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ABSTRACT: Communication blackout is a serious threat to aerospace engineering. Over the past decade, the terahertz (THz) technology
has been considered an effective solution to the blackout problem. However, it is currently unclear that how the size of the vehicle affects
the conditions of the THz communication channel within the plasma sheath. In this study, a numerical hypersonic hydradynamical
model is introduced to investigate the relationship between THz signal attenuation in the plasma sheaths and the size of the vehicle. The
analysis shows that the size of the vehicle significantly influences the structure of the plasma sheath. The thickness of the plasma sheath
increases linearly with the size of the vehicle. The maximum electron density in smaller vehicles shows unstable fluctuations, attributed
to variations in size causing changes in the flow velocity and mass density, resulting in the variation of pressure distribution. Additionally,
with the increase of plasma sheath thickness, the attenuation coefficient of THz signals increases linearly. Therefore, for the vehicles of
large sizes, the designs that minimize the thickness of the plasma sheath are helpful to mitigate the communication blackout.

1. INTRODUCTION

When a spacecraft is flying at hypersonic speeds in the at-
mosphere, the air in front of the spacecraft is compressed,

creating shock-waves and causing a rapid increase in tempera-
ture. This phenomenon leads to the ionization of the surround-
ing gas, forming a plasma. This plasma layer is referred to
as the plasma sheath, containing a significant number of free
electrons. It severely disrupts the transmission of radio wave
signals, a phenomenon commonly known as the blackout phe-
nomenon [1]. Communication blackout can occur during a cer-
tain phase of the flight, causing the spacecraft to lose contact
with ground control stations and other communication nodes,
resulting in communication interruptions [2]. This situation not
only impacts mission execution but also poses a threat to space-
craft safety [3, 4].
Global researchers have been tirelessly seeking methods to

eliminate or mitigate the communication barriers caused by the
plasma sheath. Strategies proposed to date include optimiz-
ing the vehicle’s configuration to reduce plasma formation on
the vehicle’s surface, thereby lowering communication interfer-
ence [5]. The ablation material method involves incorporating
metal oxides into the vehicle’s thermal protection materials [6].
When the thermal protection material ablates, the metal oxides
neutralize electrons in the plasma, reducing electron density.
The magnetic window technique utilizes an external magnetic
field to adjust the distribution of electrons on the vehicle’s sur-
face, altering the propagation characteristics of electromagnetic
waves in the plasma sheath and thereby enhancing the perme-
ability of communication signals [7, 8]. The method of inject-
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ing electron-affinitive liquids involves introducing electron-
affinitive liquids into the plasma sheath to facilitate the recom-
bination of electrons and ions, reducing electron density and
effectively alleviating communication blackout issues [9]. The
high and low-frequency method refers to significantly reducing
the attenuation coefficient of plasma when the electromagnetic
wave frequency is much lower or higher than the plasma fre-
quency [10]. Relay methods avoid directly weakening or elim-
inating the plasma sheath [11]. Instead, they leverage its uneven
spatial distribution by transmitting electromagnetic waves from
the thinner regions of the sheath to relay stations or relay satel-
lites, and finally to the ground, bypassing the severe attenuation
of direct transmission to the ground. However, these meth-
ods face technical or practical limitations, such as cost, sys-
tem weight, and aerodynamic performance. In recent decades,
terahertz communication with operating frequencies between
0.1 THz and 10 THz has been regarded as a potential solution
to address communication blackout issues [12, 13].
The transmission characteristics of terahertz signals in the

plasma sheath layer have been studied through theoretical and
experimental research [14]. Dong et al. [15] investigated the
transmission characteristics of terahertz waves in the plasma
sheath of hypersonic targets. Zhang and Guohua [16] also an-
alyzed the impact of random plasma distribution on the trans-
mission characteristics of THz waves. Tian et al. [17] found
that collisions between electrons and neutral particles play a
crucial role in the attenuation of extremely high-frequency sig-
nals within the plasma sheath layer. Rao et al. [18] exam-
ined the impact of electron density and electron collision fre-
quency on the attenuation of extremely high-frequency signals
in the plasma sheath layer, noting that this attenuation inten-
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TABLE 1. Definitions of Variables, all variables are in SI units.

