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During hypersonic reentry flight, the shock heated air generates a weakly ionized plasma layer. Because the

weakly ionized plasma layer has a high plasma number density, it causes an important systems operation problem

that is known as a communication, or radio, blackout. The radio blackout occurs when the plasma frequency of the

plasma layer is higher than a radio wave frequency. In this case, the radio wave signals to and from the vehicle are

reflected or attenuated so that the vehicle loses voice communication, data telemetry, and Global Positioning System

navigation. The radio blackout problem can be solved by reducing the plasma number density of the plasma layer

because the plasma frequency is mainly related to the plasma number density of the plasma layer. To reduce the

plasma number density of the plasma layer, an electromagnetic E � B layer approach is proposed. The proposed

E � B layer is analyzed by a two-dimensionalmodel. It suggests that anE � B layer can be used to allow transmission

of the communication signals through the plasma layer.We also propose an alternative to reduce the plasma density,

based on an electrostatic plasma sheath.

Nomenclature

B = magnetic field, T
c = speed of light, m=s
E = electric field, V=m
e = electron charge, C
fe = plasma frequency, Hz
fw = radio wave frequency, Hz
j = current density, A=m2

k = Boltzmann constant, 1:38 � 10�23 J=K
m = mass, kg
n = plasma number density, m�3

ne = electron number density, m�3

ni = ion number density, m�3

P = pressure, N=m2

s = sheath thickness, m
T = temperature, eV
U = voltage across the sheath, V
V = velocity, m=s
Zi = ion mean charge number
�e = Hall parameter
"0 = permittivity of vacuum, 8:5419 � 10�12 F=m
� = signal attenuation factor, dB=m
� = refractive index
�c = ion collision frequency, s�1

�e = electron collision frequency, s�1

�ie = ion-electron collision frequency, s�1

�in = ion-neutral collision frequency, s�1

�ei = electron-ion collision frequency, s�1

�en = electron-neutral collision frequency, s�1

� = conductivity, S=m
’ = plasma potential, V
!e = electron Larmor frequency, rad=s
!radio = radio wave frequency, rad=s

Subscripts

e = electron
i = ion
n = neutral
0 = initial value

I. Introduction

H YPERSONIC reentry and cruise vehicles, which can travel
anywhere in the world within a few hours, experience

communication difficulty during reentry or hypersonic flight. This
difficulty is known as a communication, or radio, blackout. The
cause of the blackout problem is the plasma layer, created by
ionization due to the shock wave around the vehicle. When radio
blackout happens, radio waves are reflected or attenuated against the
plasma layer [1]. The radio waves emitted from the vehicle cannot
reach a ground station or a Global Positioning System (GPS) satellite
or radio waves sent to the vehicle do not reach it, and so the vehicle
loses voice communication, data telemetry, GPS navigation, and
electric countermeasures capability during radio blackout. Radio
blackout blocks communications of the vehicle for several minutes,
depending on the angle of reentry and the properties of the
atmosphere [2]. For example, the Soyuz TMA (Transport Modified
Anthropometric) reentry vehicle experiences about 10 min of radio
blackout. Radio blackout also happens whenever the vehicle enters a
planetary atmosphere at hypersonic velocity. For instance, the Mars
Pathfinder experienced a 30 s radio blackout during the Mars entry
mission [2].
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The blackout problem is an important issue for hypersonic reentry
and cruise vehicles, both for flight safety and catastrophe analysis
[3]. It is very obvious that the radio blackout problem is critical for
flight safety of vehicles. The radio blackout happens when the
vehicle flies at hypersonic velocity. Because the vehicle losses
communication with ground stations or GPS satellites, it can travel
hundreds ofmiles during a fewminutes of blackout without anyGPS
navigation and voice communication. In addition, the blackout
makes catastrophe analysis impossible, eliminating a critical factor
for understanding and preventing reentry accidents. In the Space
Shuttle Colombia disaster, telemetry was lost before disintegration
due to radio blackout. When the telemetry recovered from the radio
blackout, there were little available data at the ground station to assist
in finding the cause of the disaster. Therefore, it is extremely
important to develop strategies for propagating telemetry through a
plasma layer.

