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ABSTRACT A reentry object covered by a plasma sheath will produce two reflective signals in a radar echo,
which seriously affects the detection of the reentry object by radar and results in positioning error and even
tracking loss. On the basis of the scattering center model and the non-uniform plasma stratification model,
the present paper establishes a radar scattering model of a reentry object covered by a plasma sheath. The
model effectively retains the plasma distribution and electromagnetic wave propagation characteristics of
the plasma sheath. Analysis of the signal components of radar echoes in an example shows to some extent
that the non-mirror reflection signal is not generated by the plasma wake.

INDEX TERMS Plasma sheath, scattering centers, Doppler effect, wideband radar, transmission line
analogy.

I. INTRODUCTION
In the reentry flight environment, plasma generated by the
aerothermal effect forms a sheath, which contains a large
number of free electrons and has strong reflection, refrac-
tion, absorption, and attenuation effects on electromagnetic
waves [1]. On the one hand, the plasma sheath will electro-
magnetically interfere with the radar signal, which will affect
the accuracy and accuracy of radar detection; on the other
hand, it will produce two reflection signals [2]–[5] in the radar
echo, which will affect target detection and recognition and
even cause a tracking loss, as shown in Figure 1. To minimize
or remove the adverse effects of the plasma sheath on radar
detection, it is highly desirable to explore the mechanism of
the effect of the plasma sheath on radar detection and improve
the method of processing the target radar signal.

Research on signal processing of the plasma sheath began
in the 1960s, aiming at solving the problem of ‘‘black-
barrier’’ communication and mainly focusing on the prop-
agation characteristics of electromagnetic waves in plasma
[6]–[10]. Until the last decade, research on radar detection
under the influence of the plasma sheath has been open one
after another, mainly focusing on the effect of the attenuation
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FIGURE 1. Altitude–time–intensity image of a head and subsequent
non-specular echoes over an extended range from ALTAIR VHF radar. The
diagonal line to the left is called the head echo, while the echoes
spreading in range and time to the right are the non-specular trail. Figure
reproduced from Close et al.

of the electromagnetic signal on the target radar cross section
(RCS) [11]–[14]. In addition, X. Y. Chen et al. simulated
inhomogeneous plasma with multi-layer media and studied
the amplitude attenuation and phase change of the radar echo
signal with vertical incidence under the effect of the plasma
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sheath [15]. Besides the amplitude attenuation and phase
change of the target radar echo signal, the plasma sheath
itself reflects and generates a radar echo signal [16]–[18].
There are thus two electromagnetic reflection signals in the
radar echo, which has been confirmed in meteor plasma radar
detection, as shown in Figure 1 [2], [3]. Based on the unique
electromagnetic interference phenomenon of plasma sheath,
in recent years, the research on the causes of this phenomenon
has been gradually carried out, and the new technology of
radar jamming using plasma has been developed [19], [20].

At present, the two reflected signals produced by meteor
plasma are mostly considered to correspond to the high-
concentration plasma enclosing themeteor body and thewake
generated during the dissipation of the plasma, but there is
no decisive conclusion. The radar detection of meteor plasma
also focuses on the RCS calculation of the head echo.

Referring to the radar detection results of meteor plasma,
the reentry object should also have two reflection signals
under the influence of the plasma sheath. To explore the
causes of the two reflected signals, it is not enough to focus
only on the RCS of the target in the static state, but rather
to consider also the radar echo characteristics of the plasma
sheath. The present paper calculates the reflection intensity
distribution of the reentry plasma sheath and investigates the
Doppler characteristics of the radar echo. The paper therefore
establishes a radar scattering model that satisfies the hyper-
sonic flow field distribution of the plasma sheath. The radar
echo data are obtained by simulation, and the causes of a non-
specular trail are preliminarily analyzed.

