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Multiple scattering from gyrotropic bianisotropic cylinders of arbitrary cross sections
using the modeling technique

Wen-Yan Yin and Le-Wei Li*
Department of Electrical Engineering, National University of Singapore, 10 Kent Ridge Crescent, Singapore 119260

~Received 10 November 1998!

Based on the principle of the equivolumetric model, the multiple scattering from two-dimensional composite
gyrotropic bianisotropic cylinders~GBC’s! possessing a certain magnetic group of symmetry is studied by
using the indirect modeling technique. At first, a mathematical formulation for the problem is carried out and
its solution expressed in terms of a system of simultaneous linear equations of infinite order. The normal
incident wave can be either TEz or TMz polarization. The linear equation system is then numerically solved by
truncating the infinite series. Its numerical results are obtained and presented to characterize the co- and
cross-polarized scattering by some typical composite GBC’s. Especially, the multiple interactions among all
the modeling cylinders, i.e., the host and guest cylinders as well as the guest and guest cylinders, are examined.
Some phenomena of the interactions are found and discussed.@S1063-651X~99!05906-1#

PACS number~s!: 41.20.2q, 13.40.2f, 03.70.1k, 77.84.Lf
ith
ha

e
pa

f
ca
a
-
u-

le
o

th
nt
fir
o
ric

he
cy
le
n
f
p
b

a
pi

all
.
re
ate

ne-
are

g-
g

I. INTRODUCTION

In the past few years, the electromagnetic scattering
plane waves by circular bianisotropic cylindrical objects w
different constitutive relations and of various geometries
been extensively studied by several researchers@1–7#. These
studies were motivated both by interest in developing n
techniques for solving scattering problems and by some
ticular engineering applications. The approaches used
dealing with bianisotropic models are usually the analyti
separation variable technique for circular cross sections
numerical techniques~such as the moment and finite
difference methods! for square, rectangular, and other irreg
lar cross sections.

In this paper, we will pay much attention to the multip
interactions in electromagnetic scattering by tw
dimensional gyrotropic bianisotropic cylinders~GBC’s! of
an arbitrary cross section. The approach employed toge
with the principle of the equivolumetric model in the curre
analysis is the modeling technique. This technique was
developed by Elsherbeni and Kishk for the modeling of h
mogeneous isotropic cylindrical objects by circular dielect
and conducting cylinders in 1992@8#. Recently, it has also
been used by Ohki, Shimizu, and Kozaki for modeling t
beam-wave scattering from perfectly conducting square
inders @9#. It is shown in this paper that when a suitab
modeling arrangement including the number, location, a
size of modeling cylinders is adopted, acceptable results
predicating the scattering features of various bianisotro
cylindrical objects of complex irregular cross sections can
found numerically.

II. GEOMETRY OF THE PROBLEM

According to the modeling pattern adopted in@9#, Fig.
1~a! shows the arrangement of 21 GBC’s for modeling
two-dimensional inhomogeneous gyrotropic bianisotro
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square cylinder with cross section of 0.5l30.5l, wherel is
the incident wavelength. In Fig. 1~a!, the host GBC is as-
sumed to be eccentric with the radiiRh

(1,l ) with respect to the
coordinate systemOh

(1,l )(rh
(1,l ) ,wh

(1,l ) ,zh
(1,l )) ( l 51, . . . ,M );

the eccentric distances fromOh
(1,2) , . . . ,Oh

(1,M ) to Oh
(1,1) are

denoted bydl1
(1) ( l 52, . . . ,M ), correspondingly, and the

angle between the lineOh
(1,l )Oh

(1,1) and thex axis isw l1
(1) . The

radii of 20 guest GBC’s are noted byRg
(s) (s52, . . . ,21) in

the local coordinate systemOg
(s)(rg

(s) ,wg
(s) ,zg

(s)). It should be
pointed out that these guest cylinders can be partially or
perfectly conducting, impedance, anisotropic, or isotropic

Physically, the constitutive characteristics of GBC’s he
can be described by the following relations in an appropri
frequency range (eivt): ~i! for the host GBC,

FDh
~1,l !~v!

Bh
~1,l !~v! G5F @«h

~1,l !~v!# @jeh
~1,l !~v!#

@jmh
~1,l !~v!# @mh

~1,l !~v!#
G F Eh

~1,l !~v!

Hh
~1,l !~v!G ,

l 51, . . . ,M , ~1!

and ~ii ! for guest GBC’s,

FDg
~s!~v!

