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Abstract

In space missions, when spacecraft travels back to Earth with
hypersonic speed, it suffers loss of communications with the ground
station, which is called communication blackout, due to the friction
between its surface and the surrounding air forming the plasma
sheath. This blackout blocks vehicle communications up to 10
minutes depending on the angle of re-entry, shape of vehicle and the
atmosphere's properties. This blackout results in loss of control and
guidance from the ground station, which is critical for crew safety
and the vehicle. In this paper, we used the Drude model to calculate
the complex relative permittivity of the plasma sheath, and
developed a MATLAB simulation to compute the attenuation
coefficient of electromagnetic waves ranging from 1 GHz to 300
GHz, using electron density data derived from NASA's RAM-C
flight experiments under different plasma conditions to representing
various re-entry phases. The results shows that the attenuation at its
peak at S-band, and then drops sharply beyond plasma frequency
forming a clear high-frequency window. The same drop with Ka,
EHF bands. These findings demonstrate that Ka- band and EHF
frequencies represent effective solution to maintain the
communications between the spacecraft and ground station during
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re-entry, offering lower signal attenuation comparing to S and Ku
bands.

Keywords: Plasma sheath; Communication blackout; Ka-band;
Re-entry; Attenuation coefficient.
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1. Introduction

Spacecraft during re-entry and when they are at the Earth's
atmosphere at hypersonic speed, they experience a sever
aerodynamic heat which causes the air in front of the vehicle
becomes highly compressed and forming a shock wave. As a
result, and with extensive heat, these shock waves ionize the
gas, creating plasma sheath in front of the vehicle surface[1,2] .

Plasma around the vehicle blocks communications with the
ground station and make it impossible and difficult to track the
vehicle's position which is significantly increase the uncertainty
to predict the landing site of the vehicle. In addition, flight data
such as voice communications, telemetry, and global
positioning system (GPS) may be lost, or severely attenuated
which putting the safety of the crew and the vehicle at risk [3].

Many approaches have been presented in order to solve the
problem of blackout, such as, aerodynamic modification,
quenchant injection, magnetic window, and magnetic field
control, etc.; however, the true breakthrough technique has not
been achieved. Most of these methods introduce significant
mechanical complexity, additional weight, or require
technologies that are not yet available for operational use[1].

One of the main reasons for communication blackout is that the
electromagnetic wave (EMW) frequency, fEM is below the
plasma frequency, fp. According to NASA's Radio Attenuation
Measurement C(RAM-C) flight data, the peak electron density
number in plasma layer ranges from 1014 to 1018 m-3 and the
corresponding plasma frequency is 0.08985 GHz to 8.985 GHz
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respectively depending on the altitude of the vehicle and
measurement method[4] .

Therefore, electromagnetic waves with frequencies above fp,
particularly Ka-band (35 GHz) and EHF (100 GHz), are able to
propagate directly through the ionized layers of plasma and
make the communication possible even in presence of plasma .

In this paper we investigate the attenuation of electromagnetic
waves through the plasma sheath over a range of frequencies of
1 GHz up to 300 GHz using MATLAB- based simulation with
Drude model. The simulation data used is taken from NASA's
RAM-C experiments and aims to identify the high-frequency
electromagnetic window and evaluate the performance of Ka-
band and EHF frequencies as a practical solution for re-entry
vehicle's communications.

2. Literature review

Several studies have investigated electromagnetic wave propagation
through re-entry plasma sheaths and proposed mitigation strategies
for communication blackout. Zheng et al. [1] analyzed the effect of
plasma on electromagnetic wave propagation and demonstrated that
THz-range frequencies can traverse ionized re-entry layers with
reduced attenuation, supporting the use of high-frequency bands as
a viable blackout mitigation approach. Kundraput et al. [2] modeled
electromagnetic wave propagation through the plasma layer
surrounding a re-entry vehicle and showed that plasma density
profiles significantly influence wave cutoff behavior, reinforcing
the importance of frequency selection relative to local plasma
frequency.

