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Abstract—Recently, bianisotropic media again received
increasing importance in el ectromagnetic theory because of advances
in material science which enable the manufacturing of complex
bianisotropic materials. By using Maxwell's eguations and
corresponding boundary conditions, the electromagnetic field
distribution in bianisotropic solenoid coils is determined and the
influence of the bianisotropic behaviour of coil to the impedance and
Q-factor is considered. Bianisotropic media are the largest class of
linear media which is able to describe the macroscopic materia
properties of artificial dielectrics, artificia magnetics, artificia chiral
materials, left-handed materials, metamaterials, and other composite
materials. Several special cases of coils, filled with complex
substance, have been analyzed. Results obtained by using the
analytical approach are compared with values caculated by
numerical methods, especially by our new hybrid EEM/BEM method
and FEM.

Keywords—Bianisotropic media, impedance and Q-factor,
Maxwell's equations, hybrid EEM/BEM method.

|. INTRODUCTION

HE main idea of bianisotropics is a combination of two

physical notions: (a) the near-field manipulation and (b)
chirality. Bianisotropics concerns the subject of an intrinsic
magnetoelectric (ME) coupling in media. Bianisotropic media
are conceived as artificia structures and placed in an electric
or magnetic field becomes both polarized and magnetized.
Almost any media in motion becomes bianisotropic. The first
cases of bianisotropic materials were indeed moving dielec-
trics and magnetic materials in the presence of electric or mag-
netic fields.

Historically, the electromagnetic chirality was studied in the
optical region. Hence, the most common term for chiral media
is optically active media. Usually, the effects of magnetoelec-
tricity in natural crystals are considered without any relations
with a symmetry structure of the EM field. The bianisotropic
medium is the most general linear complex medium.
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Biisotropic media, analytically proposed by Tellegen [1]
over sixty years ago, can be nonreciprocal, and is not as
popular, possibly because it has not been found in nature. Both
chiral and bi-isotropic media are isotropic, and they become
polarized when placed in a magnetic field, and magnetized
when placed in an electric field.

This effect was theoretically predicted by Landau and
Lifshitz in 1957 and Dzyaloshinskii in 1960 [2], and experi-
mentally confirmed for anti-ferromagnetic chromium oxide by
Astrov in 1961 [3].

In a chiral material the electric field induces a magnetic
polarization with which it has n/2 phase difference, and the
magnetic field induces an electric polarization with similar
phase difference. However in the magneto-electric effect, the
induced magnetic polarization is in phase with the electric
field and the induced electric polarization is in phase with the
magnetic field [4].

A bianisotropic medium provides a coupling between
electric and magnetic fields. The field vectors D and H depend
on both E and B. The constitutive relations for a bianisotropic
medium is given by [4] - [10]:

D =¢E +&H;
5~ M
=(E +4H,

where:

» Eiselectric field strength, (vector values are in bold.)

» D iselectric displacement,

» H ismagnetic field strength and

* B ismagnetic flux density,

» gand u are electric and magnetic permittivity, &, and ¢ are
the value which defines the bianisotropic properties.

The constitutive parameters ¢, p, & and ( are arbitrary
random tensors, potentially fully populated, and homogeneous
within each layer. The electrical permittivity, &, and the
magnetic permeability, p, are second-order tensors, while the
chirality parameters & and ( are pseudo-tensors. For bi-
isotropic media, the material parameters are scalars and
pseudo-scalars.

Maxwell’s equations are form-invariant; however, constitu-
tive relations are only form-invariant when they are written in
the bianisotropic form. Classica theories for homogenization
of local bianisotropic composites, based on the Maxwell
Garnett and the Bruggeman formalism, are relevant about
some "bianisotropic effectsin left-handed materials'.
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The Maxwell-Garnett approach [11] has been a very A chiral medium is characterized by the proper@t ti is

successful theory in describing theffeetive dielectric

properties of composite dielectric media.

