
On using the coating of different materials to reduce the cross

polarized scattering from a PEMC cylinder buried below a

rough surface

By

Muhammad Akhtar

SUBMITTED IN PARTIAL FULFILLMENT OF THE

REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

AT

QUAID-I-AZAM UNIVERSITY

ISLAMABAD, PAKISTAN



z 

QUAIO-I-AZAM UNIVERSITY 
Department of Electronics 

Author's Declaration 

I, Muhammad Akhtar hereby state that my PhD thesis titled 

"On using the coating of different materials to reduce cross 

polarized scattering from a PEMC cylinder buried below a rough 

interface." is my own work and has not been submitted previously 

by me for taking degree from Department of Electronics, Quaid

i-Azam University Or anywhere else in the country/world. 

At any time if my statement is found to be incorrect even after my 

graduation, the university has the right to withdraw my PhD 

degree. 

Muhammad Akhtar 

Date: 



7 

QUAID-I-AZAM UNIVERSITY 
Department of Electronics 

Plagiarism Undertaking 

I solemnly declare that research work presented in the thesis titled 

liOn using the coating of different materials to reduce cross polarized 

scattering from a PEMC cylinder buried below a rough interface." 

is solely my research work with no significant contribution from any other person. 

Small contribution/help wherever taken has been duly acknowledged and that 

complete thesis has been written by me. 

I understand the zero tolerance policy of the HEC and Quaid-i-Azam University 

towards plagiarism. Therefore, I as an Author of the above titled thesis, declare that 

no portion of my thesis has been plagiarized and any material used as reference is 

properly referred/cited. 

I undertake that if I am found guilty of any formal plagiarism in the above titled 

thesis even after award of PhD degree, the University reserves the rights to 

withdraw/revoke my PhD degree and that HEC and the University has the right to 

publish my name on the HEC/University Website on which names of students are 

placed who submitted plagiarized thesis. 

Student/Author Signature: @~ 
Name: Muhammad Akhtar 



Quaid-i-AZaIll University 

Department of Electronics, 

It is certified thctt the work contained in the dissertation titled" On using the coating 

of different materials to reduce the cross polarized scattering from ct PElVIC cylinder 