During the last 40 years, little progress has been made toward
solving communication blackout in a reliable and acceptable
manner.Most approaches for solving the radio blackout are based on
altering the shape of the leading-edge geometries using a high radio
wave frequency or using a magnetic field. However, all those
approaches create disadvantages for aerodynamic performance,
implementation costs, or system weight [4,5]. Alternative solutions
have recently been proposed [5]. One of these solutions suggests
communication through plasma via a Raman (3-wave) scattering
process [5]. Thismethodworkswell in a laboratory experiment, but it
is not applicable to actual plasma layers, due to limitations such as
collisional damping, sensitivity to plasma parameter nonuniform-
ities, and a very short range of resonance for 3-wave interactions.
Therefore, there is a need to develop a mitigation scheme for
communication through the plasma layer that is reliable and
effective. Consequently, it is extremely important to clearly
understand radio blackout conditions to develop amitigation scheme
for reentry telemetry.

When a vehicle reenters or flies through the atmosphere with
hypersonic velocities, it creates a shock in front of the vehicle. The
created shock heats and compresses the surrounding gas so that air
molecules become dissociated and ionized. This weakly ionized air
creates a plasma layer around the vehicle. The created plasma layer
usually has an electron number density of 1015 to 1019 m�3, high
enough to cause the blackout [4].When the plasma frequency around
the vehicle exceeds the radio wave frequency fw being used to
communicate between a ground station or a satellite and the vehicle,
any radio wave signals are attenuated or reflected, and so the
communications emitted from/to the vehicle cannot reach a ground
station or vehicle. This is exactly what happens during the radio
blackout. Therefore, the electron number density is important,
because the plasma frequency is related to the electron number
density of the plasma layer around the vehicle as follows:

fe �
!e
2�
� 1

2�

�����������
e2ne
"0me

s
� 8:7987 � n1=2e Hz (1)

where ne is the plasma density in m�3. Therefore, plasma density
control is important to address the radio blackout problem.

Previously, we proposed an electromagnetic E � B layer to
control the plasma density and showed that it could be a strategy for
propagating telemetry through a plasma layer [4,5]. The concept of
the E � B layer is very simple and reliable. When an E � B layer is
applied near the antenna, the plasma will be accelerated past the

antenna and the number density of the accelerated plasma will
decrease to satisfy mass conservation. The reduced plasma density
can create a “window” in the reentry plasma layer through which
radio waves can be transmitted. During the process of creating the
window, the plasma density distribution will be affected by the
magnitudes and profiles of the magnetic and electric fields.
Numerical simulations can help to estimate this effect and determine
the optimal E � B layer configuration for creating the strongest
plasma number density reduction in the plasma layer.

In this paper, a two-dimensional modeling approach is applied to
analyze the plasma density reduction in the E � B layer. The two-
dimensional analysis demonstrates how far from the vehicle body
surface the E � B layer can effectively reduce the plasma number
density. This will be seen as an effective approach to solving the
blackout problem. An alternative method, using an electrostatic
sheath to generate a window for communication, is also suggested.

The paper is organized as follows: In Sec. II, we describe signal
attenuation in terms of plasma number density and determine the
required density reduction required to solve the radio blackout. The
plasma density reductions in an applied E � B layer are analyzed,
using the two-dimensional approach, in Sec. III. In Sec. IV, an
electrostatic mitigation scheme is described as an alternative solution
method.

II. Signal Attenuation

Radio wave signals experience attenuation in the plasma layer of a
vehicle. The radio wave attenuation during the radio blackout is high
enough to break the communication between the ground station and
the vehicle. In this case, the radio wave attenuation is mainly
determined by the plasma frequency fe, which is related to the
plasma number density.When the plasma frequency becomes higher
than the radio wave frequency, the radio wave signal suffers infinite
signal attenuation. Therefore, the plasma frequency should be less
than the radio wave frequency that is used in the communication to
transmit the radio wave signal. This fact limits the maximum plasma
density. Table 1 shows commonly used radio wave frequencies and
the corresponding limits for the maximum plasma number density
for the communication through the plasma layer. At this point, the
plasma density should be less than at least the maximum plasma
density limit to solve the radio blackout problem.

