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Abstract
Spacecraft entering a planetary atmosphere are surrounded by a plasma layer containing high levels of
ionization. The high electron number densities cause attenuation of the electromagnetic waves emitted by
the on-board antennas, leading to communication blackout for several minutes. This work presents experi-
mental measurements of signal propagation in an ionized plasma flow. These measurements are conducted
at the VKI plasma wind tunnel using conical horn antennas transmitting in the Ka-band, between 33 and
40 GHz. Clear attenuations are observed when the signal is propagating through the plasma. These vary
between 5 and 15 dB depending on the testing conditions. Preliminary evidence of Faraday rotation effect
caused by the plasma is also observed. Additionally, high speed imaging analysis shows significant jet
fluctuations, related with the chamber pressures and power settings.

1. Introduction

Spacecraft enter planetary atmospheres at hypersonic velocities generating shock waves ahead of the vehicle and
consequent extreme aerodynamic heating. The high post-shock temperatures dissociate and ionize the gas creating
a plasma layer that surrounds the spacecraft. High ionization degrees affect the propagation of the electromagnetic
waves emitted by the on-board antennas, causing attenuation and refraction of the radio waves. Extreme ionization
levels lead, ultimately, to a communication blackout. Figure 1 shows a schematic representation of this phenomenon.
The radio communication blackout occurs when the characteristic frequency of the plasma layer around the vehicle
exceeds the radio frequency used for communications. The ionization degree of the gas defines the plasma frequency,
fp [Hz], which is related to the electron number density, ne [m−3], by

fp =
1

2π

√
q2

ene

meε0
≈ 9
√

ne (1)

where qe and me are, respectively, the electron charge and mass, and ε0 the free space permittivity. Radio blackout
typically lasts several minutes, depending on the trajectory and altitude of the vehicle, the properties of the atmosphere1

and the frequency of the emitting antenna. The attenuation rate of the signal κ [dB m−1] is given by2

κ =
54.6
λ

√
f 2
p − f 2

f 2 , (2)

where λ and f are the wavelength and frequency of the electromagnetic wave being used for communication. Atten-
uation rates for various commonly used communication bands (calculated using Eq. 2) as a function of the electron
number density are plotted in Fig. 2. Peak plasma densities encountered in historic missions3–6 are plotted on vertical
lines. Figure 2 motivates that the key to the solution of the reentry blackout problem lies in a reduction of the electron
densities in the plasma layer.

From the beginning of space exploration, different methodologies for actively reducing the plasma layer ef-
fects on radio communication attenuation and blackout have been proposed and studied. The most promising areas of
research are high-frequency transmission, creation of a magnetic field, aerodynamic shaping effects,7 electrophilic in-
jection,8 and Raman scattering.9 During the 1960s, NASA’s radio attenuation measurement program10 was conducted
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Figure 1: Schematic of the blackout phenomenon
during reentry.

Figure 2: Attenuation rates for various typical fre-
quency bands used in space communications and
peak plasma densities encountered in the antenna re-
gions of the MA-6, RAM-C and Apollo missions.3–6

to develop diagnostics for characterization of reentry plasma parameters and to begin in-flight testing of some mitiga-
tion methods. Those studies confirmed that the most feasible methods mainly contained electrophilic injection, and
magnetic windows.11 However, no method has been successfully integrated into a spacecraft for regular flight.

In ground facilities, several experimental campaigns have been performed. Significant success at mitigating
the blackout conditions have been observed using a remote antenna assembly (RAA) in hypersonic wind tunnels for
different Mach numbers.12 A RAA is a small antenna assembly mounted on a pylon in the nose of the fuselage and
placed ahead of the bow shock of the vehicle, i.e., outside the thick shock layer. This study showed that acceptable
ionization levels near the antennas can be achieved to allow communications. However, the RAA usually melted
without the use of an active cooling system.13 Savino et al.14 conducted an experimental campaign in an arc jet plasma
wind tunnel to reproduce the plasma frequency on ground and to numerically correlate it with the radio frequency
signal loss. For that, they conducted a preliminary characterization of the plasma density and electron temperature
using a Langmuir probe. This study demonstrated the capability of duplicating the ionization levels encountered during
reentry, and the ability of arc jet facilities, integrated with proper numerical tools, to correctly deal with problems of
communication attenuation and blackout. Bendoukha et al.15 explored a new method of communication called end of
radio silence using an arc heat facility. A transmitter was located behind the thermal shield, and the receiver equipped
with wire antenna was installed in the vacuum chamber and outside the hot gas flow to receive radio signal during
the transmissions. However, the main purpose of the research was to test the performance of the heat shield while
protecting the antenna. Lemmer et al.16 performed experiments to evaluate the use of crossed electric and magnetic
filed to lower the plasma density in a region surrounding the antenna. These measurements were conducted in a 150-
mm diameter helicon plasma source operating with argon. The electron number densities, plasma frequency and signal
attenuation measurements were done with a Langmuir probe, a hairpin resonance probe and a S2-1 probe, respectively.
They found this approach to be a feasible method for communication blackout amelioration and the plasma number
density to decrease up to 70%. The attenuation levels improved from -10 dB to -2 dB for frequencies in the L-band.
Schlachter et al.17 developed a conduction cooled High Temperature Superconducting (HTS) magnet to provide a high
magnetic field for a radio blackout mitigation experiment in DLR L2K arc heated wind tunnel. Their experiments
also used the E × B communication blackout scheme to reduce locally the electron density of the argon plasma. Their
experimental setup used a flat plate model with a transmitter antenna and a superconducting magnet, positioned in a
region with lower plasma number density to avoid attenuation and reflections of the radio waves.

