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Abstract

The scattering from a layered sphere with any number of layers and admit-
tance sheets at the interfaces is calculated in this work. By utilizing spherical
vector wave expansion and matching of the tangential fields at each inter-
face, and introducing a surface admittance to the magnetic field boundary
condition, the transition matrix components are determined. A numerical im-
plementation of the derived analytic expressions is utilized to determine the
monostatic radar cross section from a sphere, of varying radius, coated with a
number of different electromagnetic absorbers. When the monostatic scatte-
ring from a sphere coated by an absorber is normalized with the monostatic
scattering, either from the uncoated structure or from an enclosing perfect
electric conductor, a comparison can be made to the planar absorber perfor-
mance. The impact of curvature on the absorber performance is evaluated
from these results. It is concluded that absorbers based on bulk losses are less
sensitive to curvature than absorbers based on single or multiple layers of thin
sheets.

1 Introduction

Electromagnetic scattering from a sphere is a subject with a long and distinguished
history. It can be argued who was first in presenting a solution to the problem, but
today it is commonly referred to as the Mie series, named after Gustav Mie from his
work in [16]. Since then the topic has been studied extensively, and the results are
summarized in many textbooks |2, 3, 14, 21, 27|. The Mie series is used in a wide
variety of applications such as optics, climate modelling, astro physics, nano science
and biomedical imaging [2, 10, 17, 24].

When the spherical scatterer is much smaller than the wavelength of the incident
wave, the Rayleigh scattering approximation can be applied [28]. When the size
of the scatterer exceeds about 10% of the wavelength of the incident wave, this
approximation breaks down and the Mie series solution has to be applied. Since the
advent of modern computers, much work has been done on implementing stable and
reliable algorithms of Mie series calculations [5, 7, 9, 15, 23, 30]. This has resulted in
efficient calculations of Mie series with size parameters on the order of 10 000. Some
examples of scenarios that have been considered are: Spheres of different dielectric
and magnetic materials, layered spheres, anisotropic spheres, distorted spheres and
spheres in an absorbing medium [10]. Recently, a summarizing article was presented
[24] where the history of the Mie series is presented in detail. Analytic expressions for
scattering from a layered sphere and the numerical implementation of the problem
was presented in [24]. The authors of this report were surprised to find no reference
to prior work that considers the scattering from a layered sphere with an arbitrary
number of layers, and with admittance sheets at the interfaces. This type of problem
has much use in the analysis of electromagnetic absorbers, which commonly consists
of single or multiple layers of dielectric or magnetic materials, resistive sheets and
circuit analog structures [18].



Electromagnetic absorbers are commonly used to attenuate electromagnetic sig-
nals and reduce the reflection and transmission from particular objects. Examples of
areas where absorbers are used are in free space measurement setups for electromag-
netic characterization of antennas or other objects [29], and in defense applications
such as radar cross section (RCS) reduction [13, 21]. Most absorbers are designed
for a planar structure of infinite extent, while most real applications involve that
the absorberis applied to a curved structure, such as the body of an aircraft. Surpri-
singly little work exists with respect to the degradation of the absorber performance
due to curvature. In [4] a Luneberg-Kliene expansion of the scattered field from a
cylinder and a sphere is carried out to identify a correction term proportional to the
radius of curvature of the scatterer, and in [12] the performance degradation of a
five layer Jaumann absorber applied to a cylinder is calculated. In [26] a series of
different absorbers are evaluated when applied to a perfect electric conductor (PEC)
cylinder, and a conclusion in this work is that by normalizing the monostatic scatte-
ring from a coated cylinder with either the scattering from the uncoated structure,
or the scattering from an enclosing PEC structure, a comparison can be made to a
corresponding planar absorber design.

In this work, the scattering from a multilayered sphere is calculated by expanding
the electric and magnetic fields in spherical vector waves. The structure of the
specific scattering problem implies that all information of the scattered fields are
stored in the transition matrix (or 7T-matrix), the mapping matrix between the
incident and scattered fields. Once this mapping has been determined, the scattered
fields are easily calculated. In the special case of scattering of a linearly polarized
plane wave from a layered sphere with isotropic materials the T-matrix is diagonal,
which greatly simplifies the solution of calculating the scattered fields. We use the T-
matrix to determine the monostatic RCS of a PEC sphere coated by different types
of classical electromagnetic absorbers, such as the Salisbury screen [22], Jaumann
absorber [12|, Chambers-Tennant absorber [6], conductive dielectric absorber, thin
magnetic absorber and different types of circuit analog absorbers (CAA). By utilizing
the normalization scheme that was first presented in [26] the monostatic RCS of the
coated spheres can be compared to the corresponding planar design of the absorber
under test. This study gives information of the performance degradation of absorbers
due to curvature, and it is observed that electromagnetic absorbers of the same type
display similar behavior when exposed to curvature.

This report is organized as follows: In Section 2 the theory of spherical vector
waves is presented and in Section 3 the theory of scattering from layered spheres
with admittance sheets at the interfaces is presented. This content is based on the
notation and approach used in [14], where scattering from a PEC sphere, dielectric
sphere, and layered spheres without thin sheets at the interfaces are considered. A
numerical implementation of the theory in Sections 2-3 is presented in Section 4. In
Section 5 simulation results of the implementation in Section 4 are presented, where
the monostatic RCS of different electromagnetic absorbers applied to a sphere is
calculated, and some concluding remarks are presented in Section 6. In Appendix
A a detailed analytic derivation is presented of the scattering from a layered sphere
with admittance sheets at the interfaces, and in Appendix B the implemented code



is benchmarked against different commercial software.

2 Spherical vector waves

The theory and notation presented in this section is based on the work in [14]. The
time convention e/ is used throughout this report.

