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ABSTRACT

Context. The relevance is to study the cross-correlation properties of the developed complex signals ensembles of large volume
with a low level of multiple access interference, thereby increasing the efficiency of using a limited radio frequency range. The Ob-
ject of Research is a method of bandpass filtering with permutations, which allows forming complex signals ensembles of large vol-
ume.

Objective. The Objective is to determine the optimal cross-correlation properties for the formation of complex signals ensembles
of large volume with a low level of multiple access interference.

Method. The work has the study results of cross-correlation properties of complex signals ensembles obtained by applying the
filtered elements permutation method. The formation of complex signals ensembles is based on pseudo-random sequences with im-
proved cross-correlation properties in the time domain. Bandpass filtering is applied to such sequences, and the number of filter
bands is determined based on the calculation of the frequency spectrum utilization coefficient. The filter band optimal width determi-
nation is based on a comparison of the maximum emissions of the side lobes values of the of cross-correlation function of signals
from the elements number in the involved sequences. The signals obtained by frequency bands allocating are characterized by a dif-
ference in form in the minimal similarity condition. In order to reduce the multiple access interference impact, the frequency compo-
nents transfer obtained by spectral filtering to the common frequency range is carried out. After that, the signals are transferred using
the full search method. As a result, it was obtained all possible combinations of signal pairs permutations. The use of permutations in
the complex signals ensemble formation can significantly increase the ensemble volume. The signals generated by frequency filter-
ing, to which the transfer to the common frequency band and their subsequent permutation was applied, are subjected to correlation
analysis based on the calculation of the maximum emissions values of the side lobes of the cross-correlation function.

Comparative characteristic of cross-correlation properties of developed signals with known signals prove that signals generated
based on pseudo-random sequences with improved cross-correlation properties have a much larger ensembles volume, are formed on
the basis of simple algorithms that don’t require significant computing resources and have satisfactory cross-correlation characteris-
tics. The use of bandpass filtering method with permutation allows the formation of large-volume ensembles whose signals differ in
form, and the combination of different frequency bands reduces the vulnerability to multiple access interference.

Results. Due to the software implementation of the bandpass filtering method with permutations, the comparison of cross-
correlation properties of nonlinear sequences, M-sequences, multiphase signals and developed signals based on sequences with im-
proved cross-correlation properties was performed.

In estimating the levels of maximum emissions of side lobes of the cross-correlation function, it was found that the generated
signals obtained by bandpass filtering with permutations deteriorate cross-correlation characteristics by increasing the pulse duration
proportional to the decrease in signal frequency band, but their value satisfies the minimal similarity condition, used in cognitive
telecommunications systems.

Conclusions. The study of the signals cross-correlation properties proves the effectiveness of the developed bandpass filtering
with permutations method. The generated signals have cross-correlated characteristics no worse than ensembles based on known
signals. At this level of maximum emissions of the side lobes of the cross-correlation function of the developed signals is 7-12% less
than the known signals. Thus, the method of bandpass filtering with permutations can be used to increase the efficiency of radio fre-
quency resource use of both existing and advanced cognitive telecommunication networks of wireless access based on systems with
code division multiplexing.

KEYWORDS: complex signal, cross-correlation function, multiple access interference, signal base, signal spectrum width, filter
band, low energy interaction, ensemble volume.

ABBREVIATIONS NOMENCLATURE
CCF is a cross-correlation function; s; is a i-th signal,;
MALI is a multiple access interference. s; is a j-th signal;
Afis a filter band;
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A is a integration step;

B is a signal base;

F, is a lower limit of the frequency range;

F, is a upper limit of the frequency range;

AF is a width of the pseudo-random sequence spec-
trum main lobe with low interaction in time domain;

Kj; is a random pair of frequency elements;

s(?) is a signal obtained by frequency filtering;

X is a frequency spectrum of the signal;

T 1s a phase shift;

E; is a energy of the i-th signal;

T is a sequence duration;

7 is a sequence pulse duration;

¢ is a time;

N is a symbols number in the sequences;

R .« 1S @ maximum emission of the side lobes of CCF.

INTRODUCTION

Increasing the number of users and the quality of their
service in modern cognitive telecommunication systems
and radio networks, provided multiple access to various
information resources and technologies, is possible with
using by ensembles of complex signals with large vol-
umes.

Increased volume signals realization is possible with
the use of pseudo-random sequences with improved
cross-correlation properties. The advantages of such se-
quences are low energy interaction in the time domain,
low level of cross-correlation, ensuring a low MAI level
and compliance with the condition of minimal similarity.
However, in the study of signal ensembles based on such
sequences, it was found that the number of forming se-
quences limits their volume. Therefore, the urgent task is
to form such signals ensembles that have mutually corre-
lated properties close to the signals with minimal interac-
tion in the time domain [1-3].

One of the main directions of research of complex
signals ensembles is correlation characteristics definition.
However, code division multiplexing is based on correla-
tion processing. In this case, the main criterion for evalu-
ating the characteristics of complex signals ensembles
based on sequences with improved cross-correlation
properties obtained by bandpass filtering with permuta-
tions and subsequent transfer to a common frequency
range can be considered analysis of cross-correlation
characteristics of the studied signals.

