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ON THE SCATTERING OF ELECTROMAGNETIC
WAVES BY BI-ISOTROPIC SPHERICAL SHELL

In this article an analytical solution of the prein of scattering of electromagnetic
waves on bi-isotropic spherical shell has beenemtesl. Secondary electromag-
netic fields are introduced as a superpositionpbfesical vector wave functions.
The solution of the boundary problem is reduceddiwing a system of linear al-
gebraic equations for the coefficients which auded in the presentation of the
secondary fields. The formula to calculate thediomal diagram of electric field
in the far field and numerical results for diffetaralues of parameters have been
obtained. The results may find practical applicaiiothe development and design
of electromagnetic screens.

Keywords: bi-isotropic spherical shell, electromagnetic wavepherical vector
wave functions, directional diagram of electriddie

1. Introduction

Within electrodynamics the interest to the studgaplex electromagnet-
ic medium has increased in the mid-80s of the XKtwey. The chiral medium
is an example of such a medium that is a set ofluctive mirror-asymmetric
microelements in the isotropic magnetoelectric mediln [1-3] the detailed
classification of chiral media is described. Bitiepic media are a generaliza-
tion of chiral media. Besides chirality, these naedlso have the property of
non-reciprocity [4-6].

The interest to the study of the scattering of tebegagnetic waves on bi-
isotropic media is due to the ability of these raeti both enhance and absorb
electromagnetic fields [8-10].

We will consider a few scientific works related ttis topic. In [11] the
study of the chirality influence of the medium ¢w telectric dipole electromag-
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netic field is presented. An analytical solution tbe diffraction problem of
a plane electromagnetic wave on the bi-isotroplti®@roposed in [12, 13]. An
analytical solution of the plane electromagnetizavdiffraction problem on the
plane composite layer was considered in [14]. B] fhe electromagnetic fields
penetration of electric and magnetic dipoles thloptane bi-isotropic layer is
described. The electromagnetic waves reflectiomftioe plane chiral structures
is studied in [16, 17]. In [18] a problem of theupé electromagnetic wave scat-
tering on a metal cylinder covered with a chirgelais solved using the patrtial-
area method.

In this work an analytical axisymmetric solutiontbe scattering electro-
magnetic field of the electric and magnetic dipaesthe bi-isotropic spherical
shell problem has been built. The computationakdrpent with some geomet-
ric parameters of the problem and different elentrgnetic parameters of a bi-
isotropic material spherical shell has been coratlict

2. Problem formulation

Let the whole space®®e divided by two spheres &nd S into three areas
Do, D1, D> (fig. 1). The two areas d)D- are filled with homogeneous isotropic
medium with a permittivityso and magnetic permeability,, area D is filled
with homogeneous bi-isotropic medium, which is elatgrized by the material
parameters, p, G, Z. The inner radius of the spherical a®a eqsal a and

the outer radius is equaj. arhe point Q is the source of the electromagnetic
field consisting of both electric and magnetic digso The distance between the
points O, Qis denoted by h. We assume that on the two swefac&; there are
no surface currents and charges.

Let denote strength vectors of electric and magniids of the initial
electromagnetic field ag,, H,. As a result of the interaction of the initial elec-
tromagnetic field with the bi-isotropic sphericddei D; secondary fields are
being formed. LetE,, H, be the secondary field in the area of B, , H, be

the secondary field in the area;[¥,, H, be the secondary field in the area D
The real electromagnetic fields are determinechbyférmulas:

E, =Re(TEj e“‘*‘) , H = Ré”lﬁ ‘é‘*‘), j=0, 1, 2; is an imaginary unit.

The secondary electromagnetic fields should be nddfi
E,,H,0C (D,)n C(D,), E,,H,0C(D,)n C(D,), E,,H,0C(D,)n C(D,) that
satisfy

— Maxwell's equations [19-21]:

rotE; =iwp, H;, rotH, =-iwe,E;, j=0,2; ¢!
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rotE, = ioo(pFI1 + ZEl), rotH, = —iw(sEl + GHl) : 2)

whereG = (1 +iK)/gglo » Z = (T —iK)\/€l, ,» K IS chirality parameterT is the

Tellegen parameter,

, ao
Sk /D7)
h :GZ/ Fa
Fig. 1. Geometry of the proble *41 %
— boundary conditions on surfacgs S,:
(e B+E], =[e 8], [e R+r] =[o R 3)
e &l =[e &, [aR] =[2 "] O
and the radiation condition at infinity [19]
(5)

|imr(%—ik0|§2}=o, mr(aaHrz —ikoﬁzj=0 ,

wherek, = /g1, IS awave number.

3. Presentation of problem solution
The initial electromagnetic fiel&,, H, will be presented through the wave

vector spherical functions [20, 21]:

Eq = E5'Po (1.8, ko) + BV Mof 1,60 1,K) (6)
Hy =HIAg,(r,0,, k) + HOM{r,0 k)|
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where HE =Ko @ pyim_ K

—0 g™ E® E™ are the definite constants,
WH, 1w,
(1000 = "D 19 (1) B (co8) v (B B ol
fon (1,8,K) = —H (Kkr) B,( co®) g | (7)
1d 1
of) (x) =5 (X0 () =5 (o DHE(R - L () |

P

n(x) are the Legendre polynomial®, (cos) are the associated Legendre

functions of the first kindh(nl) (x) are the spherical Hankel functions of the first
kind [22].