ρ: Mass Density t: Time n: Number Density
P : Pressure e: Total Energy m: Mass

R: Gas Constant T : Temperature µ: Dynamic Viscosity
1-3H: Heat Generation σ: Silicon Collision Diameter KT : Thermal Conductivity
Ω: Collision Integral KB : Boltzmann Constant Pr: Prandtl Number

f : Degrees of Freedom N : Total Number of Species s: Specific Source
ve: Electron Collision Frequency γ: cP /cV γ: cP /cV

cV : Specific Heat at Constant Volume u⃗: Fluid Velocity i: Subscript, i-th Species

τ⃗ : Viscous Stress Tensor
−→
I⃗ : Unit Tensor Ri: Gas constant of the i-th component

sifies with their increase. Zhang et al. [19] pointed out that
the spatial distribution of plasma also affects the attenuation
of extremely high-frequency signals within the plasma sheath.
Zhang et al. [20] simulated the process of electromagnetic wave
penetration through a nonuniform reentry plasma sheath layer.
Changes in flight conditions may result in variations in the at-
tenuation of terahertz signals, as these conditions affect elec-
tron density and electron collision frequency [21]. Addition-
ally, Wei et al. [22] noted that signal attenuation changes over
time along with variations in the plasma sheath. Methods to
reduce the attenuation of terahertz signals in the plasma sheath
layer include adjusting the angle of attack proposed by Chen et
al. [23], changing the spacecraft velocity suggested by Tang et
al. [24], and introducing an external magnetic field to modu-
late the dispersion characteristics of extremely high-frequency
waves proposed by Guo et al. [25]. Ouyang et al. [26] also stud-
ied the differences in the propagation of terahertz waves in the
thermal-chemical non-equilibrium plasma sheath of different
hypersonic vehicle shapes.
Previous studies have significantly advanced our understand-

ing of terahertz wave transmission in reentry plasma sheath lay-
ers. These studies have analyzed the time-varying characteris-
tics of vehicle plasma sheath and proposed various approaches
to enhance terahertz signal transmission. However, these inves-
tigations were based on the assumption that the size and shape
of hypersonic vehicle are fixed. Nevertheless, the considerable
variations in vehicle size and shape, and their impact on the
structure and internal characteristics of the plasma sheath, have
not been adequately explored. To effectively address the com-
munication blackout problem, it is crucial to consider the in-
fluence of vehicle size on the plasma sheath layer and terahertz
wave transmission. This study aims to focus on this issue.
This paper begins by employing hypersonic fluid dynamics

theory to numerically simulate the reentry plasma sheath of
hypersonic vehicle of various sizes [27]. Subsequently, data
obtained from the hypersonic fluid model is utilized to ana-
lyze the transmission characteristics of terahertz signal in an
actual plasma sheath. Scattering Matrix Method (SMM) is em-
ployed to simulate the transmission of terahertz waves in the
plasma sheaths of different-sized veh. Subsequently, data ob-
tained from the hypersonic fluid model is utilized to analyze
the transmission characteristics of terahertz signal in an actual
plasma sheath. SMM is employed to simulate the transmission

of terahertz waves in the plasma sheaths of different-sized ve-
hicles [28].

2. INFLUENCE OF VARIOUS VEHICLE SIZES ON
PLASMA SHEATH
The study adopts the dimensions of the RAMC-II blunt ve-
hicle as a baseline, characterized by a top spherical radius of
15.24 cm, a cone angle of 9◦, a major axis length of 1.29m, a
flight altitude of 61 km, and a velocity of 6550m/s [29]. To
investigate the impact of size variations on the sheath, the vehi-
cle is proportionally scaled while keeping other variables con-
stant. The chosen scaling range is from 0.5 to 10, with the ma-
jor axis length ranging from 0.645m to 12.9m, covering the
dimensions of existing hypersonic vehicle [30].
The present study conducts a comprehensive simulation

analysis of the plasma sheath generated by high-speed aircraft,
employing principles of fluid dynamics and numerical com-
putation techniques. By accounting for the compressibility of
fluids, the complexity of chemical reactions, and employing
advanced numerical methods, a more precise prediction of the
behavior and characteristics of the plasma sheath is achieved.
The model assumes the plasma sheath to be a compressible

Newtonian fluid, disregarding higher-order terms of viscosity
and microfluidic effects. It does not consider the influence of
geomagnetic fields and electromagnetic waves on the distribu-
tion of electron density, nor does it incorporate the effects of
acceleration and deceleration of the aircraft on the structure of
the sheath. The model is primarily based on the Navier-Stokes
equations, expressed as follows [31, 32]:

∂ρ

∂t
+∇ · (ρu⃗) = 0 (1)

∂ (ρu⃗)

∂t
+∇ ·

(
ρu⃗⊗ u⃗+ p

⃗⃗
I

)
= ∇ · ⃗⃗τ + ρg⃗ (2)