Bg
~s!~v! G5F @«g

~s!~v!# @jeg
~s!~v!#

@jmg
~s! ~v!# @mg

~s!~v!#
G F Eg

~s!~v!

Hg
~s!~v!G ,

s52, . . . ,21, ~2!

wherev is the operating angular frequency,

@«h
~1,l !~v!#~@«g

~s!~v!#!, @mh
~1,l !~v!#~@mg

~s!~v!#!,

@jeh
~1,l !~v!#~@jeg

~s!~v!#!, @jmh
~1,l !~v!#~@jmg

~s! ~v!#!

are the permittivity tensor, permeability tensor, and mag
toelectric cross-coupling tensors, respectively, and they
all in the gyrotropic form corresponding to different ma
netic groups of symmetries@10–13#, i.e.,
918 ©1999 The American Physical Society
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@Ch
~1,l !~v!#5F Ch1

~1,l !~v!

2 iCh12
~1,l !~v!

0

iCh12
~1,l !~v!

Ch1
~1,l !~v!

0

0
0

Ch2
~1,l !~v!

G ,

C5«,m,je ,jm , ~3!

@Cg
~s!~v!#5F Cg1

~s!~v!

2 iCg1
~s!~v!

0

iCg1
~s!~v!

Cg1
~s!~v!

0

0
0

Cg2
~s!~v!

G . ~4!

Obviously, both the chiroferrites and chiroplasmas are
cluded here @14–16#. When the magnetoelectric cros
coupling tensors@jeh

(1,l )#(@jeg
(s)#) and @jmh

(1,l )#(@jmg
(s) #) are cho-

sen to be zero, the above GBC’s are naturally turned

FIG. 1. Geometry and coordinates of 21 parallel circular h
and guest GBC’s for modeling one GBC with square cross sec
0.530.5l2. The separation between cylindersq and s (sÞq, q
51,2, . . . ,21) isdetermined byDqs , and usuallyRh

(1,M ).Rg
(s) (s

52, . . . ,21). All thecylinders are embedded in an unbounded i
tropic medium with permittivity«b and permeabilitymb .
-

to

ordinary ferrite or gyroelectric cylinders. So Eqs.~3! and~4!
are of sufficient generality and can incorporate most pract
applications.

Using the principle of the equivolumetic model, the gue
and host cylinder radii in Fig. 1 should be chosen to be

Rh
~1,M !50.2500l, ~5a!

Rg
~s!50.0126l,0.0252l,0.0518l,0.0252l,0.0126l,

0.0126l,0.0252l,0.0518l,0.0252l,0.0126l,

s52, . . . ,21, ~5b!

and just the same as the volume of the square cylinder
unit,

pRh
~1,M !2

1(
s52

21

pRg
~s!2

50.25l2, ~5c!

while the locations of the 20 guest cylinders with respect
the host cylinder are determined by

~rs8 ,ws8!5~0.007878°, 22.3233°!,~0.008256°, 30.2203°!,

~0.009053°, 45°!,~0.008256°, 59.7796°!,

~0.007878°, 67.6766°!,...,~0.009053°, 135°!,...,

~0.009053°, 225°!,...,~0.009053°, 315°!. ~6!

Numerically, such arrangements are reasonable and a
rate enough for predicting the scattering characteristics
various ~in!homogeneous GBC’s for a plane-wave~or a
beam-wave! incidence of TMz or TEz polarization. In fact,
changing the number and location of guest cylinders or th
constitutive parameters, a large number of different tw
dimensional GBC’s can be produced, and therefore th
scattering features can be understood.

III. FIELD EXPRESSION

The excitation above is provided by a plane electrom
netic ~EM! wave, including TMz and TEz polarizations
simultaneously. With respect to the coordinate syst
Oh

(1,M )(rh
(1,M ) ,wh

(1,M ) ,zh
(1,M )), the normally incident wave is

expressed as

F Ez
inc

Hz
incG5FATME0

ATEH0
Geikrh

~1,M ! cos~wh
~1,M !

2w0!, ~7!

wherek5vAmb«b. For TMz polarization,ATM51 andATE
50, while for TEz polarization,ATE51 andATM50. In the
guest coordinate system Og

(s)(rg
(s) ,wg

(s) ,zg
(s)) (s

52, . . . ,21), theincident fields are expressed as

F Ez
inc~s!

Hz
inc~s!

Ew
inc~s!

Hw
inc~s!

