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ɿʘʭʚʘʣʥʠʮʘ 

 

ʈʘʜ ʥʘ ʦʚʦʿ ʜʦʢʪʦʨʩʢʦʿ ʪʝʟʠ ʿʝ ʟʘʭʪʠʝʿʚʘʦ ʦʛʨʦʤʘʥ ʨʘʜ ʠ ʦʜʨʠʮʘˁʝ. ʆʚʘʿ ʨʘʜ ʙʠ 

ʙʠʦ ʥʝʤʦʛʫ˂ ʙʝʟ ʥʝʢʦʣʠʢʦ ʦʩʦʙʘ ʢʦʿʠʤ ʞʝʣʠʤ ʜʘ ʩʝ ʟʘʭʚʘʣʠʤ. 

ʅʘʿʧʨʠʝʿ ʞʝʣʠʤ ʜʘ ʩʝ ʟʘʭʚʘʣʠʤ ʩʚʦʤ ʤʝʥʪʦʨʫ ʜʦʮ. ʜʨ ʄʠʣʢʠ ʇʦʪʨʝʙʠ˂. ɳʝʥʦ 

ʫʣʦʞʝʥʦ ʟʥʘˁʝ, ʧʦʩʚʝ˂ʝʥʦʩʪ, ʪʨʫʜ, ʠʩʪʨʘʿʥʦʩʪ ʠ ʞʝˀʘ ʜʘ ʩʝ ʧʦʤʦʛʥʝ ʩʫ ʜʫʙʦʢʦ 

ʫʪʢʘʥʠ ʫ ʩʚʘʢʫ ʩʪʨʘʥʠʮʫ ʦʚʦʛ ʨʘʜʘ. ʄʝʥʪʦʨʩʪʚʦ ʜʨ ʄʠʣʢʝ ʇʦʪʨʝʙʠ˂ ʿʝ ʧʨʘʚʦ 

ʣʠʜʝʨʩʪʚʦ ʦʜ ʠʜʝʿʝ ʜʦ ʢʦʥʘʯʥʦʛ ʮʠˀʘ. 

ɾʝʣʠʤ ʜʘ ʩʝ ʟʘʭʚʘʣʠʤ ʧʨʦʬ. ʜʨ ɼʝʿʘʥʫ ʊʦʰʠ˂ʫ ʯʠʿʝ ʩʫ ʩʤʠʝʿʨʥʠʮʝ, ʩʘʚʿʝʪʠ ʠ 

ʥʝʟʘʤʝʿˁʠʚʦ ʠʩʢʫʩʪʚʦ ʜʦʧʨʠʥʠʝʿʣʠ ʢʚʘʣʠʪʝʪʫ ʠ ʜʘʣʠ ʧʨʘʚʠ ʦʙʣʠʢ ʦʚʦʤ ʨʘʜʫ. 

ɺʝʦʤʘ ʮʠʝʿʥʠʤ ʠ ʩʘʚʝʿʪʝ ʢʦʿʠ ʩʫ ʚʝʟʘʥʠ ʟʘ ʤʦʿ ʩʘʜʘʰˁʠ ʠ ʙʫʜʫ˂ʠ ʘʢʘʜʝʤʩʢʠ ʨʘʜ. 

ʇʦʩʝʙʥʦ ʞʝʣʠʤ ʜʘ ʩʝ ʟʘʭʚʘʣʠʤ ʩʫʧʨʫʟʠ ʄʘʨʠʿʠ, ʢʦʿʘ ʤʠ ʿʝ ʙʠʣʘ ʥʝʩʝʙʠʯʥʘ 

ʧʦʜʨʰʢʘ ʢʘ ʦʩʪʚʘʨʝˁʫ ʮʠˀʘ. ʄʘʨʠʿʘ ʿʝ ʩʪʚʦʨʠʣʘ ʩʚʘʢʠ ʤʠʥʫʪ, ʩʘʪ ʠ ʜʘʥ ʚʨʝʤʝʥʘ 

ʢʦʿʠ ʤʠ ʿʝ ʪʨʝʙʘʦ. ʆʥʘ ʿʝ ʩʚʦʿʠʤ ʦʧʪʠʤʠʟʤʦʤ ʠ ʧʦʞʨʪʚʦʚʘʥʦʰ˂ʫ ʪʘʢʦʹʝ ʧʦʤʦʛʣʘ 

ʜʘ ʤʦʿʝ ʥʝʜʦʫʤʠʮʝ ʧʨʝʪʚʦʨʠʤ ʫ ʨʝʟʫʣʪʘʪʝ. 

ʆʜ ʩʚʝʛ ʩʨʮʘ ʥʘ ʢʨʘʿʫ ʞʝʣʠʤ ʜʘ ʩʝ ʟʘʭʚʘʣʠʤ ʤʦʿʠʤ ʨʦʜʠʪʝˀʠʤʘ, ʢʦʿʠ ʩʫ ʤʠ 

ʙʠʣʠ ʥʘʿʙʦˀʘ ʧʦʜʨʰʢʘ ʢʨʦʟ ʯʠʪʘʚ ʞʠʚʦʪ ʩʘ ʢʦʿʦʤ ʩʘʤ ʧʦʤʠʝʿʨʘʦ ʩʚʦʿʝ ʛʨʘʥʠʮʝ. ʆʜ 

ʟʘʭʪʝʿʚʥʠʭ ʦʩʥʦʚʥʠʭ ʩʪʫʜʠʿʘ ʧʨʝʢʦ ʤʘʛʠʩʪʘʨʩʢʠʭ ʠ ʜʦʢʪʦʨʩʢʠʭ ʩʪʫʜʠʿʘ ʦʥʠ ʩʫ ʤʠ 

ʙʠʣʠ ʦʩʣʦʥʘʮ, ʘ ʩʚʦʿʠʤ ʧʨʠʤʝʿʨʦʤ ʠʥʩʧʠʨʘʮʠʿʘ ʧʨʠ ʩʘʚʣʘʜʘʚʘˁʫ ʧʨʝʧʨʝʢʘ ʠ 

ʦʩʪʚʘʨʝˁʫ ʪʝʰʢʠʭ ʮʠˀʝʚʘ. 
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ʄʀʂʈʆʊɸʃɸʉʅʀ ʌʀʃʊʈʀ ʉɸ ʂɺɸɿʀ-ʂʆʅʎɽʅʊʈʀʉɸʅʀʄ 

ɽʃɽʄɽʅʊʀʄɸ 

 

ʈʝʟʠʤʝ 

 

ʇʨʝʜʤʝʪ ʠʩʪʨʘʞʠʚʘˁʘ ʦʚʝ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ ʩʫ ʤʠʢʨʦʪʘʣʘʩʥʠ ʬʠʣʪʨʠ 

ʧʨʦʧʫʩʥʠʮʠ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʨʝʘʣʠʟʦʚʘʥʠ ʧʦʤʦ˂ʫ ʢʚʘʟʠ-ʢʦʥʮʝʥʪʨʠʩʘʥʠʭ 

ʝʣʝʤʝʥʘʪʘ. ɼʘʥʘʩ, ʙʨʟ ʪʝʭʥʦʣʦʰʢʠ ʨʘʟʥʦʿ ʥʘʤʝ˂ʝ ʧʦʪʨʝʙʫ ʟʘ ʦʤʦʛʫ˂ʘʚʘˁʝʤ 

ʩʚʝʧʨʠʩʫʪʥʝ ʢʦʤʫʥʠʢʘʮʠʿʝ, ʢʘʢʦ ʠʟʤʝʹʫ ˀʫʜʠ ʪʘʢʦ ʠ ʠʟʤʝʹʫ ʨʘʟʥʠʭ ʩʠʩʪʝʤʘ ʠ 

ʫʨʝʹʘʿʘ. ʂʘʢʦ ʙʠ ʩʝ ʦʙʝʟʙʝʜʠʣʦ ʰʠʨʦʢʦ ʧʦʢʨʠʚʘˁʝ ʠ ʤʦʙʠʣʥʦʩʪ ʢʦʤʫʥʠʢʘʮʠʿʘ, 

ʢʦʨʠʩʪʠ ʩʝ ʙʝʞʠʯʥʘ ʪʝʭʥʦʣʦʛʠʿʘ ʫ ʤʠʢʨʦʪʘʣʘʩʥʦʤ ʦʧʩʝʛʫ ʫʯʝʩʪʘʥʦʩʪʠ. ɿʙʦʛ 

ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʥʦʚʠʭ ʩʝʨʚʠʩʘ ʠ ʨʘʟʚʦʿʘ ʥʦʚʠʭ ʙʝʞʠʯʥʠʭ ʪʝʭʥʦʣʦʛʠʿʘ, ʥʝʦʧʭʦʜʥʦ ʿʝ 

ʰʪʦ ʩʝʣʝʢʪʠʚʥʠʿʝ ʦʛʨʘʥʠʯʠʪʠ ʫʨʝʹʘʿʝ ʢʘʢʦ ʙʠ ʨʘʜʠʣʠ ʫ ʜʦʜʝˀʝʥʦʤ ʦʧʩʝʛʫ. ʊʘʢʦʹʝ, 

ʧʦʪʨʝʙʘ ʟʘ ʤʦʙʠʣʥʦʤ ʢʦʤʫʥʠʢʘʮʠʿʦʤ ʠ ʩʤʘˁʝˁʝʤ ʜʠʤʝʥʟʠʿʘ ʢʦʨʠʩʥʠʯʢʠʭ ʫʨʝʹʘʿʘ 

ʥʘʤʝ˂ʝ ʧʦʪʨʝʙʫ ʟʘ ʰʪʦ ʚʝ˂ʦʤ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʦʤ ʩʚʠʭ ʜʝʣʦʚʘ ʙʝʞʠʯʥʠʭ ʩʠʩʪʝʤʘ. 

ʇʨʝʪʭʦʜʥʦ ʥʘʚʝʜʝʥʝ ʯʠˁʝʥʠʮʝ, ʢʘʦ ʰʪʦ ʩʫ ʟʥʘʯʘʿ ʙʝʞʠʯʥʠʭ ʢʦʤʫʥʠʢʘʮʠʿʘ, 

ʟʘʫʟʝʪʦʩʪ ʤʠʢʨʦʪʘʣʘʩʥʦʛ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʟʘʭʪʝʚʠ ʟʘ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʦʤ, 

ʫʢʘʟʫʿʫ ʥʘ ʧʦʩʝʙʘʥ ʟʥʘʯʘʿ ʧʨʦʿʝʢʪʦʚʘˁʘ ʤʠʢʨʦʪʘʣʘʩʥʠʭ ʬʠʣʪʘʨʘ ʧʨʦʧʫʩʥʠʢʘ 

ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ. 

ʂʘʢʦ ʙʠ ʩʝ ʧʦʩʪʠʛʣʠ ʛʦʨʝ ʥʘʚʝʜʝʥʠ ʮʠˀʝʚʠ, ʥʝʦʧʭʦʜʥʦ ʿʝ ʠʩʪʨʘʞʠʪʠ 

ʤʦʛʫ˂ʥʦʩʪʠ ʨʝʘʣʠʟʘʮʠʿʝ ʬʠʣʪʘʨʘ ʢʦʿʠ ˂ʝ ʠʤʘʪʠ ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʫ 

ʧʦʛʣʝʜʫ ʰʠʨʠʥʝ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ, ʫʥʝʪʦʛ ʩʣʘʙˀʝˁʘ, ʧʦʪʠʩʢʠʚʘˁʘ ʥʝʞʝˀʝʥʠʭ 

ʦʧʩʝʛʘ, ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʘʤʧʣʠʪʫʜʩʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʠ ʟʘʫʟʝ˂ʘ ʧʨʦʩʪʦʨʘ. ʎʠˀ ʦʚʦʛ 

ʠʩʪʨʘʞʠʚʘˁʘ ʿʝ ʨʝʘʣʠʟʘʮʠʿʘ ʤʠʢʨʦʪʘʣʘʩʥʦʛ ʬʠʣʪʨʘ ʩʘ ʩʧʨʝʛʥʫʪʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ 

ʢʦʿʠ ʠʤʘ ʙʦˀʝ ʥʘʚʝʜʝʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʫ ʦʜʥʦʩʫ ʥʘ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ 

ʤʠʢʨʦʪʘʣʘʩʥʠʭ ʬʠʣʪʘʨʘ ʦʙʿʘʚˀʝʥʠʭ ʫ ʜʦʩʪʫʧʥʦʿ ʦʪʚʦʨʝʥʦʿ ʣʠʪʝʨʘʪʫʨʠ. ʊʘʢʦʹʝ, 

ʮʠˀ ʠʩʪʨʘʞʠʚʘˁʘ ʿʝ ʠ ʧʨʝʜʩʪʘʚˀʘˁʝ ʥʦʚʦʛ ʥʘʯʠʥʘ ʧʨʦʿʝʢʪʦʚʘˁʘ ʤʠʢʨʦʪʘʣʘʩʥʠʭ 

ʬʠʣʪʘʨʘ ʢʦʨʠʰʝ˂ˁʝʤ ʝʢʚʠʚʘʣʝʥʪʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʰʝʤʘ. 

ʋ ʠʩʪʨʘʞʠʚʘˁʫ ʩʝ ʧʦʣʘʟʠ ʦʜ ʧʨʝʪʧʦʩʪʘʚʢʝ ʜʘ ʫʧʦʪʨʝʙʘ ʚʠʰʝʩʣʦʿʥʝ 

ʨʝʘʣʠʟʘʮʠʿʝ ʤʦʞʝ ʜʘ ʜʦʧʨʠʥʝʩʝ ʩʤʘˁʝˁʫ ʧʦʚʨʰʠʥʝ ʟʘʫʟʝ˂ʘ ʿʝʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ, ʘ 

ʩʘʤʠʤ ʪʠʤ ʠ ʮʝʣʦʛ ʬʠʣʪʨʘ. ʋ ʦʚʦʤ ʢʦʥʪʝʢʩʪʫ ʚʠʰʝʩʣʦʿʥʘ ʨʝʘʣʠʟʘʮʠʿʘ 
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ʧʦʜʨʘʟʫʤʝʚʘ ʫʧʦʪʨʝʙʫ ʜʚʝ ʤʠʢʨʦʪʨʘʢʘʩʪʝ ʩʪʨʫʢʪʫʨʝ ʩʧʦʿʝʥʝ ʤʘʩʘʤʘ, ʧʨʠ ʯʝʤʫ ʩʝ 

ʜʦʙʠʿʘ ʩʪʨʫʢʪʫʨʘ ʩʘ ʪʨʠ ʧʨʦʚʦʜʥʝ ʨʘʚʥʠ ʠ ʜʚʘ ʩʣʦʿʘ ʩʫʧʩʪʨʘʪʘ. ʇʨʝʜʣʘʞʝ ʩʝ 

ʨʝʘʣʠʟʘʮʠʿʘ ʨʝʟʦʥʘʪʦʨʘ ʫ ʬʦʨʤʠ ʢʘʣʝʤ-ʚʠʿʘ-ʢʦʥʜʝʥʟʘʪʦʨ, ʛʜʝ ʩʫ ʢʘʣʝʤ ʠ 

ʢʦʥʜʝʥʟʘʪʦʨ ʧʦʩʪʘʚˀʝʥʠ ʥʘ ʩʫʧʨʦʪʥʠʤ ʧʨʦʚʦʜʥʠʤ ʩʣʦʿʝʚʠʤʘ, ʜʦʢ ʿʝ ʩʣʦʿ ʤʘʩʝ ʫ 

ʩʨʝʜʠʥʠ ʩʪʨʫʢʪʫʨʝ. ʋʚʦʹʝˁʝʤ ʦʚʘʢʚʦʛ ʨʘʩʧʦʨʝʜʘ, ʝʣʝʤʝʥʪʠ ʨʝʟʦʥʘʪʦʨʘ ʥʠʩʫ ʚʠʰʝ 

ʦʛʨʘʥʠʯʝʥʠ ʥʘ ʿʝʜʥʫ ʨʘʚʘʥ, ʧʘ ʩʝ ʧʦʚʝ˂ʘʚʘ ʙʨʦʿ ʤʦʛʫ˂ʠʭ ʢʦʤʙʠʥʘʮʠʿʘ ʟʘ 

ʨʘʩʧʦʨʝʹʠʚʘˁʝ ʝʣʝʤʝʥʘʪʘ ʠ ʨʝʟʦʥʘʪʦʨʘ ʧʨʠ ʧʨʦʿʝʢʪʦʚʘˁʫ. 

ʉ ʦʙʟʠʨʦʤ ʥʘ ʙʨʦʿʥʝ ʤʦʛʫ˂ʝ ʚʘʨʠʿʘʥʪʝ ʩʧʨʝʛʝ ʫʚʦʜʥʠʢʘ ʠ ʨʝʟʦʥʘʪʦʨʘ, ʜʝʪʘˀʥʦ 

ʩʝ ʠʩʪʨʘʞʫʿʫ ʩʚʠ ʤʦʛʫ˂ʠ ʥʘʯʠʥʠ ˁʠʭʦʚʝ ʩʧʨʝʛʝ. ʀʩʧʠʪʫʿʝ ʩʝ ʢʘʧʘʮʠʪʠʚʥʘ ʩʧʨʝʛʘ 

ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʨʝʟʦʥʘʪʦʨʘ, ʢʘʦ ʠ ʫʚʦʜʥʠʢʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ ʨʝʟʦʥʘʪʦʨʘ. 

ʇʨʠʢʘʟʘʥʘ je ʤʦʛʫ˂ʥʦʩʪ ʟʘ ʧʦʚʝ˂ʘˁʝ ʚʨʝʜʥʦʩʪʠ ʪʝ ʩʧʨʝʛʝ ʫʧʦʪʨʝʙʦʤ 

ʠʥʪʝʨʜʠʛʠʪʘʣʥʝ ʩʧʨʝʛʝ ʫʚʦʜʥʠʢʘ ʠ ʝʣʝʤʝʥʘʪʘ ʨʝʟʦʥʘʪʦʨʘ. ʉʧʨʝʛʘ ʩʝ ʦʧʠʩʫʿʝ ʧʨʝʢʦ 

ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ, ʧʦʤʦ˂ʫ ʧʘʨʘʤʝʪʘʨʩʢʠʭ ʨʘʜʥʠʭ ʢʨʠʚʠʭ 

ʢʦʿʝ ʩʝ ʜʠʨʝʢʪʥʦ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʘʨʘ ʢʦʨʠʩʪʝ˂ʠ Dishal-ʦʚ 

ʤʝʪʦʜ. 

ʂʘʢʦ ʙʠ ʩʝ ʫʩʪʘʥʦʚʠʦ ʦʧʩʝʛ ʦʩʪʚʘʨʠʚʠʭ ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ, 

ʠʩʪʨʘʞʫʿʫ ʩʝ ʩʚʝ ʤʦʛʫ˂ʝ ʚʘʨʠʿʘʥʪʝ ʩʧʨʝʛʘ ʠʟʤʝʹʫ ˁʠʭ. ʀʩʧʠʪʫʿʝ ʩʝ ʩʧʨʝʛʘ ʜʚʘ 

ʨʝʟʦʥʘʪʦʨʘ ʫ ʩʣʝʜʝ˂ʠʤ ʩʣʫʯʘʿʝʚʠʤʘ: ʥʘ ʿʝʜʥʦʿ ʩʪʨʘʥʠ ʩʫʧʩʪʨʘʪʘ ʩʝ ʥʘʣʘʟʝ 

ʢʘʣʝʤʦʚʠ, ʘ ʥʘ ʜʨʫʛʦʿ ʢʦʥʜʝʥʟʘʪʦʨʠ, ʢʘʦ ʠ ʩʣʫʯʘʿ ʢʘʜʘ ʩʝ ʥʘ ʩʚʘʢʦʿ ʩʪʨʘʥʠ 

ʧʨʦʚʦʜʥʝ ʨʘʚʥʠ ʥʘʣʘʟʝ ʢʘʣʝʤ ʿʝʜʥʦʛ ʠ ʢʦʥʜʝʥʟʘʪʦʨ ʜʨʫʛʦʛ ʨʝʟʦʥʘʪʦʨʘ. ʋʪʚʨʹʫʿʫ ʩʝ 

ʦʛʨʘʥʠʯʝˁʘ ʠ ʛʣʘʚʥʝ ʨʘʟʣʠʢʝ ʥʘʚʝʜʝʥʘ ʜʚʘ ʪʠʧʘ ʩʧʨʝʟʘˁʘ ʨʝʟʦʥʘʪʦʨʘ. ɺʨʝʜʥʦʩʪ 

ʩʧʨʝʛʝ ʩʝ ʛʨaʬʠʯʢʠ ʧʨʝʜʩʪʘʚˀʘ ʫ ʬʫʥʢʮʠʿʠ ʤʝʹʫʩʦʙʥʝ ʫʜʘˀʝʥʦʩʪʠ, ʪʝ ʩʝ ʤʦʞʝ 

ʜʠʨʝʢʪʥʦ ʢʦʨʠʩʪʠʪʠ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʘʨʘ. 

ʂʦʨʠʩʪʝ˂ʠ Dishal-ʦʚ ʤʝʪʦʜ ʠ ʨʝʟʫʣʪʘʪʝ ʟʘ ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʦʛ 

ʨʝʟʦʥʘʪʦʨʘ ʠ ʢʦʝʬʠʮʠʿʝʥʪ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ, ʧʨʦʿʝʢʪʦʚʘʥʠ ʩʫ ʬʠʣʪʨʠ ʜʨʫʛʦʛ 

ʨʝʜʘ ʩʘ ʢʘʧʘʮʠʪʠʚʥʦʤ ʩʧʨʝʛʦʤ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʨʝʟʦʥʘʪʦʨʘ, ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ 

ʩʧʨʝʛʦʤ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʨʝʟʦʥʘʪʦʨʘ, ʢʘʦ ʠ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ ʩʧʨʝʛʦʤ ʫʚʦʜʥʠʢʘ 

ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ ʨʝʟʦʥʘʪʦʨʘ. ʈʝʘʣʠʟʦʚʘʥʠ ʬʠʣʪʨʠ ʩʫ ʘʥʘʣʠʟʠʨʘʥʠ ʢʦʨʠʰ˂ʝˁʝʤ 

ʤʦʜʝʨʥʠʭ 3D EM ʩʦʬʪʚʝʨʩʢʠʭ ʘʣʘʪʘ, ʘ ʟʘ ʥʝʢʝ ʦʜ ʬʠʣʪaʨʘ ʩʫ ʥʘʧʨʘʚˀʝʥʠ 

ʣʘʙʦʨʘʪʦʨʠʿʩʢʠ ʧʨʦʪʦʪʠʧʦʚʠ ʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʩʫ ʚʝʨʠʬʠʢʦʚʘʥʠ, ʪʘʢʦ ʜʘ ʩʫ 

ʧʦʪʚʨʹʝʥʠ ʟʘʭʪʝʚʠ ʩʧʝʮʠʬʠʢʘʮʠʿʝ.  
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ʋ ʮʠˀʫ ʩʤʘˁʝˁʘ ʚʨʝʤʝʥʘ ʥʝʦʧʭʦʜʥʦʛ ʟʘ ʟʘʭʪʝʚʥʝ 3D EM ʘʥʘʣʠʟʝ, ʥʘʧʨʘʚˀʝʥʠ 

ʩʫ ʤʦʜʝʣʠ ʨʝʟʦʥʘʪʦʨʘ ʠ ʬʠʣʪʨʘ ʜʨʫʛʦʛ ʨʝʜʘ ʧʦʤʦ˂ʫ ʝʢʚʠʚʘʣʝʥʪʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ 

ʰʝʤʘ. ɽʢʚʠʚʘʣʝʥʪʥʝ ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ ʩʫ ʥʘʧʨʘʚˀʝʥʝ ʩʘ ʚʝʣʠʢʦʤ ʪʘʯʥʦʰ˂ʫ ʠ 

ʦʤʦʛʫ˂ʘʚʘʿʫ ʛʦʪʦʚʦ ʪʨʝʥʫʪʥʫ ʘʥʘʣʠʟʫ ʫʪʠʮʘʿʘ ʧʦʿʝʜʝʥʠʭ ʝʣʝʤʝʥʘʪʘ ʨʝʟʦʥʘʪʦʨʘ ʥʘ 

ʝˁʛʦʚʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ. ʈʘʟʚʠʿʘ ʩʝ ʥʦʚʠ ʤʝʪʦʜ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʘʨʘ 

ʢʦʨʠʰʝ˂ˁʝʤ ʝʢʚʠʚʘʣʝʥʪʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʰʝʤʘ. ʄʦʜʝʣ ʝʢʚʠʚʘʣʝʥʪʥʝ ʝʣʝʢʪʨʠʯʥʝ 

ʰʝʤʝ ʿʝ ʢʦʨʠʰ˂ʝʥ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʟʘ ʮʝʥʪʨʘʣʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ 1,6 GHz, 3,5 GHz ʠ 5,8 GHz. ʂʦʨʠʰ˂ʝˁʝʤ ʝʢʚʠʚʘʣʝʥʪʥʠʭ 

ʝʣʝʢʪʨʠʯʥʠʭ ʰʝʤʘ, ʧʨʦʿʝʢʪʫʿʫ ʩʝ ʪʨʠ ʬʠʣʪʨʘ ʠ ʩʠʥʪʝʪʠʰʫ ʫ ʿʝʜʘʥ ʬʠʣʪʘʨ 

ʧʨʦʧʫʩʥʠʢ ʪʨʠ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ. ʇʦʢʘʟʫʿʝ ʩʝ ʜʘ ʿʝ ʤʦʛʫ˂ʝ ʢʦʨʠʩʪʠʪʠ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʘʨʘ ʫʟ ʚʝʣʠʢʝ ʫʰʪʝʜʝ ʫ 

ʚʨʝʤʝʥʫ ʧʨʦʿʝʢʪʦʚʘˁʘ. ɿʘ ʬʠʣʪʘʨ ʩʘ ʪʨʠ ʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʿʝ ʪʘʢʦʹʝ ʥʘʧʨʘʚˀʝʥ 

ʣʘʙʦʨʘʪʦʨʠʿʩʢʠ ʧʨʦʪʦʪʠʧ, ʠʟʚʨʰʝʥʦ ʤʝʨʝˁʝ, ʘ ʩʧʝʮʠʬʠʢʘʮʠʿʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ 

ʚʝʨʠʬʠʢʦʚʘʥʝ. 

ʉʚʠ ʧʨʦʿʝʢʪʦʚʘʥʠ ʠ ʥʘʧʨʘʚˀʝʥʠ ʬʠʣʪʨʠ ʠʤʘʿʫ ʙʦˀʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʫ ʦʜʥʦʩʫ 

ʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʬʠʣʪʘʨʘ ʦʙʿʘʚˀʝʥʠʭ ʫ ʜʦʩʪʫʧʥʦʿ ʣʠʪʝʨʘʪʫʨʠ. ʈʘʟʤʘʪʨʘʥʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʩʫ hʠʨʠʥʘ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ, ʫʥʝʪʦ ʩʣʘʙˀʝˁʝ, ʧʦʪʠʩʢʠʚʘˁʝ 

ʥʝʞʝˀʝʥʠʭ ʦʧʩʝʛʘ, ʩʝʣʝʢʪʠʚʥʦʩʪ ʘʤʧʣʠʪʫʜʩʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʠ ʟʘʫʟʝ˂ʝ ʧʨʦʩʪʦʨʘ.  

ʆʩʥʦʚʥʠ ʜʦʧʨʠʥʦʩ ʦʚʝ ʜʠʩʝʨʪʘʮʠʿʝ ʿʝ ʥʦʚ ʤʝʪʦʜ ʧʨʦʿʝʢʪʦʚʘˁʘ ʤʠʢʨʦʪʘʣʘʩʥʦʛ 

ʬʠʣʪʨʘ ʢʦʨʠʰ˂ʝˁʝʤ ʝʢʚʠʚʘʣʝʥʪʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʰʝʤʘ, ʢʦʿʠ ʿʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ 

ʚʝʨʠʬʠʢʦʚʘʥ. 
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MICROWAVE FILTERS WITH QUASI -LUMPED ELEMENTS  

 

Abstract 

 

The subject of the research presented in this doctoral dissertation is microwave 

bandpass filter implemented using quasi-lumped elements. These days, fast 

technological development imposes the need to provide ubiquitous communication, 

between people as well as between various systems and devices. In order to provide 

wide coverage and communication mobility, wireless technology at microwave 

frequencies is used. Due to the increased number of new services and development of 

new wireless technologies, it is necessary to strictly limit the assigned frequency band 

for each device. Also, the need for mobile communication and size reduction of the user 

devices imposes the need to significantly miniaturize the components of wireless 

systems. The previously mentioned facts, such as the importance of wireless 

communications, frequency range occupation and miniaturization requirements, point 

out the particular significance of microwave bandpass filters design. 

In order to accomplish the above mentioned goals, it is necessary to investigate 

possibilities for implementing filters with satisfactory characteristics regarding the 

bandwidth, insertion loss, unwanted band suppression, selectivity and space occupation. 

The goal of this research is implementation of microwave bandpass filter, using coupled 

resonators, with better characteristics compared to corresponding microwave filter 

implementations published in the available literature. Furthermore, the goal of the 

research is to introduce new method for microwave filter design using equivalent circuit 

schematics. 

The research starts from the assumption that the use of multilayer structure can yield 

to less space required for the resonator, as well as for the filter. Here, multilayer 

structure means the use of double-sided microstrip, with mutually connected ground 

layers, thus providing the structure with three conducting layers and two substrates. The 

resonator in the form of patch-via-spiral is proposed, where the capacitor and the coil 

are placed on the opposite conducting layers, while the ground layer is in the middle of 

the structure. Having this layout, the resonator elements are no longer limited to be 
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placed in the single plane, so the number of possible combinations for positioning the 

elements and resonators during the filter design is increased. 

Considering numerous couplings of the feeders and resonators, all possible ways of 

their mutual coupling are investigated in detail. Capacitive coupling between the feeder 

and the capacitor and between the feeder and the coil is investigated. The possibility for 

increasing the coupling between the feeder and the resonator using interdigital coupling 

is presented. The coupling is explained in terms of Q-factor of the loaded resonator, 

using the family of parameterized curves which can be directly applied for filter design 

using Dishalôs method. 

In order to found the range of achievable coupling coefficients of two resonators, 

each possible coupling between them is analyzed. The coupling between the resonators 

is investigated in the following cases: capacitors are placed on one side of the substrate 

and coils are placed on the other one, as well as the case when the coil of the first 

resonator and the capacitor of the second one are placed on each side of the substrate. 

The limitations and main differences between these two coupling methods are 

determined. The measure of coupling is graphically presented in terms of inter-resonator 

distance, so it can be directly used for filter design. 

By employing the Dishalôs method using graphs for Q-factors of the loaded 

resonator and coupling coefficients of two resonators, the second-order filters are 

designed: using feeder capacitively coupled to the coil, feeder interdigitally coupled to 

the coil and feeder interdigitally coupled to the capacitor. The filter implementations 

have been analyzed using simulations in modern 3D EM software tools, while some of 

them have been fabricated and experimentally validated, so the filter specifications have 

been confirmed. 

In order to reduce the time needed for demanding 3D EM analyses, the equivalent 

circuit models of the resonator and the second-order filter have been made. These 

equivalent circuit models have been made with great accuracy and they allow almost 

instantaneous analysis of the influence of resonator elements on its characteristics. A 

new method for filter design using equivalent circuit is proposed. The equivalent circuit 

model has been used for bandpass filter design, at central frequencies of 1.6 GHz, 
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3.5 GHz and 5.8 GHz. Further, using these equivalent circuits, three filters have been 

designed and synthesized into one triple band filter. It has been shown that the 

equivalent circuits can be effectively used for filter design, thereby saving the time 

needed for design procedure. This triple band filter is also fabricated and experimentally 

verified. 

Each designed and fabricated filter have better characteristics compared to the 

corresponding filters published in the available literature. ʊhe considered characteristics 

are bandwidth, insertion loss, suppression of unwanted frequency bands, selectivity of 

amplitude response, and space occupation.  

The main contribution of this dissertation is new filter design method using 

equivalent circuit, which is experimentally verified. 

 

Key words: microwave filters, bandpass filter, miniaturization, multilayer structure, 

patch-via-spiral, equivalent circuit schematic, multi-bandpass filter. 

 

Scientific area: Technical sciences, Electrical engineering 
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ʇʨʝʜʛʦʚʦʨ 

ʇʨʝʜʤʝʪ ʦʚʦʛ ʠʩʪʨʘʞʠʚʘˁʘ ʩʫ ʤʠʢʨʦʪʘʣʘʩʥʠ ʬʠʣʪʨʠ ʨʝʘʣʠʟʦʚʘʥʠ ʫ 

ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ ʩʘ ʢʚʘʟʠ-ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʝʣʝʤʝʥʪʠʤʘ. ʆʙʣʘʩʪ ʥʘʤʝʥʝ 

ʦʚʠʭ ʬʠʣʪʘʨʘ ʩʫ ʧʝʨʩʦʥʘʣʥʠ ʫʨʝʹʘʿʠ ʢʦʿʠ ʢʦʨʠʩʪʝ ʩʝʨʚʠʩʝ ʢʘʦ ʰʪʦ ʩʫ: ʤʦʙʠʣʥʘ 

ʪʝʣʝʬʦʥʠʿʘ (900 MHz, 1,8 GHz, 1,9 GHz, 2,1 GHz), GPS (1,6 GHz), WiMAX 

(3,5 GHz), WiFi (2,4 GHz, 5,8 GHz). ɿʘ ʦʚʝ ʥʘʤʝʥʝ ʩʝ ʟʘʭʪʝʚʘʿʫ ʫʩʢʦʧʦʿʘʩʥʠ ʬʠʣʪʨʠ 

ʧʨʦʧʫʩʥʠʮʠ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ, ʤʘʣʝ ʚʝʣʠʯʠʥʝ ʠ ʰʪʦ ʤʘˁʝ ʮʝʥʝ ʧʨʦʠʟʚʦʜˁʝ. 

ʅʘʚʝʜʝʥʠ ʫʩʣʦʚʠ ʩʝ ʤʦʛʫ ʠʩʧʫʥʠʪʠ ʫʧʦʪʨʝʙʦʤ ʚʠʰʝʩʣʦʿʥʝ ʪʝʭʥʠʢʝ ʟʘ ʠʟʨʘʜʫ 

ʢʚʘʟʠ-ʢʦʥʮʝʥʪʨʠʩʘʥʠʭ ʝʣʝʤʝʥʘʪʘ ʨʝʟʦʥʘʪʦʨʘ ʠ ʮʝʣʦʛ ʬʠʣʪʨʘ. ʋ ʜʦʩʪʫʧʥʦʿ 

ʣʠʪʝʨʘʪʫʨʠ ʩʫ ʫʦʯʝʥʝ ʤʦʛʫ˂ʥʦʩʪʠ ʟʘ ʠʩʪʨʘʞʠʚʘˁʝ ʨʝʰʝˁʘ ʢʦʿʝ ˂ʝ ʠʤʘʪʠ ʚʝ˂ʫ 

ʬʣʝʢʩʠʙʠʣʥʦʩʪ ʧʨʠ ʨʝʘʣʠʟʘʮʠʿʠ ʬʠʣʪʘʨʘ. ʋ ʦʚʦʿ ʪʝʟʠ ʩʝ ʜʝʪʘˀʥʦ ʠʩʧʠʪʫʿʝ ʧʨʠʩʪʫʧ 

ʩʘ ʨʝʘʣʠʟʘʮʠʿʦʤ ʫ ʚʠʰʝʩʣʦʿʥʦʿ ʪʝʭʥʠʮʠ ʠ ʤʦʛʫ˂ʠ ʧʨʘʚʮʠ ʜʘˀʝ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʝ 

ʨʝʟʦʥʘʪʦʨʘ. 

ʉʧʨʦʚʝʜʝʥʦ ʠʩʪʨʘʞʠʚʘˁʝ ʜʝʪʘˀʥʦ ʨʘʟʤʘʪʨʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʨʝʟʦʥʘʪʦʨʘ 

ʨʝʘʣʠʟʦʚʘʥʦʛ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ ʩʘ ʢʚʘʟʠ-ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʝʣʝʤʝʥʪʠʤʘ ʢʘʦ 

ʠ ʩʚʝ ʤʦʛʫ˂ʝ ʪʠʧʦʚʝ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ. ʅʘ ʦʩʥʦʚʫ ʪʦʛʘ ʩʝ ʧʨʝʜʣʘʞʝ ʦʧʪʠʤʘʣʘʥ 

ʪʠʧ ʩʧʨʝʛʝ. ʊʘʢʦʹʝ ʩʝ ʘʥʘʣʠʟʠʨʘʿʫ ʤʦʛʫ˂ʝ ʨʝʘʣʠʟʘʮʠʿʝ ʩʧʨʝʛʝ ʫʚʦʜʥʠʢʘ ʠ 

ʨʝʟʦʥʘʪʦʨʘ. ɿʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʘʨʘ ʩʝ ʢʦʨʠʩʪʠ ʦʧʰʪʘ ʪʝʦʨʠʿʘ ʩʠʥʪʝʟʝ ʬʠʣʪʘʨʘ 

ʢʦʨʠʰ˂ʝˁʝʤ ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʩʧʨʝʛʝ ʨʝʟʦʥʘʪʦʨʘ, ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʠʭ 

ʨʝʟʦʥʘʪʦʨʘ ʠ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʬʠʣʪʨʘ (Dishal-ʦʚ ʤʝʪʦʜ). ɿʘ ʩʠʤʫʣʘʮʠʿʫ 

ʩʪʨʫʢʪʫʨʝ ʠ ʧʦʜʝʰʘʚʘˁʝ ʩʝ ʢʦʨʠʩʪʝ ʩʦʬʪʚʝʨʩʢʠ ʘʣʘʪʠ ʟʘ ʧʨʝʮʠʟʥʫ 

ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʫ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʫ ʩʠʤʫʣʘʮʠʿʫ (3D EM) ʢʘʦ ʰʪʦ ʿʝ WIPL-D Pro 

ʠ Zeland IE3D. 

