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VIII  ʅɸʋʏʅʆ-ʇʈɸʂʊʀʏɽʉʂɸʗ ʂʆʅʌɽʈɽʅʎʀʗ ʉ ʄɽɾɼʋʅɸʈʆɼʅʓʄ 

ʋʏɸʉʊʀɽʄ çʅɸʋʂɸ ʅɸʉʊʆʗʑɽɻʆ ʀ ɹʋɼʋʑɽɻʆè ɼʃʗ ʉʊʋɼɽʅʊʆɺ, 

ɸʉʇʀʈɸʅʊʆɺ ʀ ʄʆʃʆɼʓʍ ʋʏɽʅʓʍ. ʊʦʤ I. ʉʙʦʨʥʠʢ ʤʘʪʝʨʠʘʣʦʚ ʢʦʥʬʝ-

ʨʝʥʮʠʠ. ʉʇʙ.: ʀʟʜ-ʚʦ ʉʇʙɻʕʊʋ çʃʕʊʀè, 2020. 284 ʩ. 

 

ʆʨʛʘʥʠʟʘʪʦʨʳ: 

ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ 

çʃʕʊʀè ʠʤ. ɺ. ʀ. ʋʣʴʷʥʦʚʘ (ʃʝʥʠʥʘ), ʇɸʆ çʉʚʝʪʣʘʥʘè, ʅʘʮʠʦʥʘʣʴʥʳʡ ʤʝ-

ʜʠʮʠʥʩʢʠʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ ʠʤʝʥʠ ɺ. ɸ. ɸʣʤʘʟʦʚʘ, ʂʦʤʧʘʥʠʷ ʆʆʆ 

çʆʇʊʆʉɽʅʉè, ɸʆ çʅɸʋʏʅʆ-ʀʉʉʃɽɼʆɺɸʊɽʃʔʉʂʀʁ ʀʅʉʊʀʊʋʊ 

çɺɽʂʊʆʈè, ʆʆʆ çʋʣʴʪʨʘʟʚʫʢʦʚʘʷ ʪʝʭʥʠʢʘ - ʀʅʃɸɹè, ʆʆʆ çʕʉ ʕʄ ʉʀ 

ʇʥʝʚʤʘʪʠʢè, ʜʦʯʝʨʥʠʝ ʦʙʱʝʩʪʚʘ ʠ ʦʨʛʘʥʠʟʘʮʠʠ ʇɸʆ çɻʘʟʧʨʦʤè 
 

ʊʝʤʘʪʠʢʘ ʢʦʥʬʝʨʝʥʮʠʠ ʚʢʣʶʯʘʝʪ ʩʣʝʜʫʶʱʠʝ ʥʘʧʨʘʚʣʝʥʠʷ 

¶ ʈʘʜʠʦʪʝʭʥʠʢʘ ʠ ʠʥʬʦʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠ 

¶ ʕʣʝʢʪʨʦʥʠʢʘ ʠ ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʝ ʧʨʠʙʦʨʳ 

¶ ʅʘʥʦʤʘʪʝʨʠʘʣʳ ʠ ʥʘʥʦʪʝʭʥʦʣʦʛʠʠ 

¶ ʀʥʬʦʨʤʘʪʠʢʘ ʚ ʪʝʭʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ ʪʝʭʥʠʢʘ 

¶ ʉʠʩʪʝʤʥʳʡ ʘʥʘʣʠʟ ʠ ʠʥʬʦʨʤʘʮʠʦʥʥʘʷ ʙʝʟʦʧʘʩʥʦʩʪʴ 

¶ ʇʨʠʢʣʘʜʥʘʷ ʤʘʪʝʤʘʪʠʢʘ ʠ ʧʨʦʛʨʘʤʤʥʘʷ ʠʥʞʝʥʝʨʠʷ 

¶ ʄʝʭʘʥʦʪʨʦʥʠʢʘ ʠ ʨʦʙʦʪʦʪʝʭʥʠʢʘ 

¶ ʕʣʝʢʪʨʦʧʨʠʚʦʜ, ʘʚʪʦʤʘʪʠʢʘ ʠ ʵʥʝʨʛʦʩʙʝʨʝʞʝʥʠʝ 

¶ ʇʨʠʙʦʨʦʩʪʨʦʝʥʠʝ 

¶ ɹʠʦʤʝʜʠʮʠʥʩʢʘʷ ʠʥʞʝʥʝʨʠʷ 

¶ ʋʧʨʘʚʣʝʥʠʝ ʢʘʯʝʩʪʚʦʤ ʠ ʠʥʥʦʚʘʪʠʢʘ 
 

ʉʙʦʨʥʠʢ ʤʘʪʝʨʠʘʣʦʚ ʩʦʜʝʨʞʠʪ ʜʦʢʣʘʜʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʥʘ VIII  ʅʘʫʯʥʦ-

ʧʨʘʢʪʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ çʅʘʫʢʘ ʥʘʩʪʦʷʱʝʛʦ ʠ 

ʙʫʜʫʱʝʛʦè ʜʣʷ ʩʪʫʜʝʥʪʦʚ, ʘʩʧʠʨʘʥʪʦʚ ʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ, ʩʦʩʪʦʷʚʰʝʡʩʷ 14 ï 

16 ʤʘʷ 2020 ʛʦʜʘ ʚ ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛʝ. ʆʩʥʦʚʥʦʡ ʟʘʜʘʯʝʡ ʢʦʥʬʝʨʝʥʮʠʠ ʷʚʣʷ-

ʝʪʩʷ ʨʘʟʚʠʪʠʝ ʪʚʦʨʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʩʪʫʜʝʥʪʦʚ, ʧʨʠʚʣʝʯʝʥʠʝ ʠʭ ʢ ʨʝʰʝʥʠʶ 

ʘʢʪʫʘʣʴʥʳʭ ʟʘʜʘʯ ʚ ʦʙʣʘʩʪʠ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ. ɺʩʝ ʜʦʢʣʘʜʳ ʧʨʦʭʦʜʷʪ ʨʝʮʝʥʟʠ-

ʨʦʚʘʥʠʝ.  

 

ʅʘʫʯʥʦ-ʧʨʘʢʪʠʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʧʨʦʚʝʜʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ 
ʉʇʙɻʕʊʋ çʃʕʊʀè. 
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ʕʃɽʂʊʈʆʅʀʂɸ ʀ ʆʇʊʆʕʃɽʂʊʈʆʅʅʓɽ ʇʈʀɹʆʈʓ 

ʇɸʈɸʄɽʊʈʓ ɻɸɿʆɺʆɻʆ ʈɸɿʈʗɼɸ ʉ ɻʆʈʗʏɽʁ ʊʀʊɸʅʆɺʆʁ ʄʀ-

ʐɽʅʔʖ ɺ ʉʈɽɼɽ ɸʈɻʆʅɸ 

ɸ. ɽ. ʐɸɹɸʃʀʅ, ɸ. ɸ. ʂʆɿʀʅ, ɸ.ɼɾɸʅɼɸʃʀɽɺɸ, ʅ.ɻ.ɽɻʆʈʆɺɸ  

ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ çʃʕʊʀè 

ʠʤ. ɺ.ʀ. ʋʣʴʷʥʦʚʘ (ʃʝʥʠʥʘ) 

ɸʥʥʦʪʘʮʠʷ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚʳʧʦʣʥʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʛʘʟʦʚʦʛʦ ʨʘʟʨʷʜʘ ʤʘʛʥʝʪʨʦʥʘ ʩ ʛʦʨʷʯʝʡ ʤʠʰʝ-

ʥʴʶ ʚ ʩʨʝʜʝ ʘʨʛʦʥʘ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ COMSOL Multiphysics. ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘ-

ʥʠʷ ʫʢʘʟʳʚʘʶʪ ʥʘ ʨʘʟʣʠʯʠʷ ʧʘʨʘʤʝʪʨʦʚ ʨʘʟʨʷʜʘ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʭʦʣʦʜʥʦʡ ʠ ʛʦʨʷʯʝʡ ʤʠʰʝʥʝʡ. ʂʦʥ-

ʮʝʥʪʨʘʮʠʷ ʵʣʝʢʪʨʦʥʦʚ ʠ ʘʪʦʤʦʚ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʘʨʛʦʥʘ ʙʳʣʘ ʚʳʰʝ ʜʣʷ ʨʘʟʨʷʜʘ ʩ ʛʦʨʷʯʝʡ ʤʠʰʝʥʴʶ. ʅʦ 

ʵʣʝʢʪʨʦʥʥʘʷ ʪʝʤʧʝʨʘʪʫʨʫ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʦʢʘʟʘʣʘʩʴ ʥʠʞʝ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʛʘʟʦʚʦʛʦ ʨʘʟʨʷʜʘ, ʛʘʟʦʚʳʡ ʨʘʟʨʷʜ, ʛʦʨʷʯʘʷ ʤʠʰʝʥʴ 

ɺʚʝʜʝʥʠʝ. ɺ ʧʦʩʣʝʜʥʠʝ ʜʝʩʷʪʠʣʝʪʠʷ ʤʘʛʥʝʪʨʦʥʥʦʝ ʨʘʩʧʳʣʝʥʠʝ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ 

ʩʘʤʳʭ ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʥʘʥʝʩʝʥʠʷ ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥʥʳʭ ʧʦʢʨʳʪʠʡ ʥʘ ʪʚʝʨʜʫʶ 

ʧʦʚʝʨʭʥʦʩʪʴ [1]. ʀ ʤʘʛʥʝʪʨʦʥʥʳʝ ʨʘʩʧʳʣʠʪʝʣʴʥʳʝ ʩʠʩʪʝʤʳ (ʄʈʉ) ʩ ʭʦʣʦʜʥʦʡ ʤʠʰʝʥʴʶ 

ʷʚʣʷʶʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʠʟʫʯʝʥʥʳʤʠ [2]. ɺʤʝʩʪʝ ʩ ʪʝʤ ʵʥʝʨʛʝʪʠʯʝʩʢʘʷ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʄʈʉ ʩ ʭʦʣʦʜʥʦʡ ʤʠʰʝʥʴʶ ʷʚʣʷʝʪʩʷ ʥʠʟʢʦʡ ʠ ʥʝ ʧʦʟʚʦʣʷʝʪ ʦʩʘʞʜʘʪʴ 

ʧʣʝʥʢʠ ʩ ʚʳʩʦʢʦʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴʶ [3]. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʧʨʠʤʝʥʷʶʪ ʄʈʉ ʩ ʛʦʨʷʯʠʤʠ ʤʠʰʝʥʷʤʠ [4ï6]. 

ʕʪʠ ʫʩʪʨʦʡʩʪʚʘ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʟʫʯʝʥʳ ʚ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʤʝʨʝ.  

ʆʜʥʦʡ ʠʟ ʚʘʞʥʳʭ ʟʘʜʘʯ ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʦʩʦʙʝʥʥʦʩʪʝʡ ʨʘʟʨʷʜʘ ʩ ʛʦʨʷʯʝʡ ʤʠʰʝʥʴʶ 

ʷʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ ʝʛʦ ʧʘʨʘʤʝʪʨʦʚ, ʢ ʢʦʪʦʨʳʤ ʦʪʥʦʩʷʪʩʷ ʵʣʝʢʪʨʦʥʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʠ 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʯʘʩʪʠʮ ʨʘʟʥʦʛʦ ʨʦʜʘ. ʕʪʫ ʟʘʜʘʯʫ ʨʝʰʘʶʪ ʢʘʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ, ʪʘʢ ʠ ʩ 

ʧʦʤʦʱʴʶ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʩʢʘʟʳʚʘʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʨʘʟʨʷʜʘ ʠ ʙʦʣʝʝ ʪʦʯʥʦ ʧʦʥʠʤʘʪʴ ʬʠʟʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʲʝʢʪʘ.  

 

ʈʠʩ. 1. ɼʚʫʤʝʨʥʘʷ ʤʦʜʝʣʴ ʄʈʉ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʥʘʰʘ ʮʝʣʴ ʩʦʩʪʦʷʣʘ ʚ ʩʦʟʜʘʥʠʠ ʤʦʜʝʣʠ ʨʘʟʨʷʜʘ ʤʘʛʥʝʪʨʦʥʘ ʩ ʛʦʨʷʯʝʡ 

ʪʠʪʘʥʦʚʦʡ ʤʠʰʝʥʴʶ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ COMSOL Multiphysics, ʚʳʙʦʨ ʢʦʪʦʨʦʛʦ 

ʦʙʫʩʣʦʚʣʝʥ ʝʛʦ ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʴʶ ʠ ʜʦʩʪʫʧʥʦʩʪʴʶ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʚʳʧʦʣʥʷʣʦʩʴ ʚ 

ʥʝʩʢʦʣʴʢʦ ʰʘʛʦʚ: ʙʳʣʘ ʩʦʟʜʘʥʘ ʜʚʫʭʤʝʨʥʘʷ ʛʝʦʤʝʪʨʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʦʧʠʩʘʥʳ ʬʠʟʠʯʝʩʢʠʝ 

ʟʘʢʦʥʳ, ʟʘʜʘʥʳ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ, ʧʦʩʪʨʦʝʥʘ ʢʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʘʷ ʩʝʪʢʘ ʠ ʧʨʦʠʟʚʝʜʝʥʳ 

ʨʘʩʯʝʪʳ. 
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ɼʝʪʘʣʠ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʈʘʩʯʝʪ ʚʳʧʦʣʥʷʣʩʷ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ COMSOL 

Multiphysics ʥʘ ʧʝʨʩʦʥʘʣʴʥʦʤ ʢʦʤʧʴʶʪʝʨʝ, ʠʤʝʶʱʝʤ ʩʣʝʜʫʶʱʠʝ ʦʩʥʦʚʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ: ʧʨʦʮʝʩʩʦʨ Intel(R) CoreÊ i5-4200M CPU @ 2.50 GHz (4CPUs), 

ʦʧʝʨʘʪʠʚʥʘʷ ʧʘʤʷʪʴ ï 6 ɻɹ. 

ɻʝʦʤʝʪʨʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʨʘʟʨʷʜʥʦʛʦ ʙʣʦʢʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʜʚʫʤʝʨʥʫʶ ʤʦʜʝʣʴ, 

ʩʦʟʜʘʥʥʫʶ ʚ ʧʘʢʝʪʝ COMSOL Multiphysics, ʥʘ ʦʩʥʦʚʘʥʠʠ ʢʦʪʦʨʦʡ ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ 

ʢʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʘʷ ʪʨʝʫʛʦʣʴʥʘʷ ʩʝʪʢʘ. ɿʘʜʘʯʘ ʨʝʰʘʣʘʩʴ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ 

ʢʦʦʨʜʠʥʘʪ. ɻʝʦʤʝʪʨʠʷ ʤʦʜʝʣʠ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 1. ʉʪʝʥʢʠ ʚ ʥʝʡ ʷʚʣʷʶʪʩʷ ʘʥʦʜʦʤ. ʄʈʉ 

ʷʚʣʷʝʪʩʷ ʩʠʤʤʝʪʨʠʯʥʦʡ, ʧʦʵʪʦʤʫ ʥʘ ʨʠʩ. 1 ʦʪʦʙʨʘʞʝʥʘ ʪʦʣʴʢʦ ʝʝ ʧʦʣʦʚʠʥʘ. ʐʘʛ ʩʝʪʢʠ ʙʳʣ 

ʚʳʙʨʘʥ ʪʘʢʠʤ, ʯʪʦʙʳ ʧʦʛʨʝʰʥʦʩʪʴ ʨʘʩʯʝʪʦʚ ʥʝ ʧʨʝʚʳʰʘʣʘ 5%. ʅʘʯʘʣʴʥʳʝ ʫʩʣʦʚʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣ. 1. 

ʊʘʙʣʠʮʘ 1 

ʇʘʨʘʤʝʪʨʳ ʨʘʟʨʷʜʘ 

ʇʘʨʘʤʝʪʨ ɿʥʘʯʝʥʠʝ 

ʅʘʧʨʷʞʝʥʠʝ ʨʘʟʨʷʜʘ (V0) 250 ɺ 

ɼʘʚʣʝʥʠʝ ʛʘʟʘ (p0) 0.5 ʊʦʨʨ 

ʂʦʵʬʬʠʮʠʝʥʪ ʠʦʥʥʦ-ʵʣʝʢʪʨʦʥʥʦʡ ʵʤʠʩʩʠʠ 

(ɔ) 
0.25 

ʊʝʤʧʝʨʘʪʫʨʘ (T) 293.15 ʂ 

ʂʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ (R) 0.33 

ʉʦʧʨʦʪʠʚʣʝʥʠʝ ʙʘʣʣʘʩʪʥʦʛʦ ʨʝʟʠʩʪʦʨʘ (Rb) 5Ŀ105 ʆʤ 

ʈʝʟʫʣʴʪʘʪʳ ʠ ʦʙʩʫʞʜʝʥʠʝ. ʅʘ ʨʠʩ. 2, ʘ ʧʦʢʘʟʘʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ 

ʚʜʦʣʴ ʢʦʦʨʜʠʥʘʪʳ z, ʥʘʧʨʘʚʣʝʥʥʦʡ ʦʪ ʢʘʪʦʜʘ ʢ ʘʥʦʜʫ ʜʣʷ ʨʘʟʨʷʜʘ ʩ ʤʠʰʝʥʷʤʠ ʨʘʟʥʦʛʦ ʪʠʧʘ. ʇʨʠ-

ʚʝʜʝʥʥʳʝ ʥʘ ʨʠʩ. 2, ʘ ʢʨʠʚʳʝ ʠʤʝʶʪ ʢʘʢ ʩʭʦʜʩʪʚʦ, ʪʘʢ ʠ ʨʘʟʣʠʯʠʷ. 