buried below a rough surface" is carried out and completed by Muhammad Akhtar 

under my supervision at Quaid-i-Azam University Islamabad, Pakistan. 

~~~ 
Advisor 

Dr. l\luhammad Arshad Fiaz 

AsslstR.nt. Professor 

Department of Electronics 

QWlicl-i-Azam University bh.mR.hR.d, P8kistR.n 

Co-A 

.<.l Aqueel Ashraf 

Associate Professor 

Department of Electronics 

Quaid-i-Azam University Islamabad, Pakistan 

SllhlTlltted LhI~ . J 

Chairman V~ 
Prof. lk Sycd Aqeel Abhas Bllkhari 

Department of Electrollics 

Quaicl-i-AZel.rn en iversi ty Is!R.mabacl, Pakist.an 



QUAID-I-AZAM UNIVERSITY 
Department of Electronics 

Certificate of Approval 

This is to certify that the research work presented in this thesis, entitled "On using 
the coating of different materials to reduce cross polarized scattering 
from a PEMC cylinder buried below a rough interface." was conducted by 

Mr. Muhammad Akhtar under the supervision of ])r. Muhammad Arshad Fiaz and 
under the co-supervision of Dr. Muhammad Agueel Ashraf. No part of this thesis has 
been submitted anywhere else for any other degree. This thesis is submitted to the 
Department of Electronics, Ouaid-i-Azam University in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy in Field of Electronics, 
Department of Electronics, Quaid-i-Azam University. 

Signa(ure~ Student Name: Mr. MuhammadAkhtar 

Examination Committee: 

A. Dr. Hamid Saleem 
Director General 
National Center for Physics, 
Shahdra Valley Road, Islamabad. 

B. Prof, Dr. Manzoor Ikram 

Professor 
Center for Quantum Physics, COM SA TS, 
Pakistan Academy of Science Building, 
G-5/2, Islamabad. 

C. Dr. Muhammad Arshad Fiaz 
Assistant Professor & Supervisor 
Department of Electronics 
Quaid-i-Azam University, Islamabad. 

D. Dr. Muhammad Aqueel Ashraf 
Associate Professor & Co-Supervisor 
Department of Electronics 
Quaid-i-Azam University, Islamabad. 

Supervisor Name: ])r. Muhammad Arshad Fiaz 

Signature: 

Signature: ~ 

Signature: - -----

Co-Supervisor Name: ])r. Muhammad Agueel Ashraf Signature: -l~~L=== 

Name of Chairman: Prof, Dr. Syed Ageel A. Bukhari Signature:~ 



To my beloved family and respected teachers



Table of Contents

Table of Contents vi

Acknowledgements vii

List of publications included in the thesis viii

1 Introduction 1

2 Theoretical analysis for scattering from a coated PEMC cylinder 6

2.1 Formulation for PEMC cylindrical core coated with CCM . . . . . . 6

2.2 Formulation for PEMC cylindrical core coated with chiral material . . 9

2.3 Formulation for PEMC cylindrical core coated with plasma material . 12

2.4 Formulation for PEMC cylindrical core coated with TI material . . . 13

3 Scattering from a PEMC cylindrical core coated with different ma-

terials and buried below a rough surface 16

3.1 Theoretical Formulation . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.1.1 Scattering from rough interface . . . . . . . . . . . . . . . . . 17

3.1.2 Scattering from coated cylinder . . . . . . . . . . . . . . . . . 19

4 Numerical results and discussions 22

4.1 Results for coating of CCM . . . . . . . . . . . . . . . . . . . . . . . 22

4.2 Results for coating of chiral material . . . . . . . . . . . . . . . . . . 34

4.3 Results for coating of plasma material . . . . . . . . . . . . . . . . . . 40

4.4 Results for coating of topological insulator material . . . . . . . . . . 46

4.4.1 Comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

References 57

Conclusion 57

vi



Acknowledgements

With the grace of Almighty ALLAH who is the creator and guider of the universe. I

