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MICROWAVE FILTERS BASED ON THE STRUCTURES WITH RESONATORS
IN PARALLEL CHANNELS AS METAMATERIAL CELLS

Background. Many of the properties of metamaterials are similar to those found in filters with mutually detuned by
frequency unrelated resonators. The bridge filters are used as a low-frequency prototypes of such microwave filters.
For further development and design of new types of metamaterials it is necessary to establish an analogy between
metamaterials and filters with mutually detuned by frequency unrelated resonators.

Objective. Creating a model of metamaterials based on the bandstop microwave filters with mutually detuned resona-
tors and on the low-frequency prototypes.

Methods. Checking the equivalence of metamaterials characteristics and microwave filters with mutually detuned
resonators, identifying their inherent laws (oscillation types in parallel channels, location of the attenuation poles
above or below the bandwidth), which appear regardless of the types of resonators, studying the possibility of using
prototype bridge filters for modeling of metamaterials.

Results. The basic model of an 8-pole network with resonators in parallel channels has been studied in detail. Ana-
Iytical expressions are obtained for the transmission and reflection coefficients for all inputs of an 8-pole network.
The 4-pole networks implemented on the basis of the aforementioned basic model are investigated. Experimental
studies are performed that confirm the adequacy of analytical models. An analogy between metamaterials and micro-
wave filters with mutually detuned resonators is established, the possibility of the use as a low-frequency prototype
bridge bandpass filters is shown.

Conclusions. Microwave filters with mutually detuned resonators can be used for modeling of metamaterials, and

bridge bandpass filters — as low-frequency prototypes, which design techniques are well developed.
Keywords: metamaterials; dielectric resonators; stripline resonators; bandstop microwave filters.

Introduction

More than 25 years ago, the authors theoreti-
cally obtained and experimentally confirmed the
analytical and circuit models of these devices —
resonant directional couplers, bandpass and rejec-
tion filters. After a long time, in 2016, an analogy
was found between dual-channel notch filters pat-
ented by authors and metamaterial cells known as
Split Ring Resonators (SRRs).

It turned out that the models proposed and
investigated earlier by the authors not only describe
the known characteristics of SRR but also allow a
number of their properties to be explained, which
were considered as “anomalous”. Therefore, the
main task is to demonstrate the effectiveness of our
approaches in modeling microwave devices based
on metamaterial cells.

This paper also considers the possibilities of
the models proposed by the authors in one of the
most promising areas of research in the microwave
range — creation of frequency-selective surfaces
with controlled characteristics. A bibliography
of authors’ proceedings concerning this subject is
given.

* corresponding author: zhivkovalex@gmail.com

Objective

For many years the authors of the submitted
work are successfully engaged in the study of mi-
crowave devices based on the resonators of differ-
ent types, which are included in parallel channels
and are not connected with each other. The ana-
lytical model created for the analysis of such struc-
tures proved to be also convenient for analysing
the metamaterial cells properties. The purpose of
this work is to demonstrate the capabilities of the
mentioned analytical model for designing metama-
terial cells with improved characteristics.

Split Ring Resonator as the basic metamaterial
cell in modern microwave devices

The modern history of metamaterials as artifi-
cially created structures with specific properties
that have no analogues in nature and consist of
identical “cells” began in the late 20" — early 21%
centuries [1—10]. Alongside the concept of “meta-
material”, in the scientific and technical literature
such terms as “negative dielectric and magnetic
permeability”, “superquality” or “extremely high”
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quality factor of SRR (Split Ring Resonator), as
well as their polarisability appeared. These terms
are present in one form or another in proceedings
devoted to various phenomena in metamaterials or
devices based on metamaterial cells [11—44].
Without disputing the legality of using new terms
and parameters in the aforementioned proceedings,
the authors would like to demonstrate the possibil-
ity of describing structures similar to SRR based on
the so-called bridge prototype filters [45—51]. Be-
low is an overview of our work on this topic over
the past 30 years.

The base model of the 8-pole (4-port) network
with resonators in parallel channels

The research of bandpass and bandstop filters
for different types of resonators was conducted on
the basis of generalised 8-pole network. The pa-
per [52] considers the 8-pole network (Fig. 1)
formed by two coupled transmission lines (e.g.,
waveguides) in which an elliptically polarised wave
can propagate.
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Fig. 1. The 8-pole network formed by two rectangular wave-
guides coupled by common wide wall. There are dielec-
tric resonators in the holes made in the wall between
the waveguides: a — end view; b — top view

Waveguides are coupled by the holes in com-
mon wide wall. In the plane of cross section, that
is in the plane perpendicular to the propagation di-
rection of electromagnetic wave, dielectric resona-
tors (DR) are placed, one of which is excited by
the transverse magnetic field component /4, and

the other — by the longitudinal component #, .

