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TIME-DOMAIN FORMATION OF SIGNAL ENSEMBLES USING LPT-SEQUENCES

Introduction

Modern cognitive radio networks are character-
ized by the high dynamism of the spectral environ-
ment, variability in the number of active users, and
limited availability of frequency resources. Under
conditions of dense spectral occupancy and the pres-
ence of interference, methods that ensure reliable sig-
nal separation, high noise immunity, and efficient
spectrum utilization become increasingly important.

One of the key problems in cognitive networks is
mutual interference between user channels, which
arises due to the insufficient orthogonality of signals
and leads to reduced throughput and an increased
probability of transmission errors. To ensure the cor-
rect operation of multiple access schemes (such as
CDMA, OFDMA, and standards including IEEE
802.22, IEEE 1900, etc.), it is necessary to employ
signals with controlled correlation properties, capable
of maintaining a low level of mutual correlation even
in non-stationary and interference-prone environments.

Traditional methods for constructing such signals
rely on limited classes of known sequences or random
permutations, which do not always provide sufficient
controllability of their properties or reproducibility of
results. Consequently, there is a growing need for de-
terministic methods and algorithms for forming en-
sembles of signals that allow for a predictable reduc-
tion of mutual correlation, control over the temporal
interval structure, and stabilization of the energy dis-
tribution within the signal space.

The method of Lattice-Pattern t-permutations
(LPT-permutations) proposed in this study addresses
these issues directly. Its novelty lies in the use of low-
discrepancy lattice-based sequences with t-shift for
generating time-interval permutations of signals. This
approach makes it possible to reduce mutual correla-
tion (PSL/ISL metrics) and inter-channel interference
levels while preserving reproducibility and maintain-
ing a stable ensemble structure.

Analysis of recent research and publications

The analysis of existing publications [1-15] re-
veals that most current approaches improve pro-
cessing efficiency but lack mechanisms for ensuring
uniform decorrelation and temporal balance in com-
plex signal ensembles.

In papers [1-3, 6-7, 9, 14-15], various methods
for improving the efficiency of signal and data pro-
cessing in telecommunication and organizational-
technical environments were examined, including ap-
proaches based on multi-criteria optimization, adap-
tive, and bio-inspired algorithms. However, these ap-
proaches are primarily focused on functional effi-
ciency and do not ensure control over the correlation
properties of signals in the time domain.

Studies [2, 5, 11] are devoted to the construction
of low-discrepancy lattice-pattern sequences and shift
schemes that provide uniform coverage of the permu-
tation space. These works laid the foundation for
forming deterministic T-sequences with high repro-
ducibility, which directly aligns with the principles of
the proposed LPT-permutation method.

Publications [4, 6-7, 10] focus on the ensemble
properties of complex signals and the effect of mutual
correlation on the performance of cognitive radio net-
works. The authors demonstrated that reducing mu-
tual correlation is a key factor in enhancing noise im-
munity, although existing methods rely mainly on
random or frequency-domain permutations without
considering the uniformity of temporal structure.

Works [12-13] introduced new measures of en-
tropy-based complexity (permutation, dispersion, and
multiscale entropy), which can be used to evaluate the
degree of order in signal ensembles formed using 1-
permutations.

Thus, previous studies confirm the effectiveness
of deterministic permutation-based methods, yet
leave unresolved the issue of combining uniform cov-
erage of time intervals with controllable decorrelation
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— a problem addressed in the proposed LPT-sequence
approach.

Problem Statement

The problem addressed in this study concerns the
development of a deterministic approach to forming
signal ensembles in the time domain that ensures a
balance between decorrelation and reproducibility
under stochastic interference and variable environ-
mental conditions.

Existing signal formation methods are mainly
based on random permutations or frequency-domain
transformations, which do not guarantee uniform cov-
erage of time intervals and often lead to uneven en-
ergy distribution.

In this context, the study substantiates the use of
the LPT-sequence method that combines a low-dis-
crepancy lattice-pattern structure with a t-shift pa-
rameter to enable controlled reordering of time inter-
vals and minimization of mutual correlation.

The proposed approach provides deterministic
suppression of correlation peaks and stabilization of
the ensemble’s energy and spectral characteristics,
which is particularly important for cognitive radio
networks with high user density.

The purpose of the article

The aim of this study is to develop a method for
forming signal ensembles in the time domain based
on LPT-sequences, ensuring uniform time-interval
coverage, control of mutual correlation, and stability
of energy—spectral characteristics of the ensemble.

Summary of the main material

The development of the method for forming signal
ensembles in the time domain based on LPT-sequences
involves a transition from the general concept to the
mathematical modeling of its structural and evalua-
tion parameters [1, 2].