The Horizon 2020 MEESST (Magnetohydrodynamic Enhanced Entry System for Space Transportation) project
aims at designing and testing a proof-of-concept magnetic shielding device for mitigation of radio blackout and for
reduction of heat flux upon the surface of the spacecraft during atmospheric entry. The interaction between the magnetic
field lines and the electrons prevents the electrons to respond to the electric field component of the electromagnetic
oscillation from radio communications.18 This effectively creates a magnetic window through which communication
signals can freely pass. Analytical work19, 20 showed that the magnetic field required to allow the communication
frequencies to penetrate the reentry plasma must be very strong. These strong magnetic fields are conceivable to
generate forces which can modify the fluid dynamics configuration, such as moving the shock front away from the
vehicle surface which decreases the thermal flux towards the wall and the electron number densities.
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As part of the project, this work presents the effects of an ionized medium on the propagation of the radio signal
through an air plasma flow produced with the Inductively Coupled Plasma (ICP) generator in the VKI-Plasmatron
facility. As a first attempt to characterize the radio wave propagation through the plasma, two antennas are placed
aligned perpendicularly to the plasma flow, and the attenuation of the signal is assessed. Additionally, the instabilities
of the plasma flow are also studied due to their influences to the signal propagation.

2. Radio communication theory

2.1 Signal propagation in ionized mediums

The characteristics of electromagnetic wave propagation in the atmosphere depend strongly on the operating fre-
quency. The ionosphere has a major effect on the propagation at medium and high frequencies (0.3-30 MHz), because
radio waves in this frequency range are effectively reflected. For frequencies above 30 MHz, the waves propagate
through the atmosphere with small attenuation, allowing satellite and deep space communications. At frequencies
above 10 GHz, atmospheric conditions play a major role in the signal propagation.21

The ionosphere is a region of highly charged particles that form an ionized gas or plasma. As such, the iono-
spheric propagation theory can be extended to plasma flow on ground facilities. The "reflections" from the ionosphere
are produced by refraction as the wave propagates through this region. The relative dielectric constant of the plasma22

is

εr = 1 −
f 2
p

f 2(1 − jν/(2π f ))
, (3)

where fp is the plasma frequency defined in Eq. 1, f the antenna frequency, and ν is the electron collision frequency.
Neglecting the collisions,

εr = 1 −
f 2
p

f 2 . (4)

The propagation constant of a wave in a plasma23 corresponding to the imposed frequency f is

k = k0

√
1 −

f 2
p

f 2 = k0
√
εr. (5)

Hence, for frequencies f > fp, the propagation constant is real and the wave is refracted by the plasma according to
the variation of εr. For frequencies f < fp, the dielectric constant is negative, which leads to an imaginary propagation
constant. In this case, an incident wave on the medium is totally reflected. Additionally, for frequencies f � fp the
relative dielectric constant is essentially one, and the wave passes through the plasma without significant refraction.
However, if the plasma is magnetized, the waves undergo Faraday rotation by the ionized medium, and the polarization
vector is rotated as the wave passes through it.

The total electron content (TEC) accumulated along a transmission path penetrating the ionosphere causes the
rotation of the wave polarization (Faraday rotation), time delay of the signal, and a change in the apparent direction of
the arriving signal due to refraction. As the rotations and time delays are non-linearly dependent of the frequency, a
dispersion or group velocity distortion can also occur. The magnitude of the Faraday rotation, θ [rad], depends on the
frequency of the radio wave, the magnetic field strength, and the electron density of the plasma as

θ = 2.36 × 104 BavNT

f 2 , (6)

where θ is the angle of rotation, B the average Earth magnetic field, f the frequency, and NT the TEC [m−2] expressed
as

NT =

∫
S

ne(s)ds, (7)

being s is the propagation path and ne the electron number density.
The presence of charged particles in the ionized medium also slows down the propagation of the radio signal

along the path. This time delay in excess of the propagation time in free space is called the group delay, t [s], and it is
computed as

t = 1.345 × 10−7 NT

f 2 . (8)

Figures 3a and 3b presents, respectively, the evolution of the Faraday rotation for an average value of the Earth’s
magnetic field strength of 50 µT and of the group delay, for different TEC values in the Ka-band (26 to 40 GHz).
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(a) Faraday rotation for Bav = 50 µT.
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Figure 3: Effects due to electron concentration function of TEC and frequency in the Ka-band.

