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Abstract- Dielectric Barrier Discharge (DBD) plasma
actuators have become very popular during the last decade. In
aerodynamics, they have been employed for drag reduction,
stability improvement, turbulence control, etc. In this paper the
Radar Cross Section (RCS) of a plasma slab and moreover an
extra reflection from plasma actuators because of Bragg
diffraction are investigated. It was observed that plasma
actuators operating in lower altitude conditions produce plasma
with a very high collision rate and low electron density. Under
these conditions, the dielectric properties of the plasma are not
discernable from the air. As a result, at high pressure, the
actuator has no significant effect on RCS. In contrast, for higher
altitudes the air pressure decreases so electron life time increases
and collision rate reduces, so the effect of plasma on incident
electromagnetic wave can be observed. Additionally, the use of
conventional plasma actuators being used in aerodynamics make
more reflections at specific incident angles because of Bragg
diffraction. This angle depends on the frequency and the spatial
period of the actuator.
Index Terms- Electro-hydrodynamics, dielectric barrier
discharge actuator, Bragg Diffraction, radar cross section.

I.

INTRODUCTION

Potential benefits of electro-hydrodynamic (EHD) devices
are very large and span from several applications, which has
prompted significant interest and investment worldwide [1][4]. Nevertheless, because of the complexity of the physical
phenomena involved most research is limited to controlled
laboratory environments while focusing on the understanding
of key parameters affecting performance of those devices.
There remain several issues to be overcome before the
technology could be integrated into practical applications [5],
[6]. For instance, the effects of operating conditions on DBD
actuator performance, electrical power requirements and
suitability to high-speed regimes, in case of aeronautical and
aerospace, are some of parameters that shall be addressed
before using such devices into practical systems [7], [8].
Associated with the enhancements expected from the use of
plasma in terms of aerodynamic performance there will also
be changes in the radar cross section (RCS) performance of
the vehicle [9]. These RCS changes may take the form of
reduced cross section through plasma absorption or increased
cross section through a change in the electrical shape of the
target or the creation of a plasma plume [10].
RCS is defined as an effective area intercepting an amount
of incident power and if the reflected power is scattered
isotropically, it produces the same level of power at the radar
equal to that from the target. Thus the scattering ability of a

DRDC-RDDC-2016-P019

target is expressed in units of area, normally square meters.
This scattering cross section is highly dependent upon the
target shape materials and viewing angle [9]. In this paper we
investigate the effect of plasma slab on the RCS of a
conductive sheet. The RCS is simulated and measured to
verify the validity of the model used for simulations.
Moreover, we show the DBD actuator generates an extra
reflection because of Bragg diffraction while this phenomenon
is not noticed by now in the literature.
II. RCS Simulations from conductive flat plate and DBD
actuators
In order to simulate and measure the effect of plasma slab
on the RCS change of a conductive layer, an experimental
setup was used as shown in Fig. 1. This structure allows the
generation of plasma that stands by itself in the tube. A
conductive layer is installed the other side of the tube and is
used to reflect the RF signal back to the tube. Plasma is
generated in a cylindrical glass tube in which pressure can be
controlled. The outer diameter of the tube is 51 mm and the
inner diameter is 47 mm. Copper tape of width 25 mm and
length 100 mm is used as electrodes on the glass tube. A (0.96
- 1.45 GHz) WR770 waveguide with aperture dimensions of
196 mm×98 mm is used as the transmitting and receiving
antenna to generate a RF signal polarized perpendicular to the
electrode length. The distance between the waveguide and the
glass tube is 70 mm and between the conductive layer and
tube is 120 mm. Using this structure, a plasma region can be
generated in order to measure its effectiveness for the RCS
suppression. The same experiment was repeated by a WR90
waveguide for x-band (9-11 GHz).
A. Validation of Modelling
Fig. 2 shows the comparison between simulation and
measured values of the coefficient of reflection (S11)
difference for a plasma layer of thickness 25 mm
corresponding to the electrode width, while the thickness of
DBD actuator plasma is 2.5 mm [6]. First, the RCS of copper
plate is simulated and measured when plasma is off. Then, the
plasma turns on and the simulations and measurements are
done for two different pressures (15 torr and 35 torr). The S11
for both pressures is achieved when plasma is off and on. The
values of S11 for the case with no plasma are subtracted from
the ones with plasma layer on, so the S11 differences for both
gas pressures are achieved. The plasma parameters used for
simulations are based on values in table I [11].
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Table I
Plasma parameters for two different pressures [11]
Elevation

Pressure

Collision

Electron Density (ne) Plasma

(m)

(Torr)

Rate (ࡢ)

