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This paper proposes and investigates a novel approach to the design of low-pass filters (LPFs) based on the
Bragg hybridization (BH) effect implemented in a lumped-distributed configuration. The scientific novelty lies
in retaining the structural periodicity, contrary to traditional synthesis methods that introduce periodicity
disruption to minimize ripple. It is demonstrated that restoring the coherence of Bragg synchronism and
coupling it with the local resonance of low-Q elements resolves the trade-off between stopband suppression
and impedance matching. The results show that the synchronization of local and Bragg resonances ensures
a continuous stopband, effectively eliminating spurious ripples within the rejection band. A collective
transmission zero is formed at the Bragg frequency due to the coherent interaction of the resonators, shifting
the first parasitic response to twice the Bragg frequency. For the developed LPF based on four 7-sections, the
calculated fractional rejection bandwidth relative to the cut-off frequency is 570% at the —60 dB level and
378% at —100 dB, with a passband ripple of 0.2 dB. The lengths of the considered LPFs are approximately
twice as small as those of conventional elliptic filters. Utilizing the low-QQ BH mode significantly reduces
sensitivity to dissipative losses and manufacturing tolerances compared to high-order elliptic filters. Given
the use of normalized parameters, the proposed structures serve as generalized templates for the rapid design
of miniature LPFs. The findings have direct practical implications for high-performance signal processing
systems.
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Introduction

Microwave low-pass filters (LPFs) are widely
used in various radio-electronic systems to suppress
unwanted harmonics and spurious signals. The pri-
mary trends in the development of such devices
include improving frequency response (FR) — speci-
fically increasing the shape factor (SF) and expanding
the stopband — as well as miniaturization and the
implementation of Integrated Passive Device (IPD)
technology [1-8]. These directions are driven by the
stringent requirements of modern communication,
radar, and electronic warfare systems.

Traditional approaches to LPF design are limi-
ted by the capabilities of classical synthesis methods,
which do not allow for the simultaneous achievement
of an ultra-wide stopband with high suppression
levels and significant device miniaturization. This work
demonstrates that this challenge can be addressed by
employing the Bragg hybridization (BH) mechanism.

Bragg hybridization is a wave phenomenon in
periodic structures characterized by the synergetic
interaction between the local resonances of its elements
and the Bragg reflection from the periodic medium.

The key condition for BH — the alignment of the
local resonance frequency with the Bragg frequency —
ensures the formation of a wide and deep bandgap
(stopband), which is a fundamentally new property
compared to the separate manifestations of these
phenomena. Although BH effects are actively studied
in the physics of metamaterials (primarily acoustic)
[9-11], there is a lack of information in the literature
regarding their application in microwave device engi-
neering. It should be noted that the physical nature of
the anomalously wide rejection band observed in two
of the resonators discussed in [12] can be explained
specifically by the BH mechanism, which has not been
previously addressed as a separate subject of study.

The implementation of BH in this work is di-
stinguished by the use of low-(@) resonators with a
series resonance characteristic. Unlike classical BH
metamaterial models based on high-Q (often idealized
infinite-Q)) parallel resonance elements, the proposed
approach ensures a transition from narrow-band hybri-
dization to wide-band interaction that is robust against
dissipative losses and manufacturing tolerances. This
BH regime enables a wide stopband, which is critical
for modern wideband communication systems.
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The aim of this work is to significantly expand the
stopband and achieve miniaturization of a microwave
LPF by employing a design based on BH. For modeling
purposes, the transmission line (TL) model, which is
applicable to various types of microwave filters, is utili-
zed. Characteristic impedances and input admittances
are normalized to the corresponding parameters of
the TL.

1 Conventional LPF Based on a
Bragg Reflector

Bragg reflectors are widely used in optics. These
reflectors have also found applications in microwave
engineering. This is due to the reflector’s ability to
create a clear bandgap (stopband). A conventional mi-
crowave LPF in the form of a periodic structure formed
by alternating TL sections (Fig. 1) acts as a Bragg
reflector within the stopband.

