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ʆʊ  ʈɽɼɸʂʊʆʈɸ 
 

ʋʚʘʞʘʝʤʳʝ ʯʠʪʘʪʝʣʠ ! 

ʇʨʝʜʩʪʘʚʣʷʝʤ ɺʘʤ ʦʯʝʨʝʜʥʦʡ ʥʦʤʝʨ ʩʝʨʠʠ ñʀʥʬʦʨʤʘʮʠʦʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠ, 

ʵʣʝʢʪʨʦʥʠʢʘ, ʨʘʜʠʦʪʝʭʥʠʢʘò ɺʝʩʪʥʠʢʘ ʅʘʮʠʦʥʘʣʴʥʦʛʦ ʧʦʣʠʪʝʭʥʠʯʝʩʢʦʛʦ 

ʫʥʠʚʝʨʩʠʪʝʪʘ ɸʨʤʝʥʠʠ. 

ɺ ʨʘʟʜʝʣʝ ñʀʥʬʦʨʤʘʮʠʦʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠò ʪʝʢʫʱʝʛʦ ʥʦʤʝʨʘ ʨʘʩʩʤʘʪʨʠ-

ʚʘʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʚʦʧʨʦʩʳ: 

 ʧʨʝʜʣʦʞʝʥ ʩʧʝʢʪʨʘʣʴʥʳʡ ʤʝʪʦʜ ʨʝʰʝʥʠʷ ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ 

ʦʙʦʙʱʝʥʥʳʭ ʢʚʘʜʨʘʪʥʳʭ ʤʘʪʨʠʯʥʳʭ ʫʨʘʚʥʝʥʠʡ ʩ ʢʚʘʜʨʘʪʥʳʤʠ 

ʤʘʪʨʠʮʘʤʠ-ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʧʨʝʦʙ-

ʨʘʟʦʚʘʥʠʷʭ ʇʫʭʦʚʘ. ʕʪʠ ʤʘʪʨʠʯʥʳʝ ʫʨʘʚʥʝʥʠʷ ʧʦʨʦʞʜʘʶʪ ʤʥʦʛʦʯʠʩ-

ʣʝʥʥʳʝ ʚʘʞʥʳʝ ʤʘʪʨʠʯʥʳʝ ʫʨʘʚʥʝʥʠʷ ʯʘʩʪʥʳʭ ʢʣʘʩʩʦʚ, ʢʘʢʠʤʠ 

ʷʚʣʷʶʪʩʷ: ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʠʝ ʢʚʘʜʨʘʪʥʳʝ, ʚʠʜʦʠʟʤʝʥʝʥʥʳʝ 

ʢʚʘʜʨʘʪʥʳʝ, ʥʝʧʨʝʨʳʚʥʳʝ ʪʠʧʘ ʉʠʣʴʚʝʩʪʨʘ ʠ ʃʷʧʫʥʦʚʘ, ʧʨʠʚʝʜʝʥʥʳʝ 

ʦʙʦʙʱʝʥʥʳʝ ʢʚʘʜʨʘʪʥʳʝ, ʪʠʧʘ ʈʠʢʢʘʪʠ ʠ ʜʨʫʛʠʝ ʤʘʪʨʠʯʥʳʝ ʫʨʘʚʥʝʥʠʷ. 

ʇʦʣʫʯʝʥʳ ʫʩʣʦʚʠʷ ʨʘʟʨʝʰʠʤʦʩʪʠ ʟʘʜʘʯʠ; 

 ʧʨʠʤʝʥʝʥʠʝʤ ʢʫʙʠʯʝʩʢʠʭ ʩʧʣʘʡʥʦʚ ʨʘʩʩʤʦʪʨʝʥʘ ʟʘʜʘʯʘ ʩʛʣʘʞʠʚʘʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʨʠ ʩʤʝʰʘʥʥʳʭ ʢʨʘʝʚʳʭ ʫʩʣʦʚʠʷʭ ʥʘ ʦʩʥʦʚʝ 

ʤʝʪʦʜʘ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ; 

 ʚ ʫʩʣʦʚʠʷʭ ʩʣʦʞʥʦʛʦ ʠ ʩʪʦʭʘʩʪʠʯʝʩʢʦʛʦ ʭʘʨʘʢʪʝʨʘ ʢʠʙʝʨʫʛʨʦʟ, ʘ ʪʘʢʞʝ 

ʙʦʣʴʰʠʭ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʝʡ ʚ ʢʠʙʝʨʩʨʝʜʘʭ ʢʠʙʝʨʫʛʨʦʟʳ ʙʳʣʠ 

ʧʨʦʤʦʜʝʣʠʨʦʚʘʥʳ ʩ ʧʦʤʦʱʴʶ ʙʨʦʫʥʦʚʩʢʠʭ ʜʚʠʞʝʥʠʡ. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʪʘʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʵʬʬʝʢʪʠʚʥʦ ʚʳʷʚʣʷʝʪ ʜʠʥʘʤʠʯʝʩʢʫʶ ʩʫʱʥʦʩʪʴ 

ʢʠʙʝʨʫʛʨʦʟ;

 ʧʨʝʜʩʪʘʚʣʝʥ ʤʝʪʦʜ ʧʦʣʫʯʝʥʠʷ 3D ʤʦʜʝʣʝʡ ʦʙʲʝʢʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʜʚʫʭ ʢʘʤʝʨ, ʢʦʪʦʨʳʡ ʦʩʥʦʚʘʥ ʥʘ ʩʪʝʨʝʦʟʨʝʥʠʠ; 

 ʧʨʝʜʣʦʞʝʥ ʘʣʛʦʨʠʪʤ ʟʘʚʝʨʰʝʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ 

ʵʢʟʝʤʧʣʷʨʘʭ ʩ ʠʟʤʝʥʝʥʥʦʡ ʬʫʥʢʮʠʝʡ ʜʦʚʝʨʠʷ. ʂʘʢ ʧʦʢʘʟʳʚʘʶʪ 

ʵʢʩʧʝʨʠʤʝʥʪʳ, ʜʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʜʘʝʪ ʣʫʯʰʠʡ 

ʨʝʟʫʣʴʪʘʪ.

ʈʘʟʜʝʣ ñʕʣʝʢʪʨʦʥʠʢʘò ʧʦʩʚʷʱʝʥ ʩʣʝʜʫʶʱʠʤ ʧʨʦʙʣʝʤʘʤ: 

 ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʜʠʥʘʤʠʯʝʩʢʠʝ ʠ ʩʪʘʪʠʯʝʩʢʠʝ ʩʦʩʪʘʚʣʷʶʱʠʝ 

ʤʦʱʥʦʩʪʠ ʧʦʪʨʝʙʣʝʥʠʷ ʟʘʧʦʤʠʥʘʶʱʠʭ ʷʯʝʝʢ ʩʪʘʪʠʯʝʩʢʠʭ ʦʧʝʨʘʪʠʚʥʳʭ 

ʟʘʧʦʤʠʥʘʶʱʠʭ ʫʩʪʨʦʡʩʪʚ, ʧʦʣʫʯʝʥ  r ʩʦʦʪʥʦʰʝʥʠʷ ʠʭ ʦʧʨʝʜʝʣʝʥʠʷ. 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʧʨʠʥʮʠʧʳ ʠ ʦʩʦʙʝʥʥʦʩʪʠ ʨʘʙʦʪʳ ʟʘʧʦʤʠʥʘʶʱʠʭ ʷʯʝʝʢ; 

 ʨʘʩʩʤʦʪʨʝʥ ʤʘʛʥʠʪʦʤʦʜʫʣʷʮʠʦʥʥʳʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ, ʢʦʪʦʨʳʡ 

ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ ʙʝʩʢʦʥʪʘʢʪʥʦʛʦ ʠʟʤʝʨʝʥʠʷ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ. ʎʝʣʴʶ 
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ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʪʝʭʥʦʣʦʛʠʯʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ 

ʠʥʪʝʛʨʠʨʫʶʱʝʛʦ ʢʦʥʪʫʨʘ; 

 ʨʘʟʨʘʙʦʪʘʥ ʜʘʪʯʠʢ ʙʝʩʢʦʥʪʘʢʪʥʦʛʦ ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʤʦʩʪʠ 

ʵʣʝʢʪʨʦʣʠʪʦʚ ʩ Pt-ʰʪʳʨʝʚʳʤʠ ʵʣʝʢʪʨʦʜʘʤʠ ʜʣʷ ʢʦʥʬʠʛʫʨʘʮʠʠ ʠʟ ʜʚʫʭ 

ʵʣʝʢʪʨʦʜʦʚ. ɺ ʢʘʯʝʩʪʚʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʣʦʷ, ʧʦʢʨʳʚʘʶʱʝʛʦ 

ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʵʣʝʢʪʨʦʜʳ, ʠʩʧʦʣʴʟʦʚʘʥʳ (Ba,Sr)TiO3 ʧʝʨʦʚʩʢʠʪ-

ʦʢʩʠʜʥʳʝ ʥʘʥʦʧʣʝʥʢʠ. 

ʈʘʟʜʝʣ ñʈʘʜʠʦʪʝʭʥʠʢʘò ʦʭʚʘʪʳʚʘʝʪ ʩʣʝʜʫʶʱʠʝ ʚʦʧʨʦʩʳ: 

 ʧʨʝʜʣʘʛʘʝʪʩʷ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʩʧʣʦʰʥʳʝ ʩʪʘʙʠʣʠʟʠʨʫʶʱʠʝ ʧʣʝʥʢʠ ʦʢʩʠʜʘ ʮʠʥʢʘ, ʣʝʛʠʨʦʚʘʥʥʳʝ 

ʘʣʶʤʠʥʠʝʤ. ʄʝʪʦʜʘʤʠ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠ ʦʧʪʠʯʝʩʢʦʛʦ 

ʧʨʦʧʫʩʢʘʥʠʷ ʠʩʩʣʝʜʦʚʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʩʪʨʫʢʪʫʨʥʳʭ, ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ ʠ 

ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʵʪʠʭ ʧʣʝʥʦʢ ʦʪ ʫʩʣʦʚʠʡ ʦʩʘʞʜʝʥʠʷ; 

 ʦʩʦʙʦʛʦ ʚʥʠʤʘʥʠʷ ʫʜʦʩʪʦʝʥʳ ʚʦʧʨʦʩʳ ʚʳʙʦʨʘ ʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ, 

ʤʦʜʫʣʷʮʠʠ, ʧʦʤʝʭʦʫʩʪʦʡʯʠʚʦʛʦ ʢʦʜʠʨʦʚʘʥʠʷ ʜʘʥʥʳʭ, ʫʚʝʣʠʯʝʥʠʷ 

ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʩʝʪʠ ʠ ʧʦʚʳʰʝʥʠʷ ʧʦʤʝʭʦʫʩʪʦʡʯʠʚʦʩʪʠ 

ʩʠʛʥʘʣʘ, ʘ ʪʘʢʞʝ ʠʩʩʣʝʜʦʚʘʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʨʘʜʠʦʚʦʣʥ 

ʛʠʛʘʛʝʨʮʦʚʦʡ ʦʙʣʘʩʪʠ ʚ ʛʦʨʦʜʩʢʠʭ ʫʩʣʦʚʠʷʭ; 

 ʜʣʷ ʘʥʘʣʠʟʘ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʩʚʝʨʭʚʳʩʦʢʠʭ ʯʘʩʪʦʪ 

ʧʨʝʜʣʦʞʝʥ ʛʨʘʬʦʘʥʘʣʠʪʠʯʝʩʢʠʡ ʤʝʪʦʜ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥ 

ʜʣʷ ʣʶʙʦʛʦ ʥʝʣʠʥʝʡʥʦʛʦ ʘʢʪʠʚʥʦʛʦ ʵʣʝʤʝʥʪʘ, ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʪʦʨʦʛʦ 

ʤʦʛʫʪ ʙʳʪʴ ʟʘʜʘʥʳ ʧʨʦʠʟʚʦʣʴʥʦ; 

 ʠʟʫʯʝʥʳ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʙʝʩʢʦʥʪʘʢʪʥʦʡ ʦʧʪʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩ 
ʮʝʣʴʶ ʫʜʘʣʝʥʥʦʡ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʚʝʱʝʩʪʚ ʚ 

ʦʧʪʠʯʝʩʢʦʡ ʧʨʦʟʨʘʯʥʦʡ ʩʨʝʜʝ. ʈʘʟʨʘʙʦʪʘʥʘ ʥʦʚʘʷ ʤʦʜʝʣʴ ʧʦʨʪʘʪʠʚʥʦʛʦ 

ʬʦʪʦʜʘʪʯʠʢʘ ʩ ʚʝʨʪʠʢʘʣʴʥʦ ʨʘʟʤʝʱʝʥʥʦʡ ʢʨʝʤʥʠʝʚʦʡ ʩʪʨʫʢʪʫʨʦʡ ʩ 

ʜʚʦʡʥʳʤʠ ʙʘʨʴʝʨʘʤʠ; 

 ʠʩʩʣʝʜʦʚʘʥʘ ʨʘʙʦʪʘ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʄʘʭʘ-ʎʝʥʜʝʨʘ, ʚʳʧʦʣʥʝʥʥʦʛʦ ʥʘ 

ʦʩʥʦʚʝ ʢʚʘʜʨʘʪʥʦʛʦ ʤʝʪʘʣʣʦʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʚʦʣʥʦʚʦʜʘ, ʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʙʣʘʛʦʜʘʨʷ ʦʙʝʩʧʝʯʝʥʠʶ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʦʛʦ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʰʫʤʘ ʨʘʜʠʦʧʨʠʝʤʥʠʢʘ ʪʘʢʦʡ ʧʦʜʭʦʜ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʝʥ ʚ ʪʝʨʘʛʝʨ-

ʮʦʚʦʤ ʜʠʘʧʘʟʦʥʝ. 

ʈʝʜʘʢʮʠʦʥʥʘʷ ʢʦʣʣʝʛʠʷ ʞʜʝʪ ʥʦʚʳʭ ʮʝʥʥʳʭ ʥʘʫʯʥʳʭ ʨʘʙʦʪ, ʥʘʧʨʘʚʣʝʥʥʳʭ 

ʥʘ ʝʱʝ ʙʦ´ʣɹ ʰʝʝ ʫʚʝʣʠʯʝʥʠʝ ʠʤʧʘʢʪ-ʬʘʢʪʦʨʘ ʞʫʨʥʘʣʘ. 

 

ɻʣʘʚʥʳʡ ʨʝʜʘʢʪʦʨ ʞʫʨʥʘʣʘ 

 ʧʨʦʬ. ʉ.ʆ. ʉʠʤʦʥʷʥ 
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EDITOR IAL  

 
Dear readers, 

We would like to introduce the next number of the Series ñInformation 

Technologies, Electronics and Radio Engineeringò of the NPUA Proceedings. 

In the section ñInformation Technologiesò of the current issue the following 

problems are considered: 

 A spectral method for solving one-parametric generalized quadratic matrix 

equations with quadratic matrices-coefficients based on Pukhovôs differential 

transformations is proposed. These matrix equations generate numerous 

important matrix equations of private classes such as one-parametric quadratic 

matrix equations, modified quadratic matrix equations, continuous Sylvester- 

and Lyapunov-type one-parametric matrix equations, reduced Riccati-type 

generalized quadratic matrix equations, etc. The conditions of the problem 

solvability are obtained; 

 The problem of smoothing the experimental data by the least squares method, 

using cubic splines with a mixed type marginal conditions is considered; 

 Given the complex and stochastic nature of cybersecurity threats and the high 

level of uncertainty in cyber environment, cybersecurity threats are modeled 

as stochastic processes under ambiguity, using the Brownian motion which 

effectively reveals the dynamic nature of cybersecurity threats at essential 

ambiguity; 

 A method for obtaining a 3D model of the object with two cameras based on 

sterevision is introduced; 

 An algorithm for the image completion based on the examples with a changed 

confidence function is proposed. As experiments show, the given algorithm is 

very efficient in most cases. 

 The section ñElectronicsò deals with the following problems: 

 The dynamic and static power components of the consumed power of memory 

cells are analyzed, as well as expressions for their determination are 

introduced. The principles and peculiarities of the memory cell operation is 

presented; 

 A magnetomodulated transducer (MMT) designed for direct current 

contactless measurement is considered. The goal of the study is to create the 

technological design of the integrating circuit; 

 A contactless electrolyte conductivity (EC) sensor with Pt interdigitated 

electrodes for the two-electrode configuration is developed and examined. As 
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a covering insulating material on Pt-metallic electrodes in the EC sensor, 

(Ba,Sr)TiO3 nano-films were used; 

The section ñRadio Engineeringò includes the following issues: 

 It is proposed to use continuous stabilizing films of zinc oxide doped with 

aluminium in the production of solar cells. The dependence of structural, 

morphological and optical properties of these films on the deposition 

conditions is investigated, using atomic-force microscopy and optical 

absorption measurements; 

 The frequency range selection, the signal modulation type selection, the error-

correcting coding of the data, the methods to increase the data rate and the 

improvement of the signal noise immunity are considered. Taking into 

account the features of urban development, the GHz range radio wave 

propagation in an urban environment is studied; 

 A graphoanalytical method for analyzing the parametric converters of UHF is 

proposed which can be applied for any non-linear active element whose 

characteristics can be given arbitrarily; 

 New possibilities of contactless optical spectroscopy for the purpose of remote 

identification and quantitative analysis of substances in the optically 

transparent environment are studied. A new model of portable photosensor 

based on double-barrier, vertically placed silicon structure has been 

developed; 

 The operation of the Mach ï Zehnder interferometer perfomed on the basis of 

a rectangular metal dielectric waveguide is studied. It is shown that unlike 

conventional balanced circuits, the efficiency of which depends upon the 

identity of the two mixer diodes, in this case, the high degree of local 

oscillators noise suppression is achieved at using only one mixer diode, 

whereby the noise factor of a radio receiver has a relatively low value. 

 

The editorial board expects new scientific works aimed at increasing the impact 

factor of the journal. 

 

 

Editor-in-chief of the Series 

Prof. S.H. Simonyan 
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ɺʝʩʪʥʠʢ ʅʇʋɸ. ñʀʥʬʦʨʤʘʮʠʦʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠ, ʵʣʝʢʪʨʦʥʠʢʘ, ʨʘʜʠʦʪʝʭʥʠʢʘò.  2016, ˉ2. 

 

 ʀʅʌʆʈʄɸʎʀʆʅʅʓɽ ʊɽʍʅʆʃʆɻʀʀ  
 

ʋɼʂ 621.317      
 

ʄɽʊʆɼ  ʈɽʐɽʅʀʗ ʆɼʅʆʇɸʈɸʄɽʊʈʀʏɽʉʂʀʍ ʆɹʆɹʑɽʅʅʓʍ 

ʂɺɸɼʈɸʊʅʓʍ ʄɸʊʈʀʏʅʓʍ ʋʈɸɺʅɽʅʀʁ   

ʉ.ʆ. ʉʠʤʦʥʷʥ 

ʅʘʮʠʦʥʘʣʴʥʳʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ɸʨʤʝʥʠʠ 
 

ʇʨʝʜʣʦʞʝʥ ʩʧʝʢʪʨʘʣʴʥʳʡ ʤʝʪʦʜ ʨʝʰʝʥʠʷ ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʦʙʦʙʱʝʥʥʳʭ 

ʢʚʘʜʨʘʪʥʳʭ ʤʘʪʨʠʯʥʳʭ ʫʨʘʚʥʝʥʠʡ ʩ ʢʚʘʜʨʘʪʥʳʤʠ ʤʘʪʨʠʮʘʤʠ-ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ, 

ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʩʠʤʚʦʣʠʯʝʩʢʦʤ ʘʧʧʘʨʘʪʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ɻ.ɽ. 

ʇʫʭʦʚʘ. ʈʘʩʩʤʘʪʨʠʚʘʝʤʦʝ ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʦʙʦʙʱʝʥʥʦʝ ʢʚʘʜʨʘʪʥʦʝ ʤʘʪʨʠʯʥʦʝ 

ʫʨʘʚʥʝʥʠʝ ʧʦʨʦʞʜʘʝʪ ʯʘʩʪʥʳʝ ʤʘʪʨʠʯʥʳʝ ʫʨʘʚʥʝʥʠʷ, ʪʘʢʠʝ ʢʘʢ ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ 

ʢʚʘʜʨʘʪʥʦʝ ʤʘʪʨʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ, ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʚʠʜʦʠʟʤʝʥʝʥʥʦʝ ʢʚʘʜʨʘʪʥʦʝ 

ʤʘʪʨʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ, ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʥʝʧʨʝʨʳʚʥʦʝ ʤʘʪʨʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ 

ʉʠʣʴʚʝʩʪʨʘ, ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʤʘʪʨʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ ʃʷʧʫʥʦʚʘ, ʦʜʥʦʧʘʨʘʤʝʪ-

ʨʠʯʝʩʢʦʝ ʧʨʠʚʝʜʝʥʥʦʝ ʦʙʦʙʱʝʥʥʦʝ ʢʚʘʜʨʘʪʥʦʝ ʤʘʪʨʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ, ʦʜʥʦʧʘʨʘʤʝʪ-

ʨʠʯʝʩʢʦʝ ʤʘʪʨʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ ʈʠʢʢʘʪʠ ʠ ʜʨ. ʇʦʣʫʯʝʥʘ ʩʧʝʢʪʨʘʣʴʥʘʷ ʤʦʜʝʣʴ 

ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʦʙʦʙʱʝʥʥʦʛʦ ʢʚʘʜʨʘʪʥʦʛʦ ʤʘʪʨʠʯʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʚ ʦʙʣʘʩʪʠ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ, ʧʦʟʚʦʣʷʶʱʘʷ ʦʧʨʝʜʝʣʠʪʴ ʥʘʯʘʣʴʥʳʝ ʤʘʪʨʠʯʥʳʝ 

ʜʠʩʢʨʝʪʳ ʨʝʰʝʥʠʡ ʟʘʜʘʯʠ, ʠʩʧʦʣʴʟʫʷ ʧʨʠ ʵʪʦʤ ʥʝʣʠʥʝʡʥʦʝ ʘʣʛʝʙʨʘʠʯʝʩʢʦʝ ʢʚʘʜʨʘʪʥʦʝ 

ʤʘʪʨʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ ʥʘ ʥʫʣʝʚʦʤ ʰʘʛʝ ʠʪʝʨʘʮʠʦʥʥʳʭ ʧʨʦʮʝʜʫʨ, ʘ ʪʘʢʞʝ ʦʩʪʘʣʴʥʳʝ 

ʤʘʪʨʠʯʥʳʝ ʜʠʩʢʨʝʪʳ ʨʝʰʝʥʠʡ ʟʘʜʘʯʠ, ʦʨʛʘʥʠʟʫʷ ʧʨʠ ʵʪʦʤ ʨʝʢʫʨʨʝʥʪʥʳʝ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʧʨʦʮʝʜʫʨʳ ʩ ʠʥʚʘʨʠʘʥʪʥʦʡ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʥʦʤʝʨʘʤ ʥʝʠʟʚʝʩʪʥʳʭ 

ʤʘʪʨʠʯʥʳʭ ʜʠʩʢʨʝʪ ʛʠʧʝʨʤʘʪʨʠʮʝʡ. ʈʘʩʩʤʦʪʨʝʥ ʤʦʜʝʣʴʥʳʡ ʧʨʠʤʝʨ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ, 

ʨʝʰʝʥʠʝ ʢʦʪʦʨʦʛʦ ʥʘ ʦʩʥʦʚʝ ʠʩʧʦʣɹ ʟʦʚʘʥʠʷ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʤʝʪʦʜʘ ʠ ʤʝʪʦʜʘ ʅʴʶʪʦʥʘ 

ʠʣʣʶʩʪʨʠʨʫʝʪ ʚʳʩʦʢʫʶ ʚʳʯʠʩʣʠʪʝʣʴʥʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʝʨʚʦʛʦ. ʇʦʣʫʯʝʥʳ ʫʩʣʦʚʠʷ 

ʨʘʟʨʝʰʠʤʦʩʪʠ ʟʘʜʘʯʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʦʙʦʙʱʝʥʥʦʝ ʢʚʘʜʨʘʪʥʦʝ ʤʘʪʨʠʯʥʦʝ 

ʫʨʘʚʥʝʥʠʝ, ʯʘʩʪʥʳʝ ʩʣʫʯʘʠ ï ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʢʚʘʜʨʘʪʥʦʝ ʤʘʪʨʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ, 

ʚʠʜʦʠʟʤʝʥʝʥʥʦʝ ʢʚʘʜʨʘʪʥʦʝ ʤʘʪʨʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ, ʥʝʧʨʝʨʳʚʥʦʝ ʤʘʪʨʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ 

ʉʠʣʴʚʝʩʪʨʘ, ʤʘʪʨʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ ʃʷʧʫʥʦʚʘ, ʧʨʠʚʝʜʝʥʥʦʝ ʦʙʦʙʱʝʥʥʦʝ ʢʚʘʜʨʘʪʥʦʝ 

ʤʘʪʨʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ, ʤʘʪʨʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ ʈʠʢʢʘʪʠ, ʦʧʝʨʘʮʠʦʥʥʳʡ ʤʝʪʦʜ ï 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ, ʮʝʣʦʯʠʩʣʝʥʥʳʡ ʘʨʛʫʤʝʥʪ, ʮʝʥʪʨ ʘʧʧʨʦʢʩʠʤʘʮʠʠ, 

ʤʘʩʰʪʘʙʥʘʷ ʧʦʩʪʦʷʥʥʘʷ, ʤʘʪʨʠʯʥʳʝ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʠʝ ʬʫʥʢʮʠʠ ï ʤʘʪʨʠʮʳ-ʦʨʠʛʠʥʘʣʳ 

(ʦʙʨʘʪʥʳʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ), ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ (ʧʨʷʤʳʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ), 

ʯʠʩʣʝʥʥʦ-ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʧʨʦʮʝʜʫʨʳ, ʩʦʚʨʝʤʝʥʥʳʝ ʩʨʝʜʩʪʚʘ ʠʥʬʦʨ-

ʤʘʮʠʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʤʦʜʝʣʴʥʳʡ ʧʨʠʤʝʨ, ʫʩʣʦʚʠʷ ʨʘʟʨʝʰʠʤʦʩʪʠ ʟʘʜʘʯʠ.  
 

ɺʚʝʜʝʥʠʝ. ʇʫʩʪʴ ʟʘʜʘʥʦ ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʦʙʦʙʱʝʥʥʦʝ ʢʚʘʜʨʘʪʥʦʝ 

ʤʘʪʨʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ   

]0[(t)ɸ(t)ɸX(t)X(t)(t)ɸ(t)X(t)ɸ 321
2

0 =+Ö+Ö+Ö ,                       (1) 
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=
Í 

ʛʜʝ (t)ɸ,(t)ɸ,(t)ɸ 210  ʠ (t)ɸ3 - ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʠʝ ʢʚʘʜʨʘʪʥʳʝ ʤʘʪʨʠʮʳ 

ʧʦʨʷʜʢʘ m, ʘ )(tX - ʧʦʜʣʝʞʘʱʘʷ ʦʧʨʝʜʝʣʝʥʠʶ ʥʝʠʟʚʝʩʪʥʘʷ ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʘʷ 

ʢʚʘʜʨʘʪʥʘʷ ʤʘʪʨʠʮʘ ʪʘʢʞʝ ʧʦʨʷʜʢʘ m. 
ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʝʪʦʜʘ ʅʴʶʪʦʥʘ [1] ʜʣʷ ʨʝʰʝʥʠʷ ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ 

ʦʙʦʙʱʝʥʥʦʛʦ ʢʚʘʜʨʘʪʥʦʛʦ ʤʘʪʨʠʯʥʦʛʦ ʫʨʘʚʥʝʥʠʷ (1) ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʨʘʚʠʣʘʤʠ 

ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʷ ʤʘʪʨʠʯʥʳʭ ʧʨʦʠʟʚʝʜʝʥʠʡ [2, ʩʪʨ. 435] ʥʝʪʨʫʜʥʦ ʧʦʣʫʯʠʪʴ 

ʩʣʝʜʫʶʱʫʶ ʚʳʯʠʩʣʠʪʝʣʴʥʫʶ ʩʭʝʤʫ:  

(2),)}t(A)t(A)t(X

)t(X)t(A)t(X)t(A)t(X)]t(AE)t(A)t(X(t)ɸ2{[

)]t(AE)t(A)t(X(t)ɸ2[)(t)X(P)(t)X(P(t)X(t)X

32q

q1
2
q0q2

1
0q0

1
2

1
0q0q

1
qq1q

-Ö-

-Ö-Ö-Ö++ÖÖÖ³

³++ÖÖÖ=Ö¡-=

-

---
+

ʛʜʝ P(X(t)) ï ʣʝʚʘʷ ʯʘʩʪʴ ʫʨʘʚʥʝʥʠʷ (1); E ï ʝʜʠʥʠʯʥʘʷ ʤʘʪʨʠʮʘ, ʘ q ï ʥʦʤʝʨ 

ʠʪʝʨʘʮʠʡ.  

ʄʘʪʨʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ (1), ʦʯʝʚʠʜʥʦ, ʧʦʨʦʞʜʘʝʪ ʯʘʩʪʥʳʝ, ʥʦ ʚʝʩʴʤʘ ʚʘʞʥʳʝ 

ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʠʝ ʤʘʪʨʠʯʥʳʝ ʫʨʘʚʥʝʥʠʷ, ʪʘʢʠʝ ʢʘʢ: 

¶ ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʢʚʘʜʨʘʪʥʦʝ ʤʘʪʨʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ )0)t(A( 2 = ; 

¶ ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʚʠʜʦʠʟʤʝʥʝʥʥʦʝ ʢʚʘʜʨʘʪʥʦʝ ʤʘʪʨʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ 

)0)t(A( 1 = ; 

¶ ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʥʝʧʨʝʨʳʚʥʦʝ ʤʘʪʨʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ ʉʠʣʴʚʝʩʪʨʘ 

))t(A)t(A,0)t(A( 210 = ; 

¶ ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʤʘʪʨʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ ʃʷʧʫʥʦʚʘ  

))t(A)t(A,0)t(A( T
210 ==  ʠ ʜʨ.,  

ʜʣʷ ʨʝʰʝʥʠʷ ʢʦʪʦʨʳʭ ʥʘ ʦʩʥʦʚʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʘʧʧʘʨʘʪʘ ʢʨʦʥʝʢʝʨʦʚʳʭ 

ʧʨʦʠʟʚʝʜʝʥʠʡ ʤʘʪʨʠʮ [1, 2] ʠ ʘʣʛʝʙʨʳ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ [3], ʚ 

ʯʘʩʪʥʦʩʪʠ, ʚ ʨʘʙʦʪʘʭ [4-8] ʙʳʣʠ ʧʨʝʜʣʦʞʝʥʳ ʯʠʩʣʝʥʥʦ-ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ, 

ʣʝʛʢʦ ʨʝʘʣʠʟʫʝʤʳʝ ʩʨʝʜʩʪʚʘʤʠ ʩʦʚʨʝʤʝʥʥʳʭ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʠ 

ʦʙʣʘʜʘʶʱʠʝ ʚʳʩʦʢʦʡ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ. ʏʪʦ ʢʘʩʘʝʪʩʷ 

ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʦʙʦʙʱʝʥʥʦʛʦ ʢʚʘʜʨʘʪʥʦʛʦ ʤʘʪʨʠʯʥʦʛʦ ʫʨʘʚʥʝʥʠʷ (1); 

ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʧʨʠʚʝʜʝʥʥʦʛʦ ʦʙʦʙʱʝʥʥʦʛʦ ʢʚʘʜʨʘʪʥʦʛʦ ʤʘʪʨʠʯʥʦʛʦ 

ʫʨʘʚʥʝʥʠʷ (A0(t)=E ï ʝʜʠʥʠʯʥʘʷ ʤʘʪʨʠʮʘ); ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʤʘʪʨʠʯʥʦʛʦ 

ʫʨʘʚʥʝʥʠʷ ʈʠʢʢʘʪʠ (ʚʤʝʩʪʦ ʩʣʘʛʘʝʤʦʛʦ (t)X(t)ɸ 2
0 Ö  ʬʠʛʫʨʠʨʫʝʪ ʩʣʘʛʘʝʤʦʝ 

X(t)(t)ɸX(t) 0 ÖÖ , ʪʘʢʞʝ ʷʚʣʷʶʱʝʝʩʷ ʢʚʘʜʨʘʪʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ), ʪʦ ʜʣʷ ʠʭ 

ʨʝʰʝʥʠʷ ʘʥʘʣʦʛʠʯʥʳʝ ʤʝʪʦʜʳ ʜʦ ʩʠʭ ʧʦʨ ʥʝ ʨʘʟʨʘʙʦʪʘʥʳ.  

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʟʘʧʦʣʥʝʥʠʝ ʵʪʦʛʦ ʧʨʦʙʝʣʘ. 

ʄʘʪʝʤʘʪʠʯʝʩʢʠʡ ʘʧʧʘʨʘʪ. ɼʦʧʫʩʪʠʤ, ʯʪʦ ʚʩʝ ʤʘʪʨʠʮʳ, ʚʭʦʜʷʱʠʝ ʚ 

ʫʨʘʚʥʝʥʠʝ (1), ʦʙʣʘʜʘʶʪ ʜʦʩʪʘʪʦʯʥʦʡ ʩʪʝʧʝʥʴʶ ʛʣʘʜʢʦʩʪʠ ʧʦ ʧʘʨʘʤʝʪʨʫ t, ʧʨʠ 

ʢʦʪʦʨʳʭ ʠʤʝʶʪ ʤʝʩʪʦ ʩʣʝʜʫʶʱʠʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ: 
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    ¶ ),,0K),K(A,H,t,t( 11 ¤=nc        (4) 
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=

,0K,
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)t(Ad
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    ¶ ),,0K),K(A,H,t,t( 22 ¤=nc        (5) 

¤=Ö=

=

,0K,
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)t(Ad

!K

H
)K(A

tt

K
3

ʂK

3

n

    ¶ ),,0K),K(A,H,t,t( 33 ¤=nc        (6) 

¤=Ö=

=

,0K,
dt

)t(Xd

!K

H
)K(X

tt

K

KK

n

     ¶ ),,0K),K(X,H,t,t(4 ¤=nc        (7) 

ʛʜʝ (K)ɸ,(K)ɸ,(K)ɸ,(K)ɸ 3210  ʠ )K(X  - ʤʘʪʨʠʯʥʳʝ ʜʠʩʢʨʝʪʳ ʧʦʨʷʜʢʘ m, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʤʘʪʨʠʯʥʳʤ ʦʨʠʛʠʥʘʣʘʤ (t)ɸ,(t)ɸ,(t)ɸ,(t)ɸ 3210  ʠ )t(X ;           

K - ʮʝʣʦʯʠʩʣʝʥʥʳʡ ʘʨʛʫʤʝʥʪ; nt - ʮʝʥʪʨ ʘʧʧʨʦʢʩʠʤʘʮʠʠ; H - ʤʘʩʰʪʘʙʥʘʷ 

ʧʦʩʪʦʷʥʥʘʷ; )(),(),(),( 3210 ÖÖÖÖ cccc  ʠ )(4 Öc  - ʤʘʪʨʠʯʥʳʝ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʠʝ 

ʬʫʥʢʮʠʠ, ʚʦʩʩʪʘʥʘʚʣʠʚʘʶʱʠʝ ʤʘʪʨʠʮʳ-ʦʨʠʛʠʥʘʣʳ (t)ɸ,(t)ɸ,(t)ɸ,(t)ɸ 3210  ʠ 

)t(X  [4]. 

 ʉʧʝʢʪʨʘʣʴʥʘʷ ʤʦʜʝʣʴ ʚ ʦʙʣʘʩʪʠ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʦʤʫ ʦʙʦʙʱʝʥʥʦʤʫ ʢʚʘʜʨʘʪʥʦʤʫ 

ʤʘʪʨʠʯʥʦʤʫ ʫʨʘʚʥʝʥʠʶ (1), ʠʤʝʝʪ ʚʠʜ 

(8)].0[)K(A
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ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʩʧʝʢʪʨʘʣʴʥʦʡ ʤʦʜʝʣʠ (8) ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʮʝʣʦʯʠʩʣʝʥʥʦʛʦ 

ʘʨʛʫʤʝʥʪʘ ¤= ,0K  ʠʤʝʝʤ: 

ʧʨʠ K=0, ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ (8): 

]0[)0(ɸ)0(ɸ)0X()0X()0(ɸ)0(X)0(ɸ 321
2

0 =+Ö+Ö+Ö ,                    (9) 

oʪʢʫʜʘ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʠʟʚʝʩʪʥʦʛʦ ʧʦʜʭʦʜʘ [2,3,5], ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ 

ʢʨʦʥʝʢʝʨʦʚʳʭ ʧʨʦʠʟʚʝʜʝʥʠʷʭ ʤʘʪʨʠʮ, ʧʦʣʫʯʠʤ 
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ɿʘʤʝʯʘʥʠʝ 1. ʀʟʚʝʩʪʥʦ [3,9], ʯʪʦ ʫʨʘʚʥʝʥʠʝ (1) ʠʤʝʝʪ ʢʦʥʝʯʥʦʝ ʯʠʩʣʦ 

ʨʝʰʝʥʠʡ Xi(0), ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ ʢʦʪʦʨʳʭ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʨʘʟʣʠʯʥʳʝ 

ʤʝʪʦʜʳ, ʚ ʯʘʩʪʥʦʩʪʠ, [5, 9-14]. ɺʳʷʩʥʝʥʠʝ ʠʩʪʠʥʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʵʪʠʭ ʨʝʰʝʥʠʡ ʚ 

ʢʘʞʜʦʡ ʢʦʥʢʨʝʪʥʦʡ ʟʘʜʘʯʝ ʦʙʳʯʥʦ ʩʚʷʟʘʥʦ ʩ ʙʦʣʴʰʠʤʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤʠ 

ʪʨʫʜʥʦʩʪʷʤʠ, ʦʙʫʩʣʦʚʣʝʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʤʘʪʨʠʮ 3,1i),0(Ai = . 

ɿʘʤʝʯʘʥʠʝ 2. ʆʯʝʚʠʜʥʦ, ʨʝʰʝʥʠʷ Xi(0) ʚʠʜʘ (11) ʠʤʝʶʪ ʤʝʩʪʦ ʧʨʠ 

ʚʳʧʦʣʥʝʥʠʠ ʫʩʣʦʚʠʷ ʛʠʧʝʨʨʝʛʫʣʷʨʥʦʩʪʠ 

.m)0(rangD 2=                                           (12) 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʝʩʣʠ ʧʨʠ ʚʳʙʨʘʥʥʦʤ ʟʥʘʯʝʥʠʠ ʮʝʥʪʨʘ ʘʧʧʨʦʢʩʠʤʘʮʠʠ nt  ʵʪʦ 

ʫʩʣʦʚʠʝ ʥʘʨʫʰʘʝʪʩʷ, ʪʦ ʥʝʦʙʭʦʜʠʤʦ ʧʦʜʦʙʨʘʪʴ ʜʨʫʛʠʝ ʟʥʘʯʝʥʠʷ nt , ʚ ʢʦʪʦʨʳʭ 

ʫʩʣʦʚʠʝ (12) ʙʫʜʝʪ ʦʙʷʟʘʪʝʣʴʥʦ ʚʳʧʦʣʥʝʥʦ. 

ɿʘʤʝʯʘʥʠʝ 3. ʈʝʰʝʥʠʝ (11) ʧʨʝʜʩʪʘʚʣʷʝʪ, ʩʢʦʨʝʝ ʚʩʝʛʦ, ʪʝʦʨʝʪʠʯʝʩʢʠʡ 

ʠʥʪʝʨʝʩ. ʏʪʦ ʢʘʩʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʘʩʧʝʢʪʘ ʵʪʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ, ʪʦ ʦʥʦ, 

ʦʯʝʚʠʜʥʦ, ʥʦʩʠʪ ʠʪʝʨʘʮʠʦʥʥʳʡ ʭʘʨʘʢʪʝʨ. ʉ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʚ ʥʝʢʦʪʦʨʦʡ 

ʩʪʝʧʝʥʠ ʫʧʨʘʚʣʷʝʤʦʛʦ ʠʪʝʨʘʮʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ, ʥʝʩʢʦʣʴʢʦ ʚʠʜʦʠʟʤʝʥʠʚ (11) 

(ʧʨʠʙʘʚʣʷʷ ʚ ʦʙʝʠʭ ʯʘʩʪʷʭ ʛʠʧʝʨʚʝʢʪʦʨʳ )0(XĔ ), ʧʦʣʫʯʠʤ ʩʣʝʜʫʶʱʝʝ 

ʛʠʧʝʨʤʘʪʨʠʯʥʦ-ʛʠʧʝʨʚʝʢʪʦʨʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʥʴʶʪʦʥʦʚʩʢʦʛʦ ʪʠʧʘ: 

)]},0(A)0(X)0(A[)]0(AEE)0(A[)0(X{
2

1
)0(X 3q

2
0

1T
2

T
1q1q +ÖÖÃ+Ã-Ö= -Ø

+
Ø  

ʛʜʝ q ï ʥʦʤʝʨ ʠʪʝʨʘʮʠʡ. 
ʀʪʘʢ, ʧʨʝʜʧʦʣʦʞʠʚ, ʯʪʦ ʢʘʢʠʤ-ʪʦ ʦʙʨʘʟʦʤ ʧʦʣʫʯʝʥʳ ʚʩʝ ʥʘʯʘʣʴʥʳʝ 

ʤʘʪʨʠʯʥʳʝ ʜʠʩʢʨʝʪʳ  Xi(0), ʧʨʦʜʦʣʞʠʤ ʚʳʯʠʩʣʝʥʠʷ. ʀʤʝʝʤ: 

ʧʨʠ K=1: 
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       ɿʘʤʝʯʘʥʠʝ 4. ʆʯʝʚʠʜʥʦ, ʨʝʰʝʥʠʷ Xi(1) ʚʠʜʘ (14) ʠʤʝʶʪ ʤʝʩʪʦ ʣʠʰʴ ʧʨʠ 

ʚʳʧʦʣʥʝʥʠʠ ʫʩʣʦʚʠʷ ʛʠʧʝʨʨʝʛʫʣʷʨʦʩʪʠ 

 (13) 
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.m))0(X(rangD 2=                                                  (15) 

ɽʩʣʠ ʚ ʮʝʥʪʨʝ ʘʧʧʨʦʢʩʠʤʘʮʠʠ nt  ʵʪʦ ʫʩʣʦʚʠʝ ʥʘʨʫʰʘʝʪʩʷ, ʪʦ ʠ ʚ ʵʪʦʤ 

ʩʣʫʯʘʝ ʥʝʦʙʭʦʜʠʤʦ ʧʦʜʦʙʨʘʪʴ ʜʨʫʛʠʝ ʟʥʘʯʝʥʠʷ nt , ʚ ʢʦʪʦʨʳʭ ʦʥʦ ʙʫʜʝʪ 

ʦʙʷʟʘʪʝʣʴʥʦ ʚʳʧʦʣʥʝʥʦ; 

ʧʨʠ K=2: 

,0)2(A)0(ɸ)2X()1(ɸ)1X()2(ɸ)0X(

)0X()2(ɸ)1X()1(ɸ)2X()0(ɸ
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        ʧʨʠ K=3: 

,0)3(A)0(ɸ)3X(
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ɺʦʩʩʪʘʥʦʚʣʝʥʠʝ ʨʝʰʝʥʠʡ Xi(t) ʠʩʭʦʜʥʦʡ ʟʘʜʘʯʠ ʤʦʞʥʦ ʦʩʫʱʝʩʪʚʠʪʴ  ʚ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʩʦʦʪʥʦʰʝʥʠʝʤ (7).  

ʄʦʜʝʣʴʥʳʡ ʧʨʠʤʝʨ. ʇʫʩʪʴ ʟʘʜʘʥʦ ʧʨʠʚʝʜʝʥʥʦʝ ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ 

ʦʙʦʙʱʝʥʥʦʝ ʢʚʘʜʨʘʪʥʦʝ ʤʘʪʨʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ 
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(13) ʧʨʠ ʤʥʦʛʠʭ ʥʘʯʘʣʴʥʳʭ ʧʨʠʙʣʠʞʝʥʠʷʭ ʧʨʠʚʝʣʦ ʢ ʩʣʝʜʫʶʱʝʤʫ ʨʝʟʫʣʴʪʘʪʫ: 
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ɼʠʥʘʤʠʢʘ ʥʘʭʦʞʜʝʥʠʷ ʵʪʦʛʦ ʨʝʰʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʩʭʝʤʳ (13) ʜʣʷ ʜʚʫʭ ʠʪʝʨʘʮʠʦʥʥʳʭ ʧʨʦʮʝʜʫʨ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ 

ʪʘʙʣ. 1 ʠ 2. 

                                    ʊʘʙʣʠʮʘ 1                 ʊʘʙʣʠʮʘ 2 
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ʧʨʠ K=1 ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ (14) ʧʦʣʫʯʠʤ 

,
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)0(A)0(X)0(A 10 ù
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ø
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è
=+Ö  

q       )0(Xq  
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21
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5255,10929,1

8112,04842,1
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8 

9873,01686,0

9706,01095,1
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9989,00026,0

0004,10021,1
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16 

9998,00001,0

11

-
 

18 

0000,10000,0

0000,10000,1

-
 

q       )0(Xq  

0 
       

00

00
 

5 

8533,07496,0

0952,14568,0

-
 

10 

8451,03486,0

0363,17858,0

-
 

15 

9949,00101,0

9989,00080,1

--
 

20 

9997,00009,0

9999,00007,1

--
 

25 

0000,10000,0

0000,10000,1

-
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ʧʨʠ K=2 ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ (16) ʧʦʣʫʯʠʤ 
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ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦ-ʪʝʡʣʦʨʦʚʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʨʝʰʝʥʠʷ 

ʟʘʜʘʯʠ ʠʤʝʝʪ ʚʠʜ 

 

0 
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,
t0

t1
)1t()2(X)1t()1(X)0(X)t(X 2

ù
ú

ø
é
ê

è

-
=+-Ö+-Ö+= 3  

ʚ ʘʙʩʦʣʶʪʥʦʡ ʪʦʯʥʦʩʪʠ ʢʦʪʦʨʦʛʦ ʪʘʢʞʝ ʥʝʪʨʫʜʥʦ ʫʙʝʜʠʪʴʩʷ ʧʦʜʩʪʘʥʦʚʢʦʡ ʝʛʦ ʚ 

ʠʩʭʦʜʥʦʝ ʤʘʪʨʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ. 

ɿʘʤʝʯʘʥʠʝ 5. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʩʭʝʤʳ (2) ʜʣʷ 

ʥʘʭʦʞʜʝʥʠʷ ʥʘʯʘʣʴʥʦʛʦ ʤʘʪʨʠʯʥʦʛʦ ʜʠʩʢʨʝʪʘ )1t(X)0(X =¹ n  ʧʨʠ ʥʘʯʘʣʴʥʦʤ 

ʧʨʠʙʣʠʞʝʥʠʠ 0)0(X0 =  ʧʨʠʭʦʜʠʤ ʢ ʨʝʰʝʥʠʶ 

,
05,0

11
)0(X ù

ú

ø
é
ê

è

-
=  

ʦʪʣʠʯʘʶʱʝʛʦʩʷ ʦʪ ʨʝʰʝʥʠʷ 

,
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ú

ø
é
ê

è

-
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ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʠʤʝʥʝʥʠʝʤ ʧʨʝʜʣʦʞʝʥʥʦʡ ʩʧʝʢʪʨʘʣʴʥʦʡ ʤʦʜʝʣʠ. ɼʠʥʘʤʠʢʘ 

ʥʘʭʦʞʜʝʥʠʷ ʵʪʦʛʦ ʨʝʰʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʪʘʙʣ. 3, ʢʦʪʦʨʘʷ ʩʫʱʝʩʪʚʝʥʥʦ 

ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʜʠʥʘʤʠʢʠ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʚ ʪʘʙʣ. 2, ʚʚʠʜʫ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʛʦ 

ʢʦʣʠʯʝʩʪʚʘ ʠʪʝʨʘʮʠʡ ʠ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʠʟʢʦʡ ʪʦʯʥʦʩʪʠ ʚʳʯʠʩʣʝʥʠʡ. 

                                                                                ʊʘʙʣʠʮʘ 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ʇʨʦʜʦʣʞʝʥʠʝ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʧʨʦʮʝʜʫʨ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ ʤʘʪʨʠʯʥʳʭ 

ʜʠʩʢʨʝʪ 2),2(X),1(X ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ (14)-(18), ʝʩʪʝʩʪʚʝʥʥʦ, ʚ ʜʘʣʴʥʝʡʰʝʤ ʥʝ 

ʧʨʝʜʩʪʘʚʠʪ ʪʨʫʜʥʦʩʪʠ. ʅʝ ʧʨʝʜʩʪʘʚʠʪ ʪʨʫʜʥʦʩʪʠ ʠ ʦʧʨʝʜʝʣʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʫʶ-

ʱʝʛʦ )t(X . 

ɿʘʢʣʶʯʝʥʠʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʧʨʝʜʣʦʞʝʥʥʦʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʤʝʪʦʜʝ: 

q       )0(Xq  q )0(Xq  

0 
       

00

00
 

60 

0013,05006,0

9975,00013,1

-
 

10 

0081,05041,0

9839,00081,1

-
 

70 

0011,05005,0

9978,00011,1

-
 

20 

0039,05019,0

9922,00039,1

-
 

80 

0009,05005,0

9981,00009,1

-
 

30 

0026,05013,0

9949,00026,1

-
 

90 

0008,05004,0

9983,00008,1

-
 

40 

0019,05010,0

9962,00019,1

-
 

100 

0008,05004,0

9985,00008,1

-
 

50 

0015,05008,0

9970,00015,1

-
 

102 

0007,05004,0

9985,00007,1

-
 

0 
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¶ ʫʩʣʦʚʠʷʤʠ ʨʘʟʨʝʰʠʤʦʩʪʠ ʟʘʜʘʯʠ (1) ʷʚʣʷʝʪʩʷ ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʚʳʧʦʣʥʝ-

ʥʠʝ ʩʦʦʪʥʦʰʝʥʠʡ ʛʠʧʝʨʨʝʛʫʣʷʨʥʦʩʪʠ (12) ʠ (15) ʧʨʠ ʦʜʥʦʤ ʠ ʪʦʤ ʞʝ 

ʮʝʥʪʨʝ ʘʧʧʨʦʢʩʠʤʘʮʠʠ nt , ʪ.ʝ. 

îí

î
ì
ë

"=

=

;i,m))0(X(rangD

,m)0(rangD

2
i

2

                                  (19) 

¶ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʧʦʟʚʦʣʷʶʪ ʨʝʰʝʥʠʝ ʠʩʭʦʜʥʦʡ 

ʥʝʧʨʝʨʳʚʥʦʡ ʟʘʜʘʯʠ ʩʚʝʩʪʠ ʢ ʨʝʰʝʥʠʶ ʥʝʢʦʪʦʨʦʡ ʥʝʣʠʥʝʡʥʦʡ 

ʤʘʪʨʠʯʥʦʡ ʘʣʛʝʙʨʘʠʯʝʩʢʦʡ ʟʘʜʘʯʠ ʥʘ ʥʫʣʝʚʦʤ ʵʪʘʧʝ ʚʳʯʠʩʣʝʥʠʡ; ʢ 

ʥʝʢʦʪʦʨʳʤ ʨʝʢʫʨʨʝʥʪʥʳʤ ʯʠʩʣʝʥʥʳʤ ʧʨʦʮʝʜʫʨʘʤ ʥʘ ʚʪʦʨʦʤ ʵʪʘʧʝ 

ʚʳʯʠʩʣʝʥʠʡ, ʣʝʛʢʦ ʨʝʘʣʠʟʫʝʤʳʤ ʩʨʝʜʩʪʚʘʤʠ ʩʦʚʨʝʤʝʥʥʳʭ ʠʥʬʦʨʤʘ-

ʮʠʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ [15], ʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʶ ʥʝʧʨʝʨʳʚʥʦʛʦ ʨʝʰʝʥʠʷ ʥʘ 

ʪʨʝʪʴʝʤ ʵʪʘʧʝ ʚʳʯʠʩʣʝʥʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʝʢʦʪʦʨʦʛʦ ʦʙʨʘʪʥʦʛʦ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ. 
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A METHOD FOR SOLVING GENERALIZED ONE -PARAMETRIC 

QUADRATIC MATRIX EQUATIONS   
 

S.H. Simonyan 
 

A spectral method for solving one-parametric generalized quadratic matrix equations with 

squared matrix-coefficients based on the symbolic apparatus of G.E. Pukhovôs differential 

transformations is proposed. The considered one-parametric generalized quadratic matrix 

equations generates partial matrix equations, such as a one-parametric quadratic matrix 

equation, one-parametric modified quadratic matrix equation, Sylvesterôs one-parametric 

continuous matrix equation, Lyapunovôs one-parametric matrix equation, one-parametric 

reduced generalized quadratic matrix equation, Riccatiôs one-parametric matrix equation, etc. 

The spectral model of one-parametric generalized quadratic matrix equations in the field of 

differential transformations, allowing to define the initial matrix discrete solutions of the 

problem is obtained. In that case, a nonlinear algebraic quadratic matrix equation is used in the 

zero-step of iterative procedures, as well as the rest of matrix discrete solutions of the problem, 

using, in that case, recurrent computational procedures with invariant hypermatrix, relative to 

the numbers of unknown matrix discrete. A model example of the second order is considered. 

Its solution, based on using the proposed method and the Newtonôs method, shows the high 

computational efficiency of the first method. The conditions of the problem solvability are 

obtained. 

Keywords: one-parametric generalized quadratic matrix equation, special cases - one-

parametric quadratic matrix equation, modified quadratic matrix equation, Sylvesterôs 

continuous matrix equation, Lyapunovôs matrix equation, reduced generalized quadratic matrix 

equations, Riccatiôs one-parametric matrix equation, operation method - differential transfor-

mations, integer argument, approximation center, scale constant, matrix approximating 

functions - matrix-originals (reverse transformations), differential images (direct transforma-

tions), numerical-analytical computational procedures, modern means of the information 

technology, model example, conditions of problem solvability.  
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ɸʅɸʃʀɿ ʈɽɿʋʃʔʊɸʊʆɺ ʈɸɹʆʊʓ ʇʈʆɻʈɸʄʄʅʆɻʆ ʇɸʂɽʊɸ ʅɸ 

ʆʉʅʆɺɽ ʄɽʊʆɼɸ ʅɸʀʄɽʅʔʐʀʍ ʂɺɸɼʈɸʊʆɺ ʉ 

ʀʉʇʆʃʔɿʆɺɸʅʀɽʄ ʂʋɹʀʏɽʉʂʀʍ ʉʇʃɸʁʅʆɺ ʉ ʂʈɸɽɺʓʄʀ 

ʋʉʃʆɺʀʗʄʀ ʉʄɽʐɸʅʅʆɻʆ ʊʀʇɸ   

ʄ.ɻ. ʍʘʯʘʪʨʷʥ 

ʅʘʮʠʦʥʘʣʴʥʳʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ɸʨʤʝʥʠʠ 
 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ ʩʛʣʘʞʠʚʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʤʝʪʦʜʦʤ 

ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʫʙʠʯʝʩʢʠʭ ʩʧʣʘʡʥʦʚ ʩ ʢʨʘʝʚʳʤʠ ʫʩʣʦʚʠʷʤʠ 

ʩʤʝʰʘʥʥʦʛʦ ʪʠʧʘ. ɼʘʝʪʩʷ ʦʧʠʩʘʥʠʝ ʩʦʟʜʘʥʥʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ ʚ ʩʨʝʜʝ MatLab, 

ʨʘʙʦʪʘ ʢʦʪʦʨʦʛʦ ʦʩʥʦʚʘʥʘ ʥʘ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʘʣʛʦʨʠʪʤʘʭ. ʀʟʫʯʝʥʳ 

ʦʩʦʙʝʥʥʦʩʪʠ ʨʘʙʦʪʳ ʠʥʪʝʨʬʝʡʩʘ ʠ ʜʘʥʳ ʦʩʥʦʚʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʇʨʠʚʝʜʝʥʳ 

ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʦʛʦ ʠʥʪʝʨʬʝʡʩʘ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʘʧʧʨʦʢʩʠʤʠ-

ʨʫʶʱʘʷ ʢʨʠʚʘʷ. ʈʘʩʩʤʦʪʨʝʥʳ ʨʘʟʣʠʯʥʳʝ ʩʣʫʯʘʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʜʘʥʥʳʭ. ʇʨʝʜʩʪʘʚʣʝʥ ʧʨʠʤʝʨ ʯʠʩʣʝʥʥʦʛʦ ʨʘʩʯʝʪʘ ʧʘʨʘʤʝʪʨʦʚ ʢʫʙʠʯʝʩʢʦʛʦ ʩʧʣʘʡʥʘ 

ʩʤʝʰʘʥʥʦʛʦ ʪʠʧʘ. ɼʣʷ ʨʘʟʣʠʯʥʳʭ ʩʣʫʯʘʝʚ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ 

ʧʨʦʠʟʚʝʜʝʥʳ ʨʘʩʯʝʪʳ ʘʙʩʦʣʶʪʥʦʡ ʧʦʛʨʝʰʥʦʩʪʠ ʠ ʧʘʨʘʤʝʪʨʘ ʦʮʝʥʢʠ ʪʦʯʥʦʩʪʠ. 

ʇʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʩʨʘʚʥʝʥʠʷ ʩ ʧʨʦʛʨʘʤʤʥʳʤ ʫʪʠʣʠʪʦʤ Curve Fitting Toolbox, ʘ 

ʪʘʢʞʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʦʛʦ ʠʥʪʝʨʬʝʡʩʘ ʠ ʧʨʦʛʨʘʤʤʳ MatLab. ʇʨʦʚʝʜʝʥ 

ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʩʦʟʜʘʥʥʦʛʦ ʧʘʢʝʪʘ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʫʪʠʣʠʪʦʤ ʚ ʩʨʝʜʝ MatLab. 

ʇʨʦʠʟʚʝʜʝʥ ʨʘʩʯʝʪ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ʠ ʧʘʨʘʤʝʪʨʘ ʦʮʝʥʢʠ ʪʦʯʥʦʩʪʠ. 

ʈʘʙʦʪʘ ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʦʛʦ ʠʥʪʝʨʬʝʡʩʘ  ʩʨʘʚʥʠʚʘʝʪʩʷ ʩ ʬʫʥʢʮʠʝʡ cftool() ʩʨʝʜʳ MatLab 

(ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʘʣʛʝʙʨʘʠʯʝʩʢʠʤʠ ʤʥʦʛʦʯʣʝʥʘʤʠ ʩ 1-ʛʦ ʧʦ 20-ʡ ʧʦʨʷʜʦʢ). ʈʝʟʫʣʴʪʘʪʳ 

ʜʦʢʘʟʳʚʘʶʪ ʧʨʝʠʤʫʱʝʩʪʚʘ ʠ ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʦʟʜʘʥʥʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʫʞʝ ʩʫʱʝʩʪʚʫʶʱʠʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʚ ʩʨʝʜʝ MatLab.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʛʣʘʞʠʚʘʥʠʝ ʜʘʥʥʳʭ, ʤʝʪʦʜ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ, ʢʫʙʠʯʝʩʢʠʡ 

ʩʧʣʘʡʥ, ʢʨʘʝʚʳʝ ʫʩʣʦʚʠʷ, ʧʘʢʝʪ MatLab, ʛʨʘʬʠʯʝʩʢʠʡ ʠʥʪʝʨʬʝʡʩ, ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ, 

ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ. 
 

ɺʚʝʜʝʥʠʝ. ʈʘʟʚʠʪʠʝ ʠʥʬʦʨʤʘʮʠʦʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 

ʧʦʟʚʦʣʷʝʪ ʨʝʰʘʪʴ ʧʨʘʢʪʠʯʝʩʢʠʝ ʟʘʜʘʯʠ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʙʦʣʴʰʠʭ ʤʘʩʩʠʚʦʚ 

ʜʘʥʥʳʭ. ʅʝʩʤʦʪʨʷ ʥʘ ʩʚʦʶ ʜʘʚʥʦʩʪʴ, ʤʝʪʦʜ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ ʰʠʨʦʢʦ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʥʘ ʧʨʘʢʪʠʢʝ. ʉʫʱʝʩʪʚʫʶʱʠʝ ʧʘʢʝʪʳ ʧʨʠʢʣʘʜʥʳʭ ʧʨʦʛʨʘʤʤ 

(MatLab, Mathematica, Mathcad ʠ ʪ.ʜ.) ʚʢʣʶʯʘʶʪ ʚ ʩʝʙʷ ʠʥʩʪʨʫʤʝʥʪʳ ʜʣʷ 

ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ [1]. ʆʜʥʘʢʦ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʠʝ 

ʬʫʥʢʮʠʠ ʠ ʧʨʝʜʦʩʪʘʚʣʷʝʤʳʝ ʧʦʣʴʟʦʚʘʪʝʣʶ ʚʦʟʤʦʞʥʦʩʪʠ ʥʫʞʜʘʶʪʩʷ ʚ 

ʩʦʚʝʨʰʝʥʩʪʚʝ.  

ʂʘʢ ʠʟʚʝʩʪʥʦ, ʩʧʣʘʡʥʳ - ʚʘʞʥʘʷ ʩʦʩʪʘʚʥʘʷ ʯʘʩʪʴ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʪʝʦʨʠʠ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ. ʆʥʠ ʧʨʠʤʝʥʷʶʪʩʷ ʚʦ ʤʥʦʛʠʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʧʨʠʣʦʞʝʥʠʷʭ 

[2,3]. ʅʘ ʦʩʥʦʚʝ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʢʫʙʠʯʝʩʢʠʭ ʩʧʣʘʡʥʦʚ ʩʦ ʩʤʝʰʘʥʥʳʤʠ ʢʨʘʝʚʳʤʠ 

ʫʩʣʦʚʠʷʤʠ, ʩʦʜʝʨʞʘʱʠʤʠ ʢʦʤʙʠʥʘʮʠʶ ʧʝʨʚʳʭ ʠ ʚʪʦʨʳʭ ʧʨʦʠʟʚʦʜʥʳʭ [4], ʙʳʣ 

ʩʦʟʜʘʥ ʛʨʘʬʠʯʝʩʢʠʡ ʠʥʪʝʨʬʝʡʩ GUI (Graphical User Interface), ʨʘʙʦʪʘʶʱʠʡ ʚ 

ʜʠʘʣʦʛʦʚʦʤ ʨʝʞʠʤʝ [5,6]. ʇʨʠ ʵʪʦʤ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʦʙʱʠʝ ʧʨʠʥʮʠʧʳ ʠ 
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ʤʝʪʦʜʳ ʩʦʟʜʘʥʠʷ ʧʦʜʦʙʥʳʭ ʠʥʪʝʨʬʝʡʩʦʚ [7]. ʆʩʥʦʚʥʳʤ ʥʘʟʥʘʯʝʥʠʝʤ 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ ʷʚʣʷʝʪʩʷ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ ʩʛʣʘʞʠʚʘʥʠʷ ʜʘʥʥʳʭ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʘʢ ʢʫʙʠʯʝʩʢʠʭ ʩʧʣʘʡʥʦʚ, ʪʘʢ ʠ ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ ʤʥʦʛʦʯʣʝʥʦʚ, 

ʧʦʢʘʟʘʪʝʣʴʥʳʭ (ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʭ), ʣʦʛʘʨʠʬʤʠʯʝʩʢʠʭ ʠ ʜʨʦʙʥʦ-ʨʘʮʠʦʥʘʣʴʥʳʭ 

ʬʫʥʢʮʠʡ. ɻʨʘʬʠʯʝʩʢʠʡ ʠʥʪʝʨʬʝʡʩ GUI ʫʧʨʘʚʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʩʦʟʜʘʥʥʳʭ 

ʫʪʠʣʠʪʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʢʥʦʧʦʢ, ʤʝʥʶ ʠ ʜʨʫʛʠʭ ʠʥʩʪʨʫʤʝʥʪʦʚ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ 

ʛʨʘʬʠʯʝʩʢʦʤ ʦʢʥʝ (ʨʠʩ. 1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

ʈʠʩ. 1. ɺʥʝʰʥʠʡ ʚʠʜ ʦʢʥʘ ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʦʛʦ ʠʥʪʝʨʬʝʡʩʘ 

ʇʦʩʣʝ ʟʘʧʫʩʢʘ ʧʨʦʛʨʘʤʤʳ ʚʚʦʜʷʪʩʷ ʥʘʯʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ, ʠ ʩ ʧʦʤʦʱʴʶ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʥʘʞʘʪʠʡ ʤʳʰʢʠ ʧʦʣʴʟʦʚʘʪʝʣʴ ʬʠʢʩʠʨʫʝʪ ʦʧʦʨʥʳʝ ʫʟʣʳ 

ʢʫʙʠʯʝʩʢʦʛʦ ʩʧʣʘʡʥʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚ ʛʨʘʬʠʯʝʩʢʦʤ ʦʢʥʝ ʧʦʷʚʣʷʝʪʩʷ 

ʩʛʣʘʞʠʚʘʶʱʘʷ ʢʨʠʚʘʷ. ʆʜʥʦʡ ʠʟ ʛʣʘʚʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʨʘʙʦʪʳ ʠʥʪʝʨʬʝʡʩʘ 

ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʧʦʣʴʟʦʚʘʪʝʣʴ ʤʦʞʝʪ ʚ ʠʥʪʝʨʘʢʪʠʚʥʦʤ ʨʝʞʠʤʝ ʧʝʨʝʜʚʠʛʘʪʴ 

ʦʧʦʨʥʳʝ ʫʟʣʳ ʢʫʙʠʯʝʩʢʦʛʦ ʩʧʣʘʡʥʘ ʩ ʧʦʤʦʱʴʶ ʤʳʰʢʠ. ʉ ʠʟʤʝʥʝʥʠʝʤ ʦʧʦʨʥʳʭ 

ʫʟʣʦʚ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʤʝʥʷʝʪʩʷ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʘʷ ʢʨʠʚʘʷ.  
ʏʠʩʣʝʥʥʳʡ ʧʨʠʤʝʨ. ɼʣʷ ʦʮʝʥʢʠ ʧʨʝʠʤʫʱʝʩʪʚʘ ʩʦʟʜʘʥʥʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ 

ʧʘʢʝʪʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʫʞʝ ʩʫʱʝʩʪʚʫʶʱʠʤʠ ʫʪʠʣʠʪʘʤʠ ʧʨʠʚʝʜʝʤ ʯʠʩʣʝʥʥʳʡ 

ʧʨʠʤʝʨ. ʇʨʝʜʧʦʣʦʞʠʤ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʳ ʩʣʝʜʫʶʱʠʤ 
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ʏʠʩʣʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ m=20. ʏʠʩʣʦ ʦʧʦʨʥʳʭ ʫʟʣʦʚ n ʜʣʷ 

ʧʦʩʪʨʦʝʥʠʷ ʢʫʙʠʯʝʩʢʠʭ ʩʧʣʘʡʥʦʚ ʠ ʯʠʩʣʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʩʚʷʟʘʥʳ 

ɹʣʦʢ ʚʚʦʜʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ 
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ʩʦʦʪʥʦʰʝʥʠʝʤ m>3n [8]. ʇʦʵʪʦʤʫ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʙʦʣʝʝ 

ʪʦʯʥʦʛʦ ʩʧʣʘʡʥʘ ʤʳ ʚʳʙʠʨʘʝʤ ʤʘʢʩʠʤʘʣʴʥʦʝ ʯʠʩʣʦ ʦʧʦʨʥʳʭ ʫʟʣʦʚ n=6. 

ʅʘʯʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʢʨʘʝʚʳʭ ʫʩʣʦʚʠʡ ʩʤʝʰʘʥʥʦʛʦ ʪʠʧʘ, ʘ ʪʘʢʞʝ 

ʟʥʘʯʝʥʠʷ ʦʧʦʨʥʳʭ ʫʟʣʦʚ ʢʫʙʠʯʝʩʢʦʛʦ ʩʧʣʘʡʥʘ ʧʨʠʚʝʜʝʥʳ ʥʠʞʝ:  

,15d,17,5 a21 =-== aa 3d,24,11 b21 === bb , ]1651359568292[t= .    (1) 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʝʡ ʢʨʠʚʦʡ ʧʦʩʣʝ ʟʘʧʫʩʢʘ ʧʨʦʛʨʘʤʤʥʦʛʦ 

ʢʦʜʘ ʚ ʩʨʝʜʝ MatLab ʚʚʦʜʷʪʩʷ ʥʘʯʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ (1). ʇʨʠ ʥʘʞʘʪʠʠ ʢʥʦʧʢʠ ʜʣʷ 

ʧʦʩʪʨʦʝʥʠʷ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʝʡ ʢʨʠʚʦʡ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʧʘʨʘʤʝʪʨʳ ʚ 

ʧʦʰʘʛʦʚʦʤ ʨʝʞʠʤʝ. ʅʘ ʨʠʩ. 2 ʧʨʠʚʝʜʝʥʘ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʘʷ ʢʨʠʚʘʷ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ  ʯʠʩʣʝʥʥʦʤʫ ʧʨʠʤʝʨʫ. 

 

 

 

 

 

 

 

 

 

 

 
ʈʠʩ. 2. ɸʧʧʨʦʢʩʠʤʠʨʫʶʱʘʷ ʢʨʠʚʘʷ ʥʘ ʤʦʜʝʣʴʥʦʤ ʧʨʠʤʝʨʝ (ʯʠʩʣʦ ʦʧʦʨʥʳʭ ʫʟʣʦʚ 

ʢʫʙʠʯʝʩʢʦʛʦ ʩʧʣʘʡʥʘ 6n= ) 

ʇʨʠ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʤʝʪʦʜʦʤ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ ʚʘʞʥʳʤ ʧʘʨʘʤʝʪʨʦʤ 

ʷʚʣʷʝʪʩʷ ʘʙʩʦʣʶʪʥʘʷ ʧʦʛʨʝʰʥʦʩʪʴ. ʆʮʝʥʠʚ ʵʪʦʪ ʧʘʨʘʤʝʪʨ, ʤʦʞʝʤ ʠʤʝʪʴ 

ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦʙ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʠ 

ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʝʛʦ ʠʥʩʪʨʫʤʝʥʪʘ. ɸʙʩʦʣʶʪʥʘʷ ʧʦʛʨʝʰʥʦʩʪʴ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ 

ʬʦʨʤʫʣʝ 

m,...,1,0i,y)x(Ser iii =-= , 

ʛʜʝ )x(S i - ʟʥʘʯʝʥʠʝ ʩʧʣʘʡʥʘ, ʘ iy - ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʪʦʯʢʘ. 

ʅʝʤʘʣʦʚʘʞʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʩʯʠʪʘʝʪʩʷ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ, 

ʢʦʪʦʨʦʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ  

( )ä -=
=

m

0i

2
ii y)x(SE . 

 ɼʣʷ ʜʘʥʥʦʛʦ ʯʠʩʣʝʥʥʦʛʦ ʧʨʠʤʝʨʘ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ, 

ʘʙʩʦʣʶʪʥʘʷ ʧʦʛʨʝʰʥʦʩʪʴ ʠ ʢʦʦʨʜʠʥʘʪʳ v ʢʫʙʠʯʝʩʢʠʭ ʩʧʣʘʡʥʦʚ ʩʣʝʜʫʶʱʠʝ: 

44.4864E= ,  
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,
3.1086  2.7877  6.6298 2.8816  11.5681 6.0307    1.3269   1.1359  17.4366 ...4.4339

22.5227...  14.8611  5.1507  1.4581 3.9092 6.0093  14.8136  16.9273  7.9815 3.3795
er ù

ú

ø
é
ê

è
=

[ ]8.5334    22.0391   22.1535   68.9181   29.1054   19.5406v= . 

ɺ ʢʘʯʝʩʪʚʝ ʩʨʘʚʥʝʥʠʷ ʥʠʞʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʠʝ ʢʨʠʚʳʝ ʩ 

ʯʠʩʣʘʤʠ ʦʧʦʨʥʳʭ ʫʟʣʦʚ n=5 ʠ n=4 ʧʨʠ ʦʜʠʥʘʢʦʚʳʭ ʥʘʯʘʣʴʥʳʭ ʟʥʘʯʝʥʠʷʭ      

(ʨʠʩ. 3). 

 

 

 

 

 

 

 

 

 

 
                     ʘ)                                                          ʙ) 

ʈʠʩ. 3. ɸʧʧʨʦʢʩʠʤʠʨʫʶʱʘʷ ʢʨʠʚʘʷ ʥʘ ʤʦʜʝʣʴʥʦʤ ʧʨʠʤʝʨʝ: ʘ - 5n= , ʙ - 4n=  
 

ʇʨʠ 5n=  ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ, ʘʙʩʦʣʶʪʥʘʷ ʧʦʛʨʝʰʥʦʩʪʴ ʠ 

ʢʦʦʨʜʠʥʘʪʳ v ʢʫʙʠʯʝʩʢʠʭ ʩʧʣʘʡʥʦʚ ʩʣʝʜʫʶʱʠʝ: 

50.9005E= , 

,
5.0894  1.3218 6.9124  0.9060  7.3653  10.2706 1.8195  6.3017  8.2567  10.5272 ...

... 24.9192 21.5209  5.6779  11.5762 0.8491  13.5333 7.5399  22.0325 12.4763 3.0226
er ù

ú

ø
é
ê

è
=

[ ]10.4744   15.0571   30.2213   54.1639   12.8335v= . 

ʇʨʠ 4n=  ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ, ʘʙʩʦʣʶʪʥʘʷ ʧʦʛʨʝʰʥʦʩʪʴ ʠ 

ʢʦʦʨʜʠʥʘʪʳ v ʢʫʙʠʯʝʩʢʠʭ ʩʧʣʘʡʥʦʚ ʩʣʝʜʫʶʱʠʝ: 

53.7132E= , 

,
10.0945 3.1020 6.0612  2.1990  1.6236  16.3316 6.5059  4.4265  5.5590  14.6311 ... 

...  182918.089729. 3.0859  14.1231 5.0268  10.3122 9.2421  21.5299 10.1442 0.4188 
er ù

ú

ø
é
ê

è
=

[ ]15.5455   16.3578   48.1749   15.6369v= . 

ʀʟ ʨʠʩ. 3, ʘ ʪʘʢʞʝ ʠʟ ʩʨʘʚʥʝʥʠʷ ʟʥʘʯʝʥʠʡ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ 

ʠ ʘʙʩʦʣʶʪʥʦʡ ʧʦʛʨʝʰʥʦʩʪʠ ʦʯʝʚʠʜʥʦ, ʯʪʦ ʯʝʤ ʙʦʣʴʰʝ ʯʠʩʣʦ ʦʧʦʨʥʳʭ ʫʟʣʦʚ 

ʧʦʩʪʨʦʝʥʠʷ ʢʫʙʠʯʝʩʢʠʭ ʩʧʣʘʡʥʦʚ, ʪʝʤ ʪʦʯʥʦʩʪʴ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʝʡ ʢʨʠʚʦʡ 

ʙʫʜʝʪ ʚʳʰʝ, ʪʘʢ ʢʘʢ ʦʪʢʣʦʥʝʥʠʷ ʧʨʠʚʦʜʷʪʩʷ ʢ ʤʠʥʠʤʫʤʫ. 

ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʧʨʠʢʣʘʜʥʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ ʩ  ʠʥʩʪʨʫʤʝʥ- 
ʪʦʤ Curve Fitting Toolbox. ʆʮʝʥʢʘ ʘʙʩʦʣʶʪʥʦʡ ʧʦʛʨʝʰʥʦʩʪʠ. ʀʥʩʪʨʫʤʝʥʪ 

Curve Fitting Toolbox ʚ ʧʨʦʛʨʘʤʤʥʦʡ ʩʨʝʜʝ MatLab ʩʦʜʝʨʞʠʪ 

ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʫʶ ʬʫʥʢʮʠʶ cftool(), ʢʦʪʦʨʘʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʚ 
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ʩʤʳʩʣʝ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʘʙʩʦʣʶʪʥʘʷ ʧʦʛʨʝʰʥʦʩʪʴ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ  

m,...,1,0i,y)x(Per iii =-= , 

ʛʜʝ )x(P i - ʟʥʘʯʝʥʠʝ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʝʛʦ ʘʣʛʝʙʨʘʠʯʝʩʢʦʛʦ ʤʥʦʛʦʯʣʝʥʘ. 

 ɺ ʢʘʯʝʩʪʚʝ ʧʘʨʘʤʝʪʨʘ ʦʮʝʥʢʠ ʪʦʯʥʦʩʪʠ ʨʘʩʩʤʦʪʨʠʤ  

%100
m

y

y)x(S

1

m

0i i

ii

Ö

öö
ö
ö
ö

÷

õ

ææ
æ
æ
æ

ç

å
ä

-

-=
=

h . 

 ʇʨʠ ʬʫʥʢʮʠʠ cftool() ʧʘʨʘʤʝʪʨ h ʙʫʜʝʪ ʦʧʨʝʜʝʣʷʪʴʩʷ ʧʦ ʬʦʨʤʫʣʝ  

%100
m

y

y)x(P

1

m

0i i

ii

Ö

öö
ö
ö
ö

÷

õ

ææ
æ
æ
æ

ç

å
ä

-

-=
=

h . 

ʇʨʠʚʝʜʝʤ ʥʝʩʢʦʣʴʢʦ ʩʣʫʯʘʝʚ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠ 

ʦʮʝʥʠʤ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʠʝ ʢʨʠʚʳʝ ʧʦ ʚʳʰʝʫʢʘʟʘʥʥʳʤ ʧʘʨʘʤʝʪʨʘʤ.  

ʇʨʠʤʝʨ 1. ʇʨʝʜʧʦʣʦʞʠʤ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʳ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

5

163

11

160

18

152

13

145

9

137

28

130

21

122

15

113

35

100

21

93

10

89

64

81

52

77

71

58

58

45

35

37

45

30

7

25

24

10

15

4

y

x
 

ʅʘ ʨʠʩ. 4 ʧʨʠʚʝʜʝʥʘ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʘʷ ʢʨʠʚʘʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʙʦʪʳ 

ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ.  

 

 

 

 

 

 

 

 

 

 
 

ʈʠʩ. 4. ɸʧʧʨʦʢʩʠʤʠʨʫʶʱʘʷ ʢʨʠʚʘʷ, ʧʦʩʪʨʦʝʥʥʘʷ ʧʨʦʛʨʘʤʤʥʳʤ ʧʘʢʝʪʦʤ ʜʣʷ 1-ʛʦ 

ʧʨʠʤʝʨʘ (ʩʣʫʯʘʡ 1) 

 ʇʨʠ ʩʜʚʠʛʝ ʦʧʦʨʥʳʭ ʫʟʣʦʚ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʜʨʫʛʦʡ ʚʠʜ 

ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʝʡ ʢʨʠʚʦʡ (ʨʠʩ. 5).   
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                                      ʘ)                                                                         ʙ) 

ʈʠʩ. 5. ɸʧʧʨʦʢʩʠʤʠʨʫʶʱʘʷ ʢʨʠʚʘʷ, ʧʦʩʪʨʦʝʥʥʘʷ ʧʨʦʛʨʘʤʤʥʳʤ ʧʘʢʝʪʦʤ ʜʣʷ 1-ʛʦ 

ʧʨʠʤʝʨʘ: ʘ - ʩʣʫʯʘʡ 2, ʙ - ʩʣʫʯʘʡ 3 
 

ɼʘʣʝʝ ʧʨʠʚʝʜʝʤ ʚʠʜ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʝʡ ʢʨʠʚʦʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʫʥʢʮʠʠ 

cftool() ʚ MatLab (ʨʠʩ. 6).  

 

 

 

 

 

 

 
 

 

ʈʠʩ. 6. ɺʠʜ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʝʡ ʢʨʠʚʦʡ, ʧʦʩʪʨʦʝʥʥʦʡ ʬʫʥʢʮʠʝʡ cftool() ʜʣʷ 1-ʛʦ 

ʧʨʠʤʝʨʘ 

ɺ ʪʘʙʣ. 1 ʧʨʠʚʝʜʝʥʳ ʟʥʘʯʝʥʠʷ ʘʙʩʦʣʶʪʥʦʡ ʧʦʛʨʝʰʥʦʩʪʠ ʜʣʷ ʢʘʞʜʦʛʦ 

ʩʣʫʯʘʷ.  

ʇʨʠʤʝʨ 2. ʇʨʝʜʧʦʣʦʞʠʤ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʳ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

 

.
387

654

354

632

308

611

259

600

234

591

199

577

177

566

165

541

87

521

95

502
......

...
121

487

145

318

200

269

245

225

188

192

164

179

121

166

195

152

200

138

230

108

243

99

271

83

287

70

434

58

325

36

277

25

165

4

y

x

  

ʅʘ ʨʠʩ. 7 ʧʨʠʚʝʜʝʥʘ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʘʷ ʢʨʠʚʘʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʙʦʪʳ 

ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ.  
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ʊʘʙʣʠʮʘ 1 

 ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʜʣʷ 1-ʛʦ ʧʨʠʤʝʨʘ 

   ɿ
ʥ
ʘ
ʯ
ʝ
ʥ
ʠ
ʷ
 
ʘ
ʙ
ʩ
ʦ
ʣ
ʶ
ʪ
ʥ
ʦ
ʡ
 
 
ʧ
ʦ
ʛ
ʨ
ʝ
ʰ
ʥ
ʦ
ʩ
ʪ
ʠ

 

cftool() ʉʣʫʯʘʡ 1 ʉʣʫʯʘʡ 2 ʉʣʫʯʘʡ 3 

6,6640 9,0673 10,8958 10,2702 

5,5793 14,4195 14,0091 14,0821 

29,7231 15,0546 11,8136 12,9643 

4,1609 13,3096 15,9817 15,2353 

10,1162 8,9223 8,3240 8,2422 

9,9247 2,7494 0,3624 1,2546 

21,8913 5,7549 0,1383 1,2014 

7,8368 2,2800 2,5750 3,5886 

21,5891 15,5501 17,3969 16,1091 

28,4034 25,5793 21,9145 22,2049 

15,2097 8,2583 5,5796 4,6144 

2,8166 15,2496 14,5002 16,5908 

9,5746 1,9348 2,2196 2,1698 

1,3322 3,6083 2,6968 0,6648 

12,1187 6,0994 8,3810 5,8203 

4,2146 13,1884 10,8374 11,5042 

1,8729 2,5421 4,7007 0,8601 

7,6739 8,8219 5,5623 9,4185 

0,1957 3,4214 3,7163 2,7911 

6,4145 4,8950 3,3173 5,7122 

ʄʘʢʩ. 

ʦʪʢʣʦʥʝʥʠʝ 

29,7231 25,5793 17,3969 22,2049 

ʄʠʥʠʤ. 

ʦʪʢʣʦʥʝʥʠʝ 

0,1957 1,9348 0,1383 0,6648 

ʇʘʨʘʤʝʪʨ 

ʦʮʝʥʢʠ 

ʪʦʯʥʦʩʪʠ,

h , % 

33,04554 

 

41,6574 

 

48,78252 

 

46,90472 

 

 

 

 

 

 

 

 

 

 
 

 
 

 

ʈʠʩ. 7. ɸʧʧʨʦʢʩʠʤʠʨʫʶʱʘʷ ʢʨʠʚʘʷ, ʧʦʩʪʨʦʝʥʥʘʷ ʧʨʦʛʨʘʤʤʥʳʤ ʧʘʢʝʪʦʤ ʜʣʷ 2-ʛʦ 

ʧʨʠʤʝʨʘ (ʩʣʫʯʘʡ 1) 
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ʇʨʠ ʩʜʚʠʛʝ ʦʧʦʨʥʳʭ ʫʟʣʦʚ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʜʨʫʛʦʡ ʚʠʜ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʝʡ 

ʢʨʠʚʦʡ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʠʟʤʝʥʷʪʩʷ ʟʥʘʯʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ (ʨʠʩ. 8). 

                           ʘ)                                                                       ʙ) 

ʈʠʩ. 8. ɸʧʧʨʦʢʩʠʤʠʨʫʶʱʘʷ ʢʨʠʚʘʷ, ʧʦʩʪʨʦʝʥʥʘʷ ʧʨʦʛʨʘʤʤʥʳʤ ʧʘʢʝʪʦʤ ʜʣʷ 2-ʛʦ 

ʧʨʠʤʝʨʘ: ʘ - ʩʣʫʯʘʡ 2, ʙ - ʩʣʫʯʘʡ 3 

ɼʘʣʝʝ ʧʨʠʚʝʜʝʤ ʚʠʜ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʝʡ ʢʨʠʚʦʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʫʥʢʮʠʠ 

cftool() ʚ MatLab (ʨʠʩ. 9). 
 

 

 

 

 

 

 
 

 

 

 

 

 

 

ʈʠʩ. 9. ɺʠʜ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʝʡ ʢʨʠʚʦʡ, ʧʦʩʪʨʦʝʥʥʦʡ ʬʫʥʢʮʠʝʡ cftool() ʜʣʷ 2-ʛʦ 

ʧʨʠʤʝʨʘ  

 

ɺ ʪʘʙʣ. 2 ʧʨʠʚʝʜʝʥʳ ʟʥʘʯʝʥʠʷ ʘʙʩʦʣʶʪʥʦʡ ʧʦʛʨʝʰʥʦʩʪʠ ʜʣʷ ʢʘʞʜʦʛʦ 

ʩʣʫʯʘʷ. 

ʆʮʝʥʢʘ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ. ʇʨʝʜʧʦʣʦʞʠʤ, ʵʢʩʧʝʨʠʤʝʥ-

ʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʳ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

.
510

733

4.554

4.724

6.493

5.711

7.487

1.690

2.500

5.685

4.554

639

2.615

8.628

8.369

5.618

5.205

2.600

7.227

8.560

8.190

2.533
....

...
4.165

3.514

8.125

8.500

9.83

2.484

3.79

21.451

9.66

7.425

59

8.411

45

8.402

7.327

378

6.188

8.324

6.147

8.315

2.98

1.133

145

301

27

4.277

8.611

8.265
....

...
724

237

7.547

5.211

9.511

197

8.622

9.185

618

3.174

6.536

169

512

8.161

478

3.155

365

2.149

82

144

98

1.133

145

7.126

258

8.111

1.300

104
.....

...
9.265

99

4.244

95

3.195

86

8.151

4.77

4.139

70

3.118

1.61

2.95

1.58

8.100

44

8.115

7.34

3.85

29

71

8.22

7.68

6.19

7.426

5.11

38

7.7

4.22

1.3

y

x
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ʊʘʙʣʠʮʘ 2 

ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʜʣʷ 2-ʛʦ ʧʨʠʤʝʨʘ 

   ɿ
ʥ
ʘ
ʯ
ʝ
ʥ
ʠ
ʷ
 
ʘ
ʙ
ʩ
ʦ
ʣ
ʶ
ʪ
ʥ
ʦ
ʡ
 
 
ʧ
ʦ
ʛ
ʨ
ʝ
ʰ
ʥ
ʦ
ʩ
ʪ
ʠ

 

cftool() ʉʣʫʯʘʡ 1 ʉʣʫʯʘʡ 2 ʉʣʫʯʘʡ 3 

103,0866     90,9879    80,2227    19,0886    

4,9703    23,1982    25,3569    15,9870     

52,4264   54,5481   50,6034   5,6697    

163,2015    123,3301    112,0180    63,0401    

18,6495     35,5460    44,3686    63,1270    

6,3730    45,6883    48,0935    34,3828     

15,6482    42,1779    37,9906    0,6193    

24,6682    30,4494    23,4621    16,6090    

38,6461    21,9740    31,9515    34,4972    

34,9477 37,2945 44,5448 31,9465 

99,6318    33,2748     31,0715     48,2201    

47,5295    1,9430    1,5478     16,0383     

14,0871    11,7231    2,5985    5,1239    

67,7798    30,9985    14,6575    26,1230     

55,7974    15,6909    17,7946     5,7998     

33,3463    22,0256    3,2289    6,2317    

19,6590    45,3212     37,5194     36,8625     

17,5817    0,5055    2,1864    6,0360    

43,5866    34,7700    32,1209    42,6596     

10,6169 12,3255 17,2625 9,1046 

14,6210    18,0641    14,4911    9,0769     

11,7988     16,8441    14,5863    5,2346     

3,7987     10,8152     10,3374     2,3500     

2,2621    6,1906    6,7185    7,1817    

26,3800    34,9596    15,5317    28,8299    

19,3871    49,4516    49,3805    14,3696    

11,2176 40,9042 30,1483 27,5577 

ʄʘʢʩʠʤʘʣʴʥʦʝ ʦʪʢʣʦʥʝʥʠʝ 103,0866     123,3301    112,0180    63,1270    

ʄʠʥʠʤʘʣʴʥʦʝ ʦʪʢʣʦʥʝʥʠʝ 2,2621    1,9430    1,5478     0,6193    

ʇʘʨʘʤʝʪʨ ʦʮʝʥʢʠ 

ʪʦʯʥʦʩʪʠ,h ,% 
81,34975 

 

84,58237 

 

86,21742 

 

88,77542 

 
 

  

ɼʣʷ ʦʮʝʥʢʠ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ʧʨʠ ʧʦʤʦʱʠ ʬʫʥʢʮʠʠ cftool() 

ʚʦʟʴʤʝʤ ʘʣʛʝʙʨʘʠʯʝʩʢʠʝ ʤʥʦʛʦʯʣʝʥʳ ʧʦʨʷʜʢʘ 1é20 ʜʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ 

ʤʝʪʦʜʦʤ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ. ɼʣʷ ʢʘʞʜʦʛʦ ʩʣʫʯʘʷ ʧʨʦʠʟʚʝʜʝʤ ʨʘʩʯʝʪ 

ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ʧʦ ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʝ: 

( ) 20,...,2,1k,y)x(PE
2

iikk =-= . 
 

ʅʘ ʨʠʩ. 10 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩ ʘʣʛʝʙʨʘʠʯʝʩʢʠʤ 

ʤʥʦʛʦʯʣʝʥʦʤ 20-ʛʦ ʧʦʨʷʜʢʘ ʤʝʪʦʜʦʤ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ ʩ ʧʦʤʦʱʴʶ 
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ʬʫʥʢʮʠʠ cftool() ʚ ʩʨʝʜʝ MatLab ʠ ʨʝʟʫʣʴʪʘʪ ʨʘʙʦʪʳ ʩʦʟʜʘʥʥʦʛʦ 

ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʦʛʦ ʠʥʪʝʨʬʝʡʩʘ. 

                    

 

 

 

 

 

 
 

 

 

 
                                           ʘ)                                                                ʙ) 

ʈʠʩ. 10. ɸʧʧʨʦʢʩʠʤʠʨʫʶʱʠʝ ʢʨʠʚʳʝ ʚ ʩʨʝʜʝ MatLab ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ: ʘ - ʘʣʛʝʙʨʘʠ-

ʯʝʩʢʦʛʦ ʤʥʦʛʦʯʣʝʥʘ 20-ʛʦ ʧʦʨʷʜʢʘ; ʙ - ʩʦʟʜʘʥʥʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ (ʩʣʫʯʘʡ 1) 

 

ɺ ʪʘʙʣ. 3 ʧʨʠʚʝʜʝʥʳ ʟʥʘʯʝʥʠʷ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ʠ 

ʨʝʟʫʣʴʪʘʪʳ ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ. 

ʊʘʙʣʠʮʘ 3 

ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʟʥʘʯʝʥʠʡ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ 

MATLAB cftool()  ʇʨʦʛʨʘʤʤʥʳʡ ʧʘʢʝʪ 

ʇʦʨʜ̫ʦʢ 

ʤʥʦʛʦ-

ʯʣʝʥʘ 

ʉʨʝʜʥʝ-

ʢʚʘʜ- 

ʨʘʪʠʯʥʦʝ 

ʦʪʢʣʦʥʝ-

ʥʠʝ, Ek 

ɿʥʘʯʝʥʠʝ 

ʇʘʨʘʤʝʪʨ 

ʦʮʝʥʢʠ 

ʪʦʯʥʦʩʪʠ, 

h, % 

ʉʨʝʜʥʝ-

ʢʚʘʜʨʘʪʠʯʥʦʝ 

ʦʪʢʣʦʥʝʥʠʝ, 

E 

ʇʘʨʘʤʝʪʨ 

ʦʮʝʥʢʠ 

ʪʦʯʥʦʩʪʠ, 

h, % 

1 E1 1,4022e+03 5,3729 

ʉʣʫʯʘʡ 1:  

543,0703 

 

ʉʣʫʯʘʡ 2: 

450,5294 

 

ʉʣʫʯʘʡ 3: 

530,5219 

 

 

 

 

 

ʉʣʫʯʘʡ 1:   

82,2547 

 

ʉʣʫʯʘʡ 2:  

95,7825 

 

ʉʣʫʯʘʡ 3:  

89,1269 

 

2 E2 1,4021e+03 7,2145 

3 E3 1,0691e+03 9,1214 

4 E4 1,0317e+03 11,2568 

5 E5 879,8170 33,7426 

6 E6 850,5033 36,7821 

7 E7 848,6565 38,2173 

8 E8 824,7416 41,0126 

9 E9 780,2307 44,9125 

10 E10 758,8813 48,8836 

11 E11 728,4919 50,0045 

12 E12 725,6122 50,7811 

13 E13 721,7683 52,0145 

14 E14 628,4842 58,2147 

15 E15 620,6200 60,0257 

16 E16 606,5217 63,5103 

17 E17 605,8757 63,8924 

18 E18 604,8086 64,5512 

19 E19 604,4823 65,8125 

20 E20 594,0508 68,1549 
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ɿʘʢʣʶʯʝʥʠʝ. ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʧʨʠʤʝʨʘʭ ʩʦʟʜʘʥʥʳʡ ʧʨʦʛʨʘʤʤʥʳʡ ʧʘʢʝʪ 

ʠʤʝʝʪ ʧʨʝʠʤʫʱʝʩʪʚʦ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʢʘʢ ʟʥʘʯʝʥʠʡ ʘʙʩʦʣʶʪʥʦʡ ʧʦʛʨʝʰʥʦʩʪʠ, ʪʘʢ 

ʠ ʤʠʥʠʤʘʣʴʥʳʭ ʠ ʤʘʢʩʠʤʘʣʴʥʳʭ ʦʪʢʣʦʥʝʥʠʡ. ʀʟ ʨʝʟʫʣʴʪʘʪʦʚ ʪʘʙʣ. 3 ʦʯʝʚʠʜʥʦ, 

ʯʪʦ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʬʫʥʢʮʠʠ cftool() ʧʨʦʛʨʘʤʤʥʦʡ ʩʨʝʜʳ MatLab ʜʘʞʝ ʧʨʠ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʘʣʛʝʙʨʘʠʯʝʩʢʠʤʠ ʤʥʦʛʦʯʣʝʥʘʤʠ 20-ʛʦ ʧʦʨʷʜʢʘ ʟʥʘʯʝʥʠʷ 

ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝ, ʯʝʤ ʧʨʠ ʘʧʧʨʦʢʩʠʤʘʮʠʠ 

ʩʦʟʜʘʥʥʳʤ ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʠʤ ʠʥʪʝʨʬʝʡʩʦʤ (ʧʨʠ ʪʨʝʭ ʨʘʟʣʠʯʥʳʭ ʩʣʫʯʘʷʭ). ʊʦ ʞʝ 

ʩʘʤʦʝ ʤʦʞʥʦ ʩʢʘʟʘʪʴ ʠ ʦ ʧʘʨʘʤʝʪʨʝ ʦʮʝʥʢʠ ʪʦʯʥʦʩʪʠ. ɺʩʝ ʵʪʦ ʝʱʝ ʨʘʟ ʜʦʢʘʟʳʚʘʝʪ 

ʪʦʪ ʬʘʢʪ, ʯʪʦ ʩʦʟʜʘʥʥʳʡ ʧʨʦʛʨʘʤʤʥʳʡ ʧʘʢʝʪ ʠʤʝʝʪ ʙʦʣʴʰʝ ʧʨʝʠʤʫʱʝʩʪʚ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʫʞʝ ʩʫʱʝʩʪʚʫʶʱʠʤ. 
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THE ANALYSIS OF THE RESULTS OF THE PROGRAM PACKAGE BASED 

ON THE LEAST SQUARES METHOD USING CUBIC SPLINES WITH A 

MIXED TYPE MARGINAL CONDITIONS   
 

M.G. Khachatryan 
 

The problem of smoothing the experimental data by the least squares method, using cubic 

splines with a mixed type marginal conditions is considered. The description of the created 

software package in MatLab environment, based on the developed numerical algorithms is 

given. The features of the interface operation are studied, and the basic characteristics are 

given. The results of the user interface work and the corresponding approximating curve are 

introduced. Various cases of spreading the experimental data are considered. An example of 

numerical calculation of parameters of the mixed type cubic spline is presented. For various 

cases of spreading the experimental data, the absolute error and the precision parameter are 

calculated. The comparative analysis of the results with Curve Fitting Toolbox, as well as the  

comparison of the user interface and MatLab are introduced. The mean square deviation and 

the precision parameter are calculated. The user interface work is compared with the function 

cftool() in MatLab (approximation with 1-20
th 

algebraic polynomials). The results prove the 

high effeciency and advantages of the programme package over the existing means in MatLab.  

Keywords: data smoothing, the least squares method, cubic spline, marginal conditions, 

Matlab package, graphical interface, comparative analysis, deviation. 

 

 



36 

 

 

Proceedings of NPUA. ñInformation Technologies, Electronics, Radio Engineeringò. 2016, ˉ2. 
 

UDC 621.52+511.52 
 

DYNAMIC MODELING OF CYBERSECURITY THREATS AT ESSENTIAL 

AMBIGUIT IES 
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The recent research in cybersecurity, particularly in cybersecurity threats modeling, 

shows that threats to an organizationôs information systems are considered as a probability 

measure, meanwhile cybersecurity threats are stochastic by their nature and thus, a dynamic 

approach is needed for proper modeling. Among the most frequently cited approaches on 

assessing investments in cybersecurity found in recent studies is the Gordon and Loeb 

investment model.  In this model, it is assumed that there is a single threat to an information 

system and accordingly, the cybersecurity threat is presented as the probability of an attempted 

breach of the given information system. In this model, threat is considered as static, which does 

not address the dynamic nature of cybersecurity investments. In this article, given the complex 

and stochastic nature of cybersecurity threats and the high level of uncertainty in cyber 

environment, cybersecurity threats are modeled as stochastic processes under ambiguity by 

using the Brownian motions. It is shown, that modeling cybersecurity threats through 

Brownian motions effectively captures the dynamic nature of cybersecurity threats at essential 

ambiguities. 

Keywords:  cybersecurity threat, stochastic process, Brownian motion, ambiguity. 
 

Introduction. Threats to an organizationôs information systems are sources of 

potential actions that could cause cybersecurity breaches. These actions can be 

intentional or unintentional, causal or contributory, stem from a variety of motives and 

deliberately or unintentionally cause cybersecurity breaches. In this connection, 

organizations need to find a balance between the probabilities and impacts of 

cybersecurity threats and the possibilities to mitigate the risks through effective and 

efficient investments [1, 2].  

Among the most frequently cited approaches in cybersecurity investments found 

in recent research is the Gordon and Loeb investment model, where cybersecurity 

threat is presented as a static prbability measure. An information system is 

characterized by three parameters: the monetary losses ɚ in case a cybersecurity 

breach occurs, the threat probability ‚ and the inherent vulnerability ɡ, denoting the 

probability that without additional security, a realized threat is successful. In Gordon 

and Loeb model, the expected losses ὒ associated with the threat against the 

information system, are  calculated  as  ὒ ‚‗, where ‚ is the probability of the threat 

occurred  and ‗ is the monetary  losses.To reduce the vulnerability ‡ of an information 

system, an organization invests ᾀ π monetary units. In  this respect   Ὓᾀȟ‡ 
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represents the remaining vulnerability [1-4]. Taking into account the complex and 

stochastic nature of cybersecurity threats and the ambigous characteristics of cyber 

environment, in this article, they will be modeled as stochastic processes by the use of 

Brownian motions. 

Modeling of cybersecurity threats through Brownian motions. Let  ȟꞈ ȟὖ be 

a probability space with sample   and „-algebra of its subsets ꞈḧςɋ subject to a 

probability measure ὖȡꞈ ᴼ πȟρ, normalized ὖɋ ρ. In  this connection, if   ᶅ‫  ɴ

ᶰ ͵ὔ and ὖὔ π, namely a property holds for almost every with respect to the ‫ 

measure ὖ, it is said that it holds ñalmost surelyò (ὖ-a.s.). In this sense, a stochastic 

process is a family of random variables over an index Ꞌ. So, this will lead to ὼ  

over Ꞌ πȟὝ in continousïtime and ὼ  over Ꞌ πȟρȟȣȟὝ in discrete time, 

where the state of the process at time ὸ is a random variable ὼ, ὸᶅɴ Ꞌ (ὼὸ ὼ). In 

addition, the state space ὢ contains all the possible states over which the stochastic 

process can realize a value. Therefore, the sample space ɋ is the set of all possible 

sample paths through the state space ὢ, so ὼὸȟ‫ȡꞋ ɋᴼὙ. Accordingly,   can be 

considered as a family of trajectories, realizations or sample paths, ‫ȡὸO ὼ ‫ , 

giving the position of the process ὼ  at each time ὸɴ Ꞌ for a given sample path .‫  

In addition to what is mentioned above, the notion of filtration is introduced in 

order to formalize how information is revealed through time. The filtration 

Ὂ ꞈ   is the increasing sequence of „-algebras contained in ȡꞈꞈ Ṗ

Ṗꞈȟᶅὸ ρ, where ꞈ  is interpreted as a set of events which are observable at time ὸ 

so that the filtration contains the events that can occur up to time ὸ. In this sense, 

having ꞈ ȟɲɋ, ꞈ ςɋ, the ɋȟꞈȟꞈ ȟὖ will be considered as a filtered 

probability space. Furthermore, a stochastic process is called adapted to the 

abovementioned filtration if ὸᶅȟὼ  is ꞈ-measurable. So, each stochastic process 

generates a natural filtration ꞈ ḧ„ὼȟπ ί ὸ, which keeps the track of history 

of the process.  

It should be added in this connection that the standard Wiener process is a 

continuousïtime adapted stochastic process ύ  on the filtered probability space 

ɋȟꞈȟꞈ ȟὖ, satisfying the following properties: 

1. ύ π ὖ-a.s. 

2. Independent increments: ύ ύ is independent of ꞈ  ᶅ π ὸ ί. 

3. Normality: ᶅ  ὸȟίᶰὙ Ὑȡ ὸ ίȟ ύ ύ ὔͯπȟί ὸ. 

4. Continuity: ὸO ύ ᶰὅπȟÐ  ὖ-a.s. 

In this sense, for modeling threats as processes, using stochastic differential 

equations under ambiguity, it will be convenient to define: 

ὨύḧЍὨὸ‐ͯ ὔπȟὨὸ Ὢέὶ ‐ͯ ὔπȟρ Ȣ                                   (1) 

The standard Wiener Process ύ  can be used as a building block to model a wide 

range of stochastic variables. The extension of the latter by including drift rate ‘ and 
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volatility „ to the process will transfer it to a general Wiener Process, a generalized 

Brownian motion or Ito Process ‚ : 

Ὠ‚ ‘‚ȟὸὨὸ„‚ȟὸὨύ ὔͯ‘Ὠὸȟ„Ὠὸ Ȣ                         (2) 

In this connection, a special case of the equation (2) is the geometric Brownian 

motion (GBM), where ‘ and „ are constants and ‘‚ȟὸ ‘‚, „‚ȟὸ „‚. Thus, 

equation (2) with drift ‘ and volatility „ will have the following form: 

Ὠ‚ ‘‚Ὠὸ„‚Ὠύ ὔͯ‘Ὠὸȟ„Ὠὸ ȟ                            (3) 

where ύ  is a standard Wiener Process. It is convenient to model threats with such a 

process, because the process always remains positive when ‚ starts at a positive value 

[5, 6]. 

It can be easily shown, that for geometric Brownian motion (3), it is true, that for 

ᶪίȟὸȡί ὸȟ‚ is log-normally distributed with moments shown in [5-7]: 

Ὁ‚ϳꞈ ‚Ὡ  ȟ                                          (4) 

ὠὥὶ‚ϳꞈ ‚Ὡ Ὡ ρ Ȣ                   (5) 

In this sense, changing probability measures is useful in modeling ambiguity 

about a threat stochastic process. Indeed, Girsanov's theorem stipulates that the drift of 

a diffusion process can be changed by interpreting it under a new probability measure 

[5, 8, 9]. 

In addition to the point mentioned above, let ὖ denote the ñoriginalò probability 

measure, which is considered to be true when the decision maker is ambiguity-neutral. 

In this case, for adding ambiguity to the model, a new ñsubjectiveò probability 

measure is introduced by expanding the form of the singleton ὖ to a non-singleton 

set of probability measure ע. Therefore, to establish some intuition behind the 

changing of probability measure, a new subjective probability measure ὗ is 

considered, for which the probability of event ὃ is computed by assigning ñweightsò 

–‫  on all sample paths ‫ᶰ  , so that for all ὃᶅᶰꞈ  the new probability 

measure under the requirements –‫ πȟᶅ :‫ᶰɋ is 

ὗὃ ᷿ –‫ὨὖȢ                                           (6) ‫ 

Accordingly: 

ὗɋ ᷿ –ɋὨὖɋ ρ
ɋ

 Ȣ                                   (7) 

It is clear from what has been said above, that Ὠὗ –Ὠὖ, which yields the 

Radon-Nikodyn derivative [5, 6]: 

– ȟ                                                       (8) 

which can be used to convert the expectation of a random variable under different pro- 

bability measures. 

Ὁ ὼ Ὁ –ὼ Ȣ                                                         (9) 
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For  to be well-defined, it is necessary, that the two probability measures be 

equivalent: ὗὃ πᵾ ὖὃ π for all events ὃᶰ ,ꞈ and that ὗ be absolutely 

continuous with respect to ὖ, namely ὖὃ πᵼὗὃȟᶅὃᶰ .ꞈ 

Below, by using the Girsanov's theorem, it will be shown that the assumption of a 

new probability measure can shift the trend of an original ὖ-Brownian motion. 

Girsanov's Theorem. Let — —  denote a process adapted to the ὖ-

Brownian natural filtration ꞈ , satisfying Novikov's condition: 

Ὁ Ὡὼὴ᷿ —Ὠί Ð    ὖ ὥȢίȢ                                (10) 

In this case, there is a new equivalent probability measure ὗ , under which 

ύ  is a ὗ -Brownian motion equal to the ὖ-Brownian ύ  plus drift 

—  with ύ π: 

ύ ḧύ ᷿—Ὠί ȟ                                                     (11) 

Ὠύ —ὨὸὨύ Ȣ                                                     (12) 

Thus, the new ὗ -Brownian motion is characterized by its Radon-Nikodym 

derivative under ᶅὸɴ πȟὝ: 

ꞈ
Ὡὼὴ᷿—Ὠύ ᷿—Ὠίḧ– Ȣ                        (13) 

Taking into account the above mentioned statement, the Radon-Nikodym 

derivative can be considered in terms of the density ratio of the processes under ὖ and 

ὗ : 

Ѝ

Ѝ

Ὡὼὴ ύ —Ὕ ύ

          Ὡὼὴ—ύ —Ὕ Ὡὼὴ᷿—ύ ᷿—ί Ȣ                 (14) 

Hence, the process —  can be interpreted as a density generator for the new 

probability measure ὗ  [8, 10]. This density generator shifts the stochastic process 

‚  generated by the ὖ-Brownian motion ύ  expressed in equation (15) 

to equation (16), when considered under ὗ -Brownianύ : 

Ὠ‚ ‘‚Ὠὸ„‚Ὠύ ȟ                                             (15) 

Ὠ‚ ‘ —„‚Ὠὸ„‚πὨύ  Ȣ                              (16) 

Since, by Girsanov's theorem, ύ  is a Brownian motion with respect to ὗ , ‚ is 

also the solution of the stochastic differential equation (16) if ὗ  is the underlying 

probability measure. This means that there is only one stochastic process ‚ which has 

many ñinterpretationsò of stochastic differential equations. In this sense, Equations 

(15) and (16) are two different interpretations of ‚, each of which corresponds to 

—ᶰŪ. 

Thus, it is possible to show how ambiguity about ‚  can  be  characterized 
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by the expansion of singleton set, containing original probability measure ὖ with 

respect to a set of probability measures ע  
on ɋȟꞈ  defined by a set of density 

generators Ū with elements —, defining the range of possible ‚  drifts: 

Ūע ὗȿ—ᶰŪ Ȣ                                            (17) 

It should also be noted, that by the use of Girsanov's theorem, ambiguity in this 

model transfers the Brownian motion and thus, entirely concerns the drift process and 

not volatility.   

In addition to what has been said above, it is assumed, that the ñsmall deviationò 

is considered from the original measure ὖ, which means that the range the density 

generators can move is restricted to some ñneighborhoodò set of ὖ. In this regard, in 

order to arrive at a specification of עŪ, letôs turn to the construction of Ū. 

Let —  be all real-valued, measurable and ꞈ  adapted process on 

ɋȟꞈ ȟὖ with index πȟὝ and thus, עŪ should be referred
 
as rectangular, if there 

exists a compact (i.e. closed and bounded) non-empty set ὑṒὙ and a process 

Ū  of correspondences Ū: ɋᴼO ὑȟᶅὸɴ πȟὝ so, that 

Ū  — ȡ— ‫ ᶰŪ ‫ ὨὸṧὨὖ ὥȢὩȢ Ȣ              (18) 

If עŪ is rectangular, then ᶅ—ᶰŪ satisfies Novikov's condition, since Ὸȟᶅὸ 

is a subset of compact ὑ, and therefore,  — is a density generator with certainty. 

In [8, 10] the independently and indistinguishably distributed ambiguity is 

assumed, so that Ū ṒὙ is independent of time ὸ. In this case, the special case         

Ū ὯȟὯ for Ὧ π is referred to as Ὧ-ignorance, under which the upper-rim 

density generator will be obtained for „ π: 
—ӶḧὥὶὫάὥὼὼ„ȿὼɴ Ū Ὧ Ȣ                                (19) 

Consequently, ambiguity is modeled as the set Ū, which constructs a range of 

probability measures עŪ and a corresponding set of possible drifts for a given 

stochastic process. Accordingly, if Ὧ π, the range of priors collapses to a singleton, 

as there is now only a single measure under consideration, namely the original 

measure             עŪ ὗ ḧ ὖ. Hence, the larger the Ὧ π, the higher is the level 

of ambiguity about the drift of the given stochastic process. 

According to what is mentioned above, the Geometric Brownian motion under 

ambiguity in the model presented in [8, 10] can be characterized as Ὧ-ignorance. Thus, 

a geometric Brownian motion under Ὧ-ignorance is the stochastic process ‚   

with Ὧ π, drift ‘ —„ and volatility „ under the ὗ -Wiener process ύ : 

Ὠ‚ ‘ —„‚Ὠὸ„‚Ὠύ ȟᶅ—ᶰŪ ὯȟὯ Ȣ              (20) 

Therefore, in this connection, it should be noted that rectangularity ensures, that 

beliefs have a recursive structure, and thereby allow for inter-temporal optimization 

problems to become dynamically consistent. In particular, when π ὸ ί Ὕ for  

 άὭὲɴὉ ὼȿꞈ άὭὲɴὉ Ὁ ὼȿꞈ ȿꞈ άὭὲɴὉ άὭὲɴ Ὁ ὼȿꞈ ȿꞈ  ȟ(21) 

the first equality always holds true due to the low of iterated expectations, but the 

second equality only holds true if ὖ  is rectangular. 
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Conclusion. On the basis of the material discussed above, and given the dynamic 

nature of cybersecurity threats, as well as the existing deep uncertainty in cyber 

environment, the modeling of cybersecurity threats through Brownian motions as 

stochastic processes captures the dynamic nature of the cybersecurity threats under 

ambiguity giving an opportunity to deal with them with an additional flexibility. 
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ɼʀʅɸʄʀʏɽʉʂʆɽ ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʂʀɹɽʈʋɻʈʆɿ ɺ ʋʉʃʆɺʀʗʍ 

ʉʋʑɽʉʊɺɽʅʅʓʍ ʅɽʆʇʈɽɼɽʃɽʅʅʆʉʊɽʁ 
 

ɸ.ɻ. ɻʨʠʛʦʨʷʥ 
 

ʇʦʩʣʝʜʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʦʙʣʘʩʪʠ ʢʠʙʝʨʙʝʟʦʧʘʩʥʦʩʪʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʠʩʩʣʝʜʦʚʘʥʠʷ, 

ʨʘʩʩʤʘʪʨʠʚʘʶʱʠʝ ʚʦʧʨʦʩʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʢʠʙʝʨʫʛʨʦʟ, ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʫʛʨʦʟʳ ʚ ʘʜʨʝʩ 

ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʩʠʩʪʝʤ ʷʚʣʷʶʪʩʷ ʚʝʨʦʷʪʥʦʩʪʥʳʤʠ, ʘ ʢʠʙʝʨʫʛʨʦʟʳ ʧʦ ʩʚʦʝʡ ʧʨʠʨʦʜʝ 

ʷʚʣʷʶʪʩʷ ʩʣʫʯʘʡʥʳʤʠ (ʩʪʦʭʘʩʪʠʯʝʩʢʠʤʠ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ 

ʚʳʨʘʙʦʪʢʠ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ ʜʣʷ ʧʨʘʚʠʣʴʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʢʠʙʝʨʫʛʨʦʟ. ɺ 

ʣʠʪʝʨʘʪʫʨʝ ʠʟ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʫʧʦʤʠʥʘʝʤʳʭ ʧʦʜʭʦʜʦʚ ʧʦ ʦʮʝʥʢʝ ʠʥʚʝʩʪʠʮʠʡ ʚ ʦʙʣʘʩʪʠ 

ʢʠʙʝʨʙʝʟʦʧʘʩʥʦʩʪʠ ʩʣʝʜʫʝʪ ʚʳʜʝʣʠʪʴ ʠʥʚʝʩʪʠʮʠʦʥʥʫʶ ʤʦʜʝʣʴ ɻʦʨʜʦʥʘ ʠ ʃʦʵʙʘ. ɺ ʵʪʦʡ 

ʤʦʜʝʣʠ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʩʫʱʝʩʪʚʫʝʪ ʦʜʥʘ ʫʛʨʦʟʘ ʠʥʬʦʨʤʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ, ʠ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʢʠʙʝʨʫʛʨʦʟʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʢʘʢ ʚʝʨʦʷʪʥʦʩʪʴ ʧʦʧʳʪʢʠ ʥʘʨʫʰʝʥʠʷ 

ʠʥʬʦʨʤʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ. ɺ ʥʝʡ ʫʛʨʦʟʳ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʩʪʘʪʠʯʝʩʢʠʤʠ, ʥʝ ʫʯʠʪʳʚʘʷ 

ʜʠʥʘʤʠʯʥʦʛʦ ʭʘʨʘʢʪʝʨʘ ʠʥʚʝʩʪʠʮʠʡ ʚ ʢʠʙʝʨʙʝʟʦʧʘʩʥʦʩʪʴ. 