would pay my acknowledgments to the Holy Prophet Mohammad (SAW), to whom

this work is a humble dedication. I would like to thank those people who motivated

and encouraged me to complete this work. I would like to thank my honorable

and caring advisor Dr. M. Arshad Fiaz. Without his guidance and direction I was

not able to complete this dissertation. I am thankful for consenting me precious

suggestions. I could not have imagined having a better advisor for my Ph.D. other

than Dr Muhammad Arshad Fiaz. I think this work would have not been possible

without his kind supervision. I am also thankful to Dr. Muhammad Aqueel Ashraf

for his guidance and cooperation throughout the studies.

I thank my friends Ashfaq Ahmad, Fahad Masood and other lab fellows for giving

me company in this tenure. Moreover, I would like to thank my brother, sisters and

every member of my family especially my wife for the continuous encouragement,

prayers and support in my studies. Finally, I would like to dedicate this work to my

parents, especially my father who motivated me at every stage of my studies.

Muhammad Akhtar

July, 2021

vii



List of publications included in the

thesis

1. M. Akhtar, M. A. Fiaz, and M. A. Ashraf, On using the complex conjugate

material as coating to observe scattering from a PEMC cylinder buried below

a sinusoidal slightly rough surface, Optik, Vol. 225: 165570, 2021.

2. M. Akhtar, M. A. Fiaz, M. A. Ashraf, Gaussian beam scattering from a DNG

chiral coated PEMC cylinder buried below slightly rough surface, Journal of

Electromagnetic Waves and Applications, VOl. 31, 912-926, 2017

3. M. Asghar, M. N. S. Qureshi, M. Akhtar, M. A. Fiaz, and M. A. Ashraf Scat-

tering from anisotropic plasma-coated PEMC cylinder buried beneath a slightly

rough surface, Journal of Modern Optics, Vol. 64, 2017) 101-110, 2017.

viii



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 (TI) 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

1
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be realized by arranging alternate layers of passive magnetic materials and active

dielectrics/ semiconductor materials. Mathematically, it is defined by ε = mµ∗. For

ε = p − iq and µ = p + iq, the refractive index of a CCM is n =
√
m(p2 + q2). 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 ξ are given by [16]:

D = εE− jξB (1.0.1)

H =
B

µ
− jξE (1.0.2)

The wave numbers are defined as

k± = k[
√

1 + ξ2r ± ξr] (1.0.3)

where k = ω
√
µε and ξr =

√
µ/ε ξ.

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

ûn × (H +ME) = 0 (1.0.4)

ûn.(D−MB) = 0 (1.0.5)



3

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

→ ±∞, they are reduced to

ûn × E = 0 , ûn.B = 0 (PEC) (1.0.6)

while M = 0 gives

ûn ×H = 0 , ûn.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

[ε] =


ε2 jε3 0

−jε3 ε2 0

0 0 ε4


where ε2, ε3 and ε4 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 α and axion
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parameter θ describing the magneto-electric polarizability are given by [32]

D = εE +
αθ

π
B (1.0.8)

H =
1

µ
B− αθ

π
E (1.0.9)

The values of θ = 0 and θ = π correspond to dielectric and TI 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
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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(x)| << 1, |∂f(x)/∂x| << 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

ejωt.

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

Ez
i = e−j(k

i
xx−ki0yy). (2.1.1)

The incident magnetic field is written as