2.1 Expansion of fields

In order to construct an orthogonal set of spherical vector waves with the right
properties one needs to introduce a vector valued version of the ordinary scalar
spherical harmonics [14]

Yom( 2%\/ (xm) !le(cos 9) {sinmgb} (2.1)

where the Neumann factor ¢, is defined as

Em =2 —0mo, 1e. =1, &,=2 m>0. (2.2)

The spherical vector harmonics are here denoted A,y (7), where 7 = 1,23 is the
spherical vector wave index, o is the even/odd mode index, m = 0,1,2,..,1 — 1,1 is
the azimuthal mode index, and [ = 0,1, 2,...,00 is the spherical harmonics index.
In order to simplify the notation, we introduce a multiindex n = (o, m, () which
results in the spherical vector harmonics being denoted A, (7). The spherical vector
harmonics are generated from the relations

Ao (#) = ———— 1 VY, (#) (2.3)

where Ay, As,, and Aj, are orthogonal, and Ay, and A,, are tangential to spher-
ical surfaces. A far field vector can be expanded in spherical vector waves using the

Fourier expansion
3
- E g aTnATn(,’A")a (24)

T7=1 n=0o,m,l

where the Fourier coefficients a,, are determined through the relation

:LHﬂAMMm. (2.5)



We are now ready to introduce the spherical vector waves used to describe the
electric- and magnetic field on a spherical surface. The out-going spherical vector
waves are given by

wy, (kr) = b (kr) Ay, (7)

2.6)
krh (kr)) W2 (kr ) (
Up (k) = %Agn@“)—l— I+ 1) lk(r ) Ay ().
and the regular spherical vector waves are
vin(kr) = Ji(kr) A, ()
. 2.7)
krgi(kr)) . kr . (
wan () = WA%(TH z(z+1)‘”§€ ") Ay (),

where j;(kr) is the spherical Bessel function, hl@) (kr) is the spherical Hankel function,

defined as hl(z)(k’r) = ji(kr) —jy(kr), and y;(ka) is the spherical Neumann function.
We construct a sphere enclosing the scatterer and expand the total electric field
outside the sphere as

3 o0 l
E(T,W) E; (T w>+E r, w = ZZ Z Z aTO’mlvTO'ml(kr) + fTO’mluTO'ml(kr))

7=1 [=0 m=0o0=e,0

= Z Z (a“Tn’UT(k:r) + anuTn(kT» (28)

=1 n

where a,, are the incident field coefficients and f,, are the scattered field coefficients.

3 Sphere scattering

The theory and notation presented in this section is based on the work in [14]. The
theoretical addition of this section in relation to [14] is the treatment of surface
currents at the interfaces between the layers of the sphere in Section 3.5.

3.1 Solution method

To solve a Mie series scattering problem, we use the boundary conditions of the
electric and magnetic fields at each side of an interface

X(EQ—E1>:O, ’le(Hg—Hl):JS (31)

where Ey, H are the fields in region 1, FE5, H, are the fields in region 2, Jg is the
surface current at the interface, and n is the normal vector of the surface pointing
from region 1 towards region 2. If the materials in the two regions are linear, a



linear mapping exists between the incident field coefficients a,, and the scattered
field coefficients f.,
frn = trlry, T=1,2. (3.2)

The mapping matrix between the incident and scattered field coefficients in (3.2) is
called the transition matrix or the T-matrix, and its coefficients t,; are determined
from the boundary conditions of the specific problem, as is shown in Sections 3.3-3.5.
An incident, monochromatic, plane wave is represented in spherical vector waves as

2
Ei(ra UJ) = E()e_jki.r = Z Z arann(kr)
=1 n (33)

. 2
H(r,w) = Hoe ™7 = NN "0, o, (k)
Tom

=1 n

where 19, n are the free space and relative wave impedance. The expansion coeffi-
cients are

= 47(—j>1E0 : Aln(’%i)
dr(—j) L Eg - Asgy(ks) (3.4)
asp, = 47T(—j)l_1E0 : A3n<i€i> =0,

Q1n
A2p,

where since ag, = 0 the 7 = 3 terms in (3.3) does not contribute and have been
excluded. The dual index 7 is indicating that 7 =1 =7 =2, and 7 =2 —>7=1. It
the plane wave is incident along the z-axis, i.e. = k; = z, the expansion coefficients

are
a1n = (—1)10m11/27(2L + D Eg - (850 — dpe))

tan = (=)0 /2721 + 1) Eo - (8pee + 000i)) (3:5)

azp = 07

where d,, = 1 if 0 = 0 and J,, = 0 if 0 # o, and in the same manner d,,; = 1 if
m = 1 and 9,1 = 0 if m # 1. Using this representation of the incident field, the
scattered field can be determined.

3.2 The scattering parameters

The scattering dyadic is given by
- 4
S(# ki) = —— 3 @ (#) T (7) (3.6)

where in this context the multiindex n = (7,0,m,1) is used (as opposed to n =
(o,m,1) which is used in the rest of the report), and where T, is the T-matrix
defined as

fn = ZTnn’an’a (37)

and where the complex vector spherical harmonics a,(7) are defined as

a,(#) = T AL (), (3.8)



with the parity condition a}(7) = a,(—7). From the T-matrix, and thus alterna-
tively from the scattering matrix, specific scattering properties of an object can be
calculated. For example, the differential cross section of a scatterer is defined as

do do,
dQ

L [F@)P R
r, k; ) kQ‘EOP = 47T|S(T7ki) ’ pe|27 (39)

where p, = Ey/|Ey|, Ey is the incident field, and F(7) is the scattered farfield.
From the differential cross section, the scattering cross section is defined as

da

A 7 il 3
oy = o (P k) A2 = Z b2 ()T, T by (Kt (3.10)
where b, (k;) = —jdra,(k;) - P, and from the scattering cross section, oy, the total
cross section of a scatterer is defined as
Oy = 0g + Oa, (3.11)

where o, is the absorption cross section of the scatterer. In this work, we are
especially interested in the monostatic scattering properties of the object under
study. The scattering dyadic in the backscattering direction, » = —k;, is

. 4 . .
S(—ke;, k) = —j—g N a (k) T (), (3.12)

and the differential cross section is

do - i 647T
VRS _ki7 i
dQ(

> an(k)Twan (k) - b, - (3.13)

nn’

For a spherical scatterer, the T-matrix is diagonal with respect to all indices n =
(1,0,m,1), and (3.10) simplifies to

2m
Os =12 Z(Ql + 1) ([t + [ta]?), (3.14)

=1

the scattered farfield F'(7) is in this case given by

= ZZjT_l_lanATn(/f’)a (315)

=1 n

and the monostatic RCS of a spherical scatterer simplifies from (3.13) to

2

D (=D)N2L+ 1)ty — t) (3.16)

=1

do T

aohk) =5

which is the main scattering quantity of interest in this work.



