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Abstract

Theoretical formulation is presented to evaluate the scattered fields from a perfect
electromagnetic conductor (PEMC) cylindrical core coated with different materials
and buried below a rough surface. Complex conjugate material (CCM), chiral mate-
rial, plasma material and topological insulator (TT) material as coating are considered.
To calculate the scattered field, perturbation theory (PT) and plane wave represen-
tation of fields are used. Far and near zone scattering patterns for the coating of
different materials are observed. A comparison is presented with result obtained for
the coating of dielectric material. For CCM coating, refractive index of the material
is changed to note the change in scattering pattern while chirality is varied for the
chiral coating. The effect of an-iostropy is observed for the coating of plasma mate-
rial while the cases of time reversal symmetry of TI material and symmetry broken
are investigated by varying the value of magneto-electric parameter. Results are also
reported by varying the thickness of the coating material, period of the surface, ad-
mittance of PEMC core. Finally a comparison is done between scattered fields for the
coating of different materials as a function of thickness. It is observed that TI can be
utilized for reducing cross polarized scattering while CCM is good for maximization
of co polarized scattering. The amount of reduction depends on the polarization of

the incident field, geometrical and physical parameters.



Chapter 1

Introduction

Scattering is the divergence of electromagnetic waves from their path due to an ob-
stacle. The problem of scattering from objects embedded in another media has been
undertaken by many researchers. The possible applications of such problems are de-
tection of buried mines, localization of underground pipes and tunnels, determination
of underground cracks and medical diagnosis. Moreover, it is required to simulate dif-
ferent scattering scenarios in view of ground penetrating radar to perform detection
in different situations.

One of the simplest problem is scattering of electromagnetic waves from a perfect
electric conductor (PEC) cylinder [1, 2]. The unknown is scattering amplitude (SA)
which is determined by applying the boundary condition on the tangential compo-
nents of the electric field at the surface of the cylinder. There is no transmitted field
inside the PEC object. Multiple conducting cylinders are discussed in [3]. On the
contrary, a dielectric cylinder has both scattered as well as transmitted fields. Scat-
tering from a dielectric cylinder was studied in [4, 5]. Multiple dielectric cylinders are
addressed in [6].

A circular cylinder made of complex conjugate material (CCM) was considered
in [7]. In general, it is not possible to have non-attenuated light propagation when
both the permittivity and permeability of a medium have complex values unless they
are complex conjugate of each other. In this case, refractive index is real and the

material is called complex conjugate material. Dragoman [8] explains how CCM can



be realized by arranging alternate layers of passive magnetic materials and active
dielectrics/ semiconductor materials. Mathematically, it is defined by € = mu*. For
€ = p—1q and u = p + iq, the refractive index of a CCM is n = \/W A
comparison between the scattered fields for the CCM and dielectric coatings with
same value of the refractive index is worth investigating.

In contrast to dielectric/PEC cylinder, a metamaterial [9] cylinder can produce
cross polarized field. Thus, theoretical and computational solutions become more
complicated. Scattering from a cylinder made of double negative (DNG) metamaterial
proposed by Veselago [10] was studied in [11]-[12]. Shelby performed the experimental
verification of a negative index of refraction [13].

Scattering from chiral objects placed in free space has been presented in [14].
Multiple chiral cylinders were discussed in [15]. The optical activity is the ability of
a chiral media to rotate the polarization [16]. Moreover, a linearly polarized wave
splits into two waves (left and right circularly polarized) inside the chiral material.

The constitutive relations in terms of chiral admittance £ are given by [16]:

D = ¢E- j¢B (1.0.1)
H - %—ng (1.0.2)

The wave numbers are defined as

ke = k[V1+& £ & (1.0.3)
where k = w, /€ and & = /p/e €.

Cross polarized scattered field from a perfect electromagnetic conductor (PEMC)
cylinder has been evaluated by Ruppin [17]. A PEMC material does generalize both
PEC and PMC materials [18]. The realization of a planar/cylidrical PEMC boundary
has been proposed by using different configurations in [19]-[22]. At PEMC interface,

the boundary conditions are defined using admittance parameter M as

i, x (H+ ME) = 0 (1.0.4)
in.(D— MB) = 0 (1.0.5)



where u,, denotes the unit vector normal to the boundary surface. For the limit M

— to00, they are reduced to

u, xE=0 , 4,B=0 (PEC) (1.0.6)
while M = 0 gives

u, xH=0 |, u,D=0 (PMC) (1.0.7)

A cylinder made of plasma material is studied in [23]-[24]. Plasma being the
fourth state of matter represents highly ionized state of a gas with a quasi-neutral
mixture of electrons, neutral particles and free ions. A vehicle may experience the
communications blackout due to plasma sheath. A coating of plasma sheath can
significantly enhance or reduce the scattering cross section of an object. Artificial
plasmas has created an opportunity for the new trends [25]. Anisotropic plasma is

characterized by permittivity in tensor form

€9 j€3 0
le] = —jes €2 0
0 0 €4

where €, €3 and €4 are defined in [26] and are functions of electron density, collision
frequency, and the strength of external magnetic field.

