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A FABRY-PEROT METARESONATOR SUPPORTING
TRAPPED-MODE RESONANCES

Purpose: Investigation of the electrodynamic properties of a Fabry-Perot metaresonator formed by two parallel perfectly con-
ducting, two-dimensionally periodic, two-element screens of finite thickness with rectangular holes. The resonator is excited by
a plane linearly polarized electromagnetic wave. The basic cell of each of the screens used as the metaresonator mirrors con-
tains two lengths of rectangular waveguides of different transverse sections.

Design/methodology/approach: An operator method for solving the 3D problems of electromagnetic wave diffraction by multi-
element two-dimensionally periodic structures is used in the study. The computation algorithm uses the partial domain technique
and the method of generalized scattering matrices.

Findings: As follows from the results of the numerical modeling made, the magnitude of the plane wave reflected from the meta-
resonator turns to zero at fixed frequencies lying below the cutoff frequencies for the rectangular waveguide sections embedded
in the resonator mirrors. The effect of the total electromagnetic wave transmission through the metaresonator at the first lower
frequency is characterized by a strong localization of the electromagnetic field in the resonator volume. The reason is excitation
of the metaresonator by the exponentially descending field penetrating inside the resonator through the evanescent holes at the
resonance frequency. The second low-frequency resonance of the total electromagnetic wave transmission through the metareso-
nator is associated with the trapped-mode resonance, which is observed in multielement two-dimensionally periodic structures.
This case is characterized by a strong localization of the electromagnetic field from both sides near the metaresonator mirror
surfaces.

Conclusions: The unique electrodynamic properties of the metaresonator can find application in the devices for measuring the
electrophysical parameters of composite materials with high losses. The effect of strong localization of the electromagnetic field
both in the resonator volume and near the mirror surfaces can be used for monitoring the gaseous substances in crowded places.

Key words: two-dimensionally periodic screen, rectangular waveguide, Fabry-Perot metaresonator, reflection factor, evanescent
waveguide, trapped-mode resonance

1. Introduction the Fabry-Perot resonator, which provides a wider
amplification band as against the conventional an-
tennas. A microstrip resonator antenna with dual cir-
cular polarization built around a dual-band polarized
Fabry-Perot analyzer is studied in paper [2]. The au-
thors of review [3] consider the antennas with me-
taresonator, which resonant properties of metamate-

rials are used to reduce the dimensions of radiators

In view of the today’s trend in electronics to use yet
shorter electromagnetic waves, including terahertz
frequencies, a demand arises for the development of
appropriate electronic components. Among the most
sought-after elements for this purpose, one is the
Fabry-Perot resonator, which can be used as a highly
selective unit with frequency-dependent parameters.

Recently, many researchers analyze the possibi-
lity of using the Fabry-Perot resonators in anten-
na engineering. For example, paper [1] presents a
new antenna array of circular polarization based on
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and designs of multi-band antennas.

It seems of interest to investigate the electrody-
namic properties of the Fabry-Perot resonators in
which metal screens of a finite thickness perforated
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by holes of complex geometry are used as the “mir-
rors”. It will be observed that the electrodynamic
characteristics of the Fabry-Perot resonators with
rectangular and coaxial-sector holes have been theo-
retically and experimentally investigated in detail in
papers [4-7]. In particular, such two-layer structures
based on the Fabry-Perot resonators with semitrans-
parent mirrors have been shown to possess unique
properties and can be applied in various fields of sci-
ence and technology. This paper shows the results
of pioneering theoretical investigations of a Fab-
ry-Perot metaresonator formed by two metasurfaces,
which support trapped-mode resonances.

2. Problem Formulation
and Solution Technique

Consider a structure consisting of two identical,
infinite within the {x, y}-planes, parallel, perfectly
conducting, two-dimensionally periodic, two-ele-
ment screens of a finite thickness h with rectangu-
lar holes. The mirrors spacing is equal to H and has
been selected from the condition H >2/2, with
being the free space wavelength. Shown in Fig. 1 are
the area fragment of the Fabry-Perot metaresonator
mirror and its basic cell. The basic cell centers are
located in the nodes of a rectangular mesh. The holes
in the mirrors are treated as sections of rectangular
waveguides with the transverse sections a, xb, and
a, xb,. The sizes of the transverse sections are taken
such that the fundamental waveguide mode alone be
propagational through these. The basic cell centers
are located with the same periods in both screens,
specifically, d, and d, along the x- and y-axis, res-
pectively (see Fig. 1). At that, the periods are selec-
ted such that a single partial harmonic could propa-
gate in free space.

