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Background. Microwave filters are critical components in modern communication systems, playing a fundamental role in
signal processing by allowing specific frequency bands to pass while attenuating unwanted frequencies. Over the years,
significant advancements have been made in the design and development of various types of microwave filters, including
directional, microstrip, and multi-resonator filters. These filters are widely used in radar, satellite communications, and
wireless networks, where high performance and precise frequency control are essential.

Objective. This paper is dedicated to reviewing various microwave filters that were constructed developed or analysed by
the team, including directional filters, microstrip filters with attenuation poles, and multi-resonator filters. The studies focus on
investigating their unique properties, such as the formation of attenuation poles, metamaterial characteristics, and the effects of
resonator coupling on filter performance. New Python-based software realization for modelling different filters six resonators,
four resonators, and two resonators were developed and frequently used.

Methods. Electrodynamics simulations using software tools like CST Studio Suite, AWR Microwave Office, and
LabVIEW, modelling filters using equivalent circuit models and bridge circuits. Use of microstrip lines, circular resonators,
and dielectric resonators to construct and analyse different filter configurations. Analysis of energy propagation paths,
resonator coupling, and transmission characteristics to optimize filter design.

Results: Various structures were researched like Microwave Directional Filters, Microstrip Resonator Filters with 2, 4, 6
resonator, their structures and characteristics were analysed, New python-based software that allows modelling resonance
curves using corresponding parameters for filters with 2, 4, 6 resonators. The parameters of the scattering matrix of a bridge
quadrupole were expressed in an analytical form and were used for Python based program.

Conclusions: the research presented across these publications contributes significantly to the development and
understanding of advanced microwave filter designs. The article reveals various resonator-based filters, including directional,
microstrip, and multi-resonator filters, these studies have highlighted key performance enhancements achievable through
resonator coupling, metamaterial properties, and the introduction of attenuation poles. The use of advanced simulation tools,
such as CST Studio Suite, AWR Microwave Office, and LabVIEW, allowed for accurate modelling and validation of
theoretical designs. The introduction of Fano resonances and trapped modes in filters demonstrated improvements in
selectivity and attenuation characteristics, which are critical for modern communication systems. Trapped modes manifest as
attenuation poles, resulting from the interference of even and odd oscillations. This is evidenced by the presence of two
independent energy pathways, along which these interfering oscillations propagate. With appropriate design parameters (such
as resonator coupling coefficients and resonance frequencies), a complete energy exchange between resonators can occur at a
certain frequency, in a direction perpendicular to the primary energy flow from input to output. The design and properties of
directional filters based on circular resonators and dielectric resonators were described. These filters have "metamaterial”
properties and are widely used in modern microwave technology. The characteristics of bandpass and rejector filters, as well as
the characteristics of the filters formed by two microstrip resonators and resonators connected to each other, are given. It is
important to emphasize the phenomena of "Fano resonances" observed in these filters, which arise as the interference of
oscillations from individual resonators.

Keywords: microwave filters; resonators; attenuation poles; directional filters; microstrip filters; fano resonances;
metamaterials; electrodynamics simulation; circuit modelling; Bandpass filters.

transmission systems, since the separation of the
frequencies used by them is often very insignificant,

INTRODUCTION and this can lead to the occurrence of interference

The bandpass filter is used most often and is noise between them.
designed to pass only a certain frequency band, The bandpass filter is designed to isolate the
cutting off all other components below and above this working frequency band (receiving and transmitting)

band. It is a mandatory component for all data
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and delay adjacent frequencies with the suppression
of their parasitic elements.

Bandpass filters continue to be extremely popular
functional  units of  communication  and
telecommunications systems. For example, in analog-
to-digital converters, input spectrum limiters are
implemented on their basis. Leading microelectronic
companies in the world today serially produce digital
potentiometer microcircuits, which are used in the
tasks of adjusting the parameters of active RC filters.
With all the diversity, existing PFs need to improve
the main parameters characterizing their properties
when adjusting the pole frequency, pole attenuation
and transmission coefficient in the passband.

To be an ideal bandpass filter, it must filter or
attenuate certain frequencies that even lie within the
band to eliminate noise.

Bandpass filters are also known as second-order
filters because of the presence of two capacitors,
reactive components in a single circuit. One capacitor
is in the high-pass circuit and the other capacitor is in
the low-pass circuit.