ɺʚʠʜʫ ʩʣʦʞʥʦʛʦ ʠ ʩʪʦʭʘʩʪʠʯʝʩʢʦʛʦ ʭʘʨʘʢʪʝʨʘ ʢʠʙʝʨʫʛʨʦʟ ʠ ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ 

ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʠ ʚ ʩʨʝʜʝ ʢʠʙʝʨʙʝʟʦʧʘʩʥʦʩʪʠ ʚ ʥʘʩʪʦʷʱʝʡ ʩʪʘʪʴʝ ʢʠʙʝʨʫʛʨʦʟʳ 

ʤʦʜʝʣʠʨʫʶʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʨʦʫʥʦʚʩʢʠʭ ʜʚʠʞʝʥʠʡ ʢʘʢ ʩʣʫʯʘʡʥʳʝ 

(ʩʪʦʭʘʩʪʠʯʝʩʢʠʝ) ʧʨʦʮʝʩʩʳ ʚ ʫʩʣʦʚʠʷʭ ʩʫʱʝʩʪʚʝʥʥʳʭ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʝʡ. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʢʠʙʝʨʫʛʨʦʟ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʙʨʦʫʥʦʚʩʢʠʭ ʜʚʠʞʝʥʠʡ ʵʬʬʝʢʪʠʚʥʦ 

ʟʘʭʚʘʪʳʚʘʝʪ ʜʠʥʘʤʠʯʝʩʢʫʶ ʧʨʠʨʦʜʫ ʢʠʙʝʨʫʛʨʦʟ ʚ ʫʩʣʦʚʠʷʭ ʩʫʱʝʩʪʚʝʥʥʳʭ 

ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʝʡ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʢʠʙʝʨʫʛʨʦʟʘ, ʩʣʫʯʘʡʥʳʡ ʧʨʦʮʝʩʩ, ʙʨʦʫʥʦʚʩʢʦʝ ʜʚʠʞʝʥʠʝ, 

ʩʫʱʝʩʪʚʝʥʥʘʷ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʴ. 
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ʇʆʃʋʏɽʅʀɽ 3D ʄʆɼɽʃʀ ʆɹʒɽʂʊɸ ʅɸ ʆʉʅʆɺɽ ʉʊɽʈɽʆɿʈɽʅʀʗ 
 

ɸ.ɺ. ɻʝʚʦʨʛ̫ ʥ 
 

ʈʦʩʩʠʡʩʢʦ-ɸʨʤʷʥʩʢʠʡ  ʫʥʠʚʝʨʩʠʪʝʪ 

 

ʇʨʝʜʩʪʘʚʣʝʥ ʤʝʪʦʜ ʧʦʣʫʯʝʥʠʷ 3D ʤʦʜʝʣʠ ʦʙʲʝʢʪʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʚʫʭ ʢʘʤʝʨ. 

ʉʫʱʝʩʪʚʫʶʪ ʨʘʟʣʠʯʥʳʝ ʤʝʪʦʜʳ ʧʦʣʫʯʝʥʠʷ 3D ʠʥʬʦʨʤʘʮʠʠ. ɼʘʥʥr ʡ ʤʝʪʦʜ ʦʩʥʦʚʘʥ ʥʘ 

ʩʪʝʨʝʦʟʨʝʥʠʠ ʠ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʜʨʫʛʠʭ ʨʝʰʝʥʠʡ, ʥʝ ʥʫʞʜʘʝʪʩʷ ʚ ʣʘʟʝʨʝ, ʫʣʴʪʨʘʟʚʫʢʦʚʦʤ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝ ʠʣʠ ʜʨʫʛʠʭ ʜʦʨʦʛʠʭ ʩʝʥʩʦʨʘʭ. ʉʪʝʨʝʦʟʨʝʥʠʝ ï ʵʪʦ ʪʝʭʥʦʣʦʛʠʷ, ʢʦʪʦʨʘʷ 

ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʪʨʝʭʤʝʨʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʧʨʠ ʧʦʤʦʱʠ ʜʚʫʭ ʠʣʠ ʙʦʣʝʝ ʢʘʤʝʨ. 

ʆʩʥʦʚʥʳʝ ʰʘʛʠ ʩʪʝʨʝʦʟʨʝʥʠʷ: ʢʘʣʠʙʨʦʚʢʘ ï ʧʨʦʮʝʩʩ ʧʦʣʫʯʝʥʠʷ ʚʥʫʪʨʝʥʥʠʭ ʠ ʚʥʝʰʥʠʭ 

ʧʘʨʘʤʝʪʨʦʚ ʢʘʤʝʨʳ; ʨʝʢʪʠʬʠʢʘʮʠʷ ï ʧʨʦʮʝʩʩ ʚʳʨʘʚʥʠʚʘʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ, ʯʪʦʙʳ ʠʭ 

ʧʣʦʩʢʦʩʪʠ ʙʳʣʠ ʧʘʨʘʣʣʝʣʴʥʳ; ʩʪʝʨʝʦʩʦʧʦʩʪʘʚʣʝʥʠʝ ï ʟʘʜʘʯʘ ʥʘʭʦʞʜʝʥʠʷ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʪʦʯʝʢ ʤʝʞʜʫ ʠʟʦʙʨʘʞʝʥʠʷʤʠ; ʪʨʠʘʥʛʫʣʷʮʠʷ ï ʥʘʭʦʞʜʝʥʠʝ ʢʦʦʨʜʠʥʘʪ 

ʪʦʯʝʢ, ʟʥʘʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʪʦʯʢʠ ʠ ʧʘʨʘʤʝʪʨʳ ʢʘʤʝʨ. ʆʙʲʝʢʪ ʩʪʘʚʠʪʩʷ ʧʝʨʝʜ ʢʘʤʝʨʘʤʠ 

ʠ ʚʨʘʱʘʝʪʩʷ, ʜʣʷ ʢʘʞʜʦʛʦ ʚʨʘʱʝʥʠʷ ʠʤʝʝʤ ʧʘʨʫ ʠʟʦʙʨʘʞʝʥʠʡ. ɼʣʷ ʢʘʞʜʦʡ ʧʘʨʳ 

ʠʟʦʙʨʘʞʝʥʠʡ (ʠʟʦʙʨʘʞʝʥʠʷ ʣʝʚʦʡ ʠ ʧʨʘʚʦʡ ʢʘʤʝʨ) ʥʘʭʦʜʠʤ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʪʦʯʢʠ ʧʨʠ 

ʧʦʤʦʱʠ Semi-Global Matching (SBM) ʘʣʛʦʨʠʪʤʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʣʫʯʘʝʤ ʢʘʨʪʫ 

ʩʤʝʱʝʥʠʡ. ʇʦ ʢʘʨʪʝ ʩʤʝʱʝʥʠʡ, ʟʥʘʷ ʧʘʨʘʤʝʪʨʳ ʢʘʤʝʨ ʧʨʠ ʧʦʤʦʱʠ ʪʨʠʘʥʛʫʣʷʮʠʠ,  

ʩʪʨʦʠʤ ʢʘʨʪʫ ʛʣʫʙʠʥʳ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʦʙʣʘʢʦ ʪʦʯʝʢ ï ʤʥʦʞʝʩʪʚʦ ʪʦʯʝʢ ʩ 

ʪʨʝʭʤʝʨʥʳʤʠ ʢʦʦʨʜʠʥʘʪʘʤʠ. ɼʘʣʝʝ ʜʣʷ ʢʘʞʜʦʛʦ ʦʙʣʘʢʘ ʪʦʯʝʢ ʦʪʜʝʣʷʝʤ ʦʙʲʝʢʪ ʦʪ ʩʮʝʥʳ, 

ʧʦʣʫʯʘʷ ʦʙʣʘʢʦ ʪʦʯʝʢ ʪʦʣʴʢʦ ʦʙʲʝʢʪʘ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ 3D ʤʦʜʝʣʠ ʵʪʠ ʦʙʣʘʢʘ ʪʦʯʝʢ 

ʨʘʟʥʳʭ ʨʘʢʫʨʩʦʚ ʥʫʞʥʦ ʩʦʝʜʠʥʠʪʴ ʚ ʦʜʥʫ ʝʜʠʥʫʶ ʤʦʜʝʣʴ ï ʵʪʦʪ ʧʨʦʮʝʩʩ ʥʘʟʳʚʘʝʪʩʷ 

ʨʝʛʠʩʪʨʘʮʠʝʡ. ɼʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʠʩʧʦʣʴʟʫʝʤ Iterative Closest Point (ICP) ʘʣʛʦʨʠʪʤ, 

ʧʦʦʯʝʨʝʜʥʦ ʩʦʝʜʠʥʷʷ ʩʣʝʜʫʶʱʝʝ ʦʙʣʘʢʦ ʪʦʯʝʢ ʩ ʛʣʦʙʘʣʴʥʦʡ ʤʦʜʝʣʴʶ.  

 ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʪʝʨʝʦʟʨʝʥʠʝ,  3D ʨʝʛʠʩʪʨʘʮʠʷ, ʢʘʨʪʘ ʩʤʝʱʝʥʠʡ, ʦʙʣʘʢʦ ʪʦʯʝʢ. 

 
ɺʚʝʜʝʥʠʝ. ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʶʪʩʷ 3D ʪʝʭʥʦʣʦʛʠʠ, ʢʦʪʦʨʳʝ 

ʠʤʝʶʪ ʨʘʟʣʠʯʥʳʝ ʦʙʣʘʩʪʠ ʧʨʠʤʝʥʝʥʠʷ: ʚ ʢʠʥʦʠʥʜʫʩʪʨʠʠ,  ʚʠʜʝʦʠʛʨʘʭ, 

ʨʦʙʦʪʦʪʝʭʥʠʢʝ, ʙʠʦʤʝʪʨʠʠ, ʤʝʜʠʮʠʥʝ ʠ ʜʨ. ʆʜʥʦʡ ʠʟ ʘʢʪʫʘʣʴʥʳʭ ʟʘʜʘʯ ʚ ʜʘʥʥʦʡ 

ʦʙʣʘʩʪʠ ʷʚʣʷʝʪʩʷ ʧʦʣʫʯʝʥʠʝ 3D ʤʦʜʝʣʠ ʦʙʲʝʢʪʘ, ʢʦʪʦʨʘʷ ʦʙʳʯʥʦ ʨʝʰʘʝʪʩʷ ʧʨʠ 

ʧʦʤʦʱʠ 3D ʩʢʘʥʠʨʦʚʘʥʠʷ. 3D ʩʢʘʥʝʨʳ ʦʙʳʯʥʦ ʨʘʟʜʝʣʷʶʪʩʷ ʥʘ ʜʚʘ ʪʠʧʘ: 

ʢʦʥʪʘʢʪʥʳʝ, ʪʨʝʙʫʶʱʠʝ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʛʦ ʩʦʧʨʠʢʦʩʥʦʚʝʥʠʷ ʩ ʦʙʲʝʢʪʦʤ ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ 3D  ʠʥʬʦʨʤʘʮʠʠ, ʠ ʙʝʩʢʦʥʪʘʢʪʥʳʝ. ɹʝʩʢʦʥʪʘʢʪʥʳʝ ʩʢʘʥʝʨʳ ʙʳʚʘʶʪ 

ʜʚʫʭ ʪʠʧʦʚ: ʘʢʪʠʚʥʳʝ (ʦʙʳʯʥʦ ʠʟʣʫʯʘʶʪ ʣʘʟʝʨʥʳʡ ʣʫʯ ʠʣʠ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʡ 

ʩʚʝʪ) ʠ ʧʘʩʩʠʚʥʳʝ (ʥʠʯʝʛʦ ʥʝ ʠʟʣʫʯʘʶʪ ʠ ʘʥʘʣʠʟʠʨʫʶʪ ʦʪʨʘʞʝʥʥʦʝ ʦʢʨʫʞʘʶʱʝʝ 

ʠʟʣʫʯʝʥʠʝ).   

ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ  ʧʨʝʜʩʪʘʚʣʝʥ ʤʝʪʦʜ ʧʦʩʪʨʦʝʥʠʷ  ʧʘʩʩʠʚʥʦʛʦ  3D  ʩʢʘʥʝʨʘ ʥʘ  
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ʦʩʥʦʚʝ ʜʚʫʭ ʦʙʳʯʥʳʭ ʚʝʙ-ʢʘʤʝʨ. ɼʘʥʥʳʡ ʤʝʪʦʜ ʦʩʥʦʚʘʥ ʥʘ ʩʪʝʨʝʦʟʨʝʥʠʠ. 

ʇʨʝʠʤʫʱʝʩʪʚʦ ʵʪʦʛʦ ʤʝʪʦʜʘ ʚ ʪʦʤ, ʯʪʦ ʥʝʪ ʥʫʞʜʳ ʚ ʜʦʨʦʛʦʩʪʦʷʱʠʭ 

ʦʙʦʨʫʜʦʚʘʥʠʷʭ.  

ʉʪʝʨʝʦʟʨʝʥʠʝ - ʪɻʦ ʪʝʭʥʦʣʦʛʠʷ, ʧʦʟʚʦʣʷʶʱʘʷ ʧʨʠ ʧʦʤʦʱʠ  ʜʚʫʭ ʠʣʠ ʙʦʣʝʝ 

ʢʘʤʝʨ ʧʦʣʫʯʠʪʴ ʨʘʩʩʪʦʷʥʠʝ ʦʙʲʝʢʪʦʚ ʦʪ ʢʘʤʝʨʳ (ʢʘʨʪʫ ʛʣʫʙʠʥʳ). ʅʘʤʠ ʧʦʣʫʯʝʥʘ 

ʢʘʨʪʘ ʛʣʫʙʠʥʳ ʚ ʚʠʜʝ ʦʙʣʘʢʘ ʪʦʯʝʢ (ʤʥʦʞʝʩʪʚʦ ʪʦʯʝʢ ʩ ʪʨʝʭʤʝʨʥʳʤʠ 

ʢʦʦʨʜʠʥʘʪʘʤʠ X, Y ʠ Z). ɼʣʷ ʧʦʣʫʯʝʥʠʷ  3D ʤʦʜʝʣʠ ʥʫʞʥʦ ʩʦʝʜʠʥʠʪʴ ʦʙʣʘʢʘ 

ʪʦʯʝʢ ʨʘʟʥʳʭ ʨʘʢʫʨʩʦʚ ʦʙʲʝʢʪʘ. ʕʪʦʪ ʧʨʦʮʝʩʩ ʩʦʝʜʠʥʝʥʠʷ ʥʘʟʳʚʘʝʪʩʷ 

ʨʝʛʠʩʪʨʘʮʠʝʡ.   

ʇʦʩʪʨʦʝʥʠʝ ʢʘʨʪʳ ʛʣʫʙʠʥʳ. ʈʘʩʩʤʦʪʨʠʤ ʜʝʪʘʣʴʥʦ ʧʨʦʮʝʩʩ ʧʦʣʫʯʝʥʠʷ 

ʢʘʨʪʳ ʛʣʫʙʠʥʳ. ʇʦʩʪʨʦʝʥʠʝ ʢʘʨʪʳ ʛʣʫʙʠʥʳ ʩʦʩʪʦʠʪ ʠʟ ʩʣʝʜʫʶʱʠʭ ʵʪʘʧʦʚ: 

ʢʘʣʠʙʨʦʚʢʘ, ʨʝʢʪʠʬʠʢʘʮʠʷ, ʩʪʝʨʝʦʩʦʦʪʚʝʪʩʪʚʠʝ ʠ ʪʨʠʘʥʛʫʣʷʮʠʷ. 

ʂʘʣʠʙʨʦʚʢʘ - ʵʪʦ ʟʘʜʘʯʘ ʦʧʨʝʜʝʣʝʥʠʷ ʦʨʠʝʥʪʘʮʠʠ ʠ ʨʘʩʧʦʣʦʞʝʥʠʷ ʢʘʤʝʨʳ ʚ 

ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʦ ʠʟʦʙʨʘʞʝʥʠʶ, ʧʦʣʫʯʝʥʥʦʤʫ ʩ ʝʝ ʧʦʤʦʱʴʶ. ɺʦ ʚʨʝʤʷ 

ʢʘʣʠʙʨʦʚʢʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʚʥʫʪʨʝʥʥʠʝ ʠ ʚʥʝʰʥʠʝ ʧʘʨʘʤʝʪʨʳ ʢʘʤʝʨʳ. 

ɺʥʫʪʨʝʥʥʠʝ ʧʘʨʘʤʝʪʨʳ ʩʦʜʝʨʞʘʪ ʪʘʢʠʝ ʜʘʥʥʳʝ, ʢʘʢ ʬʦʢʫʩʥʦʝ ʨʘʩʩʪʦʷʥʠʝ, 

ʨʘʟʤʝʨ ʧʠʢʩʝʣʷ, ʢʦʦʨʜʠʥʘʪʳ ʧʨʠʥʮʠʧʠʘʣʴʥʦʡ ʪʦʯʢʠ ʠ ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʩʪʦʨʩʠʠ. 

ɺʥʝʰʥʠʝ ʧʘʨʘʤʝʪʨʳ ʧʦʢʘʟʳʚʘʶʪ ʧʦʟʠʮʠʶ ʠ ʦʨʠʝʥʪʘʮʠʶ ʢʘʤʝʨʳ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ.  

ʉʫʱʝʩʪʚʫʶʪ ʨʘʟʣʠʯʥʳʝ ʩʧʦʩʦʙʳ ʢʘʣʠʙʨʦʚʢʠ ʢʘʤʝʨʳ [1]. ʅʘʤʠ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʤʝʪʦʜ ʢʘʣʠʙʨʦʚʢʠ ʢʘʤʝʨʳ ʧʨʠ ʧʦʤʦʱʠ ʰʘʭʤʘʪʥʦʡ ʜʦʩʢʠ.  

ɽʩʣʠ ʜʚʝ ʢʘʤʝʨʳ ʧʘʨʘʣʣʝʣʴʥʳ ʜʨʫʛ ʜʨʫʛʫ, ʪʦ ʠʭ ʠʟʦʙʨʘʞʝʥʠʷ ʙʫʜʫʪ ʠʤʝʪʴ 

ʦʜʠʥʘʢʦʚʫʶ ʧʣʦʩʢʦʩʪʴ, ʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʪʦʯʢʠ ʣʝʚʳʭ ʠ ʧʨʘʚʳʭ ʠʟʦʙʨʘʞʝʥʠʡ 

ʙʫʜʫʪ ʥʘʭʦʜʠʪʩɹʷ ʥʘ ʦʜʥʦʡ ʩʪʨʦʢʝ, ʪʝʤ ʩʘʤʳʤ ʦʙʣʝʛʯʘʷ ʟʘʜʘʯʫ 

ʩʪʝʨʝʦʩʦʧʦʩʪʘʚʣʝʥʠʷ. ʈʝʢʪʠʬʠʢʘʮʠʷ [2] - ʵʪʦ ʧʨʦʮʝʩʩ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ 

ʠʟʦʙʨʘʞʝʥʠʡ ʩ ʢʘʤʝʨ ʥʘ ʧʣʦʩʢʦʩʪʴ, ʧʘʨʘʣʣʝʣʴʥʫʶ ʣʠʥʠʠ, ʩʦʝʜʠʥʷʶʱʝʡ ʮʝʥʪʨʳ 

ʦʙʲʝʢʪʠʚʦʚ ʜʚʫʭ ʢʘʤʝʨ (ʙʘʟʦʚʘʷ ʣʠʥʠʷ). 

ʉʪʝʨʝʦʩʦʦʪʚʝʪʩʪʚʠʝ - ʵʪʦ ʥʘʭʦʞʜʝʥʠʝ ʦʜʠʥʘʢʦʚʳʭ ʧʠʢʩʝʣʝʡ ʚ ʣʝʚʦʤ ʠ 

ʧʨʘʚʦʤ ʠʟʦʙʨʘʞʝʥʠʷʭ ʢʘʤʝʨ, ʢʦʪʦʨʳʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʜʥʘ ʠ ʪʘ ʞʝ ʪʦʯʢʘ ʚ 

ʪʨʝʭʤʝʨʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ. ʇʫʩʪʴ (x1, y1) ʠ (x2, y2) - ʢʦʦʨʜʠʥʘʪʳ ʪʦʯʢʠ ʚ ʣʝʚʦʤ ʠ 

ʧʨʘʚʦʤ ʠʟʦʙʨʘʞʝʥʠʷʭ. ɽʩʣʠ ʠʟʦʙʨʘʞʝʥʠʷ ʨʝʢʪʠʬʠʮʠʨʦʚʘʥʳ, ʪʦ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʪʦʯʢʠ ʥʘʭʦʜʷʪʩʷ ʥʘ ʦʜʥʦʡ ʩʪʨʦʢʝ, ʪʦ ʝʩʪʴ y1 = y2. ʈʘʟʥʦʩʪʴ  

x2-x1 ʥʘʟʳʚʘʝʪʩʷ ʩʤʝʱʝʥʠʝʤ ʠʣʠ ʜʠʩʧʘʨʠʪʝʪʦʤ. ɿʘʜʘʯʘ ʘʣʛʦʨʠʪʤʦʚ 

ʩʪʝʨʝʦʩʦʦʪʚʝʪʩʪʚʠʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʩʪʨʦʝʥʠʠ ʢʘʨʪʳ ʩʤʝʱʝʥʠʡ. ʉʫʱʝʩʪʚʫʝʪ 

ʤʥʦʞʝʩʪʚʦ ʘʣʛʦʨʠʪʤʦʚ ʩʪʝʨʝʦʩʦʦʪʚʝʪʩʪʚʠʷ, ʥʦ ʚ ʦʩʥʦʚʥʦʤ ʠʭ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ 

ʥʘ ʜʚʝ ʛʨʫʧʧʳ: ʛʣʦʙʘʣʴʥʳʝ ʠ ʣʦʢʘʣʴʥʳʝ, ʢʘʞʜʘʷ ʠʟ ʢʦʪʦʨʳʭ ʠʤʝʝʪ ʩʚʦʠ 

ʧʨʝʠʤʫʱʝʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ. ɻʣʦʙʘʣʴʥʳʝ ʘʣʛʦʨʠʪʤʳ ʙʦʣʝʝ ʪʦʯʥʳ ʠ ʠʤʝʶʪ 

ʣʫʯʰʝʝ ʢʘʯʝʩʪʚʦ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʣʦʢʘʣʴʥʳʤʠ, ʦʜʥʘʢʦ ʦʥʠ ʤʦʛʫʪ ʠʤʝʪʴ 
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ʥʝʧʨʠʝʤʣʝʤʦʝ ʚʨʝʤʷ ʚʳʧʦʣʥʝʥʠʷ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʣʦʢʘʣʴʥʳʭ ʘʣʛʦʨʠʪʤʦʚ, ʢʦʪʦʨʳʝ 

ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳ. ɹʦʣʝʝ ʧʦʜʨʦʙʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦʙ ʘʣʛʦʨʠʪʤʘʭ 

ʩʪʝʨʝʦʩʦʦʪʚʝʪʩʪʚʠʷ ʠ ʠʭ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʧʨʠʚʝʜʝʥ r ʚ [3]. ɼʣʷ 

ʥʘʭʦʞʜʝʥʠʷ ʢʘʨʪʳ ʩʤʝʱʝʥʠʡ ʠʩʧʦʣʴʟʫʝʤ ʘʣʛʦʨʠʪʤ Semi-Global Matching (SBM) 

[4], ʢʦʪʦʨʳʡ ʩʦʚʤʝʱʘʝʪ ʢʘʯʝʩʪʚʦ ʛʣʦʙʘʣʴʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʠ ʩʢʦʨʦʩʪʴ ʣʦʢʘʣʴʥʳʭ.  

ɿʥʘʷ ʛʝʦʤʝʪʨʠʯʝʩʢʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʢʘʤʝʨ, ʠʭ ʚʥʫʪʨʝʥʥʠʝ ʧʘʨʘʤʝʪʨʳ ʠ 

ʢʘʨʪʫ ʩʤʝʱʝʥʠʡ, ʧʨʠ ʧʦʤʦʱʠ ʪʨʠʘʥʛʫʣʷʮʠʠ ʤʦʞʝʤ ʚʳʯʠʩʣʠʪʴ ʢʘʨʪʫ ʛʣʫʙʠʥʳ 

[5]. ʇʫʩʪʴ ʢʘʤʝʨʳ ʧʘʨʘʣʣʝʣʴʥʳ, ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʢʘʤʝʨʘʤʠ ʨʘʚʥʦ d, ʘ ʬʦʢʫʩʥʦʝ 

ʨʘʩʩʪʦʷʥʠʝ ʨʘʚʥʦ f. ʊʦʛʜʘ 
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ὼὰὼὶ
ȟ 

ὼ  
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ςὼὰὼὶ
ȟ 

ώ  
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ʛʜʝ xl-xr ï ʩʤʝʱʝʥʠʝ. 

ʈʝʘʣʠʟʘʮʠʷ. ʅʘʤʠ ʨʝʘʣʠʟʦʚʘʥʦ ʧʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ, ʢʦʪʦʨʦʝ 

ʧʦʟʚʦʣʷʝʪ ʧʦʩʪʨʦʠʪʴ ʪʨʝʭʤʝʨʥʫʶ ʤʦʜʝʣʴ ʧʦ ʠʟʦʙʨʘʞʝʥʠʷʤ, ʧʦʣʫʯʝʥʥʳʤ ʠʟ ʜʚʫʭ 

ʢʘʤʝʨ. ʇʨʦʝʢʪ ʨʝʘʣʠʟʦʚʘʥ ʥʘ OpenCV [6] ʠ Point Cloud Library .  

ɼʚʝ ʢʘʤʝʨʳ ʟʘʢʨʝʧʣʝʥʳ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʥʘ ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʨʘʩʩʪʦʷʥʠʠ ʪʘʢ, 

ʯʪʦʙʳ ʦʥʠ ʙʳʣʠ ʤʘʢʩʠʤʘʣʴʥʦ ʧʘʨʘʣʣʝʣʴʥʳ ʧʦ ʦʪʥʦʰʝʥʠʶ ʜʨʫʛ ʢ ʜʨʫʛʫ. 

ʆʙʲʝʢʪ ʩʪʘʚʠʪʩʷ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 40é50 ʩʤ ʦʪ ʢʘʤʝʨ ʠ 

ʚʨʘʱʘʝʪʩʷ ʥʘ ʤʘʣʝʥʴʢʠʡ ʫʛʦʣ (ʦʢʦʣʦ 2é5 ʛʨʘʜʫʩʦʚ). ɼʣʷ ʢʘʞʜʦʛʦ ʚʨʘʱʝʥʠʷ 

ʚʳʯʠʩʣʷʝʪʩʷ ʢʘʨʪʘ ʛʣʫʙʠʥʳ ʚ ʚʠʜʝ ʦʙʣʘʢʘ ʪʦʯʝʢ, ʠ ʜʣʷ ʢʘʞʜʦʛʦ ʦʙʣʘʢʘ ʪʦʯʝʢ 

ʦʙʲʝʢʪ ʦʪʜʝʣʷʝʪʩʷ ʦʪ ʩʮʝʥʳ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʢʘʞʜʦʛʦ ʚʨʘʱʝʥʠʷ ʦʙʲʝʢʪʘ 

ʠʤʝʝʤ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʝʤʫ ʦʙʣʘʢʦ ʪʦʯʝʢ. ʅʘʤ ʥʫʞʥʦ ʧʨʠʚʝʩʪʠ ʦʙʣʘʢʘ ʪʦʯʝʢ ʚ 

ʦʜʥʫ ʦʙʱʫʶ ʢʦʦʨʜʠʥʘʪʥʫʶ ʩʠʩʪʝʤʫ, ʯʪʦʙʳ ʤʦʞʥʦ ʙʳʣʦ ʠʭ ʩʦʝʜʠʥʠʪʴ ʠ 

ʧʦʣʫʯʠʪʴ 3D ʤʦʜʝʣʴ. ʕʪʦʪ ʧʨʦʮʝʩʩ ʥʘʟʳʚʘʝʪʩʷ ʨʝʛʠʩʪʨʘʮʠʝʡ. ʈʝʛʠʩʪʨʘʮʠʷ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʨʠ ʧʦʤʦʱʠ Iterative Closest Point (ICP) ʘʣʛʦʨʠʪʤʘ [7,8].  ɹʝʨʝʪʩʷ 

ʧʝʨʚʦʝ ʦʙʣʘʢʦ ʪʦʯʝʢ, ʠ ʜʘʣʝʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʩʦʝʜʠʥʷʶʪʩʷ ʩ ʥʝʡ ʦʩʪʘʣʴʥʳʝ 

ʦʙʣʘʢʘ ʪʦʯʝʢ. ʈʝʟʫʣʴʪʘʪʦʤ ʙʫʜʝʪ ʧʦʣʫʯʝʥʥʘʷ  3D ʤʦʜʝʣʴ. 

 ɼʘʣʝʝ ʠʜʝʪ ʧʨʦʮʝʩʩ ʩʦʝʜʠʥʝʥʠʷ ʦʙʣʘʢʦʚ ʪʦʯʝʢ ʚ ʦʜʥʫ ʝʜʠʥʫʶ ʤʦʜʝʣʴ. 

ʉʦʝʜʠʥʝʥʠʝ ʠʣʠ ʨʝʛʠʩʪʨʘʮʠʷ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʨʠ ʧʦʤʦʱʠ Iterative Closest Point 

(ICP) ʘʣʛʦʨʠʪʤʘ [7, 8]. ʈʝʟʫʣʴʪʘʪʦʤ ʘʣʛʦʨʠʪʤʘ ʙʫʜʝʪ ʧʦʣʫʯʝʥʥʘʷ 3D ʤʦʜʝʣʴ. 

ʅʘ ʨʠʩʫʥʢʝ ʧʦʢʘʟʘʥ ʧʨʠʤʝʨ ʧʦʣʫʯʝʥʥʦʡ 3D ʤʦʜʝʣʠ ʧʨʠ ʧʦʤʦʱʠ 

ʚʳʰʝʫʢʘʟʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ. 
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ʘ) 

 

 

ʙ) 

ʈʠʩ. ʇʦʩʪʨʦʝʥʥʘʷ 3D ʤʦʜʝʣʴ ʩ ʨʘʟʥʳʭ ʨʘʢʫʨʩʦʚ 

ɿʘʢʣʶʯʝʥʠʝ. ʈʝʘʣʠʟʦʚʘʥʦ ʧʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ, ʢʦʪʦʨʦʝ ʧʦʟʚʦʣʷʝʪ ʧʨʠ 

ʧʦʤʦʱʠ ʜʚʫʭ ʢʘʤʝʨ ʥʘ ʦʩʥʦʚʝ ʩʪʝʨʝʦʟʨʝʥʠʷ ʧʦʩʪʨʦʠʪʴ 3D ʤʦʜʝʣʴ ʦʙʲʝʢʪʘ. 

ɹʝʨʝʪʩʷ ʤʥʦʞʝʩʪʚʦ ʠʟʦʙʨʘʞʝʥʠʡ ʦʙʲʝʢʪʘ ʩ ʨʘʟʥʳʭ ʨʘʢʫʨʩʦʚ ʜʣʷ ʜʚʫʭ ʢʘʤʝʨ, ʠ 
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ʩʪʨʦʠʪʩʷ ʢʘʨʪʘ ʛʣʫʙʠʥʳ ʚ ʚʠʜʝ ʦʙʣʘʢʘ ʪʦʯʝʢ. ɼʘʣʝʝ ʦʙʣʘʢʘ ʪʦʯʝʢ ʩʦʝʜʠʥʷʶʪʩʷ ʚ 

ʦʜʥʫ ʝʜʠʥʫʶ ʤʦʜʝʣʴ.  
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OBTAIN ING A 3D MODEL OF THE OBJECT BASED ON STEREOVISION 

A.V. Gevorgyan 

A method, for obtaining a 3D model of the object with two cameras is presented. There 

are different methods for obtaining 3D information. The given method is based on stereovision 

and, in contrast to other solutions, it doesnôt need a laser, an ultrasound or any other expensive 

sensors. Stereovision is a technique that gives 3D information using two or more cameras. The 

main steps of stereovision are: calibration ï the process of obtaining the cameraôs internal and 

external parameters, rectification ï the process of images alignment, stereo correspondence ï 

the problem of getting corresponding points between images and triangulation ï the process of 

obtaining the pointôs coordinates from correspondent points and cameraôs parameters. We 

place the object in front of the cameras and rotate it, for each rotation we have an image pair. 

For each image pair (left and right camerasô images) we find correspondent points by Semi-

Global Matching (SBM) algorithm. As a result, we get a disparity map. From the disparity 

map, having the camerasô parameters, we obtain the depth map by triangulation and the 

respective point cloud ï the set of points with their coordinates. Then for each point cloud we 

segment the object from the scene to have only the objectôs point cloud. For obtaining a 3D 

model, we need to merge these point clouds from different scenes into one common model ï 

this process is called registration. For registration, we use Iterative Closest Point (ICP) 

algorithm-sequentially merging the point clouds with the global model. 

 Keywords: stereovision, 3D registration, disparity map, point cloud.  
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ɸʃɻʆʈʀʊʄ ɿɸɺɽʈʐɽʅʀʗ ʀɿʆɹʈɸɾɽʅʀʁ, ʆʉʅʆɺɸʅʅʓʁ ʅɸ 

ʕʂɿɽʄʇʃʗʈɸʍ ʉ ʀɿʄɽʅɽʅʅʆʁ ʌʋʅʂʎʀɽʁ ɼʆɺɽʈʀʗ 

ɺ.ɺ. ɻʝʚʦʨʛ̫ ʥ 

ʈʦʩʩʠʡʩʢʦ-ɸʨʤʷʥʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ 
 

ɿʘʚʝʨʰʝʥʠʝ (ʟʘʢʨʘʰʠʚʘʥʠe) ʠʟʦʙʨʘʞʝʥʠʡ - ʵʪʦ ʧʨʦʮʝʩʩ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʧʦʚʨʝʞ-

ʜʝʥʥʳʭ ʠʣʠ ʥʝʜʦʩʪʘʶʱʠʭ ʯʘʩʪʝʡ ʠʟʦʙʨʘʞʝʥʠʷ. ʈʝʟʫʣʴʪʠʨʫʶʱʝʝ ʠʟʦʙʨʘʞʝʥʠʝ, 

ʧʦʣʫʯʝʥʥʦʝ ʧʦʩʣʝ ʟʘʢʨʘʰʠʚʘʥʠʷ, ʜʦʣʞʥʦ ʙʳʪʴ ʚʠʟʫʘʣʴʥʦ ʧʨʘʚʜʦʧʦʜʦʙʥʳʤ ʜʣʷ 

ʥʘʙʣʶʜʘʪʝʣʷ. ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʠʟʚʝʩʪʥʳʭ ʠ ʵʬʬʝʢʪʠʚʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʚ ʜʘʥʥʦʡ ʩʬʝʨʝ 

ʷʚʣʷʝʪʩʷ ʘʣʛʦʨʠʪʤ ʟʘʚʝʨʰʝʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʵʢʟʝʤʧʣʷʨʘʭ, ʢʦʪʦʨʳʡ ʙʳʣ 

ʨʘʟʨʘʙʦʪʘʥ ʂʨʠʤʠʥʠʩʠ ʠ ʜʨ. ɼʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʧʦʙʣʦʯʥʦ ʟʘʧʦʣʥʷʝʪ ʥʝʠʟʚʝʩʪʥʫʶ 

ʦʙʣʘʩʪʴ, ʦʩʫʱʝʩʪʚʣʷʷ ʧʦʠʩʢ ʥʘʠʙʦʣʝʝ ʧʦʭʦʞʠʭ ʵʢʟʝʤʧʣʷʨʦʚ ʠʟ ʠʟʚʝʩʪʥʦʡ ʦʙʣʘʩʪʠ. ɼʣʷ 

ʚʩʝʭ ʛʨʘʥʠʯʥʳʭ ʪʦʯʝʢ, ʪ.ʝ. ʜʣʷ ʪʝʭ ʪʦʯʝʢ, ʢʦʪʦʨʳʝ ʧʨʠʥʘʜʣʝʞʘʪ ʥʝʠʟʚʝʩʪʥʦʡ ʦʙʣʘʩʪʠ ʠ 

ʠʤʝʶʪ ʩʦʩʝʜʥʠʝ ʪʦʯʢʠ ʠʟ ʠʟʚʝʩʪʥʦʡ ʦʙʣʘʩʪʠ, ʚʳʯʠʩʣʷʝʪʩʷ ʬʫʥʢʮʠʷ ʧʨʠʦʨʠʪʝʪʘ. ɼʘʣʝʝ 

ʚʳʙʠʨʘʝʪʩʷ ʙʣʦʢ ʬʠʢʩʠʨʦʚʘʥʥʦʛʦ ʨʘʟʤʝʨʘ, ʚ ʮʝʥʪʨʝ ʢʦʪʦʨʦʛʦ ʪʦʯʢʘ ʩ ʥʘʠʙʦʣʴʰʠʤ 

ʧʨʠʦʨʠʪʝʪʦʤ. ɽʛʦ ʥʝʠʟʚʝʩʪʥʳʝ ʪʦʯʢʠ ʟʘʧʦʣʥʷʶʪʩʷ. ʌʫʥʢʮʠʷ ʧʨʠʦʨʠʪʝʪʘ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ 

ʢʦʤʧʦʥʝʥʪ: ʬʫʥʢʮʠʠ ʜʦʚʝʨʠʷ ʠ ʬʫʥʢʮʠʠ ʜʘʥʥʳʭ. ʌʫʥʢʮʠʷ ʜʦʚʝʨʠʷ ʟʘʚʠʩʠʪ ʦʪ 

ʢʦʣʠʯʝʩʪʚʘ ʠʟʚʝʩʪʥʳʭ ʪʦʯʝʢ ʚ ʙʣʦʢʝ, ʘ ʪʘʢʞʝ ʦʪ ʪʦʛʦ, ʙʳʣʠ ʣʠ ʵʪʠ ʪʦʯʢʠ ʠʟʚʝʩʪʥʳ 

ʚʥʘʯʘʣʝ ʠʣʠ ʟʘʢʨʘʰʝʥʳ ʚ ʧʨʦʮʝʩʩʝ. ʌʫʥʢʮʠʷ ʜʘʥʥʳʭ ʧʦʢʘʟʳʚʘʝʪ ʩʪʨʫʢʪʫʨʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚ ʜʘʥʥʦʡ ʪʦʯʢʝ.  ɺʦʩʩʪʘʥʦʚʣʝʥʠʝ ʪʝʢʩʪʫʨʥʦʡ ʠ ʩʪʨʫʢʪʫʨʥʦʡ ʠʥʬʦʨʤʘʮʠʠ 

ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʚ ʘʣʛʦʨʠʪʤʝ, ʦʩʥʦʚʘʥʥʦʤ ʥʘ ʵʢʟʝʤʧʣʷʨʘʭ, ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ 

ʦʪ ʬʫʥʢʮʠʠ ʧʨʠʦʨʠʪʝʪʘ. ɿʥʘʯʝʥʠʷ ʬʫʥʢʮʠʠ ʜʦʚʝʨʠʷ ʚ ʧʨʦʮʝʩʩʝ ʟʘʚʝʨʰʝʥʠʷ 

ʫʤʝʥʴʰʘʶʪʩʷ ʦʯʝʥʴ ʙʳʩʪʨʦ, ʯʪʦ ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʧʣʦʭʦ ʚʣʠʷʝʪ ʥʘ ʠʪʦʛʦʚʳʡ 

ʨʝʟʫʣʴʪʘʪ. ʇʨʝʜʣʘʛʘʝʪʩʷ ʚʦ ʚʨʝʤʷ ʦʙʥʦʚʣʝʥʠʷ ʟʥʘʯʝʥʠʡ ʜʦʚʝʨʠʷ ʧʨʠʩʚʘʠʚʘʪʴ ʠʤ 

ʬʠʢʩʠʨʦʚʘʥʥʦʝ ʟʥʘʯʝʥʠʝ. ʂʘʢ ʧʦʢʘʟʘʣʠ ʵʢʩʧʝʨʠʤʝʥʪʳ, ʜʘʥʥʳʡ ʧʦʜʭʦʜ ʜʘʝʪ ʣʫʯʰʠʡ 

ʨʝʟʫʣʴʪʘʪ ʚʦ ʤʥʦʛʠʭ ʩʣʫʯʘʷʭ. ɼʘʝʪʩʷ ʨʝʘʣʠʟʘʮʠʷ ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʧʦʜʭʦʜʘ ʠ ʧʨʠʚʦʜʷʪʩʷ 

ʧʨʠʤʝʨʳ ʩʨʘʚʥʝʥʠʷ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʩ ʧʝʨʚʦʥʘʯʘʣʴʥʳʤ ʘʣʛʦʨʠʪʤʦʤ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʫʜʘʣʝʥʠʝ ʦʙʲʝʢʪʦʚ, ʟʘʢʨʘʰʠʚʘʥʠʝ ʠʟʦʙʨʘʞʝʥʠʡ, ʟʘʚʝʨʰʝʥʠʝ 

ʠʟʦʙʨʘʞʝʥʠʡ. 

 
ɺʚʝʜʝʥʠʝ. ʉʪʘʨʳʝ ʬʦʪʦʛʨʘʬʠʠ ʩʦ ʚʨʝʤʝʥʝʤ ʥʘʯʠʥʘʶʪ ʧʦʨʪʠʪʴʩʷ, ʠ 

ʚʦʟʥʠʢʘʝʪ ʧʦʪʨʝʙʥʦʩʪʴ ʚ ʠʭ ʟʘʢʨʘʰʠʚʘʥʠʠ. ɿʘʢʨʘʰʠʚʘʥʠʝ ʠʟʦʙʨʘʞʝʥʠʡ ʪʘʢʞʝ 

ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʫʜʘʣʝʥʠʷ ʦʙʲʝʢʪʦʚ, ʪʝʢʩʪʘ ʠʟ ʠʟʦʙʨʘʞʝʥʠʡ ʠ ʪ.ʜ. ɿʘʚʝʨʰʝʥʠʝ 

(ʟʘʢʨʘʰʠʚʘʥʠʝ) ʠʟʦʙʨʘʞʝʥʠʡ - ʵʪʦ ʧʨʦʮʝʩʩ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʧʦʚʨʝʞʜʝʥʥʳʭ ʠʣʠ 

ʥʝʜʦʩʪʘʶʱʠʭ ʯʘʩʪʝʡ ʠʟʦʙʨʘʞʝʥʠʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʵʪʦ ʙʳʣʦ ʥʝʟʘʤʝʪʥʦ ʜʣʷ 

ʦʙʦʟʨʝʚʘʪʝʣʷ. ɸʣʛʦʨʠʪʤʳ ʟʘʚʝʨʰʝʥʠʷ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʜʚʘ ʦʩʥʦʚʥʳʭ ʢʣʘʩʩʘ: 

ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʜʠʬʬʫʟʠʠ ʠ ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʵʢʟʝʤʧʣʷʨʘʭ. ɸʣʛʦʨʠʪʤʳ, ʦʩʥʦʚʘʥʥʳʝ 

ʥʘ ʜʠʬʬʫʟʠʠ [1], ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʨʘʩʧʨʦʩʪʨʘʥʷʶʪ ʩʪʨʫʢʪʫʨʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʚ 

ʧʦʚʨʝʞʜʝʥʥʫʶ ʦʙʣʘʩʪʴ ʧʨʠ ʧʦʤʦʱʠ ʧʨʦʮʝʩʩʘ ʜʠʬʬʫʟʠʠ. ɼʘʥʥʳʡ ʢʣʘʩʩ 



50 

ʘʣʛʦʨʠʪʤʦʚ ʦʙʳʯʥʦ ʨʝʰʘʝʪ ʟʘʜʘʯʫ ʧʨʠ ʧʦʤʦʱʠ ʯʘʩʪʥʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ 

ʫʨʘʚʥʝʥʠʡ (ʏɼʋ). ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʜʘʝʪ ʭʦʨʦʰʠʡ ʨʝʟʫʣʴʪʘʪ, ʢʦʛʜʘ ʟʘʢʨʘʰʠʚʘʝʤʘʷ 

ʦʙʣʘʩʪʴ ʤʘʣʘ, ʥʦ ʵʪʠ ʘʣʛʦʨʠʪʤʳ ʥʝ ʧʦʜʭʦʜʷʪ ʜʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʙʦʣʴʰʠʭ 

ʦʙʣʘʩʪʝʡ. ɸʣʛʦʨʠʪʤʳ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʵʢʟʝʤʧʣʷʨʘʭ [2], ʟʘʧʦʣʥʷʶʪ ʧʦʚʨʝʞʜʝʥʥʫʶ 

ʦʙʣʘʩʪʴ ʧʦʙʣʦʯʥʦ. ʆʥʠ ʠʱʫʪ ʧʦʜʭʦʜʷʱʠʝ ʢʫʩʢʠ ʜʣʷ ʢʦʧʠʨʦʚʘʥʠʷ ʟʥʘʯʝʥʠʡ ʠʟ 

ʠʟʚʝʩʪʥʦʡ ʦʙʣʘʩʪʠ ʠʟʦʙʨʘʞʝʥʠʷ ʠ ʚ ʩʦʩʪʦʷʥʠʠ ʟʘʢʨʘʰʠʚʘʪʴ ʙʦʣʴʰʠʝ ʦʙʣʘʩʪʠ. 

ɸʣʛʦʨʠʪʤ ʟʘʢʨʘʰʠʚʘʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʵʢʟʝʤʧʣʷʨʘʭ ʩ 

ʠʟʤʝʥʝʥʥʦʡ ʬʫʥʢʮʠʝʡ ʜʦʚʝʨʠʷ. ɼʣʷ ʟʘʜʘʥʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ I ʧʦʣʴʟʦʚʘʪʝʣʴ 

ʚʳʙʠʨʘʝʪ ʮʝʣʝʚʫʶ ʦʙʣʘʩʪʴ  , ʢʦʪʦʨʫʶ ʩʣʝʜʫʝʪ ʫʜʘʣʠʪʴ ʠ ʟʘʢʨʘʩʠʪʴ. ɻʨʘʥʠʮʘ 

ʵʪʦʡ ʦʙʣʘʩʪʠ ʦʙʦʟʥʘʯʘʝʪʩʷ ʯʝʨʝʟ ɿ . ʆʙʣʘʩʪʴ ʠʩʪʦʯʥʠʢʘ - ʵʪʘ ʪʘ ʦʙʣʘʩʪʴ, ʦʪʢʫʜʘ 

ʘʣʛʦʨʠʪʤ ʙʝʨʝʪ ʟʥʘʯʝʥʠʷ ʜʣʷ ʟʘʚʝʨʰʝʥʠʷ ʠʟʦʙʨʘʞʝʥʠʷ, ʠ ʦʙʦʟʥʘʯʘʝʪʩʷ ʢʘʢ ū. ʇʦ 

ʫʤʦʣʯʘʥʠʶ ʚ ʢʘʯʝʩʪʚʝ ū ʙʝʨʝʪʩʷ ʦʩʪʘʚʰʘʷʩʷ ʯʘʩʪʴ ʠʟʦʙʨʘʞʝʥʠʷ   ˴   . 

ʈʘʟʤʝʨ ʙʣʦʢʘ ʧʦ ʫʤʦʣʯʘʥʠʶ ʘʚʪʦʨʳ ʙʝʨʫʪ 99 ʧʠʢʩʝʣʝʡ, ʥʦ ʟʥʘʯʝʥʠʝ ʵʪʦʛʦ 

ʧʘʨʘʤʝʪʨʘ ʤʦʞʝʪ ʙʳʪʴ ʠʟʤʝʥʝʥʦ. ɼʘʣʝʝ ʘʣʛʦʨʠʪʤ ʚʳʧʦʣʥʷʝʪ ʩʣʝʜʫʶʱʠʝ ʰʘʛʠ, 

ʧʦʢʘ ʚʩʝ ʪʦʯʢʠ ʥʝ ʙʫʜʫʪ ʟʘʢʨʘʰʝʥʳ: 

1. ʆʧʨʝʜʝʣʝʥʠʝ ʛʨʘʥʠʯʥʳʭ ʪʦʯʝʢ ʠ ʚʳʯʠʩʣʝʥʠʝ ʬʫʥʢʮʠʠ ʧʨʠʦʨʠʪʝʪʘ ʜʣʷ 

ʥʠʭ. 

2. ɺʳʙʦʨ ʙʣʦʢʘ ʩ ʮʝʥʪʨʦʤ ʚ ʪʦʯʢʝ ʩ ʥʘʠʙʦʣʴʰʠʤ ʧʨʠʦʨʠʪʝʪʦʤ (ʮʝʣʝʚʦʡ 

ʙʣʦʢ). 

3. ʇʦʠʩʢ ʥʘʠʙʦʣʝʝ ʧʦʭʦʞʝʛʦ ʙʣʦʢʘ (ʙʣʦʢ ʠʩʪʦʯʥʠʢʘ) ʥʘ ʮʝʣʝʚʦʡ ʙʣʦʢ. 

4. ʂʦʧʠʨʦʚʘʥʠʝ ʟʥʘʯʝʥʠʡ ʮʚʝʪʘ ʜʣʷ ʥʝʠʟʚʝʩʪʥʳʭ ʧʠʢʩʝʣʝʡ ʠʟ ʮʝʣʝʚʦʛʦ 

ʙʣʦʢʘ ʟʥʘʯʝʥʠʷʤʠ ʧʠʢʩʝʣʝʡ ʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʦʟʠʮʠʷʭ ʠʟ ʙʣʦʢʘ ʠʩʪʦʯʥʠʢʘ. 

5. ʆʙʥʦʚʣʝʥʠʝ ʟʥʘʯʝʥʠʡ ʬʫʥʢʮʠʠ ʜʦʚʝʨʠʷ (ʢʦʪʦʨʘʷ ʚʭʦʜʠʪ ʚ ʬʫʥʢʮʠʶ 

ʧʨʠʦʨʠʪʝʪʘ) ʜʣʷ ʪʦʣʴʢʦ ʯʪʦ ʟʘʢʨʘʰʝʥʥʳʭ ʧʠʢʩʝʣʝʡ. 

ɻʨʘʥʠʯʥʘʷ ʪʦʯʢʘ - ʵʪʘ ʪʦʯʢʘ, ʢʦʪʦʨʘʷ ʧʨʠʥʘʜʣʝʞʠʪ ɋ ʠ ʠʤʝʝʪ ʩʦʩʝʜʥʶʶ 

ʪʦʯʢʫ ʠʟ ū. ʌʫʥʢʮʠʷ ʧʨʠʦʨʠʪʝʪʘ ʜʣʷ ʪʘʢʠʭ ʪʦʯʝʢ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʩʣʝʜʫʶʱʝʡ 

ʬʦʨʤʫʣʝ: 

  ὖὴ ὅὴὈὴȟᶅὴɴ  ȟ ‏

ʛʜʝ ὅὴ - ʬʫʥʢʮʠʷ ʜʦʚʝʨʠʷ: ὅὴ
Вᶰ ᷊

ȿ ȿ
Ƞ Ὀὴ ï ʬʫʥʢʮʠʷ ʜʘʥʥʳʭ: 

Ὀὴ
ȿɳ ȿ

Ȣ 

ɿʜʝʩʴ ȿ ȿ - ʧʣʦʱʘʜʴ ʙʣʦʢʘ    ʩ ʮʝʥʪʨʦʤ ʚ ʪʦʯʢʝ ὴ; Ŭ ï ʬʘʢʪʦʨ 

ʥʦʨʤʘʣʠʟʘʮʠʠ (ʨʘʚʝʥ 255 ʜʣʷ ʯʝʨʥʦ-ʙʝʣʳʭ ʠʟʦʙʨʘʞʝʥʠʡ); ὲ - ʝʜʠʥʠʯʥʳʡ 

ʚʝʢʪʦʨ, ʦʨʪʦʛʦʥʘʣʴʥʳʡ ʢ ɿ  ʚ ʪʦʯʢʝ ὴ; Ὅɳ - ʠʟʦʬʦʪ (ʣʠʥʠʷ ʦʜʠʥʘʢʦʚʦʡ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ) ʚ ὴȢ 

ʌʫʥʢʮʠʷ ὅὴ ʠʟʥʘʯʘʣʴʥʦ ʧʨʠʥʠʤʘʝʪ ʩʣʝʜʫʶʱʠʝ ʟʥʘʯʝʥʠʷ:  

ὅὴ πȟᶅὴɴ ɱ  ʠ  ὅὴ ρȟᶅὴɴ ɢ ɱȢ 
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ʌʫʥʢʮʠʷ ʜʦʚʝʨʠʷ ʧʦʢʘʟʳʚʘʝʪ, ʥʘʩʢʦʣʴʢʦ ʥʘʜʝʞʥʦʡ ʷʚʣʷʝʪʩʷ ʠʥʬʦʨʤʘʮʠʷ 

ʚʦʢʨʫʛ ʪʦʯʢʠ ὴȢ ʆʥʘ ʜʘʝʪ ʧʨʝʠʤʫʱʝʩʪʚʦ ʪʝʤ ʙʣʦʢʘʤ, ʚ ʢʦʪʦʨʳʭ ʙʦʣʴʰʝ 

ʟʘʧʦʣʥʝʥʥʳʭ ʪʦʯʝʢ, ʠ ʯʝʤ ʨʘʥʴʰʝ ʪʦʯʢʘ ʟʘʧʦʣʥʝʥʘ (ʠʣʠ ʠʟʥʘʯʘʣʴʥʘ ʙʳʣʘ 

ʠʟʚʝʩʪʥʦʡ), ʪʝʤ ʥʘʜʝʞʥʝʝ ʦʥʘ. 

ȺəɓɐɜɎɥ ɊɆɓɓɡɛ Ὀὴ ʥʫʞʥʘ ʜʣʷ ʪʦʛʦ, ʯʪʦʙ r ʣʫʯʰʝ ʩʦʭʨʘʥʷʪʴ 

ʩʪʨʫʢʪʫʨʥʳʝ ʩʚʦʡʩʪʚʘ ʠʟʦʙʨʘʞʝʥʠʷ.   

ʇʦʩʣʝ ʥʘʭʦʞʜʝʥʠʷ ʮʝʣʝʚʦʛʦ ʙʣʦʢʘ ʘʣʛʦʨʠʪʤ ʠʱʝʪ ʥʘʠʙʦʣʝʝ ʧʦʭʦʞʠʡ ʙʣʦʢ 

ʠʟ ʦʙʣʘʩʪʠ ʠʩʪʦʯʥʠʢʘ. ʉʭʦʞʝʩʪʴ ʙʣʦʢʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʝ: 

  ὥὶὫɴ Ὠ ȟ  ,  

ɉɊɋ    - ʙʣʦʢ ʠʩʪʦʯʥʠʢʘ;  ï ʮʝʣʝʚʦʡ ʙʣʦʢ; Ὠ ï ʬʫʥʢʮʠʷ ʨʘʩʩʪʦʷʥʠʷ (ʧʦʭʦʞʝʩʪʠ) 

ʤʝʞʜʫ ʙʣʦʢʘʤʠ. ɺ ʢʘʯʝʩʪʚʝ ʬʫʥʢʮʠʠ ʨʘʩʩʪʦʷʥʠʷ ʙʝʨʝʪʩʷ ʩʫʤʤʘ ʢʚʘʜʨʘʪʠʯʥʳʭ 

ʨʘʟʥʦʩʪʝʡ ʮʚʝʪʦʚʳʭ ʟʥʘʯʝʥʠʡ ʠʟʚʝʩʪʥʳʭ ʪʦʯʝʢ ʮʝʣʝʚʦʛʦ ʙʣʦʢʘ ʩ ʪʦʯʢʘʤʠ ʥʘ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʦʟʠʮʠʷʭ ʙʣʦʢʘ ʠʩʪʦʯʥʠʢʘ. 

ɿʘʪʝʤ ʜʣʷ ʢʘʞʜʦʛʦ ʥʝʟʘʧʦʣʥʝʥʥʦʛʦ ʧʠʢʩʝʣʷ ʠʟ    ʢʦʧʠʨʫʝʪʩʷ ʟʥʘʯʝʥʠʝ 

ʧʠʢʩʝʣʷ ʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʧʦʟʠʮʠʠ ʠʟ  Ȣ 

ɺ ʢʦʥʮʝ ʟʥʘʯʝʥʠʷ ʬʫʥʢʮʠʠ ʜʦʚʝʨʠʷ ʜʣʷ ʪʦʣʴʢʦ ʯʪʦ ʟʘʧʦʣʥʝʥʥʳʭ ʪʦʯʝʢ 

ʦʙʥʦʚʣʷʶʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

ὅὸ ὅὴȟᶅὸɴ   ᷊ . 