To achieve this, it is necessary to define a set of
variables and indicators that describe both the internal
organization of the signal (sequences, time intervals,
permutations) and the criteria for evaluating the qual-
ity of the formed ensembles in terms of correlation,
energy, and spectral characteristics [3, 4].

These elements constitute the foundation of the
proposed method and its algorithmic implementation,
which is represented in the form of parameters and
metrics in Table 1.

The block diagram of the time-interval permuta-
tion method based on LPT-sequences is shown in Fig. 1.

Table 1
Main notations in the LPT-Permutation method
Symbol Description
s(t Initial complex signal sequence of length P
I; Time intervals (segments) of the signal s(t)
(i) Permutation index determined by the LPT-sequence
T Shift parameter of the LPT generator that defines the permutation variant
AT Step size of the T sweep
a Irrational coefficient (typically the “golden ratio” a = V(5 — 1)/2) ensuring uniform coverage of
the time axis
s*(t) Signal after permutation of time intervals according to the index sequence (i)
P Number of time intervals (Iength or bit length of the sequence)
A Ensemble of signals formed for different values of the parameter T
BW,ss Effective bandwidth; evaluates spectral occupancy and uniformity of frequency distribution
PSL Peak SideLobe — peak level of the sidelobe of the autocorrelation function; characterizes maxi-
mum mutual similarity between sequence elements at nonzero shifts (the lower, the better)
ISL Integrated SideLobe — total sidelobe level; determines cumulative energy influence of mutual

correlations (the lower, the better)

PSLyy, ISLyy, Kin

Threshold (admissible) values of PSL and ISL used for checking the acceptability condition:
PSL<PSLs#, ISL<ISL#,

Var[E(t)] Variation of the signal’s energy density; shows the degree of amplitude stability in the time
domain
K Integral balance criterion accounting for weighted coefficients of PSL, ISL, Var(E) and BW.;
used to select the optimalt”
frac(x) Fractional part of the number x; mathematical function defining x-|x|, used for normalization
within [0; 1) during LPT-sequence generation.
M Number of signals in the ensemble formed for different t values.
M, Number of 7 values tested over the grid.
Scomplex Ensemble volume (number of unique signals that passed the criterion-based selection).

Tmin,Tmax,

Boundaries of the t shift search range (0 ; 1).

1{}

Indicator function of the acceptability condition.

$(P)

Uniqueness coefficient eliminating duplicate signals.
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Fig. 1. Block diagram of the signal ensemble formation method based on LPT-sequences
The step-by-step implementation of the proposed m = arcsort(ug),k =0,..,P — 1 3)

method is as follows.

Step 1. Signal segmentation.

The signal s(t) is divided into P equal time seg-
ments, each denoted as I;. Thus, according to the analy-
tical expression (1), the set of segments is obtained as:

s@®) ={lo 11y . Ipeq}, (1)

This segmentation is necessary for the subsequent
permutation of signal parts within its total duration
[5,6,7].

Step 2. Generation of the LPT-sequence

At this stage, for each signal segment k € [0, P — 1],
the LPT-index is calculated according to formula (2),
which defines its new position within the permuted
structure:

ug = frack-a+k-1), )

Thus, the analytical expression (2) generates a uni-
formly distributed sequence of fractional numbers
within the range [0;1), which determines the order of
permutation of the signal’s time segments [5, 6].

Step 3. Formation of the index permutation

The obtained values u;, are used to construct the
permutation of the signal’s time segments. All u,
elements are sorted in ascending order, and the se-
quence of indices that defines the new order of seg-
ments is expressed analytically as:

In formula (3), the function arcsort(-) returns the
indices of elements after sorting, preserving the cor-
respondence between the new and the initial positions.

According to analytical expression (4), the index
permutation of time intervals is then defined as:

m = [1n(0), n(1),...,m(P — 1)]. 4)

This sequence 7 is further used to form a new sig-
nal in which time segments are arranged according to
the reordered indices [7,8].

Step 4. Formation of the new signal.

At this stage, the time intervals [i are rearranged
according to (5) following the index sequence 7 ob-
tained in the previous step.

The analytical expression for forming the new sig-
nal is given as:

s*(t) = Concat{ln(o),In(l)_m_ln(p_l)}, 5)
where the operator Concat{-} denotes the sequential
concatenation of segments into a new temporal struc-
ture of the signal.

Thus, the rearranged signal s*(t) is formed, in
which the time components are organized according
to the uniformly generated LPT-sequence [9, 10].
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Step 5. Formation of the enhanced signal ensemble.