Pseudorandom sequences with improved cross-
correlation properties are signals with a large base, have a
low level of cross-correlation, provide a low level of mul-
tiple access interference and meet the condition of mini-
mal similarity [6].

The use of signals based on sequences with improved
cross-correlation properties obtained by bandpass filtering
with permutations in cognitive telecommunication sys-
tems allows reducing the level of MAI by decreasing the
values of the maximum emissions of the side lobes of the
CCEF received signals.

Estimation of the volume and analysis of cross-
correlation characteristics of complex signals ensembles,

which are formed on the basis of this method, will deter-
mine the feasibility of further use of such signals in tele-
communication systems of cognitive radio communica-
tion with code division multiplexing.

The object of study is the method of bandpass filter-
ing with permutations, which allows forming complex
signals ensembles of large volume in order to increase the
number of simultaneously served subscribers and the
quality of their service in modern cognitive telecommuni-
cation systems with limited frequency resource.

The subject of study is a process of studying the
cross-correlation characteristics of the formed complex
signals ensembles obtained by applying the method of
bandpass filtering with permutations.

The purpose of the work is to determine the optimal
cross-correlation characteristics for the formation of com-
plex signals ensembles of large volume with a low level
of multiple access interference.

1 PROBLEM STATEMENT

Suppose an ensemble of complex signals consisting of
50 output sequences with N = 23 — 512, T' = 1,2 ms,
7;= 10 ns. Af was selected between 200 kHz and 450 kHz
in 50 kHz increments.

The task is to calculate the values of R, based on
the selection of optimal signal parameters, in order to
determine the correlation properties of the signals. This
takes into account the limitation on the number of filter
bands k; and the criterion of minimum similarity R; max,
which will form ensembles of complex signals of large
volume with a low level of multiple access interference
and apply them in cognitive telecommunications systems.

2 REVIEW OF THE LITERATURE

Known complex signals classes are usually formed
based on video pulses sequences formed by a certain rule.
Such sequences include M-sequences, Gold, Kasami se-
quences, nonlinear sequences, multiphase signals and
others [6, 9].

The structure of the signals used as subscribers deter-
mines the value and MAI pattern and, accordingly, the
noise immunity of the system, the effectiveness of the
frequency spectrum and the maximum number of active
subscribers [7, 8, 10, 11]. Implementation of transmission
systems, the signals of which overlap in frequency, is
possible due to the use as information carriers of individ-
ual subscriber signals.

In transmission systems, the characteristics of the cus-
tomer service quality and the transmitted information reli-
ability are rigidly interrelated. Due to the presence of in-
formation in the system, the information transmission
reliability depends on the number and activity of sub-
scribers, as well as on the power of the signals emitted by
them. Thus, to increase the noise immunity of the system
it is necessary to reduce the number of simultaneously
working subscribers, which is impractical in modern con-
ditions of cognitive telecommunication systems develop-
ment.
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Another way to improve the service quality is the use
of signals with improved cross-correlation properties [9,
12], which are estimated using the values of the maxi-
mum emissions of the side lobes of the CCF depending
on the number of pulses in the sequences.

The use of such signals allows developing ensembles
of the large volume complex signals, which allows sig-
nificantly increasing the number of simultaneously served
subscribers and improve the quality of transmission.

3 MATERIALS AND METHODS

To determine the optimal values of frequency charac-
teristics in this method of bandpass filtering with permu-
tations in order to form ensembles of complex signals of
large volume, pseudo-random sequences with low energy
interaction in the time domain are used, which are de-
scribed in [1, 2]. Bandpass filtering is applied to such
sequences. Estimation of the number of bands is due to
the coefficient of frequency spectrum k; use, defined as

[3]:

AF
ks N (1

The determination of the optimal width of the filtra-
tion band is based on a comparison of the values of the
maximum emissions of the side lobes of the CCF signals
from the number of elements in the involved sequences.

The comparison coefficient value of the maximum
emissions of the side lobes of the CCF signals is deter-
mined by the expression [9]:

—21

Rijmax(Af)z Si(A )'S‘/(Af_A)dAf~ 2

|

1

The obtained values must meet the condition of mini-
mal similarity [6]:

< 1.5 '

Rl’jmax - \/E (3)

As a result of the application of such filtering, fre-
quency bands were isolated from the spectrum of pseudo-
random sequences with minimal energy interaction in the
frequency domain. Signals obtained by allocating fre-
quency bands are characterized by a difference in form in
the condition of minimal similarity of signals (3).

In order to reduce the multiple access interference im-
pact, the frequency transfer of the components obtained by
filtering the spectrum of sequences with minimal energy
interaction to the common frequency range is performed.
The analytical expression of the frequency transfer is

[4]:

F X (0-0g)} = s(t)e /™", 4)

In expression (4), the signal delay leads to a change in
the phase-frequency characteristic, which shows the ratio
of the harmonic components: sin(w)/cos(w), so the fre-
quency spectrum of the signal obtained by frequency fil-
tering is difficult to phase shift. As a result, it is possible
to significantly improve the frequency selectivity com-
pared to known signals generated based on devices with
direct amplification.