ɿʥʘʯʝʥʠʷ ʬʫʥʢʮʠʠ ʜʦʚʝʨʠʷ ʚ ʧʨʦʮʝʩʩʝ ʟʘʧʦʣʥʝʥʠʷ ʜʣʷ ʟʘʢʨʘʰʝʥʥʳʭ ʪʦʯʝʢ 

ʫʙʳʚʘʶʪ, ʧʦʢʘʟʳʚʘʷ, ʯʪʦ ʤʳ ʤʝʥʝʝ ʫʚʝʨʝʥʳ ʚ ʮʚʝʪʦʚʳʭ ʟʥʘʯʝʥʠʷʭ ʚʦʢʨʫʛ ʮʝʥʪʨʘ 

ʮʝʣʝʚʦʡ ʦʙʣʘʩʪʠ. ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ [3], ʟʥʘʯʝʥʠʷ ʜʦʚʝʨʠʷ ʫʙʳʚʘʶʪ ʵʢʩʧʦʥʝʥʮʠ-

ʘʣʴʥʦ, ʠ ʜʘʥʥʳʡ ʬʘʢʪ ʠʩʢʘʞʘʝʪ ʬʫʥʢʮʠʶ ʧʨʠʦʨʠʪʝʪʘ. ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ 

ʧʨʝʜʣʘʛʘʝʪʩʷ ʚ ʧʨʦʮʝʩʩʝ ʦʙʥʦʚʣʝʥʠʷ ʟʥʘʯʝʥʠʡ ʜʦʚʝʨʠʷ ʧʨʠʩʚʘʠʚʘʪʴ ʚʩʝʤ ʪʦʯʢʘʤ 

ʬʠʢʩʠʨʦʚʘʥʥʦʝ ʟʥʘʯʝʥʠʝ ( )0 1k k< <. ʂʘʢ ʧʦʢʘʟʘʣʠ ʵʢʩʧʝʨʠʤʝʥʪʳ, ʦʧʪʠʤʘʣʴʥʦʝ 

ʟʥʘʯʝʥʠʝ k ʥʘʭʦʜʠʪʩʷ ʚ ʧʨʦʤʝʞʫʪʢʝ 0,75é0,85. ɼʘʣʝʝ ʧʨʦʚʝʜʝʤ ʩʨʘʚʥʝʥʠʝ 

ʥʘʰʝʛʦ ʧʦʜʭʦʜʘ ʩ ʧʝʨʚʦʥʘʯʘʣʴʥʳʤ.  

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ. ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʨʝʘʣʠʟʦʚʘʥr  ʘʣʛʦʨʠʪʤ 

ʟʘʢʨʘʰʠʚʘʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʵʢʟʝʤʧʣʷʨʘʭ, ʘ ʪʘʢʞʝ ʝʛʦ 

ʠʟʤʝʥʝʥʥʘ ̫ʚʝʨʩʠ.̫ ʇʨʦʛʨʘʤʤʘ ʨʝʘʣʠʟʦʚʘʥʘ ʥʘ ʷʟʳʢʝ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ C++ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʠʙʣʠʦʪʝʢʠ ʦʙʨʘʙʦʪʢʠ ʠʟʦʙʨʘʞʝʥʠʡ OpenCV [4]. ʂʘʢ ʧʦʢʘʟʘʣʠ 

ʵʢʩʧʝʨʠʤʝʥʪʳ, ʧʨʝʜʣʘʛʘʝʤʳʡ ʥʘʤʠ ʘʣʛʦʨʠʪʤ ʜʘʝʪ ʣʫʯʰʠʝ ʨʝʟʫʣʴʪʘʪʳ ʚʦ ʤʥʦʛʠʭ 

ʩʣʫʯʘʷʭ. ʅʠʞʝ ʧʨʠʚʝʜʝʥʦ ʥʝʩʢʦʣʴʢʦ ʧʨʠʤʝʨʦʚ (ʨʠʩ.1 ʠ 2). 
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                       ̃ Ɋ                                               ̄Ɋ                                                   ̅ ) 

ʈʠʩ. 1. ʉʨʘʚʥʝʥʠʝ ʘʣʛʦʨʠʪʤʦʚ. ʈʘʟʤʝʨ ʠʟʦʙʨʘʞʝʥʠʷ 206308: ʘ - ʚʭʦʜʥʦʝ 

ʠʟʦʙʨʘʞʝʥʠʝ; ʙ - ʤʘʩʢʘ ʟʘʢʨʘʰʠʚʘʥʠʷ; ʚ - ʨʝʟʫʣʴʪʘʪ ʂʨʠʤʠʥʠʩʠ; ʛ - ʧʦʣʫʯʝʥʥʳʡ ʥʘʤʠ 

ʨʝʟʫʣʴʪʘʪ ʧʨʠ k=0,8; ʜ - ʧʦʣʫʯʝʥʥʳʡ ʥʘʤʠ ʨʝʟʫʣʴʪʘʪ ʧʨʠ k=0,85 
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ʈʠʩ.2. ʉʨʘʚʥʝʥʠʝ ʘʣʛʦʨʠʪʤʦʚ. ʈʘʟʤʝʨ ʠʟʦʙʨʘʞʝʥʠʷ 618412: ʘ - ʚʭʦʜʥʦʝ 

ʠʟʦʙʨʘʞʝʥʠʝ; ʙ - ʤʘʩʢʘ ʟʘʢʨʘʰʠʚʘʥʠʷ; ʚ - ʨʝʟʫʣʴʪʘʪ ʂʨʠʤʠʥʠʩʠ; ʛ ï ʧʦʣʫʯʝʥʥʳʡ ʥʘʤʠ 

ʨʝʟʫʣʴʪʘʪ ʧʨʠ k=0,8;  ʜ - ʧʦʣʫʯʝʥʥʳʡ ʥʘʤʠ ʨʝʟʫʣʴʪʘʪ ʧʨʠ k=0,85 
 

ɿʘʢʣʶʯʝʥʠʝ. ʈʘʟʨʘʙʦʪʘʥ ʥʦʚʳʡ ʧʦʜʭʦʜ ʜʣʷ ʘʣʛʦʨʠʪʤʘ ʟʘʢʨʘʰʠʚʘʥʠʷ 

ʠʟʦʙʨʘʞʝʥʠʡ, ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ ʵʢʟʝʤʧʣʷʨʘʭ. ɺ ʧʨʦʮʝʩʩʝ ʦʙʥʦʚʣʝʥʠʷ ʟʥʘʯʝʥʠʡ 

ʬʫʥʢʮʠʠ ʜʦʚʝʨʠʷ ʠʤ ʧʨʠʩʚʘʠʚʘʝʪʩʷ ʬʠʢʩʠʨʦʚʘʥʥʦʝ ʟʥʘʯʝʥʠʝ Ὧ. ʇʨʠʚʝʜʝʥʳ 

ʨʝʟʫʣʴʪʘʪʳ ʩʨʘʚʥʝʥʠʷ ʘʣʛʦʨʠʪʤʦʚ. 
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AN ALGORITHM FOR THE IMAGE COMPLETION BASED ON THE 

EXAMPLES WITH A CHANGED CONFIDENCE FUNCTION  

V.V. Gevorgyan 

Image completion (inpainting) is the process of recovering the missing or damaged parts 

of the image. The resulting image, after completion, should be visually plausible for the 

observer. The exemplar-based inpainting algorithm proposed by Criminisi et al is one of the 

most popular and effective algorithms in that sphere. This algorithm fills the unknown region 

by patches, searching for the most similar patches from the known region. A priority function 

is calculated for all boundary points, i.e. those points which are from the unknown region and 

have neighboring points from the known region. A fixed size patch, whose center is a point 

with the highest priority, is selected, and unknown points from that patch are filled. The 

priority function consists of two components: confidence term and data term. The confidence 

term depends on the number of the known points in the patch, as well as whether they were 

known from the start or were inpainted during the algorithm. The data term shows the 

structural characteristics in that point. The priority of patches to fill is critical in that algorithm, 

because due to its texture and structure, the information of the damaged image is recovered. 

The confidence term, decreases very fast during the update stage and this fact harms the result 

in some cases. In this paper, we suggest, at updating the values of the confidence term, to 

update them with a fixed value. As experimental results show, this approach gives better output 

in many cases. The proposed approach implementation is given and some comparison results 

of the algorithms are given. 

Keywords: object removal, image inpainting, image completion. 
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ɺʝʩʪʥʠʢ ʅʇʋɸ. ñʀʥʬʦʨʤʘʮʠʦʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠ, ʵʣʝʢʪʨʦʥʠʢʘ, ʨʘʜʠʦʪʝʭʥʠʢʘò.  2016, ˉ2. 
 

 ʕʃɽʂʊʈʆʅʀʂɸ 
ʋɼʂ 621.382  
 

ʉʈɸɺʅʀʊɽʃʔʅʓʁ ɸʅɸʃʀɿ ɿɸʇʆʄʀʅɸʖʑʀʍ ʗʏɽɽʂ 

ʉʊɸʊʀʏɽʉʂʀʍ ʆʇɽʈɸʊʀɺʅʓʍ ɿɸʇʆʄʀʅɸʖʑʀʍ  ʋʉʊʈʆʁʉʊɺ 

ʬ.ɸ. ʇʝʪʨʦʩʷʥ1
, ʅ.ɹ. ɸʚʜʘʣʷʥ

2
, ʂ.ʆ. ʇʝʪʨʦʩʷʥ

1 

1ʅʘʮʠʦʥʘʣʴʥʳʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ɸʨʤʝʥʠʠ 
2ɿɸʆ ñʉʠʥʦʧʩʠʩ ɸʨʤʝʥʠʷò 

 

ɸʥʘʣʠʟʠʨʦʚʘʥʳ ʜʠʥʘʤʠʯʝʩʢʠʝ ʠ ʩʪʘʪʠʯʝʩʢʠʝ ʩʦʩʪʘʚʣʷʶʱʠʝ ʧʦʪʨʝʙʣʷʝʤʦʡ 

ʤʦʱʥʦʩʪʠ ʟʘʧʦʤʠʥʘʶʱʠʭ ʷʯʝʝʢ, ʘ ʪʘʢʞʝ ʧʨʠʚʝʜʝʥʳ ʚʳʨʘʞʝʥʠ ̫ʜʣʷ ʠʭ ʦʧʨʝʜʝʣʝʥʠʷ. ʇʨʠ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʩʚʝʨʭʙʦʣʴʰʠʭ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʩʥʠʞʝʥʠʝ 

ʜʠʥʘʤʠʯʝʩʢʠʭ ʪʦʢʦʚ, ʜʣʷ ʯʝʛʦ ʚ ʩʪʘʪʠʯʝʩʢʠʭ ʦʧʝʨʘʪʠʚʥʳʭ ʟʘʧʦʤʠʥʘʶʱʠʭ ʫʩʪʨʦʡʩʪʚʘʭ 

(ʉʆɿʋ) ʧʨʠ ʧʝʨʝʢʣʶʯʝʥʠʠ ʟʘʧʦʤʠʥʘʶʱʠʭ ʷʯʝʝʢ ʧʨʠʤʝʥʷʶʪʩʷ ʩʪʝʢʦʚʳʝ ʪʨʘʥʟʠʩʪʦʨʳ, 

ʫʤʝʥʴʰʘʶʱʠʝ ʥʝ ʪʦʣʴʢʦ ʜʠʥʘʤʠʯʝʩʢʠʝ ʪʦʢʠ, ʥʦ ʠ ʚʨʝʤʝʥʘ ʠʭ ʧʝʨʝʢʣʶʯʝʥʠʷ. ʇʨʠʚʝʜʝʥʳ 

ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʭʝʤʳ ʟʘʧʦʤʠʥʘʶʱʠʭ ʷʯʝʝʢ  ʪʠʧʘ 6T ʠ ʠʭ ʤʦʜʠʬʠʢʘʮʠʠ. ʈʘʩʩʤʦʪʨʝʥʳ 

ʧʨʠʥʮʠʧʳ ʨʘʙʦʪʳ ʠ ʦʩʦʙʝʥʥʦʩʪʠ ʵʪʠʭ ʟʘʧʦʤʠʥʘʶʱʠʭ ʷʯʝʝʢ. ʇʨʦʚʝʜʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʪʦʢʦʚ ʠ ʙʳʩʪʨʦʜʝʡʩʪʚʠʷ ʜʣʷ ʪʨʝʭ ʩʭʝʤ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦʛʦ ʩʨʝʜʩʪʚʘ HSPICE ʩ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ ʥʦʨʤʘʤʠ SAED EDK 28 ʥʤ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʘʢʪʠʚʥʳʭ 

ʠ ʧʘʩʩʠʚʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʪʦʢʘ ʦʪ ʥʘʧʨʷʞʝʥʠʷ ʧʠʪʘʥʠʷ ʧʦʩʪʨʦʝʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʟʘʚʠʩʠʤʦʩʪʠ. ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʪʠʧʦʚʘʷ ʟʘʧʦʤʠʥʘʶʱʘ ̫ʷʯʝʡʢʘ ʠʤʝʝʪ 

ʥʘʠʙʦʣʴʰʠʡ ʜʠʥʘʤʠʯʝʩʢʠʡ ʪʦʢ, ʘ ʩʪʝʢʦʚʘʷ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʤʝʥʴʰʠʤʠ ʟʥʘʯʝʥʠʷʤʠ 

ʪʦʢʦʚ, ʧʨʠʯʝʤ ʥʘʠʤʝʥʴʰʠʡ ʪʦʢ ʠʤʝʝʪ ʘʩʠʤʤʝʪʨʠʯʥʘʷ ʷʯʝʡʢʘ. ʇʨʠ ʵʪʦʤ ʪʠʧʦʚʘʷ 

ʟʘʧʦʤʠʥʘʶʱʘ ̫ʷʯʝʡʢʘ ʠʤʝʝʪ ʥʘʠʤʝʥʴʰʠʡ ʩʪʘʪʠʯʝʩʢʠʡ ʪʦʢ, ʘ ʩʪʝʢʦʚʘʷ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 

ʙʦʣʴʰʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʪʦʢʦʚ, ʧʨʠʯʝʤ ʥʘʠʙʦʣʴʰʠʡ ʪʦʢ ʠʤʝʝʪ ʘʩʠʤʤʝʪʨʠʯʥʘʷ ʷʯʝʡʢʘ. ʇʦ 

ʧʦʣʫʯʝʥʥʳʤ ʨʝʟʫʣʴʪʘʪʘʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʩʪʨʦʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥ ʥʘʨʘʩʪʘʥʠʷ ʠ 

ʩʧʘʜʘ ʬʨʦʥʪʦʚ ʩʠʛʥʘʣʘ ʦʪ ʥʘʧʨʷʞʝʥʠʷ ʧʠʪʘʥʠʷ. ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ 

ʪʠʧʦʚʘʷ ʟʘʧʦʤʠʥʘʶʱʘ ̫ʷʯʝʡʢʘ ʠʤʝʝʪ ʥʘʠʙʦʣʴʰʝʝ ʚʨʝʤʷ ʥʘʨʘʩʪʘʥʠʷ ʠ ʩʧʘʜʘ ʬʨʦʥʪʘ, ʘ 

ʩʪʝʢʦʚʘʷ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʤʝʥʴʰʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʚʨʝʤʝʥʠ ʥʘʨʘʩʪʘʥʠʷ ʠ ʩʧʘʜʘ ʬʨʦʥʪʘ, 

ʧʨʠʯʝʤ ʥʘʠʤʝʥʴʰʝʝ ʚʨʝʤʷ ʥʘʨʘʩʪʘʥʠʷ ʠ ʩʧʘʜʘ ʬʨʦʥʪʘ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʘʩʠʤʤʝʪʨʠʯʥʦʡ 

ʩʪʝʢʦʚʦʡ ʟʘʧʦʤʠʥʘʶʱʝʡ ʷʯʝʡʢʠ. ɺ ʨʘʙʦʪʝ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ ʩʪʝʢʦʚʳʭ 

ʪʨʘʥʟʠʩʪʦʨʦʚ ʦʙʝʩʧʝʯʠʚʘʝʪ ʫʤʝʥʴʰʝʥʠʝ ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʪʦʢʘ, ʧʨʠʚʦʜʷʱʝʝ 

ʢ ʫʚʝʣʠʯʝʥʠʶ ʩʪʘʪʠʯʝʩʢʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʠʧʦʚʦʡ 

ʟʘʧʦʤʠʥʘʶʱʝʡ ʷʯʝʡʢʦʡ, ʩʪʝʢʦʚʘʷ ʠ ʘʩʠʤʤʝʪʨʠʯʥʘʷ ʷʯʝʡʢʠ ʦʙʝʩʧʝʯʠʚʘʶʪ ʫʤʝʥʴʰʝʥʠʝ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʪʦʢʘ ʥʘ 25 ʠ 65% ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʩʪʘʪʠʯʝʩʢʦʡ 

ʩʦʩʪʘʚʣʷʶʱʝʡ ʪʦʢʘ ʥʘ 69 ʠ 280%. ʊʘʢ ʢʘʢ  ʜʠʥʘʤʠʯʝʩʢʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʪʦʢʘ ʥʘ ʜʚʘ 

ʧʦʨʷʜʢʘ ʧʨʝʚʳʰʘʝʪ ʩʪʘʪʠʯʝʩʢʫʶ ʩʦʩʪʘʚʣʷʶʱʫʶ, ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ ʤʦʱʥʦʩʪʠ 

ʉʆɿʋ. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʠʧʦʚʦʡ ʟʘʧʦʤʠʥʘʶʱʝʡ ʷʯʝʡʢʦʡ, ʩʪʝʢʦʚʘʷ ʠ ʘʩʠʤʤʝʪʨʠʯʥʘʷ 

ʷʯʝʡʢʠ ʦʙʝʩʧʝʯʠʚʘʶʪ ʫʤʝʥʴʰʝʥʠʝ ʚʨʝʤʝʥʠ ʥʘʨʘʩʪʘʥʠʷ ʠ ʩʧʘʜʘ ʬʨʦʥʪʘ ʥʘ 34 ʠ 53% ʠ 51 

ʠ 58% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʟʘʧʦʤʠʥʘʶʱʝʝ ʫʩʪʨʦʡʩʪʚʦ, ʟʘʧʦʤʠʥʘʶʱʘʷ ʷʯʝʡʢʘ, ʩʪʝʢʦʚʳʝ 

ʪʨʘʥʟʠʩʪʦʨʳ, ʩʪʝʢʦʚʘʷ ʷʯʝʡʢʘ, ʘʩʠʤʤʝʪʨʠʯʥʘʷ ʩʪʝʢʦʚʘʷ ʷʯʝʡʢʘ, ʤʦʜʝʣʠʨʦʚʘʥʠʝ. 
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ɺʚʝʜʝʥʠʝ. ʇʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʩʠʩʪʝʤ ʥʘ ʦʩʥʦʚʝ ʩʚʝʨʭʙʦʣʴʰʠʭ 

ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ, ʦʩʦʙʝʥʥʦ ʩʠʩʪʝʤ ʥʘ ʢʨʠʩʪʘʣʣʝ, ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ 

ʫʩʪʨʦʡʩʪʚ ʷʚʣʷʶʪʩʷ ʉʆɿʋ,  ʪ.ʢ. ʥʘ ʥʠʭ ʨʘʩʩʝʠʚʘʝʪʩʷ ʧʨʠʤʝʨʥʦ 60% ʤʦʱʥʦʩʪʠ ʠ 

50% ʚʨʝʤʝʥʥʳʭ ʟʘʜʝʨʞʝʢ [1-5]. ʇʦʵʪʦʤʫ ʪʨʝʙʦʚʘʥʠʷ ʢ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʉʆɿʋ, 

ʦʩʦʙʝʥʥʦ ʢ ʨʘʩʩʝʠʚʘʝʤʦʡ ʤʦʱʥʦʩʪʠ ʠ  ʙʳʩʪʨʦʜʝʡʩʪʚʠʶ, ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ 

ʩʣʦʞʥʳʭ ʩʠʩʪʝʤ ʫʚʝʣʠʯʠʚʘʶʪʩʷ. ʇʨʠ ʵʪʦʤ ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʚʳʙʦʨ 

ʩʪʨʫʢʪʫʨʳ ʟʘʧʦʤʠʥʘʶʱʝʡ ʷʯʝʡʢʠ (ɿʗ) ʉʆɿʋ.  

ʆʙʲʝʢʪ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʇʦʪʨʝʙʣʷʝʤʘʷ ʤʦʱʥʦʩʪʴ ʉʆɿʋ ʩʦʩʪʦʠʪ ʠʟ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʠ ʩʪʘʪʠʯʝʩʢʦʡ ʩʦʩʪʘʚʣʷʶʱʠʭ:  

DDleak

2

DD VIfVCP Ö+ÖÖ= , 

ʛʜʝ C - ʩʫʤʤʘʨʥʘʷ ʝʤʢʦʩʪʴ ʙʠʪʦʚʦʡ ʰʠʥʳ ʠ ʧʘʨʘʟʠʪʥʦʡ ʝʤʢʦʩʪʠ; VDD ï 

ʥʘʧʨʷʞʝʥʠʝ ʧʠʪʘʥʠʷ; I leak - ʧʦʣʥʳʡ ʪʦʢ ʫʪʝʯʢʠ; f - ʨʘʙʦʯʘʷ ʯʘʩʪʦʪʘ. 
ɼʠʥʘʤʠʯʝʩʢʘʷ ʤʦʱʥʦʩʪʴ, ʦʙʫʩʣʦʚʣʝʥʥʘʷ ʧʝʨʝʢʣʶʯʝʥʠʝʤ ʵʣʝʤʝʥʪʦʚ, 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʘʢʪʠʚʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʪʦʢʘ. ʉʪʘʪʠʯʝʩʢʘʷ ʤʦʱʥʦʩʪʴ 

ʦʙʫʩʣʦʚʣʝʥʘ ʧʘʩʩʠʚʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʪʦʢʘ, ʪ.ʝ. ʪʦʢʘʤʠ ʫʪʝʯʢʠ (ʚ ʦʩʥʦʚʥʦʤ, 

ʧʦʜʧʦʨʦʛʦʚʳʡ ʪʦʢ ʫʪʝʯʢʠ, ʪʦʢ ʫʪʝʯʢʠ ʦʙʨʘʪʥʦ ʩʤʝʱʝʥʥʦʛʦ p-n ʧʝʨʝʭʦʜʘ ʠ 

ʪʫʥʥʝʣʴʥʳʡ ʪʦʢ ʯʝʨʝʟ ʧʦʜʟʘʪʚʦʨʥʳʡ ʜʠʵʣʝʢʪʨʠʢ).  

ʊʦʢ ʧʦʜʧʦʨʦʛʦʚʦʡ ʫʪʝʯʢʠ (sub-threashold leakage) ʚʦʟʥʠʢʘʝʪ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ 

n-ʄʆʇ ʪʨʘʥʟʠʩʪʦʨ ʟʘʢʨʳʪ, ʠ ʨʘʟʥʠʮʘ ʥʘʧʨʷʞʝʥʠʡ ʤʝʞʜʫ ʝʛʦ ʩʪʦʢʦʤ ʠ ʠʩʪʦʢʦʤ 

ʨʘʚʥʘ ʥʘʧʨʷʞʝʥʠʶ ʧʠʪʘʥʠʷ:  
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ʛʜʝ ɛ - ʧʦʜʚʠʞʥʦʩʪʴ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ; COX - ʝʤʢʦʩʪʴ ʧʦʜʟʘʪʚʦʨʥʦʛʦ ʦʢʠʩʣʘ;      

űT - ʪʝʨʤʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ; W, L - ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʰʠʨʠʥʘ ʠ ʜʣʠʥʘ ʢʘʥʘʣʘ 

ʪʨʘʥʟʠʩʪʦʨʘ; VGS - ʥʘʧʨʷʞʝʥʠʝ ʟʘʪʚʦʨ-ʠʩʪʦʢ; Vth ï ʧʦʨʦʛʦʚʦʝ ʥʘʧʨʷʞʝʥʠʝ 

ʪʨʘʥʟʠʩʪʦʨʘ; n - ʪʝʭʥʦʣʦʛʠʯʝʩʢʠ ʟʘʚʠʩʠʤʳʡ ʧʘʨʘʤʝʪʨ; VDS - ʥʘʧʨʷʞʝʥʠʝ ʩʪʦʢ-

ʠʩʪʦʢ.  

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʥʦʨʤ ʠ ʧʦʨʦʛʦʚʦʛʦ 

ʥʘʧʨʷʞʝʥʠʷ ʪʦʢʠ ʧʦʜʧʦʨʦʛʦʚʦʡ ʫʪʝʯʢʠ ʨʝʟʢʦ ʫʚʝʣʠʯʠʚʘʶʪʩʷ. 

ʊʦʢ ʫʪʝʯʢʠ ʦʙʨʘʪʥʦ ʩʤʝʱʝʥʥʦʛʦ p-n ʧʝʨʝʭʦʜʘ ʚʦʟʥʠʢʘʝʪ ʧʨʠ ʥʠʟʢʦʤ 

ʣʦʛʠʯʝʩʢʦʤ ʫʨʦʚʥʝ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʚʭʦʜʝ ʵʣʝʤʝʥʪʘ, ʘ ʚʳʭʦʜ-ʩʪʦʢ n-ʄʆʇ 

ʪʨʘʥʟʠʩʪʦʨʘ ʧʦʜʢʣʶʯʝʥ ʢ ʰʠʥʝ ʧʠʪʘʥʠʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʤʝʞʜʫ ʩʪʦʢʦʤ ʠ 

ʧʦʜʣʦʞʢʦʡ ʚʦʟʥʠʢʘʝʪ ʦʙʨʘʪʥʦ ʩʤʝʱʝʥʥʳʡ p-n ʧʝʨʝʭʦʜ ʩ ʪʦʢʦʤ ʫʪʝʯʢʠ [1-7]:  
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ʛʜʝ 
233

h4/qm2A p
*

= , /3hq;2m4B
*

=  *m - ʵʬʬʝʢʪʠʚʥʘʷ ʤʘʩʩʘ ʵʣʝʢʪʨʦʥʘ;        

Eg - ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ; pnV - ʥʘʧʨʷʞʝʥʠʝ ʦʙʨʘʪʥʦ ʩʤʝʱʝʥʥʦʛʦ p-n 

ʧʝʨʝʭʦʜʘ; E - ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ; q - ʟʘʨʷʜ ʵʣʝʢʪʨʦʥʘ;             

h - ʧʦʩʪʦʷʥʥʘʷ ʇʣʘʥʢʘ.  

ʊʫʥʥʝʣʴʥʳʡ ʪʦʢ ʯʝʨʝʟ ʧʦʜʟʘʪʚʦʨʥʳʡ ʜʠʵʣʝʢʪʨʠʢ ʚʦʟʥʠʢʘʝʪ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ 

ʥʦʩʠʪʝʣʠ ʟʘʨʷʜʘ ʧʨʦʭʦʜʷʪ ʯʝʨʝʟ ʧʦʜʟʘʪʚʦʨʥʳʡ ʜʠʵʣʝʢʪʨʠʢ ʚʩʣʝʜʩʪʚʠʝ 

ʪʫʥʥʝʣʴʥʦʛʦ ʵʬʬʝʢʪʘ, ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ [1,3] 
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ʛʜʝ ox
23 h16/qA fp= ; hq3/m24B 2/3

oxoxfp= ; oxm - ʵʬʬʝʢʪʠʚʥʘʷ ʤʘʩʩʘ 

ʪʫʥʥʝʣʠʨʦʚʘʥʥʳʭ ʯʘʩʪʠʮ; oxf - ʚʳʩʦʪʘ ʪʫʥʥʝʣʴʥʦʛʦ ʙʘʨʴʝʨʘ; oxt - ʪʦʣʱʠʥʘ 

ʦʢʠʩʣʘ. 

ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʠ ʦʙʦʩʥʦʚʘʥʠʝ ʤʝʪʦʜʠʢʠ. ʇʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ 

ʩʚʝʨʭʙʦʣʴʰʠʭ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʩʥʠʞʝʥʠʝ 

ʜʠʥʘʤʠʯʝʩʢʠʭ ʪʦʢʦʚ, ʦʩʦʙʝʥʥʦ ʧʨʠ ʥʠʟʢʦʤ ʥʘʧʨʷʞʝʥʠʠ ʧʠʪʘʥʠʷ. ɼʣʷ ʵʪʦʡ ʮʝʣʠ 

ʯʘʱʝ ʚʩʝʛʦ ʚ ʉʆɿʋ ʧʨʠ ʧʝʨʝʢʣʶʯʝʥʠʠ ɿʗ ʧʨʠʤʝʥʷʶʪʩʷ ʩʪʝʢʦʚʳʝ (stack) 

ʪʨʘʥʟʠʩʪʦʨʳ, ʢʦʪʦʨʳʝ ʫʤʝʥʴʰʘʶʪ ʥʝ ʪʦʣʴʢʦ ʜʠʥʘʤʠʯʝʩʢʠʝ ʪʦʢʠ, ʥʦ ʠ ʚʨʝʤʝʥʘ 

ʠʭ ʧʝʨʝʢʣʶʯʝʥʠʷ. ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʜʠʥʘʤʠʯʝʩʢʠʭ 

ʠ ʩʪʘʪʠʯʝʩʢʠʭ ʪʦʢʦʚ ʧʦʪʨʝʙʣʝʥʠʷ, ʘ ʪʘʢʞʝ  ʙʳʩʪʨʦʜʝʡʩʪʚʠʷ ʥʘʠʙʦʣʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ɿʗ ʉʆɿʋ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʚʳʙʦʨʘ ɿʗ ʩ ʥʘʠʤʝʥʴʰʝʡ 

ʨʘʩʩʝʠʚʘʝʤʦʡ ʤʦʱʥʦʩʪʴʶ. 

ɿʘʧʦʤʠʥʘʶʱʘʷ ʷʯʝʡʢʘ ʪʠʧʘ 6T. ʈʘʩʩʤʦʪʨʠʤ ʧʨʠʥʮʠʧ ʨʘʙʦʪʳ ɿʗ ʪʠʧʘ 6T, 

ʧʨʠʚʝʜʝʥʥʦʡ ʥʘ ʨʠʩ. 1. ʇʨʠ ʩʯʠʪʳʚʘʥʠʠ ʠʥʬʦʨʤʘʮʠʠ ʥʘ ʰʠʥʫ ʚʳʙʦʨʘ ʩʪʨʦʢʠ 

ʥʘʢʦʧʠʪʝʣʷ WL  ʧʦʜʘʝʪʩʷ ʩʠʛʥʘʣ ʣʦʛʠʯʝʩʢʦʡ "1", ʠ ʪʦʛʜʘ ʩʦʭʨʘʥʝʥʥʘʷ 

ʠʥʬʦʨʤʘʮʠʷ ʚ ɿʗ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʚʥʫʪʨʝʥʥʠʭ ʪʦʯʝʢ Q ʠ QB ʨʘʟʨʝʞʘʝʪʩʷ ʥʘ 

ʙʠʪʦʚʳʭ BL ʠ BLB ʣʠʥʠʷʭ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʘʟʥʠʮʘ ʧʦʪʝʥʮʠʘʣʦʚ ʧʝʨʝʜʘʝʪʩʷ  

ʫʩʠʣʠʪʝʣʶ,  ʠ  ʥʘ ʝʛʦ ʚʳʭʦʜʝ ʬʦʨʤʠʨʫʝʪʩʷ ʣʠʙʦ ʩʠʛʥʘʣ ʣʦʛʠʯʝʩʢʦʡ "1" (ʢʦʛʜʘ      

BL > BLB), ʣʠʙʦ ʩʠʛʥʘʣ ʣʦʛʠʯʝʩʢʦʛʦ "0" (ʢʦʛʜʘ BLB > BL).  

ʇʨʠ ʟʘʧʠʩʠ ʠʥʬʦʨʤʘʮʠʠ ʥʘ ʰʠʥʫ WL ʚʳʙʦʨʘ ʩʪʨʦʢʠ ʥʘʢʦʧʠʪʝʣʷ ʧʦʜʘʝʪʩʷ 

ʩʠʛʥʘʣ ʣʦʛʠʯʝʩʢʦʡ "1". ʊʦʛʜʘ ʚ ɿʗ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʙʠʪʦʚʦʡ ʰʠʥʳ 

ʟʘʧʠʩʳʚʘʝʪʩʷ ʣʦʛʠʯʝʩʢʘʷ "1" ʠʣʠ ʣʦʛʠʯʝʩʢʠʡ "0", ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʟʘʧʠʩʳʚʘʝʤʦʡ ʠʥʬʦʨʤʘʮʠʠ. ʇʦʩʣʝ ʦʧʝʨʘʮʠʠ ʟʘʧʠʩʠ ʥʘ ʰʠʥʝ WL  

ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʣʦʛʠʯʝʩʢʠʡ "0", ʠ ʟʘʧʠʩʘʥʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʩʦʭʨʘʥʷʝʪʩʷ ʩ 

ʧʦʤʦʱʴʶ ʯʝʪʳʨʝʭ ʪʨʘʥʟʠʩʪʦʨʦʚ - M2, M3, M4 ʠ M5. 

ɿʘʧʦʤʠʥʘʶʱʘʷ ʷʯʝʡʢʘ ʩʦ ʩʪʝʢʦʚʦʡ ʩʪʨʫʢʪʫʨʦʡ. ʕʣʝʢʪʨʠʯʝʩʢʘʷ ʩʭʝʤʘ  3ʗ 
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ʩʦ ʩʪʝʢʦʚʦʡ ʩʪʨʫʢʪʫʨʦʡ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩ. 2. ɼʣʷ ʩʦʭʨʘʥʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ 

ʦʪʚʝʪʩʪʚʝʥʥʳʤʠ ʪʨʘʥʟʠʩʪʦʨʘʤʠ ʷʚʣʷʶʪʩʷ M2, M3, M4 ʠ  M5, ʘ ʪʨʘʥʟʠʩʪʦʨʳ  M7, 

M8, M9 ʠ M10 ʧʨʠ ʧʝʨʝʢʣʶʯʝʥʠʠ ʵʣʝʤʝʥʪʘ ʧʨʝʜʥʘʟʥʘʯʝʥʳ ʜʣʷ ʩʥʠʞʝʥʠʷ ʪʦʢʦʚ 

ʫʪʝʯʢʠ ʙʣʘʛʦʜʘʨʷ ʦʪʩʫʪʩʪʚʠʶ ʧʫʪʠ ʜʣʷ ʧʨʦʪʝʢʘʥʠʷ ʪʦʢʘ ʦʪ ʰʠʥʳ ʧʠʪʘʥʠʷ ʢ 

ʟʝʤʣʝ.   

 
 

ʈʠʩ. 1. ʕʣʝʢʪʨʠʯʝʩʢʘʷ ʩʭʝʤʘ ɿʗ 6T 
 

 
 

ʈʠʩ. 2. ʕʣʝʢʪʨʠʯʝʩʢʘʷ ʩʭʝʤʘ ɿʗ ʩʦ ʩʪʝʢʦʚʦʡ ʩʪʨʫʢʪʫʨʦʡ 
 

ʈʘʩʩʤʦʪʨʠʤ ʧʨʠʥʮʠʧ ʨʘʙʦʪʳ ʪʘʢʦʡ ɿʗ. ɽʩʣʠ ʚʦ ʚʥʫʪʨʝʥʥʠʭ ʪʦʯʢʘʭ Q ʠ QB 

ɿʗ ʠʤʝʶʪʩʷ ʣʦʛʠʯʝʩʢʠʝ ʫʨʦʚʥʠ "1" ʠ "0" ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʪʦ ʪʨʘʥʟʠʩʪʦʨ  M2 

ʟʘʢʨʳʪ, ʘ M3 ʦʪʢʨʳʪ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʪʦʛʦ ʦʪʢʨʳʪ ʪʘʢʞʝ ʪʨʘʥʟʠʩʪʦʨ M7, ʘ 

ʪʨʘʥʟʠʩʪʦʨ M9 ʟʘʢʨʳʪ, ʪ.ʢ. ʚ ʪʦʯʢʝ QB ʠʤʝʝʪʩʷ ʣʦʛʠʯʝʩʢʠʡ "0". ʊʦ ʞʝ ʩʘʤʦʝ 

ʧʨʦʠʩʭʦʜʠʪ ʚ ʦʙʨʘʪʥʦʡ ʚʝʪʚʠ, ʥʦ ʚ ʠʥʚʝʨʩʥʦʤ ʚʘʨʠʘʥʪʝ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚ ʢʘʞʜʦʡ 

ʚʝʪʚʠ ɿʗ ʠʤʝʝʪʩʷ ʜʚʘ ʪʨʘʥʟʠʩʪʦʨʘ, ʢʦʪʦʨʳʝ ʧʨʠ ʧʝʨʝʢʣʶʯʝʥʠʠ ʵʣʝʤʝʥʪʘ 



60 

ʟʘʢʨʳʚʘʶʪʩʷ, ʪʝʤ ʩʘʤʳʤ ʧʨʝʜʦʪʚʨʘʱʘʷ ʧʨʦʪʝʢʘʥʠʝ ʪʦʢʘ ʦʪ ʰʠʥʳ ʧʠʪʘʥʠʷ ʢ 

ʟʝʤʣʝ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦ, ʯʝʤ ʧʨʠ ʦʜʥʦʤ ʪʨʘʥʟʠʩʪʦʨʝ.    

ɿʘʧʦʤʠʥʘʶʱʘʷ ʷʯʝʡʢʘ ʩ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʩʪʝʢʦʚʦʡ ʩʪʨʫʢʪʫʨʦʡ. 

ʕʣʝʢʪʨʠʯʝʩʢʘʷ ʩʭʝʤʘ ɿʗ ʩ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʩʪʝʢʦʚʦʡ ʩʪʨʫʢʪʫʨʦʡ ʧʨʠʚʝʜʝʥʘ ʥʘ   

ʨʠʩ. 3.  

 
 

ʈʠʩ. 3. ʕʣʝʢʪʨʠʯʝʩʢʘʷ ʩʭʝʤʘ ɿʗ ʩʦ ʩʪʝʢʦʚʦʡ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʩʪʨʫʢʪʫʨʦʡ 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 3, ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʭʝʤʝ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ɿʗ, 

ʧʨʠʚʝʜʝʥʥʦʡ ʥʘ ʨʠʩ. 2, ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʚʚʝʜʝʥʳ ʠʩʪʦʯʥʠʢʠ ʥʘʧʨʷʞʝʥʠʷ, ʩ 

ʧʦʤʦʱʴʶ ʢʦʪʦʨʳʭ ʢ ʧʦʜʣʦʞʢʘʤ ʪʨʘʥʟʠʩʪʦʨʦʚ M3, M4 ʠ M6 ʧʦʜʘʝʪʩʷ ʧʦʪʝʥʮʠʘʣ 

ʚʝʣʠʯʠʥʦʡ 1 ɺ. ɺʚʝʜʝʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʧʠʪʘʥʠʷ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʫʤʝʥʴʰʝʥʠʝ ʪʦʢʦʚ, ʪʝʢʫʱʠʭ ʠʟ ʰʠʥʳ ʧʠʪʘʥʠʷ ʢ ʟʝʤʣʝ, ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ 

ʧʦʜʧʦʨʦʛʦʚʳʭ ʪʦʢʦʚ.  

ʇʨʦʚʝʜʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʦʢʦʚ ʠ ʙʳʩʪʨʦʜʝʡʩʪʚʠʷ ʜʣʷ ʨʘʩʩʤʦʪʨʝʥʥʳʭ 

ʚʳʰʝ ʪʨʝʭ ʩʭʝʤ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦʛʦ ʩʨʝʜʩʪʚʘ HSPICE ʩ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ 

ʥʦʨʤʘʤʠ SAED EDK 28 ʥʤ ʜʣʷ ʟʥʘʯʝʥʠʡ ʥʘʧʨʷʞʝʥʠʷ ʧʠʪʘʥʠʷ: 0,8; 09 ʠ 1 ɺ.  

ʈʝʟʫʣʴʪʘʪʳ  ʤʦʜʝʣʠʨʦʚʘʥʠʷ  ʘʢʪʠʚʥʳʭ  ʠ  ʧʘʩʩʠʚʥʳʭ  ʩʦʩʪʘʚʣʷʶʱʠʭ ʪʦʢʘ ʦʪ   

ʥʘʧʨʷʞʝʥʠʷ ʧʠʪʘʥʠʷ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 4 ʠ 5.  
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ʈʠʩ. 4. ɿʘʚʠʩʠʤʦʩʪʴ ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʪʦʢʘ ʦʪ ʥʘʧʨʷʞʝʥʠʷ ʧʠʪʘʥʠʷ 
 

 
 

ʈʠʩ. 5. ɿʘʚʠʩʠʤʦʩʪʴ ʩʪʘʪʠʯʝʩʢʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʪʦʢʘ ʦʪ ʥʘʧʨʷʞʝʥʠʷ ʧʠʪʘʥʠʷ 
 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 4, ʪʠʧʦʚʘʷ ɿʗ ʠʤʝʝʪ ʥʘʠʙʦʣʴʰʠʡ ʜʠʥʘʤʠʯʝʩʢʠʡ ʪʦʢ, ʘ 

ʩʪʝʢʦʚʘʷ ɿʗ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʤʝʥʴʰʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʪʦʢʦʚ, ʧʨʠʯʝʤ ʥʘʠʤʝʥʴʰʠʡ 

ʪʦʢ ʠʤʝʝʪ ʘʩʠʤʤʝʪʨʠʯʥʘʷ ʩʪʝʢʦʚʘʷ ɿʗ. ʀʟ ʨʠʩ. 5 ʚʠʜʥʦ, ʯʪʦ ʪʠʧʦʚʘʷ ɿʗ ʠʤʝʝʪ 

ʥʘʠʤʝʥʴʰʠʡ ʩʪʘʪʠʯʝʩʢʠʡ ʪʦʢ, ʘ ʩʪʝʢʦʚʘʷ ɿʗ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʙʦʣʴʰʠʤʠ 

ʟʥʘʯʝʥʠʷʤʠ ʪʦʢʦʚ, ʧʨʠʯʝʤ ʥʘʠʙʦʣʴʰʠʡ ʪʦʢ ʠʤʝʝʪ ʘʩʠʤʤʝʪʨʠʯʥʘʷ ʩʪʝʢʦʚʘʷ ɿʗ. 

ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʩʪʨʦʜʝʡʩʪʚʠʷ ʦʪ ʥʘʧʨʷʞʝʥʠʷ ʧʠʪʘʥʠʷ ʜʣʷ 

ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʩʭʝʤ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 6 ʠ 7. ʀʟ ʥʠʭ ʚʠʜʥʦ, ʯʪʦ ʪʠʧʦʚʘʷ ɿʗ 

ʅʘʧʨʷʞʝʥʠʝ ʧʠʪʘʥʠʷ, ɺ 

ʅʘʧʨʷʞʝʥʠʝ ʧʠʪʘʥʠʷ, ɺ 
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ʠʤʝʝʪ ʥʘʠʙʦʣʴʰʝʝ ʚʨʝʤʷ ʥʘʨʘʩʪʘʥʠʷ ʠ ʩʧʘʜʘ ʬʨʦʥʪʘ, ʘ ʩʪʝʢʦʚʘʷ ɿʗ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʤʝʥʴʰʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʚʨʝʤʝʥʠ ʥʘʨʘʩʪʘʥʠʷ ʠ ʩʧʘʜʘ, ʧʨʠʯʝʤ 

ʥʘʠʤʝʥʴʰʝʝ ʚʨʝʤʷ ʥʘʨʘʩʪʘʥʠʷ ʠ ʩʧʘʜʘ ʠʤʝʝʪ ʘʩʠʤʤʝʪʨʠʯʥʘʷ ʩʪʝʢʦʚʘʷ ɿʗ. 

 
  

 
ʈʠʩ. 6. ɿʘʚʠʩʠʤʦʩʪʴ ʚʨʝʤʝʥʠ ʥʘʨʘʩʪʘʥʠʷ ʬʨʦʥʪʘ ʦʪ ʥʘʧʨʷʞʝʥʠʷ ʧʠʪʘʥʠʷ 

 

 
ʈʠʩ. 7. ɿʘʚʠʩʠʤʦʩʪʴ ʚʨʝʤʝʥʠ ʩʧʘʜʘ ʬʨʦʥʪʘ ʦʪ ʥʘʧʨʷʞʝʥʠʷ ʧʠʪʘʥʠʷ 

 

 

ʅʘʧʨʷʞʝʥʠʝ ʧʠʪʘʥʠʷ, ɺ 

ʅʘʧʨʷʞʝʥʠʝ ʧʠʪʘʥʠʷ, ɺ 



63 

ɺʳʚʦʜʳ 

1. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ ʩʪʝʢʦʚʳʭ ʪʨʘʥʟʠʩʪʦʨʦʚ ʚ ɿʗ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʫʤʝʥʴʰʝʥʠʝ ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʪʦʢʘ ɿʗ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ 

ʩʪʘʪʠʯʝʩʢʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʪʦʢʘ. 

2. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʠʧʦʚʦʡ ɿʗ, ʩʪʝʢʦʚʘʷ ɿʗ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʫʤʝʥʴʰʝʥʠʝ ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʪʦʢʘ ʥʘ 25% ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʩʪʘʪʠʯʝʩʢʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʪʦʢʘ ʥʘ 69%, ʘ ʘʩʠʤʤʝʪʨʠʯʥʘʷ ʩʪʝʢʦʚʘʷ ɿʗ  - 65% 

ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʩʪʘʪʠʯʝʩʢʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʥʘ 280%. ʆʜʥʘʢʦ ʩ ʫʯʝʪʦʤ ʪʦʛʦ, ʯʪʦ 

ʥʘ ʫʨʦʚʥʝ ʦʜʥʦʡ ɿʗ ʜʠʥʘʤʠʯʝʩʢʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʪʦʢʘ ʥʘ ʜʚʘ ʧʦʨʷʜʢʘ ʧʨʝʚʳʰʘʝʪ 

ʩʪʘʪʠʯʝʩʢʫʶ ʩʦʩʪʘʚʣʷʶʱʫʶ ʪʦʢʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʦʝ 

ʫʤʝʥʴʰʝʥʠʝ ʨʘʩʩʝʠʚʘʝʤʦʡ ʤʦʱʥʦʩʪʠ ʉʆɿʋ.  

3. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʠʧʦʚʦʡ ɿʗ, ʩʪʝʢʦʚʘʷ ʦʙʝʩʧʝʯʠʚʘʝʪ ʫʤʝʥʴʰʝʥʠʝ 

ʚʨʝʤʝʥʠ ʥʘʨʘʩʪʘʥʠʷ ʠ ʩʧʘʜʘ ʬʨʦʥʪʘ ʥʘ 34 ʠ 53% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʘ 

ʘʩʠʤʤʝʪʨʠʯʥʘʷ ʩʪʝʢʦʚʘʷ - ʥʘ 51 ʠ 58% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.    
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ʬ.ʗ. ʡʺ˔˕ˍ˒ˊʶˋ, ʝ.ʉ. ʈ˓ʹʶˁˊʶˋ, ʖ.ʬ. ʡʺ˔˕ˍ˒ˊʶˋ 
 

ʥʺ˕ˁˍ˗˃˓ʺˁ ʺˋ ˒ˏʶˑˉʶˋ ˅ʻˍ˕ˍ˗ʾˊʶˋ ʹˀˋʶˉˀ˄ ˜ ˒˔ʶ˔ˀ˄ ʷʶˇʶʹ˕ˀˎˋʺ˕ʽ, 

ˋʺ˕˄ʶˊʶ˖˓ʺˁ ʺˋ ʹ˕ʶˋ˖ ˍ˕ˍˌˉʶˋ ʶ˕˔ʶ˅ʶˊ˔ˍ˗ʾˊˍ˗ˋˋʺ˕ʽ: ʊʺ˕ˉʺ˃ ˀˋ˔ʺʸ˕ʶˁ ˒˂ʺˉʶˋʺ˕ 

ˋʶ˂ʶʸ˃ʺˁˀ˒ ˄ʶ˕˜ˍ˕ ˂ˋʹˀ˕ ʼ ʹʶˑˋˍ˗ˉ ʹˀˋʶˉˀ˄ ˅ˍ˒ʶˋ˙ˋʺ˕ˀ ˀːʺ˖ˍ˗ˉʽ: ʋ˕ʶ ˅ʶˉʶ˕ 

˒˔ʶ˔ˀ˄ ˚ˏʺ˕ʶ˔ˀ˓ ˅ˀˌˍˇ ˒ʶ˕˙ʺ˕ˍ˗ˉ ˅ˀˌˍˇ ʷːˀːˋʺ˕ˀ ˘ˍ˂ʶˋːʶ˔ˉʶˋ ʿʶˉʶˋʶ˄ 

˄ˀ˕ʶˑ˓ˍ˗ˉ ʺˋ ˒˔ʺ˄ʶˊˀˋ ˔˕ʶˋʻˀ˒˔ˍ˕ˋʺ˕, ˍ˕ˍˋ˙ ˘ˍ˙˕ʶ˖ˋˍ˗ˉ ʺˋ ˍˎ ˉˀʶˊˋ ʹˀˋʶˉˀ˄ 

˅ˍ˒ʶˋ˙ˋʺ˕ʽ, ʶˊˁ˜ ʹ˕ʶˋ˖ ˘ˍ˂ʶˋːʶ˔ˉʶˋ ʿʶˉʶˋʶ˄ˋʺ˕ʽ: ʝʺ˕˄ʶˊʶ˖˓ʺˁ ʺˋ 6T ˔ˀˏˀ ˅ˀˌˍˇ 

ʷːːˀ ˜ ˁ˕ʶ˖ˍ˗˖ˀˎ ˒˔ʺ˄ʶˊˀˋ ˔˕ʶˋʻˀ˒˔ˍ˕ˋʺ˕ˀ ˄ˀ˕ʶˑˉʶˉʷ ˉˍʹˀ˛ˀ˄ʶ˖ˍ˗ˉ̀̋ ˕ˀ 

ʼˁʺ˄˔˕ʶ˄ʶˋ ˒˂ʺˉʶˋʺ˕ʽ: ʋˀ˔ʶ˕˄˓ʺˁ ʺˋ ˅ˀˌˍˇ ʷːˀːˋʺ˕ˀ ʶˌ˂ʶ˔ʶˋ˙ˀ ˒˄ʻʷˍ˗ˋ˙ˋʺ˕ʽ ˜ 

ʶˑʶˋˆˋʶ˅ʶ˔˄ˍ˗ʾˊˍ˗ˋˋʺ˕ʽ: ʋˀ˔ʶ˕˄˓ʶ˃ ʺ˕ʺ˙ ˒˂ʺˉʶˋʺ˕ˀ ˅ʶˉʶ˕ ˄ʶ˔ʶ˕˓ʺˁ ʼ 

˅ˍ˒ʶˋ˙ˋʺ˕ˀ ˜ ʶ˕ʶʸʶʸˍ˕˃ˍ˗ʾˊʶˋ ˉˍʹʺˁʶ˓ˍ˕ˍ˗ˉ HSPICE ˃ ˕ʶʸ˕ʶˊˀˋ ˉˀːˍ˖ˍ˓ SAED EDK 28 

ˋ ̄˔ʺ˂ˋˍˁˍʸˀʶ˄ʶˋ ˋˍ˕ˉʺ˕ˍ˓ ˒ˋˉʶˋ ˁʶ˕ˉʶˋ ʺ˕ʺ˙ ʶ˕ʿʺ˙ˋʺ˕ˀ ˅ʶˉʶ˕: ʛˍʹʺˁʶ˓ˍ˕ˉʶˋ 

ʶ˕ʹˊˍ˗ˋ˙ˋʺ˕ˍ˓ ˅ˍ˒ʶˋ˙ˀ ʶ˄˔ˀ˓ ˜ ˏʶ˒˒ˀ ˓ ʷʶˇʶʹ˕ˀˎˋʺ˕ˀ ˅ʶˉʶ˕ ˄ʶˑˍ˗˖˓ʺˁ ʺˋ ˒ˋˉʶˋ 

ˁʶ˕ˍ˗ˉˀ˖ ˅ʶˉʶˏʶ˔ʶ˒˂ʶˋ ˄ʶ˂˓ʶ˃ˍ˗ʾˊˍ˗ˋˋʺ˕ʽ: ʖʶ˔ʶ˕˓ʶ˃ ˅ʶˉʺˉʶ˔ʶ˄ʶˋ 

˓ʺ˕ˁˍ˗˃ˍ˗ʾˊˍ˗ˋʽ ˖ˍ˗ˊ˖ ʼ ˔˓ʺˁ, ˍ˕ ˔ˀˏʶˊˀˋ ˅ˀˌˍˇ ʷːˀː ̀ˍ˗ˋˀ ʶˉʺˋʶˉʺ˃ ʹˀˋʶˉˀ˄ ˅ˍ˒ʶˋ˙ʽ, 

ˀ˒˄ ˒˔ʺ˄ʶˊˀˋ ˅ˀˌˍˇ ʷːˀːʽ ʷˋˍ˗ʾʶʸ˕˓ˍ˗ˉ ʼ ˅ˍ˒ʶˋ˙ˀ ˘ˍ˙˕ ʶ˕ʿʺ˙ˋʺ˕ˍ˓, ʽˋʹ ˍ˕ˍ˗ˉ, 

ʶˉʺˋʶ˘ˍ˙˕ ˅ˍ˒ʶˋ˙ˋ ˍ˗ˋˀ ʶ˒ˀˉʺ˔˕ˀ˄ ˒˔ʺ˄ʶˊˀˋ ˅ˀˌˍˇ ʷːˀːʽ: ʈˊʹ ʹʺˏ˙ˍ˗ˉ ˔ˀˏʶˊˀˋ 

˅ˀˌˍˇ ʷːˀːˋ ˍ˗ˋˀ ʶˉʺˋʶ˘ˍ˙˕ ˒˔ʶ˔ˀ˄ ˅ˍ˒ʶˋ˙ʽ, ˀ˒˄ ˒˔ʺ˄ʶˊˀˋ ˅ˀˌˍˇ ʷːˀːʽ ʷˋˍ˗ʾʶʸ˕˓ˍ˗ˉ 

ʼ ˅ˍ˒ʶˋ˙ˀ ˉʺ˃ ʶ˕ʿʺ˙ˋʺ˕ˍ˓, ʽˋʹ ˍ˕ˍ˗ˉ, ʶˉʺˋʶˉʺ˃ ˅ˍ˒ʶˋ˙ˋ ˍ˗ˋˀ ʶ˒ˀˉʺ˔˕ˀ˄ ˒˔ʺ˄ʶˊˀˋ 

˅ˀˌˍˇ ʷːˀːʽ: ʛˍʹʺˁʶ˓ˍ˕ˉʶˋ ʶ˕ʹˊˍ˗ˋ˙ˋʺ˕ˍ˓ ˄ʶˑˍ˗˖˓ʺˁ ʺˋ ʹˀ˔ʶ˕˄˓ʶ˃ ˒˂ʺˉʶˋʺ˕ˀ ˅ʶˉʶ˕ 

ʶʻʹʶˋˌʶˋˀ ʶˈˉʶˋ ˜ ˋ˓ʶʻˉʶˋ ˈʶ˄ʶ˔ˋʺ˕ˀ ʿʶˉʶˋʶ˄ˋʺ˕ˀ ˄ʶ˂˓ʶ˃ˍ˗ʾˊˍ˗ˋˋʺ˕ʽ ˒ˋˉʶˋ 

ˁʶ˕ˍ˗ˉˀ˖: ʋ˕ʶˋ˖ ˅ʶˉʺˉʶ˔ʶ˄ʶˋ ˓ʺ˕ˁˍ˗˃ˍ˗ʾˊˍ˗ˋʽ ˖ˍ˗ˊ˖ ʼ ˔˓ʺˁ, ˍ˕ ˔ˀˏʶˊˀˋ ˅ˀˌˍˇ ʷːˀːˋ 

ˍ˗ˋˀ ˈʶ˄ʶ˔ˀ ʶˉʺˋʶˉʺ˃ ʶˈˀ ˜ ˋ˓ʶʻˉʶˋ ʿʶˉʶˋʶ˄ˋʺ˕ʽ, ˀ˒˄ ˒˔ʺ˄ʶˊˀˋ ˅ˀˌˍˇ ʷːˀːʽ 

ʷˋˍ˗ʾʶʸ˕˓ˍ˗ˉ ʼ ˈʶ˄ʶ˔ˀ ʶˈˀ ˜ ˋ˓ʶʻˉʶˋ ʿʶˉʶˋʶ˄ˋʺ˕ˀ  ˘ˍ˙˕ ʶ˕ʿʺ˙ˋʺ˕ˍ˓, ʽˋʹ ˍ˕ˍ˗ˉ,  

ʶ˒ˀˉʺ˔˕ˀ˄ ˅ˀˌˍˇ ʷːˀːˋ ˍ˗ˋˀ ʶˉʺˋʶ˘ˍ˙˕ ˈʶ˄ʶ˔ˀ ʶˈˀ ˜ ˋ˓ʶʻˉʶˋ ʿʶˉʶˋʶ˄ˋʺ˕:̔ 

ʗʁ ˒˔ʶ˔˓ʺˁ ʼ, ˍ˕ ˅ˀˌˍˇ ʷːˀːˋʺ˕ˍ˗ˉ ˒˔ʺ˄ʶˊˀˋ ˔˕ʶˋʻˀ˒˔ˍ˕ˋʺ˕ˀ ˄ˀ˕ʶˑˍ˗ˉ ̀ʶˏʶ˅ˍ˓ˍ˗ˉ ʼ 

˅ˀˌˍˇ ʷːːˀ ˅ˍ˒ʶˋ˙ˀ ʹˀˋʶˉˀ˄ ʷʶˇʶʹ˕ˀˎˀ ˘ˍ˙˕ʶ˖ˍ˗ˉ,̔ ˍ˕ʽ ˅ʶˋʸʺ˖ˋˍ˗ˉ ʼ ˅ˍ˒ʶˋ˙ˀ 

˒˔ʶ˔ˀ˄ ʷʶˇʶʹ˕ˀˎˀ ˉʺ˃ʶ˖ˉʶˋ:̔ ʨˍ˗ˊ˖ ʼ ˔˕˓ʺˁ, ˍ˕ ˔ˀˏʶˊˀˋ ˅ˀˌˍˇ ʷːːˀ ˅ʶˉʺˉʶ˔ 

˒˔ʺ˄ʶˊˀˋ ˜ ʶ˒ˀˉʺ˔˕ˀ˄ ˒˔ʺ˄ʶˊˀˋ ˅ˀˌˍˇ ʷːˀːˋʺ˕ ̀ ʶˏʶ˅ˍ˓ˍ˗ˉ ʺˋ ˅ˍ˒ʶˋ˙ˀ ʹˀˋʶˉˀ˄ 

ʷʶˇʶʹ˕ˀˎˀ ˘ˍ˙˕ʶ˖ˍ˗ˉ`  25%  ̃ 65%, ̋ ˕ʷ ˅ˍ˒ʶˋ˙ˀ ˒˔ʶ˔ˀ˄ ʷʶˇʶʹ˕ˀˎˋʺ˕ʽ ˉʺ˃ʶˋˍ˗ˉ ʺˋ r 

69% ̃  280%: ʗʶˌ˓ˀ ʶˑˋʺˁˍ˓, ˍ˕ ˅ˍ˒ʶˋ˙ˀ ʹˀˋʶˉˀ˄ ʷʶˇʶʹ˕ˀˎʽ ʺ˕˄ˍ˗ ˄ʶ˕ʸˍ˓ ʸʺ˕ʶʻʶˋ˖ˍ˗ˉ 

ʼ ˅ˍ˒ʶˋ˙ˀ ˒˔ʶ˔ˀ˄ ʷʶˇʶʹ˕ˀˎˀˋ, ʶˏʶ˅ˍ˓˓ˍ˗ˉ ʼ ˅ˀˌˍˇ ˒ʶ˕˙ˀ ˒ˏʶˑˉʶˋ ˅ʻˍ˕ˍ˗ʾˊʶˋ 

˘ˍ˙˕ʶ˖ˍ˗ˉ:̔ ʦˀˏʶˊˀˋ ˅ˀˌˍˇ ʷːːˀ ˅ʶˉʺˉʶ˔ ˒˔ʺ˄ʶˊˀˋ ˜ ʶ˒ˀˉʺ˔˕ˀ˄ ˒˔ʺ˄ʶˊˀˋ ˅ˀˌˍˇ 

ʷːˀːˋʺ˕ ̀ʶˏʶ˅ˍ˓ˍ˗ˉ ʺˋ ˈʶ˄ʶ˔ˀ ʶˈˀ ˜ ˋ˓ʶʻˉʶˋ ʿʶˉʶˋʶ˄ˋʺ˕ˀ ˅ʶˉʶˏʶ˔ʶ˒˂ʶˋʶʷʶ˕ 

34% ̃  51%, ̃  57% ̃  54% ̆ ˍ˙˕ʶ˖ˍ˗ˉ:  

ʈˑʶ̀˖˙ʶˊˀˋ ʷʶˑʺ˕. ˅ˀˌˍˇ ˒ʶ˕˙, ˅ˀˌˍˇ ʷːˀː, ˒˔ʺ˄ʶˊˀˋ ˔˕ʶˋʻˀ˒˔ˍ˕ˋʺ˕, ˒˔ʺ˄ʶˊˀˋ 

ʷːˀː, ʶ˒ˀˉʺ˔˕ˀ˄ ˒˔ʺ˄ʶˊˀˋ ʷːˀː, ˉˍʹʺˁʶ˓ˍ˕ˍ˗ˉ: 
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COMPARATIVE ANALYSIS OF STORAGE CELLS OF  STATIC  

RANDOM ACCESS MEMORY DEVICES  
 

ʬ.H. Petrosyan, N.B. Avdalyan, K.O. Petrosyan 
 

The dynamic and static components of the consumed power of memory cells are 

analyzed, as well as expressions for their determination are introduced. At the design of VLIC, 

an important task is to reduce the dynamic currents. To do this, more often, in the static random 

access memory, when switching the storage cells, stack transistors are applied, which reduce 

not only the dynamic currents, but also the times of their switching. The electrical circuits of 

the type 6T and its modifications are given. The principles of operation and features of the 

SOT are considered. The simulation of currents and speed for the considered three schemes 

with the help of the software HSPICE with technological standards SAED EDK 28 nm for the 

three voltage values is carried out. According to the results of modeling of the active and 

passive components of the current from the supply voltage, corresponding dependences are 

built. The comparative analysis showed that the template Wl has the most dynamic current, and 

the stack Wl is characterized by lower current values, and the smallest current is asymmetric 

stack Wl. At the same time, the typical Wl has the lowest static current and the stack Wl is 

characterized by high values of currents, and the largest current is asymmetric stack Wl. 