G5 (
n52`

`

i nein~wg
~s!

2w0!eikrs8 cos~ws82w0!@ J̃n
~s!#FATM

ATE
G ,

~8a!

where

t
n

-
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@ J̃n
~s!#5F Jn

~s!

0
0

2 iJn
~s!8/h

0
Jn

~s!

ihJn
~s!8

0

G , ~8b!

and h5Amb /«b, Jn
(s)5Jn(krg

(s)), Jn
(s)85]Jn(x)/]xux5kr

g
(s),

whereasJn(•) is the nth-order Bessel function of the firs
kind. The scattered fields of the tangential components fr
the guest cylinders are expressed as

F Ez
sca~s!

Hz
sca~s!

Ew
sca~s!

Hw
sca~s!

G5 (
n52`

`

einwg
~s!

@H̃n
~s!#Fan

~s!

bn
~s!G , ~9!

where @H̃n
(s)#5@ J̃n

(s)#J→H , and Hn
(s)5Hn

(1)(krg
(s)), Hn

(s)8

5]Hn
(1)(x)/]xux5kr

g
(s), Hn

(1)(•) is thenth Hankel function of

the first kind, anda(b)n
(s) are the unknown scattering coeffi

cients to be determined from the boundary conditions. T
scattered field from the host cylinder takes a similar form
Eq. ~9! where the unknown scattered coefficients are deno
by a(b)n

(h) .
Substituting Eqs.~1! and ~2! into Maxwell’s equations

and using the technique of the generalized separation v
ables, it is found that the tangential field components in
GBC regions (rg

(s)<Rg
(s)) in the coordinate system

Og
(s)(rg

(s) ,wg
(s) ,zg

(s)) for guest cylinders are written as

Ez
~s!5(

6
Ez6

~s! , Hz
~s!5(

6
Hz6

~s! ,

Ew
~s!5(

6
Ew6

~s! , Hw
~s!5(

6
Hw6

~s! , ~10a!

and

F Ez6
~s!

Hz6
~s!

Ew6
~s!

Hw6
~s!

G5 (
n52`

` F X16
~s!

X36
~s!

X56
~s!

X76
~s!

GD1n6
~s! einwg

~s!
, ~10b!

where Xn6
(s) (n51,3,5,7) can be obtained by following th

ways adopted in@2,3# and their expressions are suppress
here:D1n6

(s) are the unknown mode expanding coefficien
For the host cylinder, the tangential field components in
l th layer (l 51, . . . ,M ) are expressed similarly to that in Eq
~10a!, i.e.,

Ez
~1,l !5(

6
Ez6

~1,l ! , Hz
~1,l !5(

6
Hz6

~1,l ! ,

Ew
~1,l !5(

6
Ew6

~1,l ! , Hw
~1,l !5(

6
Hw6

~1,l ! , ~11a!

and in the coordinate systemOh
(1,1)(rh

(1,1) ,wh
(1,1) ,zh

(1,1)),
m

e
s
d

ri-
e

d
.
e

F Ez6
~1,l !

Hz6
~1,l !

Ew6
~1,l !

Hw6
~1,l !

G5 (
n52`

` FX16
~1,l ! X26

~1,l !

X36
~1,l ! X46

~1,l !

X56
~1,l ! X66

~1,l !

X76
~1,l ! X86

~1,l !

G F D1n6
~1,l !

~12d l1!D2n6
~1,l ! Geinwh

~1,1!
,

~11b!

whereXn6
(1,l ) (n51, . . . ,8) arepresented in Appendix A,

d l15H 1, l 51,

0, l 52, . . . ,M ,

andD1n6
(1,l ) andD2n6

(1,l ) are also the unknown mode expandin
coefficients.

To determine the unknown mode expanding coefficien
the boundary conditions for the tangential components of
electric and magnetic fields atrh

(1,l )5Rh
(1,l ) (2< l ,M ) are to

be enforced. This requires that the fields~11b! must be trans-
lated into the coordinate systemOh

(1,l )(rh
(1,l ) ,wh

(1,l ) ,zh
(1,l )) us-

ing the translational addition theorem~TATM ! for cylindri-
cal wave functions, i.e.,

Zn~AS6
~1,l !rh

~1,1!!einwh
~1,1!

5 (
m52`

1`

Zm2n~AS6
~1,l !dl1

~1!!Zm~AS6
~1,l !rh

~1,l !!

3ei @mwh
~1,l !