Signals permutation occurs by means of a full search
method that is defined by a formula:

6))

To explain this method, we ask a set of four frequency
elements K;, K,, K3 and K4, obtained by applying band-
pass filtering at different intervals of the spectrum to se-
quences with improved cross-correlation properties. As a
result, we obtain all possible combinations of permuta-
tions: K12; K13, K14, K23, K24 and K34.

The use of permutations in a complex signals ensem-
ble formation allows you to reduce the level of minimal
similarity of signals at an acceptable level, while increas-
ing the signals ensemble volume.

The cross-correlation properties of the signals gener-
ated by frequency filtering, to which the transfer to the
common frequency band is applied and their subsequent
permutation are analyzed by calculating the values of the
maximum emissions of the side lobes of the CCF.

The calculation of the values of the maximum emis-
sions of the side lobes of the CCF is in accordance with
the docking function [5]:

T

Ry(x)= [s5;(t)s; (e —)dr . (6)

-T

The energy of the signals obtained by the method of
bandpass filtering with permutations will be different,
therefore, to estimate correctly the maximum emissions
values of the side lobes of the CCF by expression (6) it is
necessary to normalize the signal energy [5]:

Sivom(£)= SIT(;) . 7)

According to the calculations results of all possible
variants of pairs of the received signals leave only those
which will satisfy a condition of the minimal similarity
3).

Comparative characteristics of cross-correlation prop-
erties of developed signals with known signals prove that
signals generated based on pseudo-random sequences
with improved cross-correlation properties have a much
larger volume of ensembles, are formed on the basis of
simple algorithms that don’t require significant computa-
tional resources and have better cross-correlation charac-
teristics.
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The application of the method of bandpass filtering
with permutations allows forming ensembles of large vol-
ume, the signals of which differ in form, and the combina-
tion of different frequency bands reduces the vulnerability
to MAL

4 EXPERIMENTS

The method of bandpass filtering with permutations is
implemented as a software product created in the Matlab
modeling environment, due to which there is a practical
confirmation of the obtained theoretical results.

To form a complex signals ensemble, pseudo-random
sequences with improved cross-correlation properties are
used, to which band filtering is applied. The choice of the
optimal bandwidth of the filter band is based on the
analysis of the signal correlation properties produced by
selecting the frequency elements obtained from different
frequency bands, the number of which is determined by
calculating the frequency spectrum utilization factor. Ac-
cording to the analysis results, the optimal value Af =350
kHz, and the number of filter bands is 4. To reduce the
influence of the MAI to such signals isolated from the
common frequency band of pseudo-random sequences
with improved correlation properties, frequency transfer
to the common frequency range is used. The obtained
signals differ in form and satisfy the condition of minimal
similarity of signals.

Then the permutation of signals is performed by the
method of full search, the result is all possible combina-
tions of permutations: K[z, K13, K14, K23, K24 and K34. The
process of permutations in the formation of a complex
signals ensemble allows reducing the level of minimal
similarity of signals to an acceptable level, with a signifi-
cant increase in the ensemble volume, the calculation of
which is discussed in detail in [3].

Analysis of the cross-correlation properties of the sig-
nals generated by frequency filtering, to which the transfer
to the common frequency band was applied and their sub-
sequent permutation is based on the calculation of the val-
ues of the maximum emissions of the side lobes of the
CCF.

The energy of the signals obtained by the method of
bandpass filtering with permutations from different fre-
quency ranges will be different, therefore, for correctly
estimating the values of the maximum emissions of the side
lobes of CCF by expression (6) it is necessary to normalize
the signal energy. After alignment, the analysis of cross-
correlation properties of the received signals is carried out
and their models are built, based on which the maximum
emissions of the side lobes of the CCF for all possible vari-
ants of signals are determined. When forming a complex
signals ensemble, only those pairs of signals are used that
will satisfy the requirements for the established restrictions.

Because of obtaining the data, a comparative charac-
terization of the cross-correlation properties of the devel-
oped signals with known signals is carried out. The charac-
terization proves that the signals formed based on pseudo-
random sequences with improved cross-correlation proper-
ties outweigh the known signals in the volume of the en-

semble, are formed on the basis of simple algorithms that
don’t require significant computational resources and have
better cross-correlation properties.

5 RESULTS

The calculation results of the correlation properties of
the signals obtained by frequency filtering with transfer to a
common frequency range and permutations depending on
the bandwidth are shown in table 1. The following nota-
tions were used: Sftp200 (t) — Sftp450 (t) — bandwidth sig-
nal from 200 to 450 kHz, K;, — K3; — combinations of per-
mutations of signal pairs. Figure 1 graphically shows the
dependences of the calculation of the maximum emissions
of the side lobes of the CCF on the number of pulses in
sequences with improved correlation properties at different
values of the bandwidth of the bandpass filters [14].

The obtained results testify to the correspondence of
the signals to the signals with minimal energy interaction
and satisfy the condition of minimal similarity. The opti-
mal value of Af =350 kHz, as the formed complex signals
ensemble has the optimal volume [3], and the levels of
maximum emissions of the side lobes satisfy the selected
constraint.

