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METHOD FOR INTEGRATED ASSESSMENT OF
STRUCTURAL STABILITY OF COMPLEX SIGNAL
ENSEMBLES USING ENTROPY-BASED ANALYSIS

Tulenko Igor!

PhD student

Shevchenko Oleksii'

PhD student

! Ukrainian State University of Railway Transport, Kharkiv, Ukraine

Modern telecommunication networks, in particular cognitive radio networks,
operate under conditions of high spectral environment dynamics and dense utilization
of frequency resources. Under such conditions, the problem of forming ensembles of
complex signals with controlled correlation and structural characteristics becomes
highly relevant in order to ensure interference resistance and efficient operation of
multiple access systems.

In previous studies, methods for optimizing signal ensembles in the time domain
have been developed, in particular the deterministic LPT-t permutation method (LPT-
TP) and the predictive method based on Markov models (Markov-forecast) [1-3].
Their comparative characteristics are presented in Table 1, which allows evaluating the
differences in optimization approaches and the use of entropy-based characteristics.

Table 1 — Comparison of optimization methods

Criterion %E;F-T permutation method (LPT- Markov-based permutation method

Main mechanism | Deterministic time restructuring | Predictive selection of permutations
based on low-discrepancy 1t- | based on Markov transition probabilities
sequences

Optimization Minimization = of  correlation | Minimization  of  the  predicted

objective (PSL/ISL) and maximization of | correlation level E[p;4] and control of
ensemble 8ize (Scomplex) transition stability

Control Shift parameter t* Uncertainty coefficient 3

parameter

Relation to | Entropy (PE, SampEn, FuzzyEn) | Entropy U(m:) is used as a control

entropy is used for post-analysis of | component to penalize instability within
structural complexity the criterion K(m:)

Despite the effectiveness of the considered methods in reducing signal correlation,
they do not provide a comprehensive assessment of the structural ordering of the signal
ensemble. This necessitates the use of multiscale entropy analysis as a universal tool
for the quantitative evaluation of signal complexity.

The formation of a signal ensemble in the LPT-TP method is based on
deterministic permutations of time segments using the shift parameter 7, whose
optimization is performed according to an integral criterion (Fig. 1).
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To evaluate the structural ordering of signal ensembles, multiscale entropy
analysis was applied using the following metrics: Sample Entropy, Permutation
Entropy, Fuzzy Entropy, and Dispersion Entropy. The results of this analysis are
presented in Table 2 and Fig. 2, which illustrate the dependence of entropy measures
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Figure 1 — Structural diagram of the LPT-t permutation method

on the scale and noise level.

Table 2 — Entropy measures of signal ensembles formed usin

the LPT-t permutation method

Scale SNR Sample Permutation Fuzzy Dispersion
Entropy Entropy Entropy Entropy

1 —10dB 0,38 0,95 0,90 0,70
-5dB 0,37 0,90 0,86 0,68
0dB 0,36 0,85 0,82 0,66
5dB 0,35 0,78 0,78 0,64
10 dB 0,34 0,70 0,74 0,62
Optimized 0,33 0,50 0,63 0,59

3 -10dB 0,50 0,79 0,75 0,67
0dB 0,47 0,69 0,69 0,64
Optimized 0,44 0,54 0,67 0,61

5 -10dB 0,57 0,67 0,68 0,65
0dB 0,53 0,59 0,64 0,63
Optimized 0,50 0,57 0,69 0,62

10 -10dB 0,75 0,77 0,76 0,72
0dB 0,71 0,75 0,74 0,70
Optimized 0,68 0,72 0,77 0,67
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(a) Sample Entropy (b) Permutation Entropy
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Figure 2 — Multiscale entropy analysis of signal ensembles formed using the LPT-t
permutation

The analysis of the results indicates that optimized signal ensembles demonstrate
a consistent decrease in entropy measures compared to non-optimized ones. In
particular, for scale 1, the value of Permutation Entropy decreases from 0,95 to 0,50,
while Fuzzy Entropy decreases from 0,90 to 0,63, indicating an increase in the
structural ordering of the signals.

