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Abstract—Scattering of electromagnetic plane wave from an infinitely
long circular DB cylinder placed in chiral and chiral nihility
metamaterials is studied, and the results are compared with that of
scattering from DB cylinder placed in free space. The discussion
is further extended by considering coating of DB cylinder with
chiral/chiral nihility metamaterial. =~ For DB cylinder placed in
unbounded free space/chiral/chiral nihility metamterial, only co-
polarized scattered fields are obtained, whereas, for chiral/chiral
nihility metamaterial coated case, both co- and cross-polarized
scattered fields are noted. Numerical results are presented for different
values of chirality parameter.

1. INTRODUCTION

Chiral media are composed of randomly oriented chiral objects which
cannot be superimposed with their mirror images by any translation
or rotation. Chiral metamaterial is the interest of many researchers
and engineers from last many decades, and numerous articles by
different authors are contributed on electromagnetic scattering form
chiral objects or objects placed in chiral medium. Jaggard et
al. [1], Lakhtakia et al. [2,3] and Lindell et al. [4] discussed the
behavior of electromagnetic waves in chiral medium. Scattering of
electromagnetic waves by a perfectly conducting body with chiral
coating was studied by Dmitrenko and Korogodov [5]. Kluskens and
Newman [6] studied scattering from chiral cylinder of arbitrary cross
section. Lakhtakia [7,8] introduced the concept of nihility medium.
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Nihility medium is defined to be one which is characterized by zero
permittivity and permeability. This concept attracted the attention of
many researchers. Tretyakov et al. [9,10] applied nihility concept on
isotropic chiral medium. Qiu et al. [11] discussed chiral nihility effects
on energy flow in chiral material. Cheng et al. [12] contributed an
article on manifestation of negative refraction in chiral nihility media.
Cheng et al. [13] studied the behavior of waves in planar waveguide
containing chiral nihility metamaterial. Naqvi [14] has published
corrections in the study of [13]. Naqvi discussed fractional dual
solutions to Maxwell equations in chiral nihility medium [15]. Bohren
studied scattering from an optically active cylinder [16]. Scattering
from dielectric/chiral coated nihility cylinder is discussed by Ahmed
and Naqvi [17,18]. Dong et al. [19-23] also studied various field
problems concerning chiral nihility metamaterial. Li and Shen [24]
analyzed scattering by a conducting cylinder coated with metamaterial.

In electromagnetic problems, boundary conditions are generally
expressed in terms of tangential components of fields at the interfaces.
However, it has been shown by Rumsey [25] that these boundary
conditions can also be expressed in terms of normal field components.
These boundary conditions were rediscovered in the problems dealing
with invisibility cloak [26-28]. The so called DB boundary conditions
for the normal components of flux densities, introduced by Lindell and
co-workers [29-33], are given as

n-D=0 (1a)

n-B=0 (1b)
D and B are electric and magnetic flux densities, respectively, and n
is normal unit vector. Using above mentioned boundary conditions,
Sihvola et al. [34] analyzed the scattering from DB sphere. Spherical
resonator and circular waveguide with DB boundary conditions are
discussed by Lindell and Sihvola [35,36]. Recently Naqvi et al. [37]
contributed an article dealing with a planer DB interface placed in
chiral and chiral nihility metamaterial. They found an interesting
result that there are no backward reflected waves in chiral nihility
medium backed by planar DB interface.

In this paper, we present a study of scattering from circular
coated and un-coated DB cylinder placed in free space and chiral/chiral
nihility mediums. Section 2 deals with DB cylinder placed in free space,
Section 3 presents DB cylinder placed in chiral/chiral nihility medium.
And chiral and chiral nihility coated DB cylinder placed in free space is
analyzed in Section 4. Finally, numerical results are presented. Time
dependence e/“! is used and suppressed throughout the analysis. The
length of the cylinder is assumed to be infinite and its axis is coincident
with z-axis of the coordinate system.
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DB cylinder

Incident plane wave

Figure 1. Circular DB cylinder placed in free space.

