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Abstract

During atmospheric reentry, a spacecraft is enveloped by a turbulent plasma sheath that induces
severe signal degradation and communication blackout. Conventional mitigation strategies primarily
focus on reducing average attenuation but fail to address the dynamic fluctuations in plasma density
(typically 20%–40%), which cause significant group velocity dispersion (GVD), pulse broadening,
and intersymbol interference. To overcome this limitation, this paper proposes an active decoupling
framework that dynamically tunes an external magnetic field to suppress turbulence-induced signal
distortion in the reentry plasma sheath. By establishing a wave propagation model for right-hand
circularly polarized (RCP) waves in magnetized collisional plasma and introducing a sensitivity analy-
sis of propagation parameters with respect to plasma density fluctuations, we derive the condition
under which the first-order sensitivity of GVD vanishes. Under this condition, a dynamic balance be-
tween collisional effects and frequency detuning renders the system immune to density perturbations,
effectively decoupling signal transmission from plasma turbulence. Numerical simulations demon-
strate that, under optimal parameter matching, pulse broadening is suppressed by several orders
of magnitude, and the broadening factor remains near unity over extended propagation distances.
Furthermore, reentry trajectory analysis reveals that static matching is insufficient in dynamically
evolving environments, motivating the necessity of adaptive magnetic field control. This work pro-
vides a novel physical-layer paradigm for mitigating reentry blackout by actively decoupling signals
from turbulence via dynamically tuned magnetic fields.

Keywords: reentry plasma sheath; signal-turbulence decoupling; group velocity dispersion; dispersion
immunity; reentry blackout mitigation

1. Introduction
During atmospheric reentry, hypersonic vehicles (e.g., spacecraft and hypersonic missiles) ex-

perience intense aerodynamic heating due to severe friction with the surrounding air, which ionizes
the ambient gas and leads to the formation of a plasma sheath enveloping the vehicle [1,2]. When
the plasma frequency exceeds the communication carrier frequency, incident electromagnetic waves
are either reflected or strongly absorbed, resulting in a communication outage lasting from several
minutes to over ten minutes, commonly referred to as the “radio blackout” phenomenon [3,4]. Since
the 1960s, the blackout problem has persistently challenged the aerospace community, posing severe
threats to attitude control, telemetry transmission, Global Positioning System (GPS) navigation, and
the reception of emergency commands [5,6]. With the rapid advancement of reusable launch vehicles
and hypersonic weapon systems, mitigating reentry communication disruptions has become a critical
technological challenge in aerospace engineering [7,8].

To alleviate the blackout effect, a variety of mitigation strategies have been proposed. Con-
ventional approaches include increasing the carrier frequency into the terahertz (THz) band [9,10],
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injecting electronegative gases to reduce electron density or applying pulsed electric fields to actively
deplete free electrons [11,12], and optimizing the aerodynamic configuration of the vehicle to reduce
the thickness of the plasma layer [13]. Among these, the application of an external static magnetic field
to form a “magnetic window,” which exploits the birefringence properties of magnetized plasma to
enable transmission at specific frequencies, has emerged as a highly promising non-intrusive solu-
tion [14,15]. However, due to the nonuniform evolution of the magnetic field within the plasma sheath
and the complex characteristics of hypersonic flow fields, the practical transmission performance of
magnetic windows is often significantly constrained [16,17].

A more fundamental challenge arises from the intrinsically strong turbulence of the reentry
plasma sheath [18]. Large spatiotemporal fluctuations in plasma density (typically on the order of
20%–40%) modulate the refractive index and dispersion characteristics, thereby inducing severe par-
asitic modulation effects [19,20]. This dynamically time-varying behavior leads to fluctuations in
group velocity dispersion (GVD) for broadband signals, resulting in pronounced pulse broadening,
enhanced intersymbol interference (ISI), and substantial degradation in phase demodulation per-
formance [21,22]. Existing magnetic-field-based mitigation strategies primarily focus on reducing
static average attenuation, while the issues of deep fading and bit error rate (BER) degradation under
the coupled effects of dynamic plasma fluctuations and external magnetic fields have not yet been
systematically addressed [23,24]. This limitation significantly constrains achievable data rates and
overall system reliability.

