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Abstract 
The article proposes a model that allows to explore a multivariate probability density for random 
variables representing the cosine of phase difference with uniform distribution. The study 
demonstrates the results of modeling as a histogram of the experimental data. The developed 
model allowed getting approximate formulas for the n-dimensional probability density of the 
cosine of the phase difference for n≤5. The results of this study may be relevant when assessing 
the effectiveness of signal reception with random parameters.  
Keywords: computer modeling; multivariate probability density; incoherent reception; 
interpolation. 

Вɜɟɞɟɧɢɟ 
ɉɟɪɟɞɚɱɚ ɢɧɮɨɪɦɚɰɢɢ ɩɨ ɤɚɧɚɥɚɦ ɫɜɹɡɢ, 

ɪɚɞɢɨɥɨɤɚɰɢɹ, ɪɚɞɢɨɧɚɜɢɝɚɰɢɹ, ɮɢɡɢɱɟɫɤɢɟ 
ɷɤɫɩɟɪɢɦɟɧɬɵ ɢ ɬ.ɞ. ɫɜɹɡɚɧɵ ɫ ɩɪɨɛɥɟɦɨɣ 
ɢɡɦɟɪɟɧɢɹ ɢ ɨɩɪɟɞɟɥɟɧɢɹ ɩɚɪɚɦɟɬɪɨɜ ɫɢɝɧɚɥɨɜ, 
ɧɟɫɭɳɢɯ ɢɧɮɨɪɦɚɰɢɸ ɨɛ ɢɫɫɥɟɞɭɟɦɨɦ ɨɛɴɟɤɬɟ. 
ɂɧɮɨɪɦɚɰɢɹ ɦɨɠɟɬ ɛɵɬɶ ɡɚɤɥɸɱɟɧɚ ɜ ɚɦɩɥɢɬɭɞɟ 
ɫɢɝɧɚɥɚ, ɱɚɫɬɨɬɟ, ɮɚɡɟ, ɜɪɟɦɟɧɢ ɡɚɞɟɪɠɤɢ ɢ ɬ.ɞ. 
ȼɨ ɜɫɟɯ ɷɬɢɯ ɫɥɭɱɚɹɯ ɧɟɨɛɯɨɞɢɦɨ ɨɩɪɟɞɟɥɢɬɶ ɫ 
ɧɟɤɨɬɨɪɨɣ ɩɨɝɪɟɲɧɨɫɬɶɸ ɢɫɬɢɧɧɨɟ ɡɧɚɱɟɧɢɟ 

ɢɡɦɟɪɹɟɦɨɝɨ ɩɚɪɚɦɟɬɪɚ. Ɍɟɦ ɛɨɥɟɟ ɱɬɨ ɫɢɝɧɚɥ, 
ɧɟɫɭɳɢɣ ɢɧɮɨɪɦɚɰɢɸ, ɩɨɞɜɟɪɠɟɧ ɜɨɡɞɟɣɫɬɜɢɸ 
ɩɨɦɟɯ ɢ ɢɫɤɚɠɟɧɢɣ, ɜɨɡɧɢɤɚɸɳɢɯ, ɧɚɩɪɢɦɟɪ, ɜ 
ɫɥɭɱɚɟ ɦɧɨɝɨɥɭɱɟɜɨɝɨ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɫɢɝɧɚɥɚ. 
ɉɨɷɬɨɦɭ ɚɥɝɨɪɢɬɦɵ, ɩɨ ɤɨɬɨɪɵɦ ɨɛɪɚɛɚɬɵɜɚɸɬɫɹ 
ɫɢɝɧɚɥɵ, ɞɨɥɠɧɵ ɭɱɢɬɵɜɚɬɶ ɫɥɭɱɚɣɧɵɣ ɯɚɪɚɤɬɟɪ 
ɷɬɢɯ ɫɢɝɧɚɥɨɜ. ȼ ɫɜɹɡɢ ɫ ɷɬɢɦ ɛɵɥɚ ɪɚɡɜɢɬɚ 
ɦɚɬɟɦɚɬɢɱɟɫɤɚɹ ɬɟɨɪɢɹ ɨɛɪɚɛɨɬɤɢ ɫɢɝɧɚɥɨɜ, 
ɨɫɧɨɜɚɧɧɚɹ ɧɚ ɬɟɨɪɢɢ ɜɟɪɨɹɬɧɨɫɬɟɣ, ɬɟɨɪɢɢ 
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ɫɥɭɱɚɣɧɵɯ ɩɪɨɰɟɫɫɨɜ ɢ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ 
ɫɬɚɬɢɫɬɢɤɢ. 

