Progress In Electromagnetics Research C, Vol. 155, 235-244, 2025

PIER C

(Received 4 March 2025, Accepted 11 May 2025, Scheduled 18 May 2025)

Galculation and Analysis of RCS of Metamaterial Coated
Composite Structure

Osman M. Alsemaid*, Elased Sulieman Saad, and Ahmed Awad Babiker

Karary University, Sudan

ABSTRACT: The RCS of a composite target composed of two geometries, namely elliptical cylinder plus elliptical cone, is calculated and
analyzed in this paper. To get the RCS for the target shape, RCSs of both the elliptical cylinder and elliptical cone are calculated and
analyzed before and after coating them with a designed metamaterial. Matlab and CST Simulator are used to evaluate the performance and
prove the effectiveness of the metamaterial coating in reducing the RCS of the composite structure, using specially created metamaterials.
This search lowered RCS across a wide frequency range of 2 to 400 GHz, which is done through specially designed metamaterials.

1. INTRODUCTION

onducting structures’ backscattering echo width, if it is

wide, cannot be disregarded. Such conducting objects are
covered with radar-absorbing compounds to lessen scattering.
Since five decades ago, numerous research have been published
in the literature. An precise solution to the scattering from a
right circular cylinder covered with dielectric material was at-
tempted in classical works by Wait [1], Wang [2], and numer-
ous others. Emile Leonard Mathieu’s 1868 investigation of the
vibration modes of an elliptic membrane produced the Mathieu
Function and its characteristics, which served as the foundation
for scattering analyses of elliptical geometries, such as ellipti-
cal cylinders. Mathieu functions provide a straightforward way
to express the echo width of an elliptical cylinder that conducts
properly [3].

Dealing with the field both within and outside the structure
is essential for a conducting structure covered in dielectric ma-
terial. By taking into account diffraction from a penetrable rib-
bon, Yeh [4] was able to solve the scattering from a dielectric
object. Richmond [5] calculated a conducting elliptic cylin-
der covered with a homogeneous dielectric material’s scattering
characteristics. The boundary condition in the dielectric-free
space interface has been defined using Galerkin’s approach, and
Mathieu functions are employed to do numerical calculations.
The scattering characteristics of a dielectric-covered impedance
elliptic cylinder were computed by Sebak [6]. For both TM and
TE polarizations, the field distribution in each region was de-
termined using impedance boundary conditions.

Caorsi et al. [7] have given an exact solution to the electro-
magnetic scattering by a multilayered dielectric infinite cylin-
der of elliptic cross section. It is assumed that the interface is
non-magnetic and lossless. The dispersed field from an ellip-
tic cylinder covered with confocal dielectric and illuminated by
a point source was calculated by Ragheb et al. [8]. Additional
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generic solutions, which can be either confocal or non-confocal,
were proposed for covered elliptic cylinder scattered fields [8].

It is observed that radial and angular Mathieu functions are
used to find the precise solution for the dispersed field from
an elliptic cylinder. The Mathieu function differential equa-
tion yields the angular Mathieu function, while the modified
Mathieu function differential equation yields the radial Math-
ieu function [9]. The expansion coefficients and eigenvalues,
in addition to the radial and angular Mathieu functions and
their normalized factors, are important components of an el-
liptic cylinder’s dispersed field. The radar cross-section (RCS)
of a covered conducting elliptic cylinder is calculated analyti-
cally in this work. The field within and outside the cylinder is
computed using the addition theorem, which yields scattering
coefficients and angular and radial Mathieu functions. Analy-
sis is done on how coating metamaterial characteristics affect
cylinder RCS.

The results of a rigorous solution of this scattering problem
have been contrasted with the physical optics approximation
for the backscattering radar cross section of a circular semi-
infinite cone by Siegel et al. [10]. For both large and small
cone angles, they discovered a good agreement between the
two results. Therefore, it is reasonable to believe that the phys-
ical optics approximation is sufficiently precise for calculating
a semi-infinite elliptic cone’s backscattering cross section.

Blume and Kahl provided a solution to this issue in a pre-
vious paper [11]. Because of the coordinate system used to
interpret the results, it can be challenging to explain the scat-
tered geometry. As will be demonstrated, if the geometry is
described by the two extreme flare angles of the elliptic cone,
the conclusion becomes extremely straightforward. It becomes
feasible to compare the outcome directly to that of the circular
cone. The bistatic radar cross section of an elliptic cone will be
computed if the receiver is positioned inside one of the cone’s
two symmetry planes.
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FIGURE 1. Geometry of elliptic cylinder.