Complex field amplitudes that are reradiated in
different directions by resonators in the two wave-
guides are calculated based on the ratio

CH =Jomh' /2 (1)

where m is the magnetic moment due to the exci-
tation of the corresponding DR, o is the circular
frequency of the microwave field. In [52] it is
shown that
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where K, = SOV qMgi gi! M, — pa-

2 b
rameter that is defined by type of DR oscillation.
Knowing the complex amplitudes of resonator ra-
diation fields (2)—(4), we determine the coeffi-
cients of transmission and reflection as:

Ty =1+C;Ti3=C; Ty =Cy; I =Cr . (6)

Considered 8-pole network is a reciprocal one
as the transmission and reflection coefficients are
defined by formulae similar to (6) when the gen-
erator is connected to the other arms.

Note that 8-pole network design mentioned
above is patented by the authors as a directional
filter [53].

Bandpass filters. In [52] it is shown that the
transmission T and reflection R coefficients of the
waveguide bandpass filter based on the dielectric
resonators with different types of oscillations can
be easily obtained from the formulae (1)—(6):

T= Cy; (7)

R=1+ Cj; (8)
K, K

(1 +K,) A +K)’ ©)

R- - Ki LS (10)

A +K) A +Ky’

where K, K, — coupling coefficients of “magne-

tic” and “electric” type of oscillations of the trans-
mission lines (in this case — regular waveguide).
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Microwave double-resonance filters based on
resonators with different types of oscillations have
been studied experimentally and theoretically on
the basis of formulae (9) and (10) in proceedings
[54—58]. The authors have also received copyright
certificates for a number of designs of double-
resonance bandpass filters based on dielectric and
microstrip resonators with different types of oscilla-
tions [58—61].

Another way of determining the parameters of
double-resonance bandpass filters on mutually de-
tuned resonators (Fig. 2) considered in [62].

@ ©
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Fig. 2. Waveguide bandpass filter with dielectric resonators ex-
cited by different types of oscillations; a — sectional
plan view from above; b — end view
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They are determined on the basis of the scat-
tering matrix parameters:
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Coupling coefficients from formulae (9), (10)
correspond with coupling coefficients of electric
K, and magnetic K ,, types of oscillations.

In practice bandpass filters with symmetric
centre frequency response are commonly used (K =
= K, =K). If the resonant frequencies of oscilla-

tions do not coincide, the dependence of transmis-
sion and reflection coefficients from the frequency
can be written as

B J2K-a
A +K+jx)2+a?)] (12)
R:[(1+jE_z)2_K2+a2)] (13)

[(1+ K+ jE) +a?)]

where £ — generalised detuning of frequency with
respect to f, — central frequency of the filter, and
a — generalised frequency detuning of “magnetic”
fm and “electric” f, oscillations with respect to f

:z(fe_fm)XQO 15
Gt ()

where 0, — own quality factor of resonators (sup-

pose that both resonators have the same quality
factor on different types of oscillations).

-60

-40

-20 0 20 40 60
b

Fig. 3. Experimental (@) and calculated (b) characteristics of double-resonance bandpass filters with mutually detuned oscillations in
the parallel channels: / — combined characteristics of the filter with two resonators, 2 — “counter-phase” or “magnetic” os-

cillations, 3 — “in-phase” or “electric” oscillations



10 KPI Science News

2018/6

In [54] the influence of out-of-band decoup-
ling between inputs (which corresponds to the
transmission coefficient of the filter without reso-
nators) and its influence on the formation of the
poles of attenuation are examined in detail. Fig. 3
shows experimental [54] (experiment was con-
ducted 30 years ago) and calculated characteristics
of double-resonance bandpass filters with mutually
detuned oscillations in the parallel channels. A
good coincidence of form of experimental and cal-
culated results show the adequacy of the chosen
analytical model of bandpass filter.

It should be noted that in terms of coeffi-
cients obtained due to generalised detuning, for-
mulae (12) and (13) are valid not only for dielec-
tric resonators (and various types of oscillations ex-
cited in them). They are also suitable for the
analysis of various types of resonators (and their
oscillations) — microstrip, waveguide-slot, etc.

Analysis of the formulae for coefficients of
transmission and reflection of the double-resonan-
ce filter resonators with the mutually detuned reso-
nators (oscillations) showed that they are comple-
tely similar to formulae for traditional double-reso-
nance filters with cascade-connected coupled reso-
nators. The role of the generalised coupling coeffi-
cient of resonators (used when analysing the cas-
cade connection of the coupled resonators) is
played by a generalised detuning “a” (formula (15)
between their resonant frequencies. Hence one of
the most important differences and advantages of
the filters with mutually detuned resonators (oscil-
lations) is the ability to manage the bandwidth of a
filter, changing not the connection between the
resonators, but their resonant frequencies. Fig. 4
represents microstrip filter [59] in which the reso-
nant frequency of one of the resonators changes
with the change of the control voltage applied to
the varicaps connected to it.