ȼɨ ɦɧɨɝɢɯ ɡɚɞɚɱɚɯ ɫɬɚɬɢɫɬɢɱɟɫɤɨɣ 
ɪɚɞɢɨɬɟɯɧɢɤɢ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɩɪɢɟɦ ɫɢɝɧɚɥɨɜ, 
ɩɪɟɞɫɬɚɜɥɹɸɳɢɯ ɫɨɛɨɣ ɫɭɦɦɭ ɧɟɡɚɜɢɫɢɦɵɯ 
ɫɥɭɱɚɣɧɵɯ ɜɟɥɢɱɢɧ. ɇɚɩɪɢɦɟɪ, ɩɪɢ 
ɧɟɤɨɝɟɪɟɧɬɧɨɦ ɩɨɷɥɟɦɟɧɬɧɨɦ ɩɪɢɟɦɟ ɫ 
ɧɚɤɨɩɥɟɧɢɟɦ, ɜɵɩɨɥɧɹɟɬɫɹ ɫɥɨɠɟɧɢɟ n ɷɥɟɦɟɧɬɨɜ 
ɫɢɝɧɚɥɚ ɫɨ ɫɥɭɱɚɣɧɵɦɢ ɮɚɡɚɦɢ ɩɪɢ ɩɨɫɬɨɹɧɧɨɣ 
ɢɥɢ ɫɥɭɱɚɣɧɨɣ ɚɦɩɥɢɬɭɞɟ Д2Ж. ɉɪɢ ɷɬɨɦ ɤɚɠɞɵɣ 
ɷɥɟɦɟɧɬ ɫɢɝɧɚɥɚ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɮɪɚɝɦɟɧɬ 
ɝɚɪɦɨɧɢɱɟɫɤɨɝɨ ɤɨɥɟɛɚɧɢɹ ɫɨ ɫɥɭɱɚɣɧɨɣ 
ɧɚɱɚɥɶɧɨɣ ɮɚɡɨɣ, ɢɦɟɸɳɟɣ ɪɚɜɧɨɦɟɪɧɨɟ 
ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɧɚ ɢɧɬɟɪɜɚɥɟ (0÷2π). Ⱥɦɩɥɢɬɭɞɚ 
ɫɭɦɦɵ n ɷɥɟɦɟɧɬɨɜ ɫɢɝɧɚɥɚ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ 
ɫɥɭɱɚɣɧɭɸ ɜɟɥɢɱɢɧɭ, ɡɚɜɢɫɹɳɭɸ ɨɬ ɡɧɚɱɟɧɢɣ ɮɚɡ 
ɤɚɠɞɨɝɨ ɢɡ n ɫɭɦɦɢɪɭɟɦɵɯ ɮɪɚɝɦɟɧɬɨɜ 
ɝɚɪɦɨɧɢɱɟɫɤɨɝɨ ɤɨɥɟɛɚɧɢɹ. ɂɡɜɟɫɬɧɨ Д4, 7Ж, ɱɬɨ 
ɚɦɩɥɢɬɭɞɚ ɫɭɦɦɵ ɞɜɭɯ ɷɥɟɦɟɧɬɨɜ ɫɢɝɧɚɥɚ ɫ 
ɩɨɫɬɨɹɧɧɨɣ ɚɦɩɥɢɬɭɞɨɣ ɩɨɥɧɨɫɬɶɸ ɨɩɢɫɵɜɚɟɬɫɹ 
ɩɥɨɬɧɨɫɬɶɸ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɫɥɭɱɚɣɧɨɣ ɜɟɥɢɱɢɧɵ 
θ=cos(φ1-φ2)=cos(∆φ), ɩɪɟɞɫɬɚɜɥɹɸɳɟɣ ɫɨɛɨɣ 
ɤɨɫɢɧɭɫ ɪɚɡɧɨɫɬɢ ɮɚɡ ɞɜɭɯ ɫɭɦɦɢɪɭɟɦɵɯ 
ɤɨɥɟɛɚɧɢɣ.   

2
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( ) .
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w 

 



       (1) 

ȼ ɫɥɭɱɚɟ ɫɭɦɦɢɪɨɜɚɧɢɹ n≥3 ɷɥɟɦɟɧɬɨɜ 
ɫɢɝɧɚɥɚ ɧɟɨɛɯɨɞɢɦɨ ɢɦɟɬɶ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ n-

ɦɟɪɧɭɸ ɩɥɨɬɧɨɫɬɶ ɜɟɪɨɹɬɧɨɫɬɢ ɤɨɫɢɧɭɫɚ 
ɪɚɡɧɨɫɬɢ ɮɚɡ. ȼ ɬɟɨɪɢɢ ɜɟɪɨɹɬɧɨɫɬɟɣ ɨɬɫɭɬɫɬɜɭɟɬ 
ɮɨɪɦɭɥɚ n-ɦɟɪɧɨɣ ɩɥɨɬɧɨɫɬɢ ɪɚɫɩɪɟɞɟɥɟɧɢɹ 
ɫɥɭɱɚɣɧɵɯ ɜɟɥɢɱɢɧ, ɩɪɟɞɫɬɚɜɥɹɸɳɢɯ ɫɨɛɨɣ 
ɤɨɫɢɧɭɫ ɪɚɡɧɨɫɬɢ ɮɚɡ, ɢɦɟɸɳɢɯ ɪɚɜɧɨɦɟɪɧɨɟ 
ɫɥɭɱɚɣɧɨɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ. Ɍɟɦ ɧɟ ɦɟɧɟɟ, 
ɩɨɬɪɟɛɧɨɫɬɶ ɜ ɬɚɤɨɣ ɮɨɪɦɭɥɟ ɜɨɡɧɢɤɚɟɬ ɜɫɹɤɢɣ 
ɪɚɡ, ɤɨɝɞɚ ɧɟɨɛɯɨɞɢɦɨ ɜɵɩɨɥɧɢɬɶ ɨɩɟɪɚɰɢɸ 
ɭɫɪɟɞɧɟɧɢɹ ɩɨ ɫɥɭɱɚɣɧɨɣ ɜɟɥɢɱɢɧɟ θ. ɍɤɚɡɚɧɧɵɟ 
ɨɛɫɬɨɹɬɟɥɶɫɬɜɚ ɨɩɪɟɞɟɥɹɸɬ ɚɤɬɭɚɥɶɧɨɫɬɶ ɬɟɦɵ 
ɢɫɫɥɟɞɨɜɚɧɢɣ, ɢɡɥɨɠɟɧɧɵɯ ɜ ɞɚɧɧɨɣ ɫɬɚɬɶɟ.  