Hφ
i =

1

jη1
e−j(k

i
xx−ki0yy) (2.1.2)

6
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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 Jn(.) as

Ez
i =

∞∑
n=−∞

j−nJn(k1ρ)ejn(ϕ−ϕi) (2.1.3)

Hφ
i =

1

jη1

∞∑
n=−∞

j−nJ ′n(k1ρ)ejn(ϕ−ϕi) (2.1.4)

where η1 =
√
µ1/ε1 is the impedance of the host medium.

The scattered field can be represented with Hankel function H
(2)
n (.) as basis func-

tions and unknown scattering coefficients An (co polarized) and Bn (cross polarized)

as

Es =
∞∑

n=−∞

j−n
[
ẑAnH

(2)
n (k1ρ) + φ̂BnH

′(2)
n (k1ρ)

]
ejn(ϕ−ϕi) (2.1.5)

Hs =
1

jη1

∞∑
n=−∞

j−n
[
ẑBnH

(2)
n (k1ρ) + φ̂AnH

′(2)
n (k1ρ)

]
ejn(ϕ−ϕi) (2.1.6)

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

Ec =
∞∑

n=−∞

j−n
[
ẑ(CnH

(2)
n (k2ρ) +DnH

(1)
n (k2ρ)) + φ̂(EnH

′(2)
n (k2ρ) + FnH

′(1)
n (k2ρ))

]
ejn(ϕ−ϕi)

(2.1.7)

Hc = 1
jη

∞∑
n=−∞

j−n
[
φ̂(CnH

′(2)
n (k2ρ) +DnH

′(1)
n (k2ρ)) + ẑ(EnH

(2)
n (k2ρ) + FnH

(1)
n (k2ρ))

]
ejn(ϕ−ϕi)

(2.1.8)

where η =
√
µc/εc is the impedance of the coating material. The unknowns can be

found by the following boundary conditions

Hz
c +MEz

c = 0 ρ = a

Hφ
c +MEφ

c = 0 ρ = a

Hφ
i +Hφ

s = Hφ
c ρ = b

Ez
i + Ez

s = Ez
c ρ = b

Eφ
s = Eφ

c ρ = b

Hz
s = Hz

c ρ = b

(2.1.9)

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

X =
[
An, Bn, Cn, Dn, En, Fn

]T
U =

[
0, 0, Jn(β1), J

′
n(β1), 0, 0

]T

W =



0 0 c4H
(2)
n (α2) c4H

(1)
n (α2) H

(2)
n (α2) H

(1)
n (α2)

0 0 H
(2)′
n (α2) H

(1)′
n (α2) c4H

(2)′
n (α2) c4H

(1)′
n (α2)

−H(2)
n (β1) 0 H

(2)
n (β2) H

(1)
n (β2) 0 0

−H(2)′
n (β1) 0 c3H

(2)′
n (β2) c3H

(1)′
n (β2) 0 0

0 −H(2)
n (β1) 0 0 c3H

(2)
n (β2) c3H

(1)
n (β2)

0 −H(2)′
n (β1) 0 0 H

(2)′
n (β2) H

(1)′
n (β2)
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being β1 = k1b, β2 = k2b, α2 = k2a and

c3 =
η1
η

TM polarization (2.1.11)

c4 = jMη TM polarization (2.1.12)

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

c3 =
η

η 1

TE polarization (2.1.13)

c4 =
j

Mη
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:

� A PEMC cylinder coated with dielectric material;

� A non coated PEMC cylinder by selecting ε1 = εc;

� A PEMC cylinder coated with DNG material for εc < 0, µc < 0;

� A PEC cylinder coated with CCM/dielectric material as M →∞;

� 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 =
∞∑

n=−∞

j−nJn(k1ρ)ejn(ϕ−ϕi) (2.2.1)

Hi =
1

jη1

∞∑
n=−∞

j−nJ ′n(k1ρ)ejn(ϕ−ϕi) (2.2.2)
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Scattered fields are given by

Es =
∞∑

n=−∞

j−n
[
ẑAnH

(2)
n (k1ρ) + φ̂BnH

(2)′

n (k1ρ)
]
ejn(ϕ−ϕi) (2.2.3)

Hs =
1

jη1

∞∑
n=−∞

j−n
[
ẑBnH

(2)
n (k1ρ) + φ̂AnH

(2)′

n (k1ρ)
]
ejn(ϕ−ϕi) (2.2.4)

where An are co polarized scattering coefficients and Bn are cross polarized scattering

coefficients.

Transmitted fields inside the coating are left and right circularly polarized waves

and they are given by

Ec =
∞∑

n=−∞

j−n
[
ẑ
(
CnJn(k+ρ)−DnJn(k−ρ) + EnH

(2)
n (k+ρ)− FnH

(2)
n (k−ρ)

)
+φ̂
(
CnJ

′
n(k+ρ) +DnJ

′
n(k−ρ) + EnH

′(2)
n (k+ρ) + FnH

′(2)
n (k−ρ)

)]
ejn(ϕ−ϕi)

(2.2.5)

Hc =
1

jη

∞∑
n=−∞

j−n
[
φ̂
(
CnJ

′
n(k+ρ) +DnJ

′
n(k−ρ) + EnH

′(2)
n (k+ρ) + FnH

′(2)
n (k−ρ)

)
+ẑ
(
CnJn(k+ρ)−DnJn(k−ρ) + EnH

(2)
n (k+ρ)− FnH

(2)
n (k−ρ)

)]
ejn(ϕ−ϕi)

(2.2.6)

where η =
√
µ0/[ε(1 + x2c)] and xc =

√
µ/ε ξ with ξ is the chiral admittance.

The boundary conditions can be written as

Hz
c +MEz

c = 0 ρ = a

Hφ
c +MEφ

c = 0 ρ = a

Hφ
t +Hφ

s = Hφ
c ρ = b

Ez
t + Ez

s = Ez
c ρ = b

Eφ
s = Eφ

c ρ = b

Hz
s = Hz

c ρ = b

(2.2.7)