NI

Fig. 4. Double-resonance microstrip bandpass filter with con-
trollable bandwidth

Fig. 5 shows characteristics of double-reso-
nance bandpass filters with different types of oscil-
lations in the parallel channels for the same cou-
pling coefficients of resonators K with the input-
output filter (K = 5) and different mutual detuning
“a” between their resonant frequencies. When “a”
changes from 12 (Fig. 5, a)) to 6 (Fig. 5, a)), the
bandwidth of the filter at the -3 dB level decreases
almost twice. In both cases the level of out-of-
band decoupling is —25 dB.
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Fig. 5. Transmission coefficients of double-resonance bandpass
filters with different types of oscillations in parallel
channels: 7/ — characteristics of filter transmission coef-
ficient only with excitation of “electric” type oscilla-
tions, 2 — characteristics of filter transmission coeffi-
cient only with excitation of “magnetic” type oscilla-
tions, 3 — characteristics of filter transmission coeffici-
ent with excitation of both types of oscillations simul-
taneously
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The coordinates of the poles of attenuation
¢, — Fig. 5, a and b — correspond to calculated

ones using the formula (16) from [54] (taking into
account the correspondance of detuning “a” to the
coupling coefficient K ):

2K, xa
T

where D — level of out-of-band decoupling. For
values K, a and D used in the calculation of char-
acteristics shown in Fig. 5, a and b, ¢, is ~44 and

32 respectively.

Note another interesting feature of bandpass
filters with resonators of different types in parallel
channels (Fig. 6). Formula (13) shows that band-
pass filter can be perfectly matched (R = 0) at the
central frequency performing the following ratio:

(16)

a=1(K>-1). (17)

An important parameter of double-resonance
filters with coupled resonators is so-called “criti-
cal” value of coupling coefficient in which the
characteristics of the transmission coefficient is be-
coming maximally flat (when connection is bigger
than critical in bandpass of the filter, failure ap-
pears at the central frequency). From (12) it fol-
lows that for double-resonance filters with mutually
detuned resonators “critical” value of detuning “a”

-20(
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a

corresponds to similar coupling coefficient and
equals

a,= K+1.

(18)

As mentioned detunings “a” determined in
accordance with formulas (17) and (18) do not
match, double-resonance filter with maximally flat
characteristics (butterworth type) is not perfectly
coincide in central frequency, however with K val-
ues, much bigger than 1, a good alignment in the
bandpass is achieved as shown in Fig. 7.

In [60] the bandpass filter with waveguide-
slotted resonators, the design of filters is shown on
Fig. 8.

The filter contains a rectangular waveguide
segment along the longitudinal axis of which the
metal plate is placed in the E-plane. The plate has
resonant slits of linear (longitudinal) and U-shaped
form. U-shaped slit is oriented with its ends toward
the longitudinal resonant slit. Due to the place-
ment, choice of length and configuration of
U-shaped slit, a decrease in the longitudinal length
of the filter is provided. The presence of spurious
bandpass, due to the influence of lower type oscil-
lations of U-shaped slit, can be compensated by
selecting cutoff frequency of rectangular waveguide
which is higher than the resonant frequency men-
tioned type of unwanted oscillations.

Bandstop filters. Proceedings [52—57] consid-
ered bandpass filters and focused mainly on their
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Fig. 6. Transmission (a) and reflection (b) coefficients of double-resonance bandpass filters with different types of oscillations in
parallel channels: / — characteristics of filter transmission coefficient only with excitation of “electric” type oscillations,
2 — characteristics of filter transmission coefficient only with excitation of “magnetic” type oscillations, 3 — characteristics
of filter transmission coefficient with excitation of both types of oscillations simultaneously; K = 5, a = 4.9
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Fig. 7. Transmission (a) and reflection (b) coefficients of double-resonance bandpass filters with different types of oscillations in
parallel channels: / — characteristics of filter transmission coefficient only with excitation of “electric” type oscillations,
2 — characteristics of filter transmission coefficient only with excitation of “magnetic” type oscillations, 3 — characteristics

of filter transmission coefficient with excitation of both types of oscillations simultaneously; K = 10, a = 11 (critical con-
nection). Frequency on Fig. @ and b — in relative units

0, 2
X \ |
1
| I
N\N\ N\ I 1
0!
a b
Fig. 8. Waveguide-slotted filter with parallel connected reso- 3
nators: @ — end view; b — side view a
2
1 d

b

Fig. 10. Microwave bandstop filters a — [64], b — [65]; I — mi-
crostrip transmission line, 2 — “half-wave” resonator, 3 —
“wave” resonator

- / -

The structure of an elementary metamaterial
cell with the dimensions of the external and inter-
nal resonators and the gap between them is pre-
sented in [64] (Fig. 9).