The paper is organized as follows. Section II introduces the
principles used in our model. Section III describes the estab-
lishment of the model and the generation of radar echoes.
Section IV takes a blunt cone as an example with which
to simulate and analyze the signal components of the target
reflection signal. Section V presents conclusions and further
discussions.

II. PRINCIPLE
A. SCATTERING CENTER MODEL
According to the geometric theory of diffraction (GTD) [10],
the radar wavelength is much smaller than the target size
when a radar system operates in the optical region. The
target echo can be considered the superposition of strong
electromagnetic scattering at the local position of the target.
These localized electromagnetic scattering sources are called
equivalent scattering centers [21], [22]. The radar target echo
E is defined as

E (ϕ, γ, fR) =
∑M

m=1
0me−j4π fRrm(ϕ,γ )/c, (1)

where fR is the reflection frequency, ϕ is the azimuth angle,
γ is the elevation angle, M is the number of target scatter-
ing centers, 0m is the complex amplitude corresponding to
the mth scattering (i.e., the complex scattering coefficient),
(xm, ym, zm) is the spatial location corresponding to the mth
scattering center, and c is the speed of light. In addition, the

one-dimensional projection position of each scattering center
in the radar line of sight is expressed by

rm (ϕ, γ )=xm · cos γ cosϕ+ym · cos γ sinϕ+zm · sin γ.

(2)

Formulas (1) and (2) show that the target echo can be
simulated when the scattering center and radar parameters are
known.

B. LAYERED MODEL FOR A NON-UNIFORM PLASMA
SHEATH
The reentry plasma sheath is a non-uniform and non-
magnetized plasma fluid and can be characterized by the
electron density and collision frequency as parameters. The
layered model used to simulate the plasma sheath is approxi-
mately constructed from uniform plasma plates with different
thickness according to the profile of the electron density
distribution, as shown in Fig. 2.

FIGURE 2. Layered model for simulating the reentry plasma sheath. The
left side is free space for electromagnetic wave incidence and the right
side is the surface of the reentry object.

Along the vertical direction of the reentry object sur-
face, the plasma electron density approximately follows a
bi-Gaussian distribution. On this basis, the plasma sheath is
divided into N-layer uniform plasma slabs. For the homoge-
neous plasma in the ith layer, the plasma frequency ωp,i is [8]

ωp,i =

√
ne,ie2

meε0
, (3)

where ne,i is the electron density of the ith layer (m−3), e is
the unit charge (C),me is the electron mass (kg), and ε0 is the
vacuum dielectric constant.

In the ith layer, the complex dielectric coefficient ε̃i is

ε̃i =

[
1−

ω2
p,i

ω2 + v2i
− j ·

vi
ω
·

ω2
p,i

ω2 + v2i

]
· ε0 (4)

and the wave vector is

ki = ω
√
µ0ε̃i, (5)

where vi is the collision frequency, ω is the frequency of the
incident wave (rad/s), and µ0 is the permeability of vacuum.
The permeability of air and plasma is equal to that of vacuum.
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C. ANALOGY OF A TRANSMISSION LINE
A standing wave pattern forms along the z-axis owing to
multiple internal reflections in the multilayer structure. The
multilayer structure along the z-axis is thus equivalent to
the cascade of transmission lines with different effective
impedance of each medium. In this case, the analogy of
the transmission line [23]–[25] is applied to determine the
reflection coefficient of the layered model.

The angle of refraction/reflection θi can be obtained using
Snell’s law, k0 sin θ0 = k1 sin θ1 = · · · ki sin θi · · · =
kN sin θN , where θ0 and k0 are respectively the incident angle
and wave vector in free space.

The transmission matrix of the ith layer is[
Ai Bi
Ci Di

]
=

 cosh
(
jk̃izdi

)
Zi sinh

(
jk̃izdi

)
sinh

(
jk̃izdi

)
/Zi cosh

(
jk̃izdi

)  , (6)

where

Zi=

{√
µ0/ε̃i sec θi for perpendicular polarization√
µ0/ε̃i cos θi for parallel polarization.