For different values of the shift parameter 7, a set
of signals s*(t) is generated according to formula (6),
forming an ensemble:

A = 571(t), 572(0), o, s7m (B). (6)

Owing to the deterministic nature of the proposed
LPT-based permutations and the uniform coverage of
the time domain, the resulting ensemble exhibits re-
duced mutual correlation between signals and im-
proved balance of energy distribution, which is con-
firmed by subsequent correlation evaluations [11].

Step 6. Evaluation of mutual correlation

At this stage, the mutual correlation between the
signals formed in the ensemble is evaluated.

For any pair of signals s;(t), s/(t), the mutual
correlation function is computed according to expres-
sion (7):

P-1
1
Ry =5 ) silsie+0, (1)
k=0

where the symbol * denotes complex conjugation.
The main indicators characterizing the quality of
mutual correlation are calculated using formula (8):

PSL = max|R;(v)], ISL = Z|Rij(r)|2 @®
T+0

If the obtained values of PSL and ISL satisfy the

established criteria PSL<PS L, ISL<ISLy the current

value of the parameter 7 is considered acceptable, and

the corresponding signal s;(t) is added to the
ensemble A.

Otherwise, t is adjusted, and the iteration continues:

Steps 2—6 are repeated for the new parameter set [11].

Step 7. Calculation of the integral optimization
criterion
For a comprehensive evaluation of the quality of
the formed signals, an integral criterion K(7) (9) is
used, which simultaneously considers several groups
of parameters: correlation, energy, and spectral.
K(t) = a; PSL(T) + a,ISL(T) + asVar| 9
+ a,BWy, ©)

A decrease in the value of K(t) indicates better
balance within the signal ensemble, meaning reduced
mutual correlation, stabilized energy distribution, and
more uniform spectral coverage.

The optimal value of the parameter t+ is defined
as the one that minimizes the integral criterion K(t).

Step 8. Selection of the optimal parameter (10)

The optimal value of the shift parameter 7+ is de-
termined according to the minimum of the integral
criterion K(t):
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Step 8. Selection of the optimal parameter (9)
The optimal value of the shift parameter 7+ is de-
termined according to the minimum of the integral
criterion K(7):
" = arg min K (1),
TEA

(10)

This optimization ensures the selection of the con-
figuration in which the trade-off between correlation,
energy, and spectral characteristics is achieved most
effectively.

The resulting ensemble A = s7;(t),sz2(t), ...y
sim (t) represents a set of signals generated for differ-
ent t values, among which the one corresponding to
T* provides the lowest mutual correlation and the
most stable and uniform temporal structure.

To confirm the effectiveness of the developed
method for forming ensembles in the time domain
based on LPT-permutations, a simulation was carried
out to quantitatively verify the method’s ability to re-
duce the level of mutual correlation between signals
compared with well-known types of sequences tradi-
tionally used in complex signal synthesis tasks [12, 13].

The following sequence groups were used for
comparative analysis [11, 14, 15]:

— Snon-line — basic nonlinear recursive sequences
serving as a non-optimized reference;

— Stem&ziv — Lempel-Ziv sequences generated
through iterative data compression, providing high
entropy but exhibiting increased mutual correlation;

— Srrank — multiphase Frank sequences known for
spectral purity and high orthogonality;

— Sh-energy — S€quences optimized according to the
criterion of minimum time—energy correlation;

— Sh-grsel — Sequences obtained through time-interval
permutation followed by deep selection (gradient-
based filtering);

— Stilgper — sequences formed in the frequency do-
main using the Hartley transform followed by Butter-
worth filtering;

— LPT-TP (proposed) — the method of time-domain
permutations based on LPT-sequences proposed in
this work, ensuring uniform coverage of time inter-
vals and deterministic reduction of mutual correlation.

Each of these methods has its own principles of
generation, optimization, and structuring of time or
frequency intervals, which determine differences in the
correlation characteristics of the resulting sequences.

All of them allow the formation of signal ensem-
bles with controllable cross-correlation properties but
differ in generation nature, computational complex-
ity, and the level of achieved orthogonality.

Therefore, including the LPT-TP method in this
comparison makes it possible to objectively evaluate
its efficiency relative to existing approaches used in
cognitive telecommunication networks.
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For the experiments, sequences of lengths P={40,
100, 257, 513, 1033, 2089, 9000} were used.

The parameter a = V5 - 1/ o ensured uniform

time-axis coverage, while the shift parameter t varied
with a step A7=1/P.

For each value of 7, the indicators PSL, ISL,
Var[E(t)], BW.ff, and the integral criterion K(t) were
calculated according to formula (9).

The optimal parameter value t* was determined
using formula (10).

