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Abstract One of the aims for modern hypersonic cruise flight is hypersonic global reach. The length of
route for such flights could be up to thousands of kilometers. The atmospheric conditions on the route are
complicated. On the other hand, hypersonic flights used to suffer from communication blackout. The sub-THz
communication is considered as a potential solution to the ‘blackout’. In the present study the propagation for
sub-THz signals in hypersonic plasma sheaths was modeled under different atmospheric conditions. According
to the study, the electron density and the electron collision frequency near the onboard antenna linearly increase
with the atmospheric mass density around the vehicle, hence the attenuation of sub-THz signals in hypersonic
plasma sheaths increases with the atmospheric mass density. The impact led by the atmospheric temperature
is ignorable. Based on the study a new sub-THz signals’ propagation model was developed, which could be
utilized for quick estimation for signal propagation under different atmospheric conditions. The geographical
difference of signal propagation over the whole globe was obtained with the new model. The results showed that
the signal attenuation in plasma sheaths varies with latitude and longitude. The maximum signal attenuation

occurs in Alaska, Canada and Russia.
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1 Introduction

Modern hypersonic vehicles, which include reentry capsules, ballistic missiles and hypersonic cruise flights,
used to suffer from communication blackout in near space [1]. Although scientists and engineers have
made great efforts to solve the problem, the ‘blackout’ is still a challenge to modern aero and space
engineering so far. On the other hand, the hypersonic cruise flight, which aims at hypersonic global
reach, is being concerned by many countries nowadays. The communication blackout is an obstacle for
the implementation of such flights. The sub-THz communication is considered as a potential solution to
the blackout problem. The sub-THz band covers the frequencies in the range from 50 GHz to 1 THz [2,3],
which is normally higher than the maximum cutoff frequency in hypersonic plasma sheaths.

* Corresponding author (email: deng_x_h@163.com)

(© Science China Press and Springer-Verlag Berlin Heidelberg 2017 info.scichina.com  link.springer.com


http://crossmark.crossref.org/dialog/?doi=10.1007/s11432-017-9232-8&domain=pdf&date_stamp=2017-10-18
https://doi.org/10.1007/s11432-017-9232-8
info.scichina.com
link.springer.com
https://doi.org/10.1007/s11432-017-9232-8

Yuan K, et al. Sci China Inf Sci  November 2017 Vol. 60 113301:2

According to previous theoretical and experimental studies, carrier waves in sub-THz band could
penetrate dense plasma slab [4,5]. Scientists have started to design the sub-THz communication system
to solve the communication blackout problem [6]. On the other hand, the dense plasma is a very severe and
complicated environment for signal propagation. The attenuation of sub-THz signals in dense plasma
slab are impacted by the inhomogeneity of the plasma [7], the electron density, the electron collision
frequency, the temperature, and the thickness of the plasma slab [8]. The communication blackout would
occur if the signals that reach the antenna is too weak to be detected. Moreover, the propagation of
sub-THz signals in realistic hypersonic plasma sheaths could be different from that in presumed plasma
slabs since all the parameters of a hypersonic plasma sheath vary simultaneously [9]. It implies that the
propagation of sub-THz signals in hypersonic plasma sheaths could be much more complicated than that
in plasma slabs. In other words, the hypersonic plasma sheath, which is nonuniform media for signal
propagation, must be paid attention to in order to solve the problem of communication blackout.

Previous studies have revealed that the hypersonic plasma sheath is influenced by many factors in-
cluding the aerodynamic shape [10], the angle of attack [11,12] and the flight trajectory [13]. Besides
those parameters, the plasma sheath is obviously influenced by the atmospheric conditions around the
hypersonic vehicle. Hence the signal propagation in plasma sheaths is influenced by the atmospheric
conditions as the results. On the other hand, the length of route for a hypersonic cruise flight could be
up to thousands of kilometers. It could be expected that the signal propagation in the plasma sheath
varies with the location of flight due to the geographical difference of atmospheric conditions.

