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Electromagnetic Scattering of Plane Wave from a
Finite Array of Partially-Shielded Dielectric
Cylinders

Kaiser Lock *

Abstract— The rigorous Method of Regularization
is applied to the problem of electromagnetic scat-
tering of plane waves by a finite array of partially-
shielded circular cylinders. A set of ill-posed dual se-
ries equations is resulted from imposing the mixed
boundary conditions on the surface of each of the
cylinders. Each of the M sets of dual series equations
are treated separately using the Method of Regular-
ization and transformed analytically to an infinite sys-
tem of linear algebraic equations of the second kind.
These M systems of equations are then solved simul-
taneously by the truncation method. The computed
solution has properties of guaranteed accuracy and
fast convergence.
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1 Introduction

The problem of electromagnetic (EM) scattering of an in-
cident plane wave from an array of parallel circular cylin-
ders has been studied extensively over the years. Various
techniques have been developed to solve for the scattering
problem. A comparison of some of the basic treatments
to the multiple scattering problem is given in [1]. How-
ever, in most of the previous work, substantial assump-
tions have been made on the cylinders. The cylinders
are assumed to either have the same size or are made
of the same material. A few of the papers have focused
on the scattering problem for a combination of dielec-
tric and conducting circular cylinders but the surface of
each of these cylinders is taken to be either purely dielec-
tric or purely perfectly conducting (PEC). The scattering
problem from a finite array of partially-shielded dielectric
cylinders has not been considered before.

This paper demonstrates the feasibility of using the math-
ematically rigorous Method of Regularization (MoR)
in solving the scattering problem by a finite array of
partially-shielded dielectric cylinders. The MoR has been
used extensively in the frequency domain solution of scat-
tering by single canonical structure, such as the open
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spheroidal shell, toroidal shell and slotted cylinder [2, 3].
In contrast to purely-numerical methods, such as the
Method of Moments applied to the electrical field inte-
gral equation, the computed solution converges to the
exact solution as the truncation number increases. The
present paper extends the work by investigating the scat-
tering problem from a finite array of dielectric circular
cylinders of arbitrary radii and positions, where each of
these cylinders is partially-shielded with a PEC strip of
arbitrary size.

The analysis starts by representing the scattered and
transmitted field components from each of the M cylin-
ders due to the incident plane wave by an infinite series
of cylindrical harmonic functions with unknown coeffi-
cients. By enforcing the mixed boundary conditions on
the surface of each cylinder, M sets of dual series equa-
tions (DSEs) are derived. The values of the unknown
coefficients can be derived from these M sets of DSEs. A
direct matrix inversion of these ill-conditioned DSEs does
not guarantee a convergent solution. The MoR analyt-
ically converts these first kind singular series equations
to a second kind Fredholm matrix equation. The system
is then solved numerically using the truncation method.
Only the detailed derivation for the TM case is given as
the result can be easily extended to the TE case.

The solution computed in this paper is semi-analytic and
the effects of multiple scattering between different cylin-
ders are included in the analysis. Some numerical exam-
ples are given. The near field is calculated to prove the
satisfaction of the boundary conditions on each of the
surface of the cylinders.

2 Problem Formulation

The geometry of the EM scattering problem considered
is as shown in Fig. 1. M infinitely-long circular cylinders
are illuminated by a time harmonic plane wave that im-
pinges normally on the z-axis and makes an angle of ¢iyc
with respect to the z-axis of the global coordinate system.
The cylinders are assumed to be parallel to each other
and to the z-axis of the global coordinate system. The
gth cylinder is positioned with center located at (74, ¢4)
of the global polar coordinates (p,6). The value of its
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Figure 1: Cross-sectional view of the cylinders

radius is denoted as Ry. It is filled with homogeneous
dielectric material with relative permittivity e, and rel-
ative permeability p1y. An infinitely-thin, PEC strip of
angular size 2¢, is placed on the surface of each of the
gth cylinder as shown. The surrounding medium is taken
to be free space with permittivity ¢y and permeability
to. Time dependence of e™7? is assumed and omitted
everywhere throughout this paper.

