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Abstract

The radio blackout phenomenon disrupts essential communication, and navigation
during hypersonic flights posing significant challenges especially for atmospheric
entry missions because effective data collection is vital for emergency preparation and
response. Modeling electromagnetic (EM) wave propagation is complex and costly.
Ray-tracing algorithms offer cost-effective tools for optimizing radio communication
in complex scenarios and thus for blackout modeling. During atmospheric entry,
vehicles experience high velocities and significant interactions with the atmosphere
causing plasma formation and radio blackout. Radio blackout mitigation techniques
such as aerodynamic shaping, quenchant injection, and magnetic windows have
been proposed. The magnetic windowing method is analyzed in this work as part
of the Magnetohydrodynamic Enhanced Entry Systems for Space Transportation
(MEESST) project.

This thesis researches and applies an advanced Magnetohydrodynamics (MHD)
ray-tracer to analyze the effects of magnetized plasma on signal propagation during
hypersonic flight and atmospheric re-entry, focusing on addressing the radio com-
munication blackout caused by the ionized gas surrounding a spacecraft. The MHD
ray-tracer integrates electromagnetic wave theory with high-speed fluid dynamics,
offering detailed analysis of signal properties under various inhomogeneous plasma
conditions.

In a first step, the analysis of electron number densities and ray trajectories in
magnetized plasma indicated that sufficiently strong magnetic fields alter the flow
field, consistent with existing literature. Cases with applied magnetic fields show an
increased radiation aperture angle, suggesting a potential to mitigate or eliminate
radio blackout.

In a second step, a new signal characterization method analyzing the electric
field along the ray path provides a deeper understanding of the physical mechanisms
behind radio blackout phenomena. Analysis of a non-magnetized plasma case reveals
that plasma increases signal intensity by bending rays towards each other, more
influential than refraction losses. Free space loss, which rises with higher frequencies,
counteracts the effect of plasma on the spread factor. Validation against VKI ground
experiments confirms the method’s effectiveness in explaining radio blackout physics.

In a third step, the behavior of various angles between the wave vector and the
magnetic field vector for ordinary and extraordinary waves aligned with literature and
provided important insight. An applied magnetic field can reduce electron number
density and alter the refractive index along the ray trajectory, increasing the radiation
aperture angle and reducing signal attenuation, thereby improving communication.
Magnetized plasmas introduce complexities like Faraday rotation and increased signal
absorption but offer the potential for mitigating blackouts by widening communication
angles through controlled magnetic fields. The study demonstrates the functionality



of the magnetic windowing method to create communication corridors for re-entry
vehicles. BORAT matches very well with experimental results for non-plasma cases.
For plasma cases, computed attenuations are above those measured.

The developed signal characterization method provides deeper insights into the
physical phenomena causing radio blackout. This research advances the under-
standing of plasma effects on signal propagation and explores mitigation techniques,
contributing to safer and more successful space missions. Further insight can be
gained when additional and more accurate measurements are available.
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Sometimes it pays to stay in bed on Monday, rather than spending the rest of the
week debugging Monday’s code.

Dan Salomon
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1 Introduction

In the following chapter, the challenges of atmospheric entry, and hypersonic flight
in general are described including the process and important parameters leading to
the cut-off of communication, the radio blackout. An overview of missions facing
radio blackout is followed afterward. Then, possible radio blackout mitigation
methods are described and the Magnetohydrodynamic Entry Systems for Space
Transportation (MEESST) project is introduced using a novel high-temperature
superconducting magnet to mitigate radio blackout. The chapter closes by the
motivation and the importance for society of this work, and completed with the scope
and the outline of this thesis are presented.
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Chapter 1. Introduction

1.1 Atmospheric entries and hypersonic flights

A crucial phase of a space mission is the atmospheric entry phase, characterized
by exceptionally high velocities and extensive interaction with the planet’s gaseous
atmosphere. During this stage, the flow conditions around the entry vehicle undergo
significant alterations [5].

The categorization of hypersonic flow pertains to velocities significantly surpassing
the speed of sound. The distinctive attributes of hypersonic flow can be broadly
categorized into hydrodynamic features, arising from the high flight Mach number
and physical or chemical aspects, given the substantial kinetic energy of the flow [6].
The Mach number M is defined as the ratio of the velocity v to the speed of sound a
in the gas, i.e,

velocity v

M = =—. 1.1
speed of sound a (L.1)

The speed of sound a is defined for an ideal gas as follows:

a= \/? =/7RT, (1.2)

with v as the specific heat ratio, p as the density, p as the pressure, R as the gas
constant, and T as the temperature of the gas being considered. If M is less than 1,
the flow is termed as subsonic, and when M exceeds 1, it is termed as supersonic. In
cases where the Mach number is around 1 and involves areas with both subsonic and
supersonic flow, it’s classified as transonic. For Mach numbers significantly higher
than 1, the flow is designated as hypersonic [7].

The hypersonic flow regime itself can be divided into two subsections [8] (chemistry
is considered for air):

1. The first section pertains to the broad objective of prolonged hypersonic
cruising within the atmosphere. This objective typically involves a duration
lasting from 10 to 100 minutes, Mach numbers ranging between 4 and 12,
stagnation temperatures ranging from 500 K to 4000 K, and a relatively low
to moderate concentration of oxygen atoms. This zone was anticipated to be
where hypersonic transportation would operate.

2. The second segment details the general-purpose mission involving ascent into
or descent from orbit. The mission for returning from Low Earth Orbit (LEO)
typically lasts around 10 minutes, with Mach numbers ranging between 10 and
25, stagnation temperatures between 1500 K and 5500 K, and notable oxygen
dissociation alongside moderate nitrogen dissociation. Conversely, the mission
for returning from lunar orbit typically spans about 15 minutes, featuring Mach
numbers between 10 and 36, stagnation temperatures ranging from 1500 K to
9500 K, substantial dissociation of oxygen and nitrogen, and moderate levels
of ionization.

In hypersonic speeds, shock waves primarily dictate the force field through adia-
batic compression, unlike subsonic speeds where isentropic expansions are responsible
for these forces. Despite temperature extremes impacting gas density and composi-
tion, they have minimal influence on pressure levels, hence exerting limited effect
on force structure. Consequently, the windward side shape significantly impacts the
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overall force structure of a spacecraft, whereas the influence of the leeward side shape
is relatively minor, although it can impact vehicle stability by creating necessary
stabilizing moments [8].

A notable feature of hypersonic flow involves the interaction between the oblique
shock wave originating at the body’s front edge and the boundary layer on its surface.
Take, for instance, the oblique shock wave created at the leading edge of a wedge
within a supersonic flow, depicted on the left in Figure 1.1. With increasing Mach
numbers, the shock angle decreases, causing the shock to approach very near to the
surface at elevated Mach numbers. This phenomenon is shown on the right in Figure
1.1 [7].

|1
H!llz

Figure 1.1: The angle of shock in both low and high supersonic Mach number flows
over a wedge [7].

Within hypersonic flow, the shock wave typically is close to the surface, while
the boundary layer tends to be substantial in thickness. Consequently, this often
leads to interaction between the shock wave and the boundary layer flow, resulting
in a curved shock and a flow pattern resembling the depiction on the left in Figure
1.2. This curved shock is typical in hypersonic flows for all body shapes (illustrated
in Figure 1.2, right).

The high temperatures that are generated behind the shock waves in hypersonic
flows are another characteristic of such flows. At high temperatures, a notable
effect arises due to the constitution of air, predominantly composed of nitrogen and
oxygen in its diatomic state under standard conditions. As temperatures rise, these
diatomic gases tend to dissociate into their monoatomic states, while at even higher
temperatures, the monoatomic atoms undergo ionization. This dissociation occurs
within specific temperature intervals:

o For temperatures between 2000 K and 4000 K: O — 20, indicating the

breakdown of oxygen molecules into O atoms.

o For temperatures between 4000 K and 9000 K: Ny — 2N, signifying the

breakdown of nitrogen molecules into N atoms.
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Shock wave Shock wave

ARRE

Boundary layer Boundary layer

Figure 1.2: Interaction between shock wave and boundary layer in hypersonic flow
over a wedge and a curved body [7].

Importantly, this dissociation does not instantaneously affect the entire air
composition upon reaching a certain temperature threshold. Throughout these
temperature ranges, the air consists of a mix of diatomic and monoatomic molecules,
with the proportion of monoatomic molecules increasing as temperatures increases.

Likewise, ionization occurs at temperatures exceeding 9000 K:

e O > 0" +e

e N = Nt +e-

Again, the air is only partially ionized depending on the temperature. The hypersonic
flow and the thermochemical processes around solid objects within the Martian
atmosphere, where approximately 97 % of the atmosphere is composed of CO,,, are
not described here. Further information can be found here [9].

For blunt bodies, a significant nose radius forms the basis of the spacecraft’s
passive thermal shield, as convective heating decreases with the local curvature radius.
Simultaneously, the large frontal area results in substantial drag primarily caused
by the high-pressure shock layer formed due to adiabatic compression. In contrast,
skin friction plays a minor role in drag compared to slender bodies. Certain reentry
vehicles, especially ballistic missile warheads, adopt a design resembling spherical
blunted cones. It is evident that smaller nose radii can be incorporated without
significant increases in drag. The blunt nose design helps alleviate reentry heating
by reducing the heat flux at the stagnation point. Consequently, thermal protection
can be improved with minimal impact on drag [8].

1.2 Reasons for radio blackout

The cut-off of communication is a persistent challenge in the realm of hypersonic
flight and atmospheric entries. Atmospheric entries, or hypersonic flights in general,
cause the formation of shock waves at the vehicle’s front, where a significant portion
of the vehicle’s kinetic energy is transformed into heat, elevating the temperature
of the surrounding gas. This process causes the dissociation and the consequent
ionization of gas molecules. This ionized gas, called plasma, forms around the

4
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vehicle’s leading edge. This plasma leads to a disruption in radio communication,
called "radio blackout". The radio blackout issue impacts the ability of ground
stations to detect and track the vehicle, as well as the efficiency of transmitting
real-time telemetry data and navigation information. This can result in unforeseeable
consequences and even disasters during aerospace missions [10, 11, 12, 13, 14].

The physicist Frank-Kamenetski labeled plasma the fourth state of matter. In
outer space, matter is primarily ionized, enabling free movement of electrons and
ions, often influenced more by electromagnetic forces than gravity, observed in stars
and interstellar space. Notably, plasma constitutes the universe’s predominant state
of matter, contrasting with the neutral matter found in our living environment. Over
95 % of the universe consists of plasma. Formed by heating gas to high temperatures,
plasma is self-luminous and electrically conductive, with interactions between its
components releasing radiant energy. This complex behavior necessitates a deep
understanding of atomic physics and gas technology due to the intricate collision
processes occurring within the plasma.

As an example, consider the entry, descent, and landing (EDL) process for
Mars missions, which begins as the vehicle reaches the boundary of the Martian
atmosphere with a velocity of approximately Mach 25. The EDL phases are of
paramount importance in Mars exploration missions, as they directly dictate the
mission’s overall success. Throughout the Mars atmospheric entry phase, the velocity
of the entry vehicle undergoes a substantial reduction, dropping from 4-7 km/s to
approximately 400 m/s. Notably, nearly 99% of the initial kinetic energy is dissipated
during this atmospheric entry phase [15].

Satellite

®EY

Plasma

Shock wave
—

Freey
Figure 1.3: Schematic of the reason for cut-off of communication [16].

Figure 1.3, illustrates how plasma-induced communication disruption occurs
during atmospheric entries. This communication interruption primarily arises from
the presence of free electrons within the plasma. These electrons have the effect of
altering the path of the radio signal by refracting, reflecting, or completely diminishing
the electromagnetic waves being transmitted to or received from an onboard antenna.

The blackout phenomenon in case of a non-magnetized plasma with negligible
collisions occurs when the plasma frequency surpasses the radio frequency, as given
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in Eq. 1.3:
1 [e2N, .
crit (13)

fradio < fplasma = 5 .
2m\ egme

In this equation, fqa, signifies the radio frequency measured in Hertz, fpasma
represents the plasma frequency measured in Hertz, e corresponds to the electric
charge of an electron in Coulombs, m,. stands for the mass of an electron in kilograms,
and N,_. denotes the critical electron number density per cubic meter.
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Figure 1.4: Attenuation per unit length over electron number density for various
frequencies with their critical electron number densities for non-magnetic, collision-

less plasma [17, 18].

Figure 1.4 illustrates the signal attenuation per unit length as a function of
electron number density for different frequencies, and it also includes the associated
critical electron number densities for the L-, S-; X-, and Ka-bands [17, 18]. It is
important to note that blackout conditions occur when the plasma frequency equals
or surpasses the radio frequency. As an example, the critical electron number density
for the L-band is 3.5 x 10*®*m~3, and for the Ka-band, it is 1.3 x 10*m=3. The
electron number densities are also influenced by the vehicle’s trajectory and design.
Typically, electron number densities encountered during atmospheric entries fall

within the range of 10 m ™2 and 10®m ™2 [19].
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1.3 History of missions facing radio blackout

During the early days of human space exploration in the 1960s, a prominent and
quickly identified issue was the significant reduction in radio communication signals
due to the plasma enveloping the reentry vehicle [20]. The issue of radio blackout has
garnered significant interest from both the academic community and space agencies,
especially during the era of the Apollo missions. During the 1960s and 1970s, extensive
research on the ground and in-flight experiments were undertaken by NASA and
the U.S. Air Force. These experiments aimed to measure the characteristics of the
plasma sheath and explore potential approaches for mitigating the problem [11].
Spacecraft involved in Project Mercury, Gemini, and Apollo encountered substantial
communication blackouts lasting several minutes during their atmospheric re-entry
phase. During the atmospheric re-entry phase, Project Mercury, in particular,
endured a challenging blackout period lasting approximately 4 minutes. In the case
of Apollo, the high-speed interaction of the blunt capsule with Earth’s atmosphere
led to communication blackouts ranging from 4 to 10 minutes in duration at the
S-band frequency [21].

To date, the occurrence of this radio frequency blackout has been documented in
numerous reentry flight trials, encompassing missions such as RAM-C IT (Reentry
Attenuation Measurement), the Apollo command module (conducted by NASA), and
OREX (Orbital Re-entry Experiments; formerly NASDA /NAL, currently managed
by JAXA) [22]. A critical element in forecasting the initiation and cessation of radio
blackout during entry into a planetary atmosphere is the precise determination of
electron concentration (Ne) within the plasma layer surrounding the entry vehicle.
Significant advancements had been achieved in comprehending and projecting ionized
flow dynamics back then. A pivotal factor for this progress had been the availability
of flight-measured data collected across various entry scenarios and correlated with
analyzable flow patterns. The RAM project conducted by the Langley Research Cen-
ter played a substantial role in enhancing both theoretical insights and experimental
outcomes. A re-entry trajectory of the NASA RAM C-II test and the phases of
radio blackout during re-entry for different frequency bands is given in Fig. 1.5. The
plasma frequency changes with altitude and velocity. This leads to different blackout
phases for VHF, S-, C-, and X-band. During this blackout phase, no communication
is possible and no telemetry data can be received. This should be prevented for the
safety of vehicles and their passengers or cargo [23].

From equation 1.3 it is obvious that the plasma frequency depends on the electron
density. In-flight test data from NASA RAM C tests are shown in Fig. 1.6. Obviously,
the electron density distribution is normal to the vehicle surface, and the peak electron
density is largely varied at different altitudes. This agrees with the observed onset of
radio blackout for different frequency bands in Fig. 1.5. Plasma occurs at an altitude
of 250 kft with a maximum electron density of 10**m™3. A peak electron density of
10"m™? is reached at an altitude of 100 kft [24].

In February 1994, the OREX space probe was launched into space using an H-II
rocket that departed from the Tanegashima Space Center in Japan. Subsequently,
during the re-entry phase, all communication between the space probe and ground
stations could not be established [25].
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Figure 1.5: Re-entry trajectory of NASA RAM C-II vehicle including onset and end
of radio blackout [23].
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Figure 1.6: Re-entry trajectory of NASA RAM C-II vehicle including onset and end
of radio blackout [24].

An examination of spacecraft entering the Martian atmosphere involved a retro-
spective assessment of the 30-second signal interruption experienced by the Mars
Pathfinder spacecraft in 1997. This interruption occurred on an X-band direct-to-
Earth (DTE) link and was primarily attributed to the presence of charged particles.
The UHF relay connections between the Mars Science Laboratory (MSL) and both
the Mars Reconnaissance Orbiter (MRO) and the Mars Express (MEX) experienced
an approximately 70-second interval of signal deterioration. This period encompassed
a mix of signal fades, referred to as brownout, and complete signal loss (blackout)
[26]. The Atmospheric Reentry Demonstrator (ARD) is a 70 % down-scaled Apollo
capsule launched in 1998. The radio signal toward the Tracking and Data Relay
Satellite (TDRS) was not fully attenuated. The radio frequency to TDRS was 2.267
GHz. However, the Global Positioning System (GPS) signal with a radio frequency
of 1.575 GHz was fully attenuated for about 300 seconds between an altitude of 90
km and 40 km. [27].

8
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1.4 Mitigation methods for radio blackout

Techniques for mitigating radio communication blackouts were intensively inves-
tigated and summarized in [12, 23] and are listed below.

1.4.1 Aerodynamic Shaping

The aerodynamic shaping technique leverages the benefit of allowing certain
electromagnetic waves with significantly longer wavelengths than the thickness of
the plasma sheath to potentially pass through it. A streamlined body design results
in the formation of a thinner and less ionized plasma sheath. An example of a
sharp leading edge is the Sharp Edge Flight Experiment (SHEFEX). Sharp leading
edges offer several advantages in terms of aerodynamic performance, such as minimal
drag, reduced thrust requirements during ascent, and the ability to achieve greater
crossrange during reentry, which in turn expands the reentry windows. However,
it’s important to note that they also face significant aerothermodynamic loads.
Nevertheless, recent advancements in material development and the enhancement of
layout and design calculation methods have prompted a reevaluation of the feasibility
of sharp leading-edge concepts like SHEFEX for hypersonic flight [28].

1.4.2 Liquid Quenchant Injection

The Liquid Quenchant Injection method aims to reduce the electron number
density by "quenching" the plasma by injecting liquids. NASA has successfully
conducted flight demonstrations involving the injection of liquids into the airflow
to mitigate blackout occurrences. One notable demonstration took place during
the reentry of the Gemini 3 capsule. During the early stages of a water injection
sequence, spanning an altitude range from 272 to 246 thousand feet, there was a
substantial increase in signal strength as detected by VHF' telemetry and VHF voice
ground stations. Additionally, an improvement in C-band beacon signal strength was
observed in the latter part of the water injection sequence, occurring between altitudes
of 200 and 160 thousand feet. A comparison of calculated electron concentrations
exhibited similar trends, with the assumption that the primary mechanism reducing
electron concentration is recombination at or near the surface of water droplets.
These values were inferred from the observed VHF attenuation data. The data
collected from this flight provided compelling evidence that it is feasible to mitigate
RF attenuation on a blunt body by injecting water into the flow field [23].

1.4.3 Solid Quenchant Injection

The Solid Quenchant Mitigation method is similar to the Liquid Quenchant
Injection method but uses solid material to quench the plasma. Micron-sized particles
are distributed and promise to absorb 96 % of the electrons [29]. Metal-oxide particles

like tungsten-oxide, or alumina-oxide with dielectric properties are used according to
[12].

1.4.4 Inflatable Aeroshell

Guolong He [14] mentions the Inflatable Aeroshell method for radio communication
blackout mitigation. An inflatable vehicle experiences little to no impact from a
blackout since it slows down at a higher altitude where the air density is significantly
lower, resulting in a reduction in the plasma density created within the shock-wave
[22]. A numerical analysis on an inflatable aeroshell entry vehicle concludes that the

9
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radio blackout may be mitigated by placing the antenna in the aft of the inflating
vehicle [30].

1.4.5 Resonant Transmission

Theoretical and experimental investigations have demonstrated that evanescent
waves, boosted by resonance with a surface wave, can be harnessed to transmit
visible-range electromagnetic radiation through metal films. This broader capacity
to guide and manipulate evanescent waves within materials exhibiting negative
permittivity and negative permeability often referred to as meta-materials, has
emerged as a highly dynamic research area. Artificially generating a structure with
layers featuring contrasting dielectric constants is achievable through composite
arrangements composed of alternating metal films and semiconductors. In such
structures, the electron density can be externally regulated using an electric field.
Furthermore, an external magnetic field can be employed to manipulate the dielectric
permittivity of the plasma. A somewhat analogous layer configuration, comprising
multiple layers of dense and rarefied plasmas, can naturally occur in laboratory and
space environments [31].

1.4.6 High Frequency and High Power

While raising the frequency typically decreases attenuation, it’s important to
note that higher frequencies are more susceptible to atmospheric and rain-induced
attenuation. In practice, 10 GHz is often considered as an upper limit due to
these factors. Boosting the transmission power from the vehicle faces constraints,
particularly related to aperture breakdown. Typically, the breakdown powers fall
within the range of hundreds of watts [23]. Implementing a relay method through
a satellite to circumvent rain-induced attenuation, high-frequency communication

remains one of the most viable solutions for addressing RF communication blackout
[32].

1.4.7 Laser Communication

Laser communication in general has the advantage of a reduced power and mass
requirement compared to radio frequencies due to the higher gain and low beam
divergence and the reduced antenna sizes due to the small wavelengths [33]. In
hypersonic flights, the self-focusing characteristic of plasma is beneficial to establish
a communication link between the spacecraft and the control station using a laser
beam. In this interaction between the laser beam and the plasma, the laser beam
impacts an electron, causing it to accelerate in the direction of the laser’s propagation.
This acceleration results in a relativistic increase in the electron’s mass, leading to
an augmentation of the plasma’s refractive index. As a consequence, the plasma
behaves like a converging lens due to this refractive index rise. The increased electron
velocity further aids in the convergence of waves [34].

1.4.8 Magnetic Window

Electrons possess the ability to respond to the electric field of an incoming
electromagnetic wave when the wave’s frequency is lower than the plasma frequency.
In response, the electrons work to counteract the electric field, leading to the
reflection of the incident wave at the plasma’s surface. Nevertheless, by restricting
the movement of electrons, it becomes possible to explore new modes of propagation,

10
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allowing waves below the plasma frequency to traverse the plasma sheath. The
magnetic window concept aims to leverage alterations in the dispersion relationship
made feasible by an applied magnetic field, thus enabling bidirectional communication
between the spacecraft and ground control as illustrated in Fig. 1.7. The RAM A-2
flight represents one of the few documented flights that tested the magnetic window
mitigation technique, but unfortunately, limited information is available on the test
outcome. The results demonstrate that right-handed polarized waves can propagate
along magnetic field lines with intensities as low as 357 Gauss (G) through a plasma
sheath with a density of 10'2cm ™3, without any attenuation, even at frequencies up
to 1 GHz. Additionally, certain calculations suggest a 20 dB enhancement in signal
reception with a magnetic field strength of 750 G. Initial findings from computations
conducted at NASA Glenn Research Center show similar outcomes. However, it’s
worth noting that magnetic materials themselves may pose significant challenges for
the magnetic window approach. Electromagnets come with inherent complexities,
increased mass, and higher power requirements [12]. According to [23] 10000 G are
required for vehicles with blunt leading edges (see also [35]) or 1500 G in case the
Whistler mode (magnetic field cyclotron frequency matches the radio frequency) is
used for communication (see also [36]). A magnet providing a 10000 G (1 Tesla)
magnetic field estimated to weigh more than 500 kg [37].

Reflected or

Radio wave attenuated radio wave Radio wave “Window” for communication
> 77/) &AJ Y - /
_ Qo
(a) (b)

Figure 1.7: Illustration of RF interaction with a plasma sheath above the critical
plasma frequency (a) without and (b) with an applied magnetic field and the created
magnetic window [18].

1.5 Magnetohydrodynamic Enhanced Entry System
for Space Transportation (MEESST)

The primary goal of MEESST is to create and validate a magnetic shielding
prototype that reduces thermal loads and radio blackout during atmospheric en-
tries. Additionally, it aims to enhance vehicle reusability, increase scientific data
transmission during atmospheric entry, develop a lighter and safer protective system
for various space missions, and advance numerical codes for simulating atmospheric
entry and MHD interactions. Ultimately, MEESST seeks to shift the focus of entry
vehicle shielding from material design to magnetic solutions, revolutionizing this
field.

The MEESST project has received 3.5 million Euros in funding from the European
Union’s Horizon 2020 research and innovation programme under grant agreement
No 899298. Its consortium consists of 10 project partners from Europe as can be
seen in Fig. 1.8. KU Leuven (Belgium) is leading the project and contributing
to the numerical analysis of the blackout problem. The von Karman Institute for
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Figure 1.8: The MEESST consortium.