2.2 S-parameters

For high frequencies, a network is represented by its scattering matrix. This S-matrix allows to describe the
properties of a multi-port network by quantifying how electromagnetic energy propagates through the network. The
scattering term refers to the relationship between incident and scattered (reflected and transmitted) travelling waves.
The S-matrix for a N-port network contains N2 complex coefficients (S-parameters), each one representing the magni-
tude and phase of a possible input-output path. The diagonal parameters are referred to as reflection coefficient and the
off-diagonal parameters as transmission coefficients.

The waves going through the N-port are a = (a1, a2, ..., aN) and the waves travelling away are
b = (b1, b2, ..., bN). The wave ai going into port i is derived from the voltage wave going into a matched load. For
consistency with the conversation of energy, the voltage is normalized to

√
Z0, being Z0 the characteristic impedance

(often Z0 = 50Ω). The definitions of the waves ai and bi are

ai =
V+

√
Z0
, bi =

V−
√

Z0
(9)

where V+ is the voltage of the incident wave and V− the voltage of the reflected wave. The relation between ai and bi

(i ∈ 1, 2, ...,N) can be written as a system of N linear equations24

bi = S iiai + S i ja j, (10)

where the j subscript stands for the port that is excited (the input port), and the i subscript for the output port. Physically,
S ii is the input reflection coefficient with the output of the network terminated by a matched load (a j = 0); S i j is the
transmission from port j to port i; and S j j the output reflection coefficient. Figure 4 represents a generalized two-port
network with a characteristic impedance of Z0.
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Figure 4: Generalized two port network.

3. Experimental setup

3.1 The Plasmatron facility

The Plasmatron at the von Karman Institute for Fluid Dynamics (VKI) is an inductively-coupled plasma (ICP)
wind tunnel,25 that creates a high enthalpy, highly dissociated subsonic gas flow for reproduction of the aerothermody-
namic environment found in hypersonic flight regimes. This facility has been extensively studied by Bottin et al.25, 26
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Its basic concept consists of a quartz tube with an internal diameter of 200 mm and 5 mm thickness surrounded by
a coil, which is connected to a 1.2 MW generator that provides high voltage (2 kV) and high frequency (400 kHz)
current. This induces an electromagnetic (EM) field inside the tube, that forces residual charged particles in the flow
to form eddy currents which heats up the gas by Joule effect. The injection of gas is done through a ring-shaped inlet
at the outer edge of the torch. Due to the induced EM field, the gas ionizes into plasma flow, which exits at subsonic
speed into a low pressure test chamber. Argon is employed as starting gas, facilitating the initial electric discharge, due
to the longer lifetime of the free electrons at low pressure compared to the air plasma case. Then, the gas is gradually
switched to the desired test gas (air, N2, CO2) and the argon switched off. The plasma exits through a diffuser, and it
is cooled down by a water cooled heat exchanger. The vacuum system consists of a set of three pumps. After proper
dilution, the recombined gases are finally released to the atmosphere through an exhaust. Complementary systems are
responsible for the gas circulation, cooling, and diagnostics.

An absolute pressure transducer (Memberanovac DM 12, Leybold Vacuum) measures the static pressure (ps)
in the test chamber. As the plasma jet is low subsonic (Ma ≈ 0.1), the static pressure is assumed constant inside
the chamber. The gas mass flow rate (ṁgas) supplied to the torch is monitored through a calibrated gas rotameter
(Bronkhorst EL-Flow F-203AV), while the Plasmatron control system allows to record the electric power (Pel) supplied
to the induction coil. Suitable side windows provide the necessary optical access to the testing chamber perpendicular
to the plasma flow.