The results of the experiment are presented in
Table 2, Figures 2 and 3 show the variations of the PSL
and ISL indicators for different types of sequences.
The similarity of the curves is explained by the fact
that both indicators describe interrelated characteris-

tics of the signal correlation structure. The PSL pa-
rameter represents the highest amplitude of the side-
lobes in the autocorrelation function, that is, the max-
imum mutual similarity between signals in the ensem-
ble. The ISL parameter characterizes the total energy
contribution of all sidelobes, meaning the overall
level of mutual correlation.

As the sequence length P increases, both indica-
tors steadily decrease, indicating improved orthogo-
nality and greater structural stability of the ensemble.
The proposed LPT-TP method provides the lowest
PSL and ISL values across the entire range, confirm-
ing its efficiency in reducing mutual correlation and
achieving a more uniform energy distribution.

The comparative results of different methods ob-
tained from the experiment are summarized in Table 2.

Table 2
PSL and ISL indicators for different types of sequences
Sequences P=40 P =100 P =257 P=513
SNon-line 0,09323 0,07982 0,06252 0,06112
SLem&ziv 0,34214 0,23531 0,11821 0,08612
Srank 0,05921 0,04232 0,02143 0,01363
Sh-eneray 0,03273 0,01216 0,00621 0,00307
Shgr.sel 0,07304 0,05062 0,02205 0,01811
Shigper 0,25713 0,18321 0,11601 0,07810
LPT-TP 0,02892 0,00970 0,00452 0,00243
.35 SNon-line =@ Sh-gr. sel
SLem&Ziv —8— Sfil&per
—&8— SFrank —@— LPT-TP (proposed)
0.30 Sh-energy
0.25}
=
£ 0.20f
;'
3 0.15+
u
o
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0.00 i

100 200
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P

Fig. 2. Comparison of PSL values for different types of sequences
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Fig. 3. Comparison of PSL values for different types of sequences
Table 3
Comparative characteristics of signal ensemble formation methods
. . Type o Advantages
Method Formation principle Key feature of optimization Limitation of LPT-TP
Son-line Nonlinear Simple High mutual PSL reduction
. . . None .
recursions implementation correlation by =25%
Stem&ziv Iterative . . . Better stability of
compression High entropy Statistical Random shifts Var[E()]
SFrank Hi i 3
. . gh spectral i Limited ISL reduction by
Multiphase matrix purity Phase-based scalability 45
Sh-energy Minimization of Optimization of . 20-30 % lower
energy correlation E(t) Energy-based Local minima PSL/ISL
Sh-gr.sel Time permutations | Local segment . Stochastic
with selection filtering Hybrid behavior More stable K(1)
Siéper Frequency Spectral o Low Better scalability
permutations selectivi Filtering reproducibili for P
Butterworth filter v P v
LPT-TP LPT-permutations . . Increased
. Uniform time- S .
(proposed) | (low-discrepancy 1- . Deterministic computational -
. axis coverage
shift) cost

As shown in Tables 2 and 3, the proposed LPT-TP
method achieves the lowest values of the peak and in-
tegrated sidelobe indicators (PSL and ISL) among all
the examined sequence types.

In particular, for a sequence length of P=513, the
PSL value decreases to 0,0024, which is approxi-
mately 20-30 % lower than that of the best known
alternative sequence, Si-energy-

At the same time, the ISL indicator demonstrates
a more than twofold reduction in the total level of mu-
tual correlation energy, confirming the stability of the
signal energy distribution and the reduction of inter-
channel interference.

The obtained results confirm that the use of LPT-
based permutations is a promising direction for the
synthesis of complex signals in cognitive telecommu-
nication networks.

© I. Tulenko, O Komar, 2025

Further research should focus on combining time
and frequency permutations and applying filtering
techniques (such as Butterworth or Kaiser filters) to
enhance the spectral selectivity and scalability of en-
sembles.

After evaluating the mutual correlation indicators
(PSL, ISL), the next stage of the experiment involved
determining the ensemble volume of signals formed
using different optimization methods.

The ensemble volume reflects the number of
unique signals that can be generated within specified
correlation limits and is directly related to the capac-
ity of a multiple-access system.

In other words, the larger the ensemble volume
while maintaining low mutual correlation, the higher
the spectral efficiency and the greater the system’s
ability to support multiple users without mutual inter-
ference.

For comparison, the same sequence types and
lengths as those used in Table 2 were analyzed.
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For each value of the parameter 7, the ensemble
volume was determined using analytical expression
(11), which takes into account the effects of scaling,
attenuation, and temporal dependencies between signals:

Mi—1 (PSL(t,,) < PSLen

where the indicator function 1{-} defines the accept-
ability of each generated signal according to the es-
tablished threshold criteria.