Ⱦɥɹ ɧɚɯɨɠɞɟɧɢɹ ɮɨɪɦɭɥ n-ɦɟɪɧɨɣ ɩɥɨɬɧɨɫɬɢ 
ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɤɨɫɢɧɭɫɚ ɪɚɡɧɨɫɬɢ ɮɚɡ ɦɨɠɧɨ 
ɢɫɩɨɥɶɡɨɜɚɬɶ Д1, 3Ж ɥɢɛɨ ɦɟɬɨɞ 
ɯɚɪɚɤɬɟɪɢɫɬɢɱɟɫɤɢɯ ɮɭɧɤɰɢɣ ɫ ɩɨɫɥɟɞɭɸɳɢɦ 
ɪɟɲɟɧɢɟɦ ɱɢɫɥɟɧɧɵɦɢ ɦɟɬɨɞɚɦɢ, ɥɢɛɨ 
ɫɬɚɬɢɫɬɢɱɟɫɤɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɫ ɚɩɩɪɨɤɫɢɦɚɰɢɟɣ 
ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɜ ɜɢɞɟ ɤɚɤɨɣ-ɥɢɛɨ 
ɮɭɧɤɰɢɢ. ɉɪɢ ɷɬɨɦ ɫɥɟɞɭɟɬ ɢɦɟɬɶ ɜ ɜɢɞɭ, ɱɬɨ ɩɪɢ 
n>>1 ɩɥɨɬɧɨɫɬɶ ɜɟɪɨɹɬɧɨɫɬɟɣ wn(θ) ɞɨɥɠɧɚ 
ɫɬɪɟɦɢɬɶɫɹ ɤ ɧɨɪɦɚɥɶɧɨɦɭ ɡɚɤɨɧɭ ɪɚɫɩɪɟɞɟɥɟɧɢɹ, 
ɚ ɩɪɢ ɦɚɥɵɯ ɡɧɚɱɟɧɢɹɯ n ɡɚɤɨɧ ɪɚɫɩɪɟɞɟɥɟɧɢɹ 
ɛɭɞɟɬ ɫɢɥɶɧɨ ɜɢɞɨɢɡɦɟɧɹɬɶɫɹ. ɂɦɟɧɧɨ ɩɨɷɬɨɦɭ ɜ 
ɞɚɧɧɨɣ ɫɬɚɬɶɟ ɩɪɢɜɨɞɹɬɫɹ ɪɟɡɭɥɶɬɚɬɵ 
ɢɫɫɥɟɞɨɜɚɧɢɣ n-ɦɟɪɧɨɣ ɩɥɨɬɧɨɫɬɢ ɜɟɪɨɹɬɧɨɫɬɢ 

ɤɨɫɢɧɭɫɚ ɪɚɡɧɨɫɬɢ ɮɚɡ ɞɥɹ n≤5, ɚ ɡɚɬɟɦ 
ɩɪɨɢɡɜɨɞɢɬɫɹ ɨɰɟɧɤɚ ɧɨɪɦɚɥɢɡɚɰɢɢ ɫɨɜɦɟɫɬɧɨɝɨ 
ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɞɥɹ n ɫɥɭɱɚɣɧɵɯ ɜɟɥɢɱɢɧ ɩɪɢ 
n>>1. 

Ɉɫɧɨɜɧɚɹ ɱɚɫɬɶ 
ɐɟɥɶɸ ɫɬɚɬɶɢ ɹɜɥɹɟɬɫɹ ɢɫɫɥɟɞɨɜɚɧɢɟ n-

ɦɟɪɧɨɣ ɩɥɨɬɧɨɫɬɢ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɜɟɪɨɹɬɧɨɫɬɟɣ 
ɤɨɫɢɧɭɫɚ ɪɚɡɧɨɫɬɢ ɮɚɡ ɞɥɹ ɦɚɥɵɯ ɢ ɛɨɥɶɲɢɯ 
ɡɧɚɱɟɧɢɣ ɩɚɪɚɦɟɬɪɚ n ɦɟɬɨɞɨɦ ɫɬɚɬɢɫɬɢɱɟɫɤɨɝɨ 
ɦɨɞɟɥɢɪɨɜɚɧɢɹ. 

