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Abstract: A large number of studies have confirmed that the wake region may be a more ideal
antenna installation area for the reentry vehicle communication problem, but many practical issues
such as how to choose the modulation mode, carrier frequency, and antenna orientation are still
pending. Based on numerical simulations, the characteristics of tail channels and the bit error rate
(BER) of extremely high-frequency (EHF) communication in the wake region of the plasma sheath
of hypersonic vehicle are studied. It is found that, with an increase in the angle between the tail
channel and the tail of the vehicle, the attenuation of the EHF signals decreases and the phase shift
fluctuates more severely. In order to obtain better communication performance, 2PSK with a carrier
frequency of 140 GHz or 225 GHz, or 4QAM (QPSK) modulation with a carrier frequency of 140 GHz,
and the tail channel with an angle between 50◦ and 60◦ to the tail of the vehicle can be selected. This
study reveals the propagation characteristics and BER performance of EHF signals in the wake region
of plasma sheath, which can provide a valuable reference for the design of the hypersonic vehicle
communication system.

Keywords: plasma sheath; wake; modulated EHF signa; SMM; antenna location

1. Introduction

A plasma sheath is formed around a vehicle when it re-enters Earth’s atmosphere
at hypersonic speeds, resulting in the loss or weakening of the communication signal,
forming the so-called “blackout” phenomenon [1,2]. In the past few decades, a large
number of theoretical and experimental studies have been carried out to mitigate the
influence of the communication “blackout”. The most promising technologies to solve the
“blackout” problem include injecting electrophilic substances from the antenna location
upstream of the plasma flow field and changing the plasma flow field by aerodynamic
forming [3,4]. However, the above methods are still very difficult to universally implement
in engineering. For instance, aerodynamic forming needs to change the shape of the vehicle,
which might limit the available volume of the vehicle. The electrophilic material injection
would reduce the mission payloads of the vehicle. Therefore, some alternatives have been
proposed, such as high-frequency communication and proper antenna locations [5–8]. In
recent years, great progress in high-frequency signal sources and antennas has provided
great opportunities for high-frequency communication solutions [9,10]. A large number of
studies showed that the extremely high-frequency (EHF) wave is higher than the cutoff
frequency of plasma sheaths, i.e., it is feasible to mitigate the communication blackout with
EHF communication [11–13].
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Some groups have studied the propagation characteristics of an EHF wave in in-
homogeneous colliding magnetic plasma [14], non-magnetic plasma [12,15–17], high-
temperature, non-magnetic plasma sheath [18], and realistic plasma sheath [11–13] from
many aspects. Tang et al. found that the total attenuation of an EHF signal is affected by the
plasma distribution structure on the signal transmission path [19]. Moreover, the spatiotem-
poral characteristics of plasma sheath have also been widely studied. The results showed
that the spatial distribution of plasma sheath is inhomogeneous and time-varying [20–23].

In addition, the installation positions of the communication antenna has been a matter
of concern in the recent decade. Among them, the wall and the nose of the vehicle were
studied earlier and more comprehensively, because the direct communication link between
ground station and vehicle is usually considered. The antennas for RAM C-I and RAM
C-II flight tests are installed near the nose and on the wall of the vehicles, respectively [1].
Belov et al. showed that installing a remote antenna module in a dedicated small container
on top of the vehicle can provide uninterrupted radio communication with the reentry
vehicle, although there are many problems related to the heating and thermal protection
of vessels and towers [6]. On the other hand, some research studies have revealed that
installing the antenna on the wall close to the tail is helpful for mitigating the “blackout”
for a blunt-coned reentry vehicle [11,24]. In those works, the communication signals are
usually supposed to penetrate the plasma sheath via the aft region, which is near the wall
and close to the tail of the vehicle. In other words, the channel is supposed to be in the aft
region in those works.

On the other hand, the wake region has also been suggested to possess potential
channels by some researchers. The wake region was investigated by scientists and engineers
soon after the blackout was discovered in 1950s [25]. In 1960s, the US launched the FIRE
project, which partly aimed at investigating the flow field of the wake region of reentry
plasma sheaths [26]. Since then, researchers have studied the evolution of the structure of
wake regions and its mechanics. According to previous work, although the energy loss
of propagating signals could occur due to the scattering caused by turbulences in wake
regions [27], the electron densities in the wake region of blunt-coned plasma sheaths are
lower than that in the aft region [28,29]. High-frequency signals could penetrate the plasma
sheath via wake regions with less signal attenuation compared with other regions of plasma
sheaths [30].