∂e

∂t
+∇ · (eu⃗) = −∇ ·

(
pu⃗+ q⃗ − u⃗ · ⃗⃗τ

)
(3)

Equations (1) through (3) represent respectively the mass
equation, momentum equation, and energy equation within the
Naive-Stokes equation system, where all variables are defined
as shown in Table 1. Here, ρ denotes the mass density, ρ =
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ΣN
i nimi; ni represents the number density of the ith species

of particles; mi stands for the mass of the ith species of par-
ticles. In Equation (3), the three terms on the right-hand side
respectively denote the contributions of pressure gradient, heat
conduction, and viscosity forces to the rate of change of energy.
The expression for the viscous stress tensor is obtained

through the following equation, where T represents the trans-
pose operator of the matrix:

−→
τ⃗ = −2

3
µ (∇ · u⃗)

−→
I⃗ + µ

[
∇⊗ u⃗+ (∇⊗ u⃗)

T
]

(4)

The total energy in the Navier-Stokes equations comprises
internal energy, kinetic energy, and chemical energy, as given
by Equation (5), where the heat flux is determined by Fourier’s
law:

e =
p

γ − 1
+

1

2
ρu⃗ · u⃗+

N∑
i

niHi (5)

q⃗ = −kT∇T ≡ −cP
µ

Pr
∇T (6)

Under the assumptions of this model, any potential influence
of geomagnetic fields and electromagnetic waves on the elec-
tron density within the sheath is disregarded. Additionally, the
dynamic changes (acceleration or deceleration) of the aircraft
affecting the sheath structure are not considered, thus render-
ing the volume force term as zero. Based on these assump-
tions, Equations (2) and (3) are simplified and reformulated as
follows:

∂ (ρu⃗)

∂t
+∇ ·

(
ρu⃗⊗ u⃗+ p

⃗⃗
I

)
= ∇ · ⃗⃗τ (7)

∂e

∂t
+∇ · [u⃗ (e+ p)] = ∇ ·

(
⃗⃗τ · u⃗

)
+∇ · (kT∇T ) (8)

Furthermore, to achieve closure of the Navier-Stokes equa-
tion system describing the fluid dynamics model in this frame-
work, namely Equations (1), (7), and (8), the equation for num-
ber density of particles needs to be introduced [33, 32]:

∂ni

∂t
+∇ · (niu⃗) = si (9)

−µi =
5

16

√
πmikBT

πσ2Ω
(10)

cPi =

(
f

2
+ 1

)
Ri (11)

cV i = cPi −Ri (12)

kTi =
5

2
cV iµi (13)

In Equation (9), the term on the right-hand side represents the
source term, which accounts for the chemical reactions within
the plasma sheath. In this study, the NASA Standard Seven-
Component Air Model is employed for investigation [34]. The

seven chemical components involved in the chemical reactions
are: N2, N, O2, O, NO, NO+, and e−.
Before solving the plasma sheath of the spacecraft using fluid

dynamics models, it is necessary to finely partition the space-
craft into unstructured tetrahedral meshes to optimize the accu-
racy and stability of the simulation. Fig. 1 illustrates the grid
partition when the size ratio of vehicles (SRV = 1) is 1, with
the color bar on the right indicating the size of the mesh areas.
In the subsequent parts of this study, the “size ratios of vehi-
cles” is abbreviated as SRV.
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FIGURE 1. The mesh partitioning for an aircraft size ratio of 1 is dis-
played in Fig. 1, where different colors represent the size of the parti-
tioned mesh areas.

Unstructured tetrahedral meshes mainly consist of quadrilat-
erals of similar dimensions, aiming to present themesh as paral-
lelograms as much as possible to reduce numerical oscillations.
This grid design takes into account the complexity of adapting
to geometric shapes near the spacecraft, especially in cases of
significant gradients of physical quantities and curvature of the
spacecraft outline. In regions far from the spacecraft, rectangu-
lar meshes were chosen in this study to match different simula-
tion scale requirements and simplify the calculation process.
Due to the significant gradients of physical quantities within

the plasma sheath and the curvature of the spacecraft outline,
this model employs the finite volume method (FVM) in un-
structured tetrahedral meshes [35, 36]. In FVM, the compu-
tational domain is divided into a set of control volumes, with
each volume center having a representative node. By integrat-
ing conservation-type partial differential equations, a discrete
equation system is obtained, and numerical methods are then
used to solve these equations to compute the physical quanti-
ties at each control volume center. This method ensures the
satisfaction of conservation laws while also accommodating
the computational aspects of the nonlinear characteristics of the
plasma sheath to achieve stable and accurate simulation results.
Considering the axisymmetric design characteristics of hy-

personic aircraft, the plasma sheath surrounding it naturally ex-
hibits the same symmetrical properties. This symmetry signif-
icantly simplifies the analysis process of the plasma sheath, so
in this study, information about the entire sheath is obtained by