The time harmonic Maxwells equations are solved in po-
lar coordinates. For a TM polarized incident wave, the
governing equation for the electric field component is a
Helmholtz equation in polar coordinates

10(3
pop \"op

where U denote the z-component of the electric field.

1 0
U>+ S5l TFU=0, (1)

From Eqn.(1), the series representations of the scattered
and transmitted fields for each of the cylinders, with re-
spect to the gth coordinate system (pg4, 64), which is cen-
tered at (rg,¢g), are obtained as

U (pg,05) = BoY_al? Hy(kopg)e’™s,  (2)
nez

U (pg.0) = Eo > b J(kgpg)e’™ | (3)
nez

where Fj is the amplitude of the incident electric field
component, J,(z) and H,(z) are respectively the Bessel
function and Hankel function of the first kind (with the
superscript omitted for simplicity), of order n and with
argument z, ko = w/€opo = 2w/ A is the wavenumber of
the free space and kg = ko,/€;fty is the wave number of
the dielectric material inside the gth cylinder. Without
loss of generality, we set Fy = 1.

Here, Us(éq ) denotes the z-component of the scattered elec-
tric field resulting from the gth cylinder and Ut(rg ) denotes
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the z-component of the transmitted electric field inside
the gth cylinder. aglg ) and b%g) are the unknown coeffi-
cients to be determined by imposing the mixed boundary
conditions on each of the cylinder surfaces. It is worth
noting that the expressions above satisfy the Sommerfeld
radiation condition. The Meixner finite energy condi-
tion must be imposed to guarantee a unique solution. It
places an additional constraint on the unknown coeffi-
cients, which after some rescaling lie in /5.

The plane wave impinging normally on the z-axis, with
source lying outside of the scatterer, has the form

Uinc (P7 0) =

in the global coordinate system. In terms of the gth local
coordinate system, the incident plane wave on the gth
cylinder can be expressed as

Eoe_jkopcos(9_¢i““) , (4)

U(g)(pg, 9,

) — e—jkOT_q COS(W9_¢ixic) X e_jkoﬂg Cos(gg_¢in6)
inc

= Zzﬁlg)ejnf)g ’ (5)
nez

where Z,g,g) = ¢ Jkorg COS(“’Q"z’i“C)(—j)"Jn(kopg)e’j"‘bim.

The mixed boundary conditions on the surface of the gth
cylinder are given by

M
Ui+ > u =o, (6)

for pg = Ry, 104] < ¢g4; that is, the tangential components
of total electric fields vanish on the PEC strip, and

M
Ust + > UL = U, (8)
h=1
19 g, m| _ 10
U Uf , 9
1o ap 1nc Z t ( )

for pg = Ry, |04 > ¢g; that is, the tangential fields are
continuous across the dielectric interface.

Both the scattered field and the transmitted field associ-
ated with each of the cylinders are based on its local coor-
dinate system. However, to enforce the mixed boundary
conditions on the gth cylinder, taking into account the
interaction between the M cylinders, the scattered fields
of all the other cylinders need to be expressed in terms of
the gth coordinate system. The additional theorem for
Bessel functions is used to transfer from one local coordi-
nate system to another. The transformation from (pp,, 0)
to (pg,84) of the Hankel function is given by

H, (kpp) " = ZJm(k/’g)Hmfn(kdg,w
meZ

% e—j(’m—n)Ggyh,ejnﬁg )

(10)
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_ 2 1.2 _

Here, dgp = \/rg + 73 — 2rgrp cos(pg — ¢p) and by, =

+cos™! (%), where ‘—’ is taken when
g,h

T Sin pp < Tgsing.