 

ʈʠʩ. 2. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ 250 ɺ: ʘ ï ʵʣʝʢʪʨʦʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ; ʙ ï ʘʪʦʤʦʚ ʚʦʟʙʫʞʜʝʥʥʦʛʦ 

ʘʨʛʦʥʘ ʜʣʷ ʤʠʰʝʥʠ: 1 ï ʛʦʨʷʯʝʡ; 2 ï ʭʦʣʦʜʥʦʡ  

ʊʘʢ ʦʙʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʦʪ ʢʘʪʦʜʘ ʜʦ ʣʝʚʦʛʦ ʢʨʘʷ ʥʘʯʘʣʘ ʦʙʣʘʩʪʠ 

ʢʘʪʦʜʥʦʛʦ ʩʚʝʯʝʥʠʷ, ʛʜʝ ʠ ʥʘʙʣʶʜʘʝʪʩʷ ʤʘʢʩʠʤʫʤ ʵʣʝʢʪʨʦʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ [7]. ɼʘʣʝʝ 

ʧʨʦʠʩʭʦʜʠʪ ʧʘʜʝʥʠʝ, ʢʦʪʦʨʦʝ ʦʙʲʷʩʥʷʝʪʩʷ ʥʝʫʧʨʫʛʠʤʠ ʩʪʦʣʢʥʦʚʝʥʠʷʤʠ (ʧʨʦʮʝʩʩʳ 

ʚʦʟʙʫʞʜʝʥʠʷ ʠ ʠʦʥʠʟʘʮʠʠ), ʢʦʪʦʨʳʝ ʠʩʧʳʪʳʚʘʶʪ ʵʥʝʨʛʠʯʥʳʝ ʵʣʝʢʪʨʦʥʳ, ʪʝʨʷʷ ʧʨʠ ʵʪʦʤ 

ʵʥʝʨʛʠʶ ʦʪ ʧʝʨʝʜʥʝʛʦ ʢʨʘʷ ʦʙʣʘʩʪʠ ʢʘʪʦʜʥʦʛʦ ʩʚʝʯʝʥʠʷ ʜʦ ʧʨʘʚʦʛʦ ʢʨʘʷ ʪʝʤʥʦʛʦ 

ʢʘʪʦʜʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ. ɼʘʣʝʝ ʵʣʝʢʪʨʦʥʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʩʣʘʙʦ ʠʟʤʝʥʷʝʪʩʷ ʜʦ ʘʥʦʜʘ. 

ʆʪʤʝʪʠʤ ʪʘʢʞʝ, ʯʪʦ ʫʤʝʥʴʰʝʥʠʝ ʵʪʦʛʦ ʧʘʨʘʤʝʪʨʘ ʧʨʦʠʩʭʦʜʠʪ ʪʘʤ, ʛʜʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʢʪʨʦʥʦʚ, ʯʪʦ ʛʦʚʦʨʠʪ ʦʙ ʦʙʱʝʡ ʪʝʥʜʝʥʮʠʠ ʧʦʚʝʜʝʥʠʷ ʢʨʠʚʳʭ. 

ʋʤʝʥʴʰʝʥʠʝ ʵʣʝʢʪʨʦʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ ʨʘʟʨʷʜʘ ʩ ʛʦʨʷʯʝʡ ʤʠʰʝʥʴʶ ʤʦʞʝʪ ʙʳʪʴ 

ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʪʝʨʤʦʵʣʝʢʪʨʦʥʳ ʠʤʝʶʪ ʤʝʥʴʰʫʶ ʵʥʝʨʛʠʶ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʦʥʠ 

ʩʥʠʞʘʶʪ ʚʝʣʠʯʠʥʫ ʦʙʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. ʆʜʥʘʢʦ, ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʢʨʠʚʳʝ 

ʥʘ ʨʠʩ. 2, ʘ ʧʦʩʪʨʦʝʥʳ ʚ ʵʣʝʢʪʨʦʥʚʦʣʴʪʘʭ. ʇʝʨʝʚʦʜ ʵʪʦʡ ʚʝʣʠʯʠʥʳ ʚ ʢʝʣʴʚʠʥʳ ʧʨʠʚʝʜʝʪ ʢ 
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ʪʦʤʫ, ʯʪʦ ʨʘʟʣʠʯʠʝ ʚ ʵʣʝʢʪʨʦʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʜʣʷ ʨʘʟʨʷʜʦʚ ʩ ʛʦʨʷʯʝʡ ʠ ʭʦʣʦʜʥʦʡ 

ʤʠʰʝʥʴʶ ʙʫʜʝʪ ʤʘʣʳʤ. ʀʟ ʵʪʦʛʦ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʪʠʧ ʤʠʰʝʥʠ ʩʣʘʙʦ ʚʣʠʷʝʪ ʥʘ 

ʵʣʝʢʪʨʦʥʥʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʚ ʄʈʉ. 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʘʪʦʤʦʚ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʘʨʛʦʥʘ (ʨʠʩ. 2, ʙ) ʧʦʢʘʟʳʚʘʝʪ ʦʙʣʘʩʪʴ ʚʳʩʦʢʦʡ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ï ʦʙʣʘʩʪʴ ʢʘʪʦʜʥʦʛʦ ʩʚʝʯʝʥʠʷ ʨʘʟʨʷʜʘ [8]. ʕʣʝʢʪʨʦʥʳ, ʚʳʣʝʪʘʷ ʩ ʢʘʪʦʜʘ, 

ʠʤʝʶʪ ʵʥʝʨʛʠʶ ʧʦʨʷʜʢʘ ʝʜʠʥʠʮ ʵʣʝʢʪʨʦʥ-ʚʦʣʴʪ, ʥʦ, ʫʩʢʦʨʷʷʩʴ ʚ ʧʦʣʝ, ʧʨʠʦʙʨʝʪʘʶʪ 

ʵʥʝʨʛʠʶ, ʜʦʩʪʘʪʦʯʥʫʶ ʜʣʷ ʚʦʟʙʫʞʜʝʥʠʷ ʘʪʦʤʦʚ ʘʨʛʦʥʘ ʠ ʚʦʟʥʠʢʘʝʪ ʩʚʝʯʝʥʠʝ. 

ɼʦʙʘʚʣʝʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʵʤʠʩʩʠʠ ʵʣʝʢʪʨʦʥʦʚ (ʪʝʨʤʦʵʣʝʢʪʨʦʥʥʘʷ 

ʵʤʠʩʩʠʷ) ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʢʨʠʚʳʭ ʥʘ ʨʠʩ. 2, ʙ. ɺʠʜʥʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʩ ʛʦʨʷʯʝʡ ʤʠʰʝʥʴʶ, 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʘʪʦʤʦʚ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʘʨʛʦʥʘ ʚʳʰʝ, ʪʘʢ ʢʘʢ ʧʨʦʠʩʭʦʜʠʪ ʙʦʣʴʰʝ ʘʢʪʦʚ 

ʚʦʟʙʫʞʜʝʥʠʷ, ʥʝʞʝʣʠ ʚ ʨʘʟʨʷʜʝ ʩ ʭʦʣʦʜʥʦʡ ʤʠʰʝʥʴʶ. 

ʅʘ ʨʠʩ. 3. ʧʦʢʘʟʘʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʚ ʨʘʟʨʷʜʝ. ʀʟ ʨʠʩ. 3 ʚʠʜʥʦ, ʯʪʦ 

ʧʣʦʪʥʦʩʪʴ ʵʣʝʢʪʨʦʥʦʚ ʚʦʟʣʝ ʢʘʪʦʜʘ ʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ, ʥʝʞʝʣʠ ʚ ʦʙʣʘʩʪʠ ʪʝʤʥʦʛʦ 

ʢʘʪʦʜʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ. ʕʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʘʢʪʦʚ ʠʦʥʠʟʘʮʠʠ ʚ 

ʦʙʣʘʩʪʠ ʪʝʤʥʦʛʦ ʢʘʪʦʜʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʳʭ ʨʦʞʜʘʝʪʩʷ ʙʦʣʴʰʦʝ ʯʠʩʣʦ 

ʵʣʝʢʪʨʦʥʦʚ. 

 

ʈʠʩ. 3. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ 250 ɺ ʜʣʷ ʤʠʰʝʥʠ: 1 ï ʛʦʨʷʯʝʡ; 2 ï ʭʦʣʦʜʥʦʡ 

ʂʨʠʚʘʷ ʜʣʷ ʄʈʉ ʩ ʛʦʨʷʯʝʡ ʤʠʰʝʥʴʶ ʥʘ ʨʠʩ. 3 ʠʤʝʝʪ ʙ·ʣʴʰʠʝ ʟʥʘʯʝʥʠʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʦʷʚ-

ʣʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʪʝʨʤʦʵʣʝʢʪʨʦʥʦʚ. 

ɺʳʚʦʜʳ. ʇʦʜʚʦʜʷ ʠʪʦʛʠ, ʦʙʨʘʪʠʤ ʚʥʠʤʘʥʠʝ ʥʘ ʪʦ, ʯʪʦ ʬʦʨʤʘ ʢʨʠʚʳʭ ʜʣʷ ʵʣʝʢʪʨʦʥʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ, ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʪʦʤʦʚ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʘʨʛʦʥʘ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʥʝ ʤʝʥʷ-

ʝʪʩʷ ʩ ʠʟʤʝʥʝʥʠʝʤ ʪʠʧʘ ʤʠʰʝʥʠ. ʅʦ ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʟʣʠʯʘʶʪʩʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʥʝ-

ʟʥʘʯʠʪʝʣʴʥʦ (ʚ ʨʘʤʢʘʭ ʧʦʛʨʝʰʥʦʩʪʠ) ʨʘʟʣʠʯʘʝʪʩʷ ʚʝʣʠʯʠʥʘ ʵʣʝʢʪʨʦʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ, ʯʪʦ ʩʦʛʣʘ-

ʩʫʝʪʩʷ ʩ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ ʚ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ. 

ɸʚʪʦʨʳ ʙʣʘʛʦʜʘʨʥʳ ʧʨʦʬʝʩʩʦʨʫ ʐʘʧʦʚʘʣʦʚʫ ɺ.ʀ. ʟʘ ʧʦʤʦʱʴ, ʦʢʘʟʘʥʥʫʶ ʧʨʠ ʧʦʜʛʦʪʦʚʢʝ 

ʵʪʦʡ ʨʘʙʦʪʳ.  
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ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʀ ʈɸʉʏɽʊ S-ʇɸʈɸʄɽʊʈʆɺ  

ʂʆʇʃɸʅɸʈʅʆʁ ʃʀʅʀʀ ʇɽʈɽɼɸʏʀ ɺ ʉʈɽɼɽ ANSYS HFSS 

ɸ.ʉ. ʇʈʋʎʂʆɺ, ʅ.ɸ. ʀɺɸʅʆɺ 

ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ çʃʕʊʀè 

ʠʤ. ɺ.ʀ. ʋʣʴʷʥʦʚʘ (ʃʝʥʠʥʘ) 

ɸʥʥʦʪʘʮʠʷ. ʄʦʜʝʣʴ ʢʦʧʣʘʥʘʨʥʦʡ ʣʠʥʠʠ ʧʝʨʝʜʘʯʠ, ʦʧʠʩʘʥʥʘʷ ʚ ʥʘʩʪʦʷʱʝʡ ʩʪʘʪʴʝ, ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʚ 

ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ ANSYS HFSS ʜʣʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʦʮʝʥʢʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ ʵʣʝʢʪʨʦ-

ʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ ʚ ʤʘʪʝʨʠʘʣʝ ʜʦ ʝʛʦ ʠʟʛʦʪʦʚʣʝʥʠʷ. ʈʘʩʩʤʦʪʨʝʥʥʘʷ ʤʦʜʝʣʴ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʤʦʜʝʣʠʨʦ-

ʚʘʥʠʷ S-ʧʘʨʘʤʝʪʨʦʚ ʚ ʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ 0ï2000 ʄɻʮ. ʇʨʠʚʝʜʝʥʳ ʦʩʥʦʚʥʳʝ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʩʚʝʜʝʥʠʷ 

ʦ ʤʝʪʦʜʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʧʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ, HFSS, ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ, ʢʦʧʣʘ-

ʥʘʨʥʘʷ ʣʠʥʠʷ ʧʝʨʝʜʘʯʠ, S-ʧʘʨʘʤʝʪʨʳ. 

 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʢʦ-

ʧʣʘʥʘʨʥʦʡ ʣʠʥʠʠ ʧʝʨʝʜʘʯʠ (ʂʃʇ, ʨʠʩʫʥʦʢ 1), ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʚ ʉʇʙɻʕʊʋ çʃʕʊʀè ʠ ʨʘʩ-

ʩʯʠʪʘʥʥʦʡ ʥʘ ʯʘʩʪʦʪʥʳʡ ʜʠʘʧʘʟʦʥ ʦʪ 50 ʜʦ 2000 ʄɻʮ. ʂʦʥʩʪʨʫʢʪʠʚʥʦ ʂʃʇ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʤʘʩʩʠʚʥʦʝ ʣʘʪʫʥʥʦʝ ʦʩʥʦʚʘʥʠʝ ʩ ʟʘʢʨʝʧʣʝʥʥʦʡ ʥʘ ʥʝʤ ʧʣʘʩʪʠʥʦʡ ʠʟ ʩʠʪʘʣʣʘ ʤʘʨʢʠ 

ʉʊ-32-1 (60Ĭ48Ĭ1 ʤʤ). ɼʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʧʣʘʩʪʠʥʳ ʨʘʚʥʘ 10 (ʚ ʜʠʘʧʘʟʦʥʝ 

ʯʘʩʪʦʪ 50ï2000 ʄɻʮ). ʄʝʪʘʣʣʠʟʘʮʠʷ ʧʣʘʩʪʠʥʳ ʩʦʩʪʦʠʪ ʠʟ ʪʨʝʭ ʩʣʦʝʚ ʦʙʱʝʡ ʪʦʣʱʠʥʦʡ 10 

ʤʢʤ: ʘʜʛʝʟʠʦʥʥʦʛʦ ʩʣʦʷ Cr, ʧʨʦʚʦʜʷʱʝʛʦ ʩʣʦʷ Cu ʠ ʟʘʱʠʪʥʦʛʦ ʩʣʦʷ SnïBi. ʐʠʨʠʥʘ ʮʝʥ-

ʪʨʘʣʴʥʦʛʦ ʧʨʦʚʦʜʥʠʢʘ ʂʃʇ ʩʦʩʪʘʚʣʷʝʪ 1,7 ʤʤ, ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʮʝʥʪʨʘʣʴʥʳʤ ʧʨʦʚʦʜʥʠ-

ʢʦʤ ʠ ʵʢʨʘʥʦʤ ʩʦʩʪʘʚʣʷʝʪ 0,7 ʤʤ [1]. ɼʣʷ ʨʘʟʨʘʙʦʪʢʠ ʤʦʜʝʣʠ ʙʳʣʦ ʠʩʧʦʣʴʟʦʚʘʥʦ ʧʨʦ-

ʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ (ʇʆ) High Frequency System Simulator (HFSS) ʦʪ ʢʦʤʧʘʥʠʠ ANSYS 

[2]. 

 

ʈʠʩ. 1. ɺʠʜ ʢʦʧʣʘʥʘʨʥʦʡ ʣʠʥʠʠ ʧʝʨʝʜʘʯʠ 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʤʦʞʝʪ ʜʘʪʴ ʥʘʜʸʞʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʣʠʰʴ ʚ ʩʣʫʯʘʝ ʩʦʙʣʶʜʝʥʠʷ ʛʝʦʤʝʪ-

ʨʠʯʝʩʢʦʛʦ ʠ ʬʠʟʠʯʝʩʢʦʛʦ ʧʦʜʦʙʠʷ ʨʝʘʣʴʥʦʛʦ ʷʚʣʝʥʠʷ ʠ ʝʛʦ ʤʦʜʝʣʠ. ʇʦʵʪʦʤʫ ʜʣʷ ʙʦʣʝʝ 

ʪʦʯʥʦʛʦ ʤʦʜʝʣʴʥʦʛʦ ʦʧʠʩʘʥʠʷ ʂʃʇ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ ʥʝʦʙʭʦʜʠʤʦ ʩʣʝʜʦʚʘʪʴ 

ʦʧʨʝʜʝʣʝʥʥʦʤʫ ʘʣʛʦʨʠʪʤʫ. 

ʆʙʱʠʡ ʘʣʛʦʨʠʪʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʚ ʧʨʦʛʨʘʤʤʝ HFSS ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ 

ʨʠʩʫʥʢʝ 2. 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʢʦʧʣʘʥʘʨʥʦʡ ʣʠʥʠʠ ʧʝʨʝʜʘʯʠ ʠ ʨʘʩʯʝʪ S-ʧʘʨʘʤʝʪʨʦʚ ʚʳʧʦʣʥʷʣʠʩʴ ʧʦ ʜʘʥ-

ʥʦʤʫ ʘʣʛʦʨʠʪʤʫ. 

ʊʠʧ ʨʝʰʝʥʠʷ (Solution type) ʚʳʙʠʨʘʝʪʩʷ ñDriven Terminalò. ɼʘʥʥʳʡ ʪʠʧ ʨʝʰʝʥʠʷ 

ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ S-ʧʘʨʘʤʝʪʨʦʚ ʤʥʦʛʦʧʦʨʪʦʚʦʡ ʩʪʨʫʢʪʫʨʳ, ʧʦʜʢʣʶʯʝʥʥʦʡ ʢ 
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ʥʘʛʨʫʟʢʘʤ. S-ʤʘʪʨʠʮʘ ʚʳʨʘʞʘʝʪʩʷ ʚ ʪʝʨʤʠʥʘʭ ʦʪʥʦʰʝʥʠʡ ʥʘʧʨʷʞʝʥʠʡ ʦʪʨʘʞʝʥʥʳʭ ʠ ʧʘ-

ʜʘʶʱʠʭ ʚʦʣʥ ʚ ʧʦʨʪʘʭ ʤʥʦʛʦʧʦʣʶʩʥʠʢʘ, ʠʤʝʶʱʠʭ ʨʘʟʤʝʨʥʦʩʪʴ [ɺ]. 