Different Types of Bandpass Filters These
bandpass filters are mainly divided into two types of
filters. They are wide-band filter, narrow-band filter,
wide-band filter.

A bandpass filter with attenuation poles is a type
of filter that allows signals within a specific
frequency range (the passband) to pass through while
attenuating signals outside this range (in the
stopbands).

The attenuation poles are frequencies outside the
passband where the signal is significantly attenuated,
often to the point of near or complete suppression.
These poles result in deep nulls or sharp drops in the
transmission response of the filter, enhancing its
ability to block unwanted frequencies.

ATTENUATION POLES IN BANDPASS

FILTERS WITH EVEN-END ODD
MODES

The experiment was started by analysing both the
theoretical and experimental properties of a band-
pass filter featuring attenuation poles created by a
half-wave resonator, which is short-circuited at its
midpoint. Simulations were performed using
Microwave Office and LabVIEW software tools. The
strong correlation between the theoretical predictions

and experimental outcomes demonstrates the
accuracy and efficiency of the chosen models [1].

Fig. 1 presents a photograph of a microstrip filter
composed of an open-circuit line and two parallel
resonators—one short ("half-wave") and the other
long ("wave"). A similar filter design with adjustable
bandwidth was explored in [2].

Fig. 1 Microstrip bandpass filter with two parallel
resonators of different types. The long resonator was short-
circuited with a 2 mm loop in the middle part.

As was noted in [3], when a short-circuit (SC)
loop is placed at the center of a strip resonator, its
behaviour mimics that of a two-resonator filter. In the
design being analysed, a diclectric substrate with a
permittivity of € = 9.8 and a thickness of 2 mm was
used. At the resonator's operating frequencies
(around 1.5 GHz), the SC acts as an inductance,
influencing the resonant frequencies of the even and
odd oscillation modes differently [4].

Fig. 2 presents the experimental filter
characteristics (Fig. 2a) alongside those calculated
using the Microwave Office software (Fig. 2b) across
the 0.5 to 6 GHz frequency range. Notably,
attenuation poles (pl and p2 in Fig. 2b), which are
absent in the short-circuited middle resonator filter
described in [3], can be observed.
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Fig. 3. Modelled characteristics of the strip filter from Fig.
1.

The presence of the attenuation poles is attributed
to the short "half-wave" resonator, which has a
resonant frequency of approximately 3.4 GHz. Since
the resonators in this configuration are not coupled
but connected in parallel, there are at least two
independent energy transfer channels. Consequently,
a bridge equivalent circuit can be applied to model
the filter's S-parameters [5].

New algorithm was developed in LabVIEW to
model bridge filters, enabling clear visualization of
the amplitude and frequency characteristics of both
individual branches and the overall quadrupole on a
graph. In Fig. 4 (a), the frequency dependencies of
S21 for even (curve 1) and odd (curve 2) modes are
shown while curve 3 represents the total transfer
coefficient characteristic of the quadrupole, which
corresponds to the short-circuited "long" resonator.
The frequencies in Fig. 4 are presented in relative
units.

If another oscillation is introduced to simulate the
short resonator from Fig. 1 (with its resonant

frequency corresponding to f,, =200 in Fig. 3b),

the attenuation poles appear at frequencies near
regions pl and p2, as shown in Fig. 4 (b). The reason
for the formation of the poles is the different “signs”
of the reactances of the “loops” of oscillations 1, 2,
and 3. An abrupt change in phase (curve 2 in Fig. 3.)
indicates a change in the sign of reactivity in the pole
region (“antiresonance”).

Magnitude [dB]

Magnitude [dB]

-100  -50 0 50 100 150 200 250 300
Frequency

b)
Fig. 4. Simulated characteristic of filter in LabVIEW

Curves 1 and 2 in both (a) and (b) represent the
characteristics of the in-phase and antiphase
oscillations, respectively. Curve 3 illustrates the
overall characteristic of the filter. Curve 4 highlights
the low-frequency slope of the antiphase oscillation,

centered at a frequency of f , =200 If the

frequency of the second resonator is tuned, as was
done, for example, in [1], then the position of the
attenuation poles can be controlled.