ɿʘ ʠʩʧʠʪʠʚʘˁʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʬʠʣʪʨʘ ʢʦʨʠʩʪʠ ʩʝ ʤʦʜʝʣ ʨʝʟʦʥʘʪʦʨʘ ʠ ʬʠʣʪʨʘ 

ʨʝʘʣʠʟʦʚʘʥ ʧʦʤʦ˂ʫ ʝʢʚʠʚʘʣʝʥʪʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʰʝʤʘ. ʆʚʝ ʰʝʤʝ ʩʝ ʪʘʢʦʹʝ 

ʢʦʨʠʩʪʝ ʠ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʧʨʝʜʣʦʞʝʥʦʛ ʪʠʧʘ ʬʠʣʪʘʨʘ. ʄʝʪʦʜ ʩʘ ʝʢʚʠʚʘʣʝʥʪʥʠʤ 

ʝʣʝʢʪʨʠʯʥʠʤ ʰʝʤʘʤʘ ʧʦʢʘʟʫʿʝ ʚʝʣʠʢʝ ʫʰʪʝʜʝ ʫ ʚʨʝʤʝʥʫ ʧʦʪʨʝʙʥʦʤ ʟʘ ʘʥʘʣʠʟʫ ʠ 

ʧʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʘʨʘ. 

ʂʘʦ ʨʝʟʫʣʪʘʪ ʦʚʦʛ ʠʩʪʨʘʞʠʚʘˁʘ ʨʘʟʚʠʿʝʥ ʿʝ ʥʦʚ ʤʝʪʦʜ ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ 

ʤʠʢʨʦʪʘʣʘʩʥʠʭ ʬʠʣʪʘʨʘ ʫ ʚʠʰʝʩʣʦʿʥʦʿ ʪʝʭʥʠʮʠ. ʇʨʦʿʝʢʪʦʚʘʥʠ ʩʫ ʬʠʣʪʨʠ 
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ʢʦʨʠʰ˂ʝˁʝʤ Dishal-ʦʚʦʛ ʤʝʪʦʜʘ ʠ ʥʦʚʦʛ ʧʨʝʜʣʦʞʝʥʦʛ ʤʝʪʦʜʘ. ʀʟʚʨʰʝʥʦ ʿʝ 

ʤʦʜʝʣʦʚʘˁʝ ʬʠʣʪʘʨʘ ʧʦʤʦ˂ʫ ʝʢʚʠʚʘʣʝʥʪʥʠʭ ʰʝʤʘ, ʥʘʧʨʘʚˀʝʥ ʿʝ ʣʘʙʦʨʘʪʦʨʠʿʩʢʠ 

ʧʨʦʪʦʪʠʧ ʬʠʣʪʨʘ ʠ ʤʝʨʝˁʝʤ ʿʝ ʠʟʚʨʰʝʥʘ ʚʝʨʠʬʠʢʘʮʠʿʘ. 

ɼʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ ʿʝ ʦʨʛʘʥʠʟʦʚʘʥʘ ʫ ʩʝʜʘʤ ʧʦʛʣʘʚˀʘ, ʩʘʜʨʞʠ ʩʧʠʩʘʢ 

ʩʣʠʢʘ, ʩʧʠʩʘʢ ʪʘʙʝʣʘ, ʩʧʠʩʘʢ ʢʦʨʠʰ˂ʝʥʝ ʣʠʪʝʨʘʪʫʨʝ ʠ ʧʨʠʣʦʛ. 

ʋ ʧʨʚʦʤ ʧʦʛʣʘʚˀʫ ʩʝ ʠʟʣʘʞʫ ʦʩʥʦʚʠ ʧʦʿʤʦʚʠ ʦ ʬʠʣʪʨʠʤʘ ʠ ˁʠʭʦʚʠʤ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ. ʆʧʠʩʫʿʫ ʩʝ ʪʠʧʦʚʠ ʬʠʣʪʘʨʘ, ʧʦʿʘʤ ʩʣʘʙˀʝˁʘ, ʘʤʧʣʠʪʫʜʩʢʝ ʠ 

ʬʘʟʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʠ ʧʘʨʘʤʝʪʨʠ ʨʘʩʝʿʘˁʘ. ʆʙʿʘʰˁʘʚʘʿʫ ʩʝ ʢʦʨʘʮʠ ʫ ʧʨʦʮʝʩʫ 

ʧʨʦʿʝʢʪʦʚʘˁʘ ʬʠʣʪʨʘ, ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʠ ʥʘʯʠʥ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ 

ʧʨʦʪʦʪʠʧʘ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ ʥʠʩʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʫ ʜʨʫʛʝ ʪʠʧʦʚʝ ʬʠʣʪʘʨʘ. 

ʋ ʜʨʫʛʦʤ ʧʦʛʣʘʚˀʫ ʩʝ ʦʧʠʩʫʿʫ ʬʠʣʪʨʠ ʧʨʦʧʫʩʥʠʮʠ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʩʘ 

ʩʧʨʝʛʥʫʪʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ. ʇʨʠʢʘʟʫʿʝ ʩʝ ʤʦʜʝʣ ʧʘʨʘʣʝʣʥʦʛ ʠ ʨʝʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʠ 

ʜʘʿʫ ʩʝ ʦʩʥʦʚʥʝ ʚʝʣʠʯʠʥʝ ʢʦʿʝ ʦʧʠʩʫʿʫ ʨʝʟʦʥʘʪʦʨ: ʨʝʟʦʥʘʥʪʥʘ ʫʯʝʩʪʘʥʦʩʪ ʠ ʬʘʢʪʦʨ 

ʜʦʙʨʦʪʝ. ʇʨʠʢʘʟʫʿʫ ʩʝ ʪʨʠ ʥʘʯʠʥʘ ʩʧʨʝʟʘˁʘ ʨʝʟʦʥʘʪʦʨʘ: ʤʘʛʥʝʪʩʢʦ, ʝʣʝʢʪʨʠʯʥʦ ʠ 

ʤʝʰʦʚʠʪʦ. ɿʘ ʩʚʘʢʠ ʦʜ ˁʠʭ ʥʘʣʘʟʠ ʩʝ ʘʥʘʣʠʪʠʯʢʘ ʚʝʟʘ ʠʟʤʝʹʫ s-ʧʘʨʘʤʝʪʘʨʘ ʠ 

ʤʘʪʨʠʮʝ ʠʤʧʝʜʘʥʩʠ/ʘʜʤʠʪʘʥʩʠ. ɼʘˀʝ ʩʝ ʦʧʠʩʫʿʝ Dishal-ʦʚ ʤʝʪʦʜ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ 

ʬʠʣʪʘʨʘ ʢʘʦ ʠ ʥʘʯʠʥ ʝʢʩʪʨʘʢʮʠʿʝ ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʠ ʬʘʢʪʦʨʘ 

ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʥʘ ʦʩʥʦʚʫ 3D EM ʩʠʤʫʣʘʮʠʿʝ. 

ʋ ʪʨʝ˂ʝʤ ʧʦʛʣʘʚˀʫ ʩʝ ʧʨʠʢʘʟʫʿʫ ʤʦʛʫ˂ʠ ʥʘʯʠʥʠ ʨʝʘʣʠʟʘʮʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʫ 

ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ. ʅʘʚʦʜʝ ʩʝ ʦʩʥʦʚʥʠ ʟʘʭʪʝʚʠ ʢʦʿʠ ʩʝ ʧʦʩʪʘʚˀʘʿʫ ʧʨʠʣʠʢʦʤ 

ʨʝʘʣʠʟʘʮʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʢʘʦ ʠ ʦʛʨʘʥʠʯʘʚʘʿʫ˂ʠ ʬʘʢʪʦʨʠ. ʆʧʠʩʫʿʫ ʩʝ ʥʘʯʠʥ ʨʘʜʘ ʠ 

ʦʩʥʦʚʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʩʣʝʜʝ˂ʠʭ ʪʠʧʦʚʘ ʨʝʟʦʥʘʪʦʨʘ: ʧʦʣʫʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨ ʫ 

ʦʙʣʠʢʫ ʧʨʘʚʦʫʛʘʦʥʠʢʘ ʠʣʠ ʫʢʦʩʥʠʮʝ, ʨʝʟʦʥʘʪʦʨ ʨʝʘʣʠʟʦʚʘʥ ʧʦʤʦ˂ʫ ʢʘʧʘʮʠʪʠʚʥʦ 

ʦʧʪʝʨʝ˂ʝʥʦʛ ʚʦʜʘ, ʨʝʟʦʥʘʪʦʨ ʩʘ ʜʚʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ, ʨʝʟʦʥʘʪʦʨ ʩʘ 

ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʠ ʢʚʘʟʠ-ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʝʣʝʤʝʥʪʠʤʘ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ, 

ʨʝʟʦʥʘʪʦʨ ʨʝʘʣʠʟʦʚʘʥ ʥʘ ʧʦʜʣʦʟʠ ʚʝʣʠʢʝ ʜʠʝʣʝʢʪʨʠʯʥʝ ʧʝʨʤʠʪʠʚʥʦʩʪʠ, ʨʝʟʦʥʘʪʦʨ 

ʨʝʘʣʠʟʦʚʘʥ ʫ ʚʠʰʝʩʣʦʿʥʦʿ ʪʝʭʥʠʮʠ. 

ʏʝʪʚʨʪʦ ʧʦʛʣʘʚˀʝ ʙʠ˂ʝ ʧʦʩʚʝ˂ʝʥʦ ʨʝʘʣʠʟʘʮʠʿʠ ʨʝʟʦʥʘʪʦʨʘ ʢʘʣʝʤ-ʚʠʿʘ-

ʢʦʥʜʝʥʟʘʪʦʨ ʫ ʚʠʰʝʩʣʦʿʥʦʿ ʪʝʭʥʠʮʠ ʩʘ ʢʚʘʟʠïʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʝʣʝʤʝʥʪʠʤʘ. 
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ʅʘʯʠʥʠ ʨʝʘʣʠʟʘʮʠʿʝ ʢʚʘʟʠ-ʢʦʥʮʝʥʪʨʠʩʘʥʠʭ ʝʣʝʤʝʥʘʪʘ ʙʠ˂ʝ ʧʨʠʢʘʟʘʥʠ ʫ ʦʚʦʤ 

ʧʦʛʣʘʚˀʫ, ʘ ˁʠʭʦʚʠ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠ ʧʘʨʘʤʝʪʨʠ ʙʠ˂ʝ ʘʥʘʣʠʪʠʯʢʠ ʦʧʠʩʘʥʠ. 

ʇʦʩʝʙʥʦ ˂ʝ ʙʠʪʠ ʘʥʘʣʠʟʠʨʘʥʠ ʰʪʘʤʧʘʥʠ ʢʘʣʝʤʦʚʠ ʠ ʢʦʥʜʝʥʟʘʪʦʨʠ, ʨʝʘʣʠʟʘʮʠʿʘ 

ʚʠʿʘ ʠ ʙʠ˂ʝ ʧʨʝʜʣʦʞʝʥʘ ʝʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʨʝʟʦʥʘʪʦʨʘ ʢʘʣʝʤ-ʚʠʿʘ-ʢʦʥʜʝʥʟʘʪʦʨ. 

ʇʝʪʦ ʧʦʛʣʘʚˀʝ ʿʝ ʧʦʩʚʝ˂ʝʥʦ ʜʝʪʘˀʥʦʿ ʘʥʘʣʠʟʠ ʨʝʘʣʠʟʘʮʠʿʘ ʬʠʣʪʘʨʘ 

ʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ. ɹʠ˂ʝ ʧʨʠʢʘʟʘʥʠ ʥʘʯʠʥʠ ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ ʫʚʦʜʥʠʢʘ 

ʠ ʪʠʧʦʚʠ ʩʧʨʝʛʘ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ. ɼʝʪʘˀʥʦ ˂ʝ ʩʝ ʠʩʧʠʪʠʚʘʪʠ ʢʦʤʙʠʥʘʪʦʨʥʠ 

ʧʨʦʩʪʦʨ ʤʦʛʫ˂ʠʭ ʩʧʨʝʛʘ ʫʚʦʜʥʠʢʘ ʠ ʨʝʟʦʥʘʪʦʨʘ ʠ ʩʘʤʠʭ ʨʝʟʦʥʘʪʦʨʘ ʤʝʹʫʩʦʙʥʦ, 

ʢʘʢʦ ʙʠ ʩʝ ʫʩʪʘʥʦʚʠʣʘ ʦʛʨʘʥʠʯʝˁʘ ʠ ʦʩʪʚʘʨʠʚʝ ʚʨʝʜʥʦʩʪʠ ʩʧʨʝʛʘ ʠ ʬʘʢʪʦʨʘ 

ʜʦʙʨʦʪʝ. ʋ ʪʦʤ ʮʠˀʫ ʙʠ˂ʝ ʘʥʘʣʠʟʠʨʘʥʘ ʩʧʨʝʛʘ ʫʚʦʜʥʠʢʘ ʩʘ ʢʘʣʝʤʦʤ, ʩʧʨʝʛʘ 

ʫʚʦʜʥʠʢʘ ʩʘ ʢʦʥʜʝʥʟʘʪʦʨʦʤ, ʢʘʦ ʠ ʤʦʛʫ˂ʝ ʚʘʨʠʿʘʥʪʝ ʩʧʨʝʛʝ ʠʟʤʝʹʫ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ. 

ɼʦʙʠʿʝʥʠ ʨʝʟʫʣʪʘʪʠ ˂ʝ ʙʠʪʠ ʢʦʨʠʰ˂ʝʥʠ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʪʨʠ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ 

ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ. ʌʠʣʪʨʠ ˂ʝ ʙʠʪʠ ʨʝʘʣʠʟʦʚʘʥʠ ʧʦʤʦ˂ʫ Dishal-ʦʚʦʛ ʤʝʪʦʜʘ (ʥʘ 

1,6 GHz ʠ 1,7 GHz) ʩʘ ʢʘʧʘʮʠʪʠʚʥʦʤ ʩʧʨʝʛʦʤ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʨʝʟʦʥʘʪʦʨʘ, 

ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ ʩʧʨʝʛʦʤ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʨʝʟʦʥʘʪʦʨʘ ʠ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ 

ʩʧʨʝʛʦʤ ʫʚʦʜʥʠʢʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ ʨʝʟʦʥʘʪʦʨʘ. ʂʦʨʠʩʪʠ˂ʝ ʩʝ ʝʢʚʠʚʘʣʝʥʪʥʝ 

ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ ʟʘ ʙʨʟʫ ʘʥʘʣʠʟʫ ʫʪʠʮʘʿʘ ʧʦʿʝʜʠʥʠʭ ʝʣʝʤʝʥʘʪʘ ʬʠʣʪʨʘ ʥʘ 

ʮʝʣʦʢʫʧʥʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʫ ʬʠʣʪʨʘ. ɼʚʘ ʦʜ ʪʨʠ ʘʥʘʣʠʟʠʨʘʥʘ ʬʠʣʪʨʘ ʩʫ ʥʘʧʨʘʚˀʝʥʘ 

ʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʚʝʨʠʬʠʢʦʚʘʥʘ. 

ʋ ʰʝʩʪʦʤ ʧʦʛʣʘʚˀʫ ʙʠ˂ʝ ʠʟʣʦʞʝʥʦ ʧʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʘʨʘ ʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ ʢʦʨʠʰ˂ʝˁʝʤ ʝʢʚʠʚʘʣʝʥʪʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʰʝʤʘ. ʇʨʦʿʝʢʪʫʿʝ ʩʝ ʬʠʣʪʘʨ 

ʧʨʦʧʫʩʥʠʢ ʪʨʠ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʥʘ 1,6 GHz, 3,5 GHz ʠ 5,8 GHz, ʦʜ ʢʦʿʠʭ ʩʝ 

ʩʚʘʢʠ ʬʠʣʪʘʨ ʧʨʦʿʝʢʪʫʿʝ ʧʦʩʝʙʥʦ. ʂʦʨʠʩʪʠ ʩʝ ʝʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʮʝʣʦʛ ʬʠʣʪʨʘ, 

ʧʨʠ ʯʝʤʫ ʩʝ ʚʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʧʦʚʝʟʫʿʫ ʧʦʤʦ˂ʫ 

ʘʧʨʦʢʩʠʤʘʪʠʚʥʠʭ ʬʦʨʤʫʣʘʤʘ ʩʘ 3D EM ʤʦʜʝʣʠʤʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʝʣʝʤʝʥʘʪʘ, ʢʘʦ ʠ 

ʤʝʹʫʩʦʙʥʠʤ ʦʜʥʦʩʠʤʘ ʝʣʝʤʝʥʘʪʘ. ʇʨʝʜʣʘʞʝ ʩʝ ʥʦʚ ʤʝʪʦʜ ʧʨʦʿʝʢʪʦʚʘˁʘ ʬʠʣʪʨʘ 

ʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʢʦʨʠʰ˂ʝˁʝʤ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ. ʋʩʧʦʩʪʘʚˀʘ ʩʝ 

ʚʝʟʘ ʠʟʤʝʹʫ ʚʨʝʜʥʦʩʪʠ ʢʦʥʮʝʥʪʨʠʩʘʥʠʭ ʝʣʝʤʝʥʘʪʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʠ ʬʠʟʠʯʢʠʭ 

ʜʠʤʝʥʟʠʿʘ 3D EM ʤʦʜʝʣʘ. ʋ ʩʢʣʘʜʫ ʩʘ ʧʨʝʜʣʦʞʝʥʠʤ ʤʝʪʦʜʦʤ, ʧʨʚʦ ʩʝ ʧʨʦʿʝʢʪʫʿʝ 

ʝʢʚʠʚʘʣʝʥʪʥʘ ʝʣʝʢʪʨʠʯʥʘ ʰʝʤʘ ʢʦʿʘ ʟʘʜʦʚʦˀʘʚʘ ʩʧʝʮʠʬʠʢʘʮʠʿʫ, ʘ ʧʦʪʦʤ ʩʝ ʟʘ 

ʚʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ ʪʝ ʰʝʤʝ ʥʘʣʘʟʝ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʝʣʝʤʝʥʪʠ 3D EM ʤʦʜʝʣʘ. ɿʘʪʠʤ 
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ʩʝ ʧʨʘʚʠ 3D EM ʤʦʜʝʣ ʬʠʣʪʨʘ, ʢʦʿʠ ʩʝ ʬʠʥʦ ʧʦʜʝʰʘʚʘ ʫ ʮʠˀʫ ʟʘʜʦʚʦˀʝˁʘ 

ʩʧʝʮʠʬʠʢʘʮʠʿʝ. ʅʘʢʦʥ ʦʩʪʚʘʨʠʚʘˁʘ ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʬʠʣʪʨʘ, 

ʧʨʘʚʠ ʩʝ ʣʘʙʦʨʘʪʦʨʠʿʩʢʠ ʧʨʦʪʦʪʠʧ ʬʠʣʪʨʘ ʠ ʚʨʰʠ ʩʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ 

ʚʝʨʠʬʠʢʘʮʠʿʘ. 

ʋ ʩʝʜʤʦʤ ʧʦʛʣʘʚˀʫ ʩʝ ʜʘʿʝ ʢʦʥʘʯʥʠ ʧʨʝʛʣʝʜ ʜʦʧʨʠʥʦʩʘ ʪʝʟʝ ʠ ʟʘʢˀʫʯʘʢ ʦ 

ʧʦʩʪʠʛʥʫʪʠʤ ʨʝʟʫʣʪʘʪʠʤʘ ʥʘ ʦʩʥʦʚʫ ʧʦʩʪʘʚˀʝʥʠʭ ʮʠˀʝʚʘ, ʢʘʦ ʠ ʤʦʛʫ˂ʠ ʜʘˀʠ 

ʧʨʘʚʮʠ ʠʩʪʨʘʞʠʚʘˁʘ. 

ʋ ʇʨʠʣʦʛʫ ʥʘ ʢʨʘʿʫ ʜʠʩʝʨʪʘʮʠʿʝ ʜʘʪ je ʧʦʩʪʫʧʘʢ ʦʜʨʝʹʠʚʘˁʘ ʥʫʣʘ ʪʨʘʥʩʬʝʨ 

ʬʫʥʢʮʠʿʝ ʝʢʚʠʚʘʣʝʥʪʥʝ ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ ʫ ʩʦʬʪʚʝʨʩʢʦʤ ʧʘʢʝʪʫ Mathematica. 
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1 ʋʚʦʜ 

ɿʥʘʯʘʿ ʬʠʣʪʘʨʘ ʫ ʝʣʝʢʪʨʦʥʩʢʠʤ ʠ ʝʣʝʢʪʨʠʯʥʠʤ ʫʨʝʹʘʿʠʤʘ ʿʝ ʦʛʨʦʤʘʥ. ʄʦʞʝ ʩʝ 

ʩʣʦʙʦʜʥʦ ʨʝ˂ʠ ʜʘ ʧʠʪʘˁʝ ʬʫʥʢʮʠʦʥʘʣʥʦʩʪʠ ʥʝʢʦʛ ʩʠʩʪʝʤʘ ʠʣʠ ʫʨʝʹʘʿʘ ʜʠʨʝʢʪʥʦ 

ʟʘʚʠʩʠ ʦʜ ʬʠʣʪʨʘ ʧʦʜʿʝʜʥʘʢʦ ʢʘʦ ʠ ʦʜ ʦʩʪʘʣʠʭ ʙʠʪʥʠʭ ʩʢʣʦʧʦʚʘ. ʌʠʣʪʨʠ ʧʦʪʠʩʢʫʿʫ 

ʩʠʛʥʘʣʝ ʥʝʞʝˀʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ, ʧʘ ʿʝ ʜʝʪʝʢʮʠʿʘ ʙʠʪʥʠʭ ʩʠʛʥʘʣʘ ʦʪʝʞʘʥʘ ʠʣʠ 

ʥʝʤʦʛʫ˂ʘ ʫ ʩʣʫʯʘʿʫ ʥʝʧʦʩʪʦʿʘˁʘ ʬʠʣʪʨʘ. ʌʠʣʪʨʠ ʩʫ ʧʨʠʩʫʪʥʠ ʫ ʩʢʦʨʦ ʩʚʘʢʦʤ 

ʝʣʝʢʪʨʠʯʥʦʤ ʠ ʝʣʝʢʪʨʦʥʩʢʦʤ ʫʨʝʹʘʿʫ: ʨʘʜʠʦ ʫʨʝʹʘʿʠʤʘ, ʪʝʣʝʚʠʟʠʿʠ, ʩʧʝʢʪʨʘʣʥʠʤ 

ʘʥʘʣʠʟʘʪʦʨʠʤʘ ʠ ʤʝʨʥʠʤ ʫʨʝʹʘʿʠʤʘ, ʩʠʛʥʘʣ ʛʝʥʝʨʘʪʦʨʠʤʘ, ʨʘʯʫʥʘʨʠʤʘ, ʩʠʩʪʝʤʠʤʘ 

ʟʘ ʥʘʧʘʿʘˁʝ ʠ ʩʣʠʯʥʦ. 

ʇʦʩʪʦʿʠ ʤʥʦʛʦ ʪʠʧʦʚʘ ʬʠʣʪʘʨʘ ʠ ʥʘʯʠʥʘ ˁʠʭʦʚʝ ʢʣʘʩʠʬʠʢʘʮʠʿʝ (ʥʧʨ. ʧʨʝʤʘ 

ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʧʦ ʫʯʝʩʪʘʥʦʩʪʠ, ʪʠʧʫ ʢʦʨʠʰ˂ʝʥʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ, ʥʘʯʠʥʫ ʠʟʨʘʜʝ ʠ 

ʩʣʠʯʥʦ). ʆʩʥʦʚʥʘ ʢʣʘʩʠʬʠʢʘʮʠʿʘ ʬʠʣʪʘʨʘ ʿʝ ʧʨʝʤʘ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʧʦ ʫʯʝʩʪʘʥʦʩʪʠ 

ʠ ʥʘ ʦʩʥʦʚʫ ʪʦʛʘ ʜʝʣʝ ʩʝ ʥʘ ʧʨʦʧʫʩʥʠʢʝ ʥʠʩʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ, ʧʨʦʧʫʩʥʠʢʝ ʚʠʩʦʢʠʭ 

ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʧʨʦʧʫʩʥʠʢʝ/ʥʝʧʨʦʧʫʩʥʠʢʝ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ. ʊʠʧ ʘʧʨʦʢʩʠʤʘʮʠʿʝ 

ʦʜʨʝʹʫʿʝ ʢʘʢʚʘ ˂ʝ ʙʠʪʠ ʩʝʣʝʢʪʠʚʥʦʩʪ ʬʠʣʪʨʘ, ʢʘʢʚʘ ˂ʝ ʙʠʪʠ ʪʘʣʘʩʥʦʩʪ ʘʤʧʣʠʪʫʜʩʢʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʫ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ, ʢʘʢʚʦ ˂ʝ ʙʠʪʠ ʛʨʫʧʥʦ ʢʘʰˁʝˁʝ ʠ ʩʣʠʯʥʦ. 

ʊʝʭʥʠʢʘ ʢʦʿʘ ˂ʝ ʩʝ ʢʦʨʠʩʪʠʪʠ ʟʘ ʠʟʨʘʜʫ ʬʠʣʪʨʘ ʿʝ ʫʛʣʘʚʥʦʤ ʦʜʨʝʹʝʥʘ ʥʘʤʝʥʦʤ 

ʫʨʝʹʘʿʘ ʫ ʢʦʤ ˂ʝ ʩʝ ʢʦʨʠʩʪʠʪʠ ʬʠʣʪʘʨ. ʇʦ ʪʦʤ ʦʩʥʦʚʫ ʩʝ ʨʘʟʣʠʢʫʿʫ ʬʠʣʪʨʠ 

ʨʝʘʣʠʟʦʚʘʥʠ ʩʘ ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʝʣʝʤʝʥʪʠʤʘ, ʬʠʣʪʨʠ ʨʝʘʣʠʟʦʚʘʥʠ ʫ ʪʘʣʘʩʦʚʦʜʥʦʿ 

ʪʝʭʥʠʮʠ, ʬʠʣʪʨʠ ʨʝʘʣʠʟʦʚʘʥʠ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ, ʬʠʣʪʨʠ ʫ ʪʝʭʥʠʮʠ 

ʢʦʘʢʩʠʿʘʣʥʠʭ ʚʦʜʦʚʘ, ʬʠʣʪʨʠ ʨʝʘʣʠʟʦʚʘʥʠ ʧʦʤʦ˂ʫ ʜʠʝʣʝʢʪʨʠʯʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʠ 

ʩʣʠʯʥʦ. 

1.1 ʆʩʥʦʚʥʝ ʚʝʣʠʯʠʥʝ ʬʠʣʪʨʘ 

ʇʘʩʠʚʥʠ ʤʠʢʨʦʪʘʣʘʩʥʠ ʬʠʣʪʨʠ ʩʫ ʤʨʝʞʝ ʩʘ ʜʚʘ ʠʣʠ ʚʠʰʝ ʧʨʠʩʪʫʧʘ ʢʦʿʠ 

ʩʠʛʥʘʣʝ ʦʜʨʝʹʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʦʧʫʰʪʘʿʫ, ʜʦʢ ʩʠʛʥʘʣʝ ʥʝʞʝˀʝʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ 

ʩʣʘʙʝ. ʇʘʩʠʚʥʠ ʬʠʣʪʨʠ ʤʦʛʫ ʙʠʪʠ ʨʝʘʣʠʟʦʚʘʥʠ ʦʜ ʢʦʥʮʝʥʪʨʠʩʘʥʠʭ ʝʣʝʤʝʥʘʪʘ 

(ʢʘʣʝʤ, ʢʦʥʜʝʥʟʘʪʦʨ, ʦʪʧʦʨʥʠʢ) ʠ/ʠʣʠ ʝʣʝʤʝʥʘʪʘ ʩʘ ʨʘʩʧʦʜʝˀʝʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ (ʫ 

ʪʝʭʥʠʮʠ ʚʦʜʦʚʘ, ʫ ʪʝʭʥʠʮʠ ʪʘʣʘʩʦʚʦʜʘ). ʇʘʨʘʤʝʪʨʠ ʢʦʿʠ ʦʧʠʩʫʿʫ ʿʝʜʘʥ ʬʠʣʪʘʨ, ʘ 

ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʢʘʦ ʩʧʝʮʠʬʠʢʘʮʠʿʘ ʧʨʠʣʠʢʦʤ ʧʨʦʿʝʢʪʦʚʘˁʘ ʩʫ: ʦʧʩʝʛ ʫʯʝʩʪʘʥʦʩʪʠ, 
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ʩʣʘʙˀʝˁʝ ʩʠʛʥʘʣʘ ʫ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ, ʰʠʨʠʥʘ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ, ʩʣʘʙˀʝˁʝ 

ʩʠʛʥʘʣʘ ʫ ʥʝʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ, ʩʝʣʝʢʪʠʚʥʦʩʪ, ʫʣʘʟʥʘ ʠ ʠʟʣʘʟʥʘ ʠʤʧʝʜʘʥʩʘ, 

ʧʨʠʣʘʛʦʹʝˁʝ, ʛʨʫʧʥʦ ʢʘʰˁʝˁʝ [4], [5]. ʂʦʨʠʩʪʝ˂ʠ ʙʣʦʢ ʰʝʤʫ ʧʨʠʢʘʟʘʥʫ ʥʘ 

ʩʣʠʮʠ 1.1 ʙʠ˂ʝ ʦʧʠʩʘʥʠ ʥʝʢʠ ʦʜ ʥʘʚʝʜʝʥʠʭ ʧʘʨʘʤʝʪʘʨʘ. 

ʌʀʃʊɸʈ
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ʉʣʠʢʘ 1.1. ʌʠʣʪʘʨ ʧʨʝʜʩʪʘʚˀʝʥ ʢʘʦ ʤʨʝʞʘ ʩʘ ʜʚʘ ʧʨʠʩʪʫʧʘ. 

ʅʘ ʩʣʠʮʠ 1.1 ʧʨʠʢʘʟʘʥ ʿʝ ʬʠʣʪʘʨ ʢʘʦ ʤʨʝʞʘ ʩʘ ʜʚʘ ʧʨʠʩʪʫʧʘ. ʅʘ ʫʣʘʟʫ ʤʨʝʞʝ ʿʝ 

ʨʝʘʣʥʠ ʛʝʥʝʨʘʪʦʨ ʥʘʧʦʥʘ Ug ʠ ʠʤʧʝʜʘʥʩʝ Zg, ʘ ʥʘ ʠʟʣʘʟʫ ʿʝ ʧʦʪʨʦʰʘʯ ʠʤʧʝʜʘʥʩʝ Zp. 

ʄʨʝʞʘ ʩʘ ʩʣʠʢʝ 1.1 ʙʠ˂ʝ ʧʨʝʜʩʪʘʚˀʝʥʘ ʧʨʝʢʦ ʧʘʨʘʤʝʪʘʨʘ ʨʘʩʝʿʘˁʘ, ʢʦʿʠ ʦʧʠʩʫʿʫ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʬʠʣʪʨʘ ʫ ʜʦʤʝʥʫ ʫʯʝʩʪʘʥʦʩʪʠ [5], [6]. ʅʘ ʧʨʠʩʪʫʧʠʤʘ ʬʠʣʪʨʘ 1 ʠ 2 

ʤʦʛʫ˂ʝ ʿʝ ʜʝʬʠʥʠʩʘʪʠ ʩʪʨʫʿʝ ʠ ʥʘʧʦʥʝ, ʤʝʹʫʪʠʤ ˁʠʭ ʿʝ ʠʟʫʟʝʪʥʦ ʪʝʰʢʦ ʠʟʤʝʨʠʪʠ ʫ 

ʨʝʘʣʥʠʤ ʫʩʣʦʚʠʤʘ ʥʘ ʤʠʢʨʦʪʘʣʘʩʥʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ [7], [8]. ʉʪʦʛʘ ʩʝ ʫʚʦʜʝ 

ʧʨʦʤʝʥʠˀʚʝ ʢʦʿʝ ʦʧʠʩʫʿʫ ʠʥʪʝʥʟʠʪʝʪ ʠʥʮʠʜʝʥʪʥʠʭ ʪʘʣʘʩʘ a1, a2 ʠ ʨʝʬʣʝʢʪʦʚʘʥʠʭ 

ʪʘʣʘʩʘ b1, b2 ʥʘ ʧʨʠʩʪʫʧʠʤʘ. ɺʝʟʘ ʠʟʤʝʹʫ ʥʘʧʦʥʘ, ʩʪʨʫʿʘ ʠ ʠʥʪʝʥʟʠʪʝʪʘ ʪʘʣʘʩʘ ʥʘ 

ʧʨʠʩʪʫʧʠʤʘ ʿʝ ʩʣʝʜʝ˂ʘ [9] 
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             1,2n= .                               (1.1) 

ʇʘʨʘʤʝʪʨʠ ʨʘʩʝʿʘˁʘ ʤʨʝʞʝ ʩʘ ʜʚʘ ʧʨʠʩʪʫʧʘ ʩʝ ʜʝʬʠʥʠʰʫ ʢʘʦ 
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                                              (1.2) 

ʪʘʢʦ ʜʘ ʩʝ ʤʨʝʞʘ ʤʦʞʝ ʦʧʠʩʘʪʠ ʢʦʨʠʩʪʝ˂ʠ ʧʘʨʘʤʝʪʨʝ ʨʘʩʝʿʘˁʘ ʢʘʦ ʝʣʝʤʝʥʪʝ [S] 

ʤʘʪʨʠʮʝ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ 
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1 11 12 1

2 21 22 2
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b S S a

b S S a
.                                                 (1.3) 

S-ʧʘʨʘʤʝʪʨʠ ʩʝ ʜʠʨʝʢʪʥʦ ʤʦʛʫ ʤʝʨʠʪʠ ʥʘ ʨʘʜʥʠʤ ʤʠʢʨʦʪʘʣʘʩʥʠʤ 

ʫʯʝʩʪʘʥʦʩʪʠʤʘ, ʧʘ ʩʫ ʢʘʦ ʪʘʢʚʠ ʧʦʛʦʜʥʠ ʟʘ ʦʧʠʩʠʚʘˁʝ ʠ ʤʝʨʝˁʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ 

ʬʠʣʪʨʘ ʫ ʬʨʝʢʚʝʥʮʠʿʩʢʦʤ ʜʦʤʝʥʫ. ʇʘʨʘʤʝʪʨʠ S11 ʠ S22 ʩʫ ʢʦʝʬʠʮʠʿʝʥʪʠ 

ʨʝʬʣʝʢʩʠʿʝ, ʜʦʢ ʩʫ S21 ʠ S12 ʢʦʝʬʠʮʠʿʝʥʪʠ ʪʨʘʥʩʤʠʩʠʿʝ. ʉʚʠ ʦʚʠ ʧʘʨʘʤʝʪʨʠ ʥʘ ʦʩʠ 

ʫʯʝʩʪʘʥʦʩʪʠ ( j�&���� �� ���� ��= =
mn mn

S S m n  ʦʙʠʯʥʦ ʩʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʧʨʝʢʦ ʘʤʧʣʠʪʫʜʩʢʦʛ 

ʦʜʟʠʚʘ ( j�&��
mn

S  ʠ ʬʘʟʥʦʛ ʦʜʟʠʚʘ �3 �D�U�J�� �� �M�&����=
mn mn

S  ʢʘʦ 
j�3

( j�&�� mn

mn mn
S S e= . ɻʨʘʬʠʮʠ 

ʘʤʧʣʠʪʫʜʩʢʦʛ/ʬʘʟʥʦʛ ʦʜʟʠʚʘ ʫ ʬʫʥʢʮʠʿʠ ʫʛʘʦʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ɤ ʠʣʠ ʫʯʝʩʪʘʥʦʩʪʠ 

)2( pw=f , ʩʫ ʘʤʧʣʠʪʫʜʩʢʘ/ʬʘʟʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ S-ʧʘʨʘʤʝʪʨʘ. 

