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A RECONFIGURABLE METASURFACE

IN THE FORM OF A FABRY-PEROT RESONATOR,
INVOLVING SEMI-TRANSPARENT MIRRORS
AND A NONLINEAR DIELECTRIC INSERT

Subject and Purpose. The paper is aimed at suggesting ways for implementing electromagnetic devices that would involve a nonlinear
dielectric inside the structure for concentrating electromagnetic field within it at relatively low intensities of the excitation field. A repre-
sentative example is offered by a Fabry-Pérot resonator with semi-transparent mirrors and a nonlinear dielectric inside.

Methods and Methodology. The paper presents a fundamentally new approach to controlling the frequency response of a metasurface,
and a method for protecting electronic modules from high excitation powers. The method is based on the use of nonlinear properties of a
Fabry-Pérot "resonator-capacitor” containing a nonlinear dielectric in its volume. Thus, we propose a method for creating spatial filters
and antenna protecting fairings capable of active reconfiguration.

Results. Analysis of the results has shown that by changing the voltage across the resonator-capacitor plates it is possible to control the
degree of electromagnetic field localization in the resonator volume. The frequency response of the metasurface based on the Fabry-Pérot
resonator with a nonlinear dielectric inside can be reconfigured by changing the voltage applied to the resonator mirrors. The advantages
provided by electrical control of the frequency-selective characteristics include an increased efficiency and possibility of integrating digi-
tally controllable systems into antennas.

Conclusions. The use of a Fabry-Pérot "resonator-capacitor "model, with a nonlinear dielectric inside, in the capacity of a reconfigurable
metasurface, else as a power limiter in a variety of devi-ces, has sufficient prospects for application in microwave transmitting systems. A
special area of application for the reconfigurable Fabry-Pérot resonators is creation of broadband receive antenna systems for direction-
finding. In essence, the proposed Fabry-Pérot resonator is a reflective antenna array with an ability to exhibit, conceal or alter its
electrodynamic properties according to a certain algorithm. This opens up prospects for its application in "friend-or-foe” recognition
systems, reﬂective beacons, navigation systems, etc.
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Introduction

Currently, studies are underway concerning devices
whose properties depend upon intensity of the in-
cident electromagnetic field or the voltage applied.
For example, such devices can be implemented on
the basis of periodic arrays [1—5] or Fabry-Pérot res-
onators [6, 7]. For such applications, it is necessary
that the arrays or the resonators contained, for exam-
ple, elements with a nonlinear Kerr-type dielectric [8].
In that case, the permittivity of the nonlinear dielec-
tric depends on the squared absolute value of the
electric field inside the dielectric. It should be noted
that the essential condition for manifestation of non-
linear properties of the dielectric in a structure is the
existence of a sufficiently intense electric field well
inside the dielectric.

The fundamental difficulty in practical application
of such devices stems from the fact that nonlinear ef-
fects in arrays involving a nonlinear dielectric arise at
relatively high intensities of the electromagnetic field
which is incident on the structure. In a Fabry-Pérot
resonator with a nonlinear medium between the
mirrors the electromagnetic field intensity at the reso-
nant wavelength inside the resonator can be greatly
in excess of the intensity of the external radiation,
due to the field localization effect. This phenomenon
favors manifestation of nonlinear effects at relatively
low intensities of the acting radiation inside the reso-
nator. In addition, the reflection coefficient shown at
the resonant wavelength is sensitive to small changes
in the refractive index of the medium within the reso-
nant cavity. In this case, the value of the reflection
coefficient of such a device is determined both by
nonlinear properties of the medium and design pa-
rameters of the resonator. Therefore, the aim of this
work is to design (and study theoretically) such elec-
trodynamic models with a nonlinear dielectric inside
which could concentrate electromagnetic field within
the dielectric at relatively low intensities of the ex-
citing field. For example, these could be Fabry-Pérot
resonators with semi-transparent mirrors and a non-
linear dielectric inside.