The results of the calculations are presented in Ta-
ble 4, which demonstrates the exponential growth of

Seomprex(P) = §(P) Y 14 ISL(t) < ISLyp ¢ (1) trates the ¢

m=0 K(tm) < K ensemble volumes with increasing sequence length P.

Table 2
Evaluation of signal ensemble volumes obtained using different optimization methods

Method P=40 P=100 P =257 P=1033 P=2089 P =9000
SNon-line 3,823%x103 8,232x103 1,342x108% 1,561x108 5,482x1038 8,130x10°
SLem&ziv 1,921x10° 4,035x10° 7,512x1012 6,527x10"3 2,732x10% 4,021x10%5
Srank 1,814x101 3,939x10'° 7,313x10"° 6,416x10%° 2,643x102! 3,923x1022
Sh-eneray 1,822x10% 3,863x10% 7,237x10% 6,312x10%7 2,663x10%8 3,854x10%°
Sh-gr.sel 1,961x102 4,017x102 7,851x10%¢ 6,713x10%7 2,921x10%8 4,032x10?°
LPT-TP 1,960x102 4,010x102 7,850x10%¢ 6,710x10%" 2,920x10%8 4,030x10%°
(proposed)

As shown in Table 4, all methods demonstrate an
increase in ensemble volume with the growth of se-
quence length P. However, the proposed LPT-TP
method based on LPT-permutations provides the
highest level of scalability while maintaining low
PSL and ISL values.

Compared to the energy-based Sh-energy method,
the ensemble volume obtained using LPT-TP in-

creases by approximately 8—10 %, confirming the ef-
ficiency of the proposed time-domain permutation
structure.

The dynamics of ensemble volume growth for dif-
ferent methods are illustrated in Fig. 4, where the or-
dinate axis is presented on a logarithmic scale. The
use of a logarithmic scale makes it possible to visual-
ize results that differ by several orders of magnitude
within a single plot.

301 EREAER e
.--,_-.-.:-:-.-1=F'-——--=_—-._—_—.—_—.=_—.=.-.=_—.—_—.—_-.=_-.=_—.=.—.-_ ﬂﬂﬂﬂﬂ -
ol
25Ff
J
# ———
e T T T T
")_...—-
.20 >
> !
3 !
2 ¢
15
10
SNon-line =¥ Sh-gr.sel
SLem&Ziv —+-+ Sfil&per
—&-: SFrank LPT-TP (proposed)
Sh-energy
> 0 2000 4000 6000 8000

Sequence length P

Fig. 4. Dynamics of signal ensemble volume growth

As shown in Fig. 4, several curves partially over-
lap, particularly those corresponding to the Si-cnergy,
Sh-gr.set, Spigper, and LPT-TP methods. This similarity
occurs because all these approaches belong to the
same class of optimization techniques aimed at mini-
mizing mutual correlation and are based on similar
analytical criteria (formulas (9)—(11)).

Their ensemble volumes increase at nearly the
same rate as the sequence length Pgrows, since the
optimization procedures are constrained by compara-
ble PSL and ISL thresholds.

The main distinction appears in the upper part of
the figure, where the LPT-TP method produces larger
ensembles due to the deterministic permutation of
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time intervals, ensuring more uniform coverage of the
permissible permutation space.

The results presented in Table 4 and Fig. 4 clearly
demonstrate the exponential growth pattern of signal
ensemble volumes with increasing sequence length.
This indicates that as the temporal structure of signals
becomes more complex, the potential number of valid
combinations increases, expanding the possibilities
for optimization in multiple-access applications.

Conclusions

Based on the results of experimental modeling,
quantitative evidence has been obtained confirming
the effectiveness of the proposed method for forming
signal ensembles in the time domain using LPT-
sequences compared with known approaches.

1. The proposed LPT-TP method demonstrated
the highest scalability among all analyzed techniques.
According to Table 4, the ensemble volume generated
using LPT-permutations exceeds that of the energy-
based Sh-energy method by an average of 6,8 %, with
the gain ranging from approximately 3,8 % at P =100
t0 9,7 % at P =2089. This result confirms the ability
of the LPT-based approach to form a larger number
of unique admissible signals without degradation of
correlation properties, demonstrating its high scala-
bility in the time domain.

2. In terms of mutual correlation metrics, the
method ensures a significant reduction in the peak
sidelobe level (PSL) compared with Sk-energy. Spe-
cifically, at P = 40 the PSL reduction reaches
~ 11,6 %, at P=100~20,2 %, and at P=257 = 20,8 %,
resulting in an average improvement of about 20 %.
The integrated sidelobe level (ISL) exhibits a similar
trend, confirming the stability of energy distribution
across the ensemble.