ʋʦʙʠʯʘʿʝʥʦ ʩʝ ʘʤʧʣʠʪʫʜʩʢʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʨʠʢʘʟʫʿʝ ʫ ʜʝʮʠʙʝʣʠʤʘ (dB), ʘ ʬʘʟʥʘ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʫ ʨʘʜʠʿʘʥʠʤʘ ʧʨʠ ʯʝʤʫ ʦʩʘ ʫʯʝʩʪʘʥʦʩʪʠ ʤʦʞʝ ʙʠʪʠ ʣʠʥʝʘʨʥʘ ʠʣʠ 

ʣʦʛʘʨʠʪʘʤʩʢʘ. ʋʥʝʪʦ ʩʣʘʙˀʝˁʝ (insertion loss) ʠʟʤʝ˂ʫ ʧʨʠʩʪʫʧʘ n ʠ m, ʧʦʜ ʫʩʣʦʚʦʤ 

ʜʘ ʩʫ ʠʤʧʝʜʘʥʩʝ ʧʦʪʨʦʰʘʯʘ ʠ ʛʝʥʝʨʘʪʦʨʘ ʧʨʠʣʘʛʦʹʝʥʝ ʥʘ ʬʠʣʪʘʨ, ʜʝʬʠʥʠʰʝ ʩʝ ʢʘʦ 

IL 1020log (j )mnA S=- w, , 1,2m n= , )( nm¸                           (1.4) 

ʜʦʢ ʩʝ ʥʝʧʨʠʣʘʛʦʹʝˁʝ (return loss) ʥʘ ʧʨʠʩʪʫʧʫ n, ʧʦʜ ʫʩʣʦʚʦʤ ʜʘ ʿʝ ʠʤʧʝʜʘʥʩʘ 

ʧʦʪʨʦʰʘʯʘ ʧʨʠʣʘʛʦʹʝʥʘ ʥʘ ʤʨʝʞʫ, ʜʝʬʠʥʠʰʝ ʢʘʦ 

RL 1020log (j )nn� : � 6=- w, 1,2n= .                                      (1.5) 

ʉʣʝʜʝ˂ʠ ʧʘʨʘʤʝʪʨʠ ʦʜ ʧʦʩʝʙʥʝ ʚʘʞʥʦʩʪʠ ʩʫ ʬʘʟʥʦ ʠ ʛʨʫʧʥʦ ʢʘʰˁʝˁʝ. ɸʢʦ ʩʝ 

ʧʨʠʩʪʫʧ 1 ʧʦʩʤʘʪʨʘ ʢʘʦ ʫʣʘʟʥʠ, ʘ ʧʨʠʩʪʫʧ 2 ʢʘʦ ʠʟʣʘʟʥʠ ʧʨʠʩʪʫʧ, ʪʘʜʘ ʩʝ ʬʘʟʥʦ 

ʢʘʰˁʝˁʝ ʜʝʬʠʥʠʰʝ ʢʘʦ 

21
p

�3
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�&
=                                                           (1.6) 

ʘ ʛʨʫʧʥʦ ʢʘʰˁʝˁʝ ʢʘʦ 

21
g

�3
�2

�&
d

d
=- .                                                        (1.7) 
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S-ʧʘʨʘʤʝʪʨʠ ʠʤʘʿʫ ʥʝʢʦʣʠʢʦ ʦʩʦʙʠʥʘ ʢʦʿʝ ʩʝ ʢʦʨʠʩʪʝ ʧʨʠʣʠʢʦʤ ʧʨʦʿʝʢʪʦʚʘˁʘ 

ʬʠʣʪʨʘ. ʇʨʚʘ ʦʩʦʙʠʥʘ ʚʘʞʠ ʫ ʩʣʫʯʘʿʫ ʨʝʮʠʧʨʦʯʥʝ ʤʨʝʞʝ ʢʘʜʘ ʿʝ S21 = S12, ʜʦʢ ʫ 

ʩʣʫʯʘʿʫ ʩʠʤʝʪʨʠʯʥʝ ʤʨʝʞʝ ʚʘʞʠ ʜʦʜʘʪʥʘ ʿʝʜʥʘʢʦʩʪ S11 = S22. ɿʘ ʧʘʩʠʚʥʫ ʤʨʝʞʫ ʙʝʟ 

ʛʫʙʠʪʘʢʘ ʚʘʞʠ 

1
2

11

2

21 =+SS , 1
2

22

2

12 =+SS , 122

*

2112

*

11 =+ SSSS ,                   (1.8) 

ʙʝʟ ʦʙʟʠʨʘ ʜʘ ʣʠ ʿʝ ʤʨʝʞʘ ʨʝʮʠʧʨʦʯʥʘ, ʠʣʠ ʥʝ. 

1.2 ʇʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʨʘ 

ʇʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʨʘ, ʦʜ ʠʜʝʿʝ ʜʦ ʨʝʘʣʠʟʘʮʠʿʝ, ʿʝ ʧʨʦʮʝʩ ʢʦʿʠ ʩʝ ʤʦʞʝ 

ʧʦʜʝʣʠʪʠ ʫ ʚʠʰʝ ʢʦʨʘʢʘ, ʢʘʦ ʰʪʦ ʩʫ: ʩʧʝʮʠʬʠʢʘʮʠʿʘ, ʘʧʨʦʢʩʠʤʘʮʠʿʘ, ʩʠʥʪʝʟʘ, 

ʦʧʪʠʤʠʟʘʮʠʿʘ, ʩʪʫʜʠʿʘ ʠʤʧʝʨʬʝʢʮʠʿʝ ʠ ʨʝʘʣʠʟʘʮʠʿʘ [7], [10], [11]. ʇʨʚʠ ʜʝʦ ʿʝ 

ʩʧʝʮʠʬʠʢʘʮʠʿʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʢʦʿʝ ʬʠʣʪʘʨ ʤʦʨʘ ʜʘ ʟʘʜʦʚʦˀʠ. ʅʘ ʧʨʚʦʤ ʤʝʩʪʫ, 

ʜʝʬʠʥʠʰʝ ʩʝ ʜʘ ʣʠ ʿʝ ʬʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʥʠʩʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ, ʧʨʦʧʫʩʥʠʢ ʚʠʩʦʢʠʭ 

ʫʯʝʩʪʘʥʦʩʪʠ ʠʣʠ ʧʨʦʧʫʩʥʠʢ/ʥʝʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ. ʋ ʠʜʝʘʣʥʦʤ ʩʣʫʯʘʿʫ 

ʬʠʣʪʘʨ ʙʠ ʪʨʝʙʘʦ ʜʘ ʧʨʦʧʫʰʪʘ ʩʠʛʥʘʣʝ ʫ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ ʙʝʟ ʩʣʘʙˀʝˁʘ, ʘ ʜʘ 

ʙʝʩʢʦʥʘʯʥʦ ʩʣʘʙʠ ʩʠʛʥʘʣʝ ʫ ʥʝʧʨʦʧʫʩʥʦʤ ʜʝʣʫ ʦʧʩʝʛʘ. ʄʝʹʫʪʠʤ, ʨʝʘʣʥʝ 

ʩʧʝʮʠʬʠʢʘʮʠʿʝ ʘʤʧʣʠʪʫʜʩʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʦʚʘ ʯʝʪʠʨʠ ʪʠʧʘ ʬʠʣʪʘʨʘ ʩʫ 

ʧʨʠʢʘʟʘʥʝ ʥʘ ʩʣʠʮʠ 1.2. 

ʉʧʝʮʠʬʠʢʘʮʠʿʘ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ ʥʠʩʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʜʝʬʠʥʠʰʝ ʛʨʘʥʠʯʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ ɤp ʠ ɤs. ʉʚʠ ʩʠʛʥʘʣʠ ʥʠʞʝ ʫʯʝʩʪʘʥʦʩʪʠ ʦʜ ɤp ʙʠ˂ʝ ʦʩʣʘʙˀʝʥʠ 

ʤʘʢʩʠʤʘʣʥʦ �:p, ʘ ʩʚʠ ʩʠʛʥʘʣʠ ʫʯʝʩʪʘʥʦʩʪʠ ʚʠʰʝ ʦʜ ɤs ʙʠ˂ʝ ʦʩʣʘʙˀʝʥʠ ʤʠʥʠʤʘʣʥʦ 

�:s. ʋʯʝʩʪʘʥʦʩʪ ɤp ʜʝʬʠʥʠʰʝ ʰʠʨʠʥʫ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʬʠʣʪʨʘ, ʘ ʦʧʩʝʛ ɤp < ɤ < ɤs 

ʜʝʬʠʥʠʰʝ ʩʝʣʝʢʪʠʚʥʦʩʪ ʬʠʣʪʨʘ. ʉʧʝʮʠʬʠʢʘʮʠʿʘ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ ʚʠʩʦʢʠʭ 

ʫʯʝʩʪʘʥʦʩʪʠ ʿʝ ʜʫʘʣʥʘ ʩʧʝʮʠʬʠʢʘʮʠʿʠ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ ʥʠʩʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ, 

ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʩʣʠʮʠ 1.2ʙ ʠ 1.2ʘ. ʌʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

ʧʨʦʧʫʰʪʘ ʩʠʛʥʘʣʝ ʫ ʦʧʩʝʛʫ ʫʯʝʩʪʘʥʦʩʪʠ ɤp1 < ɤ < ɤp2 ʩʘ ʤʘʢʩʠʤʘʣʥʠʤ ʩʣʘʙˀʝˁʝʤ 

�:p, ʜʦʢ ʫ ʥʝʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ ɤ < ɤs1 ʠ ɤs2 < ɤ ʤʠʥʠʤʘʣʥʦ ʩʣʘʙʠ ʩʠʛʥʘʣʝ ʟʘ �:s. 

ʇʨʝʣʘʟʥʘ ʦʙʣʘʩʪ, ʪʿ. ʩʝʣʝʢʪʠʚʥʦʩʪ, ʦʜʨʝʹʝʥʘ ʿʝ ʦʙʣʘʩʪʠʤʘ ɤs1 < ɤ < ɤp1 ʠ 

ɤp2 < ɤ < ɤs2. ʎʝʥʪʨʘʣʥʘ ʫʯʝʩʪʘʥʦʩʪ ʬʠʣʪʨʘ ʿʝ 0 p1 p2�& �& �&= , ʘ ʰʠʨʠʥʘ ʧʨʦʧʫʩʥʦʛ 
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ʦʧʩʝʛʘ ʿʝ p2 p1 0BW (�& �& �� �&= - . ʉʧʝʮʠʬʠʢʘʮʠʿʘ ʬʠʣʪʨʘ ʥʝʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ ʜʝʬʠʥʠʰʝ ʩʝ ʘʥʘʣʦʛʥʦ, ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʩʣʠʢʘʤʘ 1.2ʚ ʠ 1.2ʜ. 

AIL

ɤ0
0

Ap

As

ɤsɤp ɤ0 ɤs ɤp

Ap

As

AIL

ɤ0
0

Ap

As

ɤs1 ɤp1 ɤp2 ɤs2 ɤ0
0

ɤp1 ɤs1 ɤs2 ɤp2

AIL

Ap

As

(ʘ) (ʙ)

(ʚ) (ʛ)

ɤ0 ɤ0

AIL

 

ʉʣʠʢʘ 1.2. ʉʧʝʮʠʬʠʢʘʮʠʿʘ ʫʥʝʩʝʥʦʛ ʩʣʘʙˀʝˁʘ ʯʝʪʠʨʠ ʪʠʧʘ ʬʠʣʪʘʨʘ: (ʘ) 

ʬʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʥʠʩʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ, (ʙ) ʬʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʚʠʩʦʢʠʭ 

ʫʯʝʩʪʘʥʦʩʪʠ, (ʚ) ʠ (ʛ) ʬʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ/ʥʝʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ. 

ʉʣʘʙˀʝˁʝ ʫ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ, ʢʘʦ ʠ ʨʘʟʣʠʢʘ ʤʘʢʩʠʤʘʣʥʦʛ ʠ ʤʠʥʠʤʘʣʥʦʛ 

ʩʣʘʙˀʝˁʘ ʫ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ, ʪʿ. ʪʘʣʘʩʥʦʩʪ (ripple) ʪʘʢʦʹʝ ʩʝ ʤʦʛʫ 

ʩʧʝʮʠʬʠʮʠʨʘʪʠ ʧʨʠʣʠʢʦʤ ʧʨʦʿʝʢʪʦʚʘˁʘ ʬʠʣʪʨʘ. ʆʩʠʤ ʥʘʚʝʜʝʥʦʛ, ʥʦʤʠʥʘʣʥʝ 

ʠʤʧʝʜʘʥʩʝ ʧʨʠʩʪʫʧʘ ʩʫ ʥʝʦʧʭʦʜʘʥ ʧʦʜʘʪʘʢ ʫ ʩʧʝʮʠʬʠʢʘʮʠʿʠ ʬʠʣʪʨʘ. 

ʉʧʝʮʠʬʠʢʘʮʠʿʘ ʤʦʞʝ ʩʘʜʨʞʘʪʠ ʟʘʭʪʝʚʝ ʟʘ ʦʙʣʠʢʦʤ ʦʜʟʠʚʘ ʬʠʣʪʨʘ ʫ ʚʨʝʤʝʥʩʢʦʤ 

ʜʦʤʝʥʫ. 

ɸʧʨʦʢʩʠʤʘʮʠʿʘ ʿʝ ʩʣʝʜʝ˂ʠ ʢʦʨʘʢ ʫ ʧʨʦʿʝʢʪʦʚʘˁʫ ʬʠʣʪʨʘ ʫ ʢʦʤʝ ʩʝ ʫʟʠʤʘ ʫ 

ʦʙʟʠʨ ʯʠˁʝʥʠʮʘ ʜʘ ʿʝ ʥʝʤʦʛʫ˂ʝ ʨʝʘʣʠʟʦʚʘʪʠ ʠʜʝʘʣʘʥ ʬʠʣʪʝʨ. ʉʪʦʛʘ ʩʝ ʫ ʩʢʣʘʜʫ ʩʘ 

ʩʧʝʮʠʬʠʢʘʮʠʿʦʤ, ʪʨʘʞʠ ʘʥʘʣʠʪʠʯʢʠ ʠʟʨʘʟ ʬʨʝʢʚʝʥʮʠʿʩʢʦʛ ʦʜʟʠʚʘ ʢʦʿʘ ʩʝ ʤʦʞʝ 
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ʨʝʘʣʠʟʦʚʘʪʠ ʫ ʧʨʘʢʩʠ. ʋʦʙʠʯʘʿʝʥʦ ʩʝ ʟʘ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʧʨʚʦ ʪʨʘʞʠ ʤʨʝʞʘ 

ʨʝʘʣʠʟʦʚʘʥʘ ʦʜ ʠʜʝʘʣʥʠʭ ʢʘʣʝʤʦʚʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ ʫ ʚʠʜʫ LC-ʣʝʩʪʚʠʯʘʩʪʝ ʤʨʝʞʝ. 

ʄʘʪʝʤʘʪʠʯʢʠ ʩʝ ʤʦʞʝ ʧʦʢʘʟʘʪʠ ʜʘ ʩʫ ʦʩʥʦʚʥʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʧʘʨʥʝ ʨʘʮʠʦʥʘʣʥʝ 

ʬʫʥʢʮʠʿʝ ʧʦ ʫʯʝʩʪʘʥʦʩʪʠ ɤ
2
 ʩʘ ʨʝʘʣʥʠʤ ʢʦʝʬʠʮʠʿʝʥʪʠʤʘ. ɸʧʨʦʢʩʠʤʘʮʠʿʘ ʩʝ ʧʦ 

ʧʨʘʚʠʣʫ ʟʘʜʘʿʝ ʟʘ ʧʨʦʪʦʪʠʧ ʬʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢʘ ʥʠʩʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ. ʐʝʤʘ ʬʠʣʪʨʘ 

ʩʝ ʧʨʝʜʩʪʘʚˀʘ ʩʘ ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʝʣʝʤʝʥʪʠʤʘ. ʋʣʘʟʥʝ ʠ ʠʟʣʘʟʥʝ ʠʤʧʝʜʘʥʩʝ ʩʫ 

ʥʦʨʤʘʣʠʟʦʚʘʥʝ ʥʘ 1 Ý, ʜʦʢ ʿʝ ʛʨʘʥʠʯʥʘ ʫʯʝʩʪʘʥʦʩʪ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ 

ʥʦʨʤʘʣʠʟʦʚʘʥʘ ʥʘ ɤp = 1 rad/s. ʋ ʥʘʨʝʜʥʠʤ ʢʦʨʘʮʠʤʘ ʩʝ ʚʨʰʠ ʩʢʘʣʠʨʘˁʝ 

ʚʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ ʬʠʣʪʨʘ ʢʘʢʦ ʙʠ ʩʝ ʠʩʧʫʥʠʣʠ ʟʘʭʪʝʚʠ ʫ ʧʦʛʣʝʜʫ ʨʝʘʣʥʠʭ 

ʠʤʧʝʜʘʥʩʠ ʠ ʛʨʘʥʠʯʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ. ɺʨʰʝ ʩʝ ʥʘʢʥʘʜʥʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ 

ʧʨʦʪʦʪʠʧʘ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ ʥʠʩʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʫ ʬʠʣʪʨʝ ʧʨʦʧʫʩʥʠʢʝ ʥʠʩʢʠʭ 

ʫʯʝʩʪʘʥʦʩʪʠ, ʚʠʩʦʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʧʨʦʧʫʩʥʠʢʝ/ʥʝʧʨʦʧʫʩʥʠʢʝ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ. 

ʅʝʢʝ ʦʩʥʦʚʥʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʩʫ: ɹʘʪʝʨʚʦʨʪʦʚʘ (Butterworth), ʏʝʙʠʰʝʚˀʝʚʘ 

(Chebychev), ɽʣʠʧʪʠʯʢʘ (Elliptic), ɹʝʩʝʣʦʚʘ (Bessel), ʃʝʞʘʥʜʨʦʚʘ (Legendre) ʠ 

ñʧʦʜʠʛʥʫʪʠ ʢʦʩʠʥʫʩñ (Raised cosine) [4], [7]. ɿʘ ʤʠʢʨʦʪʘʣʘʩʥʝ ʬʠʣʪʨʝ ʩʘʤʦ ʥʝʢʝ ʦʜ 

ʥʘʚʝʜʝʥʠʭ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʩʝ ʢʦʨʠʩʪʝ ʠ ʦʥʝ ˂ʝ ʙʠʪʠ ʜʝʪʘˀʥʠʿʝ ʦʧʠʩʘʥʝ. 

ɹʘʪʝʨʚʦʨʪʦʚʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʩʝ ʧʨʝʜʩʪʘʚˀʘ ʧʦʤʦ˂ʫ ʘʤʧʣʠʪʫʜʩʢʦʛ ʦʜʟʠʚʘ 

)()(21 w=w GjS  ʠ ʜʘʪʘ ʿʝ ʢʘʦ: 

2

3dB

1
(�&�� ���� ���� ��������

1 (�& �& ��n
G n= =

+
, ��3,2,1=n                                 (1.9) 

ʛʜʝ ʿʝ n ʨʝʜ ʘʧʨʦʢʩʠʤʘʮʠʿʝ, ʘ ɤ3dB ʢʨʫʞʥʘ ʫʯʝʩʪʘʥʦʩʪ ʥʘ ʢʦʿʦʿ ʿʝ ʩʣʘʙˀʝˁʝ 3 dB. 

ɸʢʦ ʩʝ ʘʧʨʦʢʩʠʤʘʮʠʿʘ (1.9) ʠʟʨʘʟʠ ʫ ʚʠʜʫ ʩʣʘʙˀʝˁʘ ʫ dB ʜʦʙʠʿʘ ʩʝ: 

2

dB 10 10 3dB(�&�� �����O�R�J ���&�� �����O�R�J ���� ���& �& �� ��nA G=- = + .                          (1.10) 

ʉʣʘʙˀʝˁʝ ɹʘʪʝʨʚʦʨʪʦʚʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʿʝ ʤʦʥʦʪʦʥʦ ʨʘʩʪʫ˂ʘ ʬʫʥʢʮʠʿʘ ʠ 

ʤʘʢʩʠʤʘʣʥʦ ʢʦʥʩʪʘʥʪʘʥ ʫ ʢʦʦʨʜʠʥʘʪʥʦʤ ʧʦʯʝʪʢʫ, ʪʿ. ʫ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ ʬʠʣʪʨʘ. 

ʊʦ ʩʝ ʣʘʢʦ ʜʦʢʘʟʫʿʝ ʿʝʨ ʿʝ ʧʨʚʠʭ 2n-1 ʠʟʚʦʜʘ ʢʚʘʜʨʘʪʘ ʘʤʧʣʠʪʫʜʩʢʦʛ ʦʜʟʠʚʘ (1.9) 

ʿʝʜʥʘʢʦ ʥʫʣʠ ʟʘ ɤ = 0. 
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ʆʜʛʦʚʘʨʘʿʫ˂ʘ ʪʨʘʥʩʬʝʨ ʬʫʥʢʮʠʿʘ ʦʚʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʿʝ ʨʝʜʘ n, ʠʤʘ n ʧʦʣʦʚʘ ʠ ʥʝʤʘ 

ʥʫʣʘ. ʉʝʣʝʢʪʠʚʥʦʩʪ ʿʝ ʤʘʣʘ, ʰʪʦ ʟʥʘʯʠ ʜʘ ʿʝ ʧʦʪʨʝʙʘʥ ʚʝʣʠʢʠ ʨʝʜ ʬʠʣʪʨʘ ʜʘ ʙʠ ʩʝ 

ʧʦʩʪʠʛʣʘ ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʘ ʩʝʣʝʢʪʠʚʥʦʩʪ. ʈʝʜ ʬʠʣʪʨʘ ʟʘ ʩʧʝʮʠʬʠʮʠʨʘʥʦ ʤʠʥʠʤʘʣʥʦ 

ʩʣʘʙˀʝˁʝ ʫ ʥʝʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ L (ʫ dB) ʥʘ ʟʘʜʘʪʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ɤ ʩʝ ʦʜʨʝʹʫʿʝ ʠʟ: 

( )10
10

10

3dB

log 10 1
1

2 �&
log

�&

L

n

-

= Ö
å õ
æ ö
ç ÷

.                                             (1.11) 

ʅʘ ʩʣʠʮʠ 1.3ʘ ʧʨʠʢʘʟʘʥʘ ʿʝ ɹʘʪʝʨʚʦʨʪʦʚʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ. 

ʏʝʙʠʰʝʚˀʝʚʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʩʝ ʧʨʝʜʩʪʘʚˀʘ ʧʦʤʦ˂ʫ ʘʤʧʣʠʪʫʜʩʢʦʛ ʦʜʟʠʚʘ 

)()(21 w=w GjS  ʠ ʜʘʪʘ ʿʝ ʢʘʦ: 

2 2

�0

1
(�&�� ���� ���� ��������

1 �0 �7 �� �& �& ��n

G n= =
+

, ��3,2,1=n                              (1.12) 

ʛʜʝ ʿʝ Ů ʩʘʯʠʥʠʪʝˀ ʪʘʣʘʩʥʦʩʪʠ (ripple factor), ɤŮ ʿʝ ʛʨʘʥʠʯʥʘ ʢʨʫʞʥʘ ʫʯʝʩʪʘʥʦʩʪ 

ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ 0 < ɤ < ɤŮ, ʘ Tn(x) je ʏʝʙʠʰʝʚˀʝʚ ʧʦʣʠʥʦʤ ʧʨʚʝ ʚʨʩʪʝ ʩʪʝʧʝʥʘ n. 

ʈʝʜ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʿʝ n. ɸʢʦ ʩʝ ʘʧʨʦʢʩʠʤʘʮʠʿʘ (1.12) ʠʟʨʘʟʠ ʫ ʚʠʜʫ ʩʣʘʙˀʝˁʘ ʫ dB 

ʜʦʙʠʿʘ ʩʝ: 

2 2

dB 10 10 �0(�&�� �����O�R�J ���&�� �����O�R�J ���� �0 �7 ���& �& ����nA G=- = + .                 (1.13) 

ʂʦʜ ʏʝʙʠʰʝʚˀʝʚʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʤʦʛʫ˂ʝ ʿʝ ʦʩʪʚʘʨʠʪʠ ʚʝ˂ʫ ʩʪʨʤʠʥʫ, ʦʜʥʦʩʥʦ 

ʙʦˀʫ ʩʝʣʝʢʪʠʚʥʦʩʪ, ʘʣʠ ʧʦ ʮʝʥʫ ʪʘʣʘʩʥʦʩʪʠ ʫ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ. ʋ ʥʝʧʨʦʧʫʩʥʦʤ 

ʦʧʩʝʛʫ ʩʣʘʙˀʝˁʝ ʿʝ ʤʦʥʦʪʦʥʘ ʨʘʩʪʫ˂ʘ ʬʫʥʢʮʠʿʘ. 

ʉʣʠʢʘ 1.3ʙ ʧʨʠʢʘʟʫʿe ʏʝʙʠʰʝʚˀʝʚʫ ʘʧʨʦʢʩʠʤʘʮʠʿʫ. ʅʘʿʚʝ˂ʝ ʩʣʘʙˀʝˁʝ ʫ 

ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ ʠʟʥʦʩʠ 
2

dB �0 ����(�& �� ���� �O�R�J ���� �0 ��A = + . ʏʝʙʠʰʝʚˀʝʚʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ 

ʦʤʦʛʫ˂ʫʿʝ ʨʝʘʣʠʟʘʮʠʿʫ ʬʠʣʪʘʨʘ ʤʘˁʝʛ ʨʝʜʘ, ʘ ʙʦˀʝ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʫ ʧʦʨʝʹʝˁʫ ʩʘ 

ɹʘʪʝʨʚʦʨʪʦʚʦʤ ʘʧʨʦʢʩʠʤʘʮʠʿʦʤ. ʈʝʜ ʬʠʣʪʨʘ ʥʝʦʧʭʦʜʘʥ ʟʘ ʟʘʜʘʪʦ ʤʠʥʠʤʘʣʥʦ 

ʩʣʘʙˀʝˁʝ ʫ ʥʝʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ �:(ɤ) (ʫ dB ʥʘ ʫʯʝʩʪʘʥʦʩʪʠ ɤ) ʠ ʟʘʜʘʪʦ ʥʘʿʚʝ˂ʝ 

ʩʣʘʙˀʝˁʝ ʫ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ 
dB �0(� & � �A  (ʫ dB) ʦʜʨʝʹʫʿʝ ʩʝ ʠʟ: 
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�0

(�&��
10

1

(� & � �
10

1

�0

10 1
cosh

10 1

�&
cosh

�&

A

A

n

-

-

å õ
-æ ö

æ ö
æ ö-ç ÷=

å õ
æ ö
ç ÷

.                                           (1.14) 

ɽʣʠʧʪʠʯʢʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʩʝ ʧʨʝʜʩʪʘʚˀʘ ʧʦʤʦ˂ʫ ʘʤʧʣʠʪʫʜʩʢʦʛ ʦʜʟʠʚʘ 

)()(21 w=w GjS  ʠ ʜʘʪʘ ʿʝ ʢʘʦ: 

),(1

1
)(

22 xwwe+
=w

enR
G , ��3,2,1=n                           (1.15) 

ʛʜʝ ʿʝ ɤŮ ʿʝ ʛʨʘʥʠʯʥʘ ʢʨʫʞʥʘ ʫʯʝʩʪʘʥʦʩʪ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ 0 < ɤ < ɤŮ, ʘ Rn(x,ɝ) je 

ʝʣʠʧʪʠʯʢʘ ʨʘʮʠʦʥʘʣʥʘ ʬʫʥʢʮʠʿʘ ʩʪʝʧʝʥʘ n ʩʘ ʩʘʯʠʥʠʪʝˀʝʤ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ɝ, ʜʦʢ Ů 

ʦʜʨʝʹʫʿʝ ʤʘʢʩʠʤʘʣʥʦ ʩʣʘʙˀʝˁʝ ʫ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ. ʈʝʜ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʿʝ n. ɸʢʦ 

ʩʝ ʘʧʨʦʢʩʠʤʘʮʠʿʘ (1.15) ʠʟʨʘʟʠ ʫ ʚʠʜʫ ʩʣʘʙˀʝˁʘ ʫ dB ʜʦʙʠʿʘ ʩʝ: 

2 2

dB 10 10 �0(�&�� �����O�R�J ���&�� �����O�R�J ���� �0 �5 ���& �& ��������nA G=- = + ,                 (1.16) 

ʘ ʛʨʘʬʠʯʢʠ ʧʨʠʢʘʟ ʩʣʘʙˀʝˁʘ ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʩʣʠʮʠ 1.3ʚ. ɽʣʠʧʪʠʯʢʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ 

ʧʦʩʝʜʫʿʝ ʦʩʮʠʣʘʪʦʨʥʦ ʧʨʦʤʝʥʠˀʚʦ ʩʣʘʙˀʝˁʝ ʫ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ. ʋ ʥʝʧʨʦʧʫʩʥʦʤ 

ʦʧʩʝʛʫ ʠʤʘ ʿʝʜʥʘʢʝ ʤʠʥʠʤʫʤʝ ʩʣʘʙˀʝˁʘ. ʆʜʛʦʚʘʨʘʿʫ˂ʘ ʪʨʘʥʩʬʝʨ ʬʫʥʢʮʠʿʘ ʿʝ ʨʝʜʘ 

n, ʠʤʘ n ʧʦʣʦʚʘ ʠ n ʥʫʣʘ. ɼʦʙʨʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʩʫ ʜʘ ʟʘ ʜʘʪʠ ʨʝʜ ʬʠʣʪʨʘ, 

ʝʣʠʧʪʠʯʢʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʠʤʘ ʥʘʿʚʝ˂ʫ ʩʝʣʝʢʪʠʚʥʦʩʪ ʠ ʥʘʿʚʝ˂ʝ ʩʣʘʙˀʝˁʘ ʫ 

ʥʝʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ, ʘ ʥʝʜʦʩʪʘʪʘʢ ʿʝ ʚʝ˂ʘ ʢʦʤʧʣʝʢʩʥʦʩʪ ʨʝʘʣʠʟʘʮʠʿʝ. 

ɹʝʩʝʣʦʚʘ (Bessel) ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʠʤʘ ʤʘˁʫ ʩʝʣʝʢʪʠʚʥʦʩʪ ʥʝʛʦ ɹʘʪʝʨʚʦʨʪʦʚʘ, 

ʧʨʠ ʯʝʤʫ ʪʨʘʥʩʬʝʨ ʬʫʥʢʮʠʿʘ ʥʝʤʘ ʥʫʣe ʢʘʦ ʥʠ ɹʘʪʝʨʚʦʨʪʦʚʘ. ʄʝʹʫʪʠʤ Bessel-ʦʚʫ 

ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʢʘʨʘʢʪʝʨʠʰʝ ʧʨʘʢʪʠʯʥʦ ʢʦʥʩʪʘʥʪʥʦ ʛʨʫʧʥʦ ʢʘʰˁʝˁʝ ʫ ʧʨʦʧʫʩʥʦʤ 

ʦʧʩʝʛʫ. ʊʘ ʦʩʦʙʠʥʘ ʥʘʣʘʟʠ ʩʚʦʿʫ ʧʨʠʤʝʥʫ ʫ ʩʣʫʯʘʿʝʚʠʤʘ ʢʘʜʘ ʿʝ ʧʦʩʝʙʥʦ ʟʥʘʯʘʿʥʦ 

ʩʤʘˁʠʪʠ ʠʟʦʙʣʠʯʝˁʝ ʩʠʛʥʘʣʘ ʫ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ. ʂʘʨʘʢʪʝʨʠʩʪʠʯʥʠ ʠʟʛʣʝʜ 

ʩʣʘʙˀʝˁʘ ʟʘ Bessel-ʦʚʫ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʩʣʠʮʠ 1.3ʛ. 

ʉʚʝ ʧʦʤʝʥʫʪʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʠʤʘʿʫ ʚʝ˂ʫ ʩʝʣʝʢʪʠʚʥʦʩʪ ʦʜ ɹʝʩʝʣʦʚʝ, ʘʣʠ ʠʤʘʿʫ 

ʚʝʣʠʢʫ ʚʘʨʠʿʘʮʠʿʫ ʛʨʫʧʥʦʛ ʢʘʰˁʝˁʘ [7]. 
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ʅʘʚʝʜʝʥʝ ʩʫ ʯʝʪʠʨʠ ʦʩʥʦʚʥʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʢʦʿʝ ʩʝ ʢʦʨʠʩʪʝ ʧʨʠ ʧʨʦʿʝʢʪʦʚʘˁʫ 

ʤʠʢʨʦʪʘʣʘʩʥʠʭ ʬʠʣʪʘʨʘ. ʇʨʦʿʝʢʪʦʚʘˁʝ ʫ ʦʚʦʤ ʠʩʪʨʘʞʠʚʘˁʫ ˂ʝ ʩʝ ʠʩʢˀʫʯʠʚʦ 

ʙʘʟʠʨʘʪʠ ʥʘ ʏʝʙʠʰʝʚˀʝʚʦʿ ʘʧʨʦʢʩʠʤʘʮʠʿʠ ʢʦʿʘ ʜʘʿʝ ʜʦʙʘʨ ʢʦʤʧʨʦʤʠʩ ʩʣʦʞʝʥʦʩʪʠ 

ʨʝʘʣʠʟʘʮʠʿʝ ʠ ʦʯʝʢʠʚʘʥʠʭ ʨʝʟʫʣʪʘʪʘ. 

 

ʉʣʠʢʘ 1.3. ɸʧʨʦʢʩʠʤʘʮʠʿʝ: (ʘ) ɹʘʪʝʨʚʦʨʪʦʚʘ, (ʙ) ʏʝʙʠʰʝʚˀʝʚʘ, (ʚ) ɽʣʠʧʪʠʯʢʘ ʠ 

(ʛ) ɹʝʩʝʣʦʚʘ. 

ʀʟʘʙʨʘʥʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʿʝ ʧʨʚʠ ʢʦʨʘʢ ʢʘ ʧʨʘʢʪʠʯʥʦʿ ʨʝʘʣʠʟʘʮʠʿʠ, ʿʝʨ ʜʦ ʩʘʜʘ ʥʠʩʫ 

ʫʦʧʰʪʝ ʫʟʝʪʝ ʫ ʦʙʟʠʨ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʢʦʤʧʦʥʝʥʪʠ. ʊʘʿ ʬʘʢʪʦʨ ʩʝ ʫʟʠʤʘ ʫ ʦʙʟʠʨ 

ʧʨʠ ʧʦʜʝʰʘʚʘˁʫ ʢʦʥʢʨʝʪʥʠʭ ʚʨʝʜʥʦʩʪʠ ʪʦʢʦʤ ʦʧʪʠʤʠʟʘʮʠʿʝ. 
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1.3 ʇʨʦʪʦʪʠʧ ʬʠʣʪʨʘ ʠ LC-ʣʝʩʪʚʠʯʘʩʪʘ ʨʝʘʣʠʟʘʮʠʿʘ 

ʉʘʜʘ ʿʝ ʥʝʦʧʭʦʜʥʦ ʜʘ ʩʝ ʟʘ ʤʘʪʝʤʘʪʠʯʢʠ ʠʟʨʘʟ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʧʨʦʥʘʹʝ 

ʝʣʝʢʪʨʠʯʥʘ ʰʝʤʘ ʬʠʣʪʨʘ ʩʘ ʠʜʝʘʣʥʠʤ ʝʣʝʤʝʥʪʠʤʘ, ʢʦʿʘ ˂ʝ ʟʘʜʦʚʦˀʠʪʠ 

ʩʧʝʮʠʬʠʢʘʮʠʿʫ. ɿʘ ʨʝʘʣʠʟʘʮʠʿʫ ʩʝ ʢʦʨʠʩʪʝ ʠʜʝʘʣʥʠ ʝʣʝʤʝʥʪʠ ʢʘʦ ʰʪʦ ʩʫ: ʢʘʣʝʤ, 

ʢʦʥʜʝʥʟʘʪʦʨ, ʦʪʧʦʨʥʠʢ, ʪʨʘʥʩʬʦʨʤʘʪʦʨ, ʩʝʢʮʠʿʝ ʚʦʜʘ ʠ ʩʧʨʝʛʥʫʪʠ ʚʦʜʦʚʠ. 

ʇʦʩʪʫʧʘʢ ʢʦʿʠ ʩʝ ʧʦʢʘʟʘʦ ʢʘʦ ʦʧʪʠʤʘʣʘʥ ʿʝ ʩʠʥʪʝʟʘ LC-ʣʝʩʪʚʠʯʘʩʪʝ ʤʨʝʞʝ ʥʘ 

ʦʩʥʦʚʫ ʫʩʚʦʿʝʥʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ. ɼʦʙʠʿʝʥʘ ʰʝʤʘ ʠʤʘ ʥʘʿʤʘˁʠ ʙʨʦʿ ʝʣʝʤʝʥʘʪʘ ʧʘ ʿʝ 

ʠ ʫ ʪʦʤ ʩʤʠʩʣʫ ʦʧʪʠʤʘʣʥʘ. ɼʚʝ ʦʩʥʦʚʝ ʪʦʧʦʣʦʛʠʿʝ ʣʝʩʪʚʠʯʘʩʪʝ ʤʨʝʞʝ, ʨʝʜʥʘ ʠ 

ʧʘʨʘʣʝʣʥʘ, ʩʫ ʧʨʠʢʘʟʘʥʝ ʥʘ ʩʣʠʮʠ 1.4, ʘ ʨʘʟʣʠʢʫʿʫ ʩʝ ʧʦ ʪʦʤʝ ʜʘ ʣʠ ʩʝ ʥʘ ʫʣʘʟʫ ʫ 

ʤʨʝʞʫ ʧʨʚʦ ʥʘʣʘʟʠ ʨʝʜʥʘ ʠʤʧʝʜʘʥʩʘ ʠʣʠ ʧʘʨʘʣʝʣʥʘ ʘʜʤʠʪʘʥʩʘ. ʇʦʣʘʟʠ ʩʝ ʦʜ LC 

ʣʝʩʪʚʠʯʘʩʪʝ ʤʨʝʞʝ ʧʨʦʧʫʩʥʠʢʘ ʥʠʩʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʢʦʿʘ ʧʨʝʜʩʪʘʚˀʘ ʧʨʦʪʦʪʠʧ, 

ʧʨʠ ʯʝʤʫ ʿʝ ʛʨʘʥʠʯʥʘ ʢʨʫʞʥʘ ʫʯʝʩʪʘʥʦʩʪ p,proto�& ���U�D�G �V= , ʘ ʫʥʫʪʨʘʰˁʘ ʠʤʧʝʜʘʥʩʘ 

ʛʝʥʝʨʘʪʦʨʘ ʿʝ g,proto g,proto 1Z R= = W. ɿʘ ʫʩʚʦʿʝʥʫ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʩʝ ʥʘ ʦʩʥʦʚʫ ʿʝʜʥʘʯʠʥʝ 

(1.8) ʢʦʿʘ ʚʘʞʠ ʟʘ ʤʨʝʞʝ ʙʝʟ ʛʫʙʠʪʢʘ, ʢʦʨʠʩʪʝ˂ʠ ʚʝʟʫ ʫʣʘʟʥʝ ʠʤʧʝʜʘʥʩʝ ʠ 
11( j�&��S  

ʜʦʙʠʿʘ 

11
g,proto

11

1 ( j�&��
( j�&��

1 ( j�&��
+

=
-

S
Z R

S
.                                             (1.17) 

ʈʘʟʚʦʿʝʤ ʫʣʘʟʥʝ ʠʤʧʝʜʘʥʩʝ ʠ ʧʦʨʝʹʝˁʝʤ ʨʘʟʚʠʿʝʥʝ ʬʦʨʤʫʣʝ ʠ ʪʦʧʦʣʦʛʠʿʝ 

ʣʝʩʪʚʠʯʘʩʪʝ ʰʝʤʝ ʦʜʨʝʹʫʿʫ ʩʝ ʚʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ ʣʝʩʪʚʠʯʘʩʪʝ ʰʝʤʝ [12]. 