3 Solution Method

We now have 2M sequences of unknown coefficients a(g )

and b (g=1,..., M) to be determined from imposing
the mixed boundary conditions on each of the cylinders.
Due to the continuity condition, by matching the fields
across each of the surfaces, everyone of the unknown b(g )
can be expressed as a linear combination of all the a(h)
for h =1,..., M. The mixed boundary conditions on the
gth cylinder lead to the following DSEs

M Alg:h)

n,m

neE”Z

LRSS

h#gmeZ

(11)
for |64] < ¢4, and

0= E ejn%

Op@) 4D + g@3 5 el Ao

nez h#gmeZ
(12)
for [04] > ¢g. ), denotes the summation for h =
1,...,9—1,9g+1,..., M. The notations used above are
e = alf) Hy(koRy) . (13)
d9) — kOZ @ _ kg Z(g)J (kg Rg) (14)
T T g7 Ta(kRy)
(9) — @Hﬂ(koRQ) _ &Jﬂ( QR!?) \ (15)
" (kOR ) Hg Jn(quq)
k: Jo(koRy) kg J,(k4Ry,)
(9) o 0 _ Yg Yn\vg"4g
q,; , 16
(kO g) Jn(kgRg) ( )
A%g;z) _ anm(kodg,h)Jn(kORg)ej(m—n)Gg‘h . (17)

Hm(kORh)

By examining the asymptotic behaviours of the Bessel
function and the Hankel function, the following parame-
ters for n # 0 are introduced

Rypopy ]ﬁ

717(;’):14_ )
to + fig |1

(18)

(9)
59 — (19)

o Inl

They are asymptotlcally small as n — oo, both having
the order of O( 2 J) With the introduction of the
asymptotically small parameters, the gth set of the DSEs
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now takes the following form

0 :c(()g) + Zég) + Z ZC%L)A(()?;S)

h#gm€eZ

A9+ 29+ 3N A

h#gm€Z

+ Zej’”gg

n#0

(20)
for |04] < ¢4, and

0 =, p(()q)céw + d(()g) + qég)zzcg)Aéﬁl)

h#gmeZ
(9)

_ dss
+3 eins | (cﬁf) [ <g>} g o

n#0

(21)

Y DA

h#gm€Z

_ Rypopg

for |04| > ¢4, where kg = PR

The Meixner finite energy condition constrains the
rescaled unknown ¢’ so that Znezn|c(g)|2 < o0, for all
g=1,..., M. Hence, the operations of term-by-term in-
tegration and differentiation in the regularization process
that follows are justified and valid.

It may be shown with the ideas of [2], that the gth set of
DSEs above can be transformed to two connected infinite
systems of linear algebraic equations (ISLAEs) in terms

@ = 9 49 and y@ = @ — 9 by the MoR.

The ISLAE for 2 has the form of

of zy

Jmz9) {1 _ Tg)] 3 Vel r 9T,
neN
= 2%, {p(()g)z(()g) d(Q)} — kg/mf9
30V g £ = 0] T2, — S
neN h#g
Y [Vl + PvED | (22)
h#gneN

where B{*?) (z) is the normalized Jacobi polynomial of
degree n, argument z. The notations adopted are detailed
in the Appendix. They are parameters that can be ex-
plicitly calculated in terms of the geometry and physical
quantities of the problem.

The ISLAE for y(g) is similar to that of x(g) and is omitted
here for reason of space. Together with the two ISLAESs
obtained, an expression for c(()g ) is derived, which has been

isolated from the ISLAEs for 9 and y,(Lg ),

C(()g) = _th()h)agyh + ¥,
h#g

(23)

WCE 2009



Proceedings of the World Congress on Engineering 2009 Vol 11

WCE 2009, July 1 - 3, 2009, London, U.K.

This expression is obtained by making use of the fact that

x%g), y,(iq) belong to /> and the continuity at z = z,. The

expression ¥, is given in terms of all the unknowns z

and ygh) as follows. Other notations adopted are param-
eters that can be calculated explicitly (see Appendix).

