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Abstract
This work reports on the effect of plasma area on the frequency characteristics of the monostatic radar cross section (RCS) of a square
metallic plate. A dielectric barrier discharge (DBD) plasma actuator consisting of 10 rings is proposed. The actuator is fabricated in three
different configurations such that only three inner rings, seven inner rings, and all rings can be biased. By applying an 18-kV bias at 1
kHz, the three types of DBD actuators generate plasma with a total area of 16.96, 36.74, and 53.69 cm2, respectively, in a ring or circular
form. The experimental results reveal that when the DBD actuator is placed in front of a 20 mm× 20 cm conducting plate, the monostatic RCS is reduced by as much as 18.5 dB in the range of 9.41–11.65 GHz. Furthermore, by generating the plasma and changing the
area, the frequency of maximum reduction in the monostatic RCS of the plate can be controlled. The frequency is reduced by nearly 20%
in the X band when all rings are biased. Finally, an electromagnetic model of the plasma is obtained by comparing the experimental and
full-wave simulated results.
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I. INTRODUCTION
On the battlefield, efficient surveillance radars use high-gain
beams to obtain target information such as location and velocity.
To counter the development of such radars, various stealth
technologies have been developed to increase the survivability of
weapon systems [1–3].
Electromagnetic stealth technology aims to reduce a target’s
radar cross section (RCS); the RCS describes how much electromagnetic power is scattered by the target. The most important factors that affect an object’s RCS are its size, shape,
and material. Thus, engineers have been developing planes with
specific shapes that can redirect electromagnetic waves from

radars. For instance, the shape of the F-117 is optimized to
minimize the amount of radar signals reflected back to the
emitting radar [4]. However, stealth shaping techniques may
have a limited effect because aerodynamic properties cannot be
sacrificed.
Other popular methods for RCS reduction are radar-absorbing materials (RAM) and radar-absorbing structures (RAS)
[5–8]. In these methods, lossy radar-absorbing materials are
used to reduce the reflection of incident electromagnetic waves
from the aircraft. However, these methods suffer from problems
such as narrow band performance, high weight, and high fabrication and maintenance costs.
Recently, researchers have been investigating plasma technol-
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ogy as an alternative stealth method [9]; for example, one study
investigated refraction, reflection, and absorption based on
plasma surrounding a 2D cylinder. Popular methods for generating plasma include dielectric barrier discharge (DBD), plasma torch, and plasma jet [10]. Although all plasma-generating
methods can be used to realize the low-observable characteristic,
DBD is better than other plasma sources because it has the
simplest structure and its size can be adjusted easily.
This work reports on the effect of plasma area on the frequency characteristics of the monostatic RCS of a square metallic plate. A DBD plasma actuator consisting of 10 rings is
modified into three different configurations that have different
plasma areas with connections of multiple electrodes. In this
work, the three types of DBD actuators with different plasma
areas are used by applying 18 kV bias at 1 kHz. For verification,
the RCS is measured for the fabricated DBD in front of a 20cm square metal plate. The experimental results reveal that the
generated plasma area can be controlled to reduce the RCS, and
also adjust the frequency of maximum reduction in the monostatic RCS of the plate. Furthermore, an electromagnetic model
of the plasma is obtained by comparing the experimental and
full-wave simulated results.
II. PROPOSED DBD PLASMA ACTUATOR AND
ELECTROMAGNETIC MODELING OF PLASMA
Fig. 1 shows the proposed DBD plasma actuator. The actuator consists of concentric ring-shaped electrodes printed on both
= 4.4,
sides of a 200 mm × 200 mm FR-4 substrate with
tan = 0.025, 0.8-mm thickness, and 35-μm copper cladding.
Ten rings are on the top layer and nine, on the other side. The
outer radius of the largest ring is 88.5 mm, and the inner radius

of the smallest ring is 15.5 mm. The gap between two adjacent
rings is d = 3 mm.
To generate plasma, an AC source is applied between the top
and the bottom electrodes with a voltage that is higher than the
breakdown voltage of the environment. The minimum breakdown voltage is described by Paschen’s law [11, 12]:
ln

(1)

where B and C are constants determined by the type of environmental gases, and p and d denote the pressure and distance
between electrodes, respectively. In the atmosphere, the constants are B = 365 V‧cm-1‧Torr-1 and C = 1.18 [10, 11]. From
Eq. (1), the calculated minimum breakdown voltage is 8.9 kV.
Based on the result, 18 kV is used for the stable generation of
stable plasma, that is, glow discharge. Moreover, to prevent arc
discharge between the plasma actuator and the nearby metallic
object, namely, the copper plate, the two are separated by g =
2.0 mm.
Fig. 2 shows the measurement setup for the monostatic RCS
of the 200 × 200 mm2 square copper plate with the DBD actuator placed in front. An acrylic jig is used for accurate placement
of the actuator and the copper target. The RCS measurement is
performed in the 4−18 GHz range by using a pair of DRH002G-018G double-ridged horn antennas and a 37247D vector
network analyzer from Anritsu. Because the fabricated actuator
comprises ring-shaped electrodes, the scattering characteristic is
independent of the polarization of incident waves. In this work,
only the incidence of a vertical-polarized wave is considered.
Fig. 3 shows the measured RCS for the fabricated DBD actuator in front of a 200 × 200 mm2 copper plate with and