ʀʟʣʦʞʝʥʘ ʧʨʦʮʝʜʫʨʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʚʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ ʤʦʞʝ ʩʝ ʢʦʨʠʩʪʠʪʠ ʟʘ 

ʧʨʦʠʟʚʦˀʘʥ ʨʝʜ ʬʠʣʪʨʘ n. ʋ ʧʨʘʢʩʠ ʩʝ ʢʦʨʠʩʪʝ ʪʘʙʝʣʘʨʥʝ ʚʨʝʜʥʦʩʪʠ ʠʣʠ 

ʿʝʜʥʦʩʪʘʚʥʠ ʘʥʘʣʠʪʠʯʢʠ ʠʟʨʘʟʠ ʢʦʿʠ ʧʦʩʪʦʿʝ ʟʘ ɹʘʪʝʨʚʦʨʪʦʚʫ ʠ ʏʝʙʠʰʝʚˀʝʚʫ 

ʘʧʨʦʢʩʠʤʘʮʠʿʫ. 
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ʉʣʠʢʘ 1.4. ʃʝʩʪʚʠʯʘʩʪʘ ʰʝʤʘ. 

ʀʟ ʧʨʦʪʦʪʠʧʘ ʬʠʣʪʘʨʘ ʧʨʦʧʫʩʥʠʢʘ ʥʠʩʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʩʝ ʧʦʛʦʜʥʠʤ 

ʪʨʘʥʩʬʦʨʤʘʮʠʿʘʤʘ ʤʦʛʫ ʜʦʙʠʪʠ ʚʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ ʟʘ ʦʩʪʘʣʝ ʪʠʧʦʚʘ ʬʠʣʪʘʨʘ.  

ʌʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʥʠʩʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʫ ʨʝʜʥʠʤ ʛʨʘʥʘʤʘ ʠʤʘ ʢʘʣʝʤʦʚʝ, ʜʦʢ ʩʫ 

ʫ ʧʘʨʘʣʝʣʥʠʤ ʛʨʘʥʘʤʘ ʢʦʥʜʝʥʟʘʪʦʨʠ. ʌʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʚʠʩʦʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ 

ʜʦʙʠʿʘ ʩʝ ʪʘʢʦ ʰʪʦ ʩʝ ʩʚʘʢʠ ʧʘʨʘʣʝʣʥʠ ʢʦʥʜʝʥʟʘʪʦʨ ʧʨʦʪʦʪʠʧʘ ʟʘʤʝʥʠ ʢʘʣʝʤʦʤ, ʘ 

ʩʚʘʢʠ ʨʝʜʥʠ ʢʘʣʝʤ ʧʨʦʪʦʪʠʧʘ ʟʘʤʝʥʠ ʢʦʥʜʝʥʟʘʪʦʨʦʤ. ʌʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ ʜʦʙʠʿʘ ʩʝ ʪʘʢʦ ʰʪʦ ʩʝ ʩʚʘʢʠ ʧʘʨʘʣʝʣʥʠ ʢʦʥʜʝʥʟʘʪʦʨ ʧʨʦʪʦʪʠʧʘ ʟʘʤʝʥʠ 

ʧʘʨʘʣʝʣʥʦʤ ʚʝʟʦʤ ʢʘʣʝʤʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ, ʘ ʩʚʘʢʠ ʨʝʜʥʠ ʢʘʣʝʤ ʧʨʦʪʦʪʠʧʘ ʩʝ 

ʟʘʤʝʥʠ ʨʝʜʥʦʤ ʚʝʟʦʤ ʢʘʣʝʤʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ. ɸʥʘʣʦʛʥʦ ʪʦʤʝ, ʬʠʣʪʘʨ ʥʝʧʨʦʧʫʩʥʠʢ 

ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʜʦʙʠʿʘ ʩʝ ʪʘʢʦ ʰʪʦ ʩʝ ʩʚʘʢʠ ʧʘʨʘʣʝʣʥʠ ʢʦʥʜʝʥʟʘʪʦʨ ʧʨʦʪʦʪʠʧʘ 

ʟʘʤʝʥʠ ʨʝʜʥʦʤ ʚʝʟʦʤ ʢʘʣʝʤʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ, ʘ ʩʚʘʢʠ ʨʝʜʥʠ ʢʘʣʝʤ ʧʨʦʪʦʪʠʧʘ ʩʝ 

ʟʘʤʝʥʠ ʧʘʨʘʣʝʣʥʦʤ ʚʝʟʦʤ ʢʘʣʝʤʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ. ʉʚʝ ʥʝʦʧʭʦʜʥʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ 

ʢʘʦ ʠ ʥʦʚʝ ʚʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ ʧʨʠʢʘʟʘʥʝ ʩʫ ʥʘ ʩʣʠʮʠ 1.5. 
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ʉʣʠʢʘ 1.5. ʊʨʘʥʩʬʦʨʤʘʮʠʿʝ ʝʣʝʤʝʥʘʪʘ ʠʟ ʧʨʦʪʦʪʠʧʘ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ ʥʠʩʢʠʭ 

ʫʯʝʩʪʘʥʦʩʪʠ ʫ: (ʘ) ʬʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʥʠʩʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ, (ʙ) ʬʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ 

ʚʠʩʦʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ, (ʚ) ʬʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪ ʠ (ʛ) ʬʠʣʪʘʨ 

ʥʝʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ. 
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1.4 ʈʝʘʣʘʥ ʬʠʣʪʘʨ 

ɼʦ ʩʘʜʘ ʩʝ ʫ ʘʥʘʣʠʟʠ ʥʠʩʫ ʫʟʠʤʘʣʝ ʫ ʦʙʟʠʨ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʨʝʘʣʥʠʭ ʝʣʝʤʝʥʘʪʘ 

ʦʜ ʢʦʿʠʭ ʩʝ ʨʝʘʣʠʟʫʿʝ ʬʠʣʪʘʨ. ɼʘ ʙʠ ʩʝ ʪʘʯʥʠʿʝ ʘʥʘʣʠʟʠʨʘʦ ʤʦʜʝʣ ʢʦʿʠ ˂ʝ ʜʘʪʠ 

ʨʝʟʫʣʪʘʪʝ ʙʣʠʞʝ ʨʝʘʣʥʠʤ ʥʘʧʨʘʚʘʤʘ ʥʝʦʧʭʦʜʥʦ ʿʝ ʧʨʝʮʠʟʥʠʿʝ ʤʦʜʝʣʦʚʘʪʠ 

ʝʣʝʤʝʥʪʝ. ʋ ʧʨʚʦʤ ʨʝʜʫ ʩʝ ʫʚʦʜʝ ʛʫʙʠʮʠ ʨeʘʣʥʠʭ ʢʦʥʜʝʥʟʘʪʦʨʘ ʠ ʢʘʣʝʤʦʚʘ. 

ʆʜʛʦʚʘʨʘʿʫ˂ʝ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʧʨʠʢʘʟʘʥʝ ʩʫ ʥʘ ʩʣʠʮʠ 1.6. 

 

RL

C

G

(ʘ) (ʙ)
 

ʉʣʠʢʘ 1.6. ɽʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ: (ʘ) ʢʘʣʝʤʘ ʩʘ ʛʫʙʠʮʠʤʘ ʠ (ʙ) ʢʦʥʜʝʥʟʘʪʦʨʘ ʩʘ 

ʛʫʙʠʮʠʤʘ. 

ɻʫʙʠʮʠ ʢʘʣʝʤʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ ʦʧʠʩʫʿʫ ʩʝ ʧʨʝʢʦ ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ. ʌʘʢʪʦʨ 

ʜʦʙʨʦʪʝ ʢʘʣʝʤʘ ʩʝ ʜʝʬʠʥʠʰʝ ʢʘʦ 

�&
L

L
Q

R
= ,                                                          (1.18) 

ʘ ʢʦʥʜʝʥʟʘʪʦʨʘ ʢʘʦ 

�&
C

C
Q

G
= .                                                          (1.19) 

Q-ʬʘʢʪʦʨ ʩʝ ʥʝʢʘʜʘ ʦʧʠʩʫʿʝ ʠ ʢʦʤʧʣʝʢʩʥʠʿʝ ʢʘʦ ʬʫʥʢʮʠʿʘ ʫʯʝʩʪʘʥʦʩʪʠ ʫ ʦʙʣʠʢʫ 

0 0(�&�� ���& �& ��aQ Q= . ʅʝʢʘʜʘ ʿʝ ʥʝʦʧʭʦʜʥʦ ʤʦʜʝʣʦʚʘʪʠ ʠ ʧʘʨʘʟʠʪʥʫ ʢʘʧʘʮʠʪʠʚʥʦʩʪ 

ʢʘʣʝʤʘ ʢʦʿʘ ʩʝ ʨʝʘʣʠʟʫʿʝ ʧʘʨʘʣʝʣʥʦ ʚʝʟʘʥʠʤ ʢʦʥʜʝʥʟʘʪʦʨʦʤ. ʆʚʘʿ ʤʦʜʝʣ ˂ʝ ʩʝ 

ʢʦʨʠʩʪʠʪʠ ʫ ʧʝʪʦʤ ʠ hʝʩʪʦʤ ʧʦʛʣʘʚˀʫ ʦʚʦʛ ʨʘʜʘ. ɻʫʙʠʪʢʝ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ 

ʫʯʝʩʪʘʥʦʩʪʠ ʢʦʿʠ ʩʫ ʧʦʩʣʝʜʠʮʘ ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ ʪʘʢʦʹʝ ʿʝ ʤʦʛʫ˂ʝ ʤʦʜʝʣʦʚʘʪʠ 

ʧʨʦʤʝʥˀʠʚʦʤ ʦʪʧʦʨʥʦʰ˂ʫ ʢʘʣʝʤʘ. ɼʘʢʣʝ ʤʦʜʝʣʠ ʤʦʛʫ ʙʠʪʠ ʢʦʤʧʣʝʢʩʥʠʿʠ ʘʣʠ ʩʝ 

ʟʘ ʧʨʚʫ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʧʦʣʘʟʠ ʦʜ ʤʦʜʝʣʘ ʧʨʠʢʘʟʘʥʠʭ ʥʘ ʩʣʠʮʠ 1.6. ʋʢʦʣʠʢʦ ʩʝ 
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ʥʝʢʠ ʝʣʝʤʝʥʪʠ ʨʝʘʣʠʟʫʿʫ ʢʘʦ ʩʝʢʮʠʿʝ ʚʦʜʦʚʘ ʪʘʜʘ ʩʝ ʠ ʦʥʠ ʦʧʠʩʫʿʫ ʝʢʚʠʚʘʣʝʥʪʥʠʤ 

ʰʝʤʘʤʘ ʥʘ ʦʜʨʝʹʝʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʢʘʦ ʠ ʧʘʨʘʟʠʪʥʠʤ ʝʬʝʢʪʠʤʘ. ʊʘʢʦ ʜʦʙʠʿʝʥʘ 

ʰʝʤʘ ʧʨʝʜʩʪʘʚˀʘ ʤʦʜʝʣ ʢʦʿʠ ʿʝ ʙʣʠʞʠ ʨʝʘʣʥʦʩʪʠ ʥʝʛʦ ʰʪʦ ʿʝ ʪʦ ʙʠʦ ʤʦʜʝʣ ʩʘ 

ʠʜʝʘʣʥʠʤ ʝʣʝʤʝʥʪʠʤʘ. ʅʘʢʦʥ ʪʦʛʘ ʿʝ ʥʝʦʧʭʦʜʥʦ ʦʧʪʠʤʠʟʦʚʘʪʠ ʚʨʝʜʥʦʩʪʠ 

ʝʣʝʤʝʥʘʪʘ ʢʘʢʦ ʙʠ ʩʝ ʩʘ ʦʚʠʤ ʤʦʜʝʣʦʤ ʧʦʩʪʠʛʣʝ ʩʧʝʮʠʬʠʮʠʨʘʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ 

ʬʠʣʪʨʘ. ʐʝʤʘ ʩʝ ʢʦʨʠʛʫʿʝ ʧʦ ʧʦʪʨʝʙʠ, ʘ ʢʘʜʘ ʩʝ ʧʦʩʪʠʛʥʝ ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʠ ʨʝʟʫʣʪʘʪ 

ʬʠʣʪʘʨ ʩʝ ʨʝʘʣʠʟʫʿʝ ʩʘ ʨʝʘʣʥʠʤ ʢʦʤʧʦʥʝʥʪʘʤʘ. ʊʫ ʜʦʣʘʟʠ ʧʦʩʣʝʜˁʠ ʢʦʨʘʢ, ʘ ʪʦ ʿʝ 

ʠʟʙʦʨ ʘʜʝʢʚʘʪʥʠʭ ʝʣʝʤʝʥʘʪʘ ʢʦʿʠ ˂ʝ ʟʘʜʦʚʦˀʠʪʠ ʟʘʭʪʝʚʝ ʥʧʨ. ʜʠʤʝʥʟʠʿʫ, ʩʥʘʛʫ, 

ʦʪʧʦʨʥʦʩʪ ʥʘ ʧʨʝʤʘʰʝˁe ʥʘʧʦʥʘ ʢʦʿʘ ʩʝ ʤʦʛʫ ʧʦʿʘʚʠʪʠ ʠ ʩʣʠʯʥʦ. ʂʦʥʘʯʥʘ 

ʧʨʘʢʪʠʯʥʘ ʨʝʘʣʠʟʘʮʠʿʘ ʬʠʣʪʨʘ ʩʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʧʨʦʚʝʨʘʚʘ ʠ ʘʢʦ ʿʝ ʧʦʪʨʝʙʥʦ 

ʚʨʰʝ ʩʝ ʧʦʩʝˀʜˁʝ ʤʘʣʝ ʢʦʨʝʢʮʠʿʝ ʝʣʝʤʝʥʘʪʘ. 
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2 ʌʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʙʠ˂ʝ ʧʨʠʢʘʟʘʥ ʥʘʯʠʥ ʨʝʘʣʠʟʘʮʠʿʝ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ ʩʘ ʩʧʨʝʛʥʫʪʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ. ʋʚʦʜʝ ʩʝ ʦʧʰʪʠ ʪʝʨʤʠʥʠ ʠ ʧʨʠʥʮʠʧʠ 

ʚʝʟʘʥʠ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʨʝʟʦʥʘʪʦʨʘ, ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ, ʪʠʧʦʚʘ ʩʧʨʝʛʘ, 

ʝʢʩʪʨʘʢʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʠ ʧʨʠʤʝʥʝ ʪʠʭ ʨʝʟʫʣʪʘʪʘ ʧʨʠ ʧʨʦʿʝʢʪʦʚʘˁʫ ʬʠʣʪʨʘ. 

2.1 ʈʝʟʦʥʘʪʦʨʠ 

ʈʝʟʦʥʘʪʦʨʠ ʩʫ ʢʦʣʘ ʦʜ ʩʫʰʪʠʥʩʢʦʛ ʟʥʘʯʘʿʘ ʟʘ ʤʠʢʨʦʪʘʣʘʩʥʝ ʩʢʣʦʧʦʚʝ ʤʝʹʫ 

ʢʦʿʠʤʘ ʩʫ ʦʩʮʠʣʘʪʦʨʥʘ ʢʦʣʘ, ʧʦʿʘʯʘʚʘʯʠ ʠ ʤʠʢʨʦʪʘʣʘʩʥʠ ʬʠʣʪʨʠ [11], [13]. ʅʝʢʝ 

ʦʧʰʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʦʚʠʭ ʢʦʣʘ ʤʦʛʫ ʩʝ ʦʧʠʩʘʪʠ ʢʦʨʠʩʪʝ˂ʠ ʫʦʙʠʯʘʿʝʥʝ 

ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ ʩʘ ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʢʦʤʧʦʥʝʥʪʘʤʘ [14]. ʅʘ ʩʣʠʮʠ 2.1 ʧʨʠʢʘʟʘʥʝ 

ʩʫ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʟʘ ʜʚʘ ʪʠʧʘ ʨʝʟʦʥʘʪʦʨʘ, ʨʝʜʥʠ ʠ ʧʘʨʘʣʝʣʥʠ ʨʝʟʦʥʘʪʦʨ. ʋ 

ʦʙʟʠʨ ʩʫ ʫʟʝʪʠ ʠ ʛʫʙʠʮʠ ʢʦʿʠ ʥʘʩʪʘʿʫ ʫ ʢʘʣʝʤʫ ʠ ʢʦʥʜʝʥʟʘʪʦʨʫ ʫʩʣʝʜ ʟʨʘʯʝˁʘ ʠ 

ɷʫʣʦʚʠʭ ʛʫʙʠʪʘʢʘ ʠ ʧʨʝʜʩʪʘʚˀʝʥʠ ʩʫ ʝʢʚʠʚʘʣʝʥʪʥʦʤ ʦʪʧʦʨʥʦʰ˂ʫ ʦʜʥʦʩʥʦ 

ʧʨʦʚʦʜʥʦʰ˂ʫ. 

RL C

G

(ʘ) (ʙ)

C

L

 

ʉʣʠʢʘ 2.1. ɽʢʚʠʚʘʣʝʥʪʥʘ ʧʨʝʜʩʪʘʚʘ ʨʝʟʦʥʘʪʦʨʘ ʟʘ ʛʫʙʠʮʠʤʘ: (ʘ) ʨʝʜʥʦʛ ʠ  

(ʙ) ʧʘʨʘʣʝʣʥʦʛ. 

ʅʘ ʨʝʟʦʥʘʥʪʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʝʢʚʠʚʘʣʝʥʪʘ ʦʪʧʦʨʥʦʩʪ ʨʝʟʦʥʘʪʦʨʘ 2.1ʘ ʦʜʥʦʩʥʦ 

ʧʨʦʚʦʜʥʦʩʪ ʨʝʟʦʥʘʪʦʨʘ 2.1ʙ ʿʝʜʥʘʢʘ ʿʝ R ʦʜʥʦʩʥʦ G. ʈʝʟʦʥʘʥʪʥʘ ʢʨʫʞʥʘ 

ʫʯʝʩʪʘʥʦʩʪ ʫ ʦʙʘ ʩʣʫʯʘʿʘ ʿʝ 

0

1
�&

LC
= .                                                           (2.1) 
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ɺʘʞʘʥ ʧʘʨʘʤʝʪʘʨ ʟʘ ʦʧʠʩʠʚʘˁʝ ʨʝʟʦʥʘʪʦʨʘ, ʘ ʩʘʤʠʤ ʪʠʤ ʠ ʬʠʣʪʨʘ 

ʨʝʘʣʠʟʦʚʘʥʦʛ ʩʘ ʧʦʩʤʘʪʨʘʥʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ ʿʝ ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ ʥʝʦʧʪʝʨʝ˂ʝʥʦʛ 

ʨʝʟʦʥʘʪʦʨʘ. ʆʧʰʪʘ ʜʝʬʠʥʠʮʠʿʘ ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ ʿʝ 

gub

tot
0

P

W
Q w=                                                        (2.2) 

ʛʜʝ ʿʝ ɤ0 ʨʝʟʦʥʘʥʪʥʘ ʢʨʫʞʥʘ ʫʯʝʩʪʘʥʦʩʪ, Wtot ʫʢʫʧʥʘ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʘ ʝʥʝʨʛʠʿʘ 

ʨʝʟʦʥʘʪʦʨʘ, Pgub ʩʨʝʜˁʘ ʩʥʘʛʘ ʛʫʙʠʪʘʢʘ ʫ ʪʦʢʫ ʿʝʜʥʦʛ ʧʝʨʠʦʜʘ. 

ɿʘ ʜʘˀʫ ʘʥʘʣʠʟʫ ʧʘʨʘʣʝʣʥʦʛ ʨʝʟʦʥʘʪʦʨʘ (ʢʘʦ ʤʨʝʞʝ ʩʘ ʿʝʜʥʠʤ ʧʨʠʩʪʫʧʦʤ, ʩʘ 

ʩʣʠʢʝ 2.1ʙ), ʜʝʬʠʥʠʰʝ ʩʝ ʥʘʧʦʥ ʥʘ ʫʣʘʟʫ UP ʠ ʫʣʘʟʥʘ ʠʤʧʝʜʘʥʩʘ ZUL. ʀʟ ʪʝʦʨʠʿʝ 

ʝʣʝʢʪʨʠʯʥʠʭ ʢʦʣʘ ʧʦʟʥʘʪʦ ʿʝ ʜʘ ʿʝ ʥʘ ʨʝʟʦʥʘʥʪʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʝʥʝʨʛʠʿʘ 

ʘʢʫʤʫʣʠʨʘʥʘ ʫ ʨʝʟʦʥʘʪʦʨʫ ʧʦʜʿʝʜʥʘʢʦ ʨʘʩʧʦʜʝˀʝʥʘ ʫ ʢʘʣʝʤʫ ʠ ʢʦʥʜʝʥʟʘʪʦʨʫ, ʪʿ. 

WL = WC. ʄʘʢʩʠʤʘʣʥʘ ʪʨʝʥʫʪʥʘ ʚʨʝʜʥʦʩʪ ʘʢʫʤʫʣʠʩʘʥʝ ʝʥʝʨʛʠʿʝ ʢʘʣʝʤʘ ʿʝ 

WLmax = Wtot, ʢʘʜ ʿʝ ʝʥʝʨʛʠʿʘ ʢʦʥʜʝʥʟʘʪʦʨʘ ʿʝʜʥʘʢʘ ʥʫʣʠ. ɺʘʞʠ ʠ ʦʙʨʥʫʪ ʩʣʫʯʘʿ ʟʘ 

ʢʦʥʜʝʥʟʘʪʦʨ WCmax = Wtot. ɿʙʦʛ ʦʜʨʞʘˁʘ ʝʥʝʨʛʠʿʝ, ʩʣʝʜʠ ʜʘ ʿʝ ʫʢʫʧʥʘ 

ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʘ ʝʥʝʨʛʠʿʘ ʨʝʟʦʥʘʪʦʨʘ Wtot = WL + WC = 2 WL = 2 WC =CUm
2
/2. ʉʘ 

ʜʨʫʛʝ ʩʪʨʘʥʝ ʛʫʙʠʮʠ ʨʝʟʦʥʘʪʦʨʘ ʩʫ Pgub = GUm
2
/2 ʪʘʢʦ ʜʘ ʜʦʣʘʟʠʤʦ ʜʦ ʠʟʨʘʟʘ ʟʘ 

ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ ʧʘʨʘʣʝʣʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʩʣʠʢʝ 2.1ʙ 

P 0

1
�&

C C
Q

G G L
= = .                                                  (2.3) 

ɸʥʘʣʦʛʥʦ ʦʚʦʤʝ, ʫ ʩʣʫʯʘʿʫ ʨʝʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʜʦʙʠʿʘ ʩʝ ʠʟʨʘʟ ʟʘ ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ 

S 0

1
�&

L L
Q

R R C
= = .                                                  (2.4) 

ʇʦʛʦʜʘʥ ʤʝʪʦʜ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ ʦʩʮʠʣʘʪʦʨʥʦʛ ʢʦʣʘ ʟʘʩʥʠʚʘ ʩʝ 

ʥʘ ʤʝʨʝˁʫ ʫʣʘʟʥʝ ʠʤʧʝʜʘʥʩʘ. ɸʢʦ ʩʝ ʧʦʩʤʘʪʨʘ ʫʣʘʟʥʘ ʠʤʧʝʜʘʥʩʘ ʧʘʨʘʣʝʣʥʦʛ 

ʨʝʟʦʥʘʪʦʨʘ ʜʦʙʠʿʘ ʩʝ 

1

UL

1 1
j�&

j�&
Z C

R L

-

å õ
= + +æ ö
ç ÷

.                                           (2.5) 
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ɸʢʦ ʩʝ ʫ ʦʢʦʣʠʥʠ ʨʝʟʦʥʘʥʪʥʝ ʢʨʫʞʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ɤ0 ʫʚʝʜʝ ʦʜʩʪʫʧʘˁʝ ʢʨʫʞʝ 

ʫʯʝʩʪʘʥʦʩʪʠ 
0w-w=wD  ʠ ʢʦʨʠʩʪʠ ʨʘʟʚʦʿ ʫ ʨʝʜ ʠʟʨʘʟʘ 2

0 0 01 (�& �&�� �� �& �& �&+D º -D , 

ʜʦʙʠʿʘ ʩʝ  

1

02

00

1

UL jj
jj

11
j

j

11
--

ö
ö
÷

õ
æ
æ
ç

å
wD+w+

w

wD
-

w
+ºöö

÷

õ
ææ
ç

å
w+

w
+= CC

LLR
C

LR
Z ,        (2.6) 

ʘ ʢʦʨʠʩʪʝ˂ʠ ʿʝʜʥʘʢʦʩʪ 0j)j(1 00 =w+w CL  ʠʟʨʘʟ (2.6) ʩʝ ʧʦʿʝʜʥʦʩʪʘʚˀʫʿʝ ʥʘ 

)(2j12j 0

2

0

2

0
UL

wwD+
=
wD+w

w
º

Q

R

RL

RL
Z .                               (2.7) 

ɸʤʧʣʠʪʫʜʩʢʘ ʠ ʬʘʟʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʫʣʘʟʥe ʠʤʧʝʜʘʥʩe (2.7) ʫ ʬʫʥʢʮʠʿʠ 

0
� & � &D  ʧʨʠʢʘʟʘʥʘ ʿʝ ʥʘ ʩʣʠʮʠ 2.2. ɸʤʧʣʠʪʫʜʩʢʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʿʝ ʥʦʨʤʘʣʠʟʦʚʘʥʘ 

ʩʘ R, ʘ ʫʩʚʦʿʝʥʦ ʿʝ 2 1.=Q  

 

ʉʣʠʢʘ 2.2. ɸʤʧʣʠʪʫʜʩʢʘ ʠ ʬʘʟʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʥʦʨʤʘʣʠʟʦʚʘʥʝ ʫʣʘʟʥʝ 

ʠʤʧʝʜʘʥʩʝ ʧʘʨʘʣʝʣʥʦʛ ʦʩʮʠʣʘʪʦʨʥʦʛ ʢʦʣʘ ʩʘ ʩʣʠʢʝ 2.1. 

ɸʥʘʣʠʟʦʤ ʩʝ ʜʦʙʠʿʘ ʜʘ ʘʤʧʣʠʪʫʜʩʢʘ ʢʘʨʘʪʝʨʠʩʪʠʢʘ ʫʣʘʟʥʝ ʠʤʧʝʜʘʥʩʝ ʠʤʘ 

ʚʨʝʜʥʦʩʪ 0,707 |ZUL(jɤ0)| ʢʘʜʘ ʿʝ 02 �& �& ��QD =, ʠʟ ʯʝʛʘ ʩʣʝʜʠ ʜʘ ʿʝ ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ 
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0

norm

�& 1

2 �& �%�:
Q= =

D
.                                                   (2.8) 

ɸʧʨʦʢʩʠʤʘʪʠʚʥʘ ʬʦʨʤʫʣʘ (2.8) ʜʘʿʝ ʥʦʚʫ ʤʦʛʫ˂ʥʦʩʪ ʟʘ ʧʨʘʢʪʠʯʥʦ ʤʝʨʝˁʝ 

ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ ʦʩʮʠʣʘʪʦʨʥʦʛ ʢʦʣʘ ʢʦʿʝ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʤʝʨʝˁʫ ʤʦʜʫʣʘ ʫʣʘʟʥʝ 

ʠʤʧʝʜʘʥʩʝ. ʌʘʢʪʦʨ ʜʦʙʨʦʪʝ ʿʝ ʿʝʜʥʘʢ ʨʝʮʠʧʨʦʯʥʦʿ ʚʨʝʜʥʦʩʪʠ ʥʦʨʤʘʣʠʟʦʚʘʥʝ 

ʰʠʨʠʥʝ ʪʨʦʜʝʮʠʙʝʣʩʢʦʛ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ. 

ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʪʦʛʘ ʰʪʘ ʦʪʧʦʨʥʦʩʪ ( )1/=R G  ʧʘʨʘʣʝʣʥʦʛ ʦʩʮʠʣʘʪʦʨʥʦʛ ʢʦʣʘ 

ʧʨʝʜʩʪʘʚˀʘ, ʧʦʩʪʦʿʝ ʪʨʠ ʜʝʬʠʥʠʮʠʿʝ ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ ʦʩʮʠʣʘʪʦʨʥʦʛ ʢʦʣʘ. ɸʢʦ 

ʦʪʧʦʨʥʦʩʪ (R) ʧʨʝʜʩʪʘʚˀʘ ʛʫʙʠʪʢʝ ʩʘʤʦʛ ʨʝʟʦʥʘʪʦʨʘ ʪʘʜʘ ʿʝ ʪʦ Q-ʬʘʢʪʦʨ 

ʥʝʦʧʪʝʨʝ˂ʝʥʦʛ (unloaded) ʨʝʟʦʥʘʪʦʨʘ QU. ɸʢʦ ʿʝ ʧʘʨʘʣʝʣʥʦ ʨʝʟʦʥʘʪʦʨʫ 

ʧʨʠʢˀʫʯʝʥʘ ʥʝʢa ʩʧʦˀʘʰˁʘ ʤʨʝʞʘ ʩʘ ʛʫʙʠʮʠʤʘ ʝʢʚʠʚʘʣʝʥʪʥʦ ʧʨʝʜʩʪʘʚˀʝʥʠʤ ʩʘ 

RL, ʪʘʜʘ ʿʝ ʫ ʟʙʠʨʫ ʤʘˁʘ ʫʢʫʧʥʘ ʦʪʧʦʨʥʦʩʪ ʠ ʚʝ˂ʠ Q-ʬʘʢʪʦʨ. ʋ ʦʚʦʤ ʩʣʫʯʘʿʫ 

ʜʝʬʠʥʠʰʝʤʦ Q-ʬʘʢʪʦʨ ʦʧʪʝʨʝ˂ʝʥʦʛ (loaded) ʨʝʟʦʥʘʪʦʨʘ QL. ʊʨʝ˂ʠ ʩʣʫʯʘʿ ʿʝ ʢʘʜʘ 

ʩʝ ʧʦʩʤʘʪʨʘ ʨʝʟʦʥʘʪʦʨ ʙʝʟ ʛʫʙʠʪʘʢʘ ʧʨʠʢˀʫʯʝʥ ʥʘ ʩʧʦˀʘʰˁʫ ʤʨʝʞʫ ʩʘ ʛʫʙʠʮʠʤʘ, 

ʧʘ ʩʝ ʫ ʪʦʤ ʩʣʫʯʘʿʫ ʜʝʬʠʥʠʰʝ ʩʧʦˀʘʰˁʠ Q-ʬʘʢʪʦʨ ʨʝʟʦʥʘʪʦʨʘ (external) QE. ɿʘ 

ʪʘʢʦ ʜʝʬʠʥʠʩʘʥʝ Qïʬʘʢʪʦʨʝ ʚʘʞʠ ʨʝʣʘʮʠʿʘ 

L E U

1 1 1

Q Q Q
= + .                                                 (2.9) 

ɺʨʝʜʥʦʩʪ Q-ʬʘʢʪʦʨʘ (ʥʝʦʧʪʝʨʝ˂ʝʥʦʛ ʠ ʩʧʦˀʘʰˁʝʛ) ʿʝ ʦʜ ʚʝʣʠʢʦʛ ʟʥʘʯʘʿʘ ʟʘ 

ʧʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʘʨʘ. ɺʨʝʜʥʦʩʪʠ Q-ʬʘʢʪʦʨʘ ʦʜʨʝʫ́ʿʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʬʠʣʪʨʘ, 

ʩʣʘʙˀʝˁʝ ʫ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ, ʧʨʠʣʘʛʦʹʝˁʝ ʠ ʜʨʫʛʦ. 

2.2 ʉʧʨʝʛʥʫʪʠ ʨʝʟʦʥʘʪʦʨʠ 

ʉʧʨʝʛʥʫʪʠ ʨʝʟʦʥʘʪʦʨʠ ʩʫ ʦʜ ʚʝʣʠʢʝ ʚʘʞʥʦʩʪʠ ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ ʤʠʢʨʦʪʘʣʘʩʥʠʭ 

ʬʠʣʪʘʨʘ. ʇʨʚʝʥʩʪʚʝʥʦ ʩʝ ʢʦʨʠʩʪʝ ʧʨʠ ʨʝʘʣʠʟʘʮʠʿʠ ʬʠʣʪʘʨʘ ʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ, ʢʦʿʠ ʩʫ ʧʨʝʜʤʝʪ ʠʩʪʨʘʞʠʚʘˁʘ ʫ ʦʚʦʿ ʪʝʟʠ. ʉʧʨʝʛʥʫʪʠ ʨʝʟʦʥʘʪʦʨʠ 

ʤʦʛʫ ʩʝ ʨʝʘʣʠʟʦʚʘʪʠ ʫ ʨʘʟʥʠʤ ʪʝʭʥʠʢʘʤʘ ʢʘʦ ʰʪʦ ʿʝ ʪʘʣʘʩʦʚʦʜʥʘ, ʤʠʢʨʦʪʨʘʢʘʩʪʘ, 

ʚʠʰʝʩʣʦʿʥʘ ʠʪʜ [9], [11]. Dishal-ʦʚ ʤʝʪʦʜ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʘʨʘ ʩʘ ʩʧʨʝʛʥʫʪʠʤ 

ʨʝʟʦʥʘʪʦʨʠʤʘ ˂ʝ ʙʠʪʠ ʠʟʣʦʞʝʥ ʫ ʧʦʛʣʘʚˀʫ 2.3. ʉʧʨʝʛʘ ʨʝʟʦʥʘʪʦʨʘ ʤʦʞʝ ʙʠʪʠ 

ʧʨʝʪʝʞʥʦ: ʤʘʛʥʝʪʩʢʘ, ʝʣʝʢʪʨʠʯʥʘ ʠʣʠ ʤʝʰʦʚʠʪʘ [9]. ʋ ʥʘʨʝʜʥʠʤ ʧʦʛʣʘʚˀʠʤʘ ʙʠ˂ʝ 



19 
 

ʧʨʠʢʘʟʘʥʦ ʧʦʩʪʦʿʘˁʝ ʩʚʠʭ ʥʘʚʝʜʝʥʠʭ ʪʠʧʦʚʘ ʩʧʨʝʛʘ ʨʝʟʦʥʘʪʦʨʘ ʠ ˁʠʭʦʚ ʝʬʝʢʘʪ ʥʘ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʬʠʣʪʘʨʘ ʨʝʘʣʠʟʦʚʘʥʠʭ ʫ ʪʝʭʥʠʮʠ ʤʠʢʨʦʪʨʘʢʘʩʪʠʭ ʚʦʜʦʚʘ. 

ɼʝʪʘˀʥʦ ˂ʝ ʙʠʪʠ ʠʟʚʝʜʝʥʘ ʠ ʤʘʪʝʤʘʪʠʯʢʠ ʬʦʨʤʫʣʠʩʘʥʘ ʩʧʨʝʛʘ ʨʝʟʦʥʘʪʦʨʘ ʠ 

ʨʝʣʘʮʠʿʝ ʢʦʿʝ ʦʤʦʛʫ˂ʘʚʘʿʫ ʿʝʜʥʦʩʪʘʚʥʦ ʠʟʨʘʯʫʥʘʚʘˁʝ ʢʦʝʬʠʮʠʿʝʥʪʘ ʩʧʨʝʛʝ ʠ 

ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ ʨʝʟʦʥʘʪʦʨʘ ʥʘ ʦʩʥʦʚʫ ʨʝʟʫʣʪʘʪʘ 3D EM ʩʠʤʫʣʘʮʠʿʘ. 

2.2.1 ʄʘʛʥʝʪʩʢʠ ʩʧʨʝʛʥʫʪʠ ʨʝʟʦʥʘʪʦʨʠ 

ɿʘ ʧʦʪʨʝʙʝ ʘʥʘʣʠʟʝ ʤʘʛʥʝʪʩʢʠ ʩʧʨʝʛʥʫʪʠʭ ʨʝʟʦʥʘʪʦʨʘ ʧʦʩʤʘʪʨʘ ʩʝ 

ʝʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʬʠʣʪʨʘ ʩʘ n ʩʧʨʝʛʥʫʪʠʭ ʨʝʟʦʥʘʪʦʨʘ ʧʦʤʦ˂ʫ ʣʠʥʝʘʨʥʦʛ 

ʠʥʜʫʢʪʠʚʥʦʛ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ, ʩʣʠʢʘ 2.3. 

Ug

R1

Rn

Cn

LnLn-1L2L1

Cn-1C2
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I1 I2 In-1 In

L12 L(n-1)n

 

ʉʣʠʢʘ 2.3. ɽʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ n ʩʧʨʝʛʥʫʪʠʭ ʨʝʟʦʥʘʪʦʨʘ ʧʦʤʦ˂ʫ ʣʠʥʝʘʨʥʦʛ 

ʠʥʜʫʢʪʠʚʥʦʛ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ. 

ɿʘ ʰʝʤʫ ʩʘ ʩʣʠʢʝ 2.3 ʤʦʞʝ ʩʝ ʥʘʧʠʩʘʪʠ ʩʠʩʪʝʤ ʦʜ n ʿʝʜʥʘʯʠʥʘ ʟʘ n ʢʦʥʪʫʨʘ. 

ɸʢʦ ʨʝʬʝʨʝʥʪʥʝ ʩʤʝʨʦʚʝ ʢʦʥʪʫʨʥʠʭ ʩʪʨʫʿʘ ʫʩʚʦʿʠʤʦ ʢʘʦ ʥʘ ʩʣʠʮʠ 2.3, ʧʨʠ ʯʝʤʫ 

ʚʘʞʠ Lij = Lji, i, j = 1..n, ʪʘʜʘ ʿʝ 
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.                           (2.10) 

ʉʠʩʪʝʤ ʿʝʜʥʘʯʠʥʘ (2.10) ʤʦʞʝ ʩʝ ʧʨʝʜʩʪʘʚʠʪʠ ʫ ʤʘʪʨʠʯʥʦʤ ʦʙʣʠʢʫ ʢʘʦ 
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,     (2.11) 

ʰʪʦ ʩʝ ʤʦʞʝ ʥʘʧʠʩʘʪʠ ʢʘʦ 

[][][]Z I U=                                                      (2.12) 

ʛʜʝ ʿʝ [Z] ʤʘʪʨʠʮʘ ʩʠʩʪʝʤʘ ʿʝʜʥʘʯʠʥʘ ʢʦʥʪʫʨʥʠʭ ʩʪʨʫʿʘ ʜʠʤʝʥʟʠʿʝ n × n. 

