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Abstract — The objective of this work is to study the
scattering characteristics of multiple coatings of plasma
coated cylinders and spheres. Both dielectric and con-
ducting cases are considered. The dielectric constant or
the refractive index of plasma has a significant impact on
the radar cross-section (RCS) of the geometries under
study. Using experimentally reported plasma dielectric
constants obtained from collision frequency and plasma
frequency, we observed that in some cases, depending
on the choice of parameters, we see reduction of RCS
whereas in others the RCS is enhanced. As a result,
designers need to apply plasma with care when it is used
as an absorber for RCS reduction. The results of this
work are expected to be applicable to the development
of plasma stealth technology, which has gained a lot of
interest lately.

Index Terms — Plasma, radar cross-section, scattering,
stealth technology.

I. INTRODUCTION

During the past few years, the use of plasma
to reduce the radar cross-section (RCS) of airborne
platforms has received considerable attention. The con-
cept of using plasma as an absorber of electromag-
netic energy was noted in a report by Musal [1] who
observed a drastic reduction of RCS of a body when it
is surrounded by a plasma sheath having specific spatial
and electromagnetic properties. A similar observation is
noted by a number of researchers who have reported
communication “blackout” when a spacecraft re-enters
the earth’s atmosphere [2]. It is noted that, during the
space vehicle’s re-entry, it is enveloped in a “plasma
sheath” or “plasma plume” that blocks RF commu-
nication. Depending on the frequency of the signal,
the plasma sheath either reflects or severely attenuates
the reception or transmission of signals that results in
communication blackout. This led to the observation that
plasma is able to cause disruption in communication as
well as make the airborne platform invisible to radar
due to reduced RCS. It is well known that the RCS
is dependent upon the shape as well as the material
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constituents of a structure. Traditionally, radar absorbing
materials (RAM) have been used to absorb incoming
radar energy but this concept works only for certain
frequencies and angles of incidence. The maintenance
of RAM coated structures is also very expensive due
to the nature of coatings. For this reason, it appears
that a plasma stealth may be a technology that can
provide considerable advantages over RAM coatings in
reducing RCS.

Collisional and unmagnetized plasma has a com-
plex dielectric constant. As a result, it can be used as
a good absorber of EM waves over a wide range of
frequencies. Vidmar [3] noted that plasma generated in
air or helium at atmospheric pressure acts as a broad-
band absorber from VHF to X-band. Chaudhury and
Chaturvedi [4, 5] reported on the RCS of a flat plate
covered with cold collisional plasma using the finite
difference time domain (FDTD) method. Yuan and co-
workers [6] reported that a multilayered radar-absorbing
structure coated with plasma/RAM reduced the power of
the incident wave over a wide frequency band. FDTD in
conjunction with Z-transform was utilized to study the
RCS of a perfectly conducting (PEC) cylinder covered
with unmagnetized plasma [7]. Several researchers have
considered scattering of a plane wave by an anisotropic
plasma coated conducting sphere [8—11]. However, none
of the works consider multiple layers of plasma, which
is the primary focus of this work.

The formulation of the scattering mechanism is
already known and available in the literature. The main
contribution of this paper is to use plasma coating
and show that in some instances the plasma coating
can enhance scattering whereas in others it can reduce
scattering. This results in an impact on RCS, which
is the primary focus of study in this work. Moreover,
the dielectric constant of plasma is taken from exper-
imentally observed values, which has not been done
in previous publications. Hence, the results and the
observations presented in this work are significant.

This paper is organized as follows. Plasma param-
eters are defined in section II. In section III, the
basic formulations to compute scattering width (SW) or
RCS are provided for simple geometries that include
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a conducting or dielectric cylinder covered with mul-
tilayered plasma and a conducting or dielectric sphere
covered with multilayered plasma. The numerical results
obtained from the formulations are provided in sec-
tion IV. In section V, the main conclusions of the work
are reported.

II. PLASMA PARAMETERS

Plasma is a collection of free electrically charged
particles including negatively charged electrons and pos-
itively charged ions resulting in a net neutral charge.
Plasma exists at a variety of temperatures, densities
and frequencies, and may be derived from a host of
gas mixtures. In the following analysis we assume that
the electron-neutral collision frequency in the plasma
is such that the mean free path between the collisions
is much smaller than the Debye length. The dielectric
constant, &., for collisional and unmagnetized plasma
may be written as:
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fp 1s the plasma frequency (hertz), w. = 27 f,, f. is the
plasma collision frequency (hertz), N, is the electron
density (m™3), e is the electron charge (coulomb), m,
is the electron mass (kg), & is permittivity of free space,
wy =27foy, and fy is the frequency (hertz) of the incident
electromagnetic wave.