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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

X =
[
An, Bn, Cn, Dn, En, Fn

]T
U =

[
0, 0, 0, 0, Jn(β1), c3J

′
n(β1)

]T

W =



0 0 c1Jn(α+) −c1Jn(α−) c1H
(2)
n (α+) −c1H(2)

n (α−)

0 0 c1J
′
n(α+) c1J

′
n(α−) c1H

(2)′
n (α+) c1H

(2)′
n (α−)

0 −ηtH(2)
n (k1b) Jn(β+) Jn(β−) H

(2)
n (β+) H

(2)
n (β−)

0 −H(2)′
n (k1b) J ′n(β+) J ′n(β−) H

(2)′
n (β+) H

(2)′
n (β−)

−H(2)
n (β1) 0 Jn(β+) −Jn(β−) H

(2)
n (β+) −H(2)

n (β−)

−c3H(2)′
n (β1) 0 J ′n(β+) −J ′n(β−) H

(2)′
n (β+) −H(2)′

n (β−)


and c1 = (jMη + 1), c3 = η/η1, α+ = k+a, α− = k−a, β+ = k+b, β− = k−b. For TE

polarization, c1 = (jMη − 1), c3 = η1/η.

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:

� Dielectric coated PEMC cylinder by selecting ξ = 0;

� DNG chiral coated PEMC cylinder when εc < 0, µc < 0;

� A PEC cylinder coated with chiral/dielectric material as M →∞;

� 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

Ei
z =

∞∑
n=−∞

j−nJn(k1ρ)ejn(ϕ−ϕi) (2.3.1)

H i
φ =

1

jη1

∞∑
n=−∞

j−nJ
′

n(k1ρ)ejn(ϕ−ϕi) (2.3.2)

The scattered field are

Es =
∞∑

n=−∞

j−n
[
ẑAnH

(2)
n (k1ρ) + φ̂BnH

(2)′

n (k1ρ)
]
ejn(ϕ−ϕi) (2.3.3)

Hs =
1

jη1

∞∑
n=−∞

j−n
[
ẑBnH

(2)
n (k1ρ) + φ̂AnH

(2)′

n (k1ρ)
]
ejn(ϕ−ϕi) (2.3.4)

The transmitted fields inside the coating are

Ec =
∞∑

n=−∞

jn[ẑ(CnH
(2)
n (k2ρ) +DnH

(1)
n (k2ρ)) + φ̂(EnH

(2)′

n (k3ρ) + FnH
(1)′

n (k3ρ))]ejn(ϕ−ϕi)

(2.3.5)

Hc =
1

jη

∞∑
n=−∞

jn[φ̂(CnH
(2)′

n (k2ρ) +DnH
(1)′

n (k2ρ)) + ẑ(EnH
(2)
n (k3ρ) + FnH

(1)
n (k3ρ))

]
ejn(φ−φi)

(2.3.6)

where k2 = k0/
√
m1, k3 = k0/

√
m4, η2 =

√
m1µ2,m1 = ε2/(ε

2
2 − ε23), and m4 = 1/ε4.

The boundary conditions are given by

Hc
z +MEc

z = 0 ρ = a

Hc
φ +MEc

φ = 0 ρ = a

H i
φ +Hs

φ = Hc
φ ρ = b

Ei
z + Es

z = Ec
z ρ = b

Es
φ = Ec

φ ρ = b

Hs
z = Hc

z ρ = 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

X =
[
An, Bn, Cn, Dn, En, Fn

]T
U =

[
0, 0, Jn(β1), J

′
n(β1), 0, 0

]T

W =



0 0 c4H
(2)
n (α2) c4H

(1)
n (α2) H

(2)
n (α3) H

(1)
n (α3)

0 0 H
(2)′
n (α2) H

(1)′
n (α2) c4H

(2)′
n (α3) c4H

(1)′
n (α3)

−H(2)
n (β1) 0 H

(2)
n (β2) H

(1)
n (β2) 0 0

−H(2)′
n (β1) 0 c3H

(2)′
n (β2) c3H

(1)′
n (β2) 0 0

0 −H(2)
n (β1) 0 0 c3H

(2)
n (β3) c3H

(1)
n (β3)

0 −H(2)′
n (β1) 0 0 H

(2)′
n (β3) H

(1)′
n (β3)


where c3 = η1/η, c4 = jMη, β1 = k1b, β2 = k2b, β3 = k3b, α2 = k2a, and α3 = k3a.

For TE polarization, c3 = η/η1, c4 = j/(Mη).

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

� A PEMC cylinder coated with isotropic plasma for ε3 = 0, ε2 = ε4;

� A non coated PEMC cylinder for ε3 = 0, ε1 = ε2 = ε4 ;

� A DNG coated PEMC cylinder for ε3 = 0, ε2 = ε4 < 0, µ2 < 0;

� A PEC coated cylinder when M →∞;

� 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

Ez
i =

∞∑
n=−∞

j−nJn(k1ρ)ejnφ (2.4.1)
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Hφ
i =

1

jη1

∞∑
n=−∞

j−nJ ′n(k1ρ)ejn(ϕ−ϕi) (2.4.2)

The scattered fields are

Es =
∞∑

n=−∞

i−n
[
ẑAnH

(2)
n (k1ρ) + φ̂BnH

(2)′

n (k1ρ)
]
ejn(ϕ−ϕi) (2.4.3)

Hs =
1

jη1

∞∑
n=−∞

i−n
[
ẑBnH

(2)
n (k1ρ) + φ̂AnH

(2)′

n (k1ρ)
]
ejn(ϕ−ϕi) (2.4.4)

Inside the coating material, the fields are given by

Ec =
∞∑

n=−∞

i−n
[
ẑ
(
CnH

(2)
n (k2ρ) +DnH

(1)
n (k2ρ)

)
+φ̂
(
EnH

(2)′
n (k2ρ) + FnH

(1)′
n (k2ρ)

)]
ejn(ϕ−ϕi)

(2.4.5)

Bc = µ
1

jη

∞∑
n=−∞

i−n
[
ẑ
(
EnH

(2)
n (k2ρ) + FnH

(1)
n (k2ρ)

)
+φ̂
(
CnH

(2)′
n (k2ρ) +DnH

(1)′
n (k2ρ)

]
ejn(ϕ−ϕi)

(2.4.6)

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

are expressed as [66]
1
µ
Bz

c + (M − α θ
π
)Ez

c = 0 ρ = a

1
µ