Fig. 9. /=3 mm, d=¢t=w= 0.3 mm

filtering properties. Almost after 30 years in [63] it
was shown that the_ bandstop filters with mutuglly The filter on Fig. 10, a is formed by resona-
detuned resonators in parallel channels are nothing . ;

. . . tors, length of which multiple #A/2 and (n+1)1/2
but metamaterial cells. Therefore, the increased in-

terest in this kind of bandstop filters is justified. (. — the wavelength at the resonant frequency of
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the filter), with n = 1 — “half-wave” and “wave”
resonators correspondingly, and resonators of the
filter on Fig. 10, b — “half-wave” and “wave” (it is
clear that they can also have multiplicity » and
(n+1)).

In [52] it is shown that the resonant frequen-
cies of these resonators may be different and close
to the center frequency of the filter (depending on
the resonator coupling coefficients of the transmis-
sion line). If we compare the length of resonators
Fig. 8 (for accuracy — on the lines passing in the
middle of the resonators, we will get the following
result: the length of smaller (“internal”) resonator
is 5.7 mm, bigger one (“external”) is 11.1 mm. It
turns out that the two resonators (including all
mentioned in [52] and the error introduced by the
capacitive coupling between them) can also be
considered as “half-wave” and “wave”, and so
they can use the same models as filters [64, 14].

It can be shown (see [52], formula (6), sec-
tion 16.4) that the formulae for the transmission
and reflection coefficients of the bandpass and
bandstop filters with mutually detuned resonators
are “dual”, that is, having the formulas (7) and (8)
for bandstop filter, we can obtain the following:

K K,

= - ; 19
(1 +K,) (A+K) (19)
T- - K K (20)

(1+K)) (1+K5,)

Introducing K, and K, as
K=t @1
1+ K+ j(E+a)]

K, i )

T+ K, +jE —a)]

it can be shown that in the case of mutual detu-
ning of “a” between the resonant frequencies of
the used oscillations of resonators, which is deter-
mined by the formula

a=+J(K,xK, 1) (23)

transmission coefficient of bandstop filter T (for-
mula (20) equals zero, that means a complete,
100-percent rejection of signal is achieved. Note
that such effect is not possible to achieve in filters
based on the cascade-connected or interconnected
resonators.

For equal coupling coefficients K| =K, for-

mula (23) was obtained earlier in [52]. Fig. 11, a

shows calculated (solid curves) and experimental
(keys on the curves) characteristics of the wavegui-
de bandstop filter with dielectric resonators whose
design is presented in [66] (Fig. 12). Curves I and
2 — characteristics of individual resonators, curve 3 —
combined characteristic of double-resonance band-
stop filter. Fig. 11, b shows calculated on the basis
of formula (20) transfer rates similar filter coupling
coefficients K; and K, and mutual detuning “a”
chosen specially to have similar characteristics to
those shown in Fig. 9, a. Apparently, the good ag-
reement is obtained with K; =K, =2.1, a= 1.81.
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Fig. 11. Experimental (a) and calculated (b) characteristics of
waveguide bandstop filter with dielectric resonators: 1 —
characteristics of filter transmission coefficient only
with excitation of “electric” type oscillations, 2 — cha-
racteristics of filter transmission coefficient only with
excitation of “magnetic” type oscillations, 3 — charac-
teristics of filter transmission coefficient with excita-
tion of both types of oscillations simultaneously. Fre-
quency in Fig. b — in relative units

Filter resonators in Fig. 10 are excited by dif-
ferent types of oscillations — “electric” and “mag-
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netic”, their resonant frequencies are closely spa-
ced, but not identical, coupling coefficients of reso-
nators with waveguide can be adjusted by changing
the depth of their “immersion” into a regular wa-
veguide from the segments of below-cutoff wave-
guides where they are placed.

Fig. 12. Waveguide bandstop filter with dielectric resonators

Fig. 13, a shows experimental characteristics
of waveguide bandstop filter with dielectric resona-
tors with different types of oscillations, resonant
frequencies of which are almost the same (filter
design is similar to that shown in Fig. 12). Curves
1 and 2 — frequency response of each resonator
separately, curve 3 — FR of transmission coeffi-
cient of the filter with two resonators. Fig. 13, b
shows transmission coefficients of the similar filter
calculated on the basis of formula (20), which
coupling coefficients K; i K, were selected spe-

cifically to have similar characteristics to those il-
lustrated in Fig. 13, a. Apparently, a good match is
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Fig. 13. Experimental (a) and calculated (b) characteristics of
waveguide bandstop filter with dielectric resonators.
Frequency in Fig. b — in relative units
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Fig. 14. Transmission (a) and reflection (b) coefficients of band-stop filter with resonators of different types: / and 2 — characteristics of
individual resonators (match), 3 in the Figure a — characteristics of double-resonance filter. Frequencies in Fig. ¢ and b —

in relative units
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obtained with K; =2, K, =0.51, a = 0 (resonant
frequencies of resonators, as mentioned above, co-
incide). Note that with the selected coupling coef-
ficients the ratio (23) is executed as expected.