To overcome the limitations of the deterministic approach, the Markov-forecast
method was developed, which is based on probabilistic modeling of transitions
between ensemble states. The proposed approach enables adaptive reduction of
correlation and ensures a more stable evolution of entropy characteristics (Fig. 3).
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Figure 4 — Algorithm of the time-permutation method based on Markov models

The simulation results showed that the application of the Markov-based approach
provides a reduction in entropy measures by 8—15%, as well as a decrease in the
average correlation and the integral optimality criterion by up to 30—40%, which
confirms the improvement of the structural stability of the signal ensemble (Table 3).

Table 3 — Entropy measures of signal ensembles formed using Markov-based models

Scale SNR Sample Permutation Fuzzy Dispersion
Entropy Entropy Entropy Entropy

1 —10dB 0,39 0,97 0,91 0,71
—-5dB 0,38 0,92 0,88 0,69
0dB 0,37 0,87 0,84 0,67
5dB 0,36 0,80 0,80 0,65
10 dB 0,35 0,73 0,76 0,63
Optimized | 0.35 0,56 0,66 0,62

3 —10dB 0,51 0,82 0,78 0,69
0dB 0,47 0,70 0,70 0,65
Optimized | 0,44 0,58 0,65 0,62

5 —10dB 0,58 0,70 0,70 0,66
0dB 0,54 0,62 0,66 0,64
Optimized | 0,51 0,57 0,64 0,62

10 —10dB 0,77 0,79 0,78 0,73
0dB 0,73 0,77 0,76 0,71
Optimized | 0,70 0,74 0,74 0,69
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Thus, the proposed approach enables the integration of entropy-based metrics
with optimization parameters of signal ensembles, ensuring their consistency,
predictability, and robustness to interference in cognitive telecommunication networks.
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BIIJIUB OBPOBKH BUBYXOM
HA MAJTOOUKJIOBY JOBI'OBIYHICTD CTAJII

bepe3oBenbkuii Anapiii [lerpoBuyu

K.T.H., JOLEHT

Bepe3zoBenbkuii Cepriiit AHApiHOBUY

K.T.H., IOIEHT

Kopynsik Ilerpo CrenanoBu4

K.T.H., JIOLEHT

JIpBIBCHKMI HALlIOHAJIbHUM YHIBEPCUTET BETEPUHAPHOI METULIMHU
ta 61otexnounorii imeni C.3. [ kunpkoro, Ykpaina

VY Te3ax poO3MISIHYTO BIUIMB 3MIIHIOBAJILHOT 00pOOKM BHOYXOM Ha MEXaHIdHI
BJIACTMBOCTI Ta MAJIOLUKJIOBY JOBroBiuHicTh ctaii 20 [4, 5]. [Toka3zaHo, 10 OCHOBHUM
napaMeTpoM BHOYXOBOI'O 3MILIHEHHS € TUCK Ha (PPOHTI yAapHOI XBWIII, ITiABUIIEHHSI
SKOTO 3yMOBIIIOE€ 3POCTaHHSI MIKPOTBEPJOCTI, MEXKI TEKY4OCTI, TAMYACOBOTO OIMOPY
pO3pUBY Ta 3ycuJuls AedOpMyBaHHS MPHU CTATUYHOMY 3ruHi [4, 7]. BctaHoBieHo, 110
31 3pOCTaHHSIM THCKY Ha (POHTI yAapHOi XBUJI B CTPYKTYpl CTajll aKTHUBI3YIOThCA
MPOIIECH IBIMHUKYBaHHS Ta GOPMYETHCA TEKCTYpOBaHUM cTaH metany [4]. BogHouac
e(peKTUBHICT BHOYXOBOTO 3MIIHEHHS IMOAO IMIABHIICHHS  MAaJOMHUKIOBOI
JIOBFOBIYHOCTI BU3HAYAETHCS HE JIMIIE PIBHEM THUCKY, a W aMILITYJIOI0 MPY>KHO-
MIaCTUYHOI aedopMariii Ta ymMoBaMH pPOOOUYOTO cepemoBuia [6]. 3a HEBUCOKHX
aMIUTITYl OUKITYHOI  gedopmarii  0o0poOka BUOYXOM  CHOpUS€  3pOCTaHHIO
JIOBFOBIYHOCTI, TOA1 SIK 32 BUCOKUX aMILTITYJI CIIOCTEPIra€ThCsl 3BOPOTHA TEHICHITIS,
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