In the present study, the sub-THz signal propagation in hypersonic plasma sheaths under different at-
mospheric conditions was studied. The hypersonic plasma sheaths under different atmospheric conditions
were obtained with a numerical hypersonic fluid model. The relation between the signal propagation and
the atmospheric conditions was analyzed accordingly. Based on the numerical study and the analysis,
a new estimation model was developed, which could be utilized for quick estimation of sub-THz signal
propagation in hypersonic plasma sheath under different atmospheric conditions. The results obtained
with the quick estimation model agree well with the results obtained based on the hypersonic fluid model.
The global distribution of sub-THz signal attenuation in hypersonic plasma sheath was obtained with
the new model. The geographical difference of the signal attenuation was revealed accordingly.

2 Hypersonic fluid model

The hypersonic plasma sheath is the nonuniform media for signal propagation. In the present study the
plasma sheath was modeled with the conservative form of Navier-Stokes (N-S) equations and the gas
molecular theories [9,14]. Egs. (1)—(3) are the N-S equations:

dp

f’g)t“uv.(pa@mpf) _v.7 (2)
%+v.w(e+p)]:v.(?.ﬁ)+v.(kTVT), (3)

where u, p, p, e, kr, T, T and 7 are fluid velocity, mass density, pressure, total energy, thermal conductivity,
temperature, unit tensor and viscous stress tensor, respectively. The mass density, pressure, viscous stress
tensor and the total energy are expressed as

N
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where p is the dynamic viscosity, H is the enthalpy of formation, 7 is the ratio between the specific heat
at constant pressure and the specific heat at constant volume. The superscript T in (6) is the transpose
operator.
The number density continuity equation is introduced in order to close the system of equations for the

present model.
é)ni

ot
where s; is the source term for the i-th species led by chemical reactions.

+ V- (nil) = s, (8)

The rest of necessary variables are obtained from gas kinetic theories [15]:

3 vV nmikBT (9)

i =

16 mo

cpi = (g + 1> R;, (10)
cvi = cpi — Ry, (11)
kri = gcwm (12)

where o is the collision diameter, €2 is the collision integral, kg is the Boltzmann constant, f is the degree
of freedom, R is the gas constant, cp and cy are the specific heat of constant pressure and the specific
heat of constant volume, respectively.

The chemical reactions are modeled with the air 7-species model. The altitude of the flight is fixed to
be 30 km in the present study since the severest communication blackout occurred at the same altitude in
the RAMC-IT (Radio Attenuation Measurements C-1I) reentry experiment. The flight speed is 6550 m/s,
which is identical to the RAMC-II vehicle at the same altitude. The atmospheric conditions were obtained
from MSIS-E-90 atmospheric model.

3 Results and analysis

3.1 The hypersonic plasma sheath

The hypersonic plasma sheath was modeled under different atmospheric conditions, which are listed in
Table 1. The sub-THz signal attenuation in a realistic hypersonic plasma sheath is determined by the
electron density and the electron collision frequency [9]. Figure 1 shows the electron density and the
electron collision frequency distributions for the hypersonic plasma sheath at equator, which is one of the
11 cases simulated in the present study.

The onboard antenna is assumed to be on the wall of the vehicle, which is 1.05 m away from the
nose cap. The ‘atmospheric window’ frequencies, which are 94, 140 and 225 GHz [16], are concerned
in the present study. The incident angle for the carrier waves are assumed to be 0°. The dashed line
in Figure 1(a) denotes the propagation path for the signals towards the onboard antenna. The electron
collision frequency illustrated in Figure 1(b) was calculated according to [17]

ﬁn:3xuﬁ(£)T, (13)
Po
where py = 1.28823 kg/m?.