Webb and Ziolkowski [3] proposed a metamaterial-inspired
approach to mitigate radio frequency blackout around re-entry
vehicles, demonstrating that engineered material layers can alter the
effective permittivity of the plasma sheath environment. Kim [4]
provided a comprehensive theoretical framework linking electron
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density, plasma frequency, and wave attenuation through
electromagnetic manipulation of the plasma layer, which serves as
a foundational basis for the Drude-model approach adopted in the
present work. Boyd [5] and Scalabrin [6] contributed high-fidelity
computational models of plasma formation in hypersonic re-entry
flows, providing validated electron density profiles that underpin
the RAM-C-based simulation parameters used in this study. The
present work extends these contributions by performing a
systematic frequency sweep from 1 GHz to 300 GHz across multiple
plasma density regimes representative of distinct re-entry phases,
and by quantitatively evaluating Ka-band and EHF as practical
communication windows.[7]

3. Plasm4.a sheath model

Plasma is considered the fourth state of matter and is formed when
a gas is supplied with enormous energy that causes its atoms to
ionize, that is, to remove electrons from their atomic orbits. This
happen when extensive heat is applied, like in stars where heat could
reach thousands or even millions of degrees. Moreover, plasma can
be formed in lab by applying a strong electric or magnetic field to a
gas, as in neon lamps or inside fusion reactors.[7]

Plasma has direct influence on electromagnetic waves travelling in
space. When the plasma frequency f, becomes higher than the
electromagnetic wave frequency fru, the Electromagnetic wave
(EM) signal suffers severe signal attenuation which leads to loss of
communications between vehicle and ground station. Therefore, to
transmit EM wave in the plasma, the plasma frequency f, should be
less than the electromagnetic wave frequency frv used in the
communication.

The plasma frequency fp is a principal characteristic of plasma, which can
be defined as the cutoff frequency below which EM waves cannot
propagate, is given by: [8]

we

fr=5-

:27'[
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1 le?n,
C2m | egm,
1
= 8985 x n,2 H (1)

Where n, is electron number density in m >, m, is electron mass,
9.1 x 103kg, €, is permittivity of free space, 8.85 x 10712 F/m? and
e is electron charge, 1.6 x 1071°C.

To model the interaction between EM waves and the plasma sheath,
the Drude model is used to calculate complex relative permittivity
of the plasma. The complex relative permittivity €, is expressed as:

[9]
w; _ V. W}

& =1 — -
r w? + v? ]a)(a)2+v2)

(2)

Where wpis the plasma angular frequency, w is the EM wave
angular frequency, and v is the electron collision frequency (Hz).
The electron collision frequency is the number of collisions per
second that the electrons encounter with other species in the
plasma.[10]

The attenuation coefficient a, which represents how rapidly the EM
wave loses its power as it propagates through the plasma, is derived

from the imaginary part of the complex wave vector and expressed
as:[11]

@ = %.|Im Ja|  (Neper/m) 3)

Where c is the speed of light and Im +/€, is the imaginary part of
the square root of the complex permittivity.
The attenuation in dB/m is then obtained by: [12]

agg = 20 logio(e) X @ (dB/m) (4)
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4. Simulation Methodology

In this work, a MATLAB simulation was developed to calculate the
attenuation coefficient of EM waves that propagate through the re-
entry plasma sheath. The electron density data used in the simulation
are based on NASA's RAM-C (Radio Attenuation Measurement C)
flight experiments that were conducted in the early 1970s. RAM-C
still the most comprehensive publicly available dataset for re-entry
plasma electron density measurements at multiple altitudes during
hypersonic flight. Although conducted in the early 1970s, no
equivalent publicly accessible flight measurement campaign of
comparable scope has been published since, and RAM-C data
continue to serve as the standard validation benchmark in re-entry
plasma research . The simulation sweeps frequencies from 1 GHz to
300 GHz for three electron density values, Table 1.

Table 1. Simulation parameters for different re-entry phases. [12]

Plasma Plasma Frequenc
density (m?3) e R (GHZC)l !
10'¢ Low density — High Altitude 0.90
107 Medium density — Mid Phase 2.84
1018 High density — Peak Heating 9.00

The simulation here covers range of altitudes approximately from
20 km to 80 km, which represents the critical re-entry phase where
plasma density is at its peak and communication blackout is nearly
severe. The shock wave around the wvehicle prevents the
communication. The electron collision frequency was set to v=10'°
Hz, and it represents a peak of re-entry conditions.

