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3 

 

ɺɺɽɼɽʅʀɽ 

 

 ʄʝʪʘʤʘʪʝʨʠʘʣʳ ï ʵʪʦ ʠʩʢʫʩʩʪʚʝʥʥʦ ʩʦʟʜʘʥʥʳʝ ʢʦʤʧʦʟʠʪʥʳʝ ʩʨʝʜʳ, 

ʩʦʩʪʦʷʱʠʝ ʠʟ ʨʝʟʦʥʘʥʩʥʳʭ ʵʣʝʤʝʥʪʦʚ (ʤʝʪʘʘʪʦʤʦʚ). ʇʨʠʩʪʘʚʢʘ ñʤʝʪʘ-ñ 

(ʦʪ ʛʨʝʯ. çɛŮŰŬè) ʚ ʜʦʩʣʦʚʥʦʤ ʧʝʨʝʚʦʜʝ ʦʟʥʘʯʘʝʪ çʚʥʝ, ʚʳʰʝ, ʟʘ ʧʨʝʜʝʣʘʤʠè. 

ɺʳʙʦʨ ʪʘʢʦʛʦ ʥʘʟʚʘʥʠʷ ʦʙʲʷʩʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʚ ʧʨʠʨʦʜʝ ʧʨʘʢʪʠʯʝʩʢʠ 

ʥʝʚʦʟʤʦʞʥʦ ʥʘʡʪʠ ʤʘʪʝʨʠʘʣʳ ʩ ʪʘʢʠʤʠ ʥʝʦʙʳʯʥʳʤʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤʠ 

ʩʚʦʡʩʪʚʘʤʠ, ʢʦʪʦʨʳʤʠ ʦʙʣʘʜʘʶʪ ʤʝʪʘʤʘʪʝʨʠʘʣʳ [1]. ʅʘʧʨʠʤʝʨ, ʢ ʪʘʢʠʤ 

ʩʚʦʡʩʪʚʘʤ ʦʪʥʦʩʠʪʩʷ ʥʘʣʠʯʠʝ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ, 

ʪʝʦʨʝʪʠʯʝʩʢʠ ʧʨʝʜʩʢʘʟʘʥʥʦʛʦ ɺ.ɻ.ɺʝʩʝʣʘʛʦ ʚʦ ʚʪʦʨʦʡ ʧʦʣʦʚʠʥʝ ʧʨʦʰʣʦʛʦ 

ʩʪʦʣʝʪʠʷ [2]. ʇʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʧʝʨʚʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʧʦʜʪʚʝʨʜʠʚʰʠʭ 

ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʚ 2000 ʛʦʜʫ [3], 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ ʧʨʠʦʙʨʝʣʦ ʙʦʣʴʰʦʝ ʥʘʫʯʥʦʝ ʠ ʧʨʘʢʪʠʯʝʩʢʦʝ 

ʟʥʘʯʝʥʠʝ [4]. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʩʦʟʜʘʥʦ ʤʥʦʞʝʩʪʚʦ ʨʘʟʣʠʯʥʳʭ 

ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ, ʥʝʢʦʪʦʨʳʝ ʠʟ ʥʠʭ ʥʘʰʣʠ ʧʨʠʤʝʥʝʥʠʝ ʚ ʢʘʯʝʩʪʚʝ: ʫʩʠʣʠʪʝʣʝʡ 

ʩʠʛʥʘʣʘ ʚ ʤʝʜʠʮʠʥʩʢʦʡ ʪʦʤʦʛʨʘʬʠʠ [5]; ʩʫʧʝʨʣʠʥʟ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʦʪʦʨʳʭ 

ʧʦʟʚʦʣʷʝʪ ʧʨʝʦʜʦʣʝʪʴ ʜʠʬʨʘʢʮʠʦʥʥʳʡ ʧʨʝʜʝʣ [6]; ʧʨʠʙʦʨʦʚ, ʦʩʫʱʝʩʪʚʣʷʶʱʠʭ 

ʙʝʩʧʨʦʚʦʜʥʫʶ ʧʝʨʝʜʘʯʫ ʵʥʝʨʛʠʠ [7] ʠ ʤʥʦʛʦʝ ʜʨʫʛʦʝ. 

ɺ ʤʘʛʥʠʪʥʳʭ ʤʝʪʘʤʘʪʝʨʠʘʣʘʭ ʚ ʢʘʯʝʩʪʚʝ ʤʝʪʘʘʪʦʤʦʚ ʦʙʳʯʥʦ ʚʳʩʪʫʧʘʶʪ 

ʨʘʩʱʝʧʣʝʥʥʳʝ ʢʦʣʴʮʝʚʳʝ ʨʝʟʦʥʘʪʦʨʳ ʩ ʚʧʘʷʥʥʦʡ ʝʤʢʦʩʪʴʶ ʠʣʠ ʙʝʟ ʥʝʝ. ʊʘʢʠʝ 

ʤʘʪʝʨʠʘʣʳ ʨʝʘʛʠʨʫʶʪ ʥʘ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ. ʀʟʚʝʩʪʥʦ, 

ʯʪʦ ʩʚʦʡʩʪʚʘ ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ ʦʧʨʝʜʝʣʷʶʪʩʷ ʥʝ ʪʦʣʴʢʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ 

ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʨʝʟʦʥʘʪʦʨʦʚ, ʥʦ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʝʞʜʫ ʥʠʤʠ [8, 9] . ɺ ʄɻʮ 

ʜʠʘʧʘʟʦʥʝ ʵʪʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʵʣʝʤʝʥʪʘʤʠ ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ 

ʤʝʜʣʝʥʥʳʭ ʚʦʣʥ, ʢʦʪʦʨʳʝ ʝʱʝ ʥʘʟʳʚʘʶʪ ʤʘʛʥʠʪʦʠʥʜʫʢʪʠʚʥʳʤʠ, ʯʪʦʙʳ 

ʧʦʜʯʝʨʢʥʫʪʴ ʤʘʛʥʠʪʥʫʶ ʧʨʠʨʦʜʫ ʠʭ ʚʦʟʥʠʢʥʦʚʝʥʠʷ. ʇʨʠ ʫʤʝʥʴʰʝʥʠʠ ʨʘʟʤʝʨʦʚ 

ʢʦʣʝʮ - ʫʚʝʣʠʯʝʥʠʠ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ - ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʵʣʝʤʝʥʪʘʤʠ 

ʤʝʪʘʤʘʪʝʨʠʘʣʘ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ ʩʣʦʞʥʳʤ [10]. ʋʞʝ ʚ ɻɻʮ ʜʠʘʧʘʟʦʥʝ ʠʟ-ʟʘ 

ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʟʘʨʷʜʦʚ ʠ ʪʦʢʦʚ ʚ ʤʝʪʘʘʪʦʤʘʭ ʥʘʨʷʜʫ ʩ 



4 

 

ʤʘʛʥʠʪʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʚʦʟʥʠʢʘʝʪ ʠ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ 

ʥʠʤʠ.  

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ 

ʚ ʊɻʮ ʜʠʘʧʘʟʦʥʝ ʩ ʥʘʥʦʨʘʟʤʝʨʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ. ʆʜʥʘʢʦ ʚ ʊɻʮ ʜʠʘʧʘʟʦʥʝ 

ʤʘʛʥʠʪʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʨʘʢʪʠʯʝʩʢʠ ʠʩʯʝʟʘʝʪ ʠʟ-ʟʘ ʠʥʝʨʮʠʠ ʵʣʝʢʪʨʦʥʦʚ, ʚ 

ʪʦ ʚʨʝʤʷ ʢʘʢ ʥʘ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʨʦʩʪ ʯʘʩʪʦʪʳ ʥʝ ʦʢʘʟʳʚʘʝʪ 

ʪʘʢʦʛʦ ʩʠʣʴʥʦʛʦ ʚʣʠʷʥʠʷ [11, 12], ʧʦʵʪʦʤʫ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ ʥʝʦʙʭʦʜʠʤʦ ʧʦʜʨʦʙʥʦ ʠʩʩʣʝʜʦʚʘʪʴ 

ʵʣʝʢʪʨʦʠʥʜʫʢʪʠʚʥʳʝ ʚʦʣʥʳ, ʠʭ ʜʠʩʧʝʨʩʠʶ ʠ  ʦʩʦʙʝʥʥʦʩʪʠ ʠʭ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ.  

ʅʘʟʚʘʥʠʝ ʵʣʝʢʪʨʦʠʥʜʫʢʪʠʚʥʳʭ ʚʦʣʥ ʛʦʚʦʨʠʪ ʦ ʭʘʨʘʢʪʝʨʥʦʤ 

ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʤʝʞʜʫ ʵʣʝʤʝʥʪʘʤʠ ʤʘʛʥʠʪʥʦʛʦ ʤʝʪʘʤʘʪʝʨʠʘʣʘ. 

ʇʦʜʭʦʜʷʱʝʡ ʤʦʜʝʣʴʶ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʘʢʠʭ ʚʦʣʥ ʷʚʣʷʝʪʩʷ ʣʠʥʝʡʥʘʷ 

ʩʪʨʫʢʪʫʨʘ ʠʟ ʜʚʘʞʜʳ ʨʘʩʱʝʧʣʝʥʥʳʭ ʢʦʣʴʮʝʚʳʭ ʨʝʟʦʥʘʪʦʨʦʚ [13]. ʆʜʥʘʢʦ 

ʧʦʜʨʦʙʥʦʛʦ ʠʟʫʯʝʥʠʷ ʨʝʟʦʥʘʪʦʨʦʚ ʜʘʥʥʦʛʦ ʪʠʧʘ ʠ ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ɻɻʮ 

ʜʠʘʧʘʟʦʥʝ ʝʱʝ ʥʠʢʝʤ ʥʝ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʜʦ ʥʘʩʪʦʷʱʝʛʦ ʚʨʝʤʝʥʠ.  

