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Abstract - The paper considers an artificial chiral metamaterial created on a homogeneous container basefrom foamed
dielectric, in which flat conducting S-shaped microelements are evenly placed and arbitrarily oriented. To describe the
metamaterial, a particular mathematical model was constructed that takes into account chirality, dispersion, and heterogeneity
of the structure. The Maxwell Garnett model was used to account for heterogeneity. To take into account the dispersion of the
chirality parameter, the Condon model known from the theory of optically active media was used. The partial domain method
was used to solve the problem of the incidence of a plane electromagnetic wave of linear polarization on a planar layer created
on the base of the investigated chiral metamaterial. The solution of the problem was reduced to an inhomogeneous system of
linear algebraic equations for unknown reflection and transmission coefficients, taking into account the cross-polarization of
the electromagnetic field. An analysis of the numerical results showed that the structure has pronounced frequency selective
properties, in particular, as in the case of chiral metamaterial based on three-dimensional conductive elements, discrete
frequencies were determined at which the structure is transparent to microwave radiation. Chiral metamaterial based on
C-shaped microelements can be used to create narrow-band frequency-selective microwave energy concentrators of planar type.

Keywords - chiral media; chiral metamaterial; metamaterial; metastructure; C-element; spatial dispersion; frequency
selectivity; Maxwell Garnett model; Condon model; microwave energy.

Introduction

Interest in metamaterials, which is associated with
the detection of new properties of the interaction be-
tween electromagnetic fields and artificial matter, is
increasing every year. A large number of scientific
publications on the electrodynamics of metamateri-
als [1-5] discuss various structures and their electro-
magnetic properties. Any metamaterial consists of
electromagnetic resonant particles (inclusions) that
are placed in various ways in a substance of anoth-
er type (container medium). Inclusions form a two-
dimensional or three-dimensional matrix, which
changes the values of the dielectric and/or magnetic
permeability of the metamaterial as a whole. As a re-
sult, the geometric and material parameters of inclu-
sions and the container medium at the metamaterial
development stage can be varied to obtain specific
electromagnetic properties. In scientific works, con-
siderable attention has been focused on the develop-
ment of metamaterials to obtain negative refractive
properties (Veselago media) [6-8], frequency-selective
“invisibility” of objects covered with metamaterial
[9], frequency-selective concentration of microwave
energy [10-12], and polarization transformation.
Currently, metamaterials have been synthesized in
the frequency range of 1-100 GHz. The use of met-
amaterials in microwave technology is also diverse,
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including microwave filters, phase shifters, polariz-
ing devices, couplers, and transmission lines [13-15].
A significant number of studies have focused on met-
amaterials in antenna technology, including MIMO
devices [16-18].

A special type of metamaterial is chiral medium
[19-23], which is characterized by mirror asymmet-
ric conductive composites. Examples of chiral (mir-
ror asymmetric) inclusions are Tellegen elements,
thin-wire three-dimensional and plane spirals, S-
shaped elements, strip gammadions, multi-start spi-
ral elements, and single and double open rings. In
such structures, normal waves are waves with right-
handed and left-handed circular polarizations (RCP
and LCP, respectively) and different phase velocities.
Another property of chiral metamaterials (CMMs) is
the cross-polarization of the reflected and transmit-
ted fields.

To describe the electromagnetic properties of
CMMs and consider the properties of chirality,
a third material parameter, called the chirality pa-
rameter, which refers to a certain coupling coeffi-
cient between electrical and magnetic processes in
an artificial environment, is introduced. Any mirror
asymmetric element has an inextricable composition
of elementary electric (thin-wire and strip conductor
with current) and magnetic (open loop with current)
dipoles because of its unique shape.

© Buchnev LYu. et al., 2023
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In most cases, to describe the CMM, material

equations with the following forms are used (Lindell-
Sivola formalism) [19]:
D=¢EFiyH, B=pH=+iyE, 1)
where E, H, D, and B are the complex amplitudes
of the vectors of intensity and induction of electric
and magnetic fields, respectively, and i is the imagi-
nary unit. In Eq. (1), the upper signs correspond to the
CMM based on mirror asymmetric components with
aright twist (right-handed forms of the components),
and the lower signs correspond to the CMM based on
mirror asymmetric components with a left twist (left-
handed forms of the components). Eq. (1) is expressed
with the Gaussian system of units and written under
the assumption of harmonic dependence of the elec-
tromagnetic field vectors on time.