The purpose of this study is to analyze the electromagnetic
wave scattering of the conical and cylindrical shapes indepen-
dently, to investigate a shape made up of both shapes using the
principle of superposition, to analyze the RCS of the shape if it
is constructed out of perfect electric conductor (PEC) and cov-
ered with a metamaterial developed in [12], and the effect of
this metamaterial on RCS.

2.  ANALYTICAL FORMULATION FOR ELLIPTIC
CYLINDER SHAPE

Observe the cross section of an elliptic cylinder with infinite
length (Fig. 1) in free space (o, o). With semi-major and
semi-minor axes and semi-focal lengths of ag, by, and d, respec-
tively, it is assumed that a conducting elliptic cylinder serves
as the core. An metamaterial (€1, p1) with the focal length at
x = =£d is applied to the cylinder. The structure is excited by a
line source at (zg, yo). The expression for the incident field is,
B, = Hg (ko(< — <0)) (M
where HZ is the Hankel function of second kind and zero or-
der, and kj is the wave number of free space. Throughout the
derivation, the incident field’s temporal dependence is disre-
garded. The analytical method can be applied to elliptic cylin-
der scattering problems. As illustrated in Fig. 2, the Cartesian
coordinate system (x, y, 2) is transformed into an elliptic cylin-
drical coordinate system (u, v, 2).
Ellipse is defined in the Cartesian coordinate system

from [13] as:
2\ 2 y 2
() + (%) =

where ag > by, eccentricity e = d/ag, and semi-focal length
d = y/a% — b% are all less than or equal to 1. The relations are
satisfied by the elliptical coordinate system,

2

x = d cos vcoshu;

(€)

where 0 < v < 27 and 0 < u < oo. It is feasible to describe

y =dsinvsinhu; 2z=2z

these coordinates in terms of (£,7, z) with & = coshu, n =
cos v, and z = z. Consequently, one has:
r=dn, y=d/(€-1DA-n%), z=2z (4
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FIGURE 2. Elliptic cylinder coordinates.

These are the expressions for semi-major and semi-minor axes:

agp =d§, by =d\/& -1 ®)

In TM polarization, the electric field will only contain an F,
component. The incident electric field can be expressed as [3]
using the Mathieu function.

i = Ce(c, vo)Cei(c,v)Regl)(c, u)ReZ(-4) (¢, up)
Ei=)"

pard Ne;(c) *
(6)
i So;(c,v9)S0;(c, ’U)ROE—I)(C, u)RoEA)(c7 Up)
pared No;(c)
where Re ) and Ro ) are radial Mathieu functions of the first

kind Wh1ch are odd and even. Ne; and No; are even and odd
normalized factors, while Re§4) and Re§4) are even and odd
radial Mathieu functions of the fourth kind. Even and odd types
of angular Mathieu functions are represented by letters C'e; and
S 0;.

Wave numbers k; = ko./e, and ¢ = ¢4 = k1d are found
within the dielectric zone. This equation is valid only when the

source is positioned ¢y from the center. The Rez(-4)(c, ug) and

Ro ( ) phrases in (6) can be skipped if the incident wave is a
plane wave. Thus, the scattered field can be expressed as,

or [ & XTMCeZ(c v)Re ( u)+
E; =

=T Z Z Y™ So,(c, ’U)RO( )(c u)

i=—0 i

(7

The field inside the metamaterial region is given by

o)

Z [PVT]MRe?("l) (Cd7 )+QT]WR6<2) (Cd7 u)}cer (Cd7 1))

=0

+Z STMROS) (ca,u) + TTTMROQQ)(cd,u)]SoT(cd,v)
r=1

Elzi

®)
where XM yTMpIM OTMRTM and STM must be estab-
lished by applying appropriate boundary conditions in order to
estimate the scattering coefficients, for the extraction of v and
vo from &y (£ = coshu) and 7y(n = cos v), respectively.
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Applying boundary condition when u = u1:

4 E! ul <u<u2
B!+ Ef = (9a)
0 else
H'+H;=H! H'=H (9b)
El=0 (9¢)
Applying boundary condition when u = u2

E' =FE¢ (10a)

H' = H; (10b)

The unknown coefficients for a plane wave incident on an el-
liptic cylinder are computed by replacing (6) and (7) in (8).