2. DB CYLINDER PLACED IN FREE SPACE

We consider a circular DB cylinder of radius a, placed in free space, as
shown in Figure 1.
The constitutive relations for free space are

D = ¢E (2a)
B = uH, (2b)
where (€,, ft,) are constitutive parameters of free space. For this

geometry, the electromagnetic fields can conveniently be represented
by cylindrical vector wave functions as given by [38]

NP(k) = 22 (ko)™ (32)
MP (k) = g 20 (k)™ = 6250 (kp)e™. (3D)

The vector wave functions M,, and IN,, are related by
V xN, =kM, V xM, =EkN,,

where p = 1,2 (Zfll) = Jy, Z7(L2) = H,(LQ)) and the prime denotes the
derivative with respect to the argument. In above set of equations,
k is the wavenumber of a medium which in present case is k = k, =
Wy/Ho€o-

The surface of cylinder can be excited by TM or TE polarized
fields. For TM? case the incident plane wave in terms of cylindrical
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vector wave function can be expressed as [39]

“+oo

Eine = Z j_nNgzl)(kO) (4a)
e

Hinc = F Z jinMng)(ko)‘ (4b)

For TE? case the incident fields are

+o00
Einc = Z j_nMgzl)(ko)

. “+oo
J .—n
Hinc = ,’7 Z J Nv(ml)(ko)'

For TM” case the scattered fields from the surface of cylinder are given
below

“+oo

Eo = Y 5 "anNP (k) (5a)
. —+o00

Hyo = 2= Y 5 "auMP (k) (5b)
"o n=—oo

By using DB boundary conditions, the unknown coefficients a,, p = a
are found to be
JIn(k
n = _%_ (5¢)
Hy” (koa)

Similarly scattered fields for TE? incident fields can be determined. It
is clear from (5) that for TM?* case, with respect to axis (z-axis) of the
cylinder, DB cylinder behaves as PEC cylinder whereas for TE® case
the DB cylinder behaves as PMC cylinder. Similar results were shown
by Lindell and Sihvola [29] for planar DB interface.

3. DB CYLINDER PLACED IN CHIRAL/CHIRAL
NIHILITY MEDIUM

In this section, a circular DB cylinder of radius a placed in isotropic,
homogeneous, and lossless chiral medium is analyzed. The geometry
of the problem is similar to that in Figure 1, but now DB cylinder is
placed in chiral metamaterial instead of free space. The constitutive
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relations for chiral medium, with constitutive parameters (e, u, k), are
given as [4]

D =¢E+ jcH (6a)
B = uH — jKE, (6b)
where x is the chirality parameter, ¢ = e.€, the permittivity, and

I = Uepto the permeability of chiral medium. As chiral metamaterial
supports circularly polarized modes, therefore, the incident field can be
right circularly polarized (RCP) and/or left circularly polarized (LCP).
The incident RCP and LCP waves can be written by using vector wave
functions M,, and N,, as shown by [16]

Eryn = M{)(kg) + N (kg)
EL,n = Mgl)(kL) - an) (kL>7

where, MY and N are defined by Equation (3). Two wavenumbers
kg 1 for chiral medium are given by

krr =w(\/peE=L k). (7)
We consider normal incidence of right circularly polarized (RCP) wave.
Incident electromagnetic fields in terms of cylindrical vector wave
functions are

“+o0o

Eine = »  j" [Mw(il)(kR) +N1(11)(k3)]
Hye = 2 Z { )(kg) "‘N(l)(kR)}

where n = y/p /€ is the impedance of the chiral medium. The scattered
fields in terms of RCP and LCP vector wave functions can be written
as

Bunm 7" o (M2 ) N 1) 8, (M)~ N2 1, )]

n=—oo

Z;-”[an( (k) + N (k) b (M (k) N (k).