Scattering from a topological insulators (TI) cylinder was discussed in [27]. TI
is a kind of special material that cannot be simply classified as conductor, insulator
or semiconductor. Topological insulators [28]- [29] are nontrivial quantum states of
matter which are defined by using both the topological field theory [30] and the
topological band theory [31]. Being a new quantum state of matter, TIs are very
promising materials for many applications in spintronics and electromagnetics. The
cross polarization is another feature. Topological insulator is one of these objects that
has co polarized as well as cross polarized scattering component like PEMC, chiral

object etc. The constitutive relations in terms of fine structure constant o and axion



parameter 6 describing the magneto-electric polarizability are given by [32]

ob

D = E+ B (1.0.8)
T
1 0
H=- B-YE (1.0.9)
1 T

The values of # = 0 and # = 7 correspond to dielectric and TT materials, respectively.
The time-reversal symmetry (TRS) in TI can be broken by either applying a weak
magnetic field or a very thin magnetic coating [33, 34].

Scattering from cylinder coated with metamaterial has recently been focused [35]-
[37]. Li and Shen observed the scattering from a PEC cylinder coated with DNG
metamaterial [35]. Irci [36] used the metamaterial coating to achieve transparency
and maximize scattering. A coated PEMC elliptic cylinder was considered in [37]
and a chiral coated PEMC cylinder was studied in [38]. Use of plasma material as
coating is done in [39]-[42]. Thus, the coating of different materials can be utilized
for RCS reduction/cloaking, RCS enhancement /focusing and to study the surface
plasmon polaritons properties [43, 44].

In all the above analysis, the cylinder is exposed directly to incident field and the
problem formulation is relatively simple. It becomes complicated when cylinder is
buried below a dielectric interface and only the interface is directly illuminated by
an incident wave. Scattering of waves from buried cylinders is one important class
of problem in this category and observation of scattering is usually done above the
interface. Using the eigenfunction expansion of a two-dimensional Fredholm integral
equation, scattering from a subterranean inhomogeneity is solved by Howard [45].
The work done by D’Yakonov [46] for a current line source above a uniform half-
space has been extended by Ogunade [47]. Multipole expansion for the scattered field
has been used by Mahmoud et al. [48]. A Green function approach is proposed by
Budko [49].

A cylindrical obstacle is considered in [50]-[51] while multiple conducting and
dielectric cylinders are taken by Divico et al. [52]-[53]. A TI cylinder was studied in
[54] and a PEMC cylinder was considered in [55]. This problem models the ground



as a flat interface which can be considered as a special case of the general problem
when the object is buried under a rough interface [56]. Rough surface scattering
was evaluated using the perturbation theory (PT) whereas the multiple interactions
between cylinder and rough interface were calculated by utilizing the plane wave
representation of field. The same problem was solved by using the cylindrical wave
approach by Fiaz et al. [57]. Utilizing the first order perturbation theory (PT)[58]-[59]
to deal with slightly rough surface scattering has an advantage that a flat interface is a
special case. The PT is applicable when both the height and slope of the surface f(x)
are small, i.e., |f(z)] << 1,]0f(x)/0x| << 1. Moreover, Kirchhoff approximation
is used for large radius of curvature [60]. The study was presented for a Gaussian
rough surface in [61]-[63]. In [64], a DNG coated PEMC cylinder was assumed. Use
of chiral coating is done in [65] to reduce radar cross section (RCS) of PEC cylinder
while the coating of TI material is proposed in [66].

In this work, a PEMC cylinder coated with different materials and buried below a
rough interface is considered. This may be considered a general problem investigating
all the above cited scenarios. By choosing the thickness of the coating equal to zero,
scattering from a non coated PEMC cylinder can be obtained. For large admittance
M, PEC case can be obtained while PMC case is defined by M = 0. Materials such as
CCM, chiral, plasma, and TI are used as coating on PEMC cylindrical core. Results
are reported for both co and cross polarized scattering. An effort has been made to
compare the results with dielectric coating. Also, results are compared for coating
materials considered in this thesis. The purpose is to investigate the scenario in which
cross polarized field can be reduced.

In chapter 2, scattering coefficients are calculated for a PEMC cylinder coated
with CCM, chiral, plasma, and TI materials. Chapter 3 contains the discussion when

the cylinder is buried below a rough surface whereas results are reported in chapter
4.



Chapter 2

Theoretical analysis for scattering
from a coated PEMC cylinder

In this chapter, different materials are used as coating on the PEMC cylindrical core
to study the scattering properties. By imposing the boundary conditions for each of
the coating material, the unknown scattering coefficients are evaluated. In section
2.1, complex conjugate material (CCM) is used as coating while chiral material is
utilized in section 2.2. Plasma material and topological insulator (TI) material are

used for coating in sections 2.3 and 2.4 respectively. The time dependency is assumed

6jwt

2.1 Formulation for PEMC cylindrical core coated
with CCM

Consider a PEMC cylindrical core coated with CCM as shown in Figure 2.1. The
radius/size of the core is a while that of the coated cylinder is b. A TM polarized

incident field (electric field is parallel to cylinder axis) is given by
B = e ikaky,y), (2.1.1)

The incident magnetic field is written as

HE — L itk (2.1.2)
J



Figure 2.1: Scattering scenario: a coated PEMC circular cylinder.