To overcome these limitations, this paper proposes an anti-turbulence transmission framework
based on right-hand circularly polarized (RCP) wave propagation in magnetized plasma. Departing
from conventional attenuation-oriented strategies, we adopt a dispersion engineering perspective
and systematically characterize the response of group velocity dispersion (GVD) to plasma density
fluctuations via sensitivity analysis. It is revealed that under specific parameter-matching conditions,
a dynamic balance between collisional effects and frequency detuning suppresses the first-order
sensitivity of GVD, placing the system in a dispersion-immune regime where turbulence-induced
pulse broadening and intersymbol interference are significantly mitigated. Furthermore, the exter-
nal magnetic field provides tunable degrees of freedom—via cyclotron frequency and propagation
angle—enabling joint optimization that achieves stable, low-distortion signal transmission in the
microwave band while avoiding strong absorption.

2. Theoretical Model
2.1. Wave Propagation and Sensitivity Analysis

A plane electromagnetic wave with angular frequency ω is considered to propagate quasi-
longitudinally in a homogeneous magnetized cold plasma. The external static magnetic field is
assumed to be B0 = B0ẑ, and the angle between the wave vector k and B0 is denoted by θ. In a
magnetized plasma, the dielectric tensor can be expressed in the Appleton–Hartree form as

←→ε = ε0

 S −iD 0
iD S 0
0 0 P

, (1)

where
S = 1−

ω2
p

ω2 −ω2
c

, D =
ωcω2

p

ω(ω2 −ω2
c )

, P = 1−
ω2

p

ω2 . (2)

Under the high-frequency approximation (ω ≫ ωp, ωc) and quasi-longitudinal propagation
(θ ≈ 0), the dispersion relation for the right-hand circularly polarized (RCP) wave can be simplified as

n2(ω) = 1−
ω2

p

ω(ω−ωc cos θ)
. (3)

By incorporating weak collisional effects (νe ≪ ω), a complex effective cyclotron frequency
ωc − iνe is introduced, yielding
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n2(ω) = 1−
ω2

p

ω[ω− (ωc cos θ − iνe)]
. (4)

Expanding the complex refractive index and retaining lower-order terms, the propagation con-
stants are obtained as

β(ω) =
ω

c
−

ω2
p∆ω

2c(∆ω2 + ν2
e )

, α(ω) =
νeω2

p

2c(∆ω2 + ν2
e )

, (5)

where the detuning parameter is defined as

∆ω = ω−ωc cos θ. (6)

To quantitatively characterize the impact of plasma density fluctuations on propagation properties,
a sensitivity function is defined as

Sχ =
∂χ

∂ω2
p

. (7)

Accordingly, the sensitivities of the attenuation constant and phase constant are given by

Sα =
νe

2c(∆ω2
0 + ν2

e )
, Sβ0 = − ∆ω0

2c(∆ω2
0 + ν2

e )
. (8)

Furthermore, for broadband signal propagation, the group delay and group velocity dispersion
are defined as

τg(ω) =
∂β

∂ω
, β2(ω) =

∂2β

∂ω2 . (9)

These quantities can be derived as

τg(ω) =
1
c
−

ω2
p(ν

2
e − ∆ω2)

2c(∆ω2 + ν2
e )

2 , (10)

β2(ω) = −
ω2

p

c
∆ω(3ν2

e − ∆ω2)

(∆ω2 + ν2
e )

3 . (11)

2.2. Dispersion Immunity Condition

Taking partial derivatives of the group delay and group velocity dispersion with respect to ω2
p,

their sensitivities can be obtained as

Sτg = −
ν2

e − ∆ω2
0

2c(∆ω2
0 + ν2

e )
2

, (12)

Sβ2 = −
∆ω0(3ν2

e − ∆ω2
0)

c(∆ω2
0 + ν2

e )
3

. (13)