(a)

(b)
Fig. 1. Configuration of fabricated DBD plasma actuator.
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Fig. 2. Monostatic RCS measurement setup: (a) diagram, (b) photograph.
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without plasma generation. Compared to both measured results,
frequency shift can be achieved by plasma generation.
To obtain the equivalent model of the generated plasma, the
electrical properties of the generated plasma are required. These
can be derived from the dispersion relation of a wave in plasma.
According to [12], this relation can be expressed as

≅8

(3)

where ne is the electron density; e, the charge of an electron; me,
the electron mass; and , the permittivity of free space. From
Eq. (1), the effective permittivity of the plasma can be derived as
⁄
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where k is a complex wavenumber; , the operating angular
frequency; c, the speed of light; , the electron-neutral collision
, the plasma angular frequency, which can be
frequency; and
calculated as follows [13]:

1

Wp2

Table 1. Physically modelled parameters for generated plasma
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Fig. 4. Geometrically modelled structure of generated plasma.

Fig. 3. Measured monostatic RCS of 200 mm× 200 mm copper
plate with and without DBD actuator in front.
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generates the same volume of plasma. By using a commercial
software (ANSYS High Frequency Structure Simulator v10.0),
the EM simulation is optimized; the physically modelled parameters for the generated plasma are summarized in Table 1.
The full-wave simulated RCS of the modeled plasma is plotted with the measured RCS in Fig. 3. Both results are in good
agreement. Therefore, the simulated results indicate that plasma
generation changes the scattering characteristic of an object by
working as a high-conductivity material. These phenomena can
also be observed in the ionosphere, where electromagnetic
waves of 3–30 MHz are reflected [16].
III. EFFECT OF PLASMA AREA ON FREQUENCY

⁄

(4)

Generally, the electron density at atmospheric pressure is ne =
1020–1021 m-3 [14]; then, the plasma frequency becomes 12.6–
40.2 GHz. If / is small enough to be ignored, the effective
permittivity of the plasma becomes an epsilon-negative medium,
which provides electromagnetic characteristics similar to those
of metals such as silver or gold [15]. In this work, the generated
plasma is assumed to be a material with high conductivity
(σ 1,000).
In addition to the electromagnetic material characteristic, the
geometric structure of the generated plasma is required. Fig. 4
shows the modelled structure of the generated plasma. The effective width Wpi and thickness Tpi of the generated plasma
around the ith ring are assumed to be inversely proportional to
the radius of the ith electrode ring. It is assumed that each ring

OF MONOSTATIC RCS REDUCTION

As mentioned in the previous section, the generated plasma
changes the scattering characteristic of the metal plate. In other
words, different forms of generated plasma result in different
scattering performances. Therefore, in this work, the minimum
RCS frequency can be tuned by adjusting the area of the generated plasma. This can be achieved by switching the AC voltage between multiple rings. For verification, three cases are considered. In Type I, the DBD plasma actuator is constructed by
connecting three inner rings on each side; Type II comprises
seven inner rings on top and six rings on the other side; and
Type III comprises all-connected rings on each side. Fig. 5
shows photographs of the different areas with the application of
a high voltage of 18 kV.
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Fig. 7. Frequency shift with respect to normalized plasma area.
Fig. 5. Photographs of different models. (a) Plasma off, (b) Type I,
(c) Type II, and (d) Type III.

Fig. 6 shows the results of experiments with various areas of
generated plasma. Although the measurement is conducted in a
laboratory environment and not an anechoic chamber, we used
time gating to neglect undesired waves reflected by the other
obstacles; therefore, the measurement results are in good agreement with the simulation results, as shown in Fig. 6.
Fig. 6 shows that the frequency for minimum RCS is 11.65
GHz for the plasma off state. When applying a high voltage to
the electrodes, the lowest RCS frequency becomes 11.25, 9.92,
and 9.41 GHz for Types I, II, and III, respectively. Fig. 7 shows
the amount of measured and simulated frequency shift depending on the generated plasma area. The amount of frequency
shift increases with the plasma area, as shown in this figure.
IV. CONCLUSION
This work reports on the frequency effect of plasma area for
monostatic RCS. To confirm the effect of plasma area, three
types of DBD actuators are fabricated. The plasma areas are
adjusted by the number of connected electrodes. For verification,
the RCS of the fabricated DBD are simulated and measured.
As a result, with an increase in the generated plasma area, the
RCS is reduced as much as 18.5 dB and the frequency for minimum monostatic RCS changes from 11.65 to 9.41 GHz.
Unlike plasma generated by previous DBD plasma actuators,
the plasma generated in this work operates as a scattering material rather than an absorbing material. This phenomenon has
not been observed in the microwave frequency regime. Therefore, future research could analyze the propagation characteristic
in plasma. This can be extended to a very large structure by arranging the proposed DBD periodically.

Fig. 6. Comparison with measurement results for all cases to shift
monostatic RCS reduction frequency.
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