In order to make the signals propagate in the wake region, the onboard antenna needs
to be installed at the tail of the vehicle. Since the electron density of the tail is the lowest
during the evolution of the sheath, the performance of communication via wake region may
be better than that via aft region, particularly when relay communication is adopted [31,32].
The Atmospheric Reentry Demonstrator (ARD) experiment used NASA’s Tracking and
Data Relay Satellite (TDRS) for communication. During the experiment, the duration of
“blackout” was much shorter than was expected. Theoretical analysis shows that the shorter
“blackout” might be attributed to the lower electron density in the wake region [33].

In general, the existing works showed that the wake region has less signal attenuation
and that the wake region may be a more ideal antenna installation area. However, it
should be noted that “blackout” is a communication problem, and many factors may
have an important impact on the communication performance, such as signal modulation
mode, carrier frequency selection, and antenna orientation. However, so far, there is still
a lack of research on these issues. In other words, if the antenna is installed in the wake
area, there is a very important and practical issue that is not clear, that is: what is the
optimal comprehensive design scheme of the modulation mode, carrier frequency, and
antenna direction?

In this paper, the communication performance of modulated EHF signals with different
modulation modes in different channels in the wake region of a blunt-coned plasma sheath
are studied. It aimed to propose the optimal combination design scheme for the modulation
mode and the carrier frequency, as well as the optimal channel angle design scheme. The
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results are helpful in solving the “blackout” problem that occurs when relay communication
is adopted in engineering.

2. Characteristics of EHF Wave in Plasma Sheath
2.1. Analysis Method

In this paper, the propagation characteristics of EHF signals in the plasma sheath of a
blunt-coned hypersonic vehicle were studied using a one-dimensional plate model. The
plasma sheath model used here was the same as in the article [11]. For the shape and
the size of the spacecraft, we adopted the parameters of the spacecraft in the RAM C-II
experiment; that is, the radius of the sphere in the front of the aircraft is 15.24 cm, the half
angle of the cone is 9◦, and the length is 1.295 m. RAM series flight experiments are one of
the most important experiments with which to study the “black out” problem in the history
of aerospace. The parameters and data of RAM C-I and RAM C-II experiments have been
published for a long time and are frequently cited [1,34]. The flying altitude of the spacecraft
was set to 31 km, which is the most serious altitude of “blackout” in an RAM C-II test [13].
The flight speed was set to 6550 m/s, which was the same as that of RAM C-II reentry
vehicle, at an altitude of 31 km. In addition, the plasma sheath is obviously influenced
by the atmospheric conditions around the hypersonic vehicle. The atmospheric condition
used in this paper was obtained from the NRLMSISE00 model, which is an empirical
atmospheric model available online. In addition, for the antenna location, because there
will be turbulent structures near the center of the wake or the edge of the bottom, which
will seriously affect the communication stability, the antenna can only be placed between
the wake center and the edge of the bottom. For the channel angle, if the inclination angle
is too large, an increase in the transmission path will cause strong total signal attenuation,
and if the inclination angle is too small, there will be large polarization loss on the antenna.
Therefore, the selected channel angle must also be moderate. In general, the selection of the
simulation parameters is used to obtain the optimal communication scheme.

It is assumed that the antenna is installed at the tail of vehicle (see point A in Figure 1)
and that the signal path is inclined outward. Point B represents the side signal incidence
position. Figure 1 shows only half of the plasma sheath since the angle of attack is set to
0◦and the plasma sheath is symmetrical. The symmetry axis of the vehicle is selected as
the X axis and the vehicle vertex coordinates and antenna coordinates are set to (0, 0) and
(−1.295, 0.27), respectively. The half cone angle of the blunt cone hypersonic vehicle is
9◦. The color axis represents the electron density. In Figure 1b, the channels in the wake
region of the plasma sheath are identified as 1–6, respectively. The angles between channels
1 and 6 and the tail of the vehicle are: 32◦, 36◦, 44◦, 48◦, 56◦, and 58◦, respectively. The
propagation characteristic parameters are obtained by the following method.