21 www.jpier.org



Chu et al.

studying half of the spacecraft sheath structure. This approach
reduces computational complexity and requires computational
resources while retaining a comprehensive understanding of the
entire sheath.
Through the aforementioned grid partitioning and fluid dy-

namics models, different-sized spacecraft plasma sheath struc-
tures can be obtained. The simulation results depict the two-
dimensional distribution of the aircraft plasma sheath within the
specified region, including parameters such as electron density,
temperature, and pressure, as shown in Fig. 2.
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FIGURE 2. (a) represents the electron density for a size ratio of 0.5, (b)
for a size ratio of 1, and (c) for a size ratio of 10. (d) represents the
electron collision frequency for a size ratio of 0.5, (e) for a size ratio of
1, and (f) for a size ratio of 10. The white dashed lines in Figs. (a)–(c)
represent the signal transmission path.

Figure 2 illustrates the distribution of electron density within
the plasma sheaths for size ratios of vehicles of 0.5, 1, and
10 (a)–(c), as well as the distribution of collision frequency
between electrons and neutral particles (d)–(f). The collision
frequency is obtained from (14) [37]:

νc = 3× 108
(

ρ

ρ0

)
T (14)

where ρ is the mass density, T the temperature, and ρ0 =
1.28823 kg/m3.
From Fig. 2, it is evident that the distribution of the plasma

sheath is highly nonuniform and changes in vehicle size (VS)
result in corresponding variations in electron density and col-
lision frequency. In the vehicle with a size ratio of 1, the top
electron density is significantly higher than in other regions,
and the plasma in the wake region is less uniformly distributed
than in the sidewall region. Additionally, regardless of changes

in SRV, the plasma parameters in the sidewall region are rela-
tively more stable than the wake region and the top. There-
fore, installing antennas on the sidewall is advantageous for
maintaining a stable communication channel. In this study,
the communication path is located near the sidewall approxi-
mately 3/4 from the top of the corresponding sized vehicles,
indicated by the white dashed line in Figs. 2(a)–(c). By calcu-
lating the sheath thickness along the transmission path for dif-
ferent size ratios, Fig. 3 intuitively illustrates the relationship
between sheath thickness and SRV.

SRV

0

0.5

1

1.5

2

2.5

S
h
ea

th
 t

h
ic

k
n
es

s(
m

)

R-squared = 0.9999

Fitted curve

6 842 10

FIGURE 3. The variation pattern of spacecraft size ratio and sheath
thickness is depicted, with red circles representing the original data
points and a blue curve representing the curve fitted data. Additionally,
the R-squared value is annotated on the graph.

The horizontal axis of Fig. 3 represents the SRV, and the ver-
tical axis displays the sheath thickness along the signal trans-
mission path. Fitting the data reveals that, with an increase in
SRV, the sheath thickness around it exhibits a linear growth,
with a slope value of 0.2286. This change significantly im-
pacts the physical characteristics of the sheath. The model-
fitted data achieved a high R-squared value of 0.9999, indicat-
ing a remarkably close fit to the actual observed values and con-
firming the predictive capability of themodel. Furthermore, the
distribution characteristics of electron density along the electro-
magnetic wave propagation path and the specific distribution of
electron collision frequency will be explored in detail, as shown
in Fig. 4.
In Fig. 4(a), the distribution of electron density (solid line)

and electron collision frequency (dashed line) along the wave
transmission path for an SRV of 1 is presented, with the nor-
malized distance to the antenna on the horizontal axis. The
electron density along the wave transmission path exhibits a
Gaussian function characteristic, and the electron collision fre-
quency along the path has three sequentially increasing peaks.
Figs. 4(b) and (c) depict the distributions of electron density and
collision frequency along the transmission path for size ratios of
0.5, 1, and 10. The electron density along the wave propagation
path in different-sized vehicle follows a Gaussian distribution,
and the maximum electron density consistently occurs at a dis-
tance of approximately 0.162 from the antenna. Additionally,
the distribution of electron collision frequency shows a similar
trend across all sizes, displaying three peaks at positions 0.02,
0.55, and 0.89 in distance from the antenna.
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FIGURE 4. Distribution of electron density and electron collision frequency along the wave transmission path at the SRV of 1(a), and (b) electron
density and (c) electron collision frequency along the transmission path for different sizes.