Fluid Dynamics (VKI) in Belgium is performing on-ground experiments in their
plasma wind tunnel facility Plasmatron for the blackout analysis. The University
of Southampton (UK) is also performing numerical analysis of the MHD fluid
flow. The Karlsruhe Institute of Technology (KIT) and Theva Diinnschichttechnik
GmbH from Germany are responsible for the HT'S magnet. Absolut System (France)
is developing a cryo-cooling system. The Institute of Space Systems (IRS) of
the University of Stuttgart (Germany) is performing on-ground experiments in
their plasma wind tunnel facility and numerical simulations for heat flux analysis.
Advanced Engineering Design Solutions (AEDS) from Switzerland is performing
radiation analysis and Neutron Star Systems (NSS) from Germany is responsible for
marketing and dissemination. The University of Luxembourg is further developing the
BlackOut Ray Tracer (BORAT) to numerically analyze the radio signal propagation
in (magnetized) plasma including the signal characterization and validation of the
numerical model with the on-ground experiments performed at VKI.

MEESST is pioneering an active Magnetohydrodynamic (MHD) system, aiming
to modify plasma behavior during atmospheric entries. Utilizing novel cryo-cooled
high-temperature superconducting magnets to generate an electromagnetic field that
deflects plasma during the atmospheric entry, reducing heat loads and preserving
radio communication. The use of superconductors enables powerful magnetic fields
with lightweight magnets, surpassing traditional technology. Developing numerical
codes to simulate magnetic-plasma fluid interaction and radio signal propagation
with signal characterization will maximize design flexibility [38].

A schematic of the magnetic window effect is shown in Fig. 1.9. The volume
around the magnet contains fewer free electrons. The reduction of the electron
number density leads to a different dispersion relation, or refractive index, of the
plasma in this region enabling the radio waves to propagate through the plasma.

The Lorentz force, caused by the applied magnetic field, acting on a plasma’s
charged particles influences the plasma’s dynamics [38]. Superimposing a static
magnetic field on a plasma alters the electromagnetic plasma properties leading to
a reduced electron transverse motion, which reduces the interaction between the
electrons and the electromagnetic wave [18, 39].
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Figure 1.9: Illustration of the MEESST magnetic shield configuration [38].

1.6 Motivation

The physical phenomena involved in hypersonic flight and atmospheric entry
are complex and cannot be solved analytically and require therefore a more ad-
vanced technique. Experiments recreating the exact flow conditions are cost- and
time-extensive. Typical on-ground testing facilities have limitations and can only
partially recreate the physics. Numerical models provide a fast, accurate, and cost-
effective method to analyze such complex systems. Analyzing radio blackout is
an interdisciplinary task, combining the high-speed, high-enthalpy fluid dynamics
of plasma flows and the electromagnetic wave theory. In case a magnetic field is
applied the magnetohydrodynamic effects increase the complexity. However, the
numerical models require to be validated to show their consistency with the reality.
Experiments in plasma wind tunnel (PWT) facilities can reproduce the plasma
interaction of an atmospheric entry allowing to analyze radio blackout and heat flux.
Different Computational Electro-Magnetics (CEM) models vary in their accuracy and
cost-effectiveness. Full wave analysis models like the finite difference time domain
(FDTD) method or the finite element method (FEM) are exact and powerful in
low-frequency ranges but require larger computational cost and time. Asymptotic
methods or high-frequency approximation methods like ray tracing require less com-
putational costs and are better for large problems and multi-trajectory analysis.
Atmospheric entry simulations usually require a large computational domain in all
dimensions and the analysis of multiple trajectory points during EDL. A ray-tracing
analysis also provides better insights into the problem and a better understanding
of the physics, compared to a full wave analysis. Ray-tracing is a widely utilized
method in various fields such as optics, wireless communication systems, and even in
the study of fusion plasma. An overview of existing ray tracing models for fusion
plasma can be found in this source [40]. This technique involves tracing the path of
electromagnetic waves as they propagate through different mediums or interact with
various surfaces, allowing us to characterize the signal behavior. Ray tracing offers
valuable insights into signal propagation within a specific environment, enabling more
efficient design and optimization of communication systems [41, 42]. Recently, new
ray tracing methods have been introduced to investigate atmospheric entry scenarios,
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particularly concerning blunt cones and inhomogeneous plasma slabs [43, 44].

Prior research concerning radio communication blackout on entry vehicles focused
on the Mars Science Laboratory (MSL) and employed the Line-Of-Sight (LOS)
method [45]. However, it is important to note that the LOS method lacks the
capability to delve into the underlying physics of wave propagation. In contrast,
two-dimensional ray tracing analyses have been conducted for both, the ExoMars
Schiaparelli re-entry capsule [46, 47], and the Atmospheric Re-entry Demonstrator
(ARD) [48]. Additionally, there is existing literature on three-dimensional ray
tracing for the Intermediate eXperimental Vehicle (IXV) [49]. However, it is worth
mentioning that neither of these studies addressed the unique context of magnetized
plasma, nor offer a comprehensive analysis of signal propagation combined with
signal characterization in scenarios involving arbitrary inhomogeneous plasma, diverse
incident waves, and a wide range of fluid compositions. Additionally, some of these
studies primarily concentrate on examining the transmitting side of the antenna
mounted on the vehicle.

1.7 Importance of this work for society

The radio blackout phenomenon presents a significant challenge as it disrupts EM
waves leading to the loss of one or several of the communication, navigation, control,
and guidance systems during hypersonic flights. This unresolved issue has drawn
increasing attention, especially as humanity plans to expand its exploration of the
inner solar system (Moon and Mars), which lies in human nature. Transporting cargo
and astronauts safely back to Earth and developing hypersonic passenger vehicles for
rapid long-distance travel is in the interest of research worldwide. These endeavors
require predictability and fail-safe measures to ensure the safety of astronauts, space
travelers, and potential future hypersonic flight passengers.

The safety of lives is a basic requirement in this research. In the event of
emergencies, data collection is crucial for safety and rescue missions, as well as for
making improvements and preventing future incidents. Additionally, the emergence of
hypersonic missiles poses a new threat, demanding swift, traceable, and maneuverable
defense mechanisms to safeguard critical infrastructure and human lives.

The developed ray tracing algorithm offers a valuable tool for analyzing radio
communication performance in advance, serving as a cost-effective and life-saving
solution in these complex scenarios.

1.8 Scope of the thesis

The objective of this thesis is to examine the propagation of a radio signal through
an arbitrary magnetized plasma medium by employing a ray tracing methodology
and analyzing the altering signal characteristics including validation of the numerical
tool with on-ground experiments. By introducing a magnetic field, alterations to the
plasma properties are made to mitigate or potentially eliminate radio blackout. The
analysis focuses on the ray propagation path and the signal characteristics along
the path of the ray, providing a quantifiable assessment of how the plasma and the
magnetic field influence the radio signal. The validation shall show the consistency
of the model with the reality.
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The following questions are tried to be answered:

1. How is the signal propagation path affected by a plasma?

2. How is the signal propagation path affected by a magnetized plasma?

3. How are the signal characteristics affected by a plasma?

4. How are the signal characteristics affected by a magnetized plasma?

5. Is the magnetic windowing method suitable to mitigate radio blackout?

6. Can the numerical tool be validated against experiments?

1.9 Thesis overview

The structure of this dissertation can be found in the road map in Fig. 1.10.

Chapter 1
Introduction

Chapter 2
Background

Chapter 3
BORAT

Chapter 4

Magnetized plasma:
Two-dimensional study

Chapter 5
Signal characterization:
Two-dimensional study

Chapter 6

Magnetized plasma &
signal characterization:
Two-dimensional study

Chapter 7
Conclusion

Figure 1.10: Road map of the thesis.
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Chapter 1. Introduction

Chapter 1 Introduction In this introductory chapter, the thesis outlines its
objectives and the importance of addressing the radio communication blackout
issue associated with hypersonic flight and spacecraft reentry. The need for reliable
communication, especially in future space exploration and hypersonic travel, is
emphasized.

Chapter 2: Background Chapter 2 provides the necessary technical background
and equations relevant to the research. This foundational information sets the stage
for the subsequent chapters’ analysis.

Chapter 3: BORAT (BlackOut RAy Tracer) Chapter 3 introduces BORAT,
the tool developed to analyze the radio signal propagation. The chapter details
BORAT’s development stages and provides information about the solver used in the
research.

Chapter 4: Magnetized Plasma: Two-Dimensional Study In this chapter,
the impact of an applied magnetic field is analyzed using Knapp’s test case. This
represents the fourth version of BORAT. The research delves into how a magnetic
field can mitigate radio blackout in plasma sheaths.

Chapter 5: Signal Characterization: Two-Dimensional Study Chapter 5
focuses on signal characterization, particularly in two-dimensional studies. It analyzes
the energy along the ray path and the power transmitting between two antennas,
primarily for non-magnetized plasma. Experimental validation of the results is
carried out by comparing the numerical and experimental Scattering parameters.

Chapter 6: Magnetized Plasma & Signal Characterization: Two-Dimen-
sional Study Chapter 6 represents the culmination of the research efforts. It
combines the magnetized plasma solver with the signal characterization for 2D ray
tracing. This chapter describes, verifies, and validates the model by comparing it
with experimental data.

Chapter 7: Conclusion The final chapter of the thesis serves as a conclusion,
summarizing the key findings, implications, and significance of the research. It
provides insights into the potential applications and future directions based on the
outcomes of the study.

This sequential structure guides the reader through the development, analy-
sis, and findings of the research, ultimately addressing the critical issue of radio
communication blackout in hypersonic flight and spacecraft reentry.
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2 Background

This chapter contains the mathematics and physics background required to follow the
thesis. The ray-tracing concept is introduced and put into context with other
computational electromagnetics methods. The chapter is continued by a presentation
of the ray tracer and the plasma modeling for non-magnetized and magnetized

plasma. Lastly, the signal characterization is introduced and the developed model is
explained.
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Chapter 2. Background

2.1 Modeling of the signal propagation in plasma

It is of interest to know the path of energy flowing from a transmitter to a receiver.
This is particularly important when analyzing EM wave propagation in complex
domains. The feasibility of establishing a transmission between the sender and
receiver and alterations in the ray propagation and signal (de-) focusing is subject to
the advantages of a ray tracing analysis. The knowledge of the ray propagation path
is required to predict the signal strength, phase, and polarization. Thinking of a ray
path as a wave packet trajectory limited in frequency and space [50].

2.1.1 Electromagnetic radiation considered as rays

In this study, we employ a technique known as ray tracing, which is a computa-
tional electromagnetic method that provides calculations of path loss, received signal
strength, angle of arrival/departure, and time delays of electromagnetic waves in
complex propagation scenarios. This technique is used to analyze the phenomenon
of radio communication blackout.

Ray tracing has its origin in the optics of light, specifically in the realm of ray
optics. Here, the characterization of light relies on the depiction of rays emanating
from light sources. From a mathematical perspective, rays are defined by both a
position and a direction vector. These rays traverse through various media, with the
medium’s optical properties denoted by the refractive index. Within this framework,
the behavior of light propagation is elucidated by monitoring alterations in the ray’s
direction and positional vectors within space.

In homogeneous media, ray propagation occurs along straight paths. At interfaces
between different media, the laws of reflection and refraction come into play, guiding
the trajectory of light rays. In graded-index media, the ray equation is employed to
describe their path. These fundamental principles of ray optics can all be derived
from Fermat’s principle, which succinctly states that light rays follow the path of
the least time.

Optical modeling founded on Fermat’s principle forms the basis of ray optics.
This branch of optics is often interchangeably referred to as geometrical optics,
as the ray model fundamentally hinges on geometric concepts. This foundational
understanding provides us with the necessary tools to analyze and optimize EM
wave systems, making ray tracing an immensely popular technique, particularly in
the context of lens systems.

So far, all the observed effects and quantities have been effectively explained
within the framework of geometrical optics. However, our next objective is to
incorporate the energetic effects occurring at the interface between two different
media.

Fermat’s principle solely concerns the trajectory of rays. Consequently, we
cannot elucidate this surface effect within the confines of ray optics. In various
optics textbooks, you can find derivations of the so-called Fresnel equations. These
equations provide a mathematical expression for the transmission of energy, and the
reflection of energy.

The derivation of these equations takes into account the propagation of an ideal
electromagnetic plane wave through an ideal plane interface between two media with
differing refractive indices. This solution relies on the fact that the components of the
electric and magnetic fields in the plane interface are continuous functions. Fresnel’s
equations naturally follow from this. The concept of an ideal plane wave and the
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2.1. Modeling of the signal propagation in plasma

continuity of the transverse field components stem from Maxwell’s equations.

In contrast to geometrical optics, which is entirely based on Fermat’s principle,
we consider physical optics to be rooted in Maxwell’s equations. Physical optics is a
high-frequency approximation commonly used in optics, electrical engineering, and
applied physics. It is an intermediate method between geometric optics, which ignores
wave effects, and full wave electromagnetism, which is a precise theory. Physical
optics allows for fast predictions with a limited level of accuracy proportional to
the electrical size of the objects. Therefore, an explanation of losses at an interface
between two media is derived from physical optics.

Integrating this into a ray tracing routine already leads to an algorithm that
combines both ray and physical optics. Within this work, a combined algorithm of
ray and physical optics is developed to analyze the EM wave path and properties.
This combined approach is a comprehensive model of electromagnetic behavior. Ray
tracing provides a detailed picture of how electromagnetic waves propagate and
interact with their environment, while physical optics accounts for wave effects that
are not captured by ray tracing. Meanwhile, computational electromagnetics provides
the overall framework and tools for carrying out these simulations and analyses.
This leads to more accurate and detailed predictions and analyses of electromagnetic
phenomena[51].

2.1.2 Methods and Solvers for Ray Tracing

2.1.2.1 Snell’s Law solver

Snell’s Law serves as the fundamental equation in geometrical optics, representing
the most simplified model for the propagation of electromagnetic waves within a
medium. The ray tracing integration method based on Snell’s law is an iterative
stepwise approach that operates under the assumption of discrete and linear wave
propagation over short distances. In this technique, rays originate from the antenna
location, and their directions are determined by applying the principles of geometrical
optics. Any deviation in the path of a ray from a straight line is calculated by utilizing
Snell’s law:

f1sin aq = posin ag (2.1)

This algorithm operates as a marching-in-space method, where the signal is
represented as a ray that progresses through a defined finite distance, referred to
as the marching step [46]. A schematic of the procedure is illustrated in Fig. 2.1.
The chosen step size within the domain corresponds to a region characterized by
a constant refractive index, known as an iso-surface. At the boundaries of these
iso-surfaces, Snell’s Law is applied.

The marching technique initiates by advancing one step size from point P; to
point P, 5. The refractive index is determined at P; 5 and then the algorithm retraces
its steps backward to P, by advancing backward at half the step size. The radius
of the iso-surface and its associated normal vector are determined at this point.
Snell’s Law is then applied between P; and P; 5 to calculate the angle as. The
algorithm subsequently advances to point P, by progressing half the value of the
step size from P, at an angle a. This process continues until either the boundary
of the domain is reached or the signal attenuation exceeds a predefined threshold.

It’s important to note that the step size for the raytracer must be small enough to
accurately resolve the refractive index gradients within the flowfield. This is ensured
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through a step-size independence study.
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Figure 2.1: Snell’s law ray tracing solver: (a) Snell’s law and (b) Marching in space
technique.

In a typical reentry scenario, the rays originating from an antenna on the vehicle’s
surface transition from a region with lower electron densities (or a higher refractive
index) to hotter regions characterized by higher electron concentrations (or a lower
refractive index). This transition is analogous to light passing from water into air
or from a denser optical medium to a less dense one. As the rays penetrate deeper
into regions with higher electron concentrations, the refractive index p decreases. If
the electron density becomes significant enough to reduce p to zero, a wave will be
reflected, as described by equation 2.1 and depicted in Fig. 2.1. Consequently, Snell’s
law has no solution when the critical angle is exceeded, leading to the application of
the law of reflection.

2.1.2.2 Eikonal solver - 3D

The Eikonal equation is the direct link between geometrical optics and EM waves
theory and it is the theoretical starting point of any physical and advanced ray-
tracing method. The Eikonal equation can be derived as an approximate solution of
Maxwell’s equations in the high-frequency limit [52, 53]. The Eikonal approximation
is valid as long as medium properties vary slowly over a length-scale of the order of
the signal wavelength [52, 53]. In an hypersonic entry plasma, this assumption can be
considered valid in the whole wake region, while the front shock region, characterized
by steep gradients, is generally not involved in EM propagation. At large frequencies,
electric and magnetic fields may be expressed as:

E(r) ~ EyetkoS)

H(r) ~ Hye oS (2.2)

where S(r) is the normalised Eikonal phase function, defining the wave-front
surface. Inserting the high frequency fields into Maxwell’s equations leads to the
Eikonal equation:

VS| = p, (2.3)

that defines the relation between the direction of propagation of an EM wave and
the refractive index p of the medium.

A more convenient, but mathematically equivalent, form of the Eikonal equation
may be obtained by rewriting the equation in characteristic form. The characteristic
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2.1. Modeling of the signal propagation in plasma

>

=

Figure 2.2: Ray trajectory for Eikonal algorithm.

solution of the Eikonal equation defines the rays trajectories. This may be achieved
by introducing the normalized local wave vector ¢ = V.S, that defines the propagation
direction of the EM wave, and the position vector x; = (z1,x2). Using the arc-length
s along the ray, one arrives at the following system of ordinary differential equations:

Ox; o &i

ds  u

o op (2.4)
Js B E)xz

The system (2.4), along with prescribed initial conditions in terms of position
and angle of the emitted ray, allows to predict ray trajectories and states that the
curvature of rays at each point is proportional to the gradient of the refractive index
as illustrated in Fig. (2.2). The validity of characteristic solution of the Eikonal
equation, namely the ray trajectories, falls in layers of plasma in which the value of
the refractive index p vanishes. These conditions are generally referred as cut-off
conditions, and they are treated as localised reflection conditions. However, these
conditions are rarely encountered, since in re-entry plasma problems high-density
electron layers with steep variations are generally located in the front part of the
vehicle, not designed for communication propagation.

From a theoretical point of view, from the Eikonal equation is possible to retrieve
the Snell’s law equation. In a uniform refractive index field medium, the gradient
of the refractive index is equal to zero. Integrating the Eikonal equation leads to a
linear variation in space of the ray trajectory:

2
VnzO—)nzconst—)%S?:O%x:as—l—Z_) (2.5)

Thus, the Snell’s law can be considered as the local solution of the Eikonal
equation at the interface between two medium at different refractive index, in which
a straight ray deviates depending on the refractive index discontinuity at the interface.
The Eikonal formulation presents three main advantages. First of all, second order
continuity in refractive index of the Eikonal formulation allows us to increase the
ray tracing solution accuracy with respect to the first order ray tracing Snell’s law
algorithm. Second, the Ordinary Differential Equations (ODE) system resulted
from the Eikonal equation (2.4) is solved using a Runge-Kutta method (RK4) with
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adaptive integration step refinement. This leads to a performance increase up to
100x times with respect to the previous marching in space method. Last, one of
the main advantages of the Eikonal system of equation is the decoupled form of
the space variables, allowing algorithmic simplicity that led to a straightforward
development of a 3D version of the solver. Figure (2.3) summarizes the functionality
of the Eikonal solver.
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Figure 2.3: Eikonal ray tracing algorithm.

Refractive index gradients, which are needed for Eikonal equation integration,
are reconstructed from the plasma field with a first order approximation:

0
M(£7y7z): ?I_Fiy—i_izz—i_/ﬁ(] (26)

The refractive index u(zx,y, z) is assumed to be a piece-wise planar function
over the computational domain. For each computational domain mesh element, the
reconstructed gradient is computed by solving the following system of equation:
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o
Ty y1 21 1 o (1,91, 21)
Ty Yo 22 1 % = | (xa, Yo, 22) (2.7)
T3 Y3 23 1 9z w(zs, ys, 23)
p(x,y, 2)
where:
o O O
\V4 =|— — — 2.8
Hlr [8x dy 0z (2.8)

The partial derivative at each node is the weighted sum of each of the partial
derivatives of the triangles associated with that node. The weightings w; = A; /A
are the areas of each triangle divided by the total area of all triangles associated
with that node.

k
Vil = Y wVlr, (2.9)
=1

A more detailed description of the Eikonal solver can be found here: [52].
2.1.2.3 Eikonal solver - 2D

Equations 2.6 to 2.8 reduce to the following form for two dimensional applications,
where the z-component of the refractive index gradients is canceled out

ol ou
= — — 2.1
p(z,y,2) T R (2.10)
ou
1 oy 1 P w1, y1)
T2 y2 1 5 | = [m(@2,y2) (2.11)
r3 ys 1] [u(z,y) (3, ys3)
where:
o Op
Vv =|— —. 2.12
e =0 o 212

2.1.2.4 Eikonal solver for magnetized plasma

The above-described principle of the Eikonal solver applies also to magnetized
plasma. Besides the more complex refractive index calculation, an additional event
needs to be implemented. The dependency of the refractive index on the angle
between the wave vector and the magnetic field vector leads to the requirement, that
the refractive index field needs to be recalculated after each time step. This slows
down the initial mentioned performance but can be compensated with a parallel ray
path computation. Additionally, in the case of bi-refractions, a right-hand polarized
and left-hand polarized will continue at a refraction position. The functionality of
the Eikonal solver for magnetized plasma is sketched in Fig. (2.4).
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Figure 2.4: Eikonal ray tracing algorithm for magnetized plasma.
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2.1. Modeling of the signal propagation in plasma

2.1.3 Plasma modeling

2.1.3.1 Relevant plasma properties for signal propagation

The cold plasma approximation is valid for atmospheric entry or hypersonic flow
plasma since we are concerned only by radio signals traveling close to the speed of
light in plasma with a thermal electron velocity much smaller than the speed of
light [54]. The full Appleton-Hartree equation (2.13) describes the refractive index
for magnetized cold plasma including collisions. This form of the Appleton-Hartree
equation is suitable to show the relation between the wave vector and the magnetic
field by including the angle © between the wave vector and the magnetic field [55]:

2 2 X
n®=(p—xi)=1- Vain?(0) T (0]
. sin sin 0
1—Zi 0= X - Zi) i$4(1—X—Zi)2+Y cos%(O)
(2.13)
with:

X =¢e*N,/ (eomw2>

Y =eB/ (mw) (2.14)

Z=v/w

w=21f

where e denotes the electron charge, N, the electron number density, ¢y the vacuum
permittivity, m, the electron mass, v the electron-heavy particle collision frequency,
f for the communication system transmission frequency and B is the magnetic field.
The =+ sign represents the resulting refractive index of "+" for the ordinary wave
and "-" for the extraordinary wave [56]. It is worth mentioning that the wave vector
is independent of the refractive index in the cold plasma approximation [54]. The
refractive index might change while the electromagnetic wave is propagating through
the magnetized plasma because of the link between the wave vector and the magnetic
field through the angle ©. Additionally, the refractive index values are not limited
between 0 and 1 if compared to the collision-free non-magnetized solution of the
Appleton-Hartree equation and can become complex [50].

2.1.3.1.1 Birefringence in anisotropic (magnetized) plasma Birefringence
is an optical property exhibited by materials where the refractive index varies
depending on the polarization and direction of propagation. In the presence of a
magnetic field, plasma behaves as a birefringent medium, necessitating a detailed
exploration of its characteristics. These properties encompass the division of a plane
polarized wave into ordinary and extraordinary waves, alongside deviations in the
direction of energy flow relative to the phase propagation [50]. Conversely, a finite
magnetic field introduces anisotropy, inducing birefringence during wave propagation
[54]. This phenomenon results in double refraction, where an incident ray splits into
two rays with different polarizations, each traveling along slightly divergent paths.
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2.1.3.2 Magnetized plasma, without collisions

Neglecting collisions between heavy particles and electrons (Z~0, meaning v <
f) leads to the reduced Appleton-Hartree eq. after Hutchinson [54]

2 )2 X
n=p—-xi) =1- Y2sin?(0) Ysin*(0) ’ (2.15)
1-— 5 (1 — X) \J 4(1 _ X>2 Y20082(®)
with
X = €2Ne/ (GOmeWQ) )
Y =eB/ (mw) (2.16)

w=2nf.

and the angle © between the wave vector and the magnetic field. It is worth
mentioning that the wave vector k is independent of the refractive index in the cold
plasma approximation. According to literature [46, 47] neglecting collisions in plasma
is a good approximation to describe blackout phenomena during re-entry. However,
an increased sensitivity against collisions for magnetized plasma is mentioned as
well [56]. Applying strong magnetic fields will require a comparison to estimate if
collisions need to be considered.