However, there is a need to reduce the plasma density of the
plasma layer below the limit based on the radio wave frequency. The
plasma layer may attenuate the radio wave even when the plasma
number density is lower than the limit based on the radio wave
frequency. In this case, the radio wave attenuation can be expressed
in terms of the plasma number density of the plasma layer. For a
plasma with collision frequency �, the radio wave attenuation can be
expressed as [8]

�� 8:69
e2

2"0mec

1

�

n�

!2
radio � �2

dB=m (2)

where n is the plasma number density, !radio is the radio wave
frequency that is used for the communication, � is the plasma
collision frequency, and � is the refractive index. The refractive
index is shown at Fig. 1 in terms of the plasma angular frequency !e
and the collision frequency �. The collision frequency � can be
assumed to be proportional to the plasma density under typical
conditions of reentry flight.

Table 1 Commonly used radio wave frequencies and their limits for the maximum plasma density [6,7]

Band name Frequency Plasma density limit, m�3 Example uses

VHF 30–300 MHz 1:2 � 1013–1:2 � 1015 Aviation communication
UHF 300–3000 MHz 1:2 � 1015–1:2 � 1017 GPS
L band 1–2 GHz 1:3 � 1016–5:1 � 1016 Military telemetry
X band 8–12 GHz 8:3 � 1017–1:9 � 1018 Satellite communication
Ka band 27–40 GHz 9:4 � 1018–2:1 � 1019 Radar and experimental communication
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Consequently, the signal attenuation mainly depends on the
plasma number density, because both the plasma frequency and the
collision frequency are related to the plasma number density.
Figure 2 shows the radiowave attenuation at the 1.57GHz frequency
generally used in GPS navigation. It shows that the radio wave
attenuation decreases as the plasma number density decreases. To
mitigate the radio wave attenuation, it is necessary to reduce the
plasma number density. Therefore, reducing the plasma number
density can be one possibility for solving the radio blackout problem.

III. Two-Dimensional Model of an E � B Layer

The previous one-dimensional approach estimates the reduced
plasma density ratio for both the plasma-optic and magneto-
hydrodynamic regimes [4,5]. However, the one-dimensional
approach cannot determine the size of the effectively reduced
plasma density region, due to the electric field. This is very important
for a practical application, because the created plasma window
should be larger than the size of the communication antenna. The
effectively reduced plasma density area also must extend far enough
from the surface to affect the plasma density peak. For example, the
plasma density peak occurs at 1–2 cmabove the vehicle surface in the
RAM-C flight test [9,10]. To determine how far the electric field can
affect the plasma, it is necessary to use a two-dimensional approach
for analysis of the applied E � B layer. The applied E � B layer is
shown schematically in Fig. 3. In the appliedE � B layer, the electric
field is created by two electrodes, and a permanent magnet provides
the magnetic field. As shown in the schematics of the top view, ions
are accelerated in the x and y directions. The x-direction acceleration
is due to the applied electric field and the y-direction acceleration is
caused by the E � B drift.

A. Mathematical Model Formulation

To simulate anE � B layer,we use a two-dimensional steady-state
fluid model. It has the following general assumptions:

1) The E � B layer is quasi-neutral.
2) The neutrals are at rest.
3) There is no ionization in the E � B layer.
4) The electron temperature Te is constant.
5) The ions are cold.
6) The magnetic field has only a z-direction component.
The stationary neutral assumptionmaximizes the effect of the ion-

neutral drag term. The assumption of no ionization in theE � B layer
is based on the fact that ionization rate is proportional to the plasma
density. Because plasma density decreases in the E � B layer due to
acceleration, the maximum ionization rate corresponds to
unperturbed conditions [5]. Because of the cold-ion assumption,
the ion-pressure term of the ion-momentum equation is negligible.
Therefore, the two-dimensional steady-state E � B layer model can
be described by

r � �Vin� � 0 (3)

min�Vi � rVi� � en�E� Vi � B� �min�cVi (4)

0��en�E� Ve �B� � kTern �men�e�Ve � Vi� (5)

Because the current density is a vector in the two-dimensional
case, we need to consider the current density conservation:

Fig. 1 Refraction index variation with plasma frequency and collision

frequency.

Fig. 2 Radio wave attenuation for various plasma number densities.

The radio wave frequency is 1.57 GHz; a neutral number density of

1020 m�3 is used.