2~m2n!w l1
~1!

#. ~12!

So Eq.~11b! becomes

F Ez6
~1,l !

Hz6
~1,l !

Ew6
~1,l !

Hw6
~1,l !

G5 (
m52`

1`

(
n52`

1` F X̃16
~1,l ! X̃26

~1,l !

X̃36
~1,l ! X̃46

~1,l !

X̃56
~1,l ! X̃66

~1,l !

X̃76
~1,l ! X̃86

~1,l !

G
3F D1n6

~1,l !

~12d l1!D2n6
~1,l ! Geimwh

~1,l !
, ~13!

whereX̃n6
(1,l ) (n51, . . . ,8) arealso presented in Appendix A

To enforce the boundary conditions on the external s
face rh

(1,M )5Rh
(1,M ) and rg

(s)5Rg
(s) (s52, . . . ,21), the

TATM shown in Appendix B for the Hankel function shoul
be employed. Furthermore, 21 system equations of infi
order for 21 cylinders can be derived, and for the host c
inder,

@XMM
~1! #L3L@X~1!#L3L

21 @X11
~1,1!#L3L@D16

~1! #L31

2@H̃mM
~1! #Fam

~h!

bm
~h!G2@ J̃mM

~1! #(
s52

21

(
n52`

1`

Hm2n
~1! ~krs8!

3e2 i ~m2n!ws8Fan
~s!

bn
~s! G

5 i me2 imw0eikrh
~1,M !

@ J̃mM
~1! #FATM

ATE
G , ~14!
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FIG. 2. sco~cross! versusw for an isotropic square cylinder (0.5l30.5l) and two eccentric GBC cylinders.
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where@X(1)#L3L are shown in Appendix C and the third ter
on the left side of Eq.~14! accounts for the multiple interac
tions between the host and guest cylinders. For all the g
cylinders, a similar equation system can be obtained, i.e

@X~s!#@D6
~s!#L312@H̃m

~s!#Fam
~s!

bm
~s!G

2@ J̃m
~s!# (

q52
qÞs

21

(
n52`

1`

Hm2n
~1! ~kDqs!

3e2 i ~m2n!wqs8 )Fan
~q!

bn
~q!G

5 i me2 imw0eikrs8 cos~ws82w0!@ J̃m
~s!#FATM

ATE
G , ~15!

where @D6
(s)#L315@D1n1

(s) D1n2
(s) 0 0#T and the third term on

the left side of Eq.~15! also accounts for the multiple
scattering contributions among all the modeling cylinders

To find a solution of the unknown coefficientsa(b)n
(h) and

a(b)n
(s) (s52, . . . ,21), allequation systems must be pro

erly truncated to form a finite matrix system and then solv
numerically after such a truncation. Physical intuition su
gests that the truncation number N0$m,n5
2N0 , . . . ,N0 , L54(2N011)% depends mainly on the elec
tric size of max$kRh

(1,M )%. SinceRh
(1,M ).Rg

(s) , N0 becomes
not very large for the electrically nonlarge case, so tha
numerical solution is feasible. The far-zone scattered fi
can be computed after using the large argument approx
tion of the Hankel function, and the corresponding formu
tions for determining of the co- and cross-polarized ec
widths sco~cross! can be found in@5#.
st

d
-

a
ld
a-
-
o

IV. NUMERICAL RESULTS AND DISCUSSION

Some computerFORTRAN codes have been developed
this paper for calculating the co- and cross-polarized e
widths sco~cross! of various GBC’s. For practical consider
ations, we first let«b5«0 andmb5m0 . At first, the validity
of our codes, including the accuracy and convergence r
have been checked indirectly by computing the normaliz
sco/l of isotropic square cylinder as shown as in Fig. 2~a!. It
is clear that excellent agreement has been achieved betw
the results in this paper and that obtained by the method
moments@8#. The parameters used for calculations are c
sen to bef 510 GHz, N0>8, andw0545°, for the follow-
ing.

Case ~a!: @«h
(1,1)#5@«g

(s)#54.0«0I%, @mh
(1,1)#5@mg

(s)#

5m0I%,

@jeh
~1,1!#52@jmh

~1,1!#52 i1026Am0«0I%,

@jeg
~s!#52@jmg

~s! #52 i1025Am0«0I%, s52, . . . ,21.