Table 2 presents the results of calculating the values
of the maximum emissions of the side lobes of CCF
nonlinear sequences, M-sequences, multiphase signals
and developed signals based on sequences with improved
cross-correlation properties.

Figure 2 shows a comparative characteristic of the
values of the maximum emissions of the side lobes of the
CCEF signals based on different sequences.

As a result of the study, when estimating the levels of
maximum emissions of side lobes of the CCF found that
the generated signals obtained by bandpass filtering with
permutations have worse cross-correlation properties,
relative to signals obtained by permutation of time inter-
vals of sequences based on a centered series due to in-
creasing pulse duration in accordance with the reduction
of the signal frequency band. However, their value satis-
fies the condition of minimal similarity and such signals
can be used in cognitive telecommunication systems.

6 DISCUSSION

The data is in the calculating the correlation properties
of signals (table 1) show that the study can be used to
solve the problem of forming complex signals ensembles
based on sequences with improved cross-correlation
properties by bandpass filtering with subsequent transfer
to the common frequency range and permutations of fre-
quency elements.

The results of calculating the cross-correlation proper-
ties of the signals obtained by frequency filtering with
transfer to the common frequency range and permutations
are presented in Figure 1 and limited to N =150 in order
to better perceive the displayed values of maximum emis-
sions of side lobes of CCF.

It should be noted that even when the value of Af de-
creases to the level of 200 kHz, increasing the pulse dura-
tion does not violate the minimal similarity condition of
the developed signals.
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The applied method of signal frequency elements
permutation using full search allows receiving all possi-
bilities of permutations combinations that from the point
of view of optimum use of system computing resources
creates additional loading.

Comparison of signals cross-correlation properties
based on different sequences proves the effectiveness of
the developed method of bandpass filtering with permuta-
tions. The formed complex signals ensembles have cross-

maxRij

rnaxR

maxRj

ninj

€

correlation properties not worse than ensembles based on
known signals, and the level of maximum emissions of
the side lobes of the CCF of the developed signals is 7—
12% lower than the indicators of known signals. Thus, the
method of bandpass filtering with permutations can be
used to increase the efficiency of radio frequency resource
use in cognitive telecommunication networks based on
systems with code division multiplexing.

ninj

ninj

maxRj

ninj

f

Figure 1 — The calculation results of the signals cross-correlation properties obtained by frequency filtering with permutation to
the common frequency range and permutations:
a — when using the filter band width is equal 200 kHz, b — when using the filter band width is equal 250 kHz, ¢ — when using the
filter band width is equal 300 kHz, d — when using the filter band width is equal 350 kHz, e — when using the filter band width is
equal 400 kHz, f — when using the filter band width is equal 450 kHz
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Table 1 — The calculation results of the signals correlation properties obtained by frequency filtering with permutation to the common
frequency range and permutations within the filter bands width

Ry Ris Ris R»; Ry R3y
Sftp200(t) 0.3128 0.2795 0.3677 0.2464 0.2068 0.2958
Sftp250(t) 0.2601 0.2523 0.3416 0.2358 0.2195 0.2462
Sftp300(t) 0.2217 0.2193 0.3101 0.2284 0.2298 0.2329
Sfip350(¢) 0.2120 0.2049 0.2796 0.2176 0.2265 0.2276
Sftp400(t) 0.2024 0.2027 0.2542 0.2104 0.2122 0.2178
Sftp450(t) 0.1901 0.2052 0.2336 0.2021 0.1917 0.2076

Table 2 — The calculation results of the values of the maximum emissions of the side lobes of the CCF signals based on different

sequences
The values of the maximum emissions of the side lobes of the CCF
The s1gnals are Signals based on se-
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Figure 2 — Comparative characteristic of the values of the maximum emissions of the side lobes of the CCF signals based on dif-
ferent sequences

CONCLUSION

The main criterion for evaluating the properties of
complex signals ensembles based on sequences with im-
proved cross-correlation properties obtained by bandpass
filtering with transfer and subsequent permutation to a
common frequency range can be considered the analysis
of cross-correlation properties of the studied signals.
Analysis of the cross-correlation properties of complex
signal ensembles based on pseudo-random sequences with
improved cross-correlation properties allows the forma-

tion of complex signal ensembles of much larger volume
than ensembles based on known signals.