3.2 Experimental setup design

A preliminary numerical analysis is performed to estimate the plasma frequency and, consequently, to design
the appropriate communication system. The subsonic steady state plasma flow field in the Plasmatron chamber is
numerically simulated using the in-house ICP magnetohydrodynamics solver.27, 28 This solver couples the Maxwell
equations with the Navier-Stokes equations under Local Thermodynamic Equilibrium (LTE) and axisymmetric steady
flow assumptions. The VKI ICP code is integrated into the Computational Object-Oriented Library for Fluid Dynamics
(COOLFluiD).29 This solver simulates the interaction between the electromagnetic field around the coil and the gas
passing through, with the aim of reproducing the whole Plasmatron chamber. The ICP computations use the VKI-
developed Mutation++30 library to determine thermodynamic and transport properties of the 11-species air mixture,
including O2, N2, O+

2 , N+
2 , NO, NO+, O, O+, N+, N and e−. In the simulations, all the walls are cooled down to 350 K

and the annular injection of the gas is imposed at the inlet.31 The input parameters are the static pressure in the
Plasmatron chamber, the gas mass flow rate supplied to the torch, and the effective power dissipated in the plasma by
electromagnetic induction. The static pressure and mass flow rate are experimentally measured during the test with the
absolute pressure transducer and the gas rotameter, respectively. The exact value for the effective power generating the
plasma is unknown and generally an efficiency of 50% of the electric power is considered.

The following analysis considers a database of simulations at a constant mass flux of 16 g/s, static pressures
of 15, 50 and 100 mbar, and varied effective powers, under LTE assumption. Three different positions along the
center of the axis are analysed (18.4, 31.5 and 44 cm from the torch exit). Figure 5 summarizes the evolution of the
numerical electron number densities with static pressure and effective power, and communication bands between 8 GHz
(7.9 × 1017 m−3) and 110 GHz (1.5 × 1020 m−3). The simulations show that the further away from the torch exit, the
lower the electron densities, with more significant differences at intermediate powers. Based on these results, the Ka-
band is chosen. This bandwidth allows to study testing conditions where the signal can propagate through the plasma
(if fp < f ) and conditions in complete blackout (if fp > f ). Additionally, the range of electron number densities in this
band simulates flight conditions of Apollo missions (as shown in Fig. 2).

3.3 Experimental setup and calibration

From the previous analysis, the communication system is defined in the Ka-band. The setup is composed of two
sets each comprising 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 of
these sets is connected to, respectively, a 3 m and a 3.5 m flexible microwave cable (Huber-Suhner SUCOFLEX 102)
and a DC block (MI-wave 8141A). The transmission and reception of the signal are performed with a vector network
analyser (VNA, Rohde and Schwarz ZNB40). Details about these parts are summarized in Table 1. The combination
of these instruments allow operating between 33 and 40 GHz. As such, the sweep frequency of the VNA is defined
between 33 and 40 GHz, with 201 default points in between these limits, and a frequency step size of 60 MHz. The
VNA operates with a sweep time of 43.617 ms and a sampling frequency of 4.6 kHz.

From the gains and losses in the system, a link budget can be estimated. The radio link budget sums the transmit-
ted power along with the gains and losses of every subsystem to determine the signal strength arriving at the receiver
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Figure 5: Evolution of the numerical electron number densities along the axis of the jet.

Table 1: Details about the instruments.

Instruments Antenna Mode transition Adaptor Cable 3 m / 3.5 m DC block VNA

Connectors custom flange custom flange
custom flange -

2.92 mm (f)
2.92 mm
(m - f)

2.92 mm
(m - f)

2.92 mm
(m)

Operating
frequency [GHz] 33 - 38.5 33 - 38.5 26.5 - 40 up to 46 0.01 - 40 0.01 - 40

Link budget 15 dBi 0 dB - 0 .4 dB - 7.87 dB / - 9.18 dB - 0.75 dB 10 dBm

input. For this case, the link budget equation for the radio communication system is

PR = PT + GT − LT − LFP + GR − LR, (11)

where PR is the received power in dBm, PT the transmitter output power from the VNA [dBm], GT and GR are,
respectively, the transmitter and receiver antenna gains [dBi], LT and LR the losses [dB] associated to transmitter and
receiver adaptors, cables and DC blocks, and LFS the free space loss [dB]. The latter loss can be estimated as

LFS = 20 log10

(
4πd f

c

)
(12)

where d is the distance between the antennas, f the operating frequency, and c the speed of light. For this experimental
campaign the antennas are positioned 2 m from each other outside of the side windows of the Plasmatron. Even though
the windows also introduce losses, these are neglected here due to lack of data. For an operating frequency of 40 GHz,
the link budget provides a received power of -49.1 dBm. The dynamic range of the VNA is 120 dB, so meaningful
measurements are still expected to be achieved.