1. Investigation of a linear
Fabry-Pérot resonator

Consider a structure consisting of two parallel, per-
fectly conducting screens of infinite extent, char-
acterized by equal thicknesses h and perforated by
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Fig. 1. The Fabry-Pérot resonator (a), basic cell of the Fabry-
Pérot resonator (b)

rectangular openings. The separation between the
screens is L, being chosen from the condition L > 4,
where A is the wavelength in free space. Shown in
Fig. 1, a is a Fabry-Pérot resonator formed by two
parallel screens with rectangular openings. Centers
of the base cells of these latter are located periodi-
cally at the nodes of a rectangular grid. The openings
in the screens are regarded as segments of rectangu-
lar waveguides, all possessing identical cross sections
a X b. The cross section dimensions are selected, for
a specific frequency range, from the condition that
the waveguide should allow propagation of the low-
est-order mode alone. The centers of the basic cells in
the two screens are placed with periods d; (along the
Ox axis) and d, (along the Oy axis) (see Fig. 1, b). The
periods are selected so as to provide satisfaction of
the condition that just one spatial harmonic should
exist in free space.

In order to be able creating devices of a new gen-
eration, based on nonlinear Fabry-Pérot resonators,
it is necessary to understand which intensity levels of
the exciting field, as well as of the field inside the res-
onator allow controlling properties of such devices.
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Fig. 2. Cross section of the base cell of the linear resonator
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Fig. 3. Frequency dependence of the reflection coefficient’s mod-
ulus in the linear resonator

It is necessary to obtain an estimate of the field inten-
sity inside, and to understand which nonlinear mate-
rials could be best suitable for application in similar
devices.

Solution of the problem of plane electromagnet-
ic wave diffraction on nonlinear resonators proceeds
from a study of their properties in the linear case,
when a wave of a low intensity is incident on a reso-
nator involving a dielectric with a linear electromag-
netic response. Details of the algorithm for investi-
gating such structures in the linear regime can be
found in [9—11].The calculation algorithm is based
on solution of key problems of electromagnetic wave
diffraction by two-dimensional periodic arrays of
semi-infinite waveguides characterized by a rectan-
gular cross-section. The generalized scatter matrices
for plane electromagnetic waves can be useful in im-
plementation of the operator method for problems
of diffraction by multilayered arrays.
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Fig. 4. Frequency dependences of the electric field amplitudes of
the wave propagating through the resonator

Let us place a dielectric plate into the resonator to
study the frequency dependent modulus of its reflec-
tion coeflicient for a plane wave. At this stage of re-
search, we assume that the dielectric permittivity of
the plate is independent of the electric field’s intensi-
ty. Fig. 2 presents a cross-sectional view of the basic
Fabry-Pérot resonator cell with a dielectric plate. In
the Figure, q denotes the incident wave’s amplitude;
B is the vector of amplitudes of spatial harmonics of
the wave reflected from the resonator; A, C, A;, and
C, are amplitudes of spatial harmonics of the electro-
magnetic wave propagating in the resonator between
the mirrors and the dielectric plate, and D is the vec-
tor of amplitudes of spatial harmonics of the electro-
magnetic field that has passed through the resonator.

Taking into account the notation of Fig. 2, we can
write a set of operator equations for the unknown
amplitudes of spatial harmonics of the plane waves/
both inside and outside the resonator, viz.

B=Rq+TC,
A=Tq+RC,
C=¢R.A+¢T,C,
A =T.eA+R.C,
C, =eRe A4,
D=Te)A,,

where R, T are the reflection and transmission opera-
tors, respectively, for the plane electro-magnetic
waves over some screen containing rectangular holes;
R,, T, are the reflection and transmission ope-
rators, respectively, for the plane waves within the
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dielectric plate, and e;, are the operators taking
into account the phase shifts obtained by the spatial
harmonics along their paths h; and h, between a
screen and the plate.

The solution of the operator equations set is as fol-
lows:

A=(I-Re R,e; — Re;T,e,Re, X
_ -1
X (I — R.e,Re, ) 1Teel ) 1q,

-1
A =(I-Ree;Re;) T,e1A, C =e;Re; Ay,
C=€1R861A+61T8C1, B:Rq+TC, D=T€2A1,

where I is the unit matrix.