The scientific novelty of the obtained results lies in
the further development of the method of forming com-
plex signals ensembles based on sequences with improved
cross-correlation properties obtained by bandpass filtering
with permutations, realized based on selection from se-
quences spectrum of equal bands with using the subse-
quent permutation. It allows increasing the complex sig-
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AHOTANIA
AxTyanbHicTs. [lonsrae y qocimifkeHHI B3a€MOKOPEISIIIHHIX BIACTUBOCTEH pPo3poOiIeHNX aHCaMONIB CKJIaJHAX CHTHAJIB Be-
JIIKOTO 00’ €My 13 3a0e3NedeHHsIM HU3bKOTO PiBHS 3aBa]] MHOXKHHHOTO JIOCTYITY, 32 paXyHOK YOTO 3a0e31edyeThesl MiABUIICHHS ede-
KTHBHOCTI BUKOPHCTaHHS OOMEKEHOTO palioyacTOTHOro fAianazony. O6’€KTOM IOCHIHKEHHS € METOJ CMYyroBoi (GiIbTpallii 3 mepe-
CTaHOBKaMH, SIKMH J103BoJIsie chopMyBaTH aHCaMOJIi CKJIATHUX CHTHAJIIB BEIUKOTO 00’ €My .
Merta po6otu. [lonsirac y BU3HAUSHHI ONTHMAIBHAX B3a€EMOKOPEISLIIHUX BIACTHBOCTEW Il ()OpMyBaHHsS aHCaMOJIB CKiaj-
HMX CUTHAJIIB BEJIMKOTO 00’eMy i3 3a0e3Ne4eHHsIM HU3bKOTO PiBHS 3aBaJl MHOXHHHOT'O IOCTYILY.
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Meton. Y poGOTi HaBeOEHO PE3yJIbTATH IOCHIIKCHHS B3a€EMOKODEISALINHUX BIACTHBOCTEH aHCaMOIIB CKJIaJHUX CHTHAIB,
OTPUMaHMX 32 PaXyHOK 3aCTOCYBaHHSI METOJy EpPECTaHOBOK Biq(iIbTpoBaHUX ejeMeHTiB. @opMyBaHHS aHCAMOJIIB CKJIaJHUX CHI-
HaJIiB BiZl0OyBa€ThCsl HA OCHOBI IICEBOBUIIAIKOBUX ITOCITIJOBHOCTEH 3 OKPAILICHUMHU B3a€MOKOPEISLIIHHIMY BIaCTHBOCTSMH B 4aco-
Biit oOnacti. J[o TakuX MOCIIZOBHOCTEH 3aCTOCOBYETHCS CMyroBa (GibTpallist, IPHIOMY KUIBKICTh CMYT (ijbTpallii BU3HAYAEThCS HA
OCHOBI pO3paxyHKy Koe(illieHTa BUKOPUCTaHHS YaCTOTHOTO CIeKTpa. Bu3HaueHHs onTHMabHOI HIMPUHKA cMyTH dinbTpauii BigOy-
BA€ThCSl HA OCHOBI MOPIBHSAHHS 3HAYCHb MAKCUMAIIBHUX BUKHU/IB OIYHUX MEMOCTOK (QYHKIT B3a€MHOI KOpPEJIALii CUTHAMIB BiJ] KiJlb-
KOCTI €JIEeMEHTIB y 3aJiIHUX MOCHiTOBHOCTSX. CHTHAIHM, OTPUMaHi 3a JIOTIOMOTOI0 BUAUICHHS CMYT 9acTOT, XapaKTepU3yIOTHCS Bill-
MiHHICTIO 32 ()OPMOIO IIPH BUKOHAHHI YMOBH MiHIMaJbHOI OZ00U. 3 METOIO 3MEHIICHHS BIUTMBY 3aBaJl MHOXHHHOTO JOCTYITy 3iii-
CHIOETBCSI YAaCTOTHHUI MEPEeHOC CKIIAJI0BHX, OTPUMAHUX y pe3ysbTaTi (inbTpamii CeKTpy, A0 chibHOi obmacti wactot. [licis mporo
BHUKOHYETHCSI IEPECTAHOBKA CUTHAJIIB 32 JOIIOMOT0I0 METOJly OBHOTO nepebopy. Y pe3yibTaTi OTPHMY€EMO yCi MOXKIIMBI KOMOiHamiT
NIepEeCTaHOBOK MTap CHTHAJIIB. 3aCTOCYBAaHHS IEPECTAaHOBOK IpH (hOpMyBaHHI aHCAMOJIS CKIIATHUX CHTHAJIB JO3BOJISIE 3HAYHO 30LIBIIH-
TH 00’eM ancam6Ous. Curnanu, copMOBaHi 3a paXyHOK YaCTOTHOI (iNIbTpaIlii, 10 SKUX 3aCTOCOBYBABCS IEPEHOC B CIUIBHY CMYTY Yac-
TOT Ta iX MojaJIbIIa NepecTaHOBKa, MiNAI0TECS KOPEIHIIHHOMY aHali3y Ha OCHOBI pO3paxyHKy 3HAaU€Hb MAaKCUMAJIbHHX BHKHUIIB Oid-
HHX NeTOCTOK (GyHKIi B3aeMHOl Kopessiil. [lopiBHsIbHA XapaKTepUCTHKA B3a€MOKOPEIISILIHHNX BIACTUBOCTEH PO3POOICHUX CUTHA-
JIB 3 BIIOMHMHU CHUTHAJIaMH JOBOIMTB, 110 CHTHAJTH, C(OPMOBAHI HA OCHOBI NCEBJOBHMIIAAKOBUX MOCIIJOBHOCTEH 3 MOKPALICHUMH
B3a€EMOKOPEIIAIIITHIMH BIaCTUBOCTSIMU MAlOTh 3HAYHO OUTbIINT 00’ eM aHcaMOIiB, (OPMYIOTHCS Ha OCHOBI IIPOCTHX aJITOPUTMIB, IO
HEe TOTpeOyIOTh 3HAYHUX OOYHCITIOBAIBHUX PECYpPCIB Ta MAlOTh 3a[JOBiUbHI B3a€MOKOPEIALiHI XapaKTEPUCTHKH. 3aCTOCYBaHHS
METOAY CMYTOBOI (iNbTpalii 3 mepecTaHOBKaMH JT03BOJISIE€ (POPMYBATH aHCAMOJIi BETMKOTO 00’ €My, CUTHAIH SIKMX BiAPI3HAIOTHCS 32
(dopmoto, a KOMOIHyBaHHS PI3HUX YaCTOTHHX Jialla30HIB 3MEHIITYE BPA3JIUBICTh JI0 3aBaJl MHOXKHUHHOTO JIOCTYITY.