Figure 1a shows the schematic of a lumped LPF of
five order. Figure 1b illustrates the signal conductor
for the microstrip implementation of such an LPF.
Capacitors and inductors are implemented as quasi-
lumped elements using wide and narrow sections with
low and high characteristic impedances, respectively.
This LPF is an example of a periodic structure.
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Fig. 1. Lumped-element LPF schematic: C' and L

are capacitors and inductors, Zy is the characteristic

impedance of the TL (a); signal conductor of the
Bragg-type microstrip LPF: d is the period (b)

The transmission characteristic of a periodic
structure consists of alternating passbands and
bandgaps, which correspond to the passbands and
stopbands of the FR. The first passband and the first
bandgap constitute the passband and stopband of the
Bragg LPF. The transmission characteristic of a model
infinite periodic structure have ideal levels of 1 and 0
in the passbands and bandgaps, respectively. In the
transmission characteristic of a real finite periodic
structure, ripples occur in the passband, the transition
to the bandgap has a finite slope, and the level in
the bandgap gradually decreases to a minimum, which
corresponds to the maximum reflection coefficient.

The Bragg condition

d=\/2, (1)

where A\ is wavelength, corresponds to the maxi-
mum reflection coefficient in the first bandgap (LPF
stopband).

Such an LPF is characterized by a simple structure
and a wide stopband, but it also has significant
drawbacks: 1) a high ripple level in the passband; 2) the
reflection efficiency is substantially limited by the achi-
evable characteristic impedance values, which, in turn,
limits the suppression level in the stopband.

To reduce the ripple level, apodization of the
LPF is required by varying the element widths
and characteristic impedance values. This leads to
increased structural complexity, degraded suppression
levels, and a significant narrowing of the stopband.
The nearest spurious response appears as early as the
Bragg frequency, which serves as the center frequency
of the stopband in the absence of apodization. The
latter drawback is characteristic of any filters based on
TL sections, since the lack of periodicity leads to the
appearance of the nearest spurious response exactly at
the half-wavelength (Bragg) frequency of the longest
TL section.

The low-QQ BH mode proposed and implemented in
this work, as demonstrated below, allows for overcom-
ing the aforementioned fundamental drawbacks of the
conventional Bragg FR formation mode, not only
preserving but significantly enhancing its advantages.

2 T7-type lumped-distributed
LPF section

Figure 2 illustrates a subwavelength resonator simi-
lar to those proposed in [12]. Its principle of operation
is analogous to an optical Fabry-Pérot resonator, consi-
sting of a resonant cavity and reflectors at its boundari-
es. The microwave resonator cavity is implemented as
a through TL section (hereinafter referred to as the
series section), while the reflectors are implemented
as lumped-distributed (hybrid) series resonant circu-
its. The circuit capacitance is lumped, where as the
inductance is quasi-lumped, realized as a short TL
section (hereinafter referred to as the shunt section).
The resonant frequency of the circuit f, coincides with
the quarter-wavelength frequency fy,4 of the series
section:

fr = f)\/4- (2)

The resonant frequency of the resonator is si-
gnificantly lower than the traditional half-wavelength
frequency of the section due to the phase shift during
reflection. The reflectors form a wide rejection band
at the frequency f),4. The resonator is capacitively
coupled to external circuits. A set of such resonators
with mutual capacitive coupling forms a miniature
band-pass filter. The FR of the filter exhibits a high
SF and a wide high-frequency deep stopband.
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Fig. 2. Lumped-distributed microwave resonator

In the low-frequency range, with direct coupling to
external circuits, the circuit shown in Fig. 2 acts as a
m-type LPF cell. The series TL section forms a quasi-
lumped inductive element, while the circuits serve as
shunt elements. Such a cell exhibits a quasi-elliptic
FR, characterized by a high SF and the presence of
a transmission zero (rejection pole) in the stopband.

3 Comparison of n-type cell

characteristics

In order to suppress the nearest spurious resonance
caused by the half-wavelength resonance of the hybrid
cell’s series TL section, the condition for the circuit’s
resonant frequency, in contrast to (2), must be satisfied
as follows:

fT:f)\/Qa (3)

where fy/o is the half-wavelength frequency of the
section.

Condition (3) corresponds to the BH regime (1),
where the frequency fy /2 serves as the Bragg frequency.
For structures with a small number of elements (2-3
elements), specifically for subwavelength resonators,
the maximum rejection band corresponds to the
quarter-wavelength condition (2). This is attributed to
the rapid wave attenuation in low-() elements, cau-
sing the dominant mechanism to be the destructive
interference of waves reflected once from the nearest
elements, while the collective BH effect is not fully
manifested.