In polar coordinates, the incident electric and magnetic fields can be defined in

terms of Bessel function J,(.) as

= 37 i alkp)ee e (213
1 < A
HY == 3 5" allp)eem) (214)

where 71 = /1 /€1 is the impedance of the host medium.
The scattered field can be represented with Hankel function H,(lz)(.) as basis func-

tions and unknown scattering coefficients A,, (co polarized) and B,, (cross polarized)

as
Eo = 3 5 EAHP (kip) + SByHP (kyp) |72 (2.1.5)
R~ . ,
H = — > f“[éBan)(klp)+¢AHH;<2><k1p>}eJ“<¢—%> (2.1.6)
]771 n=-—oo

The transmitted electric and magnetic fields into the coating material are given



by
3 [HCHE (k) + DuHD (ko) + HEH (ko) + FLHO (k) )
B (2.1.7)
He= 337 57 | S(CaH (kap) + DuH (kap)) + 2 EuH P (kap) + FuHY (kap)) | )
B (2.1.8)

where 1 = \/p./€. is the impedance of the coating material. The unknowns can be

found by the following boundary conditions

H:+ME?=0 p=a
H?+ ME?=0 p=a
HY+ HE = HE p=b (2.1.9)
B+ E:=FE: p=b
E? = E? p="0
H: = H? p=2>

Putting equations (2.1.3)-(2.1.8) into the above boundary conditions, we obtain
the following system of equations [70]

WX =U (2.1.10)
where
T
X = | 40.B,.Co Dy By F, |
T
- [ 0707 Jn(ﬁl)a*];(ﬁl>7070 :|
0 0 cqli () c4f{“>( ) HP(an)  HP(aw)
0 0 Paz)  HY (a2) el (02) caHY (as)
w o | ~HYB) o H<2<> W (82) 0 0
—H (B1) 0 e HY (B2) C3H<><5> 0 0
0 —H7s2)(ﬁ1) 0 0 C3H7(12)(52) C3H7(zl)(ﬁ2)
0 ~H(8) 0 0 HY (8)  HY (B2)




being 61 = klb, BQ = l{igb, Qg = I{ZQCL and

3 = M polarization (2.1.11)
n

c4 = jMn TM polarization (2.1.12)

For TE polarized field (electric field is transverse to cylinder axis),

n

c3 = — TE polarization (2.1.13)
M
4 = Min TE polarization (2.1.14)

By solving the above system of equations, the unknown scattering coefficients can
be obtained for scattering from a PEMC cylinder coated with CCM material. The

following scattering scenarios can also be simulated:

e A PEMC cylinder coated with dielectric material;

e A non coated PEMC cylinder by selecting €; = €,;

A PEMC cylinder coated with DNG material for e, < 0, . < 0;

A PEC cylinder coated with CCM /dielectric material as M — oo;

A PMC cylinder coated with CCM /dielectric material when M = 0;

2.2 Formulation for PEMC cylindrical core coated
with chiral material

Now, consider a PEMC core coated with chiral material. The incident fields are given
by

Ei= Y j " u(kp)e @) (2.2.1)
1 & 4

H =— ! (kyp)ednemed) 2.2.2

im Z J (k1p) ( )

n—=——oo
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Scattered fields are given by

Bo= 30 i [EAH (kip) + GBHEP (ki p) | et (2.2.3)
Hy == Z [ﬁBanf)(’flp) + ¢3AnH£2)'(k1p)] eimlemei) (2.2.4)
Jm S

where A,, are co polarized scattering coefficients and B,, are cross polarized scattering
coefficients.
Transmitted fields inside the coating are left and right circularly polarized waves

and they are given by

Ee = 3 5 [2(Cadalkip) = Dodulkp) + BuHP (ksp) = F,HP (k- p))
+¢(C T (ki p) + Do (k_p) + EnH'® (k. p) + FoH' (k_ p)ﬂeﬂ'n(@*m
(2.2.5)

_ 1 Z —n[ <CJ (ksp) + Do’ (k_p) + EoH'® (kyp) + FaH'® (k_ p))

n—=——oo

+2(0an<1<:+/)> = Dudy(kp) + EuHE (ki p) = BHP (k_p) ) [ 29
(2.2.6)
where n = /po/[e(1 + 22)] and z. = \/p/e & with & is the chiral admittance.
The boundary conditions can be written as

H:+ME: =0 p=a
H? + ME?=0 p=a
HY +H¢=H? p=1b

A (2.2.7)

Ef+E=E p=0
E¢ = E¢ p=">
HS = HE p=>b
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Putting the expressions into equation (2.2.7), the unknowns can be obtained as
[69]
WX = U (2.2.8)

where
T
~ | 40.B..Co. Dy BT, |

T
U = [0,0,0,0, Jn(51),csjﬁ(ﬂl)]

[ 0 0 cdn(ay) —crdn(al) clHr(lz)(aJr) —clHr(IQ)(a_)
0 0 aJl(ay) aldl(a) cng)/(aJr) clHIgz)/(a,)
—_— 0 Ik (B (B HI(B) HD()
0 ~HP'(kib) T8 B HD'(B) HY'(B)
—HP(B)) 0 L(By)  —h(Bo)  HP(By)  —HP(B)
| B (B) 0 T8 =) HP'(B)  —HP'(B)

and ¢; = (JMn+ 1), ecs =n/m, oy = kra, a_ =k_a, . = kb, 5 =k_b. For TE
polarization, ¢; = (jMn — 1), cg =m /7.