Fig. 3 Schematic of the applied electromagnetic E � B layer with two different views.
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r � j� 0 (6)

The current density conservation equation (6) can be used to
calculate the potential distribution under the known magnetic field
distribution. In this case, the current density can be calculated from
the generalized Ohm’s law, which includes the Hall effect:

j � �
�
E� kTe

e
r ln n � j � B

en
� �Vi � B�

�
(7)

The E � B drift is in the y direction because we assume that the
applied magnetic field has only a z-direction component B� Bz in
this work. TheE � B drift does not generate any current so that the y-
direction current density jy is negligible. This occurs because
electron and ion gyro radii are sufficiently small compared with the
geometrical scale of the device. Then Eq. (7) may be written in
component form in rectangular coordinates as follows:

jx � �
�
Ex �

kTe
e

@ ln n
@x
� VyBz

�
(8)

jz � �
�
Ez �

kTe
e

@ ln n
@z

�
(9)

where � is the electron conductivity, Ex and Ez are the x-direction
and z-direction components of the electric field, and jx and jz are the
x-direction and z-direction components of the current density,
respectively. In this case, we can use a drift velocity in the E � B
direction as

Vy ��Vx
!e
�e
��Vx�e (10)

where !e is the electron cyclotron frequency and �e is the Hall
parameter.

Equations (6), (8), and (9) can be used to express the equation for
the electric field in an explicit form. Because the Coulomb logarithm
is only weakly dependent on the plasma number density n, the
electron collision frequency is proportional to the plasma number
density as follows:

�ei � constant � n (11)

Using Eqs. (6) and (8–11), the following expression is obtained for
the potential distribution ’:

1
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@ ln n
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� 0 (12)

Equation (12) describes the potential distribution of the two-
dimensional approach in a form similar to a Poisson equation, which
is obtained for the current density conservation. The system of
equations (3), (4), and (12) describe the mathematical model of the
two-dimensional approach.

B. Numerical Method and Boundary Conditions

The two-dimensional E � B layer model is solved numerically
with an iterative scheme. Initially, it begins with assuming the initial
potential distribution �0. The initial guess of the potential is obtained
by solving the Poisson equation. The estimated potential distribution
is differentiated to give the electric field. The calculated electric field
is used to solve the ion transport equations (3) and (4). The ion
transport equation is solved by using the finite volume method with
the Harten–Lax–van Leer contact wave solver [11,12] and gives
plasma number density and velocity. The obtained plasma number
density and velocity distribution are used as coefficients in the

potential distribution equation (12). The potential distribution
equation is solved by the alternating-direction implicit method
[13,14], and we can obtain the new potential distribution for the next
iteration. After several iterations, the potential distribution converges
and we obtain a steady-state solution with sufficient accuracy.

The schematic diagramof the two-dimensional simulation domain
is shown in Fig. 4. In this work, wewill simulate the x–z plane. In the
simulated domain, the inflow boundary condition is applied for the
left side. It uses the initial plasma number density and the constant
neutral number density. In this case, the bulk plasma velocity is
assumed to be 1000 m=s and has only an x-direction component. The
right and upper side boundaries of Fig. 4 use the outflow boundary
condition, and no potential variation across the boundary is assumed.
The bottom boundary of Fig. 4 uses the dielectric boundary
condition, because the suggested E � B layer used a dielectric
material on the bottom surface. Because of the dielectric boundary
condition, no ions are neutralized at the dielectric wall, which means
that the wall fully absorbs ions.

C. Results

The plasma density reduction is the plasma density normalized by
the plasma bulk density n0. A small plasma density reduction
indicates a weak effect of the applied E � B layer. A large plasma
density reduction indicates a strong effect of the appliedE � B layer.

The calculated plasma density reduction is shown in Fig. 5. It
shows the plasma density reduction distribution in the x–z plane
when the E � B layer is applied. The applied E � B layer has a
�100 V potential drop between the anode and the cathode. The
anode and cathode are 5 mm in length and are located at x� 0 and
10 cm, respectively. TheE � B layer has a constant one-dimensional
magnetic field along the negative z direction and it has 0.1 T strength.
In this study, we use a plasma of nitrogenwith a constant background
neutral density of 1020 m�3 (which corresponds to a pressure of
about 3 mtorr) and 1018 m�3 bulk plasma number density with
1000 m=s bulk velocity.