To determine the lumped capacitance, we utilize
the characteristic impedance of an open-circuited stub.
The stub has the same capacitance at f = 0 and the
same series resonance frequency as the series resonant
circuit. This approach enables calculations in normali-
zed frequencies I' = f/f\/o (where f is the current
frequency), which eliminates the dependence on the
absolute frequency value. The stub capacitance is given
by:

1

 AZozc [y

where z¢ is the normalized characteristic impedance
of the stub. For example, if Zy = 5010, zc = 0.5 and
a2 = 10 GHz, then C =1 pF.

Let us compare, under identical conditions, the FR
of the hybrid 7-cell (cell 1) and the 7-cell with resonant
shunt elements in the form of quarter-wavelength open-
circuited stubs (cell 2). The capacitances (for cell 2 —
at f = 0), as well as the resonance frequencies of the

C

stubs and circuits, are identical for both cells. Figs. 3a
and b illustrate these cells in the microstrip version.

&
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Fig. 3. Hybrid 7-cell 1 (a), 1 — quasi-lumped inductance

(short TL section), 2 — lumped miniature capacitor, 3 —

grounding via; m-cell 2 (b); FRs of cells 1 and 2 (1 and 2,
respectively) (c)

Figure 3c shows the FRs of cells 1 and 2. These
responses, as well as those presented in Figs. 46, are
calculated without losses. The impact of losses is di-
scussed in Section 4. Parameters: zo = 0.5, 2 = 2, 21 =
0.62, I; = 0.04, where z and z; are the characteristic
impedances of the series and shunt sections, respecti-
vely, l; is the length of the shunt section normalized to
the wavelength at the frequency fy /2. The Q-factor of
the circuits in cell 1 is 0.4.

The ripple level of the FR for both cells is 0.3 dB.
The cutoff frequencies for cells 1 and 2 at the —3 dB
level are F, = 0.229 and 0.236, respectively. Cell 1
exhibits higher shunt capability; therefore, its FR
has a steeper SF, a wider rejection band, and a
lower cutoff frequency. Cell 2 features a wide spurious
response caused by the parallel resonance of the stubs.
The transverse dimension of cell 1 is substantially
smaller than that of cell 2, because the quasi-lumped
inductance is implemented by a much shorter section
than the quarter-wavelength stub of cell 2, and the
capacitor is a miniature thin-film type.
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4 Filters based on hybrid 7-type
cells

Let us consider the FRs of LPFs based on hybrid
m-type cells. The conventional design methodology
consists of determining the parameters of each seri-
es and shunt element according to the specified FR
requirements. The resonance frequencies of the shunt
elements are distributed within the stopband to ensure
the required positioning of the transmission zeros.

The design of LPFs based on the BH effect has
distinct differences. All series elements of the cells are
identical, and the local resonant circuits are tuned
to a single frequency according to condition (3). The
internal circuits are shared between adjacent cells, and
the element parameter values are chosen to be identical
relative to the symmetry axis of the filter structure.
The periodicity of the LPF structure, combined with
the single-frequency tuning, ensures the emergence of
the BH effect.

Filter FR parameters: F, = 0.23, passband ripple
level 0.2-0.3 dB. Design parameters are presented in
Table 1, where No is the filter number corresponding
to the number of cells (LPF 1 corresponds to the previ-
ously discussed cell 1). Circuit parameters: zc1—z¢3 are
the characteristic impedances of the capacitances Cy—
Cj3, while z1—z3, ;13 are the corresponding parameters
of the inductances Li—L3 (numbered from the edges
toward the center of the LPF, Fig. 4a), [ is the total
length of the LPF normalized to the wavelength at the
cutoff frequency ..

Figure 4a shows the schematic of LPF 4. Figure 4b
illustrates the increase in the SF and the expansion of
the stopband as the number of cells increases.

The stopband is a continuous rejection band result-
ing from BH. Within the stopband, the FRs clearly
demonstrate the growing influence of the BH effect.
The spurious response is caused by the coupled second
resonances of the cells’ series sections. The center
frequency of this response is 2.0, which is 8.7 times
higher than the cutoff frequency. The lengths of LPFs
1-4 range from 0.12 to 0.46 A.. The stopband of LPF 4
relative to the Bragg frequency (1.0) at the —60 and
-100 dB levels is 131% and 87%, respectively, and
relative to the cutoff frequency, it is 570% and 378%.

Table 1 Design parameters of LPFs 1-4
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Fig. 4. Schematic of LPF 4 (a); FRs of LPFs 1-4 (14,
respectively) (b)

The BH effect is quantitatively equivalent to a si-
gnificant mismatch of the characteristic impedances in
a periodic structure. This is illustrated in Fig. 5, which
shows the FRs of LPF 4 and a conventional Bragg
reflector formed by alternating quarter-wavelength TL
sections with an impedance ratio of z/1. For the same
cutoff frequency and number of periods, the value of
z is 25.7, indicating the remarkably high efficiency of
BH. Such a value lies far beyond the limits of practical
feasibility.