According to the results of modeling, the dependences of the periods of rise and fall of the 

signal edges from the supply voltage are obtained. The comparative analysis of these showed 

that the typical Wl has the greatest rise and fall of the front, and the stack Wl is characterized 

by lower values of the rise time and fall front. The smallest rise and fall times of the front is 

characteristic of the asymmetric stack Wl. The use of stack transistors in Wl reduces the 

dynamic component of the Wl current, which leads to an increase in the static component of 

the current. It is shown that as compared with the standard stacking and asymmetry indices Wl 

stack provides a reduction of the dynamic component of the current by 25% to 65%, increasing 

the static component of the current by 69% and 280%. Given the fact that the dynamic 

component of the current is two orders of magnitude greater than the static component, the 

power of SRAM decreases. Compared to a typical Wl, the Wl stack and asymmetry indices 

provide a reduction in the rise and fall times on the front by 34% and 51%, and 57% and 54%, 

respectively. 

Keywords: storage device, memory cell, stacking transistors, stack cell, stack asymmetric 

cell,  modeling. 
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ʄɸɻʅʀʊʆʄʆɼʋʃʗʎʀʆʅʅʓʁ ʇʈɽʆɹʈɸɿʆɺɸʊɽʃʔ  

ʇʆʉʊʆʗʅʅʆɻʆ ʊʆʂɸ 

ɹ.ʄ. ʄʘʤʠʢʦʥʷʥ, ʉ.ʃ. ɸʨʫʪʶʥʷʥ 

ʅʘʮʠʦʥʘʣʴʥʳʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ɸʨʤʝʥʠʠ, ɻʶʤʨʠʡʩʢʠʡ ʬʠʣʠʘʣ  

 

ʈʘʩʩʤʦʪʨʝʥ ʤʘʛʥʠʪʦʤʦʜʫʣʷʮʠʦʥʥʳʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ (ʄʄʇ), ʢʦʪʦʨʳʡ 

ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ ʙʝʩʢʦʥʪʘʢʪʥʦʛʦ ʠʟʤʝʨʝʥʠʷ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ. ʎʝʣʴʶ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʪʝʭʥʦʣʦʛʠʯʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʠʥʪʝʛʨʠʨʫʶʱʝʛʦ ʢʦʥʪʫʨʘ. ʂʦʥʪʫʨ 

ʜʦʣʞʝʥ ʠʤʝʪʴ ʥʝʨʘʟʚʝʪʚʣʝʥʥʳʡ ʨʘʟʲʝʤʥʳʡ ʤʘʛʥʠʪʦʧʨʦʚʦʜ ʠ ʝʜʠʥʩʪʚʝʥʥʫʶ ʦʙʤʦʪʢʫ. 

ʕʪʦ ʧʦʟʚʦʣʠʪ ʩʦʟʜʘʪʴ ʢʦʤʧʘʢʪʥʳʝ ʠ ʪʦʯʥʳʝ ʵʣʝʢʪʨʦʠʟʤʝʨʠʪʝʣʴʥʳʝ ʢʣʝʱʠ ʤʘʣʳʭ 

ʧʦʩʪʦʷʥʥʳʭ ʪʦʢʦʚ. ʇʨʝʜʣʦʞʝʥ ʥʦʚʳʡ ʩʧʦʩʦʙ ʨʝʘʣʠʟʘʮʠʠ ʄʄʇ, ʜʣʷ ʘʥʘʣʠʟʘ ʨʘʙʦʪʳ 

ʢʦʪʦʨʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʘ ʦʩʥʦʚʥʘʷ ʢʨʠʚʘʷ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʤʘʛʥʠʪʦʧʨʦʚʦʜʘ. ɺ ʢʘʯʝʩʪʚʝ 

ʤʘʪʝʨʠʘʣʘ ʤʘʛʥʠʪʦʧʨʦʚʦʜʘ ʨʘʩʩʤʦʪʨʝʥʳ ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʠʝ ʩʪʘʣʠ ʤʘʨʦʢ 1511 ʩ 

ʪʦʣʱʠʥʦʡ ʣʠʩʪʘ 0,35 ʤʤ ʠ 3414 ʩ ʪʦʣʱʠʥʦʡ ʣʠʩʪʘ 0,5 ʤʤ. ʏʘʩʪʦʪʘ ʤʦʜʫʣʠʨʫʶʱʝʛʦ ʪʦʢʘ 

ʚʳʙʨʘʥʘ ʨʘʚʥʦʡ 50 ɻʮ. ɺʳʧʦʣʥʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʙʦʪʳ ʄʄʇ ʚ ʩʨʝʜʝ Mathcad. ɺ 

ʢʘʯʝʩʪʚʝ ʠʥʬʦʨʤʘʪʠʚʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʄʄʇ ʠʩʧʦʣʴʟʦʚʘʥʦ ʥʝʨʘʚʝʥʩʪʚʦ ʚʨʝʤʝʥʥʳʭ 

ʠʥʪʝʨʚʘʣʦʚ ʤʝʞʜʫ ʵʢʩʪʨʝʤʫʤʘʤʠ ʥʘʧʨʷʞʝʥʠʷ ʢʘʪʫʰʢʠ. ʇʦʜ ʜʝʡʩʪʚʠʝʤ ʠʟʤʝʨʷʝʤʦʛʦ 

ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʥʘ ʫʯʘʩʪʢʘʭ ʨʦʩʪʘ ʥʘʧʨʷʞʝʥʠʷ ʢʘʪʫʰʢʠ ʠʥʪʝʨʚʘʣ ʤʝʞʜʫ ʝʛʦ 

ʵʢʩʪʨʝʤʫʤʘʤʠ ʫʤʝʥʴʰʘʝʪʩʷ, ʘ ʥʘ ʫʯʘʩʪʢʘʭ ʩʧʘʜʘ ï ʫʚʝʣʠʯʠʚʘʝʪʩʷ. ʈʘʟʥʦʩʪʴ ʵʪʠʭ 

ʠʥʪʝʨʚʘʣʦʚ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʤʝʨʦʡ ʠʟʤʝʨʷʝʤʦʛʦ ʪʦʢʘ. ʇʦʩʪʨʦʝʥʳ ʛʨʘʬʠʢʠ ʬʫʥʢʮʠʠ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʄʄʇ ʧʨʠ ʜʚʫʭ ʟʥʘʯʝʥʠʷʭ ʤʦʜʫʣʠʨʫʶʱʝʛʦ ʪʦʢʘ; ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʵʪʘ 

ʬʫʥʢʮʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʣʠʥʝʡʥʘ. ʏʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʄʄʇ ʪʝʤ ʚʳʰʝ, ʯʝʤ ʙʦʣʴʰʝ ʩʪʝʧʝʥʴ 

ʥʝʣʠʥʝʡʥʦʩʪʠ ʢʨʠʚʦʡ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʤʘʪʝʨʠʘʣʘ ʤʘʛʥʠʪʦʧʨʦʚʦʜʘ. ʇʨʝʜʩʪʘʚʣʝʥʘ 

ʬʫʥʢʮʠʦʥʘʣʴʥʘʷ ʩʭʝʤʘ ʙʝʩʢʦʥʪʘʢʪʥʦʛʦ ʠʟʤʝʨʠʪʝʣʷ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ, ʚ ʢʦʪʦʨʦʤ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʦʧʠʩʘʥʥʳʡ ʩʧʦʩʦʙ ʨʝʘʣʠʟʘʮʠʠ ʄʄʇ. ʈʘʩʩʤʦʪʨʝʥʘ ʪʘʢʞʝ ʚʦʟʤʦʞʥʦʩʪʴ 

ʨʝʘʣʠʟʘʮʠʠ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʧʫʪʝʤ ʧʦʜʘʯʠ ʚʳʭʦʜʥʦʛʦ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ 

ʫʩʪʨʦʡʩʪʚʘ ʥʘ ʦʙʤʦʪʢʫ ʄʄʇ ʩʦʚʤʝʩʪʥʦ ʩ ʤʦʜʫʣʠʨʫʶʱʠʤ ʪʦʢʦʤ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʦʙʤʦʪʢʘ 

ʄʄʇ ʙʫʜʝʪ ʚʳʧʦʣʥʷʪʴ  ʪʘʢʞʝ ʨʦʣʴ ʢʦʤʧʝʥʩʘʮʠʦʥʥʦʡ ʦʙʤʦʪʢʠ, ʧʦʩʪʦʷʥʥʘʷ 

ʩʦʩʪʘʚʣʷʶʱʘʷ ʪʦʢʘ ʚ ʢʦʪʦʨʦʡ ʫʨʘʚʥʦʚʝʩʠʪ ʜʝʡʩʪʚʠʝ ʠʟʤʝʨʷʝʤʦʛʦ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʥʘ 

ʤʘʛʥʠʪʦʧʨʦʚʦʜ, ʠ ʠʟʤʝʨʝʥʠʝ ʙʫʜʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ ʥʫʣʝʚʳʤ ʤʝʪʦʜʦʤ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʘʛʥʠʪʦʤʦʜʫʣʷʮʠʦʥʥʳʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ, ʤʘʛʥʠʪʦʧʨʦʚʦʜ, 

ʦʙʤʦʪʢʘ, ʠʥʜʫʢʮʠʷ, ʥʘʧʨʷʞʝʥʥʦʩʪʴ, ʢʨʠʚʘʷ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ, ʥʝʣʠʥʝʡʥʦʩʪʴ.  

 

ɺʚʝʜʝʥʠʝ. ɹʝʩʢʦʥʪʘʢʪʥʦʝ ʠʟʤʝʨʝʥʠʝ ʤʘʣʳʭ ʧʦʩʪʦʷʥʥʳʭ ʪʦʢʦʚ ʩʦʩʪʘʚʣʷʝʪ 

ʦʜʥʫ ʠʟ ʚʘʞʥʳʭ ʧʨʦʙʣʝʤ ʩʦʚʨʝʤʝʥʥʦʡ ʵʣʝʢʪʨʦʠʟʤʝʨʠʪʝʣʴʥʦʡ ʪʝʭʥʠʢʠ. 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʦʙʲʷʩʥʷʝʪʩʷ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʙʫʨʥʳʤ ʨʘʟʚʠʪʠʝʤ 

ʙʳʪʦʚʦʡ ʵʣʝʢʪʨʦʨʘʜʠʦʘʧʧʘʨʘʪʫʨʳ ʠ ʘʚʪʦʤʦʙʠʣʝʩʪʨʦʝʥʠʷ, ʚʩʝ ʫʚʝʣʠʯʠʚʘʶʱʝʡʩʷ 

"ʵʣʝʢʪʨʦʥʥʦʡ ʤʦʱʥʦʩʪʴʶ" ʩʦʚʨʝʤʝʥʥʳʭ ʘʚʪʦʤʦʙʠʣʝʡ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ 

ʧʦʨʪʘʪʠʚʥʳʝ ʧʝʨʝʥʦʩʥʳʝ (ʤʘʣʦʛʘʙʘʨʠʪʥʳʝ) ʙʝʩʢʦʥʪʘʢʪʥʳʝ ʠʟʤʝʨʠʪʝʣʠ ʧʦʩʪʦʷʥ-
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ʥʦʛʦ ʪʦʢʘ ʩ ʨʘʟʲʝʤʥʳʤ ʤʘʛʥʠʪʦʧʨʦʚʦʜʦʤ (ʪʦʢʦʠʟʤʝʨʠʪʝʣʴʥʳʝ ʢʣʝʱʠ 

ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ - ʊʂʇʊ) ʧʦʣʴʟʫʶʪʩʷ ʚʩʝ ʙʦʣʝʝ ʨʘʩʪʫʱʠʤ ʩʧʨʦʩʦʤ ʫ ʥʘʩʝʣʝʥʠʷ 

ʠ ʨʘʟʣʠʯʥʳʭ ʩʣʫʞʙ. 
ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ɺʩʝ ʊʂʇʊ ʦʩʥʦʚʘʥʳ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ, ʩʦʟʜʘʚʘʝʤʦʛʦ ʠʟʤʝʨʷʝʤʳʤ ʪʦʢʦʤ, ʠ ʯʘʱʝ ʚʩʝʛʦ ʧʦʩʪʨʦʝʥʳ ʥʘ ʧʨʠʥʮʠʧʝ 

ʠʟʤʝʨʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʠ ʵʪʦʛʦ ʧʦʣʷ [1]. ʅʠʞʝ ʨʘʩʩʤʦʪʨʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ 

ʩʦʟʜʘʥʠʷ ʤʘʛʥʠʪʦʤʦʜʫʣʷʮʠʦʥʥʳʭ ʊʂʇʊ ʩ ʟʘʤʢʥʫʪʳʤ ʨʘʟʲʝʤʥʳʤ ʥʝʨʘʟʚʝʪʚʣʝʥ-

ʥʳʤ ʤʘʛʥʠʪʦʧʨʦʚʦʜʦʤ ʠ ʨʘʩʧʨʝʜʝʣʝʥʥʦʡ ʥʘ ʥʝʤ ʝʜʠʥʩʪʚʝʥʥʦʡ ʦʙʤʦʪʢʦʡ, 

ʢʦʪʦʨʘʷ ʜʦʣʞʥʘ ʩʣʫʞʠʪʴ ʚ ʢʘʯʝʩʪʚʝ ʢʘʢ ʚʦʟʙʫʞʜʘʶʱʝʡ, ʪʘʢ ʠ ʠʟʤʝʨʠʪʝʣʴʥʦʡ, ʘ 

ʪʘʢʞʝ ʢʦʤʧʝʥʩʘʮʠʦʥʥʦʡ ʦʙʤʦʪʢʠ.  

ʈʘʙʦʪʘ ʤʘʛʥʠʪʦʤʦʜʫʣʷʮʠʦʥʥʳʭ ʊʂʇʊ ʦʩʥʦʚʘʥʘ ʥʘ ʥʝʣʠʥʝʡʥʦʩʪʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ( )B f H=  ʤʘʛʥʠʪʦʧʨʦʚʦʜʘ [2,3]. ʇʨʠ 

ʩʠʥʫʩʦʠʜʘʣʴʥʦʤ ʥʘʧʨʷʞʝʥʠʠ ʚʦʟʙʫʞʜʝʥʠʷ ʥʘ ʦʙʤʦʪʢʝ  (mu U sin t= w) ʪʦʢ ()i t  ʚ 

ʥʝʡ ʥʝʩʠʥʫʩʦʠʜʘʣʝʥ, ʪ.ʝ. ʩʦʜʝʨʞʠʪ ʚʳʩʰʠʝ ʛʘʨʤʦʥʠʢʠ, ʢʘʢ ʠ ʥʘʧʨʷʞʝʥʥʦʩʪʴ 

()H t  ʚ ʤʘʛʥʠʪʦʧʨʦʚʦʜʝ (ʨʠʩ. 1). ʇʨʠ ʦʪʩʫʪʩʪʚʠʠ ʧʦʩʪʦʷʥʥʦʛʦ ʧʦʜʤʘʛʥʠʯʠʚʘʥʠʷ 

0 0B =  (ʠʟʤʝʨʷʝʤʳʡ ʧʦʩʪʦʷʥʥʳʡ ʪʦʢ 0I  ʦʪʩʫʪʩʪʚʫʝʪ) ʚ ʢʨʠʚʦʡ ()H t , ʘ 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ ʚ ()i t  ʧʨʠʩʫʪʩʪʚʫʶʪ ʪʦʣʴʢʦ ʥʝʯʝʪʥʳʝ ʛʘʨʤʦʥʠʢʠ (ʪʨʝʪʴʷ ʠ ʪ.ʜ.) 

(ʨʠʩ. 1ʘ). ʕʪʦ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦʣʥʦʡ ʩʠʤʤʝʪʨʠʝʡ ʦʙʝʠʭ ʧʦʣʫʚʦʣʥ ()H t  

ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ ʚʨʝʤʝʥʠ. ʇʨʠ ʥʘʣʠʯʠʠ ʧʦʩʪʦʷʥʥʦʛʦ ʧʦʜʤʘʛʥʠʯʠʚʘʥʠʷ (ʨʠʩ. 

1ʙ) ʧʦʣʫʚʦʣʥʳ ()H t  ʩʪʘʥʦʚʷʪʩʷ ʥʝʩʠʤʤʝʪʨʠʯʥʳʤʠ, ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʚ ʥʠʭ 

ʧʦʷʚʣʷʶʪʩʷ ʠ ʯʝʪʥʳʝ ʛʘʨʤʦʥʠʢʠ.  

ʇʦʩʢʦʣʴʢʫ ʚ ʮʝʧʠ ʦʙʤʦʪʢʠ ʚʦʟʙʫʞʜʝʥʠʷ ʥʝʪ ʠʩʪʦʯʥʠʢʘ ʧʦʩʪʦʷʥʥʦʡ 

ʵʣʝʢʪʨʦʜʚʠʞʫʱʝʡ ʩʠʣʳ (ʕɼʉ) ʠ ʚʳʧʨʷʤʠʪʝʣʝʡ, ʪʦ ʪʦʢ ()i t  ʥʝ ʩʦʜʝʨʞʠʪ 

ʧʦʩʪʦʷʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ, ʧʦʵʪʦʤʫ ʝʛʦ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʟʘ ʧʝʨʠʦʜ ʨʘʚʥʦ ʥʫʣʶ 

[4,5]. ʇʨʠ ʵʪʦʤ ʧʠʢʦʚʳʝ ʟʥʘʯʝʥʠʷ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʠ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʧʦʣʫʚʦʣʥ 

ʪʦʢʘ ()i t  ʦʢʘʟʳʚʘʶʪʩʷ ʥʝʨʘʚʥʳʤʠ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʜʨʫʛʠʤ ʭʘʨʘʢʪʝʨʥʳʤ ʧʨʠʟʥʘʢʦʤ 

ʥʝʩʠʤʤʝʪʨʠʯʥʦʩʪʠ ʧʦʣʫʚʦʣʥ ʪʦʢʘ ()i t .   

ʀʩʭʦʜʷ ʠʟ ʵʪʦʛʦ, ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʚʘ ʦʩʥʦʚʥʳʭ ʩʧʦʩʦʙʘ ʦʮʝʥʢʠ ʠʟʤʝʨʷʝʤʦʛʦ 

ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ. 

 

1. ʀʟʤʝʨʝʥʠʝ ʘʤʧʣʠʪʫʜʳ ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʫʜʚʦʝʥʥʦʡ ʯʘʩʪʦʪʳ ʧʫʪʝʤ 

ʬʠʣʴʪʨʘʮʠʠ ʜʨʫʛʠʭ ʯʘʩʪʦʪ ʠʣʠ ʚʩʪʨʝʯʥʦʛʦ ʚʢʣʶʯʝʥʠʷ ʜʚʫʭ ʦʙʤʦʪʦʢ ʠ ʠʟʤʝʨʝʥʠʷ 

ʨʘʟʥʦʩʪʠ ʠʭ ʥʘʧʨʷʞʝʥʠʡ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʚʩʝ ʥʝʯʝʪʥʳʝ ʛʘʨʤʦʥʠʢʠ ʢʦʤʧʝʥʩʠʨʫʶʪ 

ʜʨʫʛ ʜʨʫʛʘ, ʘ ʚ ʦʩʪʘʣʴʥʦʤ ʩʠʛʥʘʣʝ ʧʨʝʦʙʣʘʜʘʝʪ ʚʪʦʨʘʷ ʛʘʨʤʦʥʠʢʘ. ɼʘʥʥʳʡ ʤʝʪʦʜ 

ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʤʘʛʥʠʪʦʤʝʪʨʘʭ (ʯʝʪʥʦ-ʛʘʨʤʦʥʠʯʝʩʢʠʝ ʬʝʨʨʦʟʦʥʜʳ [2,3]), 

ʥʦ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʊʂʇʊ ʠʤʝʝʪ ʩʫʱʝʩʪʚʝʥʥʳʝ ʥʝʜʦʩʪʘʪʢʠ, ʦʛʨʘʥʠʯʠʚʘʶʱʠʝ 

ʝʛʦ ʧʨʠʤʝʥʝʥʠʝ ʚ ʊʂʇʊ: ʤʘʛʥʠʪʦʧʨʦʚʦʜ ʧʨʠʭʦʜʠʪʩʷ ʚʳʧʦʣʥʷʪʴ ʨʘʟʚʝʪʚʣʝʥʥʳʤ, 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʯʠʩʣʦ ʦʙʤʦʪʦʢ (ʢʘʢ ʤʠʥʠʤʫʤ, ʜʚʝ ʦʙʤʦʪʢʠ), ʚʩʪʨʝʯʥʦʝ ʚʢʣʶʯʝʥʠʝ 
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ʦʙʤʦʪʦʢ ʥʝ ʠʩʢʣʶʯʘʝʪ ʚʣʠʷʥʠʝ ʨʘʟʙʘʣʘʥʩʘ ʥʫʣʷ ʠʟ-ʟʘ ʥʝʚʦʟʤʦʞʥʦʩʪʠ ʘʙʩʦʣʶʪʥʦ 

ʠʜʝʥʪʠʯʥʦʛʦ ʚʳʧʦʣʥʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʮʝʧʝʡ ʵʪʠʭ 

ʦʙʤʦʪʦʢ. 

 

 

 

 

 

 

 

 

 

ʈʠʩ. 1. ʂʨʠʚʳʝ ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʠ ʠ ʥʘʧʨʷʞʝʥʥʦʩʪʠ: ʘ - ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ 

ʧʦʩʪʦʷʥʥʦʛʦ ʧʦʜʤʘʛʥʠʯʠʚʘʥʠʷ; ʙ - ʧʨʠ ʥʘʣʠʯʠʠ ʧʦʩʪʦʷʥʥʦʛʦ ʧʦʜʤʘʛʥʠʯʠʚʘʥʠʷ 
 
 

2. ʀʟʤʝʨʝʥʠʝ ʨʘʟʥʦʩʪʠ ʧʠʢʦʚʳʭ ʟʥʘʯʝʥʠʡ ʧʦʣʦʞʠʪʝʣʴʥʳʭ ʠ ʦʪʨʠʮʘʪʝʣʴʥʳʭ 

ʧʦʣʫʚʦʣʥ ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ [6]. ɼʘʥʥʳʡ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʠʩʢʣʶʯʠʪʴ 

ʚʣʠʷʥʠʝ ʨʘʟʙʘʣʘʥʩʘ ʥʫʣʷ ʙʝʟ ʫʩʣʦʞʥʝʥʠʷ ʢʦʥʩʪʨʫʢʮʠʠ ʊʂʇʊ, ʧʦʵʪʦʤʫ ʷʚʣʷʝʪʩʷ 

ʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ, ʦʩʦʙʝʥʥʦ ʚ ʥʳʥʝʰʥʠʭ ʫʩʣʦʚʠʷʭ ʨʘʟʚʠʪʠʷ ʠʥʪʝʛʨʘʣʴʥʳʭ 

ʤʠʢʨʦʩʭʝʤ ʜʣʷ ʮʝʣʝʡ ʠʥʬʦʨʤʘʮʠʦʥʥʦ-ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʪʝʭʥʠʢʠ. 

ʆʜʥʘʢʦ ʚʦʟʤʦʞʝʥ ʠ ʪʨʝʪʠʡ ʩʧʦʩʦʙ, ʩʫʱʥʦʩʪʴ ʢʦʪʦʨʦʛʦ ʧʦʷʩʥʷʝʪʩʷ ʩ 

ʧʦʤʦʱʴʶ ʨʠʩ. 2, ʛʜʝ ʠʟʦʙʨʘʞʝʥʳ ʢʨʠʚʳʝ ʧʨʠ ʨʘʙʦʪʝ ʤʘʛʥʠʪʦʧʨʦʚʦʜʘ ʄʄʇ ʚ 

ʨʝʞʠʤʝ ʟʘʜʘʥʥʦʡ ʥʘʧʨʷʞʝʥʥʦʩʪʠ, ʢʦʛʜʘ ʪʦʢ ʚʦʟʙʫʞʜʝʥʠʷ mi I sin t= w ʠ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʚʳʨʘʞʝʥʠʝ ʟʘʢʦʥʘ ʧʦʣʥʦʛʦ ʪʦʢʘ ʜʣʷ ʩʨʝʜʥʝʡ ʤʘʛʥʠʪʥʦʡ ʣʠʥʠʠ l  

ʤʘʛʥʠʪʦʧʨʦʚʦʜʘ ʝʩʪʴ 

0 0mHl iw I wI sin t I= + = w +, 

ʛʜʝ w  - ʯʠʩʣʦ ʚʠʪʢʦʚ ʦʙʤʦʪʢʠ ʩ ʪʦʢʦʤ ʚʦʟʙʫʞʜʝʥʠʷ ()i t .  

ʇʨʝʥʝʙʨʝʛʘʷ ʧʦ ʤʘʣʦʩʪʠ ʘʢʪʠʚʥʳʤ  ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ  ʦʙʤʦʪʢʠ,  ʤʦʞʥʦ   ʩʯʠ- 

ʪʘʪʴ, ʯʪʦ ʚʩʝ ʧʨʠʣʦʞʝʥʥʦʝ ʢ ʦʙʤʦʪʢʝ ʥʘʧʨʷʞʝʥʠʝ ʚʦʟʙʫʞʜʝʥʠʷ 

ʫʨʘʚʥʦʚʝʰʠʚʘʝʪʩʷ ʕɼʉ ʩʘʤʦʠʥʜʫʢʮʠʠ ʦʙʤʦʪʢʠ:   

() ()
()dB t

u t e t wS
dt

=- = , 

ʛʜʝ S ï ʧʣʦʱʘʜʴ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ ʤʘʛʥʠʪʦʧʨʦʚʦʜʘ.   

ɸʥʘʣʠʟ ʢʨʠʚʦʡ ()u t  ʧʦʢʘʟʳʚʘʝʪ (ʨʠʩ. 2), ʯʪʦ ʠʟ-ʟʘ ʧʦʷʚʣʝʥʠʷ ʚ ʢʨʠʚʦʡ ()B t  

ʯʝʪʥʳʭ  ʛʘʨʤʦʥʠʢ  ʨʘʚʝʥʩʪʚʦ  ʚʨʝʤʝʥʥʳʭ  ʠʥʪʝʨʚʘʣʦʚ  ʤʝʞʜʫ  ʵʢʩʪʨʝʤʫʤʘʤʠ  ʥʘ- 

ʧʨʷʞʝʥʠʷ ʢʘʪʫʰʢʠ ʥʘʨʫʰʘʝʪʩʷ: ʥʘ ʫʯʘʩʪʢʘʭ  ʫʚʝʣʠʯʝʥʠʷ u(t)  ʠʥʪʝʨʚʘʣ Ű1  ʤʝʞʜʫ  
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ʥʠʤʠ ʫʤʝʥʴʰʘʝʪʩʷ, ʘ ʥʘ ʫʯʘʩʪʢʘʭ ʫʤʝʥʴʰʝʥʠʷ ()u t  ʠʥʪʝʨʚʘʣ 2t ʤʝʞʜʫ ʥʠʤʠ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʠ ʠʭ ʨʘʟʥʦʩʪʴ 2 1Dt=t -t ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʤʝʨʦʡ ʠʟʤʝʨʷʝʤʦʛʦ 

ʪʦʢʘ 0I .   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ʈʠʩ. 2. ɻʨʘʬʠʢʠ, ʧʦʷʩʥʷʶʱʠʝ ʨʘʙʦʪʫ ʤʘʛʥʠʪʦʤʦʜʫʣʷʮʠʦʥʥʦʛʦ ʪʦʢʦʠʟʤʝʨʠʪʝʣʷ 
 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʉ ʮʝʣʴʶ ʘʥʘʣʠʟʘ ʚʦʟʤʦʞʥʦʩʪʝʡ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʜʘʥʥʦʛʦ ʷʚʣʝʥʠʷ ʚ ʊʂʇʊ ʚʳʧʦʣʥʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʫʢʘʟʘʥʥʦʛʦ ʩʚʦʡʩʪʚʘ ʄʄʇ 

ʚ ʩʨʝʜʝ Mathcad ʜʣʷ ʜʚʫʭ ʤʘʨʦʢ ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʠʭ ʩʪʘʣʝʡ ʤʘʛʥʠʪʦʧʨʦʚʦʜʘ: 

ʛʦʨʷʯʝʢʘʪʘʥʦʡ ʩʪʘʣʠ 1511 (ʕ41) ʩ ʪʦʣʱʠʥʦʡ ʣʠʩʪʘ 0,35 ʤʤ ʠ ʭʦʣʦʜʥʦʢʘʪʘʥʦʡ 

ʩʪʘʣʠ 3414 (ʕ330ɸ) ʩ  ʪʦʣʱʠʥʦʡ ʣʠʩʪʘ 0,5 ʤʤ; ʤʘʛʥʠʪʦʧʨʦʚʦʜ ʢʦʣʴʮʝʚʦʡ ʬʦʨʤʳ, 

ʜʣʠʥʦʡ 0 2l ,=  ʤ, ʧʣʦʱʘʜʴʶ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ 
680 10S -= Ö  ʤ

2
, ʯʠʩʣʦ ʚʠʪʢʦʚ 

ʦʙʤʦʪʢʠ 2000w= . ʏʘʩʪʦʪʘ ʤʦʜʫʣʠʨʫʶʱʝʛʦ ʪʦʢʘ ʙʳʣʘ ʚʳʙʨʘʥʘ 50f =  ɻʮ.      

ʀʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʧʨʘʚʦʯʥʳʝ ʜʘʥʥʳʝ ʢʨʠʚʳʭ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʫʢʘʟʘʥʥʳʭ 

ʩʪʘʣʝʡ [7,8].  ʉʨʝʜʥʷʷ ʢʨʠʚʘʷ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʤʘʛʥʠʪʦʧʨʦʚʦʜʘ ʥʘ ʠʩʩʣʝʜʫʝʤʦʤ 

ʫʯʘʩʪʢʝ (ʜʦ ʚʝʨʭʥʝʛʦ ʠʟʛʠʙʘ) ʙʳʣʘ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʘ ʥʝʯʝʪʥʳʤ ʩʪʝʧʝʥʥʳʤ 

ʧʦʣʠʥʦʤʦʤ ʩʝʜʴʤʦʡ ʩʪʝʧʝʥʠ ʚʠʜʘ 
3 5 7

1 2 3 4B a H a H a H a H= + + + . 

ʇʦʩʢʦʣʴʢʫ ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʩʪʝʧʝʥʥʳʤ ʧʦʣʠʥʦʤʦʤ ʷʚʣʷʝʪʩʷ ʥʝʯʝʪʥʦʡ, ʪʦ ʦʥʘ 

ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʘʥʘʣʠʟʘ ʷʚʣʝʥʠʡ, ʚʦʟʥʠʢʘʶʱʠʭ ʚ ʤʘʛʥʠʪʦʧʨʦʚʦʜʝ 

ʢʘʢ ʦʪ ʧʝʨʝʤʝʥʥʦʛʦ, ʪʘʢ ʠ ʦʪ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʦʚ. 

ʂʦʵʬʬʠʮʠʝʥʪʳ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʦʧʨʝʜʝʣʷʣʠʩʴ ʤʝʪʦʜʦʤ ʥʘʠʤʝʥʴʰʠʭ 

ʢʚʘʜʨʘʪʦʚ ʧʦ ʟʥʘʯʝʥʠʷʤ 13 ʚʳʙʨʘʥʥʳʭ ʪʦʯʝʢ ʢʨʠʚʦʡ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʥʘ ʫʯʘʩʪʢʝ 

0 2600H ...= ɸ/ʤ ( 0 0 97B ... ,= ʊʣ) ʜʣʷ ʩʪʘʣʠ 1511, ʘ ʪʘʢʞʝ ʧʦ ʟʥʘʯʝʥʥʠʷʤ 13 

ʚʳʙʨʘʥʥʳʭ ʪʦʯʝʢ, ʥʦ ʥʘ ʫʯʘʩʪʢʝ 0 200H ...=  ɸ/ʤ ( 0 1 52B ... ,=  ʊʣ) ʜʣʷ ʩʪʘʣʠ 3414, 

ʧʦʩʢʦʣʴʢʫ ʵʪʘ ʩʪʘʣʴ ʥʘʩʳʱʘʝʪʩʷ ʧʨʠ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʠʭ ʥʘʧʨʷʞʝʥʥʦʩʪʷʭ. 
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ʇʦʩʪʨʦʝʥʳ ʛʨʘʬʠʢʠ ʬʫʥʢʮʠʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʄʄʇ ()2 1 0F IDt=t -t = ʧʨʠ 

ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʘʤʧʣʠʪʫʜʳ ʤʦʜʫʣʠʨʫʶʱʝʛʦ ʪʦʢʘ (ʨʠʩ. 3, 4).  
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

ɺʠʜʥʦ, ʯʪʦ ʬʫʥʢʮʠʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʚ ʫʢʘʟʘʥʥʳʭ ʜʠʘʧʘʟʦʥʘʭ ʠʟʤʝʨʷʝʤʦʛʦ 

ʪʦʢʘ ʧʨʘʢʪʠʯʝʩʢʠ ʣʠʥʝʡʥʘ. ʏʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʄʄʇ ʚ ʩʣʫʯʘʝ ʤʘʛʥʠʪʦʧʨʦʚʦʜʘ ʠʟ 

ʩʪʘʣʠ 3414 ʧʨʠʤʝʨʥʦ ʥʘ ʧʦʨʷʜʦʢ ʚʳʰʝ, ʯʝʤ ʚ ʩʣʫʯʘʝ ʤʘʛʥʠʪʦʧʨʦʚʦʜʘ ʠʟ ʩʪʘʣʠ 

1511, ʧʨʠʯʠʥʦʡ ʯʝʛʦ ʷʚʣʷʝʪʩʷ ʙʦʣʴʰʘʷ ʩʪʝʧʝʥʴ ʥʝʣʠʥʝʡʥʦʩʪʠ ʢʨʠʚʦʡ 

ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʩʪʘʣʠ 3414. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʚʳʙʦʨʦʤ 

ʤʘʪʝʨʠʘʣʘ ʠ ʧʘʨʘʤʝʪʨʦʚ ʤʘʛʥʠʪʦʧʨʦʚʦʜʘ ʤʦʞʥʦ ʩʦʟʜʘʪʴ ʧʝʨʝʥʦʩʥʳʝ 

(ʤʘʣʦʛʘʙʘʨʠʪʥʳʝ) ʙʝʩʢʦʥʪʘʢʪʥʳʝ ʠʟʤʝʨʠʪʝʣʠ ʤʘʣʳʭ ʧʦʩʪʦʷʥʥʳʭ ʪʦʢʦʚ.  

ʇʨʦʩʪʝʡʰʘʷ ʨʝʘʣʠʟʘʮʠʷ ʙʝʩʢʦʥʪʘʢʪʥʦʛʦ ʪʦʢʦʠʟʤʝʨʠʪʝʣʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʦʧʠʩʘʥʥʦʛʦ ʄʄʇ ʤʦʞʝʪ ʙʳʪʴ ʦʩʫʱʝʩʪʚʣʝʥʘ ʧʦ ʩʭʝʤʝ ʨʠʩ. 5, ʛʜʝ ʦʙʦʟʥʘʯʝʥʳ:         

1 ï ʄʄʇ; 2 - ʠʩʪʦʯʥʠʢ ʧʠʪʘʥʠʷ ʩʠʥʫʩʦʠʜʘʣʴʥʦʛʦ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ; 3 ï ʪʦʢʦ-

ʦʛʨʘʥʠʯʠʚʘʶʱʠʡ ʨʝʛʠʩʪʨ; 4 ï ʜʠʬʬʝʨʝʥʮʠʘʪʦʨ; 5 ï ʢʦʤʧʘʨʘʪʦʨ ʥʫʣʝʚʦʛʦ 

ʫʨʦʚʥʷ, 6 ï ʤʠʣʣʠʚʦʣʴʪʤʝʪʨ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ; 7 ï ʧʨʦʚʦʜʥʠʢ ʩ ʠʟʤʝʨʷʝʤʳʤ 

ʧʦʩʪʦʷʥʥʳʤ ʪʦʢʦʤ, 8 ï ʤʘʛʥʠʪʦʧʨʦʚʦʜ ʄʄʇ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʙʳʪʴ ʨʘʟʲʝʤʥʳʤ;  

9 ï ʦʙʤʦʪʢʘ ʚʦʟʙʫʞʜʝʥʠʷ ʄʄʇ, ʢʦʪʦʨʘʷ ʩʣʫʞʠʪ ʦʜʥʦʚʨʝʤʝʥʥʦ ʠ ʠʟʤʝʨʠʪʝʣʴʥʦʡ 

ʦʙʤʦʪʢʦʡ.  

ʈʠʩ. 3. ɻʨʘʬʠʢ ʬʫʥʢʮʠʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ʄʄʇ ʜʣʷ ʤʘʛʥʠʪʦʧʨʦʚʦʜʘ ʠʟ ʩʪʘʣʠ 

1511:  

1 - 0 05mI ,= A; 2 - 0 1mI ,=  A 

ʈʠʩ. 4. ɻʨʘʬʠʢ ʬʫʥʢʮʠʠ ʧʨʝʦʙʨʘʟʦʚʘ-

ʥʠʷ ʄʄʇ ʜʣʷ ʤʘʛʥʠʪʦʧʨʦʚʦʜʘ ʠʟ 

ʩʪʘʣʠ 3414:  

1 - 0 05mI ,= A; 2 - 0 1mI ,=  A 
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ʈʠʩ. 5. ʋʧʨʦʱʝʥʥʘʷ ʙʣʦʢ-ʩʭʝʤʘ ʤʘʛʥʠʪʦʤʦʜʫʣʷʮʠʦʥʥʦʛʦ ʪʦʢʦʠʟʤʝʨʠʪʝʣʴʥʦʛʦ 

ʫʩʪʨʦʡʩʪʚʘ 

 

ʆʙʤʦʪʢʘ ʄʄʇ ʧʠʪʘʝʪʩʷ ʦʪ ʠʩʪʦʯʥʠʢʘ ʪʦʢʘ, ʯʪʦ ʩʦʟʜʘʝʪ ʚ ʤʘʛʥʠʪʦʧʨʦʚʦʜʝ 

ʨʝʞʠʤ ʟʘʜʘʥʥʦʡ ʩʠʥʫʩʦʠʜʘʣʴʥʦʡ ʥʘʧʨʷʞʝʥʥʦʩʪʠ. ʅʘʧʨʷʞʝʥʠʝ ()u t  ʦʙʤʦʪʢʠ 

ʧʦʩʪʫʧʘʝʪ ʥʘ ʚʭʦʜ ʜʠʬʬʝʨʝʥʮʠʘʪʦʨʘ, ʩ ʚʳʭʦʜʘ ʢʦʪʦʨʦʛʦ ʥʘʧʨʷʞʝʥʠʝ ()u t¡  

ʧʦʩʪʫʧʘʝʪ ʥʘ ʚʭʦʜ ʢʦʤʧʘʨʘʪʦʨʘ ʥʫʣʝʚʦʛʦ ʫʨʦʚʥʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʜʣʠʪʝʣʴʥʦʩʪʠ 

ʧʦʣʦʞʠʪʝʣʴʥʳʭ ʠ ʦʪʨʠʮʘʪʝʣʴʥʳʭ ʧʨʷʤʦʫʛʦʣʴʥʳʭ ʠʤʧʫʣʴʩʦʚ ʥʘʧʨʷʞʝʥʠʷ ()2u t  

ʥʘ ʚʳʭʦʜʝ ʢʦʤʧʘʨʘʪʦʨʘ ʦʢʘʟʳʚʘʶʪʩʷ ʥʝʨʘʚʥʳʤʠ ʜʨʫʛ ʜʨʫʛʫ (ʨʠʩ. 2). ʀʟʤʝʨʝʥʠʝ 

ʜʣʠʪʝʣʴʥʦʩʪʝʡ ʵʪʠʭ ʠʤʧʫʣʴʩʦʚ ʤʦʞʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ 

ʮʠʬʨʦʚʳʤ ʤʝʪʦʜʦʤ. ɺ ʧʨʦʩʪʝʡʰʝʤ ʩʣʫʯʘʝ ʚ ʢʘʯʝʩʪʚʝ ʠʥʜʠʢʘʪʦʨʘ ʤʦʞʝʪ ʩʣʫʞʠʪʴ 

ʤʠʣʣʠʚʦʣʴʪʤʝʪʨ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ, ʢʦʪʦʨʳʡ ʧʦʢʘʟʳʚʘʝʪ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ 

ʥʘʧʨʷʞʝʥʠʷ ()2u t : ʦʥʦ ʧʨʷʤʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʨʘʟʥʦʩʪʠ 2 1Dt=t -t ʠ ʩʣʫʞʠʪ 

ʤʝʨʦʡ ʪʦʢʘ 0I .        

ɺʳʚʦʜʳ. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʨʘʩʩʤʦʪʨʝʥʥʳʡ ʚʘʨʠʘʥʪ 

ʨʝʘʣʠʟʘʮʠʠ ʄʄʇ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʩʦʟʜʘʥʠʷ ʢʦʤʧʘʢʪʥʳʭ ʊʂʇʊ. 

ɺʦʟʤʦʞʥʘ ʪʘʢʞʝ ʨʝʘʣʠʟʘʮʠʷ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʧʫʪʝʤ ʧʦʜʘʯʠ 

ʚʳʭʦʜʥʦʛʦ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʫʩʪʨʦʡʩʪʚʘ ʥʘ ʦʙʤʦʪʢʫ ʚʦʟʙʫʞʜʝʥʠʷ ʄʄʇ 

ʩʦʚʤʝʩʪʥʦ ʩ ʤʦʜʫʣʠʨʫʶʱʠʤ ʪʦʢʦʤ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʦʙʤʦʪʢʘ ʄʄʇ ʙʫʜʝʪ 

ʚʳʧʦʣʥʷʪʴ ʪʘʢʞʝ ʨʦʣʴ ʢʦʤʧʝʥʩʘʮʠʦʥʥʦʡ ʦʙʤʦʪʢʠ, ʧʦʩʪʦʷʥʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ 

ʪʦʢʘ ʚ ʢʦʪʦʨʦʡ ʫʨʘʚʥʦʚʝʩʠʪ ʜʝʡʩʪʚʠʝ ʠʟʤʝʨʷʝʤʦʛʦ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ, ʠ 

ʠʟʤʝʨʝʥʠʝ ʙʫʜʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ ʥʫʣʝʚʳʤ ʤʝʪʦʜʦʤ. ɿʘʤʝʪʠʤ, ʯʪʦ ʚ ʦʧʠʩʘʥʥʦʤ 

ʫʩʪʨʦʡʩʪʚʝ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʥʘʧʨʘʚʣʝʥʠʷ ʪʦʢʘ 0I  ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʚʭʦʜʝ 

ʤʠʣʣʠʚʦʣʴʪʤʝʪʨʘ ʤʝʥʷʝʪ ʩʚʦʶ ʧʦʣʷʨʥʦʩʪʴ, ʘ ʟʥʘʯʠʪ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʘʢʞʝ 

ʥʘʧʨʘʚʣʝʥʠʝ ʠʟʤʝʨʷʝʤʦʛʦ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ.  
 

 

mV 
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A DIRECT CURRENT MAGNETO -MODULATED TRANSDUCER  

B.M. Mamikonyan, S.L. Harutyunyan  

A magnetomodulated transducer (MMT) designed for direct current contactless 

measurement is considered. The goal of the study is to create the technological design of the 

integrating circuit. The circuit must have a single-path pluggable magnetic circuit and a single 

winding. This will allow to create compact and precise low current clamp meters. A new 

method of MMT implementation is proposed. The main magnetization curve of magnetic 

circuit is used for operational analysis of MMT. As a magnetic circuit material, the electrical 

steels of the 1511 grade with 0.35 mm sheet thickness and electrical steels of the 3414 grade 

with 0.5 mm sheet thickness are observed. The frequency of  the modulating current is chosen 

to be 50 Hz. The MMT's simulation in Mathcad environment is carried out. As an informative 

parameter of MMT, the inequality of time intervals between the extremums of the coilvoltage 

is used. Under the influence of the measured direct current, in the sections of the coil voltage 

growth, the interval between its extremums decreases, while in the sections of the fall 

increases. The difference of these intervals can serve as a measure of the measured current.  

The MMT transformation function diagrams are plotted at two values of modulating current, 

and it is determined that this function is practically linear. The more is the nonlinearity degree 

of the magnetic circuit material magnetization curve, the higher is the MMT sensitivity. The 

diagram of contactless measuring device of direct current is introduced, in which the described 

method of the MMT implementation is used. The possibility of implementing  a negative 

feedback by supplying  output direct current of the device to the MMT winding together with 

the modulating current is also considered. In this case, the MMT winding can also play the role 

of a compensating winding in which, the direct component of current will balance the action of 

the measured direct current on the magnetic circuit and the measurement will be carried out by 

the null method.  

Keywords: magneto-modulated transducer, magnetic circuit, winding, induction, strength, 

magnetization curve, non-linearity.  
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MODELING  THE  BARIUM ïSTRONTIUM -TITANATE -BASED 

ELECTROLYTE CONDUCTIVITY SENSOR IMPEDANCE PARAMETERS 

FOR A FOUR-ELECTRODE CONFIGURATION  

A.L. Manukyan  

National Polytechnic University of Armenia 
 

A contactless electrolyte conductivity (EC) sensor with Pt interdigitated electrodes for the 

two-electrode configuration is developed and examined. As a covering insulating material 

(protective layer) on Pt  metallic electrodes in the EC sensor, (Ba,Sr)TiO3 nano-films were 

used. For the fabrication of (Ba,Sr)TiO3 - based ceramic targets, in contrast to well-known 

traditional methods, a new  cost effective method has been used: the High-Temperature Self-

Propagating Synthesis (SHS) method and (Ba,Sr)TiO3 thin membranes  as a covering insulator 

layer are fabricated by the PLD (pulsed laser deposition) method. The sensors were 

characterized by means of impedance-spectroscopy measurements in different commercially 

available electrolyte-conductivity standard solutions, ranging from 0.084 to 50 mS/cm and over 

the frequency range from 1 to 3 MHz. The  theoretical simulations show  that  impedance 

becomes frequency  independent  for the experimentally measured different conductivity 

values when Cdl varies  in the  range of   (200000·15000) pF, Cf  varies  in the  range of  

(4678.62 ·7478.99)pF, and Ccel varies in the range of  (2808.31·3000) pF. This indicated 

that the double layer capacitance decreased with the increase in the solution conductivity, as 

well as at the same time the ferroelectric protective layer capacitance increased and  Ccel  

decreased with the increase in the solution conductivity. The theoretically calculated  

parameters of equivalent circuits are compared with the experimental results and obtained good 

agreement.     

 Keywords: contactless, electrolyte conductivity, perovskite-oxide film, interdigitated  

electrode. 
 

Introduction. The motivation and description of the operation principle of a new 

type of contactless electrolyte conductivity sensor based on Pt interdigitated electrodes 

(IDE) covered with high k perovskite-oxide (BST-Barium Strontium Titanate) nano-

films have been examined earlier [1-3]. The impedance spectra modelling and 

calculations for the two-electrode configuration of such EC sensors theoretically have 

been done. As it is stated in experimental studies [4-8], the disadvantages of two-

electrode configuration in EC sensor systems is connected with the errors caused by 

polarization of metallic electrodes. One way to reduce the polarization effects of 

electrodes is the use of a four-electrode method. In such a method, direct current is 

passed through the electrolyte and the drop in the potential between two points in the 

system is measured by secondary electrodes connected to the electrometer. In such an 

arrangement, the change in the current can be related to the change of the polarization 

potential at the reference electrodes. The problem of the polarization at the electrodes 

can be overcome by applying a small finite current flow and measuring the induced 

polarization potential change [4-8]. 
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The aim of  the present  work is to develop the BST protective layer-based four-

electrode EC sensor equivalent circuit and systematically analyze the impedance 

spectra characteristics as well as compare it with the experimental results. 

1. Equivalent circuit of four-electrode sensor. Four-electrode conductivity 

sensor- equivalent circuit is presented in Fig.1, where  Cdl  is  the  electrical double-

layer capacitance, Cf  is the  ferroelectric film-based protective layer capacitance, Re  is 

the electrolyte conductance, Cel is the cell capacitance, Cox is the oxide  (SiO2 layer) 

capacitance (the substrate active resistance, Rs,  the  common parasitic resistance of 

the measur system, RL, are neglected). 

 

a) 

b) 

 

Fig. 1. Equivalent circuit of four  electrode sensor (a) and its transformations (b) 
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Presenting 
SZ in the form of   

SSS -= XjRZ ,  we obtain: 
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Using  the  similar boundary conditions, for the low and high frequencies of 

operating of the four-electrode EC sensor, we obtain, respectively:   

                               minff = , when   elRRZ @­ SS . 

For this regime: 
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Assume that fel CC < , dlel CC << , dli CC << , fi CC < , we obtain:  

( )dlfe CCR
f

+
@
p

4
min1 .                                         (2) 

       That is, similar to  two-electrode sensors, for the low frequencies range, the 

impedance of the sensor has a capacitive character and  the high dielectric permittivity 

possesses a BST  film, which covers the Pt-electrodes, leads to the shift of the 

threshold value of the measure frequency to more small values, which is an important 

issue for practical applications. If BST is absent,  

dleCR
f

p

4
min1 @ .                                   (3) 

That is, at lower frequencies, the impedance will be dominated by the 

concentration dependent double layer capacitance, dlC , until the impedance of this 
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capacitor becomes lower than the resistance of the electrolyte and the sensor 

impedance becomes frequency  independent. If  dlf CC @ ,                            

dleCR
f

p

2
min1 @ .                                        (4) 

From (2) and (3), it follows that the sensor with BST, the frequency limits can be  
decreased at least two times. 

For the high frequency threshold point: 
SS­ZX ( )0­SR , and from these 

requirements, we obtain a cubic equation for w: 

0844 3223 =++- aaa www .    (5) 

One of the positive roofs of Eqs. (5) is:  
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Assume, that,  fdl CC << , fi CC << , one can obtain 

( )
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.    (6) 

Without the BST films,  
ele CR

f
p2

1
max @  which coincides with the results of 

other authors [10-13] and indicate that at high frequencies, the impedance of the 

sensor mainly   depends on   the electrolyte  resistance and  the cell  capacitance,celC . 

The width of  the frequency band with BST layer  ( BSTfD )  and without BST 

noBSTfD( ) , it can be expressed respectively as: 
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f º@D .   (7)                              

From expressions (7), it follows that the presence of the protective (BaxSr1-xTiO3) 

layer which originated (conditioned) high capacitance,fC , for certain conditions  

may be alert on the frequency range of measure, particularly shift the cut-off  

frequency to a lower frequency range, as well as influence the measurable value of 

electrolyte resistance, eR , and thus the sensor
,
 sensitivity. 

2. Modeling results. In Fig. 2,  the photograph of the four-electrode C
4
D  sensor 

chip with 120 nm BST as a protective layer [2,3] is presented.  In Fig. 3a and Fig. 3b, 

the measured impedance modulus as function of frequency and active resistance 
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spectra are presented respectively. All measurements are performed in various 

conductivity standard solutions [2].   

 

 
Fig. 2. Photograph of the four-electrode C

4
D  sensor chip with BST as a protective layer 

 

 

 

 

 

 

 

 

 

 

 
 

 

a) 

 

 

 

 

 

 
 

 

 

 

 

b) 
Fig. 3. Impedance modulus as a function of frequency of the C

4
D sensor  with 120 nm 

BST as a  protective layer (a)  and  experimental active resistance  spectra (b) [2,3] recorded 

in various conductivity standard  solutions 
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The impedance  spectra  of the examined sensor (Fig.2) has been calculated 

according  to Eqs.(1) and using the expressions  of (2) and (6). In Fig. 4, the calculated 

(dashed lines) and experimental results of impedance spectra is presented, assume, that 

the cell constant   

cel

s

elcell
ʉ

R
ee

sk 0== , kcell @2.86 [2,3], where   „ is the specific 

conductance of  the electrolyte and Re is the measured resistance, 0e, se are the 

dielectric constant  of  the free space and electrolyte solution respectively.  The 

frequency range (band) has been estimated where impedance has mainly a resistive 

character which is an important precondition for designing electrolyte conductivity 

sensors.  

 
Fig. 4.  Bode plot of the modulus of impedance of  four-electrode EC sensor with 120  nm 

BST as a protective layer recorded in  various conductivity standard solutions [1-3] and the 

calculated value of impedance module(dashed lines) 
 

In Fig. 5, the calculated (right side) and experimental impedance modulus of the 

examined sensor is presented. 

 
Fig. 5.  Experimental and theoretical impedance modulus  of  the C

4
D sensor  with 120 

nm BST as a protective layer as the function of frequency 
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Conclusions. High-k BST represents a very attractive  transducer material for the 

development of chemical and  biological sensors due to its multifunctional material  

properties. 

Due to the high permittivity of the BST film, a clear dependency on electrolyte 

conductivity in a wide range from 0.3 to 50 mS/cm has been achieved for the C
4
D 

sensor in the four-electrode setup. 

As it follows from Fig.4 and Fig.5, there are good agreements between 

experiments and theoretical calculations, which in turn indicates the high adequateness  

of the developed equivalent scheme of  the examined sensors. The  theoretical 

simulations show that  impedance becomes frequency  independent  for the 

experimentally  measured different conductivity values between 0.3 mS/cm  and 50 

mS/cm  (Fig. 4,5)  when   Cdl  varies  in the  range of   (299000é72000) pF,  Cf   varies  

in the  range of  (2678.62...3478.99) pF,  and   Ccel  varies   in the  range of  

(808.31é1000)pF, indicates the fact that the double layer capacitance decreases with 

the increase of solution conductivity, as well as that at the same time the ferroelectric 

protective layer capacitance increases and  Ccel decreases with the  increase of the 

solution conductivity. The double layer capacitance  decreases significantly with 

decreasing the electrolyte concentration and as a result, the role of capacitance of the 

protective layer becomes  dominant. The observed difference between the measured 

and calculated impedance modules can be caused by simplifications and 

approximations   in the electrical equivalent model of the sensor which we have done. 