The dependency of the refractive index on the angle between the ray vector and
the B-field vector leads to a coupling of the refractive index and the ray position

and ray angle. Therefore, the refractive index needs to be recalculated after each
step (see 2.1.2.4).

2.1.3.3 Non-magnetized plasma, with collisions

One reduced form of the Appleton-Hartree equation is the unmagnetized cold
plasma form, in which the effect of magnetic fields is neglected in the computation
of the refractive index. This is the general case of atmospheric re-entry plasma, in
which no magnetic fields are applied to the spacecraft and planetary magnetic fields
can be neglected. In this case, B = 0, leading to:

X
2 -\ 2
= (u— =1- 2.17
R L R (217)
Solving this equation for p and x leads to:
2—1(1—X)+1\/1—2 X + X (2.18)
=0 14+22) 2 1+22 1+22 ’
and
2——1(1—X>+1\/1—2 X + X (2.19)
A 14+22) 2 1+22 1+ 22 ’

The resulting equation becomes a function of X, which is a direct function of the
electron number density, and Z, which is a direct function of the collision frequency
v.

26



2.2. Signal characterization

2.1.3.4 Non-magnetized plasma, without collisions

In case collisions are negligible and no magnetic field is applied the equation to
calculate the refractive index simplifies as follows

n=p=vV1—-X= 1—(?)2, (2.20)

with

fp = kN, and (2.21)

k=e?/ (4%260me) : (2.22)

The refractive index becomes a function of the plasma frequency f, and the radio
frequency f in Hz. The refractive index for non-magnetized plasma neglecting
collisions is a real number between 0 and 1. The value for the refractive index
decreases for a given antenna frequency f if the electron density NV, is increasing,
i.e., while the EM wave is propagating into regions with higher electron density
concentration the refractive index p becomes smaller.

2.2 Signal characterization

The following section shall give an introduction into antenna theory and their
properties as well as radio signal behavior in plasma relevant to this research.

2.2.1 Antenna and signal theory

According to Webster’s Dictionary, an antenna is described as "typically a metallic
apparatus, such as a rod or wire, used for emitting or detecting radio waves." The
IEEE Standard Definitions of Terms for Antennas (IEEE Std 145-1983) similarly
defines an antenna, or aerial, as "a device for emitting or detecting radio waves."
Essentially, the antenna serves as the interface between open space and a guiding
mechanism. [2]. The transmission line, which can be in the shape of a coaxial cable
or a hollow pipe (waveguide), serves the purpose of conveying electromagnetic energy
either from the transmitter to the antenna or from the antenna to the receiver.
When energy is transferred from the source to the antenna, it forms a transmitting
antenna; conversely, when it travels from the antenna to the receiver, it constitutes
a receiving antenna. Beyond its role in receiving or transmitting energy, an antenna
within an advanced wireless system typically needs to optimize or focus radiation
energy in specific directions while minimizing it in others. Thus, the antenna serves
as both a directional and probing device. Consequently, it must adopt various
forms to suit specific requirements, potentially appearing as a conducting wire, an
aperture, a patch, an array of elements, a reflector, a lens, and more. Within wireless
communication systems, the antenna stands as one of the most pivotal components.
An effective antenna design has the potential to alleviate system demands and
enhance overall system performance [2].
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2.2.1.1 Antenna types

In the following, the most important different antenna types will be briefly
introduced.

Wire antennas Wire antennas are one of the most popular antenna designs.
Figure 2.5 illustrates different shapes of wire antennas, including the straight wire
(dipole), loop, and helix. Loop antennas are not limited to circular shapes; they
can also be rectangular, square, elliptical, or adopt any other configuration. Among
these, the circular loop is the most prevalent due to its straightforward construction

2].

/ Dipole

—

Feed line

Circular/square loop

Helix

Ground plate \

Figure 2.5: Examples of wire antennas.

Aperture antennas Aperture antennas are becoming more common due to the
increasing demand for more sophisticated antenna forms and the use of higher
frequencies. aperture antennas are used for aircraft and spacecraft. Their advantage
is that they can be mounted on the vehicle surface and covered with a dielectric
material to protect the antenna from the environment. Typical designs are the horn
antennas (conical/rectangular) and the rectangular waveguide as shown in Fig. 2.6
2].

Microstrip antennas Microstrip antennas are composed of a metallic patch
placed on a grounded substrate, with various configurations depicted in Fig. 2.7.
However, rectangular and circular patches, are favored due to their ease of analysis
and fabrication, alongside their appealing radiation characteristics, particularly low
cross-polarization radiation. These antennas boast a low profile, adaptability to both
planar and non-planar surfaces, simplicity and affordability in fabrication through
contemporary printed-circuit technology, mechanical robustness when affixed to rigid
surfaces, compatibility with Monolithic Microwave Integrated Circuit (MMIC) de-
signs, and remarkable versatility regarding resonant frequency, polarization, pattern,
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Conical horn / Rectangular horn

Rectangular waveguide .

Figure 2.6: Examples of aperture antennas.

and impedance. Such antennas find application in diverse settings, including high-
performance aircraft, spacecraft, satellites, missiles, automobiles, and even portable
devices [2].

Rectangular patch Dielectric substrate Circular patch

\ /\\ /’

N
N
@

Ground plate

Figure 2.7: Examples of microstrip (patch) antennas.

Antenna arrays Numerous applications demand radiation characteristics that
might not be attainable with a single element. However, by arranging a group of
radiating elements in both electrical and geometrical configurations (referred to as
an array), it becomes feasible to achieve the desired radiation properties. The array’s
configuration may be engineered so that radiation from the elements combines to
produce maximum radiation in specific directions while minimizing it in others, or
as otherwise desired. Common examples of arrays include the Yagi-Uda array and
microstrip antenna arrays. Array configurations can include rectangular, linear,
circular, and other variations [2].

Reflector and lens antennas Advancements in antenna theory owe much to
the successes in outer space exploration. Communicating across vast distances
necessitated the use of sophisticated antenna designs capable of transmitting and
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receiving signals spanning millions of miles. A commonly employed antenna type for
such tasks is the parabolic reflector, often constructed with diameters exceeding 305
meters to achieve the high gain essential for long-distance signal transmission and
reception. Another reflector type, though less prevalent than the parabolic variant,
is the corner reflector [2].

Furthermore, lens antennas are notable for their ability to convert divergent
energy into plane waves due to the material of the lenses. While they serve similar
purposes as parabolic reflectors, especially at higher frequencies, their size and weight
become impractical at lower frequencies. Lens antennas are categorized based on
their construction material or geometric shape [2].

2.2.1.2 Antenna parameters

In order to assess an antenna’s performance, it is essential to define various
parameters. While some of these parameters are interconnected, not all of them need
to be specified to fully describe the antenna’s performance [2].

Radiation pattern An antenna radiation pattern, or simply antenna pattern,
is defined as a mathematical function or graphical representation depicting the
radiation characteristics of the antenna concerning spatial coordinates. Typically
determined in the far-field region, this pattern is expressed as a function of directional
coordinates and encompasses various radiation properties such as power flux density,
radiation intensity, field strength, directivity, phase, or polarization [2].

Of particular interest is the spatial distribution of radiated energy in two or
three dimensions concerning the observer’s position along a path or surface with
constant radius. The trace of the received electric (or magnetic) field at a constant
radius is referred to as the amplitude field pattern, while a graph illustrating the
spatial variation of power density along a constant radius is termed an amplitude
power pattern. Often, both field and power patterns are normalized relative to their
maximum values, resulting in normalized field and power patterns [2].

Moreover, the power pattern is commonly depicted on a logarithmic scale or,
more frequently, in decibels (dB). This scale is preferred as it effectively highlights
details of the pattern, particularly those with very low values, often referred to as
minor lobes. According to [2] the different antenna patterns are:

» Field Pattern: This typically represents a plot of the magnitude of the electric
or magnetic field as a function of the angular space. It provides information
about the strength of the field in different directions.

« Power Pattern (in linear scale): This typically represents a plot of the
square of the magnitude of the electric or magnetic field as a function of the
angular space. It provides information about the power density in different
directions. Since power is proportional to the square of the field magnitude,
the power pattern is derived from the field pattern.

« Power Pattern (in dB): This represents the magnitude of the electric or
magnetic field, in decibels, as a function of the angular space. The use of
decibels allows for a more manageable range of numbers to work with, especially
when dealing with very large or very small values.

Each type of pattern provides different insights into the behavior of the electromag-
netic field, and the choice of pattern depends on the specific requirements of the
analysis [57]. Examples of these antenna patterns are shown in Fig. 2.8 for the patch
antenna used for verification in chapter 5. The main lobe points towards 90° and
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the back lobe towards 270°. This specific antenna has no side lobe/miner lobes.

90° 90°
120° 60° 120° 60°
150° 30° 150° 30°
180° 0°0 180° 0°0
210° 3300 210° 330°
240° 300° 240° 300°
270° 270°
(a) (b)
90° dB
120° § 60°
150° 30° )
he
£
2
180° 0°0 g
5]
2
]
a1
210° 330°
_25'....|....|....|.
240° 300° 0 100 200 300
270 o]

(c) (d)

Figure 2.8: Two-dimensional normalized (a) field pattern (linear), (b) power pattern
(linear), and (c) power pattern (dB) in polar coordinates, and (d) power pattern
(dB) in rectangular coordinates of the 2.4 GHz patch antenna at & = 0°.

Beamwidth and aperture angle The beamwidth of an antenna is a crucial
performance metric and is often balanced against the side lobe level. In other words,
as the beamwidth narrows, the side lobe tends to increase, and vice versa [2].

The beamwidth also serves to illustrate the antenna’s ability to differentiate
between two nearby radiation sources or radar targets [2].

The Half-Power Beamwidth (HPBW) is defined by the IEEE as the angle, within
a plane that contains the maximum beam direction, between the two directions
where the radiation intensity is half the maximum value of the beam (-3 dB) [2].

Another significant beamwidth is the First-Null Beamwidth (FNBW), which is
the angular distance between the first nulls of the pattern [2].

The aperture angle refers to the angle at which the radio signal is radiating in
two dimensions. Considering an aperture angle of 180° in the air might lead to
different aperture angles after propagating through a plasma domain due to refraction
and reflection processes. Since the initial radiation pattern might be significantly
disturbed and no clear beamwidth will be established the term aperture angle is
more useful.
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Radiation fields The area around an antenna is typically divided into three
distinct regions: the reactive near-field, the radiating near-field (also known as the
Fresnel region), and the far-field (or Fraunhofer region). Each region is named based
on the structure of the field within it. While there are no sudden changes in the field
configurations at the boundaries, each region has unique characteristics [2].
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Near-field
R < 0.624/D3/1 ~~ o
\’ A N
/ \ N
— / \ N\
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Figure 2.9: Usual transformations in the shape of an antenna’s amplitude pattern
from the reactive near field progressing towards the far field [2]. (Source: C. A.
Balanis, Antenna theory: analysis and design. Hoboken, New Jersey: Wiley, fourth
edition. ed., 2016 - 2016.

The reactive near-field region is the area immediately surrounding the antenna
where the reactive field is dominant. For most antennas, the outer boundary of this
region is usually considered to be at a distance R < 0.62v/D3 /A from the antenna
surface, where \ represents the wavelength and D is the largest dimension of the
antenna [2].

The radiating near-field, or Fresnel region, is the area between the reactive near-
field and the far-field regions. In this region, radiation fields predominate and the
angular field distribution depends on the distance from the antenna. If the antenna’s
maximum dimension is not large compared to the wavelength, this region may not
exist [2].

The far-field, or Fraunhofer region, is where the field components are essentially
transverse and the angular distribution is independent of the radial distance from the
antenna. The inner boundary is typically taken to be the radial distance R = 2D?/\
and the outer boundary is at infinity [2].

As the observation distance varies from the reactive near-field to the far-field,
the amplitude pattern of an antenna changes in shape due to variations in the fields,
both in magnitude and phase. In the reactive near-field region, the pattern is more
spread out and nearly uniform, with slight variations. As the observation moves to
the radiating near-field (Fresnel) region, the pattern begins to smooth and form lobes.
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In the far-field (Fraunhofer) region, the pattern is well-formed, usually consisting of
a few minor lobes and one or more major lobes (see Fig. 2.9) [2].

Power density & radiation intensity Electromagnetic waves transmit infor-
mation from one point to another, either through a wireless medium or a guiding
structure. It is therefore reasonable to associate power and energy with electromag-
netic fields. The power associated with an electromagnetic wave is represented by
the instantaneous Poynting vector [2]. Since energy must flow over a surface a power
radiated in a single direction is zero. Therefore the power density, which is the power
per unit area, and is measured in SI base units of W/m? is required.
According to [58] the real (not complex) power density is calculated as follows:

|E(r,0,0)[? (2.23)

where FE is the electric field of the radio signal, ;o and ¢y are the permeability and
permittivity of vacuum, respectively, and p, and €, the permeability and permittivity
of the medium. The factor 1/2 appears because the electric field value represents
the amplitude and for the power density the root means square (RMS) value need to
be considered.

The Radiation intensity U is defined as the power that an antenna radiates per
unit solid angle in a specific direction and is simply the multiplication of the radiation
density S by the square of the distance r according to Eq. 2.24:

S(r,0,9) =

U(©,®) =r*S(r,0,d) =

|E(r,0, ). (2.24)

2 HOoMr

Therefore, a direct correlation between the radiation intensity U and the power
density S exists. The power density in the far field is inversely proportional to the
square of the distance from the source (1/r?), given that the magnitude of the far
field is dependent on r as 1/r. Consequently, the radiation intensity U is solely
dependent on the direction (O, ®) and not on the distance r. The radiation intensity
also has a relationship with the far-zone electric field of an antenna [2].

Directivity & antenna gain Directivity is characterized by the spatial power
density in a specific direction, rather than the power in that direction. More
specifically, the directivity in the direction (©,9) is defined as [57]:

D(©,®) =

(2.25)

In this formula, S(r) represents the power density at (r,©,®), meaning at a distance
r in the direction (0,9). S,,.(r) stands for the average power density at that same
distance, which is to say, S(r) averaged across all potential directions at distance r.
Given that directivity is a ratio of power densities, it does not have units.

To summarize: Directivity is the proportion of power density in a given direction
to the average power density across all directions at an equivalent distance from the
antenna [57]. To put it precisely, the directivity remains constant at every distance
r. This is a crucial aspect: Directivity serves as a handy metric for characterizing an
antenna because it remains unaffected by the distance from the antenna.
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The gain G(©,) of an antenna is essentially its directivity, adjusted to account for
any loss within the antenna itself [57]. The gain of an antenna, in a specific direction,
is defined as the ratio of the intensity in that direction to the radiation intensity
that would result if the power received by the antenna were radiated uniformly in all
directions. The radiation intensity corresponding to this isotropic radiation is equal
to the power input P, to the antenna divided by 47 [2].

ve.e

G(©,0) =4r P

(0, ®)e.q. (2.26)

The efficiency factor e.q are the losses in the antenna related to conduction and
dielectric losses [2].

Polarization Polarization is a characteristic of an electromagnetic wave that
describes the time-varying direction and relative magnitude of the electric-field vector.
It’s the curve traced by the end point of the vector representing the instantaneous
electric field, observed along the direction of propagation.

Polarization can be linear, circular, or elliptical. Linear polarization occurs when
the electric field vector is always directed along a line. Elliptical polarization, the
most common, occurs when the electric field traces an ellipse. Linear and circular
polarizations are special cases of elliptical polarization, obtained when the ellipse
becomes a straight line or a circle, respectively. The direction of the electric field’s
rotation can be clockwise (right-hand polarization) or counterclockwise (left-hand
polarization).

The polarization characteristics of an antenna can be represented by its polariza-
tion pattern, which is the spatial distribution of the polarizations of a field vector
radiated by the antenna over its radiation sphere. At each point on the radiation
sphere, the polarization is usually resolved into a pair of orthogonal polarizations, the
co-polarization and cross-polarization. Co-polarization represents the polarization
the antenna is intended to radiate or receive, while cross-polarization represents the
polarization orthogonal to a specified polarization, usually the co-polarization.

A time-harmonic wave is linearly polarized at a given point in space if the electric
field vector at that point is always oriented along the same straight line at every
instant of time. This is accomplished if the field vector possesses either only one
component, or two orthogonal linear components that are in time phase or 180°
out-of-phase.

A time-harmonic wave is circularly polarized at a given point in space if the
electric field vector at that point traces a circle as a function of time. This requires
the field vector to have two orthogonal linear components of the same magnitude,
with a time-phase difference of odd multiples of 90°.

A time-harmonic wave is elliptically polarized if the end of the field vector
(either electric or magnetic) traces an elliptical path in space as it changes over
time. The direction of rotation can be clockwise (right-hand elliptically polarized) or
counterclockwise (left-hand elliptically polarized).

Elliptically polarized waves are defined by their axial ratio, the ratio of the
major to the minor axis. A wave is elliptically polarized if it is neither linearly
nor circularly polarized. While linear and circular polarizations are special cases of
elliptical polarization, elliptical polarization usually refers to cases other than linear
or circular.
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For a wave to be elliptically polarized, its field vector must have two orthogonal
linear components. These components can be of the same or different magnitudes.
If they have different magnitudes, the phase difference between them must not be
0° or multiples of 180° (otherwise, it would be linearly polarized). If they have the
same magnitude, the phase difference must not be odd multiples of 90° (otherwise, it
would be circularly polarized).

An example of a polarization trace is shown in Fig. 2.10.

Major axis Minor axis

Figure 2.10: Polarization trace as a function over time traveling in z-direction.
Circular polarization on the left and an polarization ellipse on the right [2]. (Source:
C. A. Balanis, Antenna theory: analysis and design. Hoboken, New Jersey: Wiley,
fourth edition. ed., 2016 - 2016)

2.2.2 Electromagnetic (EM) waves

The wave equation derived from the Maxwell equations for a charge and current
free vacuum (p = 0, j = 0) looks according to [59] as follows:

0B
o _ 2.27
OE
VXB:EO'MO'E' (228)

Here, E is the electric field vector, B is the magnetic field vector, ¢ is the dielectric

constant of vacuum, p is the permeability of vacuum, and ¢ is the time. After using

the differential operator rot on both sides of Eq. 2.27 and substituting rot B from
Eq. 2.28 in Eq. 2.27 the wave equation in the following form [59]:

O’E

AE = —. 2.29

€oto 12 ( )

This vector wave equation (Eq. 2.29) describes a wave with an altering electric field
E(r, t) propagating in vacuum at the speed of light ¢ = 1/, /éopio-
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Assuming a periodic plane wave leads to the following expression for the wave
equation in complex notation [59]:

E = Egelr—ob) (2.30)

with the wave vector |k| = 27 /), the position vector r, the frequency w, and time t.
2.2.2.1 Electromagnetic (EM) waves in plasma

The wave equation for EM waves in refractive media (or material in general) is
shown in Eq. 2.31:
E= Eoefwn%efi(anl)%ei(k-rfwt) (231)

Two additional factors are present affecting the electric field along the propagation
path. The factor e~“*2%/¢ with the imaginary part x of the complex refractive n
describes the attenuation due to absorption of the electric field along the propagation
path As. Another common notation of the absorption uses the absorption coefficient
a in m~! according to Beer’s law of absorption a@ = 47k /\. Using the absorption
coefficient in the wave equation leads to the factor e=®**/2, which is identical to the
factor described above. According to Eq. 5.1, there is no absorption in a collision-free
plasma, since the refractive index is always real [59].

The second additional factor is e (" —1As/c¢ which describes the phase shift due
to the refractive media. The phase shift A¢ = w(n, — 1)As/c depends on the real
part n, of the complex refractive index n along the ray trajectory As. A refractive
media is therefore causing a change in the EM wave’s wavelength (A = A\pacyum/7r)
and its phase velocity (v,, = ¢/n,.) [59].

2.2.2.2 Electromagnetic (EM) waves in magnetized plasma

The wave equation in magnetized plasma is essentially the same as in section
2.2.2.1. However, there are some differences. Firstly, the refractive index in a
magnetized plasma can become complex even if no heavy particle collisions are
considered in the plasma leading to absorption. Furthermore, an applied magnetic
field affects the refractive index due to the dependency of the ray propagation direction
on the magnetic field vector. Therefore, the real part of the complex refractive index
can cause a different phase shift along the ray trajectory [59]. Additionally, the
presence of a magnetic field causes the so-called Faraday rotation. The Faraday
rotation along the wave path is calculated as follows [4]:

B - Nrp

7

¥, = 2.36 - 10* (2.32)

with B as the magnetic field, f as the electromagnetic wave frequency, and the total
electron count (TEC) Nr. The equation for TEC is given below:

NT:/Sne(s)ds, (2.33)

with the electron number density n. along the propagation path s.
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2.2.3 Signal characterization in BORAT

This section describes a novel model for characterizing signals, aiming to estimate
received power at an antenna and analyze the impact of plasma and magnetized
plasma. The model utilizes inputs such as ray tracing solutions, along with directivity
patterns or complex electric field patterns of both transmitting and receiving antennas.
Additionally, the model requires information on transmitting antenna power and
antenna mismatch. Antenna gain can either be derived from radiation patterns or
supplied as supplementary input data.

2.2.3.1 Friis transmission equation

The Friis Transmission Equation links the power received P, by one antenna to
the power transmitted P, by another antenna over a distance R [2]:

A\ o
P, = ecdtecdr<1 - |Ft|2)(1 - |F7’|2) <47TR> Dt(@t, cI’t)Dr(@r, cI)r)|Pt : Pr|2Pt, (2-34)
with
10 - Br]” = cos (1) (2.35)

where D; and D, are the directivities of the transmitting and receiving antenna,
respectively, e.q; and e.q. are the combined dielectric and conductive antenna efficien-
cies, (1 — |T|?) and (1 — |T',|?) are the efficiencies due to reflection mismatch (losses
due to the connection of the antenna to a transmission line), |p; - 4,|* is the power loss
factor due to polarization mismatch of the incoming wave and the receiving antenna
with the angle ¢, between the polarization vectors (see Fig. 2.11). In general, the
antenna polarization vector p describes the way the direction and magnitude of the
field vectors at a given point and how they change in time. Usually, the E-field
vector of the EM wave is used [2]. If the receiving and transmitting antenna are
both linear polarized and in the same plane, only the rotation of the polarization
vectors and their final orientation to each other are relevant. P, and P, are the
transmitted and received power without antenna losses, the distance between the
antennas or the wave path is R, and the wavelength of the electromagnetic wave
is A. Friis transmission equation is valid in the antenna far field. The angle 9, in

X2

™
3

Vp

X
Figure 2.11: Schematic of the angle 1), between the polarization vectors of the

incoming wave p; and the receiving antenna g, [2].

radians between the polarization vectors is obtained from the Faraday rotation along
the wave path in case a magnetic field is present (applied magnetic field, Earth’s
magnetic field in experiments).
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Additional losses Poss additionar [AB] in experiments, e.g cable losses, adapter losses,
or windows, need to be considered, which leads to the following equation for the
total received power P, totq; [dB]:

Pr,total - Pr - Ploss,additional- (236)
2.2.3.2 Electric field along the ray trajectory

The Friis transmission equation takes the losses related to distance, network
mismatches, and polarization changes in the case of spherical radiation into account.
Analyzing the electric field amplitude along the ray gives additional insights into
the effect of a plasma on the EM wave and ensures the correct path loss calculation.
Integrating theories of electromagnetic wave propagation and network introduces
the concept of multilayered media network theory. Consequently, the mode of
electromagnetic wave transmission in multilayered media can be transformed into
a cascaded model, offering simplicity in concepts and consistency in results [60].
Therefore, we use the formulation of the received power after [58] in the following
way:

P, = St : AAntenna,eff7 (237)
with B
t
St = NCT (2.38)
€0€r
and
ale (2.39)
A ntenna,e = —— Uy .
Ant eff 47_‘_

where G, is the antenna gain of the receiving antenna, Ej; is the electric field of
the radio signal reaching the receiving antenna, o and €y are the permeability and
permittivity of vacuum, respectively, and pu, and €, the permeability and permittivity
of the medium. S; is the Poynting vector, X is the wave length of the EM wave, and
Adntennacrs the effective antenna area.