(7)

The transmission matrix of the N-layered layered model is
therefore the cascade of the transmissionmatrix of each layer:[
A B
C D

]
=

[
A1 B1
C1 D1

] [
A2 B2
C2 D2

]
· · ·

[
AN BN
CN DN

]
.

(8)

The conventional reflection coefficients of the layered
model are then determined using network theory as [11]

R =
(A+ B/ZN+1)− Z0(C + D/ZN+1)
(A+ B/ZN+1)+ Z0(C + D/ZN+1)

, (9)

where Z0 is the characteristic impedance in the incident
medium and ZN+1 is the characteristic impedance in the
reflection medium.

In the present study, the incident medium is air while the
reflection medium is determined by the incident depth of the
electromagnetic wave (i.e., the number of plasma slabs pen-
etrated). When the electromagnetic wave is reflected at the
layered interface of the inhomogeneous plasma, the reflection
medium is plasma and the reflection coefficient is calculated
using formula (8). When the electromagnetic wave reflects
from the surface of the reentry object, the reflection medium
is metal. At this time, ZN+1 = 0 and the reflection coefficient
is calculated as

R =
B− Z0 · D
B+ Z0 · D

. (10)

III. MODELING
The shape of the plasma sheath is affected by the structure
of the reentry object and flight speed and is that of a fluid.
As a whole, the reentry object covered by the plasma sheath
constitutes a fluid-covered rigid body. Whether the plasma is
penetrated by an electromagnetic wave depends on both the
plasma frequency and electromagnetic wave frequency. The

FIGURE 3. Analogy of the transmission line of the layered model. The
N-layered model is equivalent to the cascade of transmission lines with
different impedance. For the i th equivalent transmission line, the length
is denoted di , the equivalent propagation constant along the z-axis is
denoted k̃iz , and Zi is the characteristic impedance in the layer.

scattering model must conform to this structure to reflect the
semi-permeability of plasma to an electromagnetic wave.

Taking a blunt cone as an example, a model of the scatter-
ing center of the reentry object covered by a plasma sheath is
established.

The parameters of the layered model are the electron den-
sity ne, collision frequency v, thickness d , airflow velocity
Vf , and total number of layers N . The direction of the airflow
velocity Vf is toward the scattering center by the stationary
point, parallel to the surface of the blunt cone.

The incident depth of the electromagnetic wave is different
for each scattering center. The plasma frequency is also called
the cut-off frequency. When ω < ωp, the electromagnetic
wave cannot penetrate. The reflection of the electromagnetic
wave therefore occurs only at the interface of the plasma
slab outside the red curve and is strongest at the red curve.
If the electromagnetic wave can penetrate the plasma, the
reflection of the electromagnetic wave is strongest on the
surface of the reentry object. To reduce the computational
complexity, the present paper only considers the strongest
component of the electromagnetic wave reflected by the scat-
tering centers.

The steps are described by the flow chart in Fig. 5. The
details are as follows:

Step 1: According to the structure of the target, the target is
divided into M scattering centers, and the spatial position of
the mth scattering centers is (xm, ym, zm), m = 1, 2, · · · ,M ;

Step 2: For the mth scattering center, the corresponding
layered model includes the following parameters:

Electron density ne,mi, collision frequency vmi, thickness
dmi, airflow velocity Vf ,mi, total number of layers Nm,where
i = 1, 2, · · · ,Nm. The farthest plasma plate from the reentry
object surface is the first layer.