First of all, it should be noted that it is very difficult to determine the optimal incidence
angle because the signal can only adopt oblique incidence in tail communication. Here,
we used the refraction law under approximate conditions to determine the incident angle
before carrying out scattering matrix method (SMM) analysis. Assuming that the signal
propagation path between point A and point B is a straight line, the refraction angle γ on
the sheath boundary will be approximately 9◦ (half cone angle of the blunt cone hypersonic
vehicle) greater than angle α (angle between the channel and the tail of the vehicle). Then,
the incident angle β on the sheath boundary can be deduced from the angle γ by using the
refraction law. Moreover, the incident angle θi in the SMM calculation coordinate system
can be obtained by Formula (1).

θi = β− γ (1)

Then, based on the SMM [13,20,35], the plasma plate between point A and point
B is divided into n homogeneous thin layers (see red parallel lines in Figure 1a). The
propagation characteristic parameters of waves in the whole plasma medium, such as
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transmission, reflection, and absorption, can be obtained by a global scattering matrix,
which is expressed as:

sg = s1s2s3 . . . sn−2sn−1sn =
n

∏
m=1

sm (2)

where sm is the scattering matrix of the m-th sublayer, which can be derived from the
wave number k(m) at the m-th sublayer. Then, using the interface condition of the bottom
boundary electromagnetic field in Figure 1, we can obtain:

sg

[
R
1

]
=

1

2k(n)x

[
a1eib1dn+1

b1e−ia1dn+1

]
· T (3)

where a1 = k(n)x + k(n+1)
x , b1 = k(n)x − k(n+1)

x , R and T are the global reflection coefficient
and global transmission coefficient, respectively. The superscript n + 1 denotes the region
III. Finally, the signal transmission rate can be expressed as:

T′ = T · sin α (4)

Note that T
′

is a complex number, and that the amplitude and the phase of T
′

represent
the transmission coefficient and the phase shift, respectively.
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2.2. Spatiotemporal Evolution Characteristics of EHF Wave in the Wake Region of Plasma Sheath

Figure 2 shows the time-varying curves of the total transmission coefficient (top panels)
and phase shift (bottom panels) of EHF signals with carrier frequencies of 94 GHz, 140 GHz,
and 225 GHz in the tail channels 1–6. Note that the time resolution of the curves in Figure 2
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is 10−5 s, and that the transmission coefficient and phase shift at each time point are obtained
by Equation (4). Figure 2 reveals that, for a specific carrier frequency, the greater the angle
between the channel and the tail of the vehicle, the greater the transmission coefficient. For
example, for the carrier frequency of 94 GHz, the total transmission coefficient increases
significantly from an average of about 0.45 at an angle of 36◦ (channel 1) to an average
of about 0.78 at 58◦ (channel 6). The increase in the total transmission coefficients from
channel 1 to channel 6 is mainly due to the polarization loss [13].
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In addition, as shown in Figure 2a–c, for a specific channel, the total transmission
coefficient increases with the increases in carrier frequency. For instance, for channel 6,
the transmission coefficient increases from about 0.78 at 94 GHz to about 0.84 at 225 GHz.
Moreover, from Figure 2a–c, we can also find that the transmission coefficients of different
combinations of carrier frequency and channel fluctuate with time, but that the fluctuation
amplitude is small. Among them, the fluctuation amplitude of 3–6 channels at 94 GHz is
the largest, reaching about 0.1, and the fluctuation amplitude of 5–6 channels at 225 GHz is
the smallest, with only about 0.02. Overall, when 225 GHz carrier frequency and channel 6
(with a relatively large angle α) are selected, the maximum and most stable transmission
coefficient performance can be obtained. In general, the total transmission coefficients
always vary with time, and the total transmission coefficients for higher frequencies is
generally higher than that of lower frequencies. The reason for this is that the plasma
sheath is dispersive lossy media to EHF signals. For signals of normal incidence, the
polarization loss is zero. Then, the absorption led by the collisions between free electrons
and neutral particles becomes the main mechanism for the energy loss in EHF signals. The
total absorption rate depends on the electron density, collision frequency, and the wave
frequency [11]. High frequencies suffer less absorption than that of lower frequencies [24].