Notably, to describe the interaction between an
electromagnetic field and a chiral medium, along
with the relative dielectric ¢ and magnetic p per-
meabilities, a dimensionless chirality parameter y
is introduced. For real cases, all functions are fre-
quency dependent, that is, = 8((,0), u= u(m), and
1=7(o).

Refs. [12, 24] showed the possibility of using CMMs
based on thin-wire conductive single-start and multi-
start spiral elements for the frequency-selective con-
centration of microwave energy. In Refs. [10, 11], sim-
ilar effects were theoretically predicted for a planar
layer of a chiral medium based on composite thin-
wire spiral elements and strip gammadions. Several
mathematical models of the CMM are described in
Refs. [32-34].

This study proposes a method for constructing a
mathematical model of a CMM based on C-shaped
elements, which are placed in a volumetric con-
tainer made of foam dielectric. When constructing
a mathematical model of the investigated CMM, the
main properties of the material, namely, chirality,
dispersion of material parameters, and heterogene-
ity, are considered. As an example of the use of the
constructed mathematical model, the solution to the
problem of reflection of a flat electromagnetic model
of linear polarization from a planar layer of a CMM
based on conductive C-shaped inclusions, uniformly
placed and randomly oriented in a dielectric contain-
er, is considered.

1. Development of a particular
mathematical model of a CMM

The currently used mathematical models of CMMs
in most cases are insufficiently generalized because

they do not consider all of the basic properties of
metamaterials. In particular, only a few publications
considered the heterogeneity of metamaterials as
a whole. Here, we discuss the fact that, in most cases,
the metamaterial is described by frequency-depend-
ent effective dielectric permeability s(w).

Let us consider the generalized structure of the ar-
bitrary metamaterial shown in Fig. 1. The CMM con-
sists of a dielectric container (A) with relative perme-
abilities €. and p_, where chiral metal inclusions (B)
are placed. The areas comprising mirror-like asym-
metric elements have relative permeabilities &, and
ug. The linear dimension of the areas is d, and the
distance between adjacent elements is .

Notably, the effective dielectric and magnetic per-
meabilities of CMMs in the general case depend on
the corresponding parameters of the container and
the areas where the conductive mirror asymmetric
microelements are placed, that is, ¢ :s(ac, as) and
p= p(p.c, ;,LS). In future work, a foam dielectric will
be used as a container medium, in which p=1.

To describe heterogeneous properties in phys-
ics, several different models (e.g., Maxwell Garnett,
Bruggeman, and Odoevsky models) are used [25-27].
In this study, we consider the Maxwell Garnett mod-
el, which leads to the following relationship for the
effective dielectric permeability of the CMM:
£ — &,

:—’ (3
85+28C )

1+20L8X )

e=¢ ;€
‘ 1-ag, X

where ¢ is the relative effective dielectric permeabil-
ity of the CMM, ¢, is the relative dielectric perme-
ability of the dielectric container (A), g is the relative
dielectric permeability of regions occupied by chiral
inclusions (B), and o is the volume concentration.

In studies conducted by other authors [28], the use
of the Maxwell Garnett and Bruggeman models is
equivalent at low concentrations of inclusions.

To consider the dispersion of the dielectric perme-
ability of Region B, we use the Drude-Lorentz model:

(SC —800)0)12)
2 )

4)

g (oa) =gt
0y +2i0,0—
where ¢ is the asymptotic value of the dielectric per-
meability at ® —> o, 8, is the damping coefficient,
(o?) is the resonant frequency of absorption, and o)%
is the resonant frequency of the microelement, which
is calculated for a specific chiral microelement in a
quasi-stationary approximation.

To describe the frequency dependence of the chi-
rality parameter, this study uses the Condon model,
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Fig. 1. Generalized structure of an arbitrary CMM
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which was initially applied in the theory of optically
active media [29, 30]:
co(Z)BO(o

2 o 2
0y +216, 0y —

; (5

1 (o) =

where B, is a constant with an inverse time dimen-
sion and describes the degree of mirror asymmetry of
the microelement and 3, is the damping coefficient
of the chirality parameter.