ʊʦʧʦʣʦʛʠʷ ʤʦʜʝʣʠ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʥʘ ʨʠʩʫʥʢʝ 3, ʩʦʩʪʦʠʪ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʵʣʝʤʝʥʪʦʚ:  

ǒ ʆʩʥʦʚʘʥʠʝ (ʧʦʜʣʦʞʢʘ) ï ʧʘʨʘʣʣʝʣʝʧʠʧʝʜ ʩ ʨʘʟʤʝʨʘʤʠ 60Ĭ48Ĭ1 ʤʤ. 

ǒ ʎʝʥʪʨʘʣʴʥʳʡ ʧʨʦʚʦʜʥʠʢ ï ʧʘʨʘʣʣʝʣʝʧʠʧʝʜ ʩ ʨʘʟʤʝʨʘʤʠ 60Ĭ1,7Ĭ0,0001 ʤʤ. 

ǒ ɼʚʘ ʙʦʢʦʚʳʭ ʵʢʨʘʥʘ ï ʧʘʨʘʣʣʝʣʝʧʠʧʝʜʳ ʩ ʨʘʟʤʝʨʘʤʠ 60Ĭ22,45Ĭ0,0001 ʤʤ, ʥʘʭʦʜʷʱʠʝ-

ʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 0,7 ʤʤ ʦʪ ʮʝʥʪʨʘʣʴʥʦʛʦ ʧʨʦʚʦʜʥʠʢʘ. 

ǒ ʀʩʩʣʝʜʫʝʤʳʡ ʦʙʨʘʟʝʮ ï ʧʘʨʘʣʣʝʣʝʧʠʧʝʜ ʩ ʨʘʟʤʝʨʘʤʠ 44Ĭ44Ĭ0,3 ʤʤ 

ǒ ɼʚʘ ʟʘʟʦʨʘ ï ʧʘʨʘʣʣʝʣʝʧʠʧʝʜʳ ʩ ʨʘʟʤʝʨʘʤʠ 60Ĭ0,7Ĭ0,0001 ʤʤ, ʢʦʪʦʨʳʝ ʥʘʭʦʜʷʪʩʷ 

ʤʝʞʜʫ ʮʝʥʪʨʘʣʴʥʳʤ ʧʨʦʚʦʜʥʠʢʦʤ ʠ ʵʢʨʘʥʘʤʠ. 

 

ʈʠʩ. 2. ɸʣʛʦʨʠʪʤ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʚ HFSS 

 
ʈʠʩ. 3. ʄʦʜʝʣʴ ʂʃʇ ʘ) ʙʝʟ ʥʘʛʨʫʟʢʠ, ʙ) ʥʘʛʨʫʞʝʥʥʘʷ ʦʙʨʘʟʮʦʤ 

ʄʘʪʝʨʠʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʤʦʜʝʣʠʨʫʝʤʳʭ ʦʙʲʝʢʪʦʚ ʚʳʙʠʨʘʣʠʩʴ ʠʟ ʩʫʱʝʩʪʚʫʶʱʝʡ ʙʘ-

ʟʳ ʜʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ HFSS. ʂʨʦʤʝ ʪʦʛʦ, ʩʦʟʜʘʚʘʣʠʩʴ ʥʦʚʳʝ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʤʘʪʝ-

ʨʠʘʣʴʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ.  

ɺ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʘʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʧʣʘʩʪʠʥʘ ʠʟ ʩʠʪʘʣʣʘ ʤʘʨʢʠ ʉʊ-32-1. ʄʝʪʘʣʣʠʟʘ-

ʮʠʷ ʧʣʘʩʪʠʥʳ (ʥʘ ʨʠʩʫʥʢʝ 3 ʦʙʦʟʥʘʯʝʥʘ ʦʨʘʥʞʝʚʳʤ ʮʚʝʪʦʤ) ʩʦʩʪʦʠʪ ʪʦʣʴʢʦ ʠʟ ʧʨʦʚʦʜʷʱʝ-

ʛʦ ʩʣʦʷ Cu (ʚ ʦʪʣʠʯʠʝ ʦʪ ʨʝʘʣʴʥʦʡ ʢʦʧʣʘʥʘʨʥʦʡ ʣʠʥʠʠ ʧʝʨʝʜʘʯʠ, ʛʜʝ ʤʝʪʘʣʣʠʟʘʮʠʷ ʩʦʩʪʦʠʪ 

ʠʟ 3-ʭ ʩʣʦʝʚ) ʪʦʣʱʠʥʦʡ 0,1 ʤʢʤ. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ Cu ʚʟʷʪʳ ʠʟ ʙʠʙʣʠʦʪʝʢʠ ʤʘʪʝʨʠʘʣʦʚ 
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HFSS. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʪʦʣʴʢʦ ʦʜʥʦʛʦ ʩʣʦʷ ʚʳʟʚʘʥʦ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʫʧʨʦʩʪʠʪʴ ʨʘʩʯʝʪʳ. 

ʉʯʠʪʘʝʤ, ʯʪʦ ʚ ʟʘʟʦʨʘʭ ʤʝʞʜʫ ʮʝʥʪʨʘʣʴʥʳʤ ʠ ʙʦʢʦʚʳʤʠ ʧʨʦʚʦʜʥʠʢʘʤʠ ʥʘʭʦʜʠʪʩʷ ʚʦʟʜʫʭ. 

ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʦʟʜʫʭʘ ʚʟʷʪʳ ʠʟ ʙʠʙʣʠʦʪʝʢʠ ʤʘʪʝʨʠʘʣʦʚ HFSS. 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ ʙʳʣʠ ʚʳʙʨʘʥʳ: ʧʣʘʩʪʠʥʘ ʠʟ ʢʝʨʘʤʠʢʠ ʄʉʊ-10, 

ʧʣʝʥʢʠ ʠʟ ʞʝʣʘʪʠʥʘ ʠ ʞʝʣʘʪʠʥʘ ʩ ʯʘʩʪʠʮʘʤʠ PEDOT:PSS. ʌʠʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʘ-

ʪʝʨʠʘʣʦʚ ʚʟʷʪʳ ʠʟ ʨʘʙʦʪʳ [1].  ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʦʧʨʝʜʝʣʷʶʪ ʧʦʣʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʷʭ ʦʙʲ-

ʝʢʪʦʚ. ʅʠʞʥʷʷ ʠ ʙʦʢʦʚʳʝ ʧʦʚʝʨʭʥʦʩʪʠ ʟʘʜʘʶʪʩʷ ʢʘʢ ñPerfect Eò. ɼʘʥʥʦʝ ʛʨʘʥʠʯʥʦʝ ʫʩʣʦ-

ʚʠʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʤʦʜʝʣʴ ʟʘʟʝʤʣʝʥʠʷ. 

ɺʦʟʙʫʞʜʝʥʠʝ ʂʃʇ ʚʳʧʦʣʥʝʥʦ ʩ ʧʦʤʦʱʴʶ ʜʠʩʢʨʝʪʥʦʛʦ ʠʩʪʦʯʥʠʢʘ Lumped Port. ʆʥ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʚʥʫʪʨʝʥʥʶʶ ʧʦʚʝʨʭʥʦʩʪʴ, ʯʝʨʝʟ ʢʦʪʦʨʫʶ ʩʠʛʥʘʣ ʚʚʦʜʠʪʩʷ ʠʣʠ ʚʳʚʦ-

ʜʠʪʩʷ ʠʟ ʤʦʜʝʣʠ. ʉʦʩʨʝʜʦʪʦʯʝʥʥʳʝ ʧʦʨʪʳ ʚʳʯʠʩʣʷʶʪ Sïʧʘʨʘʤʝʪʨʳ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ 

ʧʦʨʪʘʭ. ʊʘʢʞʝ ʜʘʥʥʳʡ ʪʠʧ ʧʦʨʪʦʚ ʚʳʙʨʘʥ ʧʦ ʧʨʠʯʠʥʝ ʪʦʛʦ, ʯʪʦ ʝʩʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʟʘʜʘʪʴ 

ʚʦʣʥʦʚʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʜʣʷ ʤʦʜʝʣʠ ʂʃʇ, ʨʘʚʥʦʝ 50 ʆʤ. ʇʦʨʪʳ ʟʘʜʘʶʪʩʷ ʩʠʤʤʝʪʨʠʯʥʦ ʩ 

ʜʚʫʭ ʩʪʦʨʦʥ ʦʪ ʮʝʥʪʨʘʣʴʥʦʛʦ ʧʨʦʚʦʜʥʠʢʘ (ʨʠʩʫʥʦʢ 4). 

 
     

 

ʈʠʩ. 5. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʜʫʣʝʡ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʝʨʝʜʘʯʠ S21 ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ S11 ʢʦ-

ʧʣʘʥʘʨʥʦʡ ʣʠʥʠʠ ʧʝʨʝʜʘʯʠ ʙʝʟ ʥʘʛʨʫʟʢʠ 

 

   ɺʳʙʠʨʘʝʪʩʷ ʤʝʪʦʜ ʨʝʰʝʥʠʷ ʪʠʧʘ çDriven Terminalè. ʄʘʢʩʠʤʘʣʴʥʦʝ ʯʠʩʣʦ 

ʫʧʣʦʪʥʝʥʠʡ ʷʯʝʝʢ (Maximum Number of Passes) ʠ ʠʟʤʝʥʝʥʠʝ ʤʦʜʫʣʝʡ S-ʧʘʨʘʤʝʪʨʦʚ (Delta 

S) ʚʳʙʠʨʘʶʪʩʷ 6 ʠ 0,02 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʩʪʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʦʩʪʘʶʪʩʷ ʟʘʜʘʥʥʳʤʠ ʧʦ 

ʫʤʦʣʯʘʥʠʶ. ɺ ʜʘʣʴʥʝʡʰʝʤ ʧʨʠ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʠ ʤʦʜʝʣʠ ʜʘʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʤʦʛʫʪ ʙʳʪʴ 

ʠʟʤʝʥʝʥʳ. ɸʥʘʣʠʟ ʚʳʧʦʣʥʷʣʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʦʪ 0 ʜʦ 2 ɻɻʮ ʩ ʨʘʟʤʝʨʦʤ ʰʘʛʘ 10 ʄɻʮ. 
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ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʦʜʫʣʝʡ ʢʦʤʧʣʝʢʩʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʝʨʝʜʘʯʠ ʠ ʦʪʨʘʞʝ-

ʥʠʷ S21 ʠ S11 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʩʨʘʚʥʠʚʘʣʠʩʴ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤ, ʧʦʣʫʯʝʥʥʳʤʠ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʝʢʪʦʨʥʦʛʦ ʘʥʘʣʠʟʘʪʦʨʘ ʮʝʧʝʡ ZVB-20 (Rohde & Schwarz, ɻʝʨʤʘʥʠʷ).  

ʈʝʟʫʣʴʪʘʪʳ ʩʨʘʚʥʝʥʠʷ ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ S21 ʠ S11 ʜʣʷ ʂʃʇ ʙʝʟ ʥʘʛʨʫʟʢʠ ʧʨʠʚʝ-

ʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 5. ʂʘʢ ʚʠʜʥʦ ʠʟ ʧʦʣʫʯʝʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ, S-ʧʘʨʘʤʝʪʨʳ ʨʘʟʨʘʙʦʪʘʥʥʦʡ 

ʤʦʜʝʣʠ ʙʣʠʟʢʠ ʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ.  

ʅʝʢʦʪʦʨʳʝ ʦʪʢʣʦʥʝʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʳ ʪʝʤ, ʯʪʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ 

S-ʧʘʨʘʤʝʪʨʦʚ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʩ ʙʦʣʴʰʠʤ ʨʘʟʤʝʨʦʤ ʰʘʛʘ ʧʦ ʯʘʩʪʦʪʝ, 

ʥʝʞʝʣʠ ʰʘʛ, ʟʘʜʘʥʥʳʡ ʜʣʷ ʤʦʜʝʣʠ. 

ʈʝʟʫʣʴʪʘʪʳ ʩʨʘʚʥʝʥʠʷ ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ S21 ʠ S11 ʜʣʷ ʤʦʜʝʣʠ ʠ ʨʝʘʣʴʥʦʡ ʂʃʇ, 

ʥʘʛʨʫʞʝʥʥʦʡ ʧʣʘʩʪʠʥʦʡ ʠʟ ʢʝʨʘʤʠʢʠ ʄʉʊ-10, ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 6. 

 

 
ʈʠʩ. 6. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʜʫʣʝʡ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʝʨʝʜʘʯʠ S21 ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ S11 ʢʦ-

ʧʣʘʥʘʨʥʦʡ ʣʠʥʠʠ ʧʝʨʝʜʘʯʠ, ʥʘʛʨʫʞʝʥʥʦʡ ʧʣʘʩʪʠʥʦʡ ʠʟ ʢʝʨʘʤʠʢʠ ʄʉʊ-10 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 6, S-ʧʘʨʘʤʝʪʨʳ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʦʜʝʣʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩ ʵʢʩʧʝ-

ʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ. ʈʘʩʭʦʞʜʝʥʠʷ ʥʘʙʣʶʜʘʶʪʩʷ ʧʨʠ ʯʘʩʪʦʪʘʭ ʙʣʠʟʢʠʭ ʢ 2 ɻɻʮ, ʪʘʢ ʢʘʢ 

ʵʪʘ ʯʘʩʪʦʪʘ ʷʚʣʷʝʪʩʷ ʧʨʝʜʝʣʴʥʦʡ ʜʣʷ ʨʝʘʣʴʥʦʡ ʂʃʇ. ʕʪʦ ʩʧʨʘʚʝʜʣʠʚʦ ʜʣʷ ʚʩʝʭ ʨʝʟʫʣʴʪʘ-

ʪʦʚ.   

 
ʈʠʩ. 7. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʜʫʣʝʡ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʝʨʝʜʘʯʠ S21 ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ S11 ʢʦ-

ʧʣʘʥʘʨʥʦʡ ʣʠʥʠʠ ʧʝʨʝʜʘʯʠ, ʥʘʛʨʫʞʝʥʥʦʡ ʧʣʝʥʢʦʡ ʠʟ ʞʝʣʘʪʠʥʘ 

 

ʈʝʟʫʣʴʪʘʪʳ ʩʨʘʚʥʝʥʠʷ ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ S21 ʠ S11 ʜʣʷ ʤʦʜʝʣʠ ʂʃʇ, ʥʘʛʨʫʞʝʥ-

ʥʦʡ ʧʣʝʥʢʦʡ ʠʟ ʞʝʣʘʪʠʥʘ ʠ ʩ ʯʘʩʪʠʮʘʤʠ PEDOT:PSS, ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 7 ʠ 8. 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 7, ʩʭʦʜʠʤʦʩʪʴ ʤʝʞʜʫ S-ʧʘʨʘʤʝʪʨʘʤʠ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʦʜʝʣʠ ʠ 

ʨʝʘʣʴʥʦʡ ʂʃʇ ï ʥʘʙʣʶʜʘʝʪʩʷ. 
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ʈʠʩ. 8. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʜʫʣʝʡ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʝʨʝʜʘʯʠ S21 ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ S11 ʢʦ-

ʧʣʘʥʘʨʥʦʡ ʣʠʥʠʠ ʧʝʨʝʜʘʯʠ, ʥʘʛʨʫʞʝʥʥʦʡ ʧʣʝʥʢʦʡ ʠʟ ʞʝʣʘʪʠʥʘ ʩ ʯʘʩʪʠʮʘʤʠ PEDOT:PSS 

ɼʣʷ ʧʣʘʩʪʠʥʳ ʩ ʯʘʩʪʠʮʘʤʠ PEDOT:PSS (ʨʠʩʫʥʦʢ 8) ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ S11 ʨʘʟʨʘ-

ʙʦʪʘʥʥʦʡ ʤʦʜʝʣʠ ʦʪʣʠʯʥʦ ʩʭʦʜʠʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ, ʘ ʢʦʵʬʬʠʮʠʝʥʪ 

ʧʝʨʝʜʘʯʠ S21 ʠʤʝʝʪ ʩʫʱʝʩʪʚʝʥʥʳʝ ʦʪʢʣʦʥʝʥʠʷ ʚ ʥʘʯʘʣʝ ʠʩʩʣʝʜʫʝʤʦʛʦ ʜʠʘʧʘʟʦʥʘ. ɼʘʥʥʦʝ 

ʦʪʢʣʦʥʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʚʳʟʚʘʥʦ ʥʝʢʦʨʨʝʢʪʥʳʤ ʦʧʨʝʜʝʣʝʥʠʝʤ ʬʠʟʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʤʘʪʝʨʠʘʣʘ, ʘ ʪʘʢʞʝ ʨʷʜʦʤ ʜʦʧʫʱʝʥʠʡ, ʩʜʝʣʘʥʥʳʭ ʧʨʠ ʩʦʟʜʘʥʠʠ ʤʦʜʝʣʠ. 

ɿʘʢʣʶʯʝʥʠʝ 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʠʷ ʨʘʙʦʪʳ ʚ ʇʆ HFSS ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʤʦʜʝʣʴ ʂʃʇ. ʇʨʦʚʝʜʝ-

ʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ S-ʧʘʨʘʤʝʪʨʦʚ ʂʃʇ, ʥʘʛʨʫʞʝʥʥʦʡ ʨʘʟʣʠʯʥʳʤʠ 

ʦʙʨʘʟʮʘʤʠ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʭʦʜʷʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʣʷ 

ʧʣʘʩʪʠʥ ʠʟ ʄʉʊ-10 ʠ ʞʝʣʘʪʠʥʘ, ʘ ʜʣʷ ʦʙʨʘʟʮʘ ʠʟ ʞʝʣʘʪʠʥʘ ʩ ʯʘʩʪʠʮʘʤʠ PEDOT:PSS 

ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʝʨʝʜʘʯʠ. ɺ ʨʘʤʢʘʭ ʜʘʣʴʥʝʡʰʝʡ ʨʘ-

ʙʦʪʳ ʧʣʘʥʠʨʫʝʪʩʷ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʤʦʜʝʣʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʙʨʘʟʮʦʚ ʩ ʚʳʩʦʢʠʤʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʠ ʤʘʛʥʠʪʥʳʤʠ ʧʦʪʝʨʷʤʠ.  