3.3 Scattering from a perfectly conducting sphere

The most simple case of Mie scattering is the scattering from a PEC sphere, see
Figure 1. The total electric field outside of the scatterer is expanded in the regular
and out-going spherical vector waves as in (2.8), where the coefficients of the incident
plane wave a,, are known, see (3.5), and the coefficients of the scattered field f,,
are unknown.

Egylha = Eny o

Figure 1: Electromagnetic scattering of a plane wave from a PEC sphere with ra-
dius a. In this work the main focus is on finding the monostatic scattering, which
corresponds to r = —k;.

This field representation is inserted into the boundary conditions in (3.1) where
inside the conducting sphere the electric field is zero, resulting in the relations

{ aynji(ka) + frah\? (ka) = 0

asn(kaji(ka)) + fln(k?ahl(2)(ka))/ — 0, (3.17)

where a is the radius of the scatterer. The expression (3.17) can be rewritten as
frn = taam, T=1,2 (3.18)

which is a linear mapping between a., and f,,, where

by, = —ka) ty = —Fantka)” (3.19)

1 (ka)’ T kahP (ka))

From the T-matrix elements in (3.19) the scattered monostatic RCS is given by the
expression in (3.16). The scattered electric field outside of the scatterer is given by

E(r.w) =Y fnttry(kr). (3.20)

3.4 Scattering from a dielectric sphere

The scattering from a dielectric sphere is calculated using the same approach as for
the PEC sphere, the main difference being that in this case the continuity of both
the electric and magnetic fields at the surface of the scatterer are utilized in the
calculation of the scattered field coefficients, see Figure 2. As in Section 3.3, the



Eg 5o = Eg, o

Figure 2: Electromagnetic scattering of a plane wave from a dielectric sphere with
radius a.

incident field is given by

Ei(r,w) = Ege % = ZZamvm (kr) (3.21)

=1 n

where the coefficients a,, for a plane wave, incident in the z-direction, are given in

(3.5) as
\/27T 21 + 1 Eo oow ae@)
agn:— — l+1\/27’(’ 2l+1 EO' Je$+500@)

asy, = 0.

The unknown scattered field is given by

=22 fouttralkr), 1 >a, (3.22)

=1 n

and the total fields outside the scatterer are

= Z Z(am’vm(k’r) + frntrpn (k7))
=1 n (323)

o Z > (araven(kr) + frotirn (k)

=1 n

while the total fields inside the scatterer, which we denote E, and H, are

= Z Z A Ur (k1 7)

=1 n (3.24)
H,(r,w) = AUz (kyT).
TpRS

The boundary conditions at the surface of the sphere are

r X El(’l“7W)’,«:a =7 X E2(’r,w>|r:a
(3.25)
X Hi(r,w)|r=a =7 X Ha(r,w)|r=q

=

<>



which result in the system of equations

([ ai(kra) = ayji(ka) + finhl® (ka)

(kvaji(kia)) (kaji(ka)) ., (kah{ (ka))
o = Qg F o
kia ka ka
1 (khaj(ka) 1/  (kaji(ka)) (kah{® (ka))’ (3.26)
—01p = —| Q1n + fln
m kia n ka ka

1 4 1 ,
—a2njl(k1a) = ﬁ(agn]l(k’la) + fgnhl(Q)(kfa)).

\ Th

The expression (3.26) can be written as a T-matrix relation

. _(tu O a1n
le - Zf‘rlafn — (0 tzl) (a2n) . (327)

If the terms in (3.26) are rearranged, and the coeflicients ., are eliminated, the
final expression of the T-matrix elements is

_ gi(ka)(kiaji(kia)) — v, 5i1(ka)(kaji(ka))’
W (ka) (kragi(kra)) — v-i(kva) (kagi(ka)
where v, = 0,1 (1 /) + 672(€1/€), and where €y, €, py, p are the relative permittivity
and permeability of the scatterer and the surrounding medium, respectively. The

result (3.28) implies that the scattered field looks as if it comes from an electric
multipole (7 = 1), and a magnetic multipole (7 = 2).

(3.28)

3.5 Scattering from layered spheres with resistive sheets

We are now ready to treat the more general scattering case of multilayered spheres
with resistive sheets at the interfaces, such as the structure in Figure 3. Let r; <17y <
.. < ry be the radii of the N layers of the sphere, and let ¢; and p;, ¢+ = 1,2, ..., N
be the (relative) permittivity and permeability, respectively, of the layers. The
outmost radius is ry, and outside this sphere we have free space, i.e. ex,1 = €y and
in+1 = po- The total fields in each region are given by

2
- Z S AD (i) + 18, Dtz (i)

Tln

ZZA@ sz (k1) —|—t(l 1)um(/€1r))

=1 n

i1 <r<r;

HY(r, w) =

To™);

(3.29)

where ¢ = 1,2,..., N + 1 correspond to each region in space, N is the number of

layers of the scatterer, ki = kov/€fii, mi = \/1i/€is N1 = 1/ Mo/ €0, and t(l are

the unknowns. We define ti(l)) — 0 since E”(r,w) is non-singular at 7y = 0. The
boundary conditions at the interfaces are in this case

i x ED(r w)|—a, = 1 x BV (1 w)|,—,,
| , | (3.30)
A x HO(r,w)|p—a, — o x H (2 w)|1g, = T3 (1, w0)]p—a,
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51#1—%7#0

Figure 3: Electromagnetic scattering from a layered sphere with a PEC core and
possibly with admittance sheets at the interfaces. In this example, a PEC sphere
with radius a; is coated with two dielectric/magnetic layers with thicknesses as —ay,

az—asg, and an infinitely thin admittance sheet YS(3) is located at the outer boundary.