The systematic calibration of the system is performed using a 2.92 mm network analyzer calibration kit (Rohde
and Schwarz ZN-Z229). This type of calibration ensures that the effects of cables and DC blocks, and all systematic
errors in general are canceled out before the measurements of the radio signal of the antennas. For this work, TOSM
(thru-open-short-match) full 2-port calibrations are performed. The full 2-port calibration ensures that all four S-
parameters are fully corrected. TOSM is a defined standards calibration, requiring that data describing all of the
reflection standards (provided by the factory) is loaded into the VNA on a serial number basis. As the behaviour
of the standards are known, measuring them with a VNA defines all of the error terms.32 The load behaviour sets
the directivity terms, the short and open circuits determines the source match and reflection tracking, and the thru
determines the transmission tracking and load match.

High speed camera (HSC) imaging is also performed using a complementary metal-oxide-semiconductor (CMOS)
camera (SpeedSense M310, Vision Research). The camera is characterized by a depth of 12 bit and by a black and
white sensor. The HSC is equipped with a 24 mm focal length objective to ensure the complete visualization of the
plasma flow field. The image resolution is set for 1024 × 768 pixels, and the acquisition rate to 4.1 kHz. The sample
rate, exposure time, and exposure rate are changed according to the testing power as summarized in Table 2. To syn-
chronize the recording of the VNA and of the HSC, a pulse generator (DG535, Stanford Research Systems) is used to
send a trigger pulse for both instruments simultaneously. A schematic of the complete setup is represented in Fig. 6.
The acquisition period of the HSC after trigger is set to 49 ms, with a total number of 201 acquired frames.
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Table 2: Summary of HSC conditions.

Power [kW] Sample rate [fps] Exposure time [µs] Exposure index
90 4100 240 64000

100 4100 240 64000
200 4100 100 20000
320 4100 20 20000
400 4100 10 20000
500 4100 3 20000
600 4100 3 20000

Plasmatron

(a) Schematic comprising the antenna sets, VNA, HSC and
pulse generator.

(b) Photo taken during a test with one of the antennas
visible.

Figure 6: Experimental setup.

4. Results and discussion

4.1 Test conditions

To study the signal propagation in ionized mediums and to try to correlate them with the amount of electrons
in the flow, several conditions are tested. These conditions allow gathering data in the operating envelope of the
Plasmatron. A summary of the testing conditions is presented in Table 3. Three distinct pressures and two different
distances between the antennas and exit of the torch (d) are tested, for increasing electric powers. For each day of
experiments, a new calibration and alignment are done. The alignment is done using a 360o self-leveling laser (Makita
SK700D), by aligning it with the center of the torch exit (and center of the windows) and with the center of the antennas
in a perpendicular direction, for a certain distance d from the torch exit.

Table 3: Summary of testing conditions.

Distance (d)
[cm]

Gas
mixture

Mass flow
[g/s]

Static pressure
[mbar] Electric power [kW] HSC

40 air 16 15 90, 100, 200, 320, 400 no
40 air 16 50 90, 100, 200, 320, 400, 500, 600 no
40 air 16 100 200, 320 no
31 air 16 15 90, 100, 200, 320, 400 yes
31 air 16 50 90, 100, 200, 320, 400, 500, 600 yes
31 air 16 100 200, 320, 400, 500, 600 yes

For each of the targeted pressures, three measurements without plasma are taken. The average of these signals for
each frequency is considered as background signal. This signal allows to neglect the influence of the quartz windows
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and intrinsic reflections on the metallic walls of the chamber. To proceed with the experiments, the Plasmatron is
switched on and the air mass flow is set to 16 g/s with the calibrated rotameter. The vacuum pumps are then regulated
until the target static pressure is reached inside the chamber. Once the required conditions are reached, five random
samples are taken. The static pressure uncertainty can be considered to be ±10% due to the stability of the vacuum
pumps.31, 33

4.2 Experimental results

4.2.1 Plasma instabilities

The investigation of the visible light emission at high acquisition rates using the high speed camera allows to get
a qualitative picture of the unsteadiness occurring in the freestream region of the plasma. Figure 7 illustrates frames
of the flow at 50 mbar for 100, 200 and 400 kW during 7.6 ms (every five frames taken). As the setting of the HSC
are adapted depending on the lighting of the flow at each testing condition (see Table 2), the intensity is normalized
for each case. Although low speed cameras and naked eye observations resemble temporally stable flows, high speed
imaging reveals significant fluctuations. These fluctuations are clearly dependent on the power (see Fig. 7) but also on
the static pressure.
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Figure 7: Evolution of the plasma state for 50 mbar during 7.6 ms.