YTM o _SOZ‘(C,UU)R()EU(C,H)

@ o Ro§4)(c7u)N0i(c) (1 1)
xTM _ _Ce(c,vo)Regl)(c,u) .

g o Re§4)(c,u)Ne7;(c) ’

The RCS of an uncoated elliptical cylinder is given in [13] by:

1672 = ;o7 i T
RCS = ™ ;;ZXZ- Cei(C7v)+i=21JZYi Soi(c,v)

(12)
The tangential component of the magnetic and electric fields for
a covered elliptic cylinder is constant across the metamaterials
surface. When a conducting cylinder is present, the electric
field becomes zero.

0=>" [PTTMRegﬂl)(cd, u1)+Q,TMR6£2)(cd, u1)]Cer(cq,v)
r=0
+ 3 [STMRot" (ca,un )+ TTM Rof? (¢4, u))So, (ca, v)
r=1
(13)

One can use Mathieu functions to
27

Cei(cq,v)Sor(cq,v)dv = 0;
0

2m
/ Cei(cq,v)Cer(cq,v)dv =7
0

The result of multiplying (13) by Ce;(cq,v) and So;(cq,v),
then integrating over 0 to 27, is

RO7("1) (Cd7 ’LL]_)

M = -8,
Rog’z) (C’d, Ul)

(14)
Q™ — _p Regl)(cd,ul).
" Reg-z) (ca,u1) ’

When one replaces (14) in (8), one obtains:

RelM (ca,u)—

Re( (cayu) 1o (2)
Re£2)(c.i.,u1)R€T (Cd7u)
RotM (ca,u)—

RofD(cau) p (2)
— ey, 1to Cd,U
Ros.z) (ca,u1) T ( d> )

Z PTTM C€T<Cd,1])

+ io: [STM So,(cq,v)

(15)

With boundary condition applied, £ + E* = E1, one has

(i‘é Cei(c,vo)Cei(c,v)Regl)(c,uz)Re§4)(c,uo)> +

= Nei(c)
e (4)

(Z XiTMCei(c,v)Rei (c, UQ)) =
i=0

) 1) (n
Z PZ“M {Regl)(cd,uz) . geé>gw7U1;R€£2) (Cd,UQ)j|
=0 er’ (ca,u1

Ce,(cq,v)

(16a)

S~ S0i(e,00)S0; (¢,0) Rog” (cuz) Rog (c,u0)
(z:O 0;(c,vo O(CUN;(C)CW 0, (c,up +
i=

(503 Y™ S0;(c,v)ReM(c, w)) =
1=0

Ro" (ca, uz) -
M%M;Rog)(cd,uﬁ SOT(CdJ))

Ro&z)(cd,ul

<§: ST

r=1

(16b)
For the sake of clarity, even and odd terms are written separately
here.
After integrating over 0 to 27 and multiplying (16b) and
(16a) by Ce;(c,v), one obtains

Z PI™ Ae, ;R1, = (Cei(c, UO)R€§4) (c, ug)Re§4) (c, uo))
r=0

+ XZ-TMReYL) (c,u2)Ne;(c)

(17)
where:
Nei(c) = fo% Ce;(c,v)Ce;(c,v)dv;
Aer,i = f027r Cer(cd7 U)Oei(g U)dv
Reg"l) (Cd ul)
R1T™ — 1 Re(M (¢4, u9) — (2)77Re£2)(cd,u2)
Rer (Cd,Ul)

Likewise, using boundary condition (10), one has

(Cei(c, vo)Re{(4) (c, u2)R6E4) (c, uo)> +

3

XZ-TMRB;(4)(C, us)Nei(c) = S, PTM Ae, ;R1,TM
r=0

(18)

. ’ 4 e(l) cq,u1 ’
with R1,7M = |:R€r(1)(0d7u2) - %R&(z) (ca,us2)|.