The studies were carried out for the case of a plane,
linearly polarized electromagnetic wave of unit am-
plitude g=1 V/cm incident normally on the resona-
tor. The electric vector in the incident wave is paral-
lel to the axis 0y. The orientation of the polarization
vector in the incident wave has been selected from
the condition of ensuring an effective excitation of
the fundamental wave mode within the rectangular
waveguide channels located in the resonator mirrors.
Centers of the basic cells of the mirrors forming the
Fabry-Pérot resonator are located in the nodes of the
square mesh with equal periods d, =d, =d. A di-
electric plate of thickness h, = 4 mm was placed at the
center of the resonator (h; = h,). The dielectric per-
mittivity of the plate is ¢ = 4. The geometrical param-
eters of the structure were as follows, d = 17.5 mm;
a=14mm; b= 1.5mm, and h =5 mm.The separation
between the mirrors, L = h; + h, + h; =15 mm, has
been chosen from the condition providing for a total
transmission, at resonant frequencies, of the electro-
magnetic wave through the resonator (for given pa-
rameters of the dielectric plate).

Figure 3 shows the dependence of the reflection
coefficient modulus in the linear resonator with a di-
electric plate, at the frequency of the excitation field.

Two cases of total resonant transmission of an
electromagnetic wave through the resonator are
observable at frequencies F=16.067 GHz and
F=16.507 GHz. Figure 4 shows frequency dependent
electric field amplitudes of an electromagnetic wave
which propagates through the resonator in opposite
directions. As can be seen, for F = 16.067 GHz there
is a small area of electromagnetic field localization in
the resonator volume, where the amplitude increases
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to become nearly 2.5 times higher than the ampli-
tude of the incident field. In this case, the structure
is excited at the resonant wavelength A, = 18.67 mm.
The resonant wavelength pertinent to the structure
is slightly larger than the separation between its mir-
rors. This is due to the fact that the electromagnetic
field penetrates into the rectangular slots in the mir-
rors, so that the effective (resonant) spacing between
the resonator mirrors is higher than such in a reso-
nator without holes in its mirrors. Figure 4 shows
that at a frequency F = 16.507 GHz of the resonator
becomes “transparent” with respect to the incident
electromagnetic wave- as the field amplitude A =1 in
the resonator becomes equal to the amplitude of the
incident field, whereas the amplitude of the field re-
flected from the dielectric plate is zero, C = 0.

2. Investigation of a nonlinear
Fabry-Pérot resonator

We will consider now a resonator containing a di-
electric with a nonlinear Kerr-type response. In this
case, the magnitude of the dielectric constant of the
material is dependent on the squared absolute value
of the electric field strength inside the dielectric, i.e.
|E;, |2, thus being directly proportional to the in-
ternal fields intensity, € =&, +¢&,|I;,| (here ¢ is the
dielectric constant of the nonlinear material; &; de-
notes the inear part of the dielectric constant; ¢,
(cm?/kW) is the nonlinearity coefficient, and I,, the
electromagnetic field’s intensity within the dielectric.

While analyzing electrodynamic properties of
two-dimensional periodic lattices with nonlinear re-
sponse, the writers [1—3] found that the condition
necessary for demonstrating nonlinear properties is
presence of a strong electromagnetic field inside the
dielectric. Therefore, the periodic structures which
permit localizing fields of high intensity at resonant
frequencies (about |I;,|=(10-100) kW/cm?) are per-
fect players when they contain a nonlinear material.
The amplitude of the exciting electromagnetic field
should be within the range like |A| = (60-150) V/cm.
As follows from the above results, the nonlinear
structure in the form of a Fabry-Pérot resonator with
a dielectric insert operating in the frequency range
from 15 to 17 GHz, does not satisfy any of the above
requirements because of the weak localization of the
electromagnetic field inside the resonator. An order
of magnitude or even higher increase in the electro-
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Fig. 5. The nonlinear "resonator-capacitor”
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Fig. 6. Frequency dependent absolute magnitudes of the re-
flection coefficient, shown for a variety of voltages across the
"resonator-capacitor” plates (black lines: U = 0 kV; red lines:
U =50 kV, and blue lines correspond to U=75kV)

magnetic field amplitude inside the resonator could
be achieved, for example, through reduction in the
absolute geometrical dimensions of the resonator
with openings adjacent to edges of the mirrors, or
else through a transfer toward higher-frequency por-
tions of the operating range [7].