Such results correspond with experimental which
proves new algorithm high level of uniformity.
Further work on subject will create possibilities to
achieve bandpass filter with better selectivity.
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ATTENUATION POLES IN MICROWAVE
THREE-RESONATOR BANDPASS
FILTERS

As work continuous three-resonator microwave
filters with attenuation poles were considered as the
next step. Different mechanisms of formation of
attenuation poles were investigated and models of
such filters on the basis of bridge quadrupoles are
proposed. [6] Analysis was carried out with the use
of universal physical notions - natural, loaded and
external quality factors of resonators and their mutual
detuning

Information was found about the development of
microwave filters with attenuation poles that is
extensively documented in [7]. Among the most
common designs are filters with elliptical
characteristics, where attenuation poles arise from
additional cross-couplings between resonators [8-10].
However, as demonstrated in [11], this is not the only
method to generate attenuation poles. Another way is
to use parallel communication channels with
resonators of different quality factors. Previously,
similar structures were used in 4-pole lattices with
lumped-element resonators. As is known from [13],
bridge filters are more versatile structures than ladder
ones, they can be used for modelling an arbitrarily
complex combination of resonators that form a
particular filter.

In general, when inductive or capacitive couplings
are used between resonators, the number of poles in
an n-resonator filter can be as high as n-1 [10]. To
illustrate this, Fig. la and 1b display the
characteristics, while Fig. 5 (¢) and 5 (d) show the
topologies of the three-resonator filters discussed in
[14].
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The attenuation poles in the three-resonator filters
can also be located on opposite sides of the passband.
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Fig. 5. a), b) The characteristics of the three-resonator
filters. ¢), d) topologies of the three-resonator filters.
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Fig. 6. a) Topology of a microstrip filter with additional
coupling between the input and output resonators. Fig. 6 b)
transmission coefficients S21 and reflection coefficients
S11 of said filter [8].

As known from [11] two-resonator filters and
three-resonator filters can also be considered in terms
of own and loaded Q-factors, coupling coefficients
and mutual detunings, which for series and parallel
resonators are defined as [15] and shown as (1) (2)

3):
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Where QOi unloaded Q-factor of “i” resonators,
Q.; - external Q-factor of “i” resonators, Rp u

R, — the loss resistance of the parallel and series

resonators.

Fig. 3 a) shows the characteristics of a three-
resonator filter that modelling the filter of Fig. 2 a) in
terms of coupling coefficients and generalized
detuning. Next modelling parameters were used (4)

(5) (6).
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Fig. 7. a) The characteristics of a three-resonator filter c)
Schematic of a three-resonator filter.
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b, corresponds to relative quality factor and @,

to detuning - see formulas from [11]. As can be seen,
the characteristics of Fig. 6 b) and 7 a) are quite
coincide.

By knowing the coupling coefficients, relative Q-
factors, and detuning values, the transition to the
bridge circuit for the three-resonator filter in Fig. 3c,
which exhibits similar characteristics to those in Fig.
3b, can be easily performed. The simulation was
conducted using the AWR software package
(academic licenses were obtained through the
Cadence Academic Network of the university).

In this setup, an external load resistor was
included. During the transition from an unbalanced
bridge circuit to a circuit with a center-tapped
transformer, as shown in Fig. 3c, accounting for the
transformation of arm resistances [12], the following
relationships must be satisfied (7) (8).

K, =2-R, /Ry (7)

K, =R,/2-R, (8)

It's important to add that small discrepancies in
the characteristics of the filters in Fig. 4 and 5 are
caused only by the fact that the main idea was, to
demonstrate the possibilities of designing microwave
filters with attenuation poles using a 4-pole lattice
and not an exact approximation.

MICROSTRIP 4-RESONATOR FILTERS
WITH ATTENUATION POLES

Modelling four-resonator filters using the
electrodynamics method and bridge circuits [16] was
analysed next. Resonators can be implemented using
a variety of technologies, including microstrip lines,
which are popular due to their planar structure and
ease of integration with printed circuit boards [17] it
help to lower cost by mass production.

These filters can also be reproduced on focused
elements. The filter pictured below was modelled by
CST Studio Suite software. It has the next
parameters: dielectric permeability € = 2.8, substrate
thickness = 2 mm, strip thickness = 5.3 mm, tan § =
0.001.