Pe3yabsTaTn. 3aBasky nporpaMHii peaiizamii MeToxy cMyroBoi QinbTpamii 3 mepecTaHOBKaMH BHKOHAHO ITOPIBHSHHS B3a€MO-
KOpEJLIIIHNX BIACTHBOCTEH HENHIHHHUX IOCIIIOBHOCTEH, M-mocigoBHOCTEH, 6araTo(a3HIX CHUTHANIB Ta pO3pOOJICHNX CHTHAIIB
Ha OCHOBI MOCJIITOBHOCTEH 3 MOKPAIICHUMH B3a€MOKOPEISI[IHHIMY BIIaCTUBOCTSIMH.

Ipw ouiHLi piBHIB MaKCUMAJILHUX BHKUJIB OIYHMX MENOCTOK (yHKIT B3aeMHOT KOpeJsii BUSBICHO, IO Y ¢()OPMOBAHUX CHT-
HaJIiB, OTPHMAHUX IIIIXOM CMYToBol (GiIbTparil 3 mepecTaHOBKAaMH, HOTIPIIYIOTHCSI B3aEMOKOPEIISLIiHI XapaKTepUCTHKH, 32 paxy-
HOK 301/IBIIEHHS TPHBAJIOCTI IMITJICIB IPONOPLIHHOT 3MEHIIIEHHIO CMYTH YaCTOT CUTHAIY, ajie TXHE 3HAYCHHS 3aJI0BOJILHSE YMOBY
MiHIMaJIbHOI TOJJO0M 1 TaKi CUTHAJIM MOXYTh 3aCTOCOBYBATHCS B KOTHITHBHUX TEIEKOMYHIKAIlIHHUX CHCTEMaXx.

BucHoBku. BukoHaHne MocmimKeHHS B3aEMOKOPEMIHHIX BIACTUBOCTEH CUTHANIB JOBOJUTH €(PEKTUBHICTH PO3POOICHOTO Me-
TOIy cMyToBoi (inbTparii 3 nepectanoBkaMu. CHopMOBaHI CHTHAIM MAIOTh B3a€MOKOPEISAIIifHI XapaKTePUCTHKH HE TipIIi HiXK aH-
camOJ1i Ha OCHOBI BifoMuUX cUrHajiB. [Ipu oMy piBHI MaKCHMAalbHUX BHKHIIB OIYHHX MEMIOCTOK (PyHKIIT B3a€EMHOT KOpEISIii po3-
pobnenux curHaiiB Ha 7—12 % MeHIIe TOKa3HMKIB BIIOMHUX CHUTHaNiB. TaKMM YHHOM METOZ CMyTOBOi ()UIBTpaLIil 3 IepecTaHOBKAMHU
MoXe OyTH 3aCTOCOBaHUH IJISI MiABUIIEHHS e()eKTUBHOCTI BUKOPHCTaHHS PaiodyacTOTHOTO PECypCy SIK iCHYIOUHX, TakK 1 IIepCIIeKTH-
BHHX KOTHITUBHUX TEJICKOMYHIKAI[IHHIX Mepex 0e31poBOIOBOrO JOCTYITy Ha OCHOBI CHCTEM 3 KOJJOBHM PO3/IICHHSIM KaHAIIIB.

KJIFOUYOBI CJIOBA: cxnaguuii curaai, ¢yHKIis B3a€MHOT KOpeJisiLii, 3aBajja MHOXKHHHOTO JIOCTYITy, 0a3a CHUrHalIy, IHpHHA
CIIEKTPY CHUTHAITy, cMyTa (UIbTpalil, HU3bKa eHepreTUuHa B3aeMolis, 00’ €M aHCaMOJIIO.
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AHHOTALIAA

AKTYyaJIbHOCTb. 3aKITI0YAETCsl B HCCIIEIOBAaHUY B3aMMOKOPPEIALMOHHBIX CBOMCTB pa3paboTaHHBIX aHCaMOJIeH CIIOKHBIX CHI'HA-
J10B O0JbIIOr0 00beMa ¢ 00ecrieYeHHeM HHU3KOT0 YPOBHS IIOMEX MHOXKECTBEHHOTO JIOCTYIA, 32 CUET Yero BO3MOXKHO IMOBBILICHHE
3¢ GEKTUBHOCTH UCIIOJIB30BaHUS OTPAHHUCHHOTO PAJIMOYacTOTHOTO auana3oHa. OOBEKTOM HCCICTIOBAHUS SBIISIETCS METOJ MOJIOCO-
BOH (DUIIBTpAIMH C IEpeCTaHOBKaMH, O3BOJIAIOMNI (OpMUPOBATH aHCAMOIH CIIOKHBIX CUTHAJIOB OOJIBIIOTO 00beMa.