M
Uy =2+ 3 3 [VaaFE 4 VNG| (24)
h=1neN

For the scattering problem involving only single cylinder,
the ISLAEs for xg) and yﬁll) are disjoint. They can read-
ily and separately be solved by matrix inversion. When
there are M cylinders involved, the resulting 2M sys-
tems are all connected to one another. Some manipula-
tions are required before the systems can be solved nu-
merically by truncation method. All the unknowns c(()g )
(9 =1,..., M) need to be eliminated from each of the 2M
systems. This is achieved by solving the 2M expressions
of the form of Eqn.(23) by Cramer’s rule. An explicit ex-
pression for the c(()g ) that is independent of all the other

c(()h) (forh=1,...,i—1,i+1,..., M) is obtained as

M
(9) E :
CO = \I/gq)g,ha (25)
h=1
where the coefficients can be computed from
ai1 a1,h—1 a1,h+1 ai,Mm
Gg—1,1 Gg—1,h—1 Qg—1,h+1 Qg—1,M
Ag+1,1 Gg+1,h—1  Gg+1,h+1 Gg+1,M
P . anr1 AN h—1 aM h+1 Ay, M
g:h =
a1 ai,Mm
am,1 am,M
(26)
Once the values for the unknowns =) and y,(;’) (g =
1,...,M) are computed, all the unknowns c(()g) can be
readily calculated, for ¢ = 1,..., M. These expressions

for c(()g)7 g=1,...,M, in the form of Eqn.(25) are then
substituted back into each of the 2M infinite systems.
For the unknown xﬁf ), the following ISLAE is obtained

KW = V) [1 - 2]

M
303 [V + ] (@)

h=1neN

The expressions for Ir(ri],’,}f), Jr(ng,’,}f) and Kﬁf}n are given in

the Appendix. A similar ISLAE can be obtained for
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yﬁf’ ). These ISLAEs can now be written as a single ma-
trix equation in the operator form of (I + H)Z = b. By
truncating the infinite system of equations to Nirune, the
problem is solved by taking matrix inversion. Here, I is
the (2NtruneM X 2Nipunc M) identity matrix, H is a com-
pact 2M x 2M block matrix in ¢> where each of these
block matrices is of size Nirune X Nirune, 0 is a known
vector and & is the vector consisting of the unknown co-
efficients 29 and y7(,,g). It is worth noting that this is
a Fredholm matrix equation of the second kind. By in-
creasing Nirune, the accuracy of the computed solution
can be improved.

4 Numerical Result

To check the adequacy and the accuracy of the proposed
method, the scattering problem of five PEC cylinders as
described in [1] is solved. Five PEC cylinders of the
same size (R, = 0.1)\) are considered. With the cen-
ter of the first cylinder located at the origin, the centers
of the remaining four cylinders are located 0.5\ away.
That is, at the points (0.5X,0), (0.5, 7/2), (0.5, 7) and
(0.5X, —7/2) respectively. In Fig.2, the scattering cross
section o (6) of this problem is computed by making use of
the asymptotic expression of the Hankel function and the
far-field approximations py = p—r4 cos(¢g—0), as well as
04 = 6. The result is compared with that in [1] and good
agreement is seen with the results calculated using the
hybrid exact-method of moments technique, the iterative
technique and the boundary value solution method.

a (&)

Figure 2: The bistatic scattering cross section of five PEC
cylinders due to a TM plane wave incident at ¢, = 180 °.
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As another method to check the validity of this method
for slotted cylinders (when ¢4 # 7), the computed val-

ues of the M coefficients ¢\, (g =1,...,M) have been
substituted back to Eqn.(11) and Eqn.(12) to check the
validity of boundary conditions. Consider the scattering
of a TM plane wave incident on a pair of cylinders with
radius R; = 2.5\ and Ry = 3.75\. Both cylinders are
filled with dielectric material with €; » = 2 and attached
with a PEC strip of size ¢1 = 90°, ¢o = 60° respec-
tively. The centers of the cylinders are located at (0,0)
and (10,7/4). Fig.3 and Fig.4 confirm the mixed bound-
ary conditions given in Eqn.(6)-Eqn.(9) on the surface of
the first cylinder. In Fig.3, the computed values of the
transmitted electric field inside the first cylinder is com-
pared with the computed values of the superposition of all
the scattered electric fields and the incident field, on the
surface of the first cylinder. It can be seen that the total
electric field is continuous across the surface and vanishes
on the PEC strip. The difference between the computed
values of the transmitted tangential magnetic field inside
the first cylinder and that of the total tangential mag-
netic field outside the cylinder is displayed in Fig.4 and
Eqn.(9) is verified. Similar figures can be obtained on the
surface of the second cylinder but is omitted here. The
near field distribution resulting from the incidence wave
for such structures is shown in Fig.5.