In aforementioned equations, a, and b, are unknown coefficients. By
applying the DB boundary conditions (1) at p = a the coefficients can
be shown to be
Jn(k RA
Hy” (kgra)
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Let us assume that the DB cylinder in Figure 1 is now placed
in chiral nihility metamaterial, instead. Chiral nihility medium is
a medium with constitutive parameters ¢ — 0, u — 0 and k # 0.
The characteristic impedance of the chiral nihility medium is n =
lime ;.0 +/pt/€. The constitutive relations for chiral nihility medium
become [8]

D = ikH (8a)
B = —ikE. (8b)
The wavenumbers, in this case, simplify to
krr = twk (9a)
kr = =k (9b)
The unknown coefficients, in this case, are
HY (kra)

In view of above results it is clear that the DB cylinder placed in
chiral and chiral nihility medium behaves as a perfect scatterer like
PEC/PMC cylinder. Moreover, there is no backward phenomenon in
chiral nihility medium.

4. CHIRAL/CHIRAL NIHILITY COATED DB
CYLINDER

Now, we consider a DB circular cylinder, uniformly coated with
isotropic, homogeneous, and lossless chiral metamaterial. Radius of
the DB cylinder is a while chiral coated DB cylinder has radius . The
region p > b is free space while the region a < p < b is chiral medium
with constitutive parameters (e, u, k) and impedance n = y/pu/e. The
chiral coated DB cylinder placed in free space is shown in Figure 2.
The constitutive relations and wavenumbers for chiral media are given
by Equations (6) and (7), respectively.

This section presents the solution for TM? fields normally incident
on coated geometry. The incident fields are

Erc = 3 5N (k) (10a)
' . —+o00
HY — ni S M (k). (10b)
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Incident plane wave

Figure 2. Circular coated DB cylinder placed in free space.

The scattered fields in free space, p > b, are written as superposition
of TM? and TE? fields as

+o0
Eica = Z J " [anN£z2)(ko) + bnMSLQ)(ko)]

. +Foo
= LS 5 M) + 5N ()]

n=—oo

The fields in chiral region a < p < b can be written as the combination
of right and left circular polarized vector wave functions. The fields in
chiral region are

+oo
B = Y 7" [eBfp, + diEY) + e B, + B
n=—oo
. +oo
D S R A T

where subscripts o and ¢ are used for the fields in free space and
chiral region, respectively. In above expressions, a,, by, ¢, dn, €n
and f, are unknown coefficients to be determined by applying the
boundary conditions. The subscripts R, L are used to represent the
right and left circularly polarized fields. These fields are obtained
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by the superposition of M,, and N,, vector wave functions and are
expressed as [16]

Eff), = MY (ki) + NY (k)

EY) = MP (k) — N®)(kp).
Now, the boundary conditions become,
n-D. =0, p=a, 0<¢<2m
n-B. =0, p=a, 0<¢<2m
[Birc L ES)y = [Eely, p=b, 0<¢<2r
HyC + Hy ), = [H)i, p=b, 0<¢<2r

where subscript ¢ stands for tangential components of field. By using
these boundary conditions the unknown coefficients are given below

. Jn(krb) HP (kra) — Jo(kga)H (kgb)
H (kpa)H? (kob)
iy Tu(keb) B (kpa) = Ju(kpa)HY (k)| Ju(kob)
HP (kpa)HP (k,b) H (kob)
o [c (Jn(ka)H£2)(kRa)—Jn(kRa)H,S?)(ka))

ap —

1 HP (kpa)H? (kob)
4 Tn(krb)H? (kra) — Jo(kra)HSY (kpb)
" H? (kpa)HP (k,b)

(Zan—a) x

(=) (40 =54, ) = (e = ) (an = 52
—(ZAp— AR) X

(542 = 40) (An =5 40) + (o — ) (42— 54,)

In previous equations,
Tu(kob) H'? (kob) — J'u(ko

Cp =

dn =

b)H ) (kob)

_ b)
Xn = (2)(k b)H' 2)( kiob)

(kb HED (ksa) — ( ko) H? (ksb) X
A= H? (ksa) HY <kob> )
g, = ok DD (hsa) = Tk HED (D)

H'? (kya) H'? (kob)
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where subscript s could be either R or L, and the relation between
coefficients e,, ¢, and f,, d, is as follows