In Fig. 10 the gain of S21 where Fano resonance
has formed, exhibiting anomalously high attenuation
of about -45dB and -30dB at the peaks and a narrow
resonant characteristic around f = 0.82 GHz.
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Fig. 8. Topology of the CST Studio Suite four-resonator
filter.
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Fig. 9.AWR equivalent circuit.

Metamaterials are usually diagrams of equivalent
chain models. Fig. 9 shows the equivalent circuit
modelled in the AWR Microwave Office software. In
this case, a series RLC circuit is connected to the two
arms of the transformer [18]. The simulation helped
to build a microstrip filter not only with microstrips,
but also with a bridge filter circuit. Fig. 10 shows the
result of the scheme. Bandwidth from 780 to 860
MHz. Attenuation is up to -40dB at peaks. The poles
are formed because there are two paths of energy
propagation that "intervene" in the region of zero
transmission and create a "quasi-trapped" mode or
"trapped" mode [19].

In standard 4-resonator filters, adding coupling
between the 1st and 4th resonator leads to the
formation of attenuation poles.

Once the data are analysed, it is evident that there
is no significant fluctuation in the reflection
coefficient in the vicinity of the poles. It is therefore
only possible to ascribe the dramatic decrease in the
transmission coefficient to the emergence of trapped
modes at these frequencies within the structure.

! ——S21 CST
—S22 CST

G - = 822 AWR
50 — — 821 AWR

40 4

072 074 076 078 080 082 084 086 088 090 092
Frequency, GHz

Fig. 10. Characteristic of the four-resonator filter in CST

Studio Suite and AWR.

These modes' energy "circulates" along the closed
channel 1-2-3-4-1 instead of radiating outward, as
illustrated in Fig. 11. The formation and maintenance
of the trapped modes are facilitated by adding
connections between the resonators, which makes it
possible to create conditions for the formation and
maintenance of these trapped modes.

2 3

Fig. 11. Trajectory of propagation of trapped modes in a
four-resonator filter.

The addition of extra connections between
resonators allows the creation of trapped modes and
also enables control over their properties. By
adjusting the characteristics of these connections, the
frequency behaviour of the trapped modes can be
modified, offering significant flexibility in tuning the
structure’s properties. As a result, understanding the
interaction between resonators and their impact on
trapped mode formation is crucial for designing new
devices with enhanced performance [20].

Next construction and properties of directional
filters based on circular resonators and dielectric
resonators and simulated metamaterial properties of
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directional filters in modern microwave technology
were analysed [21].

In modern microwave technology, directional
filters—also known as directional filters with specific
propagation characteristics—are widely utilized, as
discussed in [22]. Renewed interest in these devices
has arisen due to their "metamaterial" properties.

Fig. la illustrates the waveguide structure of a
directional filter from [23], which consisted of
circular resonators excited by apertures placed within
the circular polarization regions of rectangular
waveguides. A modernized version of such
directional filter based on dielectric resonators (DR)
in the circular polarization regions of rectangular
waveguides was patented in 1987 [24], and its
characteristics as well as the characteristics of
bandpass (BPF) and rejector filters (RF) were
published in [25], the structure of the specified filter
is shown in Fig.13.

(<D N \J
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=

Fig. 12. The waveguide structure of a directional filter.

— O —

Fig. 13. Bandpass and rejector filters.

The RF, which consists of only one waveguide
with two DRs in the circular polarization region
Fig.14 (a) as described in [24], demonstrates a
characteristic in the form of a "degenerate"
oscillation, obtained as the interference of oscillations
from individual resonators [25], which is commonly
referenced as "Fano resonances" in modern literature
[26].

O (]

Magnitude [AB]

Magnitude [dB]

E
o

4 4
SAAAS AT B0 0 1152344 SASAATIQ2ASAS0 05 1152283354455
Frequency Frequency

(b) (©

Fig. 14. (a) The RF, which consists of only one
waveguide with two DRs in the circular polarization
region; (b), (c) Modelled filter characteristics.

The filter shown in Fig. 15 (a) is formed by two
microstrip resonators - "halfwave" and "wave" and
when choosing the distance between the resonators
while at output 3 oscillations are in phase, and at
output 4 - in antiphase, observation of its
characteristics presented in Fig. 15 b).
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Fig. 15. (a) Filter formed by two microstrip
resonators - "halfwave" and "wave"; (b) Simulated
filter characteristics.

