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Electromagnetic Scattering From a 2-D Chiral Strip
Simulated by Circular Cylinders for Uniform and

Nonuniform Chirality Distribution
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Abstract—A semi-analytical solution is presented to the problem
of electromagnetic scattering from an incident plane wave on a
rectangular strip. The strip is simulated by parallel circular cylin-
ders, illuminated by either a TE or a TM incident plane wave.
The solution is based on the application of the boundary condi-
tions on the surface of each cylinder in terms of the local coordinate
system of each individual cylinder. This technique is used to predict
the radar cross-section of strips composed of dielectric, conducting,
and chiral material with uniform or nonuniform chiral admittance
distribution.

Index Terms—Chiral material, cylinders, multiple scattering,
radar cross-section (RCS).

I. INTRODUCTION

THE interaction of electromagnetic fields with chiral mat-
ters has been studied over the years. Chiral media was

used in many applications involving antennas and arrays, an-
tenna radomes, microstrip substrates and waveguides. A chiral
object is, by definition, a body that lacks bilateral symmetry,
and cannot be superposed on its mirror image. Chiral media
are optically active-a linearly polarized wave propagating in a
chiral medium undergoes a rotation of its polarization. Thus,

and waves scattered by a chiral cylinder are cou-
pled [1]–[6]. Unlike dielectric or conducting cylinders, chiral
scatterers produce both copolarized and cross-polarized scat-
tered fields. Coating with chiral material is also attempted for
reducing radar cross-section (RCS) of targets.

In a previous work [7], the authors provided solutions to the
problem of scattering from chiral cylinders and the developed
code was verified. The solution is based on the application of the
boundary conditions on the surface of each cylinder in terms of
the local coordinate system of each individual cylinder. The ap-
plicationof theboundaryconditionson thesurfaceofall cylinders
leads to an infinite matrix equation, which is truncated in order
to allow the numerical evaluation of the expansion coefficients
required for the calculations of the near and far field components.

The boundary value solution (BVS) is considered a robust and
efficient technique, as it allows for inhomogeneous chirality, and
combination of conductor, dielectric and chiral regions with no
additional formulation or coding. Also previous investigation of
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Fig. 1. Cross section of parallel circular cylinders with arbitrary locations and
radii.

this technique [10], for conducting and dielectric cylinders, in-
dicated that for very small geometries this technique is requiring
a matrix size that is at least 25% less than that required by the
method of moments (MOM) as well as 20% less CPU time. The
saving in matrix size and CPU time will increase as the size of
the problem increases.

In the present work, new configurations will be discussed as
applied to rectangular strips having uniform and nonuniform
chiralitydistribution for possible RCS reduction in specificdirec-
tions.Both thenearandfarfieldsfromachiral stripdue to incident
plane wave are presented for and polarizations.

II. FORMULATION

The rectangular strip to be analyzed is simulated by parallel
circular cylinders of diameters approximately equal to the width
of the strip; the length of the strip determines the number of
cylinders for the simulation. In order to describe the analytical
solution, we will assume that we have parallel cylinders ar-
bitrary located in a global coordinate system as shown in
Fig. 1. These cylinders have, in general, different electrical and
geometrical parameters.

The constitutive relations of a chiral medium for electromag-
netic field with time-harmonic dependence can be written as

(1)

(2)
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where is the chirality admittance of the chiral medium [8].
The chirality admittance is an indication of the degree of
chirality of the medium. When , the medium is right
handed and the sense of polarization is right-handed; when

, the medium is left-handed and the sense of polarization
is left-handed; and when , the constitutive relations
reduce to the achiral simple medium (with no handedness)
[2], [6].

As shown, the chiral medium supports right circularly polar-
ized (RCP) and left circularly polarized (LCP) waves with two
bulk wave numbers and , respectively, given by

(3)

where and chirality parameter .
Considering an -polarized incident wave ( ), the inci-

dent electric field of a plane wave on cylinder “ ” is expressed
in the cylindrical coordinates system as

(4)

where is the free space wave number and is the angle
of incidence of the plane wave with respect to the negative
axis. This is in terms of the cylindrical coordinates of the th
cylinder, whose center is located at of the global coor-
dinates . The corresponding component of the magnetic
field is given by

(5)

where the prime represents the derivative of the Bessel function
with respect to the full argument. The resulting component of
the scattered electric field from the th cylinder and the trans-
mitted component of the field inside the chiral material of this
cylinder can be expressed, respectively, as

(6)

(7)

while the corresponding components of the magnetic fields
are obtained as

(8)

(9)
where .

The above expressions indicate that the incident, the scat-
tered, and the internal fields are based on the local coordinates

of the th cylinder. However, the interaction between the
cylinders in terms of multiple scattered fields will require a

representation of the scattered field from one cylinder in terms
of the local coordinates of another. Therefore, the addition the-
orem of Bessel and Hankel functions are used to transfer the
scattered field components from one set of coordinates to an-
other. As an example the scattered fields from the th cylinder in
terms of the th cylinder are given by [9], [10] (10)–(11), shown
at the bottom of the page.