Case~b!: k0Rh
(1,1)50.942,w21

(1)50°, k0d21
(1)50.419,

@«h
~1,1!#512.6«0I%, mh2

~1,l !5m0 ,

mh1
~1,l !5m0vh0

~1,l !vhm
~1,l !/@vh0

~1,l !2
2v2#,

mh12
~1,l !52m0vvhm

~1,l !/@vh0
~1,l !2

2v2#,

Mhs
~1,l !m050.275T, vhm

~1,l !52.213105Mhs
~1,l ! ,

l 51,2, vh0
~1,1!/vhm

~1,1!50.6,
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vh0
~1,2!/vhm

~1,2!50.1, @jeh
~1,1!#52@jmh

~1,1!#52 i1026Am0«0I%,

@«h
~1,2!#5@«g

~s!#5«0F 4.0
2 i0.5

0

i0.5
4.0
0

0
0

4.5
G ,

@mh
~1,2!#5@mg

~s!#, s52, . . . ,11,

@jeh
~1,2!#52@jmh

~1,2!#5@jeg
~s!#52@jmg

~s! #

5Am0«0F2 i0.6
0.3
0

20.3
2 i0.6

0

0
0

2 i0.8
G ~D`!;

Case~c!: the parameters are the same as~b!, except that

@jeh
~1,2!#5@jmh

~1,2!#5@jeg
~s!#5@jmg

~s! #

5Am0«0F2 i0.6
0.3
0

20.3
2 i0.6

0

0
0

2 i0.8
G ~C`n!.

In Fig. 2~a!, we let @jeh
(1,1)#52@jmh

(1,1)#52 i1026Am0«0I%

and @jeg
(s)#52@jmg

(s) #52 i1025Am0«0I% (s52, . . . ,21); so
they have no contribution to the copolarized echo width
TMz or TEz incidence. Comparing Fig. 2~a! with the results
shown in @8#, it is clear that our modeling arrangeme
is much more accurate. In Figs. 2~b! and 2~c!, the core of the
eccentric GBC is assumed to be ordinary ferrite with inter
bias field intensity vh0

(1,1)/vhm
(1,1)50.6, and the modeling

arrangement is produced by removing guest GB
$1,2,3,4,5% and $12,13,14,15,16% from Fig. 1~a!. Therefore,
the locations of the remaining ten guest GBC’s are de
mined by (rs8 ,ws8)57(0.007878,112.3233°), 8~0.008256,
120.2203°!, 9~0.009053,135°!, 10~0.008256,149.7796°!,
11~0.007878,157.6766°!, 17~0.007878,292.3233°!,
18~0.008256,300.2203°!, 19~0.009053,315°!, 20~0.008256,
329.7796°!, and 21~0.007878,337.6766°!, respectively. The
constitutive tensors of the guest GBC’s are chosen to be
same as the outer layer’s constitutive tensor of the host
inder (M52). They correspond to continuous magne
groups of symmetriesD` andC`n @10#. Especially, in Figs.
2~b! and 2~c! the multiple interactions between the guest a
host GBC, Eq.~1!, as well as the guest GBC’s, are demo
strated forsco~cross!. Here curve 1 represents that only th
multiple scattering between 1⇔7, 1⇔8, 1⇔9, 1⇔10,
1⇔11, 1⇔17, 1⇔18, 1⇔19, 1⇔20, and 1⇔21 is consid-
ered, while the multiple scattering among all the gu
GBC’s $7,8,9,10,11,17,18,19,20, 21% is not included. For
curve 2, only the interactions of 21⇔1⇔7, 7⇔1⇔8,
8⇔1⇔9, 9⇔1⇔10, 10⇔1⇔11, 11⇔1⇔17, 17⇔1⇔18,
18⇔1⇔19, 19⇔1⇔20, and 20⇔1⇔21 are taken into ac
count. Curve 3 stands for the most general case in which
possible multiple-scattering contributions are consider
With respect to the locations of two groups of guest GBC
$7,8,9,10,11% and $17,18,19,20,21%, the incident wave in the
w0545° direction is just the broadside incidence. Physica
Fig. 2~b! suggests that, for TMz incidence the effect of mul-
tiple interactions between two groups of guest GBC’s is
little bit stronger forsco than that of the TEz case. In addi-
r

l

s

r-

he
l-

d
-

t

ll
d.
s

,

a

tion, it is very interesting to note that, for the TEz case, good
agreement is achieved among the curves 1, 2, and 3 in
2~c! for scross.