The solution of the above system of equations gives the scattering from a PEMC
cylinder coated with chiral material. The following special cases can also be derived

to study scattering from a:
e Dielectric coated PEMC cylinder by selecting & = 0;
e DNG chiral coated PEMC cylinder when ¢, < 0, . < 0;
e A PEC cylinder coated with chiral/dielectric material as M — oo;

e A PMC cylinder coated with chiral/dielectric material when M = 0;
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2.3 Formulation for PEMC cylindrical core coated
with plasma material

Now, consider a PEMC core coated with plasma material. The incident fields are

Z j*an(k1p>€jn(50*<Pi) (231)
H;:— Z G (kyp)einte—e) (2.3.2)
J n=—oo
The scattered field are
B = Y i fAHD (ki) + BHP (hip)] ) (2.33)
1

= Z i [zB H? (kip) + ¢ A, H? (klp)]eﬂ"“” o) (2.3.4)

1 =—00

The transmitted fields inside the coating are

E. = Y J'B(C.HP (kap) + DuH (kap)) + S(E H (kyp) + FuHY (ksp))]e™ %)
o (2.3.5)
IR Z D' (kyp) + Dy HWY (kop)) + 2(EnH® (ksp) + F, HY (ks p))]ejnwqui)
o (2.3.6)

where ky = ko/\/mi, ks = ko/\/Ma,m2 = \/Miifia, m; = €2/(3 — €3), and my = 1/ey.
The boundary conditions are given by
H{+ME; =0 p=a
Hg—i—MEg:O p=a
Hy,+H;=H; p=>b
Bi+E =F p=b
E; = Ej p=>
H? = H¢ p=2>b

(2.3.7)
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The system of linear equations to find the unknowns is given as [68]

WX =U (2.3.8)
where
T
= |: AIUBTL? CTL7 DTL7 ETLJFTL i|
T
= [ 0,0, Jn<ﬁ1)7J7IL(61>7070 :|
[0 0 aHP (n) eHP(0n) HP(a3)  HV(as)
0 0 H () H“( o) aHP (a3) ol ()
w _ | e o HY(B2)  Hi(B2) 0 0
—HY (81) 0 e HYY (B2) ch“<6) 0 0
0 —Hv(zz)(ﬁl) 0 0 CsH (53) C3H (53)
0 —HP(B) 0 0 HY (8s)  HY'(8s)

where C3 = 771/77, Cy = ]M?], /31 = k’lb, /32 = k’gb, 53 = k’gb, Qg = k?ga, and a3 = kga.
For TE polarization, c5 = n/m, ¢4 = j/(Mn).

By selecting the proper parameters, the following special cases are obtained

e A PEMC cylinder coated with isotropic plasma for e3 = 0, €5 = €y;
e A non coated PEMC cylinder for e3 = 0,61 = €5 = ¢4 ;

A DNG coated PEMC cylinder for €3 = 0,65 = €4 < 0, 1o < 0;

e A PEC coated cylinder when M — oc;

e A PMC coated cylinder when M = 0;
2.4 Formulation for PEMC cylindrical core coated
with TI material

Now consider the TI material as coating The incident fields are

Z G (K p)e?™? (2.4.1)

n—=——oo




1

Hi‘z’:_ g kpejn(*” ®i)
i 2 9k
The scattered fields are
Es: Z |:ZA H2(/{;1p)—|—¢B H()<k p)]eﬁl%@ i)
Ho= o 30 i (28, )+ 64, ()] e
3771 .

Inside the coating material, the fields are given by

o0

Be = > i "[2(Calt®(kap) + DuH{ (ko)

n—=——oo

6 (B (kap) + FuH (kyp) ) | 776

+6(CoHP (kap) + Dy () | 5=

n
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(2.4.2)

(2.4.3)

(2.4.4)

(2.4.5)

(2.4.6)

Using the constitutive relation defined in equation (1.0.9), the boundary conditions

are expressed as [66]

H: =1B7 — alFE; p=>
s uoc¢ Tc

E? = E? p=">
B + BS = B¢ p="b

HY + H? = 1B —alE¢ p=1b

(2.4.7)

(2.4.8)

The following system of equations can be implemented to get the unknowns [66]

WX =U

(2.4.9)
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where
= [ A BuCuDu B R |
= [o.0.0.0.5).00)
[ 0 0 C4H ( 2) C4H(1)( 2) Hf(zz)(O@) Hr(Ll)(Oéz)
0 0 Pon)  HY(02) el (az) el (as)
wo— | HTe) o H<2< ) (B0 0
~HY' () 0 cyHy >< Ba) ¢ >< B2) 0 0
0 ~HP(B)  esHY (B) c5H '(B2) s HP (B) c3H (B2)
0 —1? (8) 0 0 HY (8)  HY ()

and ¢ = (m/n), ca = jn(M — af/m), cs = —jmabd/m, B1 = kib, az = kaa, o =
kob. For TE polarization, c3 = n/n1, ¢4 = (j/n)(1/M — af/7), ¢s = —(5/m)ab/.

These problems can also be studied:

A PEMC cylinder with dielectric coating (6 = 0).

A PEMC cylinder with coating of TRS (6 = 7) and TRS broken TI material
(0 = 41m);

A PEC cylinder with coating of TI material when M — oo;

A PMC cylinder with M = 0;




Chapter 3

Scattering from a PEMC
cylindrical core coated with
different materials and buried
below a rough surface

In this chapter, scattering is presented from a PEMC cylindrical core coated with
different materials and buried in a dielectric half space with rough surface. All the
interactions between the rough surface and the buried object are evaluated in an
iterative manner by writing the cylindrical waves into spectrum of plane waves. In
section 3.1, problem formulation is discussed. Rough surface scattering is described

in section 3.1.1 while multiple interactions are calculated in section 3.1.2.

3.1 Theoretical Formulation

Consider figure 3.1, a PEMC cylindrical core coated with different materials is buried
in a dielectric half space with rough interface . The radius/size of the core is a while
that of the coated cylinder is b. The depth of the buried object is d. The whole

problem can be divided into two sub problems:
e Scattering from a rough interface.

e Scattering from a coated PEMC cylinder.