A theory of electromagnetic processes in mediaied as
macroscopic  electrodynamics or electrodynamics
continuous media. Relations betwdgrD, H andB acquire a
special meaning in a view of a strong interest @tent
propositions and intensive studies of differentifiaial
electromagnetic structures called as "metamateridleft-
handed materials”, ‘"chiral materials”", "bianisotoop
materials", etc [12] - [13].

"Metamaterials" are new artificially created stwess, able
to show material properties unknown in nature. Desr-fields
are originated from "microscopic" electric and meaiim
charges.

The term "Metamaterial” has been introduced inte thwire currying current,

electromagnetic lexicon in recent years to descniteav

artificial materials with electromagnetic propestihat are not
found in naturally occurring materials. Metamatemaedia

and surfaces (with unconventional electromagneatpgrties)
have attracted a great deal of attention and isiténerecent
years. Various ideas involving double-negative (DNi&dia,

single-negative (SNG) materials, electromagnetiadbgap
(EBG) structures, and artificial very thin magnetanductors
(AMC) have been explored by many researchers dweepast
few years. New EEM/BEM hybrid method [14]-[24] cae

applied for metamaterial structures determination.

The time-harmonic constitutive relations of a geaher

bianisotropic medium are [10]:

D= t":o(“" E +necH );
. @

not identical with its own mirror image. The miciogture of
a chiral medium has a left-handed or right-handsdrne. The
asymmetric geometry of the coils creates an oveaiital

response. The electric and magnetic field veatorate as a
wave propagates through such a medium.

The general theory of plan wave propagation in the
bianisotropic media, including corresponding wageiaions
and the potential functions [6], is very well deygd.

In the present paper solenoid coils [17] with béatiopic
cores are considered.

Il. THEORETICAL BACKGROUND

It is considered a long solenoid of circular cresstion
(radiusa) wound with N turns of wire per unit length, the
having magnitude and angular
frequency w The solenoid core is bianisotropic, having
constitutive relations (4) and conductivity Outside of the
solenoid is free space.

Inside the solenoid coil, Maxwell's equations, goueg
distribution of electromagnetic fields, have thédwing form:

rotH =oE + jwD; rotE =—juB; divD=0; divB=0. (5)

Inside the solenoid coil, Maxwell's equations, goueg
distribution of electromagnetic fields, have thédwing form:

rotH =oE + jwD, rotE =-jwB,
divD=0, anddivB =0. (6)

By using constitutive relation (4), it is obtained:

rotB :[uc+ jco(su—xz)]E , divE =0, anddivH =0. (7)

where g, and p, are the permittivity and permeability of free  Outside the solenoid coil is:

space respectively, ang} is the speed of light in free space.
For chiral materials the constitutive relations gireen by:

D:eE—xaa—T;
3
o 3)

B=
Xt

+uH,

wherey is called the chiral parameter.
When the medium is losslessy andy are real.

rotH = jwe,E, rotE =—juu,H , divE =0,
divH =0, D=¢,E,andB =p,H . (8)
The obtained Maxwell’s equation can be solved dically
in cylindrical coordinates;, 0, z, wherez-axis coincides with
solenoid axis.
Because of the problem axial symmetry, the field
components depend only on the radial distance,So,
0/06=0 and 90/0z=0 and angular,E,, and axial, E,,

Tellegen had imagined a new medium for which thelectric field component satisfies the following SBel's

constitutive relations were given by:

D =¢E +xH;