III. SCATTERING WIDTH RCS OF
MULTILAYERED GEOMETRIES
A. Scattering from a conducting (PEC) infinite
cylinder covered with a cylindrical dielectric
layer (T M)

Consider an infinite (in z-direction) conducting
cylinder of radius, a, covered with a cylindrical dielec-
tric layer (plasma) of radius, b, with permeability and
permittivity of the dielectric cylinder (U, &), as shown
in Fig. 1.

The incident electric field (TM,), Eé, and the
scattered electric field, EY, in air, for p > b, can be
expressed as:

E Epe™ Jkox — (kop) ejn¢
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Fig. 1. Conducting (PEC) cylinder covered with a
plasma layer (T'M,).

E:=E Z J " anHyY (kop)e™™

n=—oo

0<¢<2m. “)
The electric field in the dielectric (plasma) region, for
a<p<band0< ¢ <2m,is given by

E'=E Y HP (kyp)]e™™, (5)

n=-—oco

"budy(kpp) + cuH,

where b, and ¢, are unknown expansion coefficients,
ko = w./Up& is the wave number in free space, and
kp = w./UpEp is the wave number in the dielectric region
with u, = U, o and &, = &, &, Up is permeability of
free space, and & is permittivity of free space. With the
computation of the scattering coefficient, SW can then
be computed as [12]:
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The above formalism can be extended to any number of
layers by defining the fields in each layer and applying
the continuity of the tangential electric and magnetic
fields at each boundary layer. In this work, we extended
the formulation to 5 layers. The TE, case can be han-
dled similarly by defining the z-component of incident
magnetic field and applying the appropriate boundary
conditions.

Next, consider a dielectric cylinder covered with a
cylindrical dielectric layer as shown in Fig. 2.

Note that the electric field inside the dielectric
cylinder for TM, case can be defined as

24 Z Kyan,cos(ng)
n=0

p<a, )
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Fig. 2. Dielectric cylinder covered with a cylindrical
dielectric (plasma) layer (T M;).

where d, is the unknown expansion coefficient, k, =

U.E, is the wave number of the dielectric mate-
rial inside the cylinder. RCS can be computed easily
using (6) once the scattering coefficient is determined
by applying appropriate boundary conditions at each
dielectric layer. The TE, case for the layered dielectric
cylinder is trivial as it can be obtained by application of
duality.

B. Scattering from a Conducting (PEC) Sphere

Consider a conducting (PEC) sphere of radius, a,
illuminated by the electric field of a plane wave polar-
ized in the x-direction and propagating along the z-axis
as shown in Fig. 3.

Air
(o, )

Incident

plane wave
PEC Sphere

Fig. 3. Conducting (PEC) sphere illuminated by a plane
wave.

The incident electric field, E}C = E()e’jkOZ =
Ege—/korcost Following the development in [12], the
incident and scattered fields by the sphere can be
expressed as superposition of TE" and TM" fields. The
TM" fields are constructed by having A = 7A,(r,0,0)
and F = 0, where A is the magnetic vector potential
and F is the electric vector potential. Similarly, the TE”
fields are constructed by having F = #F,(r,0,¢) and
A=0.

The scattered electric field, Eg and E(; can be com-
puted by using the scattered magnetic vector potential,
A3, and the electric vector potential, F,}. The far field
approximations are then made for the scattered fields to

arrive at the bistatic RCS of the conducting sphere [12]:

RCS(Bistatic) = lim [47rr2
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C. Scattering from a conducting (PEC) sphere
covered with a spherical dielectric layer

Next, consider the conducting sphere of Fig. 3
covered with a dielectric sphere of radius, b, as shown
in Fig. 4.

Plasma

Air
(o, €0)

Incident

plane wave .
Conducting (PEC) Sphere

Dielectric Sphere

Fig. 4. Conducting (PEC) sphere covered with a spheri-
cal dielectric layer.

