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Scattering of evanescent and radiative fields of a
Gaussian beam by a perfect electromagnetic conductor

cylinder

ABDUL GHAFFAR®*”, MAJEED A. S. ALKANHAL®

& Department of Electrical Engineering, King Saud University, Saudi Arabia
®Department of Physics, University of Agriculture, Faisalabad, Pakistan

The scattering of a Gaussian beam by a perfect electromagnetic conductor (PEMC) cylinder is analyzed using plane wave
spectrum method. The PEMC material is characterized by a single parameter M, whose zero and infinite value-limits reduce
to the perfect magnetic conductor (PMC) and the perfect electric conductor (PEC), respectively. The presented analysis
examined the effect of the evanescent beam in the total scattering. It is found that an evanescent wave scatters from the
PEMC cylinder and partially converted into radiation. The effects of the scattering angle, the admittance parameter, and the
beam width of the Gaussian beam on the co-polarized and the cross-polarized components of the scattered fields have
been explained. The obtained results for the cases of M —» «» (PEC) and M = 0 (PMC) compared very well with the
published results. Result comparison with published data for both a Gaussian-beam and a plane-wave incidence is also

presented.
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1. Introduction

The wave emitted from any electromagnetic source
can be divided into radiative and non-radiative fields. The
radiation source provide propagating wave which is
known to contribute to the far-field as well as to the
monostatic or bistatic scattering. The latter provides non-
radiating field which is confined in a certain region and
cannot be detected outside the region [1]. Information
about an object can be obtained locally by the perturbation
of the evanescent fields [2]. This has been used effectively
in near field microscopy and near field optics [3]. These
waves decay exponentially away from the origin. When
evanescent waves scatter from small particles, part of their
energy can be converted into radiation. In microwave
region, investigating the perturbation of evanescent fields
helps to have a better antenna arrangement, to detect
objects buried underground or to improve the resolution in
microwave imaging, among other applications.

The problem of scattering of an incident plane
wave by a conducting cylinder, have been extensively
studied [4-7] and further extended to scattering of a
Gaussian beam instead of a simple plane wave due its
extra practical importance [8]. Many researchers carried
out the study of the scattering of a Gaussian beam by
conducting cylinders and spheres [9-11]. Gaussian beam
scattering from a dielectric cylinder including the
evanescent region [12] and evanescent wave impedance
and scattering conversion into radiation by the same
authors have been presented in the literature [13] while
the more complex problem of scattering of
electromagnetic radiations from PEMC cylinder

including evanescent region has not been yet presented
in the literature. The contribution of the evanescent
region has been overlooked by several authors.

The generalization of the perfect electric
conductors (PEC) and perfect magnetic conductors
(PMC) as perfect electromagnetic conductors (PEMC)
by Lindell [14] facilitates the study of the scattering of
a defined Gaussian beam rather than the infinitely
extended waves by a PEMC cylinder. It has been
demonstrated theoretically that a PEMC material acts as
a perfect reflector of electromagnetic waves but differs
from PEC and PMC in that the reflected waves have a

cross polarized component [15]. The boundary
conditions at the surface of a PEMC are:
nx (H+ME)=0 } W
n-(D—MB) =0

where n is the unit vector normal to the boundary, and
M is the admittance parameter characterizing the
PEMC. The values M =0 and limit M — +oo,
correspond to PMC and PEC respectively.

Scattering of electromagnetic radiation by a perfect
electromagnetic conducting cylinder was investigated
by R. Ruppen [16]. Other studies relevant to PEMC
scattering have been presented by Q.A. Nagvi et.al. [17-
19]. In these analysis plane waves, cylindrical waves and
spherical waves are assumed as waves produced by the
source radar. Under practical and experimental conditions,
it is necessary to consider a bounded beam rather than the
infinitely extended waves. In this paper, scattering
properties of a PEMC cylinder by a Gaussian beam has
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been carried out including the evanescent region fields.
This analysis reveals the occurrence of cross polarized
components in the scattered field. Here we present a
theoretical scheme for the analysis of scattering of a
Gaussian beam from a PEMC cylinder. The presented
analysis and formulations are general for any perfect
conductor cylinder (PEC, PMC, or PEMC) into evanescent
region. The analysis and computations have been
carried to study the effects of scattering angle, admittance
parameter, and beam width of the Gaussian beam on the
scattered fields by the PEMC cylinder in the radiated and
evanescent regions.

y

Incident beam PEMC cylinder

p

% ¥

amplitude

X

Fig. 1. Geometry of the incident beam and the PEMC
cylinder.