As shown in Figure 2d–f, different from the transmission coefficient, the phase shift
fluctuates much more severely with time. The phase shift curve looks very messy, but
it can still be seen that, for a specific carrier frequency, the fluctuation of phase shift is
significantly more intense with an increase in angle α. It should be noted that the phase
shifts are measured in the range from -pi to pi, as it is not necessary to take the ambiguity
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of whole cycles into account in the present modulation–demodulation problem. Once the
phase varies from a value of smaller than pi to greater than pi, it would register as a sharp
decrease in Figure 2, although it is still a continuous variation. The temporal variation of
phase shift is led by the temporal variation of the wavelength in the plasma sheath. The
plasma sheath is dispersive media, and its cutoff frequency is normally at the EHF band.
According to geometrical optical theories, the refractive indices of plasma sheath for EHF
waves are the functions of wave frequencies. In addition, the refractive indices are not
close to 1, which is the refractive index of vacuum or neutral atmosphere. On the other
hand, the wavelength is proportional to the refractive index. Thus, the EHF wavelength
in the plasma sheath is obviously different from that in vacuum or neutral atmosphere.
The refractive index depends on the electron density, electron collision frequency, and the
wave frequency. In other words, the time-varying inhomogeneous plasma sheaths make
the wavelength of propagating EHF signal vary in time during propagation. It should be
noticed that the phase shifts are measured at a fix position in the present frame of reference.
Hence, the varying wavelength makes the measured phase shifts vary with time.

The above results indicate that the total transmission coefficient and phase shift of
the EHF communication in the plasma sheath wake region are very dependent on carrier
frequency and channel angle α, and that this dependence will affect the BER characteristics
of EHF communication in the plasma sheath wake region, which are analyzed in detail in
the next section.

3. Numerical Simulations on the BER

In this section, the time-varying BER characteristics of EHF signals in a plasma sheath
with carrier frequencies of 94 GHz, 140 GHz, and 225 GHz and four modulation modes
of 2ASK, 2PSK, 4QAM (QPSK), and 2FSK are studied by Monte Carlo simulation. Firstly,
we randomly generate 105 digital signals and modulate them to the above three carrier
frequencies using four different modulation modes. Then, the modulated signals are
transmitted to the plasma sheath at the incident angle set in Section 2, and Gaussian white
noise is added. Next, the modulated signals mixed with noise are demodulated. The plasma
sheath causes signal attenuation and phase shift, resulting in bit errors in the received
signal. Finally, the BER is statistically counted. Here, we take 2PSK modulation simulation
system as an example to introduce the simulation process used. Assume that only one
symbol duration is considered in 2PSK, and that the power of the signal transmitter is set to
1 mW. The carrier amplitude is set to

√
0.002. The 2PSK modulated signal can be expressed

as Equation (5).

s1 =

{ √
0.002cosωct send “1”
−
√

0.002cosωct send “0”
(5)

Make the signal s1 pass through the plasma sheath module, Gaussian white noise mod-
ule, and band-pass filter module in turn, and then obtain the signal s2 to be demodulated,
which can be expressed as Equation (6).

s2 =

 a1

(√
0.002Acosωctcosϕ + n(t)

)
send “1”

a1

(
−
√

0.002Acosωctcosϕ + n(t)
)

send “0”
(6)

where A and ϕ are the total transmission coefficient and phase shift of the signal propagating
in the plasma sheath, respectively, a1 represents the preliminary processing result of the
phase shift caused by the sheath, and n(t) is a narrow-band Gaussian process which can be
orthogonally decomposed.

a1 =

{
1 |ϕ| ≤ 90◦

−1 |ϕ| > 90◦
(7)

n(t) = nc(t)cosωct− ns(t)sinωct (8)
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Finally, the signal s2 is coherently demodulated, and the output signal can be expressed
as Equation (9).

s3 =

 a1

(
0.001Acosϕ +

√
0.0005nc(t)

)
send “1”

a1

(
−0.001Acosϕ +

√
0.0005nc(t)

)
send “0”

(9)

where nc(t) is the in-phase component of the narrowband white Gaussian noise output
from the bandpass filter.