The effective antenna area can be related to the electric field by replacing the
gain with the square of the absolute value of the electric field in a certain direction
at a distance r divided by the mean square electric field value in all directions at the
same distance r multiplied by the efficiency of the receiving antenna leading to the
following equation [57]:

)\2 |EZ'(’/’, @, (I))|2

. 2.40
ir YN B (2.40)

N

AAntenna,eff =

The Poynting vector in a specific direction is also related to the electric field as
following [61]:

1 2 1 2 |EZ'(7",@,(I))‘2
SR, 0,0) =P <47TR> Ge=F <4WR> SV B o) (241)
N

Combining the equations 2.38, and 2.41 leads to the following expression for the
calculation of the electric field at start position rgae (Tstare > 0):

Lo fr 1 \?|Ei(r,©,9)
Eu(roan, ©,0)| = |2,/ P( ) . 9.42
| BT stars ) €0Er ! AT tart ZﬁVIEi(n@,@)\Qedt ( )
N
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Figure 2.12 shows a schematic of the electric field calculation along a ray trajectory.
Tx and Rx are the transmitting and receiving antennas, respectively. The different
gray scales represent areas with different refractive indices. The black horizontal line
at position E; represents a reflective surface.

Figure 2.12: Schematic of the electric field calculation along a ray trajectory.

The amplitude of the electric field along the ray trajectory with a constant
refractive index is calculated by applying the wave equation [59]:

Ar

By = Eyet o= DG o~ o, (2.43)

Ar
“X¢ is the amplitude reduction due to heavy particle collisions and magnetic

—w(nr—l)%

where e

field effects with the imaginary part y of the complex refractive index n, e
is the phase shift due to the real part n, of the refractive index, kg is the norm of
the wave vector, w is the angular radio frequency, ¢ is the time, and ¢y the speed
of light. Since energy must flow over a surface, the evolution of the electric field is
related to a spreading factor describing the ray tube (ray area) A; at a specific point
i along the trajectory to a point before (i — 1):

. AO._ 2
Ay r?_, sin ===
_ -1 _ i—1 2
SE=\"4 =\ 2o 267 (2.44)
i T; sin =3

where ©; is the angle between the two adjacent rays at point 7, and ©;_; is the angle
between the two adjacent rays at point i — 1 [48].

At a point of refraction or reflection, the Fresnel coefficients need to be applied,
which are different for the electric field vector parallel to the plane of incident and
tangent to the plane of incident, and are described in the following:

2 2

_m _ a2
N1 Cosa — [54/n3 — nysina

Y
Etangent,incident Ny Ccos o + % n% — n% sin a2
Bl 42 o 2 012 2
Eparallel,reflection 12 Ty COS QU — MMy — Ny SN A
To— o Jn—rnsima?
parallel incident 2 n5 Ccos « + ny ns; nismao (245)

Etangent,reflection

Eparallel,refraction o 2”1”2 COS (v

- )
Eparallel,refraction %n% cos o + nyg ’I"L% _ TL% sin a2
Etangent,refraction 2”1 COS «v

;
Etangent,refraction %’I’L% cos & + Ny n% — TL% sin a2
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with the magnetic permeabilities j1; and s before and after the reflection or refraction
event, the refractive indices n; and ns before and after the reflection or refraction
event and the angle a between the normal of the surface at the reflection/refraction
point and the incident ray. The Fresnel coefficients account for the correct energy
transport.

An additional phase shift might occur for the tangent and parallel electric field
vector components depending on the ratio of the refractive index before and after the
reflection. In case the refractive index is greater after the reflection both electric field
components experience a phase shift of 7 if the reflection angle is greater than the
Brewster angle. If the reflection angle is smaller, only the tangent electric field vector
component experiences a phase shift of 7. In case the refractive index is smaller after
the reflection the phase shift of the tangent electric field vector component is zero if
the reflection angle is smaller than the total reflection angle, otherwise, the following
equation applies [59]:

2 -1 2
A¢p =2 - tan <2nl> \/sin a? — (ng> . (2.46)
n3 cos « ny

The parallel electric field vector component experiences a phase shift of 7 if
the reflection angle is smaller than the Brewster angle, a phase shift of zero if the
reflection angle is greater than the Brewster angle but smaller than the total reflection
angle, or a phase shift according to the following equation of the reflection angle is
greater than the total reflection angle:

1 -1 No 2
A¢p =2 -tan ( ) sin a? — () ) (2.47)
Cos o ny

The refraction and reflection processes with their Fresnel coefficients are responsi-
ble for an altered polarization vector along the ray trajectory. The polarization vector
experiences an additional rotation if a magnetic field is present. This additional
rotation is obtained from the Faraday rotation along the incremental wave path [4]:

B- Ny,
A

with B as the magnetic field, f as the electromagnetic wave frequency, and the total
electron count (TEC) Nz ;. The equation for TEC is given below:

Vi = 2.36 - 10 (2.48)

Nrp,; = /Sne(s)ds, (2.49)

with the electron number density n. along the incremental arc length s.
The Poynting vector of each ray reaching the receiving antenna is calculated
using Equation 2.38 with the amplitude of the electric field Ej .,q at this position.
Possible interference between rays reaching the receiving antenna aperture is
considered by converting the ray propagation path length differences into a phase
shift and calculating the interference loss factor (IFL) by applying the following
equation:

ILF = cos <A/\L . 27?) , (2.50)
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2.2. Signal characterization

with AL as the ray propagation length difference between the receiving rays, and
the wavelength .

Combining Equations 2.37, 2.38, 2.40, and 2.50 and adding the losses in the
antenna network according to the Friis equation ( Eq. 2.34) we get:

A %
P’r = (]- - |Ft|2) : (1 - |F'r|2) : |Pt : pr|2 ' St,end : E : Dr * Cedr ]LF, (251)
_ |Ei(r,0,9)]?
TSN Eres))’
N
o ’Et,end|2
tend — 9 Hopr

€0€Er
ILF = cos <A)\L . 27r> .

Equation 2.2.3.2 is a different form of the Friis transmission equation and is applied
to each ray reaching the receiving antenna and the total power Pg, received is then
calculated as the sum of the partial powers P, normalized by the number of rays N:

1 N
Pro =~ P (2.52)
N k

Possible additional losses Ploss additionat [dB] in experiments, e.g cable losses,
adapter losses, or windows, need to be considered as well, which leads to the similar
equation for the total received power Pgy 1ot [dB] as in the section above:

PRm,tatal - PR:c - -Ploss,additional‘ (253)
2.2.3.3 Scattering parameters

The antenna measurements are often performed using a Vector Network Analyzer
(VNA), which measures the amplitude and phase of the wave quantities [62]. The
magnitude of the complex S-parameters describes the amplitude ratio of the received
to the transmitted sinusoidal signal generated by the VNA and the phase of the
complex S-parameter corresponds to the phase difference between the incoming and
outgoing waves at each port of the VNA. In the definition of power waves, the waves
traveling away from a port of a n-port VNA are a = (ay, as, ..., a,,) and the waves
traveling towards a port are b = (b, bo, ..., b,) and are described as follows [63]:

a; = y/2F,,,and

bi = \/2P,.

Since we are only interested in the amount of power that is delivered to one or several
receiving antennas from one transmitting antenna we ignore the self-reflection at the
ports and are only concerned about the S-parameters Sy, ., to Sy, 4, Hence, these
S-parameters describe the ratio of the received to the transmitted power.

(2.54)

b,
Sb2 ;a1 - Pal )
(2.55)
P
Sbn,al an
ai
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Chapter 2. Background

Hereby, P,, stands for the transmitted power F;, and B, with i = 2 — n stands for
the received power P, at each receiving antenna.

2.2.3.4 Convergence criterion

The typical condition for the convergence of ray tracing techniques necessitates
resolutions at or below the scale of wavelengths of equivalent surface patches. This
condition is often quantified by the number of rays per wavelength, typically around
10 rays per wavelength, or by the dimensions of ray tubes at the equivalent surface,
commonly ranging from lambda/3 to lambda/6 in terms of edge lengths [64, 65]. To
determine the theoretical quantity of rays needed for satisfactory convergence, we
divide the total area of the Equivalent Sphere, denoted as Agg, by the area of a
ray tube, represented as Ap. This calculation yields the total number of ray tubes,
denoted as Nrp, as per Equation 2.56:

_ Ags

Np = —.
T4

(2.56)
Consicering an actual antenna rather than a whole sphere requires the substitution
of the Equivalent Sphere by the equivalent antenna aperture, which is the effective
antenna area. Reducing the dimensions to 2D leads to a conversion from an area
to a distance, which is the square root of the effective antenna area. The ray tube
area is substituted by the square root of the ray tube, which is the distance aperture
distance of the ray.

2.2.3.5 Signal characterization model in BORAT

The signal characterization in BORAT is implemented by the Ray Density
Refinement method. The Ray Density Refinement method enables the analysis of the
signal propagation and characterization in a wide radiation aperture and refining the
signal characterization considering the convergence criteria at the relevant antenna
positions. The signal characterization was implemented as an add-on to the ray
tracing analysis. After the raytracing solution is produced using Snell’s law solver or
the Eikonal solver either of the two methods can be applied. The methodology of
Ray Density Refinement is described as follows:

Ray Density Refinement method:

1. The rays closely reaching the antennas are identified and their original starting
angle is obtained.

2. A second ray tracing analysis is started using the identified min. and max.
initial radiation angles of each receiving antenna.

3. The rays hitting the receiving antenna aperture are identified and their receiving
power is calculated according to Equations (2.37-2.52) when analyzing the
electric field along the trajectory, or Equations (2.34-?7?7) when applying the
Friis equation.

4. The power of each ray is added, and the losses of the equipment are subtracted
using Eq. (2.53/2.36).

5. The S-parameters are calculated according to Eq. (6.5).
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3 BORAT - BlackOut RAy Tracer

This chapter contains the Development stages of BORAT starting from the original
version developed by Jan Thoemel to the current version including the possibility to
analyze magnetized and non-magnetized plasma including signal characterization.
The current BORAT wversion with signal characterization operates in 2D. The
rationale and the workflow of BORAT are explained as well.

Contents
3.1 BORAT development stages
3.2 BORAT rationale 44




Chapter 3. BORAT - BlackOut RAy Tracer

3.1 BORAT development stages

BORAT 1.0, developed by Jan Thoemel, uses the Snell’s law solver to calculate
the trajectory of a ray’s propagation within the refractive index field in the numerical
flow domain, based on geometrical optics.

Vincent F. Giangaspero (KU Leuven) developed BORAT 2.0, which introduces
the Eikonal Solver. This solver, based on wave optics principles, provides faster
computation than the Snell’s law solver while maintaining similar accuracy. The need
for computational efficiency led to the development of BORAT 3.0, which expands
the ray tracing algorithm to three dimensions, with the third dimension introduced
by Vincent F. Giangaspero.

BORAT 4.0 is designed to analyze the effects of a magnetic field and uses the
Snell’s law solver to determine the ray’s propagation path in magnetized plasma.

BORAT 5.1 introduces signal characterization for non-magnetized plasma to
study the impact of a plasma environment on signal characteristics.

Finally, BORAT 5.2 integrates both signal characterization and the magnetic
Eikonal Solver to investigate the effects of magnetized plasma on radio signals.

An overview of the BORAT versions is depicted in Figure (3.1).

— S

Snell’s law

Geometric optics

Y Y
By Jan Thoemel By Vincent F. Giangaspero (KU Leuven)
BORAT 4.0 BORAT 5.1
Snell’s law 2D signal characterization
Magnetized plasma Experiment validation

BORAT 5.2

2D signal characterization,
Parallel MHD Eikonal solver

Magnetized plasma

Figure 3.1: BORAT development stages.

3.2 BORAT rationale

The rationale of BORAT 5.2 is shown in Fig. (5.1). Performing a numerical anal-
ysis of the radio communication blackout with BORAT necessitates a Computational
Fluid Dynamics (CFD) simulation as an input. The separation of the ray tracing
analysis from the fluid computation is justified due to the difference in time scales
between multi-species hypersonic flows (milliseconds) and radio waves (nanoseconds)
[66]. This allows for the integration of any CEFD software by incorporating the
necessary 1/O capabilities into BORAT. Essential fluid properties within the flow
domain, such as gas composition, temperature models, and magnetic field data,
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3.2. BORAT rationale

1. Fluid Solver

(CFD simulation)

Electron number density, N,

2. Plasma Optical
Properties
(Refractive index)

Refractive index field, u

3. EM Propagation i ]
(Ray Tracing with | 1
Eikonal solver)

Refractive index recalculation

Final propagation angle, 6

4. Signal
Characterization

Figure 3.2: Rationale for BORAT with Signal Characterization for Magnetized
Plasma.

are gathered. Subsequently, the electron number densities in the flow domain are
computed from these fluid properties.

The next step involves calculating the plasma optical properties using the
Appleton-Hartree equation (refer to section 5.1.2). Depending on the antenna
aperture, antenna position, the refractive index field, and the applied magnetic
field, either the Snell’s law solver or the Eikonal solver is employed to forecast the
ray propagation. If a magnetic field is present, the refractive index field must be
recalculated after each ray step size because the refractive index in magnetized
plasma depends on the angle between the ray vector and the B-field vector.

The ray tracing solution, along with the antenna characteristics information, is
needed to characterize the radio signal. Parameters such as the radiation pattern,
energy, and intensity along the ray trajectory are computed. A comprehensive
workflow is depicted in Fig. (6.1).

Fluid Solver If a magnetic field applied Antenna
(CFD simulation) - Refractive index characteristics

recalculation

Geometrical

Data Import Optical

properties

Ray-Tracing

Signal
characterization

model

* Fluid domain * Boundaries, » Refractive * Snell’s law « Radiation

« Electron reflective index p in solver pattern of
number areas, domain « Eikonal solution
density N meshing * Refractive solver « Transmitted/

* Temperature * Antenna index « Solution file Received
models position, gradients « Ray power

aperture and

* Magnetic
field

propagation

frequency path

Figure 3.3: Workflow of BORAT with Signal Characterization for Magnetized Plasma.
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4 Magnetized plasma:
Two dimensional study

BORAT 4.0, based on a Snell’s law solver, is introduced to analyze the signal
behavior during re-entry using geometrical optics for non-magnetized and magnetized
plasma. The ray tracing analysis is performed on Knapp’s case fluid simulations
provided by the University of Stuttgart. The effect of an applied magnetic field on
ray tracing is discussed and visualized using radiation patterns. The results suggest
that a sufficiently strong magnetic field is promising to mitigate radio communication
blackout.

This chapter is based on the work published in the following research paper:

e J. S. Laur, V. F. Giangaspero, V. Sharma, A. Lani, N. Donaldson, M. K. Kim,
J. Giacomelli, G. Herdrich, A. Hein, and J. Thoemel, “Radio communication
blackout mitigation: Analyzing magnetic field effects via ray-tracing analysis,”
ATAA Journal, pp. 1-12, Apr. 2024.
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Chapter 4. Magnetized plasma:
Two dimensional study

4.1 Overview

The work presented in this article includes the capability of two-dimensional ray
tracing for magnetized plasma. This enables the prediction of the propagation of
electromagnetic waves in re-entry plasma using a magnetic field to mitigate radio
communication blackout. Within this work the signal path in the absence and
presence of a magnetic field for the Knapp’s test case [67] using a novel ray tracing
algorithm is analyzed. Knapp’s test case is an experiment involving an argon plasma
flow impacting on a MHD-probe equipped with a variable number of magnets in
order to investigate the effects of the magnetic fields [68, 3]. It was numerically
rebuilt by the computational fluid dynamics (CFD) codes employed by the MEESST
consortium [67]. In Knapp’s test cases, a probe was equipped with different magnet
systems designed to alter the shape of the plasma sheath surrounding it. The
experiments investigated the interaction between an MHD probe and an argon
plasma flow and assessed the effects of a magnetic field with different intensities on
the shock structure and heat flux. The experiments were carried out at IRS in the
plasma wind tunnel PWK1 and the plasma source was the magnetoplasmadynamic
(MPD) plasma generator RD5. The head of the probe is semi-spherical and has a
50-mm diameter. One to six neodymium permanent magnets with a nickel coating
are positioned 5 mm behind the probe head surface at the centerline. The maximum
measured magnetic flux in front of the probe was 0.265 T when using six magnets.

4.1.1 BORAT 4.0

BORAT 4.0 predicts the ray propagation of electromagnetic waves emerged from
an antenna within a magnetized plasma. Analyzing the wave propagation using
BORAT 4.0 requires the following steps illustrated in Fig. 4.1.

\r |m"| %10
“‘ “
I ;
)
H
D 04 08
X [m]

1. Fluid Solver T
(CFD simulation) =

Electron number density, N,

2. Plasma Optical |8 >
Properties e | B

X

(Refractive index) e .
Refractive index field, u v‘v

3. EM Propagation [
Refractive index recalculation (Ray Tracing with g
Snell’s law solver) of

Final propagation angle, 6

Figure 4.1: Illustration of the rationale for BORAT 4.0.

First, a CFD simulation of a re-entry trajectory point - in this work the simulation
results of Knapp’s case [67] - is required as input for the code. The CFD solution
provides the coordinates and fluid properties in the cells or on the nodes. All the
relevant information in the flow domain to calculate the electron number densities
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4.1. Overview

are gathered (e.g densities, number of species, temperatures, etc.). The electron
number densities can be, in case they are not provided directly, obtained from the
partial densities or the molar fractions of the species. In case a magnetic field is
applied, the information of the magnetic field properties in the domain are required
as well. The vehicle or probe geometry and the domain boundaries are identified
and rebuilt from the CFD simulation to account for reflections of the radio signal
on the vehicle and to stop the ray calculation at the domain boundary, respectively.
Afterward, the optical properties, i.e., the refractive indexes, are calculated in the
flow domain, which is required to determine the refraction or reflection of the ray by
applying Snell’s law. BORAT is in general also capable of calculating the refractive
index considering heavy particle collisions. In this case, BORAT is coupled with
Mutation++ developed by VKI. Mutation++ is an open-source library to provide
thermodynamic, transport, chemistry, and energy transfer properties associated
with subsonic to hypersonic flows, which is used to calculate the correct collision
frequency [69]. Finally, the ray paths are calculated and plotted in the domain, and
the radiation patterns are plotted.

4.1.2 Optical properties in BORAT 4.0 - the refractive index

The governing equation to calculate the refractive index of a non-magnetized,
collision-less plasma can be found in Section 2.1.3.4, Eq. 5.1 and is repeated hereafter:

n=p=vV1-X-= 1—(?’)2, (4.1)

with

fp = kN, and (4.2)

k=e?/ (4772607716) : (4.3)

Since a magnetized plasma is considered as well, the equation to calculate the
refractive index of a magnetized, collision-less plasma is, for convenience, repeated
here (see Eq. 7?7 in Section 2.1.3.2):

2 )2 as
n® = (p—xi) =1- Y2sin?(0) Ysin*(©) | (4.4)
1-— 2(1—X) \14(1_)()2 —I-YQCOSQ(@)
with
X =N/ (cmew?),
VB i (4.5)

w=2nf.

4.1.3 BORAT 4.0 scheme and solver for magnetized plasma:
Snell’s law solver

In BORAT 4.0 the Snell’s law solver was extended to account for MHD effects.
A detailed description of the Snell’s law solver can be found in Section 2.1.2.1.

The scheme of BORAT for magnetized plasma is shown in Fig. 4.2. As mentioned
earlier, a fluid simulation is required as input to get the relevant parameters in the
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fluid domain. Then, the initial start conditions are set (number of rays, aperture
angle, position of rays). Next, the refractive index at the start condition for the first
ray is calculated and marched the first ray step according the step size. The position
and angle at this step are saved. If no boundary is reached the refractive index at
the second ray position is recalculated and again Snell’s law is applied to identify
the next ray step. This procedure continues until the ray reaches the boundary and
the next ray is calculated. After all ray paths have been calculated the rays will be
drawn and BORAT exits. In case of a non-magnetized plasma, the recalculation
of the refractive index after each step is not required, since the refractive index is
independent from the ray propagation.

Initializ
Increase ray count c:onditiaolng,ef;'rmrays
(Lto N) (position, angle)

Calculate refractive
index using initial start
condition of the ray
Calculate refractive
index using new
condition of the ray

Snell’s law to calculate a
ray step

Save the conditions for
the ray at the first
marching
distance(position, angle)

Domain Boundary
Reached?

Yes

Ray count
=N?

exit BORAT

Figure 4.2: BORAT scheme for magnetized plasma.

4.1.4 Radiation pattern in BORAT 4.0

Radiation patterns are common to show the aperture angle and signal strength
of antennas. The radiation patterns provide a better visualization of the ray tracing
solutions and show the aperture angle of the rays leaving the flow domain. In this
BORAT version, the angular power density U;(s) emitted by the antenna is calculated
using the following eq. [48]:

Pantenna AQ (0)

Ui(s) = o gAQi(s)’

(4.6)

where Puienna 18 the emitted power by the antenna, g is the antenna gain, A#(0) the
angle between two adjacent rays (n and n+1) at initial conditions and A#;(s) the
angle at position s between the ray n and n+1. Only rays, which are leaving the
domain are considered in the radiation pattern. Rays, which get fully attenuated by
the plasma are not counted.
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4.2 Results and Discussion

A ray tracing analysis using BORAT for Knapp’s case, provided by the MEESST
project partner at IRS, University of Stuttgart, was performed to investigate the
influence of the magnetic field on the ray propagation. The in-house code SAMSA
(Self- and Applied Field MPD-thrusters Algorithm) of IRS is used to compute the
flow field with a mesh composed of 26987 triangular cells. A second—order Weighted
Essentially Non—Oscillatory (WENO) scheme is used and an explicit time integration
is done to achieve a steady-state solution. Ohm’s laws for plasmas and the Maxwell
Equations in the vector potential formulation are used to calculate the magnetic field
distribution. The Argon flow is simulated using a three-species model (free electrons,
neutral Argon particles, and first-level ionized Argon ions). Thermal non-equilibrium
is assumed. In the forward reaction only the electron impact ionization is considered
and the neutralization through triple collision recombination in the backward reaction.
More information can be found in the literature [67, 70]. The following conditions
were used to perform the test campaign:

« radio signal frequency of 71 GHz (V Band);

e 50 rays with an initial aperture angle of 160°;

« initial start position of the rays at X = 0.334 m and Y = 0.0252 m;

e Snell’s law solver with a step size of 0.002 m;

o neglecting collisions in plasma;

o only right-hand polarized waves for magnetized plasma.

Figure 4.3 shows the flow domain of Knapp’s case. The outer boundary on the left
side of the probe in blue is the geometry of the vacuum chamber with the plasma
generator exit between X = 0 m and X = 0.85 m, and Y < 0.4 m. The antenna
position at the probe with its radiation angle is marked as well.

Radiation angle: 160°

1 “ '
— MU BEPU TR S T PR B B PR B |
0 0.1 0.2 0.3 \ 0.4 0.5 0.6 0.7 0.8

X [m]

Antenna position

Figure 4.3: The flow domain of Knapp’s case extracted from the CFD solution
provided by IRS, University of Stuttgart.

A schematic of the design of the probe is shown in Fig. 4.4. This water cooled copper
probe with a probe head radius of 25 mm can contain up to 6 stacked magnets in its
core.
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For this test campaign four different scenarios were analyzed:

o No magnet within the probe;

e 1 magnet within the probe ;

» 6 magnets within the probe;

« 6 magnets within the probe with artificially increased magnetic field strength
by factor 10;

Water cooled copper probe

Figure 4.4: Schematic of the probe of Knapp’s case, which can contain up to 6
magnets.[3]

Based on the conditions of Knapp’s test cases, an antenna position was found where
the electron density is low enough to allow wave propagation and where the magnetic
strength is high enough to influence the ray propagation. The antenna position to
start the rays was chosen to be in the proximity of the magnetic field and as close as
possible to the probe surface. Decreasing the radio frequency leads to a greater radial
distance of the start conditions because of a decrease of the refractive index (all rays
would be instantly blocked). Further increasing the radio frequency would lead to
an increased refractive index and therefore non-refracted rays. The magnetic field
strength and the antenna position for the two cases with 1 magnet, and 6 magnets
are shown in Fig. 4.5 (a), and (b), respectively. The magnetic fields are peaking
at the tip of the probe. The experimental measured B-field values at the tip of the
probe are, according to Knapp, 0.2 T for the case with 1 magnet (a) and 0.265 T
for the case with 6 magnets (b), respectively. These weak magnetic fields have a
small range. The magnet field strength at the starting position of the rays is below
0.05 T for the 6 magnet case and around 0.01 T for the 1 magnet case, respectively.
Such weak magnetic fields have a limited influence on the ray tracing solution. The
step size independent study for a single ray of the non-magnetized plasma case is
shown in Fig. 4.6. A step size of 0.002 m was chosen with respect to accuracy and
computational resources.