After subtracting the result of multiplying (17) by
Re;(4)(c, u) and (18) by Re§4)(c, u), one gets’ instead of

’one may subtract to get

> PTM fe, ; (Re;(4) (c,uz) R1ITM —Rl/TTMReZ(A) (c, ug))

r=0

(1) " (4) B
= Cei(c,vo) Rel" (c, ug) Re?(n(c’ UQ)Rei(zx) (e
Re; " (c,uz)Re; " (¢, u2)

(19)
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(19) can be re written as,

(20)

7

BTM:C€ c,V Re(‘4) G u !
P =Cale ) RETE 1) p 0 ) Re® (e, ug)

RelV (c, uz)Re;(4) (c,uz) ]

And M M=Ae, (Re;(4) (¢, ug)leM—Rl;TMRe§4) (¢, ug)) .

The unknown coefficient P is retrieved using the afore-
mentioned relation, and X/ is produced by inserting it in
Equation (18). The same procedures are used with the odd part
of Mathieu functions to extract the solution for Y7

[ST[N] = [C] @n

where,

7

NIM = Aoy,i (Ro™ (¢, uz) R2I™M — B2, Ro{ (¢, uz))

7

—Ro,V (c, ug)R0(4) (c,uz)

K2

C’iTMzSoi (¢, ’U())ROG) (¢, up)

K2

Rol! (c, uz)Ro;(4) (c,uz) ]

%

27
Aoy = Sor(cq,v)So;(c,v)dv
0
(1)
R2™™ — | RoM (¢, up) — MRO@) (ca,us)
" v @ v
Roy™ (cq,u1)
’ / R (1) ’
R2 ™ = | Ro (1)(Cd,’LL2) _ MRO (2)(Cd,UQ)
" " (2) r
Roy™ (cq,u1)

It is possible to determine the value of Y; by knowing S. There-
fore, the RCS of the covered metamaterial cylinder is computed
using X; and Y; as follows:

1 21> >
RCS= 2—: ;jZXiT]wCQi(C» v)+; 5™ So;(c, v)}

(22)
After computing Mathieu functions, using elliptical parameters
the RCS of elliptic cylinder is determined.

3. RCS FOR COATED ELLIPTIC CYLINDER (CEC) US-
ING DIFFERENT METAMATERIALS

Another way to express Equations (7) and (8) is as follows:

E; = < Z BeiCei(co,v)ReE4)(co,u)
i=—0

=0

+ Z B, Soi(co, U)ROELI) (co, U)) (23)

B, = (Z CeiCBz'(Cl,U)Rez('l)(ClaU)
i=—0

238

+ ZCoiSOi(cl,v)Rogl)(cl,u)) (24)
i=0

where ¢; = k1 F' in which F' is defined in the homogeneous
wave equation (Helmbholtz) in elliptical coordinates; c; is com-
plex; and k; = w. /11, inwhiche; = ¢’y —j&"’1; C¢; and Cy;
are the expansion coefficients of the transmitted field that are
unknown. Maxwell’s equations can be used to determine the
magnetic field component both within and outside the cylinder,
ie.,

Jj OE;
H, = 2
“ wprh v (25)
Jj OE;
H, = 26
wprh Ou (26)
h = FVcoh?u — cos2v 27)

Imposing the continuity of the tangential field components at
the cylinder’s surface u = u; will yield the unknown expansion
coefficients, i.e.,

ZMez‘(Cl,Co)Bei urReg)(cO,ul
i=0
Regl), C1,U
B 1(1)( : 1)R6$)(00aul)
Re; ' (c1,u1)
(28)
= ZMei(ClaCO)Aei WRGS)(%,M)
i=0 Re; ' (e1,u1)
- /,LTReS) (CO’M)}
ZMm(ChCO)Bm‘ MrRGS) (co,ur)
i—1
Re(-l), c1,u
- 1(1)( 1 1)3653)(60#1)
Re; " (c1,u1)
29
= ZMoi(Claco)Aoi wlzeg)(%,ul)
i=0 Re; ' (c1,u1)
—urReS) (C07U1)]
27
Mei(co, c1) Z/Sez;(chn)sez;(Co,??) (30)
0

where the dielectric region’s relative permeability is denoted by
wpr. Additionally shown is the TE scattering by a lossy elliptic
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cylinder. The following answer is obtained in this instance us-
ing a derivation due to that of the TM case [14].

srReg)

oo
Z Mei(cx, co)BL” (co,u1)

7 Regl) (casur)

R ( )(CO7U1)
Regl)(cd,ul)
(€1Y)
Z i(c1,¢0)A MR@E? (co,u1)
=0 Rei (Cd,U/l)
_5rR€$) (Co,ul)]
e ’
ZMOi(cl,co)BZ;E eTRefj) (co,u1)
i=0
Re(-l)l C1,U
B 21)( : 1)}% ()(Co,ul)
Rei (cl,ul)
(32)
> RetV (c U
= Mei(cr,c0)A %Reg)(%,ul)
=0 Rei (Cl7u1)