Unlike nonchiral cylinders under normal incidence, the scat-
tered and the internal fields will contain fields in addition
to the fields. The component of the scattered magnetic
field and the transmitted component inside the chiral material
of the th cylinder can be expressed as

(12)

(13)
while the corresponding components of the electric fields are
obtained as,

(14)

(15)

(10)

(11)
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Fig. 2. Computed copolarized and cross-polarized bistatic echo width of a
0.1� 2 m homogeneous chiral strip excited by a TM plane wave incident at
30 off the x-axis compared to [8, Fig. 8.].

Representing these scattered field components from the th
cylinder in terms of the local coordinates of the th is given by
(16)–(17), shown at the bottom of the page.

The solution for , , , and can be obtained by
applying the appropriate boundary conditions on the surface of
all cylinders. The boundary conditions on the surface of the th
cylinder are given by

(18)

(19)

(20)

(21)

The solution for the unknown coefficients related to the th
cylinder , , , and is assumed to include the effect
of all interactions between the cylinders. After some mathemat-
ical manipulations the application of the boundary conditions
on the surface of all cylinders yields

(22)

(23)

Fig. 3. Computed copolarized and cross-polarized bistatic echo width of a
0.1� 2 m inhomogeneous chiral strip excited by aTM plane wave incident at
30 off the x-axis compared to [8, Fig. 10.].

Fig. 4. Internal H field along the y = 0 line of a circular chiral cylinder of
radius r = 0:15 m and � = 0:002 excited by a TE wave compared to [1,
Fig. 3.].

where

(24)

(25)

and

(26)

(16)

(17)
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Fig. 5. Copolarized and cross-polarized bistatic echo width of a 0.1� 2.0 m homogeneous chiral strip with � = 0:000005 for an incident TM plane wave:
(a) � = 0 , (b) � = 90 .

Fig. 6. Near field distribution for the copolarized and cross polarized of a 0.1� 2.0 m homogenous chiral strip with � = 0:000005 for an incident TM plane
wave: (a) � = 0 and (b) � = 90 .

(27) (28)
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Fig. 7. Near copolarized fields of a 0.1� 2.0 m dielectric strip for a TM
plane wave incident at 90 .

Fig. 8. Near field distribution for the copolarized field of a 0.1� 2.0 m
homogenous chiral strip of � = 0:5 for a TM plane wave incident at 90 .

while

where the integers and
. Theoretically, is an integer which is equal

to infinity; however, it is related to the radius and type of the th
cylinder by the relation .

The application of the same boundary conditions on the sur-
face of all remaining ( ) cylinders results in similar ex-
pressions to (22) and (23). All these equations are then cast into
a matrix form such as

(29)

The solution of the above truncated matrix equation yields the
unknown scattering coefficients and . Once the scat-

Fig. 9. Near field distribution for the copolarized and of a 0.1� 2.0 m
homogenous conducting strip for a TM plane wave incident at 90 .

Fig. 10. Copolarized and cross-polarized bistatic echo width of a 0.1� 2.0 m
inhomogeneous chiral strip for an incident TM plane wave at � = 90 .

Fig. 11. Copolarized and cross-polarized bistatic echo width of a 0.1� 2.0 m
inhomogeneous chiral strip for an incident TE plane wave at � = 90 .

tering coefficients are obtained, the coefficients and can
be evaluated.

As for the case, the only difference with the above for-
mulation is in the calculation of the and -values where
takes the following formula:
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Fig. 12. Near field distribution for the copolarized and cross-polarized of a circular chiral cylinder for a TM plane wave incident at 90 .

III. NUMERICAL RESULTS

This section presents some numerical results for and
scattering by a variety of chiral strips simulated by chiral

cylinders. All data are at frequency of 300 MHz, and include
both echo width and internal fields. Sample numerical data were
presented first to verify that the computed data from the devel-
oped formulation is similar to published results.

A. Validation

Figs. 2 and 3 show the comparison of the numerical results of
the echo width for a collection of parallel cylinders simulating
a strip (each is of , and for Fig. 2
and for Fig. 3) with the corresponding published
results based on the MoM technique presented in [8]. In these
figures, our numerical results are presented by dashed lines in
the copolarized patterns and by solid lines in the cross-polarized
patterns. Very good agreement is observed for this TM excita-
tion.

Fig. 4 shows the magnitude of the internal magnetic field
along the centerline of a circular cylinder of , ,

, , and excited by a
wave. An excellent agreement with MoM is also observed

confirming the validity of the formulation for the excita-
tion.

B. Echo Width and Field Distribution

The echo width or RCS is defined as “The area intercepting
the amount of power that, when scattered isotropically, pro-
duces at the receiver a density that is equal to the density scat-
tered by the actual target ” [11]. Represented by the following
mathematical formula [11]

Echo Width in decibels

(30)
Fig. 5 shows the bistatic echo width for a 0.1 2.0 m chiral

strip due to an incident plane wave. Each cylinder is char-
acterized by , , .