4.2.1 Fluid simulation of Knapp’s case

According to the described rationale in section 3.2, first, the electron number
densities in the flow domain are required. The electron number densities in the flow
domain for (a) a non-MHD case, an MHD case with (b) 1 magnet, and (c) 6 magnets
are shown in Fig. 4.7. For a better visualization the max. electron number density
in the contour plot is limited to the critical electron number density (6.26 - 101 m™3).
The overall maximum electron number density in the flow domain is 1.7 - 10?2 m~3.
The electron number densities at the tip of the probe (stagnation point) are high and
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Figure 4.5: Contour plot of magnetic field strength for the cases with 1 magnet, and
6 magnets as zoom into the important areas.

decrease along the shoulder. Further downstream on the boundary of the probe the
electron number density is increasing again and reaches its max. at around X = 0.6
m. The increased shock standoff distance is also very visible for the case with 6
magnets within the probe.

4.2.2 |Initial refractive index in the flow domain

The initial refractive index in the flow is shown as a contour plot in Fig. 4.8,
which directly corresponds to the electron number density. This will change for
magnetized plasma as described earlier. The refractive index at the tip of the probe
is zero (black), which leads to total reflection. Around the shoulders, the refractive
index stays zero and increases further downstream and for greater radii. As shown
in Fig. 4.7, the refractive index is decreasing again around the probe surface further
downstream and peaks at around X = 0.6 m. Between Fig. 4.8 (a) and (b) is no
significant difference is visible. Again, in Fig. 4.8 (c¢) the increased standoff distance
is clearly visible.
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Figure 4.6: Step size independent study of a single ray for the non-magnetized plasma
case with the refractive index in the flow domain as a contour plot.

4.2.3 Ray tracing analysis of Knapp’s case

The results of the ray tracing analysis for (a) the non-MHD, (b) 1 magnet and
(c) 6 magnets case are shown in Fig. 4.9. A ray density analysis was performed to
identify a sufficient number of rays, leading to 2 rays per degree, which makes a total
of 320 rays in these ray tracing solutions. As mentioned earlier, the refractive index
is locally changing while the wave is propagating through the magnetized plasma
because the refractive index depends on the angle between the wave vector and the
B-field vector as well as the B-field strength. This is the reason why for magnetized
plasma cases a different display style was chosen for the refractive index. Here, the
refractive index is displayed as ray color. Purple stands for a low refractive index
and dark red for a high refractive index.

The chosen simulation conditions lead to brownout conditions where rays are
able to escape the plasma. This is of interest to further analyze the influence of
the magnetic field. All of the rays in Fig. 4.9 (a) are heavily refracted towards the
starting point and also reflected at the shoulder region. When the electron number
density increases further downstream, the rays are refracted and form a very small
aperture angle when they leave the flow domain. Applying a magnetic field using
1 magnet leads to a very similar case, as shown in Fig. 4.9 (b). The rays seem to
be less refracted along their path, especially the heavy bending region around the
shoulder looks smaller. However, the weak influence of the magnetic field of the 1
magnet case together with the close relation to the non-magnetized case show that
the model is correct. The aperture angle at the flow domain boundary is about the
same size as the non-MHD case with one ray further apart from the others. If 6
magnets are implemented in the probe the ray tracing solution changes significantly.
The rays are much weaker bent and the aperture angle increased, as shown in Fig.
4.9 (c).

In order to obtain an outlook to the impact of higher magnetic field strength, an
artificially increased magnetic field strength is assumed in the following ray tracing
analysis. According to literature magnetic field strength of 1 T or higher promises to
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Figure 4.7: Electron number densities in the flow domain for (a) a non-MHD case,
an MHD case with (b) 1 magnet, and (c) 6 magnets. The contour plot is limited to
the critical electron number density at a frequency of 71 GHz.
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Figure 4.8: Refractive indexes in flow domain for (a) a non-MHD case, an MHD case
with (b) 1 magnet and (c) 6 magnets before launching rays.
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avoid radio communication blackout [18]. The design of the superconducting magnet
of the MEESST project aims to provide a magnetic field strength of up to 2 T. The
magnetic field was artificially increased by a factor of 10 to have a greater impact
on the raytracing solution. The results of this artificially increasing is shown in Fig.
4.10 for the 6 magnets case. The authors want to repeat, that the magnetic field
is artificially increased by a factor of 10 assuming the electron density and electron
distribution are not changing, which is not true. Hence, no valid comparison between
neglected collisions and collisions can be made at this stage. The authors want to
give a possible outlook on how the raytracing solution could change when applying a
stronger magnetic field.

Comparing Knapp’s 6 magnets case with an artificially increased magnetic field
strength with its own standard case, a tremendously increased aperture angle and a
very even ray distribution over the aperture angle can be detected (see Fig. 4.10).
The aperture angle seems to be double as wide as for the non-MHD case (Fig. 4.9
(a)). The refractive indexes, which are the rays facing during its propagation through
the plasma, look lower because of the magnetic field. This underlines the behavior
that was analyzed for the standard MHD cases without increased magnetic field.
The behavior of the artificially increased magnetic field cases shows the expected
trend. This leads to the conclusion that significant magnetic field strength is required,
which affects at first the fluid flow and second the ray propagation. It also shows
the possibilities of the magnetic windowing method. The improvements in high-
temperature superconducting materials, which enabled the MEESST project, can
create such a sufficiently strong magnetic field in an economic way.

4.2.4 Radiation pattern of Knapp’s case simulations

An ideal antenna was assumed with an uniform radiation over the aperture angle
and an antenna gain of 1 [71]. The calculated angular power density as described in
eq. 4.6 is converted into dB. Without any interference and within a const. refractive
index the resulting radiation pattern is shown in Fig. 4.11 as uniform blue line over
the initial aperture angle of 160°.

In Table 4.1 the min. and max. aperture angles are listed for the initial, non-MHD
and all magnetic cases. It clearly shows a decrease of the min. radiation angle if a
plasma is present and the magnetic field strength increases. The max. radiation angle
is decreasing for the 1 magnet case compared to the non-MHD case but increasing
when 6 magnets are used. Applying a magnetic field changes in these cases both,
the min. and the max. radiation angle.

Table 4.1: Comparison of min. and max. radiation angle of all cases and at initial
conditions (absence of plasma).

Max. radiation Min. radiation
Case

angle [°] angle [°]
Initial 170 10
Non-MHD 76.4 54.4
1 magnet 74.9 52.8
6 magnets 76.4 51.5
6 magnets, 10B 91.0 50.9

In Table 4.2 the aperture angles for the non-MHD, magnetized plasma cases are
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Figure 4.9: Ray tracing solution for (a) non-MHD case, MHD case with (b) 1 magnet,
and (c) 6 magnets with the refractive index /mu as color-bar.
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Figure 4.10: Ray tracing solution for 6 magnets and artificially increased B-field by
a factor of 10 with the refractive index /mu as color-bar.

compared. The non-MHD case has an aperture angle of 22°. The aperture angle
of the 1 magnet case is increased by 0.45% compared to the non-MHD case and
has an aperture angle of 22.1°. Comparing the 6 magnets case to the non-MHD
case, the aperture angle is increased by 13.1% and spans 24.9°. According to the
radiation patterns the signal strength gets lower for larger aperture angles, which
means the same amount of power is radiated on a bigger area. It is also visible that
areas with higher ray density lead to a stronger signal. Interference and other signal
properties are not covered in this work and can have a significant influence on the
signal strength and quality.

Table 4.2: Comparison of the radiation aperture angle and the aperture angle increase
compared to non-MHD case.

Aperture Aperture angle

Case angle [°]  increase [%]
Non-MHD 22.0 -
1 magnet 22.1 0.45
6 magnets 24.9 13.1
6 magnets, 10B 34.5 82.3

Analyzing the radiation patterns for the non-MHD and 1 magnet case in Fig.
4.11 (a) shows a very similar aperture angle. In Table 4.1 can be seen that the max.
radiation angle decreased by 1.5° and the min. radiation angle decreased by 1.6° for
the 1 magnet case compared to the non-MHD case. This leads to an aperture angle
increase of 0.45 %. The angular power density is peaking to 0 dB at one position
similar to the non-MHD case and is overall in the same range for both cases. The
radiation pattern for the artificially increased magnetic field case with 6 magnets in
Fig. 4.11 (c¢) shows that both, the max. aperture angle and the min. angle changed
compared to the standard magnetic cases. The max. angle increased by 14.6° and
the min. angle decreased by 0.6° compared to the standard 6 magnet case, which is
an increase of 38.6% comparing these two cases. The aperture angle of the artificially
increased 6 magnets case increased by 82.3% according to Table 4.2 compared to
the non-MHD case. The 6 magnets cases are peaking up to 0 dB at two positions
but have overall a reduced angular power density compared to the non-MHD and 1
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Figure 4.11: Radiation patterns for (a) initial start conditions, non-MHD and 1
magnet case, (b) initial start conditions, non-MHD and 6 magnets case, and (c)
initial start conditions, non-MHD and 6 magnets case with artificially increased
magnetic field.
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magnet cases. Since the aperture angle increased the signal strength decreased. The
signal strength over the increased radiation angle has decreased as expected and fits
very well to the ray densities in Fig. 4.9 and 4.10.

4.3 Conclusion

The weak magnetic fields applied in Knapp’s cases show already a significant
influence on the ray tracing solution. The flow field changed due to the presence of
the magnetic field and the coupled influence of the magnetic field and the EM wave
has an even higher effect on the ray tracing solution, as seen in the comparison of
the non-MHD case with the MHD cases. Artificially increasing the B-field shows a
significant impact for the 6 magnets case. It can be concluded that a strong enough
magnetic field is required to change the flow field, which agrees with the literature.
In general, the results show an increase in the aperture angle for the MHD cases
with increasing magnetic field strength. It is promising that further increasing the
magnetic field strength will reduce or totally avoid the radio blackout. Another
consequence of the radiation pattern analysis is that a brownout case needs to be
further defined. If the receiving antenna aperture is not covering the aperture of the
refracted signal, blackout conditions are present. In case the receiver receives the
signal the power density can be stronger because of bundling the radiated energy or
even weaker and noisier due to refraction.

The next step will be to analyze fluid simulations with stronger magnetic fields
and re-entry vehicles like ARD or ExoMars with an applied filed. Furthermore,
satellite communication aspects need to be implemented to fully analyze the signal
quality. Additionally, collisions could be considered for stronger magnetic fields.
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5 Signal characterization:
Two-dimensional study

To enhance its capabilities for predicting signal propagation in the plasma domain
surrounding a hypersonic vehicle, the BlackOut RAy Tracer (BORAT) underwent
further development. A critical aspect of a comprehensive understanding of the
communication cutoff phenomenon, thus blackout, is the characterization of the elec-
tromagnetic signal emitted from a radiation source like an antenna. This functionality
has been integrated into BORAT 5.1. This updated version employs two methods:
the first method utilizes the standard Friis equation to determine the received power
at a receiving antenna, while the second method analyzes the electric field along the
ray trajectory, coupled with an extended version of the Friis equation, to calculate
the received power at the receiver side. The signal characteristics analysis focuses
on a narrow area around the antenna, aiming for improved accuracy while achieving
convergence with a slight increase in computational resources. The validity of the
latter method is confirmed through plasma wind tunnel experiments conducted at the
von Karman Institute for Fluid Dynamics (VKI). The experimental setup involves a
transmitting antenna and a receiving antenna linked by a Vector Network Analyzer
(VNA) to measure scattering parameters, including the magnitude and phase of the
ratio between received and transmitted signals. The numerical tools exhibit a strong
correlation with the experimental measurements conducted at VKI. Potential sources
of error, such as plasma fluctuations, numerical inaccuracies, and signal losses, are
duly addressed.

This chapter is based on the work published in the following research paper:

e J.S. Laur, V. F. Giangaspero, V. Sharma, A. Lani, D. Luis, A. Viladegut, J. L.
Gonzales Rios, J. Querol, J. A. Vasquez Peralvo, J. C. Merlano Duncan, A. M.
Hein, and J. Thoemel, “Radio Communication Blackout Mitigation: Validation
of 2D Ray Tracing and Signal Analysis in Non-Magnetized Plasmas,” ATAA
Journal. (not published yet)
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5.1. Overview

5.1 Overview

In this work, we present the progress of raytracing algorithms based on the
Eikonal equations and Snell’s law and include the physics of wave propagation. The
latest version of BORAT can perform a 2D ray tracing analysis for non-magnetized
plasma in combination with the signal characterization. The scattering parameter is
calculated by applying an extended Friis transmission equation on the rays reaching
the receiving antenna considering various effects like the effect of plasma, polarization
changes, interference, and transmission mismatches.

5.1.1 BORAT 5.1 rationale and scheme

The signal characterization is added in BORAT 5.1 to investigate the effects
of the plasma on a radio signal without the effect of an applied magnetic field.
The rationale of version 5.1 is shown in Fig. 5.1. A numerical analysis of the radio

1. Fluid Solver o 1.
(CFD simulation) ! \
% 2w e w
X [m]
0

Electronnumber density, N ‘
2. Plasma Optical

Properties
(Refractive index)

3. EM Propagation |58
(Ray Tracing) T

4. Signal
Characterization

Refractive index field,

Final propagation angle, 6

Figure 5.1: Rationale for BORAT 5.1 with signal characterization for non-magnetized
plasmas.

communication blackout using BORAT 5.1 requires a Computational Fluid Dynamics
(CFD) simulation as input. Providing fluid properties inside the flow domain, e.g.,
gas composition, temperature models, and magnetic field information. In the next
step, the electron number densities in the flow domain are obtained.

Afterward, the plasma optical properties are calculated using the Appleton-
Hartree equation (see section 5.1.2). The Snell’s law solver or the Eikonal solver
is then used to predict the ray propagation depending on the antenna aperture,
antenna position, the refractive index field.

The ray tracing solution together with the information of the transmitting antenna
characteristics is required as input to characterize the radio signal. The power received
by the receiving antenna and the scattering parameter are calculated and possible
errors are estimated. A detailed workflow is described in Fig. 6.1.

5.1.2 BORAT 5.1: Plasma optical properties

The cold plasma approximation, which neglects the thermal motion of the elec-
trons, is valid for atmospheric entries or hypersonic flow plasmas since hypersonic
atmospheric entry flows are weakly ionized and we are considering radio signals,
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Figure 5.2: Workflow of BORAT 5.1 with signal characterization for non-magnetized
Plasmas.

which travel close to the vacuum speed of light, in a plasma with a thermal electron
velocity much smaller than the speed of light [54].

The governing equation to calculate the refractive index of a non-magnetized,
collision-less plasma can be found in Section 2.1.3.4, Eq. 5.1 and is also repeated
hereafter:

n=p=v1-X= 1—(?)2, (5.1)

fp =/ kN, and (5.2)

k= e’/ (4n’come) . (5.3)
5.1.3 BORAT 5.1 ray tracing solvers

In version 5.1 the signal characterization is implemented for the Snell’s law solver
and the Eikonal solver. A detailed description of the Snell’s law solver can be found
in Section 2.1.2.1. A detailed description of the Eikonal solver can be found in
Section 2.1.2.3.

with

5.1.4 Signal characterization

The novel signal characterization model to analyze the effect of plasma was added.
A detailed description can be found in Section 2.2.3. The most important equation,
the extended Friis equation, to account for plasma effects is repeated hereafter (see

Eq. 7?):

2. [Brona 2 N2 |Ey(r, 0, )2

9 [Hopr 472 |E;(r,0,9)|?
eoer =~

P = (1 - |Ft|2> ) (1 - |Fr|2) ) |/6t ’ ﬁr €cdr; (5'4)

with the caclulation of the electric field along the ray trajectory (see Eq. 2.43):

By = Byettnhog (=05 X5 g (5.5)

The S-parameter is then calculated using Eq. 6.5 considering the convergence
criterion, which is described in Section 2.2.3.4 to deliver the required number of rays
to reduce numerical errors. The Ray Density Refinement method is used to perform
the signal characterization at relevant antenna positions.
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5.2 Results and Discussion

5.2.1 Non-plasma model verification using CST Studio Suite

5.2.1.1 Test case description

The first verification cases are a comparison of antenna simulations using Daussalt
Systems’ CST Studio Suite [72]. A two antenna configuration facing each other
with various distances is simulated in CST and the calculated S-parameters are
compared. In these cases, only the free space loss is relevant. Polarization losses,
plasma attenuation, and interference are negligible because of the absence of plasma
the ray trajectories are straight lines with almost similar lengths when reaching the
receiving antenna, and therefore no contribution to polarization changes is present.
In CST the Time Domain Solver is used for the calculations, which is a 3D full-
wave solver, with both finite integration technique and transmission line matrix
implementations. The test case parameters are summarized in Table 5.1: Four

Table 5.1: CST non-plasma verification test case parameters.

Antenna distance Field recion Transmitted power Efficiency
[m) i W] %]
0.1 Near field 0.343 36.4
0.2 Far field 0.343 31.5
0.4 Far field 0.343 33.8
0.8 Far field 0.343 33.5

different distances are analyzed in which the shortest, with 0.1 m, is in the near field.
The other three distances of 0.2 m, 0.4 m, and 0.8 m are in the far field regime. The
transmitted power for all cases is 0.343 W. The power value was obtained from CST
and corresponds to the accepted antenna power. The efficiencies for distances of 0.1
m, 0.2 m, 0.4 m, and 0.8 m are 36.4 %, 31.5 %, 33.8 %, and 33.5 %, respectively, and
are obtained from CST. The schematic of the antenna used for the CST simulations

90°
120° dB o0
150° 30°
I E— 180° 0°0
210° 33(0°
240° 300°
OO

(a) (b)

Figure 5.3: Schematic of the 2.4 GHz patch antenna (a) and its directivity pattern
in ® = 0° direction reconstructed in Matlab (b).

and its radiation pattern is shown in Fig. 5.3 (a), and (b) respectively. It is a
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rectangular 2.4 GHZ patch antenna with a substrate thickness of 1.6 mm and 35
pm copper electrodes. The accepted input power at the port is 0.343 W for all test
cases, which was calculated in CST for a single antenna configuration.

90° dB 90°
120° 60° 120° dB  4pe
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180° 0° O 180° 00
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() (d)

Figure 5.4: Directivity patterns of the 2.4 GHz patch antenna at ® = 0° direction
for antenna distances of (a) 0.1 m, (b) 0.2 m, (c¢) 0.4 m, and (d) 0.8 m.

Various distances from 0.1 m (near field) to 0.8 (far field) are analyzed to identify
if there is an antenna coupling effect and the validity of the signal characterization
model in the near field. The radiation patterns differ if the two antennas face
each other and gradually adjust towards the single antenna pattern for greater
distances as seen in Fig. 5.4. This shows a strong coupling between the antennas
decreasing for greater distances. However, this coupling has an influence on the
signal characterization method for near field distances.
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The computational domains and their ray tracing solution for the four test cases
with a ray density of 0.5 rays per degree are shown in Fig. 5.5. A constant number
of rays per degree shows the necessity to increase the number of rays per degree with
increasing distance. A non-plasma case results in a ray-tracing solution with straight
lines and a constant refractive index of one. The radiation aperture for all cases is
180 o from 90 o to 270 o.
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Figure 5.5: Computation domain and ray tracing solution of BORAT for antenna
distances of (a) 0.1 m, (b) 0.2 m, (¢) 0.4 m, and (d) 0.8 m.

69



Chapter 5. Signal characterization:
Two-dimensional study

5.2.1.2 Convergence analysis

It is obvious from Fig. 5.5 that the ray density needs to increase for greater
distances to reach the receiving antenna at coordinates X =Y = 0. The required
ray density for each case according to the convergence criterion is summarized in
Table 5.2. For an antenna distance of 100 mm, a ray density of 2.13 rays per degree
is required. In the case of a distance of 200 mm, the convergence criterion indicates
that 4.57 rays per degree are necessary. 9.27 rays per degree and 18.59 rays per
degree are required for a distance of 400 mm and 800 mm, respectively. Since the

Table 5.2: Rays per degree required to reach convergence for CST non-plasma
verification test cases.

Antenna distance
Rays per degree

[m]

0.1 2.13
0.2 4.57
0.4 9.27
0.8 18.59

number of rays per degree required to reach convergence might lead to a value, which
is not an integer but a floating number, the number of rays applied in the Ray
Density Refinement method is rounded to the closest integer value. This leads to ray
densities of 2.11, 4.57, 9.29, and 11.14 rays per degree for the 100 mm, 200 mm, 400
mm, and 800 mm cases, respectively. A detailed convergence analysis was performed
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Figure 5.6: Convergence analysis in BORAT for antenna distances of 0.1 m.

for the case with 0.1 m distance (see Fig. 5.6. Comparing the S-parameters for
various numbers of rays per degree shows a convergence of the solution to around -22
dB at 2 rays per degree for both the Friis equation and the Friis equation coupled
with the electric field. The analytical solution of the Friis equation using the antenna
directivity and the solution calculated using CST are plotted as well. The analytical
Friis solution is -17.2 dB and the CST solution is -18.6 dB. The difference between
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the solutions is probably due to the antenna coupling effects, which was expected
since we are in the near field. In a non-plasma case, the numerical Friis equation
and the Friis equation coupled with the analysis of the electric field along the ray
trajectory are very similar. This is because the angles in the spread factor equation
(see Eq. 2.44) are constant and therefore the spread factor is only a function of the
distance similar to the free space loss of a spherical radiator. Further analysis only
considers the Friis equation coupled with the electric field.

5.2.1.3 Signal intensity and radiation pattern

Part of the novel signal characterization method allows the analysis of the signal
intensity along the ray trajectory. Figure 5.7 shows the signal intensity for the four
distances normalized to their maximum value, which is in these cases the initial
intensity. Since the ray trajectory is not altered from a straight path because no
plasma is present, the intensity is decreasing similar for all cases. The only difference
is the signal intensity with greater distances.
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Figure 5.7: Intensity along rays of BORAT for antenna distances of (a) 0.1 m, (b)
0.2 m, (c) 0.4 m, and (d) 0.8 m.

A better insight to the final signal intensities at receiving antenna position gives
the intensity pattern in Fig. 5.8. The intensity values are normalized to the maximum
intensity of the initial intensity leading to an almost constant intensity value of zero
for the initial radiation pattern. At a distance of 0.1 m the mean signal intensity is
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Table 5.3: Normalized mean intensity in dB for antenna distances of 0.1 m, 0.2 m,
0.4 m, and 0.8 m, and the normalized initial radiation intensity.

\ Initial 0.1m 02m 04m 08m

Normalized

mean intensity [dB] 0 -78.42 -84.33 -90.31 -96.31

reduced by 78.42 dB as shown in Table 5.3. When increasing the distance by a factor
of two, the mean intensity decreases by 6 dB (see Table 5.3). This makes sense since
the distance is quadratic in the free space loss.
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Figure 5.8: Power density pattern in dB for antenna distances of 0.1 m, 0.2 m, 0.4
m, and 0.8 m.

5.2.1.4 S-parameter analysis

Analysing the S-parameter in Fig. 5.17 for the four distances shows that the
Friis equation and the Friis equation coupled with the electric field result in almost
identical solutions. The offset discussed before from the BORAT solution at 0.1 m
distance is reduced significantly when reaching far field conditions. This simple case
shows the developed numerical tool’s principle functionality to estimate an antenna
network’s signal characteristics. Polarization mismatches and plasma effects are not
present here.
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Figure 5.9: S-parameter analysis of the CST test case with antenna distances of (a)
0.1 m, (b) 0.2 m, (c) 0.4 m, and (d) 0.8 m.

5.2.2 BORAT validation with on-ground experiments at VKI

The on-ground validation experiments are performed in the Plasmatron plasma
wind tunnel facility at VKI [38]. The static chamber pressure of the selected operating
conditions is 15 mbar with an input power of 100 kW. Since the BORAT analysis is
performed in 2D and wall reflections are not considered the operating conditions are
limited to cases in which the rays are not totally reflected by the plasma stream. A
broader analysis will be performed in 3D including the effect of an applied magnetic
field in future work. The experimental setup consists of one receiving antenna and
one transmitting antenna on opposite sides of the vacuum chamber with an axial
distance of 300 mm from the torch exit as sketched in Fig. (5.10) [4]. The antennas
are conical horn antennas with linear polarization (MI-wave 262A-15/0.250), each
connected to a mode transition (MI-wave 284-0.250) and a waveguide to coax adapter
(MI-wave 411A). The transmitting side is connected via a 3 m, and the receiving side
via a 3.5 microwave cable from Huber-Suhner (SUCOFLEX 102). The S-parameters
are measured using a VNA (Rhode and Schwarz ZNB 40), with DC blocks (MI-
wave 8141A) installed in each port. Details of each component can be found in
Table (5.4) [4]. The antenna radiation patterns are experimentally measured in
the anechoic chamber at the Universitat Politecnica de Catalunya (UPC) [73]. The
measurements are taken at frequencies between 33 and 40 GHz. The measured

Table 5.4: Details about the equipment used for the experiments [4].