In [52] it is noted that the narrowest fre-
quency response of transmission coefficient of the
bandstop filter will be achieved with the coupling
coefficients K; =K, =1 (a = 0, resonators are ex-

cited at the same frequency). At the same time, the
loaded quality factor for resonators with each type
of oscillations is equal to twice the inherent quality
factor. Rejection band at the -3 dB level is just
twice wider than the bandwidth of unload dielec-
tric resonator. In addition, this filter is perfectly
matched (T = 0), that is, the rejection of the signal
is carried out by full absorption of its strength at
the resonant frequency. Considered filter can be
made based on a construction with spherical di-
electric resonator placed at the intersection of
regular and below-cutoff waveguide in the area
of circular polarization of electromagnetic field.
Fig. 14 presents characteristics of the “ideal”
bandstop filter (K, =K, =1, a = 0) calculated in
accordance with formulas (19), (20). The absence
of the curve 3 in Fig. 14, b, corresponding to
the reflection coefficient of a filter, is justified
by R=0.

Superlens. In numerous papers on metamate-
rials, dielectric and magnetic permeability of the
medium are regarded as some integral characteris-
tics of dielectric and magnetic permeability £ and
w. At the same time, in [68] appear parameters Ky
which are interpreted as coupling coefficients of a
certain type of oscillations (electric or magnetic)
with the lines. We can write them down as cou-
pling coefficients of electric and magnetic types of
oscillations as K, and K, correspondingly and

compare with integral characteristics of metamate-
rials ¢ and p. Then in [68] the infinite attenuation
in the structure will be achieved with the mutual
detuning of frequencies of the orthogonal oscilla-

a:iﬂ(KeXKm_l) ’

tions “a

which fully meets (23), considering that coupling
coefficients K; and K, from formulae (9), (10)
correspond coupling coefficient K, types of elec-
tric and K, magnetic oscillations.

It is possible to assume with a high degree of
probability that the ratio K,=K,, =1, which is
inherent to bandstop filter with utmost narrow re-

(24)

jection band (see Fig. 12), corresponds to the con-
dition of “superlens properties” of metamaterials:

e=p=-1 (25)

which in its turn leads to the assumption that the
metamaterial unit cell for “superlens” is a “per-
fect” double-resonance bandstop filter with differ-
ent types of oscillations, which coincide in fre-
quency.

Unfortunately, this hypothesis has not yet
been confirmed experimentally by authors.

Circuit models of filters — lattice (bridge) equi-
valent circuits

In [63] it is shown for the first time that the
metamaterial unit cell is double-resonance system,
while the oscillations of individual resonators are
not connected. Degeneration of oscillations in the
metamaterial cell, properties of individual oscilla-
tions and related all sorts of effects are investigated
by authors in detail in [68—71]. It is also shown
that the widespread in literature opinion of “super-
quality” (Q — quality) of the metamaterial cells,
including so-called Split Ring Resonators (SRR),
is not quite correct, since Q is a parameter that
characterises the individual oscillations instead of
4-pole network resonant characteristics. It is shown
that extremely high Q of metamaterial cells is evi-
dent in the area of two different mutually detuned
oscillations calculated in accordance with (23),
and metamaterial properties — only in the area in
which the frequency of cophased oscillations is
higher than the frequency of antiphase ones [68].
The figures in [69—71] are experimental results
demonstrating the presence of the degenerated os-
cillations, the possibility of removing the degenera-
tion during oscillation disorder and achieving the
extreme values of rejection at two different fre-
quencies.

1/K,

Fig. 15. Lattice (bridge) equivalent circuit of the bandpass filter
with mutually detuned electric and magnetic types of
oscillations
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Fig. 16. Bridge equivalent circuits (a)—(b) of the bandpass filters, (¢) — of the bandstop filter

Research of cells of metamaterials in terms of
oscillations and coupling coefficients is also impor-
tant in microwave engineering because most of the
known proceedings use not “circuit” but rather
purely physical terminology including negative di-
electric and magnetic permeability. In addition,
such approach allows determining the most correct
equivalent circuit of the metamaterial unit cell.

In [62] the lattice (bridge) equivalent circuits
(see Fig. 12) for the band microwave filters based
on mutually detuned resonators in parallel chan-
nels (Fig. 15) was used for the first time.