Furthermore, Fig. 3 depicts the cross sectionsco~cross! of a
composite GBC corresponding to two kinds of constituti
models for TMz- and TEz-wave incidences, respectively. Th
solid line in Fig. 3 stands for the parameters used for
calculation being the same as in Fig. 2~b! except that 15
guest GBC’s are used. For the dotted line the parameters
the same as in Fig. 2~c! ~15 guest GBC’s!.

In Fig. 3, the locations of the 15 guest GBC’s are giv
by (rs8 ,ws8)s5155(rs8 ,ws8)s5101$12~0.007878,202.3233°!,
13~0.008256,210.2203°!, 14~0.009053,225°!, 15~0.008256,
239.7796°!, 16~0.007878,247.6766°!%, and the dotted lines
represent the case of continuous magnetic group of sym
try C`n @10#. For curve 1, only the multiple scattering be
tween 1⇔7, 1⇔8, 1⇔9, 1⇔10, 1⇔11, 1⇔12, 1⇔13,
1⇔14, 1⇔15, 1⇔16, 1⇔17, 1⇔18, 1⇔19, 1⇔20, and
1⇔21 is considered. Similarly, for curve 2, only the intera
tions of 21⇔1⇔7, 7⇔1⇔8, 8⇔1⇔9, 9⇔1⇔10, 10⇔1
⇔11, 11⇔1⇔12, 12⇔1⇔13, 13⇔1⇔14, 14⇔1⇔15,
15⇔1⇔16, 16⇔1⇔17, 17⇔1⇔18, 18⇔1⇔19, 19⇔1
⇔20, and 20⇔1⇔21 are included. By comparing the curve
of the TEz-wave incidence with those in Fig. 2~b!, it can be
seen that~i! the multiple interactions among the modelin
cylinders are enhanced due to the introduction of cylind
$12,13,14,15,16% in the forward range of the incident wav
and ~ii ! for both incidences all multiple-scattering contrib
tions must be considered. On the other hand, it is obvi

FIG. 3. sco~cross! versus w for an eccentric GBC cylinderf
510 GHz, N058, andw0545°.
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that in Fig. 3, compared to the magnetic group of symme
D` , stronger co- and weaker cross-polarized scattered
components for the symmetryC`n can be expected for eithe
TMz- or TEz-wave incidence.

Figure 4 shows thesco~cross! of a composite concentric
perfectly conducting and GBC for a TEz-wave case, in which
the darkened regions are assumed to be perfectly conduc
The parameters are chosen to bef 510 GHz,

N0>8, w0545°, k0d21
~1!50.0,

@«h
~1,1!#512.6«0I%, mh2

~1,l !5m0 ,

mh1
~1,l !5m0vh0

~1,l !vhm
~1,l !/@vh0

~1,l !2
2v2#,

mh12
~1,l !52m0vvhm

~1,l !/@vh0
~1,l !2

2v2#,

Mhs
~1,l !m050.275T, vhm

~1,l !52.213105Mhs
~1,l ! ,

l 51,2, vh0
~1,1!/vhm

~1,1!50.6,

@jeh
~1,1!#52@jmh

~1,1!#52 i1026Am0«0I%,

@jeh
~1,2!#52@jmh

~1,2!#5Am0«0F2 i0.6
0.3
0

20.3
2 i0.6

0

0
0

2 i0.8
G ,

@«h
~1,2!#5«0F 4.0

2 i0.5
0

i0.5
4.0
0

0
0

4.5
G ~D`!,

vh0
(1,2)/vhm

(1,2)50.1 ~a!, 1.0 ~b!, and 2.5~c!.
In Fig. 4, the location and geometrical size of the t

perfectly conducting guest cylinders are the same as in
2~b!, while the internal bias field intensityvh0

(1,2)/vhm
(1,2) of the

host GBC is increased from 0.1 to 1.0 to 2.5. Under su
circumstances,sco~cross! can still be adjusted effectively as i
ordinary ferrite by varying the biasing field intensity or i
direction. On the other hand, numerical experiments
prove that the multiple interactions among the modeling c
inders are enhanced greatly since the guest cylinders ar
perfectly conducting strong scatters.