By substituting Eq. (4) into Eq. (3), we obtain the
following equation for the frequency-dependent ef-
fective dielectric permeability in the Maxwell Gar-
nett model:

1+ 2aax (m) ‘

s(m)zsc (6)

In Eq. (6), the relative dielectric perme-
ability of the container medium is considered
frequency-independent.

Thus, the generalized mathematical model of the
CMM in the considered formalism, considering
Egs. (1), (5), and (6), has the following form:

ﬁzs(w)ﬁiix((o)ﬁ, E:pﬁiix(o))fi; 7)

1+ ZOLSX (0))

2
_ . pBy®
s(m) ~ % 1-ag, ((x)) ’

2 .
g + 218, 0y — ®

()= x

2
gxz—ss(m)—sc ; ss(m):aw+ (SC sw)(op )
gs(co)+28C (ng +2i660)—002

The mathematical model of Eq. (7) is valid for the
case when all chiral microelements have identical
shapes and linear dimensions, are located equidis-
tantly and chaotically oriented, and the magnetic
permeability of the CMM is frequency-independent.

Based on Eq. (7), a particular mathematical model
of a CMM is constructed based on a specific type of
mirror asymmetric element.

Let us consider the calculation of the resonant fre-
quency of a C-shaped element using a quasi-station-
ary approximation.

The structure of a CMM cell based on a C-shaped
element is shown in Fig. 2. The C-shaped element is
described by the outer radius R and inner radius r of
the conductive strip. All elements are located at equal
distances [ from each other. In this case, the C-shaped
elements can be rotated relative to their geometric
centers in both vertical and horizontal planes.

In the quasi-static approximation, the chiral ele-
ment is replaced by an inductive-capacitive circuit.
To calculate the resonant frequency, we use Thom-
son’s equation:

()

where L is the total inductance of the chiral compo-
nent and C is the capacity of the chiral component.

The capacity of the C-shaped element, considering
its connection with the four adjacent inclusions, is
determined as follows:
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Fig. 2. Structure of a CMM cell based on a C-shaped element
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C=C,+C;

e O
that is, in the form of a superposition of the capaci-
tances of the element C, and the inter-element ca-
pacitance C,.

The intrinsic capacity of a C-shaped element is de-
fined as follows:

TE(R2 - r2)

C.=¢, —n

where h is the thickness of the metamaterial contain-

(10)

er. During recording, we assume that the baseline of
the C-shaped element is the middle line with the ra-
dius of the semicircle R'= (R+ r)/2 and the width of
the stripis h=R-r.

The inter-element capacitance is determined using
the following equation:

n(R2 —r? )

CM3 =& T’

where [ is the distance between the centers of adjacent

(11)

areas in which the C-shaped elements are inscribed.
As a result, the equation for the total capacity of
the N-start gammadion has the following form:

MH}

2h 4l

The inductance of a C-shaped element is deter-
mined using the following equation:

ﬁ[mf

(12)

2
L=pe R—r "

Using Thomson’s equation (Eq. (8)) and considering
Egs. (12) and (13), the equation for the resonant fre-
quency of the C-shaped element is derived as follows:

1 1

) Veeke \/\g”[nm(}ur)?’ |

Eq. (14) was obtained using the quasi-static ap-

(14)

proximation, and its use is possible only in the range
we (O; mmax), where o,

cy at which the elements can be considered quasi-sta-
tionary ¢T > 1 (where c is the speed of light and T

is the maximum frequen-

is the period of the electromagnetic field oscillation).
Thus, a particular mathematical model of a CMM

based on a uniform set of C-shaped elements consid-

ering Egs. (1), (7), and (14) has the following form:

ﬁzs(m)ﬁiix(w)ﬁ, ﬁ:uﬁiix(m)ﬁ;
S(Q)ZSCM;

1—ocsx((o)
o) 2P

2 o 2
0y + 210,050 —®

7)

_5 (co)—gc .

O € (0))+28C ’

B 2
ss(w):sw +—§8C .sw)wp 5
gy +2i8,0—
1 1
®o =

Vecke Jf[ 41}(}(”)3'
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2. Problem of the incidence of a plane
electromagnetic wave on a planar
CMM layer based on a uniform
set of C-shaped elements

Let us consider the problem of the incidence of
a plane electromagnetic wave with linear E- or H-
polarization on a planar layer of CMM based on a
uniform set of C-shaped elements. The problem ge-
ometry is shown in Fig. 3.