 

ʇʦʵʪʦʤʫ ʮʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʦ: 

 

¶  ʘʥʘʣʠʪʠʯʝʩʢʠ, ʯʠʩʣʝʥʥʦ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʪʴ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʜʚʘʞʜʳ ʨʘʩʱʝʧʣʝʥʥʳʭ ʢʦʣʴʮʝʚʳʭ ʨʝʟʦʥʘʪʦʨʦʚ; 

¶  ʜʣʷ ʵʪʦʛʦ ʥʘʡʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʟʘʨʷʜʦʚ ʠ ʪʦʢʦʚ ʚ ʪʘʢʠʭ ʵʣʝʤʝʥʪʘʭ; 

¶  ʠ ʧʦʜʪʚʝʨʜʠʪʴ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʥʠʤʠ ʚ ɻɻʮ ʜʠʘʧʘʟʦʥʝ. 
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ɻʃɸɺɸ 1. ɺɿɸʀʄʆɼɽʁʉʊɺʀɽ ʕʃɽʄɽʅʊʆɺ ʄɸɻʅʀʊʅʓʍ 

ʄɽʊɸʄɸʊɽʈʀɸʃʆɺ 

1.1. ʆʩʦʙʝʥʥʦʩʪʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʄɻʮ ʜʠʘʧʘʟʦʥʝ 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʤʝʪʘʤʘʪʝʨʠʘʣʘ ʚ ʄɻʮ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦ 

ʠʩʧʦʣʴʟʫʶʪ ʨʘʩʱʝʧʣʝʥʥʳʝ ʢʦʣʴʮʝʚʳʝ ʨʝʟʦʥʘʪʦʨʳ ʩ ʚʧʘʷʥʥʦʡ ʝʤʢʦʩʪʴʶ 

(ʈʠʩ.1ʘ). ɻʝʦʤʝʪʨʠʯʝʩʢʠʝ ʨʘʟʤʝʨʳ ʪʘʢʠʭ ʤʝʪʘʘʪʦʤʦʚ ʥʝ ʧʨʝʚʳʰʘʶʪ 2.5 ʩʤ, ʘ ʠʭ 

ʚʦʟʙʫʞʜʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʥʘ ʯʘʩʪʦʪʘʭ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʜʣʠʥʝ ʚʦʣʥʳ ʧʦʨʷʜʢʘ 6 

ʤ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʥʝ ʫʯʠʪʳʚʘʪʴ ʟʘʧʘʟʜʳʚʘʥʠʝ ʠ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʠ 

ʜʣʷ ʪʘʢʠʭ ʵʣʝʤʝʥʪʦʚ ʵʢʚʠʚʘʣʝʥʪʥʳʡ LCR-ʢʦʥʪʫʨ (ʈʠʩ.1ʙ). ʆʩʥʦʚʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ - ʨʝʟʦʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ ʠ ʜʦʙʨʦʪʥʦʩʪʴ - ʤʦʛʫʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʳ 

ʢʘʢ 

0

1

LC
w= ,       (1) 

1 L
Q

R C
= ,       (2) 

ʛʜʝ L ï ʠʥʜʫʢʪʠʚʥʦʩʪʴ, ʉ ï ʝʤʢʦʩʪʴ, R ï ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʵʣʝʤʝʥʪʘ. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʩʚʦʡʩʪʚʘ ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ ʦʧʨʝʜʝʣʷʶʪʩʷ ʥʝ ʪʦʣʴʢʦ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʨʝʟʦʥʘʪʦʨʦʚ, ʥʦ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʝʞʜʫ 

ʥʠʤʠ [8]. ɺ ʄɻʮ ʜʠʘʧʘʟʦʥʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʵʣʝʤʝʥʪʘʤʠ ʧʨʠʚʦʜʠʪ ʢ 

ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʤʝʜʣʝʥʥʳʭ ʚʦʣʥ, ʢʦʪʦʨʳʝ ʝʱʝ ʥʘʟʳʚʘʶʪ 

ʤʘʛʥʠʪʦʠʥʜʫʢʪʠʚʥʳʤʠ (ʄʀ), ʧʦʜʯʝʨʢʠʚʘʷ ʧʨʠ ʵʪʦʤ ʤʘʛʥʠʪʥʫʶ ʧʨʠʨʦʜʫ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʦʣʝʮ ʩ ʝʤʢʦʩʪʥʦʡ ʥʘʛʨʫʟʢʦʡ (ʈʠʩ.2) [7]. 

 

ʘ               ʙ                

ʈʠʩʫʥʦʢ 1 ï (ʘ) ʇʨʠʤʝʨ ʤʝʪʘʘʪʦʤʘ ʚ ʄɻʮ ʜʠʘʧʘʟʦʥʝ ï ʨʘʩʱʝʧʣʝʥʥʳʡ 

ʢʦʣʴʮʝʚʦʡ ʨʝʟʦʥʘʪʦʨ ʩ ʚʧʘʷʥʥʦʡ ʝʤʢʦʩʪʴʶ. ɺʥʝʰʥʠʡ ʜʠʘʤʝʪʨ ʢʦʣʴʮʘ ï 23 

ʤʤ, ʨʘʟʤʝʨ ʱʝʣʠ ï 2 ʤʤ, ʚʧʘʷʥʥʘʷ ʝʤʢʦʩʪʴ ʉ=330 ʧʌ, ʨʝʟʦʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ 

ɤ0=50.22 ʄɻʮ, ʜʦʙʨʦʪʥʦʩʪʴ Q=160. (ʙ) ʕʢʚʠʚʘʣʝʥʪʥʳʡ LCR-ʢʦʥʪʫʨ. 
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ʈʠʩʫʥʦʢ 2 ï ʉʭʝʤʘ ʦʜʥʦʤʝʨʥʦʡ ʮʝʧʦʯʢʠ ʨʘʩʱʝʧʣʝʥʥʳʭ ʢʦʣʝʮ (ʩʣʝʚʘ) ʠ 

ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ LCR-ʢʦʥʪʫʨʦʚ (ʩʧʨʘʚʘ). 

 

ʄʝʭʘʥʠʟʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʄʀ ʚʦʣʥ ʚ ʤʘʛʥʠʪʥʦʤ ʤʝʪʘʤʘʪʝʨʠʘʣʝ, 

ʧʨʝʜʩʪʘʚʣʷʶʱʝʤ ʩʦʙʦʡ ʣʠʥʝʡʥʫʶ ʩʪʨʫʢʪʫʨʫ ʠʟ ʨʘʩʱʝʧʣʝʥʥʳʭ ʢʦʣʴʮʝʚʳʭ 

ʨʝʟʦʥʘʪʦʨʦʚ, ʜʦʩʪʘʪʦʯʥʦ ʧʨʦʩʪ. ʇʝʨʝʤʝʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʯʘʩʪʦʪʘ ʢʦʪʦʨʦʛʦ 

ʙʣʠʟʢʘ ʢ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʝ ʤʝʪʘʘʪʦʤʘ, ʚʦʟʙʫʞʜʘʝʪ ʧʝʨʚʳʡ ʵʣʝʤʝʥʪ 

ʩʪʨʫʢʪʫʨʳ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʚ ʥʝʤ ʥʘʚʦʜʠʪʩʷ ʧʝʨʝʤʝʥʥʳʡ ʪʦʢ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʧʝʨʝʤʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʩʦʟʜʘʚʘʝʤʦʛʦ ʢʦʣʴʮʦʤ ʩ ʪʦʢʦʤ, 

ʢʦʪʦʨʦʝ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʧʨʦʥʠʟʳʚʘʝʪ ʩʦʩʝʜʥʠʡ ʵʣʝʤʝʥʪ, ʪʘʢʞʝ ʥʘʚʦʜʷ ʚ ʥʝʤ ʪʦʢ 

ʠ ʪ.ʜ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʟʘʠʤʥʦʛʦ ʨʘʩʧʦʣʦʞʝʥʠʷ ʢʦʣʝʮ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ, ʪʦʢʠ ʚ 

ʥʠʭ ʤʦʛʫʪ ʚʦʟʙʫʞʜʘʪʴʩʷ ʚ ʬʘʟʝ, ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʚ ʘʢʩʠʘʣʴʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ, ʠʣʠ 

ʚ ʧʨʦʪʠʚʦʬʘʟʝ, ʚ ʧʣʘʥʘʨʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ (ʈʠʩ.3).  

 ɺʝʣʠʯʠʥʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʪʘʘʪʦʤʦʚ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʢʦʵʬʬʠʮʠʝʥʪ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ɺ ʄɻʮ ʜʠʘʧʘʟʦʥʝ ʦʥ ʠʤʝʝʪ ʯʠʩʪʦ ʤʘʛʥʠʪʥʳʡ ʭʘʨʘʢʪʝʨ ʠ ʨʘʚʝʥ: 

2
H

M

L
k = ,      (3) 

 ʛʜʝ M ï ʢʦʵʬʬʠʮʠʝʥʪ ʚʟʘʠʤʥʦʡ ʠʥʜʫʢʮʠʠ ʵʣʝʤʝʥʪʦʚ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʤʘʛʥʠʪʥʦʤ ʤʝʪʘʤʘʪʝʨʠʘʣʝ, ʩʦʩʪʦʷʱʝʤ ʠʟ ʨʘʩʱʝʧʣʝʥʥʳʭ 

ʢʦʣʝʮ ʩ ʚʧʘʷʥʥʦʡ ʝʤʢʦʩʪʴʶ, ʧʨʠ ʝʛʦ ʚʦʟʙʫʞʜʝʥʠʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ  

 

ʘ ʙ 

ʈʠʩʫʥʦʢ 3 ï ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʵʣʝʤʝʥʪʦʚ 

ʤʘʛʥʠʪʥʳʭ ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ  ʚ ʘʢʩʠʘʣʴʥʦʡ (ʘ) ʠ ʧʣʘʥʘʨʥʦʡ (ʙ) ʢʦʥʬʠʛʫʨʘʮʠʷʭ, 

ʧʨʠʚʦʜʷʱʝʝ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʤʘʛʥʠʪʦʠʥʜʫʢʪʠʚʥʳʭ ʚʦʣʥ.   
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ʙʫʜʝʪ ʨʘʩʧʨʦʩʪʨʘʥʷʪʴʩʷ ʤʘʛʥʠʪʦʠʥʜʫʢʪʠʚʥʘʷ ʚʦʣʥʘ, ʧʨʠʯʝʤ ʵʪʘ ʚʦʣʥʘ ʤʦʞʝʪ 

ʙʳʪʴ ʢʘʢ ʧʨʷʤʦʡ (ʪʦʢʠ ʚ ʵʣʝʤʝʥʪʘʭ ʚʦʟʙʫʞʜʘʶʪʩʷ ʚ ʬʘʟʝ), ʪʘʢ ʠ ʦʙʨʘʪʥʦʡ (ʪʦʢʠ 

ʚ ʧʨʦʪʠʚʦʬʘʟʝ). ʇʨʷʤʘʷ ʚʦʣʥʘ ʚʦʟʥʠʢʘʝʪ ʚ ʘʢʩʠʘʣʴʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʢʦʣʝʮ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʧʦʣʦʞʠʪʝʣʴʥʦʤʫ ʢʦʵʬʬʠʮʠʝʥʪʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʦʙʨʘʪʥʘʷ 

ʚʦʣʥʘ ʚʦʟʥʠʢʘʝʪ ʚ ʧʣʘʥʘʨʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʦʪʨʠʮʘʪʝʣʴʥʦʤʫ 

ʢʦʵʬʬʠʮʠʝʥʪʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

 

1.2. ʆʩʦʙʝʥʥʦʩʪʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ɻɻʮ ʜʠʘʧʘʟʦʥʝ 

ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʠʣʠ ʫʤʝʥʴʰʝʥʠʠ ʨʘʟʤʝʨʦʚ ʢʦʣʝʮ, 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʵʣʝʤʝʥʪʘʤʠ ʤʝʪʘʤʘʪʝʨʠʘʣʘ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ ʩʣʦʞʥʳʤ 

[10]. ɺ ʢʘʯʝʩʪʚʝ ʵʣʝʤʝʥʪʦʚ ʤʘʛʥʠʪʥʦʛʦ ʤʝʪʘʤʘʪʝʨʠʘʣʘ ʚ ɻɻʮ ʜʠʘʧʘʟʦʥʝ 

ʚʳʙʠʨʘʶʪ, ʢʘʢ ʧʨʘʚʠʣʦ, ʪʝ ʞʝ ʨʘʩʱʝʧʣʝʥʥʳʝ ʢʦʣʴʮʝʚʳʝ ʨʝʟʦʥʘʪʦʨʳ, ʥʦ ʙʝʟ 

ʚʧʘʷʥʥʦʡ ʝʤʢʦʩʪʠ. ʇʨʠ ʵʪʦʤ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʨʘʟʤʝʨʳ ʵʣʝʤʝʥʪʦʚ ʩʥʦʚʘ ʧʦʨʷʜʢʘ 

2.5 ʩʤ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʠʥʘ ʚʦʣʥʳ ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʙʫʜʝʪ ʫʞʝ 

ʧʦʨʷʜʢʘ 15 ʩʤ. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ ʧʨʝʥʝʙʨʝʛʘʪʴ ʟʘʧʘʟʜʳʚʘʥʠʝʤ ʫʞʝ ʥʝʣʴʟʷ ʠ 

ʤʦʜʝʣʴ LCR-ʢʦʥʪʫʨʦʚ ʥʫʞʜʘʝʪʩʷ ʚ ʧʦʧʨʘʚʢʘʭ.  

ʇʦ ʧʨʠʯʠʥʝ ʪʦʛʦ, ʯʪʦ ʪʦʢ ʥʝ ʧʨʦʪʝʢʘʝʪ ʯʝʨʝʟ ʱʝʣʴ, ʧʨʦʠʩʭʦʜʠʪ 

ʘʢʢʫʤʫʣʷʮʠʷ ʟʘʨʷʜʦʚ ʚ ʦʙʣʘʩʪʠ ʙʣʠʟʢʦʡ ʢ ʱʝʣʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʦʙʣʘʩʪʠ ʱʝʣʠ 

ʦʙʨʘʟʫʝʪʩʷ ʨʝʟʫʣʴʪʠʨʫʶʱʠʡ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʜʠʧʦʣʴ, ʘ ʩ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʡ 

ʩʪʦʨʦʥʳ ʦʪ ʱʝʣʠ, ʛʜʝ ʚʝʣʠʯʠʥʘ ʪʦʢʘ ʤʘʢʩʠʤʘʣʴʥʘ, ʣʦʢʘʣʠʟʫʝʪʩʷ ʤʘʛʥʠʪʥʳʡ 

ʜʠʧʦʣʴ (ʈʠʩ.4). ʊʘʢʦʝ ʥʝʦʜʥʦʨʦʜʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʦʢʦʚ ʠ ʟʘʨʷʜʦʚ ʚ 

ʤʝʪʘʘʪʦʤʘʭ ʠ ʥʘʣʠʯʠʝ ʟʘʧʘʟʜʳʚʘʥʠʷ ʧʨʠʚʦʜʷʪ ʢ ʪʦʤʫ, ʯʪʦ ʢʦʵʬʬʠʮʠʝʥʪ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʪʘʥʦʚʠʪʩʷ ʢʦʤʧʣʝʢʩʥʳʤ [14] ʠ ʥʘʨʷʜʫ ʩ ʤʘʛʥʠʪʥʳʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʚ ʤʝʪʘʘʪʦʤʘʭ ʚʦʟʥʠʢʘʝʪ ʠ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ [11]: 

2
E

C

K
k = ,      (4) 

ʛʜʝ K ï  ʚʟʘʠʤʥʘʷ ʝʤʢʦʩʪʴ. ʂʦʵʬʬʠʮʠʝʥʪ ʧʦʣʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʪʝʧʝʨʴ ʨʘʚʝʥ: 

2

H Ek k n k= -  ,     (5) 

ʛʜʝ  
0wn
w
=  ï ʦʙʨʘʪʥʘʷ ʧʨʠʚʝʜʝʥʥʘʷ ʯʘʩʪʦʪʘ [12]. 
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ʈʠʩʫʥʦʢ 4 ï ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚ CST Microwave Studio 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ (ʘ) ʟʘʨʷʜʦʚ (ʙ) ʪʦʢʦʚ, (ʚ) ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, (ʛ) ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ ʚ ʨʘʩʱʝʧʣʝʥʥʳʭ ʢʦʣʴʮʘʭ ʚ ɻɻʮ ʜʠʘʧʘʟʦʥʝ [10]. 

 

ʅʝʜʘʚʥʦ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʤʝʪʦʜʠʢʘ ʦʧʨʝʜʝʣʝʥʠʷ ʟʥʘʯʝʥʠʡ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʤʘʛʥʠʪʥʦʛʦ ʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʄɻʮ  ʠ ɻɻʮ 

ʜʠʘʧʘʟʦʥʝ ʜʣʷ ʤʝʪʘʘʪʦʤʦʚ ʚ ʚʠʜʝ ʨʘʩʱʝʧʣʝʥʥʳʭ ʢʦʣʴʮʝʚʳʭ ʨʝʟʦʥʘʪʦʨʦʚ [15, 

16]. ʆʜʥʘʢʦ ʧʦʢʘ ʥʝ ʧʦʣʫʯʝʥʳ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʤʘʛʥʠʪʥʦʛʦ ʠ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʣʷ ʜʚʘʞʜʳ ʨʘʩʱʝʧʣʝʥʥʳʭ ʢʦʣʴʮʝʚʳʭ 

ʨʝʟʦʥʘʪʦʨʦʚ.  

 

1.3. ʆʩʦʙʝʥʥʦʩʪʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʊɻʮ ʜʠʘʧʘʟʦʥʝ 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʫʤʝʥʴʰʝʥʠʝ ʨʘʟʤʝʨʦʚ ʵʣʝʤʝʥʪʦʚ 

ʤʝʪʘʤʘʪʝʨʠʘʣʘ, ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ ʠʭ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ [17]. ɺ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ ʚ ʊɻʮ ʜʠʘʧʘʟʦʥʝ ʩ 

ʥʘʥʦʨʘʟʤʝʨʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ. ʆʜʥʘʢʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʤʝʪʘʘʪʦʤʦʚ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʧʝʨʝʭʦʜ ʚ ʊɻʮ ʜʠʘʧʘʟʦʥ ʧʨʠʚʦʜʠʪ ʢ ʛʣʦʙʘʣʴʥʳʤ 

ʠʟʤʝʥʝʥʠʷʤ ʚ ʠʭ ʩʚʦʡʩʪʚʘʭ, ʯʪʦ ʦʪʨʘʞʘʝʪʩʷ ʥʘ ʦʩʦʙʝʥʥʦʩʪʷʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʵʣʝʤʝʥʪʦʚ ʤʝʪʘʤʘʪʝʨʠʘʣʘ [11].  

ʆʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ ʵʪʠʭ ʠʟʤʝʥʝʥʠʡ ʷʚʣʷʝʪʩʷ ʠʥʝʨʮʠʷ ʵʣʝʢʪʨʦʥʦʚ, 

ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʘʭ ʤʝʪʘʤʘʪʝʨʠʘʣʘ. ɼʣʷ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 
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ʪʦʢʦʚ ʚ ʵʣʝʤʝʥʪʘʭ ʥʘ ʪʘʢʠʭ ʯʘʩʪʦʪʘʭ ʫʞʝ ʥʝ ʭʚʘʪʘʝʪ ʚʨʝʤʝʥʥʦʡ ʟʘʜʝʨʞʢʠ 

ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʚ ʊɻʮ ʜʠʘʧʘʟʦʥʝ 

ʦʧʨʝʜʝʣʷʶʱʠʡ ʚʢʣʘʜ ʚ ʠʥʜʫʢʪʠʚʥʦʩʪʴ ʵʣʝʤʝʥʪʘ ʤʝʪʘʤʘʪʝʨʠʘʣʘ ʚʥʦʩʠʪ 

ʢʠʥʝʪʠʯʝʩʢʘʷ ʠʥʜʫʢʪʠʚʥʦʩʪʴ, ʩʚʷʟʘʥʥʘʷ ʩ ʠʥʝʨʪʥʦʡ ʤʘʩʩʦʡ ʵʣʝʢʪʨʦʥʦʚ (ʈʠʩ.5ʘ). 

ɺ ʨʝʟʫʣʴʪʘʪʝ, ʣʠʥʝʡʥʳʡ ʨʦʩʪ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʨʘʟʤʝʨʦʚ 

ʤʝʪʘʘʪʦʤʦʚ, ʭʘʨʘʢʪʝʨʥʳʡ ʜʣʷ ɻɻʮ ʜʠʘʧʘʟʦʥʘ ʯʘʩʪʦʪ, ʩʤʝʥʷʝʪʩʷ ʦʙʣʘʩʪʴʶ 

ʥʘʩʳʱʝʥʠʷ (ʈʠʩ.5ʙ). ʄʘʛʥʠʪʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʵʣʝʤʝʥʪʘʤʠ 

ʤʝʪʘʤʘʪʝʨʠʘʣʘ ʧʨʘʢʪʠʯʝʩʢʠ ʠʩʯʝʟʘʝʪ ʚ ʊɻʮ ʜʠʘʧʘʟʦʥʝ (ʈʠʩ.5ʚ).  

ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʨʦʩʪ ʯʘʩʪʦʪʳ ʥʝ ʦʢʘʟʳʚʘʝʪ ʪʘʢʦʛʦ ʩʠʣʴʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ 

ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ. ʇʦʵʪʦʤʫ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ ʥʝʦʙʭʦʜʠʤʦ ʧʦʜʨʦʙʥʦ ʠʩʩʣʝʜʦʚʘʪʴ 

ʵʣʝʢʪʨʦʠʥʜʫʢʪʠʚʥʳʝ ʚʦʣʥʳ ʠ ʠʭ ʦʩʦʙʝʥʥʦʩʪʠ. ʅʘʟʚʘʥʠʝ ʵʣʝʢʪʨʦʠʥʜʫʢʪʠʚʥʳʭ 

ʚʦʣʥ ʛʦʚʦʨʠʪ ʦ ʭʘʨʘʢʪʝʨʥʦʤ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʤʝʞʜʫ ʵʣʝʤʝʥʪʘʤʠ 

ʤʝʪʘʤʘʪʝʨʠʘʣʘ. ʇʦʜʭʦʜʷʱʝʡ ʤʦʜʝʣʴʶ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʘʢʠʭ ʚʦʣʥ ʷʚʣʷʝʪʩʷ 

ʣʠʥʝʡʥʘʷ ʩʪʨʫʢʪʫʨʘ ʠʟ ʜʚʘʞʜʳ ʨʘʩʱʝʧʣʝʥʥʳʭ ʢʦʣʴʮʝʚʳʭ ʨʝʟʦʥʘʪʦʨʦʚ (ʈʠʩ.6ʘ). 

