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Various conditions for the occurrence of anomalous scattering, in which most of the power is emitted by
the lattice only in the direction of propagation of the incident wave, are analyzed. An analytical model for
the scattering of plane electromagnetic waves on arrays of pseudo-rotating dielectric resonators (DRs) of
cylindrical and rectangular shape is developed. New analytical relations are derived for the functions that
determine the coupling between the field of a plane wave and the main types of magnetic oscillations of the
rotated DR. The angles between the axis of the DR and the directions of propagation of plane waves, at which
the coupling between the DR and the incident wave reaches extreme values, are studied. The conditions of
non-resonant scattering and scattering with the absence of a reflected petal, known as the Brewster effect,
were established. The general relations between the angles of inclination of DRs, polarization and the angles
of incidence of waves on lattices, which lead to special cases of scattering, were found. There is a similarity
between non-resonant scattering and the known Malyuzhynets effect, which describes the passage of waves
through lattices of other types. Scattering models for lattices of rotated cylindrical and rectangular DRs
were built. The difference between the classical Brewster effect and the petal-free cases of scattering on
lattices built on the basis of the use of pseudo-rotating DRs was noted. In particular, it’s shown that, unlike
other methods of realizing metasurfaces of this class, cases of scattering without petals on lattices of pseudo-
rotating resonators are possible when the angles of incidence are changed in a wider band. The obtained
theoretical results allow us to propose a new class of devices built on the basis of the use of pseudo-rotating
DRs, to significantly reduce the calculation time and to optimize complex multi-resonator structures. New
types of lattices built on pseudo-rotating DRs can be used to design a wide class of antennas, as well as

multiplexing devices in terahertz, infrared, and optical wavelength range communication systems.

Keywords: lattice; dielectric resonator; scattering; Brewster effect; rotation; coupled oscillations

DOI: 10.20535/RADAP.2023.94.5-12

Introduction

The effects of anomalous scattering of
electromagnetic waves on various types of metasurfaces
have recently attracted the attention of researchers
[1-24]. One such phenomenon is the absence of reflecti-
on of an incident polarized wave from a metasurfaces,
known in optics as the Brewster effect. The Brewster
effect, discovered in the 19th century during the
scattering of polarized waves at a flat interface between
two dielectrics, was discovered during scattering on
dielectric metasurfaces [1-6, 8,9, 14, 15,17, 18, 20]; on
metasurfaces made of various metal planar resonators
[11,16,19,21], surfaces of more complex structure [7,12],
as well as on surfaces with a random distribution of
inhomogeneities [22]. If previously the Brewster effect
was used mainly to obtain polarized waves [25], today
it is used in various measuring devices for detecting
and studying the properties of various micro-objects

in the optical range, for example, graphene [10,13] and
also for the determination of optical constants [23,24].

In metamaterials, the Brewster effect usually occurs
under the condition of simultaneous excitation of
frequency-degenerate magnetic and electrical oscillati-
ons of different types in lattice elements (see for
example [15]). Simultaneous excitation of several types
of oscillations leads to a specific interaction of grating
elements with the incident field and, in some cases, can
cause re-emission in a direction that does not coincide
with the direction of the reflected wave. Meanwhile,
it is known that degenerate oscillations exist only in
a limited range of resonator sizes, and in addition,
they are not fundamental - lower in frequency, so their
practical use is difficult due to the negative influence
of other types of oscillations adjacent in frequency.

In this work, we consider lattices of dielectric
resonators (DRs) with non-degenerate types of natural
oscillations, including fundamental type oscillations,
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with the possibility of rotating their axes. This allows
us to observe various scattering anomalies in a purer
form. The conditions, when all the lattice resonators
are oriented in such a way that their field in the wave
zone becomes zero in the direction of the reflected lobe,
are analyzed. In this case, a phenomenon similar to
the Brewster effect occurs. In contrast to the classical
Brewster effect, these conditions can be implemented
in DR lattices for both cases of scattering of waves of
two types: s- or p-polarization, and in addition, at
any given angles of incidence, by selecting the types of
oscillations and the spatial orientation of the resonator
axes.