It is clear from the figure that a very small chirality results
in very small cross-polarized fields relative to the copolarized
fields, which is zero for the corresponding conducting or di-
electric strip. This can be also noticed in the near field of the
same chiral strip for an incident plane wave as shown in Fig. 6.
This shows that the present formulation can also solve problems
involving dielectric media as an asymptotic case of a chiral ma-
terial having a vanishing chirality.

Fig. 7 shows the near field distribution of the copolarized scat-
tered field for a dielectric strip by , having the
same dimensions and excitation parameters as that of Fig. 6(b).
The results show that by reducing the value of the chiral ad-
mittance the cross-polarized field is negligible compared to the
copolarized field. Thus the values of the copolarized field are
the same for the chiral material (with extremely small chirality)
and the corresponding dielectric medium.

Fig. 8 shows the near field distribution of the copolarized field
for , , . The results in Fig. 8 in com-
parison with those in Fig. 9 demonstrate that by increasing the
values of the copolarized field are the same for the chiral ma-
terial (with large chirality) and the corresponding conducting
material. Thus the cross-polarized field is negligible compared
to the copolarized field.

Fig. 10 shows the bistatic echo width of the copolarized and
the cross-polarized fields of a chiral strip, each cylinder has

, and the chirality distribution is cosine wave
with peak value of 0.05 at the center of the strip. It is clear that
the nonuniform chirality distribution can be used to yield scat-
tered cross-polarized fields as large as or even larger than the
copolarized fields at certain observation angles.

Fig. 11 shows the bistatic echo width of the copolarized and
the cross-polarized fields of a chiral strip, with the same parame-
ters and characteristics of those of Fig. 10, but instead of exciting
the chiral strip with a plane wave, it is excited with a
plane wave. It is clear that the nonuniform chirality distribution
for this case yields scattered cross-polarized fields smaller than
the copolarized fields at all observation angles.

Fig. 12 shows the near field distribution of the copolarized
and cross-polarized fields of a circular chiral cylinder of radius
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Fig. 13. Near field distribution for the copolarized and cross-polarized of a circular chiral cylinder for a TE plane wave incident at 90 .

Fig. 14. (a) Configuration of the strip, simulated by 21 cylinder of inhomogeneous chiral admittance distribution, � = �0:00573. (b) Comparison between the
radiation pattern in decibels for a dielectric strip of " = 5 and an inhomogeneous chiral slab � = �0:00573.

, , , and . It is clear that the
chirality of the cylinder caused a rotation to the polarization of
the incident wave. This is obvious from the maximum values of
the field distribution shown as the cross-polarized fields, in the
near zone, is larger than the copolarized fields.

Fig. 13 shows the near field distribution of the copolarized
and cross-polarized fields of a circular chiral cylinder having
the same parameters and characteristics as the case handled in
Fig. 12 but instead of exciting the chiral cylinder with a
plane wave, it is excited by a plane wave. It is still obvious
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from the maximum values of the field distribution shown as the
cross-polarized fields, in the near zone, is larger than the copo-
larized fields.

A case of an inhomogeneous chiral strip, simulated by 21
cylinders was investigated. Each cylinder is of radius “0.1, ” the
cylinders are zero distance apart (no gaps in-between them), as-
signed a value of “5” for the relative permittivity and “1” for the
relative permeability. Starting by the first cylinder on the top and
going downwards till the end of the slab, the chiral admittance
value is being switched from ( ) to ( ). The
strip is excited by a plane wave of from the
positive -axis at freq. MHz. Fig. 14 shows the change
in the radiation pattern (in decibels) for the presented slab, from
the dielectric case to the chiral one. Which illustrates that the
chiral slab acts as a focusing lens, as the value of the incident
wave increases from the case of the dielectric slab to the chiral
slab by 6 dB. Also the difference in the backward scattered field
from the two cases is about 13.5 dB, which is a significant re-
duction.

IV. SUMMARY

This paper presented a BVS to the problem of scattering by
an incident plane wave on multiple chiral cylinders. Computed
data showed excellent agreement with available published data
for special cases. It is shown that the presence of chirality could
change the scattering behavior of simulated strips in a notice-
able way. As it generates a cross-polarized component and also
changes the pattern of the copolarized component. This in turns
results in the rotation of the polarization in the scattered far
fields, which is one of the characteristics of the chiral mate-
rials. The behavior of the copolarized RCS of a chiral cylinder
is related to the chirality parameter value of that cylinder. At a
specific value of the chiral admittance the RCS is significantly
reduced and deeper nulls on the RCS pattern at some directions
are found. It is observed that the RCS of a target can be drasti-
cally affected by chirality but this effect is not predictable by a
simple theory or empirical formula.
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