The obtained results clearly demonstrate the benefits of the use of the BST-based C
4
D 

sensor in a four-electrode configuration for contactless conductivity measurements. 

Advantageously, the C4D sensor might possibly use cheaper electrode materials such 

as, for instance, Al films instead of noble metals. In addition, the problems associated 

with contact-mode EC detection techniques, like bubble formation due to electrolysis, 

the effect of redox processes, as well as contamination and fouling of electrodes 

during continuous measurements can  be eliminated or at least minimized, thus, 

enhancing the life-time of conductivity sensors considerably. No negative impact of 

the protective BST layer on the conductivity sensor performance could be identified.  
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ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʀʄʇɽɼɸʅʉʅʓʍ  ʇɸʈɸʄɽʊʈʆɺ ɼɸʊʏʀʂɸ 

ʀɿʄɽʈɽʅʀʗ ʇʈʆɺʆɼʀʄʆʉʊʀ ʕʃɽʂʊʈʆʃʀʊʆɺ ʅɸ ʆʉʅʆɺɽ 

ɹɸʈʀʋʄ-ʉʊʈʆʅʎʀʋʄ ʊʀʊɸʅɸʊɸ ɼʃʗ ʏɽʊʓʈɽʍʕʃɽʂʊʈʆɼʅʆʁ 

ʂʆʅʌʀɻʋʈɸʎʀʀ  
 

ɸ.ʃ. ʄʘʥʫʢʷʥ     
 

ȶɆɍɖɆɇɔɘɆɓ Ɏ ɎɗɗɑɋɊɔɈɆɓ  ɊɆɘɝɎɐ  ɇɋɗɐɔɓɘɆɐɘɓɔɉɔ ɎɍɒɋɖɋɓɎɥ  ɕɖɔɈɔɊɎɒɔɗɘɎ   

ɣɑɋɐɘɖɔɑɎɘɔɈ  ɗ Pt-ɞɘɡɖɋɈɡɒɎ  ɣɑɋɐɘɖɔɊɆɒɎ    Ɋɑɥ ɐɔɓɚɎɉəɖɆɜɎɎ Ɏɍ ɊɈəɛ ɣɑɋɐɘɖɔɊɔɈ.  

Ȩ ɐɆɝɋɗɘɈɋ ɊɎɣɑɋɐɘɖɎɝɋɗɐɔɉɔ ɗɑɔɥ, ɕɔɐɖɡɈɆɤɟɋɉɔ ɒɋɘɆɑɑɎɝɋɗɐɎɋ (Pt) ɣɑɋɐɘɖɔɊɡ, 

ɎɗɕɔɑɢɍɔɈɆɓɡ (Ba,Sr)TiO3 ɕɋɖɔɈɗɐɎɘ-ɔɐɗɎɊɓɡɋ ɓɆɓɔɕɑɋɓɐɎ. Ȫɑɥ ɎɍɉɔɘɔɈɑɋɓɎɥ 

(Ba,Sr)TiO3 ɐɋɖɆɒɎɝɋɗɐɎɛ ɒɎɞɋɓɋɏ Ɉ ɊɆɓɓɔɏ ɖɆɇɔɘɋ Ɉɒɋɗɘɔ ɛɔɖɔɞɔ ɎɍɈɋɗɘɓɡɛ  

ɘɖɆɊɎɜɎɔɓɓɡɛ ɒɋɘɔɊɔɈ ɎɗɕɔɑɢɍɔɈɆɓɡ ɓɔɈɡɏ ɣɚɚɋɐɘɎɈɓɡɏ ɒɋɘɔɊ ɗɆɒɔɖɆɗɕɖɔɗɘ-

ɖɆɓɥɤɟɋɉɔɗɥ ɈɡɗɔɐɔɘɋɒɕɋɖɆɘəɖɓɔɉɔ ɗɎɓɘɋɍɆ (ȷȨȷ) Ɏ ɑɆɍɋɖɓɡɏ Ɏɒɕəɑɢɗɓɡɏ ɒɋɘɔɊ 

ɖɆɗɕɡɑɋɓɎɥ ɗ ɜɋɑɢɤ ɕɔɑəɝɋɓɎɥ ɚɋɖɖɔɣɑɋɐɘɖɎɝɋɗɐɎɛ (Ba,Sr)TiO3 ɘɔɓɐɎɛ ɕɑɋɓɔɐ ɓɆ 

ɒɋɘɆɑɑɎɝɋɗɐɎɛ ɣɑɋɐɘɖɔɊɆɛ Ɉ ɐɆɝɋɗɘɈɋ ɕɔɐɖɡɈɆɤɟɋɉɔ ɊɎɣɑɋɐɘɖɎɝɋɗɐɔɉɔ ɗɑɔɥ. 

ȷɋɓɗɔɖɡ ɛɆɖɆɐɘɋɖɎɍɔɈɆɓɡ ɎɒɕɋɊɆɓɗ-ɗɕɋɐɘɖɔɗɐɔɕɎɝɋɗɐɎɒɎ ɎɍɒɋɖɋɓɎɥɒɎ Ɋɑɥ 

ɖɆɍɑɎɝɓɡɛ  ɕɖɔɈɔɊɎɒɔɗɘɋɏ ɣɑɋɐɘɖɔɑɎɘɆ, ɎɍɒɋɓɥɤɟɎɛɗɥ Ɉ ɕɖɋɊɋɑɆɛ ɔɘ 0,084 mS/cm Ɋɔ  

50 mS/cm Ɉ ɝɆɗɘɔɘɓɔɒ ɎɓɘɋɖɈɆɑɋ 1é3 Mȩɜ. ȸɋɔɖɋɘɎɝɋɗɐɎɋ ɖɆɗɝɋɘɡ ɎɒɕɋɊɆɓɗɓɡɛ 

ɕɆɖɆɒɋɘɖɔɈ ɣɐɈɎɈɆɑɋɓɘɓɔɏ ɗɛɋɒɡ ɕɔɐɆɍɡɈɆɤɘ, ɝɘɔ ɎɒɕɋɊɆɓɗ ɗɘɆɓɔɈɎɘɗɥ ɓɋɍɆɈɎɗɎɒɡɒ 

ɔɘ ɝɆɗɘɔɘɡ, ɐɔɉɊɆ  Cdl   Ɏɍɒɋɓɥɋɘɗɥ Ɉ ɕɖɋɊɋɑɆɛ  (200000·15000) pF,  Cf  - Ɉ  ɕɖɋɊɋɑɆɛ  

(4678,62·7478,99) pF  Ɏ Ccel - Ɉ ɕɖɋɊɋɑɆɛ (2808,31·3000) pF, ɝɘɔ ɗɈɎɊɋɘɋɑɢɗɘɈəɋɘ ɔɇ 

əɒɋɓɢɞɋɓɎɎ  ɋɒɐɔɗɘɎ  ɊɈɔɏɓɔɉɔ ɣɑɋɐɘɖɎɝɋɗɐɔɉɔ ɗɑɔɥ  ɗ əɈɋɑɎɝɋɓɎɋɒ ɕɖɔɈɔɊɎɒɔɗɘɎ 

ɣɑɋɐɘɖɔɑɎɘɆ, Ɇ ɘɆɐɌɋ ɔɊɓɔɈɖɋɒɋɓɓɔ ɔɇ əɈɋɑɎɝɋɓɎɎ ɋɒɐɔɗɘɎ ɕɔɐɖɡɈɆɤɟɋɉɔ 

ɚɋɖɖɔɣɑɋɐɘɖɎɝɋɗɐɔɉɔ ɗɑɔɥ Ɏ əɒɋɓɢɞɋɓɎɎ Ccel. ȷɖɆɈɓɋɓɎɋ ɘɋɔɖɋɘɎɝɋɗɐɎɛ ɖɆɗɝɋɘɓɡɛ 

ɕɆɖɆɒɋɘɖɔɈ ɣɐɈɎɈɆɑɋɓɘɓɔɏ ɗɛɋɒɡ ɗ ɣɐɗɕɋɖɎɒɋɓɘɆɑɢɓɡɒɎ ɖɋɍəɑɢɘɆɘɆɒɎ ɕɔɐɆɍɆɑɔ Ɏɛ 

ɕɔɑɓɔɋ ɗɔɔɘɈɋɘɗɘɈɎɋ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʙʝʩʢʦʥʪʘʢʪʥʳʡ, ʧʨʦʚʦʜʠʤʦʩʪʴ ʵʣʝʢʪʨʦʣʠʪʘ, ʧʝʨʦʚʩʢʠʪ-ʦʢʩʠʜʥʳʝ 

ʥʘʥʦʧʣʝʥʢʠ, ʤʠʢʨʦʧʦʣʦʩʢʦʚʳʡ ʵʣʝʢʪʨʦʜ. 
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ɺʝʩʪʥʠʢ ʅʇʋɸ. ñʀʥʬʦʨʤʘʮʠʦʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠ, ʵʣʝʢʪʨʦʥʠʢʘ, ʨʘʜʠʦʪʝʭʥʠʢʘò.  2016, ˉ2. 

 

ʈɸɼʀʆʊɽʍʅʀʂɸ  
ʋɼʂ 621.382 

 

ʉʆɺʄɽʉʊʅʆɽ ʀʉʇʆʃʔɿʆɺɸʅʀɽ ʉʃʆʗ ʏɽʈʅʆɻʆ ʂʈɽʄʅʀʗ ʀ 

ʇʃɽʅʂʀ ZnO ɺ ʉʆʃʅɽʏʅʓʍ ʕʃɽʄɽʅʊɸʍ 
 

ɻ.ɽ. ɸʡʚʘʟʷʥ
1
, ʉ.ʍ. ʍʫʜʘʚʝʨʜʷʥ

1
, ɺ.ɽ. ɻʘʡʰʫʥ

2
, ɸ.ɺ. ʉʝʤʯʝʥʢʦ

2 

1ȳɆɜɎɔɓɆɑɢɓɡɏ ɕɔɑɎɘɋɛɓɎɝɋɗɐɎɏ əɓɎɈɋɖɗɎɘɋɘ ȦɖɒɋɓɎɎ 
2ȹȴ ñȩɔɒɋɑɢɗɐɎɏ ɉɔɗəɊɆɖɗɘɈɋɓɓɡɏ əɓɎɈɋɖɗɎɘɋɘ Ɏɒ. ȺɖɆɓɜɎɗɐɆ ȷɐɔɖɎɓɡò 

 
ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʚ ʢʘʯʝʩʪʚʝ ʬʨʦʥʪʘʣʴʥʳʭ ʘʥʪʠʦʪʨʘʞʘʶʱʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ 

ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʯʝʨʥʳʡ ʢʨʝʤʥʠʡ (b-Si). ʆʜʥʘʢʦ 

ʥʠʟʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʩʪʨʫʢʪʫʨʥʳʭ ʠ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚʦ ʚʨʝʤʝʥʠ b-Si ʟʘʪʨʫʜʥʷʝʪ ʝʛʦ 

ʧʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʜʣʷ 

ʨʝʰʝʥʠʷ ʫʢʘʟʘʥʥʦʡ ʧʨʦʙʣʝʤʳ ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʧʣʦʰʥʳʝ ʩʪʘʙʠʣʠʟʠʨʫʶʱʠʝ 

ʧʣʝʥʢʠ ʦʢʩʠʜʘ ʮʠʥʢʘ, ʣʝʛʠʨʦʚʘʥʥʳʝ ʘʣʶʤʠʥʠʝʤ (ZnO:Al). ʇʣʝʥʢʠ ZnO:Al ʧʦʣʫʯʝʥʳ 

ʟʦʣʴ-ʛʝʣʴ ʦʩʘʞʜʝʥʠʝʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪʞʠʛʘ 350é550
0
C ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʨʘʟʣʠʯʥʦʛʦ 

ʪʠʧʘ ʨʝʘʛʝʥʪʦʚ. ʄʝʪʦʜʘʤʠ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠ ʦʧʪʠʯʝʩʢʦʛʦ ʧʨʦʧʫʩʢʘʥʠʷ 

ʠʩʩʣʝʜʦʚʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʩʪʨʫʢʪʫʨʥʳʭ, ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ ʠ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ZnO:Al 

ʧʣʝʥʦʢ ʦʪ ʫʩʣʦʚʠʡ ʦʩʘʞʜʝʥʠʷ. ʇʦʣʫʯʝʥʥʳʝ ʧʣʝʥʢʠ ʠʤʝʣʠ ʢʦʵʬʬʠʮʠʝʥʪ ʦʧʪʠʯʝʩʢʦʛʦ 

ʧʨʦʧʫʩʢʘʥʠʷ ʜʦ 95% ʚ ʰʠʨʦʢʦʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ. ʉʣʦʠ b-Si ʬʦʨʤʠʨʦʚʘʣʠ 

ʤʝʪʦʜʦʤ ʨʝʘʢʪʠʚʥʦʛʦ ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʢʨʝʤʥʠʝʚʳʭ ʧʣʘʩʪʠʥ ʚ 

ʩʨʝʜʝ ʛʘʟʦʚʦʡ ʩʤʝʩʠ SF6/O2. ʄʦʨʬʦʣʦʛʠʶ ʧʦʚʝʨʭʥʦʩʪʝʡ ʩʣʦʝʚ b-Si ʠʩʩʣʝʜʦʚʘʣʠ ʩ 

ʧʦʤʦʱʴʶ ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ, ʘ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ - ʥʘ 

ʩʧʝʢʪʨʦʤʝʪʨʝ, ʦʙʦʨʫʜʦʚʘʥʥʦʤ ʠʥʪʝʛʨʠʨʫʶʱʝʡ ʩʬʝʨʦʡ. ʀʟʫʯʝʥʳ ʩʪʨʫʢʪʫʨʥʳʝ ʠʟʤʝʥʝʥʠʷ 

ʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ b-Si ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʩʭʦʜʦʚ ʧʨʠʤʝʥʷʝʤʳʭ ʛʘʟʦʚ ʠ 

ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʪʨʘʚʣʝʥʠʷ. ʉʣʦʠ b-Si ʠʤʝʣʠ ʥʠʟʢʦʝ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʦʪʨʘʞʝʥʠʷ (ʤʝʥʴʰʝ 2%) ʚ ʦʧʪʠʯʝʩʢʦʤ ʜʠʘʧʘʟʦʥʝ 500é1000 ʥʤ. ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʘ 

ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʣʝʥʦʢ ZnO:Al ʠ ʩʣʦʝʚ b-Si ʚ ʢʘʯʝʩʪʚʝ 

ʘʥʪʠʦʪʨʘʞʘʶʠɦʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ. ʄʝʪʦʜʦʤ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ ʚʦ 

ʚʨʝʤʝʥʥʦʡ ʦʙʣʘʩʪʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʣʝʥʢʠ ZnO:Al ʤʦʛʫʪ ʥʝ ʪʦʣʴʢʦ ʦʙʝʩʧʝʯʠʪʴ 

ʩʪʘʙʠʣʴʥʦʩʪʴ ʚʦ ʚʨʝʤʝʥʠ ʩʣʦʝʚ ʯʝʨʥʦʛʦ ʢʨʝʤʥʠʷ, ʥʦ ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʫʤʝʥʴʰʠʪʴ 

ʦʪʨʘʞʝʥʠʝ ʩʦʣʥʝʯʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʜʦ 1% ʚ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ 

ʢʨʝʤʥʠʝʚʳʭ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ZnO:Al, ʟʦʣʴïʛʝʣʴ ʤʝʪʦʜ, ʯʝʨʥʳʡ ʢʨʝʤʥʠʡ, ʘʥʪʠʦʪʨʘʞʘʶʱʘʷ 

ʧʦʚʝʨʭʥʦʩʪʴ, ʩʦʣʥʝʯʥʳʡ ʵʣʝʤʝʥʪ. 
 

ɺʚʝʜʝʥʠʝ. ʇʨʦʙʣʝʤʘ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʢʨʝʤʥʠʝʚʳʭ ʩʦʣʥʝʯʥʳʭ 

ʵʣʝʤʝʥʪʦʚ (ʉʕ) ʷʚʣʷʝʪʩʷ ʚʝʩʴʤʘ ʘʢʪʫʘʣʴʥʦʡ, ʨʝʰʝʥʠʝ ʢʦʪʦʨʦʡ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ, ʚ 

ʯʘʩʪʥʦʩʪʠ, ʧʨʠʤʝʥʝʥʠʝʤ ʬʨʦʥʪʘʣʴʥʳʭ ʘʥʪʠʦʪʨʘʞʘʶʱʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ. ɺ 

ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʚ ʢʘʯʝʩʪʚʝ ʘʥʪʠʦʪʨʘʞʘʶʱʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʉʕ ʙʦʣʴʰʦʡ 

ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʥʦʚʳʡ ʤʘʪʝʨʠʘʣ - ʯʝʨʥʳʡ ʢʨʝʤʥʠʡ (b-Si), ʩʦʩʪʦʷʱʠʡ ʠʟ 
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ʧʝʨʠʦʜʠʯʝʩʢʠ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʢʦʥʠʯʝʩʢʠʭ ʪʦʥʝʥʴʢʠʭ ʠʛʣ [1-3]. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, 

ʯʪʦ ʧʘʜʘʶʱʠʡ ʥʘ ʪʘʢʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʩʚʝʪ ʧʦʣʥʦʩʪʴʶ ʧʦʛʣʦʱʘʝʪʩʷ ʚʩʣʝʜʩʪʚʠʝ 

ʤʥʦʛʦʢʨʘʪʥʳʭ ʦʪʨʘʞʝʥʠʡ ʩ ʙʦʢʦʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠʛʣ. ʆʜʥʘʢʦ ʧʨʘʢʪʠʯʝʩʢʦʝ 

ʧʨʠʤʝʥʝʥʠʝ b-Si ʟʘʪʨʫʜʥʝʥʦ ʠʟ-ʟʘ ʥʝʢʦʥʪʨʦʣʠʨʫʝʤʳʭ ʠʟʤʝʥʝʥʠʡ ʝʛʦ ʩʪʨʫʢʪʫʨʳ 

ʠ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʨʠ ʭʨʘʥʝʥʠʠ ʥʘ ʚʦʟʜʫʭʝ ʩ ʪʝʯʝʥʠʝʤ ʚʨʝʤʝʥʠ ʚʩʣʝʜʩʪʚʠʝ 

ʨʘʟʚʠʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʵʪʦʛʦ ʤʘʪʝʨʠʘʣʘ [4, 5]. 

ʉʫʱʝʩʪʚʝʥʥʦʛʦ ʫʚʝʣʠʯʝʥʠʷ ʩʪʘʙʠʣʴʥʦʩʪʠ b-Si ʩʣʦʝʚ ʚʦ ʚʨʝʤʝʥʠ ʤʦʞʥʦ 

ʜʦʙʠʪʴʩʷ ʧʫʪʝʤ ʠʭ ʟʘʱʠʪʳ ʧʣʝʥʢʘʤʠ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ, ʦʢʩʠʜʘ 

ʮʠʥʢʘ (ZnO). ZnO ʥʝ ʪʦʣʴʢʦ ʠʤʝʝʪ ʚʳʩʦʢʫʶ ʨʘʜʠʘʮʠʦʥʥʫʶ, ʭʠʤʠʯʝʩʢʫʶ ʠ 

ʪʝʨʤʠʯʝʩʢʫʶ ʩʪʦʡʢʦʩʪʴ, ʥʦ ʠ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʢʘʢ ʧʨʦʩʚʝʪʣʷʶʱʝʝ ʧʦʢʨʳʪʠʝ 

ʧʨʦʤʳʰʣʝʥʥʳʭ ʉʕ [6, 7]. ʉ ʵʪʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ, ʧʣʝʥʢʠ ZnO, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, 

ʤʦʛʫʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʫʤʝʥʴʰʠʪʴ ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ ʩʦʣʥʝʯʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ. ɹʦʣʝʝ ʪʦʛʦ, ʣʝʛʠʨʦʚʘʥʥʳʝ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʘʣʣʘʤʠ ʧʣʝʥʢʠ ZnO, ʚ 

ʯʘʩʪʥʦʩʪʠ ʘʣʶʤʠʥʠʝʤ (Al), ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʘʢ ʧʨʦʟʨʘʯʥʳʡ ʧʨʦʚʦʜʷʱʠʡ 

ʢʦʥʪʘʢʪ ʉʕ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʩʪʨʫʢʪʫʨʥʳʝ ʠ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʣʦʝʚ     

b-Si ʠ ʣʝʛʠʨʦʚʘʥʥʳʭ ʘʣʶʤʠʥʠʝʤ ʧʣʝʥʦʢ ZnO (ZnO:Al) ʩ ʮʝʣʴʶ ʦʮʝʥʢʠ 

ʚʦʟʤʦʞʥʦʩʪʝʡ ʠʭ ʩʦʚʤʝʩʪʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʉʕ. 

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʠʢʘ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʆʩʘʞʜʝʥʠʝ ZnO:Al ʧʣʝʥʦʢ 

ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʥʘʥʝʩʝʥʠʝʤ ʟʦʣʴïʛʝʣʴ ʤʝʪʦʜʦʤ, ʢʦʪʦʨʳʡ ʩʦʯʝʪʘʝʪ ʧʨʦʩʪʦʪʫ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʠ ʥʠʟʢʫʶ ʩʪʦʠʤʦʩʪʴ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ 

ʤʘʪʝʨʠʘʣʦʚ [8]. 

ɼʣʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʧʣʝʥʢʦʦʙʨʘʟʫʶʱʝʛʦ ʨʘʩʪʚʦʨʘ ʪʨʝʙʫʝʤʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʘʮʝʪʘʪʘ ʮʠʥʢʘ ʠ ʥʠʪʨʘʪʘ ʘʣʶʤʠʥʠʷ ʟʘʣʠʚʘʣʠ ʘʙʩʦʣʶʪʥʳʤ ʠʟʦʧʨʦʧʠʣʦʚʳʤ 

ʩʧʠʨʪʦʤ (ʣʠʙʦ ʜʠʤʝʪʠʣʬʦʨʤʘʤʠʜʦʤ, ʠʣʠ 2-ʤʝʪʦʢʩʠʵʪʘʥʦʣʦʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʚʠʜʘ ʟʦʣʷ) ʠ ʧʝʨʝʤʝʰʠʚʘʣʠ ʚ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʘʥʥʝ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥ ʜʦ 

ʧʦʣʫʯʝʥʠʷ ʛʦʤʦʛʝʥʥʦʛʦ ʨʘʩʪʚʦʨʘ. ɼʣʷ ʩʦʟʨʝʚʘʥʠʷ ʨʘʩʪʚʦʨ ʚʳʜʝʨʞʠʚʘʣʠ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ (22 Ñ 2)
0
C ʚ ʪʝʯʝʥʠʝ 2é3 ʜʥʝʡ. ɺ ʢʘʯʝʩʪʚʝ 

ʢʘʪʘʣʠʟʘʪʦʨʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʦʥʦʵʪʘʣʘʤʠʥ. ɿʦʣʴ ʥʘʥʦʩʠʣʩʷ ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʠ-

ʯʝʩʢʠʝ ʢʨʝʤʥʠʝʚʳʝ ʧʣʘʩʪʠʥʳ ʤʝʪʦʜʦʤ ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʥʠʷ ʩʦ ʩʢʦʨʦʩʪʴʶ 2000 

ʦʙ/ʤʠʥ. ʊʦʣʱʠʥʘ ʟʘʪʨʘʚʦʯʥʦʛʦ ʩʣʦʷ ʟʦʣʷ ʩʦʩʪʘʚʣʷʣʘ ʧʨʠʤʝʨʥʦ 50 ʥʤ. ʇʦʩʣʝ 

ʥʘʥʝʩʝʥʠʷ ʟʦʣʷ ʧʣʘʩʪʠʥʳ ʧʨʦʭʦʜʠʣʠ ʩʪʫʧʝʥʯʘʪʫʶ ʪʝʨʤʦʦʙʨʘʙʦʪʢʫ ʧʨʠ 100
0
ʉ ʚ 

ʪʝʯʝʥʠʝ 10 ʤʠʥ. ʇʨʦʮʝʩʩ ʥʘʥʝʩʝʥʠʷ ʠ ʩʫʰʢʠ ʧʦʚʪʦʨʷʣʩʷ ʜʦ ʧʦʣʫʯʝʥʠʷ 

ʥʝʦʙʭʦʜʠʤʦʡ ʪʦʣʱʠʥʳ ZnO:Al ʧʣʝʥʢʠ (200...400 ʥʤ). ʅʘ ʧʦʩʣʝʜʥʝʡ ʩʪʘʜʠʠ 

ʧʣʘʩʪʠʥʳ ʧʦʤʝʱʘʣʠʩʴ ʚ ʧʝʯʴ ʠ ʦʪʞʠʛʘʣʠʩʴ ʧʦʰʘʛʦʚʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

350é550
0
ʉ.  

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʦʙʨʘʟʮʳ b-Si ʠʟʛʦʪʘʚʣʠʚʘʣʠʩʴ ʤʝʪʦʜʦʤ ʨʝʘʢʪʠʚʥʦʛʦ 

ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʢʨʝʤʥʠʝʚʳʭ ʧʣʘʩʪʠʥ ʥʘ 

ʤʦʜʝʨʥʠʟʠʨʦʚʘʥʥʦʡ ʫʩʪʘʥʦʚʢʝ ñʇʣʘʟʤʘ 150ò ʚ ʩʨʝʜʝ ʛʘʟʦʚʦʡ ʩʤʝʩʠ SF6/O2. ɼʣʷ 

ʚʦʟʙʫʞʜʝʥʠʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʧʣʘʟʤʳ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʛʝʥʝʨʘʪʦʨ ʩ ʯʘʩʪʦʪʦʡ 

13,56 ʄɻʮ ʩ ʨʝʛʫʣʠʨʫʝʤʦʡ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʴʶ ʦʪ 0,1 ʜʦ 2,7 ʢɺʪ. ʇʨʠ 

ʪʨʘʚʣʝʥʠʠ ʨʘʩʭʦʜ  SF6 ʩʦʩʪʘʚʣʷʣ 75 ʩʤ
3
/ʤʠʥ, a ʨʘʩʭʦʜ O2 ï 20 ʠ 40 ʩʤ

3
/ʤʠʥ. ɺ 
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ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʪʨʘʚʣʝʥʠʷ ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 

1 ʧʦ 6 ʤʠʥ.  

ʄʦʨʬʦʣʦʛʠʶ ʧʦʚʝʨʭʥʦʩʪʝʡ ʧʣʝʥʦʢ ZnO:Al ʠ ʩʣʦʝʚ b-Si ʠʩʩʣʝʜʦʚʘʣʠ ʩ 

ʧʦʤʦʱʴʶ ʚʳʩʦʢʦʨʘʟʨʝʰʘʶʱʝʛʦ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʛʦ ʤʠʢʨʦʩʢʦʧʘ (AFM) Solverʈro 

47 ʠ ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ (SEM) SEMXL 40 Philips. 

ʉʧʝʢʪʨʳ ʦʪʨʘʞʝʥʠʷ/ʧʨʦʧʫʩʢʘʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ UV/VIS/NIR ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʥʘ 

ʩʧʝʢʪʨʦʤʝʪʨʝ T70 UV-VIS, ʦʙʦʨʫʜʦʚʘʥʥʦʤ ʠʥʪʝʛʨʠʨʫʶʱʝʡ ʩʬʝʨʦʡ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʠʧʠʯʥʳʝ AFM 

ʪʦʧʦʛʨʘʬʠʷ ʠ ʪʨʝʭʤʝʨʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʦʢ ZnO:Al, ʦʩʘʞʜʝʥʥʳʭ 

ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʦʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʟʦʧʨʦʧʠʣʦʚʦʛʦ ʩʧʠʨʪʘ. 

 

 

 
 

ʘ) ʙ) 
ʈʠʩ. 1. AFM ʪʦʧʦʛʨʘʬʠʷ (ʘ) ʠ ʪʨʝʭʤʝʨʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ (ʙ) ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʦʢ ZnO:Al 

 

ɺʠʜʥʦ, ʯʪʦ ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʧʣʝʥʦʢ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʨʘʟʚʠʪʳʤ 

ʨʝʣʴʝʬʦʤ ʩ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʠ ʫʧʘʢʦʚʢʦʡ ʢʨʠʩʪʘʣʣʠʪʦʚ ʧʦ ʪʠʧʫ 

ñʤʫʘʨʦʚʦʡò ʩʪʨʫʢʪʫʨʳ. ʇʣʝʥʢʠ ʙʝʟ ʚʠʜʠʤʳʭ ʧʦʨ ʠ ʧʨʦʢʦʣʦʚ ʩʬʦʨʤʠʨʦʚʘʥʳ 

ʧʠʨʘʤʠʜʘʣʴʥʳʤʠ ʢʨʠʩʪʘʣʣʠʪʘʤʠ ʩ ʦʜʠʥʘʢʦʚʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʨʦʩʪʘ, 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʤ ʧʦʜʣʦʞʢʝ. ʉʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʧʣʝʥʢʠ ʠʤʝʣʠ ʚʳʩʦʢʫʶ 

ʘʜʛʝʟʠʶ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʥ. ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʦʢ 

ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 19 ʥʤ, ʯʠʩʣʦ ʟʝʨʝʥ ï 280, ʘ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ï 4,3 ʥʤ. 

ʄʦʨʬʦʣʦʛʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʦʢ ʟʘʚʠʩʠʪ ʦʪ ʪʠʧʘ ʨʘʩʪʚʦʨʠʪʝʣʷ ʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ ʥʘ ʧʦʩʣʝʜʥʝʡ ʩʪʘʜʠʠ. ʅʘʠʤʝʥʴʰʝʡ ʰʝʨʦʭʦʚʘʪʦʩʪʴʶ 

ʧʦʚʝʨʭʥʦʩʪʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʧʣʝʥʢʠ ZnO:Al, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʚ 

ʢʘʯʝʩʪʚʝ ʨʘʩʪʚʦʨʠʪʝʣʷ ʠʟʦʧʨʦʧʠʣʦʚʦʛʦ ʩʧʠʨʪʘ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ                     

2-ʤʝʪʦʢʩʠʵʪʘʥʦʣʘ ʠ ʜʠʤʝʪʠʣʬʦʨʤʘʤʠʜʘ ʨʘʟʤʝʨ ʟʝʨʝʥ ʠ ʰʝʨʦʭʦʚʘʪʦʩʪʴ 

ʫʚʝʣʠʯʠʚʘʣʠʩʴ, ʭʦʪʷ ʵʪʠ ʧʣʝʥʢʠ ʥʝ ʠʤʝʣʠ ʯʝʪʢʦ ʚʳʨʷʞʝʥʥʦʡ ʪʝʢʩʪʫʨʳ. 

ʋʚʝʣʠʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʚʦʜʠʣ ̊ ʢ ʫʚʝʣʠʯʝʥʠʶ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʠ 

ʫʧʣʦʪʥʝʥʠʶ ʧʣʝʥʦʢ ʟʘ ʩʯʝʪ ʫʤʝʥʴʰʝʥʠʷ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ ʟʝʨʝʥ. 
ʅʘ ʨʠʩ. 2 ʧʨʠʚʝʜʝʥ ʪʠʧʠʯʥʳʡ SEM ʤʠʢʨʦʬʦʪʦʩʥʠʤʦʢ ʧʨʦʬʠʣʷ b-Si, ʘ ʥʘ     

ʨʠʩ. 3 ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʚʳʩʦʪʳ ʠʛʣ ʦʪ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʨʝʘʢʪʠʚʥʦʛʦ  

ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʧʨʠ ʜʚʫʭ ʟʥʘʯʝʥʠʷʭ ʨʘʩʭʦʜʘ O2. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʪʨʘʚʣʝʥʠʷ ʤʦʥʦʪʦʥʥʦ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʚʳʩʦʪʘ ʠʛʣ. ʆʪʥʦʰʝʥʠʝ ʨʘʩʭʦʜʦʚ ʧʨʠʤʝʥʷʝʤʳʭ ʛʘʟʦʚ 
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ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʚʣʠʷʝʪ ʥʘ ʚʳʩʦʪʫ ʠʛʣ, ʦʜʥʘʢʦ ʷʚʣʷʝʪʩʷ ʜʦʤʠʥʠʨʫʶʱʠʤ 

ʬʘʢʪʦʨʦʤ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʠʭ ʧʣʦʪʥʦʩʪʠ. ʋʚʝʣʠʯʝʥʠʝ ʨʘʩʭʦʜʘ O2 ʧʨʠʚʦʜʠʪ ʢ 

ʫʚʝʣʠʯʝʥʠʶ ʧʣʦʪʥʦʩʪʠ ʠʛʣ. 

 

 

 
 

ʈʠʩ. 2. SEM ʤʠʢʨʦʬʦʪʦʩʥʠʤʦʢ 

ʧʨʦʬʠʣʷ b-Si  

ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʴ ʚʳʩʦʪʳ ʠʛʣ b-Si ʦʪ 

ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʪʨʘʚʣʝʥʠʷ 
 

ʅʘ ʨʠʩ. 4 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʳ ʧʨʦʧʫʩʢʘʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ ʧʣʝʥʦʢ ZnO:Al ʥʘ ʦʩʥʦʚʝ ʠʟʦʧʨʦʧʠʣʦʚʦʛʦ ʩʧʠʨʪʘ. ɺʠʜʥʦ, 

ʯʪʦ ʧʣʝʥʢʠ ʠʤʝʶʪ ʢʦʵʬʬʠʮʠʝʥʪ ʦʧʪʠʯʝʩʢʦʛʦ ʧʨʦʧʫʩʢʘʥʠʷ ʩʚʳʰʝ 80% ʚ 

ʚʠʜʠʤʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ. ʆʜʥʘʢʦ ZnO:Al ʧʣʝʥʢʠ, ʦʪʦʞʞʝʥʥʳʝ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʩʚʳʰʝ 500
0
C, ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʫʚʝʣʠʯʝʥʠʝʤ 

ʧʨʦʧʫʩʢʘʥʠʷ ʜʦ 95% ʚ ʦʧʪʠʯʝʩʢʦʤ ʜʠʘʧʘʟʦʥʝ 400é800 ʥʤ, ʘ ʪʘʢʞʝ ʙʦʣʝʝ ʨʝʟʢʠʤ 

ʢʨʘʝʤ ʧʦʛʣʦʱʝʥʠʷ ʚ ʦʙʣʘʩʪʠ 380 ʥʤ, ʯʪʦ ʦʯʝʥʴ ʙʣʠʟʢʦ ʢ ʟʥʘʯʝʥʠʶ ʰʠʨʠʥʳ 

ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ZnO (3,2 ʵɺ). 

 
 

 
ʈʠʩ. 4. ʉʧʝʢʪʨʳ ʧʨʦʧʫʩʢʘʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ ʧʣʝʥʦʢ ZnO:Al 

ʉʧʝʢʪʨ ʦʪʨʘʞʝʥʠʷ ʜʣʷ ʩʣʦʷ b-Si ʩ ʚʳʩʦʪʦʡ ʠʛʣ ʧʦʨʷʜʢʘ 650 ʥʤ ʧʨʝʜʩʪʘʚʣʝʥ 

ʥʘ ʨʠʩ. 5, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʜʦʩʪʠʞʝʥʠʷ ʥʠʟʢʦʛʦ ʟʥʘʯʝʥʠʷ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ (ʤʝʥʴʰʝ 2%) ʚ ʦʧʪʠʯʝʩʢʦʤ ʜʠʘʧʘʟʦʥʝ 500é1000 ʥʤ. 
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ʆʪʤʝʪʠʤ, ʯʪʦ ʜʣʷ ʥʝʪʝʢʩʪʫʨʠʨʦʚʘʥʥʦʡ (ʧʦʣʠʨʦʚʘʥʥʦʡ) ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʝʤʥʠʝʚʳʭ 

ʧʣʘʩʪʠʥ ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ ʨʘʚʝʥ 30é40%. 

 

 
ʈʠʩ. 5. ʉʧʝʢʪʨ ʦʪʨʘʞʝʥʠʷ ʜʣʷ ʩʣʦʷ b-Si  

 

ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ. ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʣʦʷ b-Si 

ʠ ʧʣʝʥʢʠ ZnO:Al ʧʦʢʘʟʳʚʘʝʪ ʠʭ ʩʦʚʤʝʩʪʠʤʦʩʪʴ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʦʜʥʦʨʦʜʥʳʭ ʠ ʙʣʠʟʢʠʭ ʧʦ ʩʦʩʪʘʚʫ ʠ ʩʪʝʭʠʦʤʝʪʨʠʠ ʧʣʝʥʦʢ ZnO ʥʘ ʨʘʟʚʠʪʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʩʣʦʷ b-Si. ɺʳʙʨʘʥʥʳʡ ʥʘʤʠ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜ ʩ ʧʦʩʣʝʜʫʶʱʠʤ 

ʦʪʞʠʛʦʤ ʙʫʜʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʧʨʦʥʠʢʥʦʚʝʥʠʶ Zn ʩʦʜʝʨʞʘʱʝʛʦ ʨʘʩʪʚʦʨʘ ʤʝʞʜʫ 

ʠʛʣʘʤʠ ʚ ʩʣʦʝ b-Si. 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʦʣʫʯʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʘʥʘ-

ʣʠʟʠʨʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʚʤʝʩʪʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʩʣʦʷ b-Si ʠ ʧʣʝʥʢʠ ZnO:Al ʚ 

ʢʘʯʝʩʪʚʝ ʬʨʦʥʪʘʣʴʥʦʡ ʘʥʪʠʦʪʨʘʞʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʉʕ. ɼʣʷ ʠʤʠʪʘʮʠʦʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʧʝʢʪʨʦʚ ʦʪʨʘʞʝʥʠʷ ʪʘʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ b-Si - ZnO:Al ʩʪʨʫʢʪʫʨʘ 

ʨʘʩʩʤʦʪʨʝʥʘ ʢʘʢ ʬʦʪʦʥʥʳʡ ʨʘʩʩʝʠʚʘʪʝʣʴ, ʩʦʩʪʦʷʱʠʡ ʠʟ ʧʝʨʠʦʜʠʯʝʩʢʠ 

ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʤʠʢʨʦʢʦʥʫʩʦʚ ʠ ʧʦʢʨʳʪʳʡ ʪʦʥʢʦʡ ʦʧʪʠʯʝʩʢʦʡ ʧʣʝʥʢʦʡ. 

ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʧʝʢʪʨʦʚ ʧʨʦʭʦʞʜʝʥʠʷ ʠ ʦʪʨʘʞʝʥʠʷ ʦʩʫʱʝʩʪʚʣʷʣʠ  

ʤʝʪʦʜʦʤ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ ʚʦ ʚʨʝʤʝʥʥʦʡ ʦʙʣʘʩʪʠ (Finite Difference Time 

Domain - FDTD) [9] ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʘʢʝʪʘ ʧʨʦʛʨʘʤʤʳ FDTD Solutions 

(Lumerical Solutions, Inc) [10] ʩʦ ʩʣʝʜʫʶʱʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 

ʨʘʩʩʝʠʚʘʪʝʣʷ: ʚʳʩʦʪʘ - 650 ʥʤ, ʜʠʘʤʝʪʨ - 120 ʥʤ, ʧʝʨʠʦʜʠʯʥʦʩʪʴ ʨʘʩʧʦʣʦʞʝʥʠʷ 

ʤʠʢʨʦʢʦʥʫʩʦʚ - 150 ʥʤ, ʪʦʣʱʠʥʘ ʦʧʪʠʯʝʩʢʦʡ ʧʣʝʥʢʠ ï 330 ʥʤ. ʀʤʝʥʥʦ ʧʨʠ ʪʘʢʠʭ 

ʟʥʘʯʝʥʠʷʭ ʦʙʝʩʧʝʯʠʚʘʶʪʩʷ ʦʧʪʠʤʘʣʴʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʩʣʦʷ b-Si ʠ ʧʣʝʥʢʠ ZnO:Al. 

ʈʘʩʯʝʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʥʘʣʠʯʠʝ ʦʧʪʠʯʝʩʢʦʡ ʧʣʝʥʢʠ ʥʝ ʪʦʣʴʢʦ ʩʦʭʨʘʥʷʝʪ 

ʤʘʣʦʝ ʦʪʨʘʞʝʥʠʝ ʚ ʙʣʠʞʥʝʡ ʠʥʬʨʘʢʨʘʩʥʦʡ ʠ ʚʠʜʠʤʦʡ ʦʙʣʘʩʪʷʭ ʩʦʣʥʝʯʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ, ʥʦ ʠ ʨʘʩʰʠʨʷʝʪ ʚ ʢʦʨʦʪʢʦʚʦʣʥʦʚʫʶ ʦʙʣʘʩʪʴ ʩʧʝʢʪʨʘ. ʇʨʠ ʵʪʦʤ 

ʧʨʘʢʪʠʯʝʩʢʠ ʜʦʩʪʠʞʠʤʦʡ ʷʚʣʷʝʪʩʷ ʚʝʣʠʯʠʥʘ ʦʪʨʘʞʝʥʠʷ ʧʦʨʷʜʢʘ ʦʜʥʦʛʦ 

ʧʨʦʮʝʥʪʘ ʚʦ ʚʩʝʤ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ. 

ɿʘʢʣʶʯʝʥʠʝ. ʇʣʝʥʢʠ ZnO:Al ʤʦʛʫʪ ʥʝ ʪʦʣʴʢʦ ʦʙʝʩʧʝʯʠʪʴ ʩʪʘʙʠʣʴʥʦʩʪʴ 

ʩʪʨʫʢʪʫʨʥʳʭ ʠ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʩʣʦʝʚ b-Si ʩ ʪʝʯʝʥʠʝʤ ʚʨʝʤʝʥʠ, ʥʦ ʠ 

https://en.wikipedia.org/wiki/Finite-difference_time-domain_method
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ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʫʤʝʥʴʰʠʪʴ ʦʪʨʘʞʝʥʠʝ ʩʦʣʥʝʯʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʧʨʠʤʝʥʝʥʠʝ ʪʘʢʦʛʦ ʘʥʪʠʦʪʨʘʞʘʶʱʝʛʦ ʪʘʥʜʝʤʘ ʚ ʉʕ ʙʫʜʝʪ ʚʝʩʴʤʘ ʵʬʬʝʢʪʠʚʥʳʤ, 

ʠ ʪʨʝʙʫʶʪʩʷ ʜʘʣʴʥʝʡʰʠʝ ʰʠʨʦʢʦʤʘʩʰʪʘʙʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʝʛʦ ʨʝʘʣʠʟʘʮʠʠ. 
 

ʃʠʪʝʨʘʪʫʨʘ 
 

1. ɸʡʚʘʟʷʥ ʂ.ɻ. ɺʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʝ ʩʦʣʥʝʯʥʳʝ ʵʣʝʤʝʥʪʳ ʠ ʩʪʘʥʮʠʠ. ï ɽʨʝʚʘʥ: 
ɻʘʩʧʨʠʥʪ, 2016.- 198 ʩ. 

2. Svetoslav K.  Martins B., Stutzmann S. Black Nonreflecting Silicon Surfaces for Solar 
Cells // Appl. Phys. Lett.- 2012.- V. 100.- P.19-25. 

3. Tang Y., Chunlan Z., Wenjing W., Su Z. Characterization of the Nanosized Porous 
Structure of Black Si Solar Cells // J. of Semiconductors.- 2012.- V. 33, N. 6.- P. 118801. 

4. US Patent 20130068297 A1. Black Silicon Solar Cell and Its Preparation Method / Yang 
Xia, Bangwu Liu, Chaobo Li, Jie Liu, Minggang Wang, Yongtao Li.- 2010. 

5. ɸʡʚʘʟʷʥ ʂ.ɻ., ɸʡʚʘʟʷʥ ɻ.ɽ., ʃʘʭʦʷʥ ʃ.ʄ., ʆʛʘʥʠʩʷʥ ɸ.ʉ. ʆʧʪʠʯʝʩʢʠʝ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʯʝʨʥʦʛʦ ʢʨʝʤʥʠʷ // ɺʝʩʪʥʠʢ ʀʥʞʝʥʝʨʥʦʡ ʘʢʘʜʝʤʠʠ ɸʨʤʝʥʠʠ. - 
2015.- ʊ. 12, ˉ 3.- ʉ. 555-557. 

6. Loh L., Dunn S. Recent Progress in ZnO-based Nanostructured Ceramics in Solar Cell 
Applications // J. Nanosci Nanotechnol.- 2012.- V. 12(11).- P. 8215-8230. 

7. ʉʝʤʯʝʥʢʦ ɸ.ɺ., ʉʠʜʩʢʠʡ ɺ.ɺ., ɿʘʣʝʩʩʢʠʡ ɺ.ɹ. ɿʦʣʴ-ʛʝʣʴ ʩʠʥʪʝʟ ʘʢʪʠʚʥʳʭ ʩʣʦʝʚ 
ZnO:AL:RE

3+
 ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ // ʍʽʤʽʷ, ʬʽʟʠʢʘ ʪʘ ʪʝʭʥʦʣʦʛʽʷ ʧʦʚʝʨʭʥʽ.-  2013. -

ʊ. 4, ˉ 4. - ʉ. 445-449. 
8. ɿʘʨʝʮʢʘʷ ɽ.ʇ., ɻʨʝʤʝʥʦʢ ɺ.ʌ., ʉʝʤʯʝʥʢʦ ɸ.ɺ. ʉʪʨʫʢʪʫʨʥʳʝ ʩʚʦʡʩʪʚʘ ʧʣʝʥʦʢ 

ZnO:Al, ʧʦʣʫʯʝʥʥʳʭ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʦʤ // ʌʠʟʠʢʘ ʠ ʪʝʭʥʠʢʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ. ï 
2015. ï T. 49, ʚʳʧ. 10 . ï ʉ. 1297 -1303. 

9. Han K., Chih-Hung Chang. Numerical Modeling of Sub-Wavelength Anti-Reflective 
Structures for Solar Module Applications // Nanomaterials. - 2014.- V. 4.- P. 87-128. 

10. Lumerical Solutions Inc., Canada (http:// www. Lumerical.com). 
 

ʇʦʩʪʫʧʠʣʘ ʚ ʨʝʜʘʢʮʠʶ 16.09.2016. 

ʇʨʠʥʷʪʘ  ʢ ʦʧʫʙʣʠʢʦʚʘʥʠʶ 09.12.2016.

 



89 

JOINT APPLICATION OF THE BLACK SILICON LAYER AND THE ZnO FILM 

IN SOLAR CELLS 
 

G.Y. Ayvazyan, S.K. Khudaverdyan, V.E. Gayshun, A.V. Semchenko 
 

In recent years, black silicon (b-Si) has become of great interest as frontal 

antireflective surfaces of solar cells. However, the low stability of structural and optical 

properties over time hinders the real application of b-Si in the production of solar cells. To 

solve the mentioned problem, it is proposed to use continuous stabilizing films of zinc 

oxide doped with aluminum (ZnO:Al). ZnO:Al thin films are obtained by sol-gel deposition 

at annealing temperatures 350é550 0C using different reagents as a starting material. The 

dependence of structural, morphological and optical properties of ZnO:Al films on the 

deposition conditions is investigated, using atomic-force microscopy and optical absorption 

measurements. The obtained ZnO:Al films have optical transmittance up to 95% in a wide 

spectral range. Black silicon layers are fabricated by the method of reactive ion etching in a 

gas mixture of SF6/O2 on monocrystalline Si substrate. The morphology of b-Si is studied by 

scanning electron microscopy, while the optical properties - by the spectrometer with an 

integrating sphere. The structure evolution and the dependence of final structure geometry 

on the gas composition and etching time are investigated. The reflection of b-Si layers was 

lower than 2% in the spectral range 400é1000 nm. The possibility of the joint application 

of the b-Si layers and the ZnO:Al films as frontal antireflective surfaces of solar cells is 

analyzed. By the finite difference time domain method, it is shown that ZnO:Al films can 

not only ensure the stability of b-Si layers over time, but also reduce the solar reflection 

leading to values less than 1 % in the whole spectral range for Si solar cell operation. 

Keywords: ZnO:Al,  solïgel method, black silicon, antireflection surface, solar cell. 
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ʄʆɼʋʃʗʎʀʗ ʉʀɻʅɸʃɸ ɺ ʉʀʉʊɽʄɸʍ ʄʆɹʀʃʔʅʆʁ ʉɺʗɿʀ  

ʇʗʊʆɻʆ ʇʆʂʆʃɽʅʀʗ 
 

ʄ.ʎ. ɸʡʚʘʟʷʥ
1
, ʃ.ʅ. ɻʨʠʛʦʨʷʥ

1
, ɸ.ʉ. ɹʘʙʘʷʥ

2
   

 

1 ʅʘʮʠʦʥʘʣʴʥʳʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ɸʨʤʝʥʠʠ 
2 ʄʦʩʢʦʚʩʢʠʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ 

 

ʈʘʩʩʤʦʪʨʝʥʳ ʥʝʢʦʪʦʨʳʝ ʚʦʧʨʦʩʳ ʩʦʟʜʘʥʠʷ ʩʠʩʪʝʤ ʤʦʙʠʣʴʥʦʡ ʩʚʷʟʠ ʧʷʪʦʛʦ 

ʧʦʢʦʣʝʥʠʷ. ʇʨʠʚʝʜʝʥʳ ʦʩʥʦʚʥʳʝ ʪʨʝʙʦʚʘʥʠʷ, ʧʨʝʜʲʷʚʣʷʝʤʳʝ ʢ ʩʠʩʪʝʤʘʤ ʤʦʙʠʣʴʥʦʡ 

ʩʚʷʟʠ ʧʷʪʦʛʦ ʧʦʢʦʣʝʥʠʷ. ɺʝʩʴʤʘ ʚʘʞʥʳʤʠ ʷʚʣʷʶʪʩʷ ʚʦʧʨʦʩʳ ʚʳʙʦʨʘ ʯʘʩʪʦʪʥʦʛʦ 

ʜʠʘʧʘʟʦʥʘ, ʦʩʦʙʝʥʥʦʩʪʠ ʤʦʜʫʣʷʮʠʠ ʩʠʛʥʘʣʘ, ʝʛʦ ʦʙʦʩʥʦʚʘʥʥʳʡ ʚʳʙʦʨ, ʚʦʧʨʦʩʳ 

ʧʦʤʝʭʦʫʩʪʦʡʯʠʚʦʛʦ ʢʦʜʠʨʦʚʘʥʠʷ ʜʘʥʥʳʭ, ʤʝʪʦʜʳ ʫʚʝʣʠʯʝʥʠʷ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ, 

ʧʦʚʳʰʝʥʠʷ ʧʦʤʝʭʦʫʩʪʦʡʯʠʚʦʩʪʠ ʩʠʛʥʘʣʘ. ʆʙʦʩʥʦʚʘʥ ʚʳʙʦʨ ʮʠʬʨʦʚʦʡ ʩʭʝʤʳ ʤʦʜʫʣʷʮʠʠ 

ʩʠʛʥʘʣʘ - OFDM (ʦʨʪʦʛʦʥʘʣʴʥʦʝ ʯʘʩʪʦʪʥʦʝ ʨʘʟʜʝʣʝʥʠʝ ʢʘʥʘʣʦʚ ʩ ʤʫʣʴʪʠʧʣʝʢʩʠʨʦ-

ʚʘʥʠʝʤ). ʇʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ OFDM-ʤʦʜʫʣʷʮʠʠ 

ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʯʠʩʣʘ ʧʦʜʥʝʩʫʱʠʭ OFDM-ʩʠʛʥʘʣʘ ʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ 

ʠʥʜʝʢʩʘ ʤʦʜʫʣʷʮʠʠ ʵʪʠʭ ʧʦʜʥʝʩʫʱʠʭ. ʇʨʦʚʝʜʝʥʘ ʦʧʪʠʤʠʟʘʮʠʷ ʧʦ ʦʙʝʩʧʝʯʝʥʠʶ 

ʤʘʢʩʠʤʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʧʝʨʝʜʘʯʠ ʠʥʬʦʨʤʘʮʠʠ ʚ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʧʦʣʦʩʝ ʯʘʩʪʦʪ. ʏʪʦ 

ʢʘʩʘʝʪʩʷ ʚʳʙʦʨʘ ʨʘʙʦʯʝʛʦ ʜʠʘʧʘʟʦʥʘ ʚ ʩʠʩʪʝʤʝ ʤʦʙʠʣʴʥʦʡ ʩʚʷʟʠ ʧʷʪʦʛʦ ʧʦʢʦʣʝʥʠʷ, ʪʦ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚʦʧʨʦʩʳ ʟʘʪʫʭʘʥʠʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʩʠʛʥʘʣʘ ʚ ʩʪʝʥʘʭ ʟʜʘʥʠʡ ʠ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʨʘʜʠʦʚʦʣʥ ʚ ʩʝʣʴʩʢʠʭ ʠ ʛʦʨʦʜʩʢʠʭ ʤʝʩʪʥʦʩʪʷʭ. ʀʟʫʯʝʥʳ ʚʦʧʨʦʩʳ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʨʘʜʠʦʚʦʣʥ ʛʠʛʘʛʝʨʮʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ ʚ ʫʩʣʦʚʠʷʭ ʛʦʨʦʜʘ ʩ ʫʯʝʪʦʤ 

ʦʩʦʙʝʥʥʦʩʪʝʡ ʛʦʨʦʜʩʢʦʡ ʟʘʩʪʨʦʡʢʠ. ʇʨʠʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ 

ʧʦʪʝʨʷʤ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ ʚ ʩʪʝʥʘʭ ʟʜʘʥʠʡ, ʘ ʪʘʢʞʝ ʠʩʩʣʝʜʦʚʘʥʳ ʟʘʚʠʩʠʤʦʩʪʠ 

ʧʦʪʝʨʴ ʚ ʚʦʟʜʫʭʝ ʦʪ ʧʦʛʦʜʥʳʭ ʫʩʣʦʚʠʡ. ɺʳʜʝʣʝʥʳ ʦʢʥʘ ʧʨʦʟʨʘʯʥʦʩʪʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ 

ʩʧʝʢʪʨʘ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʩʝʪʷʭ ʤʦʙʠʣʴʥʦʡ ʩʚʷʟʠ ʧʷʪʦʛʦ ʧʦʢʦʣʝʥʠʷ. 

ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʪʨʝʙʦʚʘʥʠʷ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ ʧʦʨʷʜʢʘ ʥʝʩʢʦʣʴʢʠʭ 

ɻʙʠʪ/ʩ, ʩʦʛʣʘʩʥʦ ʟʘʢʦʥʫ ʐʝʥʥʦʥʘ, ʦʙʦʩʥʦʚʘʥʘ ʧʦʣʦʩʘ ʨʘʙʦʯʠʭ ʯʘʩʪʦʪ ʩʠʩʪʝʤ ʤʦʙʠʣʴʥʦʡ 

ʩʚʷʟʠ ʧʷʪʦʛʦ ʧʦʢʦʣʝʥʠʷ. ʉ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦ-ʦʧʨʝʜʝʣʷʝʤʦʛʦ ʨʘʜʠʦ ʩʠʩʪʝʤʳ SDR 

(Software Defined Radio) NI USRP-2952R ʚ ʨʝʞʠʤʝ ʧʨʠʝʤʦʧʝʨʝʜʘʯʠ ʧʦʣʫʯʝʥʳ 

ʟʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ ʦʪ ʪʠʧʘ ʤʦʜʫʣʷʮʠʠ ʧʦʜʥʝʩʫʱʠʭ ʠ ʚʠʜʘ 

ʢʦʜʠʨʦʚʢʠ ʚ ʧʦʣʦʩʝ ʯʘʩʪʦʪ 20 ʄɻʮ, ʘ ʪʘʢʞʝ ʟʘʚʠʩʠʤʦʩʪʴ ɽVM (Error Vector Magnitude) 

ʦʪ ʦʪʥʦʰʝʥʠʷ ʩʠʛʥʘʣ/ʰʫʤ ʜʣʷ OFDM - ʩʠʛʥʘʣʘ. ɿʘʚʠʩʠʤʦʩʪʠ ʧʦʣʫʯʝʥʳ ʜʣʷ ʨʘʟʥʦʛʦ 

ʯʠʩʣʘ ʧʦʜʥʝʩʫʱʠʭ ʠ ʨʘʟʣʠʯʥʦʛʦ ʪʠʧʘ ʤʦʜʫʣʷʮʠʡ ʵʪʠʭ ʧʦʜʥʝʩʫʱʠʭ (ʦʪ QPSK ʜʦ QAM-

64).  

 ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʠʩʪʝʤʳ ʤʦʙʠʣʴʥʦʡ ʩʚʷʟʠ ʧʷʪʦʛʦ ʧʦʢʦʣʝʥʠʷ, 5G, OFDM, SDR, 

QAM, ʯʘʩʪʦʪʥʳʡ ʜʠʘʧʘʟʦʥ, ʘʜʘʧʪʠʚʥʳʡ ʚʳʙʦʨ ʪʠʧʘ ʤʦʜʫʣʷʮʠʠ. 