Instruments Antenna Mode transition Adapter Cable DC block VNA

C ¢ tom flane. tom fl custom flange - 2.92 mm 292 mm  2.92 mm
onnectors custom flange custom flange 2.92 mm (f) (m-f) (m-) (m)

Operating 33- 385 33- 385 26.5 - 40 upto 46 0.01-40 0.01 - 40

frequency [GHZ]
Link budget 15 dBi 0dB -0.4dB -2.62dB/m -0.75dB 0 dBm

electric fields radiated by the antenna at 34, 37, and 40 GHz are converted into
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Figure 5.10: Schematic of the antenna positions with respect to the CFD domain (a)
and a photograph with one of the antennas during a test in the Plasmatron (b) [4].

antenna

directivity patterns as can be seen in Fig. (5.10). Those radiation patterns are
rotated into the transmitting antenna direction. The corresponding pattern for the
receiving antenna is rotated by 180°.
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Figure 5.11: Antenna directivity pattern for frequencies of (a) 34 GHz, (b) 37 GHz,
and (c) 40 GHz [4].

5.2.2.1 Non-plasma validation case

The ray tracing solution for the non-plasma case is shown in Fig. (5.12 (a)).
The straight lines starting from the transmitting antenna at the top of the domain
(x = 0.786 m, y = 0.999 m) are computed until they reach the domain boundary.
The vacuum chamber diameter of the Plasmatron is 1.4 m with a depth of the
window areas of 0.3 m. The distance between the antennas is therefore 2.0 m. The
computational flow domain is increased to a 2 m diameter to capture the losses
related to distance. The flow domain is increased around the torch area compared
to the schematic in Fig. (5.10 (a)). Showing the non-plasma ray tracing solution
shall give a better understanding of how the signal propagation changes when an
input power of 100 kW is applied 5.2.2.2 over various frequencies. Since no plasma is
present, the radiation patterns are not affected, similar to the ray propagation.

The error estimation of the experiment takes the standard deviation of the
measurements into account, as well as the manufacturing errors of 0.5 dB of the
antenna gain. No error estimation of the BORAT simulations is performed for
the non-plasma cases. The antenna efficiency is assumed to be 100%. The signal
characterization method shows a good agreement with the experimental S-parameter
values as can be seen in Fig. (5.12 (b)). The S-parameter analysis was performed with
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Figure 5.12: Ray tracing solution of the MEESST side-to-side non-plasma case (a),
and the resulting S-parameter over various radio frequencies (b).

a ray density of 40 rays per degree to reach the convergence criteria. A ray density of
20 rays per degree would be suitable for all frequencies according to the convergence
analysis shown in Fig. 5.13. At 34 GHz the BORAT signal characterization results in
a S-parameter close to the experimental measurements. The numerical S-parameter
solutions decrease for greater frequencies since the free space loss is higher for higher
frequencies. In a non-plasma case, no additional effects except the Faraday rotation
due to Earth’s magnetic field are relevant. However, the difference at 37 GHz is 1.5
dB, if taking the error into account the difference reduces to 0.64 dB. The S-parameter
solution at 40 GHz shows that the numerical result is within the error margin of the
experimental solution with a difference to the center value of 1.7 dB. Overall, the
novel signal characterization method is in good agreement with the experimental
solutions for non-plasma cases. Uncertainties in the numerical solutions are difficult
to predict but of interest to analyze.

5.2.2.2 Plasma validation case

The electron number density in the flow domain of a plasma case at 50 mbar
static chamber pressure and 100 kW input power is shown in Fig. (5.14). The
electron number densities are limited to their critical electron number density of
14.3-10¥ m=3,17.0-10*® m~3, and 19.9- 10'® m~3 for 34 GHz, 37 GHz, and 40 GHz,
respectively.
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Figure 5.13: Convergence analysis for the MEESST side-to-side non-plasma case for
various frequencies.
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Figure 5.14: Electron number density in the flow domain of the MEESST side-to-side
plasma case at 50 mbar static chamber pressure and 100 kW power for (a) 34 GHz,
(b) 37 GHz, and (c) 40 GHz.

The differences are small but the area of the critical electron is moving upstream
with higher frequency as expected. The thickness of the critical electron area in the
Y-direction is similar for all frequencies.

A similar situation, as for the electron number densities in Fig. 5.14, is shown
for the refractive index in the flow domain in Fig. 5.15. The refractive index for
collision-less plasma is limited to a range from zero, where the critical electron number
density and therefore the critical plasma frequency exceeds the radio frequency, to
one, where no plasma is present. In this figure, a noticeable decrease of the critical
electron number density is measurable towards upstream with a similar thickness in
Y-direction for all frequencies.

The Eikonal solver has a variable step size with step size refinement at relevant
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Figure 5.15: Refractive index in the flow domain of the MEESST side-to-side plasma
case at 50 mbar static chamber pressure and 100 kW power for (a) 34 GHz, (b) 37
GHz, and (c) 40 GHz.

positions. However, we experienced that if the step size is too large in these cases, the
ray tracing solution does not capture the plasma area in the middle of the domain.
The solver oversteps the plasma area. Therefore, a step size analysis was performed
to identify the maximum allowed solver step size. Figure 5.16 shows the ray tracing
solutions for a maximum step size of (a) 0.125 m, (b) 0.06 m, (¢) 0.03 m, and (d)
0.015 m. Larger step sizes do not account for the plasma area. As can be seen in
Fig. 5.16, the ray tracing solution is not changing for max. step sizes of 0.06 m or
less. 20 rays per degree are used to generate the plots.
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Figure 5.16: Ray tracing solutions for the MEESST side-to-side plasma case at 50
mbar static chamber pressure and 100 kW power for 34 GHz with a maximum solver
step size of (a) 0.125 m, (b) 0.06 m, (c) 0.03 m, and (d) 0.015 m.

The S-parameter for step sizes from 0.5 m to 0.015 m are analyzed for all three
frequencies of case at 50 mbar static chamber pressure and 100 kW power and the
results for 34 GHz are shown in Fig. 5.17 using the inverse steps size as the X-axis.
The S-parameter analyses are performed for a ray density of 40 rays per degree
to match the convergence criteria mentioned above. This analysis shows a high
fluctuation of the results for larger step sizes. The fluctuations are small when the
convergence of the ray-tracing solution (at a max. step size of 0.06 m) is reached.
The remaining fluctuations may be caused due to the mesh size and quality. The
fluctuations remind one of a damped oscillation. This behavior is displayed in the
spline fit curve.
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Figure 5.17: Convergence analysis for the MEESST side-to-side plasma case at 50
mbar static chamber pressure and 100 kW power for 34 GHz.
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Figure 5.18: Ray tracing solutions for the MEESST side-to-side plasma case at 50
mbar static chamber pressure and 100 kW power for (a) 34 GHz, (b) 37 GHz, and
(¢) 40 GHz.

The ray tracing solutions, with 20 rays per degree, for the plasma case at 50 mbar
static chamber pressure and 100 kW input power are shown in Fig. (5.19). The effect
of the plasma on the ray propagation is decreasing if the frequency is increasing as
expected. The rays upstream are less bend due to the presence of the plasma.

Investigating the normalized intensity along the ray trajectory shows a similar
reduced effect of the plasma for larger frequencies as shown in Fig. 5.19. The
intensities are normalized to their initial value at the transmitting antenna. The
intensity is decreasing towards the plasma due to the spread factor (free space loss).
Since the plasma is bending the rays downstream the spread factor is greater than
one leading to an increase of the intensity which unit is in watts per square meter.
After propagating through the plasma area the intensity is decreasing again.

The corresponding radiation (power /intensity) patterns after propagating through
the plasma at the receiving antenna position are shown in Fig. (5.20). The ray
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Figure 5.19: Normalized signal intensity along the ray trajectory for the MEESST
side-to-side plasma case at 50 mbar static chamber pressure and 100 kW power for
(a) 34 GHz, (b) 37 GHz, and (c) 40 GHz.

tracing solution is limited to an initial aperture angle of 10° according to the required
aperture identified by the ray density refinement method. This results in displaying
the relevant section of the total radiation pattern. The radiation intensities are
normalized to the initial intensity of the transmitting antenna. All three frequencies
show a higher attenuation of the signal due to the plasma at smaller propagation
angles. The reduced bending for higher frequencies is visible as well in the form
of smaller final propagation angles due to the reduced bending of the rays. Since
the free space loss is larger for higher frequencies in combination with the reduced
plasma effect the intensity at 40 GHz is lower at the whole aperture.
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Figure 5.20: Power pattern for the MEESST side-to-side plasma case at 50 mbar
static chamber pressure and 100 kW power for (a) 34 GHz, (b) 37 GHz, and (c) 40
GHz after propagation through the plasma.

The S-parameter analysis is shown in Fig. (5.21). Since heavy particle collisions
are neglected in the refractive index calculation, no plasma attenuation is present.
The numerical results are in good agreement with the experiment. The error margins
of the experiment contain the standard deviation as well as a 0.5 dB variation due to
the manufacturing uncertainties of the antenna. The error margins for the numerical
solutions are due to the before-described fluctuations in the max solver step size
analysis. The numerical results are within the error margins at 34 GHz, and 37 GHz
and are almost identical to the experimental value at 40 GHz. The interference with
the rays reaching the receiving antennas was analyzed and showed no impact on the
solution.
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Figure 5.21: S-parameter over various radio frequencies for the MEESST side-to-side
plasma case at 50 mbar static chamber pressure and 100 kW power.

5.3 Conclusion

The novel signal characterization method, which analyses the electric field along
the ray trajectory, shows a good agreement with the verification and validation cases.
Analyzing the electric field along the ray path allows a better insight into the physical
phenomenon causing the radio blackout. The analyzed plasma case shows that the
plasma causes an increase in intensity because the rays are bent toward each other
leading. This effect seems to have a greater impact than losses due to the refraction
process. The free space loss, which is increasing for higher frequencies, and the effect
of the plasma on the spread factor seem to be counterparts.

Finally, the validation with the on-ground experiments at VKI is successful and
the developed signal characterization method gives valuable insights into the physics
causing radio blackout. Further investigations to analyze the effect of an applied
magnetic field including experimental on-ground validation are subject to future
research, as well as a 3D analysis to capture possible neglected 3D effects.
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6 Magnetized plasma & signal charac-
terization: Two-dimensional study

Further enhancing its capabilities for predicting signal propagation in magnetized
plasma, the BlackOut RAy Tracer (BORAT) underwent further development. The
behavior of the optical properties of a magnetized plasma is analytically analyzed
and the effect on the ray propagation path of the ordinary and extraordinary rays is
analyzed. The validity of the latter method is analyzed through plasma wind tunnel
experiments conducted at the von Karman Institute for Fluid Dynamics (VKI). The
experimental setup involves a transmitting antenna and three receiving antennas linked
by a Vector Network Analyzer (VNA) to measure scattering parameters, including the
magnitude and phase of the ratio between received and transmitted signals. The results
of the numerical tool agree with the experimental measurements conducted at VKI for
non-plasma cases. In the presence of a (magnetized) plasma, the numerical solutions
could not reproduce the experimental results. Potential sources of error, such as
plasma fluctuations, numerical inaccuracies, and signal losses, are not considered due
to partially large discrepancies between the numerical and experimental results, thus,
error estimations are negligible. The suitability of the of the magnetic windowing
method to mitigate radio blackout is analyzed and further insights are gained.

This chapter is based on the work published in the following research paper:

e J.S. Laur, V. F. Giangaspero, V. Sharma, A. Lani, D. Luis, A. Viladegut, J. L.
Gonzales Rios, J. Querol, J. A. Vasquez Peralvo, J. C. Merlano Duncan, A. M.
Hein, and J. Thoemel, “Radio Communication Blackout Mitigation: Validation
of 2D Ray Tracing and Signal Analysis in Magnetized Plasmas,” ATAA Journal.
(not published yet)
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6.1. Overview

6.1 Overview

In this work, we present the progress of ray-tracing algorithms based on the
Eikonal equations and including the physics of wave propagation, The latest version
of BORAT is capable of performing a two-dimensional ray tracing analysis for
magnetized plasma including possible bi-refraction in combination with the signal
characterization. The ray tracing method is extensively tested and verified to
literature and validated with on-ground experiments performed by our MEESST
project partner at the Von Karman Institute for Fluid Dynamics (VKI).

The scope of this section is to answer the following questions:

1. How are the ray propagation and the signal affected by the magnetic field?

2. Is the magnetic window method sufficient to mitigate radio communication
blackout?

6.1.1 BORAT 5.2 rationale and scheme

BORAT 5.2 was designed to study the impact of plasma on a radio signal, along
with the influence of an applied magnetic field. The working principle of BORAT
5.2 is illustrated in Fig. 6.1.
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Figure 6.1: Workflow of BORAT 5.2 with signal characterization for magnetized
plasmas.

BORAT 5.2 necessitates a Computational Fluid Dynamics (CFD) simulation as
input. The necessary fluid properties within the low domain, such as gas composition,
temperature models, and magnetic field data are gathered. Subsequently, the electron
number densities in the flow domain are obtained.

Subsequently, the plasma optical properties are determined using the Appleton-
Hartree equation (see Section 6.1.2). Depending on the antenna aperture, antenna
position, and the refractive index field, either the Snell’s law solver or the Eikonal
solver is employed to predict the ray propagation. The refractive index is coupled to
the wave propagation, as given in Eq. 2.15, it is iteratively determined.

The ray tracing solution, combined with the transmitting antenna characteristics,
is necessary to characterize the radio signal. The received power at the receiving
antenna and the scattering parameter are then calculated, with possible errors being
estimated. A detailed workflow is depicted in Fig. 6.1.
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6.1.2 BORAT 5.2: Plasma optical properties

The equation governing the calculation of the refractive index of a magnetized,
collision-less plasma is provided in Section 2.1.3.2, Eq. 2.15, and is reiterated below:

X(1-X)

(n—xi)=1-

. (6.1)
1— X —Y2in?(0) & \/iY4sin4(@) +Y2(1 - X)*cos?(0)

This study does not analyze the differences between collision and collision-free
magnetized plasma. However, literature such as [56] mentions the increased sensitivity
to collisions. This topic will be addressed in a future article.

6.1.3 BORAT 5.2: Signal characterization

Figure 6.2 presents the previously introduced schematic of the electric field
calculation along a ray trajectory. Tx and Rx denote the transmitting and receiving
antennas, respectively. The varying gray scales indicate regions with different
refractive indices, while the black horizontal line at position F; represents a reflective
surface.

Y =

Figure 6.2: Schematic of the electric field calculation along a ray trajectory. The
different gray scales represent different refractive indexes in a domain with an
arbitrary magnetic field.

The amplitude of the electric field along the ray trajectory with a constant
refractive index is determined using the wave equation [59]:

Ar

Ey = Byetmmhoe D& X S, (6.2)

By converting the amplitude of the electric field vector E} .,q at the Rx antenna into
the Poynting vector for each ray, and combining Equations 2.37, 2.38, and 2.40 while
incorporating the losses in the antenna network as described by the Friis equation
(Eq. 2.34), we obtain:

86



6.2. Results

A A2
Pr = (1 - |Ft‘2) ’ (1 - ’FT‘Q) : ’Pt : pr’2 : St,end t Dr *Cedr ILF, (63)

47
| Ei(r,0,9)

SV IE(ree)?’
N

| Et,end | 2

S =
t,end 2\/W )
€oer

ILF = cos (A)\L-27T> .

Equation 6.1.3 is introduced in Section 2.2.3.

r

1 N
Pr, = Nzk: (6.4)

The aggregate power received by an Rx antenna from all rays reaching it is computed
using Fq. 6.4. This calculation is essential for conducting S-parameter analysis to
validate the results.

B
sz,al = #7
(6.5)
B,
Sbn@ - =
1 Pal

Hereby, P,, stands for the transmitted power, and P, with ¢ = 2 — n stands for the
received power P, at each receiving antenna.

6.2 Results

6.2.1 Analytical and numerical verification of the MHD effect
onto the refractive index and ray tracing

The refractive index was analyzed for a magnetized and non-magnetized collision-
less plasma. In case no magnetic field is applied the refractive index depends only on
the radio frequency according to Eq. 5.1 independent of the propagation direction of
the EM wave.

As soon as a magnetic field is applied the extended version of the Appleton-
Hartree equation accounting for the magnetic field (see equation 2.15) becomes of
importance. The refractive index becomes a function of the radio frequency, the
magnetic field strength and direction, and the electron number density. The refractive
index was calculated for three different angles between the wave vector and the
magnetic field vector (0, 45, and 90 degrees), and for five different electron number
densities with corresponding refractive indexes of 0.999, 0.9, 0.7, 0.5, 0.2, and 0.1 in
non-magnetized plasma for a frequency of 2.4 GHz (see Eq. 5.1).

It showed that the refractive index of a ordinary wave propagating in a magnetized
plasma with a magnetic field parallel to the wave vector is greater than the refractive
index in a non-magnetized plasma and increases with magnetic field strength. This
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increase in refractive index with the magnetic field strength is greater with increasing
electron number densities (decreasing refractive index in non-magnetized plasma).

The refractive index of the extraordinary wave also increases with increasing
magnetic field strength until reaching a peak value at around 0.1 T further decreasing
again and asymptotically converging to a refractive index of one. Also interesting is
the reduced refractive index to roughly zero increasing electron number densities and
small magnetic field strengths. This can lead to cut-off conditions in case where the
ray is propagating away from a magnet with a gradient in magnetic field strength in
a domain with constant or increasing electron number density.

Analyzing a wave propagation perpendicular to the magnetic field vector shows
the unaffected refractive index for the ordinary wave. The refractive index of the
extraordinary wave is asymptotically converging to a refractive index of one with
increasing magnetic field strength. There is one exception in the analyzed data for a
magnetic field strength of 0.05 T and an electron number densities of 3.65E + 16m—3
(refractive index of 0.7 in non-magnetized plasma) in which the refractive index
results in roughly zero.

With an angle of 45 degrees between the wave vector and the magnetic field vector
the refractive index of the extraordinary wave behaves in a similar manner to the
extraordinary wave in the perpendicular case. The refractive index of the ordinary
wave is also higher when a magnetic field is applied compared to a non-magnetized
plasma. However, the effect is significantly smaller compared to a wave vector parallel
to the magnetic field. This leads to the conclusion that the effect of a magnetic
field is best when the EM wave is traveling in a magnetic field vector direction
getting weaker until reaching the unaffected case where the EM wave propagates
perpendicular to the magnetic field vector.

When a wave travels parallel to a constant magnetic field parallel with variable
electron number density the gradient in the refractive index is small causing small
refraction angles. However, after the first refraction process, no further predictions
can be made in the following refractive index corresponding to the angle between
the wave vector and the magnetic field vector for an arbitrary case.

When a wave travels perpendicular to a constant magnetic field parallel with
variable electron number density the gradient in the refractive index can become
large causing significant refraction angles. Again, after the first refraction process,
no further predictions can be made in the following refractive index corresponding
to the angle between the wave vector and the magnetic field vector for an arbitrary
case.

The results of the analytical refractive index analysis of the effect of an ap-
plied magnetic field are illustrated in Fig. 6.3. The left side corresponds to the
extraordinary wave and the right side to the ordinary wave, respectively.

The ray tracing solutions for a constant electron number density field with various
magnetic field strengths are shown in Fig. 6.4. The refractive index in Fig. 6.4 (a) is
0.2 without an applied magnetic field. All three rays (0, 45, and 90 degrees) result in
straight lines as expected with a constant refractive index along the ray trajectories.
No rays a displayed in Fig. 6.4 (b) for the extraordinary wave with a magnetic field
of 0.01 T in the X-direction since this case represents a cut-off condition for all rays.
This behavior was mentioned before. The refractive index in Fig. 6.4 (c) of the
ordinary wave in a magnetic field of 0.01 T is different for each ray. The refractive
index is increasing with a reduced angle between the magnetic field vector and the
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wave vector. When a magnetic field of 0.25 T is applied the refractive index of the
extraordinary wave becomes one or greater than 1 (Fig. 6.4 (d)), and the increase
of refractive index with reduced angle between the wave propagation vector and
magnetic field vector becomes more significant (Fig. 6.4 (e)).

Rays starting from a region with a refractive index of 0.2 and traveling in a region
with a refractive index of one without an applied magnetic field are shown in Fig.
6.5 (a). The ray towards the Y-direction is in a constant refractive index field, and
results in a straight line. The ray towards negative X-direction is also a straight line
but its refractive index changes. Since the angle between the incident ray and the
normal of the refractive index domain is zero, the ray is not bent. The ray traveling
in 45 degrees to the X-, and Y-direction is refracted according to Snell’s law. In a
magnetic field of 0.01 T towards the negative X-direction, the extraordinary wave is
in cut-off conditions (Fig. 6.5 (b)), and the ordinary wave (Fig. 6.5 (c¢)) shows the
increase of refractive index along the ray trajectory for propagation direction with an
angle of fewer than 90 degrees between the wave vector and the magnetic field vector
with less bending at the refraction position in the middle of the domain at X = 0.2
m. Similarly, the ordinary wave (Fig. 6.5 (d)) in a magnetic field of 0.25 T shows the
same behavior with further increased refractive indexes. The extraordinary waves
show a refractive index of at least one for all three rays (Fig. 6.5 (d)).

A scenario in which rays start in an area with a refractive index of 0.7 in a
non-magnetized plasma is shown in Fig. 6.6 (a). The refractive index for X < 0.4 is
equal to one. The refractive index along the trajectory is as expected according to
Snell’s law with a refraction process that bends the ray traveling initially toward 45
degrees of the X- or Y-direction. The extraordinary wave in Fig. 6.6 (b) is not in
cut-off conditions because the low electron number density in combination with the
magnetic field strength of 0.01 T enables the ray propagation (see Fig. 6.3 (a, c, e)).
The refractive index for X > 0.4 is smaller than in the non-magnetized plasma case.
The ray tracing solution for the ordinary wave at 0.01 T and 0.25 T shows a similar
behavior as described earlier. The magnetic field causes an increase in the refractive
index for angels between the wave vector and the magnetic field vector less than
90 degrees. The rays starting at 45 degrees to the Y-direction experience therefore
less bending at the refraction position (see Fig. 6.6 (c, €). When a magnetic field of
0.25 T is applied the refractive index of the extraordinary wave is at least one in the
whole domain as can be seen in Fig. 6.6 (d).

In the case of a non-magnetized plasma with rays starting in a domain with a
larger refractive index (X > 0.4 m), in this case, a refractive index of one, and a
domain with a smaller refractive index below X = 0.4 m the ray traveling in 45 degrees
to the Y-direction gets reflected due to the large refractive index gradient. The
ray propagating in the Y-direction is unaffected. Ray propagation in the negative
X-direction causes refraction without bending but a significant reduction in the
electron number density. An applied magnetic field is significantly reducing this
reduction of the electron number density for ordinary waves. The magnetic field
does not affect rays propagating 90 degrees toward the magnetic field vector and
has a small influence on the ray propagating at an angle of 45 degrees toward the
magnetic field vector. A magnetic field strength of 0.25 T is causing a straight ray
propagation for the extraordinary wave. In case only 0.01 T is applied, the ray in
the negative X-direction of the extraordinary wave gets reflected because of cut-off
conditions at larger electron number densities. The ray in 45 degrees towards the
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magnetic field vector gets reflected due to the large refractive index gradient. For
visualization see Fig. 6.7.

When the refractive index gradient is smaller (from one to 0.7 at X = 0.4 m) the
ray traveling at 45 degrees to the Y-axis follows a curved path and is not directly
reflected. The lens effect of the refractive index causes the ray to travel backward. As
soon as a magnetic field is applied the refraction angle becomes significantly smaller
for the ordinary wave. The extraordinary wave at 45 degrees to the Y-axis is also
traveling backward after the refraction process with a smaller bending radius due
to the smaller refractive index below X = 0.4 m. The extraordinary wave at 0.25
T is unaffected as mentioned before. The graphical representation of the described
behavior can be found in Fig. 6.8.
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Figure 6.3: The results of the analytical refractive index analysis of the effect of an
applied magnetic field for a wave propagating parallel to the magnetic field vector
of the (a) extraordinary and (b) ordinary wave, a wave propagation at an angle
of 45 degree to the magnetic field vector of the (c) extraordinary and (d) ordinary
wave, and a wave propagation perpendicular to the magnetic field vector of the (e)
extraordinary and (f) ordinary wave.
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Figure 6.4: Ray tracing analysis for a constant electron number density in the domain
(a) with an applied magnetic field in negative X direction of 0.01 T (b, ¢), and 0.25
T (d, e) for propagation parallel, perpendicular and 45 degrees to the magnetic field
vector.
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Figure 6.5: Ray tracing analysis for a changing electron number density in the
domain (a) with an applied magnetic field in negative X direction of 0.01 T (b, ¢),
and 0.25 T (d, e) for a propagation parallel, perpendicular and 45 degree to the
magnetic field vector. The non-magnetized refractive index is 1 for X < 0.4 m and
0.2 for X > 0.4 m.
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Figure 6.6: Ray tracing analysis for a changing electron number density in the
domain (a) with an applied magnetic field in negative X direction of 0.01 T (b, c),
and 0.25 T (d, e) for a propagation parallel, perpendicular and 45 degree to the
magnetic field vector. The non-magnetized refractive index is 1 for X < 0.4 m and
0.7 for X > 0.4 m.
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Figure 6.7: Ray tracing analysis for a changing electron number density in the
domain (a) with an applied magnetic field in negative X direction of 0.01 T (b, ¢),
and 0.25 T (d, e) for a propagation parallel, perpendicular and 45 degree to the
magnetic field vector. The non-magnetized refractive index is 0.2 for X < 0.4 m and
1 for X > 0.4 m.