The highest light emission is located along the axis and close to the exit of the torch. The further away from
the torch, the more unstable the plasma jet fluctuates. Correlating higher intensities with higher temperatures and
higher electron densities, the intensity of the radio signal passing through the flow should vary accordingly to the
fluctuating frequency of the plasma. This is, the attenuation of the transmission signal should be higher for brightest
flows. However, according to the manufacturer specification, the antenna has a 23o at 3 dB beam width E-plane. At
the center of the jet, this corresponds to an integration length for each side of the antenna of 20.3 cm. (which is about
2.7 times the diameter of the torch exit). Thus, at a certain instant, the signal encounters different electron densities.
Moreover, at the other side of the propagation path, the integration length at 3 dB beam width is 40.6 cm. This implies
that the signal reaches the wall of the torch and that multiple reflections occur. As previously mentioned, this effect is
dumped in the following signal propagation measurements by subtracting the background signal.

To investigate the frequency components of the emitted light, fast Fourier transform (FFT) is applied to the
point of intersection between the line of sight of the antennas and the streamline at the torch centerline. This analysis
provides information about the frequency components of the fluctuations of the plasma jet. Figure 8 presents the
FFT magnitudes of the light fluctuations at 50 mbar for powers between 100 and 600 kW (for three samples at each
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condition). This analysis shows that there is a clear main frequency component that increases with the increase of the
power. No other significant components are visible in the spectrum, except occasionally an harmonic or at 600 Hz.
This latter frequency corresponds to the frequency of the rectifier that is 12 times the network frequency.34

The main frequency component as a function of the power is presented in Fig. 9, for the tested pressures. The
error bars correspond to the standard deviation when comparing the samples taken at a certain testing condition. It
is observed that the peak shift observed in Fig. 8 is repeated for the other pressures. This yields a clear correlation
between the plasma jet fluctuations with the chamber pressure, and power settings of the Plasmatron. Cipullo et at.34

associated the overall unsteadiness behaviour of the jet to being proportional to the axis velocity at the torch exit.
The only exception is observed at 15 mbar and 600 kW (grey point). However, the frequency analysis is restricted at
2060 Hz (due to the HSC acquisition time recorded), which is already close to the frequency for 500 kW. Therefore,
further tests should be conducted at 15 mbar and 600 kW with a longer test time to verify if the main frequency indeed
decreases or if there is a constraint due to the time interval recorded.
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Figure 8: FFT of the light emission fluctuations at 50
mbar.
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Figure 9: Main frequency component of the plasma
jet.

4.2.2 Influence of the windows without plasma

Preliminary tests are conducted without plasma to study the influence of the metallic walls and of the quartz
windows on the propagation of the signal. The antennas are placed outside of the windows, 40 cm from the torch exit,
and the distance between them is kept as constant as possible, at around 2 meters. Figure 10 presents the magnitude
of the S parameters when the windows are opened (blue lines) and closed (orange lines). The increase in magnitude
of the S11 and S22 parameters when introducing the windows indicates an increase of the reflected signal from each
of the antennas. The lack of reciprocity between the S11 and S22 coefficients may be caused by a slight misalignment
of the antennas respect to center axis of the chamber. This would influence the way the waves reflect back on the
windows and on the walls of the chamber. The S12 and S21 parameters show an increase of the noise and higher
attenuation at certain frequency regions of the sweep. The ripples in these measurements are due to the interference
(constructive/destructive) of the multiple reflected waves in the windows. The ones also visible without windows are
due to the reflections of the walls of the chamber. However, as the influence of the plasma will be studied based on the
difference between the signal with and without plasma, these effects will be neglected.
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Figure 10: Magnitude of S parameters with and without windows.

4.2.3 Test case: 50 mbar, 320 kW, 40 cm

Figure 11 presents the magnitude of each of the S parameters for a test case at 50 mbar, 320 kW at d = 40
cm from the torch exit. The blue lines correspond to the signal without plasma and the orange line with plasma. The
magnitude of S11 and S22 remains fairly constant with the average values with and without plasma differing less than
5%. The magnitude of the S12 and S21 parameters over the sweep frequencies range decreases around 10 dB when
having the signal propagating through the plasma. Additionally, in these parameters there are certain frequencies at
which the signal intensity drops lower than -70 dB, which means that virtually there is no transmission of the signal
in that frequency in that instance. The instantaneous differences between S12 and S21 may be related to the operating
principle of the VNA and the delay between the acquisition of each of the parameters. This delay may be enough for
the state of the plasma to be changed. By analysing five consecutive samples with the background subtracted at the
same testing condition (Fig. 12), it is observed that the peaks of highest attenuation are not repeatable at the same
signal frequencies. This effect could be caused by the plasma jet fluctuations described in Section 4.2.1, indicating that
the thermodynamic state of the plasma might be different at every measurement. The mean value of the magnitude over
the whole frequency range (presented alongside the standard deviation and root mean square, respectively, in each of
the plots with the same colour as the corresponding sample) shows a variation of less than 3% comparing the different
samples. This yields that the overall attenuation and insertion loss for the plasma are fairly constant for each testing
condition.