ɉɨɫɬɚɧɨɜɤɚ ɡɚɞɚɱɢ 

ɉɪɢ ɧɟɤɨɝɟɪɟɧɬɧɵɯ ɦɟɬɨɞɚɯ ɩɟɪɟɞɚɱɢ 
ɫɢɝɧɚɥɨɜ ɩɨ ɤɚɧɚɥɚɦ ɪɚɞɢɨɫɜɹɡɢ ɮɚɡɚ 
ɩɪɢɧɢɦɚɟɦɨɝɨ ɫɢɝɧɚɥɚ ɨɛɵɱɧɨ ɹɜɥɹɟɬɫɹ 
ɫɥɭɱɚɣɧɨɣ ɜɟɥɢɱɢɧɨɣ, ɩɪɢɧɢɦɚɸɳɟɣ ɡɧɚɱɟɧɢɹ ɜ 
ɩɪɟɞɟɥɚɯ ɨɬ 0 ɞɨ 2π. ɉɭɫɬɶ ɮɚɡɚ ɫɢɝɧɚɥɚ – 

ɫɥɭɱɚɣɧɚɹ ɜɟɥɢɱɢɧɚ φ, ɤɨɬɨɪɚɹ ɪɚɫɩɪɟɞɟɥɟɧɚ 
ɪɚɜɧɨɦɟɪɧɨ ɧɚ ɢɧɬɟɪɜɚɥɟ Д0, 2πЖ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ 
Д4Ж, ɡɚɤɨɧ ɪɚɫɩɪɟɞɟɥɟɧɢɹ φ ɨɩɢɫɵɜɚɟɬɫɹ ɩɪɨɫɬɵɦ 
ɜɵɪɚɠɟɧɢɟɦ f(φ)=1/2π ɩɪɢ 0≤φ≤2π. Ɍɪɟɛɭɟɬɫɹ 
ɢɫɫɥɟɞɨɜɚɬɶ ɜɟɪɨɹɬɧɨɫɬɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ 
ɧɟɤɨɝɟɪɟɧɬɧɨɝɨ ɩɪɢёɦɚ ɪɚɞɢɨɫɢɝɧɚɥɚ ɫ 
ɧɚɤɨɩɥɟɧɢɟɦ n ɷɥɟɦɟɧɬɨɜ ɧɚ ɨɫɧɨɜɟ 
ɫɬɚɬɢɫɬɢɱɟɫɤɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ. 

Ⱦɥɹ ɢɫɫɥɟɞɨɜɚɧɢɹ n-ɦɟɪɧɨɣ ɩɥɨɬɧɨɫɬɢ 
ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɜɟɪɨɹɬɧɨɫɬɟɣ ɤɨɫɢɧɭɫɚ ɪɚɡɧɨɫɬɢ 
ɮɚɡ ɬɪɟɛɭɟɬɫɹ ɫɨɡɞɚɬɶ ɦɨɞɟɥɶ, ɝɟɧɟɪɢɪɭɸɳɭɸ 
ɡɚɞɚɧɧɨɟ ɦɧɨɠɟɫɬɜɨ n ɫɥɭɱɚɣɧɵɯ ɜɟɥɢɱɢɧ 
θ=ɫos(φ), ɝɞɟ ɫɥɭɱɚɣɧɚɹ ɜɟɥɢɱɢɧɚ φ, ɤɨɬɨɪɚɹ 
ɪɚɫɩɪɟɞɟɥɟɧɚ ɪɚɜɧɨɦɟɪɧɨ ɧɚ ɢɧɬɟɪɜɚɥɟ Д0, 2πЖ. 
ɉɪɨɝɪɚɦɦɚ ɞɨɥɠɧɚ ɜɤɥɸɱɚɬɶ ɜ ɫɟɛɟ ɝɟɧɟɪɚɬɨɪ 
ɫɥɭɱɚɣɧɵɯ ɱɢɫɟɥ φ, ɪɚɫɩɪɟɞɟɥɟɧɧɵɯ ɩɨ 
ɪɚɜɧɨɦɟɪɧɨɦɭ ɡɚɤɨɧɭ ɜ ɢɧɬɟɪɜɚɥɟ Д0, 2πЖ, 
ɬɪɢɝɨɧɨɦɟɬɪɢɱɟɫɤɭɸ ɮɭɧɤɰɢɸ ɜɵɱɢɫɥɟɧɢɹ 
Мos(φ), ɧɚɤɨɩɢɬɟɥɶ ɫɭɦɦɵ n ɡɧɚɱɟɧɢɣ ɢ ɩɨɜɬɨɪ 
ɷɤɫɩɟɪɢɦɟɧɬɚ ɫɨ ɫɛɨɪɨɦ ɫɬɚɬɢɫɬɢɤɢ. Ⱦɥɹ 
ɩɪɨɜɟɞɟɧɢɹ ɢɫɫɥɟɞɨɜɚɧɢɣ ɛɵɥɚ ɢɫɩɨɥɶɡɨɜɚɧɚ 
ɩɪɢɤɥɚɞɧɚɹ ɩɪɨɝɪɚɦɦɚ MATLAB

®, ɫ ɩɨɦɨɳɶɸ 
ɤɨɬɨɪɨɣ ɪɟɚɥɢɡɨɜɚɧ ɚɥɝɨɪɢɬɦ ɪɚɡɪɚɛɨɬɚɧɧɨɣ 
ɦɨɞɟɥɢ ɢ ɜɢɡɭɚɥɢɡɚɰɢɹ ɪɟɡɭɥɶɬɚɬɨɜ 
ɦɨɞɟɥɢɪɨɜɚɧɢɹ. 

ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɪɚɡɪɚɛɨɬɚɧɧɨɣ ɦɨɞɟɥɢ 
ɢɡɨɛɪɚɠɟɧɚ ɧɚ ɪɢɫ. 1. 