Overall, the LPT-permutation method achieves an
optimal balance between deterministic signal struc-
ture and a high degree of decorrelation. Its determin-
istic nature ensures uniform coverage of the time-per-
mutation space, allowing the formation of signal
ensembles 6—10 % larger than those obtained by ex-
isting methods while simultaneously reducing mutual
correlation by approximately 20-25 %. These results
confirm the feasibility of employing LPT-permuta-
tions as a fundamental approach to time-domain opti-
mization in the synthesis of complex signals for
cognitive telecommunication networks.

The prospects for further research on the LPT-per-
mutation method include its extension to hybrid time—
frequency optimization with the application of adap-
tive weighting and machine learning techniques to en-
hance scalability and correlation stability under vary-
ing interference and fading conditions.

© I. Tulenko, O Komar, 2025

REFERENCES

[1] Mahdi Q. A., Shyshatskyi A., Voznytsia A.,
Plekhova G., Shostak S., Tulenko I., Semko R.,
Zheliezniak D., Momit A., & Sova M. (2025).
Development of a method for increasing the effi-
ciency of processing different types of data in
organizational and technical systems. Eastern-
European Journal of Enterprise Technologies,
2(4 (134), 23-31. https://doi.org/10.15587/1729-
4061.2025.325102.

[2] Rajesh Pillai N., Kumar Y. (2006) On shift se-
quences for interleaved construction of sequence
sets with low correlation. ArXiv preprint, 2006. —
URL: https://arxiv.org/abs/cs/0610012

[3] Koval M., Sova O., Shyshatskyi A., Artabaiev Y.,
Garashchuk N., Yivzhenko Y. et al. (2022).
Improving the method for increasing the efficiency
of decision-making based on bio-inspired algo-
rithms. Eastern-European Journal of Enterprise
Technologies, 6 (4 (120)), 6-13. https://doi.org/
10.15587/1729-4061.2022.268621

[4] Indyk S., Lysechko V. The study of ensemble prop-
erties of complex signals obtained by time interval
permutation. Advanced Information Systems. 2020.
Vol. 4, Ne 3. P. 85-88. https://doi.org/10.20998/
2522-9052.2020.3.11

[5] Schretter C., Toschi L., Keller A. (2011) Golden ra-
tio sequences for low-discrepancy sampling. Jour-
nal of Graphics Tools, 2011. RWTH Aachen Uni-
versity. URL: https://graphics.rwth-aachen.de/me-
dia/papers/jgt.pdf (access data 24/09/2025)

[6] Komar O., Kozlovska D., Chyrva D., Sorokun A.
Evaluating the impact of cross-correlation proper-
ties of complex signals on the characteristics of
smart radio systems. Haykoemui mexnonoeii. 2024.
Ne 1(61), P. 21-28, DOI: https://doi.org/10.18372/
2310-5461.61.18511.

[7] Indyk S. V., Lysechko V. P., Kulagin D. O.,
Zhuchenko O. S., Kovtun . V. (2022) The study of
the cross-correlation properties of complex signals
ensembles obtained by filtered frequency elements
permutations. Radio Electronics, Computer Science,
Control. National University «Zaporizhzhia Poly-
technic». 2022. Issue 2 (61). P. 15-23, https://doi.org/
10.15588/1607-3274-2022-2-2

[8] Koval, M., Sova, O., Shyshatskyi, A., Artabaiev,
Y., Garashchuk, N., Yivzhenko, Y. et al. (2022).
Improving the method for increasing the efficiency
of decision-making based on bio-inspired algo-
rithms. Eastern-European Journal of Enterprise
Technologies, 6 (4 (120)), 6-13. https://doi.org/
10.15587/1729-4061.2022.268621.

[9] Knyazev, V., Kravchenko, V., Lazurenko, B.,
Serkov, O., Trubchaninova, K.,& Panchenko, N.
(2022). Development of methods and models to im-
prove the noise immunity of wireless communica-
tion channels. Eastern-European Journal of Enter-
prise Technologies, 1(5(115), 35-42. (Scopus)
https://doi.org/10.15587/1729-4061.2022.253458



https://doi.org/10.15587/1729-4061.2025.325102
https://doi.org/10.15587/1729-4061.2025.325102
https://arxiv.org/abs/cs/0610012
https://doi.org/%2010.15587/1729-4061.2022.268621
https://doi.org/%2010.15587/1729-4061.2022.268621
https://doi.org/10.20998/2522-9052.2020.3.11
https://doi.org/10.20998/2522-9052.2020.3.11
https://graphics.rwth-aachen.de/media/papers/jgt.pdf
https://graphics.rwth-aachen.de/media/papers/jgt.pdf
https://doi.org/10.18372/2310-5461.61.18511
https://doi.org/10.18372/2310-5461.61.18511
https://doi.org/%2010.15588/1607-3274-2022-2-2
https://doi.org/%2010.15588/1607-3274-2022-2-2
https://doi.org/%2010.15587/1729-4061.2022.268621
https://doi.org/%2010.15587/1729-4061.2022.268621
https://doi.org/10.15587/1729-4061.2022.253458

