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Abstract

Challenging space missions include those at very low altitudes, where the atmo-
sphere is source of aerodynamic drag on the spacecraft. To extend such missions
lifetime, an efficient propulsion system is required. One solution is Atmosphere-
Breathing Electric Propulsion (ABEP). It collects atmospheric particles to be
used as propellant for an electric thruster. The system would minimize the re-
quirement of limited propellant availability and can also be applied to any planet
with atmosphere, enabling new mission at low altitude ranges for longer times.
Challenging is also the presence of reactive chemical species, such as atomic oxy-
gen in Earth orbit. Such species cause erosion of (not only) propulsion system
components, i.e. acceleration grids, electrodes, and discharge channels of con-
ventional EP systems. IRS is developing within the DISCOVERER project, an
intake and a thruster for an ABEP system. The paper describes the design and
implementation of the RF helicon-based inductive plasma thruster (IPT). This
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paper deals in particular with the design and implementation of a novel antenna
called the birdcage antenna, a device well known in magnetic resonance imaging
(MRI), and also lately employed for helicon-wave based plasma sources in fusion
research. This is aided by the numerical tool XFdtd R©. The IPT is based on
RF electrodeless operation aided by an externally applied static magnetic field.
The IPT is composed by an antenna, a discharge channel, a movable injector,
and a solenoid. By changing the operational parameters along with the novel
antenna design, the aim is to minimize losses in the RF circuit, and accelerate a
quasi-neutral plasma plume. This is also to be aided by the formation of helicon
waves within the plasma that are to improve the overall efficiency and achieve
higher exhaust velocities. Finally, the designed IPT with a particular focus on
the birdcage antenna design procedure is presented.

Keywords: ABEP - IPT - VLEO - Helicon - Birdcage

Nomenclature

ABEP: Atmosphere-Breathing Electric Propulsion
IPT: RF Helicon-based Inductive Plasma Thruster
VLEO: Very Low Earth Orbit
S/C: Spacecraft

1. Introduction

This work presents the RF helicon-based inductive plasma thruster (IPT)
designed at the Institute of Space Systems (IRS) of the University of Stuttgart
within the DISCOVERER project, that aims to redesign very low Earth orbit
(VLEO), for altitudes h < 400 km [1], platforms by researching on low drag
materials, aerodynamic attitude control systems, and by the development of an
Atmosphere-Breathing Electric Propulsion system (ABEP) [2–8] for which the
IPT is designed. An ABEP system, see Fig. 1, collects atmospheric particles

Figure 1: Atmosphere-Breathing Electric Propulsion Concept using an IPT.
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by means of an intake and uses them as propellant for an electric thruster.
The system is theoretically applicable to any planet with an atmosphere, and
will drastically reduce the requirement of on-board propellant storage while ex-
tending the mission’s lifetime. The main atmospheric species in VLEO are N2

and O [4]. Atomic oxygen, especially, will rapidly degrade thruster components
that are in direct contact with it. Precedent studies showed such degradation
phenomena when operating conventional EP with atmospheric propellant, es-
pecially on accelerating grids in RF ion thrusters (RIT), and discharge channels
in Hall-effect thrusters (HET) [9, 10]. While many ABEP concepts have been
investigated in the past based on RIT [9–11], HET [12–17], and RF plasma
thruster [18], the only laboratory tested ABEP system to date is the RAM-
HET that includes intake and HET into one device [14–17]. Results shows that
the thruster unit needs further optimization to operate on atmospheric propel-
lant as the thrust generated is still too low compared to the expected drag. In
particular, the RAM-HET also requires injection of Xe to aid the ignition of
the thruster, as well as to operate the neutraliser, all in all implying the need of
an extra propellant tank and respective feeding system or, at least, the need of
a neutraliser capable of long-time operation on atmospheric propellant [14–17].
Finally, the IPT design aims to solve these issues by:

• Employing RF contactless technology for ionization and acceleration;

• Minimize power losses by providing electrically optimized antenna oper-
ating at resonance condition;

• Accelerating both ions and electrons at the same time for a quasi-neutral
plasma exhaust that does not require a neutraliser.