The orange curve in Fig. 15 (b) similarly to the
RF characteristic, demonstrates that at the resonance
frequency the energy is "taken" from the line
connecting outputs 1 and 2 to output 3.
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Fig. 16. Filter formed by interconnected resonators.
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Fig.17. Simulated characteristics of the specified filter.

In a filter formed by interconnected resonators
Fig. 16 (a), the energy in the region of the center
frequency is distributed somewhat differently - it is
divided between outputs 2 and 3 but is not supplied
to output Fig. 16.

Zsum par

Fig. 18. Equivalent circuit of a multi-resonator filter
with parallel and series oscillations

Canonical implementation of the model of crossed
quadrupole arms (a) in the form of: n parallel
connected series circuits.

~ T T TTT]

Fig. 19. Equivalent circuit of parallel circuits

S

Fig. 20. Equivalent circuit of by-series oscillatory
circuits

Fig. 18 shows the equivalent circuit of a multi-
resonator filter with parallel and series oscillations.
One branch is represented by series oscillatory
circuits (Fig. 20), the other by parallel circuits (Fig.
19), and together they are represented as in Fig. 18.

The parameters of the scattering matrix of a
bridge quadrupole with an arbitrary number of
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resonators can be expressed in an analytical form: (9)

(10)

LK 2K
S12 = S21 = PR PR (9)
1+ KD 1+ ZHKO
" K K
S, =S K 2 (10)

22=1+Z;K;'_1+Z::1Kj

where K. and K, are coupling coefficients of the even
and odd modes of shoulder resonators with the load.
Expressions (9) and (10) can be used not only to
analyse the properties of cells of metamaterials but
also for designing bandpass and notch filters. Using
the package developed using Python based on
expressions (9) and (10), S-parameters of
metamaterial cells for the case of Fano resonance,
EIT, and notch filters were simulated and
investigated. Calculations results are shown in Fig. 4
to Fig. 6. In the figures, red, green, light green, and
light blue curves correspond to the individual
resonators of metamaterial cells. In contrast, the dark
blue curve represents two or more resonators' total
transmission or reflection characteristics.

Python-based Software for 2-4-6 resonators
filter modelling

We have created a new Python program that
allows, in addition to the usual transmission and
reflection  coefficients, also constructing the
characteristics of the phase and group delay time, as
well as the energy stored in the system.

For correct operation, it is necessary to first set the
frequency range of the study (F1, F2), then specify
the values for the parallel and series circuits
(FO_pl,p2,p3; FO_sl,s2,s3), the coupling coefficients
for each resonator separately (K pl,p2,p3;
K sl,s2,83), as well as their quality factors
(Q0_p1,p2,p3; QO sl1,s2,s3). smoother graphs, the
Num points parameter should be adjusted.

Fig. shows input parameters, while fig.22 shows
S-parameters, fig.23 phase characteristic, fig.24
group delay, fig.25 stored energy.

W | ramet
Fi, Hz FO0_pl, Hz FO_p2, Hz FO_p3, Hz
0.5e9 1.4e8 5.2e89 3.39e9

F2, Hz K_p1 K_p2 K_p3

fed 10 0 0
Mum Points QO0_p1 Q0_p2 Q0_p3
1000 100 300 300
Hi sl,Hz Hl s2,Hz Hl s3,Hz
1.7e8 3.23e9 5.2e9

K_s1 K_s2 K_s3

10 8 0.1

QO0_s1 Q0_s2 Q0_s3

100 100 100

Fig. 21. Input parameters for Python program.
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Fig. 22. Simulated S-parameters filter characteristics.
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Fig. 23. Simulated phase filter characteristic.
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Fig. 24. Simulated group delay filter characteristic.

0.20

Stored energy
o ° o
= i =
a s ]

o
=
=3

r T T T T
1 2 - ) 4 5 6
Frequency, GHz

Fig. 25. Simulated stored energy filter characteristic.

The phase response is calculated during
simulation, which allows achieving its linearity.

We can also assess the stored energy, allowing us
to understand where the energy that doesn't reach the
output is utilized (part of it passes through, part of it
is reflected, and part of it is stored in the system).

The same program built for the calculation of the
filter shown in the figure demonstrates how phase
shifts in the passband affect group delay time as well
as the phase.