where Jg) = Ys(i)ﬁ, X (ED X 7)|—q, = Ys(i)ﬁ, X (EY % A)|,—,. In the same manner
as in Section 3.4, the boundary conditions (3.30) result in a system of equations for
each interface of the layered sphere. The solution to this system is found by first
finding the T-matrix elements of the innermost interface, and then iterating through
each interface of the layered sphere. This results in a recursion relation of the T-
matrix elements, see Appendix 6 for a detailed derivation, in form of a Mobius
transform 0,61, 0
t(z) _ CLT + b

(3.31)
P+

To simplify the expressions of the coefficients in (3.31), we introduce the Riccati-
Bessel functions and their derivatives |1, 19|

vilz) = 23() &(2) = 2k (2)
Yi(2) = ji(2) + zji(2), &(2) = B2 (2) + 0P (). (3.32)

For 7 = 1 the coeflicients are

(o} = n?;fl(km)ﬁ/)f(kwﬂ“i) — & (ksra)n(kipars) — i Y& (kirs) o (kisar)
o) = n:’jlwz(km)w{(mm) — (ki) (Kisars) — i YS (ks (ki)
o) = n?;&(/fm)ﬁf(kwm) — & (kir) ki) — i Y & (kirs) & (Kigars)
AV = Ly (ki) & kiars) — Wi (kirs) & (ki ars) — JUiYs(i)l/)z(kiri)&(k’iﬂm),

(3.33)
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and for 7 = 2 the coeflficients are 3.33

(af) = mifl(kiri)%(kiﬂﬁ) — & (ki) (kigars) — i YO (ki) (Kigpars)

7

by = m+1¢l(ki7“i)¢f(/%+17‘i) — (ki) (kigars) — ini Y 0l (kiri) by (Kisars)

7

Cg) = erlfl(kiTi)gl/(kH—lri) — & (kiri)&i(kipar:) — j77i+15/s(i)fl/(ki7’z’)€z/(k’z’+17“z')

i Mi+1 . i
| d = k)€ (kears) = vikir)& (kisar) — i1 Y8 U] (k)€ (ki)
(3.34)
It can be seen that the expressions in (3.33)-(3.34) reduce to the same recursive
relations presented in [14, Ch. 8] if no surface currents are present at the interfaces.
If a general homogeneous material is located at the center of the scatterer, the

iteration starts by ¢+ = 1. However, If the innermost layer is a PEC then the iteration
starts at ¢ = 2, and it is initialized by

) _ Vi (kary) (D _ Yi(kar1) (3.35)

o G(kery)’ g (k)

4 Numerical implementation

4.1 Python code

The theory described in Sections 2-3 was implemented in Python as a function
that calculates the scattered fields of a multilayer sphere with N layers of dielec-
tric/magnetic materials, possibly with resistive sheets at the interfaces. The input
parameters to the code are:

material = [[eq, pu1], [€2, pal, oo [N, v ya]], d = [dy,dg, ..., dn11]
adm = [Ys1, Ys2, .o, Ysn41] f = linspace( f1, fa, Nt)

where material is an array consisting of N + 1 vectors containing the material
parameters of the layered sphere, the material parameters of the medium at the
center (which in this work is replaced by PEC boundary conditions) are [eq, u11], and
lent1, ive1] are the material parameters of the surrounding medium. The thickness
of each layer is defined by the vector d and the surface admittance at each interface is
given by the vector adm. The code was also specifically modified to treat dispersive
materials and reactive surfaces, such as capacitive and/or inductive sheets, using
extended input arguments for each frequency:

Material = [material(f)),material(fs),....,material(f,)]
Adm = [adm(f1), adm(f3), ..., adm(fy,)]

where the parameters adm and material are defined as in the previous, non-dispersive
case.

The numerical implementation is organized as follows: The spherical Bessel and
Hankel functions are imported from standard packages in Python. The mathcal
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package is used for higher accuracy (float precision of the special functions). A
function called Mobius() is defined that takes the input parameters listed above,
uses the expressions (3.31)-(3.34) to iterate through the T-matrix coefficients from
the center layer outwards one layer at a time, and returns the T-matrix coefficients
of the outermost layer of the scatterer. When these T-matrix coefficients have been
extracted, all scattering information of the layered sphere can be calculated from the
relations presented in Section 3.2, such as the scattering cross section, the extinction
cross section and the monostatic cross section.

The numerical implementation was verified through a number of benchmarking
simulations in Comsol Multiphysics, Computer Simulation Technology Microwave
Studio (CST-MWS), and FEKO. The results, presented in Appendix 6, indicate
good agreement between the code and the full wave simulation software. It was con-
cluded that the Method of Moments (MoM) solver in CST-MWS is not capable of
treating dielectric materials, and the finite element solvers of Comsol Multiphysics
and CST-MWS are not well suited for scattering simulations of object larger than a
few wavelengths in size due to high memory requirements. Due to the aforementi-
oned reasons, out of the three software FEKO seems to be the best suited for RCS
simulations of three dimensional structures larger than a few wavelengths in size,
with lossy dielectric/magnetic materials and resistive sheets.

Emphasis is put on the truncation of the [-index in the numerical implemen-
tation. An expression for this truncation was presented by Wiscombe in [30] to
achieve convergence on the order of 107 for the sum of the squared Mie scattering
coefficients. It states that

x4+ 4x'3 4+ 1, 0.02<z<8
lnax = { @+ 4.052/3 + 2, 8 < x < 4200 (4.1)
x4+ 4z'/3 4+ 2, 4200 < x < 20000

where z = ka is the electric size of the scatterer. This truncation relation has been
used for all scatterers under study in this work.

5 Absorbers on doubly curved surfaces

5.1 RCS simulations and normalizations

The expressions (3.31)-(3.34) are used specifically to evaluate the monostatic RCS
from a PEC sphere coated by different types of electromagnetic absorbers, as in
Figure 4. The absorbers under study consist of multiple layers of homogeneous,
isotropic, dielectric and /or magnetic materials with or without losses and dispersion.
Resistive sheets and frequency selective structures at the interfaces are treated,
using equivalent circuit parameters, as a surface admittance, which can also be
frequency dependent, see Figure 4. Three different simulations were carried out for
each absorber scenario:

1. Scattering from a PEC sphere.
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2. Scattering from a PEC sphere coated with an absorber.