Bφ

c + (M − α θ
π
)Eφ

c = 0 ρ = a
(2.4.7)

Hz
s = 1

µ
Bz

c − α θ
π
Ez

c ρ = b

Eφ
s = Eφ

c ρ = b

Ez
t + Ez

s = Ez
c ρ = b

Hφ
t +Hφ

s = 1
µ
Bφ

c − α θ
π
Eφ

c ρ = b

(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

X =
[
Ap, Bn, Cn, Dn, En, Fn

]T
U =

[
0, 0, 0, 0, Jn(β1), J

′
n(β1)

]T

W =



0 0 c4H
(2)
n (α2) c4H

(1)
n (α2) H

(2)
n (α2) H

(1)
n (α2)

0 0 H
(2)′
n (α2) H

(1)′
n (α2) c4H

(2)′
n (α2) c4H

(1)′
n (α2)

−H(2)
n (β1) 0 H

(2)
n (β2) H

(1)
n (β2) 0 0

−H(2)′
n (β1) 0 c3H

(2)′
n (β2) c3H

(1)′
n (β2) 0 0

0 −H(2)
n (β1) c5H

(2)
n (β2) c5H

(1)
n (β2) c3H

(2)
n (β2) c3H

(1)
n (β2)

0 −H(2)′
n (β1) 0 0 H

(2)′
n (β2) H

(1)′
n (β2)


and c3 = (η1/η), c4 = jη(M − αθ/π), c5 = −jη1αθ/π, β1 = k1b, α2 = k2a, β2 =

k2b. For TE polarization, c3 = η/η1, c4 = (j/η)(1/M − αθ/π), c5 = −(j/η1)αθ/π.

These problems can also be studied:

� A PEMC cylinder with dielectric coating (θ = 0).

� A PEMC cylinder with coating of TRS (θ = π) and TRS broken TI material

(θ = 41π);

� A PEC cylinder with coating of TI material when M →∞;

� 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:

� Scattering from a rough interface.

� 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(x) as shown in Figure 3.2(a). A plane wave is incident

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

The incident field is expressed as

Vi = e−j(k
i
xx−ki0yy) (3.1.1)

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

surface can be expressed as

Vr = V (0)
r + V (1)

r + .... (3.1.2)

where V
(0)
r is the reflected field due to flat interface and V

(1)
r is the contribution by

superimposed roughness, given as

V (0)
r = γ

(0)
01 (kix)e

j2ki0yde−j(k
i
xx+k

i
0yy) (3.1.3)

V (1)
r =

∞∫
−∞

γ
(1)
01 (kx)e

j(ki0y+k0y)de−j(kxx+k0yy)dkx (3.1.4)

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

transmitted field through rough surface can be expressed as

Vt = V
(0)
t + V

(1)
t + ... (3.1.5)

where

V
(0)
t = τ

(0)
01 (kix)e

j(ki0y−ki1y)de−j(k
i
xx−ki1yy) (3.1.6)

V
(1)
t =

∞∫
−∞

τ
(1)
01 (kx)e

j(ki0y−k1y)de−j(kxx−k1yy)dkx (3.1.7)

The transmission coefficients are given as [56],

τ
(0)TM
01 (kix) =

2ki0y
ki0y + ki1y

(3.1.8)

τ
(0)TE
01 (kix) =

2k21k
i
0y

k21k
i
0y + k20k

i
1y

(3.1.9)

τ
(1)TM
01 (kix) =

2ki0y(k
2
0 − k21)

(ki0y + ki1y)(k0y + k1y)
jF (kx − kix) (3.1.10)

τ
(1)TE
01 (kix) =

2k21k
i
0y(k

2
0 − k21)(kixkx − ki1yk1y)

(k21k
i
0y + k20k

i
1y)(k

2
1k0y + k20k1y)

jF (kx − kix) (3.1.11)



19

being ki0y =
√
k20 − (kix)

2; ki1y =
√
k21 − (kix)

2 and F (kx) is the Fourier transform of

f(x). To simplify the expressions for a general rough surface, we can assume that the

surface roughness is sinusoidal. For f(x) = h cos(2π
λs
x), the transmitted field can be

written as

Vt =
1∑

p=−1

τ0p(kx)e
j(ki0y−k1py)de−j(kpxx−k0pyy) (3.1.12)

where

τTM0p (kpx) =


2k0py

k0py+k1py
p = 0

jhki0y(k
2
0−k21)

(ki0y+k
i
1y)(kopy+k1py)

p = ±1
(3.1.13)

τTE0p (kpx) =


2k0py

k0py+k1py
p = 0

ihk21k
i
0y(k

2
0−k21)(kpxkix−ki0yk0yp)

(k21k
i
0y+k

2
1k

i
1y)(k

2
1kopy+k

2
0k1py)

p = ±1
(3.1.14)

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 Vi but the field transmitted Vt into medium 1.

In general, the scattered field is given by

V
(1)
s =

∞∑
n=−∞

j−nT (1)
n (kx)

[
ẑAnH

(2)
n (k1ρ) + φ̂BnH

′(2)
n (k1ρ)

]
ejnϕ (3.1.15)

where An and Bn are mode coefficients derived in chapter 2 for CCM, chiral, plasma,

and TI materials. In the above equation

T (1)
n (kx) =

∞∫
−∞

[
τ
(0)
01 (kx)δ(kx − kix) + τ

(1)
01 (kx)

]
ej(k0y−k1y)de−jn tan−1(

−k1y
kx

)dkx