Let a plane linearly polarized electromagnetic
wave of the unit amplitude, E, =exp(-ikz), be inci-
dent upon the structure under consideration from
the z >0 half-space. The result of the plane elec-
tromagnetic wave scattering by the metaresonator
is excitation of a discrete set of spatial harmonics
in free space, which includes one propagational
wave and an infinite number of surface waves prop-
agating along the metaresonator mirror apertures
from both sides. The transverse component of the
reflected wave electric field is shown in the form of
an expansion in the full set of orthonormal vectorial
spatial TE- and TM-harmonics, viz.
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Fig. 1. A fragment of the metaresonator mirror and its basic
cell
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with z > 0.

Here, b$) and b{?’ are unknown amplitudes of the
spatial TE- and TM-harmonics, respectively; the
orthonormal vectorial spatial harmonics ¥ are
determined with the formulas

PO =
K& —K,E | I=1
. X7y d
e
xp{l(KXXJrKyy)}fK {K & + 1€ } | =2,
where  k, =ksin6,sin¢g, —? and K, =
1
ksin@, cos%—@+ 2n , with k =2n/A being
d, d tan

the wave number, S, =d,d, is the transverse section

area of the basic cell, k, =/« + >, and €, and &,

are unit vectors in the Cartesian coordinate system
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xOy; and T =k? —«?2, with Ty, =kcos6,.The
time dependence has been taken to be e™'. Angle
x, determines the geometry of the mesh in whose
nodes the centers of the metaresonator mirror basic
cells are located. With y =90°, the basic cell centers
are located in the nodes of a rectangular mesh. The
angles 6, and ¢, are incidence angles of the plane
wave in a spherical coordinate system. In the case
under consideration, 6, =@, =0.

To numerically investigate the electrodynamic
characteristics of the given structure, let us use the
method of generalized matrices of scattering by
two-dimensionally periodic multi-element screens
of finite thickness with rectangular holes [8].

Consider the section of one period of the meta-
resonator mirror within the zOy-plane (see Fig. 2).
According to the notation in Fig. 2, let us write a
set of operator equations with respect to the un-
known amplitudes of the spatial harmonics pro-
pagating and damping in free space and resonator
volume, viz.

B=Rq+TC,
A=Tq+RC,
C=E,RE,A
D=TE,A

Here q is the incident wave amplitude, B stands for
the vector of spatial harmonic amplitudes of the
reflectedfield, Aand C are the amplitudes of the spatial
harmonics propagating within the metaresonator
volume, and D denotes the vector of spatial harmo-
nic amplitudes of the transmitted field.

o L
c| iA

o

Fig. 2. A section of one period of the metaresonator mirror
within the zOy-plane
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The solution of the operator equation set is

B=(R+TE,RE,P'T)q,
A=P'Tq,
C=E,RE,P'Tq,
D=TE,P'Tq,

where R and T are the operators of reflection and
transmission of plane waves from/through the
metasurfaces forming the resonator, E, is the
operator considering the phase incursion in the spatial
harmonics on their travel between the resonator
mirrors at the distance of H,and P = (I - RE_RE,),
with | being the unit operator.

3. Numerical results

The frequency selective properties of the metare-
sonator were investigated numerically for the case
of normal incidence of a plane linearly polarized
electromagnetic wave of unit amplitude upon the
resonator. The polarization vector of the electromag-
netic wave is oriented along the Oy-axis. This situa-
tion corresponds to the most efficient excitation of
the electromagnetic field in the rectangular holes
of the metaresonator mirrors, which are treated as
sections of rectangular waveguides. The geometri-
cal parameters of the metasurfaces forming the Fab-
ry-Perot resonator were as follows: a, =14.1 mm,
a,=147 mm, b =295 mm, b,=2.95 mm,
d, xd, =17.6x17.6 mm, X, =X, =0, Yi2 =
+5.88 mm, and h=2 mm.

The critical frequencies of the rectangular wave-
guides in the metaresonator mirrors with the
above parameters are f® =10.638 GHz and
f? =10.204 GHz. The separation between the
metaresonator mirrors is equal to H =40 mm.
The geometrical parameters of the metaresonator
mirrors have been taken the same as in paper [9].
In this latter one, the trapped-mode resonance has
been theoretically investigated and experimentally
validated to exist in the metasurfaces forming the
metaresonator under consideration.

Shown in Fig. 3 is the frequency dependence of
the reflection factor magnitude of the metaresonator
excited by the plane wave.