ʘ 

 

ʙ 

                       ʚ 

ʈʠʩʫʥʦʢ 5 ï ʀʟʤʝʥʝʥʠʝ ʩʚʦʡʩʪʚ ʤʘʛʥʠʪʥʳʭ ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ ʧʨʠ ʧʝʨʝʭʦʜʝ ʠʟ 

ɻɻʮ ʚ ʊɻʮ: ʠʥʜʫʢʪʠʚʥʦʩʪʴ (ʘ), ʨʝʟʦʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ (ʙ) ʠ ʤʦʜʫʣ ɹ

ʢʦʵʬʬʠʮʠʝʥʪʘ ʤʘʛʥʠʪʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ  (ʚ)  ʦʪ ʨʘʟʤʝʨʘ ʵʣʝʤʝʥʪʘ [11]. 
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ʈʠʩʫʥʦʢ 6 ï ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʣʠʥʝʡʥʦʛʦ ʦʜʥʦʤʝʨʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʤʝʪʘʤʘʪʝʨʠʘʣʘ ʩ ʧʨʝʦʙʣʘʜʘʶʱʠʤ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʝʞʜʫ 

ʤʝʪʘʘʪʦʤʘʤʠ (ʘ) ʠʣʠ ʤʘʛʥʠʪʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ (ʙ) ʚ ɻɻʮ ʜʠʘʧʘʟʦʥʝ. 

 

1.4. ʆʩʦʙʝʥʥʦʩʪʠ ʜʠʩʧʝʨʩʠʠ ʤʝʜʣʝʥʥʳʭ ʚʦʣʥ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ɻɻʮ ʜʠʘʧʘʟʦʥʝ 

ʚ ʤʝʪʘʤʘʪʝʨʠʘʣʘʭ ʩ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʠ ʤʘʛʥʠʪʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ 

ʈʘʩʩʤʦʪʨʠʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʤʝʜʣʝʥʥʳʭ ʚʦʣʥ ʚ ʤʦʥʦʘʪʦʤʥʦʡ ʮʝʧʦʯʢʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʜʚʘʞʜʳ ʨʘʩʱʝʧʣʝʥʥʳʭ ʢʦʣʝʮ, ʢʘʢ ʵʪʦ ʩʜʝʣʘʥʦ ʚ ʨʘʙʦʪʝ 

[13]. ʉʦʙʩʪʚʝʥʥʳʡ ʠʤʧʝʜʘʥʩ ʦʪʜʝʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ ʠʤʝʝʪ ʚʠʜ: 

2 2 1

0

1 1
1 1

i i
Z R i L i L

i C Q i C Q
w w n n n n

w w

- -å õ å õ
= + + =- - - = - +æ ö æ ö

ç ÷ ç ÷
, (6) 

ʛʜʝ 
0wn
w
=  ï ʦʙʨʘʪʥʘʷ ʧʨʠʚʝʜʝʥʥʘʷ ʯʘʩʪʦʪʘ. ʊʦʢʠ ʚ ʢʦʣʴʮʘʭ ʦʙʳʯʥʦ ʟʘʧʠʩʳʚʘʶʪ 

ʚ ʚʠʜʝ: 

( )

0

i t-kdn

nI I e w= ,     (7) 

ʛʜʝ I0 ï ʢʦʤʧʣʝʢʩʥʘʷ ʘʤʧʣʠʪʫʜʘ, k = kô- ikò ï ʢʦʤʧʣʝʢʩʥʳʡ ʚʦʣʥʦʚʦʡ ʚʝʢʪʦʨ, d ï 

ʨʘʟʤʝʨ ʦʪʜʝʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ, n ï ʥʦʤʝʨ ʵʣʝʤʝʥʪʘ ʚ ʩʪʨʫʢʪʫʨʝ. 

ɺ ʤʝʪʘʤʘʪʝʨʠʘʣʘʭ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʜʚʘʞʜʳ ʨʘʩʱʝʧʣʝʥʥʳʭ ʢʦʣʝʮ, ʱʝʣʠ 

ʢʦʪʦʨʳʭ ʥʘʧʨʘʚʣʝʥʳ ʛʦʨʠʟʦʥʪʘʣʴʥʦ (ʈʠʩ.6ʘ), ʦʩʥʦʚʥʳʤ ʙʫʜʝʪ ʷʚʣʷʪʴʩʷ 

ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ (əɽ>0); ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʱʝʣʠ ʥʘʧʨʘʚʣʝʥʳ 

ʚʝʨʪʠʢʘʣʴʥʦ (ʈʠʩ.6ʙ), ʦʩʥʦʚʥʳʤ ʙʫʜʝʪ ʤʘʛʥʠʪʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ (əʅ<0). 

ʋʯʠʪʳʚʘʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʪʦʣʴʢʦ ʙʣʠʞʘʡʰʠʭ ʩʦʩʝʜʥʠʭ ʵʣʝʤʝʥʪʦʚ, 

ʟʘʧʠʰʝʤ ʟʘʢʦʥ ʂʠʨʭʛʦʬʘ ʜʣʷ ʦʜʥʦʤʝʨʥʦʡ ʮʝʧʦʯʢʠ ʵʣʝʤʝʥʪʦʚ ʩ ʤʘʛʥʠʪʥʳʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ: 

0 1 1( ) 0n n nZ I i M I Iw - ++ + =     (8) 
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ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʵʣʝʤʝʥʪʦʚ:  

0 1 1

1
( ) 0n n nZ I I I

i Kw
- ++ + =      (9) 

ʇʦʜʩʪʘʚʣʷʷ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʪʦʢʦʚ ʚ ʚʠʜʝ (7), ʧʦʣʫʯʠʤ: 

2

0 0

2

2
1 cos 0

i M
kd

Q L

w w

w w
- - + =     (10) 
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0 0

2
1 cos 0

i C
kd

Q K

w w

w w
- + + =     (11) 

ɺʚʦʜʷ, ʢʘʢ ʚ ʨʘʙʦʪʝ [10], ʦʙʦʟʥʘʯʝʥʠʷ 
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Q

n
x n= - - ʠ 2

1
1

i

Q
h

n n
= - + , ʤʦʞʥʦ 

ʧʦʣʫʯʠʪʴ ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʫʨʘʚʥʝʥʠʷ ʦʪʜʝʣʴʥʦ ʜʣʷ ʮʝʧʦʯʢʠ ʩ ʤʘʛʥʠʪʥʳʤ ʠ 

ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʵʣʝʤʝʥʪʦʚ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ: 

cos 0H kdx k+ =       (12) 

cos 0E kdh k+ =,       (13) 

ʛʜʝ 
2

H

M

L
k =  ʠ 

2
E

C

K
k = , ʢʦʵʬʬʠʮʠʝʥʪʳ ʤʘʛʥʠʪʥʦʛʦ ʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʭʘʨʘʢʪʝʨʥʦʛʦ ʜʣʷ ʜʘʥʥʦʡ ʮʝʧʦʯʢʠ ʪʠʧʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, 

ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʫʨʘʚʥʝʥʠʷ (12)-(13) ʧʨʦʷʚʣʷʶʪ ʨʘʟʣʠʯʥʳʝ ʩʚʦʡʩʪʚʘ. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʩʣʫʯʘʝʚ (ʈʠʩ.6) ʢʦɻʬʬʠʮʠʝʥʪʳ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʠ ʤʘʛʥʠʪʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʤʝʶʪ  ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʝ ʟʥʘʢʠ: Hk <0, ʘ Ek >0. 

ɼʣʷ ʤʘʛʥʠʪʦʠʥʜʫʢʪʠʚʥʦʡ ʮʝʧʦʯʢʠ (ʈʠʩ.7ʘ), ʧʦʣʫʯʝʥʥʘʷ ʘʥʘʣʠʪʠʯʝʩʢʘʷ  

ʜʠʩʧʝʨʩʠʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʙʨʘʪʥʦʡ ʚʦʣʥʝ, ʜʣʷ ʵʣʝʢʪʨʦʠʥʜʫʢʪʠʚʥʦʡ ʮʝʧʦʯʢʠ 

(ʈʠʩ.7ʙ) - ʧʨʷʤʦʡ ʚʦʣʥʝ [13]. ʂʨʦʤʝ ʪʦʛʦ, ʩ ʨʦʩʪʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʠʜ ʧʦʣʦʩʳ 

ʧʨʦʧʫʩʢʘʥʠʷ ʜʣʷ ʤʘʛʥʠʪʦʠʥʜʫʢʪʠʚʥʳʭ ʠ ʣɻʝʢʪʨʦʠʥʜʫʢʪʠʚʥʳʭ ʚʦʣʥ 

ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʝʪʩʷ. ɼʣʷ ʤʘʛʥʠʪʦʠʥʜʫʢʪʠʚʥʳʭ ʚʦʣʥ ʫʚʝʣʠʯʝʥʠʝ ʧʦʣʦʩʳ 

ʧʨʦʧʫʩʢʘʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʫʰʠʨʝʥʠʷ ʚ ʩʪʦʨʦʥʫ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪ. 

ɼʣʷ ʵʣʝʢʪʨʦʠʥʜʫʢʪʠʚʥʳʭ ʚʦʣʥ ʫʚʝʣʠʯʝʥʠʝ ʧʦʣʦʩʳ ʧʨʦʧʫʩʢʘʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʟʘ 

ʩʯʝʪ ʫʰʠʨʝʥʠʷ ʚ ʩʪʦʨʦʥʫ ʙʦʣʝʝ ʥʠʟʢʠʭ ʯʘʩʪʦʪ.  
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ʘ ʙ  

ʈʠʩʫʥʦʢ 7 ï ʉʭʝʤʘʪʠʯʝʩʢʠʡ ʚʠʜ ʠ ʬʦʨʤʘ ʧʦʣʦʩʳ ʧʨʦʧʫʩʢʘʥʠʷ ʮʝʧʦʯʝʢ 

ʤʝʪʘʤʘʪʝʨʠʘʣʘ ʩ ʤʘʛʥʠʪʥʳʤ (a) ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʤ (ʙ) ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʝʞʜʫ 

ʵʣʝʤʝʥʪʘʤʠ. ɿʘʪʝʤʥʝʥʥʘʷ ʦʙʣʘʩʪʴ ʧʦʢʘʟʳʚʘʝʪ ʦʙʣʘʩʪʴ ʧʦʣʦʩʳ ʧʨʦʧʫʩʢʘʥʠʷ 

ʤʝʜʣʝʥʥʳʭ ʚʦʣʥ [13]. 