(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]:

V
(1)
s =

1

π

∞∫
−∞

1

k1y
e−j(kxx+k

1
yy)

∞∑
n=−∞

(
ẑan − φ̂jbn

)
T (1)
n (kx)e

jn tan−1(
k1y
kx

)dkx (3.1.17)
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Thus, the first order field (scattered- reflected) can be written as [70]

V
(1)
sr =

1

π

∫
kx

1

k1y

∞∑
n=−∞

(
ẑan − φ̂jbn

)
Tn(kx)e

jn tan−1(
k1y
kx

)

×
{∫
k′x

[
γ
(0)
10 (kx, k

′
x)δ(k

′
x − kx) + γ

(1)
10 (kx, k

′
x)
]
e−j(k1y+k

′
1y)de−j(k

′
xx−k′1yy)dk′x

}
dkx

(3.1.18)

Considering the above field as incidence, the second order interaction between the

interface and the object can be described as [64]

V
(2)
sr =

∞∑
n=−∞

j−n
[
ẑanH

(2)
n (k1a)− φ̂jbnH ′(2)n (k1a)

]
T (2)
n ejnϕ (3.1.19)

where

T (2)
n =

(
T co(2)n + T cr(2)n

)
(3.1.20)

=
1

π

∞∑
m=−∞

(
am − jbm

)
T (1)
m IRWm,n (3.1.21)

and

IRWm,n =

∫
kx

∫
k′x

1

k1y

[
γ
(0)
10 (kx, k

′
x)δ(k

′
x − kx) + γ

(1)
10 (kx, k

′
x)
]

×e−j(k1y+k′1y)dejmtan−1(
k1y
kx

)e
−jn tan−1(

−k′1y
k′x

)
dk′xdkx

(3.1.22)

The q-th order scattered fields can be written as

V
(q)
sr =

∞∑
n=−∞

j−n
[
ẑanH

(2)
n (k1a)− φ̂jbnH ′(2)n (k1a)

]
T (q)
n ejnϕ (3.1.23)

where

T (q)
n =

1

π

∞∑
m=−∞

(
am − jbm

)
T (q−1)
m IRWm,n (3.1.24)

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

Vsr =
∞∑

n=−∞

j−n
(
an − jbn

)
TnH

(2)
n (k1ρ)ejnϕ (3.1.25)
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where

Tn =
∞∑
q=1

T (q)
n (3.1.26)

After multiple reflections, the field above the rough surface can be written as

V
(total)
st = 1

π

∞∑
n=−∞

(
an − jbn

)
TnI

TW
n (3.1.27)

where

ITW
n =

∫
kx

∫
k′x

1

k1y

[
τ
(0)
10 (kx, k

′
x)δ(k

′
x − kx) + τ

(1)
10 (kx, k

′
x)
]

×ejn tan−1(
k1y
kx

)ej(k0y−k1y)de−j(k
′
xx+k

′
0yy)dkx

(3.1.28)



Chapter 4

Numerical results and discussions

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

the following steps:

� the selection of a rough surface profile;

� truncation of summations to Nt = 3k1b terms [67];

� evaluation of the spectral integrals using saddle point method [71];

� calculation of number of interactions between the cylinder and the interface

using the criteria |E(q)
st /E

(q−1)
st | << 10−5.

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

TI 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

22
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different values of real part p and imaginary part q 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 q, 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, q = 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 λs.

The location of the lobes changes as a function of λs. 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 =
√
m(p2 + q2) 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 q = 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 η. 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.

ϕi a b d A λs Mη εr1
−600 0.2λ0 0.5λ0 2λ0 0.0064λ0 0.8λ0 3 4− i0.01

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

(c) 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 q = 0.05.
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(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 q 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.
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(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 λs 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

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