At the same time, according to equation (3,4,5), the plasma
frequency, plasma relative permittivity and wave vector can
be obtained as follows:

ωp,mi =

√
ne,mie2

meε0
, (11)

ε̃mi =

[
1−

ω2
p,mi

ω2 + v2mi
− j ·

vmi
ω
·
ω2
p,mi

ω2 + v2mi

]
· ε0, (12)

kmi = ω
√
u0ε̃mi. (13)
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FIGURE 4. Model of the scattering center of a reentry object covered by a
plasma sheath. A number of scattering centers are taken on the surface
of the reentry object. The normal of each scattering center is
perpendicular to the surface of the object. On the basis of the surface of
the object, parallel layers are established at each scattering center. The
layers are independent of each other. The red curve in the plasma sheath
represents the position where the plasma frequency ωp is equal to the
electromagnetic wave frequency ω.

FIGURE 5. Flow chart of radar echo generation for scattering centers.

Step 3: The centrosymmetric axis of the target is parallel to
the Y axis. For the mth scattering center, the angle between
the electromagnetic wave and the normal line of the target
surface, that is, the incident angle of the electromagnetic wave
is:

θm = arctan
√
tan2 θmxy + tan2 θmyz, (14)

where θmxy and θmyz are projections of incident angle θm on
the XY plane and YZ plane respectively, and they satisfy the
following relation:

θmxy = θmnxy + ϕ, (15)

θmyz = θmnyz − γ, (16)

where θmnxy and θmnyz are the angles between the projection
of the normal line on the XY plane and the YZ plane and the
Y axis, respectively.

For the mth scattering center, the plasma frequency ωp,mi
and electromagnetic wave frequencyω are compared layer by
layer from first layer. When ωp,mi ≥ ω, the electromagnetic
wave cannot penetrate the ith layer plasma plate, and the
incident depth Lm is as follows:

Lm = i− 1. (17)

If the electromagnetic wave frequency ω is greater than
the plasma frequency ωp,mi of all plasma plates, the incident
depth Lm is as follows:

Lm = Nm. (18)

Step 4: For the ith layer plasma plate of the mth scattering
center, the propagation constant is expressed by

k̃miz = kmi cos θmi, (19)

where, cos θmi =

√
1−

(√
ε0
ε̃mi

sin θm
)2
. Based on (6) and

(19), the transmission matrix is[
Ami Bmi
Cmi Dmi

]
=

[
cosh(jk̃mizdmi) Zmi sinh(jk̃mizdmi)

sinh(jk̃mizdmi)/Zmi cosh(jk̃mizdmi)

]
,

(20)

where

Zmi=

{√
µ0/ε̃mi sec θmi for perpendicular polarization√
µ0/ε̃mi cos θmi for parallel polarization.

(21)

And, the transmission matrix of the mth scattering center
as shown in the following:[
A B
C D

]
=

[
Am1 Bm1
Cm1 Dm1

] [
Am2 Bm2
Cm2 Dm2

]
· · ·

[
AmLm BmLm
CmLm DmLm

]
.

(22)

At this time, the reflection coefficient can be expressed
by (23), as shown at the top of the next page, where the
effective impedances of the parallel polarized wave are
Zm0 =

√
u0/ε0 cos θm, ZmLm+1 =

√
u0/εmLm+1 cos θmLm+1,

cos θmLm+1 =

√
1−

(√
ε0

εmLm+1
sin θm

)2
; and the effec-

tive impedances of the perpendicular polarized wave are
Zm0 =

√
u0/ε0 sec θm, ZmLm+1 =

√
u0/εmLm+1 sec θmLm+1,

sec θmLm+1 = 1/

√
1−

(√
ε0

εmLm+1
sin θm

)2
.
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Rm
(
ne,mi, vmi, f , θm,Lm

)
=


(Am + Bm/ZmLm+1)− Zm0(Cm + Dm/ZmLm+1)
(Am + Bm/ZmLm+1)+ Zm0(Cm + Dm/ZmLm+1)

, Lm 6= Nm

Bm − DmZm0
Bm + DmZm0

, Lm = Nm
(23)