 

ɿʥʘʥʠʝ ʪʘʢʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʝʜʣʝʥʥʳʭ 

ʚʦʣʥ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʤʘʛʥʠʪʥʳʭ ʤʝʪʘʤʘʪʝʨʠʘʣʘʭ ʧʦʤʦʛʘʝʪ ʩʦʟʜʘʪʴ 

ʤʝʪʘʤʘʪʝʨʠʘʣ ʩ ʟʘʨʘʥʝʝ ʟʘʜʘʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. ʇʦʵʪʦʤʫ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʵʣʝʢʪʨʦʠʥʜʫʢʪʠʚʥʳʭ ʚʦʣʥ ʚ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʠ ʤʦʞʥʦ ʚʳʙʨʘʪʴ ʤʘʛʥʠʪʥʳʡ 

ʤʝʪʘʤʘʪʝʨʠʘʣ ʠʟ ʜʚʘʞʜʳ ʨʘʩʱʝʧʣʝʥʥʳʭ ʨʝʟʦʥʘʪʦʨʦʚ ʩ ʵʣʝʢʪʨʠʯʝʩʢʠʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʝʞʜʫ ʵʣʝʤʝʥʪʘʤʠ. 

ʆʜʥʘʢʦ ʧʦʜʨʦʙʥʦʛʦ ʠʟʫʯʝʥʠʷ ʨʝʟʦʥʘʪʦʨʦʚ ʜʘʥʥʦʛʦ ʪʠʧʘ ʠ ʠʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ɻɻʮ ʜʠʘʧʘʟʦʥʝ ʝʱʝ ʥʠʢʝʤ ʥʝ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʜʦ ʥʘʩʪʦʷʱʝʛʦ 

ʚʨʝʤʝʥʠ.  

ʇʦʵʪʦʤʫ ʮʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʦ: 

¶  ʘʥʘʣʠʪʠʯʝʩʢʠ, ʯʠʩʣʝʥʥʦ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʪʴ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʜʚʘʞʜʳ ʨʘʩʱʝʧʣʝʥʥʳʭ ʢʦʣʴʮʝʚʳʭ ʨʝʟʦʥʘʪʦʨʦʚ; 

¶  ʜʣʷ ʵʪʦʛʦ ʥʘʡʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʟʘʨʷʜʦʚ ʠ ʪʦʢʦʚ ʚ ʪʘʢʠʭ ʵʣʝʤʝʥʪʘʭ; 

¶  ʠ ʧʦʜʪʚʝʨʜʠʪʴ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʥʠʤʠ ʚ ɻɻʮ ʜʠʘʧʘʟʦʥʝ. 
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ɻʃɸɺɸ 2. ʀʉʉʃɽɼʆɺɸʅʀɽ ɼɺɸɾɼʓ ʈɸʉʑɽʇʃɽʅʅʆɻʆ 

ʂʆʃʔʎɽɺʆɻʆ ʈɽɿʆʅɸʊʆʈɸ 

 

2.1.  ɸʥʘʣʠʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʜʣʷ ʨʘʩʯʝʪʘ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪ r

ʆʜʥʠʤ ʠʟ ʚʘʞʥʳʭ ʧʨʝʠʤʫʱʝʩʪʚ ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ 

ʣʝʛʢʦ ʚʘʨʴʠʨʦʚʘʪʴ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʨʘʟʤʝʨʳ ʠ ʬʦʨʤʫ ʤʝʪʘʘʪʦʤʦʚ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʩʦʟʜʘʚʘʪʴ ʤʝʪʘʤʘʪʝʨʠʘʣʳ ʩ ʟʘʨʘʥʝʝ ʟʘʜʘʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʘ ʠʟʤʝʥʝʥʠʝ 

ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʵʣʝʤʝʥʪʘʤʠ ʤʝʪʘʤʘʪʝʨʠʘʣʘ ʠʣʠ ʩʧʦʩʦʙʘ ʠʭ ʫʧʦʨʷʜʦʯʝʥʠʷ, 

ʧʦʟʚʦʣʷʝʪ ʫʧʨʘʚʣʷʪʴ ʥʝ ʪʦʣʴʢʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʝʞʜʫ ʵʣʝʤʝʥʪʘʤʠ, ʥʦ ʠ 

ʜʠʩʧʝʨʩʠʦʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʤʝʪʘʤʘʪʝʨʠʘʣʘ.  

ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʚʦʡʩʪʚ ʤʝʪʘʘʪʦʤʦʚ ʪʠʧʘ ʨʘʩʱʝʧʣʝʥʥʳʭ 

ʢʦʣʝʮ ʚʘʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʪʦʯʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʵʣʝʤʝʥʪʘ ʦʪ 

ʝʛʦ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʨʘʟʤʝʨʦʚ. ʅʘʠʙʦʣʝʝ ʧʨʦʩʪʦʡ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ 

ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʬʦʨʤʫʣʳ ʜʣʷ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʨʘʩʱʝʧʣʝʥʥʦʛʦ ʢʦʣʴʮʘ ï 

ʧʝʨʝʭʦʜ ʢ ʵʢʚʠʚʘʣʝʥʪʥʦʤʫ LC-ʢʦʥʪʫʨʫ. ʊʦʛʜʘ ʨʝʟʦʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ ʨʘʚʥʘ: 

0

1

2
f

LCp
= .      (14) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʘʜʘʯʘ ʩʚʦʜʠʪʩʷ ʢ ʦʧʨʝʜʝʣʝʥʠʶ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʠ ʝʤʢʦʩʪʠ 

ʢʦʥʪʫʨʘ, ʵʢʚʠʚʘʣʝʥʪʥʦʛʦ ʨʘʩʱʝʧʣʝʥʥʦʤʫ ʢʦʣʴʮʫ (ʈʠʩ.8).  

 ɺ ʧʨʠʙʣʠʞʝʥʠʠ ʜʦʩʪʘʪʦʯʥʦ ʫʟʢʦʡ ʱʝʣʠ ʬʦʨʤʫʣʫ ʜʣʷ ʨʘʩʯʝʪʘ ʤʘʛʥʠʪʥʦʡ 

ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʢʦʣʴʮʘ ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ ʩʝʯʝʥʠʷ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʚ ʚʠʜʝ [18]: 

0

8 1
log

2

r
L r

h w
m
è ø

= -é ù+ê ú
,      (15) 

ʛʜʝ ɛ0 ï ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʚʘʢʫʫʤʘ, r ï ʩʨʝʜʥʠʡ ʨʘʜʠʫʩ, h ï ʚʳʩʦʪʘ, w ï 

ʪʦʣʱʠʥʘ ʢʦʣʴʮʘ. 

 ʂʘʢ ʙʳʣʦ ʨʘʩʩʤʦʪʨʝʥʦ ʚ ɻʣʘʚʝ 1, ʚ ɻɻʮ ʜʠʘʧʘʟʦʥʝ ʥʘʣʠʯʠʝ ʱʝʣʠ ʧʨʠʚʦʜʠʪ 

ʢ ʥʝʦʜʥʦʨʦʜʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʟʘʨʷʜʦʚ ʚ ʢʦʣʴʮʝ. ʇʦʵʪʦʤʫ ʧʨʠ ʨʘʩʯʝʪʝ 

ʝʤʢʦʩʪʠ ʢʦʣʴʮʘ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʥʝ ʪʦʣʴʢʦ ʝʤʢʦʩʪʴ ʱʝʣʠ Cgap, ʥʦ ʠ 

ʧʦʚʝʨʭʥʦʩʪʥʫʶ ʝʤʢʦʩʪʴ Csurf, ʢʦʪʦʨʘʷ ʚʦʟʥʠʢʘʝʪ ʚʩʣʝʜʩʪʚʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʟʘʨʷʜʦʚ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚ ʩʠʤʤʝʪʨʠʯʥʳʭ ʪʦʯʢʘʭ ʢʦʣʴʮʘ 

(ʈʠʩ.9ʘ). 
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ʘ ʙ 

ʈʠʩʫʥʦʢ 8 ï ʉʭʝʤʘ ʨʘʩʝɦʧʣʝʥʥʳʭ ʢʦʣʴʮʝʚʳʭ ʨʝʟʦʥʘʪʦʨʦʚ ʩ ʵʢʚʠʚʘʣʝʥʪʥʳʤʠ 

ʩʭʝʤʘʤʠ: ʩ ʦʜʥʦʡ ʱʝʣʴʶ (ʘ), ʩ ʜʚʫʤʷ ʱʝʣʷʤʠ (ʙ) [19]. 

ʘ ʙ 

ʈʠʩʫʥʦʢ 9 ï ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʨʘʩʱʝʧʣʝʥʥʦʛʦ ʢʦʣʴʮʘ (ʚʠʜ ʩʚʝʨʭʫ): 

(ʘ) ʠʟʦʙʨʘʞʝʥʠʝ ʩʠʤʤʝʪʨʠʯʥʳʭ ʪʦʯʝʢ ʢʦʣʴʮʘ ʩ ʥʝʦʜʥʦʨʦʜʥʳʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʟʘʨʷʜʘ, (ʙ) ʦʧʨʝʜʝʣʝʥʠʝ ʫʛʣʦʚ ʢ ʨʘʩʯʝʪʫ 

ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʝʤʢʦʩʪʠ. 

 

ʌʦʨʤʫʣʫ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ Cgap ʧʦʣʫʯʠʤ, ʠʩʧʦʣʴʟʫʷ ʦʙʳʯʥʫʶ ʬʦʨʤʫʣʫ ʜʣʷ 

ʝʤʢʦʩʪʠ ʧʣʦʩʢʦʛʦ ʢʦʥʜʝʥʩʘʪʦʨʘ, ʛʜʝ ʚ ʢʘʯʝʩʪʚʝ ʧʣʦʩʢʦʛʦ ʢʦʥʜʝʥʩʘʪʦʨʘ 

ʚʳʩʪʫʧʘʝʪ ʩʘʤʘ ʱʝʣʴ: 

0 0gap

hw
C C

g
e= + ,      (16) 

ʛʜʝ Ů0 ï ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʚʘʢʫʫʤʘ, ʉ0 ï ʧʦʧʨʘʚʢʘ ʥʘ ʢʨʘʝʚʳʝ 

ʵʬʬʝʢʪʳ, ʢʦʪʦʨʫʶ ʦʙʳʯʥʦ ʚʳʙʠʨʘʶʪ ʚ ʚʠʜʝ [20]: 

( )0 0C h w ge= + +.      (17) 

ɺ ʵʪʦʡ ʞʝ ʨʘʙʦʪʝ [20] ʧʨʝʜʣʦʞʝʥʦ ʦʧʨʝʜʝʣʠʪʴ ʚʝʣʠʯʠʥʫ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʝʤʢʦʩʪʠ 

ʥʘ ʝʜʠʥʠʮʫ ʚʳʩʦʪʳ ʢʦʣʴʮʘ ʢʘʢ: 

(p.u.h.) ( )

( )
g

surf

r
C d

V

p

q

s q
q

q
=ñ  ,     (18) 

ʛʜʝ     0 0

2

V
ctg

R

e q
s
p
= , ( )0V

V p q
p
= -                       (19) 



15 

 

- ʧʦʚʝʨʭʥʦʩʪʥʳʡ ʟʘʨʷʜ ʠ ʥʘʧʨʷʞʝʥʠʝ ʤʝʞʜʫ ʜʚʫʤʷ ʩʠʤʤʝʪʨʠʯʥʳʤʠ ʪʦʯʢʘʤʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʣʴʮʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; V0 ï ʥʘʧʨʷʞʝʥʠʝ ʚ ʱʝʣʠ; ʫʛʣʳ ɗ ʠ ɗg 

ʧʦʢʘʟʘʥʳ ʥʘ ʈʠʩ.9 (ʙ).  ʇʦʜʩʪʘʚʣʷʷ (19) ʚ (18), ʧʦʣʫʯʘʝʤ: 

(p.u.h.)

0
2

g

surf

ctg

C d

p

q

q

e q
p q

=
-ñ

.     (20) 

ʂ ʩʦʞʘʣʝʥʠʶ, ʜʘʥʥʳʡ ʠʥʪʝʛʨʘʣ ʥʝʣʴʟʷ ʚʳʯʠʩʣʠʪʴ ʘʥʘʣʠʪʠʯʝʩʢʠ. ʆʜʥʘʢʦ 

ʟʘʤʝʪʠʤ, ʯʪʦ ʚʝʣʠʯʠʥʘ ctg(ɗg/2) ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʘʷ ʚʚʠʜʫ ʤʘʣʦʩʪʠ ʫʛʣʘ ɗg, ʯʪʦ 

ʧʦʟʚʦʣʷʝʪ ʥʘʤ ʧʨʝʥʝʙʨʝʯʴ ʫʛʣʦʤ ɗ ʚ ʟʥʘʤʝʥʘʪʝʣʝ ʚ ʬʦʨʤʫʣʝ (20), ʯʪʦ ʧʨʠʚʦʜʠʪ 

ʢ ʚʳʨʘʞʝʥʠʶ ʜʣʷ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʝʤʢʦʩʪʠ ʥʘ ʝʜʠʥʠʮʫ ʚʳʩʦʪʳ ʵʣʝʤʝʥʪʘ ʚ ʚʠʜʝ: 

(p.u.h.) 0 02 4
log

2
g

surf

r
C ctg d

g

p

q

e eq
q

p p
= =ñ .    (21) 

ɿʜʝʩʴ ʠʟ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʩʦʦʙʨʘʞʝʥʠʡ ʧʨʠʥʷʪʦ ʟʥʘʯʝʥʠʝ ɗg=4R/g. ɼʣʷ ʧʦʣʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʝʤʢʦʩʪʠ ʨʘʩʱʝʧʣʝʥʥʦʛʦ ʢʦʣʴʮʘ ʚʳʩʦʪʦʡ h ʠ ʪʦʣʱʠʥʦʡ w 

ʧʦʣʫʯʠʤ: 

(p.u.h.) 02 ( ) 4
( ) logsurf surf

h w r
C h w C

g

e

p

+
= + = .    (22) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʫʤʤʘʨʥʘʷ ʝʤʢʦʩʪʴ ʜʣʷ ʢʦʣʴʮʘ ʩ ʦʜʥʦʡ ʱʝʣʴʶ ʨʘʚʥʘ: 

total gap surfC C C= + .      (23) 

ʇʨʠʚʝʜʝʥʥʳʝ ʬʦʨʤʫʣʳ ʜʣʷ ʦʧʠʩʘʥʠʷ ʝʤʢʦʩʪʠ ʨʘʩʱʝʧʣʝʥʥʦʛʦ ʢʦʣʴʮʝʚʦʛʦ 

ʨʝʟʦʥʘʪʦʨʘ, ʢʘʢ ʫʧʦʤʠʥʘʣʦʩʴ, ʫʞʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ ʨʘʙʦʪʝ [20] ʜʣʷ ʢʦʣʴʮʝʚʦʛʦ 

ʨʝʟʦʥʘʪʦʨʘ ʩ ʦʜʥʦʡ ʱʝʣʴʶ, ʧʦʢʘʟʘʥʥʦʛʦ ʥʘ ʈʠʩ.8ʘ. 

ʅʘʣʠʯʠʝ ʜʚʫʭ ʱʝʣʝʡ ʚ ʨʝʟʦʥʘʪʦʨʝ ʤʦʞʥʦ, ʥʘ ʥʘʰ ʚʟʛʣʷʜ,  ʨʘʩʩʤʘʪʨʠʚʘʪʴ 

ʢʘʢ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʩʦʝʜʠʥʝʥʠʝ ʜʚʫʭ ʢʦʥʜʝʥʩʘʪʦʨʦʚ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʫʤʝʥʴʰʝʥʠʶ ʝʤʢʦʩʪʠ ʚ ʜʚʘ ʨʘʟʘ. ʕʢʚʠʚʘʣʝʥʪʥʳʡ ʢʦʥʪʫʨ ʜʣʷ ʜʚʘʞʜʳ 

ʨʘʩʝɦʧʣʝʥʥʦʛʦ ʢʦʣʴʮʝʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ, ʧʨʝʜʣʘʛʘʝʤʳʡ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, 

ʠʟʦʙʨʘʞʝʥ ʥʘ ʈʠʩ.8 (ʙ). ʅʝʙʦʣʴʰʠʝ ʠʟʤʝʥʝʥʠʷ ʚ ʛʝʦʤʝʪʨʠʠ ʢʦʣʴʮʘ ʦʪʨʘʟʷʪʩʷ 

ʣʠʰʴ ʥʘ ʚʳʨʘʞʝʥʠʠ ʜʣʷ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʝʤʢʦʩʪʠ: 

(2 ) 02 ( ) 2
loggap

surf

h w r
C

g

e

p

+
= .     (24) 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʥʘʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʨʘʟʤʝʨʳ ʜʚʘʞʜʳ ʨʘʩʱʝʧʣʝʥʥʦʛʦ 

ʢʦʣʴʮʝʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ, ʤʳ ʤʦʞʝʤ ʘʥʘʣʠʪʠʯʝʩʢʠ ʨʘʩʩʯʠʪʘʪʴ ʝʛʦ ʨʝʟʦʥʘʥʩʥʫʶ 

ʯʘʩʪʦʪʫ ʧʦ ʬʦʨʤʫʣʝ: 

0
(2 )

1

2 gap

total

f
LCp

= ,    ʛʜʝ  
(2 )

(2 )

2

gap gap

surfgap

total

C C
C

+
= .   (25) 

ɻʝʦʤʝʪʨʠʯʝʩʢʠʝ ʨʘʟʤʝʨʳ ʠʩʩʣʝʜʫʝʤʦʛʦ ʵʣʝʤʝʥʪʘ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʦʜʝʣʴʶ (ʈʠʩ.8ʙ), ʘ ʪʘʢʞʝ ʦʩʥʦʚʥʳʝ ʧʘʨʘʤʝʪʨʳ ʵʢʚʠʚʘʣʝʥʪʥʦʛʦ 

LC-ʢʦʥʪʫʨʘ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʧʦ ʬʦʨʤʫʣʘʤ (15), (16), (24), (25), ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 

ʊʘʙʣ.1.  

ʊʘʙʣʠʮʘ 1. ʈʘʟʤʝʨʳ ʵʣʝʤʝʥʪʘ ʠ ʨʘʩʩʯʠʪʘʥʥʳʝ ʧʦ ʥʠʤ ʧʘʨʘʤʝʪʨʳ  

ʵʢʚʠʚʘʣʝʥʪʥʦʛʦ LC-ʢʦʥʪʫʨʘ 

ʇʘʨʘʤʝʪʨʳ ʤʝʪʘʘʪʦʤʘ ɿʥʘʯʝʥʠʷ ʇʘʨʘʤʝʪʨʳ LC-ʢʦʥʪʫʨʘ ɿʥʘʯʝʥʠʷ 

ʉʨʝʜʥʠʡ ʨʘʜʠʫʩ ʢʦʣʴʮʘ,  r, ʤʤ 10.95 ʀʥʜʫʢʪʠʚʥʦʩʪʴ,           L, 10
-9

 ɻʥ 27.89Ñ0.20 

ɺʳʩʦʪʘ ʢʦʣʴʮʘ,                h, ʤʤ 5.0 ɽʤʢʦʩʪʴ ʱʝʣʠ,       gapC , 10
-14
ʌ 15.93Ñ0.80 

ʊʦʣʱʠʥʘ ʢʦʣʴʮʘ,           w, ʤʤ 2.0 ʇʦʚ.ʝʤʢʦʩʪʴ,         (2 )gap

surfC , 10
-14
ʌ 12.17Ñ0.66 

ʐʠʨʠʥʘ ʱʝʣʠ,              g, ʤʤ 1.0 ʈʝʟʦʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ     f0, ɻɻʮ 2.54Ñ0.04 

ʆʪʤʝʪʠʤ, ʯʪʦ ʨʘʩʯʝʪ ʧʦʛʨʝʰʥʦʩʪʝʡ ʜʣʷ ʧʘʨʘʤʝʪʨʦʚ LC-ʢʦʥʪʫʨʘ ʠ 

ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʧʨʦʠʟʚʦʜʠʣʩʷ ʪʦʣʴʢʦ ʧʨʠ ʫʯʝʪʝ ʧʦʛʨʝʰʥʦʩʪʠ, ʚʥʦʩʠʤʦʡ ʟʘ 

ʩʯʝʪ ʥʝʪʦʯʥʦʩʪʠ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤ ʦʧʨʝʜʝʣʝʥʠʠ ʟʥʘʯʝʥʠʡ ʨʘʟʤʝʨʦʚ ʱʝʣʠ 

(Ñ0.1 ʤʤ) ʠ ʩʨʝʜʥʝʛʦ ʨʘʜʠʫʩʘ ʜʚʘʞʜʳ ʨʘʩʱʝʧʣʝʥʥʦʛʦ ʢʦʣʴʮʘ (Ñ0.05 ʤʤ). 