Figure 2 illustrates the plasma parameters near the antenna against the atmospheric conditions. Ac-
cording to Figure 2, the hypersonic plasma sheath varies with atmospheric conditions. Generally all the
parameters showed in Figure 2 increase with the atmospheric mass density (pa). However, those param-
eters do not have clear relations with the atmospheric temperature (7). The reason is that the Ty is
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Table 1 The atmospheric conditions

Latitude Longitude Mass density (kg/m?) Temperature (K)
1 90°S 50°E 8.701 x 10~3 224.5
2 45°N 50°E 1.682 x 102 232.5
3 68°S 50°E 1.011 x 10~2 230.4
4 50°S 50°E 1.321 x 102 231.3
5 0° 50°E 1.566 x 102 230.9
6 68°N 50°E 1.659 x 102 234.7
7 45°8S 50°FE 1.402 x 102 231.3
8 15°S 50°E 1.567 x 102 231.2
9 15°N 50°E 1.606 x 102 231.0
10 30°S 50°E 1.550 x 102 231.3
11 30°N 50°E 1.658 x 102 231.5
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Figure 1 (Color online) The electron density (a) and the electron collision frequency (b) of the plasma sheath (at equator).

in the range from about 225 to 235 K. The difference between the maximum and the minimum is only
10 K, which is ignorable compared with the temperature itself. On the other hand, the minimum and the
maximum pa are about 0.009 and 0.017 kg/m?, respectively. The maximum is almost two times of the
minimum. In such a case the variation of the atmospheric mass density makes more significant impacts
on the plasma sheath in practice. Additionally, it should be noticed that both the maxima electron
density and the maxima electron collision frequency seem to have linear relations with the atmospheric
mass density (see Figure 2(b)). Figure 3 shows more detail about the linear relations.

The profiles for the electron density and the electron collision frequency along the signal propagation
path are illustrated in Figure 3(a) and (b), respectively. Note that there are three peaks on the profile of
electron collision frequency. Interestingly, the maximum electron density and the three peaks of electron
collision frequency have positive linear relations with the atmospheric mass density (see Figure 3(c) and

(d))-
3.2 The propagation of sub-THz signals

The wavelengths corresponding to the concerned frequencies are much smaller than the spatial scale of
the inhomogeneity of the plasma sheath. In such a case, the plasma along the signal propagation path
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Figure 2 (Color online) The maxima of plasma parameters near the antenna vs. the atmospheric conditions. (a) Maxima
of mass density and the temperature vs. atmospheric mass density; (b) maxima of electron density and collision frequency

vs. atmospheric mass density; (c) maxima of mass density and temperature vs. atmospheric temperature; (d) maxima
electron density and collision frequency vs. atmospheric temperature.
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Figure 3 (Color online) (a) The electron density profile, (b) electron collision frequency profile, (¢) maximum electron

density against the atmospheric mass density and (d) the peak values for the electron collision frequency against the
atmospheric mass density.

could be treated as a one dimensional plasma slab. The slab was divided into several layers, and the
plasma parameters in each layer are considered to be homogeneous.

The maximum electron density on the propagation path of sub-THz signals is smaller than 6 x

101 /m? (see Figure 3(a)), i.e., the maximum cutoff frequency is about 69 GHz, which is much lower

than 94 GHz. In such a case the reflections are ignorable. The attenuation is the main mechanism
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of energy loss for signal propagations. The incident angle in the present study is always 0°, then the

polarization loss for the signals is ignorable. In a homogeneous plasma slab, the propagation constant
for the electromagnetic (EM) waves is expressed as [1]

Yp = ap — jBp- (14)
In the inhomogeneous plasma slab, the expression becomes

Yo (1) =ap (1) = iBp (1), (15)

where [ is the distance to the antenna, «, is the attenuation coeflicient and j, is the phase coefficient.

ap (1) = ko\/{ (K, 0 + 5, 7] K, (1)} /2, (16)

Bp (1) = ko\/{ [K,. (1)2 + K; (1)2}1/2 + K, (1)} /2, (17)

with
“p (l)2
Kell) = 1= =2 (18)
_wp (D7 v (1) fw]
Ki(l) = () (19)
_JeNo(l)
p(l) = P (20)
v(l) = 27t fen(l). (21)

The total signal attenuation is defined as

| 2

E,
At = [E0

L
exp l/o 27, (1) dl]

where L is the length of the transmission path, E; is the electric field for the transmitted wave, and FEj
is the electric field for the incident wave. The total signal attenuation (Att) under different atmospheric

conditions are illustrated in Figure 4.