Em
(
ne,mi, vmi, f , θm,Lm, ϕ, γ

)
= 0mRm

(
ne,mi, vmi, f , θm,Lm

)
e−j4π (f+fDm(Lm))rm(ϕ,γ )/c (25)

rm(ϕ, γ ) =

xm cos γ cosϕ + ym cos γ sinϕ + zm sin γ − (
∑Nm

i=Lm+1
dmi) cos θm, Lm 6= Nm

xm cos γ cosϕ + ym cos γ sinϕ + zm sin γ, Lm = Nm
(26)

E
(
ne,mi, vmi, f , θm,Lm, ϕ, γ

)
=

∑M

m=1
Em
(
ne,mi, vmi, f , θm,Lm, ϕ, γ

)
(27)

And Doppler frequency are rewritten as the following
form:

fDm (Lm) =


−2

f
c
Vf ,mLm sin θm, Lm 6= Nm

−2
f
c
V0 cos γ cosϕ, Lm = Nm,

(24)

where, f = ω/2π is the frequency of the incident wave (Hz),
c is velocity of light.
Step 5: Based on (1), the radar echo signal of the mth scat-

tering center can be described as (25), where f + fDm(Lm) =
fR. Based on (2) and incident depth Lm, rm(ϕ, γ ) can be
rewritten as (26). Finally, the radar echo signal of the reentry
object covered with plasma sheath can be expressed as (27).
Formula (25)–(27) are shown at the top of this page.

The important steps will be explained in detail below.

A. INCIDENCE ANGLE OF THE ELECTROMAGNETIC WAVE
The incident angle of the electromagnetic wave is the angle
between the incident plane of the electromagnetic wave and
the normal of the layered model. The incident angle is related
to the elevation angle, flying attitude, and structure of the
target. This paper takes a blunt cone as an example to illustrate
the calculation of the incident angle of the electromagnetic
wave, as shown in Figure 6.

After the projection angles of the incident angle of the
electromagnetic wave on the YZ plane and XY plane are
obtained, the incident angle of the electromagnetic wave can
be obtained by (14).

B. DOPPLER FREQUENCY
Considering that the non-mirror trajectory in Fig. 1 has an
obvious signal broadening phenomenon, the present paper
assumes that the Doppler frequency of the plasma sheath is
related to the position of the reflection of the electromagnetic
wave. The signal broadening is caused by the difference in
the Doppler frequency shift of the signal component.

For radar, the Doppler frequency of the target is defined as

fD = −f
2V
c
, (28)

where V is the target radial velocity along the line of sight.
For rigid objects, all scattering centers have the same Doppler

frequency when only translational motion exists. Velocity is
defined as being positive when the target is far from the radar
system. The plasma sheath is different from the traditional
rigid-body target, and its velocity is not unique.

In the plasma sheath, plasma flows backward radially from
the stagnation point. Compared with the inner airflow, the
outer airflow diffuses outward at varying degrees under the
influence of the flight speed, which results in a different
direction of airflow velocity in the plasma sheath in three-
dimensional space. The proposed model simplifies the direc-
tion of the airflow velocity and assumes that the direction of
the airflow velocity at the same scattering center is the same.
In addition, because the incident depth of the electromagnetic
wave is affected by both the plasma frequency and electro-
magnetic wave frequency, it indirectly affects the extraction
of the target velocity. The velocity of airflow increases toward
the reentry surface. It is therefore necessary to determine the
type of reflection medium according to the incident depth,
then extract the corresponding type of velocity, and finally
obtain the Doppler frequency. It is worth noting that the
stagnation point of the plasma sheath is located at the front
end of the reentry object, and the speed and direction of
movement of the stagnation point are thus the same as those
of the reentry object. So the numerical value and direction of
airflow velocity in the layered model of stagnation point are
the same as that of the reentry object.