Jn(kRra) _ Jul(kra)

76 n— " /oy . _Un
H? (kpa) 1 (kLa)

Now, we discuss the same problem as in Figure 2, but here
the coating material is chiral nihility metamaterial instead of chiral
metamaterial.  The constitutive relations and wavenumbers for
chiral nihility medium are given by (8) and (9), respectively. The
corresponding unknown coefficients become

. [Jn(ka)Hff)(kRa) - Jn(kRa)Hﬁf)(ka)]
" HY (kpa)Hy (kob)
» [anLb)Hé”(kLa)—Mkm)HP(hb)]  Ju(kob)
i ) (kpa) B (kob) HY (kob)
o [ (J(ka) 1, (kna) — Ju(kna) Mka))
o | H (kga)H? (kob)
(J w (ki b) B (ka) — Jy <kLa>H§><kLb>>]
HP (ka) Hi? (ko)
(224, - a) X,
(ran— ) () (50— ) (1)
— (Zap - AR) X,
(A —47) (An—2Ay) + (2 An— A7) (4L - 247)
In above equations,

T (kob) H'? (kob) — <o b)H (kob)

ap —

+dp

Cp —

dn =

X, =
HY (kob)H'S (kob)
T (kD) HP (kya) — (k:sa)H @) (k,b)
As= (12a
H? (ksa) Hy, < . > )
/ (2 ) 2

a2 >(k5a)H/,<3>( ke )

where subscript s could be either R or L and the relation between
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coefficients e,, ¢, and f,, d, is as follows
Jn(kRa) . Jn(k)La)

= ——75y  _(n n=— "oy _Un
1 (kra) 12 (kLa)

The above mentioned results reveal that there is no backward scattered
wave in chiral nihility medium. Moreover, both co- and cross-polarized
field components exist in scattered fields from chiral and chiral nihility
coated DB cylinder.

The solution for TE? polarized plane wave can be determined by
using principle of duality.

5. NUMERICAL RESULTS AND DISCUSSION

In this section, plots are presented for co- and cross-polarized
components of the fields scattered from chiral and chiral nihility coated
circular DB cylinder. In this case, we have chosen a = 0.5\, b = 1.0},
A=1m, ¢, = 3, u. = 2 and comparison is given for different values
of k. In Figure 3 co-polarized components of field scattered by chiral
coated DB core is given for different values of k. Figure 4 shows the
comparison of their cross-polarized field components. Co- and cross-
polarized components of the scattered field are presented in Figures 5
and 6, when DB cylinder is coated by DNG chiral layer, i.e., ¢, = —3,
e = —2. Co- and cross components of field scattered by chiral nihility
coated DB cylinder with different chirality parameter, are given in
Figures 7 and 8. The difference in co- and cross-polarized components
of field scattered from coated DB core is obvious from the figures.

—K=0.002
90 ——K=0002 9 — k=01
- =K=0.1
60 ==<K=05

270 270

Figure 3. Co-pol. components of Figure 4. Cross-pol. compo-
scattering cross-section of chiral- nents of scattering cross-section of
coated DB core. chiral-coated DB core.
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90 —K=0.002
- =K=0.1

270

Figure 5. Co-pol. components
of scattering cross-section of DNG
chiral-coated DB core.

Figure 7. Co-pol. components of
scattering cross-section of chiral
nihility-coated DB core.

6. CONCLUSIONS

Cross-pol.
nents of scattering cross-section of
DNG chiral-coated DB core.

Figure 6. compo-

90 —K=0.002
- =K=0.1

150

270

Figure 8. Cross-pol. compo-
nents of scattering cross-section of
chiral nihility-coated DB core.

Scattering from a circular coated /uncoated DB cylinder placed in free
space/chiral/chiral nihility metamaterial is analyzed. It is found that
DB cylinder placed in free space behaves as PEC surface for TM?
polarized incident wave with respect to axis (z-axis) of the cylinder
and behaving as PMC for TE? polarized incident wave. On the other
hand, the DB cylinder placed in chiral and chiral nihility metamaterial
acts as a perfect scatterer, and there is no backward scattered wave in
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chiral nihility medium. In case of chiral and chiral nihility coating of
DB cylinder, it is found that both co- and cross-components appear in
scattered fields. The numerically results verify the presence of co- and
cross-components of fields.