A plane electromagnetic wave is incident on a layer
of metamaterial at an angle 6. Region 1 is a dielec-
tric with dielectric and magnetic permeabilities ¢,
and p,. The chiral layer (Region 2) is described by
material parameters &,, W,, and y, within the pro-
posed mathematical model of Eq. (7). The concentra-
tion of chiral inclusions in Region 2 is equal to a,.
The thickness of the metamaterial layer is h. Region 3
is a dielectric with dielectric and magnetic perme-
abilities &5 and p;. When solving the problem, we
assume that the planar layer is indefinitely extended
along the axis Oz and consider the phenomenon of
cross-polarization that occurs when an electromag-
netic wave is reflected (passed) from a layer of CMM,
that is, when a wave with E-polarization is incident,
components of the reflected and transmitted electro-
magnetic fields with H-polarization, and vice versa,
will appear.

The reflection coefficients from the planar meta-
material layer can be written as a 2 x 2 matrix:

R 7 Iz

R _ hh he (8)
Teh  Tee

where n;, is the reflection coefficient of the wave

field with H-polarization when a wave with H-polar-
ization is incident, 1, is the reflection coefficient of

the wave field with H-polarization when a wave with
E-polarization is incident, r,, is the reflection coef-
ficient of the wave field with E-polarization when a
wave with E-polarization is incident, and r,j, is the
reflection coefficient of the wave field with E-polar-
ization when a wave with H-polarization is incident.

Similarly, the transmission coefficients in Region 3
are described by the following matrix:

T o (thh the]’ 9)
leh  lee

where t, is the transmission coefficient of the wave
field with H-polarization when a wave with H-polari-
zation is incident, ¢, . is the transmission coefficient
of the wave field with H-polarization when a wave
with E-polarization is incident, t,, is the transmis-
sion coefficient of the wave field with E-polarization
when a wave with E-polarization is incident, and ¢,y
is the transmission coefficient of the wave field with
E-polarization when a wave with H-polarization is
incident.

Inside Region 2, according to the general proper-
ties of the chiral medium, electromagnetic waves
propagate with RCP and LCP refracted from Re-
gions 1 and 2 and reflected from the interface with
Region 3.

The reflection and transmission coefficients of the
RCP and LCP waves in Region 2 are described by the
following matrix:

Tlgf) TL(*)

S= ) )

(10)
Thus, the matrices of the reflection and transmis-

sion coefficients of the main and cross-polarized field
components expressed in Egs. (8) to (10) need to be
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determined. To solve this problem, we use the meth-
od of partial areas.
A layer of CMM based on C-shaped elements is de-

scribed by the material equation (Eq. (1)) [19]:

D@ - € (m) E? Fiyy ((1)) ﬁ(Z); (11)

B? = Hy a? + iy (m) E@.

where the upper and lower signs determine the right
or left shape of the mirror asymmetric components.
The relationship in Eq. (13) is expressed with the
Gaussian system of units.

To describe the electromagnetic properties of the
metamaterial under study, a particular mathematical
model of Eq. (7) is used.

Vectors of the electric and magnetic field strengths
of a chiral medium are determined using a system of
second-order differential equations with the follow-
ing form [19]:

2k [82 ()1 +23 (‘0)] E? -
—~2ik3pyx, (0)H? = 0;

k) [82 ()1 +23 (“’)}ﬁ(z) *
+2ikge, (0)x, (0)E? =0,

where k is the wave number of a plane homogeneous

(12)

wave in free space.

Vectors of the electric and magnetic field
strengths of a chiral medium are written in the form
of a superposition of wave fields with circular po-
larizations [19]:

[l

a2 - " ~Ep).

B2 —E +E,; 13
Thus, with respect to ER and EL, the homoge-
neous Helmholtz equation can be expressed as fol-

lows [19]:

2% 2 F
V2Eg | +kg B =0, (14)

where Ey is the electric field strength of a wave with
RCP, EL is the electric field strength of a wave with

LCP, and kR’L =k, |:J82 (0))M2 %o (0))] is the wave

number for RCP and LCP waves in an unbounded
chiral medium.