By imposing the condition Sβ2 = 0, the dispersion immunity condition is obtained as

∆ω2
0 = 3ν2

e . (14)

The corresponding optimal propagation angle is given by

θopt = arccos

(
ω0 −

√
3νe

ωc

)
. (15)

This condition indicates that, by properly matching the detuning parameter with the collision
frequency, the first-order sensitivity of group velocity dispersion to plasma density fluctuations can be
effectively eliminated.
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3. Physical Mechanism of Dispersion Immunity
The origin of the dispersion immunity condition lies in the precise balance between collisional ef-

fects and frequency detuning in the plasma response. From the expression of the dispersion coefficient,
one has

β2(ω) = −
ω2

p

c
∆ω(3ν2

e − ∆ω2)

(∆ω2 + ν2
e )

3 , (16)

where β2 exhibits a linear dependence on ω2
p, and its sensitivity to plasma density fluctuations is

entirely governed by the frequency-dependent factor. When the condition

∆ω2 = 3ν2
e (17)

is satisfied, the first-order sensitivity vanishes, i.e.,

∂β2

∂ω2
p
= 0. (18)

Mathematically, this implies that the first-order term in the Taylor expansion of β2 with respect to
ω2

p is completely suppressed, thereby significantly mitigating pulse broadening induced by plasma
density fluctuations.

From a physical perspective, this mechanism can be interpreted as a competitive balance between
collisional broadening and detuning effects. The complex effective frequency ω − ωc cos θ + iνe

characterizes the electron response to the electromagnetic wave. When ∆ω is small, the system is
dominated by collisional effects; conversely, for large ∆ω, the response enters a detuning-dominated
regime. Around ∆ω =

√
3νe, these two mechanisms attain a specific proportional relationship, leading

to mutual cancellation among the contributing terms in the dispersion coefficient.
Furthermore, the sign of β2 is determined by the factor (3ν2

e − ∆ω2), indicating that this condition
also corresponds to the transition point between normal and anomalous dispersion regimes. In
the vicinity of this transition, the curvature of the dispersion profile becomes minimally sensitive
to variations in system parameters, thereby naturally exhibiting robustness against plasma density
fluctuations.

The external magnetic field provides a critical degree of freedom for tuning this mechanism.
Through the joint adjustment of ωc and the propagation angle θ, the detuning parameter can be
precisely matched under a fixed carrier frequency, rendering the dispersion immunity condition
practically achievable in the microwave regime. In contrast, in the absence of a magnetic field, the
condition reduces to ω0 =

√
3νe, which severely constrains its applicability.

In addition, for the left-hand circularly polarized (LCP) wave, the corresponding immunity
condition is given by (ω0 + ωc cos θ)2 = 3ν2

e , which generally requires more stringent parameter
matching. Therefore, the right-hand circularly polarized (RCP) wave offers superior tunability and
practical feasibility for achieving dispersion immunity.

4. Numerical Results
In this section, numerical simulations are conducted to validate the proposed theoretical model

and the dispersion immunity condition, as well as to demonstrate their effectiveness in mitigating
signal distortion induced by plasma turbulence.

4.1. Dispersion Sensitivity Spectrum

Figure 1 illustrates the variation of the group velocity dispersion (GVD) sensitivity Sβ2 as a
function of the normalized detuning parameter ∆ω/νe. The blue solid curve and the red dashed
curve correspond to the right-hand circularly polarized (RCP) and left-hand circularly polarized (LCP)
waves, respectively.

It can be observed that Sβ2 crosses zero precisely at ∆ω = ±
√

3νe, indicating that, at these operat-
ing points, the first-order response of GVD to plasma density fluctuations is completely eliminated.
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This result is in full agreement with the theoretical prediction, thereby validating the correctness of the
derived dispersion immunity condition.
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Figure 1. Normalized group velocity dispersion (GVD) sensitivity Sβ2 as a function of the normalized detuning
parameter ∆ω/νe for right-hand circularly polarized (RCP) and left-hand circularly polarized (LCP) waves. The
zero-crossing points at ∆ω = ±

√
3νe indicate the dispersion immunity condition, where the first-order sensitivity

to plasma density fluctuations vanishes.