Along with the Brewster effect, during resonant
scattering on periodic DR structures, the work analyzes
the conditions under which all lattice resonators are not
coupled with the incident wave. In this case, the di-
electric structure interacts with the incident field only
in a non-resonant manner, which leads to the effect
of quasi-complete transmission of waves through the
grating.

1 Statement of the problem

Let us consider the problem of scattering a plane
electromagnetic wave (E*, H') on a lattice of di-
electric resonators. In the general case, it is convenient
to represent the total scattering field (E, H) in the
form of a superposition:

E=ET+E°; H=H"+H" (1)
where (E°, H?) is the field scattered by the lattice. In
return, the scattered field can be decomposed into two
terms, the first of which is due to the contribution of
non-resonant components (E™, H""), and the second
is the sum of the fields of coupled oscillations of the
lattice resonators (EL, HL):

Es _ Enr + EL; Hs _ Hnr 4 HL. (2)

The non-resonant components of the lattice fi-
eld are represented as an integral over a continuous
spectrum [26], and the resonant components for the
most part can be expressed as a finite sum over the
coupled oscillations of the resonator system (ef, h')
(t=1,2,..., N)[29]:

N N
El = E atet; HY = E a'h?.
t=1 t=1

In turn, the field of coupled lattice oscillations can
be represented as a superposition of the fields of partial
resonators: (e,,h,) (n=1,2,..., N):

N N
e'=> bte, h'= zjlbzhn.
-

n=1

(3)

(4)

The field amplitudes a® and b}, are determined from
the system of equations [28], previously found on the
basis of perturbation theory.

The scattered field of the lattice in the wave zone
in the case of identical DR can be represented in the
form:

N N
e® = Z Ae® =~ ef° Z Agzetkodt
t=1 t=1
e N ()
hoo = Z Athtoo ~ h(fo Z Ateikodt7
t=1 t=1
where (e$°, h{°) — field of an isolated DR in the wave

zone; A; — amplitude of the forced oscillation of the
t-th partial DR:

N
A = Z a’b;; (6)
s=1

d; — projection of the coordinate vector of the t¢-th
DR onto the direction of measurement of the scattered
field ng.

From (5) the scattering field of the lattice in the
wave zone can also be written in the form:

—ikor

o

where e( is the unit vector, defining the polarization
of the scattered electric field in the wave-zone. The
function f (0, pr|0, p) is named scattering amplitude.

In most cases of resonant scattering, at frequencies
near coupled lattice oscillations (EL, HL), the condi-
tions are satisfied:

E"| < |E"|;

e* =e>(0,p) =eof (O, 0|0, @)

H"| < |H"

; (8)

therefore, non-resonant terms (E™, H"") in (2) can
be neglected.

However, in some cases, special conditions may ari-
se that cause a non-trivial distribution of the scattered
field.

1) As follows from (5), the scattered field of the
lattice, in the case of identical DR, is determined by
the field distribution of a single resonator in the wave
zone (€5°, h$°). It is obvious that if in any direction
the power flux density of the resonator is equal to zero,
then the power flux density dissipated by the entire
lattice as a whole will be close to zero. This important
remark allows us to determine the possible conditions
for “screening” the scatered field in a given direction.
In particular, we can choose the orientation of the axes
of all lattice resonators in such a way as to satisfy a
given condition.

2) At certain values of the angles of incidence, as
well as at certain spatial orientations of the DR axes,
conditions may arise under which the incident wave
(ET, H') may not be coupled with the resonators of
the lattice. In this case, all amplitudes (3) a® = 0
and as follows from (5,6) the contribution of non-
resonant scattering become decisive. Conditions (8) are
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not met. In this case, the lattice will interact with the
incident field only in a non-resonant manner (2). The
coupling between the field of the incident wave and the
grating resonators is noticeably reduced, which leads to
quasi-complete passage of waves through the lattice.