3. Scattering from a PEC sphere enclosing the coated structure,

see Figure 5. The two PEC simulations were then used to normalize the absorber
RCS, and then make a comparison between the performance of the curved absorber
and a corresponding planar design.

® =1/(R+1/(jwC))

Figure 4: A planar multilayer absorber above a ground plane, consisting of different
materials in the layers and possibly with admittance sheets YS(Z) at the interfaces is
presented in the middle. An example of a surface admittance consisting of a lattice
of resistive patches is presented to the left, and to the right a multilayer sphere
corresponding to the planar structure is presented.

Figure 5: A PEC sphere with a coating Salisbury screen matched to the free space
impedance (left), and the two normalization cases: A PEC sphere with the center
radius a; (center), an enclosing PEC sphere with the outer radius a, (right).

5.2 Salisbury Screen

The first absorber under test is a classical Salisbury screen [22] consisting of a
resistive sheet placed quarter of a wavelength, at the design frequency, from a ground



14

plane. For the best possible performance the impedance of the resistive sheet should
be matched to the free space impedance, i.e. Ys = 1/n, where n = 377 Q. The
three scenarios that are evaluated are presented in Figure 5, namely a PEC sphere
coated by a resistive sheet, the same sphere without the absorber, and a PEC sphere
enclosing the inner sphere and the absorber.

The monostatic RCS of a PEC sphere with radius a, is presented to the left in
Figure 6, and the monostatic RCS of a PEC sphere with radius a; with a Salisbury
screen is presented to the right in Figure 6, where all results are normalized with the
cross section area of the scatterer. The radius of the PEC core was varied, both in the
scenario with and without the Salisbury screen, corresponding to the different curves
in Figure 6. It can be seen that the normalized monostatic RCS of a PEC sphere
goes to 0 dB for higher frequencies, which is a familiar result. When comparing
the two graphs in Figure 6 it can be seen that the Salisbury absorber reduces the
RCS of the PEC sphere. However, in order to properly evaluate the performance
of the spherical absorber, the RCS from the PEC sphere with a coating absorber is
henceforth normalized according to the theory presented in Section 5.1. Normalized
scattering data of the spherical Salisbury screen is presented in Figure 7, where the
left plot is normalized with the RCS of the uncoated PEC scatterer, and the right
plot is normalized with the RCS of an enclosing PEC. The colored curves correspond
to different radii of the uncoated PEC scatterer, where in the plots labeled “inner
radius” koa = 27(a;/\g) indicate the size of the uncoated structure with respect
to the center wavelength of the absorber, and in the plots labeled “outer radius”
koa = 2m(a,/No) indicate the size of the enclosing structure. This implies that all
pairs of graphs of RCS data presented, using the two different normalizations, have
been evaluated using the same size of scatterers corresponding to each color of the
curves in the two graphs.

RCS of PEC sphere

RCS of PEC sphere with absorber

g 10
;3\/ 15
O - I
o~ koa = 2.6 —  koa =2.6
—20F 3.7 — 37
5.8 — 58
—25§ 10.0 — 100
‘ 18.6 — 186
=30 05 05 5 2.0

1.0 1.0
flfo f/fo
Figure 6: Monostatic RCS from a PEC sphere with a Salisbury screen (right) and
the monostatic RCS from a PEC sphere (left).

In Figure 7 it can be seen that the absorber performance converges towards
the planar result, indicated by the black curve, for large enough scatterers (koa =~
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17). There is no significant difference between the results with the two different
normalizations in Figure 7.

10 Inner radius 10 Outer radius
5 5
m 0 =m0
= =
0 -5 wn -5 m
\
5 10 5 10 \""\\“’
Wi
' —15f — ' —15f —  koa =26
| S _ool| — 3
= 2 = 5.8
— 84 — 10.0
—95H — 170 —95H — 186
— planar — planar ‘
—30 05 1.0 5 X 05 1.0 5 2.0
I/fo I fo

Figure 7: Monostatic RCS from a PEC sphere with a Salisbury screen, to the left
normalized with the RCS of the inner PEC scatterer, and to the right normalized
with the RCS of an enclosing PEC scatterer.

5.3 Jaumann absorber

The next absorber under study is a multilayered version of the salisbury screen,
commonly referred to as a Jaumann absorber, see Figure 8. The speciffic design of
the implemented absorber was presented in [12], where the performance degradation
of Jaumann absorbers when applied to a cylinder is studied. This structure consists
of five layers of resistive sheets with successively increasing admittance, seen from the
incident wave, Y3? = 1/1885, Y& = 1/1205, Y{¥ = 1/679, Y{¥ = 1/302.1, Yo" =
1/71.40 [Q~!], with the distance d = A\g/4 between the sheets, and a spacer material
with relative permittivity e, = 1.035. The results in Figures 9-10 indicate that the

Ao/4 Ao/4 Xo/4 Ao/4 Ao/4
Y= Y,= Y= Y= Y=
1/75.40 [1/302.1 [1/679.0 [1/1205 |1/1885
E;
€, = 1.035|c,= 1.035|e,= 1.035|e,, = 1.035|e,,= 1.035| .

E,

Figure 8: Jaumann absorber consisting of five resistive sheets with tuned impedan-
ces.

performance of this type of absorber also converges towards the planar curve, but at a
slower rate than the single layer Salisbury screen. Also, the results for large scatterers
seem to oscillate with the mean value given by the planar curve. This is most
likely due to a surface wave at the center of the structure. A significant difference
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can be noticed between the results being normalized with respect to the inner,
uncoated, scatterer, and the data that is normalized with respect to an enclosing
PEC sphere. The curves in Figure 9 indicate that, for thick absorbing structures,
the normalization with respect to the enclosing PEC structure might overestimate
the performance of the absorber.

Outer radius

Inner radius
v

10 10
]C()(l =8.3
5 8.6
9.2
n 0 ) 10.4
= = planar
g = 3
~ ~
- —10 =
5] o
N N
2 —20 =
—25
planar
—30 05 T0 5 20 0 05 1.0 15 2.0
flf f1fo

Figure 9: Monostatic RCS from a PEC sphere with a Jaumann absorber, to the left
normalized with the RCS of the inner PEC scatterer, and to the right normalized
with the RCS of an enclosing PEC scatterer.
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Figure 10: Monostatic RCS from a PEC sphere with a Jaumann absorber, to the left
normalized with the RCS of the inner PEC scatterer, and to the right normalized
with the RCS of an enclosing PEC scatterer.