According to Figure 4(a), the Att for the concerned frequencies increases with the atmospheric mass
density. For the identical mass densities, the Att increases with the frequency. On the other hand,
Figure 4(b) showed that there is not any clear relation between the Att and the atmospheric temperature.
It indicates that the atmospheric mass density makes more significant impact on both the hypersonic
plasma sheath and the total signal attenuation.

3.3 The character of energy loss for sub-THz signals

Obviously the total signal attenuation in hypersonic plasma sheath is determined by the attenuation
coefficient «, which varies with the distance to the antenna. Figure 5 illustrates the profiles for the
attenuation coefficients along the signal propagation path. Also the profiles for the electron density and
the electron collision frequency are illustrated in Figure 5(a) and (b), respectively. Figure 5 shows that
the signal attenuation mainly occurs in the area where the electrons concentrate.
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Figure 4 (Color online) The total signal attenuation vs. (a) atmospheric mass density and (b) atmospheric temperature.
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Figure 5 (Color online) The profiles for the attenuation coefficient and the electron density (a) and the electron collision
frequency (b).

4 The geographical difference of total signal attenuation over the whole globe

The analysis in Section 3 revealed that the total attenuation of sub-THz signals in hypersonic plasma
sheaths is significantly impacted by the atmospheric mass densities. This conclusion was drawn based
on the numerical simulations with 11 sets of atmospheric conditions. On the other hand, the global
atmospheric conditions is much more complicated. Figure 6 illustrates the global atmospheric mass
density and temperature at the altitude of 30 km at 15:15UT on 22 August 1968, which is the time
for the RAMC-II experiment [18]. According to Figure 6, both the atmospheric mass density and the
temperature vary with latitude and longitude. However, the variation of temperature over the whole globe
is ignorable comparing with the temperature itself. Therefore it could be expected that the atmospheric
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Figure 6 (Color online) The global distributions of atmospheric mass density (a) and temperature (b).
Table 2 The results of curve fitting
Ipeak CN, Ipeak1 Cel Ipeak2 Ce2 Ipeaks Ce3

1 0.351 0.01755 0.4344 0.05115 0.4805 0.01166 0.3087 0.1141
2 0.3507 0.01629 0.4348 0.05247 0.4819 0.01061 0.3067 0.1151
3 0.351 0.01723 0.4346 0.05144 0.4807 0.0114 0.3084 0.1138
4 0.3504 0.01663 0.4351 0.0521 0.4819 0.01074 0.3073 0.1175
5 0.3507 0.01638 0.4346 0.05141 0.4815 0.01094 0.3098 0.1121
6 0.3508 0.0162 0.4348 0.05189 0.4818 0.01074 0.3084 0.115
7 0.3507 0.01656 0.435 0.05195 0.4819 0.01076 0.3078 0.1154
8 0.3508 0.01637 0.4345 0.05197 0.4813 0.01111 0.3076 0.1145
9 0.3507 0.01642 0.4344 0.05218 0.4816 0.01095 0.3064 0.1163
10 0.3507 0.01632 0.4353 0.05152 0.4818 0.01081 0.3094 0.1142
11 0.3508 0.01641 0.4351 0.05202 0.4819 0.01064 0.3082 0.1141

mass density around the vehicle is the dominant factor for the total signal attenuations (Att).

On the other hand, solving the numerical hypersonic fluid model is time consuming. It is impossible
to obtain the geographical difference of Att over the whole globe via solving the fluid model. In such a
case, a new method, whose efficiency is much higher, is developed based on the analysis in Section 3.

Basically the idea for the new method is approximately estimating the electron density and the electron
collision frequency instead of working them out by solving the numerical fluid model. Referring to the
characters of the electron density and the collision frequency profiles, the Gaussian functions, which are
given below, are selected to approximately describe the two profiles.