The solutions to Eq. (14) have the following form
and determine the fields of four waves with RCP and
LCP propagating in Region 231}

E?) - T k60D, i)

z

ke (Sg.F) | (15)

ik, (87 ,6).

TR B

HEZ) :L|:T}({)e_ikR(§l;’ )+T( +) ,~ikg (8g,T) _
2

_ gk G _T]£+)eikL(§If,f):|)
where SpL = {—COSOR,L,SineR,L} is the unit vec-
tor along which the waves propagate into Region 2
from Region 1, §}J{,L = {cosOR’L,sinOR’L} is the unit
vector along which the waves reflected from Region
3 to Region 2 propagate, Og is the angle of refrac-

tion of the RCP and LCP waves, n, = ‘,“2/82 is the

impedance of the CMM layer, kR)L =k, (n2 ixz) is
a constant of the propagation of the RCP and LCP
waves in chiral region 2, and n, = @ is the rela-
tive refractive index for Region 2.

This work considered cases of the incidence of a
plane electromagnetic wave with E-polarization [31]:

E£1) :e—ik1(§ind,f) ire —iky (S )’ 16)
H(1) _ﬁ —iky(S;na» )_ cos0 —zk 1(BrefoF)
y ee 5
M ™
HZ1) —rp e—ik1(§ref,f);

1 ik, (8, F
Ey ) =r,,m,cos0e ik (8 )
and the incidence of a plane electromagnetic wave
with H-polarization:

ok (s —ik1(§ref,f);

Hgi) = ¢~ hlSne) +hhp € (17)
E&l) — n, cos® efik](§ind,f) 41y cosd efikl(gref,f);
E£1) _ zkl(gref,r);
1 cosO  —ik,(5.,
H£ ) . 1(Seer ¥)

M

The following notations are introduced in Egs. (16)
and (17): k; = kom is the wave number for a plane
homogeneous wave in Region 1, §_ = {cose, sin 9}
is the unit vector that determines the direction of
propagation of the incident wave, n, = ,/ul/sl is the
impedance of Region 3, and s, 4 = {—cose, sine} is
the unit vector that determines the direction of prop-
agation of the incident wave.

The electromagnetic field in the region expressed
in Eq. (3) has the following form for the case of the

incidence of a plane electromagnetic wave with E-
polarization [31]:

Bl = oG, (18)
3 c0593 —:k -
HE) e, 2250 i)

N3
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P oo(e 273 (0)+2¢
E(S) 9 lkz(smr) s2 c2
t.pNg cosBy e

and for the case of the incidence of a plane electro-
magnetic wave with H-polarization:

B =gy o), (19)
E&s) =1}, cosO; e ik?’(g"’f);
£ =g e hle);
3 o503 —ik,(s,, .F
Hg; ) =T e 3 )

3
The following notations are introduced in Egs.

(18) and (19): kg = ky4/eglg
for a plane homogeneous wave in Region 3, §, =

is the wave number

= {—cos 05, sin 93} is the unit vector that determines
the direction of the transmitted wave propagation,
Ny = Jus/ag is the impedance of Region 3, and 04
is the angle of wave propagation into Region 3.

At the interfaces, the following boundary condi-
tions are satisfied for the tangential components of
the vectors:

()(y 0) (2)<y 0) (20)
Y (y=0)=H (y=0);
£ )
HE (v = k) =HP (v =h).

After substituting Egs. (15) to (20) into the bound-
ary conditions of Eq. (20), the solution to the prob-
lem is reduced to inhomogeneous systems of linear
algebraic equations (SLAEs) for the cases of E- and
H-polarizations of the incident wave:

By gRy g = A (21)

T
RE :|:T1(R )>T}({+)’TIE )’T£+)’ree’reh’tee’teh] )

T
Ag {1 0,0,5959 0,0,0,0} :
M
& [0 7H 1) 1) T
H =R >IR 1L S0 shboThes thhobhe |
Ay =[0,1,-m, c056,0,0,0,0,0]"
where
1+20c28 2((0)
) (‘D)zgcz Toae (o) . ;
_GZSXZ ((,0)
2
yBy® .
XZ (0)): ]

2 o 2
O +218Xc000)—(o

(SCZ €y )(’0]23 .