Ɋɢɫ. 1. ɋɬɚɬɢɫɬɢɱɟɫɤɚɹ ɦɨɞɟɥɶ 

Fig. 1. Statistical model 
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ɉɟɪɟɦɟɧɧɵɦɢ ɜ ɦɨɞɟɥɢ ɹɜɥɹɸɬɫɹ ɞɜɚ 
ɩɚɪɚɦɟɬɪɚ: n – ɱɢɫɥɨ ɫɥɚɝɚɟɦɵɯ ɫɭɦɦɵ, ɢ N – 

ɤɨɥɢɱɟɫɬɜɨ ɨɩɵɬɨɜ ɜ ɷɤɫɩɟɪɢɦɟɧɬɟ. Ɋɟɡɭɥɶɬɚɬ 
ɜɵɜɨɞɢɬɫɹ ɜ ɜɢɞɟ ɝɢɫɬɨɝɪɚɦɦ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɯ 
ɫɬɚɬɢɫɬɢɤɭ ɩɨɥɭɱɟɧɧɵɯ ɡɧɚɱɟɧɢɣ ɫɥɭɱɚɣɧɨɣ 
ɜɟɥɢɱɢɧɵ ɢ ɟё ɡɚɤɨɧ ɪɚɫɩɪɟɞɟɥɟɧɢɹ. 

ɐɟɥɶ ɢɫɫɥɟɞɨɜɚɧɢɣ, ɩɪɨɜɨɞɢɦɵɯ ɧɚ ɞɚɧɧɨɣ 
ɦɨɞɟɥɢ, – ɩɨɥɭɱɢɬɶ ɡɚɤɨɧɵ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɞɥɹ 
ɡɚɞɚɧɧɵɯ ɡɧɚɱɟɧɢɣ n ɢ ɧɚɣɬɢ ɩɪɢɛɥɢɠɟɧɢɟ 
ɬɟɨɪɟɬɢɱɟɫɤɨɣ ɮɭɧɤɰɢɢ ɪɚɫɩɪɟɞɟɥɟɧɢɹ, 
ɩɨɫɬɪɨɟɧɧɨɟ ɫ ɩɨɦɨɳɶɸ ɜɵɛɨɪɤɢ ɢɡ ɧɟɝɨ. 
Ʉɨɥɢɱɟɫɬɜɨ ɨɩɵɬɨɜ ɩɪɢɧɹɬɨ N=100000, ɢ ɷɬɨ 
ɡɧɚɱɟɧɢɟ ɢɫɩɨɥɶɡɨɜɚɧɨ ɞɥɹ ɜɫɟɯ ɷɤɫɩɟɪɢɦɟɧɬɨɜ 
ɧɚ ɞɚɧɧɨɣ ɦɨɞɟɥɢ. 

Ⱦɥɹ ɧɚɯɨɠɞɟɧɢɹ ɜɵɪɚɠɟɧɢɹ, ɨɩɢɫɵɜɚɸɳɟɝɨ 
ɷɦɩɢɪɢɱɟɫɤɢɟ ɞɚɧɧɵɟ, ɛɵɥɨ ɩɪɢɧɹɬɨ ɪɟɲɟɧɢɟ 

ɢɫɩɨɥɶɡɨɜɚɬɶ ɢɧɬɟɪɩɨɥɹɰɢɨɧɧɵɟ ɩɨɥɢɧɨɦɵ, ɢ 
ɩɪɨɢɡɜɨɞɢɬɶ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɜɵɱɢɫɥɟɧɢɹ ɜ 
ɩɪɨɝɪɚɦɦɧɨɣ ɫɪɟɞɟ MATLAB

®
. 

Ɋɟɡɭɥɶɬɚɬɵ ɜɵɱɢɫɥɢɬɟɥɶɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɨɜ 
ȼ ɯɨɞɟ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɩɨɥɭɱɟɧɵ ɡɚɤɨɧɵ 

ɫɨɜɦɟɫɬɧɨɝɨ ɪɚɫɩɪɟɞɟɥɟɧɢɹ n ɫɥɭɱɚɣɧɵɯ ɜɟɥɢɱɢɧ 
ɞɥɹ n≤5. ɇɚ ɪɢɫ. 2, a,ɛ,ɜ,ɝ ɩɪɟɞɫɬɚɜɥɟɧɵ 
ɪɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɜ ɜɢɞɟ ɝɢɫɬɨɝɪɚɦɦ ɩɪɢ 
n=2, 3, 4, 5 ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. 

ɋɨɩɨɫɬɚɜɥɟɧɢɟ ɝɢɫɬɨɝɪɚɦɦ ɩɨɤɚɡɵɜɚɟɬ 
ɫɭɳɟɫɬɜɟɧɧɨɟ ɪɚɡɥɢɱɢɟ ɡɚɤɨɧɨɜ ɪɚɫɩɪɟɞɟɥɟɧɢɹ 
ɫɥɭɱɚɣɧɨɣ ɜɟɥɢɱɢɧɵ θn  ɞɥɹ ɪɚɡɥɢɱɧɵɯ ɡɧɚɱɟɧɢɣ 

n. ɉɪɢ ɷɬɨɦ ɨɱɟɜɢɞɧɨ, ɱɬɨ ɭɠɟ ɩɪɢ n=5

ɧɚɛɥɸɞɚɟɬɫɹ ɧɨɪɦɚɥɢɡɚɰɢɹ ɡɚɤɨɧɚ ɪɚɫɩɪɟɞɟɥɟɧɢɹ 
ɫɥɭɱɚɣɧɨɣ ɜɟɥɢɱɢɧɵ θn . 