Ne (1) = Nepeatcexp { = [(0 = Lyear) /e (23)

fen (l) - fen,peakl exp {_ [(l - Zpeakl) /601]2}
+ fen,peakQ exp {_ [(l - Zpeak2) /602]2}

+ fen,peak3 €xp {_ [(l - lpeak3) /Cc3]2} s (24)

where N peak and lpeax are the peak value for N, and the distance from the peak N, to the antenna,
respectively. fen peakls fen,peak2; fen,peaks are the values for the three peaks of fen. lpeakis lpeak2 and
lpeaks are the distances from the peaks of fe, to the antenna. cy,, cc1, ce2 and c.3 are constants, which
determine the effective length of signal propagation path. Those coefficients, except the peak values of
N, and fen, are obtained via curve fitting on the previously obtained profiles of N, and fey. The fitting
results are listed in Table 2.

The Ne peak and the fen peak have linear relations with the atmospheric mass density (see Figure 3(c)
and (d)). Therefore the two variables could be obtained based on atmospheric mass densities. The data
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Figure 7 The comparisons between the Att based on the hypersonic fluid model (dots) and the estimation model (circles).

in Table 2 shows that both the distances from the peaks to the antenna and the effective length of signal
propagation path fluctuate in very small ranges. In order to test that whether the coefficients obtained
via the curve fitting and the peak values for the N, and fe, could be utilized to estimate the Att or not,
a set of coefficients, which corresponds to the location at equator and was marked in bold in Table 2,
was selected. The electron density and the collision frequency at the other 10 locations were estimated
based on (23), (24) and the selected coefficient set. The Att based on the estimation was compared with
the Att obtained via solving the numerical fluid model in Figure 7. The results of comparison shows that
the estimation method could be utilized to calculate the Att with insignificant errors.

The global distribution of the Att is obtained with the new estimation method. The results are
illustrated in Figure 8.

Figure 8 shows that the Att varies with both latitude and longitude. Generally, the Att at northern
hemisphere are higher than that at southern hemisphere. The maximum Att appears in the region whose
latitudes are between 45°N to 70°N, which covers parts of Canada, Russia and Alaska of the United
States. On the other hand, the Att varies with the frequency of carrier wave. For example, if the criteria
for the ‘blackout’ is Att>10 dB, the communication system operating at 94 GHz would suffer from the
‘blackout’ almost over the whole globe. The system operating at 225 GHz can mitigate the ‘blackout’
effectively. It should be noticed that the system operating at 140 GHz would suffer from the ‘blackout’
over the whole globe except the high latitude regions at southern hemisphere.

Since the S/N ratio for the communication varies with the signal strength received by the antenna,
the performance of a sub-THz communication system would differ at different geophysical locations. For
a sub-THz communication system on hypersonic cruise flights, both the communication quality and the
occurrence of communication blackout partly depend on the flight route.

5 Summary and conclusion

In the present study the propagation of sub-THz signals in hypersonic plasma sheath was modeled
under different atmospheric conditions. The characters of signal attenuation was analyzed. Based on
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Figure 8 (Color online) The global Att for the signals at (a) 94 GHz, (b) 140 GHz and (c) 225 GHz.

the analysis, a new estimation model for the total attenuation of sub-THz signals in hypersonic plasma
sheaths was developed. The geographical difference of the power transmission rate was obtained. The
conclusion is drawn below:

(1) The attenuation of sub-THz signals in hypersonic plasma sheaths is impacted by the atmospheric
density. The total signal attenuation in hypersonic plasma sheaths increase with the atmospheric mass
density around the flight. The impact led by the atmospheric temperature is ignorable.

(2) The peak values of the electron density and the electron collision frequency near the onboard
antenna have linear relations with the atmospheric mass density around the vehicle.

(3) The attenuation of sub-THz signals in hypersonic plasma sheaths mainly occurs near where the
electrons concentrate.

(4) Due to the geographical difference of atmospheric mass density, the total attenuation of sub-THz
signals in hypersonic plasma sheaths varies with the latitude and the longitude of the flight. For a
hypersonic cruise flight, the performance of the onboard sub-THz communication system partly depends
on the flight route. Generally the total signal attenuation at northern hemisphere are higher than that
at southern hemisphere. The maximum total signal attenuation occurs once the flight is in the region
between the latitudes of 45°N to 70°N, which covers parts of Canada, Russia and Alaska of the United
States.
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