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Gareev K.G., Bagrets V.S., Khmelnitskiy I.K., Ivanitsa M.G., Testov D.O. Research and Development of "Gela-

tinïConductive Polymer" Composites for Electromagnetic Compatibility. 2020 IEEE Conference of Russian Young 

Researchers in Electrical and Electronic Engineering (EIConRus), St. Petersburg and Moscow, Russia, 27ï30 Jan. 

2020. IEEE, 2020. c. 1069ï1072. 

2. ɹʘʥʢʦʚ ʉ.ɽ., ʂʫʨʫʰʠʥ ɸ.ɸ. ʇʨʦʝʢʪʠʨʦʚʘʥʠʝ ʉɺʏ ʫʩʪʨʦʡʩʪʚ ʠ ʘʥʪʝʥʥ ʩ Ansoft HFSS. ʄ.: ʉʦʣʦʥ-ʇʨʝʩʩ, 

2009. 736 ʩ. 

 



ʅʅɹ VIII , ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, 14 ï 16 ʤʘ̫ 2020 

 

18 

 

ʈɸɿʈɸɹʆʊʂɸ ʀ ʉɹʆʈʂɸ ʇʈʀɹʆʈɸ  

ɼʃʗ ʀɿʄɽʈɽʅʀʗ ʋɼɽʃʔʅʆɻʆ ʇʆɺɽʈʍʅʆʉʊʅʆɻʆ  

ʉʆʇʈʆʊʀɺʃɽʅʀʗ ʏɽʊʓʈɽʍɿʆʅɼʆɺʓʄ ʄɽʊʆɼʆʄ 

ɸ.ɸ. ʀʉɸɽɺɸ, ʀ.ɺ. ʄʀʍɸʁʃʆɺɸ, ɺ.ɸ. ɾɽʃʊʀʂʆɺ 

ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʕ. ɹʘʫʤʘʥʘ 

ɸʥʥʦʪʘʮʠʷ. ɺ ʩʪʘʪʴʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʨʘʟʨʘʙʦʪʢʘ ʧʨʠʙʦʨʘ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʫʜʝʣʴʥʦʛʦ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʦ-

ʧʨʦʪʠʚʣʝʥʠʷ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʠʟʤʝʥʝʥʠʷ ʥʘʧʨʘʚʣʝʥʠʷ ʪʦʢʘ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ 

ʠʟʤʝʨʝʥʠʡ. ʈʘʟʨʘʙʦʪʘʥʳ ʧʨʠʥʮʠʧʠʘʣʴʥʘʷ ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʩʭʝʤʘ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʙʣʦʢʘ ʧʨʠʙʦʨʘ ʠ ʦʙʱʘʷ 

ʩʭʝʤʘ ʧʨʠʙʦʨʘ. ʆʧʠʩʘʥʳ ʦʩʥʦʚʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʧʨʠʙʦʨʘ ʠ ʠʭ ʥʘʟʥʘʯʝʥʠʝ. ʇʨʠʚʝʜʝʥ ʧʣʘʥ ʢʘʣʠʙʨʦʚʢʠ 

ʧʨʠʙʦʨʘ ʩ ʧʦʩʪʨʦʝʥʠʝʤ ʛʨʘʬʠʢʘ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʧʨʷʞʝʥʠʷ ʦʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ. 

ʂʣʁʯʝʚʳʝ ʩʣʦʚʘ: ʫʜʝʣʴʥʦʝ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʪʦʥʢʠʝ ʧʣʝʥʢʠ, ʯʝʪʳʨʝʭʟʦʥʜʦʚʳʡ ʤʝʪʦʜ 

ʆʜʥʠʤ ʠʟ ʢʣʶʯʝʚʳʭ ʧʘʨʘʤʝʪʨʦʚ ʪʦʥʢʦʧʣʝʥʦʯʥʦʛʦ ʧʦʢʨʳʪʠʷ ʷʚʣʷʝʪʩʷ ʫʜʝʣʴʥʦʝ 

ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ (ʇʉ). ɺʝʣʠʯʠʥʫ ʫʜʝʣʴʥʦʛʦ ʇʉ ʥʝʦʙʭʦʜʠʤʦ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ, 

ʪʘʢ ʢʘʢ ʦʪ ʥʝʝ ʟʘʚʠʩʷʪ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʦʥʢʦʡ ʧʣʝʥʢʠ. ʅʘʧʨʠʤʝʨ, ʧʨʠ ʠʟʚʝʩʪʥʦʤ ʫʜʝʣʴʥʦʤ 

ʇʉ ʦʩʪʨʦʚʢʦʚʳʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ (ʆʊʇ) ʠ ʦʩʪʨʦʚʢʦʚʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ (ʆʅʉ) ʤʦʞʥʦ 

ʦʪʩʣʝʜʠʪʴ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʦʩʪʨʦʚʢʘʤʠ ʠ ʠʭ ʨʘʟʤʝʨʳ, ʠʟʤʝʨʷʷ ʚʝʣʠʯʠʥʫ ʪʦʢʘ [1].  ʇʦ 

ʟʥʘʯʝʥʠʷʤ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʦʩʪʨʦʚʢʘʤʠ ʠ ʠʭ ʨʘʟʤʝʨʘʤ ʤʦʞʥʦ ʩʦʟʜʘʪʴ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ 

ʤʦʜʝʣʠ, ʧʦʟʚʦʣʷʶʱʠʝ ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʆʊʇ, ʘ ʪʘʢʞʝ 

ʬʠʟʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ, ʪʘʢʠʝ ʢʘʢ ʤʥʦʛʦʢʨʘʪʥʘʷ ʢʦʘʣʝʩʮʝʥʮʠʷ.  

ɺʝʣʠʯʠʥʘ ʫʜʝʣʴʥʦʛʦ ʇʉ ʪʘʢʞʝ ʚʘʞʥʘ ʜʣʷ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ WSi ʠ 

NbN, ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʩʦʟʜʘʥʠʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ ʦʜʥʦʬʦʪʦʥʥʳʭ 

ʜʝʪʝʢʪʦʨʦʚ. ʇʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ [2] ʧʦʢʘʟʘʣʠ, ʯʪʦ ʦʪ ʟʥʘʯʝʥʠʷ ʫʜʝʣʴʥʦʛʦ ʇʉ 

ʤʘʪʝʨʠʘʣʘ ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ ʥʘʧʨʷʤʫʶ ʟʘʚʠʩʠʪ ʢʚʘʥʪʦʚʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ - 

ʚʝʣʠʯʠʥʘ, ʦʧʨʝʜʝʣʷʶʱʘʷ ʢʘʯʝʩʪʚʦ ʜʝʪʝʢʪʦʨʘ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʝʛʦ ʧʨʠʤʝʥʝʥʠʷ. 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʠ ʩʙʦʨʢʘ ʧʨʠʙʦʨʘ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʫʜʝʣʴʥʦʛʦ 

ʇʉ ʪʦʥʢʠʭ ʧʣʝʥʦʢ. 

ʈʘʟʨʘʙʦʪʢʘ ʩʭʝʤʳ ʧʨʠʙʦʨʘ 

ʄʝʪʦʜ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʫʜʝʣʴʥʦʛʦ ʇʉ ʧʨʠʙʦʨʦʤ ʚʳʙʨʘʥ ʯʝʪʳʨʝʭʟʦʥʜʦʚʳʡ. ʋʜʝʣʴʥʦʝ 

ʇʉ ʠʟʤʝʨʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʯʝʪʳʨʝʭ ʟʦʥʜʦʚ: ʯʝʨʝʟ ʜʚʘ ʠʟ ʥʠʭ ʧʨʦʧʫʩʢʘʝʪʩʷ ʪʦʢ ʟʘʜʘʥʥʦʡ 

ʚʝʣʠʯʠʥʳ (ʪʦʢʦʚʳʝ ʟʦʥʜʳ), ʘ ʩ ʜʚʫʭ ʜʨʫʛʠʭ ʩʥʠʤʘʝʪʩʷ ʥʘʧʨʷʞʝʥʠʝ (ʩʠʛʥʘʣʴʥʳʝ ʟʦʥʜʳ) [3]. 

 ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʩʦʩʪʘʚʣʝʥʘ ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʩʭʝʤʘ ʩ ʚʦʟʤʦʞʥʦʩʪʷʤʠ 

ʧʦʜʘʯʠ ʪʦʢʘ ʥʘ ʦʙʨʘʟʝʮ; ʥʘʩʪʨʦʡʢʘ ʪʦʢʘ ʧʠʢʦʘʤʧʝʨʤʝʪʨʦʤ; ʠʟʤʝʥʝʥʠʝ ʥʘʧʨʘʚʣʝʥʠʷ ʪʦʢʘ 

ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ ʠʟʤʝʨʝʥʠʷ; ʠʟʤʝʨʝʥʠʝ ʧʦʪʝʥʮʠʘʣʘ ʥʘ ʦʙʨʘʟʮʝ. 

ʌʫʥʢʮʠʦʥʘʣ ʧʨʠʙʦʨʘ ʥʘʭʦʜʠʪʩʷ ʚ ʢʦʨʧʫʩʝ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʙʣʦʢʘ, ʠʤʝʶʱʝʛʦ ʚʦʟʤʦʞ-

ʥʦʩʪʴ ʩʦʝʜʠʥʝʥʠʷ ʩ ʚʥʝʰʥʠʤʠ ʠʟʤʝʨʠʪʝʣʴʥʳʤʠ ʧʨʠʙʦʨʘʤʠ (ʨʠʩʫʥʦʢ 1): ʟʦʥʜʦʚʦʡ ʛʦʣʦʚ-

ʢʦʡ ï ʚʳʭʦʜ XP1, ʘʤʧʝʨʤʝʪʨʦʤ ï ʚʳʭʦʜ ʍʈ2, ʚʦʣʴʪʤʝʪʨʦʤ ï ʚʳʭʦʜ ʍʈ3 ʠ ʙʣʦʢʦʤ ʧʠʪʘʥʠʷ 

ï ʚʳʭʦʜ ʍʈ4.  

ʀʩʪʦʯʥʠʢ ʪʦʢʘ ʚʳʧʦʣʥʝʥ ʚ ʚʠʜʝ ʨʝʛʫʣʠʨʫʝʤʦʛʦ ʩʪʘʙʠʣʠʟʘʪʦʨʘ ʪʦʢʘ PCʊ1 ʠ ʠʤʝʝʪ ʧʷʪʴ 

ʚʳʭʦʜʦʚ: OE, GND, VDD, in_I_ï, in_I_+. ʇʨʠ ʟʘʟʝʤʣʝʥʠʠ ʢʦʥʪʘʢʪʘ OE ʩ ʥʫʣʝʚʳʤ ʧʦʪʝʥ-

ʮʠʘʣʦʤ ʠʩʪʦʯʥʠʢ ʪʦʢʘ ʚʳʢʣʶʯʘʝʪʩʷ. ʇʦ ʚʳʭʦʜʘʤ in_I_+, in_I_ï ʧʦʜʘʝʪʩʷ ʧʦʩʪʦʷʥʥʳʡ ʪʦʢ ʢ 

ʠʟʤʝʨʷʝʤʦʤʫ ʦʙʨʘʟʮʫ. 
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ɺʢʣʶʯʝʥʠʝ ʠ ʚʳʢʣʶʯʝʥʠʝ ʧʨʠʙʦʨʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʢʥʦʧʢʦʡ SB1. ɹʣʦʢ ʧʠʪʘʥʠʷ ʨʝʘʣʠ-

ʟʫʝʪ ʧʠʪʘʥʠʝ ʩʪʘʙʠʣʠʟʘʪʦʨʘ ʪʦʢʘ PC1. ɹʣʦʢ ʨʝʣʝ ʩ ʢʘʪʫʰʢʦʡ ʂ1, ʧʦʜʢʣʶʯʝʥʥʳʡ ʢ ʜʚʫʤ 

ʪʫʤʙʣʝʨʘʤ SA1 ʠ SA2 ʠ ʢʥʦʧʢʝ SB2, ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʩʤʝʥʳ ʥʘʧʨʘʚʣʝʥʠʷ ʪʦʢʘ. 

 

ʈʠʩʫʥʦʢ 1 ï ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʙʣʦʢʘ 

ʊʫʤʙʣʝʨʳ SA1 ʠ SA2 ʦʙʝʩʧʝʯʠʚʘʶʪ ʪʨʠ ʚʘʨʠʘʥʪʘ ʧʦʜʢʣʶʯʝʥʠʷ: 

1. ʢ ʩʭʝʤʝ ʧʦʜʢʣʶʯʝʥ ʪʦʣʴʢʦ ʦʙʨʘʟʝʮ ï ʠʟʤʝʨʝʥʠʝ ʦʙʨʘʟʮʘ (SA1 ʚʢʣ., SA2 ʚʢʣ.); 

2. ʢ ʩʭʝʤʝ ʧʦʜʢʣʶʯʝʥʳ ʦʙʨʘʟʝʮ ʠ ʘʤʧʝʨʤʝʪʨ ï ʧʨʦʚʝʨʢʘ ʧʦʜʘʯʠ ʪʦʢʘ (SA1 ʚʳʢʣ., 

SA2 ʚʢʣ.); 

3. ʢ ʩʭʝʤʝ ʧʦʜʢʣʶʯʝʥʳ ʘʤʧʝʨʤʝʪʨ ʠ ʢʘʣʠʙʨʦʚʦʯʥʳʝ ʨʝʟʠʩʪʦʨʳ (R2) ï ʥʘʩʪʨʦʡʢʘ 

ʪʦʢʘ (SA1 ʚʳʢʣ., SA2 ʚʳʢʣ.). 

 

ʈʠʩʫʥʦʢ 2 ï ʆʙʱʘʷ ʩʭʝʤʘ ʧʨʠʙʦʨʘ 

ʈʝʟʠʩʪʦʨ R1 ʫʤʝʥʴʰʘʝʪ ʟʥʘʯʝʥʠʝ ʪʦʢʘ ʚ 40 ʨʘʟ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʥʘ ʧʠʢʦʘʤʧʝʨʤʝʪʨʝ. ʈʝ-

ʟʠʩʪʦʨʳ R2 ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʘʢ ʢʘʣʠʙʨʦʚʦʯʥʳʝ ʜʣʷ ʥʘʩʪʨʦʡʢʠ ʪʦʢʘ ʦʪ ʠʩʪʦʯʥʠʢʘ. ʂʦʥʜʝʥ-

ʩʘʪʦʨ ʉ1 ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʩʪʘʙʠʣʠʟʘʮʠʠ ʥʘʧʨʷʞʝʥʠʷ. 

ʆʙʱʘʷ ʩʭʝʤʘ ʧʨʠʙʦʨʘ ʩʦʩʪʦʠʪ ʠʟ ʬʫʥʢʮʠʦʥʘʣʴʥʦʛʦ ʢʦʨʧʫʩʘ (ʌʂ) ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ 

ʙʣʦʢʘ, ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʧʨʠʙʦʨʦʚ (ʧʠʢʦʘʤʧʝʨʤʝʪʨʘ ʠ ʚʦʣʴʪʤʝʪʨʘ) ʠ ʙʣʦʢʘ ʧʠʪʘʥʠʷ (ʨʠʩʫ-

ʥʦʢ 2). 
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ʉ ʧʦʤʦʱʴʶ ʦʙʱʠʭ ʰʠʥ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩʚʷʟʴ ʌʂ ʩ ʙʣʦʢʦʤ ʧʠʪʘʥʠʷ, ʠʟʤʝʨʠʪʝʣʴʥʳʤʠ 

ʧʨʠʙʦʨʘʤʠ ʠ ʦʙʨʘʟʮʦʤ. D1 ʠ D2 ʩʚʷʟʳʚʘʶʪ ʌʂ ʩ ʦʙʨʘʟʮʦʤ, ʦʙʝʩʧʝʯʠʚʘʷ ʧʦʜʘʯʫ ʪʦʢʘ, D3 

ʩʚʷʟʳʚʘʝʪ ʌʂ ʩ ʧʠʢʦʘʤʧʝʨʤʝʪʨʦʤ, D4 ʩʚʷʟʳʚʘʝʪ ʌʂ ʩ ʙʣʦʢʦʤ ʧʠʪʘʥʠʷ. 

ʀʟʤʝʨʠʪʝʣʴʥʳʝ ʧʨʠʙʦʨʳ ʠ ʙʣʦʢ ʧʠʪʘʥʠʷ ʧʦʜʢʣʶʯʘʶʪʩʷ ʢ ʦʜʥʦʬʘʟʥʦʡ ʩʝʪʠ. 

ɼʣʷ ʧʣʘʚʥʦʩʪʠ ʠ ʪʦʯʥʦʩʪʠ ʥʘʚʝʜʝʥʠʷ ʟʦʥʜʦʚ ʥʘ ʦʙʨʘʟʝʮ, ʟʦʥʜʦʚʘʷ ʛʦʣʦʚʢʘ ʨʘʟʤʝʱʝʥʘ ʚ 

ʩʪʘʢʘʥʝ ʧʦʜʚʠʞʥʦʡ ʯʘʩʪʠ ʰʪʘʪʠʚʘ. 

ʇʦʜʙʦʨ ʢʦʤʧʦʥʝʥʪʦʚ 

ʆʩʥʦʚʥʳʤʠ ʩʦʩʪʘʚʣʷʶʱʠʤʠ ʧʨʠʙʦʨʘ ʷʚʣʷʶʪʩʷ ʟʦʥʜʦʚʘʷ ʛʦʣʦʚʢʘ, ʚʦʣʴʪʤʝʪʨ, ʧʠʢʦʘʤ-

ʧʝʨʤʝʪʨ, ʙʣʦʢ ʧʠʪʘʥʠʷ, ʠʩʪʦʯʥʠʢ ʪʦʢʘ. 