The BER of channels 3 and 6 are shown in Figure 3. The discontinuity in Figure 3
indicates that the BER is 0. Figure 3 shows that, under the same carrier frequency and noise
level, the BER performance of channel 6 is better than that of channel 3, when 2ASK, 2PSK,
and 4QAM (QPSK) are adopted. When 2FSK is adopted, the BER performance of channel 6
is better than that of channel 3 when the carrier center frequency is 94 GHz and 140 GHz,
however the situation is just the opposite when the carrier center frequency is 225 GHz.
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Figure 3. Under the same noise settings, BER performance of (a–c) channel 3 and (d–f) channel 6
when the carrier frequencies are 94 GHz (a,d), 140 GHz (b,e), and 225 GHz (c,f), respectively.

When 2ASK is adopted, the minimum BER magnitude is bigger than 10–1 when the
carrier frequency is 94 GHz, and between 10–1 and 10–2 when the carrier frequency is
140 GHz and 225 GHz. Under the same noise level, the BER performance improves with an
increase in carrier frequency. When channel 6 and 225 GHz carrier frequency are selected,
BER can reach optimum performance.

When 2PSK is adopted, in channel 3, the minimum BER magnitude is between 10–3

and 10–4 when the carrier frequency is 94 GHz and 225 GHz, and between10–4 and 10–5

when the carrier frequency is 140 GHz. The BER of channel 6 can reach zero at all three
carrier frequencies, but the BER remains zero for a longer time when the carrier frequencies
are 140 GHz and 225 GHz. The BER performance is better when channel 6 is adopted and
with a carrier frequency of 140 GHz and 225 GHz.

When 2FSK is adopted, in channel 3, the minimum BER magnitude is between 10–2

and 10–3 when the carrier center frequency is 94 GHz, and between 10–3 and 10–4 when
the carrier center frequency is 140 GHz and 225 GHz. In channel 6, the minimum BER
magnitude is between 10–3 and 10–4 when the carrier center frequency is 94 GHz and
225 GHz, and between 10–4 and 10–5 when the carrier center frequency is 140 GHz. When
channel 6 and a 140 GHz carrier center frequency are selected, the BER performance is the
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best. Under the same channel and noise level, the BER performance of 2FSK is better than
2ASK, but worse than 2PSK.

When using 4QAM (QPSK), the minimum BER magnitude is between 10–2 and 10–3

when the carrier frequency is 94 GHz, and between 10–1 and 10–2 when the carrier frequency
is 225 GHz. When the carrier frequency is 140 GHz, the minimum BER magnitude is
between 10–3 and 10–4 in channel 3, and zero in channel 6. The BER performance is the best
when channel 6 and a 140 GHz carrier frequency are selected.

In summary, when 2PSK modulation with a carrier frequency of 140 GHz or 225 GHz,
or 4QAM (QPSK) modulation with a carrier frequency of 140 GHz is adopted, better BER
performance can be obtained from channel 6.

4. Discussion

Previous studies have mostly focused on the communication “blackout” on the wall
or the nose of the vehicle. Only a few studies have analyzed the tail communication
performance, mainly for Ka band, and the plasma sheath parameters were simply set (e.g.,
only typical values of electron density at certain heights were used) [36–38]. Moreover,
when the electron density of the plasma sheath reaches about 1020 m–3, the Ka band signal
cannot penetrate the plasma sheath. Based on the dynamic time-varying plasma sheath
model, the communication performance of EHF signals in the tail channels of the reentry
vehicle is investigated for the first time in this study. Our results indicate that, when an
EHF band is adopted in the tail of the plasma sheath and the electron density is in the
magnitude of 1019 m–3, the transmission coefficient can be greater than 0.7, even if the
carrier frequency is 94 GHz.

It can be seen from Section 2 that the transmission coefficient increases and the phase
shift fluctuates more violently as angle α increases. As is illustrated in Section 3, when 2PSK
modulation with a carrier frequency of 140 GHz or 225 GHz, or 4QAM (QPSK) modulation
with a carrier frequency of 140 GHz, and channel 6 are adopted, better BER performance
can be obtained.