The plasma density reduction distribution shows the location of
the lowest plasma number density in the applied E � B layer that
provides the optimal location for the antenna, which is indicated in
Fig. 5. It also shows how far the electric field can affect the plasma.
The effects of plasma density reduction decrease with distance from
the wall, as one can see in Fig. 5. The plasma density reduction
distributions along the z direction are shown in Fig. 6. As shown in
Figs. 5 and 6, the plasma density reductions of the applied E � B
layer become ineffective at 4 cm from the bottom dielectric wall.
These are very promising results for mitigating the radio blackout
problem, because the plasma density peak in the RAM-C flight is at
about 1–2 cm from the vehicle surface [5].

Fig. 4 Schematic of the E � B layer for the two-dimensional approach.

In this approach, we assume that the magnetic field is constant and it has

only a z-direction component.
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The plasma number density distribution of Fig. 5 shows some
increased density near the cathode. This is caused by the potential
distribution. The potential distribution in the applied E � B layer is
shown in Fig. 7. It shows that the potential sharply drops just beyond
the cathode. This is primarily caused by the 0 V potential beyond the
cathode. The applied 0 V potential is quite reasonable, because we
assume that the area beyond the cathode has a vacuum condition. The
sharp drop potential of this area creates a large negative electric field
along the x direction. Because of the negative electric field, the ions
are decelerated in this direction. The decelerated ions create negative
ion flow near the cathode. The negative ion flow is seen in Fig. 8,
which shows the ion velocity of the x-direction component. As one
can see, the ion flow changes direction at the front of the cathode so
that the ions stagnate near the cathode. Consequently, the stagnated
ions explain the increased ion number density near the cathode. This
fact is very important in deciding the optimal location of the
transmission.

IV. Alternative Method: Electrostatic Sheath

As an alternative method to mitigate the blackout problem, we
consider an electrostatic plasma sheath [5,15]. An electrostatic
plasma sheath is formed when a negative voltage is applied to a
cathode in a plasma. In the electrostatic plasma sheath, the electrons
are depleted due to the applied negative voltage. The depleted
electron region may provide a possible way to communicate through
the plasma layer. This is possible because there are almost no

electrons in the electrostatic plasma sheath to interfere with
electromagnetic waves [5]. Thus, the electrostatic plasma sheath can
provide a window for communication during the radio blackout. In
this case, the size of the electrostatic plasma sheath is important
because it must contain the physical size of the transmission and/or
reception antennas. In this section, we consider two different types of
electrodes: a U-shaped electrode and a cylindrically shaped
electrode. The two electrodes are shown schematically in Fig. 9.

In the one-dimensional steady-state case, the sheath thickness can
be estimated according to the Child–Langmuir law [5,16–18] as

s�
�
4

9
"0

�
1=2
�
2Zie

mi

�
1=4 ��3=4

�eZinVi�1=2
(13)

However, it is difficult to use the Child–Langmuir law for the two-
dimensional steady-state case, because the Child–Langmuir law is
only valid for a one-dimensional, or plate, electrode. To simulate the
two-dimensional electrostatic sheath, we employ a steady-state two-
dimensional fluid-sheath model that is based on the time-dependent
fluid-sheath model [15,19,20]. It makes two main assumptions to
model the collisional sheath [21]. First, it assumes that the sheath has
a uniform background neutral density and the ions are cold. The
uniform background neutral density introduces collision drag terms
into the two-dimensionalfluid-sheathmodel. Because of the cold-ion
assumption, the ion-pressure term of the ion-momentum equation is
negligible. Second, it assumes that the electrons satisfy the
Boltzmann relation in the sheath model, which can be coupled with

Fig. 6 Plasmanumber density reduction along the zdirection at several

x locations.

Fig. 7 Distribution of the potential of the appliedE � B layerwith 0.1 T
magnetic field. The applied potential drop between the anode and the

cathode is �100 V.

Fig. 8 Distribution of ion velocities in the x direction. The bulk plasma

velocity is 1000 m=s.