Ɋɢɫ. 2. Ƚɢɫɬɨɝɪɚɦɦɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ 

Fig. 2. Histograms of the experimental data 

Ⱦɥɹ ɭɞɨɛɫɬɜɚ ɚɧɚɥɢɡɚ, ɧɚ ɪɢɫ. 3 ɪɟɡɭɥɶɬɚɬɵ 
ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɜɢɞɟ ɧɨɪɦɢɪɨɜɚɧɧɵɯ ɝɪɚɮɢɤɨɜ 
ɮɭɧɤɰɢɢ ɫɬɚɬɢɫɬɢɤɢ (ɨɝɢɛɚɸɳɢɯ ɝɢɫɬɨɝɪɚɦɦɵ).  

ɉɨ ɩɨɥɭɱɟɧɧɵɦ ɝɪɚɮɢɤɚɦ ɦɨɠɧɨ ɧɚɛɥɸɞɚɬɶ 
ɜɵɩɨɥɧɟɧɢɟ ɡɚɤɨɧɚ ɛɨɥɶɲɢɯ ɱɢɫɟɥ, ɤɨɝɞɚ 
ɫɨɜɦɟɫɬɧɨɟ ɞɟɣɫɬɜɢɟ ɛɨɥɶɲɨɝɨ ɱɢɫɥɚ ɨɞɢɧɚɤɨɜɵɯ 
ɢ ɧɟɡɚɜɢɫɢɦɵɯ ɫɥɭɱɚɣɧɵɯ ɮɚɤɬɨɪɨɜ ɩɪɢɜɨɞɢɬ ɤ 
ɪɟɡɭɥɶɬɚɬɭ, ɜ ɩɪɟɞɟɥɟ ɧɟ ɡɚɜɢɫɹɳɟɦɭ ɨɬ ɫɥɭɱɚɹ. 

ɉɨɥɭɱɟɧɧɨɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɫ ɭɜɟɥɢɱɟɧɢɟɦ n 

ɫɬɪɟɦɢɬɫɹ ɤ ɧɨɪɦɚɥɶɧɨɦɭ (ɝɚɭɫɫɨɜɨɦɭ) ɡɚɤɨɧɭ 
ɪɚɫɩɪɟɞɟɥɟɧɢɹ, ɱɬɨ ɹɜɥɹɟɬɫɹ ɢɥɥɸɫɬɪɚɰɢɟɣ 
ɰɟɧɬɪɚɥɶɧɨɣ ɩɪɟɞɟɥɶɧɨɣ ɬɟɨɪɟɦɵ ɞɥɹ ɨɞɢɧɚɤɨɜɨ 
ɪɚɫɩɪɟɞɟɥɟɧɧɵɯ ɫɥɚɝɚɟɦɵɯ Д1Ж. ȼ ɞɚɧɧɨɦ ɫɥɭɱɚɟ 

ɩɪɢ n=5 ɫɨɜɦɟɫɬɧɨɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɫɥɭɱɚɣɧɵɯ 
ɜɟɥɢɱɢɧ ɭɠɟ ɦɨɠɧɨ ɫɱɢɬɚɬɶ ɛɥɢɡɤɢɦ ɤ 
ɧɨɪɦɚɥɶɧɨɦɭ.  
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Ɋɢɫ. 3. ɇɨɪɦɢɪɨɜɚɧɧɵɟ ɝɪɚɮɢɤɢ ɨɝɢɛɚɸɳɢɯ ɝɢɫɬɨɝɪɚɦɦ 

Fig. 3. Normalized graphs of envelope histograms

ɋɬɚɬɢɫɬɢɱɟɫɤɢɟ ɞɚɧɧɵɟ, ɩɨɥɭɱɟɧɧɵɟ ɜ ɯɨɞɟ 
ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɢ ɩɪɨɢɥɥɸɫɬɪɢɪɨɜɚɧɧɵɟ ɜ ɜɢɞɟ 
ɝɪɚɮɢɤɨɜ ɧɚ ɪɢɫ. 3, ɩɪɟɞɫɬɚɜɥɹɸɬ ɫɨɛɨɣ 
ɨɩɪɟɞɟɥɟɧɧɵɟ ɦɚɬɟɦɚɬɢɱɟɫɤɢɟ ɡɚɜɢɫɢɦɨɫɬɢ, 
ɤɨɬɨɪɵɟ ɭɞɨɛɧɟɟ ɨɩɢɫɚɬɶ ɜ ɮɨɪɦɟ ɚɧɚɥɢɬɢɱɟɫɤɢ 
ɡɚɞɚɧɧɵɯ ɮɭɧɤɰɢɣ. Ⱦɥɹ ɷɬɨɝɨ ɧɟɨɛɯɨɞɢɦɨ 
ɩɪɨɢɡɜɟɫɬɢ ɢɧɬɟɪɩɨɥɹɰɢɸ ɢ ɨɩɪɟɞɟɥɢɬɶ 
ɭɪɚɜɧɟɧɢɟ ɪɟɝɪɟɫɫɢɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ 
[3]. 