852(0)):800+ >

2 .
0 +216,0—

1 1

et [l
My () = ez () /1y

OR1, (0)) = [1-

O

b

. 2
g1, sin” 0

(e @y 1, (o))

M= b fons
kL (@) =k ( ey (@)1y £ (03));

K =kgye s kg =k /el

3:m§ BR,L(('O)_

By =kshcosBy;

kR,L (co) hcos GR’L ;

Boy Ay koBo
€ ((D) =g+ mg 32(02 P Ao (m) = W.

The explicit form of the matrix By ; is not given in
the article because of its significant volume.

From the numerical solution to the SLAE of
Eq. (22), the unknown elements of the matrices of the
reflection and transmission coefficients expressed in
Egs. (8) to (10) are determined.

3. Numerical results

In numerical modeling by solving the SLAE of
Eq. (22) for the case of the incidence of a plane elec-
tromagnetic wave with E-polarization, the frequency
dependence of the moduli of the transmission and re-
flection coefficients of the main and cross-polarized
field components were calculated.

As an example, a structure based on a set of strip
C-shaped elements with a strip width of 2 cm was
considered. All elements were randomly oriented
and evenly placed at a distance of 10 cm. The thick-
ness of the metamaterial layer was 10 cm. The con-
tainer material had relative dielectric permeabilities
of €, =15 and p_, =1 (expanded polystyrene). The
element parameters were R= 0,02 m, R—r = 0,02 m,
and H= 0,1 m. Regions 1 and 3 were vacuum with
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€3 = Uy 3 =1. The incident wave of the metastruc-
ture occurred along the normal 6=0.

Fig. 3 shows the frequency dependence of the
moduli of the reflection coefficients of the main
(.| denoted by the dotted line) and cross-polarized
(r.;,| denoted by the dash-dash-dotted line) compo-
nents and the transmission coefficients of the main
(
(

of a metamaterial based on C-shaped elements with
specified geometric dimensions.

tee| denoted by the solid line) and cross-polarized

teh| denoted by the dash-dotted line) components

As shown in Fig. 3, the structure exhibits pro-
nounced frequency-selective properties. In the fre-
quency range of 3,6-4,2 GHz, several resonant min-
ima of the modulus of the transmittance coefficient
are noted. In the same frequency range, the moduli
of the reflection coefficients of the main and cross-
polarized field components and the modulus of
the transmission coefficient of the cross-polarized
component do not exceed 0,2. The deepest resonant
minima are noted at frequencies of 3,9 and 4,17 GHz.
Near these frequencies, the electromagnetic field is
concentrated in a layer of CMM based on a set of C-
shaped elements, and the structure acts as a frequen-
cy-selective concentrator of microwave energy. Nota-
bly, similar effects were observed in CMMs based on
sets of thin-wire conductive single-start and multi-

start spiral elements and strip gammadions with an
arbitrary number of starts. Moreover, even with the
normal incidence of a plane electromagnetic wave on
the CMM layer, a rather strong cross-polarization of
the field is registered both in the structures of the re-
flected and transmitted waves.

Furthermore, a metamaterial based on a uniform
set of chaotically oriented C-shaped elements with a
radius twice that of the previous case was considered.
The element parameters were R= 0,04 m, R-r=
=0,02 m,and H= 0,1 m.

Fig. 4 shows the frequency dependence of the
moduli of the reflection coefficients of the main
(r.o| denoted by the dotted line) and cross-polarized
(r.,,| denoted by the dash-dash-dotted line) compo-
nents and the transmission coefficients of the main
(
(
of ametamaterial based on C-shaped elements with
specified geometric dimensions.

tee| denoted by the solid line) and cross-polarized

teh| denoted by the dash-dotted line) components

As shown in Fig. 4, in the frequency range under
study, one resonant minimum is noted at a frequen-
cy of 4,3 GHz, at which the transmission coefficient
of the main field component tends to zero. Near the
same frequency, the moduli of the reflection coeffi-
cients of the main and cross-polarized field compo-
nents and the modulus of the transmission coefficient
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Fig. 5. Frequency dependences of the moduli of the transmission and reflection coefficients of the main and cross-polarized field

components

Puc. 5. YacToTHbIe 3aBUCHMOCTH MOAY/IeH K03)PHULNEHTOB IIPOXOKAEHHs U OTPaskeHUs OCHOBHOM M KPOCC-IOJISIPU30BAHHON KOMIIO-

HEHT II0JIA

of the cross-polarized component do not exceed 0,2,
which corresponds to the mode of microwave energy
concentration in the CMM layer. Notably, compared
with the previous case, the resonant minimum near
the frequency of 4,3 GHz is wide; therefore, the en-
ergy concentration occurs in the frequency range of
4,2-4,4 GHz.