— &Reé? (co, ul)]

Once the scattered field expansion coefficients are determined,
the scattered near and distant fields for the TM and TE cases
may be computed. The following outlines the method used to
drive the far scattered field expressions:

:\/%pe_jkopzji[BeTZ-MSei(Cov77)+BoTiMSOi(CO’77)] (3)
Hz \/7 Jkopz Bez Sez 007 )-}—BZ;ESOZ'(Co,ﬁ)] (34)

The echo width, or scattering cross section per unit length, is
typically used to express far-field data. It is defined as follows
for the TM polarization case:

512
|EZ]

oTM = 27Tp lim

35
p—r00 |E’L ( )

|2
For computational purposes, Eq. (34) can be expressed in the
following simpler form:

W - ;ji[BeiSei(Cm 1) + Boioi(co,m)] - (36)

The electrical permittivity and magnetic permeability values
listed in Table 1 can be used to categorize metamaterials. RCS
is obtained by substituting these values into Equations (28)—
(32).
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4. RCS FOR COVERED ELLIPTIC CONE (CECO) BY
METAMATERIALS

With the use of the spheroconal coordinates [15], which are de-
fined by the scatterer’s geometry (Fig. 3),

x = 7sinfcos ¢ 0<r<oo

y =r+/1 — k2cos2fsin¢

z=rcosf\/1—k?2sin®¢p O<kk <1, K®+k%?=1

It is possible for the incident plane wave to travel in the positive
z-direction. Its vectors of fields are

E;, = axEoeijﬁaz'T
—jBay-r
Hi ayHoe s

0<0<7m 0< <27

(37
(3%

FIGURE 3. Elliptic cone geometry.

The scattered field’s physical optics approximation in the far
zone can be expressed as [2].

j‘;'uﬂ//ao x [ao X (ag X Hoay)e 772272007 gq)
™
A

(39)
where ay is the normal unit vector on the cone surface, A the
cone surface, and ag the unit vector in the observation direction.
We must select ag = —a_, in order to calculate the backscatter-
ing cross section. In this instance, (3) produces

Egc = r& i quo[ Hov/1 — k2 cos? 6. sinbpa,
r 2w
21 oo
/ / e8¢ ar' dp (40)
00
¢ = \/TsianS’cosGo 41)

Calculate integration over 7.

T' is the reification coefficient, and if 3 is a real number, then
this expression does not converge for r — oo. The medium
around the cone is therefore thought to be lossy. In this instance,
the right side of (5) for » — oo is forced to converge due to 3
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RCS vs. Theta for PEC Elliptic Cylinder

ot = TE Polarization
\— = TM Polarization
1A
] ' oA ) / I's
. -20 1 \ . \ \ ‘I i W\
m I i 1| ‘ i I !
= VW |
@ !
Saoff ity il "
o I 1 [ I i
' I I I
-60 , .
-80 . ) L . | ) L
50 100 150 200 250 300 350

Observation Angle ¢ (degrees)

FIGURE 4. RCS for PEC elliptic cylinder-uncovered (TE and TM polar-
izations).

negative imaginary portion. Let J fictitious half disappear now.
It is easy to perform the remaining integral over (¢), and the
field that results in is

e P juwpg - /1 — k2 cos?fsin b,
Egc =T H - 42
5 4p2% cos? gy “ (“42)

The starting point for computing the backscattering cross-
section is given by:

2 1Ssc|

RCS = lim 4nr (43)
r—00 |S:]
where S denotes the time averaged Poynting vector
Sscl = 55 |Bsel? (44)
scl = g 1bsc
1 2
|S;i| = §ZOHO (45)
Obtain:
A2 (1 — k2 cos? ) sin® 6
RCS =T 46
167k cos? 6y (46)

with A being the wavelength. If the incident plane wave is po-
larized ordinarily to that taken into consideration, the same for-
mula yields the same answer. The extreme flare angles iy
and amax (Fig. 3) of the cone, which are connected to k and 6y,
can be expressed in terms of Equation (46) by:

Omin = 0o . and  coS amax = k cos By

The result obtained is:

2

RCS = 1“16—7T tan> Qlmin tan> Qlmax

(47)
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RCS vs. Theta for Elliptic Cylinder Coverd metamaterial

== TE Polarization
= ==TM Polarization

-20
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-60
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-80

-100 ' : ' : :
50 100 150 200 250 300

Observation Angle ¢ (degrees)

350
FIGURE 5. RCS for covered metamaterial elliptic cylinder (TE and TM

polarizations) (f = 1 GHz).