2. Expressions for the incident electric field

Consider a PEMC circular cylinder as shown in Fig.
1. The radius of the cylinder is a, and it is infinite in
length. The source of excitation for the incident beam is
located at distance x, in the negative x direction from the
origin and the far field expression for the incident beam is
assumed to be of the following form [4]
Ei(—xo,y) = Ege F™Y" 2)
Here, B2 = a® + jb? and 1/|B] is the width of the incident
beam. We assumed a collimated beam so that 8 = a is
taken as real number [5]. For PEC or PMC cylinders,
when the polarization of the incident field is parallel to the
cylinder axis (TM polarization), the scattered fields are
also of the TM type. Similarly, when the incident field
polarization is perpendicular to the cylinder axis (TE
polarization), the scattered field is purely of the TE type.
However, in the general PEMC cylinder case, there also
appear cross-polarized components in the scattered fields.
For TM polarized incident wave, the Helmholtz wave
equation for an incident electric field component in
Cartesian coordinates system is given by [4]

d2%EL a EZ
0x2

+ k% E.=0 (3)

where k?, = w?uyg, While w is the angular frequency,
and g, are the permeability and permittivity of free space.

The Fourier integral solution of equation (3) given by [5]
for Gaussian beam incident field is

0

El = Eo jexp[—a—z—j((x+x) ki — a?
zZ Zko\/ﬁﬁ_ 4’ﬁ2 0 0

—ay)lda )

At evanescent region, the sign on the square root changes
across the boundary y' = 0 as

Vk&E—a?,  |al <k,
—jkE —a? |a| > koy =0 (5)

JVk§ —a?  lal>key <0 )

By changing the variable of integration into an angular
function as suggested in [6] by

sinf = ki (6)

0

Then equation (4) becomes [8,12]

%+joo
gl E, J [ kZ sin? @
= exp [————
z Zko\/ﬁﬁ o p 4'82
T jeo
— jko((x + x,) cos 8
+ ysin6)]cosO do (7

Transformation from Cartesian coordinates (x,y,z) to
cylindrical coordinates (p, ¢, z) using relations:

x=pcos¢ ,y=psing and x, = p,cos¢p, Yyields

i _ KE __kf sinfg .
E} =3 n3 ff__, g~ Jko(p cos(¢ -
0) + py cos ¢, cosb ) ]cos@ dé (8)

The Gaussian beam may be expressed as sum of
beams with TE and TM polarization.

2.1. Normal incident Gaussian beam: parallel
polarization

Consider an incident Gaussian beam field on the
PEMC cylinder with parallel polarization. It can be written
in terms of cylindrical waves and weight functions
as[18,19]

E; = Eo Yne] "In(kop)e’™® Ay 9)

. E, © L .
Hy= =2 i (kop)e™ 4, (10)

i Ep oo ng i
H(ll’ = ﬁ2n=—ao] n]n (k()p)e]n¢ An 11)
__k§ sin®6 .

An 2\/_13 ———]oo : :;’nz ~Jko(nb +
Po €os ¢, cos@ )] cosB db (12)

The scattered fields can be written as
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Ef = Eq Xi-—u] "anHj(kop)e/™? (13)

Ep == Hi(kop) Yae—u) "buHi (kop)e’™® (1)

Ej = —Ey Yoe_j "byHZ (kop)e™® (15)
E —
HS = w;jp Yy M HE (kop)e (16)
Hy = =257 a, j"HZ (kop)e/™® (17)
JTlo
H = 22 b " HE (kop)el™ (18)

where HZ(.) is the Hankel function of the second kind,
a, is the scattering coefficient of the co polarized fields
and b, is the scattering coefficient of the crossed
polarized fields.