(c) 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 q = 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 → ∞ 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 ξ = 0.03. Co polarized scattering increases as chirality is increased for φ = [0 900].

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.
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ϕi a b d A λs Mη ε µ εr1
−600 0.2λ0 0.5λ0 2λ0 0.0064λ0 0.8λ0 3 2.25 1 4− i0.01

Table 4.2: Parameters for coating of chiral material.

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

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

Figure 4.10: Far zone scattered field for the coating of chiral material as a function
of chirality ξ.
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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 ξ = 0.03.
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(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 λs 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.



39

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

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

Figure 4.14: Two dimensional scattered field maps for coating of chiral material.
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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 εr3 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 εr3 = 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.

ϕi a b d A λs Mη εr1 εr2 µr1, µr2 εr4
−600 0.2λ0 0.5λ0 2λ0 0.0064λ0 0.8λ0 3 4− i0.01 2.25 1 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 εr3.
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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 εr3 = 3i and for different values of thickness
of coating b.



43

(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 λs 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

(c) 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

θ = 41π, 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 θ = 41π . 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 TI field maps in figure 4.24 and dielectric field

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

ϕi a b d A λs Mη εr1 εr µr1, µr
−600 0.2λ0 0.5λ0 2λ0 0.0064λ0 0.8λ0 3 4− i0.01 2.25 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 TI material as a function of
magneto-electric parameter θ.
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(a) Co polarized, TM (b) Cross polarized, TM

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

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

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

Figure 4.24: Two dimensional scattered field maps for the coating of TI 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, q = 0.05, ξ = 0.03, εr3 = 3j, εr4 = 5, θ = 41π. 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

φ = 300 (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 φ = 1200 (mono-static) and same

observation can be noted.

ϕi a b d A λs Mη εr1
−600 0.2λ0 0.5λ0 2λ0 0.0064λ0 0.8λ0 3 4− j0.01

εr p, q ξ εr3 θ
2.25 1, 0.05 0.03 3j 41π

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

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

Figure 4.25: Variation of scattering as a function of thickness of the coating at φ =
300.
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(a) Co polarized, TM (b) Cross polarized, TM

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

Figure 4.26: Same as figure 4.25 except that φ = 1200 is considered



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, TI 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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