ɿʦʥʜʦʚʘʷ ʛʦʣʦʚʢʘ ʩʦʩʪʦʠʪ ʠʟ ʩʪʘʢʘʥʘ, ʢʦʪʦʨʳʡ ʥʘʭʦʜʠʪʩʷ ʚ ʧʦʜʚʠʞʥʦʡ ʯʘʩʪʠ ʰʪʘʪʠʚʘ 

ʧʨʠʙʦʨʘ, ʠ ʧʣʘʪʳ, ʢ ʢʦʪʦʨʦʡ ʧʨʠʧʘʷʥʦ 4 ʟʦʥʜʘ. ɿʦʥʜʳ ʧʦʜʧʨʫʞʠʥʝʥʳ ʚ ʩʦʙʩʪʚʝʥʥʦʤ ʢʦʨ-

ʧʫʩʝ, ʙʣʘʛʦʜʘʨʷ ʯʝʤʫ ʧʨʠ ʦʧʫʩʢʘʥʠʠ ʧʣʝʥʢʫ ʢʘʩʘʶʪʩʷ ʚʩʝ ʟʦʥʜʳ. ʄʝʞʟʦʥʜʦʚʦʝ ʨʘʩʩʪʦʷʥʠʝ 

ʩʦʩʪʘʚʣʷʝʪ 1,27 ʤʤ, ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʝʢʦʤʝʥʜʘʮʠʝʡ ʢ ʩʦʙʣʶʜʝʥʠʶ ʠʥʪʝʨʚʘʣʘ ʦʪ 1 ʜʦ 

1,6 ʤʤ [4]. ʏʝʨʝʟ ʜʚʘ ʢʨʘʡʥʠʭ ʟʦʥʜʘ ʧʨʦʭʦʜʠʪ ʧʦʩʪʦʷʥʥʳʡ ʪʦʢ ʟʘʜʘʥʥʦʡ ʚʝʣʠʯʠʥʳ, ʯʝʨʝʟ 

ʜʚʘ ʩʨʝʜʥʠʭ ʟʦʥʜʘ ʩʥʠʤʘʝʪʩʷ ʥʘʧʨʷʞʝʥʠʝ. 

ɼʣʷ ʠʟʤʝʨʝʥʠʷ ʫʜʝʣʴʥʦʛʦ ʇʉ ʧʦʢʨʳʪʠʡ ʪʨʝʙʫʝʪʩʷ ʪʦʢ ʜʦ 150 ʤɸ [5]. ʇʦʜʦʙʨʘʥʥʳʡ ʠʩ-

ʪʦʯʥʠʢ ʪʦʢʘ ʩʧʦʩʦʙʝʥ ʨʝʛʫʣʠʨʦʚʘʪʴ ʪʦʢ ʦʪ 20 ʜʦ 600 ʤɸ. ʊʨʝʙʫʝʤʳʡ ʜʠʘʧʘʟʦʥ ʪʦʢʘ ʙʫʜʝʪ 

ʨʝʘʣʠʟʦʚʘʥ ʧʨʠ ʧʠʪʘʥʠʠ 12ɺ. 

ɹʣʦʢ ʧʠʪʘʥʠʷ ï ʠʩʪʦʯʥʠʢ ʥʘʧʨʷʞʝʥʠʷ ï ʨʘʙʦʪʘʝʪ ʦʪ ʦʙʱʝʡ ʩʝʪʠ ʩ ʥʘʧʨʷʞʝʥʠʝʤ 220 ɺ 

ʠ ʯʘʩʪʦʪʦʡ 50 ɻʮ. ʅʘ ʚʳʭʦʜʝ ʥʘʧʨʷʞʝʥʠʝ ʩʦʩʪʘʚʣʷʝʪ 12 ɺ ʠ ʧʦʜʘʝʪʩʷ ʢ ʠʩʪʦʯʥʠʢʫ ʪʦʢʘ.  

ɼʣʷ ʥʘ ʩʪʨʦʡʢʠ ʠʩʪʦʯʥʠʢʘ ʪʦʢʘ ʚʳʙʨʘʥ ʧʠʢʦʘʤʧʝʨʤʝʪʨ KEITHLEY6485, ʢʦʪʦʨʳʡ ʧʦʟ-

ʚʦʣʷʝʪ ʠʟʤʝʨʷʪʴ ʪʦʢ ʜʦ 20 ʤɸ. ʇʨʠ ʠʟʤʝʨʝʥʠʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʠʢʦʘʤ-

ʧʝʨʤʝʪʨ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʥʝ ʙʫʜʝʪ, ʧʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʝʛʦ ʥʘʣʠʯʠʝ ʚ ʩʭʝʤʝ ʥʝ ʪʨʝʙʫʝʪʩʷ. 

ɺʦʣʴʪʤʝʪʨ ɺ7-35 ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʨʘʟʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʦʚ ʥʘ ʦʙʨʘʟʮʝ. ɼʘʥ-

ʥʘʷ ʤʦʜʝʣʴ ʚʳʙʨʘʥʘ ʚʚʠʜʫ ʧʨʦʩʪʦʪʳ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠ ʜʦʩʪʫʧʥʦʩʪʠ.  

ɼʣʷ ʧʦʜʢʣʶʯʝʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ʧʦʜʦʙʨʘʥʳ ʨʘʟʲʝʤʳ ʥʘ ʧʘʥʝʣʴ ʠ ʢʘʙʝʣʴ. ʇʨʠ ʧʦʜʙʦʨʝ 

ʫʯʠʪʳʚʘʣʠʩʴ ʩʧʦʩʦʙ ʤʦʥʪʘʞʘ, ʪʠʧ ʢʘʙʝʣʷ, ʪʠʧ ʨʘʟʲʝʤʘ. ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʠʟʤʝʨʝʥʠʷ ʧʦʜʦ-

ʙʨʘʥʳ ʜʚʝ ʢʥʦʧʢʠ ʠ ʜʚʘ ʪʫʤʙʣʝʨʘ.  

ʄʦʥʪʘʞ 

 

ʈʠʩʫʥʦʢ 3 ï ʌʫʥʢʮʠʦʥʘʣʴʥʳʡ ʢʦʨʧʫʩ ʧʦʩʣʝ ʤʦʥʪʘʞʘ 

ʆʩʫʱʝʩʪʚʣʝʥ ʤʦʥʪʘʞ ʢʦʤʧʦʥʝʥʪʦʚ ʬʫʥʢʮʠʦʥʘʣʴʥʦʛʦ ʢʦʨʧʫʩʘ ʧʨʠʙʦʨʘ ʜʣʷ ʠʟʤʝʨʝʥʠʷ 

ʫʜʝʣʴʥʦʛʦ ʇʉ (ʨʠʩʫʥʦʢ 3). 

ʇʨʠ ʤʦʥʪʘʞʝ ʢ ʬʫʥʢʮʠʦʥʘʣʴʥʦʤʫ ʢʦʨʧʫʩʫ ʧʨʠʩʦʝʜʠʥʝʥʳ ʢʥʦʧʢʠ, ʪʫʤʙʣʝʨʳ, ʪʘʢʞʝ 

ʦʩʫʱʝʩʪʚʣʝʥʦ ʠʭ ʩʦʝʜʠʥʝʥʠʝ ʩ ʧʣʘʪʦʡ. ʆʩʫʱʝʩʪʚʣʝʥ ʤʦʥʪʘʞ ʨʘʟʲʝʤʦʚ ʚʥʫʪʨʠ ʢʦʨʧʫʩʘ. 

ʇʣʘʥ ʢʘʣʠʙʨʦʚʢʠ ʧʨʠʙʦʨʘ 

ʀʟʤʝʨʝʥʠʝ ʫʜʝʣʴʥʦʛʦ ʇʉ ʥʘ ʧʨʠʙʦʨʝ ʙʫʜʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ ʧʫʪʝʤ ʩʦʦʪʥʝʩʝʥʠʷ ʟʥʘʯʝ-

ʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʚʦʣʴʪʤʝʪʨʝ ʩ ʛʨʘʬʠʢʦʤ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʧʨʷʞʝʥʠʷ ʦʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 
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ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʪʦʥʢʦʡ ʧʣʝʥʢʠ. ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʟʘʚʠʩʠʤʦʩʪʠ ʧʣʘʥʠʨʫʝʪʩʷ ʥʘʥʝʩʪʠ ʥʘ 10 

ʧʦʜʣʦʞʝʢ ʪʦʥʢʠʝ ʧʣʝʥʢʠ ʦʢʩʠʜʘ ʠʥʜʠʷ-ʦʣʦʚʘ (ITO) ʨʘʟʥʦʡ ʪʦʣʱʠʥʳ ʦʪ 4 ʜʦ 100 ʥʤ. ʄʘʪʝ-

ʨʠʘʣ ITO ʚʳʙʨʘʥ ʜʣʷ ʢʘʣʠʙʨʦʚʢʠ ʧʦ ʧʨʠʯʠʥʝ ʪʦʛʦ, ʯʪʦ ʚ ʝʛʦ ʩʦʩʪʘʚʝ ʝʩʪʴ ʢʠʩʣʦʨʦʜ, ʘ ʟʥʘ-

ʯʠʪ ʦʥ ʥʝ ʙʫʜʝʪ ʦʢʠʩʣʷʪʴʩʷ ʥʘ ʘʪʤʦʩʬʝʨʝ ʧʨʠ ʧʦʚʪʦʨʥʳʭ ʠʟʤʝʨʝʥʠʷʭ. ɼʘʣʝʝ ʧʣʘʥʠʨʫʝʪʩʷ 

ʠʟʤʝʨʠʪʴ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ITO, ʘ ʨʘʟʨʘʙʦʪʘʥʥʳʤ ʧʨʠʙʦʨʦʤ ï 

ʟʥʘʯʝʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ʧʨʠ ʪʦʢʝ ʚ ʜʠʘʧʘʟʦʥʝ ʜʦ 150 ʤɸ; ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʧʦʣʫʯʝʥʥʳʝ 

ʜʘʥʥʳʝ ʠ ʧʦʩʪʨʦʠʪʴ ʛʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʧʨʷʞʝʥʠʷ ʦʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ. 

ɼʣʷ ʫʚʝʣʠʯʝʥʠʷ ʪʦʯʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ ʧʨʠʙʦʨʦʤ ʩʣʝʜʫʝʪ ʠʟʫʯʠʪʴ ʚʣʠʷʥʠʝ ʩʠʣʳ ʥʘʞʘʪʠʷ 

ʟʦʥʜʘʤʠ ʥʘ ʚʝʣʠʯʠʥʫ ʥʘʧʨʷʞʝʥʠʷ. 

ɿʘʢʣʶʯʝʥʠʝ 

ʈʘʟʨʘʙʦʪʘʥ ʠ ʩʤʦʥʪʠʨʦʚʘʥ ʧʨʠʙʦʨ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʫʜʝʣʴʥʦʛʦ ʇʉ ʯʝʪʳʨʝʭʟʦʥʜʦʚʳʤ ʤʝ-

ʪʦʜʦʤ. ɹʣʦʢ ʧʠʪʘʥʠʷ ʧʦʜʘʝʪ ʥʘ ʧʨʠʙʦʨ 12 ɺ; ʟʥʘʯʝʥʠʝ ʪʦʢʘ, ʧʨʦʭʦʜʷʱʝʛʦ ʯʝʨʝʟ ʟʦʥʜʳ ï ʜʦ 

150 ʤɸ; ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʟʦʥʜʘʤʠ 1,27 ʤʤ. ʉʦʩʪʘʚʣʝʥ ʧʣʘʥ ʧʨʦʚʝʜʝʥʠʷ ʢʘʣʠʙʨʦʚʢʠ ʧʨʠ-

ʙʦʨʘ, ʢʦʪʦʨʳʡ ʦʩʥʦʚʘʥ ʥʘ ʠʟʤʝʨʝʥʠʠ ʥʘʧʨʷʞʝʥʠʷ ʧʣʝʥʢʠ ITO ʩ ʠʟʚʝʩʪʥʳʤ ʫʜʝʣʴʥʳʤ ʇʉ, 

ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʛʨʘʬʠʢʘ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʧʨʷʞʝʥʠʷ ʦʪ ʫʜʝʣʴʥʦʛʦ ʇʉ ʜʣʷ ʧʣʝʥʦʢ ʨʘʟʥʦʡ 

ʪʦʣʱʠʥʳ. 

ɺ ʜʘʣʴʥʝʡʰʝʤ ʧʣʘʥʠʨʫʝʪʩʷ ʧʨʦʚʝʩʪʠ ʢʘʣʠʙʨʦʚʢʫ ʧʨʠʙʦʨʘ ʠ ʠʩʩʣʝʜʦʚʘʪʴ ʫʜʝʣʴʥʦʝ ʇʉ 

ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʨʘʟʣʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʪʦʣʱʠʥ, ʩʪʨʫʢʪʫʨ. 
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ʉʇɽʂʊʈɸʃʔʅɸʗ ʀ ʕʅɽʈɻɽʊʀʏɽʉʂɸʗ ʂɸʃʀɹʈʆɺʂɸ ʇʆʈʊɸʊʀɺ-

ʅʆɻʆ ʉʇɽʂʊʈʆʄɽʊʈɸ 

ɸ. ɻ. ʂʆɿʃʆɺɸ, ɺ. ʉ. ɻʆʈʗʀʅʆɺ, ɸ. ɸ. ɹʋɿʅʀʂʆɺ 

ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ çʃʕʊʀè 

ʠʤʝʥʠ ɺ. ʀ. ʋʣʴʷʥʦʚʘ (ʃʝʥʠʥʘ) 

ɸʥʥʦʪʘʮʠʷ. ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʩʧʝʢʪʨʘʣʴʥʳʭ ʩʲʝʤʦʢ ʧʨʠʨʦʜʥʳʭ ʦʙʲʝʢʪʦʚ ʚ ʧʦʣʝʚʳʭ ʫʩʣʦʚʠʷʭ ʙʳʣ ʩʦ-

ʟʜʘʥ ʤʦʜʝʨʥʠʟʠʨʦʚʘʥʥʳʡ ʚʘʨʠʘʥʪ ʧʦʨʪʘʪʠʚʥʦʛʦ ʩʧʝʢʪʨʦʤʝʪʨʘ ʈʉʉ, ʚ ʢʦʪʦʨʦʤ ʫʧʨʘʚʣʝʥʠʝ ʧʦʣʫʯʝʥʠʝʤ, 

ʦʙʨʘʙʦʪʢʦʡ ʠ ʩʦʭʨʘʥʝʥʠʝʤ ʩʧʝʢʪʨʘʣʴʥʳʭ ʜʘʥʥʳʭ ʦʩʫʱʝʩʪʚʣʷʝʪ Arduino-ʩʦʚʤʝʩʪʠʤʘʷ ʤʠʢʨʦʢʦʥʪʨʦʣ-

ʣʝʨʥʘʷ ʧʣʘʪʘ. ɺ ʜʦʢʣʘʜʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʜʚʫʭ ʣʘʙʦʨʘʪʦʨʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʦʪʥʦʩʷʱʠʭʩʷ ʢ ʢʘ-

ʣʠʙʨʦʚʦʯʥʳʤ ʠʟʤʝʨʝʥʠʷʤ. ɼʣʷ ʫʪʦʯʥʝʥʠʷ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʠ ʨʘʙʦʯʝʛʦ ʜʠʘʧʘʟʦʥʘ ʧʨʠʙʦʨʘ 

ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʢʘʣʠʙʨʦʚʢʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʧʝʢʪʨʘ ʠʟʣʫʯʝʥʠʷ ʨʪʫʪʥʦʡ ʣʘʤʧʳ. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʦʚʝ-

ʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ (ʩʨʝʜʥʝʛʦ ʧʨʦʧʫʩʢʘʥʠʷ ʠ ʝʛʦ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ) ʪʨʝʭ ʢʘ-

ʣʠʙʨʦʚʦʯʥʳʭ ʵʢʨʘʥʦʚ, ʚʳʧʦʣʥʝʥʥʳʭ ʨʘʟʣʠʯʥʳʤʠ ʩʧʦʩʦʙʘʤʠ. 

ʇʦʨʪʘʪʠʚʥʳʡ ʩʧʝʢʪʨʦʤʝʪʨ, ʢʘʣʠʙʨʦʚʢʘ ʩʧʝʢʪʨʦʤʝʪʨʦʚ, ʩʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ ʨʪʫʪʠ, ʢʘʣʠʙʨʦʚʦʯʥʳʡ ʵʢʨʘʥ 

ʈʫʯʥʦʡ ʩʧʫʪʥʠʢʦʚʳʡ ʩʧʝʢʪʨʦʤʝʪʨ ʈʉʉ ʙʳʣ ʦʜʥʠʤ ʠʟ ʧʝʨʚʳʭ ʩʧʝʢʪʨʘʣʴʥʳʭ ʧʨʠʙʦʨʦʚ, 

ʧʨʠʤʝʥʷʚʰʠʭʩʷ ʜʣʷ ʜʠʩʪʘʥʮʠʦʥʥʦʛʦ ʟʦʥʜʠʨʦʚʘʥʠʷ ɿʝʤʣʠ ʠʟ ʢʦʩʤʦʩʘ [1]. ʇʦʤʠʤʦ 

ʨʘʟʤʝʱʝʥʠʷ ʥʘ ʢʦʩʤʠʯʝʩʢʠʭ ʢʦʨʘʙʣʷʭ çʉʦʶʟè ʠ ʦʨʙʠʪʘʣʴʥʳʭ ʩʪʘʥʮʠʷʭ çʉʘʣʶʪè ʠ çʄʠʨè, 

ʨʘʟʣʠʯʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ ʩʧʝʢʪʨʦʤʝʪʨʘ ʈʉʉ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʪʘʢʞʝ ʚ ʥʘʟʝʤʥʦʤ ʠ 

ʘʚʠʘʮʠʦʥʥʦʤ ʵʢʦʣʦʛʠʯʝʩʢʦʤ ʤʦʥʠʪʦʨʠʥʛʝ ʚʦʜʦʝʤʦʚ [2] ʠ ʩʥʝʞʥʦʛʦ ʧʦʢʨʦʚʘ [3]. 

ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʳʝ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʧʨʠʙʦʨʘ ʙʳʣʠ ʩʚʷʟʘʥʳ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 

ʬʦʪʦʜʠʦʜʥʳʭ ʣʠʥʝʝʢ ʚ ʢʘʯʝʩʪʚʝ ʬʦʪʦʧʨʠʝʤʥʠʢʘ (ʚʤʝʩʪʦ ʨʝʛʠʩʪʨʘʮʠʠ ʩʧʝʢʪʨʦʚ ʥʘ ʯʝʨʥʦ-

ʙʝʣʫʶ ʬʦʪʦʧʣʝʥʢʫ) ʠ ʚʥʝʜʨʝʥʠʝʤ ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʥʳʭ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ [4,5].  

ʉ ʫʯʝʪʦʤ ʰʠʨʦʢʠʭ ʚʦʟʤʦʞʥʦʩʪʝʡ ʩʦʚʨʝʤʝʥʥʦʡ ʤʠʢʨʦʢʦʥʪʨʦʣʣʝʨʥʦʡ ʪʝʭʥʠʢʠ ʦʜʠʥ ʠʟ 

ʵʢʟʝʤʧʣʷʨʦʚ ʩʧʝʢʪʨʦʤʝʪʨʘ ʈʉʉï2 ʙʳʣ ʤʦʜʝʨʥʠʟʠʨʦʚʘʥ ʘʚʪʦʨʘʤʠ ʜʦʢʣʘʜʘ ʧʫʪʝʤ 

ʨʘʟʨʘʙʦʪʢʠ ʫʧʨʘʚʣʷʶʱʝʡ ʩʭʝʤʳ ʥʘ ʦʩʥʦʚʝ Arduino-ʩʦʚʤʝʩʪʠʤʦʡ ʧʣʘʪʳ ʩ AVR-

ʤʠʢʨʦʢʦʥʪʨʦʣʣʝʨʦʤ ATmega2560 [6]. ʉʧʝʢʪʨʘʣʴʥʳʝ ʜʘʥʥʳʝ ʚʤʝʩʪʝ ʩ ʠʥʬʦʨʤʘʮʠʝʡ ʦ 

ʚʨʝʤʝʥʠ, ʤʝʩʪʝ ʠ ʨʝʞʠʤʝ ʠʟʤʝʨʝʥʠʡ ʩʦʭʨʘʥʷʶʪʩʷ ʚ ʪʝʢʩʪʦʚʦʤ ʬʦʨʤʘʪʝ ʥʘ SD-ʢʘʨʪʝ. 

ʇʠʪʘʝʪʩʷ ʧʨʠʙʦʨ ʦʪ ʧʝʨʝʟʘʨʷʞʘʝʤʦʡ ʙʘʪʘʨʝʠ ʩ ʥʘʧʨʷʞʝʥʠʝʤ 9 ʚʦʣʴʪ. 

ʄʦʜʝʨʥʠʟʠʨʦʚʘʥʥʳʡ ʩʧʝʢʪʨʦʤʝʪʨ ʠʩʧʦʣʴʟʫʝʪ ʠʩʭʦʜʥʫʶ ʦʧʪʠʯʝʩʢʫʶ ʩʭʝʤʫ 

ʩʧʝʢʪʨʦʤʝʪʨʘ ʈʉʉ ʩ ʤʠʥʠʤʘʣʴʥʳʤʠ ʠʟʤʝʥʝʥʠʷʤʠ. ʃʝʥʪʦʧʨʦʪʷʞʥʳʡ ʤʝʭʘʥʠʟʤ, ʧʨʠʚʦʜ 

ʟʘʪʚʦʨʘ ʠ ʜʨʫʛʠʝ ʩʠʩʪʝʤʳ, ʥʝ ʠʩʧʦʣʴʟʫʝʤʳʝ ʧʨʠ ʵʣʝʢʪʨʦʥʥʦʡ ʨʝʛʠʩʪʨʘʮʠʠ ʩʧʝʢʪʨʦʚ, 

ʠʩʢʣʶʯʝʥʳ ʠʟ ʢʦʥʩʪʨʫʢʮʠʠ. ʅʘ ʨʠʩ. 1 ʧʦʢʘʟʘʥʘ ʠʪʦʛʦʚʘʷ ʦʧʪʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʘʷ ʩʭʝʤʘ 

ʩʧʝʢʪʨʦʤʝʪʨʘ. 

ɺʝʣʠʯʠʥʘ ʚʭʦʜʥʦʛʦ ʧʦʪʦʢʘ ʠʟʣʫʯʝʥʠʷ, ʩʦʙʨʘʥʥʦʛʦ ʦʙʲʝʢʪʠʚʦʤ 1, ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ 

ʨʝʚʦʣʴʚʝʨʥʦʡ ʜʠʘʬʨʘʛʤʦʡ 3, ʚʨʘʱʘʶʱʝʡʩʷ ʚʤʝʩʪʝ ʩ ʦʩʴʶ ʜʘʪʯʠʢʘ 4, ʢʦʪʦʨʫʶ 

ʧʦʜʜʝʨʞʠʚʘʝʪ ʫʧʦʨ 2. ʉʚʝʪʦʜʝʣʠʪʝʣʴʥʳʡ ʢʫʙ 5, ʧʦʜʚʠʞʥʘʷ ʩʦʙʠʨʘʶʱʘʷ ʣʠʥʟʘ 6 ʠ ʟʝʨʢʘʣʦ 

7 ʩʦʩʪʘʚʣʷʶʪ ʩʠʩʪʝʤʫ ʚʠʜʦʠʩʢʘʪʝʣʷ. ʇʨʠ ʨʝʛʠʩʪʨʘʮʠʠ ʩʧʝʢʪʨʘ ʦʙʲʝʢʪʘ ʠʟʣʫʯʝʥʠʝ 

ʧʨʦʭʦʜʠʪ ʱʝʣʴ 8 ʠ ʨʘʩʢʣʘʜʳʚʘʝʪʩʷ ʚ ʩʧʝʢʪʨ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʨʝʰʝʪʢʦʡ 13, ʜʚʘʞʜʳ ʧʨʦʭʦʜʷ 

ʧʨʠ ʵʪʦʤ ʯʝʨʝʟ ʢʦʣʣʠʤʘʮʠʦʥʥʫʶ ʣʠʥʟʫ 12 (ʘʚʪʦʢʦʣʣʠʤʘʮʠʦʥʥʘʷ ʩʭʝʤʘ). ʅʘʢʣʦʥʥʦʝ 

ʟʝʨʢʘʣʦ 11 ʥʘʧʨʘʚʣʷʝʪ ʠʟʣʫʯʝʥʠʝ ʥʘ ʣʠʥʝʡʢʫ ʬʦʪʦʜʠʦʜʦʚ 10. 

ɺ ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʜʚʘ ʚʠʜʘ ʠʟʤʝʨʝʥʠʡ, ʦʙʲʝʜʠʥʷʝʤʳʭ 

ʧʦʥʷʪʠʝʤ ʢʘʣʠʙʨʦʚʢʠ ʩʧʝʢʪʨʦʤʝʪʨʘ. ʇʨʝʞʜʝ ʚʩʝʛʦ ʜʣʷ ʫʪʦʯʥʝʥʠʷ ʩʧʝʢʪʨʘʣʴʥʦʛʦ 

ʨʘʟʨʝʰʝʥʠʷ ʠ ʨʘʙʦʯʝʛʦ ʜʠʘʧʘʟʦʥʘ ʧʨʠʙʦʨʘ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʩʧʝʢʪʨʘʣʴʥʘʷ ʢʘʣʠʙʨʦʚʢʘ, 
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ʩʚʷʟʳʚʘʶʱʘʷ ʢʘʞʜʳʡ ʠʟ 64 ʢʘʥʘʣʦʚ ʬʦʪʦʧʨʠʝʤʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʩʭʝʤʳ ʩ ʦʧʨʝʜʝʣʝʥʥʳʤ 

ʜʠʘʧʘʟʦʥʦʤ ʜʣʠʥ ʚʦʣʥ. 

ɼʣʷ ʩʧʝʢʪʨʘʣʴʥʦʡ ʢʘʣʠʙʨʦʚʢʠ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʠʟʣʫʯʝʥʠʝ ʨʪʫʪʥʦʡ ʨʘʟʨʷʜʥʦʡ ʣʘʤʧʳ 

ɼʈʐ. ʅʘ ʨʠʩ. 2 ʧʨʠʚʝʜʝʥ ʧʨʠʤʝʨ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʷʨʢʦʩʪʠ ʚ ʩʧʝʢʪʨʝ ʠʟʣʫʯʝ-

ʥʠʷ ʨʪʫʪʠ Lɚ ʠ ʪʝʤʥʦʚʳʭ ʰʫʤʦʚ, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʭ ʧʨʠ ʟʘʢʨʳʪʦʤ ʦʙʲʝʢʪʠʚʝ, Ld. ʇʨʦʠʟ-

ʚʦʣʴʥʳʝ ʝʜʠʥʠʮʳ ʧʦ ʚʝʨʪʠʢʘʣʴʥʦʡ ʦʩʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʨʘʟʨʝʰʝʥʠʶ ɸʎʇ ʤʠʢʨʦʢʦʥʪʨʦʣ-

ʣʝʨʥʦʡ ʧʣʘʪʳ ï 10 ʙʠʪ. 

 

ʈʠʩ. 1. ʆʧʪʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʘʷ ʩʭʝʤʘ ʤʦʜʝʨʥʠʟʠʨʦʚʘʥʥʦʛʦ ʩʧʝʢʪʨʦʤʝʪʨʘ ʈʉʉ 

 

ʈʠʩ. 2.ʉʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ ʨʪʫʪʠ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʥʦʚʳʭ ʰʫʤʦʚ 

ʇʨʠ ʧʦʤʦʱʠ ʩʧʝʢʪʨʘʣʴʥʳʭ ʬʠʣʴʪʨʦʚ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʣʠʥʳ ʚʦʣʥ 365, 405 ʠ 

435 ʥʤ ʧʨʠʭʦʜʷʪʩʷ ʥʘ 3, 8 ʠ 12 ʢʘʥʘʣ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʘ ʣʠʥʠʷ 546 ʥʤ ï ʥʘ ʢʘʥʘʣ 26. ʉ 

ʫʯʝʪʦʤ ʵʪʦʛʦ, ʨʘʙʦʯʠʡ ʩʧʝʢʪʨʘʣʴʥʳʡ ʜʠʘʧʘʟʦʥ ʧʨʠʙʦʨʘ ʩʦʩʪʘʚʣʷʝʪ ʦʪ 350 ʜʦ 850 ʥʤ, ʘ 

ʨʘʟʨʝʰʝʥʠʝ ï ʥʝ ʭʫʞʝ 8 ʥʤ. 

ʇʨʠ ʜʠʩʪʘʥʮʠʦʥʥʦʤ ʟʦʥʜʠʨʦʚʘʥʠʠ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʥʝ ʩʘʤʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʩʧʝʢʪʨʘʣʴʥʳʭ ʷʨʢʦʩʪʝʡ ʦʙʲʝʢʪʘ Lɚ, ʘ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʪʨʘʞʝʥʠʷ ʠʣʠ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʩʧʝʢʪʨʘʣʴʥʦʡ ʷʨʢʦʩʪʠ R = (Lɚ ï Ld) / (Ls ï Ld), ʛʜʝ Ls ï ʩʧʝʢʪʨʘʣʴʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʷʨʢʦʩʪʝʡ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ, ʦʩʚʝʱʘʶʱʝʛʦ ʦʙʲʝʢʪ ʩʲʝʤʢʠ. ʉ ʫʯʝʪʦʤ 

ʵʪʦʛʦ ʧʝʨʝʜ ʩʲʝʤʢʦʡ ʦʙʲʝʢʪʘ ʩʧʝʢʪʨʦʤʝʪʨ ʈʉʉ ʥʘʚʦʜʠʪʩʷ ʥʘ ʠʩʪʦʯʥʠʢ ʠʟʣʫʯʝʥʠʷ 
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(ʥʘʧʨʠʤʝʨ, ʥʘ ʉʦʣʥʮʝ), ʠ ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʩʧʝʢʪʨ ʢʘʣʠʙʨʦʚʦʯʥʦʛʦ ʵʢʨʘʥʘ. ʕʢʨʘʥ (9 ʥʘ ʨʠʩ. 

1) ʞʝʩʪʢʦ ʟʘʢʨʝʧʣʝʥ ʥʘ ʩʚʦʝʡ ʦʩʠ ʠ ʚʨʘʱʘʝʪʩʷ ʨʫʢʦʷʪʢʦʡ ʩʥʘʨʫʞʠ ʢʦʨʧʫʩʘ. ʇʨʠ ʧʝʨʝʭʦʜʝ 

ʦʪ ʢʘʣʠʙʨʦʚʢʠ ʢ ʩʧʝʢʪʨʘʣʴʥʦʡ ʩʲʝʤʢʝ ʦʙʲʝʢʪʘ ʵʢʨʘʥ ʚʳʚʦʜʠʪʩʷ ʠʟ ʦʧʪʠʯʝʩʢʦʛʦ ʪʨʘʢʪʘ 

ʧʨʠʙʦʨʘ. 

ʊʘʢ ʢʘʢ ʥʝʢʦʪʦʨʳʝ ʦʙʲʝʢʪʳ ʩʲʝʤʢʠ (ʥʘʧʨʠʤʝʨ, ʧʦʚʝʨʭʥʦʩʪʴ ʩʥʝʛʘ) ʤʦʛʫʪ ʦʙʣʘʜʘʪʴ 

ʚʳʩʦʢʠʤ ʩʧʝʢʪʨʘʣʴʥʳʤ ʘʣʴʙʝʜʦ, ʪʦ ʠ ʤʘʪʝʨʠʘʣ ʢʘʣʠʙʨʦʚʦʯʥʦʛʦ ʵʢʨʘʥʘ ʜʦʣʞʝʥ 

ʤʠʥʠʤʘʣʴʥʦ ʦʩʣʘʙʣʷʪʴ ʧʦʪʦʢ ʠʟʣʫʯʝʥʠʷ, ʧʨʠʭʦʜʷʱʠʡ ʦʪ ʠʩʪʦʯʥʠʢʘ, ʠ ʪʦʣʴʢʦ ʚʳʨʘʚʥʠʚʘʪʴ 

ʝʛʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ, ʥʝ ʠʩʢʘʞʘʷ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʩʦʩʪʘʚʘ. ɺ ʭʦʜʝ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʢʘʣʠʙʨʦʚʢʠ ʩʧʝʢʪʨʦʤʝʪʨʘ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʩʧʝʢʪʨʦʚ ʪʨʝʭ 

ʢʘʣʠʙʨʦʚʦʯʥʳʭ ʵʢʨʘʥʦʚ, ʚʳʧʦʣʥʝʥʥʳʭ ʨʘʟʣʠʯʥʳʤʠ ʩʧʦʩʦʙʘʤʠ, ʩʦ ʩʧʝʢʪʨʦʤ ʠʩʪʦʯʥʠʢʘ, 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʤ ʥʘʧʨʷʤʫʶ, ʚ ʦʪʩʫʪʩʪʚʠʝ ʵʢʨʘʥʘ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ 

ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʛʘʣʦʛʝʥʥʘʷ ʣʘʤʧʘ ʥʘʢʘʣʠʚʘʥʠʷ ʤʦʱʥʦʩʪʴʶ 1 ʢɺʪ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʜʠʥʘʤʠʯʝʩʢʠʤ ʜʠʘʧʘʟʦʥʦʤ ʬʦʪʦʧʨʠʝʤʥʠʢʘ ʚʭʦʜʥʦʡ ʧʦʪʦʢ ʨʝʛʫʣʠʨʦʚʘʣʩʷ ʜʠʘʬʨʘʛʤʦʡ. 

ʇʝʨʚʳʡ ʵʢʨʘʥ ʧʨʝʜʩʪʘʚʣʷʣ ʩʦʙʦʡ ʮʝʣʣʫʣʦʠʜʥʫʶ ʧʣʝʥʢʫ, ʤʝʭʘʥʠʯʝʩʢʠ ʦʙʨʘʙʦʪʘʥʥʫʶ ʩ 

ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʜʦ ʥʝʧʨʦʟʨʘʯʥʦʩʪʠ; ʚʪʦʨʦʡ ʵʢʨʘʥ ï ʩʪʝʢʣʦ ʪʦʣʱʠʥʦʡ 1 ʤʤ, ʥʘ ʢʦʪʦʨʦʝ ʩ 

ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʥʘʥʝʩʝʥʳ ʣʘʟʝʨʦʤ ʧʦʚʪʦʨʷʶʱʠʝʩʷ ʥʘʩʝʯʢʠ; ʪʨʝʪʠʡ ʵʢʨʘʥ ï ʩʪʝʢʣʦ 

ʪʦʣʱʠʥʦʡ 2 ʤʤ ʩ ʜʚʫʩʪʦʨʦʥʥʠʤ ʤʦʣʦʯʥʳʤ ʧʦʢʨʳʪʠʝʤ. ʉʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʧʨʦʧʫʩʢʘʥʠʷ, ʨʘʩʩʯʠʪʘʥʥʦʛʦ ʘʥʘʣʦʛʠʯʥʦ ʢʦʵʬʬʠʮʠʝʥʪʫ ʦʪʨʘʞʝʥʠʷ R, ʩʦʩʪʘʚʠʣʦ 0,218; 

0,404 ʠ 0,133 ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʵʢʨʘʥʦʚ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʠʩʧʝʨʩʠʷ ʟʥʘʯʝʥʠʡ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ, ʦʪʨʘʞʘʶʱʘʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʧʝʨʝʜʘʯʠ ʩʧʝʢʪʨʘʣʴʥʦʡ ʷʨʢʦʩʪʠ ʠʩʪʦʯʥʠʢʘ, 

ʨʘʚʥʘ 0,016; 0,018 ʠ 0,02. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʠʤʝʥʝʝ ʧʨʦʟʨʘʯʥʳʡ ʠʟ ʪʨʝʭ ʤʘʪʝʨʠʘʣ ʵʢʨʘʥʘ 

ʪʦʯʥʝʝ ʚʩʝʛʦ ʧʝʨʝʜʘʝʪ ʩʧʝʢʪʨʘʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʷʨʢʦʩʪʠ ʠʩʪʦʯʥʠʢʘ. ɼʣʷ ʜʚʫʭ ʜʨʫʛʠʭ 

ʵʢʨʘʥʦʚ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʧʫʩʢʘʥʠʷ ʦʢʘʟʘʣʘʩʴ ʩʣʘʙʦ ʟʘʚʠʩʷʱʝʡ ʦʪ ʝʛʦ 

ʩʨʝʜʥʝʛʦ ʟʥʘʯʝʥʠʷ. 