10 /m

14

3

Frequency (fp)
MHz

GHz
27490

15

0.92

6.28

226

21554

35

1.46

2.69

148

The applied voltage was 10 kV (peak-to-peak) with a
frequency of 5 kHz. By setting up these parameters, plasma
with electron density of ݊ = 6.28 × 10ଵସ /݉ଷ will be
generated for 15 torr, and ݊ = 2.69 × 10ଵସ /݉ଷ for 35 torr.
In other words, the S11 difference between the two cases,
when the conductive sheet is not covered by a plasma layer
and when it is covered by plasma is simulated and measured.
A reduction of 0.5 dB in reflected power from the conductive
layer is produced for frequencies around 1.5 GHz revealed in
Fig. 2(a). Maximum RCS reduction is predicted to occur for
frequencies close to the electron-neutral collision rate which is
1.46 GHz at the pressure of 35 torr atmosphere which is
confirmed in both the measured and simulated results shown
and compatible with plasma physics predictions [12]. The
differences between measured and simulated S11 curves are
due to reflections in the experimental setup which are not
present in the more ideal simulations. In Fig. 2(b) the S11
difference for both cases is measured and simulated for 10
GHz. As it can be seen the reflection power reduction is less
than that for the case with f=1.5 GHz, as predicted by
theoretical plasma physics. By increasing the incident wave
frequency the plasma gets more transparent and so the
attenuation decrease.

Fig. 1. The experimental set up used for measuring the
influence of plasma on RCS. (a) Top view. (b) Side view.

Fig. 2. S11 difference between a conductive plate with the
plasma region present compared to the case of no plasma. The
glass tube remains in place in both cases. Absorption by the
plasma is small for both simulated and measured results
showing good agreement over the frequency range. (a) S11
difference using WR770. (b) S11 difference using WR90.
For this measurement, the power source is synchronized
with the Voltage Network Analyzer (VNA), so the reflection
parameter (S11) is measured at maximum electron density
when the applied voltage is at peak. To do this, a visual basic
code was written using predefined VNA objects and VNA is
calibrated. This enables automatic measurements on a specific
number of frequency points for a specified frequency band.
The RCS can be reduced theoretically using plasma
installed at specific locations on a target but it is very difficult
or even impossible to create such a scenario in a realistic
setting. In particular at high atmospheric pressure, the
electrons density is sufficient high that collisions in the plasma
occur at very high rates making the generation of plasma
challenging and RCS reduction more difficult. We show
through numerical modelling and experiment that there are
measureable effects of plasma under high altitude conditions
but these correspond to altitudes beyond conventional aircraft
[11], for example, 15 torr corresponds to an altitude of 27 Km.
It is possible to design theoretical plasma capable of
providing RCS reduction. If one can arbitrarily select the
plasma collision rate and electron density and profile as well
as the thickness then it can be made to absorb radar signals.
This has been shown in [12]-[15]. However, practical or even
laboratory implementation of these scenarios seems difficult.
The collision rate is determined by the atmospheric pressure
and electron temperature and density, and at normal
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atmospheric pressure, the recombination rates are too high for
significant absorption to occur [16]. In addition to this, the
need to generate plasma throughout a volume and preferably
change the plasma properties with position. Potential
generation methods might include high power microwaves, or
high power lasers. In either case, the energy requirements will
be large producing an even more troublesome situation than
without using plasma. That is, instead of reducing the
visibility of the target one is now turning it into a powerful
microwave or infrared beacon which would be easily detected.
The DBD actuator, investigated in subsection B, shows that it
can appreciably affect RCS.
B. DBD Actuators
Plasma generated by DBD actuators has nearly the same
characteristics as air from the point of view of the incoming
radar signal, that is, the relative permittivity is close to one
because of the high collision rate at atmospheric pressure [16].
This is further constrained by the very spatially thin layer of
plasma produced by the actuator, which is about 2 mm [6]. At
lower pressures, corresponding to very high altitudes, the
collision rates are low enough that the plasma will have
electrical characteristics different than the surrounding air and
there will be an opportunity for RCS reduction. Again the very
thin nature of the actuator plasma could limit this effect.
Fig. 3 shows the structure used for simulation and
measurements. The dimension of the copper and dielectric
base is 30×40 cm. The dielectric is then covered by 10 DBD
actuators formed from copper stripes with dimension of (20
mm×300 mm) separated by (15 mm×300 mm) gaps. The
copper tape has a thickness of 0.2 mm.

3
reflected electric field increases for both field components (ܧఏ
and ܧఝ ) in the presence of the plasma.

Fig. 4. Monostatic Electric field of DBD actuator with 10
elements at 10 GHz for vertically polarized incident wave. (a)
ܧఏ (b) ܧఝ .
Fig. 5 shows the monostatic electric field of the same structure
of Fig. 3 for incident E-field polarized along the stripes or
horizontal polarization. In other words, electric field of
incident wave has no zero component in (+z) direction and ߮
varies from 0o to 180o. These results show the increased RCS
induced by the plasma for the actuator presented in Fig. 3.