Leab paGorsl. COCTOUT B ONpPEIEICHHH ONTHMAIbHBIX B3aMMOKOPPEISILUOHHBIX CBOWCTB it (opMupoBaHusi aHcamOueit
CJIO)KHBIX CHTHAJIOB OOJBIIOr0 00beMa ¢ 00eCceueHneM HU3KOTO YPOBHSI TOMEX MHOXKECTBEHHOTO IOCTYIIA.

Metoa. B pabore mpuBeneHbI pe3yabTaThl HCCIAECIOBAHUS B3aMMOKOPPEISIIHOHHBIX CBOWCTB aHCaMOJed CIIOXHBIX CHUTHAJIOB,
MOJTyYeHHBIX 33 CYET METOJA MOJOCOBOH (GHUIbTpaluu ¢ nepecranoBkamu. POpMHUPOBaHHE aHCAMOJIEH CIIOKHBIX CHTHAIOB IPOHC-
XOJUT Ha OCHOBE IICEBOCIYJaHHBIX IOCIEJOBATEIIFHOCTEH C YIIydIIEHHBIMH B3aHMOKOPPEIISIIMOHHBIMI CBOHCTBAMU BO BPEMEHHOMN
o6nactu. K TakuM nocienoBaTesIbHOCTSIM IIPUMEHSETCS OJIOCOBast (GHIIBTPALUs, IIPHIEM KOJIMYECTBO MOJIOC (pMIIbTpauy onpene-
JISIeTCST Ha OCHOBE pacdeTa Kod(@UIMEeHTa HCIOIb30BaHMS YaCTOTHOrO crekrtpa. OnpeneneHrne ONTUMAIBHOH IMIMPUHBEI MOJIOCH!
(GUIBTPALMU IPOUCXOJUT Ha OCHOBE CPAaBHEHMs 3HAYCHHI MAKCHMAIIBHBIX BHIOPOCOB OOKOBBIX JICIIECTKOB (pyHKIMN B3aUMHOM KOp-
peIAIUNU CUTHAJIOB OT KOJIMYECTBA 3JIEMEHTOB B SaﬂeﬁCTBOBaHHbIX IIOCJICA0BATCIbHOCTSAX. CI/IFHaIlbI, IMOJIY4YCHHBIC ITIOCPEACTBOM
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BBIJICTICHHS TI0JIOC YacTOT, XapaKTepPHU3yIOTCS OTIIMYHEM 110 (hOpMe IIPH BBIIOJIHEHHH YCJIOBUS MHHUMANBHOTO momobus. C menbio
YMEHBLICHHS BIMSHUS NOMEX MHOXECTBEHHOIO JOCTYIa MPOM3BOJHUTCS YACTOTHBIA MEPEHOC COCTABISIOLIMX, MONYYSHHBIX B pe-
3yJipTaTe QUIBTPALMU CIIEKTpa, B 00IIyI0 obyiacTh 4acToT. [lanee MpOM3BOAUTCS IIEPECTAaHOBKA CUTHAJIOB C IIOMOIIBI0 METO/A MOJI-
Horo nepebopa. B pe3ynbrare nmogydaeM Bce BO3MOKHBIE KOMOMHALIMK TIEPECTAHOBOK Tap CHIHANIOB. MICIONB30BaHUE NEPECTAHOBOK
npu GOPMHUPOBAHUN aHCAMOJISI CIIOKHBIX CUTHAJIOB MO3BOJIET 3HAYUTENBHO YBEIUUUTh 00beM aHcamOuisa. CUrHaimsl, ChOpMUpPOBaH-
HbIE 33 CYET YaCTOTHON (QUIbTpPAILMHU, K KOTOPHIM IIPUMEHSUICS IIEPEHOC B OOLIYIO 10JI0CY YAaCTOT M MOCIEAYIONas UX NepecTaHOBKa,
MOJIBEPTaIOTCSA KOPPEIAIIMOHHOMY aHANInu3y Ha OCHOBE pacueTa 3HaYeHHH MaKCHMAaJbHBIX BBIOPOCOB OOKOBBIX JIEHECTKOB (DYHKIHH
B3aUMHO# Koppersinun. CpaBHUTENbHAs XapaKTEePHCTHKA B3aNMOKOPPEIISIINOHHBIX CBOMCTB pa3pabOTaHHBIX CHTHAJIOB C W3BECTHBI-
MH CHUTHAJIaMH JIOKa3bIBAET, YTO CUTHAIBIL, CHOPMHPOBAHHBIE HA OCHOBE MCEBAOCTyJalHBIX MOCIEIOBATENFHOCTEH C YITydIIeHHBIMA
B3aUMOKOPPEISIIMOHHBIMU CBOHCTBAMH, MMEIOT 3HAUNTENHEHO OONBIINH 00beM aHcamOueil, popMUpPYyIOTCS HA OCHOBE MPOCTHIX all-
TOPUTMOB, He TPeOYIOIIX 3HAYUTEIBHBIX BEIYHUCIUTEIBHBIX PECYPCOB M 00JIAIAfOT JIyUIIMMH B3aUMOKOPPEISIIHOHHBIMA CBOICTBa-
mu. [IpuMeneHne MeToa MOIOCOBOH (DMIIBTPAINH € IepecTaHOBKAMH MO3BOJISIET (hOPMHUPOBATH aHCaMOIM GOJIBIIOro 0OBeMa, CUT-
HaJIbl KOTOPBIX OTJIMYAIOTCS MO (hopMe, a KOMOMHUPOBAHNE PA3IMYHBIX YaCTOTHBIX JUANa30HOB YMEHbBIIAET YSI3BUMOCTh K IIOMeXaM
MHOJKECTBEHHOTO JIOCTYTIA.