95



Chapter 6. Magnetized plasma & signal characterization:
Two-dimensional study

0.4 1

0.8
02f
—_— 0.6
E
~ 0.4
02f
0.2
0.4 ' ' ' 0
0 02 04 06 08
X [m]
(a)
[-] [-]
0.4 | 0.4 #
0.8 0.8
02t 02f
—_ 0.6 —_ 0.6
é 0 £ 0
>~ 0.4 ~ 0.4
0.2 02}
0.2 0.2
0.4 ' ' ' 0 0.4 ' ' ' 0
02 04 06 08 0 02 04 06 08
X [m] X [m]
(b) (c)
[l -l
0.4 | 0.4 #
0.8 0.8
02t 02t
—_— 0.6 —_ 10.6
i 0 £ 0
>~ 0.4 - 0.4
0.2 02}
0.2 0.2
0.4 ' ' ' 0 0.4 ' : ' 0
0 02 04 06 08 0 02 04 06 08
X [m] X [m]

(d) ()

Figure 6.8: Ray tracing analysis for a changing electron number density in the
domain (a) with an applied magnetic field in negative X direction of 0.01 T (b, c),
and 0.25 T (d, e) for a propagation parallel, perpendicular and 45 degree to the
magnetic field vector. The non-magnetized refractive index is 0.7 for X < 0.4 m and
1 for X > 0.4 m.
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6.2.2 Validation with on-ground experiments

The following section outlines the principal elements of the communication
blackout experiment carried out at VKI. A comprehensive description of this endeavor
is available in Deliverable 2.5: "Radio blackout experiments with magnet" [74].

6.2.2.1 Plasma Wind Tunnel (PWT) facility at VKI: Plasmatron

The Plasmatron at VKI functions as an inductively coupled plasma (ICP) wind
tunnel, as detailed in Bottin et al. [75, 76], generating a highly dissociated, high
enthalpy subsonic gas flow. This setup mimics the aerothermodynamic conditions
observed behind shockwaves in hypersonic flight regimes. The facility features a
quartz tube with a 200 mm internal diameter and 5 mm thickness, surrounded by
a coil connected to a 1.2 MW generator providing high voltage and high-frequency
current (2 kV, 400 kHz). This induces an electromagnetic (EM) field within the tube,
generating eddy currents from residual charged particles in the flow, which heat the
gas through the Joule effect. Gas injection occurs through an annular inlet upstream
of the coil. Tonization of the gas due to the EM field results in a plasma plume, 16
cm in diameter, exiting the torch into a 1.4 m diameter vacuum chamber.

The plasma then passes through a diffuser and is cooled by a water-cooled heat
exchanger. After proper dilution, the recombined gases are released to the atmosphere
through an exhaust system. The vacuum system includes three pumps, and additional
systems manage gas circulation, cooling, and diagnostics. The electric power (P,;)
supplied to the induction coil is monitored and recorded by the Plasmatron control
system. Up to three probes can be remotely inserted and retracted from the plasma
jet for diagnostics purposes.

6.2.2.2 Communication setup

The Ka-band communication setup comprises four sets, each including a conical
horn antenna with circular waveguide, linear polarization, and 15 dBi gain (MI-
wave 262A-15/0.250), a mode transition (MI-wave 284-0.250), and a waveguide to
coax adapter (MI-wave 411A). Each set is connected to a flexible microwave cable
(Huber-Suhner SUCOFLEX 102) and a DC block (MI-wave 8141A). The transmitting
antenna uses a 6 m cable, while each receiving antenna is connected with a 5 m
cable. Signal transmission and reception are facilitated by a vector network analyzer
(VNA, Rohde and Schwarz ZNB40), allowing frequency sweeps from 33 to 40 GHz.
This chosen communication system is deemed suitable given the design constraints
imposed by the probe equipped with the HT'S-magnet, which include:
o Testing under conditions where the system faces a stagnating flow,
o Ensuring the emitting antenna diameter does not exceed 25 mm to fit into the
HTS-magnet bore-hole,

o Maximizing the directive radiation pattern of the antenna,

» Positioning the receiver antennas to point towards the emitter antenna but at
a distance from the axis of the plasma jet.

While plasma frequencies based on measured electron densities at 300 mm from
the torch exit typically remain above the Ka-band, testing scenarios where the plasma
is neither fully transparent nor fully opaque to the radio signal are preferred for
blackout mitigation analysis. Testing within this range allows evaluation of any
signal enhancement due to the applied magnetic field. Thus, the Ka-band is chosen
due to its flexibility in tuning Plasmatron power and pressure settings, as well as the
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varying electron concentration gradients in the plasma jet. While 40 GHz might be
lower than ideal for high-power conditions, it can adequately cover the outer and
cooler layers of the plasma jet closer to the receiving antennas.

6.2.2.3 Stagnation probe for MEESST experiments

The impact of an applied magnetic field on signal propagation is investigated
using a specialized plasma probe called the MHD probe, developed within the MEESST
consortium by Absolut System. This probe is designed to accommodate a high-
temperature superconducting (HT'S) magnet developed by the Karlsruhe Institute of
Technology (KIT), featuring a coil constructed as a stack of five pancakes using a
total length of 900 m of 70 um thick REBCO tape from Theva D"uennschichttechnik
GMBH. Details regarding the design, manufacturing, and testing of the magnet can
be found in technical notes [77] and [78].

Absolut System also designed and assembled the cryogenic system responsible
for cooling the magnet. This system includes two heat exchangers: one located at
the coldhead and another at the rear of the HT'S magnet. The coldhead utilizes
a Cryomech AL325 combined with a Cryomech CPA1110 compressor. A cryofan
from Absolut System circulates the cryogenic fluid through a 5-meter cryoline to the
probe. In the cryogenic circulation loop, gaseous helium flows through both heat
exchangers. The helium is cooled at the coldhead heat exchanger and absorbs the
thermal load near the magnet’s cold plate.

The magnet is supplied with current from an Agilent 6671A current source, and the
voltages across the magnet and shunt are monitored using a data acquisition system
(Agilent 34970A) connected to a nanovoltmeter (Keysight 34420A). Temperature
monitoring of the magnet and current leads is handled by a temperature monitor
(Lake Shore LS218). The rack’s primary power supply operates at 400 V, 16 A, while
other electronic devices within the rack are powered by 230 V AC.

The magnetic field at the front of the quartz head is monitored using a Hall
probe. The maximum magnetic field strengths recorded for the applied currents are
detailed in Table 6.1.

Table 6.1: Maximum magnetic field strength measured for applied current.

Current [A] Magnetic field strength [T]

0 0

10 0.092
20 0.170
30 0.250
40 0.340
20 0.410

6.2.2.4 Experimental setup and operating conditions

Defining the xx direction as perpendicular to the plane of the torch exit, positive
towards the interior of the chamber, and the yy and zz axes as horizontal and vertical
within the plane of the torch exit wall, respectively, the coordinates of the antenna
centers are positioned as follows (distances in mm, with the origin depicted in Fig.
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6.9):
) Antenna 1: (x1,y1,21) = (445,0,0) mm,
Antenna 2: (x9,ys, 29) = (22,150, 165) mm,
Antenna 3: (x3,ys, 23) = (25, —155,135) mm,
Antenna 4: (x4, y4, 24) = (25, —295,330) mm.

(6.6)

These distances are 478.18 mm between Antenna 1 and Antenna 2, 467.60 mm
between Antenna 1 and Antenna 3, and 610.18 mm between Antenna 1 and Antenna
4. This corresponds to solid angles of a5 = 19.53°, ay3 = 20.26°, and a4 = 35.08°.
A schematic of the setup is shown in Fig. 6.9 (a), and a photograph taken during
the test can be seen in Fig. 6.9 (b).

Probe with magnet, quartz \

radome, and antenna

Receiver
Plasmatron

I
Vector network
analyzer
(a)

Figure 6.9: A schematic of the experimental setup with the MHD probe (a), and a
picture of the MHD probe under testing in an air plasma (b).

The following operating conditions are analyzed:

1. Plasmatron effective input powers: 0 kW, 125 kW, 150 kW, 175 kW, and 200
kW

2. Radio frequencies: 34 GHz, 37 GHz, and 40 GHz
3. Maximum magnetic field strengths: 0 T, 0.25 T, 0.41 T, and 1 T

6.2.2.5 Numerical domain and magnetic field

The numerical domain for the validation with the on-ground experiments is shown
in Fig. 6.10 (a). This domain is a simplified geometry of the Plasmatron at VKI
with a diameter of 1.4 m. The geometry of the probe is highlighted in green. The
transmitting antenna is placed at the tip of the probe radiating with a radiation
aperture of 180° towards minus X direction as illustrated with the red dotted half
circle. The plasma stream comes from the left, flowing around the probe and leaving
the domain on the right side. The three receiving antenna positions are marked
in red as well. Since the analyzed cases are axis symmetrical the numerical results
are presented with the half of the domain (Y greater zero or Y smaller zero). The
radiation pattern of the transmitting antenna with a quartz radome is shown in Fig.
6.10 (b). The 180° radiation aperture is marked with a red dotted half circle.
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Figure 6.10: Schematic of the full numerical flow domain (a), and the antenna
radiation pattern of the transmitting antenna with quartz radome (b).

The magnitude of the magnetic field strength for the three analyzed cases with a
maximum of 0.25 T, 0.41T, and 1 T are displayed in Fig. 6.11. Sub-figures (a), (c),
and (e) show the magnetic field strengths with a limit of 1 T. Sub-figures (b), (d),
and (f) show the magnetic field strengths with a limit of 0.25 T. Those two styles
were chosen to provide a better understanding of the range of the applied magnetic
fields. The sub-figures on the left side of Fig. 6.11 indicate, that the magnetic
fields of 0.25 T and 0.41 T are negligible compared to the 1 T case. However, if the
maximum magnetic field strength displayed is limited to 0.25 T, as shown in the
sub-figures on the right side of Fig. 6.11, the magnetic field is visible in a significant
area around the probe for the 0.25 T case. Previous analysis with a small magnetic
field strength of 0.05T or less showed an impact on the ray propagation path (see
Chapter 4). The previous analysis of the effect of an applied magnetic field on the
refractive index (see Fig. 6.3) leads to the assumption that the area in which the ray
path is less affected or in some conditions unaffected by the plasma is greater for
larger magnetic fields.
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Figure 6.11: The magnitude of the magnetic field strength for cases with a maximum
of (a) 0.25 T, (c) 0.41 T, (e) 1 T limited to 1 T, and for better visualization the
magnetic field is limited to a value of 0.25 T for (b) 0.25 T, (d) 0.41 T, and (f) 1 T.
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6.2.2.6 MHD effect on electron number density

The electron number densities in the flow domain for various magnetic field
strengths for the case with a Plasmatron input power of 200 kW at a radio frequency
of 34 GHz are shown in Fig/ 6.12. These operating conditions are chosen to be
displayed here since the electron number density is highest at the maximum power
level in combination with the lowest frequency and shall show the effect of a magnetic
field on the electron number density. It can be seen that the electron number density
field does not significantly change when a magnetic field with a maximum magnetic
field strength of 0.25 T (b), or 0.41 T (c) is applied compared to an non-magnetic
case (a). The distance between the probe and the area in which the critical electron
number density is reached is increased for the case with a maximum magnetic field
strength of 1 T (d). The plasma stream is thickened close to the probe in the case of
1T.

This leads to the conclusion that the established Lorentz force due to the presence
of the magnetic field is negligible for the cases of 0.25 T, and 0.41 T but significant
for the case of 1 T.
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Figure 6.12: The electron number density in the flow domain for a Plasmatron input

power of 200 kW at a radio frequency of 34 GHz for (a) 0 T, (b) 0.25 T, (c) 0.41T,
and (d) 1 T limited to the corresponding critical electron number density.
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Increasing the radio frequency is more effective in increasing the distance of the
area with overcritical electron number density to the surface of the probe according
to Fig. 6.13 when comparing with the effect of the magnetic field on the electron
number density field.
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Figure 6.13: The electron number density in the flow domain for a Plasmatron input
power of 200 kW at radio frequencies of (a) 34 GHz, (b) 37 GHz, and (c) 40 GHz
limited to the corresponding critical electron number density.

6.2.2.7 Ray tracing analysis

In the following the ray-tracing analyses are presented. All ray-tracing solutions
are performed with a maximum number of three specular wall reflections. The ray
density was chosen to be 0.5 rays per degree for better visualization.

Firstly, the ray-tracing solutions without plasma and magnetic field are analyzed
for various radio frequencies (see Fig. 6.14. Since no plasma is present, the ray-
tracing solutions result in straight lines with a constant refractive index of one. The
displayed ray tracing solutions are identical for all three frequencies.

In a second step, the non-MHD plasma cases are analyzed. In Fig. 6.15 the
ray-tracing solutions for efficient input powers of (a) 125 kW, (b) 150 kW, (c) 175
kW, and (d) 200 kW are shown. At 125 kW the rays are bent the least as expected
due to the least electron number density compared to the other three power levels.
However, only reflected rays are getting close to the antenna positions. Increasing the
power levels leads to larger electron number densities and therefore higher refractive
index gradients closer to the transmitting antenna position. Since the number of
reflections are limited to three the amount of rays leaving the domain is reduced as
well. This can be observed especially at power levels of 175 kW and 200 kW. Eight
rays out of 45 are able to leave the domain at a power of 200 kW.
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Figure 6.14: Ray-tracing solutions for non-plasma, non-MHD cases at radio frequen-
cies of (a) 34 GHz, (b) 37 GHz, and (c) 40 GHz.
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Figure 6.15: Ray-tracing solutions for non-MHD plasma cases at a radio frequency of

34 GHz at 125 kW, (b) 150 kW, (c) 175 kW, and (d) 200 kW effective input power.
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In the following, the MHD ray-tracing solutions are discussed. It is of interest
how the ray-tracing solution is affected by an applied magnetic field. In Figures
6.16 to 6.27 the top ray-tracing solution represents the full MHD effect including the
recalculation of the refractive index after each step. The Figures on the bottom (b)
are the ray-tracing solutions of the MHD flow field neglecting MHD effects in the ray
path calculation meaning no refractive index recalculation and no consideration of the
magnetic field in the initial refractive index calculation (see Eq. 2.17). Additionally,
only cases at 34 GHz are analyzed here due to the higher plasma effect at smaller
radio frequencies. This was chosen to keep a decent figure-to-text ratio. A similar
behavior can be seen for higher frequencies and therefore no information is missing.
Lastly, the MHD ray-tracing solutions contain the ray-tracing solution of the ordinary
and extraordinary ray paths leading to the double number of rays per figure.

The ray-tracing solution of a case with 0.25 T at 125 kW is analyzed in Fig. 6.16.
Comparing the ray-tracing solution with the neglected MHD effect in the ray path
calculation shows no significant differences to the non-MHD ray-tracing solution
in Fig. 6.15 (a). This is expected since the electron number density field has not
noticeably changed at a magnetic field strength of 0.25 T. However, the full MHD
ray-tracing analysis considering MHD effects on the ray path calculation shows a
higher ray density close to the receiving antenna position. It is noticeable that rays
reaching the receiving (Rx) antenna positions are reaching the Rx antenna from a
larger angle away from the antenna bore-sight since only reflected rays reach the Rx
antenna areas.

The full MHD ray-tracing solution at 0.25 T and a power of 150 kW shows that
the ray paths are more bent away from the Rx antenna positions compared to the
ray-tracing solution at 0.25 T and a power of 125 kW and the non-MHD case (see
Fig. 6.17). More rays are reaching the area upstream on the opposite of the Rx
antenna positions. Neglecting the MHD effects in the ray-tracing solutions shows a
similar ray-tracing solution as for the non-MHD case.

If neglecting the MHD effects on the ray-tracing solutions at 0.25 T with an
input power of 175 kW and 200 kW (see Figures 6.18 (b), and 6.19 (b)) does not
change the ray-tracing solution compared to the non-MHD ray-tracing solution.
However, considering the MHD effects on the ray-tracing path significantly changes
the ray-tracing solution (see Figures 6.18 (a), and 6.19 (a)). At 175 kW the rays are
less bent leading to an increased aperture angle. The highest concentration of rays
is still in a small cone towards the radial direction. The most significant effect of the
magnetic field can be observed at 200 kW. The extraordinary rays are contributing
to an increased number of rays reaching the Rx antenna area. The ordinary rays
are reflected several times after leaving the transmitting antenna, leading to a small
amount of rays leaving the domain upstream.

Analyzing the ray-tracing solutions for a magnetic field strength of 0.41 T,
neglecting the MHD effects on the ray path calculation, gives similar solutions
compared to the non-MHD ray-tracing results as can be seen in Figures 6.20 (b), 6.21
(b),6.22 (b), and 6.23 (b). The electron number density does not change significantly
if a magnetic field of 0.41 T is applied.

However, considering the MHD effects in the ray path calculation the rays are less
bent compared to non-MHD cases and cases with an applied magnetic field of 0.25
T. Rays reaching the Rx antenna areas are reflected several times and reach the Rx
antenna area with an angle away from the antenna bore-sight (see Figures 6.20 (a),
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6.21 (a),6.22 (a), and 6.23 (a)). Again, the main contribution to the rays reaching
the Rx antenna positions at high power levels is because of the extraordinary rays.

In case a magnetic field of 1 T is applied, the flow field is altered leading to
a significant change in the ray path calculation when neglecting MHD effects in
the ray-tracing calculation (see Figures 6.24 (b), 6.25 (b),6.26 (b), and 6.27 (b)).
Nevertheless, it is unlikely that rays will reach the Rx antenna positions at 200 kW.

Considering the MHD effects in the ray tracing calculation shows an increased
number of rays reaching the Rx antenna positions for all four power levels (see
Figures 6.24 (a), 6.25 (a),6.26 (a), and 6.27 (a)) as well as an increase of number of
rays leaving the domain. Ordinary rays are not reaching the Rx antenna areas at

200 kW.
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Figure 6.16: Ray-tracing solutions for an MHD plasma case with an applied magnetic
field of 0.25 T at an effective power of 125 kW, and a radio frequency of 34 GHz
considering the magnetic field in the ray tracing calculation (a), and neglecting the
magnetic field in the ray tracing calculation (b).
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Figure 6.17: Ray-tracing solutions for an MHD plasma case with an applied magnetic
field of 0.25 T at an effective power of 150 kW, and a radio frequency of 34 GHz
considering the magnetic field in the ray tracing calculation (a), and neglecting the
magnetic field in the ray tracing calculation (b).

wl-l

. ’ 0‘@\\}“ 0.8
EOA- ’/‘/ \\ 0.6
= | .‘ LN 0.4

0'2: 'QY"\ 0.2
oL : —L Wy

0 0.5 1 1.5

Figure 6.18: Ray-tracing solutions for an MHD plasma case with an applied magnetic
field of 0.25 T at an effective power of 175 kW, and a radio frequency of 34 GHz
considering the magnetic field in the ray tracing calculation (a), and neglecting the
magnetic field in the ray tracing calculation (b).
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Figure 6.19: Ray-tracing solutions for an MHD plasma case with an applied magnetic
field of 0.25 T at an effective power of 200 kW, and a radio frequency of 34 GHz
considering the magnetic field in the ray tracing calculation (a), and neglecting the

magnetic field in the ray tracing calculation (b).
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Figure 6.20: Ray-tracing solutions for an MHD plasma case with an applied magnetic
field of 0.41 T at an effective power of 125 kW, and a radio frequency of 34 GHz
considering the magnetic field in the ray tracing calculation (a), and neglecting the

magnetic field in the ray tracing calculation (b).
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Figure 6.21: Ray-tracing solutions for an MHD plasma case with an applied magnetic
field of 0.41 T at an effective power of 150 kW, and a radio frequency of 34 GHz
considering the magnetic field in the ray tracing calculation (a), and neglecting the
magnetic field in the ray tracing calculation (b).

Figure 6.22: Ray-tracing solutions for an MHD plasma case with an applied magnetic
field of 0.41 T at an effective power of 175 kW, and a radio frequency of 34 GHz
considering the magnetic field in the ray tracing calculation (a), and neglecting the
magnetic field in the ray tracing calculation (b).
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Figure 6.23: Ray-tracing solutions for an MHD plasma case with an applied magnetic
field of 0.41 T at an effective power of 200 kW, and a radio frequency of 34 GHz
considering the magnetic field in the ray tracing calculation (a), and neglecting the
magnetic field in the ray tracing calculation (b).
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Figure 6.24: Ray-tracing solutions for an MHD plasma case with an applied magnetic
field of 1 T at an effective power of 125 kW, and a radio frequency of 34 GHz
considering the magnetic field in the ray tracing calculation (a), and neglecting the
magnetic field in the ray tracing calculation (b).
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Figure 6.25: Ray-tracing solutions for an MHD plasma case with an applied magnetic
field of 1 T at an effective power of 150 kW, and a radio frequency of 34 GHz
considering the magnetic field in the ray tracing calculation (a), and neglecting the
magnetic field in the ray tracing calculation (b).
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Figure 6.26: Ray-tracing solutions for an MHD plasma case with an applied magnetic
field of 1 T at an effective power of 175 kW, and a radio frequency of 34 GHz
considering the magnetic field in the ray tracing calculation (a), and neglecting the
magnetic field in the ray tracing calculation (b).
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Figure 6.27: Ray-tracing solutions for an MHD plasma case with an applied magnetic
field of 1 T at an effective power of 200 kW, and a radio frequency of 34 GHz
considering the magnetic field in the ray tracing calculation (a), and neglecting the
magnetic field in the ray tracing calculation (b).

6.2.2.8 EM wave intensity analysis

The analysis of the intensity of the electromagnetic waves along the ray trajectory
is discussed in the following section. The intensities are normalized to the maximum
intensity value of all rays launched. The minimum intensity is limited to —400
dB for better comparison. The electric field and therefore intensity values along
the trajectory depend highly on the spread factor of a ray. This leads to intensity
increases along the ray path in case rays are bent towards each other. Since the
spread factor is related to the behavior of the adjacent ray numerical uncertainties
may arise.

The results of the intensity analysis for non-plasma, and non-MHD cases at 34
GHz, 37 GHz, and 40 GHz are shown in Fig. 6.28. The intensities are decreasing
with increasing distance from the transmitting antenna. The loss in intensity is
significant after the wall reflection in those cases. Rays reach the Rx antenna area
mostly in the bore-sight direction with a contribution of the reflected rays.
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Figure 6.28: Normalized intensity for non-plasma, non-MHD cases at radio frequencies
of (a) 34 GHz, (b) 37 GHz, and (c) 40 GHz.
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In Fig. 6.29 the cases without a magnetic field applied are shown. At an input
power level of 125 kW the intensities of the rays reaching the Rx antenna area are low.
This is also related to the losses during the reflection process. From 125 kW to 175
kW, the intensity of the rays reaching the Rx antenna area seems to increase and the
losses during the reflection process seem to decrease. The losses during the reflection
processes seem to be higher for high-energy rays. Interestingly, the high-energetic
rays launched in the bore-sight of the transmitting antenna are reflected from the
plasma stream at 175 kW and leave the domain upstream. This indicates a separation
of the low energetic waves traveling downstream less affected by the plasma close
to the transmitting antenna. Similar behavior can be observed for the 200 kW case
although most rays do not leave the domain due to the limited amount of reflections
allowed. This is an example of why limiting the number of reflections to three does
not significantly affect the possible received power at a receiving antenna due to the
high losses during the reflection process.
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Figure 6.29: Normalized intensity for non-MHD plasma cases at a radio frequency of
34 GHz at 125 kW, (b) 150 kW, (c) 175 kW, and (d) 200 kW effective input power.
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Although the ray-tracing solutions are not significantly altered if neglecting the
MHD effects on the ray path calculation the intensities can be altered noticeably.