Using this program, it is possible to assess not
only the transmission efficiency of the signal within
the passband but also the dynamic characteristics of
the filter, such as phase changes depending on
frequency and group delay time.

This allows for a better understanding of how the
filter behaves during signal transmission and how its
tuning affects energy transfer within a specific
frequency range.

Along with the amplitude-frequency
characteristic, the program displays the phase
characteristic and group delay.

The program allows calculating the characteristics
of two-, four-, and six-resonator filters. For example,
to implement a two-resonator filter, it is necessary to
set the following values Fig. 21. Input parameters for
Python program.

In the figure above, four resonances are shown
(red curve S21), where the two outer peaks reach
nearly -25 dB, and the two middle peaks reach -40

dB. The coupling coefficients for the first and fourth
resonators are 5, while for the second and third
resonators, they are 18. The quality factor of all
circuits is 500.
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Fig. 26. Simulated stored energy 2 resonator filter

characteristic.
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Fig. 27. Simulated S-parameters 2 resonator filter
characteristics.
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Fig. 28. Simulated group delay 2 resonator filter
characteristic.
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Fig. 29. Simulated phase 2 resonator filter
characteristic.

If you narrow the frequency range as in the
fragment above, you can more accurately estimate
the phase characteristics (its linearity) and group
delay time (the degree of nonlinearity).

The program’s convenience is that it is easy to
monitor the frequency range and simultaneously
track the phase and group characteristics.

A four-resonator filter offers higher selectivity,
better attenuation, and more precise control over the
passband compared to a two-resonator filter, at the
cost of increased complexity and size.

0_

-5 4

=10 4

—15 1

-20 4

S-Parameters, dB

-25 4

_30 -

—35 -

| -—- [5.21|
] — |5_11

—40 A

0.750 0.775 0.800 0.825 0.850 0.875 0.900
Frequency, GHz

Fig. 30. Simulated S-parameters 4 resonator filter
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The last one to be considered is the six-resonator
filter and its characteristics. This filter consists of six
resonators, each of which affects the overall
properties of the filter, including the passband,
reflection coefficients, and phase characteristics. Six-
resonator filters typically have high selectivity and
are capable of efficiently separating desired signals
from interference. It is important to note that having
more resonators allows the filter to achieve a
narrower passband and create sharper transitions



64 INFORMATION AND TELECOMMUNICATION SCIENCES VOLUME 15 NUMBER 2 JULY-DECEMBER 2024, 53-67

between the passband and the stopband, which is

especially useful

in complex radio frequency

systems.

B | Input Parameters

Fl, Hz FO_pl, Hz FO_p2, Hz

1269 12799 | |2.97e9
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Fig. 34. Input parameters of 6 resonator filter.
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Conclusions

Using simulation tools like CST Studio Suite,
AWR Microwave Office, and LabVIEW, we were
able to accurately model various designs and validate
them against experimental data. The introduction of
Fano resonances and trapped modes proved to be a
game-changer, enhancing the selectivity and
attenuation properties of the filters—essential
features for modern communication systems.

Trapped modes manifest as attenuation poles,
resulting from the interference of even and odd
oscillations. This is evidenced by the presence of two
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independent energy pathways, along which these
interfering oscillations propagate. With appropriate
design parameters (such as resonator coupling
coefficients and resonance frequencies), a complete
energy exchange between resonators can occur at a
certain frequency, in a direction perpendicular to the
primary energy flow from input to output.

The design and properties of directional filters
based on circular resonators and dielectric resonators
were described. These filters have "metamaterial"
properties and are widely used in modern microwave
technology. The characteristics of bandpass and
rejector filters, as well as the characteristics of the
filters formed by two microstrip resonators and
resonators connected to each other, are given. It is
important to emphasize the phenomena of "Fano
resonances" observed in these filters, which are arise
as the interference of oscillations from individual
resonators.
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Illesyoe K.O., I'aruuyvkuii 1. B.
MopaenioBannsi cMyroux ¢inbTpiB i3 mosocaMmu 3aTyxaHHs 3a IONOMOI0K0 MapajieIbHUX KAHATIB 3B'A3KY