SRV

5.3

5.4

5.5

5.6

(a)

Ne max 65.5

66

66.5

67

67.5
(b)

w p

2 4 6 8 10 2 4 6 8 10

SRV

N
e 

m
ax

(m
-3
)

w
p

(G
H

z)

10
19

FIGURE 5. (a) Variation in maximum electron density and (b) cutoff frequency along the transmission path with SRV.

While the position of the maximum electron density along
the propagation path remains consistent across all size ratios,
there are numerical differences at various sizes. Fig. 5 reveals
the relationship between themaximum electron density and cut-
off frequency with the SRV.
Fig. 5(a) displays the numerical values of the maximum elec-

tron density along the transmission path. Fig. 5(b) illustrates
the relationship between the cutoff frequency along the trans-
mission path and the SRV, calculated using (2) [38]:

ωp =

√
nee2

ε0me
(15)

where e is the elementary charge of an electron,me the electron
mass, and ε0 the relative permittivity of vacuum.
The cutoff frequency, as indicated by Formula (2), is directly

associated with the electron density in the environment and de-

pends solely on this single variable. Moreover, Fig. 5 reveals
that the cutoff frequency and maximum electron density exhibit
the same changing trend. Therefore, investigating the reasons
for the variation in maximum electron density can explain the
changes in the cutoff frequency. At a size ratio of 0.5, the max-
imum electron density reaches Nemax = 5.31 × 1019 m−3,
while at a size ratio of 10, its value is 5.65 × 1019m−3, with
the corresponding cutoff frequency fluctuating within the range
of 65.11GHz to 67.47GHz. As the SRV increases from 2 to
10, the maximum electron density along the transmission path
shows an increasing trend. However, when the ratio increases
from 0.5 to 2, the electron density changes unpredictably, ex-
hibiting a piece-wise-linear pattern. This change will be dis-
cussed in detail next.
The variation in electron density is influenced by the evolu-

tion of the plasma sheath and affected by various environmen-
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TABLE 2. The table on the left is the regression analysis data of the maximum electron density and other variables, and the table on the right is the
regression analysis data of the maximum electron density and other variables.

Ne max t-value p-value Beta P t-value p-value Beta
P 1.32 0.235 165.5701 Mass Density 1773.66 0.000 165.5701

Mass Density −1.31 0.237 −129.1184 T 920.86 0.000 -129.1184
T −1.31 0.237 −67.03294 R-squared= 1.0000 Adj R-squared= 1.0000

R-squared= 0.886 Adj R-squared= 0.829

tal and material parameters. Key variables include pressure,
mass density, and temperature. Pressure determines the forces
between particles; mass density determines the number of par-
ticles per unit volume; and temperature indicates the thermal
dynamics of the particles. Therefore, analyzing the changes
in maximum electron density requires considering the interac-
tion of these parameters and their overall effects. Fig. 6 illus-
trates the relationship between the maximum electron density
and pressure, mass density, and temperature.
In Figs. 6(a), (b), and (c), the red lines represent the changing

trend of maximum electron density along the transmission path,
while the corresponding blue lines represent the changes in tem-
perature, mass density, and pressure. All variable values have
been normalized to eliminate dimensional effects, facilitating
the analysis of the correlation between the changing trends of
different influencing factors. It can be observed in Fig. 6 that
the variation in SRV has a highly similar impact on pressure
and maximum electron density, followed by mass density, with
temperature showing the weakest correlation. Therefore, it can
be inferred that the variation in SRV may affect the maximum
electron density by changing the pressure.

In this study, the ideal gas equation was used to calculate
pressure. The equation is given by P = ρRT , where P (pres-
sure) is a function of T (temperature), R (gas constant), and ρ
(mass density), withR being a constant [39]. According to this
equation, pressure changes are directly related to temperature
and mass density. Fig. 6(d) compares the changing trends of
pressure and mass density with varying SRV, with both vari-
ables being normalized. The changing trends of pressure and
mass density are observed to be basically consistent. After pre-
liminary analysis, regression analysis was performed on these
variables, and the results are presented in Table 2.
In Table 2, the t-value serves as a statistical measure to