Figure 4 illustrates the BER variation with the threshold of the 2ASK and 2PSK systems,
the schematic diagram of 2FSK non-coherent demodulation, and its waveforms of the nodes.
As can be seen from Figure 4a, the optimal threshold of the 2PSK system is 0, which is
independent of amplitude, while the optimal threshold of the 2ASK system is half of
amplitude, which is closely related to amplitude. In addition, the demodulation method
of the 4QAM (QPSK) system is similar to that of 2PSK, and the threshold is also 0, which
is independent of amplitude. As can be seen from Figure 4b,c, the 2FSK communication
system does not need to set the decision threshold artificially, as it makes a decision based
on the size of the two quadrature demodulation signals. The bandwidth of 2ASK, 2PSK, and
4QAM (QPSK) modulation systems is twice the symbol rate, while the bandwidth of 2FSK
is the absolute value of the difference between the two carrier frequencies plus twice the
symbol rate. The frequency band utilization of a communication system is defined as the
amount of information transmitted on a unit frequency band per second. The bandwidth
utilization of 2ASK and 2PSK is 0.5 bit/s/ Hz), and that of 4QAM (QPSK) is 1 bit/s/Hz),
while that of 2FSK is less than 0.5 bit/s/Hz). Therefore, for the four modulations involved in
this article, 4QAM (QPSK) has the highest bandwidth utilization, while 2FSK has the lowest
bandwidth utilization. Based on the above analysis, it can be concluded that the 2PSK
system can be selected if the anti-noise performance of the system is considered first, while
the 4QAM (QPSK) system can be selected if the bandwidth utilization is considered first.
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In addition, the BER is also closely related to the channel electron density level and
channel length. Better BER performance in channel 6 may be controlled by these two factors.
Here, we further analyze the maximum electron density and channel length of all channels
at some selected moments, and the results are illustrated in Figure 5. According to Figure 5,
the maximum electron density decreases with an increase in α after 1.2 ms. Generally,
in the early stage of sheath evolution (before 1.2 ms), compared with the fluctuation of
electron density of channels with α < 60◦, the fluctuation of electron density of channels
with α ≥ 60◦ is more serious, and the lengths of channels with α ≥ 60◦ are very long. When
2◦ ≤ α ≤ 50◦, the maximum electron density is relatively larger and may result in worse
BER performance, even if the length of the channel is small. When 50◦< α ≤ 60◦, both
of the maximum electron density and the channel length are relatively small, which may
make it easier to obtain better BER performance.
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5. Conclusions

This article studied the total transmission coefficient and phase shift characteristics of
EHF signals in the tail channels of a hypersonic vehicle. In addition, the BER characteristics
of EHF signals with different modulation in the tail channels are analyzed. The results indi-
cate that the total transmission coefficient and phase shift are directly affected by channel
and carrier frequency. Generally speaking, as the angle between the tail channel and the
tail of the vehicle increases, the attenuation of the EHF signals in the tail channel decreases
and the phase shift fluctuates more drastically. By comparing the BER characteristics of
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EHF signals modulated by 2ASK, 2PSK, 4QAM (QPSK), and 2FSK in tail channels, it is
found that, when the communication system served a hypersonic vehicle that selected 2PSK
modulation with a carrier frequency of 140 GHz or 225 GHz, or 4QAM (QPSK) modulation
with a carrier frequency of 140 GHz, and the tail channel with an angle between 50◦and
60◦ to the tail of the vehicle, better communication BER performance can be achieved.
This is the first result of the communication performance analysis of EHF signals with
different modulation modes in different channels at the tail of the vehicle, which is helpful
in solving the “blackout” problem when relay communication is adopted in engineering.
Nevertheless, a multipath effect may exist in the wake region communication process,
because the wake region is much larger than the aft region. The influence of multipath on
the BER characteristics of EHF signals needs to be further studied.
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EHF Extremely High Frequency
BER Bit Error Rate
RAM C-I Radio Attenuation Measurements C-I
RAM C-II Radio Attenuation Measurements C-II
TDRS NASA’s Tracking and Data Relay Satellite
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