The secondary electromagnetic field in the areBkill be presented as
a superposition of vector spherical wave functiwhgch satisfies equations (1)

E, = EOZH Mo 18.k)+ &l 0 K]
. ®)
Ao = Honzzl[aﬁ})ﬁ(,n( r,k) + &7y 19 ,K) ]

where

(8.0 =" (k) (cos) e+ ol 1 B e

mOH(r,e,k)——Jn(k ) P:(co®) g , ©)

00 (9 == (%, () = 0+ Dl (X)),

E,, H, are the definite constantg, (x) are the spherical Bessel functions of
the first kind [22].
The secondary electromagnetic field in the areB-ofvill be presented as

a superposition of vector spherical wave functievtisich satisfies the equations
(2) and at infinity the condition (5):
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=E3 [ (10 k) + 0 )]

"~ (10)
H 2 =Ho3 [ Mon(1.8, k) + d2 g 18,k |
The secondary electromagnetic field in the are,afill be expressed as a

superposition of spherical vector wave functionghe composite media [21],
which satisfies the equations (2):

E=EW+ED, H=HD+HD, (12)
where
e = £,3 [ HIRE) (roie)+ 8 ) (re.ic) |
n°=°1 ) ) (12)
i =03 o i) (re. i)+ 82 02 (181 |
n=1
Er = Eoz[c(nl) (On(r 8, k1)+c (r 6,k 2)}
nozol (13)
A7 =B | WK, (r.0,k ) +clp K (r6.k )
n=1
R (r,0.k;) = gy (1,8,k) = 0 b (16K
KO (r.8.k ;) =gy (r.8.k;) - o, (18 k) |
k;=yJ0+0,58+ af , & argk<m , g’ (epu— 2§ ,aw (6 2), (14
fj:(—l)jfo, fo=yw’ ep-b?, O<argf,<m,

b=0,50 (G+ Z),q:k% 9= f—05a,1p:u( gk 99 )Zj, =1,2.

i9i

The unknown coefficients in the presentation ofgbeondary fields will be
determined from the boundary conditions.
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4. Fulfilment of boundary conditions

First, we will express the functio Ed, Hd through the spherical vector

wave functions in the coordinate system with thigiorat the point O using the
formula [20,21]:

ﬁOn(rl,el,ko):iA"S(k(h,O)”noi r8,k), & < (15)
r%On(rl,el,kO)ziAg(kgn, ) o 18 ,k), & < T, (16)
where
Ag (koh,0)= k0h (231+ 3 ~C1§1+(2—Sl_;~c]s 1 + ~Cj}s
(17)
Ci=(2s+] Y prs=n fnosd H(k h P( cos) ,

o=[s-n

b{"%1% = (nq00 o 0f, (ng0O o 0) are the Clebsch-Gordan coefficients [19],
then

E, = EDY AL (koh, O T 18 k) + EDS. A hQm( 8. (18)

H, = HgmﬁA}](k(h,o)ﬁOn( r, ko + H&‘?i A (kh,0 Mo 10 k). (19)

n=1 n=1

Taking into account (8), (10)—(13), (18), (19) d@hd condition of orthogo-
nality of the associated Legendre functions onitierval [0,7] the boundary
conditions (3), (4) will become:

M(n)tv (n)=F(n), (20)

where
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0 myp Mgz my M mg O 0
m21 0 m23 m24 m25 m26 0 0
m31 0 m33 m34 m35 m36 0 0
_ 0 m42 m43 m44 m45 m46 0 0
M(n) =
0 0 mg My Mg Mgg 0 mag (21)
0 0 mg Mg Mgs Mgg Mgy O
0 0 myg my My My myy; O
0 0 mgz mgy mMgs mgg 0 Mgy
@
a
@ °
an 0
b 0
b 0
V(n)= n , F(n)= ) 22
@ | o 2
@ fe(n)
dgl) f2(n)
fg(n
e g(n)
m12=gn(201)’ m13=_d:||:1) (E l]) y m14=— élr)](E 2) il m15_'_ géE ])1 ]
Mie ==0,(&21) M= Jn(€0) s Mo~ af 121(E ). MoF g ﬁ)r(z b
m25=q1jn(Ell)’ M= qun(E 2)’ Msr HY '(E O)l/E 0
M3 = _plg(:)(zﬂ) » Mgg=— pzéln) (€2) » mae = p.OfE )
Mas = =P20n (& 20) » Maz= Hoi€ o) / E oMy3 = qlplh(r? (&)
(23)

My = 00, (€2 . Mas= PyifE )« Mae API(E )
m53=g(nl)(512)’ my,= ) (820 ms= 98 1) . mez 9fE 2.
mgg = —gf) (€02) Mes= oty (810 mem qzﬁ?](i 2