IMpob6aemaruka. MikpoXBWIBOBI (PIIBTPH € KPUTUYHUMH KOMIIOHCHTAMH CYYaCHMX KOMYHIKAIlIHHUX CHCTEM, BOHH
BIIIrPalOTh OCHOBHY pOJb Yy 0OpOOII CHUTHAJIB, MPOIYCKAIOYM MEBHI CMYrH YacTOT i NMPUAYLIYIOUM HeOakaHi YacTOTH.
ITporsirom GaraTboX pPOKIB AOCATHYTO 3HAUHHX YCIIXiB B PO3poOLi Pi3HUX THIIB MIKPOXBHJIBOBHUX (iTBTPIB, BKIIOUAIOUH
HaIpsAMHI, MIKPOCMY)KKOBI Ta OaraTope3oHaTopHi ¢ineTpr. i GinbTpH MMPOKO 3aCTOCOBYIOTECS B pagapax, CYIlyTHHKOBHX
KOMYHIKalisiX Ta 0€3pOTOBUX MEPEkKax, /e BaXKINBA BUCOKA MPOLYKTUBHICTb 1 TOYHHH KOHTPOIIb YACTOT.

Meta gocaigkenb. Ll cTtaTTs mpucBsueHa OTIAAY PI3HUX MIKPOXBMIIBOBUX (iTBTPIB, CTBOPEHHUX, po3pobneHux ado
JOCIIDKEHUX KOMAaH/IOKW, BKJIIOYAKOYM HANpPsAMHI (DUIBTPH, MIKPOCMYXKKOBI (IIBTpH 3 TIONIOCAMH 3aTyXaHHS Ta
Oararope3oHatopHi QinbTpu. JOCHiIKEHHS 30CEpPEKYIOThCS Ha BHBYEHHI IX YHIKAQIbHUX BIIACTHBOCTEH, TakHX SK
(opMyBaHHS TMOJIOCIB 3aTyXaHHS, XapaKTePHCTHKM MeTaMarepialiB Ta BIUIMB 3B'SI3KY PE30HATOPIB Ha MPOIYKTHBHICTH
¢ineTpa. byna po3pobieHa HOBa IporpamMHa peaiizallis Ha OcHOBI Python mns MonenroBaHHS Pi3HHX (UIBTPIB i3 MIiCTEMA,
4OTHpMa Ta JIBOMa PE30HATOPAMH, sIKa YaCTO BUKOPHUCTOBYBAJIACS.

Metoanka peasizamii. EnekrpoauaaMiubi cuMyssinii 3a JTOMOMOTOK0 TakuX Hporpamuux 3aco0iB, sk CST Studio Suite,
AWR Microwave Office Ta LabVIEW, mopemoBanHS (UIBTPIB 3a JTOMOMOTOI0 €KBIBAJICHTHHX CXEM Ta MOCTOBHX CXEM.
BuxopurcranHs MIKpOCMY)XKOBHX IIiHIH, KPYTJIMX PE30HATOPIB i JieTEKTPHYHAX PE30HATOPIB Ui CTBOPCHHS Ta aHAII3Y
pi3HHX KOH}Irypamiid GiapTpiB. AHaNI3 NUIAXIB PO3IMOBCIOMKEHHS CHEPTii, 3B'I3Ky PE30HATOPIB Ta XapaKTEPUCTHK Mepeadi
JUISL ONTHMi3anii KOHCTPYKLil (inbTpa.

Pe3ynbTaTn gocaixkens. byino mocmikeHo pi3Hi CTPYKTYPH, Taki SK MiKpOXBIIIBOBI HANPSIMHI (DiTIBTPH, MIKPOCMYKKOBI
pe3oHaropHi ¢ineTpu 3 2, 4, 6 pe3oHATOpPaMH, MPOAHATI30BAHO iX CTPYKTYpPH Ta XapakTepuUCTHKH. Po3poOieHO HOBe
nporpaMHe 3a0e3neueHHs Ha Python, sike 103BoJIsIE MOJIETIOBATH PE30HAHCHI KPHUBI 332 JOMOMOTOIO BiJIIOBITHUX TapaMeTpiB
s GinbTpiB i3 2, 4, 6 pe3oHatopamu. [lapameTpu MaTpHIl pPO3CIIOBaHHS MOCTOBOTO KBaipyHoOJsi OyidM BHpPaXKeHI B
aHaNiTH4HIN (GopMi Ta BUKOPHUCTaHi y mporpami Ha Python.