The implementation of the noted conditions is most
easily ensured by the same orientation of the axes of
all partial resonators of the lattice, which becomes
possible only with their pseudo-rotations. By pseudo-
rotation we will understand a non-trivial rotation of
the DR axes in which the relative spatial position of
the resonator axes remains constant. In the case of
pseudo-rotations, the directions of the resonator axes
change only relative to the lattice plane; in this case,
the relative location of the axes remains unchanged, for
example, parallel (Fig. 3,a,c).

This paper examines special cases of 1), 2) scatter-
ing of plane electromagnetic waves on lattices of
pseudo-rotating dielectric resonators.

2 Scattering of electromagnetic
waves by Plain Lattice pseudo-
rotatable DRs

To solve the problem of scattering of
electromagnetic waves on a lattice, we use a theory
based on the expansion of the field into coupled
oscillations of the DR, (3). In this case, the amplitudes
at, according to [29], are presented as follows:

det C
atziQD/(WOQt(w)) Fé? (t:17 2a"'7 N)? (9)
where
bt v b{v
B_ bl bg bév )
by 0 ... Y
b% bi ci*/wl bg
C, = by b3 3w by
Be B o o juw . Y

Coefficients (cf,c5,...,c};), taking into account
the coordinates of the DR centers, determine the degree

hy

L
2 () (8- )

cf =—-2miE;-

X

(ny,npg)

of coupling of each lattice resonator with the incident
wave (ET, HT):

¢ = —%%{[e%, n](H™)" + [n, h%](E+)*} ds. (10)

St

Here (e}, h}) is the field of natural oscillations
in the material of the ¢-th DR (t = 1,2,...,N);
Qi(w) = w/wo +2iQP (w/wo —1 = A\/2) ; QP — di-
electric quality factor of the resonator; w — circular
frequency; wg - circular natural frequency of isolated
resonators; \; = 2(w! —wp)/wo; @ is the t-th complex
natural frequency of the lattice [28,29]; n — normal to
surface s; of the ¢-th DR of the lattice.

Field of main natural oscillations of the DR Hgs
in the “single-wave” approximation in the dielectric
region; p < ro; |2/| < L/2 (Fig. 1,a) is represented
in the form:

e, = ey = 0; zwﬁ,uo
., B . .

hp = I+ 1 (Bp)sin B2’
h. = h1Jo (Bp) cos B.2',

- J1(Bp) cos B:2";
(11)

€a = —hy

ha = 0;

where L — height, g — radius of the dielectric cylinder;
Jm () — Bessel function of the first kind, of the m-th
order; h; — amplitude of the magnetic field of natural
oscillations; 3, 8, — wave numbers.

Let us assume that a plane electromagnetic wave
(ET, H") is incident on a cylindrical dielectric
resonator at the frequency of the fundamental natural
oscillations Hois:

ET = Egekor;  HT = Hye kor, (12)
where Eo = EQIIE; Ho = E()/w()l’lH; k() = k/‘ol’lk; ng;
ng; ng — unit vectors defining the polarization of a
plane wave: (ny = [ng,ngl); r = (z,y,z) — radius
vector, specified in a rectangular coordinate system, at
the center of the DR (Fig. 1,b).

Substituting (11), (12) into (10), we find a general
analytical expression for the c-function that defines the
relationship between the field of a plane wave and H1gs
oscillations for arbitrary orientations of the cylindrical
DR axis as well as arbitrary angles of incidence in the
coordinate system (Fig. 1,b):

1— (nk,nR)2

[QL 1— (nx,np)"Jo <q¢\/ 1- (nlwnR)z) Ji(pr) —prJdo(pr)hy (QL 1- (nkanR)2>:|

x  (13)

(cu\/ 1 — (ng, nR)2>2 -l

X

[p- sinp. cos(q:(ng, nr)) — = (nx, nR) cos p sin(g (0, nr))]

(QZ(nkanR))z —p?
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Here np = (sin@g cos vg, sinfgsin pg, cosfg) is a
unit vector that determines the direction of the DR axis
in a spherical coordinate system (0g,¢r); p. = Bro;
p. = B.L/2; qu = koro; ¢ = koL/2; ko = w/c;
k1 = ko+/21r; €1, — relative dielectric constant of the
resonator.