16
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The interaction between the two scatterers is modeled by representing the cylin-
drical waves scattered by the cylinder into plane wave spectrum and calculating the

reflection from the rough interface.

Figure 3.1: Scattering scenario: a PEMC cylindrical core coated with different mate-
rials and buried under a rough surface.

(a) (b)

Figure 3.2: (a) Scattering from a rough interface using the PT. (b) Field components
for the scattering scenario depicted in Figure 2.1.

3.1.1 Scattering from rough interface

Consider a rough surface f(z) as shown in Figure 3.2(a). A plane wave is incident

from the source medium on a rough surface at an angle ¢;. General expressions
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representing the electric/magnetic field for TM/TE polarization are given.

The incident field is expressed as
Vi = eikia—tp,y) (3.1.1)

Using the first order perturbation method (PM), the field reflected from the rough

surface can be expressed as
Vo=VO+vW 4 L (3.1.2)

where V\”) is the reflected field due to flat interface and V,'") is the contribution by

superimposed roughness, given as

VO = 7(()?)(k;)ejzkayde—j(kéwkéyy) (3.1.3)
v = / D (ki ) by thon)d =itk g (3.14)

The expressions for the unknown reflection coefficients are given in [56]. The

transmitted field through rough surface can be expressed as

V= VO Ly (3.1.5)
where
VO = 2Okl ki e—k,y) (3.1.6)
v = / 7D (k) By =R i b —bant) g, (3.17)

The transmission coefficients are given as [56],

A Ok
OTM iy — 0y 3.1.8
. %2k
(0)TE ) — 170y 1
| okt (k2 — k?) |
(DTM iy —  ____Z0y"0 M F(k, — kK 3.1.10
7_01 ( x) (k(z)y—i_kiy)(kOy"i_k'ly)j ( x x) ( )
ok2ki (k2 — k2)(kik, — ki k .
: 3y( 0 i1)< : L ly)jz?(kx-—kﬁ) (3.1.11)
(kl kOy + kokly)(kl kOy + kokly)

TE /74
ol (kD)

T
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being kj, = /k§ — (kL)% ki, = /K — (k%)? and F(k,) is the Fourier transform of
f(z). To simplify the expressions for a general rough surface, we can assume that the

surface roughness is sinusoidal. For f(z) = hcos( x), the transmitted field can be

written as )
Vo= moplky)e? Fou=Rrm)de=ihper=kopy) (3.1.12)
p=—1
where
2k‘opy o O
TM _ kOpy+k1py p -
TOp (kpa:) - ]hk(l)y(k‘%—k%) _ (3113)
(kéy+kiy)(kopy+k1py) p=
2oy B
p=20
TE _ kOpy+k'1py
TOp (kpl‘) - ithkz (kQ kQ)(ka kokayp) (3114)

p==%1

(k%kz +k2kz )(kgkopy'i'k E1py)

3.1.2 Scattering from coated cylinder

Decomposition of the total field for the scattering scenario and the multiple interac-
tions are shown in figure 3.2(b). It is worth mentioning that the field illuminating the
cylinder is not the initial incident field V; but the field transmitted V; into medium 1.
In general, the scattered field is given by

VO ST B [FAHE (1 p) + OB, (1 p)| 7 (3.1.15)

n=—oo
where A,, and B,, are mode coefficients derived in chapter 2 for CCM, chiral, plasma,

and TI materials. In the above equation

. ) . —k1
T = [ [ 00k, — k) + 7 (k)| ot gy
) (3.1.16)

The reflection of the scattered field is calculated by representing the cylindrical
field as plane waves and applying the PT. Equation (3.1.15) can be written as [56]:

[e.o]
o0

1 1 ; 1 n j -1 ké
v = / e S (s, = dby ) T (k) Wk, (3117)
1y

n=-—0oo
—00
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Thus, the first order field (scattered- reflected) can be written as [70]
1 (1 < - —
o _ 1 Y ntan—1(52)
EREY PP CRUDL R

x{ / M?(kzx, KO, = k) + 30 (ke ) [ e 90010t Lar,
k,/

T

(3.1.18)
Considering the above field as incidence, the second order interaction between the

interface and the object can be described as [64]

@ _ ZJ 20, HP (k) = b (o) | T2 e (3.1.19)
where N
T® = (T;j"@) T ) (3.1.20)
_ % > (= s ) TS LY (3.1.21)
and

e ) e R AL G SR ]
i (3.1.22)

!
} . _1/k1 i —10 Tk
xce Itk i tan ) = ) g g,

The g-th order scattered fields can be written as

Ejj [zan @ (k1q) — éjan;@)(kla)}Tlgq)eW (3.1.23)
where
1 o0
TW=— %" < o 'bm)TW—l)[RW 3.1.24
n ﬂ-m:_oo a J m m,n ( )

From equation (3.1.24), it is clear that the qth reflection can be written in terms

of previous reflections. The total scattered-reflected field can be written as

V., = Zj <an — jbn ) WH® (kg p)e™e (3.1.25)

n—=——oo
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where
o0

T,=> T (3.1.26)

q=1

After multiple reflections, the field above the rough surface can be written as
VA = L7 (g — o) TuLEY (3.1.27)

where
1
1LY = / / T 700 ke, RLDB(K, — h) + ) (ke )|
y
ke K

x

(3.1.28)

. —1kyy - ,
x e tan () gikoy —kiy)d o =i (koa+koyy) g



Chapter 4

Numerical results and discussions

In this chapter, numerical implementation and results are presented which involves

the following steps:
e the selection of a rough surface profile;
e truncation of summations to N; = 3k1b terms [67];
e evaluation of the spectral integrals using saddle point method [71];
e calculation of number of interactions between the cylinder and the interface
using the criteria |E\Y /EY™Y| << 1075,

In section 4.1, the coating of CCM is considered and results are reported for different
values of refractive index of coating material, thickness of coating, period of sinusoidal
surface and admittance of PEMC core. In section 4.2, coating of chiral material
is assumed and results are reported for varying the parameters such as chirality,
thickness of the coating etc. In section 4.3, plasma is used as coating material while
TT material is used in section 4.4. Finally, comparison between results for coatings of

these materials is done.