IPT belongs to the category of electrodeless RF plasma thrusters, devices in
which an antenna fed by RF power is located around the discharge channel
where the propellant is injected, ensuring no direct contact with it. The an-
tenna generates the electromagnetic (EM) fields that ionize the propellant that
is then ejected at high velocity to generate thrust. Particularly, the IPT belongs
to the subcategory of the helicon plasma thrusters. Those devices are already
studied in literature but generally use different kind of antennae, mainly half-
helical, Nagoya type, or coil type [19, 20]. The RF discharge is aided by an
external static magnetic field applied axially that provides the necessary condi-
tions for the formation of helicon waves within the plasma, delivering increased
plasma density and better power coupling efficiency [21, 22]. The currently
investigated helicon plasma thrusters are those from the Australian National
University (ANU) [23], the University of Madrid, Spain [24], the University
of Maryland, USA [25], the company T4i, Italy [26], the Tohoku University,
Japan [27], the Tokyo University of Agriculture and Technology, Japan [20],
and the Washington University, USA [28]. The company Ad Astra also includes
an helicon plasma stage for the VASIMR thruster [29]. The maximum helicon
plasma thruster thrust efficiency as of 2019 reached ηT ∼ 20% [27].

As anticipated in Fig. 1, the IPT in the ABEP system is based on a cylindri-
cal birdcage antenna. Such antenna has been investigated for space propulsion
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in [30], but it is the first time that it is implemented in a plasma thruster.
Currently, birdcage antennae are used at EPFL as plasma source for fusion re-
search, called RAID, in which helicon waves have been measured [22, 31–33].
The birdcage antenna reduces overall power consumption and matching require-
ments by operating at resonance condition, and it is designed to provide an EM
field configuration that both ionizes the propellant and is expected to contribute
to the acceleration of a quasi-neutral plasma plume. The static magnetic field
generated by the solenoid provides the boundary conditions required for the
formation of helicon waves. This paper describes the IPT concept and design
supported by the theoretical description of the birdcage antenna, its design pro-
cedure, its theoretical interaction with the plasma as well as the implementation
in the IPT and its preliminary verification.

2. RF helicon-based IPT Design

The starting point of the IPT development has been the heritage of IRS on
inductive plasma generators (IPG) [34–36]. Previous work on ABEP has been
performed by using the small scale IPG6-S in the last years as test-bed for the
ABEP thruster, such device is based on a coil-type antenna fed at 4 MHz for up
to 3.5 kW input power, but not optimized for propulsion purposes, [4, 5]. Recent
test campaigns have shown a large increase of power absorption by applying an
external magnetic field to IPG6-S [37]. This confirmed the feasibility of an
improved plasma source that makes use of an applied static magnetic field,
especially as it creates the required boundary conditions to trigger excitation of
helicon waves [21].

2.1. IPT Concept

The IPT is based on an RF-fed cylindrical birdcage antenna combined with
an externally applied static magnetic field for the ionization of the propellant,
the triggering of helicon waves in the plasma, and the acceleration and ejection of
a quasi-neutral plasma plume. The concept is shown in Fig. 2. An RF generator
combined with a matching network provides the RF power to the birdcage
antenna. Propellant is injected by the injector/intake into the discharge channel
that is surrounded by the birdcage antenna. An external static magnetic field,
generated by a solenoid fed by a DC power supply, is applied along the axis of
the discharge channel. The EM fields generated by the birdcage antenna ionize
the propellant and provide, in conjunction with the applied static magnetic
field, the respective acceleration. This provides contactless operation of the
thruster and the acceleration of a quasi-neutral plasma plume while providing a
partially matched load for the RF generator, therefore reducing overall matching
requirements, therefore power losses.