From relation (13) it follows that the degree of
interaction of the lattice resonators with a plane wave
is determined depending on the directions of their
axes ng; direction of incidence ng and, in addition, the
type of polarization of the incident wave, specified in
this case by the vector ng.

From (13) it also follows that the DR is not coupled
with the incident wave if:

for p-scattering (ET vector lies in the plane of
incidence):

o —¢r =0,T; (14)
for s-scattering (the ET vector is directed
orthogonal to the plane of incidence):

(15)

ctg(Or)tg(0k) = cos(¢r + ¢r);

in a special case, if

o = —¢r and O = 0. (16)

The numerical solution of equation (15) is shown
in Fig. 1,f for different directions of the DR axis.
The dependences |ct+ ‘2 for p- and s-scattering on the
(0k, pr) angles of incidence for (0g, pr) = (w/4,7/4)
are shown in Fig. 1,d, e, respectively.

The DR coupling reaches a maximum if ngp = £ng,
as well as for

p-scattering, if

Op =7/2 and ¢pr—¢r = £7/2; (17)
for s-scattering:
erteor =0;2r and 0, —0r = +7/2, (18)
or
prter=m and Og+0, =7/2. (19)

1] 3142

Py

Fig. 1. Functions reflecting the degree of coupling of plane waves with the field of the main types of natural

oscillations of a cylindrical DR. a) Cylindrical DR in a local coordinate system (x/,y/,2);

b) Rotated DR

relative to the external coordinate system (z,y, z); c¢) Distribution of the wave zone field of a rotating DR for

Or = 0,25m; pr = 0,257; d) Spatial distribution of the modulus of the c-function for p- polarization; e) for

s-polarization (g1, = 36; 0g = 0,25m; pr = 0,257); {) Dependences between the angles of the kg vector,

determining the direction of incidence at which the plane wave is not coupled to the resonator for s-scattering.
Curve 1 —9pp=0;2—- g =0,25m; 3 — g = 0,57 (0g = 0,257)
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The field of natural oscillations of the magnetic type
H,, i of a rectangular DR with dimensions (ag, bg, L),

in the dielectric region in the local coordinate system
(Fig. 2,a) are represented in the form:

B LiwpoBy  (sinBya’ [ cosByy’ ] [sinB.2' |
Ea! (ﬁ2 4 ﬂ2 “\cosBya’ ) |—sin Byy'| | cos B2’
1wt Pe cos B’ sin B,y | [sinB.2" |

€y 1 (B2 + 2) "\ —sin B2’ ) |cosByy'| | cos B.2’
e, =0;
b = s BBz cos By’ sin B,y cos 3,2 (20)

@ = (52 4 52) "\ —sin 8,2’ ) |cos Byy'| | —sinB.2’
b Iy _ ByB. (sinfya’ | cosByy cos 3,2’

v (52 + 52) "\ cosByz’' ) |—sin Byy'| | —sin B2’
b — sin Bya"\ [sin By’ | [sinf.2

= =M\ cos Bya’ ) |cos Byy'| \cosp.2' |-

In a dielectric, the (85, 8y, 8-) constants satisfy the
equation:
B2+ By + 52 = ki.

Here k; = s}fkog ko = w/c; w — circular frequency;
¢ — speed of light.

For convenience, oscillations of different types of
symmetry are designated by the indices s or c. The
s index corresponds to the distribution of the A,
magnetic field z components (20), proportional to the

sin function, and the ¢ index corresponds to the di-
stribution of the corresponding z field components,
proportional to the cos function. For example, we will
denote the magnetic type Hgs corresponding to an
even h, field distribution in the direction of the z’
and 2’ axes, as well as an odd one along the 3y’ axis, as
(20).