The electric and magnetic fields in the dielectric
sphere (a < r < b) can be obtained by defining the vector
potentials:

42 = B0 N [ (ko) + eaB (ko) ) (cosB),
n=1
a<r<b. (11)
EoM Z Fudn(kpr) + g, H, AP )(kbr)]Pl(cose)

onp =
a<r<hbh. (12)

In (12), mp is the intrinsic impedance of dielec-

tric medium, 1M, = g—bb Application of the boundary
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conditions provides the framework needed to solve for
the scattering coefficients, b,, c,, d,, e,, fn, and g,.
This formalism can be extended to any number of
layers by defining the fields in each spherical layer and
applying the continuity of the tangential electric and
magnetic fields at each boundary layer. In this work, we
extended the formulation to 5 layers. The case of the
dielectric sphere covered with a plasma layer, shown in
Fig. 5, differs from the stated approach in the boundary
condition on the dielectric sphere. That is, we require
the continuity of the tangential electric and magnetic
fields on the surface of the dielectric sphere at r = a
as well. The fields inside the dielectric sphere, r < a,
can be determined by defining the potential functions,
A% and F:

AY = E, C‘;S)¢ Y. haty(kar)PL(cosO), r<a. (13)
n=1
Fo — g, 519 Y kuty(kar)P} (cos8), r<a. (14)

ap=1

In (14), n, is the intrinsic impedance of dielectric
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Fig. 5. Dielectric sphere covered with a spherical dielec-
tric (plasma) layer.

IV. RESULTS AND DISCUSSION

The formulation for calculating the SW of the
cylindrical geometries and the RCS of the spherical
geometries were coded in MATLAB. The number of
modes in computing the SW in (6) and RCS in (9)
and (10), is taken to be 50. This number of modes
is arrived after numerical experimentation to find the
convergence of the series. In this section, the numerical
results are presented. First, the codes were tested to
compare results with numerical data available in the
literature to validate the analytical work presented in
section III as well as to validate the MATLAB codes.
The multilayered (1 to 5 layers) cylinder and sphere
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codes were first tested for self-consistency. This meant
that we set the material properties of the added layers
(1 to 5) to that of free space and found the result to
match with that of a cylinder or sphere with no layers.
In the results to follow, we provide comparison with
results that were available in the literature. In each case,
we also tested the multilayered formulation in which
the extra layers were set to free space. Note that the
increasing values of radii of cylinders or spheres (beyond
the ones shown in section III) are denoted by letters c,
d, e, and f. The bistatic SW of a conducting cylinder
coated with a double negative (DNG) coating for TM,
and TE, cases fora=0.05m, b=0.10m, fo = 1 GHz,
Uy = —lo, & = —9.8&, ¢ = 180°, shown in Figs. 6
and 7, respectively, are in good agreement with Zainud-
Deen’s result [13]. The bistatic RCS of a PEC sphere
covered with 2 spherical dielectric layers for E-plane
scan is shown in Fig. 8 for fy = 1 GHz. This result
is in good agreement with Sheng et al. [14] and it is
obtained with the code for a PEC sphere covered with
5 dielectric layers. The PEC sphere radius a = 0.75.
The dielectric sphere radii: b = 0.8, ¢ = 0.85, [d =
0.94, e =0.95A, f =1.2A], y, =2—j, &, =3— 2,
U, =3—j2,& =2—j, [U,=1and g =1fori=
d,e, f]. The quantities in the square parenthesis indicate
that these are needed to run the 5-layer case since
we only have 2 dielectric layers. For this reason, the
relative permeability and relative permittivity of these
3 additional layers are set to free space. The same is
true in the next two results where we show the bistatic
RCS of a PEC sphere covered with 3 dielectric spherical
layers. These results, shown in Fig. 9 for E-plane scan
(¢! = 0°) and in Fig. 10 for H-plane scan (¢’ = 90°),
are in good agreement with Lei [15]. In these two cases,
the incident EM wave frequency, fy = 1 GHz and the
PEC sphere radius, a = 0.5A¢. Dielectric sphere radii:

SW of PEC Cylinder Coated with DNG Layers,TMz Case

5
This work
45} ®  Zainud-Deen | -

Normalized Scattering Width

1 4 a—ia

05

0 2‘0 4‘0 éO 8‘0 1(;0 12‘0 1“10 16;0 180
angle ¢ in degrees

Fig. 6. Scattering width of conducting cylinder covered

with DNG layer TM,.
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SW of PEC Cylinder Coated with DNG Layer,TEz Case
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Fig. 7. Scattering width of conducting cylinder covered

with DNG layer TE,.