REFERENCES

1. Jaggard, D. L., A. R. Mickelson, and C. H. Papas, “On
electromagnetic waves in chiral media,” Appl. Phys., Vol. 18, 211—
216. 1979.

2. Lakhtakia, A., V. K. Varadan, and V. V. Varadan, Time
Harmonic FElectromagnetic Fields in Chiral Media, Springer
Berlin, 1989.

3. Lakhtakia, A., V. K. Varadan, and V. V. Varadan, “What happens
to plane wave at planar interfaces of mirror-conjugated chiral

media,” J. Opt. Soc. Am. A, Vol. 6, No. 1, Jan. 1989.

4. Lindell, I. V., A. H. Sihvola, S. A. Tretyakov, and A. J. Viitanen,
Electromagnetic Waves in Chiral and Bi-isotropic Media, Artech
House, Boston, 1994.

5. Dmitrenko, A. G. and S. V. Korogodov, “Scattering of
electromagnetic waves by a perfectly conducting body with a
chiral coating,” Radio Physics and Quantum Electronics, Vol. 41,
No. 4, 1998.

6. Kluskens, M. S. and E. H. Newman, “Scattering from chiral
cylinder of arbitrary cross section,” IEEE Trans. on Antennas
and Propag., Vol. 38, No. 9, Sep. 1990.

7. Lakhtakia, A., “An electromagnetic trinity from negative
permittivity and negative permeability,” Int. J. of Infrared and
Millimeter Waves, Vol. 22, 1731-1734, 2001.

8. Lakhtakia, A., “On perfect lenses and nihility,” Int. J. of Infrared
and Millimeter Waves, Vol. 23, No. 3, Mar. 2002.

9. Tretyakov, S., I. Nefedov, A. Sihvola, S. Maslovski, and
C. Simovski, “Waves and energy in chiral nihility,” Journal of
Electromagnetic Waves and Applications, Vol. 17, No. 5, 695-706,
2003.

10. Tretyakov, S. A., I. Nefedov, A. H. Sihvola, and S. Maslovski,
“A material with extreme properties: The chiral nihility,” PIERS
Proceedings, 468, Honolulu, Hawaii, USA, Oct. 13-16, 2003.

11. Qiu, C. W., N. Burokur, S. Zouhdi, and L. W. Li, “Chiral nihility
effects on energy flow in chiral material,” J. Opt. Soc. Am. A,
Vol. 25, 55-63, 2008.



Progress In Electromagnetics Research M, Vol. 21, 2011 265

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Cheng, X., H. Chen, B. Wu, and J. A. Kong, “Visualization
of negative refraction in chiral nihility media,” IEEE Ant. and
Propag. Magzine, Vol. 51, No. 4, Aug. 20009.

Cheng, Q., T. J. Cui, and C. Zhang, “Waves in planar waveguide
containing chiral nihility metamaterial,” Opt. Comm., Vol. 276,
317-321, 2007.

Naqvi, A., “Comments on waves in planar waveguide containing
chiral nihility metamaterial,” Opt. Comm., Vol. 284, 215-216,
2011.

Nagvi, Q. A., “Fractional dual solutions to Maxwell equation in
chiral nihility medium,” Opt. Comm., Vol. 282, 2016-2018, 2009.
Bohren, C. F., “Scattering of electromagnetic waves by an
optically active cylinder,” J. Colliod Interface Sci., Vol. 66, 105—
109, 1978.

Ahmed, S. and Q. A. Naqvi, “Scattering of electromagnetic wave
by a coated nihility cylinder,” J. of Infrared Milli. and Terahz
Waves, Vol. 30, 1044-1052, 2009.