4.2.4 Evolution with power and pressure

40 cm from the torch

As mentioned before, the plasma oscillates at a certain frequency depending on the testing condition. As such,
a way of analysing the overall variation of the signal magnitude with power of the Plasmatron and pressure in the
chamber while ignoring the jet fluctuations is to plot the mean value of the magnitude of the signal with error bars
accounting the standard deviation of the magnitude, as presented in Fig. 13. The condition at 0 kW corresponds to the
samples taken with the generator off, hence, without plasma. In this set of measurements, the background is taken in
vacuum, with a chamber pressure of around 0.4 mbar. The reflection coefficients are almost constant with power up to
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Figure 11: Magnitude of S parameters for 50 mbar, 320 kW at 40 cm from the torch exit.
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Figure 12: Magnitude difference of the transmission coefficients for 50 mbar, 320 kW at 40 cm for five samples.

320 kW, increasing then slightly up to 600 kW, indicating there are more self reflections occurring at higher pressures.
This increase may indicate that the plasma is acting like a wall and more signal is being reflected back to the antennas.
The large standard deviations of the coefficients are associated with the ripples caused by the interferences with the
windows and the reflections on the wall, as presented in Sec. 4.2.2. Additionally for the transmission coefficients, the
signal drops that occur at certain frequencies due to the plasma instabilities also increase the standard deviation of the
signal magnitude.

To simplify the presentation of the results, the variation of the mean magnitude of the transmission coefficients is
plotted without error bars in Fig. 14 (dots), overlapped with the maximum electron number density (plus symbols and
dashed lines). The electron number density distributions are obtained numerically with the COOLFluiD solver (ICP
simulations) and the maximum is extracted from the line of sight at 40 cm from the torch exit, for each condition. Com-
paring the mean magnitude variation and the evolution of the maximum electron density, they follow the same inverted
trend (right axis inverted) when increasing power. For the transmission coefficients there is a clear attenuation when
increasing power, which then stabilizes above 400 kW. This stabilization is also visible in the numerical simulations.
Experimentally, the mean magnitude of the transmission signals increases with the increase from 15 to 50 mbar for low
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powers. For powers higher than 320 kW, the mean magnitude is almost independent of the pressure. Assuming local
thermochemical equilibrium (LTE), when increasing the pressure, the electron number densities increase. According to
this theoretical statement, the attenuation of the signal should also increase when increasing pressure. As the opposite
is obtained experimentally, it is concluded that the plasma is not in LTE conditions at 15 mbar.
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Figure 13: Variation of the mean magnitude with error bars of the S parameters at 40 cm from the torch exit.

0 90 100 200 300 400 500 600
Power [kW]

−52

−50

−48

−46

−44

−42

−40

M
ea

n 
m
ag

ni
tu
de

 [d
B]

S12
0 mbar
15 mbar
50 mbar
100 mbar
ICP

1019

1020

1021

1022 M
ax

im
um

 e
le
ct
ro
n 
nu

m
be

r d
en

 it
y 
[m

−3
]

0 90 100 200 300 400 500 600
Power [kW]

−52

−50

−48

−46

−44

−42

−40

M
ea

n 
m
ag

ni
tu
de

 [d
B]

S21
0 mbar
15 mbar
50 mbar
100 mbar
ICP

1019

1020

1021

1022 M
ax

im
um

 e
le
ct
ro
n 
nu

m
be

r d
en

 it
y 
[m

−3
]

Figure 14: Variation of the mean magnitude of the transmission coefficients and maximum electron number density at
40 cm from the torch exit.

Influence of the distance to the torch

Figure 15 presents the variation of the mean magnitude with the background signal subtracted, ie, the influence
of the plasma with the surrounding effects neglected. The circle marker (slightly to the left of the actual power tested)
corresponds to the measurements taken at 40 cm from the torch exit, and the cross marker (slightly to the right)
corresponds to the measurements at 31 cm from the torch. For the 40 cm case, the background signals are taken
in vacuum (and not at the same chamber pressure as during the tests with the plasma), while for the 31 cm case,
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the background signals are taken with the chamber at pressures as the one intended for testing. Slight differences
are observed in the background signal coefficients when comparing different chamber pressure. Therefore the mean
magnitude difference results for 40 cm have an additional small associated error due to the background measurements
taken in vacuum. Nevertheless, conclusions for the same pressure can still be retrieved (as they have the same associated
error) as well as conclusions on the trends when increasing power.
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Figure 15: Comparison between the mean magnitude difference of the S parameters at 40 cm and 31 cm from the torch.
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Figure 16: Magnitude of the reflection coefficients for 15 mbar, 400 kW at 40 cm.