From above equation RCS for circular cone in case o =
Omin = O/max

2

A
RCS =I'—— tan? ag (48)
167w
For normal, TE and TM incident I" are given as:
Zq — Zo
r=——— 49
7.1 Zo (49)
Zgcosl; — Zycos by
I'rg = 50
TE Zgcosb; + Zycos b (50)
Z, 0, — Z 0;
Lpay = 4 cos 6 0 COS (51)

Zgcos 0, + Zycosb;

5. RESULTS AND DISCUSSIONS

A PEC elliptical cylinder’s RCS is depicted in Fig. 4, and Fig. 5
shows the same cylinder with a single layer of metamaterials
applied. Its properties are as permittivity = 10, permeability =
—1 (MNG metamaterial) with thickness equal to 0.01 m. When
comparing the two figures, we can see that the coated cylinder’s
radar value has decreased.

At a frequency of 3 GHz for TE and TM polarizations, Fig. 6
displays the RCS of an elliptical cylinder coated with a meta-
material whose characteristics are permittivity = 4 — j, perme-
ability = 2—0.57 for varying values of the angle of incidence at
Gine = 0, 45 and90 . The fact that RCS levels for the two
scenarios are similar indicates that the metamaterial is effective
at lowering radar.

RCS of an elliptical cylinder covered in metamaterial is de-
picted in Fig. 7, and its properties are as permittivity = 4—0.27,
permeability = 1 — 0.15 at a frequency of 3 GHz for varying
metamaterial layer thicknesses. It is observed that in the case of
TE polarization, RCS fluctuates with thickness, but in the case
of TM polarization, the thickness has no influence.
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RCS vs ¢ for TE Mode

50 T
o
R
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o ERG
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FIGURE 6. RCS for covered metamaterial elliptic cylinder (TE and TM
polarizations) for varying incidence angle values.

RCS vs Theta for PEC Elliptical Cone

50

= TE Polarization
= =TM Polarization | |

RCS (dB)

30 ¢ o

40 4

50 . I I I | . .
0 50 100 150 200 250 300 350

Theta (degrees)

FIGURE 8. RCS for PEC elliptic cone-uncovered (TE and TM polariza-
tion).

A PEC elliptical cone RCS is depicted in Fig. 8, and Fig. 9
shows the same cone with a single layer of metamaterials ap-
plied. Its properties are as permittivity = 10, permeability =
—1 (MNG metamaterial) with thickness equal to 0.01 m. When
comparing the two Figures, we can see that the coated cone
radar value has decreased at TE polarization about 20 dB, and
decreased about 15 dB in TM polarization.

Figure 10 shows the RCS of an elliptical cone coated with a
metamaterial whose properties are permeability = 2—0.55, per-
mittivity = 4 — j for different values of the angle of incidence
at ¢ine = 0, 45, and 90 at a frequency of 3 GHz for TE and
TM polarizations. The effectiveness of the metamaterial in re-
ducing radar is demonstrated by similar RCS values for the two
cases. Fig. 11 shows the RCS of an elliptical cone coated with
metamaterial. For different metamaterial layer thicknesses, the
characteristics are as follows: permeability = 1 —0.14, permit-
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TE Mode RCS vs Theta
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FIGURE 7. RCS for covered metamaterial elliptic cylinder (TE and TM
polarizations) for varying thicknesses.

RCS vs Theta for Metamaterial-Coated Elliptical Cone
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250

FIGURE 9. RCS for covered metamaterial elliptic cone (TE and TM
polarizations) (f = 1 GHz).

tivity = 4 — 0.27, at a frequency of 3 GHz. RCS is found to
vary with thickness in the case of TE and TM polarizations,

Furthermore, Fig. 11 demonstrates that the thickness of the
metamaterial generated decreases as RCS decreases, suggest-
ing that the thickness of the metamaterial must be increased
while taking its weight into consideration.