5.4 Capacitive Salisbury screen

For practical reasons it is commonly desirable to design absorbers with as small
thickness as possible, while not significantly reducing the bandwidth of the absorber.
In [20] it is shown that the maximum bandwidth B of an absorber backed by a PEC
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ground plane is bounded by the thickness of the structure d, where a thinner absorber
implies lower maximum bandwidth. One way to achieve B/d close to this physical
limit is to add capacitive sheets to the absorber. In [11] a thin, ultra-wideband
absorber based on multiple capacitive resistive sheets was presented which achieves a
significant increase B/d in comparison to a traditional multilayer Jaumann absorber.

To investigate this effect, a Salisbury screen is modified to achieve similar perfor-
mance from a thinner structure. In practice, this corresponds to constructing a thin
sheet with a lattice of resistive patches, equivalent to a shunt resistance and capa-
citance in series as in Figure 4. The capacitance and conductance of this structure
are given by

1 1
a = tan(kod), C = L (a + l) , G=- (1 + —2) (5.1)
NWo o Ui o

where wy is the frequency of maximum absorption. The parameter a can be varied to
control the response from the structure, as can be seen in Figure 11. As o decreases,
the resonance of the absorber is shifted down in frequency, which corresponds to
achieving similar performance as in the case of a regular Salisbury screen, but for a
thinner absorber. As « decreases the bandwidth is slightly decreased. The curves
in Figure 11 converge toward the planar case at approximately the same rate as the
Salisbury screen in Figure 7, and there is no significant difference between the two
normalizations. This indicates that both the original and the capacitively loaded
Salisbury screen show a similar response with respect to curvature.

5.5 Circuit analog absorber

A simple case of a circuit analog absorber presented in |25] consists of a shunt series
resistance, capacitance, and inductance, which could be realized as a periodic lattice
of resistive patches. In this particular design, the circuit parameters are R = 308 €2,
X = 30.8fF, and L = 3.16nH, and the resistive sheet is placed a distance \q/4
from the ground plane, see [25] for further details on the specific absorber geometry
and how to extract the circuit parameters from unit cell simulations. The results
presented in Figure 12 indicate, compared to Figure 11, that the bandwidth is
significantly improved by adding an inductive element L to the structure. However,
this type of absorber might be quite difficult to manufacture in such a manner that
the resistivity and reactance of the resistive sheet have the desired values.

5.6 Salisbury screen with a skin

In [6] it was shown that if a dielectric skin of a high dielectric constant is added
outside of a Salisbury screen a double resonance occurs and the bandwidth of the
absorber is improved. A planar absorber was designed in [6] according to the pa-
rameters in Figure 13, where a resistive sheet with R = 225 (2 is placed a distance
d; = 6.8 mm above a ground plane, and a dielectric skin of thickness 1 mm, and
relative permittivity ¢, = 4, is located a distance dy = 2.3 mm from the resistive
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Figure 11: Monostatic RCS from a PEC sphere with a capacitive Salisbury screen,
to the left normalized with the RCS of the inner PEC scatterer, and to the right
normalized with the RCS of an enclosing PEC scatterer.

sheet. The total thickness of the absorber is 10.1 mm, which at the center frequency
7.42 GHz corresponds to approximately A\ /4.
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Figure 12: Monostatic RCS from a PEC sphere with a CAA screen from [25], to the
left normalized with the RCS of the inner PEC scatterer, and to the right normalized
with the RCS of an enclosing PEC scatterer.

Figure 13: A PEC sphere coated by a resistive sheet and a dielectric skin commonly
referred to as a Chambers-Tennant absorber.

This absorber design, henceforth referred to as a Chambers-Tennant absorber,
was implemented as a coating for a spherical scatterer, and the results in Figure
14 indicate that, in conjecture to the previous absorber designs under study, the
performance of the absorber does not converge towards that of the corresponding
planar design for large scatterers. However, if losses are added to the spacer material
the results in Figure 15 are achieved, where it can be seen that the results now
converge better toward the planar curve. This is an indication of energy being
stored in the spacer region as the structure acts as a spherical cavity, that resonates
for the polarization component normal to the inner sphere surface.

5.7 Conductive volume absorber

In order to extent the study to absorbers based on bulk material losses, the resis-
tive sheet and the spacer material inside the skin in Section 5.6 are replaced by a
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Figure 14: Monostatic RCS from a PEC sphere with a resistive sheet and a dielectric
skin, to the left normalized with the RCS of the inner PEC scatterer, and to the
right normalized with the RCS of an enclosing PEC scatterer.
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Figure 15: Monostatic RCS from a PEC sphere with a resistive sheet and a dielectric
skin, where losses has been added to the spacer material, ¢, = 1.1 — j0.01 (left) and
e = 1.1 —j0.1 (right).

conducting bulk material with a relative permittivity on the form

Wo
e =A, e (w) = B;.

&(w) =& —je (W), (5.2)
The material parameters were chosen to be A = 1.1, B = 2.39 after a quick run
in a simple optimization of the material parameters. The reflection coefficient was
optimized of a planar absorber with respect to the threshold level -20dB. This
absorber was implemented in a spherical scenario as in see Figure 16 where the
simulated geometry and the material parameters are presented. This type of volume
(or bulk) absorber is seen in Figure 17 to perform very well when applied to a
curved scatterer. This is an indication of the fact that the planar performance of
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this absorber can be used to anticipate the response from applying the absorber to
a curved structure.

€& =4 Ao/40 10
\ e(w)= 1.1 + 2.39/(jw/w, 3
6
4

2 T

Figure 16: A PEC sphere coated by a volume absorber with a conducting bulk
material and a skin (left) and the material parameters of the bulk material (right).
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Figure 17: Monostatic RCS from a PEC sphere coated with a bulk absorber of a
conducting material and a dielectric coating. To the left normalized with the RCS of
the inner PEC scatterer, and to the right normalized with the RCS of an enclosing
PEC scatterer.