2.2 Normal incident Gaussian beam:
perpendicular polarization

The incident Gaussian beam field on the PEMC

cylinder with perpendicular polarization can be written in
terms of cylindrical waves and weight functions as[18,19]

Ej = — ot S an n(kop)e™ Ay (19)
Eg = 1 Siemnd " (kop)eT™ Ay (20)

Hy = Eo e " In(kop)e’™® Ay (21)

The scattered fields are given by
H3 = Ey Yn-—o) "caHy (kop)e™® (22)

Hy = o Hi(kop) Tiiemse) " dnHi (kop)e™?  (23)

Hy = =Eo Zie—oj "dynHE (kop)e/™® (24)
E§ = 2 Shencn " HE (kop)e/™? (25)
Ej = — = TieCn j "HE (kop)e/™? (26)
B} = 12 B A " Hi (kop)e ™ (27)

¢, is the scattering coefficient of the co polarized fields
and d, is the scattering coefficient of the crossed
polarized fields for perpendicular polarization.

2.3. Applications of the boundary conditions

For tangential field components the boundary
condition is [16]

Hi + ME! + Hf + ME§ =0 (28)

and the boundary condition for the radial field
components is

goEf — M poH + &0Ef — M poHs =0 (29)
By applying the tangential boundary condition at p = a
on the above expanded fields, the co-polarized and
cross-polarized scattering coefficients a,, and b, are
calculated and given as

Hp(ka) Jp, (ka)+MnZ J, (ka)Hy, (ka)

n = QD ikt k) An (30)
_ 2Mng
by = mwka(1+Mn2)Hy (ka)Hy, (ka) An (31)
_ ]n(ka)Hn (ka)+Mn Hp(ka) ] (ka)
“n = (1+Mn3)Hy (ka)Hy, (ka) An (32)
d, = L (33)

ra(1+Mnd)Hy (ka)Hy (ka) ™ ™

The above calculated scattering coefficients can also
be obtained by applying the radial boundary conditions as
in equation (29). By using these coefficients into equations
(30) to (33), we can obtain expressions for the scattered
fields and for the echo widths. The special case of a plane
wave incidence can be obtained by taking g = 0 in the
above analysis. This is equivalent to an infinite Gaussian
beam for which the amplitudes of the beam expansion
coefficients approach the value of one. The beam width
coefficients 4,, in the radiated field region at |a| < k, or
Isin@ | < 1 can be separated as

02
Ared = 2\/_‘8 exp [— 0:;12 o —j(no +
kopo cos ¢g cosH )] cos 6 db (34)

The beam width coefficients A4,, in the evanescent
field region at |a| >k, or [sinf|>1 can also be
separated as [7]

L) .
pevan — ko ZHj® exp [_ k2 sin? 0 _
n 2B \'Z 42

j(n@ + kopo cos ¢y cos O )] cos 6 df +

k2 sin? 0

ffzr P [~ —j(no +
kopo cos ¢, cos@ )] cosb d9> (35)

By applying the transformation

6=§+jv,
§=—v—j

With some equation simplifications, we obtain
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evan
Ax

= 2Vnp 5 432

The ratio of the total scattered power by the scatterer
to the incident power per unit area is called the echo width
and is simply given by[12]

|ES|?

o (37)

g = 2np%= 2mp

3. Results and discussions

The numerical results are based on the above
analytical expressions developed for the scattering of a
Gaussian beam from a PEMC cylinder. The results are
presented for both the radiative and the evanescent
regions. It is assumed that the frequency of the source is 1
GHz. The radius of the PEMC cylinder is taken asa =
0.3. To check the validity of the presented analytical and
numerical results, the echo width of the PEMC cylinder
when Mn — o« with those for a PEC cylinder in [5] has
been compared. Expressions in equations (30) and (32) of
this paper yield equations (14) and (27) of [5] for the case
when Mn — 0. Investigations on the radar cross section
RCS distribution with the scattering angle, radius of
cylinder, admittance parameter, and the beam width, are
explicated using equation (37) along with the scattering
coefficients a,, and b, from equations (30) and (31) for
parallel polarization case and similarly with the
scattering coefficients c, and d,, for the perpendicular
polarization case. Results for plane wave incidence are
obtained using kf = 0.