Additionally, in Fig. 7 as the thickness of the metamaterial
increases, the RCS decreases, which highlights the importance
of increasing the metamaterial’s thickness while considering its
weight.

6. RESULTS OF RCS FOR ELLIPTIC CYLINDER AND
ELLIPTIC CONE

The RCS of objects consisting of multiple components can be
determined using superposition theory. In this study, the RCS
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FIGURE 10. RCS for covered metamaterial elliptic cone (TE and TM

polarizations) for varying incidence angle values.

FIGURE 12. The problem’s geometric for PEC target.

equation is derived for each part independently, and the equa-
tions are combined to obtain the overall RCS. RCS for the el-
liptical cylinder is discovered in this work, followed by RCS
for the elliptical cone. In this section, RCS will be located by
using the superposition theory for Equations (22) and (47) to
the target depicted in Fig. 12.

Figure 13 displays RCS for the PEC-based target, and Fig. 14
displays the same target with a layer of designed metamaterials
from [12] applied, which has the following properties (permit-
tivity = 3.45 — 23.1087, permeability = —1.59 — 24.367, at
f = 2GHz for TE) and (permittivity = —45.74 — 10.1857,
permeability = 12.63 — 2.537, at f = 2GHz for TM). It is
evident from comparing the two figures that the addition of a
layer of metamaterials to the target reduced RCS. For instance
at the angle of incidence Zero RCS decreased by about 42 dB.

The study’s validity is further supported by Fig. 14, which
displays the consistency between the outcomes from the Com-
puter Simulation Technology (CST) simulation program and
the equations.

TE Polarization RCS vs Theta
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FIGURE 11. RCS for covered metamaterial elliptic cone (TE and TM
polarizations) for varying thicknesses.
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RCS vs Theta for PEC Elliptical Cylinder with Cone
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FIGURE 13. RCS for PEC shape (TE and TM polarizations).

Figure 15 shows the RCS of target coated with designed
metamaterial [12] whose properties are permittivity = 1.282 —
5.01215, permeability = 0.746 — 4.525, at f = 10 GHz for
TE and permittivity = 0.942 — 3.88, permeability = 1.087 —
5.8597, at f = 10 GHz for TM for different values of the an-
gle of incidence at (¢;n. = 0, 45 and90 ) at a frequency of
1 GHz for TE and TM polarizations. The effectiveness of the
metamaterial in reducing radar is demonstrated by the similar
RCS values for the two cases.

Figures 16 and 17 shows the RCS of target coated in meta-
material designed [12]. For different metamaterial layers, the
characteristics are permittivity = 0.9935—0.47575, permeabil-
ity = 1.0047 — 0.47875, at f = 100 GHz for TE and permittiv-
ity = 0.9897 — 0.47325, permeability = 1.0105 — 0.4811y,
at f = 100GHz for TM. RCS is found to vary little when
change layers in the case of TE polarization and TM polariza-
tion. Furthermore, Fig. 16 and Fig. 17 illustrate that the number
of designed metamaterial layers increased as RCS decreased,
suggesting that metamaterial layers must be increased while its
weight is taken into consideration.
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2ROCS vs Theta for Coated Metamaterial Elliptical Cylinder with Cone
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FIGURE 14. RCS for covered metamaterial target (TE and TM polariza-
tions) (f = 2 GHz).
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FIGURE 16. RCS for covered metamaterial target (TE and TM polariza-
tions) for varying thicknesses.

7. CONCLUSION

RCS was determined for the elliptical cylinder and elliptical
cone in the two scenarios where they were coated with meta-
materials and made from a highly conductive material (PEC)
after the scattering was computed using the Mathieu function.
RCS was calculated using the principle of superposition for an
object consisting of a cylinder and a cone when the body was
composed of a well-conductive material (PEC) and when the
body was coated with metamaterials.

The RCS decreased by almost 42 dB at 2 GHz when the target
was covered with the designed metamaterial.

Additionally, the RCS dropped to below zero when the desig-
nated metamaterial was added at 10 GHz and at different angles
of incidence.

At 100 GHz, the difference among one layer, two layers,
and three layers is not statistically significant, but the RCS de-
creases as the number of layers in the intended metamaterial
increases.
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FIGURE 15. RCS for covered metamaterial target (TE and TM polariza-
tions) for varying incidence angle values (f = 100 GHz).
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FIGURE 17. A tiny section of Fig. 16.
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