4
B =XE +uH, “@

where£—=1.
EQ

differential equations:

dZ_E9+1d_E9+ Ee[l—ij =0

dw?  w dw W ©

and
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2
e ries0 (10) .
. w2 wodw (k f), raa’ (18)
where:
w=kr, r<a (11)
w=kor, r>a’ ( )(kr) (>a (19)
k? :wz(sp—xz)— jopo (12) _L 3,k )
B, = (20)
and o Jolka,
% : (( )) M) r>a
ks = W'egH, . (13)
The valuek is complex,k =k, + jk, , where B, = (21)
_ﬁ JI(E() ()kr) r>a
; (L 5)
J1+p? +1
k, = wyepn-x* Tp (14) By _Xg r<a
E‘: " , @2)
A1+ p? - —e
ke =ofen—x | P2 (15)
o r<a
p= 7 (16) H, = |<O Jl(ka) @ (23)
wen -x2) 2 —_—C—(—hH (k,r), r>a
JWO le (kOa) ° °
B i itions: E, +xHy, r<
y using boundary conditions D :{e s TXHg, r<a (24)
(r=a-0)=Er=a+0) e e
r=a-0)=Ej\r=a+0),
B 5 _ €E, +xH,, r<a (25)
E,(r=a-0)=E,(r =a+0), * " |gE, r>a
He(r:a—O):He(r:a+0) and where:
Hz(r:a—O)—HZ(r:a+O):N'I , a7 C:-JTHO-JTEO_ (26)
and by respecting radiation condition for largeiahdistance,
the following field distribution can be obtained:
£ = XN . . 3(ka) @7)
kko 2y Hi(ka) o YHE(ka) K 1, po K? + )’
J (ka)j)—l +J (ka)j)—o -] B 4 PR A 3 (ka)d (ka)
° H’ (koa) ' H,? (koa) Ho H ks ’
and
(2) 2 2.,2
hlka i lee) o Kr e
Ho =N : HO(()kOa) LK (28)
H.?(k,a) HP (a) ko[ 1 | Ko K2+ w2
J2(ka)—% JZ(ka)—2 -0 Lt J,(ka) 3, (ka
B O M O (R
[ll. CALCULATION OF SOLENOID COIL IMPEDANCE
By using Pointing’s theorem the power per unitesisoid P'=z" :[F(r :a+0)—r(r :a—O)]Zarr, (29)
length, P, can be evaluated as Pointing’s vector flux thnougwhere:
complex surface condensing cylindrical surfacesté=and
r=a-0, M=EH, ~EHy (30)
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is radial Pointing’s vector component a@d =R + jX' is Finally:
solenoid coil impedance per unit length.
WPXHN' J,(ka)
EO = ’ (31)
K, (k) k) ks

0 1

where:

12,2

Z, = joly, Ly =pN'"a’n (32)
are static values for input impedance and coil @talice per
unit length.

The coil inductance per unit length, for arbitrémggquency,
can be determined as:

=X (33)
@
and coil Q-factor is:

X" wl'
Q=—=—" (34)

The impedance ratio is obtained:
- =L,(1— 11] (35)

ZO LO Q

Similar procedure can be applied on arbitrary stape

perfect conducting electrodes, where electrodesrepaced
by finite system of Equivalent Electrodes [25] 6]2

In contrast to Charge Simulation Method, where the

fictitious sources are placed inside the electrod#sme, the
EEs are located on the body surface. The radiuBEs is
equal to equivalent radius of electrode part, whish
substituted.

This consideration can be applied on magnetic radger
[15]. Boundary between two magnetic materials can b

replaced by equivalent currents (ECU), where EGblacated

on the boundary surface of the magnetic layers,ingav

different magnetic permeability. A system of lineajuations

can be formed again, and surface density of Ampere’

microscopic currentsj,, are now unknown.

IV. NUMERICAL RESULTS

Computer-aided analysis of field distribution farakiating
electromagnetic device or component performancdaesme
the most effective way of design. Analytical methddave
limited uses and experimental methods are expemsideime
consuming. Finite difference method, finite elememthod

and boundary element method are used for the noaheri

solution of the field equations. The boundary eletmeethod
employs an integral equation formulation. Sinceuhknowns
are placed only on the boundary the dimensionalftythe
problem is reduced by one.