4.1 Results for coating of CCM

Let us assume that a PEMC cylinder is coated with CCM. The results reported in [7,

64] are reproduced to confirm the validity of the formulation. Scattering patterns for
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different values of real part p and imaginary part g of permittivity and permeability are
shown in figures (4.1) and (4.2), respectively. The simulation parameters are shown
in table (4.1). For all the results, these parameters are used and only change will be
mentioned. As we change p or ¢, the refractive index of the coating material is changed
and it affects the scattering pattern. It can be seen that scattering increases as the
imaginary part of permittivity and permeability is increased and this effect is different
from that the lossy dielectric case. The RCS can be increased by the use of CCM
coating for both co and cross polarized scattering. In figure (4.3), scattering pattern
for different values of b (thickness of coating material) is observed for p = 1,¢ = 0.05.
Anomalous behavior can be observed due to interference of waves propagating inside
the coating material. Figure (4.4) shows the pattern for different surface periods As.
The location of the lobes changes as a function of A\;. The effect of core admittance
M on the scattering is analyzed in figure (4.5). The cross polarized field tends to
decrease as admittance parameter is increased. A large value of M corresponds to
PEC case. From the above observations, it is concluded that the far zone RCS can
be increased by increasing the refractive index of the CCM coating and the cross
polarization decreases as a function of admittance M.

A good insight of the scattering phenomenon can be possible in all the directions
by observing the two dimensional map of the near zone scattering presented in figure
(4.6) for TM polarized incident field and TE polarized incident field is considered in
figure (4.7). For the purpose of comparison, pattern for a PEMC cylinder with coating
of a dielectric material with refractive index n = y/m(p? + ¢?) is also reported. The

difference between the results for the CCM and dielectric coating is not noticeable.
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The refractive index of the coating material is increased and results have been
presented in figures (4.8) and (4.9) for p = 1 and ¢ = 3. Although the refractive
index of the CCM coating is same as that of the dielectric coating, yet the distinction
between the scattered fields can be noted due to different value of impedance n. A
strong backward and forward scattering is noted for both components (co and cross).
The field inside the coating layer is also dissimilar. These results are also helpful
in understanding the change in scattering amplitude due to presence of the rough

interface.

Vi a b d A As Mn | €4
—60° | 0.2X\¢ | 0.5 | 2Xg | 0.0064) | 0.8 | 3 4 —40.01

Table 4.1: Parameters for CCM coating.
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(a) Co polarized, TM (b) Cross polarized, TM

(¢) Co polarized, TE (d) Cross polarized, TE

Figure 4.1: Far zone scattered field from a buried PEMC cylinder coated with CCM
for different values of p, m = 2 and ¢ = 0.05.



(a) Co polarized, TM (b) Cross polarized, TM

(c) Co polarized, TE (d) Cross polarized, TE

Figure 4.2: Same as figure (4.1) except that ¢ is changed and p=1.
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(a) Co polarized, TM (b) Cross polarized, TM

(c) Co polarized, TE (d) Cross polarized, TE

Figure 4.3: Same as figure (4.1) except that thickness of the coating material (CCM)
is varied and p = 1,q = 0.05.



(a) Co polarized, TM (b) Cross polarized, TM

(c) Co polarized, TE (d) Cross polarized, TE

Figure 4.4: Same as figure (4.3) but for period A and b = 0.5.
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(a) Co polarized, TM (b) Cross polarized, TM

(c) Co polarized, TE (d) Cross polarized, TE

Figure 4.5: Same as figure (4.3) except that admittance M is varied.
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(a) Co polarized, TM, CCM (b) Co polarized, TM, Dielectric

(¢) Cross polarized, TM, CCM (d) Cross polarized, TM, Dielectric

Figure 4.6: Two dimensional scattered field maps for CCM coating and TM polarized
incident field.



(a) Co polarized, TE, CCM (b) Co polarized, TE, Dielectric

(¢) Cross polarized, TE, CCM (d) Cross polarized, TE, Dielectric

Figure 4.7: Same as figure (4.6) except that TE polarization is considered.
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(a) Co polarized, CCM (b) Co polarized, Dielectric

(c) Cross polarized, CCM (d) Cross polarized, Dielectric

Figure 4.8: Same as figure (4.6) except that g = 3.
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(a) Co polarized, CCM (b) Co polarized, Dielectric

(c) Cross polarized, CCM (d) Cross polarized, Dielectric

Figure 4.9: Same as figure (4.8) except that TE polarization is considered.
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4.2 Results for coating of chiral material

Now the coating material on PEMC core is considered to be chiral. To verify the
accuracy of numerical formulation, a comparison was made between results (co po-
larized) obtained by using this formulation with those which are reported in figure
(5) of [65]. In [65], PEC core has been used while chiral media is used as coating.
Using the formulation given here and M — oo gives results for PEC core and only
three modes are selected for a sinusoidal case with proper weights.