s RCS of PEC Sphere coated with 5 Dielectric layers, E-Plane

This Work
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0 20 40 60 80
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Fig. 8. RCS of a PEC sphere covered with 2 dielectric
layers E-plane scan.

b=0.51%, ¢ =0.524, d = 0.53X, [e = 0.54, f =
0.55A0], pr, = 1, &, =2, y, =2 —j2, &, =2— j2,
Mr, =2, &,=2[u,=1and g, =1 fori=e,f]. Note
that the two outermost layers are free space or air.

Next, we look at the impact of the collision fre-
quency on the plasma dielectric constant. The set of
results presented in Figs. 11-14 are for frequency of
incident EM wave, fy = 1 GHz, a = 1.2, b = 1.25A,
c=1.3%,d =135, e = 1.4, f = 1.54. In (1), if
we take the electron density, n, = 10'7m =3, and electron
collision frequency, f. = 10 GHz, we obtain the result-
ing plasma dielectric constant, & = 0.9202 — j0.7984,
and the plasma frequency, f, = 2.8397 GHz. All of the
5 plasma layers are set to have the same dielectric con-
stant, that is, &, = 0.9202 — j0.7984 for i = b,c,d,e, f.
In Fig. 11, we show the SW of a dielectric cylinder,
TE, case, with and without plasma layers. For this case,
the dielectric constant and relative permeability of the

s RCS of PEC Sphere coated with 5 Dielectric layers, E-Plane

This Work
10 ® Llei

Normalized RCS in dB
(4]

-20 [

25 L L L L L L L L L
0 20 40 60 80 100 120 140 160 180 200

Bistatic Angle 6,Degrees

Fig. 9. RCS of a PEC sphere covered with 3 dielectric
layers E-plane scan.

4 RCS of PEC Sphere coated with 5 Dielectric layers, H-Plane

This Work
12 - ® Llei

Normalized RCS in dB

0 20 40 60 80 100 120 140 160 180 200
Bistatic Angle 6,Degrees

Fig. 10. RCS of a PEC sphere covered with 3 dielectric

layers H-plane scan.

dielectric cylinder are given by &, =4 and u,, =1,
respectively. The SW of a PEC cylinder for the TM,
cases with and without plasma layers is shown in Fig. 12.
In Fig. 13, we show the bistatic RCS of a dielectric
sphere for the E-plane scan (¢' = 0°) with and without
plasma layers. For this case, the dielectric constant and
relative permittivity of the dielectric sphere are given by
&, =4 and u,, = 1, respectively. We show the bistatic
RCS of a PEC sphere for the H-plane scan with and
without plasma layers in Fig. 14. In Figs. 11-14, we
observe that when the plasma collision frequency f.
(10 GHz) is higher than the frequency of the incident
wave fp (1 GHz), the scattering is significantly reduced,
thereby, making the plasma a lossy material or a good
absorber of electromagnetic energy.

In the next set of results, we look at the impact
of reducing the collision frequency below the operating
frequency. The results presented in Figs. 15-18 are for
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2 SW of Dielectric Cylinder Coated with 5 Plasma Layers,TE to z

mmmn Dielectric Cylinder
Dielectric Cylinder with Plasma

-20

Normalized Scattering Width in dB
o

-30

40 . . . . . .
0 20 40 60 80 100 120 140 160 180
¢ in degrees

Fig. 11. Scattering width of a dielectric cylinder covered
with 5 plasma layers TE,.