BucHoBku. JlocmipKeHHS, TPeACTaBIeHI B IMX MyONiKaIlisX, 3HAYHO CIPHUAIOTH PO3BHTKY Ta PO3YMIHHIO CYYacHHX
KOHCTPYKIIH MIKpPOXBIJIBOBUX (DINBTPIB. Y CTATTI PO3MISIHYTO Pi3Hi (QLIBTPH Ha OCHOBI PE30HATOPIB, BKIFOUAIOYH HATIPSIMHI,
MIKPOCMY’KKOBI Ta baraTope3oHaToOpHi QinbTpH. JlociKeHHs MoKa3aai KIF0YO0BI TOKPAMICHHS MPOTYKTHBHOCTI, TKAX MOYHA
JIOCSATTH 3aBJUIKH 3B'SI3KY PE30HATOPIB, BJIACTHBOCTSAM MeTamarepiasliB Ta BBEICHHIO IIOJIOCIB 3aTyXaHHs. BukopucranHs
HepeqoBUX iHCTpyMeHTiB MojemoBaHHs, Takux Ak CST Studio Suite, AWR Microwave Office ta LabVIEW, no3sommio
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TOYHO MOJIENIIOBATH Ta MEPEBIpSATH TEOPETHYHI KOHCTPYKMii. BBemenHs pezonancie @aHo Ta 3amipHUX MOIIB y GimsTpH
NPOJIEMOHCTPYBAJIO MOKpALICHHsS BUOIPKOBOCTI Ta XapakTEPUCTUK 3aTyXaHHS, W0 € KPUTUYHUM JUISl CYYacHHX
KOMYHIKallifHUX cHcTeM. 3amipHi MOIM HPOSABIAIOTHCS SK IMOJIOCH 3aTyXaHHS, IO BHHHUKAIOTh BHACTINOK iHTep(hepeHIil
NapHUX 1 HeMapHUX KoJIMBaHb. Lle minTBepKy€eThCsl HAsIBHICTIO IBOX HE3AIC)KHMX LUIAXIB €HEprii, SKMMH MOMIUPIOIOTHCS 11
KOJIMBaHHA. 3a BIAMOBITHUX MapaMeTpiB KOHCTPYKIIi (TakuX SK KOeQiIieHTH 3B'I3KYy pPE30HATOPIB i Pe30HAHCHI YacTOTH)
MOJKJIMBUI TOBHUNA OOMiH €HEpPTi€l0 MiX pe30HAaTOpaMy Ha TeBHIN YacTOTi, Yy HANPSIMKY, NEPICHAUKYIIPHOMY OCHOBHOMY
NOTOKY eHeprii Bi Bxoay a0 Buxoxy. Onmc Ta BJIACTHBOCTI HanpsMHUX (IUIBTPIB Ha OCHOBI KPYIJIMX PE30HATOPIB i
MeTIeKTPUYHUX ~pe30oHaTopiB Oymm mpexnctaBieHi. Lli  QinmpTpH MaroTh BIACTHBOCTI MeTamaTrepialiB 1 MIMPOKO
BUKOPUCTOBYIOTBCSI B CyYacHid MIKpOXBIJIbOBIH TexHimi. HaBeleHi XapaKTepHCTHKH CMYTOBHX 1 3aropomKyBalbHUX
GUIBTPIB, a TAKOXK XapaKTEPUCTHKH (HITBTPIB, YTBOPEHUX TBOMA MIiKPOCMY>KKOBHMH PE30HATOPAMH Ta 3B'SI3AHUMH MiX COOO0I0
pe3oHaTopaMu. BaxxnuBo miAKpecnuTH sBUIle pe3oHaHCiB DaHO, MO CIOCTEPITAEThes B IMUX (DINBTpax, SIKi BUHUKAIOTH SIK
pe3yiIbTaT iHTepepeHLil KOJIMBaHb BiJl OKPEMUX PE30HATOPIB.

Knrouosi cnosa: mikpoxeunvosi inempu, pe30HAmopu, NOIOCU 3AMYXAHHA, HANPAMHI Qitbmpu; MIKDOCMY*CKOBL
Qinompu; pezonancu Dano; memamamepiany, ereKMpoOOUHAMIUHE MOOENIOBAHHA, MOOETIOBAHHS CXeM; CMY206i (hinompu.