Ⱦɥɹ ɞɚɧɧɨɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ ɨɩɬɢɦɚɥɶɧɨɣ 
ɛɭɞɟɬ ɹɜɥɹɬɶɫɹ ɢɧɬɟɪɩɨɥɹɰɢɹ, ɩɪɢɛɥɢɠɟɧɧɚɹ ɜ 
ɭɡɥɚɯ, ɩɨɡɜɨɥɹɸɳɚɹ ɫɝɥɚɞɢɬɶ ɧɟɬɨɱɧɨɫɬɢ ɢ 
ɨɬɤɥɨɧɟɧɢɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ, 
ɨɛɭɫɥɨɜɥɟɧɧɵɟ ɨɝɪɚɧɢɱɟɧɢɹɦɢ, ɧɟɢɡɛɟɠɧɵɦɢ 
ɩɪɢ ɤɨɦɩɶɸɬɟɪɧɨɦ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɩɨɜɟɞɟɧɢɹ 
ɫɥɭɱɚɣɧɵɯ ɜɟɥɢɱɢɧ Д5Ж. Ɍɚɤ, ɨɝɢɛɚɸɳɢɟ 
ɝɢɫɬɨɝɪɚɦɦɵ, ɨɩɢɫɵɜɚɸɳɢɟ ɡɚɤɨɧɵ 
ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɢɫɫɥɟɞɭɟɦɵɯ ɫɥɭɱɚɣɧɵɯ ɜɟɥɢɱɢɧ, 
ɧɟ ɹɜɥɹɸɬɫɹ ɝɥɚɞɤɢɦɢ; ɨɝɪɚɧɢɱɟɧɢɟ ɤɨɥɢɱɟɫɬɜɚ 
ɨɩɵɬɨɜ ɤɨɧɟɱɧɵɦ ɱɢɫɥɨɦ ɬɚɤɠɟ ɧɟ ɩɨɡɜɨɥɹɟɬ 
ɩɨɥɭɱɢɬɶ ɢɞɟɚɥɶɧɵɟ ɮɭɧɤɰɢɢ. 

Ɉɛɪɚɛɨɬɤɚ ɫɬɚɬɢɫɬɢɱɟɫɤɢɯ ɞɚɧɧɵɯ 
ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɨɫɭɳɟɫɬɜɥɹɥɚɫɶ ɫ ɩɨɦɨɳɶɸ 
ɮɭɧɤɰɢɢ MATLAB pШХвПТЭ(), ɤɨɬɨɪɚɹ ɜɵɩɨɥɧɹɟɬ 

ɚɩɩɪɨɤɫɢɦɚɰɢɸ ɩɨɥɢɧɨɦɚɦɢ. ȼ ɤɚɱɟɫɬɜɟ ɩɪɢɦɟɪɚ 
ɧɚ ɪɢɫ. 4 ɢɡɨɛɪɚɠɟɧ ɝɪɚɮɢɤ ɢɧɬɟɪɩɨɥɢɪɭɸɳɟɣ 
ɮɭɧɤɰɢɢ, ɩɪɟɞɫɬɚɜɥɹɸɳɟɣ ɫɨɛɨɣ ɩɨɥɢɧɨɦ 
ɲɟɫɬɨɣ ɫɬɟɩɟɧɢ. Ɂɚɞɚɱɚ ɢɧɬɟɪɩɨɥɹɰɢɢ ɜ ɞɚɧɧɨɦ 
ɫɥɭɱɚɟ ɫɜɨɞɢɬɫɹ ɤ ɩɨɢɫɤɭ ɤɨɷɮɮɢɰɢɟɧɬɨɜ 
ɩɨɥɢɧɨɦɚ ɫ ɩɨɦɨɳɶɸ ɜɫɬɪɨɟɧɧɨɣ ɮɭɧɤɰɢɢ 
polyfit(). 

Ɋɢɫ. 4. Ɏɭɧɤɰɢɹ ɢɧɬɟɪɩɨɥɹɰɢɢ 

Fig. 4. Interpolation function 
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Ⱦɚɧɧɚɹ ɢɧɬɟɪɩɨɥɹɰɢɹ ɩɪɨɜɨɞɢɥɚɫɶ ɞɥɹ 
ɮɭɧɤɰɢɢ ɩɥɨɬɧɨɫɬɢ ɜɟɪɨɹɬɧɨɫɬɢ ɩɪɢ n=5. ɇɢɠɟ 
ɩɪɢɜɟɞɟɧɨ ɜɵɪɚɠɟɧɢɟ ɮɭɧɤɰɢɢ ɢɧɬɟɪɩɨɥɹɰɢɢ ɧɚ 
ɪɢɫ. 4 ɜ ɜɢɞɟ ɮɨɪɦɭɥɵ (2). 