Moreover, a clear discrepancy between the zero-crossing locations of the RCP and LCP modes is
observed, further highlighting the critical role of polarization in controlling dispersion characteristics.

4.2. Pulse Propagation and Broadening Suppression

Figure 2a presents the temporal waveforms of a pulse after propagation through the plasma
medium. The black curve represents the initial pulse, the red curve corresponds to the propagation
result without parameter matching, and the blue curve denotes the case satisfying the dispersion
immunity condition.
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Figure 2. Demonstration of dispersion suppression in pulse propagation through magnetized plasma. (a)
Temporal waveforms after propagation, showing severe pulse broadening in the unmatched case (red) and near-
distortionless transmission under the dispersion immunity condition (blue), compared with the initial pulse (black).
(b) Corresponding evolution of the broadening factor T(z)/T0 versus propagation distance. The unmatched case
exhibits rapid growth due to strong group velocity dispersion, while the immunity condition maintains T(z)/T0 ≈
1, confirming that dispersive (and turbulence-induced) pulse distortion can be fundamentally suppressed through
parameter matching.
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In the non-immunized case, the pulse undergoes significant broadening due to strong GVD,
accompanied by severe energy spreading. In contrast, under the immunity condition, the pulse shape
remains nearly unchanged, demonstrating that the dispersive effect is effectively suppressed.

Figure 2b further depicts the evolution of the pulse broadening factor as a function of propagation
distance. Without matching, the broadening factor increases rapidly with distance, whereas under the
immunity condition, it remains close to unity throughout the propagation. This result indicates that
the proposed mechanism can fundamentally suppress turbulence-induced pulse distortion.

4.3. Suppression Map in Parameter Space

To systematically evaluate the parameter dependence of the dispersion immunity mechanism,
Figure 3 presents the distribution of the suppression ratio Rsuppress in a two-dimensional parameter
space spanned by the normalized collision frequency νe/ω0 and the normalized cyclotron frequency
ωc/ω0.
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Figure 3. Dispersion suppression map in the (νe/ω0, ωc/ω0) parameter space. A narrow diagonal ridge of
high suppression (Rsuppress ∼ 103) emerges, consistent with the theoretical matching condition ∆ω =

√
3νe,

indicating that optimal dispersion suppression arises from a precise balance between collisional damping and
magnetization. The infeasible region is excluded by existence constraints. The superimposed reentry trajectory
(80–30 km) demonstrates that fixed magnetic field conditions lead to deviation from the optimal regime as collision
frequency increases, motivating adaptive control strategies.

It is observed that, within the physically realizable region, a narrow diagonal band of high
suppression emerges, where the suppression ratio can reach values on the order of 103 or higher. This
high-suppression ridge corresponds precisely to the theoretical matching condition ∆ω =

√
3νe. In

addition, the lower-left region of the map is physically inaccessible due to existence constraints, which
is consistent with the theoretical analysis.

As shown in the figure, the diagonal distribution reveals a fundamental physical insight: disper-
sion suppression is not governed by a single parameter, such as collision frequency or magnetization
strength, but instead relies critically on the dynamic balance between the two. Only when the colli-
sional effect of the plasma and the externally imposed magnetization satisfy a strict matching condition
can optimal suppression of group velocity dispersion be achieved.

To assess the applicability of this mechanism in realistic reentry environments, a representative
trajectory from 80 km to 30 km altitude is superimposed in Figure 3 (white horizontal dashed line). The

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 May 2026 doi:10.20944/preprints202605.0397.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0397.v1
http://creativecommons.org/licenses/by/4.0/


7 of 9

collision frequency is assumed to increase linearly with altitude decreasing [25]. A constant external
magnetic field is assumed, corresponding to a fixed normalized cyclotron frequency of ωc/ω0 = 0.6.
It can be observed that, during the initial stage of reentry, the operating point lies close to the high-
suppression region. However, as the altitude decreases, the collision frequency increases rapidly,
causing the operating point to deviate from the optimal matching condition, and the suppression
performance deteriorates accordingly.