2.2. IPT Laboratory Model Set-Up

The IPT is a laboratory model designed for maximum (technical) flexibility
and passive cooling, to allow easy modifications for optimization purposes, and

4

http://creativecommons.org/licenses/by-nc-nd/4.0/


c©2020. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 2: RF Helicon-based Inductive Plasma Thruster (IPT) Concept.

it is composed of: the propellant injector, the discharge channel, the birdcage
antenna, the shield, the solenoid, and the supporting structure, see Fig. 3. The

Figure 3: IPT Rendering with Solenoid.

injector is movable along the symmetry axis z, as well as the external solenoid,
that can produce a magnetic field up to 70 mT with 15 A DC current. At such
current, more than 30 min operation is possible without overheating. This to
allow plasma diagnostic measurements to be performed. The IPT structure is
made of brass to minimize Eddie currents due to the RF fields, and to minimize
interactions with the externally applied static magnetic field. Enclosed within
a brass RF shield is the birdcage antenna. The shield isolates the outer envi-
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ronment from the EM fields created by the birdcage and vice versa. Mechanical
design is such to allow mounting on standard ISO-K flanges therefore mini-
mizing the in-house required parts and enabling testing on standard facilities.
The RF power is provided by an RF-Generator connected to an auto-matching
network. The integrated IPT, without solenoid, is shown in Fig. 4.

Figure 4: IPT Assembled (Solenoid not integrated) [7].

2.3. IPT Antenna Design Tools

The software used for the birdcage antenna design is the commercial software
Remcom Inc. XFdtd R© 7.8.1.3. It is a full wave 3D EM simulation software based
on the finite-difference time domain (FDTD) method [38], especially developed
for antennae design. It enables antennae modelling and EM field simulation of
complex devices. The main advantage is that it has built-in functions for bird-
cage antennae design, moreover, the full 3D IPT CAD can be loaded into it,
thus optimizing the simulation set-up and reducing uncertainties due to e.g. con-
ductive components placed near the antenna and, finally, it can visualize the
resulting 3D EM fields. To experimentally verify the birdcage antenna design,
the portable spectrum analyzer Rohde & Schwarz FSH4 is used to record the
frequency response and to qualitatively compare it against numerical results, it
is a portable device that provides real time antenna performance and, therefore,
can be used to perform the manual fine tuning of the antenna, as well as to
relatively quickly check the tuning before each test.

3. IPT RF Circuit Optimization, and the Birdcage Antenna

The birdcage antenna of the IPT, is the RF-fed component that creates
the EM fields required for the ionization and acceleration of the propellant.

6
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Any antenna requires to be tuned at the correct frequency and matched to
the required impedance in order to provide maximum power coupling. This
section presents the RF circuit requirements and the respective design choices,
the birdcage antenna theory of operation, the choice of the resonance mode for
operation, and the resulting EM fields.

3.1. IPT RF Circuit

Most RF generators deliver the power at a source impedance of ZS = 50 +
j0Ω. The power transfer from a source (RF generator) to its load (antenna and
plasma) is maximized only if the load’s impedance ZL is matched to that of the
source ZS . Therefore the target impedance of the antenna is fixed to the given
output of the available generator. In terms of operating frequency, this can be
first chosen depending on the application, and then tuned.

Literature [39] and preliminary numerical results presented in [37] with both
HELIC [40, 41] and ADAMANT [42] numeric tools, lead to a required frequency
equal or higher than 27.12 MHz, as it leads to easier ignition at low pressure,
and better power absorption at higher plasma densities [43]. Finally, a 4 kW,
40.68 MHz power supply with an auto-matching network has been acquired,
therefore determining the IPT operating frequency.

Not only the antenna is to be considered in the IPT design, but also the whole
RF circuit: RF generator, matching network, connectors, and cables [44]. The
matching network is introduced to create a resonant circuit with the load that is
dynamically matched to ZS by a system of variable inductors and capacitors, so
that the forward power Pf is completely absorbed between the IPT, that absorbs
PIPT , and the matching network absorbing Pr, this being the reflect power
from the IPT, see Fig. 5. The matching network works mainly as protection
for the RF generator, but it does not improve the load itself. Therefore, an
optimum design of the antenna is required to maximize the power transfer from
source to load. Plasma is finally a variable impedance that implies the need of a
dynamic matching control, therefore a matching network, at least for laboratory
purposes, is quasi-mandatory to protect the RF generator. An accurate selection
of cabling, connectors and, finally, of the antenna has been performed. The
schematics describing the simplified RF circuit of the IPT including respective
RF generator, matching network and connecting cables, is shown in Fig. 5.