ɸʢʦ ʩʝ ʧʦʩʤʘʪʨʘ ʩʣʫʯʘʿ ʢʘʜ ʩʫ ʩʚʠ ʨʝʟʦʥʘʪʦʨʠ ʠʜʝʥʪʠʯʥʠ, ʠʩʪʝ ʨʝʟʦʥʘʥʪʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ ʢʦʿʘ ʿʝ ʿʝʜʥʘʢʘ ʮʝʥʪʨʘʣʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʬʠʣʪʨʘ 
0� & � �= LC , ʪʿ. 

L1 = L2 = ... = Ln ʠ C1 = C2 = ... = Cn, ʤʘʪʨʠʮʘ [Z] ʩʝ ʤʦʞʝ ʫʧʨʦʩʪʠʪʠ ʠ 

ʥʦʨʤʘʣʠʟʦʚʘʪʠ ʧʘ ʩʣʝʜʠ 
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0�&L FBW Zè ø= Ö ê ú                                                  (2.13) 

ʛʜʝ ʿʝ Zè øê ú ʥʦʨʤʘʣʠʟʦʚʘʥʘ ʤʘʪʨʠʮʘ ʠʤʧʝʜʘʥʩʠ, 
0

� & � &=DFBW
 
ʨʝʣʘʪʠʚʥʘ ʰʠʨʠʥʘ 

ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʬʠʣʪʨʘ, ʘ 0

0

�&1 �&
j

� & � &
p

FBW

å õ
= -æ ö

ç ÷
 ʢʦʤʧʣʝʢʩʥʘ ʧʨʦʤʝˁʠʚʘ ʟʘʚʠʩʥʘ 

ʦʜ ʢʨʫʞʥʝ ʫʯʝʩʪʘʥʦʩʪʠ. 
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ɸʢʦ ʩʝ ʫ ʤʘʪʨʠʮʠ []Z  ʫʦʯʝ ʩʧʦˀʘʰˁʠ ʬʘʢʪʦʨʠ ʜʦʙʨʦʪʝ ʧʨʚʦʛ ʠ ʧʦʩʣʝʜˁʝʛ 

ʨʝʟʦʥʘʪʦʨʘ 
0 1 e1

�& =L R Q  ʠ 
0 e

�& =
n n

L R Q , ʢʦʝʬʠʮʠʿʝʥʪ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ 

= =
ij ij i j ij

k L L L L L ʠ ʫʚʝʜʝ ʘʧʨʦʢʩʠʤʘʮʠʿʘ 
0

�& �& ��º  (ʟʘ ʫʩʢʝ ʧʨʦʧʫʩʥʝ ʦʧʩʝʛʝ) 

ʤʘʪʨʠʮʘ []Z
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,                                (2.14) 

ʛʜʝ ʩʫ 

e e , 1,i iq Q FBW i n= Ö =,                                   (2.15) 

ʩʢʘʣʠʨʘʥʠ ʩʧʦˀʘʰˁʠ ʬʘʢʪʦʨʠ ʜʦʙʨʦʪʝ ʨʝʟʦʥʘʪʦʨʘ, ʘ 

ij

ij

M
m

FBW
= ,                                                 (2.16) 

ʩʢʘʣʠʨʘʥʠ ʢʦʝʬʠʮʠʿʝʥʪʠ ʩʧʨʝʛʝ ʨʝʟʦʥʘʪʦʨʘ. 

ɸʢʦ ʩʝ ʥʘ ʧʨʚʠ ʨʝʟʦʥʘʪʦʨ ʧʨʠʢˀʫʯʠ ʛʝʥʝʨʘʪʦʨ ʫʥʫʪʨʘʰˁʝ ʦʪʧʦʨʥʦʩʪʠ R1 

(ʧʨʠʩʪʫʧ 1), ʘ ʥʘ ʧʦʩˀʝʜˁʠ ʧʨʠʢˀʫʯʠ ʧʦʪʨʦʰʘʯ ʦʪʧʦʨʥʦʩʪʠ Rn (ʧʨʠʩʪʫʧ 2), 

ʢʦʨʠʩʪʝ˂ʠ ʿʝʜʥʘʯʠʥʝ (1.1) ʠ (1.2) ʤʦʞʝ ʩʝ ʜʦ˂ʠ ʜʦ ʠʟʨʘʟʘ ʟʘ ʚʝʟʫ S-ʧʘʨʘʤʝʪʘʨʘ ʪʝ 

ʤʨʝʞʝ ʠ ʥʦʨʤʘʣʠʟʦʚʘʥʝ ʤʘʪʨʠʮʝ ʠʤʧʝʜʘʥʩʠ 

1
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e e
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Ö n
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,                                                (2.17) 

1

11 11
e1

2
1

-

è ø= - ê úS Z
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,                                                   (2.18) 

ʛʜʝ ʿʝ 
1

ij
Z

-

è øê ú ʝʣʝʤʝʥʪ ʫ i-ʪʦʿ ʢʦʣʦʥʠ ʠ �•-ʪʦʿ ʚʨʩʪʠ ʠʥʚʝʨʟʥʝ ʥʦʨʤʘʣʠʟʦʚʘʥʝ ʤʘʪʨʠʮʝ 

[]Z . ʀʘʢʦ ʩʝ ʫ ʿʝʜʥʘʯʠʥʘʤʘ (2.17) ʠ (2.18) ʩʘʜʨʞʠ ʩʘʤʦ ʧʦ ʿʝʜʘʥ ʝʣʝʤʝʥʪ ʤʘʪʨʠʮʝ, 
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ʦʚʠʤ ʿʝʜʥʘʯʠʥʘʤʘ ʩʫ ʫ ʧʦʪʧʫʥʦʩʪʠ ʦʧʠʩʘʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʮʝʣʦʢʫʧʥʦʛ ʬʠʣʪʨʘ 

ʧʦʤʦ˂ʫ S-ʧʘʨʘʤʝʪʘʨʘ. ɱʝʜʥʘʯʠʥʝ (2.17) ʠ (2.18) ʩʝ ʢʦʨʠʩʪʝ ʢʘʦ ʪʝʦʨʠʿʩʢʘ ʦʩʥʦʚʘ 

ʧʨʠ ʧʨʦʿʝʢʪʦʚʘˁʫ ʬʠʣʪʘʨʘ ʩʘ ʤʘʛʥʝʪʩʢʠ ʩʧʨʝʛʥʫʪʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ. 

2.2.2 ɽʣʝʢʪʨʠʯʥʦ ʩʧʨʝʛʥʫʪʠ ʨʝʟʦʥʘʪʦʨʠ 

ɼʨʫʛʠ ʚʠʜ ʩʧʨʝʛʘ ʢʦʿʠ ʩʝ ʿʘʚˀʘ ʫ ʩʣʫʯʘʿʫ ʩʧʨʝʛʥʫʪʠʭ ʨʝʟʦʥʘʪʦʨʘ ʿʝ ʝʣʝʢʪʨʠʯʥʘ 

ʩʧʨʝʛʘ. ʋ ʪʦʤ ʩʤʠʩʣʫ ʿʝ ʧʦʞʝˀʥʦ, ʘʥʘʣʦʛʥʦ ʧʨʝʪʭʦʜʥʦʿ ʘʥʘʣʠʟʠ, ʥʘ˂ʠ ʚʝʟʫ S-

ʧʘʨʘʤʝʪʘʨʘ ʠ ʝʣʝʢʪʨʠʯʥʠʭ ʩʧʨʝʛʘ ʨʝʟʦʥʘʪʦʨʘ. ɿʘ ʧʦʪʨʝʙʝ ʘʥʘʣʠʟʝ ʝʣʝʢʪʨʠʯʥʦ 

ʩʧʨʝʛʥʫʪʠʭ ʨʝʟʦʥʘʪʦʨʘ ʧʦʩʤʘʪʨʘ ʩʝ ʝʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʬʠʣʪʨʘ ʩʘ n ʢʘʧʘʮʠʪʠʚʥʦ 

ʩʧʨʝʛʥʫʪʠʭ ʨʝʟʦʥʘʪʦʨʘ ʧʨʠʢʘʟʘʥʠʭ ʥʘ ʩʣʠʮʠ 2.4. 
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ʉʣʠʢʘ 2.4. ɽʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʬʠʣʪʨʘ ʩʘ n ʢʘʧʘʮʠʪʠʚʥʦ ʩʧʨʝʛʥʫʪʠʭ ʨʝʟʦʥʘʪʦʨʘ. 

ɿʘ hʝʤʫ ʩʘ ʩʣʠʢʝ 2.4 ʤʦʞʝ ʩʝ ʥʘʧʠʩʘʪʠ ʩʠʩʪʝʤ ʦʜ n ʿʝʜʥʘʯʠʥʘ ʟʘ n ʯʚʦʨʦʚʘ. 

ɸʢʦ ʩʝ ʨʝʬʝʨʝʥʪʥʠ ʩʤʝʨʦʚʠ ʟʘ ʥʘʧʦʥʝ ʫʩʚʦʿʝ ʢʘʦ ʥʘ ʩʣʠʮʠ 2.4, ʧʨʠ ʯʝʤʫ ʚʘʞʠ 

Cij = Cji, i, j = 1..n, ʪʘʜʘ ʿʝ 
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                       (2.19) 

ʉʠʩʪʝʤ ʿʝʜʥʘʯʠʥʘ (2.19) ʩʝ ʤʦʞʝ ʧʨʝʜʩʪʘʚʠʪʠ ʫ ʤʘʪʨʠʯʥʦʤ ʦʙʣʠʢʫ ʢʘʦ: 
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      (2.20) 

ʰʪʦ ʩʝ ʤʦʞʝ ʥʘʧʠʩʘʪʠ  

[][][]G U I=                                                            (2.21) 

ʛʜʝ ʿʝ [Y] ʤʘʪʨʠʮʘ ʘʜʤʠʪʘʥʩʠ ʜʠʤʝʥʟʠʿʘ n × n. 

ɸʢʦ ʩʝ ʧʦʩʤʘʪʨʘ ʩʣʫʯʘʿ ʢʘʜ ʩʫ ʩʚʠ ʨʝʟʦʥʘʪʦʨʠ ʠʜʝʥʪʠʯʥʠ, ʠʩʪʝ ʨʝʟʦʥʘʥʪʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ ʢʦʿʘ ʿʝ ʿʝʜʥʘʢʘ ʮʝʥʪʨʘʣʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʬʠʣʪʨʘ 
0� & � �= LC , ʪʿ. 

L1 = L2 = ... = Ln ʠ C1 = C2 = ... = Cn, ʤʘʪʨʠʮʘ [Y] ʩʝ ʤʦʞʝ ʫʧʨʦʩʪʠʪʠ ʠ 

ʥʦʨʤʘʣʠʟʦʚʘʪʠ ʧʘ ʩʣʝʜʠ: 
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0�&C FBW Yè ø= Ö ê ú                                                  (2.22) 

ʛʜʝ ʿʝ Yè øê ú ʥʦʨʤʘʣʠʟʦʚʘʥʘ ʤʘʪʨʠʮʘ ʘʜʤʠʪʘʥʩʠ, 
0

�û�& �&=FBW  ʨʝʣʘʪʠʚʥʘ ʰʠʨʠʥʘ 

ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʬʠʣʪʨʘ, ʘ 0
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p j
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 ʢʦʤʧʣʝʢʩʥʘ ʧʨʦʤʝʥˀʠʚʘ 

ʟʘʚʠʩʥʘ ʦʜ ʢʨʫʞʥʝ ʫʯʝʩʪʘʥʦʩʪʠ. 



24 
 

ɸʢʦ ʩʝ ʫ ʤʘʪʨʠʮʠ Yè øê ú ʫʦʯʝ ʩʧʦˀʘʰˁʠ ʬʘʢʪʦʨʠ ʜʦʙʨʦʪʝ ʧʨʚʦʛ ʠ ʧʦʩʣʝʜˁʝʛ 

ʨʝʟʦʥʘʪʦʨʘ 
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,                                (2.23) 

ʛʜʝ ʩʫ 

e e , 1,i iq Q FBW i n= Ö =,                                    (2.24) 

ʩʢʘʣʠʨʘʥʠ ʩʧʦˀʘʰˁʠ ʬʘʢʪʦʨʠ ʜʦʙʨʦʪʝ ʨʝʟʦʥʘʪʦʨʘ, ʘ 

ij

ij

k
m

FBW
= ,                                                 (2.25) 

ʩʢʘʣʠʨʘʥʠ ʢʦʝʬʠʮʠʿʝʥʪʠ ʩʧʨʝʛʝ ʨʝʟʦʥʘʪʦʨʘ. 

ʅʘ ʘʥʘʣʦʛʘʥ ʥʘʯʠʥ ʢʘʦ ʫ ʧʦʛʣʘʚˀʫ 2.2.1, ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʤʦʞʝ ʩʝ ʜʦ˂ʠ ʜʦ 

ʠʟʨʘʟʘ ʟʘ ʚʝʟʫ S-ʧʘʨʘʤʝʪʘʨʘ ʤʨʝʞʝ ʠ ʥʦʨʤʘʣʠʟʦʚʘʥʝ ʤʘʪʨʠʮʝ ʘʜʤʠʪʘʥʩʠ 
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                                                 (2.26) 

1

11 11
e1

2
1

-

è ø= -ê úS Y
q

                                                    (2.27) 

ʛʜʝ ʿʝ 
1

ij
Y

-

è øê ú ʝʣʝʤʝʥʪ ʫ i-ʪʦʿ ʢʦʣʦʥʠ ʠ �•-ʪʦ ʿʚʨʩʪʠ ʤʘʪʨʠʮʝ 
1

Y
-

è øê ú. ɱʝʜʥʘʯʠʥʝ (2.26) ʠ 

(2.27) ʩʝ ʢʦʨʠʩʪʝ ʢʘʦ ʪʝʦʨʠʿʩʢʘ ʦʩʥʦʚʘ ʧʨʠ ʧʨʦʿʝʢʪʦʚʘˁʫ ʬʠʣʪʘʨʘ ʩʘ ʢʘʧʘʮʠʪʠʚʥʦ 

ʩʧʨʝʛʥʫʪʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ. 
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2.2.3 ʆʧʰʪʘ ʤʘʪʨʠʮʘ ʩʧʨʝʛʝ ʨʝʟʦʥʘʪʦʨʘ 

ʋʦʯʘʚʘ ʩʝ ʚʝʣʠʢʘ ʩʣʠʯʥʦʩʪ ʠʟʨʘʟʘ (2.17) ʠ (2.18) ʩʘ ʠʟʨʘʟʠʤʘ (2.26) ʠ (2.27) ʿʝʨ 

ʩʫ ʿʝʜʥʘʢʝ ʥʦʨʤʘʣʠʟʦʚʘʥe ʤʘʪʨʠʮe ʠʤʧʝʜʘʥʩʠ ʠ ʘʜʤʠʪʘʥʩʠ. ʄʦʛʫ˂ʝ ʿʝ 

ʛʝʥʝʨʘʣʠʟʦʚʘʪʠ ʦʚʝ ʠʟʨʘʟʝ ʠʤʘʿʫ˂ʠ ʫ ʚʠʜʫ ʜʘ ʩʧʨʝʛʝ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ ʤʦʛʫ ʙʠʪʠ 

ʢʦʤʙʠʥʘʮʠʿʘ ʤʘʛʥʝʪʩʢʝ ʠ ʝʣʝʢʪʨʠʯʥʝ ʩʧʨʝʛʝ. ʋ ʪʦʤ ʩʣʫʯʘʿʫ ʤʦʛʫ ʩʝ ʠʟʚʝʩʪʠ 

ʩʣʦʞʝʥʠʿʝ ʨʝʣʘʮʠʿʝ ʢʦʿʝ ʧʦʚʝʟʫʿʫ S-ʧʘʨʘʤʝʪʨʝ ʠ ʦʧʰʪʫ ʤʘʪʨʠʮʫ ʩʧʨʝʛʘ [m] ʢʦʿʘ 

ʩʘʜʨʞʠ ʠ ʝʣʝʢʪʨʠʯʥʫ ʠ ʤʘʛʥʝʪʩʢʫ ʩʧʨʝʛʫ. ʂʦʤʙʠʥʫʿʫ˂ʠ ʿʝʜʥʘʯʠʥʝ (2.17) ʠ (2.26) 

ʢʘʦ ʠ (2.18) ʠ (2.27) ʜʦʣʘʟʠ ʩʝ ʜʦ ʠʟʨʘʟʘ 
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ʛʜʝ ʿʝ [][] [] []�•�: �T �S �8 �P= + - , []U
 
ʿʝ ʿʝʜʠʥʠʯʥʘ ʤʘʪʨʠʮʘ ʜʠʤʝʥʟʠʿʘ n × n, []q  ʝʿ 

ʤʘʪʨʠʮʘ ʜʠʤʝʥʟʠʿʘ n × n ʧʨʠ ʯʝʤʫ ʩʫ 
11 e11q q= ʠ 

e1nn nq q=  ʜʦʢ ʩʫ ʦʩʪʘʣʠ ʯʣʘʥʦʚʠ 

ʥʫʣʘ, ʘ []m  ʿʝ ʦʧʰʪʘ ʤʘʪʨʠʮʘ ʩʧʨʝʛʝ ʜʠʤʝʥʟʠʿʝ n × n. 

ɿʘ ʜʘʪʦ S21 ʠ S11 ʤʦʞʝ ʩʝ ʠʟʨʘʯʫʥʘʪʠ ʤʘʪʨʠʮʘ ʩʧʨʝʛʘ ʠ ʩʧʦˀʘʰˁʠ ʬʘʢʪʦʨʠ 

ʜʦʙʨʦʪʝ [15]. ʄʘʪʨʠʮʘ [m] ʿʝ ʨʝʮʠʧʨʦʯʥʘ, ʪʿ. mij = mji ʟʘ i, j = 1..n. ɸʢʦ ʧʦʩʪʦʿʝ 

ʥʝʥʫʣʪʠ ʝʣʝʤʝʥʪʠ ʚʘʥ ʛʣʘʚʥʝ ʜʠʿʘʛʦʥʘʣʝ ʪʦ ʟʥʘʯʠ ʜʘ ʧʦʩʪʦʿʝ ʩʧʨʝʛʝ ʠʟʤʝʹʫ 

ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʨʝʟʦʥʘʪʦʨʘ, ʘ ʥʝʥʫʣʪʠ ʝʣʝʤʝʥʪʠ ʫ ʛʣʘʚʥʦʿ ʜʠʿʘʛʦʥʘʣʠ ʩʝ ʿʘʚˀʘʿʫ ʫ 

ʩʣʫʯʘʿʫ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʨʝʟʦʥʘʥʪʥʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ. ʊʘʢʚʠ ʬʠʣʪʨʠ 

ʥʠʩʫ ʧʨʝʜʤʝʪ ʦʚʦʛ ʠʩʪʨʘʞʠʚʘˁʘ. ʅʘʚʝʜʝʥʘ ʘʥʘʣʠʟʘ ʠʤʘ ʚʝʣʠʢʠ ʪʝʦʨʠʿʩʢʠ ʟʥʘʯʘʿ 

ʧʨʠ ʧʨʦʿʝʢʪʦʚʘˁʫ ʬʠʣʪʘʨʘ ʨʝʘʣʠʟʦʚʘʥʠʭ ʧʦʤʦ˂ʫ ʩʧʨʝʛʥʫʪʠʭ ʨʝʟʦʥʘʪʦʨʘ. 

ʄʝʹʫʪʠʤ, ʫ ʩʣʫʯʘʿʫ ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʤʝʹʫʩʦʙʥʠʭ ʩʧʨʝʛʘ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ, ʧʦʩʪʦʿʝ 

ʿʝʜʥʦʩʪʘʚʥʠʿʝ ʤʝʪʦʜʝ ʙʘʟʠʨʘʥʝ ʥʘ ʦʧʪʠʤʠʟʘʮʠʿʠ ʟʘ ʧʨʘʢʪʠʯʥʫ ʩʠʥʪʝʟʫ ʬʠʣʪʨʘ. 
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2.3 Dishal-ʦʚ ʤʝʪʦʜ 

Dishal-ʦʚ ʤʝʪʦʜ ʦʧʠʩʫʿʝ ʚʝʦʤʘ ʧʨʘʢʪʠʯʘʥ ʥʘʯʠʥ ʩʠʥʪʝʟʝ ʬʠʣʪʘʨʘ ʨʝʘʣʠʟʦʚʘʥʠʭ 

ʩʘ ʩʧʨʝʛʥʫʪʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ. ʂʦʨʠʩʪʝ ʩʝ ʚʨʝʜʥʦʩʪʠ ʩʧʦˀʘʰˁʠʭ ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ 

ʠ ʩʧʨʝʛʝ ʠʟʤʝʹʫ ʩʫʩʝʜʥʠʭ ʨʝʟʦʥʘʪʦʨʘ [16]. ʀʘʢʦ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥ ʩʨʝʜʠʥʦʤ 

ʧʨʦʰʣʦʛ ʚʝʢʘ ʫ ʧʦʪʧʫʥʦʩʪʠ ʿʝ ʧʨʠʤʝʥʠˀʚ ʠ ʜʘʥʘʩ ʫʢˀʫʯʫʿʫ˂ʠ ʠ ʨʝʘʣʠʟʘʮʠʿʫ 

ʬʠʣʪʘʨʘ ʫ ʚʠʰʝʩʣʦʿʥʦʿ ʪʝʭʥʠʮʠ ʢʦʿʠ ʩʫ ʧʨʝʜʤʝʪ ʦʚʦʛ ʠʩʪʨʘʞʠʚaˁ ʘ. Dishal ʿʝ 

ʫʪʚʨʜʠʦ ʜʘ ʩʝ ʩʚʘʢʠ ʬʠʣʪʘʨ ʩʘ ʫʩʢʠʤ ʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ, ʨʝʘʣʠʟʦʚʘʥ ʩʘ 

ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʝʣʝʤʝʥʪʠʤʘ ʠʣʠ ʝʣʝʤʝʥʪʠʤʘ ʩʘ ʨʘʩʧʦʜʝˀʝʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ, 

ʤʦʞʝ ʧʨʝʜʩʪʘʚʠʪʠ ʩʘ ʪʨʠ ʧʘʨʘʤʝʪʨʘ: ʮʝʥʪʨʘʣʥʦʤ ʫʯʝʩʪʘʥʦʰ˂ʫ ʬʠʣʪʨʘ f0, ʩʧʨʝʛʦʤ 

ʠʟʤʝʹʫ ʩʫʩʝʜʥʠʭ ʨʝʟʦʥʘʪʦʨʘ , 1i ik +  ʠ ʬʘʢʪʦʨʦʤ ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʦʛ ʧʨʚʦʛ ʠ 

ʧʦʩʣʝʜˁʝʛ ʨʝʟʦʥʘʪʦʨʘ L1Q  ʠ LnQ . ʇʦʜ ʪʝʨʤʠʥʦʤ ʫʩʢʦʧʦʿʘʩʥʠ ʬʠʣʪʘʨ ʧʦʜʨʘʟʫʤʝʚʘ 

ʩʝ ʬʠʣʪʘʨ ʩʘ ʨʝʣʘʪʠʚʥʦʤ ʰʠʨʠʥʦʤ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʠ ʜʦ 20%. ʉʠʥʪʝʟʘ ʬʠʣʪʘʨʘ 

ʧʦʤʦ˂ʫ Dishal-ʦʚʦʛ ʤʝʪʦʜʘ ʤʦʞʝ ʩʝ ʧʨʝʜʩʪʘʚʠʪʠ ʫ ʥʝʢʦʣʠʢʦ ʢʦʨʘʢʘ [17]. ʂʘʦ 

ʧʦʣʘʟʥʠ ʧʦʜʘʮʠ ʢʦʨʠʩʪʝ ʩʝ ʟʘʭʪʝʚʠ ʟʘ ʰʠʨʠʥʫ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʬʠʣʪʨʘ, 

ʥʝʧʨʠʣʘʛʦʹʝˁʝ (
RLA ), ʤʘʢʩʠʤʘʣʥʦ ʜʦʟʚʦˀʝʥʦ ʩʣʘʙˀʝˁʝ ʫ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ ʠ 

ʤʠʥʠʤʘʣʥʦ ʩʣʘʙˀʝˁʝ ʫ ʥʝʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ. ɿʘ ʟʘʜʘʪʫ ʚʨʝʜʥʦʩʪ ʥʝʧʨʠʣʘʛʦʹʝˁʘ 

ʬʠʣʪʨʘ ʦʜʨʝʹʫʿʝ ʩʝ ʤʘʢʩʠʤʘʣʥʦ ʜʦʟʚʦˀʝʥʦ ʩʣʘʙˀʝˁʝ ʫ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ ʥʘ 

ʦʩʥʦʚʫ ʨʝʣʘʮʠʿʝ (ʟʘ ʏʝʙʠʰʝʚˀʝʚʫ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ripple factor 
dB �0(� & � �A )  
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.                                    (2.30) 

ɿʘʪʠʤ ʩʝ ʥʘ ʦʩʥʦʚʫ ʟʘʭʪʝʚʘ ʟʘ ʤʠʥʠʤʘʣʥʦ ʩʣʘʙˀʝˁʝ ʫ ʥʝʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ ʠ 

ʧʨʦʨʘʯʫʥʘʪʝ ʚʨʝʜʥʦʩʪʠ ʤʘʢʩʠʤʘʣʥʦʛ ʩʣʘʙˀʝˁʘ ʫ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ (ʪʘʣʘʩʥʦʩʪʠ) 

ʦʜʨʝʹʫʿʝ ʤʠʥʠʤʘʣʘʥ ʨʝʜ ʬʠʣʪʨʘ N ʟʘ ʞʝˀʝʥʫ ʘʧʨʦʢʩʠʤʘʮʠʿʫ (ʥʧʨ. ʟʘ 

ʏʝʙʠʰʝʚˀʝʚʫ ʘʧʨʦʢʩʠʤʘʮʠʿʫ). ʇʨʦʮʝʥʘ ʩʝ ʚʨʰʠ ʥʘ ʦʩʥʦʚʫ ʧʦʩʪʦʿʝ˂ʠʭ ʛʨʘʬʠʢʘ 

ʠʣʠ ʪʘʙʝʣʘ ʢʦʿʝ ʩʝ ʥʘʣʘʟʝ ʫ ʜʦʩʪʫʧʥʦʿ ʣʠʪʝʨʘʪʫʨʠ. ʆʥʘ ʩʣʫʞʠ ʩʘʤʦ ʢʘʦ ʧʦʯʝʪʥʘ 

ʚʨʝʜʥʦʩʪ ʢʦʿʘ ʩʝ ʢʘʩʥʠʿʝ ʤʦʞʝ ʢʦʨʠʛʦʚʘʪʠ, ʿʝʨ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʨʝʘʣʥʠʭ ʬʠʣʪʘʨʘ 

ʦʜʩʪʫʧʘʿʫ ʦʜ ʤʘʪʝʤʘʪʠʯʢʠʭ ʘʧʨʦʢʩʠʤʘʮʠʿʘ. ʅʘʢʦʥ ʪʦʛʘ, ʢʦʨʠʩʪʝ˂ʠ ʪʘʙʝʣʝ ʟʘ 

ʦʜʛʦʚʘʨʘʿʫ˂ʫ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʟʘ ʪʨʘʞʝʥʫ ʪʘʣʘʩʥʦʩʪ ʠ ʨʝʜ ʬʠʣʪʨʘ ʜʦʙʠʿʘʿʫ ʩʝ 

ʥʦʨʤʘʣʠʟʦʚʘʥʝ ʚʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʪʘ ʧʨʦʪʦʪʠʧʘ ʧʨʦʧʫʩʥʠʢʘ ʥʠʩʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ 

, 0, , 1
i

g i N= +. ʇʦʩʣʝ ʦʜʨʝʹʠʚʘˁʘ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʠ ʨʝʜʘ ʬʠʣʪʨʘ, ʧʨʝʣʘʟʠ ʩʝ ʥʘ 
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ʧʨʦʮʝʥʫ ʚʨʝʜʥʦʩʪʠ ʤʠʥʠʤʘʣʥʦʛ Q-ʬʘʢʪʦʨʘ ʥʝʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ, ʜʘ ʙʠ ʩʝ 

ʟʘʜʦʚʦˀʠʦ ʫʩʣʦʚ ʟʘ ʤʘʢʩʠʤʘʣʥʠʤ ʜʦʟʚʦˀʝʥʠʤ ʩʣʘʙˀʝˁʝʤ ʫ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ  

0
U

1IL

4,343 N

i

i

f
Q g

f A =

=
D

ä                                          (2.31) 

ʛʜʝ ʿʝ 
0

f  ʮʝʥʪʨʘʣʥʘ ʫʯʝʩʪʘʥʦʩʪ ʬʠʣʪʨʘ, fD  ʰʠʨʠʥʘ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʬʠʣʪʨʘ ʠ i
g  

ʚʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʪʘ ʧʨʦʪʦʪʠʧʘ ʧʨʦʧʫʩʥʠʢʘ ʥʠʩʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ. ɿʘʪʠʤ ʩʝ ʤʦʛʫ 

ʠʟʚʨʰʠʪʠ ʝʚʝʥʪʫʘʣʥʝ ʢʦʨʝʢʮʠʿʝ ʨʝʜʘ ʬʠʣʪʨʘ ʢʘʢʦ ʙʠ ʩʝ ʟʘʜʦʚʦˀʠʣʘ 

ʩʧʝʮʠʬʠʢʘʮʠʿʘ. ɿʘ ʠʟʘʙʨʘʥʠ ʨʝʜ ʬʠʣʪʨʘ ʠ ʘʧʨʦʢʩʠʤʘʮʠʿʫ, ʪʿ. ʟʘ ʦʜʛʦʚʘʨʘʿʫ˂ʝ 

ʢʦʝʬʠʮʠʿʝʥʪʝ 
i

g , ʤʦʛʫ ʩʝ ʦʜʨʝʜʠʪʠ ʥʝʦʧʭʦʜʥʝ ʚʨʝʜʥʦʩʪʠ ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʩʧʨʝʛʝ 

ʩʫʩʝʜʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʠ ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʦʛ ʧʨʚʦʛ ʠ ʧʦʩʣʝʜˁʝʛ 

ʨʝʟʦʥʘʪʦʨʘ ʥʘ ʦʩʥʦʚʫ ʬʦʨʤʫʣʘ 

, 1

1

, 1, , 1+

+

= = -
Ö

i i

i i

FBW
k i N

g g
                                   (2.32) 
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Kʦʨʠʩʪʝ˂ʠ Dishal-ʦʚ ʤʝʪʦʜ ʩʚʠ ʟʘʭʪʝʚʠ ʩʧʝʮʠʬʠʢʘʮʠʿʝ ʩʫ ʩʝ ʧʨʝʩʣʠʢʘʣʠ ʫ 

ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʚʨʝʜʥʦʩʪʠ ʩʧʨʝʛʝ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ ʠ ʬʘʢʪʦʨʝ ʜʦʙʨʦʪʝ ʧʨʚʦʛ ʠ 

ʧʦʩʣʝʜˁʝʛ ʨʝʟʦʥʘʪʦʨʘ. ɺʨʝʜʥʦʩʪʠ ʩʧʨʝʛʘ ʿʝ ʥʝʦʧʭʦʜʥʦ ʨʝʘʣʠʟʦʚʘʪʠ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ 

ʤʝʹʫʩʦʙʥʠʤ ʧʦʣʦʞʘʿʝʤ ʨʝʟʦʥʘʪʦʨʘ, ʘ ʚʨʝʜʥʦʩʪ 
L

Q  ʬʘʢʪʦʨʘ ʪʠʧʦʤ ʠ ʧʦʣʦʞʘʿʝʤ 

ʫʚʦʜʥʠʢʘ. ɺʨʝʜʥʦʩʪʠ ʩʧʨʝʛʘ ʠ ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ ʩʝ ʜʦʙʠʿʘʿʫ ʥʘ ʦʩʥʦʚʫ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʤʦʜʝʣʘ ʨʝʟʦʥʘʪʦʨʘ ʠ ʫʚʦʜʥʠʢʘ ʨʝʘʣʠʟʦʚʘʥʠʭ 

ʢʦʨʠʰ˂ʝˁʝʤ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠʭ ʝʣʝʢʪʨʦʤʘʛʥʝʪʥʠʭ (3D EM) ʩʠʤʫʣʘʪʦʨʘ [1], [2], 

[3]. ʊʘʢʦ ʩʝ ʜʦʙʠʿʘʿʫ ʨʘʜʥʝ ʢʨʠʚʝ ʟʘ ʚʨʝʜʥʦʩʪʠ k ʠ 
LQ  ʫ ʬʫʥʢʮʠʿʠ ʤʝʹʫʩʦʙʥʠʭ 

ʫʜʘˀʝʥʦʩʪʠ ʨʝʟʦʥʘʪʦʨʘ ʠ ʧʦʣʦʞʘʿʘ ʫʚʦʜʥʠʢʘ, ʨʝʩʧʝʢʪʠʚʥʦ. ʋ ʥʘʨʝʜʥʦʤ ʧʦʛʣʘʚˀʫ 

ʜʝʪʘˀʥʠʿʝ ʿʝ ʦʧʠʩʘʥ ʧʦʩʪʫʧʘʢ ʦʜʨʝʹʠʚʘˁʘ ʨʘʜʥʠʭ ʢʨʠʚʠʭ. ʅʘ ʢʨʘʿʫ, ʥʘʣʘʞʝˁʝʤ 

ʛʝʦʤʝʪʨʠʿʩʢʠʭ ʜʠʤʝʥʟʠʿʘ ʝʣʝʤʝʥʘʪʘ ʬʠʣʪʨʘ ʩʘ ʪʨʘʞʝʥʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʩʧʨʝʛʝ ʠ 

ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ, ʟʘʚʨʰʘʚʘ ʩʝ ʧʨʦʮʝʩ ʩʠʥʪʝʟʝ ʬʠʣʪʨʘ ʧʦʤʦ˂ʫ Dishal-ʦʚʦʛ ʤʝʪʦʜʘ. 
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2.4 ɽʢʩʪʨʘʢʮʠʿʘ ʢʦʝʬʠʮʠʿʝʥʪʘ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʥʘ ʦʩʥʦʚʫ 3D EM 

ʩʠʤʫʣʘʮʠʿʝ 

ʋ ʮʠˀʫ ʦʙʿʘʰˁʝˁʘ ʥʘʯʠʥʘ ʝʢʩʪʨʘʢʮʠʿʝ ʢʦʝʬʠʮʠʿʝʥʪʘ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ 

ʧʨʠʢʘʟʘʥʘ ʿʝ ʩʣʠʢʘ 2.5. 

ʈʝʟʦʥʘʪʦʨ 1 ʈʝʟʦʥʘʪʦʨ 2

k12e

k12m

ʋʚʦʜʥʠʢ
ʋʚʦʜʥʠʢ

k01e

k01m

k23e

k23m

 

ʉʣʠʢʘ 2.5. ʋʧʨʦʰ˂ʝʥʘ ʰʝʤʘ ʩʧʨʝʛʘ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʠ ʫʚʦʜʥʠʢʘ. 

ʋ ʦʧʰʪʝʤ ʩʣʫʯʘʿʫ, ʠʟʤʝʹʫ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʧʦʩʪʦʿʝ ʝʣʝʢʪʨʠʯʥʘ (ʢʘʧʘʮʠʪʠʚʥʘ) 
ek  

ʠ ʤʘʛʥʝʪʩʢʘ (ʠʥʜʫʢʪʠʚʥʘ) 
mk  ʩʧʨʝʛʘ. ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʥʘʯʠʥʘ ʨʝʘʣʠʟʘʮʠʿʝ 

ʨʝʟʦʥʘʪʦʨʘ, ʢʘʦ ʠ ʥʘʯʠʥʘ ʤʝʹʫʩʦʙʥʝ ʩʧʨʝʛʝ, ʥʝʢʘ ʦʜ ʦʚʝ ʜʚʝ ʩʧʨʝʛʝ ʤʦʞʝ ʙʠʪʠ 

ʜʦʤʠʥʘʥʪʥʠʿʘ. ʋ ʩʣʫʯʘʿʫ ʧʦʩʪʦʿʘˁʘ ʦʙʝ ʚʨʩʪʝ ʩʧʨʝʛʘ ʦʙʠʯʥʦ ʿʝ ʝʣʝʢʪʨʠʯʥʘ ʩʧʨʝʛʘ 

ʠʟʨʘʞʝʥʠʿʘ ʧʨʠ ʤʘʣʠʤ ʫʜʘˀʝʥʦʩʪʠʤʘ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ. ʄʘʛʥʝʪʩʢʘ ʩʧʨʝʛʘ 

ʩʧʦʨʠʿʝ ʦʧʘʜʘ ʩʘ ʫʜʘˀʘʚʘˁʝʤ ʨʝʟʦʥʘʪʦʨʘ ʧʘ ʿʝ ʦʥʘ ʜʦʤʠʥʘʥʪʥʠʿʘ ʥʘ ʚʝ˂ʠʤ 

ʫʜʘˀʝʥʦʩʪʠʤʘ. ʊʘʢʦʹʝ ʩʝ ʩʧʨʝʛʝ ʤʝʹʫʩʦʙʥʦ ʤʦʛʫ ʩʘʙʠʨʘʪʠ ʠʣʠ ʧʦʥʠʰʪʘʚʘʪʠ, ʪʿ. 