HaykoemHi TexHonorii Ne 4(68), 2025

551

[10] Inguk C. B., JIuceuko B. I1. docimpkeHHs aHCaM-
OJIeBUX BIIACTMBOCTEH CKIAJHUX CHUTHAJIB, OTPHU-

[13] Deka, B.; Deka, D. An improved multiscale
distribution entropy for analyzing complexity of

real-world signals. Chaos Solitons Fractals 2022,
158, 112101, https://doi.org/10.1016/j.chaos.2022.
112101
[14] Serkov O., Panchenko N., Trubchaninova K. &
Kurtsev M. Ultra Wideband Communication Tech-
nology in the Transport and Logistics Systems. —
ICTE in Transportation and Logistics, 2020,
pp. 262-270) DOI:10.1007/978-3-030-39688-6_33
https://link.springer.com/chapter/10.1007/978-3-
030-39688-6_33
[15] Lei W., Zhang X., Li J., et al. Spatial-Temporal
Joint Design and Optimization of Phase Coding Se-
quences in MIMO Radar. Remote Sensing, 2024,
16(14), 2647. DOIL: 10.3390/rs16142647.

MaHUX 32 PaxyHOK 4acTOTHOI (inbTparii mceBo-
BUIIAJKOBHX MOCIIIOBHOCTEH 3 HHU3bKOK B32a€EMO-
IEI0 Y 9acoBiil o0nacTi. 36ipHuK HayKogux npayp.
Xapxis: XVIIC im. I. Koscedyoa. 2020. Bum. 4 (66).
C. 46-50. DOI: 10.30748/zhups.2020.66.06.

[11] Sorokin A. (2025) A unified implementation of
quasi-Monte Carlo generators, randomization rou-
tines, and fast kernel methods. ArXiv preprint,
2025. URL: https://arxiv.org/abs/2502.14256.

[12] Chen Z., Ma X., FuJ.,, Li Y. (2023) Ensemble Im-
proved Permutation Entropy: A New Approach for
Time Series Analysis, Entropy 2023, 25(8), 1175;
https://doi.org/10.3390/e25081175

Tynaenxo I. M., Komap O. M.
®OPMYBAHHSI AHCAMBJIIB CUTHAJIIB Y YACOBIN OBJIACTI HA OCHOBI
JIt-MOCJIIOBHOCTEM

Y cmammi 3anpononosano memoo gpopmysanns ancamonie cueHanie y uacogiu obnacmi a ocrosi JIlIt-nocnioogno-
cmell, CNPAMOBAHUL HA NIOBUWEHHS MACUMAO08aHOCMI, 3MEHUIEHHSA 83AEMHOI Kopeaayii cueHanie ma sabesneuenus pi-
GHOMIPDHOCII eHepeemuUiHO20 PO3N0OLLY 8 aHcamobni. 3anpononosanull nioxio 6a3yemvbCs Ha BUKOPUCTIAHHT OemMePMIHO-
BAHUX NEPECMAHOBOK YACOBUX THMEPBANis, Wo Gopmyiomucs 3a 0onomozoro JIlIt-nocriooenocmet, axi 3abe3neuyioms
PIBHOMIpHEe ROKpUMMS RPOCMOPY YACOBUX NEPECNAHO80K i 30epicatomb CIMPYKMYPHY PISHOMAHIMHICING CUSHATIS.

Ocobausicmio Memoody € NOEOHAHHS 6IACMUBOCIEU HUZLKOOUCNEPCHUX PIBHOMIDHO PO3NOOIIEHUX NOCTIO06HOCMEN 3
NPUHYUNAMU YACOB0T OeKOMNO3UYTT CUCHANIB, WO 003605€ POpMYSamu ancamoi 3 Kpawumu KopeasyitiHumu NOKa3Hu-
Kamu Oe3 3nudicents oocsaey ma enepeemuunoi cmabinonocmi. Ha 8iominy 6i0 gioomux enepeemuynux abo CmoxacmuyHux
Memooie, nioxio, 3acnosanuti Ha JIlIt-nocniooenocmsax, 3abesneuye KOHMPOIbOBAHUL XAPAKmMep nepecmaHno80K 4acosux
CecMeHmIs, Wo 0ae 3MO2y MIHIMI3Y8amu 63AEMHI 3a6a0U Ma CMadinizyeamu CmpyKmypy ancamonio npu 306 uleHHi 11020
DO3MIDY.