Particularly, the coaxial cable connecting RF generator to matching network
has been chosen with a length of L = λ/4 50 Ω, where λ is the RF wavelength
corrected by the velocity factor V F of the coaxial cable, and the one connect-
ing matching network and IPT with a length of L = λ/2 50 Ω both using
an RG393/U coaxial cable. As in general, the impedance can be transformed
by choosing different lengths of coaxial cables, the choice of L = λ/2 ensures not
to transform ZL, therefore the matching network matches directly ZL, leading
to reduced losses due to mismatches, but also reducing misreadings of forward
and reflected powers [44].

In general, the antenna (and the plasma), are treated as an impedance Z,
see Eq. 1, with a both real, resistance, and imaginary, reactance, parts [42]. In
particular, the reactance X is the sum of an inductive component, characterised

7

http://creativecommons.org/licenses/by-nc-nd/4.0/


c©2020. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/

RF Generator 
(Source

𝑍! = 50 + 𝑗0 Ω )

Matching 
Network

IPT (including plasma)
(Load, 𝑍" = 𝑣𝑎𝑟)

Creates an impedance 
of 𝑍 ~ 𝑍! together 

with the Load
Forward Power 𝑃!

Reflected Power 𝑃"

Power to Load 𝑃#$% = 𝑃! −𝑃"

Dissiptaed Reflected 
Power 𝑄&'((

50 Ω
Coax cable
𝐿 = 𝜆/4

50 Ω
Coax cable
𝐿 = 𝜆/2

Figure 5: Simplified IPT RF Circuit.

by its inductance L, and a capacitive one, characterised by a capacitance C, both
directly linked to the operating frequency. In general, the overall reactance has
to minimized to reduce power losses in RF circuits. The acquired power supply
operating at f = 40.68 MHz leads to an ”a priori” higher reactance to the RF
circuit, as it is partly directly proportional to the applied frequency, compared
to common RF plasma sources/thruster operating at f = 13.56 MHz, and has
to be zeroed for the matching.

~Z = ~R+ j ~X

X = XL +XC = 2πfL+

(
1

2πfC

)
(1)

3.2. Theoretical Description of the Birdcage Antenna

Hereby, the theoretical description of the birdcage antenna is presented
highlighting the advantages for the application in an RF helicon-based plasma
thruster, in particular the operation at resonance condition and the EM fields
configuration for providing partial acceleration of a quasi-neutral plasma plume.
The birdcage antenna has been originally developed for Magnetic Resonance
Imaging (MRI) [45, 46]. Birdcage antennae operate on the principle that a si-
nusoidal current distribution over a cylindrical surface induces a homogeneous
transversal magnetic field within the cylindrical volume itself. Such antennae
are made by two end-rings, connected by equally spaced legs with capacitors
in between, and can be designed as low-pass, high-pass, or band-pass frequency
response depending on the capacitors location, see Fig. 6. The legs and/or the
end-rings have capacitors in between to adjust the birdcage antenna resonance
frequency to the one required by the application. The resonance frequency is
that at which the impedance is totally real: the reactance X is zero and its
impedance Z = R. Therefore, the load is already partially matched and only
the resistance R requires further matching. Each birdcage antenna with N legs
has a spectrum of generally k = N/2 frequencies at which it resonates, called
resonance modes. For the IPT, the high-pass mode is selected due to easier tech-
nical implementation. By feeding an high-pass birdcage antenna at one point at
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Figure 6: Birdcage Antenna: High-pass (left), Low-pass (middle), Band-pass (right), adapted
from [47].

the resonance mode k = 1, a linearly polarized homogeneous transversal mag-
netic field (usually required for MRI application) is provided [45]. Consequently,
also the electric field is linearly polarized, homogeneous, and perpendicular to
the magnetic one within the cross section of the enclosed cylindrical volume.
If the feeding is at two points quadrature, the EM fields are homogeneous and
circularly polarized [45]. The current distribution along the antenna follows the
law described in Eq. 2, where Ijk is the normalized current at the j-th loop for
the k-th mode of a birdcage antenna.