Mes = Ayjn (€ 12), Mes= A0 (& 5) M 6= H(E o),

My = pyd) (€1) M7= 00 (€ 2) . Ms =P (E10)

Mys = P29n (& 22) » Mop= - Hody (8 o) /Eo
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Mgz = qlplh(,? (E 12) y Mgg= Q2p2|L'12\(E 2% » Mg5 q:Pﬂ({E iz )
Mge = G2P2in(E 22 » Meg= H o) (€ o} /Eo

fs =ESAL(K 0090 (8 02) /Eor o= —ESV Ak 1,0 (€ 0} /Eo ¢ (24)
f7 =HEVAL(K 1,0)gn(E02) /E o T5= ~H ALk §,0)] (& 0} /E g
€01 =Kea1, €11 K@, €217 KA1, §15= k@n & 27 kA28 o7 K@z

5. Far field

Using the asymptotic expression for the functions,(r,0,k,),
r:nOn(r’e’ ko) [21]:

fon (1.0, k)= (=1) - Pi((c09) g
’ ik or (25)
M (18,k) = ~(=1)"* TP (o) g |
Kor

we obtain the asymptotic representation of thetetegector E,

_ g _

E,=E, LIJ(B), r— oo, (26)

Kor
where
P(8)=w,(6)g, +W,(0)g
(27)

W, ()= (-i)" P (cos) § , w,(8)=-3 (- )" B( coB) § |.

0
n=1 n=1

The curveD(6) :\Q(e)\z is a direction diagram of an electric field and
characterizes the magnitude of the electromageetcgy in the direction @

(28)

D(6) =|wy(8) +|w(8)".
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We need to solve the system (20) in order to fieldoefficientsd, d
representation:

d® =M, (n)|/[M(n)], d? =|My(n)|/|M(n), (29)

where|M (n)| is a determinant of the matriM(n) , ‘Mj (n)‘ is a determinant of

the matrixM, (n), M;(n) is a matrixM(n), wherej column is replaced with
a F(n) column-vector.

Using computer algebra system MathCAD [23, 24]¢hkulations of the
direction diagram of an electric field were carrieat for some parameters of
the problem. The spherical functions were calcdldig means of built-in func-

tions. The derivatives of spherical functions weedculated by means of the
formula [22]

ifn(x) =nf (xX)/x-f ,.(x), n=0,1, 2, ... . (30)
dx

We assume that at the point O there is the electtipole
H™W =g =0, EP= g, H®= H)= B k /in o and the remaining parameters
are equala; = 0.3 m,a,=0.35m, = 0.7 m, f= 10Hz, w=2nf,e = 2.1g, n
= 1,01 po. Figure 2 shows the graphs of the direction diagix©) for the in-
creasing values of the Tellegen parametersO, 0.2; 0.4; 0.5; 0.6 and k = 0.
Figure 3 presents the graphs of the direction dragb(6) of an electric field
for the increasing values of the chirality paramete= 0, 0.2; 0.4; 0.5; 0,6 and

= 0. Figure 4 demonstrates the graphs of the dieciagramD(6) for the in-
creasing values; = 0.05, 0.2, 0.25, 0.3 and= 0.8, k = 0.52, = 0.35 m.
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Fig. 2. Graphs of function B} for some values of the Tel-
legen parametensand k = 0
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6. Conclusions

The paper developed analytical algorithm for sajvan axisymmetric
problem of diffraction of electromagnetic field ellectric and magnetic dipoles
on the bi-isotropic spherical shell. The solutidntlee problem is reduced to
solving a system of linear algebraic equations. déeeloped method can find
practical application in the development and desifjalectromagnetic screens.
The shielding of electromagnetic fields, as a b&misenvironmental security,
allows to complete the following tasks - protectiof information leakage
through technical channels; electromagnetic corhipisi of equipment and de-
vices when they are used together; people protefition the increased level of
electromagnetic fields and creation of a favorasleironment around operating

electric and microwave devices.
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ROZPRASZANIE FAL ELEKTROMAGNETYCZNYCH ZA POMOC A
BIIZOTROPOWEJ POWLKI KULISTEJ

Streszczenie

W artykule przedstawiono analityczne rogménie problemu rozpraszania fal elektromagne-
tycznych na biizotropowej powtoce kulistej. Wtorfade elektromagnetyczney przedstawiane
jako superpozycja funkciji falowych wektora kulistedgrozwizanie problemu brzegowego zosta-
to zredukowane do rozwdania ukfadu liniowych réwriaalgebraicznych dla wspétczynnikéw,
ktore g zawarte w opisie pol wtdrnych. Otrzymano wzér didiazania diagramu kierunkowego
pola elektrycznego w ezci pola oddalonej na da odlegté¢ od zrédla promieniowania oraz
otrzymano wyniki liczbowe dla emych wartgci parametréow. Wyniki magznale¢ praktyczne
zastosowanie w rozwoju i projektowaniu ekranow et@kagnetycznych.

Stowa kluczowe:biizotropowe powtoki kuliste, fale elektromagnetge, funkcje falowe wektora
kulistego, diagram kierunkowy pola elektrycznego
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