C. RADAR ECHO
Combining (1) and (28), radar echo signals of targets not
affected by plasma sheath can be written as:

E (ϕ, γ, f ) =
∑M

m=1
0me−j4π (f+fD)rm(ϕ,γ )/c, (29)

where, f + fD = fR. Let e−j4πrm(ϕ,γ )/c = e−j2, formula (29)
can be rewritten as:

E(f ) =
∑M

m=1
0me−jf2e−jfD2. (30)

As shown in formula (25, 26, 27), the radar echo signal
under the influence of plasma sheath is as (31). Ibid., radar
echo signals can be rewritten as (32). Formula (31) and (32)
are shown at the bottom of the next page.
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Formulas (30) and (32) represent radar echo signals
of reentry objects without plasma sheath and covered
with plasma sheath, respectively. It can be seen that
component e−jfD2 in formula (30) becomes components
Rm
(
ne,mi, vmi, f , θm,Lm

)
and e−jfDm2 of formula (32) under

the influence of plasma sheath.
Without considering the plasma sheath, the velocity of

scattering centers is the same, so the e−jfD2 of scattering
centers is the same; and under the influence of plasma sheath,
the velocity of scattering centers is independent and different
from each other, so the echo signal e−jfDm2 of scattering
centers is also independent from each other (the numerical
value is determined by the incident depth, incident angle
and velocity of the flow field). And the reflection coefficient
Rm
(
ne,mi, vmi, f , θm,Lm

)
of scattering centers will modulate

the amplitude and phase of radar echo signal, which will
cause amplitude attenuation and phase shift intuitively.

IV. EXAMPLE
The present paper uses the computational-fluid-dynamics
flow-field simulation data of RAM-C for the reentry vehicle
[26]. The target flying state is set as forward-to-radar level
flight with an elevation angle of 30 degrees, a flying altitude
of 30 km, and a flying speed of 25 Ma. To reduce the compu-
tational complexity, only the lower half of the plasma sheath
is modeled in this paper.

Simulation results of radar detection pulse compression are
obtained by setting the radar type as X-band broadband radar,
carrier center frequency fz = 9GHz, bandwidth B = 1GHz
pulse width τ = 400µs, and sampling frequency fs = 5GHz
and using (17).

Figure 8 shows two strong reflection signals. According to
calculation results of the plasma frequency, an electromag-
netic wave cannot penetrate the plasma sheath and all target
reflection signals are reflected in the plasma. It is noteworthy
that the plasma wake is not modeled in this paper.

According to the order from head to tail and from left
to right, the incident depth, radial velocity, and reflection
coefficient of 51 scattering centers are listed in Table 1.

Table 1 (a) gives the incident depth of the electromagnetic
wave. The incident depth is shallowest at the stagnation point
of the plasma sheath and increases as the incident depth
approaches the tail. Table 1 (b) gives the radial velocity of
each scattering center in a unit of Ma. The radial velocity
is largest at the stagnation point. The closer the remaining
scattering centers are to the tail, the greater the radial velocity
is, and the closer the radial velocity is to both sides. Table 1 (c)
gives the normalized reflection coefficients of the scattering
centers. The reflection coefficient is largest at the stagnation

FIGURE 6. Schematic diagram for calculating the incident angle of the
electromagnetic wave. θmyz = θmnyz − γ , θmxy = θmnxy + ϕ, the central
symmetric axis of the blunt cone, is parallel to the x-axis. θmyz and θmnyz
are respectively projections of the incident angle and normal wrestling
angle of the electromagnetic wave on the YZ plane. θmxy and θmnxy are
respectively the projections of the incident angle and normal angle of the
electromagnetic wave on the XY plane.

FIGURE 7. Distribution of scattering centers of a blunt cone. The blunt
cone has a length of 1.295 m, radius of 0.159 m, and semi-cone angle
of 9◦. With the stagnation point as the vertex, the cone is divided into 11
rows and 5 rows from beginning to end, generating a total of 51
scattering centers. The plasma parameters in the layered model are the
same as those of the scattering centers of the same row.

point and decreases as the scattering center approaches the
tail.