Fig. 5 Plasma number density reduction distribution in the applied

E � B layer. The bulk plasma density is 1018 m�3 and velocity is

1000 m=s. The background neutral number density is 1020 m�3.
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Poisson’s equation for the electric potential. Therefore, the steady-
state two-dimensional collisional sheath can be described by

r � �niui� � 0 (14)

mir � �niuiui� � eniE � �cminiui (15)

ne � n0 exp�e�=kTe� (16)

r2���e="0�ni � ne� (17)

Equations (14–17) are solved numerically with an iterative
scheme. The ion number densities and velocities are calculated by
using a similar method to theE � B layer simulation. In this case, the
plasma is not quasi-neutral, and so we need to calculate the electron
density using the Boltzmann relation [Eq. (16)]. The calculated
electron and ion number densities give a new potential distribution
that is calculated by solving Poisson’s equation (17). The calculated
new potential distribution gives a new electric field for the next
iteration step. After a sufficient number of iterations, we can obtain a
steady-state solution with sufficient accuracy.

A �1000 V potential drop, applied across the two electrodes, is
large compared with the electron temperature, which is assumed as
1.5 eV. In this work, we use a plasma of molecular nitrogen with
1020 m�3 neutral background density, which corresponds to 3 mtorr
pressure condition. In the collisional electrostatic-plasma-sheath
regime, the initial ion flow velocity is not known, but the physical
limits of it will be at or below the Bohm velocity [22–24]. This
classical condition for the sheath formation is applicable for our
electrostatic-sheath cases. Because we consider formation of the
electrostatic layer in the boundary layer of the hypersonic flowfield,
the velocity of the boundary layer is small and typically smaller than
the Bohm velocity. Thus, we use 1000 m=s as the initial ion flow
velocity and the bulk electron number density is 1018 m�3.
Parameters of the undisturbed plasma correspond to a hypersonic
flowfield calculated using a particle simulation technique [5].

The calculated results are shown in Figs. 10 and 11. They show the
calculated distributions of the electron number density, which are
normalized by the bulk electron density n0, and the potential near the
two types of electrodes. The electron number density distribution
shows the depleted region: the sheath. The sheath region of Fig. 10
extends approximately 4 cmover the dielectric surfacematerial. This
may satisfy the requirement of affecting the plasma density peakwith
a standoff distance of several centimeters [4]. On the other hand, the
size of the electrostatic sheath also can be estimated fromFigs. 10 and
11. Figure 10 shows that the U-shaped electrode can create a sheath
thickness of about 3 cm. Using the same conditions as those

employed for the U-shaped electrode, Eq. (13) gives a one-
dimensional sheath thickness of 1.67 cm that is almost a factor of 2
smaller than the result from the two-dimensional simulation.
Figure 11 shows that the cylindrically shaped electrodes give a

Fig. 10 Potential and electron number density distributions of the U-

shaped electrode including a schematic of the electrodes. The bulk

plasma density n0 is 10
18 m�3, and the neutral background density nn is

1020 m�3. The cathode is at �1000 V potential.

Fig. 11 Potential and electron number density distributions of the
cylindrically shaped electrodes including a schematic of the electrodes.

The bulk plasma density n0 is 1018 m�3 and the neutral background

density nn is 10
20 m�3. The cathode is at �1000 V potential.

Fig. 9 Schematics of the two different types of electrodes as an alternative method to solve the radio blackout problem: a) U-shaped electrode and

b) cylindrically shaped electrode.
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sheath having a radius of about 1.0 cm at the 4.0 cm axial position.
The size of the electrostatic sheath will bemaximizedwhen anE � B
layer is applied, because the applied E � B layer decreases the bulk
electron number density. When the size of the electrostatic sheath
becomes comparable to the size of the transmission antenna, it may
allow transmission through the plasma layer during the radio
blackout.

V. Conclusions
We proposed the E � B layer configuration to be necessary to

allow communication through the plasma layer during the radio
blackout period. In this case, the effective area of the applied E � B
layer is important, because it must be larger than the size of the
antenna and greater than the distance of the peak plasma density in
the plasma layer from the vehicle surface. The effectiveness area of
the appliedE � B layer is simulated by a two-dimensional approach.
It is shown that the applied E � B layer can effectively reduce the
plasma number density approximately 3 cm from the dielectric wall.
We also investigate the two-dimensional shaped electrodes. The
two-dimensional shaped electrodes create an electron-depleted
region, the sheath, and it can be another mitigation scheme for the
reentry telemetry. Consequently, the possibility of communication
during the radio blackout will be maximized by a combination of an
E � B layer and a two-dimensional shaped electrode.
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