Ijk =

{
cos ( 2πjk

N ); k = 0, 1, 2, ..., N/2

sin ( 2πjk
N ); k = 1, 2, ..., (N/2− 1)

(2)

Therefore, the more legs are implemented, the better the current distribution
matches a sinusoidal curve, see Fig. 7. On a single leg, instead, the amplitude of
current variates over time as shown in Fig. 8. Birdcage antennae are modelled

Figure 7: Current Distribution along a 10-leg Birdcage at a given Time.

by self and mutual inductances of legs and end-rings (ER) LLeg and LER, plus
the applied capacitors of capacitance C. Resonance frequencies for the high-
pass design are given in Eq. 3. The high-pass design has one resonance mode
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Figure 8: Current Amplitude over Time on a Single Birdcage Antenna Leg.

more (k = 0) at the highest frequency called anti-resonant AR.

ωkHP
=

[
C

(
LER + 2LLeg sin2 πk

N

)]−1/2

, (k = 0, 1, 2, ..., N/2) (3)

Only the resonant mode at k = 1 presents the desired EM fields configuration.
Those are shown in Fig. 9. The magnetic field created by the birdcage is ~B1

along y, the respective electric field ~E1 is perpendicular to ~B1, along x. Since
~B1 is linearly polarized, its direction will switch along y on each cycle, and,
therefore, so will ~E1 along x [45]. An additional external static magnetic field

is provided along the z axis ~B0 to aid the formation of helicon waves. The

Figure 9: Birdcage EM fields ~B1, ~E1, Externally Applied Magnetic Field ~B0 (no plasma case).

resulting EM fields, which are due to the antenna only and still exclude those of
the plasma, are expected to provide a drift velocity ~vE = ~E× ~B to both ions and
electrons along the same direction on z. Correspondingly, thrust and exhaust
velocity of significance are expected to be provided by this mode, indeed, such
promising acceleration mechanism has been recently analytically investigated
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in [48], while also ensuring a quasi-neutral plasma plume that does require the
implementation of a neutralizer, see Eq. 4. Such results support the use of a
birdcage antenna for a contact-less plasma thruster application without needing
a neutralizer. The y-component of the drift, instead, is zeroed at each cycle due
to the linear polarization of the EM fields produced by the birdcage antenna. In
the exhaust region, the applied magnetic field ~B0 is diverging, therefore partial
thrust will also be provided by an EM nozzle effect, this can be investigated
by numerical methods such as [49–51], however this is out of scope within this
paper.

~vE =
1

~B2

∥∥∥∥∥∥
x̂ ŷ ẑ
E1 0 0
0 B1 B0

∥∥∥∥∥∥ =
1

B0
2 +B1

2

 0
−E1B0

E1B1

 (4)

4. IPT Design with a Birdcage Antenna

A birdcage with 8 legs in a high pass design has been chosen and designed
for resonance at 40.68 MHz at the k = 1 mode, feeding is provided at one point
for linear polarization of the EM fields. The commercial 3D EM simulation soft-
ware Remcom Inc. XFdtd R© 7.8.1.3 is used to evaluate the resonance spectrum,
the corresponding impedances, the EM fields visualization, and the resulting
required capacitance. In XFdtd R©, the frequency is swept as signal input to the
antenna, and the resulting impedance Z and scattering parameter S11 over fre-
quency are extracted. The S11 parameter is generally defined as the input port
voltage reflection coefficient [52]. It represents how much power is absorbed and
reflected by a load depending on the input at the signal source. The resonance
study is shown for S11 and for Z in Fig. 10 and Fig. 11 from XFdtd R©. The es-
timated required capacitance to match the desired resonance frequency mode is
of C = 785.51 pF. Each peak of S11 is a resonance mode, and, correspondingly,
the reactance goes to X = 0 Ω. Indeed, there are N/2 = 4 resonance modes plus
the AR one at the highest frequency. To verify that the k = 1 is the correct
one, the 3D EM fields are extracted and visualized over one RF cycle in the
cylindrical cross section enclosed by the birdcage, see Fig. 12. Those have been
compared to those of the other resonance modes. An example of the correct res-
onance with a linearly polarized field is shown in Fig. 12 (top) for the magnetic
field and in Fig. 12 (bottom) for the electric field [7]. At each RF cycle the EM
fields reverse their direction due to the linear polarization. Once the correct
resonance peak is identified, the capacitance is swept until the targeted peak is
at 40.68 MHz. The externally applied magnetic field is expected to trigger the
formation of helicon waves within the discharge channel therefore providing a
higher plasma density and a more efficient ionization [21, 22]. As can be seen,
the resonance frequency of k = 1 presents S11 = −8.4 dB that translates in the
fact that the real part R of the impedance Z is not perfectly matched to that of
the RF generator output, and that requires further matching/tuning of R only
to reach a more desired S11 < −20 dB for having > 99% power coupling.
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Figure 10: S11 vs Frequency IPT.