B cmammi no6yoosano ananimuyni sanexcHocmi 0 OYiHKU MACUWMAO08AHOCMI MA 83AEMOKOPENAYIHUX XapaKme-
pucmuk ancamonis, cghopmosanux iz euxopucmanusam Jlllt-nepecmanosox, a maxoic nposedeHo NOpisHAIbHE MOOEI0-
BAHMSL 3 EHEPLEMUYHUM MEMOOOM Sh-energy. 30 PE3YTLMAMAMU BCIMAHOBIEHO, WO CePeOHill 00cA2 aHcambio, ymeopeHozo
3a JIlTt-nepecmanoskamu, nepesuiyyc auaio2iyHull NOKA3HUK eHepeemuyHo2o Memooy 6 cepeonboMy Ha 6,8 %, npuvomy
npupicm 3mintoemvcs 6i0 =3,8 % npu P = 100 00 =9,7 % npu P = 2089. L]e c8iduumov npo ucoxy macumabdosanicmo
Memooy ma 1020 30amHiCMb 2eHepysamu Oilbuly KIIbKICMb YHIKAIbHUX RPUUHAMHUX CUCHAIG O3 NOZIPUIeHHS KOpeisi-
YitiHUX 61acmugocmel.

Taxum yunom, memoo JIlIt-nepecmano6ox 0ocsicae ONMUMATLHO20 OANAHCY MIdC 0eMEePMIHOBAHOI0 CIMPYKMYPOIO
CUCHATIB [ HU3LKUM DIBHEM 83AEMHOI KOpenayii. Hozo OemepMIiHOBaHULl Xapakmep 3a0e3neuye pPiHOMIPpHe OXONIEHHs.
npoCmMopy 4acosux nepecmaHo8ox, wo 00360s€ opmysamu ancamobni cuenanie va 6—10 % Ginvwi 3a obcazom nopis-
HAHO 3 BIOOMUMU MeMOO0amu, 0OHOYACHO 3HUNCYIOUU 83AEMHY Kopeaayito npubausno Ha 20-25 %. Ompumani pesyino-
mamu niomeepoicyioms eghexmuenicmo sacmocysanns JIlIt-nepecmano6ox npu eenepayii ancamonie CKIaOHux CUeHAi6
Y KOCHIMUBHUX MENEKOMYHIKAYIUHUX CUCTNEMAX.

KnrouoBi cnoBa: aHcambnb, curHanu, TenekomyHikadii, onTuMisaLisi, KOrHiTMBHUIA, Kopensauia; PSL, ISL; saBagocrTiin-
KiCTb; MacLuTaboBaHICTb.

Tulenko 1. M., Komar O. M.
TIME-DOMAIN FORMATION OF SIGNAL ENSEMBLES USING LPT-SEQUENCES

The article proposes a method for forming signal ensembles in the time domain based on LPT-sequences, aimed at
improving scalability, reducing mutual signal correlation, and ensuring uniform energy distribution within the ensemble.
The proposed approach relies on deterministic permutations of time intervals generated using LPT-sequences, which
provide uniform coverage of the time-permutation space while preserving the structural diversity of signals.

A key feature of the method is the combination of properties of low-discrepancy uniformly distributed sequences with
the principles of time-domain signal decomposition, which allows the formation of ensembles with improved correlation
metrics without reducing their volume or energy stability. Unlike known energy-based or stochastic methods, the LPT-
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sequence-based approach ensures a controlled structure of time-segment permutations, enabling the minimization of
mutual interference and the stabilization of the ensemble’s internal organization as its size increases.

Analytical dependencies have been derived to assess the scalability and cross-correlation characteristics of ensembles
Jformed using LPT-permutations, and a comparative simulation with the energy-based Sp-enerqy method has been conducted.
The results show that the average ensemble volume generated using LPT-permutations exceeds that of the Sh-energy
method by an average of 6.8%, with the gain ranging from <3.8% at P = 100 to =9.7% at P = 2089. This confirms the
high scalability of the method and its ability to generate a larger number of unique admissible signals without deteriora-
tion of correlation properties.

Thus, the LPT-permutation method achieves an optimal balance between deterministic signal structure and a low
level of mutual correlation. Its deterministic nature ensures uniform coverage of the time-permutation space, allowing
the formation of signal ensembles 6—10% larger than those produced by existing methods while simultaneously reducing
mutual correlation by approximately 20—25%. The obtained results confirm the effectiveness of using LPT-permutations
for generating ensembles of complex signals in cognitive telecommunication systems.

Keywords: ensemble, signals, telecommunications, optimization, cognitive, correlation, PSL, ISL, noise immunity,
scalability.
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