Accordingly, the scattering matrix of such fil-
ter is described by formulae in (11). Bridge re-
placement circuit of the bandpass and bandstop fil-
ters are presented in Fig. 16.

If we take into account that when switching
from an equivalent circuit of a bandpass filter in
Fig. 16, a to an equivalent circuit of bandstop filter
in Fig. 16, c¢ a serial resonant oscillating circuit is
“replaced” with parallel circuit and the coupling
coefficient K, will correspond to the coupling coef-

ficient 1/K,, then by making a substitution in (9)
we get the parameters of scattering matrix of the
bandstop filter as

K, K

- (26)
1 +K,) (1+K,)

Sll =

K. Ko

Sy =1- :
1+K,) d+K,)

(27)

that is, the transmission coefficients of bandpass
and bandstop filters with mutually detuned resona-
tors in parallel channels (excluding out-of-band
decoupling in bandpass filters) are dual. The
transmission coefficient of bandpass filter corre-
sponds to the reflection coefficient of bandstop fil-
ter and vice versa.

Note that the obtained values of the elements
of the scattering matrix of the 4-pole network
(transmission and reflection coefficients) are simi-

lar to the values of transmission and reflection co-
efficients of 8-pole network obtained in [52].

In [63] the main reasons for choosing bridge
circuits as prototypes for the filters with mutually
detuned resonators are observed:

e both in bridge prototype filters and in fil-
ters with mutually detuned resonators energy trans-
mission is carried out by two independent chan-
nels;

e resonators in bridge prototype filters (for
bandpass filters) are also deranged by frequency,
otherwise the signals in the load are “subtracted”
(i.e. equal in amplitude and opposite in phase)
cancel each other out, that is there will be no sig-
nal transmission from input to output;

e at a certain ratio of reactivity of the filters’
arms (as with proper selection of the order of rela-
tive position of “magnetic” and “electric” oscilla-
tions in filters with mutually detuned resonators)
“poles of attenuation” [52] can be realised, other-
wise there will be no “poles of attenuation”;

e and finally, the most important — bridge
filters belong to the so-called nonminimum-phase.

Bridge circuits allow you to receive much
more wide bandwidth and synthesize the frequency
response of the filter regardless of that of the
phase-frequency.

Modeling the behavior filters as cells of struc-
tures of frequency-selective surfaces

Frequency-selective surfaces (FSS) contain
microwave resonators of different types as a main
element. Currently, metamaterial unit cells are
used as such resonators. Therefore, the research
methods used studying bandpass and bandstop fil-
ters were also applied to them. Let's consider only
one of the important tasks of control of the FSS
parameters — “turning on” and “turning off” their
selective properties. Fig. 17 a) and b) shows the
characteristics of bandstop filters, which consist of
two mutually detuned resonators with different
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types of oscillations. Curves / and 2 — transmission
coefficients of individual resonators, curve 3 —
combined characteristic of the double-resonance
filter. Fig. 17, a (generalised detuning a = 16.5)
stopband at the —-20 dB level is eight times wider
than the stopband of single-resonance filter at the
same —20 dB level. In Fig. 17, b (oscillations coin-
cide in frequency, generalised detuning = 0) dou-
ble-resonance bandstop filter has an attenuation at
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the —1 dB level, i.e. almost ceases to be a band-
stop.

Fig. 18, a and b show the characteristics of
bandpass filters consisting of two mutually detuned
resonators with different types of oscillations.
Curves [ and 2 — transmission coefficients of indi-
vidual resonators, curve 3 — combined characteris-
tic of the double-resonance filter. In Fig. 18, a
(generalised detuning a = 25) bandwidth at the
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-3 dB level is at least twice wider than bandwidths
of single-resonance filters at the same level. In
Fig. 18, b (oscillations coincide in frequency, gen-
eralised detuning a = 0) double-resonance band-
pass filter has an attenuation at the —40 dB level
(the given level of the out-of-band decoupling), i.e.
almost ceases to be a bandpass.

Both in bandpass and bandstop filters the
management of mutual detuning of the resonators
can be done electronically, for example using vari-
caps as it is done in the filter in Fig. 4.

Conclusions

Microwave devices based on metamaterials
cells are traditionally modeled by 4-pole networks
with cascade-connected elements and resonators,
the concepts of negative dielectric and magnetic

permeability are widely used. The use of lattice
(bridge) equivalent circuits as prototypes can not
only describe the unique properties of metamate-
rials but also to optimise their characteristics on
the basis of the obtained analytical models. At pre-
sent, the authors study the properties of frequency
selective surfaces and sensors based on metamate-
rials, the applicability of these approaches to
acoustic metamaterials is studied. The scope of our
research interests also includes physical processes
characterised by the terms “slow light” and “elec-
tromagnetically induced transparency”.