At the Bragg frequency, conventional Bragg reflecti-
on achieves only a finite minimum of the transmission
coefficient, which is —107 dB, whereas the BH mode
provides rejection with a wide stopband.

It should be noted that the ripple level of
a conventional Bragg reflector is 13 dB. The BH
mechanism provides effective self-matching within the
passband. Unlike traditional periodic structureswith
high impedance contrast, BH forms an input
impedance frequency dependence such that only weak
apodization of the circuits’ Q-factors is sufficient to
achieve a ripple level of 0.2-0.3 dB.

No z zZo1 202 203 21 l1 29 lo z3 I3 l

1 2.00 0.50 - - 0.62 0.04 - - - - 0.115
2 2.00 0.55 0.33 - 0.68 0.04 0.55 0.03 - - 0.230
3 2.05 0.64 0.34 - 1.07 0.03 0.56 0.03 - - 0.345
4 2.10 0.90 0.34 0.36 1.12 0.04 0.60 0.03 0.57 0.03 | 0.460
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Fig. 5. Frequency responses of LPF 4 and a Bragg
reflector (1 and 2, respectively)

The stopband of conventional LPFs is formed
through complex amplitude-phase compensatory
interference of partial incident waves. Such interference
is sensitive to distortions caused by losses and
manufacturing tolerances, especially at high suppressi-
on levels. The stopband of the proposed LPFs is formed
by simple in-phase interference of reflected waves,
which is robust against the aforementioned distortions.

A detailed comparative analysis of the effects of
losses and manufacturing tolerances on the FR of the
proposed LPFs is beyond the scope of this paper. To
evaluate the impact of losses, the FR of microstrip
LPF 4 was calculated in the 0-10 GHz frequency range
(f»j2 = 5 GHz), implemented on a Rogers RO 3010
substrate with a thickness of 1.27 mm, considering
typical capacitor losses. As expected, the losses result
in some rounding of the FR in the passband. In the
stopband, the lossy FR coincides with the lossless one,
except for a rise near the Bragg frequency from a mi-
nimum level of —141 dB to —112 dB exactly at the
Bragg frequency.

The use of normalized frequencies allows the consi-
dered LPFs to be used as templates for designing
other LPFs. The normalized cutoff frequency F,. of
the template serves as the reference for the calculati-
on. From this frequency and the given actual cutoff
frequency f., the half-wavelength frequency fy/, is
determined:

fe

fA/z = E (4)

Based on the obtained fy/; value and the
TL parameters of a specific implementation, the
unnormalized values of the design parameters are
calculated. In the next stage, these values are refined
by three-dimensional modeling.

5 Shape factor of LPF frequency
responses

Let us consider the dependence of the SF on
the filter order. The SF is defined at the —3 and
—40 dB levels in dB/octave and compared with the
asymptotic SF of Chebyshev or Butterworth filters.

The asymptotic SF is k, = 6n, where n is the filter
order. Table 2 presents the SF k and, for comparison,
the asymptotic SF.

Table 2 Shape factor of LPFs 1-4

No n k ke
1 3 16 18
2 5 41 30
3 7 7 42
4 9 111 54

As the number of cells increases, the influence of
the resonant nature of BH on the SF grows. The SF of
LPF 4 is twice as high as the corresponding asymptotic
value.

6 Increasing the shape factor and
reducing element requirements

To increase the SF and reduce the requirements
for the characteristic impedances and lengths of the
TL sections, it is necessary to increase the normalized
cutoff frequency. Fig. 6a and b show the FRs, and
Table 3 presents the parameters of LPF 1* and 4%,
which have the same number of cells as LPF 1 and 4,
but with an increased F, value. Here, Fy is the center
frequency of the spurious response, s = F;/F.. The
passband ripple level is 0.3 dB.