Fig. 2 shows comparison of the field pattern of a
Gaussian beam from a PEMC cylinder verses the
scattering angle ¢(degree) for Mn, = o and the Echo
width using coefficients of equation (14) of [5] at beam
with B = 2.5 . It can be noted that the behavior of the
field at Mn, = « (dotted line) corresponds to perfect
electric conductor cylinder which is exactly the same when
we plot with equation (14) of [5] (solid line).

Fig. 2.Comparison of the field pattern of a Gaussian

beam from a PEMC cylinder verses the scattering angle

¢ for Mn, = o (solid line) and the Echo width using

coefficients of equation (14) of [5] (dotted line)at beam
with 8 = 2.5.

LI X i—n . . .
ko fnzH exp [_ k2 szg]sinh(v){ j Rexp[nv — jkopo sin ¢, sin 6 ]]} dv (36)

+j"exp[—nv + jkopg sin ¢, sin O

Fig. 3 shows the comparison of RCS of a Gaussian
beam from a PEMC cylinder into radiation region verses
scattering angle ¢ for the co-polarized component with
ka = 0.3 (solid line), ka = 1 (thick dotted line), ka = 1.5
(dashed line), ka = 2, (dotted line) and ka = 3 (thick
solid line) at B = 2.5 and Mn, = 2.5. Notable effects of
radius of cylinder has been observed.

Fig. 3. Normalized bistatic RCS of a Gaussian beam from
a PEMC cylinder into radiative region verses angle ¢ for
the cross-polarized component with ka = 0.3 (solid

line), ka=1 (thick dotted),ka =15 (dashed
line), ka = 2 (dotted line), and ka = 3 (thick solid line).

Fig. 4 shows the comparison of RCS of a Gaussian
beam from a PEMC cylinder into radiation region verses
scattering angle ¢(degree) for the co-polarized component
with  Mn, =0 (solid line), Mn, = 0.2 (thick dotted
line), Mn, = 0.5 (dashed line), Mn = 0.8, (dotted line)
and Mn, = 1 (thick solid line). It is observed that intensity
of the RCS increases with the increase of the value of the
admittance parameter Mn,,.
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Fig. 4. Normalized bistatic RCS of a Gaussian beam from

a PEMC cylinder in the radiation region verses angle ¢

for the cross-polarized component with Mn = 0 (solid

line), Mn = 0.2 (thick dotted line), Mn = 0.5 (dashed

line),Mn = 0.8 (dotted line), and Mn =1 (thick
solid line).
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Fig. 5 shows the comparison of the RCS of a PEMC
cylinder from a Gaussian beam in the radiation region
verses the scattering angle ¢ (degree) for the cross-
polarized component with Mn, = 0 (solid line), Mn, =
0.2 (thick dotted line), Mn, = 0.5 (dashed line), Mn =
0.8, (dotted line) and Mn, = 1 (thick solid line). It is
observed that the cross components of the field disappear
with higher value of admittance parameter Mn, as
expected.

1.0
08

0.6 -

RCS

041

0.2+

0.0

Fig. 5. Normalized bistatic RCS of a Gaussian beam from
a PEMC cylinder in the radiation region verses ¢ for the
co-polarized component with Mn =0 (solid line),
Mn =0.2 (thick dotted line), Mn = 0.5 (dashed
line), Mn = 0.8 (dotted line), and Mn = 1 (thick solid line).

Fig. 6 and Fig. 7 show the comparison of the
normalized bistatic echo of a Gaussian beam from a
PEMC cylinder in the radiation region verses the
scattering angle ¢ (degree) for the co-polarized and cross-
polarized fields for k8 = 0 (solid line), kf = 12 (thick
dotted line), kB = 13 (dashed line), kB = 14 (dotted line)
and kB =15 (thick solid line) at Mn =0.5. It is
observed that a simple incident plane wave can be
obtained when kf = 0 and the infinitely wide Gaussian
beam can be obtained when the amplitude of the
expansion coefficients A,, approaches unity. From figure 6
shows that when incident wave changes from Gaussian
beam to plane notable difference between amplitude is
observed.
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Fig. 6. Normalized bistatic RCS of a Gaussian beam from
a PEMC cylinder into radiation region verses ¢ for the
cross-polarized component with kB = 0 (solid line),
kp =12 (thick dotted line), kB = 13 (dashed line),
kB = 14 (dotted line) and kB = 15 (thick solid line).
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Fig. 7. Normalized bistatic RCS of a Gaussian beam from a
PEMC cylinder in the radiation region verses ¢ for the
co-polarized component with kB = 0 (solid line), kB =
12 (thick dotted line), kB = 13 (dashed line), kp = 14
(dotted line), and kB = 15(thick solid line) at Mn = 0.5 .