In order to analyze the nonlinear Fabry-Pérot re-
sonator in the selected frequency range, we will con-
sider it as a nonlinear capacitor (varicond), of which
the capacitance varies, following some nonlinear law,
within a wide range that is, in its turn, dependent on
the voltage applied to the plates (see Fig. 5).

Since the dielectric plate is located at the center of
the resonator, and the widths of the openings in the
resonator mirrors are an order of magnitude smaller
than the separation between the mirrors, the effect
of the openings upon the electrostatic field strength
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Fig. 7. Frequency dependences of the electric field amplitudes
of the wave propagating through the nonlinear resonator at
U=50kV

at the resonator center can be neglected. Therefore,
the electric field strength inside a dielectric can be
approximated to by the formula |E,|=E, /¢,
where E is the electric field strength in an emp-
ty capacitor, which is approximated by the formula
Ey=U/L, and ¢ the linear part of the dielectric
permittivity of the filling material. Here U (kV) is
the potential difference across the capacitor plates,
and L (cm) is the separation between the plates. So,
an approximate expression for the dielectric per-
mittivity of a nonlinear dielectric in this structure is
given by the formula e =¢; +¢, (U2 /LZ)/SIZ. We
will now estimate the potential difference between
the plates of the nonlinear "resonator-capacitor” at
which the dielectric constant of the nonlinear dielec-
tric would be higher by 1 relative the permittivity at
U =0, namely sn(U2 /Lz)/‘&‘l2 >1. Taking ¢ =4,
&,=0.005 cm?/kW, and L = 1.5 cm, we arrive at an
estimate like U>84.85kV.

The potential difference U across the "resona-
tor-capacitor” covers can be reduced in several ways.
Either the space between the resonator mirrors can
be completely filled with a dielectric, or the entire ex-
periment shifted to a higher frequency region (still
within the operating range), by simply cutting down
the separation between the resonator mirrors.

Figure 6 shows dependences of the reflection coef-
ficient modulus in the nonlinear resonator upon the
frequency of the exciting electromagnetic field, for a
variety of voltages across the plates.

The graphs show that the frequency response of a
Fabry-Pérot resonator-based metasurface involving
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a nonlinear dielectric can be tuned by changing the
voltage applied to the resonator mirrors. An increase
in the potential difference between the "resonator-
capacitor” plates shifts the frequencies of total reso-
nant transmission of the electromagnetic field
through the resonator toward lower frequencies,
in a contrast to the case of a zero voltage across the
plates . This is due to an increase in the dielectric con-
stant of the nonlinear dielectric following the electric
field increase in the dielectric. This is in agreement
with the familiar effect accompanying operation
of open resonators. With an increase in the dielec-
tric constant within the resonator, its resonant fre-
quency shifts towards lower frequencies. In addi-
tion, numerical studies have shown that by means of
changing the voltage across the "resonator-capacitor"
plates it is possible to adjust the degree of electro-
magnetic field localization in the resonator volume.
Figure 7 shows frequency dependences of the field
amplitudes of the electromagnetic wave propagating
in the resonator, for a U=50 kV potential difference
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METAIIOBEPXH, IO ITEPEBYJOBYETDHCA, Y BUTTIANL
PE3SOHATOPA ®AGPI-TIEPO 3 HAIIIBITPO3OPVMI N3EPKATTAMI
TA HEJITHIMHVM JIEJIEKTPUKOM

ITpepmert i MmeTa po60oTi. OCHOBHOIO METOI POOOTH € IPOEKTYBAHHA IIPUCTPOIB 3 HEMiHIHNM JIieleKTPMKOM, fAKi 3J1aTHi KOH-
IIeHTPYBaTH eleKTPOMATHITHe II0JIe BCePeINHi Jie/leKTPHUKa 3a IOPIBHAHO Ma/INX iHTEHCUBHOCTEI IO/IA 30y/PKeHHs, Ha IIPUKIaji
pesonaropa ®abpi-Ilepo 3 HamiBIPO30pUMM A3epKaTaMy Ta HETIHITHIM JieTIeKTPUKOM yCepeayHi.