In the case with an input power of 125 kW with an applied magnetic field of 0.25
T the intensity along the ray trajectory is not changing compared to the non-MHD
case as can be seen in Fig. 6.30 (b). Further increasing the input power to 150 kW
and 175 kW seems to result in a higher intensity loss (Fig. 6.31 (b), and 6.32 (b)).
At a power level of 200 kW (Fig. 6.33 (b)), besides the slightly altered ray paths,
the intensities of the rays propagating downstream are higher while the intensities of
the rays propagating upstream are lower.

Considering the MHD effects in the ray-tracing analysis and therefore in the
intensity analysis shows in Fig. 6.30 (a) that the intensities reaching the Rx antenna
areas are lower compared to the corresponding non-MHD case. However, the increased
number of rays reaching the Rx antenna position increases the overall intensity at
this position.

In the case of an applied magnetic field of 0.25 T at 150 kW, as shown in Fig. 6.31
(a), the intensities reaching the Rx antenna positions are higher compared to the
non-MHD case (see Fig. 6.29 (b)). The high-energetic rays in bore-sight direction
are reflected and refracted toward the upstream direction away from the antenna.

Further increasing the power to 175 kW results in a reduced intensity as can
be seen in Fig. 6.32 (a) compared to the intensity along the trajectory of the
corresponding non-MHD case in Fig. 6.29 (c).

Despite the case that no ray is reaching the receiving antenna area for 0 T and
200 kW (see Fig. 6.29 (d)) if applying a magnetic field of 0.25 T (Fig. 6.32 (a))
rays can reach the Rx antenna positions with an intensity less than those intensities
indicated in the non-MHD case.

Comparing the four power levels at 0.25 T gives no clear indication that an
applied magnetic field will increase or decrease the intensity of a ray. An increase in
intensity at a specific antenna position may be established due to the presence of an
increased amount of ray at this position.
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Figure 6.30: Normalized intensity for an MHD plasma case with an applied magnetic
field of 0.25 T at an effective power of 125 kW, and a radio frequency of 34 GHz
considering the magnetic field in the ray tracing calculation (a), and neglecting the
magnetic field in the ray tracing calculation (b).
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Figure 6.31: Normalized intensity for an MHD plasma case with an applied magnetic
field of 0.25 T at an effective power of 150 kW, and a radio frequency of 34 GHz
considering the magnetic field in the ray tracing calculation (a), and neglecting the
magnetic field in the ray tracing calculation (b).
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Figure 6.32: Normalized intensity for an MHD plasma case with an applied magnetic
field of 0.25 T at an effective power of 175 kW, and a radio frequency of 34 GHz
considering the magnetic field in the ray tracing calculation (a), and neglecting the
magnetic field in the ray tracing calculation (b).
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Figure 6.33: Normalized intensity for an MHD plasma case with an applied magnetic
field of 0.25 T at an effective power of 200 kW, and a radio frequency of 34 GHz
considering the magnetic field in the ray tracing calculation (a), and neglecting the
magnetic field in the ray tracing calculation (b).

119



Chapter 6. Magnetized plasma & signal characterization:
Two-dimensional study

Applying a magnetic field with a maximum magnetic field strength of 0.41 T and
neglecting the MHD effects in the ray tracing analysis (see Figures 6.34 - 6.37 (b))
results in similar intensity values compared to the corresponding non-MHD cases in
Fig. 6.29.

A magnetic field applied with a maximum magnetic field strength of 0.41 T at
125 kW and considering the MHD effects (Fig. 6.34 (a)) the intensity values at the
relevant Rx antenna positions are lower than those compared to the corresponding
non-MHD case. This behavior is similar to the case at 125 kW and 0.25 T.

Increasing the power to 150 kW at 0.41T results in an increased intensity at the
relevant position compared to the corresponding non-MHD case as can be seen in
Fig. 6.35 (a). Compared with the 150 kW at 0.25 T shows consistency.

This consistency in intensity is also given for the cases at 175 kW. The intensities
at 175 kW (Fig. 6.36 (a)) are below those calculated for the corresponding non-MHD
case while at 200 kW (Fig. 6.37 (a)) the intensities of the rays reaching the relevant
antenna positions seem to be higher.

Comparing the four power levels at 0.41 T also gives no clear indication that an
applied magnetic field will increase or decrease the intensity of a ray except for the
200 kW case. Again, an increase in intensity at a specific antenna position may be
established due to the presence of an increased amount of rays at this position.
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Figure 6.34: Normalized intensity for an MHD plasma case with an applied magnetic
field of 0.41 T at an effective power of 125 kW, and a radio frequency of 34 GHz
considering the magnetic field in the ray tracing calculation (a), and neglecting the
magnetic field in the ray tracing calculation (b).
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Figure 6.35: Normalized intensity solutions for an MHD plasma case with an applied
magnetic field of 0.41 T at an effective power of 150 kW, and a radio frequency of 34
GHz considering the magnetic field in the ray tracing calculation (a), and neglecting
the magnetic field in the ray tracing calculation (b).
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Figure 6.36: Normalized intensity for an MHD plasma case with an applied magnetic
field of 0.41 T at an effective power of 175 kW, and a radio frequency of 34 GHz
considering the magnetic field in the ray tracing calculation (a), and neglecting the
magnetic field in the ray tracing calculation (b).

121



Chapter 6. Magnetized plasma & signal characterization:
Two-dimensional study

-400

X [m]

(b)

Figure 6.37: Ray-tracing solutions for an MHD plasma case with an applied magnetic
field of 0.41 T at an effective power of 200 kW, and a radio frequency of 34 GHz
considering the magnetic field in the ray tracing calculation (a), and neglecting the
magnetic field in the ray tracing calculation (b).

As mentioned earlier, if a magnetic field of 1 T is applied the ray-tracing solutions
neglecting the MHD effects alter compared to the non-MHD cases, especially for the
case at 200 kW power. The intensity values for the cases at 125 kW and 150 kW
(see Figures 6.38, and 6.39) are similar to their corresponding non-MHD cases at the
relevant positions. In the case of an input power of 175 kW at 1 T, the intensities
are less than the corresponding non-MHD case. At an input power of 200 kW, the
intensities increase significantly overall when a magnetic field of 1 T is applied.

Considering the MHD effects in the ray-tracing the resulting intensities at a power
level of 125 kW at 1 T are below the corresponding non-MHD case if comparing Fig.
6.38 (a) with Fig. 6.29 (a). Again, more rays are reaching the relevant positions and
therefore the intensity may be higher. The same behavior is observed for the case at
1 T and 150 kW (Fig. 6.39 (a)) and the case at 1 T and 175 kW (Fig. 6.40 (a)). The
intensities at the relevant positions are decreased compared to the non-MHD cases
with more rays reaching the aforementioned positions. The results are significantly
different for the 200 kW at 1T case (see Fig. 6.41 (a)) in which the intensity values
increased.

If a magnetic field of 1 T is applied, the aforementioned reflection and refraction
of the bore-sight rays toward the upstream is reduced significantly.

Comparing the four cases at 1 T leads to the conclusion that the intensity values
increase with increasing power levels. This is counter-intuitive since a higher electron
number density leads to higher refractive index gradients thus leading to more
disruption in non-MHD cases. However, a magnetic field of 1 T in combination
with a high electron number density seems to result in smoother refractive index
gradients and therefore in less attenuation of the electromagnetic wave. Nevertheless,

122



6.2. Results

the number of rays reaching the Rx antenna positions is less at 200 kW compared to

the other three power levels.
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Figure 6.38: Normalized intensity for an MHD plasma case with an applied magnetic
field of 1 T at an effective power of 125 kW, and a radio frequency of 34 GHz
considering the magnetic field in the ray tracing calculation (a), and neglecting the

magnetic field in the ray tracing calculation (b).
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Figure 6.39: Normalized intensity for an MHD plasma case with an applied magnetic
field of 1 T at an effective power of 150 kW, and a radio frequency of 34 GHz
considering the magnetic field in the ray tracing calculation (a), and neglecting the
magnetic field in the ray tracing calculation (b).
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Figure 6.40: Normalized intensity for an MHD plasma case with an applied magnetic
field of 1 T at an effective power of 175 kW, and a radio frequency of 34 GHz
considering the magnetic field in the ray tracing calculation (a), and neglecting the
magnetic field in the ray tracing calculation (b).

124



6.2. Results

VI |dB]

Figure 6.41: Normalized intensity for an MHD plasma case with an applied magnetic
field of 1 T at an effective power of 200 kW, and a radio frequency of 34 GHz
considering the magnetic field in the ray tracing calculation (a), and neglecting the
magnetic field in the ray tracing calculation (b).

6.2.2.9 Validation with on-ground experiments: S-parameter analysis

The S-parameter for a radio frequency of 34 GHz is analyzed for magnetic field
strengths of 0.25 T and 0.41 T and power levels to validate BORAT against on-ground
experiments at VKI. The experiment was not performed at a magnetic field strength
of 1 T. The results of the S-parameter validation study are presented in table form
at first because the numerical results differ partially drastically compared to the
experimental results, which makes a visual presentation of the results less intuitive.
An error estimation was neglected due to the partially large discrepancies. The
nomenclature of the S-parameter is as follows:

1. Sg1,0 is the calculated S-parameter from the ordinary wave.

2. S91x is the calculated S-parameter from the extraordinary wave.
3. So1¢ is the total calculated S-parameter.

4. So1 exp is the measured S-parameter in the experiment.

Difficult operating conditions for the ray tracer and therefore difficulties in
generating solutions in combination with the heavy computational cost for MHD
calculations lead to the choice of reducing the ray density. The nature of anistropic
plasma leading to unforecastable ray trajectories makes it difficult to predict the
initial radiation direction by keeping the maximum number of rays limited for
calculations on an HPC.
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Table 6.2: Comparison of the S-parameter for non-MHD cases at various power levels
at a radio frequency of 34 GHz

B-field [T] 0

Power [kW] | 0 125 150 175 200
Sore [AB] | -44.82 | -304.66 -272.63 -137.10 -194.37
Sorexp [AB] | -45.47 | -42.88  -43.41 -47.81  -46.97
Ssie [AB] | -44.05 | -318.59 -274.54 -145.04 -196.90
Ssiexp [AB] | -44.72 | -46.63 -48.90 -49.75  -49.70
Sure [AB] | -53.06 | -297.77 -270.65 -154.81 -65.05
Sitexp [AB] | -53.30 | -47.07  -51.41  -52.90 -51.88

Table 6.3: Comparison of the S-parameter for MHD cases at various power and
magnetic field strength levels at a radio frequency of 34 GHz

B-field [T 0.25 0.41

Power kW] | 125 150 175 200 125 150 175 200
So10 [dB] | -255.7 -154.3 -226.6 -183.1

So1x [dB] | -61.8 -148.2 -129.4 -127.5|-260.9 -121.6 -114.1 -110.6
Sors [AB] | -61.8 -144.7 -129.4 -127.5|-226.5 -121.6 -114.1 -110.6
Sotexp [AB] | -41.9  -44.9 -46.9 -43.8 | -40.9 -429 -454 -43.9
Ss1.0 [dB] | -256.8 -152.0 -226.1 -179.6

Ssix[dB] | -61.3 -154.9 -131.9 -130.0 | -260.2 -121.3 -117.6 -109.4
Ss14 [dB] | -61.3  -147.3 -131.9 -130.0 | -225.9 -121.3 -117.6 -109.4
Ss1exp [AB] | -45.5  -50.6  -50.7 -47.9 | -46.2 -50.1 -51.0 -48.4
Si10 [dB] | -248.3 -134.7 -252.0 -140.9 -2104 -175.6
Siux [dB] | -47.1  -83.2 -119.6 -143.2|-229.1 -112.7 -109.8 -96.8
Sis [dB] | -47.1 832 -119.6 -143.2 | -229.1 -112.4 -109.8 -96.8
Sitexp [AB] | -47.7  -50.9 -51.1 -50.9 | -48.0 -51.9 -51.4 -51.0
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The results for non-MHD conditions can be found in Table 6.2. The numerical
and experimental S-parameter for the non-MHD, non-plasma case match well. The
differences are below 1 dB. This shows the principle functionality of the signal
characterization method. The experimental measured S-parameter show neither a
significant influence of an applied nor a significant change for various power levels.
Analyzing the non-MHD cases for the four power levels shows a large discrepancy
between the measured and numerically calculated S-parameters. The attenuation
measured in the experiments is in the same order of magnitude as the non-MHD,
non-plasma case. The gaps between the numerical and experimental results reach
from 13 dB for S4; ¢ at 200 kW up to 272 dB for Sg; ¢ at 125 kW. It is worth mentioning
that a 3 dB difference is a factor of two in linear units. Interestingly, the discrepancy
between the numerical and experimental results decreases with increasing power.
Analyzing the ray trajectories shows that no direct rays are reaching the receiving
antennas only reflected rays reach them. For low-power cases, the high-energetic
rays in bore-sight are refracted away leaving the domain away from the receiving
antennas. The low-energetic side lobe rays reach the antenna position through wall
reflections reaching the receiving antenna at low-energetic side lobes leading to a
high attenuation. When increasing the power more high-energetic rays from the
original bore-sight direction reach the antenna due to refraction and reflection.

Analyzing the S-parameter for MHD cases shows that the main contribution
to the total S-parameter is provided by the extraordinary wave. The refractive
index of the extraordinary wave is higher compared to the refractive index of the
ordinary wave in the presence of large magnetic fields leading to less disturbance
along the trajectory except if cut-off conditions are reached (see detailed explanation
in Section 6.2.1). Interestingly, at power levels of 175 kW and 200 kW, no ordinary
rays reach the three receiving antenna positions except for antenna four at 0.41
T. As mentioned before the ray trajectories are not predictable in an anisotropic
plasma due to the dependency of the refractive index on the angle between the wave
propagation direction and the magnetic field vector.

The attenuation decreases with increasing power levels in case a magnetic field of
0.41 T is applied at all receiving antennas. This was also observed for the non-MHD
cases. Interestingly, the attenuation increases with increasing power levels when a
magnetic field of 0.25 T is applied.

The numerically calculated total S-parameters and the experimentally measured
S-parameter are plotted over the four power levels in Fig. 6.42. As mentioned before
neither an effect of the magnetic field nor the an effect in increasing electron number
density can be seen in the experimental data. The Sg; ¢ and Ss;; show a very similar
behavior for different power levels. These two antenna positions are almost mirrored
at the Y-axis. At these antenna positions, an applied magnetic field is in general
reducing the attenuation. It seems like a weaker magnetic field performs better for
lower power levels and vice versa when increasing the power levels. This would mean
that the magnetic field needs to be adjusted to the flow conditions.

The outcome for the S-parameter analysis of antenna four (S4;4) is different
compared to the two other receiving antennas. A magnetic field of 0.25 T is also
outperforming the non-MHD case and the 0.41 T case at lower frequencies. A
stronger magnetic field shows a reduced attenuation with increasing frequencies but
the lowest attenuation at 200 kW is reached without an applied magnetic field.
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Figure 6.42: S-parameter analysis over various power levels for magnetic field
strengths of 0 T, 0.25T, and 0.41T
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6.3 Conclusion

The analytical analysis of the resulting refractive index of a magnetized plasma
as a function of magnetic field strength and electron number density showed that
the effect of a magnetic field on the ordinary wave is reduced from parallel to
perpendicular propagation of the wave concerning the magnetic field vector. The
resulting refractive index for the extraordinary wave is at least or greater than one
if a certain magnetic field strength is reached depending on the electron number
density and the angle between the wave vector and the magnetic field vector. An
increase in the angle between the wave vector and the magnetic field vector reduces
the

The outcomes of the validation show that large discrepancies exist between the
numerically calculated and the experimentally measured S-parameter in the case a
plasma (and a magnetic field) is present. Difficult operating conditions, complex
physics, and a limited influence of the magnetic field and the electron number
densities in the flow domain for the experimental data make validation difficult.

From the analysis of the S-parameter over various frequencies at different antenna
positions, it can be concluded, that the magnetic field properties need to be adjusted
to the flow conditions. Weaker magnetic field strengths seem to reduce the signal
attenuation in lower electron number density plasmas. With increasing electron
number densities stronger magnetic fields further reduce the signal attenuation.
Furthermore, the position and the alignment between the transmitting and receiving
antenna are important. Line-of-sight alignment is not automatically the best-case
scenario depending on the flow properties, antenna characteristics, and the possible
magnetic field properties.

Overall, an applied magnetic field shows a positive effect on the ray propagation
and the signal characteristics.

The response to the initial research questions reads as follows:

1. How are the ray propagation and the signal affected by the magnetic field?

An applied magnetic field reduces the attenuation in general but the magnetic
field properties should be adjusted to the flow field properties.

2. Is the magnetic window method sufficient to mitigate radio communication
blackout?

According to the numerical analysis, the magnetic windowing method reduces
the signal attenuation and is, therefore, a suitable radio blackout mitigation
method.

A further analysis with larger magnetic field strengths will show if the effect of an
applied magnetic field reaches a threshold. The effect and necessity of heavy particle
collisions and additional energy splitting between the ordinary and extraordinary
waves in magnetized plasma will also be analyzed in future work. A second validation
campaign including further investigation in the experimental results might bring
additional benefit and improve the agreement between the numerical solutions and
the experimental results.
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7 Conclusion

This chapter contains the conclusion and outlook of the PhD thesis. The research is
summarized and the research questions mentioned in the Introduction are answered.
An outlook of future research and applications of BORAT is given as well.
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Chapter 7. Conclusion

7.1 Summary of the work

Within this work, an existing ray tracing algorithm was further developed to
analyze the effect of a magnetized plasma, besides the effect of a plasma, on the
signal propagation path and how the signal properties are altered along the ray
trajectory. Firstly, the reasons, historical missions, and the relevancy of the radio
communication blackout mitigation research for current and future applications were
introduced and different radio blackout mitigation schemes were mentioned.

The development of a Magnetohydrodynamics (MHD) ray tracer marks a signifi-
cant advancement in the field of hypersonic flight and atmospheric entry analysis.
This tool is capable of analyzing signal properties along the ray trajectory and
performing comprehensive antenna network analysis. It effectively bridges the gap
between high-speed fluid dynamics of plasma flows and electromagnetic wave theory,
providing a more nuanced understanding of complex physical phenomena. The MHD
ray tracer’s ability to operate in the context of magnetized plasma and its capacity
to analyze signal propagation in scenarios involving arbitrary inhomogeneous plasma,
diverse incident waves, and a wide range of fluid compositions, sets it apart from
existing models. Furthermore, the integration of signal characterization into the
ray tracer allows for a detailed examination of how plasma and magnetic fields
affect signal characteristics. The successful validation of this tool with on-ground
experiments at the von Karman Institute for Fluid Dynamics (VKI) underscores
its reliability and effectiveness. The development of this MHD ray tracer represents
a promising step towards mitigating radio blackout, and enhancing the safety and
success of space missions.

7.2 Contribution

The first question is to identify the effect of plasma on the signal propagation
path. The plasma effect was analyzed in Chapter 4 to 6. A plasma can have several
effects on the signal propagation path. In the case of a non-magnetized plasma, the
signal trajectory can be completely attenuated or blocked if the electron number
density is above the critical electron number density of the radio frequency. Low
ionized plasma with an electron number density much smaller than the radio frequency
and smooth gradients has a limited effect on the propagation path. High gradients,
like a plasma stream in a vacuum chamber or the hot gas temperatures around the
shoulder of a probe under testing or entry vehicle, cause a bending of the propagation
path. Plasma has, depending on the refractive index gradient in the domain, a
lensing effect causing the rays to converge or diverge. Line-of-sight (LOS) assumption
in high refractive index gradient cases is often not applicable since we showed that
the radio signal takes complex paths. The plasma region with an electron number
density below the critical electron number density is called brownout. In a brownout
case, there is the possibility of receiving a radio signal away from the vehicle with
the transmitting antenna, but not necessarily in LOS direction. However, the pure
analysis of the signal propagation path neither gives insights into the signal quality
nor the signal intensity.

Second, the effect of a magnetized plasma on the signal propagation
path is of interest. The physics in a magnetized plasma is more complex. The
presence of a magnetic field affects on one side the flowfield and on the other side
there is a dependency of the refractive index on the magnetic field vector and the
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wave vector. The latter does not allow predictions of the (magnetized) plasma effect
in arbitrary cases. Additionally, the refractive index of a magnetized plasma, even if
heavy particle collisions are not considered, can become complex and therefore cause
absorption in the plasma. The refractive index can also be greater than one. In
cases where the magnetic field vector is perpendicular or parallel to the wave vector
predictions can be made and compared with literature. It showed that the magnetized
plasma, compared to similar operating conditions without an applied magnetic field,
increases the radiation aperture angle with increasing magnetic field strength. The
increased aperture angle makes a larger radius of possible communication directions
possible. The refractive index gradients seem to be smaller in the analyzed cases
leading to less ray bending.

Third, the effect of plasma on the radio signal was analyzed with the signal
characterization method. In a collision-less non-magnetized plasma several factors
affect the signal properties. The spread factor, which is comparable to the free space
loss if no plasma is present, can increase or decrease the signal intensity or power
density depending on the electron number density in the flow domain by causing
divergent or convergent ray trajectories. The Fresnel coefficients for reflection and
refraction can increase or decrease the amplitude of the electric field vector and cause
a change in polarization angle. The refractive index, which is in a collision-less case
always real, causes a phase shift in the signal bundle (ray). If heavy particle collisions
are relevant, an additional energy absorption is present in the plasma. Interference
is negligible according to the analyzed cases but can become important as well. The
additional change in the polarization angle caused by the Faraday rotation due to
the presence of Earth’s magnetic field in experiments is small. From the results we
can conclude that the plasma causes an additional attenuation of the signal. The
effect of the free space loss is greater than the reduced plasma influence on the spread
factor for higher frequencies.

Fourth, we analyzed the effect of a magnetized plasma on the signal
properties. Besides the mentioned effects of a non-magnetized plasma on a radio
wave additional effects occur. An applied magnetic field causes significant Faraday
rotations close to the magnet with reduced influence further away. The refractive
index can be complex and therefore absorptive even heavy particle collisions are
neglected. An applied magnetic reduces the attenuation calculated between two
antennas leading to improved communication. The results show that the magnetic
field properties should be adjusted to the flow properties.

Fifth, the suitability of the magnetic windowing method for radio blackout
mitigation is of interest. The functionality of the magnetic windowing method was
shown. A pre-analysis of the required magnetic field strengths is required to operate
in ideal conditions. For entry capsules or hypersonic cruising vehicles, a decent
magnet size can create a corridor with a sufficiently low refractive index for the radio
signal depending on the frequency. Uncertainties in the experiments are sometimes
putting the positive effects of an applied magnetic field in perspective.

Lastly, it is of interest if the numerical tool can be validated against on-
ground experiments. The extended version of BORAT with signal characterization
was successfully validated with on-ground experiments at VKI for non-magnetized
cases. However, uncertainties on the numerical and experimental sides are not
negligible. The numerical results are well within the error margins but cannot
represent the trend of the scattering parameter with increasing frequencies. There
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might be additional effects in the experiment not captured in the 2D ray tracer with
signal characterization. Additional 3D effects, besides the challenging experimental
environment, might also be the reason for the discrepancies in the validation of MHD
cases. However, the validation of the MHD cases gave additional insights to the
behavior of electromagnetic waves in anisotropic plasma.

7.3 Future work

In the next step, the effect of heavy particle collisions at high magnetic field
strengths will be analyzed. Heavy particle collisions will increase the plasma attenu-
ation and change the refractive index leading to an altered ray path. The analysis
of larger magnetic fields will show if there arises a threshold of improvements in
signal characterization. A hybrid ray-tracer for magnetized (anisotropic) plasma
might improve computational cost and accuracy, especially for validation purposes,
by applying the Huygens principle after leaving the plasma area and using a full
wave analysis, which requires fewer rays. Implementing a machine learning algorithm
into BORAT might be useful to analyze decent antenna positions, antenna types,
beamforming possibilities, and improved magnetic field properties.

In a further step, a 3D version of BORAT will show if there are effects in
experiments not captured in the 2D version. Atmospheric entries with an angle of
attack other than zero would also need a 3D analysis. On-ground experiments in
infrared frequencies would make it possible to visualize the signal propagation for
further physical understanding and improvement in the numerical tool. Additionally,
the effect of a pulsed magnetic field instead of a steady magnetic field can be analyzed,
promising a reduced magnet size and cooling requirements. Extending the refractive
index equation to account for dusty plasma will improve the accuracy in atmospheric
entry analysis or the analysis of communication interruption during launches on
other celestial bodies. Furthermore, the radar cross-section of hypersonic cruising
vehicles and satellites with electric propulsion systems can be analyzed with BORAT
for tracking and identification.
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