An analysis of the radial velocity and reflection coeffi-
cients of 51 scattering centers shows that the left peak is
the reflection signal of the stagnation point and the right
peak is the reflection signal of other scattering centers of the
spherical head. Because of the radial velocity, the scattering
centers, which are originally about 0.15 m apart, are about
4 m apart in the pulse compression results. The reflection

E
(
ne,mi, vmi, f , θm,Lm, ϕ, γ

)
=

∑M

m=1
0mRm(ne,mi, vmi, f , θm,Lm)e−j4π (f+fDm(Lm))rm(ϕ,γ )/c (31)

E(ne,mi, vmi, f , θm,Lm) =
∑M

m=1
0me−jf2 · Rm

(
ne,mi, vmi, f , θm,Lm

)
e−jfDm2 (32)
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TABLE 1. (a) Incident depth. (b) Radial velocity. (c) Reflection coefficient.

FIGURE 8. Simulation results of radar detection pulse compression. The
reflected signal on the left can be regarded as head echo, while the two
signal peaks on the right can be regarded as non-mirror trajectories.

signal of the cone body is located between the two peaks and
is relatively weak.

Two reflected signals can be clearly distinguished from
the simulation results of pulse compression, which shows to
some extent that the plasma wake is not the cause of non-
specular echoes. We believe that the non-mirror reflection
signal is produced by the non-uniform plasma distribution
and the gradient airflow velocity distribution of the plasma
sheath. The main component of the non-specular echoes is
produced by the superficial reflection of the plasma sheath.
Because the velocity of stagnation point is much larger than
that of shallow airflow at other scattering centers, there is a
certain separation of the two strong reflection signals, and
the width of the separation is not fixed but changes with
the electromagnetic wave frequency, plasma parameters, and
flight speed.

V. CONCLUSION
The present paper proposed amethodwithwhich tomodel the
radar scattering center of a reentry object covered by a plasma
sheath. Because of the combination of the scattering center
model and non-uniform plasma layeredmodel, the simulation
of a radar echo is more realistic, which satisfies the detection
characteristics of broadband radar and takes into account the
non-uniform distribution characteristics of the plasma sheath.
In particular, each scattering center can be used to calculate
the incident angle, incident depth, radial velocity, and reflec-
tion coefficient independently, which is the key to building
the scattering center model of a reentry object covered by a
plasma sheath. The only deviation from the actual situation is
that all interfaces of the layered model of the non-uniform
plasma are parallel. However, from the point of view of
convenient calculation, we do not recommend making more
adjustments because an increase in the numbers of layers
and incident angles will increase the calculation cost. It will
undoubtedly become difficult to simulate the radar echo of
a complex reentry object covered by a plasma sheath. Our
experience has shown that the reflection coefficient addsmost
to the computational expense. If the flight process of the
target is fixed, it is suggested that the calculation results of
the reflection coefficient be saved as a database.

The proposed modeling method effectively reflects the
plasma distribution and electromagnetic-wave propagation
characteristics of the plasma sheath. Although the simulation
is only a steady-state simulation of a single pulse at present,
it provides a basis for the radar echo simulation of a time-
varying plasma sheath. The calculation cost is large because
of the complexity of the model. The present paper generated
only one reflection signal for each scattering center and ana-
lyzed only the main components of the head echo and non-
specular echo (i.e., the reflection signal at the stagnation point
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and superficial surface of the plasma sheath). To some extent,
it is shown that the non-specular echo is not generated by
the plasma wake, but by the multi-layer plasma in the part
penetrated by the electromagnetic wave under the combined
effect of the non-uniform plasma distribution and the gradient
airflow velocity distribution. This provides a new idea for
radar detection and the signal processing of reentry objects
covered by a plasma sheath. At the same time, establishing a
good scattering model of a reentry object covered by a plasma
sheath can generate a real-time target signal, which greatly
reduces the demand for electromagnetic simulation software
code and measurement data and provides convenience for
subsequent related research.
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