It should be noted that the considered 8-pole
network is “basic” not only for bandpass and
bandstop filters but for a number of elementary
resonators. The waveguide resonators with dielec-
tric resonators with different modes of oscillations
can serve as an example [72—73].
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M.KO. InbyeHko, O.I1. Xuskos

HAIBNCOKOYACTOTHI olIbTPU HA BA3I CTPYKTYP I3 PESOHATOPAMU B TMAPANENBbHNX KAHANAX AK KOMIPKK
METAMATEPIAJIB

Mpo6nematuka. baraTo BnacTnBocTen MmetamaTepianis noAibHi 4o TUX, AKi MaloTb OiNbTPU Ha B3AEMHO PO3CTPOEHUX 3a YaCTO-

TOM | HE MOB’A3aHMX MiX cOBO pe3oHaTopax. AK HU3bKOYACTOTHI MPOTOTUMN TaKUX MIKPOXBUMbOBUX (DiNbTPIB BUKOPUCTOBYHOTHCS MOC-
ToBi (hinbTpu. AN noganbLLOi pO3pobKM | MPOEKTyBaHHSA HOBMX TUMIB MeTamaTepianiB HeobXi4HO BCTAHOBUTU aHarorilo Mk MeTamare-
pianamu i dinbTpamMm Ha B3aEMHO PO3CTPOEHMX 3@ YaCTOTOMO | HE NMOB’A3aHUX MiX CODO pe3oHaTopax.

MeTa pocnipxeHb. CTBOpeHHS Moene MeTamaTtepianiB Ha OCHOBI PEXEKTOPHUX HaaBucokovacToHux (HBY) cinbTpiB Ha B3a-

€MHO PO3CTPOEHUX pe3oHaTopax, a TakoX Ha 6a3i HN3bKOYaACTOTHUX NPOTOTMNIB.
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MeToauka peani3adii. [lepeBipka ekBiBaneHTHOCTI XapakTepucTuk MetTamatepianis ginsTpam CBY Ha B3aEMHO pO3CTPOEHMX
pesoHaTopax, BUSIBIEHHS NpUTaMaHHUX iM 3aKOHOMIPHOCTEW (TUNW KONUBaHb Yy NapanerbHUX KaHanax, po3MiLLleHHs NMontociB 3aracaH-
HS BuLle abo HWKYe CMYrM MPOMyCKaHHS), WO NPOSBAAIOTLCA He3anexHo Big TUMIB pe3oHaTopiB, SIKi BUKOPUCTOBYIOTLCS, BUBYEHHSI
MOXITMBOCTi BUKOPUCTaHHA MOCTOBMX (DiNbTPIiB-NPOTOTMNIB ANS MOAEMIOBAHHA MeTamaTtepiarnis.

Pe3ynbTatn gocnigkeHb. [etanbHo gocnigxeHo 6a3oBy moaenb 8-MorfocHMKa 3 pe3oHaTopaMu B MaparnernbHUX kaHanax.
OTprmMaHo aHaniTM4Hi BMpas3m Ans koediuieHTiB nepegadi Ta BigbuTTa No BCiX BXxoAax 8-nontocHuka. [ocnigxeHo 4-nontocHuKK, peani-
30BaHi Ha OCHOBI 3rafiaHoi BuLe 6a30Boi moaeni. NpoBeaeHO ekcnepMMeHTanbHi OOCNIMKEHHS, AKi NIATBEPAMNN afeKBaTHICTL aHani-
TUYHUX Mopenein. BcTaHoBNeHo aHanorito Mix meTamaTtepianamu i ginbtpamm CBY Ha B3aEMHO pO3CTPOEHMX pe3oHaTopax, NokasaHo
MOXIMBICTb BUKOPUCTAHHS SIK HU3bKOYACTOTHUX MPOTOTMMNIB MOCTOBMX CMYroBuX (pinbTpiB.

BucHoBku. [Inss mogentoBaHHA MeTamarepianiB MOXyTb 6yTn BukopuctaHi dinetpy HBY Ha B3aeMHO po3CTpoOeEHNX pe3oHaTo-
pax, a sk HU3bKOYaCTOTHi NPOTOTUNW — MOCTOBI CMYTOBi (PINbTPU, METOAMKM NPOEKTYBaHHS SIKUX Aobpe onpavboBaHi.

KniovoBi cnoBa: meTamarepianu; fienekTpuyHi pe3oHaTopu; CMYXKOBI pe30HaTopH; PexXeKTopHi dinbTpyn HBY.