Ahmed, S. and Q. A. Naqvi, “Electromagnetic scattering from
a chiral coated nihility cylinder,” Progress In FElectromagnetic
Research Letters, Vol. 18, 41-50, 2010.

Dong, J. and C. Xu, “Characteristics of guided modes in
planar chiral nihility meta-material waveguides,” Progress In
Electromagnetics Research B, Vol. 14, 107-126, 2009.

Dong, J. F. and C. Xu, “Surface polaritons in planar chiral nihility
metamaterial waveguides,” Opt. Comm., Vol. 282, No. 19, 3899-
3904, 20009.

Dong, J., “Exotic characteristics of power propagation in the

chiral nihility fiber,” Progress In FElectromagnetics Research,
Vol. 99, 163-178, 2009.

Dong, J. F., “Guided and surface modes in chiral nihility fiber,”
Opt. Comm., Vol. 283, No. 4, 532-536, 2010.

Dong, J. F., J. Li, and F.-Q. Yang, “Guided modes in the four
layer slab waveguide containing chiral nihility core,” Progress In
Electromagnetics Research, Vol. 112, 241-255, 2011.

Li, C. and Z. Shen, “Electromagnetic scattering by a conducting
cylinder coated with metamaterials,” Progress In Electromagnetic
Research, Vol. 42, 91-105, 2003.

Rumsey, V. H., “Some new forms of Huygens’ principle,”
IRE Trans. Antennas Propag., Vol. 7, 103-116, 1959 (Special
supplement).

Zhang, B., H. Chen, B. I. Wu, and J. A. Kong, “Extraordinary



266

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Khalid et al.

surface voltage effect in the invisibility cloak with an active device
inside,” Phys. Rev. Lett., Vol. 100, 063904, 2008.

Yaghjian, A. and S. Maci, “Alternative derivation of electromag-
netic cloaks and concentrators,” New J. Phys., Vol. 10, 115022,
2008.

Weder, R., “The boundary conditions for point transformed
electromagnetic invisibility cloaks,” J. Phys. A, Vol. 41, 415401,
2008.

Lindell, I. V. and A. H. Sihvola, “Electromagnetic DB boundary,”
Proc. XXXI Finnish URSI Convention, 81-82, Espoo, Oct. 2008.
Lindell, I. V. and A. H. Sihvola, “DB boundary as isotropic
soft surface,” Proc. Asian Pacific Microwave Conference, 4, Hong
Kong, Dec. 2008.

Lindell, I. V., H. Wallen, and A. H. Sihvola, “General
electromagnetic boundary conditions involving normal field
components,” IEEE Ant. and Wirel. Propag. Lett., Vol. 8, 877—
880, 2009.

Lindell, I. V. and A. H. Sihvola, “Electromagnetic boundary
and its realization with anisotropic mesometrial,” Phys. Rev. E,
Vol. 79, No. 026604, 2009.

Lindell, I. V. and A. H. Sihvola, “Electromagnetic boundary
conditions defined in terms of normal field components,” IEEE
Trans. on Antennas and Propag., Vol. 58, 1128-1135, 2010.
Sihvola, A., H. Wallen, and P. Yla-Oijala, “Scattering by DB
spheres,” IEEE Ant. and Wirel. Propag. Lett., Vol. 8 542-545,
2009.

Lindell, I. V. and A. H. Sihvola, “Spherical resonator with
DB boundary conditions,” Progress In Electromagnetic Research
Letters, Vol. 6, 131-137, 2009.

Lindell, I. V. and A. H. Sihvola, “Circular waveguide with DB
boundary conditions,” IFEFE Trans. on Micro. Theory and Tech.,
Vol. 58, 903-909, 2010.

Naqvi, A., F. Majeed, and Q. A. Naqvi, “Planar DB boundary
placed in chiral and chiral nihility mesometrial,” Progress In
Electromagnetic Research Letters, Vol. 21, 41-48, 2011.

Startton, J. A., Electromagnetic Theory, McGraw-Hill, New York,
1941.

Harrington, R. F., Time-Harmonic FElectromagnetic Fields,
McGraw-Hill, New York, 1961.



