Difference Method
WKB Wentzel-Kramers-Brillouin
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