Fig. 8 and Fig. 9 show the normalized bistatic fields
of a Gaussian beam from a PEMC cylinder in the
evanescent region verses the scattering angle ¢(degree)
for the co-polarized and the cross-polarized components
with  Mn =0 (solid line), Mn = 0.2 (thick dotted
line), Mn = 0.5 (dashed line), Mn = 0.8, (dotted line) and
Mn = 1 (thick solid line) at kf = 2.5.
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Fig. 8. Normalized bistatic RCS of a Gaussian beam
from a PEMC cylinder in the evanescent region verses
the scattering angle ¢ for the cross-polarized component
with  Mn = 0(solid  line),Mn = 0.2(thick  dotted
line), Mn = 0.5 (das hed line), Mn = 0.8 (dotted line),
and Mn = 1 (thick solid line).
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Fig. 9. Normalized bistatic RCS of a Gaussian beam from
a PEMC cylinder in the evanescent region verses ¢ for
the co-polarized component with Mn = 0 (solid line),
Mn =0.2 (thick dotted line), Mn = 0.5 (dashed
line), Mn = 0.8 (dotted line), and Mn = 1 (thick solid line).
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Fig. 10 and Fig. 11 show the normalized bistatic
fields of a Gaussian beam from a PEMC cylinder in the
evanescent region verses the scattering angle ¢ for the
cross-polarized component for kB =0 (solid line),
kB =12 (thick dotted line), kB = 13 (dashed line),
kB = 14 (dotted line), and kB = 15 (thick solid line) at
Mn = 0.5. It is observed from Figs. 8 to 11 that the
evanescent waves may be converted to radiation. This
conversion of evanescent waves into radiation can have
applications for microwave source resolution to get
imaging beyond the diffraction limit and, hence, it may be
the basis for scanning optical microscopy.

2. 10 T~ ; ; : : : : :
—’_\J/,'
15 10 7| 1
ST e ]
§ 1. 10
- T~
- ~
5. 10 81 s e ,
- o
- ~
— - -
O!

N | . . . raTCl
0 50 100 150 200 250 300 350

Fig. 10. Normalized bistatic RCS of a Gaussian beam from
a PEMC cylinder into evanescent region verses ¢ for the
cross-polarized component with kB = 0(solid line),
kB = 12 (thick dott line), kB = 13(dash line), kB = 14
(dotted line) and kB = 15 (thick solid line) at My = 0.5
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Fig. 11. Normalized bistatic RCS of a Gaussian beam from
a PEMC cylinder in the evanescent region verses angle ¢
for the co-polarized component with kf8 = 0 (solid line),
kf =12 (thick dotted line), kB = 13 (dashed line),
kf = 14 (dotted line), and kB = 15 (thick solid line).

4. Conclusions

Analysis for the electromagnetic scattering of a
Gaussian beam by a PEMC cylinder including the
evanescent region fields is effectively obtained in this
paper contribution. Far scattering field patterns from the
PEMC cylinder is determined by the admittance
parameter, scattering angle, radius of cylinder and the
incident beam width as described in this paper results. It is
found that field patterns for incident Gaussian beam
basically have same form like that of the plane wave

incidence. However the amplitude of field behavior
obtained by plane wave expansion incident is larger than
by using Gaussian beam incident. It is conclude from
discussion concluded that an evanescent wave scatters
from PEMC cylinder may be partially converted into
radiation. This paper contribution can be easily extended
to other emerging scattering problems such as scattering
from multiple PEMC cylinders in complex media.
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