For the transmission coefficients, there is a clear decrease of the mean magnitude when increasing the power
for both of the positions of the antennas respect to the torch exit. Overall, for the same condition, the attenuation is
slightly higher for the antennas at 40 cm. Even though at 31 cm the antennas are closer to the torch and the electron
densities are higher (see Fig. 5), the antennas are also closer to the end of the windows and to the chamber wall, and
the reflections can be more significant. So a direct comparison cannot be done, but overall the trends are the same
when increasing power. When increasing pressure for lower powers, the trend between the two positions is opposite.
For 31 cm, the mean magnitude is lower for 50 mbar than for 15 mbar. This may indicate that the flow is also in
non equilibrium for 50 mbar at this position of the flow. The reflection coefficients for any condition are very close to
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zero with a standard deviation of maximum 3 dB. The only exception occurs for powers from 400 kW at 40 cm from
the torch exit. In these cases, the ripples are not occurring at the same frequencies as in the background signal (see
Fig. 16). These measurements at high powers for all the pressures have been taken consecutively at the end of the day
and the different ripples may be due to a slight movement of the antennas before the acquisition of these conditions,
possibly changing the interferences of the signal with the windows and which are not neglected by the background
because that was taken at the beginning of the day. This difference is not visible in any the lowest testing powers.

Polarization rotation

The last set of experiments conducted has one antenna (antenna 2) rotated 90o respect to the other antenna.
This way a preliminary study about the polarization rotation due to the plasma can be done. The magnitude of the
transmission coefficients, without plasma, intrinsically decreases around 10 dB due to the linear polarization of the
antennas. Figure 17 presents the variation of the mean magnitude with power and pressure without background signal
for the cases when the electric field of both antennas is aligned (circle marker, slightly to the left of the tested power)
and for when it is perpendicular (cross marker, slightly to the right). In both cases the antennas are 31 cm from the
torch exit. When turning on the plasma, the signal magnitude still decreases, indicating that the initial electric field of
the antennas is not completely perpendicular to each other and there is still attenuation affecting the signal. Comparing
the transmission coefficients, the slope for the decrease in the magnitude for each of the coefficients is almost the same.
At 15 mbar, and 90 and 100 kW the difference is slightly higher than 0 dB when the electric fields are perpendicular.
A higher than 0 dB means that the magnitude of signal received with the plasma is stronger than the magnitude of the
signal without plasma. These results have a high uncertainty, but the positive magnitude difference indicates a Faraday
rotation caused by the plasma. Further tests will be conducted to confirm and to study the Faraday rotation caused by
the plasma.
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Figure 17: Comparison between the mean magnitude difference of the transmission coefficients for 0o (label: 31 cm,
HSC) and 90o (label: 31 cm, L90) between the electric fields of each antenna.

5. Conclusions and future work

Radio signal propagation in an air plasma flow has been studied for a combination of static pressures and power
settings. The tests have been conducted by placing two antennas across the plasma jet at the VKI-Plasmatron facility,
and by measuring their signals with a vector network analyser. Additionally, high speed imaging has allowed to
characterize the unsteadiness of the plasma jet.

The imagining analysis has shown significant jet fluctuations. The brightest light emission has been found to be
located along the axis and closer to the torch exit, while further from the exit the fluctuations seem to be more unstable.
Nevertheless, there is a main frequency component of the fluctuations, which is dependent on the testing conditions.
This frequency is increasing with power and decreasing with chamber pressure. An exception has been verified for the
highest power and further tests with longer acquisition times of the high speed camera are suggested to be performed
to verify this result.

The radio signal propagation has been studied initially without plasma to verify the effect of the windows and of
the chamber walls. Clear ripples have been observed due to these interferences. To reduce the amount of reflections
on the chamber walls, tests with more directive antennas are suggested. To minimize these effects in this work, the
effect of the plasma has been studied based on the difference between the signal with and without plasma. As the state
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of the plasma is changing during one single VNA measurement, a direct comparison between each sample cannot be
performed. To improve these results, phase lock measurements are suggested to average the results for each frequency
at the exact same plasma condition. To neglect the influence of the plasma unsteadiness, the signal has been averaged
over the frequency sweep range. Clear attenuations of the signal have been verified, ranging between 5 and 15 dB
depending on the testing conditions. The evolution of the variation of the mean magnitude in function of power has
been found to follow the inverse trend of the numerical electron number densities, as expected. No significant changes
with pressure have been verified for high powers. Additional tests are planned to measure electron number densities
in the Plasmatron facility using emission spectroscopy, by measuring the Stark broadening of the Hβ line, and using a
Langmuir probe for comparison with the experimental results presented in this work. Further tests are also suggested
to study the group delay and Faraday rotation of the signal due to the plasma.
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