As can be seen, the frequency dependence of
the metaresonator reflection factor shows a reso-
nance behavior. Specifically, the effect of total
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Fig. 3. Frequency dependence of the reflection factor magni-
tude of the plane wave excited metaresonator

transmission of the electromagnetic wave through
the resonator at resonance frequencies is observed.
In what follows we will be interested in those fre-
guencies whose values are below the cutoff fre-
guencies of the rectangular waveguides. Shown
in Fig. 4 are magnitudes of the spatial harmonics
propagating in the metaresonator volume depen-
ding on frequency.

The first (lowest frequency) resonance is observed
at the frequency of f =6.76 GHz (A =44.38 mm).
It is associated with the metaresonator excitation by
the exponentially decreasing electromagnetic field
penetrating inside the metaresonator through the eva-
nescent holes. This case is characterized by a strong
localization of the electromagnetic field inside the

— |A]

6 8 10 12 14 16 18
F, GHz

Fig. 4. Magnitudes of the spatial harmonics propagating in the
metaresonator volume depending on frequency
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metaresonator volume. To prove the effect, Fig. 5
shows the field magnitude in the metaresonator
volume at the resonance frequency depending upon
the mirror spacing. As can be seen, the adjacent
peaks in the dependence are separated by approxi-
mately one half of the free space wavelength, and
the field magnitude in the resonator more than twice
exceeds the field amplitude of the incident plane
wave. The reason, why the spacing between the meta-
resonator mirrors corresponding to the maxima of
the curve in Fig. 5 is somewhat smaller than the res-
pective integer number of the free space half waves,
is associated with penetration of the electromagne-
tic field through the evanescent holes in the meta-
resonator mirrors.

The second low-frequency high-quality reso-
nance of the electromagnetic wave total transmis-
sion through the metaresonator is observed at the
frequency of f =8.969 GHz (A =33.45 mm). This
resonance is associated with the excitation of anti
phase oscillations of the electromagnetic field in
the waveguide channels of different transverse sec-
tions [8]. And, as was shown in paper [10], in this
case the surface TM-harmonics of high amplitudes
are excited propagating pairwise towards one an-
other along the entire surface of the metaresonator
mirrors from both sides. This is the trapped-mode
resonance. Shown in Fig. 6 are the frequency de-
pendences of amplitudes of a couple of surface
TM-harmonics propagating along the Oy-axis,
where |b2(q,s) | stands for the amplitude of the sur-
face TM-wave. As can be seen, a strong localization
of the electromagnetic field at the trapped-mode
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Fig. 5. Electromagnetic field magnitude in the resonator
volume at the resonance frequency independence on mirror
spacing, f =6.76 GHz
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Fig. 6. Frequency dependences of amplitudes of a couple of
the surface TM-harmonics propagating along the Oy-axis

resonance frequency f =8.969 GHz is observed
near the surfaces of the metaresonator mirrors. The
surface wave amplitude is over tenfold greater than
the exciting field amplitude.

The third low-quality resonance of the total trans-
mission of the electromagnetic wave through the
metaresonator is observed at the frequency of
f =9.86 GHz (A=30.43 mm), which is as well
lower than the cutoff frequency of the rectangular
waveguides. This resonance is associated with the
familiar half-wave resonance in the slots in the
metaresonator mirrors. Approximately one half of
the free-space wavelength is placed along each slot.

4. Conclusions

Thus, the paper gives the results of numerical inves-
tigation of frequency selective properties of a Fab-
ry-Perot resonator formed by metasurfaces, which
support the trapped-mode resonance regime. It has
been shown that the total transmission of electro-
magnetic waves through the evanescent holes in
the metaresonator mirrors is possible at resonan-
ce frequencies. This effect is accompanied by a
strong localization of the electromagnetic field both
in the resonator volume and near its mirror surfaces.
The electromagnetic field amplitude inside the reso-
nator can increase more than twice as compared to
the exciting field amplitude. The surface wave am-
plitude at the resonance frequency shows a dozen
increase near the resonator mirrors as against that
shown by the incident plane wave. The unique pro-
perties of the suggested Fabry-Perot metaresonator
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can find a wide range of applications in the antenna
engineering, as well as in various devices as filters,
sensors, etc.
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METAPE30HATOP ®ABPI-TIEPO, IKUM TIATPUMYE
PE3OHAHCHMI PEXXUM HA 3AMKHEHIX MOJIAX

Ilpeomem i mema pobomu: J{ochmiKeHHS eIeKTpOoArHaMIY-
HUX BIacTuBOCTel Merape3onaropa ®adpi—Ilepo, yrBopeHo-
ro JBOMa IapaJieIbHUMH iI€abHO HMPOBIIHHMH JBOBHMIp-
HO-TIEPIOJUYHUMH JIBOCJIEMEHTHUMH €KpaHaMH CKiHYEHOI
TOBIIVHY 3 IPSMOKYTHUMH OTBOpaMH. 30YyIUKEHHS pe30Ha-
TOpa 3MIHCHIOETHCS MIOCKOIO JIIHIIHO MOJSIPU30BAHOIO €IIeK-
TPOMArHITHOIO XBUJIEI0. ba3oBa KOMipKa KOXKHOTO 3 €KpaHiB,
SIKI BUKOHYIOTH POJIb J3€pKajl METape30HaTopa, MICTUTh JiBa
BIZIPI3KM TPSIMOKYTHUX XBWJIEBOMIB PpI3HHUX MOIMEPEIHUX
nepepisis.