Figure (4.10) shows the field for different values of chirality of the coating material
while table (4.2) shows the other parameters. The cross polarized field is small for
large value of chirality in TM polarization while for TE polarized incidence, small
cross polarized field is obtained for smaller value of chirality. It shows that cross
polarized scattering may be altered by the coating of the chiral material. Effect of b
(thickness of coating material) is shown in figure (4.11), when the value of chirality
is £ = 0.03. Co polarized scattering increases as chirality is increased for ¢ = [0 90°].
Pattern for various periods is observed in figure (4.12). The interaction between the
cylinder and sinusoidal surface changes as period is changed and this effect can be
clearly observed both for co as well cross polarized scattering. Moreover, the different
scattering behavior is obtained for TM incident field compared to TE polarized field.
The admittance M is changed in figure (4.13) to see its effect on the scattering
behavior. It shows that scattering for PEC core is less than that for PEMC core in
case TE polarized field is incident while the core has not significant effect on scattering
for TM polarized excitation.

Near zone two dimensional scattering pattern is shown in figure (4.14) for TM and
TE polarized incident fields. The difference between the results for both polarization
states is quite noticeable and low cross polarized intensity is found for TM polar-
ized illumination. Comparing figure (4.14) with figures (4.6), (4.7) for the dielectric

coating, the difference between scattering patterns shows the effect of chirality.



0 a b d A As Mn | € 1

—60° | 0.2Xg | 0.5X¢ | 2o | 0.0064)y | 0.8)g | 3 225 |1

4 —10.01

Table 4.2: Parameters for coating of chiral material.

(a) Co polarized, TM (b) Cross polarized, TM

(¢) Co polarized, TE (d) Cross polarized, TE

35

Figure 4.10: Far zone scattered field for the coating of chiral material as a function

of chirality &.
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(a) Co polarized, TM (b) Cross polarized, TM

(c) Co polarized, TE (d) Cross polarized, TE

Figure 4.11: Same as figure (4.10) except that thickness b is changed and £ = 0.03.



(a) Co polarized, TM (b) Cross polarized, TM

(c) Co polarized, TE (d) Cross polarized, TE

Figure 4.12: Same as figure (4.11) but for different periods Ay and b = 0.5.
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(a) Co polarized, TM (b) Cross polarized, TM

(c) Co polarized, TE (d) Cross polarized, TE

Figure 4.13: Same as figure (4.11) except that admittance M is varied.
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(a) Co polarized, TM, Chiral (b) Cross polarized, TM, Chiral

(¢) Co polarized, TE, Chiral (d) Cross polarized, TE, Chiral

Figure 4.14: Two dimensional scattered field maps for coating of chiral material.



40

4.3 Results for coating of plasma material

Now plasma material is used as coating material. To validate the numerical imple-
mentation, a comparison with MOM was done first [68]. The case of a PEC cylinder
buried below a flat interface is obtained by putting the permittivity of the coating
layer equal to that of hosting medium in the numerical code.

Scattering pattern for different values of €,3 is shown in figure (4.15) with param-
eters presented in table (4.3). The effect of anisotropy can clearly be observed both
polarizations. Figure (4.16) shows the pattern for different values of b and €,5 = 3i.
As thickness is increased, the cross polarized component increases. The period of
surface is changed in figure (4.17). The admittance of the core has been changed in
figure (4.18) to observe its effect on the scattering behavior. For PEC core (large
vale of admittance), the cross polarization is minimum while it is maximum for small
values of admittance.

Figure (4.19) presents the two dimensional scattering field map for both TM and
TE polarized incident field. Very low forward scattering is observed for cross polarized
field while backward scattering is significant. A comparison with figures (4.6), (4.7) for
isotropic dielectric material reveals the effect of anisotropy in backward and forward

scattering properties.

i a b d A s Mn | €1 €2 | Mris M2 | €Era

—60° | 0.2Xg | 0.5X¢ | 2Xo | 0.0064)y | 0.8)g | 3 4—-14001 12251 5

Table 4.3: Parameters for the coating of plasma material.
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(a) Co polarized, TM (b) Cross polarized, TM

(c) Co polarized, TE (d) Cross polarized, TE

Figure 4.15: Far zone scattered field for the coating of plasma material for different
values of ¢,3.
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(a) Co polarized, TM (b) Cross polarized, TM

(c) Co polarized, TE (d) Cross polarized, TE

Figure 4.16: Same as figure (4.15) with ¢,3 = 3i and for different values of thickness
of coating b.



(a) Co polarized, TM (b) Cross polarized, TM

(c) Co polarized, TE (d) Cross polarized, TE

Figure 4.17: Same as figure (4.16) except that A, is changed and b = 0.5.
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(a) Co polarized, TM (b) Cross polarized, TM

(c) Co polarized, TE (d) Cross polarized, TE

Figure 4.18: Same as figure (4.16) but results are shown for M.
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(a) Co polarized, TM, plasma (b) Cross polarized, TM, plasma

(¢) Co polarized, TE, plasma (d) Cross polarized, TE, plasma

Figure 4.19: Two dimensional scattered field maps for the coating of plasma material.
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4.4 Results for coating of topological insulator ma-
terial

Finally, the coating material of PEMC cylinder is considered to be topological insula-
tor material. Scattering pattern for different magneto-electric parameters is shown in
figure 4.20. The simulation parameters are reported in table 4.4. As TRS is broken
0 = 41, cross polarized scattering becomes small for TM polarization. The variation
is not significant for TE polarization as observed in [66, 42].