M.E. Unb4eHko, A.T1. 2Knekos

CBEPXBbICOKOYACTOTHbLIE ®WUbTPbl HA BA3E CTPYKTYP C PESOHATOPAMU B MAPAJUIENBHNX KAHAJIAX KAK
AYENKN METAMATEPUAIOB

Mpo6nemaTtuka. MHorMe cBoicTBa MeTaMaTepuarnoB MOXOXW Ha Te, YTO UMeIDTCA Yy pUNbTPOB Ha B3aUMHO PaCCTPOEHHbIX NO
4acToTe N He CBSA3aHHbIX Mexay cobow pe3oHaTopax. B kayecTBe HM3KOYACTOTHLIX MPOTOTUMNOB NOAOOHBIX MUKPOBOMHOBBLIX (hUMLTPOB
MCMOSb3YITCA MOCTOBbIe punbTpbl. [Ana AanbHenwen paspaboTkm U NPOeKTUPOBaHMSA HOBbIX TUMOB MeTamaTepuanoB HeobxoanMo
YCTaHOBUTL aHamnorvio Mexay metamaTtepuanamu n unsTpamMm Ha B3aMMHO PacCTPOEHHBIX MO 4YacToTe U He CBA3aHHbIX Mexay cobon
pe3oHaTopax.

Llenb nccneposanun. Co3gaHve mofernev metamaTeprarnioB Ha OCHOBE PEXEKTOPHbIX CBEPXBbICOKOYacTOTHbIX (CBY) dunbT-
pOB Ha B3aMMHO PacCTPOEHHbIX Pe3oHaTopax, a Takke Ha 6ase HM3KOYACTOTHbLIX NPOTOTUMOB.

MeToguka peanusauuu. [poBepka 3KBMBANEHTHOCTWN XapakTepucTuk metamartepuanos dunbtpam CBY Ha B3avMHO paccTpo-
€HHbIX pe3oHaTopax, BbISBMEHNE MPUCYLLMX UM 3aKOHOMEPHOCTEN (TuMbl KonebaHuii B NnapannenbHbiX KaHanax, pacrnosioXXeHne norto-
COB 3aTyXaHWs BblLLEe UMW HIDKE MOMoCkl NPONYCKaHust), MPOSIBMAOWMXCA HE3aBNCMMO OT UCMOMNb3yeMbIX TUMOB PE30HATOPOB, M3yye-
HVEe BO3MOXHOCTU MCMOMNb30BaHNS MOCTOBbIX (hUNbTPOB-NPOTOTUMNOB AN MOAENUPOBaHUSi MeTamaTepuarnos.

PesynbTaTtbl uccneposanui. [letansHo nccrnegosaHa 6asoBas mofenb 8-MONOCHNKA C pe3oHaTopaMu B NapanmnesbHbIX KaHa-
nax. MonyyeHbl aHaNMTUYeCcKMe BbIpaXXeHUst AnsA Ko3adULMEHTOB Nepeaayn n oTpaxeHns no BceM Bxoaam 8-nontocHuka. Wccnepo-
BaHbl 4-NOMOCHUKM, peannsyemMble Ha OCHOBE BbilleyrnomsiHyTon 6a3oBor mogenu. MpoBedeHbl akCnepMMeEHTanbHble UCCNEeaoBaHus,
NoATBEPAMBLUME aAeKBaTHOCTb aHanUTUYECKUX MOAENeN. YCTaHOBMEHa aHanorua mMexay metamartepuanamv un dunbtpamm CBY Ha
B3aMMHO PaCCTPOEHHbIX pe3oHaTopax, NnokaszaHa BO3MOXHOCTb MCMOMb30BaHUA B KaYeCTBE HW3KOYACTOTHbLIX MPOTOTUMOB MOCTOBbIX
NofocoBbIX (PMNbTPOB.

BbiBoabl. [1ns mogenupoBaHns MeTaMmatepuanoB MoryT ObiTb ncnomnb3oBaHbl unbTpbl CBY Ha B3aMHO pacCcTpPOEHHbIX peso-
HaTopax, a B Ka4eCTBe HWU3KOYACTOTHbLIX MPOTOTUMOB — MOCTOBbIE NMOMOCOBbLIE (OUNLTPbI, METOANKN NMPOEKTUPOBAHNS KOTOPbIX XOPOLUO
npopaboTaHsbl.

KntoueBble cnoBa: MeTamatepuansl; AU3NeKTpUYeckne pe3oHaTophbl; MONOCKOBbIE PE30HATOPbI; PEXEKTOPHbIE (PUNBLTPbI CBM.

PexomennoBana Panoro Hanitua no penaxiii
[HCTUTYTY TeleKOMYHIKaIllilHUX CUCTEM 8 nmucrtonana 2018 poky
KIII im. Iropst CikopchKoro
IIpuitnsara o myO.ikarii
6 rpynust 2018 poky