2.2. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ 

ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʧʨʘʚʦʤʝʨʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʘʥʥʦʡ ʘʥʘʣʠʪʠʯʝʩʢʦʡ 

ʤʦʜʝʣʠ ʚ ʨʘʙʦʪʝ ʙʳʣʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʧʨʝʜʝʣʝʥʘ ʨʝʟʦʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ 

ʦʧʠʩʘʥʥʳʭ ʤʝʪʘʘʪʦʤʦʚ ʚ ʚʠʜʝ ʜʚʘʞʜʳ ʨʘʩʱʝʧʣʝʥʥʳʭ ʢʦʣʴʮʝʚʳʭ ʨʝʟʦʥʘʪʦʨʦʚ ʠ 

ʧʨʦʚʝʜʝʥ ʯʠʩʣʝʥʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ.  

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʯʘʩʪʴ ʨʘʙʦʪʳ ʧʨʦʚʦʜʠʣʘʩʴ ʥʘ ʙʘʟʝ ʚʝʢʪʦʨʥʦʛʦ 

ʘʥʘʣʠʟʘʪʦʨʘ ʩʧʝʢʪʨʘ Rohde&Schwarz ZNB20, ʚʥʝʰʥʠʡ ʚʠʜ ʢʦʪʦʨʦʛʦ ʧʦʢʘʟʘʥ ʥʘ 

ʈʠʩ.10, ʪʝʭʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʠʙʦʨʘ ʧʨʠʚʝʜʝʥʳ ʚ ʇʨʠʣʦʞʝʥʠʠ. 
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ʄʝʪʦʜʠʢʘ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʜʦʩʪʘʪʦʯʥʦ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʘ ʚ 

ʨʘʙʦʪʘʭ [21, 22]. 

ʅʘ ʈʠʩ.11(ʘ) ʧʨʝʜʩʪʘʚʣʝʥʦ ʬʦʪʦ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ ï ʜʚʘʞʜʳ 

ʨʘʩʱʝʧʣʝʥʥʦʛʦ ʤʝʜʥʦʛʦ ʢʦʣʴʮʝʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ. ʈʘʟʤʝʨʳ ʵʪʦʛʦ ʦʙʨʘʟʮʘ 

ʧʦʣʥʦʩʪʴʶ ʩʦʚʧʘʜʘʶʪ ʩ ʪʝʤʠ, ʯʪʦ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʊʘʙʣʠʮʝ 1. ʀʟʤʝʨʝʥʠʷ 

ʟʘʚʠʩʠʤʦʩʪʠ ʩʠʛʥʘʣʘ ʵʣʝʤʝʥʪʘ ʦʪ ʯʘʩʪʦʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʦʪ 1 

ʜʦ 4 ɻɻʮ (ʈʠʩ.11ʙ). ʇʦʣʫʯʝʥʥʦʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʨʝʟʦʥʘʥʩʥʦʡ 

ʯʘʩʪʦʪʳ ɤɻ ʢʩʧ=(2.56Ñ0.02) ɻɻʮ ʭʦʨʦʰʦ ʩʦʚʧʘʜʘʝʪ ʩ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʟʥʘʯʝʥʠʝʤ ʚ 

ʧʨʝʜʝʣʘʭ ʧʦʛʨʝʰʥʦʩʪʠ ɤʪʝʦʨ=(2.54Ñ0.04) ɻɻʮ (ʊʘʙʣ.1). ʇʦʛʨʝʰʥʦʩʪʴ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʥʝʠʟʙʝʞʥʦ ʚʦʟʥʠʢʘʝʪ 

ʚʩʣʝʜʩʪʚʠʝ ʪʨʫʜʦʝʤʢʦʩʪʠ ʧʨʦʮʝʩʩʘ ʪʦʯʥʦʛʦ ʩʠʤʤʝʪʨʠʯʥʦʛʦ ʚʳʩʪʘʚʣʝʥʠʷ ʜʚʫʭ 

ʧʦʣʫʢʦʣʝʮ, ʠʟ ʢʦʪʦʨʳʭ ʩʦʩʪʦʠʪ ʵʣʝʤʝʥʪ, ʥʘ ʟʘʜʘʥʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʜʨʫʛ ʦʪ ʜʨʫʛʘ. 

 

 

 

 

 

ʈʠʩʫʥʦʢ 10 ï ʇʨʦʚʝʜʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ. 

ɺ ʮʝʥʪʨʝ - ʚʝʢʪʦʨʥʳʡ ʘʥʘʣʠʟʘʪʦʨ ʩʧʝʢʪʨʘ Rohde&Schwarz ZNB20, ʧʨʘʚʝʝ ʚʠʜʥʦ 

ʨʘʩʧʦʣʦʞʝʥʠʝ ʧʨʠʝʤʥʦʡ ʠ ʚʦʟʙʫʞʜʘʶʱʝʡ ʘʥʪʝʥʥ ʠ ʵʣʝʤʝʥʪ. 

 

ʘ 

 

ʙ 

ʈʠʩʫʥʦʢ 11 ï (ʘ) ʌʦʪʦʛʨʘʬʠʷ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ. ɺʥʝʰʥʠʡ ʜʠʘʤʝʪʨ 23.9 ʤʤ, 

ʚʳʩʦʪʘ 5 ʤʤ, ʪʦʣʱʠʥʘ ʩʪʝʥʦʢ 2 ʤʤ, ʨʘʟʤʝʨ ʱʝʣʠ 1 ʤʤ. (ʙ) ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʩʠʛʥʘʣʘ ʵʣʝʤʝʥʪʘ ʦʪ ʯʘʩʪʦʪʳ. ʈʝʟʦʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ ï 2.56Ñ0.02 ɻɻʮ, 

ʜʦʙʨʦʪʥʦʩʪʴ Q=18. 



18 

 

 

ʇʨʘʢʪʠʯʝʩʢʠ ʠʜʝʥʪʠʯʥʳʝ ʟʥʘʯʝʥʠʷ ʨʝʟʦʥʘʥʩʥʳʭ ʯʘʩʪʦʪ, ʧʦʣʫʯʝʥʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠ ʘʥʘʣʠʪʠʯʝʩʢʠ, ʜʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ 

ʧʨʠʤʝʥʠʤʦʩʪʠ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʵʢʚʠʚʘʣʝʥʪʥʦʛʦ LC-ʢʦʥʪʫʨʘ ʜʣʷ ʦʧʠʩʘʥʠʷ 

ʩʚʦʡʩʪʚ ʜʚʘʞʜʳ ʨʘʩʱʝʧʣʝʥʥʦʛʦ ʢʦʣʴʮʝʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʚ ɻɻʮ ʜʠʘʧʘʟʦʥʝ, ʭʦʪʷ 

ʨʘʟʤʝʨʳ ʵʣʝʤʝʥʪʦʚ ʫʞʝ ʩʦʧʦʩʪʘʚʠʤʳ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ, ʦ ʯʝʤ ʙʫʜʝʪ ʨʘʩʩʢʘʟʘʥʦ 

ʜʘʣʝʝ.  

2.3.  ʄʝʪʦʜʠʢʘ ʧʨʦʚʝʜʝʥʠʷ ʯʠʩʣʝʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ɼʣʷ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʦʚ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʩʦʚʨʝʤʝʥʥʘʷ ʤʦʱʥʘʷ ʧʨʦʛʨʘʤʤʘ 

ʪʨʝʭʤʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ - CST Microwave Studio. 

ɼʘʥʥʘʷ ʧʨʦʛʨʘʤʤʘ ʧʦʟʚʦʣʷʝʪ ʢʦʥʩʪʨʫʠʨʦʚʘʪʴ ʪʨʝʭʤʝʨʥʳʝ ʤʦʜʝʣʠ ʨʝʟʦʥʘʪʦʨʦʚ ʩ 

ʧʦʤʦʱʴʶ ʯʝʨʯʝʥʠʷ ʧʨʦʩʪʝʡʰʠʭ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʬʦʨʤ, ʩʦʟʜʘʚʘʪʴ ʠʩʪʦʯʥʠʢʠ 

ʚʦʟʙʫʞʜʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦʛʦ ʪʠʧʘ, ʪʦʯʥʦ ʦʧʨʝʜʝʣʠʚ ʠʭ ʤʝʩʪʦʧʦʣʦʞʝʥʠʝ, ʠ 

ʟʘʜʘʚʘʪʴ ʛʨʘʥʠʯʥʳʝ ʠ ʥʘʯʘʣʴʥʳʝ ʫʩʣʦʚʠʷ, ʧʦʩʣʝ ʯʝʛʦ ʧʨʦʠʩʭʦʜʠʪ ʨʘʟʙʠʝʥʠʝ 

ʚʩʝʛʦ ʠʩʩʣʝʜʫʝʤʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʥʘ ʩʝʪʢʫ ʟʘʜʘʥʥʦʡ ʪʦʯʥʦʩʪʠ ʠ ʧʨʦʠʟʚʦʜʠʪʩʷ 

ʨʘʩʯʝʪ ʧʦʣʷ ʚ ʢʘʞʜʦʡ ʪʦʯʢʝ ʨʘʟʙʠʝʥʠʷ. 

ʇʦʩʣʝ ʦʟʥʘʢʦʤʣʝʥʠʷ ʩ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ ʨʘʩʯʝʪʘ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʤʠ ʚ 

ʜʘʥʥʦʡ ʧʨʦʛʨʘʤʤʝ, ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʣʝʡ ʨʘʩʱʝʧʣʝʥʥʳʭ ʢʦʣʴʮʝʚʳʭ 

ʨʝʟʦʥʘʪʦʨʦʚ ʤʥʦʡ ʙʳʣ ʚʳʙʨʘʥ ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ ʚʦ ʚʨʝʤʝʥʥʦʡ ʦʙʣʘʩʪʠ 

(Time Domain Solver). ɺ ʦʩʥʦʚʝ ʵʪʦʛʦ ʤʝʪʦʜʘ ʣʝʞʠʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʘʷ 

ʜʠʩʢʨʝʪʠʟʘʮʠʷ ʫʨʘʚʥʝʥʠʡ ʄʘʢʩʚʝʣʣʘ ʚ ʠʥʪʝʛʨʘʣʴʥʦʡ ʬʦʨʤʝ ʥʘ ʚʨʝʤʝʥʥʦʤ 

ʠʥʪʝʨʚʘʣʝ. ɺʘʞʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʨʝʰʝʥʠʷ ʚʦ ʚʨʝʤʝʥʥʦʡ ʦʙʣʘʩʪʠ ʷʚʣʷʝʪʩʷ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʪʨʝʙʫʝʤʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ ʦʪ 

ʨʘʟʤʝʨʦʚ ʠʩʩʣʝʜʫʝʤʦʡ ʩʪʨʫʢʪʫʨʳ. 

ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʤʘʢʩʠʤʘʣʴʥʦ ʧʨʠʙʣʠʟʠʪʴ ʤʦʜʝʣʴ ʯʠʩʣʝʥʥʦʛʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʢ ʫʩʣʦʚʠʷʤ ʨʝʘʣʴʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ 

ʚʦʟʙʫʞʜʝʥʠʷ ʙʳʣʘ ʚʳʙʨʘʥʘ ʘʥʪʝʥʥʘ ʚ ʚʠʜʝ ʪʦʥʢʦʛʦ ʢʦʣʴʮʘ ʨʘʜʠʫʩʘ 2 ʤʤ ʩ 

ʧʝʨʝʤʝʥʥʳʤ ʪʦʢʦʤ ʚʝʣʠʯʠʥʦʡ 1 ɸ (ʈʠʩ.12).  



19 

 

 ʏʪʦʙʳ ʫʙʝʜʠʪʴʩʷ ʚ ʮʝʣʝʩʦʦʙʨʘʟʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠʩʪʦʯʥʠʢʘ 

ʚʦʟʙʫʞʜʝʥʠʷ ʪʘʢʦʛʦ ʪʠʧʘ, ʙʳʣ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʧʦʣʷ, ʩʦʟʜʘʚʘʝʤʦʛʦ ʪʘʢʦʡ 

ʘʥʪʝʥʥʦʡ. ʎʝʣʴʶ ʵʪʦʛʦ ʘʥʘʣʠʟʘ ʙʳʣʦ ʦʧʨʝʜʝʣʝʥʠʝ ʦʧʪʠʤʘʣʴʥʦʛʦ ʨʘʩʧʦʣʦʞʝʥʠʷ 

ʠʩʪʦʯʥʠʢʘ ʚʦʟʙʫʞʜʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʲʝʢʪʘ. ɼʣʷ ʵʪʦʛʦ ʙʳʣʦ 

ʧʦʣʫʯʝʥʦ ʪʨʝʭʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʠʣʦʚʳʭ ʣʠʥʠʡ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʢʦʣʴʮʘ ʩ ʧʝʨʝʤʝʥʥʳʤ ʪʦʢʦʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʝʛʦ ʬʘʟʳ ʚ 

ʦʪʩʫʪʩʪʚʠʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʲʝʢʪʘ. ʂʦʣʴʮʦ ʩ ʪʦʢʦʤ ʨʘʩʧʦʣʘʛʘʣʦʩʴ ʚ ʧʣʦʩʢʦʩʪʠ 

XY, ʫʯʠʪʳʚʘʷ ʩʠʤʤʝʪʨʠʶ ʢʦʣʴʮʘ, ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʚʠʜʝ ʩʝʯʝʥʠʷ, 

ʧʨʦʭʦʜʷʱʝʛʦ ʯʝʨʝʟ ʮʝʥʪʨ ʢʦʣʴʮʘ ʚ ʧʣʦʩʢʦʩʪʠ XZ (ʈʠʩ.13). ʏʘʩʪʦʪʘ ʧʦʣʷ ʦʯʝʥʴ 

ʚʳʩʦʢʘʷ, ʠ ʨʘʩʧʦʣʦʞʝʥʠʝ ʠʟʫʯʘʝʤʦʛʦ ʤʝʪʘʘʪʦʤʘ ʜʦʣʞʥʦ ʙʳʪʴ ʪʘʢʠʤ, ʯʪʦʙʳ ʧʨʠ 

ʤʘʢʩʠʤʘʣʴʥʦʤ ʟʥʘʯʝʥʠʠ ʪʦʢʘ ʚ ʢʦʣʴʮʝ ʘʥʪʝʥʥʳ, ʩʠʣʦʚʳʝ ʣʠʥʠʠ ʧʦʣʷ ʚʥʫʪʨʠ 

ʤʝʪʘʘʪʦʤʘ ʥʝ ʙʳʣʠ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦ ʥʘʧʨʘʚʣʝʥʳ ʚ ʦʜʠʥ ʠ ʪʦʪ ʞʝ ʤʦʤʝʥʪ  

ʚʨʝʤʝʥʠ. ʅʘ ʈʠʩ.13 ʚʠʜʥʦ, ʯʪʦ ʜʘʥʥʦʝ ʫʩʣʦʚʠʝ ʚʳʧʦʣʥʷʝʪʩʷ ʧʨʠ ʨʘʩʧʦʣʦʞʝʥʠʠ 

ʵʣʝʤʝʥʪʘ ʥʘ ʨʘʩʩʪʦʷʥʠʠ ʥʝ ʤʝʥʝʝ 2.5 ʤʤ ʦʪ ʧʣʦʩʢʦʩʪʠ ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʢʦʣʴʮʘ ʩ 

ʪʦʢʦʤ.  

ʇʨʠ ʵʪʦʤ ʜʣʷ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʨʝʟʦʥʘʪʦʨʘ ʝʛʦ 

ʩʣʝʜʫʝʪ ʧʦʤʝʱʘʪʴ ʢʘʢ ʤʦʞʥʦ ʙʣʠʞʝ ʢ ʚʦʟʙʫʞʜʘʶʱʝʡ ʘʥʪʝʥʥʝ. ʀʩʧʦʣʴʟʫʷ ʟʘʢʦʥ 

ɹʠʦ-ʉʘʚʘʨʘ-ʃʘʧʣʘʩʘ, ʤʦʞʥʦ ʣʝʛʢʦ ʧʦʣʫʯʠʪʴ ʬʦʨʤʫʣʫ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʘʤʧʣʠʪʫʜʥʦʛʦ ʟʥʘʯʝʥʠʷ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʩʦʟʜʘʚʘʝʤʦʛʦ 

ʢʦʣʴʮʦʤ ʩ ʪʦʢʦʤ. 

  

ʈʠʩʫʥʦʢ 12 ï ʄʦʜʝʣʴ  ʯʠʩʣʝʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʚ CST. ɺʦʟʙʫʞʜʘʶʱʘʷ ʘʥʪʝʥʥʘ 

ʥʘ ʨʘʩʩʪʦʷʥʠʠ 2.5 ʤʤ ʦʪ ʥʠʞʥʝʛʦ ʢʨʘʷ ʵʣʝʤʝʥʪʘ, ʚʳʩʦʪʘ ʵʣʝʤʝʥʪʘ ï 5 ʤʤ, 

ʧʨʠʝʤʥʘʷ ʘʥʪʝʥʥʘ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 2.5 ʤʤ ʦʪ ʚʝʨʭʥʝʛʦ ʢʨʘʷ ʵʣʝʤʝʥʪʘ, ʨʘʩʩʪʦʷʥʠʝ 

ʤʝʞʜʫ ʘʥʪʝʥʥʘʤʠ ï 10 ʤʤ. 



20 

 

 

ʈʠʩʫʥʦʢ 13 ï ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʩʠʣʦʚʳʭ ʣʠʥʠʡ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

ʢʦʣʴʮʘ ʩ ʧʝʨʝʤʝʥʥʳʤ ʪʦʢʦʤ (ʛʦʣʫʙʘʷ ʣʠʥʠʷ) ʚ ʦʪʩʫʪʩʪʚʠʠ ʠʩʩʣʝʜʫʝʤʦʛʦ 

ʦʙʲʝʢʪʘ. ʈʘʜʠʫʩ ʢʦʣʴʮʘ 2 ʤʤ,  ʘʤʧʣʠʪʫʜʘ ʪʦʢʘ ʚ ʢʦʣʴʮʝ 1ɸ, ʟʥʘʯʝʥʠʝ ʬʘʟʳ ʪʦʢʘ 

0. ɾʝʣʪʳʤ ʢʦʥʪʫʨʦʤ ʦʪʤʝʯʝʥʦ ʦʧʪʠʤʘʣʴʥʦʝ ʧʦʣʦʞʝʥʠʝ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʲʝʢʪʘ ï 

ʥʘ ʨʘʩʩʪʦʷʥʠʠ 2.5 ʤʤ ʦʪ ʘʥʪʝʥʥʳ. 

ʅʘʧʨʠʤʝʨ, ʤʦʜʫʣʴ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʧʦʣʷ H ʚ ʪʦʯʢʝ, ʣʝʞʘʱʝʡ ʥʘ ʦʩʠ, ʧʨʦʭʦʜʷʱʝʡ 

ʯʝʨʝʟ ʮʝʥʪʨ ʢʦʣʴʮʘ, ʨʘʚʝʥ: 

,      (26) 

ʛʜʝ R ï ʨʘʜʠʫʩ ʢʦʣʴʮʘ ʩ ʪʦʢʦʤ I, a ï ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʧʣʦʩʢʦʩʪʠ ʢʦʣʴʮʘ. ɺ 

ʯʠʩʣʝʥʥʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʟʥʘʯʝʥʠʶ ʢʦʦʨʜʠʥʘʪʳ z. 

ʈʘʩʩʯʠʪʘʥʥʳʝ ʧʦ ʬʦʨʤʫʣʝ (26) ʟʥʘʯʝʥʠʷ H ʜʣʷ ʥʝʩʢʦʣʴʢʠʭ ʨʘʩʩʪʦʷʥʠʡ ʘ ʧʨʠ 

ʧʘʨʘʤʝʪʨʘʭ ʢʦʣʴʮʘ R=2 ʤʤ, I=1 ɸ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʊʘʙʣʠʮʝ 2. 

ʅʘ ʈʠʩ.14 ʧʨʝʜʩʪʘʚʣʝʥ ʨʝʟʫʣʴʪʘʪ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʦʚ ï ʨʘʩʧʨʝʜʝʣʝʥʠʝ     

z-ʢʦʤʧʦʥʝʥʪʳ ʥʘʧʨʷʞʝʥʥʦʩʪʠ H ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʢʦʣʴʮʘ ʩ ʪʦʢʦʤ ʚ ʧʣʦʩʢʦʩʪʠ 

XY, ʩʤʝʱʝʥʥʦʡ ʥʘ ʨʘʟʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʚʜʦʣʴ ʦʩʠ z. ɿʥʘʯʝʥʠʷ |Hz| ʚ ʪʦʯʢʘʭ, 

ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʦʩʠ z, ʪʘʢʞʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʊʘʙʣʠʮʝ 2 ʜʣʷ ʩʨʘʚʥʝʥʠʷ ʩʦ 

ʟʥʘʯʝʥʠʷʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʧʦ ʬʦʨʤʫʣʝ (26).  

ɺʩʝ ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʛʦʚʦʨʷʪ ʦ ʧʨʠʤʝʥʠʤʦʩʪʠ ʢʦʣʴʮʘ ʩ 

ʧʝʨʝʤʝʥʥʳʤ ʪʦʢʦʤ ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʚʦʟʙʫʞʜʝʥʠʷ ʚ ʨʘʤʢʘʭ ʯʠʩʣʝʥʥʦʛʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘ. 