Figure 4.21 shows the effect of thickness of coating material on the scattered field
while period of surface is changed in figure (4.22 ) for # = 417 . The admittance of
the core M has been changed in figure (4.23). It has no effect on scattering for TM
incidence. The small strength of cross polarized component is noted for PEC core
when TE polarized field is incident. As M decreases, the cross polarization increases.

Near zone two dimensional scattering field map is analyzed in figure 4.24. From
the comparison between results for two polarizations, it can be noted that cross polar-
ized scattering can be reduced for TM polarization. Moreover, for TM polarization,
the forward and backward scattering properties are different from that for the TE
polarization. The comparison between TT field maps in figure 4.24 and dielectric field

maps given in figures (4.6), (4.7) shows effect of magneto-electric coupling.

Pi a b d A )\s MT] €r1 €r M1y Moy
—60% | 0.2X0 | 0.5Xg | 2Xg | 0.0064)g | 0.8)g | 3 4—-40011]225 |1

Table 4.4: Parameters for the coating of TI material.
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(a) Co polarized, TM (b) Cross polarized, TM

(c) Co polarized, TE (d) Cross polarized, TE

Figure 4.20: Far zone scattered field for the coating of TT material as a function of
magneto-electric parameter 6.
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(a) Co polarized, TM (b) Cross polarized, TM

(¢) Co polarized, TE (d) Cross polarized, TE

Figure 4.21: Same as figure (4.20) but for b (thickness of coating material) and
0 =41r.



(a) Co polarized, TM (b) Cross polarized, TM

(c) Co polarized, TE (d) Cross polarized, TE

Figure 4.22: Same as figure (4.21) but for A\, and b = 0.5.
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(a) Co polarized, TM (b) Cross polarized, TM

(c) Co polarized, TE (d) Cross polarized, TE

Figure 4.23: Same as figure (4.21) except that M is changed.
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(a) Co polarized, TM (b) Cross polarized, TM

(¢) Co polarized, TE (d) Cross polarized, TE

Figure 4.24: Two dimensional scattered field maps for the coating of TT material.
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4.4.1 Comparison

Consider a PEMC material coated with CCM, chiral, plasma and TI mateials. Figure
(4.25) presents the variation of scattered field as a function of thickness of coating
material for p =1,¢ = 0.05,£ = 0.03,¢,3 = 37, €,4 = 5,0 = 417. The parameter of the
problem are reported in table (4.5). From the previous sections, it is noted that these
parameters give small value of cross polarized scattering. The observation angle is
¢ = 30° (bi-static case). It is noted that cross polarized field is small for the coating
of TI material both for TM and TE polarized incident fields. To maximize the co
polarized scattering, coating of CCM can be utilized. The amount of reduction also
depends upon the polarization of the incident field and other physical/geometrical
parameters. Figure (4.26) shows the result for ¢ = 120° (mono-static) and same

observation can be noted.

Vi a b d A As Mn | €4
—60" | 0.2)\¢ | 0.5Xg | 2Xo | 0.0064) | 0.8\ | 3 4 — 70.01

€r b, q § €r3 0
2.2511,0.05 1 0.03 | 37 | 41w

Table 4.5: Parameters for comparison of different coating materials.
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(a) Co polarized, TM (b) Cross polarized, TM

(¢) Co polarized, TE (d) Cross polarized, TE

Figure 4.25: Variation of scattering as a function of thickness of the coating at ¢ =
30°.



(a) Co polarized, TM (b) Cross polarized, TM

(¢) Co polarized, TE (d) Cross polarized, TE

Figure 4.26: Same as figure 4.25 except that ¢ = 120° is considered
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Conclusion

A theoretical formulation was presented to calculate the field scattered from a buried
PEMC cylinder coated with different materials such as CCM, chiral, plasma, and TI
materials. Expansion of cylindrical wave functions into plane waves and perturbation
theory were used to calculate the multiple reflections between coated cylinder and
rough surface. Numerical implementation of the presented theory was done based
on the selection of a rough surface profile, truncation of summations, solution of
spectral integrals and calculation of multiple reflections using the suggested criteria.
Analytical expressions of scattered field were derived and plotted.

First, near and far zone scattered fields for the coating of CCM were studied.
Near zone field maps for CCM coated cylinder were compared with that of a dielec-
tric coated cylinder and difference between back scattering and forward scattering
was noted. Far zone scattering patterns were also reported by varying the involved
parameters, i.e., thickness of the coating layer, period of rough surface and admittance
of PEMC core.

Secondly, scattered fields for the chiral coating were evaluated and the co and
cross polarized behavior of scattering was analyzed by varying the chirality and other
parameters. An effort was made to study the effect of chirality by comparing near
zone scattering for the coating of chiral and dielectric materials.

Thirdly, the field scattered by cylinder coated with plasma material was analyzed.
Comparing the results with those obtained for the dielectric coating gives the differ-
ence due to anisotropy. Other parameters were also changed to analyze the pattern

for both polarizations.
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Finally, TT material is used as coating and the cases of time reversal symmetry and
symmetry broken are discussed. It is observed that cross polarization is minimum
for TI coating and this fact is also confirmed while comparison was done between
the backward /forward scattering for the coating of different materials as a function
of thickness. The amount of reduction depends on the polarization of the incident
field, and other involved parameters. Moreover, it is noted that the CCM is good for
making the co polarized scattering large compared to cross polarized scattering. A
very good future work may be an attempt to solve this problem using the optimization

techniques.
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