Finally, Fig. 5 depicts thesco~cross! of a composite eccen
tric perfectly conducting and GBC square cylinder for

FIG. 4. sco~cross! versusw for a concentric composite cylinder.
y
ld

ng.

g.

h

n
l-
the

TMz-wave incidence, and the ordinary gyroelectric case
also shown (f 510 GHz, w0590°, k0d21

(1)50.628, N0

58). For case~a! the parameters of the ferrite and GB
regions are the same as in Fig. 2~b!, while for case~b! the
parameters are the same as~b!, except that

@jeh
~1,2!#52@jmh

~1,2!#5@jeg
~s!#52@jmg

~s! #52 i1025Am0«0I%,

s52, . . . ,11~ordinary gyroelectric medium!.
In Fig. 5, the darkened regions are perfectly conducti

and the location and geometrical size of the ten PCC’s
ten GBC’s ~ten GEC’s! are the same as in Fig. 1. In th
modeling of such a composite structure, all multiple intera
tions between different PCC’s and GBC’s are also taken i
account, and for case~b!, no cross-polarized scattered fie
component can be expected for this ordinary composite
roelectric square cylinder for either normal TMz- or
TEz-wave incidence.

V. CONCLUSION

The electromagnetic scattering from some tw
dimensional composite gyrotropic bianisotropic cylinde
has been investigated, and our attention has been paid t
multiple interactions among the modeling cylinders. Als
the global effects of the geometrical and constitutive para
eters of gyrotropic bianisotropic cylindrical structures cor
sponding to different magnetic groups of symmetries on
co- and cross-polarized echo widths have been exam
carefully. It has been proved that the indirect modeling te
nique possesses the advantages of simplicity and efficie
under some circumstances.
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APPENDIX A

In Eq. ~11b!, the related variables with respect to the c
ordinate systemOh

(1,1)(rh
(1,1) ,wh

(1,1) ,zh
(1,1)) are expressed by

FIG. 5. sco~cross! versusw for a composite concentric perfectl
conducting and GBC square cylinder (0.5l30.5l).
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X16
~1,l !5S6

~1,l !Jnl6
~1,1! ,

X26
~1,l !5S6

~1,l !Nnl6
~1,1! ,

X36
~1,l !5q6

~1,l !Jnl6
~1,1! ,

X46
~1,l !5q6

~1,l !Nnl6
~1,1! ,

X56
~1,l !52M 6

~1,l !Jnl6
~1,1!82

inN6
~1,l !

rh
~1,1! Jnl6

~1,1! ,

X66
~1,l !52M 6

~1,l !Nnl6
~1,1!82

inN6
~1,l !

rh
~1,1! Nnl6

~1,1! ,

X76
~1,l !52X6

~1,l !Jnl6
~1,1!82

inY6
~1,l !

rh
~1,1! Jnl6

~1,1! ,

X86
~1,l !52X6

~1,l !Nnl6
~1,1!82

inY6
~1,l !

rh
~1! Nnl6

~1,1! ~A1!

and

Jnl6
~1,j !5Jn~AS6

~1,l !rh
~1,j !!,

Nnl6
~1,j !5Nn~AS6

~1,j !rh
~ i , j !!,

Jnl6
~1,j !85Jn8~AS6

~1,l !rh
~1,j !!,

Nnl6
~1,l !85Nn8~AS6

~1,l !rh
~1,j !!,

l 51,2, . . . ,M , ~A2!
M 6
~1,l !5AS6

~1,l !~A21
~1,l !S6

~1,l !1A41
~1,l !Q6

~1,l !!,

N6
~1,l !5A22

~1,l !S6
~1,l !1A42

~1,l !Q6
~1,l ! ,

X6
~1,l !5AS6

~1,l !~A23
~1,l !S6

~1,l !1A43
~1,l !Q6

~1,l !!,

Y6
~1,l !5A24

~1,l !S6
~1,l !1A44

~1,l !Q6
~1,l ! ,

S6
~1,l !5

2~P1
~1,l !1P4

~1,l !!6A~P1
~1,l !2P4

~1,l !!224P2
~1,l !P3

~1,l !

2
,

Q6
~1,l !52 i

S6
~1,l !~S6

~1,l !1P1
~1,l !!

P2
~1,l ! , ~A3!

P1
~1,l !5 iv

A21
~1,l !«h2

~1,l !~v!1A23
~1,l !jmh2

~1,l !~v!

D l
~1! ,

P2
~1,l !52v

A43
~1,l !mh2

l ~1,l !~v!1A41
~1,l !jeh2

~1,l !~v!

D l
~1! ,

P3
~1,l !5v

A21
~1,l !«h2

~1,l !~v!1A23
~1,l !jmh2

~1,l !~v!