As an example, a structure based on a set of strip
C-shaped elements with a strip width of 2 cm was
considered. All elements were randomly oriented and
evenly placed at a distance of 20 cm. The metamate-
rial layer thickness was 10 cm. The container mate-
rial had relative dielectric permeabilities of £, =1,5
and p., =1 (expanded polystyrene). The element pa-
rameters were R= 0,02 m, R—r= 0,02 m,and H=
=0,1 m. From the given values, in this metamaterial,
the distance between adjacent chiral inclusions is
twice that of the previous case considered.

Fig. 5 shows the frequency dependence of the
moduli of the reflection coefficients of the main
(r,o| denoted by the dotted line) and cross-polarized
(r.,| denoted by the dash-dash-dotted line) compo-
nents and the transmission coefficients of the main
(
(
of a metamaterial based on C-shaped elements with
specified geometric dimensions.

tee| denoted by the solid line) and cross-polarized

teh| denoted by the dash-dotted line) components

As shown in Fig. 5, the structure exhibits pro-
nounced frequency-selective properties. In the fre-
quency range of 3,45-4,15 GHz, a significant number
of resonant minima of the modulus of the transmit-
tance coefficient are noted. In the same frequency
range, the moduli of the reflection coefficients of the
main and cross-polarized field components and the
modulus of the transmission coefficient of the cross-
polarized component do not exceed 0,2. The deepest
resonant minima are noted at frequencies of 3,78 and
3,9 GHz. Near these frequencies, the electromagnetic
field is concentrated in a layer of CMM based on a set
of C-shaped elements, and the structure acts as a fre-
quency-selective concentrator of microwave energy.

Conclusion

This study presented an example of the construc-
tion of a particular mathematical model of a CMM
based on a uniform set of C-shaped elements, which
considers the basic properties of chirality, heteroge-
neity, and dispersion of dielectric permeability and
chirality. As an example of the use of the developed
model, the problem of the incidence of a plane elec-
tromagnetic wave with linear polarization on a pla-
nar layer of the metamaterial under study was solved.
Notably, a CMM based on a set of C-shaped elements
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Fig. 6. Frequency dependences of the moduli of the transmission and reflection coefficients of the main and cross-polarized field
components

Puc. 6. YacToTHbIe 3aBUCUMOCTH MOAy/eld KOaQPULMEHTOB TPOXOKAEHHUS U OTPaskKeHHs OCHOBHOM M KPOCC-TIO/sPU30BAHHOM KOMIIO-
HEHT M0JIst

has frequency-selective properties. This study proved
that, near some discrete frequencies, the metastruc-
ture is opaque and nonreflective for incident micro-
wave radiation with linear polarization. In these fre-
quency ranges, a frequency-selective effect occurs in
the metamaterial, which consists of the normally (ra-
dially) incident microwave field that is concentrated
in the planar layer of the CMM. Previously, similar
effects were observed in CMMs based on sets of thin-

wire conductive single-start and multi-start spiral el-
ements and strip gammadions with an arbitrary num-
ber of starts. This study also proved that the effect of
frequency-selective concentration of microwave en-
ergy occurs more obviously in CMMs based on three-
dimensional microelements than in CMMs based on
flat two-dimensional chiral inclusions. A similar ef-
fect can be used to create frequency-selective concen-
trators (hubs) of microwave energy.
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NccnepoBanue KHpaJIbHOIO MeTaMaTepHaia
CBY-puana3oHa Ha OCHOBE PAaBHOMEPHOM COBOKYITHOCTH
C-06pa3HbIX MPOBOIAIIMX IEMEHTOB