ʩʧʨʝʛʝ ʫ ʨʝʣʘʪʠʚʥʦʤ ʦʜʥʦʩʫ ʤʦʛʫ ʙʠʪʠ ʠʩʪʦʛ ʠʣʠ ʨʘʟʣʠʯʠʪʦʛ ʟʥʘʢʘ, ʦʧʝʪ ʫ 

ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʥʘʯʠʥʘ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ. ɼʝʪʘˀʥʦʤ ʘʥʘʣʠʟʦʤ ʝʢʚʠʚʘʣʝʥʪʥʠʭ 

ʢʦʣʘ ʜʚʘ ʩʧʨʝʛʥʫʪʘ ʨʝʟʦʥʘʪʦʨʘ, ʢʦʿʘ ʦʚʜʝ ʥʝ˂ʝ ʙʠʪʠ ʠʟʚʦʹʝʥʘ, ʤʦʞʝ ʩʝ ʜʦ˂ʠ ʜʦ 

ʥʝʢʠʭ ʟʘʢˀʫʯʘʢʘ ʚʝʟʘʥʦ ʟʘ ʩʧʨʝʛʝ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ [9]. ʈʝʟʫʣʪʘʪʠ ʪʝ ʘʥʘʣʠʟʝ 

ʙʠ˂ʝ ʫʢʨʘʪʢʦ ʦʙʿʘʰˁʝʥʠ. ʋ ʩʣʫʯʘʿʫ ʢʘʜʘ ʠʟʤʝʹʫ ʜʚʘ ʠʜʝʥʪʠʯʥʘ ʨʝʟʦʥʘʪʦʨʘ, 

ʧʦʜʝʰʝʥʘ ʥʘ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ 
0

f , ʧʦʩʪʦʿʠ ʝʣʝʢʪʨʠʯʥʘ ʩʧʨʝʛʘ 
ek  (ʢʦʿʘ ʩʝ 

ʨʝʘʣʠʟʫʿʝ ʧʨʝʢʦ ʤʝʹʫʩʦʙʥʝ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ 
12

C ) ʧʦʿʘʚˀʫʿʫ ʩʝ ʜʚʝ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ 
2e

f  ʠ 
1e
f  ( )2e 1e

>f f  ʟʘ ʢʦʿʝ ʩʝ ʧʦʩʪʠʞʫ ʣʦʢʘʣʥʠ ʤʘʢʩʠʤʫʤʠ ʬʫʥʢʮʠʿʝ 

ʧʨʝʥʦʩʘ. ʇʦʢʘʟʫʿʝ ʩʝ ʜʘ ʿʝ ʫ ʪʦʤ ʩʣʫʯʘʿʫ ʢʦʝʬʠʮʠʿʝʥʪ ʝʣʝʢʪʨʠʯʥʝ ʩʧʨʝʛʝ ʿʝʜʥʘʢ 

2 2

2e 1e 12
e 2 2

2e 1e

f f C
k

f f C

-
= =

+
.                                            (2.34) 

ʋ ʩʣʫʯʘʿʫ ʧʦʩʪʦʿʘˁʘ ʤʘʛʥʝʪʩʢʝ ʩʧʨʝʛʝ ʠʟʤʝʹʫ ʜʚʘ ʠʜʝʥʪʠʯʥʘ ʨʝʟʦʥʘʪʦʨʘ, 

ʧʦʜʝʰʝʥʘ ʥʘ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ 
0

f , (ʢʦʿʘ ʩʝ ʨʝʘʣʠʟʫʿʝ ʧʦʤʦ˂ʫ ʤʝʹʫʩʦʙʥʝ 
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ʠʥʜʫʢʪʠʚʥʦʩʪʠ 
12L ) ʧʦʿʘʚˀʫʿʫ ʩʝ ʜʚʝ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʫʯʝʩʪʘʥʦʩʪʠ 

2m
f  ʠ 

1m
f  

( )2m 1m
>f f  ʟʘ ʢʦʿʝ ʩʝ ʧʦʩʪʠʞʫ ʣʦʢʘʣʥʠ ʤʘʢʩʠʤʫʤʠ ʬʫʥʢʮʠʿʝ ʧʨʝʥʦʩʘ. ʋ ʦʚʦʤ 

ʩʣʫʯʘʿʫ ʢʦʝʬʠʮʠʿʝʥʪ ʤʘʛʥʝʪʩʢʝ ʩʧʨʝʛʝ ʿʝ ʿʝʜʥʘʢ 

2 2

2m 1m 12
m 2 2

2m 1m

f f L
k

f f L

-
= =

+
.                                            (2.35) 

ʂʦʥʘʯʥʦ, ʫ ʩʣʫʯʘʿʫ ʠʩʪʦʚʨʝʤʝʥʦʛ ʧʦʩʪʦʿʘˁʘ ʝʣʝʢʪʨʠʯʥʝ ʠ ʤʘʛʥʝʪʩʢʝ ʩʧʨʝʛʝ 

ʧʦʢʘʟʫʿʝ ʩʝ ʜʘ ʩʝ ʦʧʝʪ ʧʦʿʘʚˀʫʿʫ ʜʚʝ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʫʯʝʩʪʘʥʦʩʪʠ 
2

f  ʠ 
1f , 

( )2 1
>f f  ʟʘ ʢʦʿʝ ʩʝ ʧʦʩʪʠʞʫ ʣʦʢʘʣʥʠ ʤʘʢʩʠʤʫʤʠ ʬʫʥʢʮʠʿʝ ʧʨʝʥʦʩʘ, ʘ ʩʧʨʝʛʘ ʩʝ 

ʨʝʘʣʠʟʫʿʝ ʩʘ 
12C  ʠ 

12L  ʠ ʫ ʪʦʤ ʩʣʫʯʘʿʫ ʩʝ ʜʦʙʠʿʘ 

2 2

2 1 12 12 12 12
e+m e m2 2

2 1 12 12

f f CL LC C L
k k k

f f LC L C C L

- +
= = º + = +

+ +
                (2.36) 

ʉ ʦʙʟʠʨʦʤ ʜʘ 
ek  ʠ 

mk  ʤʦʛʫ ʙʠʪʠ ʨʘʟʣʠʯʠʪʦʛ ʟʥʘʢʘ ʪʫ ʯʠˁʝʥʠʮʫ ʪʨʝʙʘ ʠʤʘʪʠ ʫ 

ʚʠʜʫ ʧʨʠʣʠʢʦʤ ʘʥʘʣʠʪʠʯʢʦʛ ʧʨʦʨʘʯʫʥʘ. 

ʇʨʝʜʤʝʪ ʠʩʪʨʘʞʠʚʘˁʘ ʫ ʦʚʦʿ ʪʝʟʠ ʩʫ ʨʝʟʦʥʘʪʦʨʠ ʩʘ ʠʩʪʠʤ ʨʝʟʦʥʘʥʪʥʠʤ 

ʫʯʝʩʪʘʥʦʩʪʠʤʘ, ʘʣʠ ʫʢʦʣʠʢʦ ʩʫ ʨʝʟʦʥʘʪʦʨʠ ʧʦʜʝʰʝʥʠ ʪʘʢʦ ʜʘ ʠʤʘʿʫ ʨʘʟʣʠʯʠʪʝ 

ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ 
01f  ʠ 

02f  ʠʟʨʘʟ ʟʘ ʢʦʝʬʠʮʠʿʝʥʪ ʩʧʨʝʛʝ ʿʝ 

( )
22

2 22 2

02 01 02 012 1
e+m 01 02 2 2 2 2

01 02 2 1 02 01

1

2

f f f ff f
k f f

f f f f f f

å õ å õå õ --
¸ =° + -æ ö æ öæ ö

+ +ç ÷ç ÷ ç ÷
.                      (2.37) 

ʇʦʤʦ˂ʫ ʠʟʨʘʟʘ (2.34)ï(2.36) ʤʦʛʫ˂ʝ ʿʝ ʠʟʨʘʯʫʥʘʪʠ ʢʦʝʬʠʮʠʿʝʥʪ ʩʧʨʝʛʝ ʜʚʘ 

ʨʝʟʦʥʘʪʦʨʘ ʫ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʩʣʫʯʘʿʝʚʠʤʘ. ʆʩʥʦʚʥʘ ʧʨʝʪʧʦʩʪʘʚʢʘ ʧʨʠ ʦʚʦʿ ʘʥʘʣʠʟʠ 

ʿʝ ʜʘ ʬʠʣʪʨʠ ʠʤʘʿʫ ʫʟʘʢ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ. ʄʝʹʫʪʠʤ, ʜʠʨʝʢʪʥʘ ʧʨʠʤʝʥʘ ʦʚʠʭ 

ʘʥʘʣʠʪʠʯʢʠʭ ʠʟʨʘʟʘ ʿʝ ʩʣʦʞʝʥ ʧʦʩʪʫʧʘʢ ʘʢʦ ʿʝ ʧʦʪʨʝʙʥʦ ʧʨʝʮʠʟʥʦ ʦʜʨʝʜʠʪʠ 

ʩʦʧʩʪʚʝʥʝ ʚʨʝʜʥʦʩʪʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʠ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʨʝʟʦʥʘʪʦʨʘ, ʤʝʹʫʩʦʙʥʝ 

ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʠ ʤʝʹʫʩʦʙʥʝ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʨʝʟʦʥʘʪʦʨʘ. ʊʘʿ ʧʨʠʩʪʫʧ ʥʠʿʝ 

ʦʧʪʠʤʘʣʘʥ ʥʠ ʫ ʩʣʫʯʘʿʫ ʢʦʤʧʣʝʢʩʥʠʭ ʩʪʨʫʢʪʫʨʘ ʨʝʘʣʠʟʦʚʘʥʠʭ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ 

ʪʝʭʥʠʮʠ ʢʦʿʝ ʩʫ ʧʨʝʜʤʝʪ ʠʩʪʨʘʞʠʚʘˁʘ. ʄʝʹʫʪʠʤ, ʢʦʨʠʰ˂ʝˁʝʤ 3D EM ʩʠʤʫʣʘʪʦʨʘ 

ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ 
2f  ʠ 

1f , ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʨʘʩʪʦʿʘˁʘ 
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ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ, ʤʦʛʫ˂ʝ ʿʝ ʥʘ ʚʝʦʤʘ ʧʨʘʢʪʠʯʘʥ ʠ ʧʨʝʮʠʟʘʥ ʥʘʯʠʥ ʥʘ˂ʠ ʚʨʝʜʥʦʩʪ 

ʦʚʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʠʟʨʘʯʫʥʘʪʠ ʚʨʝʜʥʦʩʪʠ ʟʘ ʩʧʨʝʛʫ 
e+mk .  

ʅʘ ʧʨʠʤʝʨʫ ʦʜʟʠʚʘ ʜʚʘ ʩʧʨʝʛʥʫʪʘ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʩʣʠʢʝ 2.6, ʫʦʯʘʚʘʿʫ ʩʝ ʜʚʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʟʘ ʢʦʿʝ ʩʝ ʧʦʩʪʠʞʫ ʣʦʢʘʣʥʠ ʤʘʢʩʠʤʫʤʠ ʬʫʥʢʮʠʿʝ 

21 [dB]S . 

 

ʉʣʠʢʘ 2.6. ʇʨʦʨʘʯʫʥ ʢʦʝʬʠʮʠʿʝʥʪʘ ʩʧʨʝʛʝ ʜʚʘ ʩʧʨʝʛʥʫʪʘ ʨʝʟʦʥʘʪʦʨʘ. 

ʋ ʮʠˀʫ ʠʣʫʩʪʨʘʮʠʿʝ ʧʨʠʢʘʟʘʥʝ ʩʫ ʢʦʥʢʨʝʪʥʝ ʚʨʝʜʥʦʩʪʠ ʫʯʝʩʪʘʥʦʩʪʠ. ʂʨʠʚʘ ʥʘ 

ʩʣʠʮʠ 2.6 ʜʦʙʠʿʝʥʘ ʿʝ ʤʝʨʝˁʝʤ ʪʨʘʥʩʬʝʨ ʬʫʥʢʮʠʿʝ ʜʚʘ ʩʧʨʝʛʥʫʪʘ ʨʝʟʦʥʘʪʦʨʘ ʢʦʿʠ 

ʩʫ ʧʦʩʪʘʚʝˀʥʠ ʥʘ ʤʝʹʫʩʦʙʥʦʿ ʫʜʘˀʝʥʦʩʪʠ ʟʘ ʢʦʿʫ ʩʝ ʤʝʨʠ ʢʦʝʬʠʮʠʿʝʥʪ ʩʧʨʝʛʝ. ʇʨʠ 

ʦʚʦʤʝ ʩʫ ʫʚʦʜʥʠʮʠ ʜʦʚʦˀʥʦ ʫʜʘˀʝʥʠ ʦʜ ʨʝʟʦʥʘʪʦʨʘ ʪʘʢʦ ʜʘ ʿʝ ʫʪʠʮʘʿ ˁʠʭʦʚʝ 

ʩʧʨʝʛʝ ʤʠʥʠʤʘʣʘʥ. ʂʦʨʠʩʪʝ˂ʠ ʬʦʨʤʫʣʫ (2.36), ʟʘ ʧʨʠʤʝʨ ʩʘ ʩʣʠʢʝ 2.6, ʜʦʙʠʿʘ ʩʝ 

ʚʨʝʜʥʦʩʪ ʢʦʝʬʠʮʠʿʝʥʪʘ ʩʧʨʝʛʝ ke+m = 0,0534, ʛʜʝ ʩʫ f2 = 1,73 GHz ʠ f1 = 1,64 GHz. 

ʇʦʥʘʚˀʘˁʝʤ ʤʝʨʝˁʘ ʜʦʙʠʿʘ ʩʝ ʟʘʚʠʩʥʦʩʪ ʢʦʝʬʠʮʠʿʝʥʪʘ ʩʧʨʝʛʝ ʫ ʬʫʥʢʮʠʿʠ 

ʦʜʨʝʹʝʥʠʭ ʬʠʟʠʯʢʠʭ ʜʠʤʝʥʟʠʿʘ (ʥʘʿʯʝʰ˂ʝ ʫʜʘˀʝʥʦʩʪʠ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ). 

2.5 ɽʢʩʪʨʘʢʮʠʿʘ Q-ʬʘʢʪʦʨʘ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ (QL) ʥʘ ʦʩʥʦʚʫ 3D EM 

ʩʠʤʫʣʘʮʠʿʝ 

ʋ ʮʠˀʫ ʦʜʨʝʹʠʚʘˁʘ Q-ʬʘʢʪʦʨʘ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʤʦʞʝ ʩʝ ʧʦʩʤʘʪʨʘʪʠ 

ʩʧʨʝʛʘ ʫʚʦʜʥʠʢʘ ʠ ʿʝʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʢʘʦ ʥʘ ʩʣʠʮʠ 2.5. ʉʧʨʝʛʘ ʫʚʦʜʥʠʢʘ ʠ 

ʨʝʟʦʥʘʪʦʨʘ ʤʦʞʝ ʙʠʪʠ ʦʩʪʚʘʨʝʥʘ ʢʦʥʜʫʢʮʠʦʥʦ ʠʣʠ ʢʘʧʘʮʠʪʠʚʥʦ/ʠʥʜʫʢʪʠʚʥʦ [9], 

[18]. ʋ ʧʨʚʦʤ ʩʣʫʯʘʿʫ Q-ʬʘʢʪʦʨ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʟʘʚʠʩʠ ʦʜ ʧʦʣʦʞʘʿʘ 
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ʫʚʦʜʥʠʢʘ ʠ ʨʝʟʦʥʘʪʦʨʘ ʠ ʩʪʨʫʢʪʫʨʝ ʩʘʤʦʛ ʨʝʟʦʥʘʪʦʨʘ. ʋ ʜʨʫʛʦʤ ʩʣʫʯʘʿʫ Q-ʬʘʢʪʦʨ 

ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʧʨʚʝʥʩʪʚʝʥʦ ʟʘʚʠʩʠ ʦʜ ʫʜʘˀʝʥʦʩʪʠ ʫʚʦʜʥʠʢʘ ʦʜ 

ʨʝʟʦʥʘʪʦʨʘ. ʋ ʦʙʘ ʩʣʫʯʘʿʘ ʚʝ˂ʘ ʩʧʨʝʛʘ ʫʚʦʜʥʠʢʘ ʠ ʨʝʟʦʥʘʪʦʨʘ ʜʘʿʝ ʤʘˁʝ ʚʨʝʜʥʦʩʪʠ 

Q-ʬʘʢʪʦʨʘ. ɳʝʛʦʚʘ ʚʨʝʜʥʦʩʪ ʩʝ ʤʦʞʝ ʦʜʨʝʜʠʪʠ ʢʦʨʠʰ˂ʝˁʝʤ ʨʝʟʫʣʪʘʪʘ ʟʘ ʛʨʫʧʥʦ 

ʢʘʰˁʝˁʝ S11 ʥʘ ʨʝʟʦʥʘʪʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ. ʋ ʪʦʤ ʮʠˀʫ ʧʦʩʤʘʪʨʘ ʩʝ ʩʣʠʢʘ 2.7. 

ig G L C

S11

 

ʉʣʠʢʘ 2.7. ʇʨʦʨʘʯʫʥ Q-ʬʘʢʪʦʨʘ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ. 

ʇʘʨʘʣʝʣʥʘ ʚʝʟʘ ʢʘʣʝʤʘ L ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ C ʧʨʝʜʩʪʘʚˀʘ ʨʝʟʦʥʘʪʦʨ ʙʝʟ ʛʫʙʠʪʘʢʘ 

ʜʦʢ ʧʨʦʚʦʜʥʦʩʪ G ʧʨʝʜʩʪʘʚˀʘ ʛʫʙʠʪʢʝ ʛʝʥʝʨʘʪʦʨʘ (ʩʧʦˀʘʰˁʠ ʛʫʙʠʮʠ). ʅʘ ʦʩʥʦʚʫ 

ʜʝʬʠʥʠʮʠʿʝ ʟʘ ʬʘʢʪʦʨʝ ʜʦʙʨʦʪʝ ʠ ʬʦʨʤʫʣʝ (2.9) ʫʦʯʘʚʘ ʩʝ ʜʘ ʿʝ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ 

ʩʧʦˀʘʰˁʠ ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ ʫʿʝʜʥʦ ʠ ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ, ʿʝʨ 

ʩʝ ʧʦʩʤʘʪʨʘ ʨʝʟʦʥʘʪʦʨ ʙʝʟ ʛʫʙʠʪʘʢʘ. ʋ ʦʜʥʦʩʫ ʥʘ ʨʝʬʝʨʝʥʪʫ ʨʘʚʘʥ ʥʘ ʩʣʠʮʠ 2.7 

ʧʘʨʘʤʝʪʘʨ S11 ʩʝ ʥʘʣʘʟʠ ʢʘʦ 

ul
11

ul

G Y
S

G Y

-
=
+

                                                       (2.38) 

ʧʨʠ ʯʝʤʫ ʿʝ Yul ʫʣʘʟʥʘ ʘʜʤʠʪʘʥʩʘ ʨʝʟʦʥʘʪʦʨʘ ʙʝʟ ʛʫʙʠʪʘʢʘ ʩʘ ʨʝʟʦʥʘʥʪʥʦʤ 

ʫʯʝʩʪʘʥʦʰ˂ʫ 
0� & � �LC=  

0
ul 0

0

�&1 �&
j�& �M�&

j�& �& �&
Y C C

L

å õ
= + = -æ ö

ç ÷
.                                    (2.39) 

ʀʟʨʘʟ (2.39) ʩʝ ʤʦʞʝ ʫʧʨʦʩʪʠʪʠ ʢʦʨʠʰ˂ʝˁʝʤ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʫ ʦʢʦʣʠʥʠ 

ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ 
0�& �& �&= +D. ʂʦʨʠʰ˂ʝˁʝʤ ʘʧʨʦʢʩʠʤʘʮʠʿʝ 

( )2 2

0�& �& �& �� �&- º D ʩʝ ʜʦʙʠʿʘ 

ul j2 �&Y C= D.                                                   (2.40) 
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ʋʚʨʰʪʘʚʘˁʝʤ ʠʟʨʘʟʘ (2.40) ʫ (2.38) ʠ ʢʦʨʠʩʪʝ˂ʠ ʯʠˁʝʥʠʮʫ ʜʘ ʿʝ 
L 0�&Q C G=

ʜʦʙʠʿʘ ʩʝ 

( )

( )
0

11

0

1 j 2 � & � &

1 j 2 � & � &
L

L

Q
S

Q

- D
=
+ D

.                                           (2.41) 

ʀʟʨʘʟ (2.41) ʩʝ ʥʘʢʦʥ ʩʨʝʹʠʚʘˁʘ ʤʦʞʝ ʥʘʧʠʩʘʪʠ ʫ ʦʙʣʠʢʫ ʢʘʦ 

j�3
11S e=                                                           (2.42) 

ʛʜʝ ʿʝ ( )L 0
�3 �� �D�U�F�W�J �� �& �&Q=- D . 

ɻʨʫʧʥʦ ʢʘʰˁʝˁʝ ʧʘʨʘʤʝʪʨʘ S11 ʿʝ 

( )11

L

2

0 L 0

4� 3 � �
�2

� & � &1 2 � & � &
S

Q

Q

µ
=- =
µ + D

.                                (2.43) 

ʆʜʘʚʜʝ ʩʝ ʜʦʙʠʿʘ ʜʘ ʩʝ ʥʘ ʨʝʟʦʥʘʥʪʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ (� & � �D =) ʚʨʝʜʥʦʩʪ Q-

ʬʘʢʪʦʨʘ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʤʦʞʝ ʠʟʨʘʯʫʥʘʪʠ ʢʘʦ 

11 0 0

L

�2 ���& �� �&

4

S
Q

Ö
= .                                                  (2.44) 

ʈʝʟʫʣʪʘʪ ʧʨʠʢʘʟʘʥ ʬʦʨʤʫʣʦʤ (2.44) ʦʤʦʛʫ˂ʘʚʘ ʜʘ ʩʝ ʥʘ ʿʝʜʥʦʩʪʘʚʘʥ ʥʘʯʠʥ 

ʠʟʨʘʯʫʥʘ ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʢʦʨʠʩʪʝ˂ʠ ʧʦʜʘʪʘʢ ʦ ʛʨʫʧʥʦʤ 

ʢʘʰˁʝˁʫ ʥʘ ʨʝʟʦʥʘʥʪʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ, ʜʦʙʠʿʝʥ ʫʟ ʧʦʤʦ˂ 3D EM ʩʠʤʫʣʘʮʠʿʝ. ʅʘ 

ʩʣʠʮʠ 2.8 ʧʨʠʢʘʟʘʥʦ ʿʝ ʛʨʫʧʥʦ ʢʘʰˁʝˁʝ ʦʜ S11 ʟʘ ʧʨʠʤʝʨ ʨʝʟʦʥʘʪʦʨʘ ʩʘ 

ʢʘʧʘʮʠʪʠʚʥʦ ʩʧʨʝʛʥʫʪʠʤ ʫʚʦʜʥʠʢʦʤ. ɿʘ ʦʜʛʦʚʘʨʘʿʫ˂ʫ ʚʨʝʜʥʦʩʪ ʛʨʫʧʥʦʛ ʢʘʰˁʝˁʘ 

ʦʜ 8,9 ns ʠ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ ʦʜ 1,59 GHz, ʥʘ ʦʩʥʦʚʫ ʬʦʨʤʫʣʝ (2.44), ʜʦʙʠʿʘ 

ʩʝ ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ QL = 22,23. 
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ʉʣʠʢʘ 2.8. ʇʨʦʨʘʯʫʥ Q-ʬʘʢʪʦʨʘ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʫʟ ʧʦʤʦ˂ 3D EM 

ʩʠʤʫʣʘʮʠʿʝ. 

ʋ ʦʚʦʤ ʠʩʪʨʘʞʠʚʘˁʫ ʥʘʿʯʝʰ˂ʝ ʿʝ ʚʨʰʝʥ ʧʨʦʨʘʯʫʥ ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ 

ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʫ ʬʫʥʢʮʠʿʠ ʦʜ ʧʦʣʦʞʘʿʘ ʫʚʦʜʥʠʢʘ ʠ ʨʝʟʦʥʘʪʦʨʘ, ʘ 

ʧʨʝʜʩʪʘʚˀʘʥ ʿʝ ʫ ʦʙʣʠʢʫ ʧʘʨʘʤʝʪʘʨʩʢʠʭ ʨʘʜʥʠʭ ʢʨʠʚʠʭ.  
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3 ʈʝʘʣʠʟʘʮʠʿʘ ʨʝʟʦʥʘʪʦʨʘ ʫ ʧʣʘʥʘʨʥʦʿ ʪʝʭʥʠʮʠ 

ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʙʠ˂ʝ ʧʨʠʢʘʟʘʥʠ ʤʦʛʫ˂ʠ ʥʘʯʠʥʠ ʨʝʘʣʠʟʘʮʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʫ 

ʧʣʘʥʘʨʥʦʿ ʪʝʭʥʠʮʠ, ʘ ʧʨʚʝʥʩʪʚʝʥʦ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ. ɹʠ˂ʝ ʥʘʚʝʜʝʥʠ ʦʩʥʦʚʥʠ 

ʟʘʭʪʝʚʠ ʢʦʿʠ ʩʝ ʧʦʩʪʘʚˀʘʿʫ ʧʨʠʣʠʢʦʤ ʨʝʘʣʠʟʘʮʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʢʘʦ ʠ 

ʦʛʨʘʥʠʯʘʚʘʿʫ˂ʠ ʬʘʢʪʦʨʠ. ɹʠ˂ʝ ʧʨʠʢʘʟʘʥʝ ʦʩʥʦʚʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʩʣʝʜʝ˂ʠʭ ʪʠʧʦʚʘ 

ʨʝʟʦʥʘʪʦʨʘ [9] 

¶ ʧʦʣʫʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨ ʫ ʦʙʣʠʢʫ ʧʨʘʚʦʫʛʘʦʥʠʢʘ ʠʣʠ ʫʢʦʩʥʠʮʝ (open-loop 

resonator) 

¶ ʨʝʟʦʥʘʪʦʨ ʨʝʘʣʠʟʦʚʘʥ ʢʘʦ ʢʘʧʘʮʠʪʠʚʥʦ ʦʧʪʝʨʝ˂ʝʥ ʚʦʜ (slow-wave resonator) 

¶ ʨʝʟʦʥʘʪʦʨ ʩʘ ʜʚʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ (dual-mode resonator) 

¶ ʨʝʟʦʥʘʪʦʨ ʩʘ ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʠ ʢʚʘʟʠ-ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʝʣʝʤʝʥʪʠʤʘ ʫ 

ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ 

¶ ʨʝʟʦʥʘʪʦʨ ʨʝʘʣʠʟʦʚʘʥ ʥʘ ʧʦʜʣʦʟʠ ʚʝʣʠʢʝ ʜʠʝʣʝʢʪʨʠʯʥʝ ʧʝʨʤʠʪʠʚʥʦʩʪʠ 

¶ ʨʝʟʦʥʘʪʦʨ ʨʝʘʣʠʟʦʚʘʥ ʫ ʚʠʰʝʩʣʦʿʥʦʿ ʪʝʭʥʠʮʠ. 

ɼʝʪʘˀʠ ʨʝʘʣʠʟʘʮʠʿʝ ʚʠʰʝʩʣʦʿʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʢʦʥʜʝʥʟʘʪʦʨ-ʚʠʿa-ʢʘʣʝʤ (patch-

via-spiral resonator) ʙʠ˂ʝ ʧʨʠʢʘʟʘʥʠ ʫ ʩʣʝʜʝ˂ʝʤ ʧʦʛʣʘʚˀʫ. 

ʈʝʟʦʥʘʪʦʨʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʦʩʥʦʚʥʠ ʛʨʘʜʠʚʥʠ ʝʣʝʤʝʥʪ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ 

ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ, ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʫ ʧʦʛʣʘʚˀʫ 2. ʅʘ ʤʠʢʨʦʪʘʣʘʩʥʠʤ 

ʫʯʝʩʪʘʥʦʩʪʠʤʘ, ʧʦʩʪʦʿʠ ʚʠʰʝ ʨeʘʣʠʟʘʮʠʿʘ ʨʝʟʦʥʘʪʦʨʘ [9]. ʈʝʟʦʥʘʥʪʥʘ ʫʯʝʩʪʘʥʦʩʪ 

ʨʝʟʦʥʘʪʦʨʘ ʦʜʨʝʹʝʥʘ ʿʝ ʬʠʟʠʯʢʠʤ ʜʠʤʝʥʟʠʿʘʤʘ ʨʝʟʦʥʘʪʦʨʘ ʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ 

ʢʦʨʠʰ˂ʝʥʝ ʪʝʭʥʦʣʦʛʠʿʝ [11]. ʋ ʩʣʫʯʘʿʫ ʨʝʟʦʥʘʪʦʨʘ ʨʝʘʣʠʟʦʚʘʥʠʭ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ 

ʪʝʭʥʠʮʠ ʨʝʟʦʥʘʥʪʥʘ ʫʯʝʩʪʘʥʦʩʪ ʦʜʨʝʹʝʥʘ ʿʝ ʜʠʤʝʥʟʠʿʘʤʘ ʠ ʧʘʨʘʤʝʪʨʠʤʘ ʩʫʧʩʪʨʘʪʘ 

ʢʘʦ ʰʪʦ ʩʫ ʜʠʝʣʝʢʪʨʠʯʥʘ ʢʦʥʩʪʘʥʪʘ, ʜʝʙˀʠʥʘ ʩʫʧʩʪʨʘʪʘ, ʛʫʙʠʮʠ ʫ ʧʨʦʚʦʜʥʠʮʠʤʘ ʠ 

ʛʫʙʠʮʠ ʫ ʜʠʝʣʝʢʪʨʠʢʫ. 

ʆʩʥʦʚʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʢʦʿʝ ʦʧʠʩʫʿʫ ʨʝʟʦʥʘʪʦʨ ʩʫ ʜʠʤʝʥʟʠʿʝ, ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ 

ʥʝʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ, ʥʝʞʝˀʝʥʝ ʨʝʟʦʥʘʥʮʠʿʝ ʠ ʜʨʫʛʦ [11]. ʈʝʟʦʥʘʪʦʨʠ 

ʨʝʘʣʠʟʦʚʘʥʠ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ, ʢʦʿʠ ʩʫ ʧʨʝʜʤʝʪ ʦʚʦʛ ʠʩʪʨʘʞʠʚʘˁʘ, 

ʧʨʠʧʘʜʘʿʫ ʛʨʫʧʠ ʤʘˁʠʭ ʧʦ ʚʝʣʠʯʠʥʠ ʘʢʦ ʠʭ ʧʦʨʝʜʠʤʦ ʩʘ ʨʝʘʣʠʟʘʮʠʿʦʤ ʫ ʪʝʭʥʠʮʠ 

ʪʘʣʘʩʦʚʦʜʘ ʠ ʜʨʫʛʠʤ ʪʝʭʥʠʢʘʤʘ. ʄʝʹʫʪʠʤ ʠ ʢʦʜ ʤʠʢʨʦʪʨʘʢʘʩʪʝ ʪʝʭʥʠʢʝ ʟʘʭʪʝʚʘ ʩe 

ʜʘˀʘ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʘ. ʄʘˁʝ ʜʠʤʝʥʟʠʿʝ ʫ ʦʧʰʪʝʤ ʩʣʫʯʘʿʫ ʠʤʘʿʫ ʟʘ ʧʦʩʣʝʜʠʮʫ 
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ʚʝ˂ʝ ʛʫʙʠʪʢʝ ʘʢʦ ʿʝ ʫ ʧʠʪʘˁʫ ʨʝʘʣʠʟʘʮʠʿʘ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦ ʿʪʝʭʥʠʮʠ. ʅʘ ʦʩʥʦʚʫ 

ʜʝʬʠʥʠʮʠʿʝ ʟʘ ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ ʥʝʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ (2.2) ʿʘʩʥʦ ʿʝ ʜʘ ʤʘˁʠ 

ʨʝʟʦʥʘʪʦʨʠ ʠʤʘʿʫ ʠ ʤʦʛʫ˂ʥʦʩʪ ʩʢʣʘʜʠʰʪʝˁʘ ʤʘˁʝ ʝʥʝʨʛʠʿʝ ʧʘ ʩʘʤʠʤ ʪʠʤ ʠ ʤʘˁʠ 

ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ. ʄʘˁʠ ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ ʥʝʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʧʨʦʫʟʨʦʢʫʿʝ 

ʚʝ˂ʝ ʛʫʙʠʪʢʝ ʫ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ ʨʝʘʣʠʟʦʚʘʥʦʛ ʬʠʣʪʨʘ. ɼʘʢʣʝ, ʥʝʦʧʭʦʜʥʦ ʿʝ ʥʘ˂ʠ 

ʥʘʯʠʥ ʢʦʤʧʝʥʟʘʮʠʿʝ ʩʤʘˁʝˁʘ ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ ʫʩʣʝʜ ʩʤʘˁʝˁʘ ʜʠʤʝʥʟʠʿʘ. 

ʅʝʞʝˀʝʥʝ ʨʝʟʦʥʘʥʮʠʿʝ ʩʝ ʫʦʙʠʯʘʿʝʥʦ ʧʦʿʘʚˀʫʿʫ ʢʦʜ ʨʝʟʦʥʘʪʦʨʘ ʨʝʘʣʠʟʦʚʘʥʠʭ ʫ 

ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ. ʋ ʪʦʤ ʩʣʫʯʘʿʫ ʩʝ ʝʣʝʤʝʥʪʠ ʨʝʘʣʠʟʦʚʘʥʠ ʢʘʦ ʦʜʩʝʯʮʠ 

ʚʦʜʦʚʘ ʥʘ ʦʜʨʝʹʝʥʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ ʧʦʥʘʰʘʿʫ ʢʘʦ ʧʦʣʫʪʘʣʘʩʥʠ ʠ ʯʝʪʚʨʪʪʘʣʘʩʥʠ 

ʚʦʜ ʠ ʫʥʦʩʝ ʥʝʞʝˀʝʥʝ ʝʬʝʢʪʝ [7]. ʋʢʦʣʠʢʦ ʩʝ ʢʘʦ ʝʣʝʤʝʥʪʠ ʢʦʨʠʩʪʝ 

ʢʦʥʮʝʥʪʨʠʩʘʥʝ ʠ ʢʚʘʟʠ-ʢʦʥʮʝʥʪʨʠʩʘʥʝ ʢʦʤʧʦʥʝʥʪʝ ʥʝʞʝˀʝʥʝ ʨʝʟʦʥʘʥʮʠʿʝ ʩʫ 

ʟʥʘʯʘʿʥʦ ʧʦʪʠʩʥʫʪʝ. ʇʦʪʠʩʢʠʚʘˁʝ ʥʝʞʝˀʝʥʠʭ ʨʝʟʦʥʘʥʮʠʿʘ, ʰʪʦ ʜʘˀʝ ʦʜ ʦʩʥʦʚʥʝ 

ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ, ʿʝ ʚʝʦʤʘ ʚʘʞʥʦ ʢʘʢʦ ʙʠ ʩʝ ʧʦʩʪʠʛʣʦ ʜʦʚʦˀʥʦ ʜʦʙʨʦ 

ʧʦʪʠʩʢʠʚʘˁʝ ʩʠʛʥʘʣʘ ʚʘʥ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ. ʇʨʝʜʤʝʪ ʦʚʦʛ ʠʩʪʨʘʞʠʚʘˁʘ ʩʫ ʬʠʣʪʨʠ 

ʫ ʧʝʨʩʦʥʘʣʥʠʤ ʫʨʝʹʘʿʠʤʘ ʪʘʢʦ ʜʘ ʩʥʘʛʘ ʥʠʿʝ ʢʨʠʪʠʯʥʘ ʪʝ ʩʝ ʥʝ˂ʝ ʫʟʠʤʘʪʠ ʫ 

ʨʘʟʤʘʪʨʘˁʝ. 

ʄʠʥʠʿʘʪʫʨʠʟʘʮʠʿʘ ʿʝ ʠʤʧʝʨʘʪʠʚ ʢʦʿʠ ʩʝ ʥʘʤʝ˂ʝ ʧʨʠʣʠʢʦʤ ʧʨʦʿʝʢʪʦʚʘˁʘ 

ʤʠʢʨʦʪʘʣʘʩʥʠʭ ʬʠʣʪʘʨʘ. ʋ ʪʝʢʩʪʫ ʢʦʿʠ ʩʣʝʜʠ ʙʠ˂ʝ ʜʘʪ ʧʨʝʛʣʝʜ ʨʝʟʦʥʘʪʦʨʘ ʢʦʿʠ 

ʜʦʧʨʠʥʦʩʝ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʠ, ʢʘʦ ʰʪʦ ʩʫ: ʧʦʣʫʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨ ʫ ʦʙʣʠʢʫ 

ʧʨʘʚʦʫʛʘʦʥʠʢʘ ʠʣʠ ʫʢʦʩʥʠʮʝ (open-loop resonator), ʨʝʟʦʥʘʪʦʨ ʨʝʘʣʠʟʦʚʘʥ ʧʦʤʦ˂ʫ 

ʢʘʧʘʮʠʪʠʚʥʦ ʦʧʪʝʨʝ˂ʝʥʦʛ ʚʦʜʘ (slow-wave resonator), ʨʝʟʦʥʘʪʦʨ ʩʘ ʜʚʝ ʨʝʟʦʥʘʥʪʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ (dual-mode resonator), ʨʝʟʦʥʘʪʦʨ ʩʘ ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʠ ʢʚʘʟʠ-

ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʝʣʝʤʝʥʪʠʤʘ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ, ʨʝʟʦʥʘʪʦʨ ʨʝʘʣʠʟʦʚʘʥ ʥʘ 

ʧʦʜʣʦʟʠ ʚʝʣʠʢʝ ʜʠʝʣʝʢʪʨʠʯʥʝ ʧʝʨʤʠʪʠʚʥʦʩʪʠ ʠ ʨʝʟʦʥʘʪʦʨ ʨʝʘʣʠʟʦʚʘʥ ʫ 

ʚʠʰʝʩʣʦʿʥʦʿ ʪʝʭʥʠʮʠ [9]. 