evaluate the significance of sample data, representing the ra-
tio of between-group differences to within-group differences.
A larger t-value indicates a more significant difference. The
p-value denotes the significance level of the statistical test, in-
dicating the probability of the regression coefficient being sig-
nificantly different from zero. The standard regression coeffi-
cient (Beta) reflects the degree of influence of the independent
variable on the dependent variable after eliminating unit effects,
with larger values indicating a greater impact of the factor on
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the dependent variable. R-squared signifies the extent to which
the variability of the dependent variable can be explained by the
independent variables in the regression model, ranging from 0
to 1, with values closer to 1 indicating a better fit of the model.
Adjusted R-square is the adjusted coefficient of determination,
measuring the effect of adding explanatory variables on the R-
square, with its value also ranging from 0 to 1, where a higher
value indicates a better fit.
The table on the left of Table 2 presents regression data with

maximum electron density as the dependent variable and pres-
sure, mass density, and temperature as independent variables.
The table shows that the significance levels for the three inde-
pendent variables are all around 0.23, while the absolute value
of the standardized regression coefficient (Beta) for pressure is
the largest. This indicates that pressure has the most significant
impact on maximum electron density, i.e., changes in pressure
are the primary cause of changes in maximum electron den-
sity. Similar analysis applied to the table on the right of Table 2
reveals that changes in mass density drive variations in pres-
sure. The R-squared values in both tables are close to 1, indi-
cating a high level of fit between the model and the data. There-
fore, it can be inferred that changes in SRV cause variations in
mass density near the antenna, affecting pressure and leading
to changes in maximum electron density along the transmission
path.
On the other hand, in this study, numerical simulations were

conducted using the fluid dynamics equations, with a key fo-
cus on utilizing the Naive-Stokes equation to describe fluid
dynamic characteristics involving interactions among velocity,
pressure, density, and viscosity. The mass equation in For-
mula (16) indicates a close connection between changes inmass
density and gas flow velocity [40]. Typically, an increase in
flow velocity in the plasma sheath region is accompanied by a
decrease in mass density. When the pressure within a fluid ele-
ment increases, the fluid moves towards the low-pressure area
and accelerates. This change in velocity, in turn, affects pres-
sure and mass density. Fig. 7 illustrates the variation in fluid
velocity during the formation of the plasma sheath.

∂ρ

∂t
+∇ · (ρu⃗) = 0 (16)

where ρ is the mass density, and u⃗ is the velocity vector.
Figure 7 presents the velocity distribution calculated based

on the fluid dynamics model. In the analysis, the velocity is
divided into horizontal and vertical components. Figs. 7(a)–(c)
and (d)–(f) depict the horizontal velocity in the early and late
stages of the study, while panels (g)–(i) and (o)–(q) correspond
to the vertical velocity in the early and late stages. In the dis-
tribution plots, the SRVs are arranged from left to right as 0.5,
1, and 10, with color depth representing the corresponding ve-
locity magnitude. Fig. 7 shows that, whether Vx (horizontal
velocity) or Vy (vertical velocity), the velocity distribution re-
mains generally consistent throughout the process. However,
the rightmost color bar in the figures exhibits different veloc-
ity values, and the variation in color intensity on the outer side
of the sheath also indicates differences in velocity with size ra-
tios. The results depicted in the figures illustrate that changes
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FIGURE 7. (a), (b), and (c) show early-stage horizontal velocity distri-
butions for size ratios of 0.5, 1, and 10, respectively. (d), (e), and (f)
depict late-stage horizontal velocity distributions for the same size ra-
tios. (g), (h), and (i) display early-stage vertical velocity distributions,
while (o), (p), and (q) exhibit late-stage vertical velocity distributions,
all corresponding to size ratios of 0.5, 1, and 10.

in SRV have a notable impact on the magnitude of flow veloc-
ity, both in the horizontal and vertical directions. To clearly
illustrate the relationship between pressure, mass density, and
velocity trends, Fig. 8 provides a comparative analysis of nu-
merical variations.
As shown in Fig. 8(a), the red line illustrates the variation

in pressure with increasing SRV. In Fig. 8(b), the red line de-
picts the variation in mass density with increasing SRV, while
the blue line reflects the trend of velocity near the transmission
path under changing SRV. All variables have been normalized
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for analysis. Based on the analysis of Fig. 8, the velocity near
the transmission path shows an opposite trend to the changes in
pressure and mass density: as the SRV increases, the velocity
decreases, while pressure and mass density increase. This phe-
nomenon aligns with the physical laws described by the mass
Equation (3).
After analyzing the impact of SRV on maximum electron

density, the following conclusions can be drawn: as the SRV in-
creases from small (ratio 0.5) to large (ratio 10), the maximum
electron density exhibits unstable fluctuations and eventually
tends to rise. This change in trend is caused by the interaction of
fluid dynamic parameters (mass density, pressure, temperature,
and velocity) influenced by changes in SRV, particularly the di-
rect impact of fluid velocity changes on mass density, altering
the pressure distribution, and consequently affecting electron
density.
In the evolution of the plasma sheath, another parameter

equally important as electron density is the collision frequency.
To analyze its trend, the three peaks of collision frequency were
studied, as shown in Fig. 9, depicting the relationship between
collision frequency and SRV.