5.8 Debye volume absorber

Now, we consider the geometry in Figure 18, which is the same setup as in the
previous design, but with a Debye bulk material with a relative permittivity on the
form

) = 4(w) = ) = A+ (5.3
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where A =1, B = 2.39, and C' = 0.13 after performing the same type of optimization
as in Section 5.7. The results in Figure 19 are very similar to those of the conductive
bulk absorber in Figure 17, even though the material parameters in Figure 16 and
Figure 18 can be seen to differ. The result curves in Figure 19 show a very good
agreement to the planar design, even for relatively small spherical scatterers, where
]{Zoa ~ 5.

— Re{e}
---  —Im{e}

Figure 18: A PEC sphere coated by a volume absorber with a Debye bulk material
and a skin (left) and the material parameters of the bulk material (right).
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Figure 19: Monostatic RCS from a PEC sphere coated with a bulk absorber of a
Debye material, and a dielectric coating. To the left normalized with the RCS of
the inner PEC scatterer, and to the right normalized with the RCS of an enclosing
PEC scatterer.
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5.9 Thin magnetic sheet absorber

The final absorber under study is a thin magnetic sheet absorber, as in Figure 20.
The absorber has a thickness of d = X\y/20 and relative permittivity and relative
permeability given by

0.05
. — / o — 10
1.1
(W) = ph(w) — ju (W) = 1.0

after performing the same type of optimization as in Section 5.7. The results presen-
ted in Figure 21 indicate that this absorber is well suited for applications of cloaking
curved surfaces, as the curves converge to the planar results for relatively small radii
of curvature, kga ~ 5. The resonance in Figure 21 can be seen to be shifted up in
frequency compared to the Salisbury screen, although B/d quite large for this type
of absorber in relation to the previous designs in this work.

pe(w) =1+ 1.1/(jw/w,+0.5) 10
€ (w) =10 + 0.05/(jw/we+1)

—  Re{e&}
—Im{e, }

— Refm)

—Im{y, }

> d= Ao/20
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. /
.
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...............

1.0
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Figure 20: A PEC sphere coated by a thin magnetic absorber (left) and the material
parameters of the absorber (right).
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Figure 21: Monostatic RCS from a PEC sphere coated with thin magnetic material
absorber. To the left normalized with the RCS of the inner PEC scatterer, and to
the right normalized with the RCS of an enclosing PEC scatterer.

5.10 Evaluation of absorber performance

The results in Section 5 are summarized in Table 1, where the values of ka for the
different types of absorbers correspond to a rough estimate of when the difference
in absorber performance of the spherical and planar scenario is < 3dB, in the case
of normalization with enclosing PEC. A general observation of the results are that
the normalized RCS of a PEC sphere coated with an absorber converges to the
planar scattering parameter of the absorber backed by a ground plane, when the
radius of the PEC sphere is increased to a few wavelengths in size. This is true
for all absorbers in this study except for the Chambers-Tennant absorber in Section
5.6, where it was observed that the PEC sphere and absorber act as a spherical
cavity which reduces the absorber performance. When comparing the results in

Absorber Sphere size (ka)
Salisbury 17
Capacitive Salisbury 17
CAA 25
Jaumann 60

Chambers-Tennant -
Conductive bulk 5
Debye bulk 5
Thin magnetic 6

Table 1: Summary of when the monostatic scattering of a sphere coated by an
absorber has converged to the planar scattering parameter.

Table 1 to the similar analysis presented in [26] it is noted that the convergence
of the absorber performance in a sphere scattering scenario is comparable to that
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of the TM component of an absorber applied to a cylinder of infinite extent in the
axial direction. At the same time, the TE component in the cylinder scattering
scenario in [26] converges significantly faster when ka is increased. This conclusion
implies that the performance of electromagnetic absorbers is relatively insensitive
to curvature in the TE-direction of the incident signal, while curvature in the TM
direction with respect to the incident signal has a more significant effect on the
absorber performance.

When comparing the results in Section 5 using the “inner” or “outer” normali-
zation scheme it can be seen that the outer normalization seems to overestimate
the absorber performance, while the inner normalization underestimates the ab-
sorber performance. This effect is especially noticeable for the Jaumann absorber
in Section 5.3. Which normalization technique that is preferable depends on the
application where the absorber is used. For example, in some applications the ou-
ter dimensions of the object, with an absorber applied, are predetermined and in
these cases the outer normalization is most relevant. On the other hand, if the in-
ner dimensions of the scatterer are predefined the inner normalization gives a more
realistic evaluation of the absorber performance in the current scenario.

6 Conclusions

A method for calculating the electromagnetic scattering from a multilayer spher-
ical scatterer, possibly resistive sheets at the interfaces, has been presented. The
solution to the specific scattering problem is a recursion relation of the transition
matrix elements, on the form of a Mdbius transform. From the transition matrix
components the scattered fields can be calculated in any direction. A numerical
implementation of the solution has been implemented, resulting in a code that can
handle any number of layers, resistive sheets, lossy electric and magnetic materials,
and dispersive materials and sheets.

A number of different electromagnetic absorbers have been applied to spherical
scatterers of different size, and the effect of curvature on the absorber performance
was evaluated. By normalizing the scattering from a coated scatterer with, either the
scattering from the uncoated structure, or an enclosing PEC structure, a comparison
can be made between the absorber performance of the curved application and a
corresponding planar design. It is concluded that absorbers based on resistive sheets
or circuit analog layers, are more sensitive to curvature than bulk absorbers, based on
volume losses, such as thin magnetic absorbers or carbon doped dielectric absorbers.