In the case of scattering of a plane wave on a
rotating rectangular DR for any magnetic oscillation,
the results of calculating are presented in the form:

cf = co-[Bywa (g, np))wy (), p)) - (g, 07) = Bewe (07, nx))wy (0], k) - (g, )] -w.((nf, ny)), (21)
where
1 k2 _
Cco = 5(817« — 1)h1E0 (IB2 ﬂQ)CLQbOL,
1 —1|Py COS Py, SIN(gyn) — qyun Sin P, cos(qyn
() = —— ( [ [psm p : (¢ ))_ gnsinp o (g )])]) ; (22)
P2 — (qvn) Do Dy COS(guT GquTl COS Py SI{Gy T2
( ) _ 1 [pv sin p,, COS(QU”) — @M COS Py Sin(Qvn)]
el = p% — (qU’I'L>2 i[pv COS Py Sin(Qvn) — @unsinp, COS(QD”)] ’

where (v = z,¥,2), P = Bz00/2; Dy = Bybo/2;
P = B:L/2; gz = koao/2; qy = kobo/2; ¢z = koL/2;
nf nf, nf — orts of the local coordinate system
(2’,y,2’) in the “external” coordinate (z,y, z) system
of the DR (Fig. 2,a); ng — unit vector of the electric
field of the incident wave (E*, H™); ny — unit vector
that determines the direction of propagation of the inci-
dent wave. The directions of the orts nft = nZ(6r, or)
are indicated in spherical coordinates. The expressions
in brackets (22) correspond to the field distribution
in (20).

As follows from (21), (22), a rectangular DR is not
coupled with an incident wave on the main magnetic
type of oscillation H,... the direction of the vectors

n; and n¥ coincides, i.e. |(n;€7 )| = 1. The second
possible condition is |(nE, | = 1. That is, if the 2’
resonator axis is directed along the kg vector, or in the
ng direction of polarization of the electric field of the
incident wave.

Fig. 2, b—e shows the dependences of the modulus ¢
which is the function of the rectangular DR, calculated
according to formula (21) for three main types of
magnetic-type oscillations (20). As follows from the
data presented, the rotation of a rectangular DR has
a particularly noticeable effect on oscillations of higher
types (Fig. 2,d, e), which have a more complex spatial
field distribution.
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Fig. 2. Spatial distributions of functions reflecting the magnitude of the coupling between the main magnetic

oscillations of a rectangular DR and a plane wave in open space. a) Rotated Rectangular DR in the external

(z,y,z) and local (z’,y’, ") coordinate system; b, c)|c* (6, )| dependences on the nj, directions of incidence of

a plane wave of rotated DR for nff = (0.257,0); n2 = (0.757,0) for H... oscillation; d, e) for H,.s oscillation;
b, d) for p-scattering; c, ) for s-scattering

Thus, the found general expressions of c-functions 3 Brewster effect at the scattering
make it possible to establish conditions 2), under which :
the scattering of plane waves on lattices of DRs with of .electrom'ftgnetlc waves by
magnetic oscillations of the main type is determined Plain Lattices of pseudo-
only by non-resonant interaction. In this case, the inci-
dent wave passes almost completely through the lattice rotatable DRs
without noticeable reflections. The phenomenon consi-
dered is reminiscent of the Malyuzhinets effect, also
studied in [20] when waves are scattered on gratings of
dielectric bars.