2 H 2 H o Mo K2 +0®
skl e+ s it k[+ . JJO(ka).]l(ka)

Ko M

In order to investigate the influence of the conisotropic
properties, first solenoid, having isotropic coresill be
considered.

These results are contained in general proposedufas as
special cases fox =0.

It is clear that the electromagnetic field disttibn is
simpler in the case of the isotropic core, wheny oakial
magnetic field and angular electric field existewLfrequency
magnetic field is practically homogeneous inside sblenoid
and vanishes in the exterior region. In the inteniegion
electric field increases (from zero to value on wdenoid
axes) from axes to the windings. Outside the sdderioe
electric field strength is negligible and decreaasslf. The
LF coil impedance has an inductive charactdr/L,

dependence on the ratig/A, (o is free space wavelength),
for solenoid having air core, is presented in Fig.1

127 L/ L
1.0

0.8

0.6

0.4+

0.21

0.0+ ‘ ‘
0.01 0.1 1.C 5.C

Fig. 1 L'/Ly for solenoid coil with air core for different it/ A

It is noticeable that the maximal valuk,,, =1.08808.,, of

inductance per unit length corresponds to the fraqu as
a= 0076\,. With frequency increasing, because of very
significant radiation effects, solenoid changes ctaace
properties, and shows inductive, capacitive andonast
qualities. Q-factor dependence on the ratid,, , for solenoid

having air core, is presented in the Fig.2.
The L'/L; and Q-factor dependencies on the radijf\,

and for different ratios o/we, for solenoid with

semiconducting isotropic coreg(=1, p, =4, x=0) are
presented in the Fig.3 and Fig.4.
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Differently from above mentioned, in the solenoidthw and vanishes in the exterior region. In the interegion
bianisotropic core exist both components of elec@ind electric and magnetic field increases (from zereaioie on the
magnetic field (axial and angular). Low frequengsciric and  solenoid axes) from axes to the windings. Outsigesblenoid

magnetic field is practically homogeneous inside ghlenoid

A
101 Q

1.0

0.0 ‘ ‘ >
0.1 1.0 5.0

Fig. 2 Q-factor for solenoid coil with air corey ftifferent ratioa/A, .
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0.0 001 0.02 0.03 0.040.050.06 0.07 0.08 0.09 (.1

Fig. 3 The ratioL'/L, as a function o/, , for solenoid coil with
g, =1, 4, =4, x =0, whereg/wE is parameter

A
1000f, Q
1001 =0

10{ = B

1.0+

mEeann
--.._---::.--::...

01{ @&

———————————— 1>
0.0 0.01 0.02 0.030.04 (0).050.06 0.07 0.08 0.09 (.1

Fig. 4 Q-factor as a function @f/A , , for solenoid coil withe, =1,
M, =4,x=0, where g/ we is parameter

the electric and magnetic field strength is neplaiand
decreases asrl/
The L'/L, and Q-factor dependencies on the ragid\,

and for different ratios x/Js_ , for solenoid with
bianisotropic core are presented in the Fig.5 d@g®Kke, =1,
M, =7, 0=0).
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Fig. 5 The ratioL'/L;, as a function oy/A ; , for solenoid coil with

e =14 =7, OZO,wherex/\/a is parameter
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1.0{ x/Jen =1.9999

al i,

>

T T T T T T T T T >
0.0 0.01 0.02 0.030.04 (),050.06 0.07 0.08 0.09) 1

Fig. 6 Q-factor as a function @f/A ; , for solenoid coil withe, =1,
M =7,0=0, wherex/,/eu is parameter

L'/L, and Q-factor depend ore/A, and for different

X/\/a for solenoid with semiconducting bianisotropiaeo
(g, =1, 4, =7, o/we =10) are presented in Fig.7 and Fig.8.

It can be concluded that the influence of the dnaaisotropic
properties increases together with core condugtivit
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