MeTopu Ta MeTORONOTiA. Y po6OTi IIpefCcTaBIeHO IPYHIUIIOBO HOBMII METOJ KepyBaHHA 4aCTOTHOIO XapaKTepPUCTUKOI Me-
TaNoOBEPXHi Ta CIOCIO 3aXUCTY €IeKTPOHHMX MOMYIIB Biff BUCOKMX 3HaueHb 30y/PKYBaIbHIX IIOTYXXHOCTell. MeTop 6asyeTbcs Ha
BUKOPJUCTaHHI HEJIIHITHUX B/IACTUBOCTEN «pe30HaTopa-KoHaeHcaropa» Pabpi-Ilepo 3 HeMiHIHNM [ie/IeKTPUKOM B 06’ €Mi pe3oHa-
Topa. TaK¥M YMHOM, IPOIIOHYETHCA METOJ, CTBOPEHHA IPOCTOPOBYX (i/bTPiB i 3aXMCHMUX 06TiKauiB aHTEH, 1[0 MAalOTh BIACTYBICTD
aKTMBHOTO IlepeHa/ Il TyBaHHA.

Pesynbrarn. 3 pesynbprariB aHaji3y BUIUIMBAE, 0 3MIHOIO HAIIPYIM Ha OOK/IA/IKaX «Pe30HATOPA-KOH/IEHCATOPa» MOXK/IUBO pe-
TY/TIOBATH CTYIiHb JIOKa/Ti3allil e/leKTPOMArHiTHOTO 110/ B 06’eMi pe3oHaTopa. JacTOTHY XapaKTepUCTUKY METAIIOBEPXHi Ha OCHOBI
pesonaropa Pabpi-Ilepo 3 HeMiHITHNM HieeKTPYKOM MOXKHA IIePeHaTAlITOBYBATH LIIAXOM 3MiHM HAIIPYTH, 1O MPUK/IALAeThCA
10 i3epKa pesoHaTopa. IlepeBaroio eeKTpUYHOro KepyBaHHsA 4aCTOTHO-CENIEKTYBHIMY XapAKTePUCTUKAMMY € IIBUKOZiA Ta MOXK-
JMBICTD iHTerpalii B aHTeHHI cycTeMM 3 IMPPOBUM KePYBaHHM.

BucHoBKu. BukopucTtaHHa Mofieni «pe3oHaropa-KoHaeHcatopa» Pabpi-Ilepo 3 HemiHIHNM [iie/IeKTPUKOM SK MeTaroBepXHi,
IO IIePEeHAIAIITOBYEThCA, A00 AK 00MeXyBaya HOTYXKHOCTI B Pi3HVX IPUCTPOAX MA€E JOCTATHIO IIePCIIEKTUBY [/ BIIPOBAI)KEHHS il
3aCTOCYBaHHA B IIpUiiMajIbHO-TIepefaBanbHux cucreMax HBY. Oco6mmBuM HanpsMKOM BIIPOBa/pKeHH: pesoHaropis Pabpi-Ilepo,
3JIaTHUX IO NlepeHa/NAlITyBaHHsA, € CTBOPEHHA Ha iXHill OCHOBI IIMPOKOCMYTOBMX IMPUIIMA/JIbHUX aHTEHHMX CHUCTEM I 3ac06iB
nesneHranii. BracHe, sanpononosanuit pesonaTop ®abpi-Ilepo e Bi6MBHO0 aHTEHHOIO PEIIITKO0 3 MOXX/IMBICTIO IIPOABIATI, IPU-
XOBYBaT! a60 3MIiHIOBAaTM 3a BU3HAYEHUM A/JTOPUTMOM CBOi eIeKTPOAMHAMIUHi BIacTUBOCTI. Ile BiffKpyBae IepCIeKTUBM BUKO-
PUCTaHHA JI0T0 B CYICTeMax PO3IIi3HABaHHA CBill-Uy>Kuil, BiTOMBHUX MasKaX, CUCTeMaxX HaBiraiii Tomo.

Kmiouosi cnosa: pesonamop Pabpi-Ilepo, Heninitinuti dienexmpux, npImokymui omeopu, xoediyicum id6umms, Hanienpo3o-
pi d3epxana.
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