ɺ ʜʘʣʴʥʝʡʰʝʤ ʩʧʝʢʪʨʦʤʝʪʨ ʙʫʜʝʪ ʧʨʠʤʝʥʷʪʴʩʷ ʜʣʷ ʧʦʣʝʚʳʭ ʩʲʝʤʦʢ ʨʘʩʪʠʪʝʣʴʥʦʩʪʠ ʠ 

ʚʦʜʦʝʤʦʚ. 
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ʈɸɿʈɸɹʆʊʂɸ ʀ ʀɿɻʆʊʆɺʃɽʅʀɽ ʗʏɽʁʂʀ ɼʃʗ ʀɿʄɽʈɽʅʀʁ 

ʇʆ ʄɽʊʆɼʋ ʄɽʊɸʃʃʆɼʀʕʃɽʂʊʈʀʏɽʉʂʆɻʆ ʈɽɿʆʅɸʊʆʈɸ 

ʇ. ʉ. ʃɽʄɽʐʂʆ, ʄ. ɻ. ʀɺɸʅʀʎɸ 

ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ çʃʕʊʀè 

ʠʤ. ɺ.ʀ. ʋʣʴʷʥʦʚʘ (ʃʝʥʠʥʘ) 

ɸʥʥʦʪʘʮʠʷ. ʀʟʤʝʨʠʪʝʣʴʥʘʷ ʷʯʝʡʢʘ, ʦʧʠʩʘʥʥʘʷ ʚ ʥʘʩʪʦʷʱʝʡ ʩʪʘʪʴʝ, ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʠ ʠʟʛʦʪʦʚʣʝʥʘ 

ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʤʝʪʦʜʘ ʤʝʪʘʣʣʦʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ɻʆʉʊ ʈ. 8.623-2015. 

ʈʘʩʩʤʦʪʨʝʥʥʳʡ ʤʝʪʦʜ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʦʙʨʘʟʮʦʚ ʮʠʣʠʥʜʨʠʯʝ-

ʩʢʦʡ ʬʦʨʤʳ ʚ ʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ 1ï20 ɻɻʮ. ʇʨʠʚʝʜʝʥʳ ʦʩʥʦʚʥʳʝ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʩʚʝʜʝʥʠʷ ʦ ʤʝʪʦʜʝ 

ʠʟʤʝʨʝʥʠʡ. ʋʩʪʘʥʦʚʣʝʥʳ ʪʨʝʙʦʚʘʥʠʷ ʢ ʦʙʨʘʟʮʘʤ ʠ ʬʘʢʪʦʨʳ, ʚʣʠʷʶʱʠʝ ʥʘ ʚʝʣʠʯʠʥʫ ʧʦʛʨʝʰʥʦʩʪʠ ʠʟ-

ʤʝʨʝʥʠʡ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʷʯʝʡʢʠ ʜʘʥʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ, ʪʘʥʛʝʥʩ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ, ʤʝʪʘʣʣʦʜʠʵʣʝʢ-

ʪʨʠʯʝʩʢʠʡ ʨʝʟʦʥʘʪʦʨ, ʠʟʤʝʨʠʪʝʣʴʥʘʷ ʷʯʝʡʢʘ, ʮʠʣʠʥʜʨʠʯʝʩʢʠʡ ʦʙʨʘʟʝʮ, ʤʝʪʦʜ ʠʟʤʝʨʝʥʠʡ ʥʘ ʩʚʝʨʭʚʳʩʦʢʠʭ 

ʯʘʩʪʦʪʘʭ. 

ʂʦʥʪʨʦʣʴ ʧʘʨʘʤʝʪʨʦʚ ʤʘʪʝʨʠʘʣʦʚ, ʧʦʣʫʯʘʝʤʳʭ ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʝ ʠʣʠ ʚ ʣʘʙʦʨʘʪʦʨʠʠ, 

ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʷʶʱʠʤ ʬʘʢʪʦʨʦʤ ʜʣʷ ʠʭ ʜʘʣʴʥʝʡʰʝʛʦ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ. 

ʀʟʤʝʨʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ (ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʪʘʥʛʝʥʩʘ ʫʛʣʘ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ) ʤʦʛʫʪ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʦʚ. 

ʄʝʪʦʜ ʠʟʤʝʨʝʥʠʡ ʚʳʙʠʨʘʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʟʤʝʨʘ, ʬʦʨʤʳ ʠ ʪʠʧʘ ʠʩʩʣʝʜʫʝʤʦʛʦ 

ʦʙʨʘʟʮʘ ʤʘʪʝʨʠʘʣʘ, ʘ ʪʘʢʞʝ ʪʨʝʙʦʚʘʥʠʡ, ʚʳʜʚʠʛʘʝʤʳʭ ʢ ʯʘʩʪʦʪʥʦʤʫ ʜʠʘʧʘʟʦʥʫ 

ʠʩʩʣʝʜʦʚʘʥʠʡ. ʄʝʪʦʜ ʤʝʪʘʣʣʦʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʦʪʥʦʩʠʪʩʷ ʢ ʦʙʣʘʩʪʠ 

ʠʟʤʝʨʝʥʠʡ ʚ ʜʠʘʧʘʟʦʥʝ ʩʚʝʨʭʚʳʩʦʢʠʭ ʯʘʩʪʦʪ (ʉɺʏ). ʉ ʮʝʣʴʶ ʨʝʘʣʠʟʘʮʠʠ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ 

ʠʟʤʝʨʝʥʠʡ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʠ ʠʟʛʦʪʦʚʣʝʥʘ ʠʟʤʝʨʠʪʝʣʴʥʘʷ ʷʯʝʡʢʘ, ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ 

ʪʨʝʙʦʚʘʥʠʷ ʢ ʠʟʤʝʨʷʝʤʳʤ ʩ ʧʦʤʦʱʴʶ ʥʝʝ ʦʙʨʘʟʮʘʤ, ʘ ʪʘʢʞʝ ʦʧʨʝʜʝʣʝʥʳ ʚʦʟʤʦʞʥʳʝ 

ʬʘʢʪʦʨʳ, ʚʣʠʷʶʱʠʝ ʥʘ ʟʥʘʯʝʥʠʝ ʧʦʛʨʝʰʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ.  

ʄʝʪʦʜ ʤʝʪʘʣʣʦʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʤʘʪʝʨʠʘʣʦʚ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦʡ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ Ů ʦʪ 2 ʜʦ 500 ʠ ʪʘʥʛʝʥʩʦʤ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ 

tgŭ ʦʪ 10ï5 ʜʦ 5Ä10ï3 [1]. ʇʦʜ ʤʝʪʘʣʣʦʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤ ʨʝʟʦʥʘʪʦʨʦʤ ʧʦʜʨʘʟʫʤʝʚʘʝʪʩʷ 

ʠʟʤʝʨʷʝʤʳʡ ʦʙʨʘʟʝʮ, ʫʩʪʘʥʦʚʣʝʥʥʳʡ ʤʝʞʜʫ ʜʚʫʤʷ ʤʝʪʘʣʣʠʯʝʩʢʠʤʠ ʦʪʨʘʞʘʪʝʣʷʤʠ. ʕʪʦʪ 

ʤʝʪʦʜ ʦʪʥʦʩʠʪʩʷ ʢ ʨʝʟʦʥʘʥʩʥʳʤ ʤʝʪʦʜʘʤ, ʚ ʢʦʪʦʨʳʭ ʧʨʠʥʮʠʧ ʠʟʤʝʨʝʥʠʡ ʦʩʥʦʚʘʥ ʥʘ 

ʠʟʤʝʥʝʥʠʠ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʨʝʟʦʥʘʪʦʨʘ ʧʨʠ ʚʚʝʜʝʥʠʠ ʚ ʨʝʟʦʥʘʥʩʥʫʶ ʦʙʣʘʩʪʴ 

ʠʟʤʝʨʷʝʤʦʛʦ ʦʙʨʘʟʮʘ. 

ʅʘ ʧʦʛʨʝʰʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʠʟʤʝʨʝʥʠʡ ʚʣʠʷʶʪ ʦʩʪʘʪʦʯʥʳʝ ʤʠʢʨʦʟʘʟʦʨʳ ʤʝʞʜʫ 

ʪʦʨʮʝʚʳʤʠ ʧʦʚʝʨʭʥʦʩʪʷʤʠ ʦʙʨʘʟʮʘ ʠ ʤʝʪʘʣʣʠʯʝʩʢʠʤʠ ʦʪʨʘʞʘʪʝʣʷʤʠ. ʅʘʣʠʯʠʝ 

ʤʠʢʨʦʟʘʟʦʨʦʚ ʦʙʫʩʣʦʚʣʝʥʦ ʰʝʨʦʭʦʚʘʪʦʩʪʴʶ ʧʦʚʝʨʭʥʦʩʪʝʡ ʠ ʥʝʠʜʝʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʥʦʩʪʴʶ 

ʦʙʨʘʟʮʘ. ʈʝʟʦʥʘʥʩʥʳʝ ʪʠʧʳ ʢʦʣʝʙʘʥʠʡ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʤ ʯʘʩʪʦʪʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ 

ʪʨʝʤʷ ʠʥʜʝʢʩʘʤʠ: m, l ʠ n. ʀʥʜʝʢʩ m ʧʦʢʘʟʳʚʘʝʪ ʢʦʣʠʯʝʩʪʚʦ ʜʣʠʥ ʚʦʣʥ, ʫʢʣʘʜʳʚʘʶʱʠʭʩʷ 

ʧʦ ʘʟʠʤʫʪʘʣʴʥʦʡ ʢʦʦʨʜʠʥʘʪʝ; l ʦʪʨʘʞʘʝʪ ʯʠʩʣʦ ʚʘʨʠʘʮʠʡ ʧʦʣʷ ʧʦ ʨʘʜʠʘʣʴʥʦʡ ʢʦʦʨʜʠʥʘʪʝ, 

n ïʧʦ ʦʩʠ ʦʙʨʘʟʮʘ. ʉʠʤʤʝʪʨʠʯʥʳʝ H0mp-ʢʦʣʝʙʘʥʠʷ ʥʘʠʙʦʣʴʰʠʤ ʦʙʨʘʟʦʤ ʧʦʜʭʦʜʷʪ ʜʣʷ 

ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʡ, ʪ.ʢ. ʦʙʝʩʧʝʯʠʚʘʶʪ ʤʠʥʠʤʠʟʘʮʠʶ ʧʦʛʨʝʰʥʦʩʪʠ, ʚʥʦʩʠʤʦʡ 

ʤʠʢʨʦʟʘʟʦʨʘʤʠ [2]. 

ʂʦʥʩʪʨʫʢʮʠʷ ʠʟʛʦʪʦʚʣʝʥʥʦʡ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʷʯʝʡʢʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʜʚʘ ʜʠʩʢʘ, 

ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʠʟ ʬʦʣʴʛʠʨʦʚʘʥʥʦʛʦ ʩʪʝʢʣʦʪʝʢʩʪʦʣʠʪʘ, ʟʘʢʨʝʧʣʝʥʥʳʝ ʥʘ ʜʝʨʝʚʷʥʥʳʭ 

ʦʩʥʦʚʘʥʠʷʭ ʜʠʘʤʝʪʨʦʤ 280 ʤʤ. ʊʦʣʱʠʥʘ ʩʣʦʷ ʤʝʜʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʪʨʘʞʘʪʝʣʝʡ 
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ʩʦʩʪʘʚʣʷʝʪ 18 ʤʢʤ. ɼʠʘʤʝʪʨ ʤʝʜʥʳʭ ʦʪʨʘʞʘʪʝʣʝʡ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʚ ʮʝʥʪʨʝ 

ʜʠʩʢʘ, d = 220 ʤʤ. ʅʘ ʥʠʞʥʠʡ ʦʪʨʘʞʘʪʝʣʴ ʥʘʥʝʩʝʥʘ ʣʠʥʝʡʥʘʷ ʰʢʘʣʘ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ 

ʪʦʯʥʦʛʦ ʩʦʦʩʥʦʛʦ ʨʘʩʧʦʣʦʞʝʥʠʷ ʦʙʨʘʟʮʘ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʨʝʟʦʥʘʪʦʨʘ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ 

ʬʦʣʴʛʠʨʦʚʘʥʥʦʛʦ ʩʪʝʢʣʦʪʝʢʩʪʦʣʠʪʘ ʦʙʲʷʩʥʷʝʪʩʷ ʚʳʩʦʢʠʤ ʢʘʯʝʩʪʚʦʤ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ 

ʧʦʢʨʳʪʠʷ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʝʛʦ ʪʨʝʙʦʚʘʥʠʷʤ ʢ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʠ ʧʣʦʩʢʦʩʪʥʦʩʪʠ. 

ʈʝʛʫʣʠʨʦʚʘʥʠʝ ʚʳʩʦʪʳ ʟʝʨʢʘʣ ʠ ʠʭ ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʦʩʪʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ 

ʧʣʘʩʪʠʢʦʚʳʭ ʨʝʟʴʙʦʚʳʭ ʰʧʠʣʝʢ, ʧʦʜʜʝʨʞʠʚʘʶʱʠʭ ʚʝʨʭʥʶʶ ʯʘʩʪʴ ʢʦʥʩʪʨʫʢʮʠʠ. 

ɼʣʷ ʚʚʦʜʘ ʠ ʚʳʚʦʜʘ ʉɺʏ-ʠʟʣʫʯʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʤʝʥʪʘ ʚʦʟʙʫʞʜʝʥʠʷ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʧʝʪʣʠ, ʪʘʢ ʢʘʢ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʠʟʤʝʨʝʥʠʷ ʙʫʜʫʪ ʧʨʦʚʦʜʠʪʴ ʥʘ H0mp-ʢʦʣʝʙʘʥʠʷʭ. 

ʇʦʜʚʦʜ ʵʥʝʨʛʠʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʯʝʨʝʟ ʢʦʘʢʩʠʘʣʴʥʳʝ ʢʘʙʝʣʠ, ʧʨʦʪʷʥʫʪʳʝ ʯʝʨʝʟ ʪʠʪʘʥʦʚʳʝ 

ʪʨʫʙʢʠ, ʢʦʪʦʨʳʝ ʟʘʢʨʝʧʣʝʥʳ ʥʘ ʟʘʞʠʤʘʭ ʜʣʷ ʠʭ ʫʩʪʦʡʯʠʚʦʩʪʠ ʠ ʩʦʭʨʘʥʝʥʠʷ 

ʧʘʨʘʣʣʝʣʴʥʦʩʪʠ. ɿʘʞʠʤʳ, ʚʳʧʦʣʥʝʥʥʳʝ ʠʟ ʣʝʛʢʦʛʦ ʘʣʶʤʠʥʠʝʚʦʛʦ ʩʧʣʘʚʘ, ʧʦʟʚʦʣʷʶʪ 

ʨʝʛʫʣʠʨʦʚʘʪʴ ʚʳʩʦʪʫ ʧʝʪʝʣʴ ʚʚʦʜʘ ʠ ʚʳʚʦʜʘ ʠ ʠʭ ʫʜʘʣʝʥʥʦʩʪʴ ʦʪ ʮʝʥʪʨʘ ʢʦʥʩʪʨʫʢʮʠʠ. 

ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʥʘ ʥʠʭ ʙʳʣʠ ʥʘʥʝʩʝʥʳ ʣʠʥʝʡʥʳʝ ʰʢʘʣʳ ʜʣʷ ʚʦʟʤʦʞʥʦʩʪʠ ʪʦʯʥʦʛʦ 

ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ. 

 

ʈʠʩ. 1. ʀʟʛʦʪʦʚʣʝʥʥʘʷ ʠʟʤʝʨʠʪʝʣʴʥʘʷ ʷʯʝʡʢʘ: 

1 ï ʥʠʞʥʠʡ ʦʪʨʘʞʘʪʝʣʴ, 2 ï ʧʝʪʣʠ, ʚʦʟʙʫʞʜʘʶʱʠʝ ʉɺʏ-ʢʦʣʝʙʘʥʠʷ, 

3 ï ʣʠʥʝʡʥʳʝ ʰʢʘʣʳ ʜʣʷ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ ʢʘʙʝʣʝʡ, 4 ï ʪʠʪʘʥʦʚʳʝ ʪʨʫʙʢʠ 

ʈʘʟʤʝʨʳ ʦʙʨʘʟʮʦʚ ʠʩʩʣʝʜʫʝʤʳʭ ʚ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʷʯʝʡʢʝ ʤʘʪʝʨʠʘʣʦʚ ʜʦʣʞʥʳ ʫʜʦʚʣʝ-

ʪʚʦʨʷʪʴ ʥʝʢʦʪʦʨʳʤ ʫʩʣʦʚʠʷʤ. ɼʠʘʤʝʪʨ ʦʙʨʘʟʮʘ D ʥʝ ʜʦʣʞʝʥ ʧʨʝʚʳʰʘʪʴ ʪʨʝʪʠ ʜʠʘʤʝʪʨʘ 

ʦʪʨʘʞʘʪʝʣʷ d, ʪʦ ʝʩʪʴ D Ò 73,3 ʤʤ. ɺʳʩʦʪʘ ʦʙʨʘʟʮʘ L ʜʦʣʞʥʘ ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʫʩʣʦʚʠʶ: 

L = (0,4ï0,5) D. ʄʠʥʠʤʘʣʴʥʳʝ ʨʘʟʤʝʨʳ ʦʙʨʘʟʮʘ ʢʦʥʩʪʨʫʢʪʠʚʥʦ ʦʛʨʘʥʠʯʝʥʳ ʜʠʘʤʝʪʨʦʤ ʪʠ-

ʪʘʥʦʚʳʭ ʪʨʫʙʦʢ. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʦʛʨʘʥʠʯʝʥʠʝ ʩʦʩʪʘʚʣʷʝʪ L Ó 4 ʤʤ. 