Let us consider anomalous scattering on different
square lattices of pseudo-rotated DR (Fig. 3,a,c,g).
In the general case, if condition (8) is satisfied, the
dependence of the scattering amplitude qualitatively
coincides with those considered in [27]: radiation
lobes reflected and transmitted through the lattice
are observed in the wave zone, lying in the plane of
incidence.
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Fig. 3. Results of scattering of plane waves on lattices of pseudo-rotating DR in open space under the condition

of minimizing the reflected lobe (a,e). Square lattices of various types of pseudo-rotating DR of cylindrical

and rectangular shape; b-d) Angular dependences |f (0), 1|6, )| for s- scattering at angles of incidence 6, =

0,6m7; 0, 75m;0,97; @ = 0,257 for the lattice a); f,h) 6, = 0, 757; ¢ = 0; when turning the DR axes Op = m—0y;
wr = . The straight line shows the kq direction of fall
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However, if the direction of the minimum radiati-
on of the main magnetic oscillations of each partial
resonator coincides with the direction of propagation
of the reflected wave (Fig. 1,c), there is an almost
complete absence of the reflection lobe (Fig. 3,b-d)
when scattering not only on a plane, but also double-
layer grid (Fig. 3,h), called the Brewster effect. It
should be noted that the general patterns of reflecti-
on from DR lattices have a number of fundamental
differences from the classical Brewster effect.

Firstly, “zero reflection” from the DR lattice is
possible for both s- and p-scattering, while the
Brewster effect occurs only for p-scattering. In the
second case, the lattice of cylindrical DR should be
excited, for example, by E1¢s azimuthally homogeneous
oscillations of the electric type.

Secondly, in the general case, when a wave is inci-
dent at the Brewster angle, the reflected and refracted
rays are perpendicular to each other [25]. In the case
of scattering on the DR lattice, this condition is not
satisfied. As noted above, the power flux density of
the reflected waves can be reduced over a wide range
of incidence angles by pseudo-rotating the lattice of
resonators (see Fig. 3,b-d). For the main types of osci-
llations, this is achieved by orienting the resonator axes
in the direction of the reflected lobe.

Conclusion

The work determines the conditions for quasi-
complete passage of waves through lattices of cylin-
drical and rectangular DR with the main types of
oscillations. In this case, the scattered field is determi-
ned only by the non-resonant interaction of the lattice
elements with the field of the incident wave.

The conditions for the occurrence of the Brewster
effect for DR lattices of different types have been
established. It is shown that lattices of pseudo-
rotating DRs have greater capabilities for controlling
the reflected power flow compared to the classical case
of scattering at a flat surface between media of different
dielectric constants.

The use of pseudo-rotations of dielectric resonators
makes it possible in practice to achieve an effective
reduction in the power of reflected waves in a given
scattering direction; separating scattering channels of
resonant and non-resonant types [26].

The results of this study can be used to ensure
electromagnetic compatibility of a wide class of
antennas in the microwave and terahertz ranges, built
using DR lattices, as well as in the development of
optical devices in the infrared and optical wavelength
ranges in modern communication systems.
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Keposannii edekr Bprocrepa npu pos-
ciloBaHHI €JIeKTPOMATrHITHHX XBHJb HAa
MCEBA000EPTOBUX PEINITKAX dieJIeKTpH-
YHUX PE30HATOPIB

Tpy6in O. O.