This result indicates that, in dynamically evolving reentry environments, static parameter match-
ing alone is insufficient to maintain optimal performance. Instead, adaptive control strategies must be
introduced.

This inherent physical limitation fundamentally motivates the incorporation of a dynamic com-
pensation mechanism, whereby the external magnetic field is adaptively tuned in response to real-time
variations in the plasma collision frequency. As illustrated in the figure, if the magnetic field is adjusted
to ensure that the operating trajectory remains locked within the high-suppression band, the mag-
netically induced transparency effect can be effectively activated, thereby fundamentally mitigating
waveform distortion caused by plasma turbulence and dispersion.

5. Discussion
The preceding results demonstrate that the effectiveness of the proposed suppression mechanism

critically depends on a specific parameter-matching condition, which exhibits pronounced temporal
variability in realistic reentry environments. As the vehicle descends, plasma parameters continuously
evolve; in particular, the collision frequency typically increases rapidly with atmospheric density,
causing the system operating point to drift in the parameter space. Under such circumstances,
conventional static magnetic field configurations are unable to maintain optimal matching throughout
the entire reentry process. Consequently, the system inevitably deviates from the high-suppression
region, leading to the re-emergence of propagation distortion. Therefore, to fully exploit the advantages
of the proposed mechanism in practical applications, the incorporation of dynamic control strategies
is essential. For instance, by adjusting the external magnetic field strength or adaptively tuning the
operating frequency, the system operating point can be steered to evolve along the optimal suppression
ridge. Furthermore, a closed-loop control framework can be established by integrating real-time
plasma parameter estimation, enabling sustained near-optimal propagation performance in strongly
dynamic environments.

From a methodological perspective, the proposed mechanism differs fundamentally from conven-
tional approaches that rely on receiver-side signal processing. Instead, it constitutes a physical-layer
regulation strategy that directly targets the propagation process itself. The core idea is to modify
the coupling between the electromagnetic wave and the plasma medium, thereby suppressing dis-
persion effects during propagation rather than compensating for them a posteriori at the receiver.
This “forward-control” paradigm avoids reliance on complex post-processing algorithms and offers
potential advantages in highly dynamic environments dominated by strong irregularities, particularly
in extreme communication scenarios such as reentry blackout.

It should be noted that the present analysis is based on a certain level of idealized modeling
and does not fully account for complex factors such as strong turbulence intermittency, multi-scale
irregular structures, and three-dimensional spatial inhomogeneity. These effects may influence the
robustness and applicability of the suppression mechanism. Therefore, future work should incorporate
higher-fidelity plasma models, as well as experimental and numerical validation, to systematically
assess the performance limits of the proposed approach in realistic reentry environments.

6. Conclusion
In this paper, the dispersion immunity mechanism for electromagnetic wave propagation in mag-

netized plasma has been systematically investigated. By establishing a dispersion model incorporating
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collisional effects and introducing a sensitivity analysis framework, the condition under which group
velocity dispersion becomes immune to plasma density fluctuations has been derived.

Theoretical analysis reveals that when the detuning parameter satisfies ∆ω =
√

3νe, the sensitivity
of group velocity dispersion vanishes, thereby enabling effective suppression of turbulence-induced
pulse broadening. Numerical simulations corroborate this result and demonstrate that, under optimal
matching conditions, pulse broadening can be significantly reduced, with suppression ratios reaching
several orders of magnitude. Further analysis in the parameter space uncovers the existence of a
high-suppression ridge and indicates that the proposed mechanism relies on a precise balance between
collisional and magnetization effects. Reentry trajectory analysis further shows that, in dynamically
evolving environments, adaptive control strategies are required to maintain optimal performance.

The findings of this work provide a novel physical mechanism and design paradigm for address-
ing the plasma-induced communication blackout problem during reentry, offering valuable insights
for the development of robust wireless communication systems in extreme environments.
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