5. Results and discussion

The simulation results of EM wave attenuation through the re-entry
plasma sheath across different frequency bands and electron density
conditions are presented in this section.

In figure 1, the blue line represents frequency of electromagnetic

wave, fzu, less than frequency of plasma, fp, (red dashed line) it 1s
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clear that the attenuation here is flat and at its peak where can reach
about 1320 dB/m. At this point, plasma sheath acts as a high-pass
filter reflecting most of the incident energy causing communication
blackout observed in S-band and Ku-band frequencies. However,
increasing fru higher than f,, the attenuation gradually and becomes
significantly lower for frequencies above 100 GHz, forming a clear
low-attenuation window suitable for communication.
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Fig.1 : Attenuation coefficient as a function of frequency for electron
density n.= 10" m™3

In figure 2, the attenuation against different plasma densities was
plotted. Low, medium and high electron densities were represented
by green, dashed and red lines respectively to simulate different
altitudes ranging from 20 — 80 km above earth's surface. It can be
seen that at high electron density, the attenuation is well above 1000
dB/m, medium and low electron densities have less attenuation. The
graph clearly demonstrates the proportional relationship where
higher electron density (peak heating) results in significant increase
in attenuation constant a. A critical transition of the graph can be
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seen at plasma frequency (fb = 9 GHz). In the other hand, when
operating frequency goes beyond plasma frequency and for all
density levels, the attenuation drops sharply. This clearly indicates
why moving towards high frequencies.

104

Low density (n_=10"® m™®) — High Altitude

~ = -Medium density (n=10"" m™®) — Mid Phase | |

N —===:High density (n,=10'® m®) — Peak Heating

e
o

Attenuation a (dB/m)
3

=

10—2 L

10
10° 10° 102
Frequency (GHz)

Fig. 2: Attenuation coefficient as a function of frequency for different
electron density levels

Finally, figure 3 shows the relationship between the altitude of the
vehicle and the minimum required frequency to penetrate through
plasma sheath. The graph shows that as the vehicle descends from
80 km to 20 km, the required frequency increases as a result of rising
of electron density at lower altitudes caused by aerodynamic
heating. For S-band blackout can occurs at altitude below 42 km
where plasma frequency exceeds electromagnetic frequency.
However, higher bands like Ku-band can offer better performance
at altitudes from 20 - 30 km. Ka-band is on the right of the graph
which means that this frequency can penetrate plasma at all altitudes
without any blackout.
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Fig. 3: Minimum required transmission frequency as a function of
re-entry altitude

6. Conclusion and future work

The effect of plasma on the propagation of electromagnetic wave
signal has been investigated, which showed that communications
using Ka-band and extremely high frequency band provides a
solution for blackout problem.

The results showed that at higher electron density (10'® m™) the
plasma frequency can reach 9 GHz, below which_complete
communication blackout occurs. In the Results and Discussion
section, Figure 1 shows that at peak plasma density (n® = 10'® m™),
the attenuation at S-band (2.4 GHz) reaches approximately 1320
dB/m, confirming total signal blockage. Ka-band (35 GHz)
exhibited an attenuation of approximately 9 dB/m, while EHF (100
GHz) reached as low as 0.9 — 1 dB/m — a massive reduction
compared to S-band. Figure 2 confirms that this trend holds across
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all three plasma density levels, with the attenuation dropping
sharply above the plasma frequency for each case. Figure 3 further
shows that as the vehicle descends from 80 km to 20 km altitude,
the minimum required transmission frequency increases from below
1 GHz to approximately 9 GHz, placing Ka-band and EHF well
above the blackout threshold throughout the entire re-entry
trajectory.

Future work should focus on the practical implementation of Ka-
band and EHF communication systems for reentry vehicles, such as
antenna design, link budget analysis, and experimental validation
under real reentry plasma conditions.
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