0 SW of PEC Cylinder Coated with 5 Plasma Layers,TMz Case

— PEC
s PEC with Plasma

Normalized Scattering Width in dB

0 2I0 4‘0 66 t;O 1 fIJO 12‘0 1“10 1(;0 180
angle ¢ in degrees

Fig. 12. Scattering width of a PEC cylinder covered with

5 plasma layers TM..

frequency of incident EM wave, fo = 1 GHz, a = 1.24,
b=1.251,c=134,d =135, e = 1.4, f = 1.52.
Using (1), if we take the electron density, 7, = 107 m =3,
and electron collision frequency, f. = 0.01 GHz, we
obtain the resulting plasma dielectric constant, & =
—7.0629 — j0.0806, and the plasma frequency, f, =
2.8397 GHz. All of the 5 plasma layers are set to have
the same dielectric constant, that is, &, = —7.0629 —
j0.0806 for i = b,c,d,e,f. In Fig. 15, we show the
SW of a dielectric cylinder, TM; case, with and without
plasma layers. For this case, the dielectric constant and
relative permeability of the dielectric cylinder are given
by €, =4 and u,, = 1, respectively. We show the SW
of a PEC cylinder for the TE, case in Fig. 16 with
and without plasma layers. In Fig. 17, we show the
bistatic RCS of a dielectric sphere for the E-plane scan
(¢ = 0°) with and without plasma layers. For this case,
the dielectric constant and relative permittivity of the
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3FéCS of a Dielectric Sphere Coated with 5 Dielectric Layers, E-Plane

s Dielectric Sphere
Dielectric Sphere with Plasma

Normalized RCS in dB
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angle 6 in Degrees

Fig. 13. RCS of a dielectric sphere covered with 5

plasma layers E-plane scan.

20 RCS of Coated PEC Sphere H-Plane

= PEC Sphere

25 [ PEC Sphere with Dielecric Layer |

20 -

Normalized RCS in dB

0 20 40 60 80 100 120 140 160 180 200
Bistatic Angle 0,Degrees

Fig. 14. RCS of a PEC sphere covered with 5 plasma
layers H-plane scan.

dielectric sphere are given by &, =4 and u,, = 1,
respectively. We show the bistatic RCS of a PEC sphere
for the H-plane scan in Fig. 18 with and without plasma
layers.

From the results in Figs. 15-18, we make an impor-
tant observation that when the collision frequency of
plasma f. (0.01 GHz) is much lower than the frequency
of the incident wave fp (1 GHz), the scattering is
significantly enhanced to the point where the plasma
starts acting as a reflector or partially conducting media.

Even though the plasma layers were all taken to
have the same electrical properties, the multi-layered
formulation is expected to help in modeling inhomo-
geneous plasma where each layer may have different
electrical characteristics. This is certainly an important
and interesting case, the results of which will be reported
in the near future.
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2 SW of Dielectric Cylinder Coated with 5 Plasma Layers,TM to z
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Fig. 15. Scattering width of a dielectric cylinder covered
with 5 plasma layers TM,.

s SW of PEC Cylinder Coated with 5 Plasma Layers,TEz Case
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Fig. 16. Scattering width of a PEC cylinder covered with
5 plasma layers TE,.
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angle 6 in Degrees

Fig. 17. RCS of a dielectric sphere covered with 5
plasma layers E-plane scan.

35 RCS of Coated PEC Sphere H-Plane

= PEC Sphere
PEC Sphere with Dielecric Layer

30

Normalized RCS in dB
3 &

o
T

———

0 20 40 60 80 100 120 140 160 180 200
Bistatic Angle #,Degrees

Fig. 18. RCS of a PEC sphere covered with 5 plasma
layers H-plane scan.

V. CONCLUSION

In this paper, a comprehensive analysis of scattering
from conducting and dielectric cylinders coated with
multiple layers (up to 5) of plasma and conducting
and dielectric spheres coated with multiple layers (up
to 5) of plasma is provided. The variation of the SW
for the cylindrical case and RCS for the spherical case
is provided as a function of angle. It is shown that
plasma can act as a reflector or absorber of incoming
electromagnetic energy depending on the frequency of
the incoming wave and refractive index of the plasma
layers. It is noted that electron collision frequency has
a significant impact on the dielectric constant of the
plasma and consequently on enhancing or reducing the
scattering. We make an important observation that when
the plasma collision frequency f, (10 GHz) is higher
than the frequency of the incident wave fo (1 GHz),
the scattering is significantly reduced, thereby, making
the plasma a lossy material or a good absorber of
electromagnetic energy. Moreover, when the collision
frequency of plasma f. (0.01 GHz) is much lower than
the frequency of the incident wave fy (1 GHz), the scat-
tering is significantly enhanced to the point where the
plasma starts acting as a reflector or partially conducting
media. The results presented here are expected to aid
in the study of plasma coatings as a function of the
plasma collision frequency in development of stealth
technology.
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