It has also been observed that the convergence of the absorber performance
in a sphere scattering scenario is comparable to that of the TM component of an
absorber applied to a cylinder of infinite extent in the axial direction [26], while the
TE component converges much faster when ka is increased. This implies that the
performance of electromagnetic absorbers is relatively insensitive to curvature in the
TE direction of the incident signal, while curvature in the TM direction with respect
to the incident signal has a more significant effect on the absorber performance.
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Appendix A Derivation of T-matrix components for
plane wave illumination of a layered sphere

As was stated in Section 3.5, the total fields in each region of a layered sphere
are given by (3.29) and the boundary conditions at each interfaces of the layered

sphere are presented in (3.30). If the fields in (3.29) are inserted in (3.30), the first
expression in (3.30) results in the relations

AP Gilkirs) + 650 (kirs)) = AT Gi(Kaars) + 9 b3 (kipars)) (6.1)
6.1
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and the second relation in (3.30) results in the expressions
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where we have used the relations

’IA" X Agn(’f") = 07 Agn(’f’) =P X Aln(’lé'), Aln(’f’) = Agn(’f’) X 7. (65)

The goal from here is to eliminate all the the coefficients A,,, and to find recursion

expressions for the unknown 7T-matrix coefficients t(:l). To simplify the notation

further, introduce the Riccati-Bessel functions and their derivatives |1, 19

(=) = 2ii(2), &(2) = zhy”(2) (6.6)
Ui(2) = qi2) + 2i(2),  E(2) = BP(2) + 2P (2),



27

and divide (6.4) by (6.2) to get the expression

1 i — i / — /
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Now, divide (6.3) by (6.1), to get
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where it can be seen that (6.7) only contain the T-matrix components t%_l), tﬁ), and

(6.8) only contain the T-matrix component tgil_l), tg?. Furthermore, the expressions

(6.7)-(6.8) describe recursion relations where the unknown 7-matrix components are
updated for each layer through linear mappings A(-), B(-)

{%QZA@ﬁz) i=1,2,...,n+1 (6.9)

ty =Bty )

These mappings can be seen to have the general structure
a+bxy A [y
d+dxy g+ N

(6.10)

where o', b, c,d' €, f', g and h' are known coefficients, and x; is a known parame-

ter and x is unknown. A rearrangement of (6.10) results in the familiar M6bius
transform

i (ed —Vg ) +ed —dyg _an+b

2 (U'W — f'd)xy + a' W — f'd cri +d’

(6.11)
where,

a= b/g/ —dd b= a/g/ —

c=bn—f'd d=dh - fc.
This implies that by identifying the exact expressions of ', 0/, ¢, d', ¢, f', ¢ and I

for our two expressions (6.7)-(6.8), we have a final expression for the solution to the
problem. In (6.7) the mapping coefficients are
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and in (6.8) the mapping coefficients are

a' = 17;;1 Py(kiri) — ij(i)@Dl(km)mH b = %5{(%) - ij(i)&(k?m)nm
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Finally, the recursive expression for the T-matrix coefficients can be formulated as

t(i) . _ag) ( + b(Z

( (6.15)
: C(T)tfl Ry

where for 7 = 1 the coeflicients are

(o} = n:7i1§l(kiri)¢g(ki+lri) — & (ksra)n(kipars) — in Y& (kirs o (kisars)
i = Thﬂwl(k i) (kiears) — Gy (ki) (iars) — ini Y8 (i )y (ki)
) = n?;&(kim){f(kiﬂri) — & (kiry) & (kiar) _jﬁiys(i)gl(kiri)fl(kﬂrlri)

\ 4 = n?jlwl(kiri)fl/(ki-i-lri) — Y (kir) & (kiari) — iniYs v (kird) & (kigars),

(6.16)
and for 7 = 2 the coefficients are
= mfl&(/fﬁi)lﬁf(kiﬂn) — & (ksra)u(kipars) — i YO (hirs ) (ki)

bg) = 77;‘;1 ¢l(kiri)¢;(ki+17“i) - @Df(km)i/]l(kiﬂrz') - j77i+1}/s(i)¢l,(ki7”i)¢f(k’i+17“z')

)

i i . i
&) = flﬁl(km)ﬁf(kwm) — & (ksr) ko) — i1 Yo € (kiri) € (kisar)

(]

i Ti+1 . i
ds) = gy (kiri) € (kisars) — W) (kird)& (kiars) — mia Va0 (hiri) & (Kiars).
( i
(6.17)
For the case of a general material at the center of the scatterer, the iteration starts
by ¢ = 1. However, If the innermost layer is a PEC then the iteration starts at ¢ = 2,
and it is initialized by

Yi(kary)

Py (kar1)
ﬁl(/fz’ﬁ) , (6.18)

& (kar1)

4 - 4 -

Appendix B Verification of numerical implementa-
tion

In this section the monostatic RCS of differerent scatterers is calculated using the
implemented code and a number of commercial software.
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Figure 22: Verification simulations of the monostatic RCS of a PEC sphere (left)
and a dielectric sphere of relative permittivity e, = 4 (right), calculated using the
numerical code implemented in Python in this work, the MoM solver in FEKO, and
the FEM solver in CST-MWS and Comsol Multiphysics.
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Figure 23: Verification simulations of the monostatic RCS of a PEC sphere coated
with a dielectric shell (left) and a PEC sphere with a resistive sheet (right), calcula-
ted using the numerical code implemented in Python in this work, the MoM solver
in FEKO, and the FEM solver in CST-MWS and Comsol Multiphysics. The outer
radius of the spheres is a. In the left scenario the PEC sphere radius is 0.7a, the
dielectric shell has a relative permittivity ¢, = 4 and thickness d = 0.3a. In the right
scenario the PEC sphere has the radius 0.7a and the resistive coating is located a
distance d = 0.3a from the sphere.
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Figure 24: Verification simulations of the monostatic RCS for a PEC sphere with
a dielectric coating and a resistive sheet (left), and a PEC sphere with a magnetic
lossy coating and a resistive sheet (right), calculated using the numerical code im-
plemented in Python in this work and the MoM solver in FEKO. The outer radius of
the spheres is a. In the left scenario the PEC sphere has radius 0.7a, the dielectric
shell has a relative permittivity e, = 4 and thickness d = 0.2a and the resistive
coating is located a distance d = 0.1a from the dielectric layer. In the right scenario
the PEC sphere has radius 0.7a, the magnetic shell has the relative permeability
pr = 4 — 0.1j, relative permittivity ¢, = 4 — 0.1j and thickness d = 0.2a and the
resistive coating is located a distance d = 0.1a from the magnetic layer.
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