Figure 11: Z vs Frequency IPT.

4.1. Resonance Tuning

The design for resonance ensures that such condition is maintained without
plasma. Once the plasma is ignited, a frequency shift and a corresponding
impedance change will happen. This requires tuning to shift back to the original
resonance condition [31]. Such effect has been already seen and solved in MRI
machines, as it is caused by the introduction of parts of bodies within the
antenna [53, 54]. Tuning can be realized, by moving conducting components
that change XC and XL next to the antenna [53, 54]. This is implemented in the
IPT by the movable injector made of conductive material (brass), preliminary
tests showed the capability to shift up to +1 MHz. Moreover it is expected that
tuning can be performed (with plasma present) also by changing position and
strength of the applied static magnetic field as reported in [31]. The preliminary
resonance verification is shown within Fig. 13, ignition is expected by early 2020.
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Figure 12: Magnetic Field (above) and Electric Field (below) during one Cycle for a Birdcage
Antenna: Linear Polarization [7].

4.2. Resonance Verification

The IPT has been finally assembled and tested with a spectrum analyzer,
FSH4 from Rohde & Schwarz that operates in the range of 100 kHz to 3.6 GHz.
The finally achievable capacitance is due to the availability in the capacitors
market, resulting in an average of C = 717.475 pF. Results show a good agree-
ment with the simulations performed with XFdtd R©, see Fig. 13. The relative
difference in terms of frequency for the desired peak of interest k = 1 is of 3.84%,
42.55 MHz estimated vs 44.25 MHz measured. The S11 according to simulation
is of −8.4 dB while for the measured one is of −6.0 dB. Both differences are ac-
ceptable as there are too many uncertainties and the final antenna adjustment
will be performed manually plus, a mechanism of fine tuning is included into
the IPT design. In particular, such differences are due a combination of the
following aspects:

• Capacitors are considered ideal, zero inductance, in the XFdtd R© simula-
tions;

• XFdtd R© simulations take into account an average value for the capacitance
to be equal for all capacitors;

• Integration of the birdcage is not ideal ⇒ tolerances in the birdcage legs
manufacturing, their alignment, as well as their contact surfaces are dif-
ferent.
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Figure 13: S11 vs f Simulation and Measurement IPT, C = 717.475 pF.

Once the resonance frequency has been fixed, the relative position between RF
input power and ground on the antenna can be optimized to achieve the best
coupling in terms of respective impedance matching [55].

5. Conclusion and Outlook

The IPT based on birdcage antenna has been designed, simulated, assem-
bled, and preliminary verified. The birdcage antenna operating at resonance
ensure a partially matched load by having X = 0 Ω. Moreover, the IPT EM
fields configuration is expected to produce a ~E × ~B drift of ions and electrons
towards the same direction, combined with an EM nozzle effect, thus providing
thrust and a (plasma thrusters typical) quasi-neutral plasma plume, finally re-
moving the need of a neutralizer. The movable conductive injector is planned
to be used for tuning the resonance frequency, as well as the externally ap-
plied static magnetic field [31, 53, 54]. Verification of the XFdtd R© simulations
against spectrum analyzer show good agreement, however final tuning always
need to be performed. By early 2020 the IPT will be attempted a first ig-
nition followed by a discharge characterization for different gases, mass flows,
powers, and magnetic field strengths. Afterwards, the plasma will be evaluated
by respective diagnostic tools such as Langmuir and Faraday probes at first,
Retarding Potential Analyzer and optical emission spectroscopy (OES) as next.
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15

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/https://doi.org/10.1016/j.actaastro.2018.03.031
http://dx.doi.org/https://doi.org/10.1016/j.actaastro.2018.03.031


c©2020. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/

J. Nielsen, M. Bisgaard, D. Garcia-Almiñana, S. Rodriguez-Donaire,
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