ɿʘʤʝʪʠʤ, ʯʪʦ ʨʘʟʤʝʨʳ ʦʙʨʘʟʮʘ ʚʣʠʷʶʪ ʥʘ ʯʘʩʪʦʪʳ, ʥʘ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʧʨʦʚʦʜʠʪʴ ʠʟʤʝ-

ʨʝʥʠʷ: ʯʝʤ ʤʝʥʴʰʝ ʦʙʨʘʟʝʮ, ʪʝʤ ʚʳʰʝ ʥʠʞʥʷʷ ʛʨʘʥʠʮʘ ʯʘʩʪʦʪʥʦʛʦ ʜʠʘʧʘʟʦʥʘ. ɼʠʘʤʝʪʨ ʦʙ-

ʨʘʟʮʘ, ʥʠʟʰʘʷ ʯʘʩʪʦʪʘ ʜʠʘʧʘʟʦʥʘ ʠʟʤʝʨʝʥʠʷ f ʠ ʜʦʧʫʩʪʠʤʳʝ ʟʥʘʯʝʥʠʷ Ů ʩʚʷʟʘʥʳ ʩʦʦʪʥʦʰʝ-

ʥʠʝʤ [1]: 

 , 

ʛʜʝ Ůmax ʠ Ůmin ï ʚʝʨʭʥʷʷ ʠ ʥʠʞʥʷʷ ʛʨʘʥʠʮʳ ʧʨʠʙʣʠʞʝʥʥʦ ʠʟʚʝʩʪʥʦʛʦ ʟʥʘʯʝʥʠʷ Ů ʩʦ-

ʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʠʟʤʝʨʝʥʠʡ ʷʯʝʡʢʘ ʧʦʜʢʣʶʯʘʝʪʩʷ ʢ ʚʝʢʪʦʨʥʦʤʫ ʘʥʘʣʠʟʘʪʦʨʫ ʮʝʧʝʡ 

(ɺɸʎ). ɺ ʮʝʥʪʨ ʥʠʞʥʝʛʦ ʦʪʨʘʞʘʪʝʣʷ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʦʙʨʘʟʝʮ, ʟʘʪʝʤ ʨʝʛʫʣʠʨʫʝʪʩʷ ʚʳʩʦʪʘ 

ʚʝʨʭʥʝʛʦ ʦʪʨʘʞʘʪʝʣʷ. ɺʘʞʥʦ ʪʦʯʥʦ ʚʳʩʪʘʚʠʪʴ ʝʝ ʥʘ ʫʨʦʚʝʥʴ ʚʳʩʦʪʳ ʦʙʨʘʟʮʘ, ʯʪʦʙʳ ʥʝ ʜʦ-

ʧʫʩʪʠʪʴ ʦʙʨʘʟʦʚʘʥʠʷ ʚʦʟʜʫʰʥʦʛʦ ʟʘʟʦʨʘ ʤʝʞʜʫ ʦʪʨʘʞʘʪʝʣʝʤ ʠ ʪʦʨʮʦʤ ʦʙʨʘʟʮʘ ʠʣʠ ʚʦʟ-

ʥʠʢʥʦʚʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʦʙʨʘʟʮʝ, ʪʘʢ ʢʘʢ ʵʪʦ ʧʦʚʣʠʷʝʪ ʥʘ ʨʝʟʫʣʴʪʘʪʳ ʠʟ-

ʤʝʨʝʥʠʡ, ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʥʘ ʪʦʯʥʦʩʪʴ ʨʘʩʯʝʪʦʚ. 
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ʈʝʟʦʥʘʪʦʨ ʚʦʟʙʫʞʜʘʝʪʩʷ ɺɸʎ ʚ ʨʝʞʠʤʝ ʠʩʪʦʯʥʠʢʘ ʩʠʛʥʘʣʘ. ʀʟʤʝʨʷʝʤʳʡ ʧʘʨʘʤʝʪʨ ï 

ʢʦʵʬʬʠʮʠʝʥʪ ʧʝʨʝʜʘʯʠ S21. ʄʘʢʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ S21 ʫʢʘʟʳʚʘʶʪ ʯʘʩʪʦʪʳ, ʥʘ ʢʦʪʦʨʳʭ 

ʚʦʟʥʠʢʘʝʪ ʨʝʟʦʥʘʥʩ. ʇʝʨʚʳʡ ʚʦʟʥʠʢʘʶʱʠʡ ʨʝʟʦʥʘʥʩʥʳʡ ʧʠʢ, ʢʘʢ ʧʨʘʚʠʣʦ, ʩʚʷʟʘʥ ʩ ʛʠ-

ʙʨʠʜʥʦʡ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʦʡ ʪʠʧʘ HEM111, ʘ ʚʪʦʨʦʡ ï ʩ H011. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʯʠ-

ʥʘʷ ʩʦ ʚʪʦʨʦʛʦ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʠʢʘ, ʤʦʞʥʦ ʧʨʦʚʦʜʠʪʴ ʨʘʩʯʝʪ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦ-

ʩʪʠ ʠ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ [2, 3]. ʇʨʠʤʝʨ ʨʝʟʫʣʴʪʘʪʘ ʠʟʤʝʨʝʥʠʷ, ʧʦʣʫ-

ʯʝʥʥʦʛʦ ʘʚʪʦʨʘʤʠ ʚ [3], ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 2. 

 

ʈʠʩ. 2. ʈʝʟʫʣʴʪʘʪ, ʧʦʣʫʯʝʥʥʳʡ ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʝʨʝʜʘʯʠ ʦʪ ʯʘʩʪʦʪʳ [3] 

ʈʘʩʯʝʪ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʠʩʭʦʜʠʪ ʥʘ ʦʩʥʦʚʘʥʠʠ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʦʙ 

ʠʟʤʝʨʝʥʥʦʡ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʝ ʠ ʰʠʨʠʥʝ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʠʢʘ. ɼʣʷ ʨʘʩʯʝʪʦʚ ʥʝʦʙʭʦʜʠʤʦ 

ʚʦʩʧʦʣʴʟʦʚʘʪʴʩʷ ʬʦʨʤʫʣʘʤʠ, ʩʦʜʝʨʞʘʱʠʤʠʩʷ ʚ [1] ʠʣʠ [4]. 

ɿʘʢʣʶʯʝʥʠʝ 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʠʷ ʨʘʙʦʪʳ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʠ ʩʢʦʥʩʪʨʫʠʨʦʚʘʥʘ ʠʟʤʝʨʠʪʝʣʴʥʘʷ 

ʷʯʝʡʢʘ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ 

ʤʘʪʝʨʠʘʣʦʚ ʤʝʪʦʜʦʤ ʤʝʪʘʣʣʦʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʨʝʟʦʥʘʪʦʨʘ. ʂʦʥʩʪʨʫʢʮʠʷ ʠʟʤʝʨʠʪʝʣʴʥʦʡ 

ʷʯʝʡʢʠ ʧʨʝʜʲʷʚʣʷʝʪ ʩʣʝʜʫʶʱʠʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʨʘʟʤʝʨʘʤ ʦʙʨʘʟʮʘ: D Ò 73,3 ʤʤ, L Ó 4 ʤʤ, 

L = (0,4ï0,5) D, ʛʜʝ D ï ʜʠʘʤʝʪʨ ʦʙʨʘʟʮʘ, L ï ʝʛʦ ʚʳʩʦʪʘ. ɼʘʣʴʥʝʡʰʘʷ ʨʘʙʦʪʘ ʥʘʜ ʜʘʥʥʦʡ 

ʪʝʤʦʡ ʧʨʝʜʧʦʣʘʛʘʝʪ ʧʨʘʢʪʠʯʝʩʢʫʶ ʦʪʨʘʙʦʪʢʫ ʨʘʩʩʤʦʪʨʝʥʥʦʛʦ ʤʝʪʦʜʘ ʠʟʤʝʨʝʥʠʡ. ɺ ʥʘʩʪʦ-

ʷʱʠʡ ʤʦʤʝʥʪ ʟʘʧʣʘʥʠʨʦʚʘʥʳ ʠʩʧʳʪʘʥʠʷ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʷʯʝʡʢʠ ʩ ʮʝʣʴʶ ʧʨʦʚʝʨʢʠ ʝʝ ʨʘʙʦ-

ʪʦʩʧʦʩʦʙʥʦʩʪʠ.  
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A REVIEW OF PEROVSKI TE SOLAR CELLS: EFFICI ENCY AND STA-

BILITY IMPROVEMENT M ETHODS 

I.MARGARYAN 

 Saint Petersburg Electrotechnical University ñLETIò 

Abstract: With the rapid development of photovoltaic technologies variety of novel materials are emerging. 

Perovskites are one of the most promising ones which are going to be utilized for the fourth generation solar 

cells. Perovskites possess excellent optoelectronic properties such as high absorption coefficient, small exciton 

binding energy and high mobility. However, a number of issues relating to degradation and stability must be 

solved.  In this report, latest advances in perovskite solar cells (PSC) and the PSCs properties development 

methods such as perovskite/silicon tandem and introduction of quantum dots (QDs) will be discussed.    

Keywords: Perovskite; quantum dots; solar cells; perovskite/silicon tandem 

Introduction  

Perovskite solar cells draw much attention due to the rapid increasing of power conversion 

efficiency (PCE). [1] The record efficiency was set by hybrid organic-inorganic lead halide PSCs 

(HPSCs) with efficiency 25.2%, which is comparable with commercial solar cells.  [1] This type 

of PSCs possesses the benefits of both organic and inorganic semiconductors. [2] However, the 

above-mentioned value concerns the PSCs with area smaller than 1 cm2. The PCE of HPSCs is 

heavily dependent on the sizes of active area. [2] The larger active area, the lower efficiency is 

revealed. The relation between active area and PCE is presented in Figure 1. [2] Besides, high 

PCE may be achieved by improvement of the morphology and the crystalline quality in order to 

prepare high-quality perovskite films.  

 

Figure 1. A) PCE over the years. B) PCE related to active area 

[2] Also, enormous research is undertaken on preparation of large-area perovskite solar mod-

ules (PSMs) which are going to be commercially acceptable in future. [2] Another issue is effi-

ciency stability since even high efficiency low-scale HPSCs reveal wide PCE distribution.   

Inorganic perovskite solar cells (IPSCs) are equally worthy candidates for the fourth genera-

tion solar cells. However, IPSCs possess both advantages and drawbacks in term of stability and 

efficiency. Over the past view years IPSCs a number of production technologies have been de-

veloped for both HPSCs and IPSCs (solution methods, vapor deposition methods, co-evaporation 

deposition). CsPbBr3 is the most appropriate material because of its excellent stability against 

thermal and humidity environmental conditions. The PCE of IPSCs is 10.91%. The storage sta-

bility under moisture (80% relative humidity) and heat 80ÁC is more than 2000 h. Inherently in-

stability of organic materials under moisture, heat and oxygen is a challenging issue for commer-

cial applications of organic PSCs. The instability is caused by volatility of the organic compo-
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nents such as MA+, FA+ and by the weak chemical bonding energies between metal cations 

(Pb2+) and halide anions (I-, Br-, Cl-). The benefits of IPSCs are obtained by substituting the or-

ganic cation (MA+/FA+) with inorganic ones (Cs+). There are three basic types based on different 

halides, i.e. CsPbI3, CsPbBr3, CsPbCl3. [3] CsPbI3, despite the suitable bandgap, is unacceptable 

for the solar cells because of phase transition from the black cubic phase to the yellow non-

perovskite phase at room temperature. [4] 

Optical bandgap for CsPbCl3 (3 eV) is unsuitable for application in solar cells, whereas CsP-

bBr3 with bandgap 2.3 eV, better stability, excellent light absorbing properties leads to the re-

markable improvement of the solar cells characteristics being incorporated into them.  

                            

Figure 2. Normalized PCE of HPSCs and IPSCs in different conditions related to time   

Stability of HPSCs heavily depends on temperature and humidity, whereas inorganic PSCs 

reveal much better stability in high humid air (90-95% RH) for more than 2500 h. Carbon-

electrode-based CsPbBr3 retain 87% of initial stability in moisture conditions. Use of spiro-

OMeTAD or other organic films as a HTL impair stability of PSCs due to the sensitivity to wa-

ter. However, substituting of organic HTLs with inorganic ones as NiOx followed by better mois-

ture stability. Besides, IPSCs possess better stability at high temperatures (350ÁC) and decom-

pose at higher than 350 ÁC temperatures. In contrast, HPSCs decompose at 85ÁC. For carbon-

electrode-based CsPbBr3 stability is obtained due to the absence of organic HTL and lack of in-

ward diffusion of metal atoms into perovskite. CsPbBr3/carbon ï based PSCs reveal no degrada-

tion at 100ÁC high humidity environment without encapsulation (90-95% RH, 25 ÁC) for 840 h. 

Equally suitable performances for carbon-electrode-based CsPbBr3 are achieved in a heated en-

vironment at a constant temperature 100ÁC. 85% of initial PCE of CsPbBr3/carbon ï based PSCs 

was maintained for more than 800 h. [3]  

Introduction of quantum dots (QDs) 

Despite the fact that enormous efforts have been dedicated towards improving the stability 

and efficiency of PSCs, their performance has been far lower than expected. One way to further 

enhancement of stability and efficiency is introduction of QDs as an interface layer between per-

ovskite film and the hole transport material (HTM). Figure 4 illustrated the improvement of 

PSCs properties by introducing stable CsPbI3 QDs between the FAMAPbI3 perovskite film and 

HTM layer forming FAMAPbI3/ CsPbI3 QDs/ HTM device structure. Research indicate that this 

is a new strategy to achieve both high efficiency and stability in ambient air.  

Figure 3 shows significant enhancement of the PCE of PSCs W/ QDs after storage in ambi-

ent air, whereas PSCs W/O QDs almost entirely lost their initial PCE getting yellow which indi-

cates the loss of cubic structure. Furthermore, PSCs with QDs showed enhanced stability under 
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continuous light radiation declining to 81% of initial performance after 100 h. In contrast, PSCs 

W/O QDs show much more considerable fall reaching 50%. [3] 

 

Figure 3. a) Dark storage stability of PSCs W/ and W/O CsPbI3 QD interface layer. b) Normalized performance 

evolution under continuous light irradiation 

In order to achieve a stable cubic phase of CsPbI3 at room temperature Cs2Ac and PbI2 as the 

precursor and methyl acetate as the shape regulator are utilized. CsPbI3 QDs reveal excellent ab-

sorption in the visible light region, extending up to 700 nm. [5] Moreover, inserting of CsPbI3 

with valence band (VB) located between VB of the FAMAPBI3 and the HUMO of the HTM fa-

cilitate hole transfer, reducing recombination during the transport process. Consequently, re-

markable rise of PCE occurs from 15.17% to 18.56% caused by significant increases of VOC and 

JSC from 1.049 V and 20.94 mA/cm2 to 1.092 V and 24.42 mA/cm2, respectively. [3] 

CuInS2 quantum dot ï modified TiO2 nanoarrays (TiO2 ï CuInS2 QD ï NAs) considerably 

improve stability and efficiency of CH3NH3PbI3 PSCs increasing initial PCE of 8.2% by 38.3% 

achieving PCE of 13.3%. This growth is due to excellent light absorption and suitable bandgap 

(1.6 eV) of CuInS2 QDs. For the TiO2 ï NA ï based device the performance with an VOC of 

0.93V and JSC of 13.4 mA/cm-2 was obtained while VOC and JSC of TiO2 ï CuInS2 QD ï NAs 

were as high as 0.98V and 19.2 mA/cm-2, respectively. The TiO2 ï NA ï based PSCs reach the 

EQE of 62% whereas TiO2 ï CuInS2 QD ï NAs devices achieve almost 95%. [4] 

 

 Figure 4. a)  J ï V characteristics of TiO2 ï NA ï based and TiO2 ï CuInS2 QD ï NAs; b) EQE spectra  

Perovskite/silicon tandem solar cells 

Tandem solar cells can reach energy conversion efficiency exceeding 40% if an ideal com-

bination is selected for the top and bottom solar cell.  In recent years, the perovskite material sys-

tem has been investigated as potential material for perovskite/silicon tandem solar cells. The re-

alization of perovskite/silicon tandem solar cells with record efficiency is only possible if the 

perovskite top solar cell and silicon bottom solar cell operate very close to the theoretical limit. 
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Nevertheless, perovskite/silicon tandem solar cells with 27% energy conversation efficiency 

have been demonstrated.  

       

Figure 5. Perovskite/silicon tandem solar cell 

 

Figure 6. Quantum efficiency of top (perovskite), bottom (Si) and total perovskite/Si solar cell. 

Based on the best experimentally realized crystalline silicon solar cells it can be expected 

that the short ï circuit current of the best perovskite/silicon tandem solar cells is in the range 

from 20 to 21 mA/cm2. [5] 

Conclusion 

Technology of perovskite solar cells is rapid evolving branch of photovoltaics. It stands a 

good chance to become PV technology of the fourth generation substituting widely used silicon 

solar cells. Through the development of the quality of the films and fabrication methods continu-

ous improvement of stability and efficiency occurs. Nowadays, PSCs are in the process of com-

mercialization. 
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