SRV

1.5

1.75

2

2.25

V
c.
p
ea
k
(H
z) peak1

peak2
peak3

2

10
19

4 86 10

FIGURE 9. Variation in collision frequency along the transmission path
with changing SRV.

As depicted in Fig. 9, the vertical axis represents the colli-
sion frequency along the transmission path. The red line cor-
responds to the first peak, the green line to the second peak,

and the blue line to the third peak. The study reveals that the
SRV significantly influences the magnitude of the peaks. Re-
gardless of the SRV, the third peak is consistently the largest,
followed by the second peak and the first peak. Furthermore,
as the SRV increases, the first and second peaks rise gradually,
and the third peak exhibits fluctuations but generally shows an
increasing trend.

3. THE IMPACT OF DIFFERENT-SIZED VEHICLE ON
THE PROPAGATION OF TERAHERTZ SIGNALS
Within the plasma sheath, if the carrier frequency is lower than
the maximum cutoff frequency, the signal will undergo total re-
flection. Terahertz signals range from 0.1 THz to 10 THz, pro-
viding an effective solution to overcome power outage prob-
lems.
The propagation characteristics of terahertz signals are af-

fected by many factors such as electron density, thickness, col-
lision frequency, and distribution shape in the plasma sheath.
Research needs to use the data obtained from the numerical sim-
ulation in the previous section to analyze these effects. In addi-
tion, considering that the propagation of the terahertz frequency
band in the atmosphere may be affected by water vapor, oxygen
and other factors and produce significant attenuation at certain
frequencies, the research focuses on the “atmospheric window”
frequency range that has better propagation in the atmosphere.
For electromagnetic waves in the 30 to 300GHz band, 94GHz,
140GHz, and 225GHz are mainly selected as the carrier fre-
quencies of the terahertz communication system [41, 42].
The study also finds that since the terahertz wavelength

is much smaller than the spatial scale of the inhomogeneity
in the plasma sheath, this feature can be used to construct
a one-dimensional non-uniform collision plasma model, and
then carry out research on terahertz propagation in the plasma
sheath [43]. Therefore, on this basis, the correlation coefficient
can be calculated using the scattering matrix method (SMM),
as shown in Fig. 10.
The plasma sheath, as illustrated in Fig. 10, is partitioned into

N layers, where in the plasma parameters within each slender
stratum exhibit uniformity. Assuming that the wave propagates
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FIGURE 10. SMM schematic diagram.

along the x-axis, the incident wave enters the interface verti-
cally from free space I. Eventually, in layer N , it transitions
from the plasma region into free space III, corresponding to the
region where the spacecraft is located. The recursive formula
for the scattering matrix is as follows [28, 44]:

Sα =
1

2K
(α)
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A B
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(17)

A =
(
k(α)x + k(α−1)

x

)
exp

[
−j
(
k(α−1)
x − k(α)x

)
dα

]
(18)

B =
(
k(α)x − k(α−1)

x

)
exp

[
j
(
k(α−1)
x + k(α)x

)
dα

]
(19)

C =
(
k(α)x − k(α−1)

x

)
exp

[
−j
(
k(α−1)
x + k(α)x

)
dα

]
(20)

D =
(
k(α)x + k(α−1)

x

)
exp

[
j
(
k(α−1)
x − k(α)x

)
dα

]
(21)

where α denotes the N th layer. The global scattering matrix is
computed according to the following expression:
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The superscript 0 signifies free space (region I). Applying
the electromagnetic field boundary conditions at the interface
between regions II and III based on the medium interface, the
recursive matrix expression can be formulated as follows:
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where the superscript NL+1 denotes region III.
The power reflection coefficient, power transmission coeffi-

cient, and power absorption coefficient are obtained from the
following expressions:

Rp = |R|2 (27)

Tp = |T |2 (28)
Ap = 1−Rp − Tp (29)