3.1 ʇʦʣʫʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨ ʫ ʦʙʣʠʢʫ ʧʨʘʚʦʫʛʘʦʥʠʢʘ ʠʣʠ ʫʢʦʩʥʠʮʝ (open-

loop resonator) 

ʅʘ ʩʣʠʮʠ 3.1 ʿʝ ʧʨʠʢʘʟʘʥ ʧʦʣʫʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨ ʠ ˁʝʛʦʚʘ ʤʦʜʠʬʠʢʘʮʠʿʘ ʩʘ 

ʩʤʘˁʝʥʦʤ ʧʦʚʨʰʠʥʦʤ ʟʘʫʟʝ˂ʘ ʜʦʙʠʿʝʥʘ ʤʝʘʥʜʨʠʨʘˁʝʤ ʨʝʟʦʥʘʪʦʨʘ [19], [20]. ʆʙʝ 

ʚʘʨʠʿʘʥʪʝ ʩʝ ʙʘʟʠʨʘʿʫ ʥʘ ʧʦʣʫʪʘʣʘʩʥʦʤ ʚʦʜʫ ʜʫʞʠʥʝ ɚg0/2, ʛʜʝ ʿʝ ɚg0 ʚʦʹʝʥʘ ʪʘʣʘʩʥʘ 
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ʜʫʞʠʥʘ ʥʘ ʮʝʥʪʨʘʣʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ. ʈʝʟʦʥʘʪʦʨ ʿʝ ʩʘʚʠʿʝʥ ʫ ʦʙʣʠʢ ʧʨʘʚʦʫʛʘʦʥʠʢʘ ʠ 

ʥʘ ʪʘʿ ʥʘʯʠʥ ʿʝ ʩʤʘˁʝʥʦ ʟʘʫʟʝ˂ʝ ʧʦ ʜʫʞʠʥʠ ʠ ʧʦʚʝ˂ʘʥ ʢʦʤʙʠʥʘʪʦʨʥʠ ʧʨʦʩʪʦʨ ʟʘ 

ʤʝʹʫʩʦʙʥʦ ʩʧʨʝʟʘˁʝ ʨʝʟʦʥʘʪʦʨʘ ʧʨʠʣʠʢʦʤ ʨʝʘʣʠʟʘʮʠʿʝ ʬʠʣʪʘʨʘ. ʄʝʘʥʜʨʠʨʘˁʝʤ 

ʠʩʪʦʛ ʪʠʧʘ ʨʝʟʦʥʘʪʦʨʘ ʤʦʞʝ ʩʝ ʧʦʩʪʠ˂ʠ ʜʦʜʘʪʥʦ ʩʤʘˁʝˁʝ ʧʨʠ ʯʝʤʫ ʩʝ ʧʦʩʪʠʞʝ ʜʘ 

ʿʝ ʜʫʞʠʥʘ ʩʚʘʢʝ ʩʪʨʘʥʝ ʨʝʟʦʥʘʪʦʨʘ ʤʘˁʘ ʦʜ ɚg0/8. ʀʩʪʠ ʧʨʠʥʮʠʧ ʩʝ ʤʦʞʝ 

ʧʨʠʤʝʥʠʪʠ ʥʘ ʩʣʫʯʘʿ ʨʝʟʦʥʘʪʦʨʘ ʨʝʘʣʠʟʦʚʘʥʦʛ ʢʘʦ ʫʢʦʩʥʠʮʘ ʧʨʠʢʘʟʘʥʦʛ ʥʘ ʩʣʠʮʠ 

3.2ʘ. ʆʚʘʿ ʪʠʧ ʨʝʟʦʥʘʪʦʨʘ ʤʦʞʝ ʩʝ ʩʤʘˁʠʪʠ ʘʢʦ ʩʝ ʜʫʞʠʥʘ ʫʢʦʩʥʠʮʝ ʩʤʘˁʠ, ʘ ʪʦ 

ʩʤʘˁʝˁʝ ʩʝ ʢʦʤʧʝʥʟʫʿʝ ʢʦʥʜʝʥʟʘʪʦʨʦʤ ʨʝʘʣʠʟʦʚʘʥʦʤ ʢʘʦ ʢʦʥʮʝʥʪʨʠʩʘʥʠ ʝʣʝʤʝʥʪ 

(ʩʣʠʢʘ 3.2ʙ) ʠʣʠ ʦʜʩʝʯʢʦʤ ʜʚʘ ʩʧʨʝʛʥʫʪʘ ʚʦʜʘ ʩʘʚʠʿʝʥʘ ʫʥʫʪʘʨ ʫʢʦʩʥʠʮʝ (ʩʣʠʢʘ 

3.2ʚ). ʆʚʠʤ ʧʦʩʪʫʧʢʦʤ ʤʦʛʫ˂ʝ ʿʝ ʜʠʤʝʥʟʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʩʤʘˁʠʪʠ ʟʘ ʧʦʣʘ. ʉʚʝ 

ʧʨʠʢʘʟʘʥʝ ʨʝʘʣʠʟʘʮʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʩʫ ʥʘʰʣʝ ʧʨʠʤʝʥʫ ʫ ʧʨʘʢʩʠ.  

 

(ʘ)                                                      (ʙ) 

ʉʣʠʢʘ 3.1. ʇʦʣʫʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨ ʫ ʦʙʣʠʢʫ ʧʨʘʚʦʫʛʘʦʥʠʢʘ: (ʘ) ʦʙʠʯʘʥ, 

(ʙ) ʤʝʘʥʜʨʠʨʘʥ. 
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      (ʘ)                            (ʙ)                            (ʚ) 

ʉʣʠʢʘ 3.2. ʈʝʟʦʥʘʪʦʨ ʫ ʦʙʣʠʢʫ ʫʢʦʩʥʠʮʝ: (ʘ) ʦʙʠʯʘʥ, (ʙ) ʩʘ ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ 

ʢʦʥʜʝʥʟʘʪʦʨʦʤ ʥʘ ʢʨʘʿʝʚʠʤʘ ʠ (ʚ) ʩʘ ʰʪʘʤʧʘʥʠʤ ʢʦʥʜʝʥʟʘʪʦʨʦʤ ʥʘ ʢʨʘʿʝʚʠʤʘ 

ʫʢʦʩʥʠʮʝ. 

3.2 ʈʝʟʦʥʘʪʦʨ ʨʝʘʣʠʟʦʚʘʥ ʧʦʤʦ˂ʫ ʢʘʧʘʮʠʪʠʚʥʦ ʦʧʪʝʨʝ˂ʝʥʦʛ ʚʦʜʘ (slow-wave 

resonator) 

ʆʚʘ ʢʣʘʩʘ ʨʝʟʦʥʘʪʦʨʘ ʩʝ ʪʘʢʦʹʝ ʨʝʘʣʠʟʫʿʝ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ ʠ 

ʢʘʨʘʢʪʝʨʠʰʝ ʿʝ ʤʘʣʘ ʧʦʚʨʰʠʥʘ ʟʘʫʟʝ˂ʘ [21]. ʆʚʦʤ ʨʝʘʣʠʟʘʮʠʦʿʤ ʨʝʟʦʥʘʪʦʨʘ 

ʧʦʩʪʠʞʝ ʩʝ ʧʦʤʝʨʘˁʝ ʧʨʚʝ ʥʝʞʝˀʝʥʝ ʨʝʟʦʥʘʥʮʠʿʝ ʢʘ ʚʠʰʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ ʠ ʥʘ 

ʪʘʿ ʥʘʯʠʥ ʩʝ ʢʦʜ ʨʝʘʣʠʟʘʮʠʿʝ ʬʠʣʪʘʨʘ ʧʦʚʝ˂ʘʚʘ ʰʠʨʠʥʘ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ. 

ʇʦʟʥʘʪʦ ʿʝ ʜʘ ʩʝ ʟʘ ʨʝʟʦʥʘʪʦʨ ʨʝʘʣʠʟʦʚʘʥ ʢʘʦ ʧʦʣʫʪʘʣʘʩʥʠ ʚʦʜ ʧʦʨʝʜ ʦʩʥʦʚʝ 

ʨʝʟʦʥʘʥʮʠʿʝ ʥʘ ʫʯʝʩʪʘʥʦʩʪʠ f0, ʿʘʚˀʘ ʠ ʧʨʚʘ ʥʝʞʝˀʝʥʘ ʨʝʟʦʥʘʥʮʠʿʘ ʥʘ ʫʯʝʩʪʘʥʦʩʪʠ 

2 f0 [7]. ʋʯʝʩʪʘʥʦʩʪ 2 f0 ʩʝ ʤʦʞʝ ʝʣʠʤʠʥʠʩʘʪʠ ʜʦʜʘʚʘˁʝʤ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ 

ʥʠʩʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʠʣʠ ʥʝʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ, ʘʣʠ ʫʟ ʧʦʚʝ˂ʘˁʝ 

ʩʣʘʙˀʝˁʘ ʠ ʩʣʦʞʝʥʦʩʪʠ ʬʠʣʪʨʘ. ʋʯʝʩʪʘʥʦʩʪ ʧʨʚʝ ʥʝʞʝˀʝʥʝ ʨʝʟʦʥʘʥʮʠʿʝ ʤʦʛʫ˂ʝ ʿʝ 

ʧʦʤʝʨʠʪʠ ʥʘ 3 f0 ʫʢʦʣʠʢʦ ʩʝ ʢʘʦ ʨʝʟʦʥʘʪʦʨ ʢʦʨʠʩʪʠ ʯʝʪʚʨʪʪʘʣʘʩʥʠ ʚʦʜ. ʄʝʹʫʪʠʤ, 

ʯʝʪʚʨʪʪʘʣʘʩʥʠ ʚʦʜ ʟʘʭʪʝʚʘ ʚʝʟʠʚʘˁʝ ʿʝʜʥʦʛ ʢʨʘʿʘ ʚʦʜʘ ʥʘ ʤʘʩʫ ʧʦʤʦ˂ʫ ʚʠʝʿ, ʰʪʦ 

ʧʦʚʝ˂ʘʚʘ ʢʦʤʧʣʝʢʩʥʦʩʪ ʧʣʘʥʘʨʥʝ ʨʝʘʣʠʟʘʮʠʿʝ. ɿʘ ʨʘʟʣʠʢʫ ʦʜ ʥʘʚʝʜʝʥʠʭ ʨʝʰʝˁʘ, 

ʧʨʠʩʪʫʧ ʩʘ ʢʘʧʘʮʠʪʠʚʥʦ ʦʧʪʝʨʝ˂ʝʥʠʤ ʚʦʜʦʤ ʢʦʨʠʩʪʠ ʯʠˁʝʥʠʮʫ ʜʘ ʪʘʢʘʚ ʚʦʜ ʠʤʘ 

ʬʘʟʥʫ ʙʨʟʠʥʫ ʟʘʚʠʩʥʫ ʦʜ ʫʯʝʩʪʘʥʦʩʪʠ. ʇʦʚʝ˂ʘˁʝ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʩʤʘˁʫʿʝ 

ʠʩʪʦʚʨʝʤʝʥʦ ʦʙʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ (ʦʩʥʦʚʥʫ ʠ ʧʨʚʫ ʥʝʞʝˀʝʥʫ), ʘʣʠ 

ʧʦʚʝ˂ʘʚʘ ʦʜʥʦʩ ʧʨʚʝ ʥʝʞʝˀʝʥʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʫ ʦʜʥʦʩʫ ʥʘ ʦʩʥʦʚʥʫ 

ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ. ʀʩʪʠ ʟʘʢˀʫʯʘʢ ʚʘʞʠ ʠ ʟʘ ʬʘʟʥʝ ʙʨʟʠʥʝ ʥʘ ʚʦʜʫ ʢʘʦ ʠ ʟʘ 

ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ. ʄʦʛʫ˂ʝ ʿʝ ʨʝʘʣʠʟʦʚʘʪʠ ʜʘ ʦʜʥʦʩ ʥʝʞʝˀʝʥʝ ʠ ʦʩʥʦʚʥʝ 
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ʫʯʝʩʪʘʥʦʩʪʠ ʙʫʜʝ ʚʝ˂ʠ ʦʜ ʜʚʘ. ʋ ʮʠˀʫ ʧʦʿʘʰˁʝˁʘ ʝʬʝʢʪʘ ʧʦʩʤʘʪʨʘ ʩʝ ʦʧʪʝʨʝ˂ʝʥ 

ʚʦʜ ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 3.3. ʇʘʨʘʤʝʪʘʨ ʚʦʜʘ d ʧʨʝʜʩʪʘʚˀ ʘ ʬʠʟʠʯʢʫ ʜʫʞʠʥʫ ʚʦʜʘ, Z 

ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʫ ʠʤʧʝʜʘʥʩʫ ʠ ɓ ʬʘʟʥʠ ʢʦʝʬʠʮʠʿʝʥʪ. 

 

ʉʣʠʢʘ 3.3. ɺʦʜ ʦʧʪʝʨʝ˂ʝʥ ʢʦʥʜʝʥʟʘʪʦʨʦʤ. 

ʄʨʝʞʫ ʩʘ ʜʚʘ ʧʨʠʩʪʫʧʘ (ʩʘ ʩʣʠʢʝ 3.3) ʤʦʞʝʤʦ ʦʧʠʩʘʪʠ ABCD ʧʘʨʘʤʝʪʨʠʤʘ ʢʘʦ 

1 2

1 2

V VA B

I C D I

è ø è øè ø
= Öé ù é ùé ù

-ê úê ú ê ú
                                       (3.1) 

ʛʜʝ ʩʫ 

L

1
cos�� �& �V�L�Q��

2
A D C Z= = -                                                       (3.2) 

j sin��B Z=                                                                                  (3.3) 

2 2

L L

sin� � � �
j �& �F�R�V�� �& �V�L�Q ��

4
C C C Z

Z

å õ
= + -æ ö
ç ÷

,                                  (3.4) 

ʘ �� = ɓd ʝʣʝʢʪʨʠʯʥʘ ʜʫʞʠʥʘ. 

ʇʨʚʘ ʨʝʟʦʥʘʥʮʠʿʘ ʥʘ ʚʦʜʫ ʥʘʩʪʘʿʝ ʥʘ ʫʯʝʩʪʘʥʦʩʪʠ ɤ0 ʧʨʠ ʯʝʤʫ ʩʝ ʫʩʧʦʩʪʘʚʠ 

ʩʪʦʿʝ˂ʠ ʪʘʣʘʩ ʠ ʚʘʞʝ ʛʨʘʥʠʯʥʠ ʫʩʣʦʚʠ I1 = I2 = 0. ɿʘ ʪʝ ʫʩʣʦʚʝ ʠʟ ʿʝʜʥʘʢʦʩʪʠ (3.1) 

ʩʣʝʜʠ ʜʘ ʚʘʞʠ C = 0 ʠ �: = V1/V2. 

ʋ ʩʣʫʯʘʿʫ ʦʩʥʦʚʥʝ ʨʝʟʦʥʘʥʮʠʿʝ ʥʘ ʚʦʜʫ ʠʟʤʝʹʫ ʥʘʧʦʥʘ V1 ʠ V2 ʚʘʞʠ ʨʝʣʘʮʠʿʘ 

V1 = ïV2, ʪʿ. �: = ï1 ʧʘ ʠʟ (3.2) ʩʣʝʜʠ 

0 0 L 0

1
cos�� �& �V�L�Q �� ��

2
C Z- =-.                                       (3.5) 

ʋ ʩʣʫʯʘʿʫ ʧʨʚʝ ʥʝʞʝˀʝʥʝ ʨʝʟʦʥʘʥʮʠʿʝ ʥʘ ʚʦʜʫ ʚʘʞʠ ʨʝʣʘʮʠʿʘ V1 = V2, ʪʿ. �: = 1 

ʧʘ ʠʟ (3.2) ʩʣʝʜʠ 
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1 1 L 1

1
cos�� �& �V�L�Q �� ��

2
C Z- =.                                       (3.6) 

ɸʢʦ ʜʘˀʝ ʫʚʨʩʪʠʤʦ ʿʝʜʥʘʯʠʥʝ (3.5) ʠ (3.6) ʫ ʿʝʜʥʘʯʠʥʫ (3.4) ʠ ʠʩʢʦʨʠʩʪʠʤʦ 

ʫʩʣʦʚ C = 0 ʜʦʙʠʿʘʿʫ ʩʝ ʜʚʝ ʿʝʜʥʘʯʠʥʝ ʟʘ ʦʩʥʦʚʫ ʠ ʧʨʚʫ ʥʝʞʝˀʝʥʫ ʨʝʟʦʥʘʥʮʠʿʫ 

( )0 L
0 0

�& 1
1 cos�� �V�L�Q��

2

C

Z
- =                                       (3.7) 

( )1 L
1 1

�& 1
1 cos�� �V�L�Q ��

2

C

Z
+ =- .                                   (3.8) 

ʉʨʝʹʠʚʘˁʝʤ ʦʚʠʭ ʿʝʜʥʘʯʠʥʘ ʩʣʝʜʝ ʿʦʰ ʿʝʜʥʦʩʪʘʚʥʠʿʠ ʠʟʨʘʟʠ ʢʦʿʠ ʜʘʿʫ ʚʝʟʫ 

ʠʟʤʝʹʫ ʨʝʟʦʥʘʥʪʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ, ʝʣʝʢʪʨʠʯʥʝ ʜʫʞʠʥʝ ʚʦʜʘ ʠ ʚʨʝʜʥʦʩʪʠ 

ʢʘʧʘʮʠʪʠʚʥʦʛ ʦʧʪʝʨʝ˂ʝˁʘ ʥʘ ʢʨʘʿʝʚʠʤʘ ʚʦʜʘ 

0

0 L

1
�� �� �D�U�F�W�D�Q

�Œf ZC

å õ
= æ ö

ç ÷
                                             (3.9) 

( )1 1 L�� ���Œ ���D�U�F�W�D�Q �Œf ZC= - .                                      (3.10) 

 

ɼʝʪʘˀʥʠʿʦʤ ʘʥʘʣʠʟʦʤ ʠʟʨʘʟʘ (3.9) ʠ (3.10) ʩʝ ʫʦʯʘʚʘ ʜʘ ʧʦʚʝ˂ʘˁʝ 

ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʢʦʥʜʝʥʟʘʪʦʨʘ CL ʩʤʘˁʫʿʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ f0 ʠ f1 ʰʪʦ 

ʫʧʨʘʚʦ ʧʨʝʜʩʪʘʚˀʘ slow-wave ʝʬʝʢʘʪ. ʄʝʹʫʪʠʤ ʧʨʦʤʝʥʘ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ CL ʤʘˁʝ 

ʫʪʠʯʝ ʥʘ ʩʤʘˁʝˁʝ ʫʯʝʩʪʘʥʦʩʪʠ f1, ʪʘʢʦ ʜʘ ʿʝ ʢʨʘʿˁʠ ʝʬʝʢʘʪ ʜʘ ʩʝ ʦʜʥʦʩ f1 / f0 

ʧʦʚʝ˂ʘʚʘ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʿʝ ʤʦʛʫ˂ʝ ʫʜʘˀʠʪʠ ʫʯʝʩʪʘʥʦʩʪʠ f0 ʠ f1 ʠ ʧʦʚʝ˂ʘʪʠ ʰʠʨʠʥʫ 

ʛʦʨˁʝʛ ʜʝʣʘ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ. ʄʘʪʝʤʘʪʠʯʢʠ ʩʝ ʤʦʞʝ ʧʦʢʘʟʘʪʠ ʜʘ ʿʝ ʬʠʟʠʯʢʦ 

ʦʧʨʘʚʜʘˁʝ ʟʘ ʦʚʘʿ ʬʝʥʦʤʝʥ ʪʘʿ ʰʪʦ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʢʦʿʝ ʩʝ ʜʦʜʘʿʫ ʥʘ ʢʨʘʿʝʚʝ ʚʦʜʘ 

ʫʪʠʯʫ ʜʘ ʬʘʟʥʘ ʙʨʟʠʥʘ ʥʘ ʚʦʜʫ ʙʫʜʝ ʟʘʚʠʩʥʘ ʦʜ ʫʯʝʩʪʘʥʦʩʪʠ, ʪʿ. ʜʦʣʘʟʠ ʜʦ ʧʦʿʘʚʝ 

ʜʠʩʧʝʨʟʠʿʝ [9]. ʂʘʦ ʧʦʩʣʝʜʠʮʘ ʯʠˁʝʥʠʮʝ ʜʘ ʿʝ ʬʘʟʥʘ ʙʨʟʠʥʘ ʚʝ˂ʘ ʟʘ ʚʠʰʝ 

ʫʯʝʩʪʘʥʦʩʪʠ, ʧʨʚʘ ʥʝʞʝˀʝʥʘ ʨʝʟʦʥʘʥʮʠʿʘ ʩʝ ʧʦʤʝʨʘ ʢʘ ʚʠʰʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ ʫ 

ʦʜʥʦʩʫ ʥʘ ʩʣʫʯʘʿ ʥʝʦʧʪʝʨʝ˂ʝʥʦʛ ʚʦʜʘ ʛʜʝ ʩʝ ʦʥʘ ʥʘʣʘʟʠ ʥʘ ʫʯʝʩʪʘʥʦʩʪʠ 2 f0. 

ʅʘ ʩʣʠʮʠ 3.4 ʧʨʠʢʘʟʘʥʘ ʩʫ ʜʚʘ ʥʘʯʠʥʘ ʨʝʘʣʠʟʘʮʠʿʝ ʚʦʜʘ ʩʘ ʢʘʧʘʮʠʪʠʚʥʠʤ 

ʦʧʪʝʨʝ˂ʝˁʝʤ ʥʘ ʢʨʘʿʝʚʠʤʘ ʚʦʜʘ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ.  
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ʉʣʠʢʘ 3.4. ʈʝʟʦʥʘʪʦʨ ʨʝʘʣʠʟʦʚʘʥ ʢʘʦ ʢʘʧʘʮʠʪʠʚʥʦ ʦʧʪʝʨʝ˂ʝʥ ʚʦʜ. 

ʋ ʧʨʚʦʤ ʩʣʫʯʘʿʫ ʚʦʜ ʿʝ ʦʧʪʝʨʝ˂ʝʥ ʥʘ ʦʙʘ ʢʨʘʿʘ ʩʠʤʝʪʨʠʯʥʦ ʩʘ ʧʘʨʦʤ ʦʛʨʘʥʘʢʘ 

ʚʦʜʘ ʢʦʿʠ ʯʠʥʝ ʰʪʘʤʧʘʥʠ ʢʦʥʜʝʥʟʘʪʦʨ, ʜʦʢ ʿʝ ʫ ʜʨʫʛʦʤ ʩʣʫʯʘʿʫ ʚʦʜ ʦʧʪʝʨʝ˂ʝʥ ʩʘʤʦ 

ʩʘ ʧʦ ʿʝʜʥʠʤ ʦʛʨʘʥʢʦʤ ʥʘ ʦʙʘ ʢʨʘʿʘ ʚʦʜʘ. ʆʚʘʢʚʘ ʨʝʘʣʠʟʘʮʠʿʘ ʧʦʚʝ˂ʘʚʘ ʤʦʛʫ˂ʥʦʩʪʠ 

ʩʧʨʝʟʘˁʘ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ ʧʨʠʣʠʢʦʤ ʧʨʦʿʝʢʪʦʚʘˁʘ ʬʠʣʪʘʨʘ. 

3.3 ʈʝʟʦʥʘʪʦʨʠ ʩʘ ʜʚʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ (dual-mode resonator) 

ʉʣʝʜʝ˂ʠ ʥʘʯʠʥ ʟʘ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʫ ʨʝʟʦʥʘʪʦʨʘ ʿʝ ʫʧʦʪʨʝʙʘ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʜʚʘ 

ʤʦʜʘ [4], [22]. ʆʩʥʦʚʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʦʚʠʭ ʨʝʟʦʥʘʪʦʨʘ ʿʝ ʰʪʦ ʧʦʩʝʜʫʿʫ ʜʚʝ 

ʙʣʠʩʢʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ. ʊo ʩʚʦʿʩʪʚʦ ʠʤ ʜʘʿʝ ʤʦʛʫ˂ʥʦʩʪ ʜʘ ʩʝ ʫ ʦʜʥʦʩʫ ʥʘ 

ʦʩʪʘʣʝ ʨʝʟʦʥʘʪʦʨʝ ʩʘ ʿʝʜʠʤ ʤʦʜʦʤ ʨʘʜʘ (single-mode) ʙʨʦʿ ʥʝʦʧʭʦʜʥʠʭ ʨʝʟʦʥʘʪʦʨʘ 

ʟʘ ʬʠʣʪʘʨ n-ʪʦʛ ʨʝʜʘ ʤʦʞʝ ʩʤʘˁʠʪʠ ʟʘ ʧʦʣʘ. ɱʝʜʘʥ dual-mode ʨʝʟʦʥʘʪʦʨ ʩʝ ʫ ʩʪʚʘʨʠ 

ʧʦʥʘʰʘ ʢʘʦ ʜʚʘ single-mode ʩʧʨʝʛʥʫʪʘ ʨʝʟʦʥʘʪʦʨʘ. ɿʘ ʦʙʿʘʰˁʝˁʝ ʧʦʩʪʦʿʘˁʘ ʜʚʘ 

ʤʦʜʘ ʤʦʞʝ ʩʝ ʧʦʩʤʘʪʨʘʪʠ ʩʪʨʫʢʪʫʨʘ ʧʨʠʢʘʟʘʥʘ ʥʘ ʩʣʠʮʠ 3.5, ʢʦʿʘ ʧʨʝʜʩʪʘʚˀʘ 3D 

ʤʦʜʝʣ ʤʠʢʨʦʪʨʘʢʘʩʪʦʛ ʨʝʟʦʥʘʪʦʨʘ. 

 

ʉʣʠʢʘ 3.5. ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʤʦʜʝʣ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʜʚʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʫ 

ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ. 
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ʄʠʢʨʦʪʨʘʢʘʩʪʠ ʨʝʟʦʥʘʪʦʨ ʿʝ ʫ ʦʙʣʠʢʫ ʧʘʨʘʣʝʣʝʧʠʧʝʜa ʜʠʤʝʥʟʠʿʘ �Z × �Z× h. 

ʈʝʟʦʥʘʪʦʨ ʩʝ ʩʘʩʪʦʿʠ ʦʜ ʜʚʝ ʠʜʝʘʣʥʝ ʧʨʦʚʦʜʥʝ ʨʘʚʥʠ ʠʟʤʝʹʫ ʢʦʿʠʭ ʩʝ ʥʘʣʘʟʠ 

ʜʠʝʣʝʢʪʨʠʢ ʨʝʣʘʪʠʚʥʝ ʧʝʨʤʠʪʠʚʥʦʩʪʠ Ůr. ɽʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦ ʧʦˀʝ ʫʥʫʪʘʨ ʦʚʦʛ 

ʨʝʟʦʥʘʪʦʨʘ ʤʦʞʝ ʩʝ ʦʧʠʩʘʪʠ ʿʝʜʥʘʯʠʥʘʤʘ ʢʦʿʝ ʦʧʠʩʫʿʫ ʪʨʘʥʩʚʝʨʟʘʣʥʠ ʤʘʛʥʝʪʩʢʠ 

ʪʠʧ ʪʘʣʘʩʘ, ʪʿ. ʤʦʜ 0
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ʛʜʝ je �:mn ʘʤʧʣʠʪʫʜʘ ʤʦʜʘ, ɤ ʫʛʘʦʥʘ ʫʯʝʩʪʘʥʦʩʪ, ʘ Ůeff ʝʬʝʢʪʠʚʥʘ ʧʝʨʤʠʪʠʚʥʦʩʪ 

ʜʠʝʣʝʢʪʨʠʢʘ. ʅʘ ʦʩʥʦʚʫ ʿʝʜʥʘʯʠʥʘ (3.11) ʫʦʯʘʚʘ ʩʝ ʜʘ ʧʦʩʪʦʿʠ ʥʝʦʛʨʘʥʠʯʝʥ ʙʨʦʿ 

ʨʘʟʣʠʯʠʪʠʭ ʤʦʜʦʚʘ ʢʦʿʠ ʤʦʛʫ ʧʦʩʪʦʿʘʪʠ ʫ ʨʝʟʦʥʘʪʦʨʫ. ʋʯʝʩʪʘʥʦʩʪ ʤʦʜʘ 0
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ʀʟ ʿʝʜʥʘʯʠʥʝ (3.12) ʿʘʩʥʦ ʿʝ ʜʘ ʧʦʩʪʦʿʝ ʨʘʟʣʠʯʠʪʠ ʤʦʜʦʚʠ ʢʦʿʠ ʠʤʘʿʫ ʠʩʪʫ 

ʫʯʝʩʪʘʥʦʩʪ ʠ ʪʘʢʚʠ ʤʦʜʦʚʠ ʩʝ ʥʘʟʠʚʘʿʫ ʜʝʛʝʥʝʨʠʩʘʥʠ ʤʦʜʦʚʠ. ʊʦ ʿʝ ʩʣʫʯʘʿ ʟʘ 

ʤʦʜʦʚʝ 100

zTM  ʠ 010

zTM ʢʦʿʠ ʠʤʘʿʫ ʠʩʪʫ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ ʠ ʪʦ 

100 010

eff
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f f
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= =

me
.                                              (3.13) 

ʀʟ ʿʝʜʥʘʯʠʥʝ (3.11) ʩʝ ʫʦʯʘʚʘ ʜʘ ʩʫ ʧʦˀʘ ʤʦʜʦʚʘ 100

zTM  ʠ 010

zTM  ʤʝʹʫʩʦʙʥʦ 

ʦʨʪʦʛʦʥʘʣʥʘ, ʜʘʢʣʝ ʠʘʢʦ ʠʤʘʿʫ ʠʩʪʫ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ ʦʥʠ ʤʦʛʫ ʧʦʩʪʦʿʘʪʠ 

ʠʩʪʦʚʨʝʤʝʥʦ. ʉ ʦʙʟʠʨʦʤ ʜʘ ʿʝ ʮʠˀ ʜʘ ʩʝ ʦʚʘ ʜʚʘ ʤʦʜʘ ʤʝʹʫʩʦʙʥʦ ʩʧʨʝʛʥʫ ʠ 
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ʧʦʩʪʠʛʥʝ ʝʬʝʢʘʪ ʩʧʨʝʟʘˁʘ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʠʩʪʠʭ ʫʯʝʩʪʘʥʦʩʪʠ, ʥʝʦʧʭʦʜʥʦ ʿʝ 

ʥʘʨʫʰʠʪʠ ʩʠʤʝʪʨʠʿʫ ʨʝʟʦʥʘʪʦʨʘ. ʆʙʠʯʥʦ ʩʝ ʪʦ ʨʘʜʠ ʦʜʩʪʨʘˁʠʚʘˁʝʤ ʠʩʝʯʢʘ ʩʘ 

ʩʪʨʫʢʪʫʨʝ ʿʝʜʥʝ ʧʨʦʚʦʜʥʝ ʨʘʚʥʠ, ʜʦʜʘʚʘˁʝʤ ʫʤʝʪʢʘ ʫ ʩʪʨʫʢʪʫʨʫ ʨʝʟʦʥʘʪʦʨʘ ʢʘʢʦ 

ʙʠ ʩʝ ʥʘʨʫʰʠʣʘ ʩʠʤʝʪʨʠʿʘ ʠ ʩʪʚʦʨʠʣʠ ʫʩʣʦʚʠ ʩʘ ʩʧʨʝʟʘˁʝ ʤʦʜʦʚʘ ʠ ʩʣʠʯʥʦ. ʅʘ 

ʩʣʠʮʠ 3.6 ʧʨʠʢʘʟʘʥʦ ʿʝ ʥʝʢʦʣʠʢʦ ʥʘʯʠʥʘ ʨʝʘʣʠʟʘʮʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʜʚʝ ʨʝʟʦʥʘʥʪʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ. 

(a) (ʙ)

(ʚ) (ʛ) (ʜ)
 

ʉʣʠʢʘ 3.6. ʈʝʟʦʥʘʪʦʨʠ ʩʘ ʜʚʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ: 

(ʘ) ʢʨʫʞʥʠ ʜʠʩʢ, (ʙ) ʧʨʘʚʦʫʛʘʦʥʠ ʦʜʩʝʯʘʢ, (ʚ) ʢʨʫʞʥʘ ʧʝʪˀʘ, (ʛ) ʧʨʘʚʦʫʛʘʦʥʘ 

ʧʝʪˀʘ, (ʜ) ʤʝʘʥʜʨʠʨʘʥʘ ʧʝʪˀʘ. 

ʂʦʜ ʨʝʟʦʥʘʪʦʨʘ ʪʨʦʫʛʘʦʥʦʛ ʦʙʣʠʢʘ ʨʘʟʣʠʯʠʪʠ ʤʦʜʦʚʠ, ʥʘ ʧʨʠʤʝʨ 
0,1, 1

zTM -
, 

1,0,1

zTM-
 ʠ 

0, 1,1

zTM -
 ʠʤʘʿʫ ʥʝ ʩʘʤʦ ʠʩʪʫ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ ʥʝʛʦ ʠ ʠʩʪʫ ʩʪʨʫʢʪʫʨʫ 

ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦʛ ʧʦˀʘ, ʦʜʥʦʩʥʦ ʠʜʝʥʪʠʯʥʠ ʩʫ. 

ɿʘ ʨʘʟʫʤʝʚʘˁʝ ʝʬʝʢʪʘ ʧʦʩʪʦʿʘˁʘ ʜʚʘ ʤʦʜʘ ʨʝʟʦʥʘʪʦʨʘ ʪʨʦʫʛʘʦʥʦʛ ʦʙʣʠʢʘ, 

ʢʦʨʠʩʥʦ ʿʝ ʧʦʛʣʝʜʘʪʠ ʨʘʩʧʦʜʝʣʫ ʛʫʩʪʠʥʝ ʩʪʨʫʿʘ ʥʘ ʪʨʦʫʛʘʦʥʦʤ ʧʨʦʚʦʜʥʠʢʫ ʟʘ 

ʥʘʚʝʜʝʥʘ ʜʚʘ ʩʣʫʯʘʿʘ (ʩʣʠʢʘ 3.7). 
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ʉʣʠʢʘ 3.7. ʈʘʩʧʦʜʝʣʘ ʛʫʩʪʠʥʝ ʩʪʨʫʿʘ ʪʨʦʫʛʘʦʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ 

ʪʝʭʥʠʮʠ: (ʘ) ʥʝʧʘʨʘʥ ʤʦʜ, (ʙ) ʧʘʨʥʠ ʤʦʜ. 

ʇʨʠʤʝ˂ʫʿʝ ʩʝ ʜʘ ʿʝ ʫ ʦʜʥʦʩʫ ʥʘ ʭʦʨʠʟʦʥʪʘʣʥʫ ʦʩʫ ʧʨʚʠ ʩʣʫʯʘʿ ʨʘʩʧʦʜʝʣʝ ʩʪʨʫʿʘ 

ʘʩʠʤʝʪʨʠʯʘʥ, ʘ ʜʨʫʛʠ ʩʠʤʝʪʨʠʯʘʥ, ʦʜʥʦʩʥʦ ʨʘʩʧʦʜʝʣʝ ʦʜʛʦʚʘʨʘʿʫ ʥʝʧʘʨʥʦʤ ʠ 

ʧʘʨʥʦʤ ʤʦʜʫ. ɼʨʫʛʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʿʝ ʜʘ ʦʚʝ ʜʚʝ ʨʘʩʧʦʜʝʣʝ ʥʠʩʫ ʦʨʪʦʛʦʥʘʣʥʝ, 

ʥʠʪʠ ʩʝ ʙʠʣʦ ʢʦʿʘ ʦʜ ʦʚʝ ʜʚʝ ʨʘʩʧʦʜʝʣʝ ʤʦʞʝ ʜʦʙʠʪʠ ʨʦʪʘʮʠʿʦʤ ʜʨʫʛʝ ʟʘ ʥʝʢʠ ʫʛʘʦ. 

ʊʦ ʫʢʘʟʫʿʝ ʥʘ ˁʠʭʦʚʫ ʤʝʹʫʩʦʙʥʫ ʥʝʟʘʚʠʩʥʦʩʪ ʰʪʦ ʥʠʿʝ ʙʠʦ ʩʣʫʯʘʿ ʫ ʧʨʝʪʭʦʜʥʦ 

ʘʥʘʣʠʟʠʨʘʥʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ ʩʘ ʜʚʘ ʤʦʜʘ. ʊʨʠ ʥʘʯʠʥʘ ʟʘ ʧʨʦʤʝʥʫ ʩʪʨʫʢʪʫʨʝ 

ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʮʠˀʝʤ ʨʘʟʜʚʘʿʘˁʘ ʤʦʜʦʚʘ ʩʫ ʧʨʠʢʘʟʘʥʘ ʥʘ ʩʣʠʮʠ 3.8. 

 

ʉʣʠʢʘ 3.8. ʅʘʯʠʥʠ ʟʘ ʨʘʟʜʚʘʿʘˁʝ ʤʦʜʦʚʘ ʢʦʜ ʪʨʦʫʛʘʦʥʦʛ ʨʝʟʦʥʘʪʦʨʘ: (ʘ) ʠʩʝʮʘˁʝʤ 

ʚʨʭʘ, (ʙ) ʜʝʬʦʨʤʘʮʠʿʦʤ ʫ ʿʝʜʥʘʢʦʢʨʘʢʠ ʪʨʦʫʛʘʦ, (ʚ) ʫʩʝʮʘˁʝʤ ʧʨʦʮʝʧʘ. 