[—
()}
\S}

H, dB

(b)
Fig. 6. Frequency responses of LPF 1* (a) and 4* (b)
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Table 3 Parameters of LPF 1* and 4*
No z zZC1 zZC2 ZC3 21 11 z9 lg z3 13 F’c k FS S
1* 1.0 1.8 - - 1.76 0.05 - - - - 0.52 42 1.71 | 3.3
4% 1.2 1.5 0.9 0.8 1.45 | 0.05 0.9 0.03 0.8 0.03 | 0.42 126 1.84 | 44

Compared to LPF 1 and LPF 4, the normali-
zed cutoff frequency of LPF 1* and 4* is approxi-
mately twice as high. For a given absolute cutoff
frequency, according to (4), the frequency f) /; is twice
as low. Consequently, the physical length of the short
shunt TL sections increases. The SF of LPF 1* has
increased by 2.5 times and significantly exceeds the
asymptotic value. The SF of LPF 4* has increased
by 15 dB/octave. In terms of asymptotic SF, LPF 4*
which is of the 9th order, is equivalent to a conventional
21st-order filter. The maximum values and the range
of characteristic impedances of the TL sections have
decreased, simplifying the design and manufacturing
requirements. The drawbacks of LPF 1* and 4* are the
doubling of the device length and the narrowing of the
stopband. Filters 1* and 4* can serve as alternative
templates.

7 Discussion of the results

Conventionally, to minimize passband ripples, the
periodicity of the structure is abandoned. A spuri-
ous response appears already at the half-wavelength
frequency of the series TL sections (which is the
Bragg frequency for the considered LPF), significantly
narrowing the stopband. The lack of periodicity also
results in a wide variety of element values. This
imposes stringent design and manufacturing const-
raints and makes the characteristics sensitive to fabri-
cation tolerances.

Maintaining periodicity in combination with the
BH effect allows this contradiction to be resolved. The
synchronization of local and Bragg resonances restores
the coherence of the structure, which ensures ahigh
suppression level and makes it possible to achieve
passband ripples of 0.2-0.3 dB. To improve matching
within the passband, only weak apodization of the
shunt elements’ Q-factors is required.

In the developed LPF based on four m-cells with a
relative cutoff frequency of 0.23, the stopband at the
—60 and —100 dB levels relative to the cutoff frequency
is 570% and 378%, respectively. Unlike conventional
filters, where ripples are observed in the stopband, they
are absent in the BH-based LPF. This is explained
by the formation of a collective transmission zero at
the Bragg frequency (1.0) — a deep dip in the FR
caused by the collective interaction of low-@) resonant
elements and the Bragg structure. This effect allows the
spurious response to be shifted to a frequency of 2.0,
more than doubling the stopband. In terms of periodic
structures, the stopband corresponds to the bandgap,

where wave propagation is caused by tunneling with a
characteristically very low transmission coefficient.

The lengths of the considered LPFs 1-4, which have
orders from 3rd to 9th, range from 0.1 to 0.5 A., which
is approximately twice as small as those of conventional
elliptic filters.

Although theoretical models of elliptic filters may
exhibit a higher SF, their practical implementati-
on under strict suppression requirements is signifi-
cantly limited by sensitivity to dissipative losses and
manufacturing tolerances. In the proposed structure,
high stability of characteristics is achieved, which
allows maintaining deep and continuous stopband
performance under real-world conditions.

Due to the use of normalized frequencies and
equivalent characteristic impedances, the considered
structures can serve as base templates for LPF design.

The application of modern miniature thin-film
surface-mount capacitors allows for minimizing the
transverse dimension of the LPF.

The transmission line model [13] wused for
performance calculation accounts for first-order effects
and is universal for structures of various design
implementations. This model is intuitive, unlike the
much more complex three-dimensional model, which
accounts for second-order effects and is intended for
the analysis of specific types of structures.

The proposed solutions can be applied to various
types of LPFs (microstrip, coaxial, etc.).

Conclusions

1. Maintaining the periodicity of the LPF structure
in combination with the BH effect allows for resto-
ring the coherence of wave processes and overcoming
the fundamental limitation of conventional synthesis
methods regarding the interdependence between the
suppression level and matching quality. The synchroni-
zation of local and Bragg resonances ensures a
passband ripple level of 0.2-0.3 dB without disrupting
the periodic nature of the device structure.

2. The formation of a collective transmission zero at
the Bragg frequency, due to the collective interaction
of low-() resonant elements, ensures the creation of a
continuous bandgap without ripples. This allows for
expanding the stopband of the developed LPF to 570%
(at the —60 dB level) and shifting the spurious response
to a frequency of 2.0.

3. The use of the low-Q BH regime significantly
reduces the sensitivity of filter characteristics to design
and manufacturing tolerances, as well as to the
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approximation of elements by TL sections. This makes
the proposed structures more robust against fabricati-
on deviations compared to high-order elliptic filters.