Utilizing the aforementioned SMM, the results can be com-
puted across varying size ratios in Fig. 11.
Figs. 11(a), (b), and (c) depict the absorption, reflection,

and transmission coefficients of terahertz signals (at 94GHz,
140GHz, and 225GHz) for vehicles of different sizes. The
enlargement of vehicle dimensions significantly enhances the
absorption coefficient of terahertz signals, particularly evident
in larger vehicle. For vehicle with size ratios less than 6, an
increase in carrier frequency leads to a decrease in the absorp-
tion coefficient. Terahertz signal reflection coefficients exhibit
irregular fluctuations in smaller vehicle, especially pronounced
at 94GHz. Among vehicles with size ratios between 2 and 10,
larger vehicle exhibits higher reflection coefficients, which also
decrease with an increase in carrier frequency. Transmission
coefficients for all signals decrease with an increase in SRV,
indicating a weakened transmission capability. For a vehicle
exceeding a size ratio of 6, the transmission of signals at all
frequencies is extremely weak. At higher carrier frequencies,
signal transmission is enhanced.
In the course of this study, assuming a blackout threshold of

Tp = 0.15, it is observed that there exists a safe upper limit
for the ratio of spacecraft sizes when considering different car-
rier frequencies. This limit ensures the reliability of commu-
nication. Specifically, when the carrier frequency is 0.14 THz,
the SRV should be controlled within 1.5; when the carrier fre-
quency is 0.22 THz, the SRV should be limited to within 4.
Therefore, to mitigate the blackout phenomenon, it is advisable
to design vehicles with sizes kept within reasonable bounds.
Simultaneously, increasing the signal frequency contributes to
ensuring smooth communication.
Further analysis reveals the relationship between the atten-

uation coefficient of terahertz signal transmission and SRV, as
depicted in Fig. 11(d). For vehicle at the same size, the atten-
uation is most significant at 94GHz and minimal at 225GHz.
The attenuation of terahertz signal transmission gradually in-
tensifies with the enlargement of the spacecraft size. One con-
tributing factor is the enhanced energy absorption of carriers
due to higher electron density or collision frequency, leading to
increased energy loss. As mentioned earlier, electron density
and collision frequency vary with changes in VS. Additionally,
an increase in the thickness of the plasma sheath, proportional
to SRV, alters the propagation path and time of electromag-
netic waves, potentially intensifying absorption and scattering
through thicker media, thereby increasing signal attenuation.
Fig. 12 further validates the correlation between terahertz sig-
nal attenuation characteristics and changes in the thickness of
the plasma sheath.
Figure 12 indicates that the signal attenuation coefficient lin-

early increases with the thickness of the plasma sheath enve-
lope, following a similar pattern as in Fig. 11(d). This con-
sistency implies that the enlargement of spacecraft size leads
to an increase in the thickness of the plasma sheath along the
transmission path, subsequently exacerbating signal attenua-
tion. The thickening of the plasma sheath enhances the interac-
tion frequency between terahertz waves and free electrons, re-
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sulting in a more pronounced loss of signal energy. The 94GHz
signal exhibits the maximum attenuation under a fixed thick-
ness of the plasma sheath, while the attenuation of the 225GHz
signal is relatively minimal. The increase in sheath thickness
emerges as the primary cause of signal attenuation. Conse-
quently, in the construction of larger vehicle, adopting designs
that minimize the thickness of the plasma sheath proves con-
ducive to mitigating signal attenuation.

4. SUMMARY AND CONCLUSION

This study initially employed a hypersonic fluid dynamics
model to analyze the structure of plasma sheath within vehicles

of various sizes. The research further investigated the propaga-
tion characteristics of terahertz signals within these sheaths.
The size of vehicle notably affects the plasma sheath param-

eters of a vehicle. Although SRV changes affect the wake re-
gion and sheath top, the sidewalls, particularly the rear one, re-
main stable, facilitating communication. The plasma sheath’s
thickness has a linear relationship with SRV. The electron den-
sity distribution along the transmission path follows a Gaus-
sian pattern, unchanged by SRV variations and exhibits three
peaks of increasing collision frequency. In smaller vehicles, an
increased SRV causes unstable fluctuations in maximum elec-
tron density attributed to changes in velocity, mass density, and
pressure distribution. A higher SRV results in the full absorp-
tion of terahertz signals, which is the principal cause of signal
attenuation, accompanied by a minor increase in reflection and
a reduction in transmission coefficients. At elevated carrier fre-
quencies, absorption and reflection coefficients diminish, while
transmission coefficients are enhanced. Increasing vehicle size
increases plasma sheath thickness, leading to linear terahertz
signal attenuation. Hence, for large vehicle, reducing the thick-
ness of the plasma sheath helps reduce signal attenuation.
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