Memoou i memoodonocia: OnepaTopHUil METOI pO3B’SI3aHHS
TPUBUMIPHUX 3a/1a4 JU(PaKLil eIeKTPOMAarHiTHUX XBHJIb Ha
0arartoeleMeHTHUX JBOBHMIPHO-TIEPIOAMYHNX CTPYKTYpax
TPYHTY€TbCS Ha METOJI YacTKOBMX oOnacteil i meroni y3a-
raJbHEHUX MaTPHIb PO3CIIOBAHHS.

Pesynomamu: B pe3ynbraTi BUKOHAaHOTO YHCEIBHOTO MOJIE-
JIIOBAaHHS ITOKA3aHO, IO MOAYJIh KoedimieHTa BiIOWUTTS ILIO-
CKOT XBHJII BiJI METape30HaTopa AOPiBHIOE HYIO Ha (ikcoBa-
HHUX 4YacTOTaX, 3HAYeHHs SIKMX HIDKYE YacTOT BIICIUKU IS
BIJIPi3KiB NPSAMOKYTHHUX XBHJICBOJIIB, BUKOHAHHX B J[3epKasiaX
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pe3oHaropa. Ha nepriii, HaliHMK4ill, 4acTOTI IOBHOTO MpO-
XOJDKCHHSI €JIEKTPOMArHiTHOI XBWJII 4Yepe3 MeTape3OHarop,
CIIOCTEPITraeThCsl  CHIIbHA JIOKAJI3aLlisl eNIeKTPOMarHiTHOTO
monst B Horo 06’emi. Ile moB’s3aHo0 31 30yMKEHHAM MeTape-
30HaTOpa eKCIIOHESHITIATBHO 3racalourM I0JIeM, SIKe TPOHHUKAE
B 00’€M pe3oHaTopa yepe3 M03aMexHi OTBOPU Ha PE30HAHC-
Hilf 4acToTi. [lpyruii HU3BKOYACTOTHUH PE30HAHC HOBHOTO
MIPOXOKEHHSI eJIEKTPOMAarHiTHOI XBWIII 4Yepe3 MeTape3oHa-
TOp NOB’S3aHMIl 3 PE30HAHCOM Ha 3aMKHEHHX MOJAX, SKHi
peecTpyeThCsl B 0araToeleMeHTHHX JBOBHMipHO-TIEpionuy-
HHUX CTPYKTypax. Y IbOMY BHIAIKy CIOCTEPIracThCsl CHIIb-
Ha JIOKaJIi3aIlisl eIeKTPOMArHiTHOTO IMOJS MOOIH3Yy MOBEpXHIi
JI3epKaj MeTape30HaTopa 3 000X CTOpIH.

Bucnoeku: YHIKaIbHI eNEKTPOJUHAMIYHI BIaCTUBOCTI MeTa-
pe3oHaTopa MOXKYTh 3HAHTH 3aCTOCYBAaHHS B IIPUCTPOSX UL
BHUMIPIOBaHHS €JeKTPO(DI3UIHHUX MAapaMeTPiB KOMITO3UIIHHUX
MaTepialiB 3 BEIMKUMH BTpaTtaM. BiacTtusicTs cuipHOT J10-
Kaji3allii eJeKTPOMarHiTHOTO MOl K B 00’ eMi pe3oHaropa,
TaK i HOOJIN3Y ITOBEPXOHb HOTO J[3epKal MOXe OyTH BUKOPH-
CTaHa /I KOHTPOJIIO ra30M0iOHNX PEUOBUH B MICIIX BEIH-
KOTO CKYITYeHHS JIFOIeH.

Knuiouosi croea: IBOBUMIpHO-TICPIOAMYHUN €KpaH, MPSIMO-
KyTHUH xBuieBin, merape3onarop ®abpi-—Ilepo, koedimieHT
BIIOMTTS, MO3aMEXHHI XBUIEBIJ, PE30HAHC HA 3aMKHEHHX
MoJax

Cmamms naoitiuna oo peoaxyii 16.08.2021
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