HU.IO. Byunes, [1.C. Kywnup, O.B. Ocunos, M.A. ®ponosa

TTOBOJIKCK U rOCYyAapCTBEHHBIH YHUBEPCUTET TeJIEKOMMYHHKALUH 1 HHGOPMATHKH
443010, Poccus, r. Camapa,
yn. JI. Toncroro, 23

Annomayusa - B paboTe paccMOTpeH HCKYCCTBEHHBIH KHMPaJIbHBIM MeTamaTepuas, CO3[AaHHBIM HAa OCHOBE OJHOPOLHOIO
KOHTelHepa M3 BCIIEHEHHOTO AMJJIEKTPHKA, B KOTOPOM PaBHOMEPHO pa3MeleHbl M [MPOU3BOJIBHO OPHEHTHUPOBAHBI INIOCKHE
NpPOBOJSIINE MHKPO3IJIEMEHTEl S-06pa3Hoi ¢opmbl. [Jjisi onMcaHWsi HMCCIeLyeMOro MeTaMaTepuasa I[OCTPOeHa 4YacTHasl
MaTeMaTH4YecKasi MOJeJIb, YYUTBIBAIOLIAsk KHPATbHOCTD, AUCIEPCHIO U F€TEPOreHHOCTb CTPYKTYPEI. [IJIsl y4eTa reTeporeHHOCTH
UCITOB30BaNack Mofesnb MakcBemta apHerra. [I1s1 yyeTa AHUCIIEPCHU MapamMeTpa KHPaJIbHOCTH ObUIA HCIIOIb30BAaHA MOJEb
KoHpoHa, M3BeCTHAsI U3 TEOPUHU ONTHYECKH AKTHBHBIX Cpel. MeTOoOM YacTHYHBIX o6acTed 6bUla pelleHa 3afada O MafeHUH
IJIOCKOW 3JIEKTPOMAarHUTHOW BOJHBI JTMHEMHOM MOJSpU3alMM Ha IUIAHAPHBIM CJIOHM, CO3AaHHBIA Ha OCHOBE MCCIIEyeMOTO
KUPaJbHOro MeTaMaTrepuana. PenleHre 3aga4qu 66U10 CBEIEHO K HEOLHOPOLHOM CUCTEME JINHENHBIX aNrebpandecKux ypaBHEHHH
OTHOCHTENIBHO HEU3BECTHBIX KO3()PHULMEHTOB OTPaskeHUsT U MPOXOKAEHHS C yIETOM KPOCC-TIOJSPU3ALMH 3TIEKTPOMArHUTHOTO
nosist. AHQJINM3 YUCIEHHBIX Pe3yJAbTATOB IOKA3al, YTO CTPYKTypa 061afgaeT spKO BBIPAXXKEHHBIMH YACTOTHO CEeIeKTHBHBIMH
CBOWCTBaMH, B YACTHOCTH, KaK U B CJIy4ae KHPAJIbHOrO MeTaMaTepuasa Ha OCHOBE TPEXMEPHBIX MPOBOSIIUX 3JIEMEHTOB, GBIIH
OIpefeneHbl AUCKPETHBIE YACTOTHI, HA KOTOPBIX CTPYKTypa KOHLeHTpupyeT napamumee CBU-n3nydeHne BHyTpH ce6sl, B TO BpeMst
KakK Ha [IPyrUxX 4acTOTax OHa sIBJIsieTcsi npo3padynoit miss CBY-nsnydyenuns. KupanbHbeiil MeTamarepuan Ha ocHoBe C-06pasHbIX
MHUKPO3JIEMEHTOB MOXET ObITh KCIIOJIB30BaH ISl CO3[JAHHUsS Y3KOIMOJOCHBIX YaCTOTHO CeJIEKTHBHBIX KOHIeHTpaTtopoB CBY-
9HEepPIUH IIAHAPHOTO THIIA.

Kniouesvle cnosa - KupanbHas Cpefa; KHPaAbHBIM MeTaMaTepHas; MeTaMaTepHhal; MeTacTpykTypa; C-31eMeHT;
[IPOCTPAaHCTBEHHAS JUCIIEPCHST; YACTOTHASI CEIEKTUBHOCTB; Moieb MakcBeiuta ['apHerTa; mopens Konpona; CBY-aHeprusi.
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