real part of [U{+U2y ]
4 | ---real part of U:r" ot A Al

-100 50 0 50 100 150
00
g 2 of T2} |
. imaginary part of [Usc’+U“ +Uinc]:

1 Fa | ---imaginary part of U:r‘” | :/‘\
5 - ) I /
W’ oy } / A
E / \f v X

45 100 50 0 50 100 150

Figure 3: Continuity of the tangential electric field across
the surface of the first cylinder. Here, ¢ = 180°, Ry =
2.5/\, R2 = 3.75)\, €12 = 2, QZ51 = 900, ¢2 = 600, r = 0,
9 = 10)\7 Y1 = O, Y2 = 71'/4.

After the problem formulation and the validation of the
method, the solution can now be computed numerically
and applied to actual analyses. However, there are a
number of parameters to choose from. Due to the limit of
space, it is not feasible to present a full range of features
of the structures. Fig.6 illustrates the near field distri-
bution of a TM plane wave incident at ¢y, = 180° on
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Figure 4: Continuity of tangential magnetic field across
the dielectric surface of the first cylinder. The character-
istics of structures are described in Fig.3.

Near field =, =, = 2; R, = 1; R, = 1.5; centres of cylinders at (-,%) = (0,0) and (4,=4); 4, =90" 4, =60% 4 =«

uun|.}',:i.liluﬂ',l:lh!:k-; 4

2 | TNk \‘|‘.'
f"!!Illlll?!l RELIRK

ISA \n. \ 3

Figure 5: The near field distribution of a TM plane wave
incident on the two cylinders described in Fig.3.

a sawtooth-shaped PEC surface formed by joining slot-
ted cylinders. Consider such a surface constructed using
three cylinders of the same size, where R, = 2.5\ and
eg =1 (for g =1,2,3).

5 Conclusion

A rigorous and accurate technique for the problem of two-
dimensional scattering from a finite array of partially-
shielded circular-cylinders has been presented. The tech-
nique is based on the MoR, and provide us with a con-
vergent solution to the scattering problem. The dielectric
constant, strip width, radius and location of each of the
cylinders can be varied to model for a range of scattering
problem, including a periodic array of fully- (or partially-
) shielded cylinders.
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Figure 6: The near field distribution of a TM plane wave
incident on a sawtooth-shaped surfaced, where ¢y, =
1800, R172’3 = 2.5)\, 61’273 = 1, ¢172,3 = 900, r = 0,
r2,3 = 5)\, Y1 = 0, Yo = 7'(/27 Y3 = —7T/2.

6 Appendix

zg = c0s(¢y) (28)
(9) 2
20,1 kgpy (1 + 2g)
Tr(ng,)n = anf)l,nfl(zg) - (gq)o 1 4
Kgpy In (Tq) -1
13(0,1) S0.1)
% m—l(zg) Pn_;( 9) (29)
m
1
Qo) = [ (=004 0P PEd P ()
(30)
~(0,1
6 — (1+2) ASUCH I
Al ()]
S = L (9 +d) (32)
o) =29 + 2% (33)

HE =215y [qf = o] 719 A + ks B
+y {1 - ngs;?] BT
meN
U8 = oy [ - 9] A9 BE - s B
— Z [1 — ngség)]
keN

Vol =y o0 — ] O sty

(34)

T(g) B(gvh)

m,k— k,n

(35)

=3 L= | T (36)
keN
B = /2 [Al) + A0, + ALY, + a0 ]
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(38)
1-— ng((]g) In <17%)
Yg = (39)
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Y Ve - )] 70 ()
neN
1 g=nh
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ok - {W’gAé?o )+ Y neN T”(lg)B’EL?O )} ,gFh
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