Fig. 5. Monostatic Electric field of DBD actuator with 10
elements at 10 GHz for horizontally polarized wave. (a) ܧఏ (b)
ܧఝ .
Fig. 6 shows the RCS of DBD actuator for 10 GHz when
plasma is off and when the plasma is on. It can be seen the
RCS will increase plasma is on.

Fig. 3. DBD actuator structure used for simulations and
measurements.
A plasma layer with a thickness of 2 mm covers the gap
between copper stripes. For air pressure of 15 torr, 10 kV
peak-to-peak voltage and a frequency of 5 kHz, a plasma
frequency and collision rate of ߱ = 1.42 ݀ܽݎܩ/ ݏand
ᖳ = 1  ݖܪܩcan be obtained. For the simulations, a commercial
software (CST-MWS) is used.
Fig. 4 shows the monostatic electric field of the DBD
actuator at 10 GHz when the incident wave is vertically
polarized or the E field is in +z direction. ߠ and ߮ are angles
with respect to the z and x axis. This simulation shows the the

Fig. 6. Comparing the RCS of DBD actuator when plasma is
on and off
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C. Bragg diffraction from DBD plasma actuator
Plasma actuators are used on aircraft for drag reduction
or propulsion improvement. There is a significant body of
literature describing and optimizing actuators for the highest
performance as mentioned in section I. As we have shown at
high pressure the actuators do not have any significant effect
on RCS while at lower pressures the plasma layer can slightly
lower RCS. An important factor which is ignored in the
previous research is that for some angles actuators may even
increase RCS due to Bragg diffraction.

angle resulting from the Bragg diffraction phenomena. This
corresponds to the diffraction angles 19o and 32o respectively.
This is in good agreement with calculations using equation (2)
which results in ߠௗ = 18.86o and ߠௗ = 31.85o.
Fig. 8.b shows the measured S11 from a 6-element plasma
actuator at 8GHz. The width of the copper strips is 2cm and a
gap between two strips is 1.5cm. Three peaks can be observed
on this figure. The biggest one is associated to the specular
reflection which happens at 90o and the two other peaks occur,
one at 58o and the other at 122o. These two peaks occur
because of Bragg diffraction which for 8GHz happens at 58
degree (32 degree from 90o) using (2), so there is a good
agreement between theory and experiment

Fig. 7. Diffraction from a periodic structure.
Coherent illumination of an array of dielectric or conductive
gratings will result in directional scattering of the incident
wave. When electromagnetic waves are scattered from a
crystal lattice or grating, peaks of scattered intensity are
observed when the path length difference is equal to an integer
number of wavelengths.
The condition for maximum intensity of bi-static RCS
occurs for a specific diffraction angle as defined in (1).

O

m n
/

sin T d  sin T i

(1)

Where ߣ is the wavelength of incident wave, ߉ is the
distance between two array elements, and ߠ and ߠௗ are the
incidence and diffraction angles. For the plasma actuators
discussed in this paper, the conductor strips act as crystal
units. In this case, the grating diffraction reduces to the Bragg
diffraction and (1) changes to (2) [17].

2/ sin T d

m

O
n

(2)

For the simulations, two different actuators were used. For
the first one, the following parameters were used (Ȧ =
80 mm, w = 35 mm, f = 5.8 GHz) and for the second one,
the following parameters were used(Ȧ = 35 mm, w =
20 mm, f = 8 GHz). Fig. 8(a) shows the result of simulations
for backscattered wave in terms of electric field. To find the
Bragg diffraction angle, the simulation software Computer
Simulation Technology-MicroWave Studio (CST-MWS) was
used. A plane wave with z-polarization is simulated using
different parametric variables so it scans the incidence angles
from 0o to 90o in one degree steps. Two different radar
frequencies were used for these simulations (5 and 8 GHz).
Figure 8(a) presents two peaks at 71 degree (red curves) and
58 degree (blue curve) which corresponds to the reflection

Fig. 8. (a) Mono-static reflection of wave from actuators
showing the angles of maximum backscattered electric field.
(b) The measured mono-static reflection from plasma actuator
at 8 GHz.
III. Conclusion
Plasma actuators operating in the lower altitudes produce
plasma with a very high collision rate and low electron
density. Under these conditions, the dielectric properties of the
plasma are not discernable from the air with our very sensitive
experimental procedure. As a result, at high pressure, the
actuator has no significant effect on RCS. In contrast, for
higher altitudes the air pressure decreases so electron life time
increases and collision rate reduces, so the effect of plasma on
incident electromagnetic wave can be observed. Moreover,
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using conventional plasma actuators make more reflections at
specific incident angles because of Bragg diffraction. This
angle depends on frequency and the spatial period of the
actuator.
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