Pe3yabTaTthl. biarogapst nporpaMMHON peann3aliui MeToja HOJIOCOBOH (MIIBTPALIMK C NIEPECTAHOBKAMH BBITIOJTHEHO CPAaBHEHHE
B3aUMOKOPPEISALUOHHBIX CBOWCTB HETMHEHHBIX MOCIEI0BATENIFHOCTEH, M mocnea0BaTenbHOCTEH, MHOTO(A3HBIX CUTHAJIOB U pa3pa-
OOTaHHBIX CHTHAJIOB Ha OCHOBE TTOC/IEA0BATENBHOCTEH C yITydIIEHHBIMH B3aHMOKOPPESIIMOHHBIMU CBOHCTBAMHU.

IIpu oueHKe ypOBHEH MaKCHMalbHBIX BBIOPOCOB OOKOBBIX JIENECTKOB (DYHKIMM B3aUMHOH KOpPpENSLMU OOHApYXEHO, 4TO y
c(hOPMHUPOBAHHBIX CHUTHAJIOB, ITOTYYE€HHBIX ITyT€M MOJIOCOBOH (DMIIBTPAINHN C ITEPECTAaHOBKAMH, YXYAIIAIOTCS B3aUMOKOPPEIISIHOH-
HBIE CBOWCTBA 3a CYET yBEIWYEHHMS JUINTEIBHOCTH MMITYJIFCOB NPONOPIHNOHATBHON YMEHBIICHUIO MONOCHI YaCTOT CHTHANIA, HO WX
3HAUEHUE YAOBIETBOPSCT YCIOBHIO MHHIMAIBHOTO MOJAOOMS M TaKHe CHTHAIBI MOTYT HCIIOJIB30BAaThCS B KOTHUTHBHBIX TEIEKOMMY-
HUKAI[IOHHBIX CHCTEMaX.

BriBoasl. [IpoBeneHHOe HccieioBaHNE B3aUMOKOPPEISIIMOHHBIX CBOMCTB CHI'HAJIOB JOKa3bIBaeT 3((eKTHBHOCTH pa3paboTaH-
HOTO METO/a MOoJI0CcOBOH (uibTparuu ¢ nepectanoBkamu. C(HOpMUPOBaHHBIE CUTHAJIBI 00J1aJal0T B3aUMOKOPPEISIIHOHHBIMH CBOM-
CTBaMHM, KOTOpBIE HE XyXKe, UeM aHcaMOJIM Ha OCHOBE W3BECTHBIX CUTHAJIOB. [Ipy 5TOM ypOBEeHb MakCUMaNbHBIX BHIOPOCOB OOKOBBIX
JICTIECTKOB (DYHKIIUHM B3aUMHOM KOPPENIAIUHE pa3pabOTaHHBIX CUTHAIOB Ha 7—12% MeHbIIE MOKa3aTeleil U3BECTHBIX CUrHamoB. Ta-
KHM 00pa3oM, METOJI IIOJIOCOBON (HIIBTPALIUY C IEPECTAHOBKAMHU MOXKET OBITh IPHUMEHEH ISl TIOBBIIIEHUS 3()(HEKTUBHOCTH HCIONb-
30BaHUs PAAANOYACTOTHOTO Pecypca KaK CyIIECTBYIOIIUX, TAK U MEPCHEKTUBHBIX KOTHUTHBHBIX TEJICKOMMYHHUKALMOHHBIX CETel Ha
OCHOBE CHCTEM C KOJOBBIM Pa3feIeHNEM KaHAJIOB.

KJIFOUYEBBIE CJIOBA: cnoxHbBIH curHai, (GyHKIHS B3aMMHOW KOPPEJAIHH, TIOMEXa MHOXKECTBEHHOTO JOCTYIIa, BUICOUM-
IyJbC, 0a3a CUTHANA, MIPUHA CIIEKTPa CUTHANA, T10JI0ca (PHIbTPalUy, HU3KOE SHEpPreTHIecKoe B3auMoAeiicTBIEe, 00beM aHCcaMOIs.
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