 456 0085,000002,00002,0)( xxxxf  

998,00004,0155,00002,0 23  xxx        (2) 

Ⱦɥɹ ɨɰɟɧɤɢ ɬɨɱɧɨɫɬɢ ɢɧɬɟɪɩɨɥɹɰɢɢ ɦɨɠɧɨ 
ɩɪɨɢɡɜɟɫɬɢ ɪɚɫɱɟɬ ɫɪɟɞɧɟɤɜɚɞɪɚɬɢɱɟɫɤɚɹ 
ɩɨɝɪɟɲɧɨɫɬɢ ɩɨ ɮɨɪɦɭɥɟ (3). 
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ɝɞɟ s(t) — ɢɫɯɨɞɧɚɹ ɮɭɧɤɰɢɹ; 
( )s t — ɡɧɚɱɟɧɢɹ ɚɩɩɪɨɤɫɢɦɢɪɨɜɚɧɧɨɣ 

ɮɭɧɤɰɢɢ, ɜɡɹɬɵɟ ɨɬ ɚɪɝɭɦɟɧɬɨɜ ɢɫɯɨɞɧɨɣ. 

Ⱦɥɹ n=5 ɫɪɟɞɧɟɤɜɚɞɪɚɬɢɱɟɫɤɚɹ ɩɨɝɪɟɲɧɨɫɬɶ 
ɢɧɬɟɪɩɨɥɹɰɢɢ ɪɚɜɧɚ 0,024. 

ɇɚ ɪɢɫ. 5 ɩɪɢɜɟɞɟɧɵ ɚɧɚɥɨɝɢɱɧɵɟ 
ɚɩɩɪɨɤɫɢɦɚɰɢɢ ɞɥɹ n=3,4. 

Ɋɢɫ. 5. ɂɧɬɟɪɩɨɥɹɰɢɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ 

Fig. 5. Interpolation of the experimental data

ȼ (4) ɢ (5) ɩɪɢɜɟɞɟɧɵ ɜɵɪɚɠɟɧɢɹ 
ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɮɭɧɤɰɢɣ ɢɧɬɟɪɩɨɥɹɰɢɢ. 

 3456 0032,003,000005,00013,0)( xxxxxf

037,1009,028,0 2  xx   (4) 

 3456 0003,0014,000002,00037,0)( xxxxxf

9314,0001,019,0 2  xx   (5) 

ɉɪɢ n=3 ɫɪɟɞɧɟɤɜɚɞɪɚɬɢɱɟɫɤɚɹ ɩɨɝɪɟɲɧɨɫɬɶ 
ɢɧɬɟɪɩɨɥɹɰɢɢ ɫɨɫɬɚɜɢɥɚ 0,0821; ɩɪɢ n=4 – 0,0324. 

Ⱦɥɹ n=2 ɩɨɞɨɛɪɚɬɶ ɩɪɨɫɬɭɸ 
ɚɩɩɪɨɤɫɢɦɢɪɭɸɳɭɸ ɮɭɧɤɰɢɸ ɧɟ ɭɞɚɥɨɫɶ. 
Ɉɞɧɚɤɨ ɜɵɱɢɫɥɟɧɢɟ ɞɜɭɦɟɪɧɨɣ ɩɥɨɬɧɨɫɬɢ 
ɜɟɪɨɹɬɧɨɫɬɢ ɧɟ ɬɪɟɛɭɟɬ ɩɨɢɫɤɚ 
ɚɩɩɪɨɤɫɢɦɢɪɭɸɳɟɝɨ ɜɵɪɚɠɟɧɢɹ, ɬɚɤ ɤɚɤ ɞɥɹ ɧɟɝɨ 
ɫɭɳɟɫɬɜɭɟɬ ɬɨɱɧɨɟ ɜɵɪɚɠɟɧɢɟ, ɨɩɪɟɞɟɥɹɟɦɨɟ 
ɮɨɪɦɭɥɨɣ (1).  

Зɚɤɥɸɱɟɧɢɟ 
ȼ ɪɟɡɭɥɶɬɚɬɟ ɩɪɨɜɟɞɟɧɢɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɛɵɥɢ 

ɩɨɥɭɱɟɧɵ ɚɩɩɪɨɤɫɢɦɢɪɭɸɳɢɟ ɮɨɪɦɭɥɵ ɞɥɹ n-

ɦɟɪɧɨɣ ɩɥɨɬɧɨɫɬɢ ɜɟɪɨɹɬɧɨɫɬɢ ɤɨɫɢɧɭɫɚ ɪɚɡɧɨɫɬɢ 

ɮɚɡ ɞɥɹ n≤5. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɞɥɹ ɡɧɚɱɟɧɢɣ n>5 

ɩɥɨɬɧɨɫɬɶ ɜɟɪɨɹɬɧɨɫɬɟɣ ɦɨɠɟɬ ɛɵɬɶ 
ɚɩɩɪɨɤɫɢɦɢɪɨɜɚɧɚ ɧɨɪɦɚɥɶɧɵɦ ɡɚɤɨɧɨɦ 
ɪɚɫɩɪɟɞɟɥɟɧɢɹ. Ɋɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɣ ɦɨɝɭɬ 
ɛɵɬɶ ɢɫɩɨɥɶɡɨɜɚɧɵ ɩɪɢ ɩɪɨɜɟɞɟɧɢɢ 
ɫɬɚɬɢɫɬɢɱɟɫɤɢɯ ɪɚɫɱёɬɨɜ ɞɥɹ ɨɰɟɧɤɢ 
ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɦɟɬɨɞɨɜ ɩɪɢɟɦɚ ɢ ɨɛɪɚɛɨɬɤɢ 
ɫɢɝɧɚɥɨɜ ɫɨ ɫɥɭɱɚɣɧɵɦɢ ɩɚɪɚɦɟɬɪɚɦɢ. 
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