ɺʚʝʜʝʥʠʝ. ʉʠʩʪʝʤʳ ʤʦʙʠʣʴʥʦʡ ʩʚʷʟʠ ʧʷʪʦʛʦ ʧʦʢʦʣʝʥʠʷ - ʵʪʦ ʥʝ ʪʦʣʴʢʦ 

ʚʳʩʦʢʠʝ ʩʢʦʨʦʩʪʠ, ʥʦ ʠ ʛʣʦʙʘʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʥʘʰʠʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦ 

ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʚʷʟʠ. ʉʝʛʦʜʥʷ ʩʪʨʝʤʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʢʦʣʠʯʝʩʪʚʦ 

ʫʩʪʨʦʡʩʪʚ, ʧʦʜʢʣʶʯʝʥʥʳʭ ʢ ʠʥʪʝʨʥʝʪʫ, ʠ ʥʘʙʣʶʜʘʝʪʩʷ ʩʣʝʜʫʶʱʘʷ ʪʝʥʜʝʥʮʠʷ: ʢ 

ʠʥʪʝʨʥʝʪʫ ʙʫʜʝʪ ʧʦʜʢʣʶʯʝʥʦ ʚʩʸ - ʥʘʯʠʥʘʷ ʦʪ ʩʠʩʪʝʤ ʵʣʝʢʪʨʦʩʥʘʙʞʝʥʠʷ ʠ 

ʤʝʜʠʮʠʥʩʢʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʜʦ ʩʚʝʪʦʬʦʨʦʚ, ʙʳʪʦʚʦʡ ʪʝʭʥʠʢʠ ʠ ʘʚʪʦʤʦʙʠʣʝʡ 

(ɺʥʝʜʨʝʥʠʝ ʠ ʠʥʪʝʛʨʘʮʠʷ ʪʝʭʥʦʣʦʛʠʡ IoT (Internet of Things), D2D (Device-to-



91 

Device) ʠ M2M (Machine-to-Machine)) [1]. ʕʪʦ ʦʪʢʨʳʚʘʝʪ ʥʝʦʛʨʘʥʠʯʝʥʥʳʝ 

ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʦʙʱʝʩʪʚʘ, ʙʠʟʥʝʩʘ ʠ ʜʨʫʛʠʭ ʩʬʝʨ ʯʝʣʦʚʝʯʝʩʢʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ. 

ʆʙʝʩʧʝʯʝʥʠʝ ʪʘʢʦʛʦ ʨʦʜʘ ʧʦʜʢʣʶʯʝʥʠʡ ï ʟʘʜʘʯʘ, ʢʦʪʦʨʫʶ ʧʨʝʜʩʪʦʠʪ ʨʝʰʠʪʴ 

ʪʝʭʥʦʣʦʛʠʷʤ 5G. ʆʜʥʘʢʦ ʥʘ ʧʫʪʠ ʚʦʧʣʦʱʝʥʠʷ ʵʪʦʡ ʠʜʝʠ ʚʦʟʥʠʢʘʝʪ ʨʷʜ 

ʩʣʦʞʥʦʩʪʝʡ, ʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʦ ʪʱʘʪʝʣʴʥʦ ʠʩʩʣʝʜʦʚʘʪʴ. ʆʞʠʜʘʝʪʩʷ, ʯʪʦ ʫʞʝ ʚ 

2020 ʛʦʜʫ ʯʠʩʣʦ ʠʩʧʦʣʴʟʫʝʤʳʭ ʘʙʦʥʝʥʪʩʢʠʭ ʪʝʨʤʠʥʘʣʦʚ ʧʨʝʚʳʩʠʪ 50 ʤʣʨʜ, ʘ 

ʯʠʩʣʦ ʘʙʦʥʝʥʪʦʚ ʤʦʙʠʣʴʥʦʡ ʩʚʷʟʠ ʧʨʝʚʳʩʠʪ 9,6 ʤʣʨʜ [2]. ʇʨʠ ʵʪʦʤ ʤʦʙʠʣʴʥʳʡ 

ʪʨʘʬʠʢ ʧʨʝʚʳʩʠʪ 127 ʵʢʟʘʙʘʡʪ (1 ʵʢʟʘʙʘʡʪ = 10
18

 ʙʘʡʪʘ). ʈʦʩʪ ʯʠʩʣʘ 

ʧʦʜʢʣʶʯʝʥʥʳʭ ʫʩʪʨʦʡʩʪʚ ʙʫʜʝʪ ʩʦʧʨʦʚʦʞʜʘʪʴʩʷ ʧʦʷʚʣʝʥʠʝʤ ʥʦʚʳʭ ʩʧʦʩʦʙʦʚ ʠʭ 

ʧʨʠʤʝʥʝʥʠʷ, ʯʪʦ ʧʨʠʚʝʜʝʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʥʦʚʳʭ ʪʨʝʙʦʚʘʥʠʡ ʢ ʤʦʙʠʣʴʥʳʤ 

ʩʝʪʷʤ ʧʷʪʦʛʦ ʧʦʢʦʣʝʥʠʷ.  

ʏʘʩʪʦʪʥʳʡ ʜʠʘʧʘʟʦʥ. ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʪʨʝʙʦʚʘʥʠʡ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ 

ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ ʪʝʭʥʦʣʦʛʠʷ 5G ʠʩʧʦʣʴʟʫʝʪ ʙʦʣʝʝ ʰʠʨʦʢʦʧʦʣʦʩʥʳʝ ʢʘʥʘʣ r

ʩʚʷʟʠ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʥʝʦʙʭʦʜʠʤʦ ʨʝʰʠʪʴ ʟʘʜʘʯʫ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ 

ʩʦʚʤʝʩʪʠʤʦʩʪʠ ʩ ʩʫʱʝʩʪʚʫʶʱʠʤʠ ʩʠʩʪʝʤʘʤʠ. ɺ ʵʪʦʡ ʩʚʷʟʠ ʜʣʷ ʤʦʙʠʣʴʥʦʡ ʩʚʷʟʠ 

ʧʷʪʦʛʦ ʧʦʢʦʣʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʦʜʠʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʧʦʢʘ ʝʱʝ ʩʚʦʙʦʜʥʦʡ 

ʯʘʩʪʠ ʛʠʛʘʛʝʨʮʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʧʨʝʜʝʣ ʩʢʦʨʦʩʪʠ 

ʧʝʨʝʜʘʯʠ ʠʥʬʦʨʤʘʮʠʠ ʧʦ ʢʘʥʘʣʫ ʩʚʷʟʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ ʐʝʥʥʦʥʘ: 

       )/1(log2 NS PPfBR +D= , 

ʛʜʝ -BR ʙʠʪʦʚʘʷ ʩʢʦʨʦʩʪʴ ʧʝʨʝʜʘʯʠ ʠʥʬʦʨʤʘʮʠʠ; -Df  ʯʘʩʪʦʪʥʘʷ ʧʦʣʦʩʘ 

ʢʘʥʘʣʘ; -SP  ɒɔɟɓɔɗɘɢ ɗɎɉɓɆɑɆ; -NP  ʤʦʱʥʦʩʪʴ ʰʫʤʘ.  

ʀʟ ʧʨʠʚʝʜʝʥʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʚʠʜʥʦ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʧʦʣʦʩʳ ʢʘʥʘʣʘ 

ʣʠʥʝʡʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩʢʦʨʦʩʪʴ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ. ɼʣʷ ʦʧʪʠʤʘʣʴʥʦʛʦ ʚʳʙʦʨʘ 

ʯʘʩʪʦʪʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʥʫʞʥʦ ʫʯʠʪʳʚʘʪʴ ʤʥʦʛʦ ʬʘʢʪʦʨʦʚ, ʠ ʩʘʤʳʡ ʛʣʘʚʥʳʡ ʠʟ 

ʥʠʭ - ʵʪʦ ʦʩʦʙʝʥʥʦʩʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʨʘʜʠʦʚʦʣʥ. ʇʨʘʢʪʠʯʝʩʢʠ ʥʘʠʙʦʣʝʝ 

ʚʘʞʥʳʤ ʠ ʩʣʦʞʥʳʤ ʷʚʣʷʝʪʩʷ ʩʣʫʯʘʡ, ʢʦʛʜʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʨʘʜʠʦʚʦʣʥ 

ʧʨʦʠʩʭʦʜʠʪ ʚ ʛʦʨʦʜʩʢʦʡ ʩʨʝʜʝ (ʨʠʩ. 1) [3].  

 
 

 

 

 

 

 

 

 

ʈʠʩ. 1. ʉʭʝʤʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʨʘʜʠʦʚʦʣʥ ʚ ʛʦʨʦʜʩʢʦʡ ʩʨʝʜʝ: BS ï ɇɆɍɔɈɆɥ ɗɘɆɓɜɎɥ,    
MS ï ɒɔɇɎɑɢɓɆɥ ɗɘɆɓɜɎɥ 

ɺ ɻʪʦʤ ʩʣʫʯʘʝ ʥʘʙʣʶʜʘʶʪʩʷ ʥʝ ʪʦʣʴʢʦ ʟʘʪʫʭʘʥʠʝ ʩʠʛʥʘʣʘ, ʥʦ ʠ ʵʬʬʝʢʪʳ 

ʜʠʬʨʘʢʮʠʠ, ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʠ ʤʥʦʛʦʣʫʯʝʚʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ. ɿʘʪʫʭʘʥʠʝ 
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ʨʘʜʠʦʚʦʣʥ ʚ ʘʪʤʦʩʬʝʨʝ ʦʙʫʩʣʦʚʣʝʥʦ ʧʦʛʣʦʱʝʥʠʝʤ ʠʭ ʵʥʝʨʛʠʠ ʤʦʣʝʢʫʣʘʤʠ ʛʘʟʦʚ, 

ʠʤʝʶʱʠʭʩʷ ʚ ʩʦʩʪʘʚʝ ʚʦʟʜʫʭʘ, ʘ ʪʘʢʞʝ ʚʟʚʝʰʝʥʥʳʤʠ ʯʘʩʪʠʮʘʤʠ: ʧʳʣʠʥʢʘʤʠ ʠ 

ʢʘʧʣʷʤʠ ʚʦʜʳ. ʀʟ ʛʨʘʬʠʢʘ ʟʘʚʠʩʠʤʦʩʪʠ ʟʘʪʫʭʘʥʠʷ ʨʘʜʠʦʚʦʣʥ ʚ ʘʪʤʦʩʬʝʨʝ ʦʪ 

ʯʘʩʪʦʪʳ (ʨʠʩ. 2) ʤʦʞʥʦ ʦʪʯʝʪʣʠʚʦ ʚʳʜʝʣʠʪʴ ʩʣʝʜʫʶʱʠʝ ʧʦʜʜʠʘʧʘʟʦʥʳ 

ʧʨʦʟʨʘʯʥʦʩʪʠ [3]: 

ü K-band 27-40 ɻɻʮ,  

ü E-band 71-76 ɻɻʮ,  

ü E-band 81-86 ɻɻʮ,  

ü E-band 92-95 ɻɻʮ.  

 

 

 

 

 

 

 

 

 

 

 

 

 

ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʦʩʣʘʙʣʝʥʠʷ ʩʠʛʥʘʣʘ ʦʪ ʯʘʩʪʦʪʳ  

ʋʤʝʥʴʰʝʥʠʝ ʵʥʝʨʛʠʠ ʨʘʜʠʦʚʦʣʥ ʚ ʘʪʤʦʩʬʝʨʝ ʟʘʚʠʩʠʪ ʪʘʢʞʝ ʦʪ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʦʞʜʷ ʠ ʚʟʚʝʰʝʥʥʳʭ ʯʘʩʪʠʮ.  ʆʩʣʘʙʣʝʥʠʝ ʦʙʫʩʣʦʚʣʝʥʦ ʜʚʫʤʷ 

ʤʝʭʘʥʠʟʤʘʤʠ: ʧʦʛʣʦʱʝʥʠʝʤ ʵʥʝʨʛʠʠ ʚʦʣʥʳ ʚ ʦʙʲʝʤʝ ʢʘʧʣʠ ʜʦʞʜʷ ʠ 

ʜʠʬʨʘʢʮʠʦʥʥʳʤ ʨʘʩʩʝʷʥʠʝʤ ʠʟʣʫʯʝʥʠʷ ʢʘʧʣʷʤʠ ʚʦ ʚʥʝʰʥʝʝ ʧʨʦʩʪʨʘʥʩʪʚʦ. ʅʘ 

ʨʠʩ. 3 ʧʨʠʚʝʜʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʟʘʪʫʭʘʥʠʷ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʦʞʜʷ ʠ ʯʘʩʪʦʪʳ ʜʣʷ 

ʨʘʟʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʜʦʞʜʷ [4]. 

ɼʣʷ ʫʤʝʥʴʰʝʥʠʷ ʟʘʚʠʩʠʤʦʩʪʠ ʢʘʯʝʩʪʚʘ ʩʚʷʟʠ ʦʪ ʧʦʛʦʜʥʳʭ ʫʩʣʦʚʠʡ ʠ 

ʦʙʝʩʧʝʯʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʩʚʷʟʠ ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʤʝʥʠʪʴ ʘʜʘʧʪʠʚʥʫʶ ʩʠʩʪʝʤʫ 

ʤʦʜʫʣʷʮʠʠ. ʋʩʣʦʚʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʨʘʜʠʦʚʦʣʥ ʚʥʫʪʨʠ ʧʦʤʝʱʝʥʠʡ 

ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʫʩʣʦʚʠʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʨʘʜʠʦʚʦʣʥ ʚ ʩʚʦʙʦʜʥʦʤ 

ʧʨʦʩʪʨʘʥʩʪʚʝ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ ʟʘʪʫʭʘʥʠʷ ʨʘʜʠʦʚʦʣʥ 

ʥʘ ʯʘʩʪʦʪʝ 72 ɻɻʮ ʚ ʤʘʪʝʨʠʘʣʘʭ, ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʤʳʭ ʚ ʩʪʨʦʠʪʝʣʴʩʪʚʝ, 

ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ. 

 

 

 

10          20       30        50    70     100         200     300        

0
,0

  
  

  
   0

,1
  

  
  
  

   
  1

,0
  

  
  
   
  

  1
0

  
  
   

  
 1

0
0

  
  
  

   

  
  

  ɿ
ʘ
ʪ
ʫ
ʭ
ʘ
ʥ
ʠ
ʝ

 (
ʜ
ɹ
/
ʢ
ʤ

) 

ʏʘʩʪʦʪʘ (ɻɻʮ) 



93 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʴ ʟʘʪʫʭʘʥʠʷ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʦʞʜʷ  ʠ ʯʘʩʪʦʪʳ  

                                                                              ʊʘʙʣʠʮʘ 

  ɿʘʪʫʭʘʥʠʝ ʨʘʜʠʦʚʦʣʥ ʚ ʨʘʟʥʳʭ ʤʘʪʝʨʠʘʣʘʭ 
ʄʘʪʝʨʠʘʣ ʊʦʣʱʠʥʘ 

(ʩʤ) 

ʇʦʪʝʨʠ (ʜɹ) 

ɼʝʨʝʚʷʥʥʘʷ ʜʦʩʢʘ 2 8 

ɼʚʫʩʣʦʡʥʘʷ 

ʜʝʨʝʚʷʥʥʘʷ ʜʦʩʢʘ 
4 16 

ɻʠʧʩʦʢʘʨʪʦʥ 1,2 2,5 

ɹʝʪʦʥʥʘʷ ʢʣʘʜʢʘ 10 36 

 
ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʨʘʟʤʝʨʳ ʩʦʪ ʧʨʠ ʚʳʙʦʨʝ 

ʜʠʘʧʘʟʦʥʘ 72 ɻɻʮ ʩʫʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʘʶʪʩʷ ʜʦ ʨʘʟʤʝʨʦʚ ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ 

ʬʝʤʪʦ-ʩʦʪ. ʀʟ ʫʨʘʚʥʝʥʠʷ ʐʝʥʥʦʥʘ ʩʣʝʜʫʝʪ: ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʫʩʪʦʡʯʠʚʫʶ 

ʩʚʷʟʴ, ʥʫʞʥʦ ʫʚʝʣʠʯʠʪʴ ʤʦʱʥʦʩʪʴ ʩʠʛʥʘʣʘ. ʆʜʥʘʢʦ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʥʝʦʙʭʦʜʠʤʦ 

ʫʯʠʪʳʚʘʪʴ ʚʣʠʷʥʠʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʜʠʘʧʘʟʦʥʘ 72 ɻɻʮ ʥʘ ʦʨʛʘʥʠʟʤ 

ʯʝʣʦʚʝʢʘ. ʂ ʩʦʞʘʣʝʥʠʶ, ʜʦ ʥʘʩʪʦʷʱʝʛʦ ʚʨʝʤʝʥʠ ʵʪʘ ʧʨʦʙʣʝʤʘ ʥʝ ʠʩʩʣʝʜʦʚʘʥʘ. 

ʊʠʧ ʩʠʛʥʘʣʘ. ɹʣʘʛʦʜʘʨʷ ʩʚʦʠʤ ʟʘʤʝʯʘʪʝʣʴʥʳʤ ʩʚʦʡʩʪʚʘʤ, OFDM 

(ʦʨʪʦʛʦʥʘʣʴʥʦʝ ʯʘʩʪʦʪʥʦʝ ʨʘʟʜʝʣʝʥʠʝ ʢʘʥʘʣʦʚ ʩ ʤʫʣʴʪʠʧʣʝʢʩʠʨʦʚʘʥʠʝʤ) ʥʘʰʝʣ 

ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʩʦʚʨʝʤʝʥʥʳʭ ʮʠʬʨʦʚʳʭ ʩʠʩʪʝʤʘʭ ʧʝʨʝʜʘʯʠ ʠʥʬʦʨʤʘʮʠʠ 

[5]. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʧʝʨʝʜʘʯʝ ʠ ʧʨʠʝʤʫ ʩʠʛʥʘʣʦʚ OFDM ʩ ɕɖɎɒɋɓɋɓɎɋɒ ʧʣʘʪʬʦʨʤʳ 

SDR (NI USRP-2952R) [6]. 

ɸʨʭʠʪʝʢʪʫʨʘ NI USRP-2952R ʧʨʠʚʝʜʝʥɆ ʥʘ ʨʠʩ. 4. 
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ʈʠʩ. 4. ɸʨʭʠʪʝʢʪʫʨʘ ʧʨʠʝʤʦʧʝʨʝʜʘʯʠʢʘ NI USRP-2952R 

ʇʨʦʛʨʘʤʤʘ ʠʟʤʝʨʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩ. 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ʈʠʩ. 5. ʃʠʮʝʚʘʷ ʧʘʥʝʣʴ ʧʨʦʛʨʘʤʤʳ 
 

ʀʟʤʝʨʝʥʳ ʩʣʝʜʫʶʱʠʝ ʟʘʚʠʩʠʤʦʩʪʠ: 

ü ʩʢʦʨʦʩʪʠ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ ʦʪ ʪʠʧʘ ʤʦʜʫʣʷʮʠʠ ʧʦʜʥʝʩʫʱʠʭ ʠ ʪʠʧʘ 

ʰʫʤʦʩʪʦʡʢʦʡ ʢʦʜʠʨʦʚʢʠ ʚ ʧʦʣʦʩʝ ʯʘʩʪʦʪ 20 ʄɻʮ; 

ü ɽVM (Error Vector Magnitude) ʦʪ ʦʪʥʦʰʝʥʠʷ ʩʠʛʥʘʣ/ʰʫʤ. 

ʅʘ ʨʠʩ. 6 ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʛʨʘʬʠʢʘ ʪʝʦʨʝʪʠʯʝʩʢʠ ʚʦʟʤʦʞʥʦʡ 

ʤʘʢʩʠʤʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ ʩ ʛʨʘʬʠʢʦʤ ʠʟʤʝʨʝʥʥʦʡ ʩʢʦʨʦʩʪʠ 

ʧʝʨʝʜʘʯʠ. 
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ʈʠʩ. 6. ʉʨʘʚʥʝʥʠʝ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ ʧʦʣʫʯʝʥʥʳʭ ʩʢʦʨʦʩʪʝʡ ʧʨʠʝʤʦʧʝʨʝʜʘʯʠ 

ʇʨʠʚʝʜʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ ʭʦʨʦʰʝʝ 

ʩʦʚʧʘʜʝʥʠʝ ʩ ʨʘʩʯʝʪʥʳʤʠ. 

ɿʘʢʣʶʯʝʥʠʝ. ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʚʩʝʭ ʪʨʝʙʦʚʘʥʠʡ, ʧʨʝʜʲʷʚʣʷʝʤʳʭ ʢ ʩʝʪʷʤ 5-ʛʦ 

ʧʦʢʦʣʝʥʠʷ, ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʢʦʣʝʙʘʥʠʷ ʙʦʣʝʝ 

ʚʳʩʦʢʠʭ ʯʘʩʪʦʪ. ʅʘʠʤʝʥʴʰʠʝ ʧʦʪʝʨʠ ʧʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʥʘʙʣʶʜʘʶʪʩʷ ʚ 

ʯʘʩʪʦʪʥʳʭ ʜʠʘʧʘʟʦʥʘʭ K-band 27é40 ɻɻʮ ʠ E-band 71é76 ɻɻʮ. ʇʦʩʢʦʣʴʢʫ 

ʟʘʚʠʩʠʤʦʩʪʴ ʟʘʪʫʭʘʥʠʷ ʩʠʛʥʘʣʘ ʦʪ ʯʘʩʪʦʪʳ ʥʝ ʩʠʣʴʥʘʷ, ʪʦ, ʫʯʠʪʳʚʘʷ ʩʚʦʙʦʜʫ 

ʩʧʝʢʪʨʘ, ʙʦʣʝʝ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤ ʷʚʣʷʝʪʩʷ ʯʘʩʪʦʪʥʳʡ ʜʠʘʧʘʟʦʥ 71é76 ɻɻʮ. ʉ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ OFDM, ʚ ʢʦʪʦʨʦʤ ʧʦʜʥʝʩʫʱʠʝ ʤʦʜʫʣʠʨʫʶʪʩʷ ʩʠʛʥʘʣʦʤ 64 

QAM ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʙʠʪʦʚ ʜʣʷ ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʦʰʠʙʦʢ, ʚ 

ʧʦʣʦʩʝ 20 ʄɻʮ ʧʦʣʫʯʝʥʘ ʩʢʦʨʦʩʪʴ ʧʝʨʝʜʘʯʠ ʜʦ 68 ʄʙʠʪ/ʩ. ʋʚʝʣʠʯʠʚ ʧʦʣʦʩʫ 

ʩʠʛʥʘʣʘ ʜʦ 400 ʄɻʮ, ʚʦʟʤʦʞʥʦ ʫʚʝʣʠʯʠʪʴ ʧʨʦʧʫʩʢʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʢʘʥʘʣʘ ʩʚʷʟʠ 

ʜʦ 1,36 ɻʙʠʪ/ʩ. ʋʚʝʣʠʯʝʥʠʝ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʢʘʥʘʣʘ ʩʚʷʟʠ ʚ ʥʝʩʢʦʣʴʢʦ 

ʨʘʟ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʯʠʩʣʘ ʧʨʠʤʝʥʷʝʤʳʭ ʘʥʪʝʥʥ, ʧʦʟʚʦʣʠʪ ʪʝʭʥʦʣʦʛʠʷ MIMO. 

 
ʃʠʪʝʨʘʪʫʨʘ 
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WAVEFORM MODULATION IN THE FIFTH GENERATION MOBILE 

TELECOMMUNICATION SYSTEMS  
 

M.Ts. Aivazyan, L.N. Grigoryan, A.S. Babayan 

 

Some issues on the creation of the fifth generation mobile communication systems are 

considered. The basic requirements set to the fifth generation mobile communication systems 

are introduced. The most important issues are: the frequency range selection, the signal 

modulation type selection, the error-correcting coding of the data, the methods to increase the 

data rate and the improvement of the signal noise immunity. The choice of OFDM (Orthogonal 

Frequency Division Multiplexing) as the most proper signal modulation is substantiated. The 

experimental results of the OFDM modulation for a different number of subcarriers and 

different values of modulation index of subcarriers are presented. The maximum data transfer 

rate optimization in terms of a fixed frequency band is considered. As to the selection of the 

operating frequency range for the fifth-generation mobile communication system, the high-

frequency signal attenuation in the walls of buildings is considered. Taking into account the 

features of urban development, the GHz range radio wave propagation in an urban environment 

is studied. The experimental results of the losses of the electromagnetic wave in the walls of 

buildings, as well as the losses in the air under different weather conditions are presented. 

Transparency windows of the electromagnetic spectrum that can be used in the fifth generation 

mobile networks are obtained. In order to ensure the requirements of high-speed data 

transmission of several Gb/s, according to the law of Shannon, the bandwidth of channels of 

the fifth-generation mobile communication systems is justified. With the software-defined 

radio system SDR (Software Defined Radio) NI USRP-2952R in the mode of reception-

transmission, dependences of data rate from the type of modulation of subcarriers and the type 

of coding, in the frequency band of 20 MHz,  and the dependence of EVM (Error Vector 

Magnitude) from signal / noise ratio for the OFDM signal are obtained. The dependencies are 

obtained for a different number of subcarriers and different types of modulation of subcarriers 

(from QPSK to QAM-64). 

Keywords: fifth generation mobile communication systems, 5G, OFDM, SDR, QAM, 

frequency range, modulation type adaptive selection.  
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ʋɼʂ 621.391                     

ɻʈɸʌʆɸʅɸʃʀʊʀʏɽʉʂʀʁ ʄɽʊʆɼ ɸʅɸʃʀɿɸ ʇɸʈɸʄɽʊʈʀʏɽʉʂʀʍ 

ʇʈɽʆɹʈɸɿʆɺɸʊɽʃɽʁ ʉɺɽʈʍɺʓʉʆʂʀʍ ʏɸʉʊʆʊ 

ʄ.ʉ. ɸʟʦʷʥ 

ʅʘʮʠʦʥʘʣʴʥʳʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ɸʨʤʝʥʠʠ 

 

ʈʘʩʩʤʘʪʨʠʚʘʝʤʳʝ ʩʭʝʤʳ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʦʪʥʦʩʪ̫ʩʷ ʢ ʣʠʥʝʡʥʳʤ 

ʠ ʥʝʣʠʥʝʡʥʳʤ ʨʘʜʠʦʪʝʭʥʠʯʝʩʢʠʤ ʮʝʧʷʤ ʩ ʧʝʨʝʤʝʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. ʄʘʪʝʤʘʪʠʯʝʩʢʠʝ 

ʧʨʦʙʣʝʤʳ, ʚʦʟʥʠʢʘʶʱʠʝ ʧʨʠ ʘʥʘʣʠʟʝ ʧʦʜʦʙʥʳʭ ʩʭʝʤ, ʚʧʝʨʚʳʝ ʩʬʦʨʤʫʣʠʨʦʚʘʣ ʕʡʣʝʨ ʚ 

1772 ʛ., ʠʩʩʣʝʜʫʷ ʫʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ ʃʫʥʳ, ʠ ʧʨʝʜʣʦʞʠʣ ʤʝʪʦʜʳ ʠʭ ʨʝʰʝʥʠʷ. ʉ ʪʦʛʦ 

ʤʦʤʝʥʪʘ ʠ ʧʦ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʵʪʠ ʧʨʦʙʣʝʤʳ ʙʳʣʠ ʠ ʷʚʣʷʶʪʩʷ ʧʨʝʜʤʝʪʦʤ ʠʟʫʯʝʥʠʷ 

ʤʥʦʛʠʭ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʃʷʧʫʥʦʚʘ, ʍʠʣʣʘ, ʄʘʪʴʝ, ʂʨʳʣʦʚʘ, ʊʘʬʪʘ, ɺʘʥ ʜʝʨ 

ʇʦʣʷ ʠ ʜʨ. ʇʨʦʙʣʝʤʳ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʢʦʣʝʙʘʥʠʡ ʚ ʵʣʝʢʪʨʦʪʝʭʥʠʢʝ 

ʚʦʟʥʠʢʣʠ  ʚʧʝʨʚʳʝ ʚ 1907ʛ. ʙʣʘʛʦʜʘʨʷ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʨʘʙʦʪʘʤ ʇʫʘʥʢʘʨʝ ʠ ʚ 30-ʝ ʛʦʜʳ 

ʙʣʘʛʦʜʘʨ ̫ ʨʘʙʦʪʘʤ ʮʝʣʦʡ ʰʢʦʣʳ ʫʯʝʥʳʭ, ʢ ʢʦʪʦʨʦʡ ʧʨʠʥʘʜʣʝʞʘʪ ʄʘʥʜʝʣʴʰʪʘʤ, 

ʇʘʧʘʣʝʢʩʠ, ɸʥʜʨʦʥʦʚ, ʄʠʛʫʣʠʥ ʠ ʜʨ. ɿʘʩʣʫʛʦʡ ʵʪʦʡ ʰʢʦʣʳ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʦʥʠ ʚʧʝʨʚʳʝ 

ʧʦʢʘʟʘʣʠ ʚʦʟʤʦʞʥʦʩʪʴ ʫʩʠʣʝʥʠʷ ʠ ʛʝʥʝʨʘʮʠʠ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʠʛʥʘʣʦʚ, ʨʘʟʨʘʙʦʪʘʣʠ 

ʪʝʦʨʠʶ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʨʝʟʦʥʘʥʩʘ, ʧʦʜʪʚʝʨʞʜʝʥʥʫ  ʁ ʤʥʦʛʦʯʠʩʣʝʥʥʳʤʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʤʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʚ ʨʘʜʠʦʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ. ɺ 50-ʳʭ ʛʦʜʘʭ ʚ ʩʚʷʟʠ ʩ 

ʙʫʨʥʳʤ ʨʘʟʚʠʪʠʝʤ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʧʨʠʙʦʨʦʚ ʩ ʯʘʩʪʦʪʘʤʠ ʚʧʣʦʪʴ ʜʦ ʩʚʝʨʭʚʳʩʦʢʠʭ 

ʯʘʩʪʦʪ (ʉɺʏ) ʨʘʙʦʪʳ ʚ ʦʙʣʘʩʪʠ ʪʝʦʨʠʠ ʠ ʧʨʠʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʫʩʠʣʠʪʝʣʝʡ ʠ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʩ ʫʧʨʘʚʣʷʝʤʦʡ ʨʝʘʢʪʠʚʥʦʩʪʴʶ ʜʦʩʪʠʛʣʠ ʚʝʨʰʠʥʳ ʨʘʟʚʠʪʠʷ. ʀʟʚʝʩʪʥʦ, 

ʯʪʦ ʧʨʠ ʘʥʘʣʠʟʝ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʉɺʏ ʧʨʠʭʦʜʠʪʩʷ ʦʧʨʝʜʝʣʷʪʴ ʌʫʨʴʝ-

ʢʦʤʧʦʥʝʥʪʳ ʜʣʷ ʥʝʣʠʥʝʡʥʦʡ ʬʫʥʢʮʠʠ ʟʘʨʷʜʘ q(u) ʠ ʪʦʢʘ i(u), ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʠʝ ʚʦʣʴʪ-

ʢʫʣʦʥʦʚʫʶ ʠ ʚʦʣʴʪ-ʘʤʧʝʨʥʫʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʘʢʪʠʚʥʦʛʦ ʵʣʝʤʝʥʪʘ. ɼʘʞʝ ʧʨʠ 

ʚʦʟʜʝʡʩʪʚʠʠ ʜʚʫʭʯʘʩʪʦʪʥʦʛʦ ʩʠʛʥʘʣʘ ʥʘ ʥʝʣʠʥʝʡʥʳʡ ʵʣʝʤʝʥʪ ʚʳʯʠʩʣʝʥʠʝ ʠʥʪʝʛʨʘʣʦʚ 

ʩʚʷʟʘʥʦ ʩ ʦʧʨʝʜʝʣʝʥʥʳʤʠ ʪʨʫʜʥʦʩʪʷʤʠ. ʉ ʠʥʞʝʥʝʨʥʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ, ʧʨʝʜʣʦʞʝʥ 

ʛʨʘʬʦʘʥʘʣʠʪʠʯʝʩʢʠʡ ʤʝʪʦʜ ʘʥʘʣʠʟʘ, ʢʦʪʦʨʳʡ ʧʨʠʝʤʣʝʤ ʜʣʷ ʣʶʙʦʛʦ ʥʝʣʠʥʝʡʥʦʛʦ 

ʵʣʝʤʝʥʪʘ ʩ ʧʨʦʠʟʚʦʣʴʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ɺ ʠʪʦʛʝ ʧʦʛʨʝʰʥʦʩʪʴ ʨʘʩʯʝʪʘ ʩʦʩʪʘʚʣʷʝʪ 

ʦʢʦʣʦ 5%, ʯʪʦ ʧʨʠʝʤʣʝʤʦ ʩ ʧʨʘʢʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʜʣʷ ʘʥʘʣʠʟʘ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʉɺʏ.                         

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʘʧʧʨʦʢʩʠʤʘʮʠʷ, ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʜʝʣʠʪʝʣʴ, ʫʤʥʦʞʠʪʝʣʴ, ʥʘʢʘʯʢʘ, 

ʩʧʝʢʪʨ, ʚʦʣʴʪ-ʘʤʧʝʨʥʘʷ ʠ ʚʦʣʴʪ-ʢʫʣʦʥʦʚʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. 

 

         
ɺʚʝʜʝʥʠʝ. ɺ ʜʘʥʥʦʡ ̑́̂̏̓̆ ʦʧʨʝʜʝʣʝʥʳ ʢʦʤʧʦʥʝʥʪʳ ʪʦʢʘ ʢʦʣʣʝʢʪʦʨʘ ʤʝʪʦ-

ʜʦʤ ʀ.ɺ. ɹʘʩʠʢʘ [1, 2], ʢʦʪʦʨʳʡ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʚ ʨʘʙʦʪʘʭ [3, 4] ʜʣʷ ʘʥʘʣʠʟʘ ʨʷʜʘ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ ʥʘ ʥʝʣʠʥʝʡʥʦʡ ʝʤʢʦʩʪʠ. ʇʨʠʤʝʥʝʥʠʝ 

ʚʳʰʝʫʢʘʟʘʥʥʦʛʦ ʤʝʪʦʜʘ ʩʫʱʝʩʪʚʝʥʥʦ ʫʧʨʦʱʘʝʪ ʨʘʩʯʝʪ ʢʦʤʧʦʥʝʥʪʦʚ ʪʦʢʘ ʚ 

ʣʶʙʦʡ ʩʫʙʛʘʨʤʦʥʠʢʝ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʥʝʣʠʥʝʡʥʳʡ ʵʣʝʤʝʥʪ ʩʫʤʤ 

ʛʘʨʤʦʥʠʯʝʩʢʠʭ ʢʦʣʝʙʘʥʠʡ. ȵʨʠ ʵʪʦʤ ʚʦʣʴʪ-ʢʫʣʦʥʦʚʘʷ ʠ ʚʦʣʴʪ-ʘʤʧʝʨʥʘʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ɺʂʍ ʠ ɺɸʍ) ʥʝʣʠʥʝʡʥʦʛʦ ʵʣʝʤʝʥʪʘ ʤʦʛʫʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʳ ʢʘʢ 



99 

ʧʨʦʠʟʚʦʣʴʥʳʤʠ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʠʤʠ ʬʫʥʢʮʠʷʤʠ, ʪʘʢ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ 

ʛʨʘʬʠʢʘʤʠ. ɺ ʧʦʩʣʝʜʥʝʤ ʩʣʫʯʘʝ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʥʝ ʪʨʝʙʫʝʪʩʷ, ʠ ʜʣʷ ʨʘʩʯʝʪʘ 

ʜʦʩʪʘʪʦʯʥʦ ʦʧʨʝʜʝʣʠʪʴ ʧʨʦʠʟʚʦʜʥʳʝ ʦʪ ɺʂʍ ʠ ɺɸʍ ʚ ʨʘʙʦʯʝʡ ʪʦʯʢʝ. 

       ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʕʢʚʠʚʘʣʝʥʪʥʘʷ ʩʭʝʤʘ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʜʝʣʠʪʝʣʷ ʯʘʩʪʦʪʳ (ʇʇɼʏ)  ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʥʘ ʨʠʩ. 1, ʛʜʝ L1 ʠ  ὅ  ʧʘʨʘʤʝʪʨʳ ʢʦʥʪʫʨʘ ʯʘʩʪʦʪʳ ʥʘʢʘʯʢʠ ɤ; Ln ʠ  ὅ

 ʧʘʨʘʤʝʪʨʳ ʢʦʥʪʫʨʘ ʧʨʝʦʙʨʘʟʦʚʘʥʥʦʡ ʯʘʩʪʦʪʳ nɤ; Ὃό  ̉   ὅό - ʥʝʣʠʥʝʡʥʳʝ 

ʝʤʢʦʩʪʴ ʠ ʧʨʦʚʦʜʠʤʦʩʪʴ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ p-n  ʧʝʨʝʭʦʜʘ ʥʝʣʠʥʝʡʥʦʛʦ 

ʵʣʝʤʝʥʪʘ, ʢʦʪʦʨʳʝ ʦʧʨʝʜʝʣʷʶʪʩʷ   ʧʨʦʠʟʚʦʣʴʥʦ  ʟʘʜʘʚʘʝʤʳʤʠ  ɺʂʍ ʠ ɺɸʍ. 

       ʇʦʣʘʛʘʝʤ, ʯʪʦ ʥʘ p-n ʧʝʨʝʭʦʜ ʚʦʟʜʝʡʩʪʚʫʶʪ ʧʦʩʪʦʷʥʥʦʝ ʥʘʧʨʷʞʝʥʠʝ 5 , 

ʥʘʧʨʷʞʝʥʠʝ ʥʘʢʘʯʢʠ 5  ʠ ʥʘʧʨʷʞʝʥʠʝ ʧʨʝʦʙʨʘʟʦʚʘʥʥʦʛʦ ʩʠʛʥʘʣʘ  5, a ʪʦʢ ʯʝʨʝʟ 

ʜʠʦʜ ʝʩʪʴ ʩʫʤʤʘ ʪʦʢʦʚ ʝʤʢʦʩʪʠ ʠ ʧʨʦʚʦʜʠʤʦʩʪʠ p-n ʧʝʨʝʭʦʜʘ. 

 

 
ʈʠʩ. 1. ʕʢʚʠʚʘʣʝʥʪʥʘʷ ʩʭʝʤʘ  ʇʇɼʏ  ʉɺʏ 

     

ʅʘ ʢʦʥʪʫʨʝ ʩʠʛʥʘʣʘ ʦʩʥʦʚʥʦʡ ʯʘʩʪʦʪʳ ʚʳʜʝʣʷʝʪʩʷ ʥʘʧʨʷʞʝʥʠʝ U1, a ʥa 

ʢʦʥʪʫʨʝ  ʩʠʛʥʘʣʘ - Un.  ɼʣʷ ʪʦʢʦʚ ʠʤʝʝʤ i(t) =Ὥ Ὥ, ʘ ʜʣʷ ʪʦʢʘ ʯʝʨʝʟ ʜʠʦʜ:            

Ὥ Ὥ  Ὥ  ȟ ʛʜʝ ʪʦʢʠ ʯʝʨʝʟ ʥʝʣʠʥʝʡʥʳʝ ʝʤʢʦʩʪʴ ʠ ʧʨʦʚʦʜʠʤʦʩʪʴ  

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ  ʙʫʜʫʪ 
 
 Ὥ ὅό  ,   Ὥ ὋόὟ. 

     ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʪʦʢ ʯʝʨʝʟ ʜʠʦʜ ʙʫʜʝʪ  

                Ὥ Ὥ Ὥ ὋόὟ ὅό .                                 (1) 

     ʊʦʢ ʯʝʨʝʟ ʢʦʥʪʫʨʳ ʯʘʩʪʦʪʳ ɤ ʠ nɤ ʟʘʧʠʰʝʤ ʯʝʨʝʟ Ὗ ̉  Ὗȡ  

  Ὥ ὋὟ Ὗ᷿Ὠὸ,                                               (2) 

 Ὥ Ὃ Ὃ Ὗ Ὗ᷿Ὠὸ.                                       (3) 

     ʆʧʨʝʜʝʣʠʤ ʧʨʦʠʟʚʦʜʥʳʝ ʢʦʥʪʫʨʥʳʭ ʪʦʢʦʚ (2) ʠ (3) ʧʦ ʚʨʝʤʝʥʠ: 

                                                
   
  Ὃ Ὗ, 

                                    Ὃ Ὃ ὟȢ                                     (4) 
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      ʇʦʩʣʝ ʥʝʩʣʦʞʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʜʣʷ ʪʦʢʘ ʯʝʨʝʟ ʜʠʦʜ ʧʦʣʫʯʠʤ ʧʦʣʥʦʝ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʝ ʫʨʘʚʥʝʥʠʝ  

 =[Ὃό+Ὗ ] +ὅό + ( )
2
.                        (5)  

      ʈʘʟʣʦʞʠʚ ʧʦʩʣʝʜʥʝʝ ʚʳʨʘʞʝʥʠʝ ʚ ʨʷʜ ʃʦʨʘʥʘ, ʩʦʛʣʘʩʥʦ [2], ʧʦʣʫʯʠʤ      

Ὥ Б В Ὅ̨ Ὗ ὩὼὴὮὴὸ̨‫
̨

 ὪὟ                                                                 

ή Б В Ὅ̨ Ὗ ὩὼὴὮὴὸ̨‫
̨

 ήὟ ,              (6)           

ʛʜʝ  Ὅ̨ Ὗ В
̨ Ȧ ̨Ȧ

 ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʘʷ ʬʫʥʢʮʠʷ ɹʝʩʩʝʣʷ 

ʧʝʨʚʦʛʦ ʨʦʜʘ n-ʛʦ ʧʦʨʷʜʢʘ, ʧʨʠʯʝʤ ʚʝʣʠʯʠʥʘ ὴ̨ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʨʷʜ ʧʨʦʩʪʳʭ 

ʯʠʩʝʣ, ʘ ʠʥʜʝʢʩ ʽ ʫʢʘʟʳʚʘʝʪ ʥʦʤʝʨ ʚʦʟʜʝʡʩʪʚʫʶʱʝʛʦ ʩʠʛʥʘʣʘ, ʦʙʨʘʟʫʶʱʝʛʦ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʨʷʜ ʛʘʨʤʦʥʠʯʝʩʢʠʭ ʢʦʤʧʦʥʝʥʪ ʪʦʢʘ. ʇʦʯʣʝʥʥʦ ʧʝʨʝʤʥʦʞʘʷ 

ʨʷʜʳ ʚ (6) ʠ ʫʯʠʪʳʚʘʷ ʨʝʟʫʣʴʪʘʪʳ [2], ʧʦʣʫʯʠʤ 

В Ὅ̨ Ὗ ὩὼὴὮὴὸ̨‫
̨

Ὅ Ὗ ςВ Ὅ̨ Ὗ ÃÏÓὮὴὸ̨‫
̨

.      

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʣʥʦʛʦ ʩʧʝʢʪʨʘ ʪʦʢʘ ʧʨʝʦʙʨʘʟʫʝʤ (6) ʢ ʚʠʜʫ 

Ὥ Б Ὅ Ὗ ὪὟ ςВ ȣВ Б Ὅ̨ Ὗ ὪὟ

 ÃÏÓ ὴ‫ В̨ ὴ̨‫ ὸ ȟ    (7)                                                              

ή Б Ὅ Ὗ ήὟ ςВ ȣВ Б Ὅ̨ Ὗ ήὟ

         ÃÏÓ ὴ‫ В̨ ὴ̨‫ ὸ ȟ                                                                             (8) 

ʛʜʝ  ὬȟὬȟȣȟὬ ï ʧʨʦʩʪʳʝ ʯʠʩʣʘ, ʨʘʚʥʳʝ 0 ʠʣʠ 1, ʚʳʙʠʨʘʝʤʳʝ ʪʘʢ, ʯʪʦʙʳ 

ʚʳʧʦʣʥʠʪʴ ʫʩʣʦʚʠʷ [2]: В Ὤ̨̨ ρ. 
       ʊʘʢ ʢʘʢ ʪʦʢ ʯʝʨʝʟ ʥʝʣʠʥʝʡʥʫʶ ʝʤʢʦʩʪʴ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʫʪʝʤ 

ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʷ ʟʘʨʷʜʘ ʧʦ ʚʨʝʤʝʥʠ, ʘ ʚʳʨʘʞʝʥʠʝ, ʦʧʠʩʳʚʘʶʱʝʝ ʪʦʢ, 

ʧʨʦʪʝʢʘʶʱʠʡ ʯʝʨʝʟ ʥʝʣʠʥʝʡʥʫʶ ʨʝʟʠʩʪʠʚʥʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ, ʧʦʣʫʯʝʥʦ ʚ ʚʠʜʝ 

(7), ʪʦ, ʩʫʤʤʠʨʫʷ ʠʭ, ʧʦʣʫʯʠʤ ʩʦʦʪʥʦʰʝʥʠʝ, ʦʧʨʝʜʝʣʷʶʱʝʝ ʧʦʣʥʳʡ ʩʧʝʢʪʨ ʪʦʢʘ 

ʯʝʨʝʟ ʢʦʤʧʣʝʢʩʥʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ:  

        Ὅ Ὥ ὨήὟ В Ὗ̨ÃÏÓ‫ὸ Ὠὸϳ      

 Б Ὅ Ὗ ὪὟ ςВ ȣВ Б Ὅ̨ Ὗ ὪὟ

            ÃÏÓ ὴ‫ В̨ ὴ̨‫ ὸ 

ςВ ȣВ ὴ‫  В̨ ὴ̨‫ Б Ὅ̨ Ὗ ήὟ ÓÉÎ ὴ‫

+̨ ςὲ±ὴὭὸ .                                                      (9)̨‫                                                                            
ɺʳʨʘʞʝʥʠʝ (9) ʦʧʨʝʜʝʣʷʝʪ ʧʦʩʪʦʷʥʥʫʶ ʩʦʩʪʘʚʣʷʶʱʫʶ ʠ ʚʩʝ ʛʘʨʤʦʥʠʯʝʩʢʠʝ ʠ 

ʢʦʤʙʠʥʘʮʠʦʥʥʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ ʪʦʢʘ, ʧʨʦʪʝʢʘʶʱʠʝ ʯʝʨʝʟ ʢʦʤʧʣʝʢʩʥʫʶ 

ʥʝʣʠʥʝʡʥʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ ʧʨʦʠʟʚʦʣʴʥʦʛʦ ʢʦʥʪʘʢʪʘ, ʠ ʷʚʣʷʝʪʩʷ ʠʩʭʦʜʥʳʤ ʜʣʷ 

ʘʥʘʣʠʟʘ ʩʚʦʡʩʪʚ ʢʦʥʪʘʢʪʦʚ ʠ ʫʩʪʨʦʡʩʪʚ, ʠʩʧʦʣʴʟʫʶʱʠʭ ʧʦʜʦʙʥʳʝ ʥʝʣʠʥʝʡʥʦʩʪʠ.  
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       ʉ ʧʨʘʢʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ, ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʨʘʩʯʝʪʘ 

ʜʦʣʞʥʳ ʙʳʪʴ ʙʦʣʝʝ ʧʨʦʩʪʳʤʠ, ʘ ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ - ʧʦʛʨʝʰʥʦʩʪʴ ʦʢʦʥʯʘʪʝʣʴʥʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ ʜʦʣʞʥʘ ʙʳʪʴ ʦʢʦʣʦ 5%.  

      ʇʦʵʪʦʤʫ ʧʨʝʜʣʘʛʘʝʤ ʙʦʣʝʝ ʫʧʨʦʱʸʥʥʳʡ ʚʘʨʠʘʥʪ ʨʝʰʝʥʠʷ ʥʝʣʠʥʝʡʥʳʭ ʟʘʜʘʯ 

ʧʫʪʝʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʩʥʷʪʳʭ ɺɸʍ ʠ ɺʂʍ ʩ ʧʦʣʫʯʝʥʥʳʤʠ ʚʳʰʝ 

ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ. ɼʣʷ ʵʪʦʛʦ ʥʝʦʙʭʦʜʠʤʦ ʦʙʦʩʥʦʚʘʪʴ ʢʘʞʜʳʡ ʰʘʛ, 

ʧʨʝʥʝʙʨʝʛʘʷ ʢʘʢʠʤ-ʪʦ ʯʣʝʥʦʤ ʨʷʜʘ ʚ ʨʘʟʣʦʞʝʥʠʠ, ʢʦʪʦʨʳʡ ʩʯʠʪʘʝʤ ʠʣʠ 

ʧʨʝʜʝʣʴʥʦ ʤʘʣʳʤ, ʠʣʠ ʙʝʟʨʝʟʫʣʴʪʘʪʥʳʤ. 

       ʂʣʘʩʩʠʯʝʩʢʠʡ ʤʝʪʦʜ ʧʦʜʭʦʜʘ ʪʨʝʙʫʝʪ ʙʦʣʝʝ ʩʪʨʦʛʠʭ ʤʝʨ ʜʣʷ ʦʛʨʘʥʠʯʝʥʠʷ 

ʢʦʣʠʯʝʩʪʚʘ ʯʣʝʥʦʚ ʨʷʜʘ ʧʨʠ ʫʩʣʦʚʠʠ ʝʛʦ ʩʭʦʜʠʤʦʩʪʠ.   

       ʀʩʩʣʝʜʫʝʤ ʩʭʦʜʠʤʦʩʪʴ ʨʷʜʘ ʛʨʘʬʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ, ʜʣʷ ʯʝʛʦ ʧʫʪʝʤ 

ʧʨʦʚʝʜʝʥʠʷ ʛʨʘʬʠʯʝʩʢʦʛʦ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʩʥʷʪʳʭ ɺɸʍ ʠ 

ɺʂʍ ʧʦʩʪʨʦʠʤ ʧʝʨʚʳʝ ʧʨʦʠʟʚʦʜʥʳʝ k. ʉ ʫʯʝʪʦʤ ʢʦʵʬʬʠʮʠʝʥʪʦʚ, ʢʦʪʦʨʳʝ ʠʤʝʶʪ 

ʤʝʩʪʦ ʧʝʨʝʜ ʧʨʦʠʟʚʦʜʥʳʤʠ ʚ ʨʘʟʣʦʞʝʥʠʷʭ ʬʫʥʢʮʠʡ ɹʝʩʩʝʣʷ, ʦʧʨʝʜʝʣʠʤ 

ʦʪʥʦʰʝʥʠʝ ʚʳʩʰʠʭ ʧʨʦʠʟʚʦʜʥʳʭ ʢ ʧʝʨʚʦʡ, ʧʦʣʘʛʘʷ ʘʤʧʣʠʪʫʜʫ ʧʝʨʝʤʝʥʥʦʛʦ 

ʥʘʧʨʷʞʝʥʠʷ ʨʘʚʥʦʡ 1 ɺ, ʠ ʧʦʩʪʨʦʠʤ ʛʨʘʬʠʢ ʦʪʥʦʰʝʥʠʷ ʧʨʦʠʟʚʦʜʥʳʭ ʚ ʜʠʘʧʘʟʦ-

ʥʝ ʩʤʝʱʝʥʠʡ. 

       ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ɻʨʘʬʠʯʝʩʢʠʝ ʧʦʩʪʨʦʝʥʠʷ ʧʨʦʚʝʜʝʥʳ ʜʣʷ ʧʷʪʠ 

ʪʠʧʦʚ ʥʝʣʠʥʝʡʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʅʘ ʨʠʩ. 2-4 ʦʥʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʦʣʴʢʦ ʜʣʷ 

ʧʝʨʚʦʛʦ ʦʙʨʘʟʮʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʩ Au-n-GaAs ʩʪʨʫʢʪʫʨʦʡ. ʅʘ ʨʠʩʫʥʢʝ ʚʚʝʜʝʥʳ 

ʦʙʦʟʥʘʯʝʥʠʷḊὃ ȟὅ  ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʨʦʠʟʚʦʜʥʳʝ ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʩʥʷʪʳʭ ɺɸʍ ʠ ɺʂʍ ʢʦʥʪʘʢʪʦʚ ʧʦ ʥʘʧʨʷʞʝʥʠʶ  όȠ  ὑ ï ʙʝʟʨʘʟʤʝʨʥʘʷ ʚʝʣʠʯʠʥʘ, 

ʦʧʨʝʜʝʣʷʝʤʘʷ, ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ, ʢʘʢ 

                                        ὑ ͯ ,   ὑ ͯ Ȣ                                         (10) 

ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʛʨʘʬʠʢʦʚ ʨʠʩ. 4, ʧʦʩʪʨʦʝʥʥʳʭ ʧʨʠ Ὗͯ  1 ɺ, ʦʪʥʦʰʝʥʠʝ ʧʨʦ-

ʠʟʚʦʜʥʳʭ ʫʙʳʚʘʝʪ ʩ ʨʦʩʪʦʤ ʧʦʨʷʜʢʘ U ʠ ʥʘʯʠʥʘʷ ʩ i=6 ʩʪʘʥʦʚʠʪʩʷ ʧʨʝʥʝʙʨʝʞʠʤʦ 

ʤʘʣʳʤ. ʀʩʧʦʣʴʟʫʷ ʵʪʠ ʛʨʘʬʠʢʠ ʠ ʫʯʠʪʳʚʘʷ ʚʳʨʘʞʝʥʠʷ (10), ʦʮʝʥʠʤ 

ʧʦʛʨʝʰʥʦʩʪʴ, ʢʦʪʦʨʘʷ ʙʫʜʝʪ ʠʤʝʪʴ ʤʝʩʪʦ ʧʨʠ ʦʛʨʘʥʠʯʝʥʠʠ ʨʷʜʘ ʧʨʦʠʟʚʦʜʥʳʭ 

ʜʚʫʤʷ, ʪʨʝʤʷ, ʯʝʪʳʨʴʤʷ ʠ ʧʷʪʴʶ ʯʣʝʥʘʤʠ. ɺʝʣʠʯʠʥʫ ʧʦʛʨʝʰʥʦʩʪʠ ʦʮʝʥʠʤ ʚ 

ʧʨʦʮʝʥʪʘʭ ʧʦ ʬʦʨʤʫʣʝ                                                                                   

                                          –
В ὃὟ

В ὃὟ
ρππϷ  ȟ                        (11) 

ʛʜʝ  n ï ʧʦʨʷʜʦʢ ʫʯʠʪʳʚʘʝʤʳʭ ʚ ʨʘʩʯʝʪʘʭ ʧʨʦʠʟʚʦʜʥʳʭ; k ï ʥʘʠʚʳʩʰʠʡ ʧʦʨʷʜʦʢ 

ʧʨʦʠʟʚʦʜʥʳʭ, ʧʨʠ ʢʦʪʦʨʦʤ ʠʭ ʟʥʘʯʝʥʠʷ ʩʪʘʥʦʚʷʪʩʷ ʙʝʩʢʦʥʝʯʥʦ ʤʘʣʳʤʠ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʝʜʳʜʫʱʠʤ   (ʚ ʥʘʰʝʤ ʩʣʫʯʘʝ ʧʨʠʥʷʪʦ   k = 6). 
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ʈʘʩʯʝʪ ʧʦʛʨʝʰʥʦʩʪʠ ʧʨʦʚʝʜʝʥ ʜʣʷ ʧʷʪʠ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʢʦʥʪʘʢʪʦʚ ʧʨʠ 

ʪʨʝʭ ʟʥʘʯʝʥʠʷʭ ʩʤʝʱʝʥʠʷ ὟȢ 

      ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʚʝʣʠʯʠʥʳ ʧʦʛʨʝʰʥʦʩʪʠ – (ʚ ʧʨʦʮʝʥʪʘʭ) ʧʨʠʚʝʜʝʥʳ ʚ 

ʪʘʙʣʠʮʝ ʜʣʷ Ὗͯ πȟττχ ɺ ʠ   Ὗͯ  1 ɺ, ʚʦʟʥʠʢʘʶʱʝʡ ʚ ʨʝʞʠʤʝ ʙʝʛʫʱʝʡ ʚʦʣʥʳ ʚ 

ʣʠʥʠʠ, ʛʜʝ ʚʦʣʥʦʚʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ” 50 ʆʤ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʘʤʧʣʠʪʫʜʝ ʧʨʠ 

ʤʦʱʥʦʩʪʠ P=2 ʤɺʪ ʠ P=10 ʤɺʪ. 

      ʉʦʛʣʘʩʥʦ ʧʨʠʚʝʜʝʥʥʳʤ ʚ ʪʘʙʣʠʮʝ  ʨʝʟʫʣʴʪʘʪʘʤ, ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʧʨʠ 

ʚʦʟʜʝʡʩʪʚʠʠ ʩʠʛʥʘʣʘ, ʘʤʧʣʠʪʫʜʘ ʢʦʪʦʨʦʛʦ ʥʝ ʧʨʝʚʳʰʘʝʪ  0,5 ɺ, ʦʛʨʘʥʠʯʝʥʠʝ 

ʜʚʫʤʷ ʧʝʨʚʳʤʠ ʧʨʦʠʟʚʦʜʥʳʤʠ ʧʨʠʚʝʜʝʪ ʢ ʧʦʛʨʝʰʥʦʩʪʠ, ʥʝ ʧʨʝʚʳʰʘʶʱʝʡ ʜʣʷ 

ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʢʦʥʪʘʢʪʦʚ 14Ϸ. ʋʯʝʪ ʧʝʨʚʳʭ ʪʨʝʭ ʧʨʦʠʟʚʦʜʥʳʭ ʩʥʠʞʘʝʪ 

ʧʦʛʨʝʰʥʦʩʪʴ ʨʘʩʯʝʪʦʚ ʜʦ 6ϷȢ 
      ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʘʤʧʣʠʪʫʜʳ ʚʦʟʜʝʡʩʪʚʫʶʱʝʛʦ ʩʠʛʥʘʣʘ ʜʦ 1 ɺ ʧʦʛʨʝʰʥʦʩʪʴ 

ʧʦʨʷʜʢʘ 6Ϸ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʘ ʧʨʠ ʫʯʝʪʝ ʧʝʨʚʳʭ ʪʨʝʭ ʧʨʦʠʟʚʦʜʥʳʭ. 

         ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʘʥʘʣʠʟʝ ʤʠʢʨʦʵʣʝʢʪʨʦʥʥʳʭ ʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ 

ʧʨʠʙʦʨʦʚ ʦʧʠʩʘʥʥʳʤ ʚʳʰʝ ʤʝʪʦʜʦʤ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ, ʢʘʢ ʤʠʥʠʤʫʤ, 

ʧʝʨʚʳʝ ʜʚʝ ï ʪʨʠ ʧʨʦʠʟʚʦʜʥʳʝ ʦʪ ɺɸʍ ʠ ɺʂʍ.   

        ɺʚʠʜʫ ʪʦʛʦ, ʯʪʦ ʧʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ ʜʦʩʪʘʪʦʯʥʦ ʛʠʙʢʠʡ ʠ ʧʦʟʚʦʣʷʝʪ 

ʫʯʠʪʳʚʘʪʴ ʜʠʥʘʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʣʝʢʩʥʦ-ʥʝʣʠʥʝʡʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ 

ʢʦʥʪʘʢʪʦʚ, ʩʪʘʥʦʚʠʪʩʷ ʦʯʝʚʠʜʥʦʡ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʝʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ 

ʘʧʧʘʨʘʪʘ ʜʣʷ ʘʥʘʣʠʟʘ ʩʣʦʞʥʳʭ ʤʠʢʨʦʵʣʝʢʪʨʦʥʥʳʭ ʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ 

ʛʠʙʨʠʜʥʳʭ ʩʭʝʤ ʚ ʜʠʘʧʘʟʦʥʝ ʤʘʣʳʭ ʠ ʩʨʝʜʥʠʭ ʘʤʧʣʠʪʫʜ ʧʝʨʝʤʝʥʥʳʭ ʩʠʛʥʘʣʦʚ.   

ʆʪʤʝʪʠʤ, ʯʪʦ ʩʦʚʨʝʤʝʥʥʦʝ ʨʘʟʚʠʪʠʝ ʵʣʝʢʪʨʦʥʥʦʡ ʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ 

ʪʝʭʥʠʢʠ ʪʨʝʙʫʝʪ ʧʨʠʤʝʥʝʥʠʷ ʦʧʪʠʤʘʣʴʥʳʭ ʤʝʪʦʜʦʚ ʘʥʘʣʠʟʘ, ʩʠʥʪʝʟʘ ʠ ʨʘʩʯʝʪʘ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʉɺʏ, ʪʘʢ ʢʘʢ ʠʤʝʥʥʦ ʵʪʠ ʫʩʪʨʦʡʩʪʚʘ ʚʦʩʪʨʝʙʦʚʘʥʳ ʚ ʩʠʩʪʝʤʘʭ 

ʧʨʦʪʠʚʦʚʦʟʜʫʰʥʦʡ ʦʙʦʨʦʥʳ, ʘʚʠʘʮʠʠ ʠ ʟʝʥʠʪʥʦ-ʨʘʢʝʪʥʳʭ ʢʦʤʧʣʝʢʩʘʭ. 

ʉʦʯʝʪʘʥʠʝ ʧʨʠʢʣʘʜʥʳʭ ʧʨʦʛʨʘʤʤ MATLAB ʠ Lab VIEW ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ 

ʩʦʢʨʘʪʠʪʴ ʚʨʝʤʷ ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ ɺɸʍ ʠ ɺʂʍ, ʘ ʪʘʢʞʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʧʨʦʠʟʚʦʜʥʳʝ ʦʪ ʵʪʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʳ ʧʨʠ ʦʮʝʥʢʝ ʚʳʙʦʨʘ 

ʜʣʷ ʦʛʨʘʥʠʯʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʯʣʝʥʦʚ ʨʷʜʘ. 

         ɿʘʢʣʶʯʝʥʠʝ. ʇʨʝʜʣʦʞʝʥʥʘʷ ʤʝʪʦʜʠʢʘ ʘʥʘʣʠʟʘ, ʩʠʥʪʝʟʘ ʠ ʨʘʩʯʝʪʘ ʉɺʏ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʩʫʱʝʩʪʚʝʥʥʦ ʫʧʨʦʱʘʝʪ 

ʨʝʰʝʥʠʝ ʥʝʣʠʥʝʡʥʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʩ ʧʝʨʝʤʝʥʥʳʤʠ 

ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʜʣʷ ʣʶʙʦʛʦ ʥʝʣʠʥʝʡʥʦʛʦ ʵʣʝʤʝʥʪʘ ʩ ʧʨʦʠʟʚʦʣʴʥʳʤʠ ɺɸʍ ʠ 

ɺʂʍ, ʘ ʪʘʢʞʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʩʥʷʪʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʧʨʘʢʪʠʯʝʩʢʠ 

ʦʙʝʩʧʝʯʠʚʘʷ ʧʦʛʨʝʰʥʦʩʪʴ ʨʘʩʯʝʪʦʚ ʜʦ 6Ϸ. 
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A GRAPHOANALYTICAL METHOD FOR ANALYZING THE  

PARAMETRIC CONVERTERS OF UHF  

M.S. Azoyan 

      The considered circuits of parametric converters belong to linear and nonlinear radio 

engineering circuits with variable parameters. The mathematical problems arising at the 

analysis of such schemes was first formulated by Euler in 1772, examining the equations of 

motion of the Moon and proposed methods for solving them. Since then, these problems have 

been the object of study of many researchers, including Lyapunov, Hill, Mathieu, Krylov, Taft, 

Van der Pol and others. The problems of parametric excitation of oscillations in electrical 

engineering arose for first time in 1907, thanks to the theoretical works of Poincare, and in 

the1930s-thanks to the works of an entire school of scientists, to which Mandelstam Papaleksi, 

Andronov, Migulin and others belong. The merit of this school is that they were the first to 

show the possibility of amplification and generation of electrical signals, developed the theory 

of parametric resonance confirmed by numerous experiments, including also in the radio 

frequency range. In the 1950s, in connection with the rapid development of semiconductor 

devices and the simplicity of electrical control of their parameters with frequencies up to the 

UFH, the works in the theory and application of parametric amplifiers and converters with 

controlled reactivity reached the top of development. It is known that at analyzing the 

parametric converters of UHF, it is necessary to determine the Fourier components for non-

linear functions of charge q (u) and current i (u) approximating the volt-coulomb and current-

voltage characteristics (WSS and CVC) of the active element. The calculation of integrals, 

even at an impact of a dual frequency signal on a non-linear element is connected with certain 

difficulties. From an engineering point of view, a graphical-analytical method of analysis 

acceptable for any nonlinear active element of arbitrary characteristics is prposed. As a result, 

the calculation error is about 5%, which is acceptable from a practical point of view for the 

analysis and synthesis of parametric converters of UHF.  

      Keywords: approximation, parametric, divider, multiplier, pump, volt-ampere, and volt-

coulomb characteristics. 
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A NEW METHOD FOR OPTICAL SPECTROSCOPY  
 

T.S. Hovhannisyan 
 

National Polytechnic University of Armenia 
 

New possibilities of contactless optical spectroscopy for the purpose of remote 

identification and quantitative analysis of substances in the optically transparent environment 

are studied. The detection and assessment of hazardous substances is one of the important 

aspects of this study. The development of a primary sensor, allowing to provide a spectral 

analysis of electromagnetic waves emitted from the object is of utmost importance today. 

Currently, such spectral distribution of electromagnetic radiation is obtained, using light filters, 

prisms with high precision mechanical devices and diffraction grids. The spectrophotometric 

systems using the listed methods and available in the market are limited in the flexibility of 

adding new features. They require additional devices and modifications of external computer 

software. These factors are making them expensive and limit their usage in various fields. A 

new model of portable photosensor based on double-barrier, vertically placed silicon structure 

has been developed. It offers capabilities of high accuracy spectral analysis. Different 

penetration depths of individual waves of radiation provide different degrees of 

photoconductivity and allow to carry out the selection of individual waves with the help of the 

developed algorithm. By changing the voltage applied to the photosensor, it makes it possible 

to register a separate absorbed wavelength and its intensity, thus obtaining information on 

spectral distribution of intensities of waves. The model has been tested on the experimental 

samples of Ag-p-Si-n-Si. The intensity distribution spectrum of red LED and the green laser 

have been received using the quantitative data of lightôs current-voltage characteristics. Small 

dark currents (several dozens of pA) allow to register signals of low intensity.  The results of 

this research open up new possibilities in the sphere of portable semiconductor 

spectrophotometers. It is possible to create a new type able to solve photocurrent analysis 

problems, be easily integrated in general and multipurpose systems such as monitoring of food, 

water, drugs, etc, solve security issues. 

Keywords: spectrum distribution, photosensor, photocurrent, optical spectroscopy, 

radiation intensity. 

 

 Introduction. The remote spectrophotometric sensors are of special interest today. 

They provide the necessary information on the composition of the medium under 

study, solve the important identification problems from the security standpoint [1-3].   

    In the available methods of spectral analysis, the spectral distribution of 

electromagnetic radiation is obtained by light filters, a prism, a diffraction grating and 

high accuracy mechanical devices [4-6]. Such spectrophotometric systems are not 

multi-purpose and require additional devices and an external software support for the 

fulfillment of every new function. As a result, they are rather expensive and are not 

quite fit to be used in the field conditions. The effective solution to the above-stated 

problems is the development of such a semiconductor structure in which the electronic 

processes will provide high accuracy spectral analysis of the electromagnetic 

radiation. There is research done in the area of multicolored photoreceivers [7-15] in 
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which multilayer structures or a cascade chain of active layers with different base 

thicknesses are used. In such photoreceivers, different penetration depths of individual 

waves of the radiation provide different degrees of photoconductivity. The 

mathematical modeling of the measurement results provides information on the 

spectral distribution of the intensity. The present research offers possibilities of the 

high accuracy spectral analysis with the help of the electronic processes in the n
+
 - p - 

n
+
 structure. 

      The Object of the Study. The investigated structure is a silicon structure and can 

be made in the technological cycle of the creation of the integrated circuit. It is a n
+
 - p 

- n
+
 structure (Fig. 1). The p-base is occupied by the depleted layers of two barriers 

(Fig. 1). The current is the difference of the currents of the two oppositely directed 

potential barriers. The position of the point of contact of the depleted layers xm (Fig. 1) 

depends on the polarity of the external voltage and is moved to the surface of the 

forward biased n
+
 - p junction (ohmic contact). The electromagnetic radiation is 

absorbed by the left ohmic contact (Fig. 1). The registration area of radiation is the 

depleted layers. At the presence of voltage, the reverse biased n
+
 - p junction is 

dominating and its depleted layer becomes wider. In the meantime, the depleted layer 

of the forward biased junction becomes thinner. As a result, the current is mainly 

conditioned by the reverse biased p - n
+
 junction. The waves have different penetration 

depths according to their lengths and intensities. 

 

 

 

 

 

 

 

 

 

 

Fig. 1. The n
+
-p- n

+  
structure and the directions of currents in it 

      Since the shift of xm towards the surface (towards ñ0ò in the Fig. 1) widens the 

range of the current generation, different waves get involved in it in turn. The thin p+ 

layer of the left surface with high conductivity can be neglected, the ñ0ò point can be 

taken as the surface, and the voltage drop on it can be neglected. This allows to 

measure the photocurrent which contains information on the wavelengths, and, their 

intensities. That information can be obtained by a relevant algorithm. For the 

development of that algorithm, it is necessary to find the connection between xm, 
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voltage V, absorption coefficient Ŭ and intensity F. Taking into account the fact, that 

the base is covered by the depleted regions of both barriers, we determine the 

distribution of the potential in the spatial charge region of the double-barrier structure 

(Fig. 2). For that, we solve the Poisson equation which connects the field potential 

)(xV with the volume density of the charges creating that field:                         

 

 
 
 

In the Poisson equation, we pass from the potential )x(V onto the potential 

energy of electrons )x(j , ( )x(j = - )x(qV ). Since ,qNa=r we obtain: 
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where aN  ï is the concentration of acceptor impurities, e- the relative dielectric per-

meability of the substance, 0eï the dielectric permeability of the vacuum,q  ï the 

electron charge. 

     The boundary conditions for the given equation are 
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     Taking into account the boundary conditions, we integrate equation (2) and obtain:
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     It is possible to find the dependences mx  and mxd- on the external voltage: 
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Fig. 2. The change in energy levels under the external voltage 

 

      

With the help of (5), we can determine the modulation depths of the depleted 

layers, and the position ofmx . With the help of, 1m2mm xxx -=D , we can determine 

the wavelength and the intensity of the absorbing radiation. For that, we first 

determine the total photocurrent flowing through the structure. 

In the investigated photodetectors, the photocurrent has diffusion and drift 

components. To determine the diffusion photocurrent, it is necessary to find the pn 

density of minority charge carriers ï holes in the n - semiconductor. For that, the 

following one dimensional diffusion equation is solved [16]: 

 
                                                                                                                       (6) 

 

where ppp DL t=  is the diffusion length of acceptors in the n
+
-region, 

x
0 eF)x(G aa-=  ï the generation rate of electron-hole pairs, F0- the total flux of 

incident photons, a- the absorption coefficient of electromagnetic radiation, Dp - the 

diffusion coefficient of acceptors in the n
+
-region,  pt  the lifetime of  excess charge 

carrier ï acceptors and pn0 - the equilibrium density of acceptors in the n-region. 

The solution of equation (6) under the boundary conditions pn = pn0 at ʭ = Ð and 

pn= 0 at ʭ = d   (pn ï the concentration of minority charge carriers in the rear n
+
-region) 

is: 
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In paper [17], we obtained the expressions for the drift currents generated in the 

base of such structures: 
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whereais the absorption coefficient of the electromagnetic radiation, S - the 

photosensitive area and nhS/)R1(PF opt0 -= - the total flux of incident photons per 

unit area. Popt- the radiation power, R - the reflection coefficient, h ï the Planck 

constant, n - the frequency of the electromagnetic radiation and q - the electron charge. 

Taking into consideration (8), (9) and (7), the expression for the total current 

flowing through the structure will be: 
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At normal functioning, the term that contains np0 is much smaller than the first 

term. Thus, it may be neglected, and the expression (10) will be: 
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When irradiated by the integral flux (e.g. of the Sun), expression (11) for the 

photocurrent will be: 
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where (i = 1,2,3, é) changes in the integral flux with the change of the emission 

wavelength, and (j = 1,2,3, é) changes with the change of bias voltage, F0(li) is the 

total flux of incident photons with the wavelength li. Since the width of the n ï region 

in formula (11) was less than Lp, the value of Lp in formula (12) was replaced by W 

(Fig. 1). With the help of the algorithm introduced below, it is possible to register a 

separate wavelength ɚi and its intensity by changing voltage æV, thus obtaining the 

spectral dependence for wave intensities. 

Let us consider some peculiarities of the detection of separate waves in the 

integral flux of radiation with the help of the structure, containing oppositely directed 

potential barriers, and find out the possibilities of the detection of the required 

wavelength and its intensity under the conditions of the wave absorption and the wave 

emission (fluorescence) by the object. 

In the research, we used the AM0 spectral distribution in Si, of radiation of LED 

(L-813SRC-J4) with a dominant wavelength 660 nm and the laser with the radiation 

wavelength of 530 nm. Since with the increase of the bias voltage, the registration 

region of the rear barrier widens towards the surface [17, 18], it allows us to carry out 

the sequential registration of the waves from the depth to the surface. 

Results of the Experiment: the determination of spectral composition of the 

integral flux of electromagnetic radiation and the definition of its change. The wave 

intensities of radiation are equally reduced so that the absorption depth corresponds to 

= 
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the width of the registering environment (~ 4é6 ɛm). The photocurrent corresponding 

to the biggest possible value of x is conditioned by the most deeply penetrated wave. 

Under these conditions, the process of selecting separate waves and their intensities 

from the integral flux of radiation consists in the following. Assume that the 

informative signal is the photocurrent. We have the biggest values xm1 and xm2 of xm 

corresponding to the change of bias voltage 1mV, and the relevant photocurrents I1 

and I2. They are obtained only from the absorption of the most deeply penetrated wave 

ɚi. With the help of these photocurrents, from Lambertôs law on radiation absorption in 

the homogeneous environment, we will have the coefficient of wave absorption: 

                                                                                                                           
                                                                                                   (13) 

where 1m2m xxx -=D . 

With the help of                      and [18], using the corresponding program, we can 

determine the length of the wave for the initial material of the photodetector, e.g. 

silicon. By means of the formula for the photocurrent (12), we will obtain the 

intensities of separate waves in the absorbed radiation:  

 
              (14) 

 

 
With the help of (5), (13) and (14), we determine the absorption coefficient of the 

most deeply penetrated wave, the wavelength and the intensity of the wave. Then, 

with the help of expression (12), considering the absorption surface, we form the 

dependence I1 = f(V)  and subtract it from the experimental dependence I= = f(V) of 

the summed current. As a result, we obtain a new dependence of the summed 

photocurrent on V, without the dependence I1 = f(V). By means of relevant software, 

this method helps us determine the lengths and the intensities of all the waves in the 

radiation. 

The experiments were carried out on the n
+
 - p - n

+ 
structure. The spectral region 

of the monochromator is from 300 nm up to 1150 nm. Based on these parameters, the 

design height of the rear barrier was űʢ=0.89 eV, and the distance of the Fermi level 

from the valence band top of the p-epitaxial layer was EF-EV=0.29eV (Fig. 3).  

The height of the silicide Schottky barrier (p-silicon with Ag) was 0.54 eV [16], 

and, consequently, the height of the surface barrier was űc= 0,25 eV. The 

photocurrents of the two oppositely directed barriers are oppositely directed, and they 

compensate each other, depending on the applied voltage. It is noticeable in the 

relative spectral characteristics (Fig. 4). 

The figure shows the mirror image of the longwave photocurrent. In the absence 

of the bias voltage (Fig. 4, curve 1), the spectral photocurrent is mainly conditioned by 

the surface potential barrier, which creates a short-wave peak.  
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Fig. 3. The energy band diagram of the structure 

 

 

 

 
Fig. 4. The spectral distribution of the photovoltage on the load resistor of 0.5 MOhm 

 

      

The long-wave peak has small height and is conditioned by the rear barrier, 

which is located at the depth of 6 µm from the illuminated surface. When the bias 

voltage is "+" on the Schottky contact, the surface barrier is shifted in the reverse 

direction, and the barrier of the p-n junction is shifted in the forward direction, which 

increases the photocurrent of the first barrier (Fig. 4, curve 2). When the bias voltage 

sign is ñ-ò, the rear barrier is shifted in the reverse direction and the spectral 

photocurrent conditioned by it increases (Fig. 4, curve 3), and the long-wave peak 

becomes more noticeable. Such mutual compensation of photocurrents of both barriers 

is connected with the change in the width of the wave registration region. 
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Thus, at different voltages, different waves penetrate into the registration region 

of the rear barrier. These waves determined by the corresponding change of the 

photocurrent. During the experiment, for determining the spectral distribution of the 

intensity of the absorbed radiation, the L-813SRC-J4  LEDs and laser beam 

(wavelength of 530 nm) were used. 

     With the help of (13) and (14), the current-voltage characteristic data in the dark 

and under illumination, and the developed algorithm [19], we modelled the process of 

receiving of the spectral distribution of the radiation intensity. As a result, the received 

spectral curve (Fig. 5) is close to the certified curve of the LED.  

 
    Fig. 5. The spectral distribution of radiation intensity 

 

     Conclusion. In the new model of the portable photosensor, different absorption 

depths of electromagnetic waves in the developed silicon photodetector are used to 

create an algorithm for the determination of the wavelength and its intensity. The 

results of the testing of the algorithm on the experimental samples open up new 

possibilities for the creation of a new type of portable semiconductor 

spectrophotometer. 
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ʅʆɺʓʁ ʄɽʊʆɼ ʆʇʊʀʏɽʉʂʆʁ ʉʇɽʂʊʈʆʉʂʆʇʀʀ 

ʊ.ʉ. ʆʚʘʥʥʠʩʷʥ 

ʀʟʫʯʝʥʳ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʙʝʩʢʦʥʪʘʢʪʥʦʡ ʦʧʪʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩ ʮʝʣʴʶ 

ʫʜʘʣʝʥʥʦʡ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʚʝʱʝʩʪʚ ʚ ʦʧʪʠʯʝʩʢʦʡ ʧʨʦʟʨʘʯʥʦʡ 

ʩʨʝʜʝ. ʆʙʥʘʨʫʞʝʥʠʝ ʠ ʦʮʝʥʢʘ ʦʧʘʩʥʳʭ ʚʝʱʝʩʪʚ - ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʝ ʘʩʧʝʢʪʳ ʵʪʦʛʦ 

ʠʩʩʣʝʜʦʚʘʥʠʷ. ʉʝʛʦʜʥʷ ʨʘʟʨʘʙʦʪʢʘ ʦʩʥʦʚʥʦʛʦ ʜʘʪʯʠʢʘ, ʧʦʟʚʦʣʷʶʱʝʛʦ ʦʙʝʩʧʝʯʠʪʴ 

ʩʧʝʢʪʨʘʣʴʥʳʡ ʘʥʘʣʠʟ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ, ʠʟʣʫʯʘʝʤʳʭ ʦʪ ʦʙʲʝʢʪʘ, ʠʤʝʝʪ ʚʘʞʥʦʝ 

ʟʥʘʯʝʥʠʝ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʪʘʢʦʝ ʩʧʝʢʪʨʘʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʧʦʣʫʯʘʶʪ, ʠʩʧʦʣʴʟʫʷ ʩʚʝʪʦʬʠʣʴʪʨʳ, ʧʨʠʟʤʳ ʚʤʝʩʪʝ ʩ ʤʝʭʘʥʠʯʝʩʢʠʤʠ 

ʫʩʪʨʦʡʩʪʚʘʤʠ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʠ ʠ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʨʝʰʝʪʢʠ. ʉʧʝʢʪʨʦʬʦʪʦʤʝʪʨʠʯʝʩʢʠʝ 

ʩʠʩʪʝʤʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ, ʙʫʜʫʯʠ ʜʦʩʪʫʧʥʳʤʠ ʥʘ ʨʳʥʢʝ, 

ʦʛʨʘʥʠʯʝʥʳ ʚ ʛʠʙʢʦʩʪʠ ʜʦʙʘʚʣʝʥʠʷ ʥʦʚʳʭ ʦʧʮʠʡ. ʆʥʠ ʪʨʝʙʫʶʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʫʩʪʨʦʡʩʪʚ ʠ ʤʦʜʠʬʠʢʘʮʠʡ ʚʥʝʰʥʝʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ. ʕʪʠ ʬʘʢʪʦʨʳ ʜʝʣʘʶʪ ʠʭ 

ʜʦʨʦʛʠʤʠ ʠ ʦʛʨʘʥʠʯʠʚʘʶʪ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʨʘʟʥʳʭ ʦʙʣʘʩʪʷʭ. ʈʘʟʨʘʙʦʪʘʥʘ ʥʦʚʘʷ 

ʤʦʜʝʣʴ ʧʦʨʪʘʪʠʚʥʦʛʦ ʬʦʪʦʜʘʪʯʠʢʘ ʩ ʚʝʨʪʠʢʘʣʴʥʦ ʨʘʟʤʝʱʝʥʥʦʡ ʢʨʝʤʥʠʝʚʦʡ ʩʪʨʫʢʪʫʨʦʡ ʩ 

ʜʚʦʡʥʳʤʠ ʙʘʨʴʝʨʘʤʠ. ʆʥʘ ʠʤʝʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʠ.      

ʈʘʟʣʠʯʥʳʝ ʛʣʫʙʠʥʳ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʦʪʜʝʣʴʥʳʭ ʚʦʣʥ ʠʟʣʫʯʝʥʠʷ ʦʙʝʩʧʝʯʠʚʘʶʪ ʨʘʟʣʠʯʥʳʝ 

ʩʪʝʧʝʥʠ ʬʦʪʦʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʧʦʟʚʦʣʷʶʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʚʳʙʦʨ ʦʪʜʝʣʴʥʳʭ ʚʦʣʥ ʩ 

ʧʦʤʦʱʴʶ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ. ʕʪʦ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʦʪʜʝʣʴʥʫʶ 

ʧʦʛʣʦʱʝʥʥʫʶ ʜʣʠʥʫ ʚʦʣʥʳ ʠ ʝʝ ʠʥʪʝʥʩʠʚʥʦʩʪʴ, ʧʦʣʫʯʘʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ ʩʧʝʢʪʨʘʣʴʥʦʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚʦʣʥ ʧʫʪʝʤ ʠʟʤʝʥʝʥʠʷ ʥʘʧʨʷʞʝʥʠʷ, ʧʦʜʘʚʘʝʤʦʛʦ ʥʘ 

ʬʦʪʦʜʘʪʯʠʢ. ʄʦʜʝʣʴ ʧʨʦʚʝʨʝʥʘ ʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʙʨʘʟʮʘʭ Ag-ʨ-Si-N-Si. 

ʉʧʝʢʪʨʘʣʴʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʢʨʘʩʥʦʛʦ ʩʚʝʪʦʜʠʦʜʘ ʠ ʟʝʣʝʥʦʛʦ ʣʘʟʝʨʘ 

ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʣʠʯʝʩʪʚʝʥʥʳʭ ʜʘʥʥʳʭ ʩʚʝʪʦʚʳʭ ʚʦʣʴʪ-ʘʤʧʝʨʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʄʘʣʝʥʴʢʠʝ ʪʝʤʥʳʝ ʪʦʢʠ (ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʢʦʚ ʧɸ) ʧʦʟʚʦʣʷʶʪ ʨʝʛʠʩʪʨʠ-

ʨʦʚʘʪʴ ʩʠʛʥʘʣʳ ʥʠʟʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʪʢʨʳʚʘʶʪ ʥʦʚʳʝ 

ʚʦʟʤʦʞʥʦʩʪʠ ʚ ʩʬʝʨʝ ʧʦʨʪʘʪʠʚʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʦʚ. ɺʦʟʤʦʞʥʦ 

ʩʦʟʜʘʥʠʝ ʥʦʚʦʛʦ ʧʨʠʙʦʨʘ, ʩʧʦʩʦʙʥʦʛʦ ʨʝʰʘʪʴ ʧʨʦʙʣʝʤʳ ʘʥʘʣʠʟʘ ʬʦʪʦʪʦʢʘ ʠ ʙʳʪʴ ʣʝʛʢʦ 

ʠʥʪʝʛʨʠʨʦʚʘʥʥʳʤ ʚ ʦʙʱʠʭ ʠ ʤʥʦʛʦʮʝʣʝʚʳʭ ʩʠʩʪʝʤʘʭ ʤʦʥʠʪʦʨʠʥʛʘ, ʪʘʢʠʭ ʢʘʢ ʠʥʩʧʝʢʮʠʷ 

ʝʜʳ, ʚʦʜʳ, ʣʝʢʘʨʩʪʚ ʠ ʪ.ʜ., ʘ ʪʘʢʞʝ ʨʝʰʘʪʴ ʚʦʧʨʦʩʳ ʦʙʝʩʧʝʯʝʥʠʷ ʙʝʟʦʧʘʩʥʦʩʪʠ. 

     ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʧʝʢʪʨʘ, ʬʦʪʦʜʘʪʯʠʢ, ʬʦʪʦʪʦʢ, ʦʧʪʠʯʝʩʢʘʷ 

ʩʧʝʢʪʨʦʩʢʦʧʠʷ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ. 
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ɸ.ɸ. ɸʚʝʪʠʩʷʥ 

ʅʘʮʠʦʥʘʣʴʥʳʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ɸʨʤʝʥʠʠ 
 

ʈʘʩʩʤʦʪʨʝʥʳ ʦʙʱʠʝ ʧʨʠʥʮʠʧʳ ʨʘʙʦʪʳ  ʠ ʧʨʝʠʤʫʱʝʩʪʚʘ ʧʨʠʤʝʥʝʥʠʷ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʄʘʭʘ-ʎʝʥʜʝʨʘ ʚ ʢʘʯʝʩʪʚʝ ʩʤʝʩʠʪʝʣʷ ʩʫʧʝʨʛʝʪʝʨʦʜʠʥʥʦʛʦ ʧʨʠʝʤʥʠʢʘ ʚ 

ʪʝʨʘʛʝʨʮʦʚʦʤ ʜʠʘʧʘʟʦʥʝ. ʏʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʩʫʱʝʩʪʚʫʶʱʠʭ ʧʨʠʝʤʥʠʢʦʚ ʪʝʨʘʛʝʨʮʦʚʦʛʦ 

ʜʠʘʧʘʟʦʥʘ ʩʫʱʝʩʪʚʝʥʥʦ ʥʠʞʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ ʧʨʠʝʤʥʠʢʦʚ 

ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʠ ʨʘʜʠʦʜʠʘʧʘʟʦʥʦʚ. ʈʝʰʝʥʠʝ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʚʘʞʥʳʭ ʟʘʜʘʯ, ʪʘʢʠʭ 

ʢʘʢ ʨʘʜʠʦʘʩʪʨʦʥʦʤʠʯʝʩʢʠʝ ʥʘʙʣʶʜʝʥʠʷ, ʜʠʘʛʥʦʩʪʠʢʘ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʣʘʟʤʳ, 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʘʪʤʦʩʬʝʨʳ ɿʝʤʣʠ, ʨʘʜʠʦʣʦʢʘʮʠʷ ʠ ʪ.ʜ., ʚʦ ʤʥʦʛʦʤ ʩʚʷʟʘʥʦ ʩ 

ʠʩʩʣʝʜʦʚʘʥʠʝʤ ʠʟʣʫʯʝʥʠʷ ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ. ɺ ʩʘʥʪʠʤʝʪʨʦʚʦʤ ʜʠʘʧʘʟʦʥʝ 

ʣʫʯʰʠʤʠ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʷʚʣʷʶʪʩʷ ʧʨʠʝʤʥʠʢʠ ʧʨʷʤʦʛʦ ʫʩʠʣʝʥʠʷ ʥʘ ʪʨʘʥʟʠʩʪʦʨʘʭ, 

ʘ ʚ ʠʥʬʨʘʢʨʘʩʥʦʤ ʜʠʘʧʘʟʦʥʝ ʨʝʢʦʨʜʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʤʝʶʪ ʢʚʘʥʪʦʚʳʝ 

ʬʦʪʦʧʨʠʝʤʥʠʢʠ ʥʘ ʦʩʥʦʚʝ ʣʝʛʠʨʦʚʘʥʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ. ɺ ʢʦʨʦʪʢʦʚʦʣʥʦʚʦʡ  ʯʘʩʪʠ  

ʤʠʣʣʠʤʝʪʨʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ ʧʦʪʝʨʠ  ʚ  ʪʨʘʢʪʝ  ʩʚʝʨʭʚʳʩʦʢʠʭ ʯʘʩʪʦʪ (ʉɺʏ)  ʚʥʦʩʷʪ  

ʟʘʤʝʪʥʳʡ  ʚʢʣʘʜ  ʚ  ʰʫʤʦʚʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʠʝʤʥʠʢʘ, ʚ ʩʚʷʟʠ ʩ ʯʝʤ ʨʘʟʨʘʙʦʪʢʝ  

ʫʩʪʨʦʡʩʪʚ ʜʣʷ  ʩʣʦʞʝʥʠʷ  ʤʦʱʥʦʩʪʠ  ʩʠʛʥʘʣʘ  ʠ  ʛʝʪʝʨʦʜʠʥʘ ʫʜʝʣʷʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ 

ʚʥʠʤʘʥʠʝ. ʆʜʥʘʢʦ ʥʘ ʯʘʩʪʦʪʘʭ ʚʳʰʝ 1 ʊɻʮ ʠʭ ʰʫʤʦʚʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʨʝʟʢʦ ʨʘʩʪʝʪ. 

ʉʤʝʩʠʪʝʣʠ ʥʘ ʦʩʥʦʚʝ ʜʠʦʜʦʚ ʩ ʙʘʨʴʝʨʦʤ ʐʦʪʪʢʠ ʨʘʙʦʪʘʶʪ ʚ ʪʝʨʘʛʝʨʮʦʚʦʤ ʜʠʘʧʘʟʦʥʝ, ʥʦ 

ʠʭ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʯʘʩʪʦ ʙʳʚʘʝʪ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠʤʝʥʝʥʠʡ, ʘ 

ʪʨʝʙʫʝʤʫʶ ʙʦʣʴʰʫʶ ʤʦʱʥʦʩʪʴ ʛʝʪʝʨʦʜʠʥʘ ʚ ʢʦʨʦʪʢʦʚʦʣʥʦʚʦʡ ʯʘʩʪʠ ʵʪʦʛʦ ʜʠʘʧʘʟʦʥʘ 

ʪʨʫʜʥʦ ʨʝʘʣʠʟʦʚʘʪʴ ʜʘʞʝ ʚ ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʙʣʝʤʘ 

ʧʨʘʢʪʠʯʝʩʢʦʡ ʨʝʘʣʠʟʘʮʠʠ ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʠ ʰʠʨʦʢʦʧʦʣʦʩʥʳʭ ʧʨʠʝʤʥʠʢʦʚ ʚ 

ʪʝʨʘʛʝʨʮʦʚʦʤ ʜʠʘʧʘʟʦʥʝ ʥʝʨʘʟʨʳʚʥʦ ʩʚʷʟʘʥʘ ʩ ʧʦʠʩʢʦʤ ʥʦʚʳʭ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ 

ʤʝʭʘʥʠʟʤʦʚ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʯʘʩʪʦʪʳ. ʆʜʥʠʤ ʥʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʚ ʵʪʦʡ 

ʦʙʣʘʩʪʠ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ  ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʯʝʩʢʠʭ ʩʠʩʪʝʤ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ 

ʠʩʩʣʝʜʫʝʪʩʷ ʨʘʙʦʪʘ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʄʘʭʘïʎʝʥʜʝʨʘ, ʚʳʧʦʣʥʝʥʥʦʛʦ ʥʘ ʦʩʥʦʚʝ 

ʢʚʘʜʨʘʪʥʦʛʦ ʤʝʪʘʣʣʦʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʚʦʣʥʦʚʦʜʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʦʪʣʠʯʠʝ  ʦʪ  

ʪʨʘʜʠʮʠʦʥʥʳʭ  ʩʭʝʤ,  ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʙʦʪʳ  ʢʦʪʦʨʳʭ  ʟʘʚʠʩʠʪ  ʦʪ  ʠʜʝʥʪʠʯʥʦʩʪʠ  ʜʚʫʭ  

ʩʤʝʩʠʪʝʣʴʥʳʭ ʜʠʦʜʦʚ,  ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʚʳʩʦʢʘʷ  ʩʪʝʧʝʥʴ  ʧʦʜʘʚʣʝʥʠʷ ʰʫʤʦʚ  ʛʝʪʝʨʦʜʠʥʘ 

ʜʦʩʪʠʛʘʝʪʩʷ  ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ  ʪʦʣʴʢʦ ʦʜʥʦʛʦ  ʩʤʝʩʠʪʝʣʴʥʦʛʦ  ʜʠʦʜʘ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ 

ʢʦʵʬʬʠʮʠʝʥʪ ʰʫʤʘ ʨʘʜʠʦʧʨʠʸʤʥʠʢʘ ʧʨʠʥʠʤʘʝʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʦʝ ʟʥʘʯʝʥʠʝ. 

ʇʦʜʦʙʥʳʡ ʧʦʜʭʦʜ, ʦʩʦʙʝʥʥʦ ʚ ʪʝʨʘʛʝʨʮʦʚʦʤ ʜʠʘʧʘʟʦʥʝ, ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʠ 

ʥʝʟʘʚʠʩʠʤʳʤ.    

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʝʨʘʛʝʨʮʦʚʳʡ ʜʠʘʧʘʟʦʥ, ʩʤʝʩʠʪʝʣʠ ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ, 

ʚʦʣʥʦʚʦʜʳ, ʤʝʪʘʣʣʦʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʚʦʣʥʦʚʦʜʳ,  ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʄʘʭʘïʎʝʥʜʝʨʘ. 
 

ɺʚʝʜʝʥʠʝ. ʊʝʨʘʛʝʨʮʦʚʳʡ ʜʠʘʧʘʟʦʥ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ 

ʠʟ ʥʘʠʤʝʥʝʝ ʦʩʚʦʝʥʥʳʭ [1]. ʕʪʦ ʩʚʷʟʘʥʦ, ʚ ʦʩʥʦʚʥʦʤ, ʩ ʪʝʤ, ʯʪʦ ʚ ʵʪʦʡ  ʦʙʣʘʩʪʠ 

ʥʝʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʨʘʙʦʪʘʶʪ ʢʘʢ ʨʘʜʠʦʬʠʟʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʩʦ ʩʪʦʨʦʥʳ ʙʦʣʝʝ 
ʜʣʠʥʥʳʭ ʚʦʣʥ, ʪʘʢ ʠ ʦʧʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʩʦ ʩʪʦʨʦʥʳ ʙʦʣʝʝ ʢʦʨʦʪʢʠʭ ʚʦʣʥ.  ɺ  

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʙʦʣʴʰʠʥʩʪʚʦ ʨʘʜʠʦʪʝʭʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʠʩʧʦʣʴʟʫʶʪ 
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ʨʘʜʠʦʧʨʠʝʤʥʳʝ ʫʩʪʨʦʡʩʪʚʘ ʩʫʧʝʨʛʝʪʝʨʦʜʠʥʥʦʛʦ  ʪʠʧʘ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʙʘʣʘʥʩʥʳʭ 

ʩʤʝʩʠʪʝʣʝʡ, ʯʪʦ  ʦʙʫʩʣʦʚʣʝʥʦ  ʠʭ  ʚʳʩʦʢʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ  ʠ  

ʠʟʙʠʨʘʪʝʣʴʥʦʩʪʴʶ  ʧʦ  ʩʦʩʝʜʥʝʤʫ  ʢʘʥʘʣʫ [2]. ʈʘʙʦʪʘ ʩʤʝʩʠʪʝʣʷ ʧʨʝʜʧʦʣʘʛʘʝʪ 

ʦʜʥʦʚʨʝʤʝʥʥʫʶ ʧʦʜʘʯʫ ʧʨʠʥʷʪʦʛʦ ʩʠʛʥʘʣʘ ʠ ʢʦʣʝʙʘʥʠʷ ʛʝʪʝʨʦʜʠʥʘ [3] ʧʦ 

ʦʜʥʦʤʫ ʠ ʪʦʤʫ ʞʝ ʢʘʥʘʣʫ, ʚ ʢʦʪʦʨʦʤ ʫʩʪʘʥʦʚʣʝʥ ʥʝʣʠʥʝʡʥʳʡ ʵʣʝʤʝʥʪ, ʚ ʥʘʰʝʤ 

ʩʣʫʯʘʝ - ʜʠʦʜ(ʳ). 

        ʉʣʦʞʝʥʠʝ ʤʦʱʥʦʩʪʠ ʩʠʛʥʘʣʘ ʠ ʛʝʪʝʨʦʜʠʥʘ ʚ ʪʝʨʘʛʝʨʮʦʚʳʭ 

ʩʫʧʝʨʛʝʪʝʨʦʜʠʥʥʳʭ ʧʨʠʝʤʥʠʢʘʭ.  ɺ ʧʨʦʩʪʝʡʰʝʤ  ʩʣʫʯʘʝ ʫʩʪʨʦʡʩʪʚʦ ʤʦʞʝʪ 

ʙʳʪʴ  ʚʳʧʦʣʥʝʥʦ ʥʘ ʦʩʥʦʚʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʜʝʣʠʪʝʣʷ ʣʫʯʘ (ʨʠʩ. 1).  

 

 

 

 

 

 

 

 

 

 

 

 

ʇʦʜʦʙʥʦʝ  ʫʩʪʨʦʡʩʪʚʦ  ʨʘʙʦʪʘʝʪ  ʚ  ʰʠʨʦʢʦʡ  ʧʦʣʦʩʝ  ʯʘʩʪʦʪ (ʦʢʦʣʦ 60%),  

ʥʦ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ  ʟʥʘʯʠʪʝʣʴʥʳʤʠ  ʧʦʪʝʨʷʤʠ ʤʦʱʥʦʩʪʠ  ʛʝʪʝʨʦʜʠʥʘ [3]: 

( )( )
ʜʩʩ hhh 21lg10 +-=  ʜɹ,                      (1) 

ʛʜʝ ʛh ʩh ʜh  - ʧʦʪʝʨʠ ɉɋɘɋɖɔɊɎɓɆ, ɗɎɉɓɆɑɆ Ɏ ɊɋɑɎɘɋɑ.̫  

ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʤʘʣʳʝ  ʧʦʪʝʨʠ  ʚ  ʢʘʥʘʣʝ  ʩʠʛʥʘʣʘ, 

ʩʦʢʨʘʪʠʪʴ ʧʦʪʝʨʠ ʤʦʱʥʦʩʪʠ ʩʠʛʥʘʣʘ 25,0¢ʛh ʜɹ,  ʧʦʪʝʨʠ ʚ ʢʘʥʘʣʝ ʛʝʪʝʨʦʜʠʥʘ 

ʜʦʣʞʥʳ ʜʦʩʪʠʯɹ  ʚʝʣʠʯʠʥʳ 16 ʜɹ. 
      ʀʥʪʝʨʬʝʨʦʤʝʪʨ ʄʘʭʘ-ʎʝʥʜʝʨʘ. ȭʥʘʯʠʪʝʣʴʥʳʡ  ʠʥʪʝʨʝʩ  ʧʨʝʜʩʪʘʚʣʷʝʪ  

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʯʝʩʢʦʡ  ʩʭʝʤʳ  ʩʣʦʞʝʥʠʷ,  ʢʦʪʦʨʘʷ  ʧʨʝʜʣʦʞʝʥʘ 

ʠ ʠʩʩʣʝʜʦʚʘʥʘ ʜʣʷ ʩʫʧʝʨʛʝʪʝʨʦʜʠʥʥʳʭ ʧʨʠʝʤʥʠʢʦʚ  ʩʦ  ʩʚʝʨʭʚʳʩʦʢʦʡ  

ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʯʘʩʪʦʪʦʡ ( )102·=ʧʯf  ɻɻʮ [4]. ʇʦʜʦʙʥʦʝ ʫʩʪʨʦʡʩʪʚʦ  

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦɏ ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʄʘʭʘ-ʎʝʥʜʝʨʘ (ʩʦʩʪʦʷʱʠʡ ʠʟ ʤʝʪʘʣʣʦ- 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʚʦʣʥʦʚʦʜʘ)   ʠ  ʩʦʜʝʨʞʠʪ  ʜʚʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ  ʜʝʣʠʪʝʣʷ  ʣʫʯʘ 

1  ʠ 2,  ʘ  ʪʘʢʞʝ  ʜʚʘ  ʫʛʦʣʢʦʚʳʭ ʦʪʨʘʞʘʪʝʣʷ 3 ʠ 4 (ʉʅ - ʩʦʛʣʘʩʦʚʘʥʥʘʷ ʥʘʛʨʫʟʢʘ). 

ʅʘ ʨʠʩ. 2 ʧʦʢʘʟʘʥʘ  ʧʨʠʥʮʠʧʠʘʣʴʥʘʷ ʙʣʦʢ-ʜʠʘʛʨʘʤʤʘ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ  ʄʘʭʘ-

ʎʝʥʜʝʨʘ. ʄʦʱʥʦʩʪʠ ʩʠʛʥʘʣʘ ʠ ʛʝʪʝʨʦʜʠʥʘ ʧʦʩʪʫʧʘʶʪ ʥʘ ʚʭʦʜʥʦʡ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʡ ʜʝʣʠʪʝʣʴ ʧʫʯʢʘ 1 ʠ ʟʘʪʝʤ ʥʘ ʚʳʭʦʜʥʦʡ ʜʝʣʠʪʝʣʴ 2 ʧʦ ʧʨʷʤʦʤʫ 

ʈʠʩ. 1. ʉʣʦʞʝʥʠʝ ʤʦʱʥʦʩʪʠ ʩʠʛʥʘʣʘ ʠ ʛʝʪʝʨʦʜʠʥʘ ʥʘ ʦʩʥʦʚʝ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʜʝʣʠʪʝʣʷ ʣʫʯʘ 

 

ʉʦʛʣʘʩʦʚʘʥʥʘʷ ʥʘʛʨʫʟʢʘ 

ʉʠʛʥʘʣ ʉʤʝʩʠʪʝʣʴ 

ɻʝʪʝʨʦʜʠʥ 
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ʢʘʥʘʣʫ A-D ʠ ʯʝʨʝʟ ʦʙʚʦʜʥʦʡ ʢʘʥʘʣ ɸ-ɺ-ʉ-D, ʜʣʠʥʳ ʢʦʪʦʨʳʭ ʨʘʚʥʳ  ABCDl  ʠ 

ADl  ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.           

 

 

 

                       

     
 

 

 

  
 

 
 

 

 
ʌʘʟʦʚʳʝ ʩʜʚʠʛʠ ʚ ʩʠʩʪʝʤʝ ʠʤʝʶʪ ʨʝʰʘʶʱʝʝ ʟʥʘʯʝʥʠʝ  ʠ  ʦʧʨʝʜʝʣʷʶʪʩʷ   

ʧʨʠ ʧʦʤʦʱʠ ʚʳʨʘʞʝʥʠʷ ( )ADABCD llL -= . ʂʦʵʬʬʠʮʠʝʥʪʳ  ʧʝʨʝʜʘʯʠ  ʧʦ 

ʤʦʱʥʦʩʪʠ  ʚ  ʢʘʥʘʣʘʭ ñɺʭʦʜ  ʩʠʛʥʘʣʘ ï ʩʤʝʩʠʪʝʣʴò ʩh  ʠ ñɺʭʦʜ ʛʝʪʝʨʦʜʠʥʘ ï

ʩʤʝʩʠʪʝʣʴò ʛh  ʦʧʨʝʜʝʣʷʶʪʩʷ  ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

     ( )Lkcos1
2

1
0ʩ -=h ;    ( ),Lkcos1

2

1
0ʛ +=h               (2) 

ʛʜʝ 00 2k lp=  -  ʚʦʣʥʦʚʦʝ ʯʠʩʣʦ.  

ɽʩʣʠ  ʨʘʟʥʦʩʪʴ  ʭʦʜʘ  ʩʦʩʪʘʚʣʷʝʪ  ʧʦʣʦʚʠʥʫ ʜʣʠʥ rʚʦʣʥʳ ʧʨʦʤʝʞʫʪʦʯʥʦʡ 

ʯʘʩʪʦʪʳ 2L ʧʯL=  (ʧʦʣʫʚʦʣʥʦʚʳʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨ), ʪʦ ʢʦʵʬʬʠʮʠʝʥʪʳ ʧʝʨʝʜʘʯʠ 

ʧʦ ʢʘʥʘʣʘʤ ʩʠʛʥʘʣʘ ʠ ʛʝʪʝʨʦʜʠʥʘ ʦʜʥʦʚʨʝʤʝʥʥʦ ʜʦʩʪʠʛʘʶʪ ʤʘʢʩʠʤʘʣʴʥʦʛʦ  

ʟʥʘʯʝʥʠʷ, ʘ  ʚʭʦʜʳ  ʩʠʛʥʘʣʘ ʠ ʛʝʪʝʨʦʜʠʥʘ ʦʢʘʟʳʚʘʶʪʩʷ  ʧʦʣʥʦʩʪʴʶ 

ʨʘʟʚʷʟʘʥʥʳʤʠ,  ʯʪʦ  ʜʘʝʪ  ʩʫʱʝʩʪʚʝʥʥʳʡ  ʚʳʠʛʨʳʰ  ʧʨʠ ʧʨʠʤʝʥʝʥʠʠ ʪʘʢʦʚʦʛʦ 

ʫʩʪʨʦʡʩʪʚʘ ʚ ʩʦʩʪʘʚʝ ʩʫʧʝʨʛʝʪʝʨʦʜʠʥʥʦʛʦ ʧʨʠʝʤʥʠʢʘ. ɹʦʣʝʝ ʪʦʛʦ,  ʧʦʣʫʚʦʣʥʦʚʳʡ  

ʠʥʪʝʨʬʝʨʦʤʝʪʨ  ʪʘʢʞʝ  ʦʙʝʩʧʝʯʠʚʘʝʪ  ʧʦʜʘʚʣʝʥʠʝ ʰʫʤʦʚ  ʛʝʪʝʨʦʜʠʥʘ  ʧʦ  

ʘʥʘʣʦʛʠʠ  ʩʦ ʩʭʝʤʦʡ  ʩʤʝʩʠʪʝʣʷ [4], ʢʦʪʦʨʘʷ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʉɺʏ 

ʧʨʠʝʤʥʠʢʘʭ [5]. ʅʦ, ʚ ʦʪʣʠʯʠʝ  ʦʪ  ʪʨʘʜʠʮʠʦʥʥʳʭ  ʙʘʣʘʥʩʥʳʭ  ʩʭʝʤ,  ʚ  

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ  ʩʣʫʯʘʝ  ʚʳʩʦʢʘʷ  ʩʪʝʧʝʥʴ  ʧʦʜʘʚʣʝʥʠʷ ʰʫʤʦʚ  ʛʝʪʝʨʦʜʠʥʘ      

(Ò 10 ʜɹ)  ʜʦʩʪʠʛʘʝʪʩʷ  ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ  ʦʜʥʦʛʦ  ʩʤʝʩʠʪʝʣʴʥʦʛʦ  ʜʠʦʜʘ [4],  ʘ  

ʰʫʤʳ ʧʨʠʝʤʥʠʢʘ  ʦʧʨʝʜʝʣʷʶʪʩʷ  ʚ  ʦʩʥʦʚʥʦʤ  ʰʫʤʘʤʠ  ʫʩʠʣʠʪʝʣʷ 

ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʯʘʩʪʦʪʳ. ʇʨʠ  ʵʪʦʤ  ʩʣʝʜʫʝʪ  ʦʪʤʝʪʠʪʴ,  ʯʪʦ  ʚʳʨʘʞʝʥʠʷ (2)  ʜʣʷ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ  ʧʝʨʝʜʘʯʠ  ʤʦʱʥʦʩʪʠ  ʧʦ  ʢʘʥʘʣʘʤ  ʩʠʛʥʘʣʘ  ʠ ʛʝʪʝʨʦʜʠʥʘ  

ʩʧʨʘʚʝʜʣʠʚʳ  ʪʦʣʴʢʦ  ʚ  ʦʜʥʦʡ  ʪʦʯʢʝ  ʧʦ  ʯʘʩʪʦʪʝ,  ʚ  ʪʦ ʚʨʝʤʷ ʢʘʢ ʰʫʤ 

ʈʠʩ. 2.  ʋʩʪʨʦʡʩʪʚʦ ʩʣʦʞʝʥʠʷ ʤʦʱʥʦʩʪʠ ʥʘ ʦʩʥʦʚʝ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʄʘʭʘ-ʎʝʥʜʝʨʘ 

ʉʤʝʩʠʪʝʣʴ 

1 

C B 

ɻʝʪʝʨʦʜʠʥ       

ʉʠʛʥʘʣ 

2 

3 4 

A D 

ʉʦʛʣʘʩʦʚʘʥʥʘʷ ʥʘʛʨʫʟʢʘ 
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ʛʝʪʝʨʦʜʠʥʘ ʨʘʩʧʨʝʜʝʣʝʥ ʚ ʥʝʢʦʪʦʨʦʡ ʧʦʣʦʩʝ, ʠ ʜʣʷ ʦʮʝʥʢʠ  ʢʦʵʬʬʠʮʠʝʥʪʘ  

ʧʦʜʘʚʣʝʥʠʷ  ʥʝʦʙʭʦʜʠʤʦ  ʚʦʩʧʦʣʴʟʦʚʘʪʴʩʷ  ʩʣʝʜʫʶʱʠʤʠ ʚʳʨʘʞʝʥʠʷʤʠ:      
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ɿʜʝʩʴ ʛfD  ʠ ʩfD   ï  ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʯʘʩʪʦʪʥʳʝ  ʨʘʩʩʪʨʦʡʢʠ  ʢʦʣʝʙʘʥʠʡ  

ʛʝʪʝʨʦʜʠʥʘ  ʠ ʩʠʛʥʘʣʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʭ  ʮʝʥʪʨʘʣʴʥʳʭ  ʯʘʩʪʦʪ  ʛf  ʠ ʩf  , ʘ ʧʯf ï 

ʮʝʥʪʨʘʣʴʥʘʷ ʯʘʩʪʦʪʘ ʫʩʠʣʠʪʝʣʷ ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʯʘʩʪʦʪʳ (ʋʇʏ).  
ɺʳʨʘʞʝʥʠʝ ʜʣʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʝʨʝʜʘʯʠ ʰʫʤʦʚ ʛʝʪʝʨʦʜʠʥʘ ʠʤʝʝʪ ʚʠʜ 
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ʛʜʝ  ʰfD ï  ʯʘʩʪʦʪʥʘʷ  ʨʘʩʩʪʨʦʡʢʘ  ʩʧʝʢʪʨʘ  ʰʫʤʦʚ ʦʪʥʦʩʠʪʝʣʴʥʦ  ʯʘʩʪʦʪʳ 

ʧʯʰ Ff °D . 

 ɺ ʨʘʙʦʪʝ [6] ʧʨʠʚʦʜʠʪʩʷ ʚʳʨʘʞʝʥʠʝ  ʜʣʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʜʘʚʣʝʥʠʷ ʰʫʤʦʚ 

ʛʝʪʝʨʦʜʠʥʘ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ: 
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ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ. ʅʘ ʨʠʩ. 3 ʧʨʠʚʝʜʝʥʘ  ʟʘʚʠʩʠʤʦʩʪʴ  

ʢʦʵʬʬʠʮʠʝʥʪʘ  ʧʦʜʘʚʣʝʥʠʷ  ʦʪ  ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʣʦʩʳ  ʧʨʦʧʫʩʢʘʥʠʷ  ʥʘ  

ʧʨʦʤʝʞʫʪʦʯʥʦʡ  ʯʘʩʪʦʪʝ  ʧʯʧʯfff D=D  [2].  

 
ʈʠʩ. 3.  ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʜʘʚʣʝʥʠʷ ʰʫʤʦʚ ʛʝʪʝʨʦʜʠʥʘ ʦʪ ʦʪʥʦʩʠʪʝʣʴʥʦʡ 

ʧʦʣʦʩʳ ʧʨʦʧʫʩʢʘʥʠʷ ʋʇʏ 

ʂʘʢ  ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ,  ʜʘʞʝ ʢʦʛʜʘ  ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʧʦʣʦʩʘ  ʧʨʦʧʫʩʢʘʥʠʷ  ʚ  

ʧʨʠʝʤʥʠʢʘʭ  ʥʝ  ʧʨʝʚʳʰʘʝʪ ʧʯfD , ʧʦʜʘʚʣʝʥʠʝ ʰʫʤʦʚ ʛʝʪʝʨʦʜʠʥʘ Sh  ʤʦʞʝʪ 

ʧʨʝʚʳʰʘʪʴ 20 ʜɹ. ʆʜʥʘʢʦ  ʚ  ʨʘʜʠʦʣʦʢʘʮʠʦʥʥʳʭ ʩʪʘʥʮʠʷʭ  ʩ  ʙʦʣʴʰʠʤ  
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ʨʘʟʨʝʰʝʥʠʝʤ  ʧʦ ʜʘʣʴʥʦʩʪʠ ʵʪʦʪ ʢʦʵʬʬʠʮʠʝʥʪ  ʧʦʜʘʚʣʝʥʠʷ  ʩʫʱʝʩʪʚʝʥʥʦ  

ʧʘʜʘʝʪ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ  ʩʣʝʜʫʝʪ  ʩʪʨʝʤʠʪʩɹʷ  ʢ  ʫʚʝʣʠʯʝʥʠʶ  ʧʨʦʤʝʞʫʪʦʯʥʦʡ 

ʯʘʩʪʦʪʳ. ʅʦ ʜʘʞʝ ʩ ʫʯʝʪʦʤ ʫʤʝʥʴʰʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʜʘʚʣʝʥʠʷ  ʰʫʤʦʚ  

ʛʝʪʝʨʦʜʠʥʘ  ʧʨʠʤʝʥʝʥʠʝ  ʪʘʢʦʛʦ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʯʝʩʢʦʛʦ  ʫʩʪʨʦʡʩʪʚʘ  ʩʣʦʞʝʥʠʷ 

ʧʦ-ʧʨʝʞʥʝʤʫ  ʚʳʛʦʜʥʦ  ʩ ʪʦʯʢʠ  ʟʨʝʥʠʷ  ʧʦʣʫʯʝʥʠʷ  ʤʘʣʳʭ  ʧʦʪʝʨʴ  ʚ  ʢʘʥʘʣʘʭ  

ʩʠʛʥʘʣʘ  ʠ ʛʝʪʝʨʦʜʠʥʘ ʦʜʥʦʚʨʝʤʝʥʥʦ [7].  

ɿʘʢʣʶʯʝʥʠʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, əʯʠʪʳʚʘʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʠʝ ʰʫʤʦʚʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʫʶ ʮʝʣʝʩʦʦʙʨʘʟʥʦʩʪʴ  ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʩʭʝʤʘʤʠ, ʚ ʪʝʨʘʛʝʨʮʦʚʦʤ ʜʠʘʧʘʟʦʥʝ ʧʨʠʤʝʥʝʥʠʝ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ 

ʄʘʭʘ-ʎʝʥʜʝʨʘ ʥʘ ʦʩʥʦʚʝ ʤʝʪʘʣʣʦʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʚʦʣʥʦʚʦʜʘ ʚ ʢʘʯʝʩʪʚʝ 

ʩʤʝʩʠʪʝʣʷ ʩʫʧʝʨʛʝʪʝʨʦʜʠʥʥʦʛʦ ʧʨʠʝʤʥʠʢʘ ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʠʤ 

ʨʝʰʝʥʠʝʤ.  
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