D l
~1! ,

P4
~1,l !52 iv

A21
~1,l !jeh2

~1,l !~v!1A23
~1,l !mh2

~1,1!~v!

D l
~1! ,

D l
~1!5A21

~1,l !A43
~1,l !2A23

~1,l !A41
~1,l ! , ~A4!

and
F A11
~1,l !

A12
~1,l !

A13
~1,l !

A14
~1,l !

A21
~1,l !

A22
~1,l !

A23
~1,l !

A24
~1,l !

A31
~1,l !

A32
~1,l !

A33
~1,l !

A34
~1,l !

A41
~1,l !

A42
~1,l !

A43
~1,l !

A44
~1,l !

G5F 2vjmh12
~1,l ! ~v!

2 ivjmh1
~1,l !~v!

v«h12
~1,l !~v!

iv«h1
~1,l !~v!

ivjmh1
~1,l !~v!

2vjmh12
~1,l ! ~v!

2 iv«h1
~1,l !~v!

v«h12
~1,l !~v!

2vmh12
~1,l !~v!

2 ivmh1
~1,l !~v!

vjeh12
~1,l ! ~v!

ivjeh1
~1,l !~v!

ivmh1
~1,l !~v!

2vmh12
~1,l !~v!

2 ivjeh1
~1,l !~v!

vjeh12
~1,l ! ~v!

G 21

, ~A5!

while in the coordinate systemOh
(1,l )(rh

(1,l ) ,wh
(1,l ) ,zh

(1,l )),

X̃n6
~1,l !5e2 i ~m2n!w l1

~1!
Xn6

~1,l !u~J,H !→~ J̃,H̃ !;1→ l , ~A6a!

J̃mn6
~1,l ! 5Jm~AS6

~1,l !rh
~1,l !Jm2n~AS6

~1,l !dl1
~1!!,

H̃mn6
~1,l ! 5Hm

~1!~AS6
~1,l !rh

~1,l !!Jm2n~AS6
~1,l !dl1

~1!!. ~A6b!

APPENDIX B

To transform the scattered fields of thesth guest cylinder (s52, . . . ,21) with respect toOg
(s)(rg

(s) ,wg
(s) ,zg

(s)) to the qth
guest coordinateOg

(q)(rg
(q) ,wg

(q) ,zg
(q)) (sÞq), we must have

Hn
~1!~krg

~s!!einwg
~s!

5 (
m52`

1`

Hm2n
~1! ~kDqs!Jm~krg

~q!!ei [mwg
~q!

2~m2n!wqs) ~B1a!

and

Dqs
2 5rq8

21rs8
222rq8rs8 cos~wq82ws8!, ~B1b!
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wqs55 cos21S rq8 coswq82rs8 cosws8

Dqs
D , rq8 sinwq8>rs8 sinws8 ,

2cos21S rq8 coswq82rs8 cosws8

Dqs
D , rq8 sinwq8,rs8 sinws8 .

~B1c!

APPENDIX C

The boundary equations atrh
(1,l )5Rh

(1,1) ,Rh
(1,2) , . . . ,Rh

(1,p) , . . . ,Rh
(1,M21) can be expressed as

@X11
~1!#L3L@D16

~1! #L315@X12
~1!#L3L@D26

~1! #L31 , ~C1a!

@X22
~1!#L3L@D26

~1! #L315@X23
~1!#L3L@D36

~1! #L31 , ~C1b!

@Xpp
~1!#L3L@Dp6

~1! #L315@Xp~p11!
~1! #L3L@Dp116

~1! #L31 , ~C1c!

@X~M21!~M21!
~1! #L3L@DM216

~1! #L315@X~M21!M
~1! #L3L@DM6

~1! #L31 . ~C1d!

Combining Eq.~C1a!, with Eqs.~C1b!–~C1d!, we have

@DM6
~1! #L315@X~1!#L3L

21 @X11
~1!#L3L@D16

~1! #L31 , ~C2a!

and

@X~1!#L3L5@X12
~1!#@X22

~1!#21
¯@X~p21!p

~1! #@Xpp
~1!#21

¯@X~M21!3~M21!
~1! #21@X~M21!M

~1! #, ~C2b!

where

@Dp6
~1! #L315@D1n1

~1,p! D2n1
~1,p! D1n2

~1,p! D2n2
~1,p!#T,

@D16
~1! #L315@D1n1

~1,1! D1n2
~1,1! 0 0#T, ~C2c!

with the superscriptT standing for the transpose of a matrix.
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