HocaimKyoThCss 0COOMBI BUMIAIKA PO3CIIOBAHHS TII0-
CKHUX €JIEKTPOMArHiTHUX XBWJIb PEIITKAMHU JieJIeKTPUIHIX
pesonartopis (/IP) 3 HEBMpOMKEHWMH THIIAMHU KOJUBAHD,
AKi 00epTaoThCd HABKOJIO 3aJaHol Bici. 3HalimeHO aHasi-
TuvHi Bupa3du GYHKINN, dKi B 3araJbHOMY BHUIJISIl Bin-
00pa’kalOTh CTYMIHb B3AEMOZI] TieIEKTPUTHUX PE30HATOPIB
TPSMOKYTHOI Ta THHAPUIHOI GHOPMH 3 ILJIOCKUMHU XBU-
JISIMH PI3HUX BHJIB IOJigpu3aliii. Po3paxoBano 3a/ie2kHOCTI
Bi/l KyTiB TQIHHS TIJIOCKO! XBUJI I TEK1THKOX OCHOBHUX
THUIIB KOJINBAHb, K1 3a0e31edyioTh 38’130k /[P 3 mrockomo
xpuseo. Ha ocuosl orpumanunx ¢GpopmMysr BCTAHOBJIEHO yMO-
BI HEPE30HAHCHOTO PO3CIIOBAHHH, & TAaKOXK DPO3CIIOBAHHS 3
BiZICyTHICTIO BiOMTOI meTIOCTKH, BifoMol sk ederT Bpio-
crepa. 3Haiijieni 3arajbHi CHIBBIAHOIIEHHS MIXK KyTamu
maxuny P, momapusamieio Ta KyTaMu HATiHHS XBHJIb HA
peliTKY, gKi MPU3BOIATD 10 OCOOUBUAX BHUITAIKIB PO3CiO-
BaHHdA. BigMidaerbcd cX0XKIiCTh Mi2K HEPE30OHAHCHUM PO3Ci-
OBAHHAM Ta BimoMuM ederToMm MaJTIOKWHIH, SKUH OIUCYE
TPOXO/PKEHHSI XBWJIb KPi3b pemnriTkw immux twumiB. 11o0y-
JIOBAHO MO/IeJIi PO3CIIOBaHHA [jisdi 00€PTOBUX PEIiTOK Iy-
JMBAPUYHUX Ta npaMoKyTHuX /IP. Po3paxoBaHo 3asekHO-
CTi aMIUIiTy/] PO3CiIOBaHHS BiJ KyTiB MaJiHHS XBWJIb, sKi
BI/IIOBIIAIOTH IIOLEPE/IHIM TEOPEeTUIHUM BHUCHOBKaM. Bij-
MIYa€ThCS PI3HUII MiXK KjaacudanM edextom Bprocrepa Ta
6e3I1e/IFOCTKOBUMHY BUITAIKAMK PO3CIIOBAHHS Ha PEIIiTKaXx,
no0yIOBAaHUX HA OCHOBI BHKODHCTAHHH IICEBIO0OEPTOBHX
JP. Tlokazano, mo Ha BiaMiHy Big iHINX CII0CO6IB peauti-
3aril MeTamoBePXOHb MHOTO KJIACy, 0€3IeTIFOCTKOBI BUTA KN
pO3CiioBaHHs Ha PELIITKAX IICEBI000EPTOBUX PE30HATOPIB
MOZKJIMBI TIPY 3MiHI KyTiB MaQiHHS B OLIBII IIMPOKIH CMy3i.
Orpumani TeopeTuvHi pPe3yIbTaTh MOIETIOBAHHS JT03BOJIs-
IOTH 3aLIPOLOHYBATH HOBUU KJ/IAC IIPHUCTPOIB, HOOYyIO0BAHMUX
Ha OCHOBI BHMKOpHCTaHHS IceBgoobeproBux JIP, cyrreBo
CKOPOTHTH 9aC PO3PAXYHKIB Ta ONITUMI3yBaTh 6AraTo CKja-
JHUX PE30HATOPHHUX CTPYKTYP, ITO0YI0BAHUX HA IX OCHOBI.
Hosi tunu penritok, mobynoBanux Ha mncesgoodeprosux P,
MOKHA BUKOPHUCTOBYBATH i MOOYIOBH IMIUPOKOTO KJIACY
AHTEH, TPUCTPOIB MYJIbTUTIIEKCYBAHHS B CUCTEMAX 3B’ 3Ky
TeparepIioBoro, iHgpadyepBOHOrO Ta ONMTUIHOTO TIAMa30HIB
[OBXKUH XBHUJIb.

Karowost caosa: pemIiTKa; MieJEKTPUYHUNA DPE30HATOD;
poscioBanms; ebext Bpioctepa; obepramms; 3B’s3aHi KO-
JINBaHHA
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