4. The practical significance of the work lies in the
development of a generalized methodology for LPF
design based on normalized parameters. This allows
for the use of the proposed structures as templates for
the rapid synthesis of miniature devices using a modern
electronic component base.
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3ocepeaKeHo-po3MnoIiIeHi dinpTpu
HU3BbKHX 9aCTOT HAa OCHOBI edeKkTy Oper-
riBCchKOI ribpuau3arii

Henin €. A.

Y crarTi 3alpOIIOHOBAHO Ta, JIOCJI/KEHO HOBUM Iijl-
Xim 1m0 mpoekTyBaHHA (LTbTpiB HE3bKUX wacToT (OHY)
Ha OCHOBI edekry Operrieebkol ribpmamsanii (BI'), pea-
JII30BAaHOTO y 30CEPeKeHO-PO3moAineHil Koudiryparii.
HayxoBa moBm3Ha mosisirae y 30epekeHHI Mepioau<THOCTI
CTPYKTYPH, HA BiAMIHY Bl TPAJAUIIIHHUX METOMIB CHHTE3Y,
Ae [utd MiHiMizanil mysabcariifi BUKOPUCTOBYIOTH HODYIIEH-
HA nepiogmaHOCTi. /l0BeneHo, IO BiTHOBJIEHHA KOTE€DEHT-
HOCTI OperriBChKOr0 CHMHXPOHI3MY Ta HOTO TMOETHAHHS 3
JIOKQJIbHUM PE30HAHCOM HHM3bKOJAOOPOTHHUX €JIEMEHTIB A€
3MOTry PO3B’SI3aTH CYIEPEYHICTh MiK pIBHEM IIOTABJICHHS
y CMy3i TOJaBeHHS Ta SKICTIO Y3TOMXKEHHS IMITe/IaHCIB.
Pesyspratu nokasyiors, Mo CHHXPOHI3AIis JIOKAJIHHOIO Ta
OperriBCLKOro pe30HAHCIB 3a0e3Iedye CYIiJIbHY CMYTy IIO-
naBjeHHs, epeKTUBHO yCyBarodu mobidni mysnbcaril B ce-
penui cMmyru pexkekiil. Brac/imok korepeHTHOl B3aemMozail
pe3oHaTopiB Ha YacToTi Bperra ¢popmyeThes KOIEKTUBHIIL
HYJIb Tepemadi, mo 3Mimnye meprmuil mapasuTHul BiATyK
Ha noasiliny gwacrory bBperra. das pospobsiemoro @HY
Ha OCHOBI YOTHPBHOX T-JIAHOK PO3PAXyHKOBA BIIHOCHA CMY-
ra pesKeKIlil BiIHOCHO 9acTOTH 3pi3y craHoBuUTH 570% 3a
piBaa —60 1B Ta 378% 3a piaa —100 nb npu mysbcaniax y
cMy3i nponyckanud 0,2 n1B. losxkwuan posragaytux OHY
npubJIM3HO BABiYUl MeHT, HIXK y 3BAYANHAX €TITUIHIX
dinsTpiB. BukopuctaHHs pexkuMmy HH3bKOZoOpoTHOI BI'
CYTTEBO 3HUKYE Uy TJIUBICTH 10 AUCUIATUBHUX BTPAT T BU-
POOHUYHMX MOIYCKIB MOPIBHAHO 3 einTUIHUMEU (DLIBTPpaMU
BUCOKUX TOPSIAKIB. 3aBISIKM BUKOPWCTAHHIO HOPMOBAHUX
mapaMeTpiB 3aIpPOIOHOBAHI CTPYKTYPHU MOXKYTH CIyTyBaTH
y3araJbHeHUMH IabJI0HAME I IIBUIKOTO TPOEKTYBAHHS
uviniaTiopunx @HY. Ortpumani pesysnbratm MaoTh 6e3-
TIOCepeIHE MPAKTUTIHE 3HAYUEHHS [JIs BUCOKOE(MEKTUBHUX
cucTeM OOPOOKM CUTHAJIIB.

Kmowoei caosa: OperriBcbka ribpuamsartis; GiabTp
Hu3bkux acror (PHY); 30cepemkeno-po3noaiieni Crpyx-
TypH; KOT€PEHTHUI CHHXPOHI3M; KOJEKTUBHUI HYJIb Iepe-
[adi; PO3MIUPEHHS] CMYTH TIOJaBICHHS
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