ʋ ʩʣʫʯʘʿʫ ʧʨʘʚʦʫʛʘʦʥʦʛ ʨʝʟʦʥʘʪʦʨʘ, ʜʚʘ ʤʦʜʘ ʠʩʪʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʩʫ 

ʤʝʹʫʩʦʙʥʦʤ ʠʥʪʝʨʘʢʮʠʿʦʤ, ʫʟʨʦʢʦʚʘʥʦʤ ʜʝʬʦʨʤʘʮʠʿʘʤʘ ʩʪʨʫʢʪʫʨʝ, ʨʝʟʫʣʪʦʚʘʣʘ ʩʘ 

ʜʚʝ ʥʦʚʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ. ʋ ʩʣʫʯʘʿʫ ʪʨʦʫʛʘʦʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʧʨʦʤʝʥʝ ʥʘ 

ʩʪʨʫʢʪʫʨʠ ʫʟʨʦʢʫʿʫ ʧʦʤʝʨʘˁʝ ʫʯʝʩʪʘʥʦʩʪʠ ʩʘʤʦ ʿʝʜʥʦʛ ʤʦʜʘ, ʜʦʢ ʫʯʝʩʪʘʥʦʩʪ 

(ʘ)ʩʠʤʝʪʨʠʿʝ 
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ʜʨʫʛʦʛ ʤʦʜʘ ʦʩʪʘʿʝ ʩʢʦʨʦ ʥʝʧʨʦʤʝˁʝʥʘ. ʅʘ ʩʣʠʮʠ 3.9 ʩʫ ʧʨʠʢʘʟʘʥʝ ʨʝʟʦʥʘʥʪʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ ʤʦʜʦʚʘ ʟʘ ʥʘʚʝʜʝʥʘ ʪʨʠ ʥʘʯʠʥʘ ʤʦʜʠʬʠʢʘʮʠʿʝ ʨʝʟʦʥʘʪʦʨʘ. 

 

ʉʣʠʢʘ 3.9. ɸʤʧʣʠʪʫʜʩʢʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʨʠ ʨʘʟʜʚʘʿʘˁʫ ʤʦʜʦʚʘ ʟʘ ʪʨʠ ʥʘʯʠʥʘ 

ʤʦʜʠʬʠʢʘʮʠʿʝ ʪʨʦʫʛʘʦʥʦʛ ʨʝʟʦʥʘʪʦʨʘ: (ʘ) ʠʩʝʮʘˁʝʤ ʚʨʭʘ, (ʙ) ʜʝʬʦʨʤʘʮʠʿʦʤ ʫ 

ʿʝʜʥʘʢʦʢʨʘʢʠ ʪʨʦʫʛʘʦ, (ʚ) ʫʩʝʮʘˁʝʤ ʧʨʦʮʝʧʘ. 

ʈʘʟʜʚʘʿʘˁʝ ʤʦʜʦʚʘ, ʪʿ. ʧʨʦʤʝʥʘ ʫʯʝʩʪʘʥʦʩʪʠ ʤʦʜʦʚʘ ʟʘ ʪʨʠ ʩʣʫʯʘʿʘ 

ʤʦʜʠʬʠʢʘʮʠʿʘ ʩʘ ʩʣʠʢʝ 3.8, ʧʨʠʢʘʟʘʥʦ ʿʝ ʥʘ ʩʣʠʮʠ 3.9. ʋ ʧʨʚʦʤ ʩʣʫʯʘʿʫ ʧʘʨʥʠ ʤʦʜ 

je ʝʬʝʢʪʠʚʥʦ ʧʦʤʝʨʝʥ ʢʘ ʚʠʰʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ, ʜʦʢ je ʫ ʜʨʫʛʦʤ ʩʣʫʯʘʿʫ ʧʘʨʥʠ ʤʦʜ 

ʧʦʤʝʨʝʥ ʘʣʠ ʧʨʝʤʘ ʥʠʞʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ, a ʫʯʝʩʪʘʥʦʩʪ ʥʝʧʘʨʥʦʛ ʤʦʜʘ ʦʩʪʘʣʘ je 

ʥʝʧʨʦʤʝˁʝʥʘ. ʋ ʪʨʝ˂ʝʤ ʩʣʫʯʘʿʫ ʫʩʝʮʘˁʝ ʧʨʦʮʝʧʘ ʦʜʨʝʹʝʥʝ ʜʫʞʠʥʝ ʝʬʝʢʪʠʚʥʦ 

ʫʪʠʯʝ ʥʘ ʥʝʧʘʨʥʠ ʤʦʜ. ʃʘʢʦ ʿʝ ʫʦʯʠʪʠ ʠ ʨʘʟʣʦʛ ʟʘʰʪʦ ʿʝ ʪʦ ʪʘʢʦ ʧʦʩʤʘʪʨʘʿʫ˂ʠ 

ʨʘʩʧʦʜʝʣʫ ʛʫʩʪʠʥʝ ʩʪʨʫʿʝ ʥʝ ʩʣʠʮʠ 3.7. ɽʚʠʜʝʥʪʥʦ ʿʝ ʜʘ ˂ʝ ʧʨʦʮʝʧ ʥʘ ʦʩʠ 

ʩʠʤʝʪʨʠʿʝ ʫʪʠʮʘʪʠ ʥʘ ʥʝʧʘʨʥʠ ʤʦʜ ʟʙʦʛ ʧʨʝʩʝʮʘˁʘ ʪʦʢʘ ʩʪʨʫʿʘ. ʅʘ ʩʣʠʮʠ 3.9ʚ 

ʧʦʢʘʟʘʥ ʿʝ ʫʪʠʮʘʿ ʧʦʤʝʨʘˁʘ ʫʯʝʩʪʘʥʦʩʪʠ ʟʘ ʪʨʠ ʨʘʟʣʠʯʠʪʝ ʜʫʞʠʥʝ ʧʨʦʮʝʧʘ. ʀʥʘʯʝ, 

ʩʚʝ ʨʝʘʣʠʟʘʮʠʿʝ patch ʨʝʟʦʥʘʪʦʨʘ ʤʦʛʫ ʧʦʜʨʞʘʪʠ ʚʝ˂ʝ ʩʥʘʛʝ ʠ ʠʤʘʿʫ ʤʘˁʝ 

ʢʦʥʜʫʢʮʠʦʥʝ ʛʫʙʠʪʢʝ, ʘʣʠ ʚʝ˂ʝ ʨʘʜʠʿʘʮʠʦʥʝ ʫ ʦʜʥʦʩʫ ʥʘ ʦʩʪʘʣʝ ʤʠʢʨʦʪʨʘʢʘʩʪʝ 

ʨʝʟʦʥʘʪʦʨʝ. ɿʘʪʦ ʩʝ ʦʚʘʢʚʠ ʨʝʟʦʥʘʪʦʨʠ ʥʘʿʯʝʰ˂ʝ ʦʢʣʘʧʘʿʫ ʢʘʢʦ ʙʠ ʩʝ ʩʤʘˁʠʣʦ 

ʟʨʘʯʝˁʝ. 

ɱʦʰ ʿʝʜʘʥ ʥʘʯʠʥ ʨʝʘʣʠʟʘʮʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʜʚʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ 

ʜʦʙʠʿʝʥ ʤʦʜʠʬʠʢʘʮʠʿʦʤ ʧʦʣʫʪʘʣʘʩʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʧʨʘʚʦʫʛʘʦʥʦʛ ʦʙʣʠʢʘ ʜʦʜʘʚʘˁʝʤ 

ʢʘʩʢʘʜʥʦ ʚʝʟʘʥʝ ʜʚʝ ʩʝʢʮʠʿʝ ʚʦʜʦʚʘ (stepped-impedance) ʫʥʫʪʘʨ ʨʝʟʦʥʘʪʦʨʘ, 

ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʩʣʠʮʠ 3.10. 
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ʉʣʠʢʘ 3.10. ʈʝʘʣʠʟʘʮʠʿʘ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʜʚʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʫ 

ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ ʤʦʜʠʬʠʢʘʮʠʿʦʤ ʧʦʣʫʪʘʣʘʩʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʧʨʘʚʦʫʛʘʦʥʦʛ 

ʦʙʣʠʢʘ. 

ʇʨʚʝ ʜʚʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʢʦʿʝ ʩʝ ʿʘʚˀʘʿʫ ʢʦʜ ʦʚʦʛ ʨʝʟʦʥʘʪʦʨʘ ʩʫ ʫ 

ʩʪʚʘʨʠ ʫʯʝʩʪʘʥʦʩʪʠ ʧʘʨʥʦʛ ʠ ʥʝʧʘʨʥʦʛ ʤʦʜʘ. ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʛʝʦʤʝʪʨʠʿʩʢʠʭ 

ʧʘʨʘʤʝʪʘʨʘ ʧʘʨʥʠ ʠ ʥʝʧʘʨʥʠ ʤʦʜ ʤʦʛʫ ʠʤʘʪʠ ʠʩʪʫ ʫʯʝʩʪʘʥʦʩʪ ʠʣʠ ʙʠʣʦ ʢʦʿʠ ʦʜ 

ˁʠʭ ʤʦʞʝ ʠʤʘʪʠ ʚʠʰʫ ʠʣʠ ʥʠʞʫ ʫʯʝʩʪʘʥʦʩʪ ʦʜ ʜʨʫʛʦʛ. ʋʯʝʩʪʘʥʦʩʪʠ ʦʚʠʭ ʤʦʜʦʚʘ 

ʩʫ ʥʝʟʘʚʠʩʥʝ, ʦʜʥʦʩʥʦ ʤʦʜʦʚʠ ʥʠʩʫ ʩʧʨʝʛʥʫʪʠ ʙʝʟ ʦʙʟʠʨʘ ʥʘ ʧʨʦʤʝʥʝ ʛʝʦʤʝʪʨʠʿʝ 

ʨʝʟʦʥʘʪʦʨʘ. ɼʦʙʠʿʝʥʠ ʝʬʝʢʘʪ ʿʝ ʧʦʢʘʟʘʪʝˀ ʜʘ ʩʝ ʦʚʜʝ, ʢʘʦ ʫ ʩʣʫʯʘʿʫ ʪʨʦʫʛʘʦʥʦʛ 

ʨʝʟʦʥʘʪʦʨʘ ʨʘʜʠ ʦ ʜʚʘ ʥʝʩʧʨʝʛʥʫʪʘ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʨʝʟʦʥʘʥʪʥʠʤ 

ʫʯʝʩʪʘʥʦʩʪʠʤʘ. 

ʇʨʠʣʠʢʦʤ ʧʨʦʿʝʢʪʦʚʘˁʘ ʨʝʟʦʥʘʪʦʨʘ, ʦʜʥʦʩʥʦ Q-ʬʘʢʪʦʨʘ ʠ ʨʝʟʦʥʘʥʪʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ ʧʘʨʥʦʛ ʠ ʥʝʧʘʨʥʦʛ ʤʦʜʘ, ʫ ʚʝʣʠʢʦʿ ʤʝʨʠ ʿʝ ʤʦʛʫ˂ʝ ʥʝʟʘʚʠʩʥʦ 

ʧʦʜʝʰʘʚʘʪʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʟʘ ʧʘʨʥʠ ʠ ʥʝʧʘʨʥʠ ʤʦʜ. ʈʘʟʣʦʛ ʣʝʞʠ ʫ ʯʠˁʝʥʠʮʠ ʜʘ 

ʿʝ ʜʫʞʠʥʘ ʦʪʚʦʨʝʥʝ ʧʝʪˀʝ ʧʨʠʙʣʠʞʥʦ ʿʝʜʥʘʢʘ ʧʦʣʦʚʠʥʠ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ ʟʘ 

ʥʝʧʘʨʘʥ ʤʦʜ ʦʜʥʦʩʥʦ ( )1 1 g_neparan mod2 � � � �a b+ º , ʪʝ ʜʘ ʿʝ ʫʥʫʪʨʘʰˁʘ ʩʝʢʮʠʿʘ ʚʦʜʦʚʘ 

ʩʧʦʿʝʥʘ ʥʘ ʩʨʝʜʠʥʠ ʪʝ ʜʫʞʠʥʝ ʦʜʥʦʩʥʦ ʫ ʪʘʯʢʠ ʚʠʨʪʫʝʣʥʝ ʤʘʩʝ. ʉ ʦʙʟʠʨʦʤ ʥʘ ʪʫ 

ʯʠˁʝʥʠʮʫ ʜʠʤʝʥʟʠʿʝ �Z2, b2, �Z3 ʠ b3 ʥʝʟʥʘʪʥʦ ʫʪʠʯʫ ʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʥʝʧʘʨʥʦʛ 

ʤʦʜʘ ʠ ˁʠʭʦʚʝ ʧʨʦʤʝʥʝ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʧʦʜʝʰʘʚʘˁʝ ʧʘʨʥʦʛ ʤʦʜʘ. ʆʩʪʘʣʝ ʜʠʤʝʥʟʠʿʝ 

ʫʪʠʯʫ ʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʦʙʘ ʤʦʜʘ ʪʝ ʩʝ ʧʨʠʣʠʢʦʤ ʧʨʦʿʝʢʪʦʚʘˁʘ ʧʨʚʦ ʦʥʝ 

ʧʦʜʝʰʘʚʘʿʫ. 
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3.4 ʈʝʟʦʥʘʪʦʨʠ ʩʘ ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʠ ʢʚʘʟʠ-ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʝʣʝʤʝʥʪʠʤʘ ʫ 

ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ 

ʈʝʘʣʠʟʘʮʠʿʘ ʨʝʟʦʥʘʪʦʨʘ ʠ ʬʠʣʪʘʨʘ ʢʦʨʠʰ˂ʝˁʝʤ ʢʦʥʮʝʥʪʨʠʩʘʥʠʭ ʢʦʤʧʦʥʝʥʪʠ 

ʝʿ ʿʝʜʘʥ ʦʜ ʧʨʚʠʭ ʥʘʯʠʥʘ ʢʦʿʠ ʩʝ ʧʨʠʤʝˁʠʚʘʦ ʦʜ ʩʚʠʭ ʜʦ ʩʘʜʘ ʥʘʚʝʜʝʥʠʭ ʥʘʯʠʥʘ 

ʨʝʘʣʠʟʘʮʠʿʘ. ʂʦʨʠʰ˂ʝˁʝʤ ʢʦʥʮʝʥʪʨʠʩʘʥʠʭ ʝʣʝʤʝʥʘʪʘ ʩʝ ʧʦʩʪʠʟʘʣʦ ʩʤʘˁʝˁe 

ʚʝʣʠʯʠʥʝ ʤʠʢʨʦʪʘʣʘʩʥʠʭ ʠʥʪʝʛʨʠʩʘʥʠʭ ʢʦʣʘ ʥʘ ʥʠʞʠʤ ʤʠʢʨʦʪʘʣʘʩʥʠʤ 

ʫʯʝʩʪʘʥʦʩʪʠʤʘ. ʋ ʜʘʥʘʰˁʝ ʚʨʝʤʝ, ʢʦʥʮʝʥʪʨʠʩʘʥʝ ʢʦʤʧʦʥʝʥʪʝ ʩʫ ʠ ʜʘˀʝ ʘʢʪʫʝʣʥʝ 

ʿʝʨ ʦʤʦʛʫ˂ʘʚʘʿʫ ʧʨʦʠʟʚʦʜˁʫ ʤʘˁʠʭ ʠ ʿʝʬʪʠʥʠʿʠʭ ʤʠʢʨʦʪʘʣʘʩʥʠʭ ʢʦʣʘ ʢʘʦ ʰʪʦ ʩʫ 

ʤʦʥʦʣʠʪʥʘ ʤʠʢʨʦʪʘʣʘʩʥʘ ʠʥʪʝʛʨʠʩʘʥʘ ʢʦʣʘ ʠ ʢʝʨʘʤʠʯʢʘ ʚʠʰʝʩʣʦʿʥʘ ʢʦʣʘ. ʋ 

ʰʪʘʤʧʘʥʦʿ ʪʝʭʥʦʣʦʛʠʿʠ ʢʦʥʮʝʥʪʨʠʩʘʥʝ ʢʦʤʧʦʥʝʥʪʝ ʩʝ ʧʨʦʠʟʚʦʜʝ ʥʘ ʿʝʜʥʦʩʣʦʿʥʦʿ 

ʠʣʠ ʚʠʰʝʩʣʦʿʥʦʿ ʜʠʝʣʝʢʪʨʠʯʥʦʿ ʧʦʜʣʦʟʠ. ʊʘʥʘʢ ʩʣʦʿ ʧʨʦʚʦʜʥʠʢʘ ʞʝˀʝʥʦʛ ʦʙʣʠʢʘ 

ʥʘʥʦʩʠ ʩʝ ʥʘ ʨʘʚʥʫ ʧʦʚʨʰ ʜʠʝʣʝʢʪʨʠʢʘ. 

ʂʦʨʠʰ˂ʝˁʝ ʰʪʘʤʧʘʥʠʭ ʩʪʨʫʢʪʫʨʘ ʿʝ ʦʤʦʛʫ˂ʠʣʦ ʧʨʘʚˀʝˁʝ ʢʦʥʮʝʥʪʨʠʩʘʥʠʭ ʠ 

ʢʚʘʟʠ-ʢʦʥʮʝʥʪʨʠʩʘʥʠʭ ʝʣʝʤʝʥʘʪʘ ʥʘ ʰʪʘʤʧʘʥʦʿ ʧʣʦʯʠ ʢʘʦ ˁʝʥ ʠʥʪʝʛʨʘʣʥʠ ʜʝʦ. ʅʘ 

ʦʚʘʿ ʥʘʯʠʥ ʦʯʫʚʘʥʘ ʿʝ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʘ, ʘ ʝʣʝʤʝʥʪʠ ʩʫ ʧʦʜʝʩʥʠ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ 

ʥʘ ʰʪʘʤʧʘʥʦʿ ʧʣʦʯʠ. ʋʦʙʠʯʘʿʝʥʝ ʢʦʤʧʦʥʝʥʪʝ ʟʘ ʧʨʘʚˀʝˁʝ ʬʠʣʪʘʨʘ ʫ ʰʪʘʤʧʘʥʦʿ 

ʪʝʭʥʠʮʠ ʩʫ ʢʦʥʮʝʥʪʨʠʩʘʥʠ ʢʘʣʝʤʦʚʠ ʠ ʢʦʥʜʝʥʟʘʪʦʨʠ, ʢʚʘʟʠ-ʢʦʥʮʝʥʪʨʠʩʘʥʠ 

ʝʣʝʤʝʥʪʠ ʠ ʨʝʟʦʥʘʪʦʨʠ [9], [14].  

ʋ ʧʦʨʝʹʝˁʫ ʩʘ ʢʦʤʧʦʥʝʥʪʘʤʘ ʩʘ ʨʘʩʧʦʜʝˀʝʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ ʢʦʥʮʝʥʪʨʠʩʘʥʝ 

ʢʦʤʧʦʥʝʥʪʝ ʠʤʘʿʫ ʩʣʝʜʝ˂ʝ ʧʨʝʜʥʦʩʪʠ: ʤʘˁʫ ʚʝʣʠʯʠʥʫ, ʥʠʞʫ ʮʝʥʫ, ʤʘˁʝ 

ʤʝʹʫʩʦʙʥʝ ʩʧʨʝʛʝ ʠ ʚʝ˂ʝ ʨʘʜʥʝ ʬʨʝʢʚʝʥʮʠʿʩʢʝ ʦʧʩʝʛʝ, ʜʦʢ ʩʫ ʠʤ ʧʦʪʝʥʮʠʿʘʣʥʠ 

ʥʝʜʦʩʪʘʮʠ ʤʘˁʠ ʬʘʢʪʦʨʠ ʜʦʙʨʦʪʝ ʠ ʤʘˁʘ ʢʦʥʪʨʦʣʘ ʧʦʜʝʰʘʚʘˁʘ ʧʘʨʘʤʝʪʘʨʘ. 

ʂʦʥʢʨʝʪʘʥ ʠʟʙʦʨ ʪʠʧʘ ʢʦʤʧʦʥʝʥʪʝ ʟʘʚʠʩʠ ʦʜ ʟʘʭʪʝʚʘ ʢʦʿʠ ʩʝ ʧʦʩʪʘʚˀʘʿʫ: ʪʠʧʘ 

ʤʠʢʨʦʪʘʣʘʩʥʦʛ ʢʦʣʘ, ʨʘʜʥʝ ʫʯʝʩʪʘʥʦʩʪʠ, ʛʫʙʠʪʘʢʘ, ʩʥʘʛʝ ʠ ʩʣʠʯʥʦ.  

ʊʝʭʥʠʢʘ ʢʦʿʘ ʿʝ ʧʨʠʤʝˁʝʥʘ ʫ ʦʚʦʤ ʥʘʫʯʥʦʤ ʠʩʪʨʘʞʠʚʘˁʫ ʿʝ ʨʝʘʣʠʟʘʮʠʿʘ 

ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʠ ʢʚʘʟʠ-ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʝʣʝʤʝʥʪʠʤʘ. ʆʚʘʿ ʧʨʠʩʪʫʧ 

ʿʝ ʧʦʜʩʪʘʢʥʫʪ ʩʣʠʯʥʠʤ ʨʝʘʣʠʟʘʮʠʿʘʤʘ ʧʨʠʢʘʟʘʥʠʤ ʫ ʣʠʪʝʨʘʪʫʨʠ [23], [24], [25], 

[26]. ʂʚʘʟʠ-ʢʦʥʮʝʥʪʨʠʩʘʥʝ ʢʦʤʧʦʥʝʥʪʝ (ʧʨʝʤʘ ʧʦʜʝʣʠ ʠʟ [9]) ʩʫ ʢʨʘʪʢʠ ʦʜʩʝʯʮʠ ʠ 

ʦʛʨʘʥʮʠ ʚʦʜʦʚʘ, ʯʠʿʘ ʿʝ ʬʠʟʠʯʢʘ ʜʫʞʠʥʘ ʤʘˁʘ ʦʜ ʯʝʪʚʨʪʠʥʝ ʚʦʹʝʥʝ ʪʘʣʘʩʥʝ 

ʜʫʞʠʥʝ ʥʘ ʚʦʜʫ g� � � �. ʋ ʥʝʢʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ʩʝ ʤʦʛʫ ʩʤʘʪʨʘʪʠ ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ 
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ʝʣʝʤʝʥʪʠʤʘ, ʘʢʦ ʩʫ ˁʠʭʦʚʝ ʜʠʤʝʥʟʠʿʝ ʤʘʝˁ ʦʜ ʦʩʤʠʥʝ ʚʦʹʝʥʝ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ 

g� � � �.  

ʇʦʜ ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʢʦʤʧʦʥʝʥʪʘʤʘ ʦʙʠʯʥʦ ʩʝ ʧʦʜʨʘʟʫʤʝʚʘʿʫ ʝʣʝʤʝʥʪʠ ʯʠʿʝ ʩʫ 

ʬʠʟʠʯʢʝ ʜʠʤʝʥʟʠʿʝ ʤʥʦʛʦ ʤʘˁʝ ʦʜ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ ʫ ʩʣʦʙʦʜʥʦʤ ʧʨʦʩʪʦʨʫ 
0��  ʥʘ 

ʥʘʿʚʠʰʦʿ ʨʘʜʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ. ʇʨʝʤʘ ʧʦʜʝʣʠ ʠʟ [9], ʬʠʟʠʯʢʝ ʜʠʤʝʥʟʠʿʝ 

ʢʦʥʮʝʥʪʨʠʩʘʥʠʭ ʢʦʤʧʦʥʝʥʪʠ ʩʫ ʤʘˁʝ ʦʜ 
00.1�� . 

ʅʘ ʩʣʠʮʠ 3.11 ʩʫ ʧʨʠʢʘʟʘʥʠ ʧʨʠʤʝʨʠ ʨʝʘʣʠʟʘʮʠʿʝ ʝʣʝʤʝʥʘʪʘ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ 

ʪʝʭʥʠʮʠ. 

 

ʉʣʠʢʘ 3.11. ʂʦʥʮʝʥʪʨʠʩʘʥʠ ʠ ʢʚʘʟʠ-ʢʦʥʮʝʥʪʨʠʩʘʥʠ ʝʣʝʤʝʥʪʠ ʨʝʘʣʠʟʦʚʘʥʠ ʫ 

ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ: (ʘ) ʢʘʣʝʤ ʨʝʘʣʠʟʦʚʘʥ ʢʘʦ ʩʝʢʮʠʿʘ ʚʦʜʘ ʚʝʣʠʢʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʠʤʧʝʜʘʥʩʝ, (ʙ) ʢʘʣʝʤ ʨʝʘʣʠʟʦʚʘʥ ʢʘʦ ʤʝʘʥʜʨʠʨʘʥʠ ʰʪʘʤʧʘʥʠ 

ʚʦʜ, (ʚ) ʢʨʫʞʥʠ ʩʧʠʨʘʣʥʠ ʢʘʣʝʤ, (ʛ) ʧʨʘʚʦʫʛʘʦʥʠ ʩʧʠʨʘʣʥʠ ʢʘʣʝʤ, (ʜ) 

ʠʥʪʝʨʜʠʛʠʪʘʣʥʠ ʢʦʥʜʝʥʟʘʪʦʨ, (ʝ) ʦʪʚʦʨʝʥ ʦʛʨʘʥʘʢ ʚʦʜʘ ʢʘʦ ʢʚʘʟʠ-ʢʦʥʮʝʥʪʨʠʩʘʥʠ 

ʢʦʥʜʝʥʟʘʪʦʨ, (ʠ) ʢʨʘʪʢʦ ʩʧʦʿʝʥ ʦʛʨʘʥʘʢ ʚʦʜʘ ʢʘʦ ʢʚʘʟʠ-ʢʦʥʮʝʥʪʨʠʩʘʥʠ ʢʘʣʝʤ. 

ʂʘʜʘ ʿʝ ʨʝʯ ʦ ʤʦʛʫ˂ʥʦʩʪʠʤʘ ʨʝʘʣʠʟʘʮʠʿʝ ʨʝʟʦʥʘʪʦʨʘ, ʨʘʥʠʿʝ ʩʫ ʧʨʠʢʘʟʘʥʝ 

ʨʝʘʣʠʟʘʮʠʿʝ ʢʘʦ patch ʨʝʟʦʥʘʪʦʨʠ, ʜʦʢ ʩʫ ʥʘ ʩʣʠʮʠ 3.12 ʧʨʠʢʘʟʘʥʝ ʤʦʛʫ˂ʝ 

ʨʝʘʣʠʟʘʮʠʿʝ ʩʘ ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʠ ʢʚʘʟʠ-ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʝʣʝʤʝʥʪʠʤʘ. ʋ ʧʨʚʦʤ 
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ʩʣʫʯʘʿʫ ʨʘʜʠ ʩʝ ʦ ʧʘʨʘʣʝʣʥʦʤ ʨʝʟʦʥʘʪʦʨʫ ʩʘ ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʝʣʝʤʝʥʪʠʤʘ (ʩʣʠʢʘ 

3.12ʘ), ʘ ʫ ʜʨʫʛʦʤ ʩʣʫʯʘʿʫ ʧʨʠʢʘʟʘʥ ʿʝ ʨʝʜʥʠ ʨʝʟʦʥʘʪʦʨ ʩʘ ʢʚʘʟʠ-ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ 

ʝʣʝʤʝʥʪʠʤʘ. ʋ ʦʙʘ ʩʣʫʯʘʿʘ ʨʝʟʦʥʘʥʪʥʘ ʫʯʝʩʪʘʥʦʩʪ ʦʜʨʝʹʝʥʘ ʿʝ ʚʨʝʜʥʦʩʪʠʤʘ 

ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʢʦʥʜʝʥʟʘʪʦʨʘ ʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʢʘʣʝʤʘ ʠ ʿʝʜʥʘʢʘ ʿʝ 
0� & � �LC= . 

ʄʝʹʫʪʠʤ, ʦʚʠ ʨʝʟʦʥʘʪʦʨʠ ʠʤʘʿʫ ʠ ʥʝʞʝˀʝʥʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʥʘ ʚʠʰʠʤ 

ʨʘʜʥʠʤ ʬʨʝʢʚʝʥʮʠʿʘʤʘ, ʥʘ ʢʦʿʠʤʘ ˁʠʭʦʚʝ ʜʠʤʝʥʟʠʿʝ ʥʠʩʫ ʚʠʰʝ ʟʥʘʪʥʦ ʤʘˁʝ ʦʜ 

ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ, ʠ ʧʨʝʤʘ ʥʘʚʝʜʝʥʦʿ ʧʦʜʝʣʠ ʢʦʤʧʦʥʝʥʪʠ ʠʟ [9], ʥʝ ʤʦʛʫ ʩʝ ʩʤʘʪʨʘʪʠ 

ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʠ ʢʚʘʟʠ-ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʝʣʝʤʝʥʪʠʤʘ.  

ʅʘ ʧʨʠʤʝʨ ʢʦʜ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʨʘʩʧʦʜʝˀʝʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ, ʢʘʦ ʰʪʦ ʿʝ 

ʯʝʪʚʨʪʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨ ʯʠʿʘ ʿʝ ʜʫʞʠʥʘ g0� � � �, ʛʜʝ ʿʝ g0��
 
ʚʦʹʝʥʘ ʪʘʣʘʩʥʘ ʜʫʞʠʥʘ 

ʥʘ ʦʩʥʦʚʥʦʿ ʨʝʟʦʥʘʥʪʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ 
0f . ʂʦʜ ʦʚʦʛ ʨʝʟʦʥʘʪʦʨʘ ʩʝ ʿʘʚˀʘʿʫ 

ʥʝʞʝˀʝʥʝ ʨʝʟʦʥʘʥʮʠʿʝ ʥʘ ʥʝʧʘʨʥʠʤ ʫʤʥʦʰʮʠʤʘ ʦʩʥʦʚʥʝ ʫʯʝʩʪʘʥʦʩʪʠ 

( )02 1 , 2,3, ...f n f nº - = . 

ʀʩʪʠ ʝʬʝʢʘʪ ʧʦʘʿʚʝ ʥʝʞʝˀʝʥʠʭ ʨʝʟʦʥʘʥʪʥʠʭ ʦʜʟʠʚʘ ʿʘʚˀʘ ʩʝ ʠ ʢʦʜ ʰʪʘʤʧʘʥʦʛ 

ʢʘʣʝʤʘ ʢʦʿʠ ʿʝ ʨʝʘʣʠʟʦʚʘʥ ʢʘʦ ʩʧʠʨʘʣʥʠ ʢʘʣʝʤ. ʅʘ ʦʜʨʝʹʝʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʥʘ ʢʦʿʦʿ 

ʿʝ ʜʫʞʠʥʘ ʢʘʣʝʤʘ ʿʝʜʥʘʢʘ ʯʝʪʚʨʪʠʥʠ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ ʜʦʣʘʟʠ ʜʦ ʨʝʟʦʥʘʥʮʠʿʝ ʿʝʨ ʩʝ 

ʢʘʣʝʤ ʧʦʥʘʰʘ ʢʘʦ ʚʦʜ ʜʫʞʠʥʝ g0� � � �.  

 

ʉʣʠʢʘ 3.12. ʈʝʟʦʥʘʪʦʨʠ ʨʝʘʣʠʟʦʚʘʥʠ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ: (ʘ) ʩʘ 

ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʝʣʝʤʝʥʪʠʤʘ, (ʙ) ʩʘ ʢʚʘʟʠ-ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʝʣʝʤʝʥʪʠʤʘ. 
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ʂʦʜ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʨʘʩʧʦʜʝˀʝʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ, ʢʘʦ ʰʪʦ ʿʝ ʧʦʣʫʪʘʣʘʩʥʠ 

ʨʝʟʦʥʘʪʦʨ ʯʠʿʘ ʿʝ ʜʫʞʠʥʘ g0� � � �, ʛʜʝ ʿʝ g0��
 
ʚʦʹʝʥʘ ʪʘʣʘʩʥʘ ʜʫʞʠʥʘ ʥʘ ʦʩʥʦʚʥʦʿ 

ʨʝʟʦʥʘʥʪʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ 
0f , ʥʝʞʝˀʝʥʝ ʨʝʟʦʥʘʥʮʠʿʝ ʩʝ ʿʘʚˀʘʿʫ ʥʘ ʫʤʥʦʰʮʠʤʘ 

ʦʩʥʦʚʥʝ ʫʯʝʩʪʘʥʦʩʪ, ʪʿ. 
0, 2,3, ...f n f nº = . ʀʩʪʠ ʝʬʝʢʘʪ ʧʦʿʘʚʝ ʥʝʞʝˀʝʥʠʭ 

ʨʝʟʦʥʘʥʪʥʠʭ ʦʜʟʠʚʘ ʿʘʚˀʘ ʩʝ ʠ ʢʦʜ ʰʪʘʤʧʘʥʦʛ ʩʧʠʨʘʣʥʦʛ ʢʘʣʝʤʘ ʥʘ ʫʯʝʩʪʘʥʦʩʪʠʤʘ 

ʥʘ ʢʦʿʠʤʘ ʿʝ ʜʫʞʠʥʘ ʢʘʣʝʤʘ ʿʝʜʥʘʢʘ ʧʦʣʦʚʠʥʠ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ. 

ʋ ʦʚʦʤ ʠʩʪʨʘʞʠʚʘˁʫ ʢʦʨʠʩʪʝ ʩʝ ʰʪʘʤʧʘʥʠ ʩʧʠʨʘʣʥʠ ʢʘʣʝʤʦʚʠ ʢʘʦ ʝʣʝʤʝʥʪʠ 

ʨʝʟʦʥʘʪʦʨʘ, ʧʘ ʿʝ ʦʙʨʘ˂ʝʥʘ ʧʘʞˁʘ ʥʘ ʧʦʿʘʚʫ ʦʚʠʭ ʥʝʞʝˀʝʥʠʭ ʨʝʟʦʥʘʥʮʠʿʘ. 

3.5 ʈʝʟʦʥʘʪʦʨʠ ʨʝʘʣʠʟʦʚʘʥʠ ʥʘ ʧʦʜʣʦʟʠ ʚʝʣʠʢʝ ʜʠʝʣʝʢʪʨʠʯʥʝ 

ʧʝʨʤʠʪʠʚʥʦʩʪʠ 

ɱʦʰ ʿʝʜʘʥ ʦʜ ʥʘʯʠʥʘ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʠ ʬʠʣʪʘʨʘ ʿʝʩʪʝ ʤʦʛʫ˂ʥʦʩʪ 

ʨʝʘʣʠʟʘʮʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʥʘ ʧʦʜʣʦʟʠ ʚʝʣʠʢʝ ʜʠʝʣʝʢʪʨʠʯʥʝ ʧʝʨʤʠʪʠʚʥʦʩʪʠ [9], [11]. 

ʋ ʪʦʤ ʮʠˀʫ ʩʝ ʢʦʨʠʩʪʝ ʢʝʨʘʤʠʯʢʝ ʧʦʜʣʦʛʝ ʩʘ ʤʘʣʠʤ ʛʫʙʠʮʠʤʘ ʢʦʿʠ ʩʫ ʦʢʦ 

tgŭ=0,0001 (Q-ʬʘʢʪʦʨ 10000)
 
ʠ ʨʝʣʘʪʠʚʥʦʤ ʧʝʨʤʠʪʠʚʥʦʰ˂ʫ Ůr ʦʢʦ 100. 

ɼʠʝʣʝʢʪʨʠʮʠ ʚʝ˂ʝ ʧʝʨʤʠʪʠʚʥʦʩʪʠ ʦʤʦʛʫ˂ʘʚʘʿʫ ʨʝʘʣʠʟʘʮʠʿʫ ʤʠʢʨʦʪʨʘʢʘʩʪʠʭ 

ʥʘʧʨʘʚʘ ʤʘˁʠʭ ʜʠʤʝʥʟʠʿʘ, ʤʝʹʫʪʠʤ, ʧʦʩʪʦʿʝ ʥʝʢʘ ʦʛʨʘʥʠʯʝˁʘ ʥʘ ʢʦʿʘ ʪʨʝʙʘ 

ʦʙʨʘʪʠʪʠ ʧʘʞˁʫ.  

ɻʫʙʠʮʠ ʫ ʬʠʣʪʨʠʤʘ ʩʫ ʚʝ˂ʠ ʫʢʦʣʠʢʦ ʩʫ ʰʠʨʠʥʝ ʰʪʘʤʧʘʥʠʭ ʚʦʜʦʚʘ ʤʘˁʝ. ʉ 

ʦʙʟʠʨʦʤ ʜʘ ʚʝ˂ʝ ʚʨʝʜʥʦʩʪʠ ʧʝʨʤʠʪʠʚʥʦʩʪʠ ʜʠʝʣʝʢʪʨʠʢʘ ʫʪʠʯʫ ʥʘ ʟʥʘʪʥʦ ʩʤʘˁʝˁʝ 

ʰʠʨʠʥʝ ʰʪʘʤʧʘʥʠʭ ʚʦʜʦʚʘ, ʛʫʙʠʮʠ ʫ ʧʨʦʚʦʜʥʠʮʠʤʘ ʤʦʛʫ ʙʠʪʠ ʦʛʨʘʥʠʯʘʚʘʿʫ˂ʠ 

ʬʘʢʪʦʨ. ʀʟ ʠʩʪʦʛ ʨʘʟʣʦʛʘ ʨʝʘʣʠʟʘʮʠʿʘ ʚʦʜʦʚʘ ʚʝʣʠʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʠʤʧʝʜʘʥʩʝ 

ʤʦʞʝ ʙʠʪʠ ʧʨʦʙʣʝʤ ʿʝʨ ʰʠʨʠʥʘ ʚʦʜʘ ʧʦʩʪʘʿʝ ʙʣʠʩʢʘ ʨʝʟʦʣʫʮʠʿʠ ʰʪʘʤʧʝ. ʉʣʝʜʝ˂ʠ 

ʧʨʦʙʣʝʤ ʧʨʝʜʩʪʘʚˀʘ ʚʝʣʠʢʫ ʦʩʝʪˀʠʚʦʩʪ ʥʘ ʤʘʣʝ ʚʘʨʠʿʘʮʠʿʝ ʜʠʤʝʥʟʠʿʘ ʧʨʠʣʠʢʦʤ 

ʬʘʙʨʠʢʘʮʠʿʝ, ʿʝʨ ʩʫ ʪʦʣʝʨʘʥʮʠʿʝ ʟʘ ʛʨʝʰʢʫ ʩʤʘˁʝʥʝ. ʂʘʦ ʧʨʦʙʣʝʤ ʩʝ ʿʘʚˀʘ ʠ 

ʤʦʛʫ˂ʥʦʩʪ ʧʦʿʘʚʝ ʚʠʰʠʭ ʤʦʜʦʚʘ. ɸʣʠ ʧʦʨʝʜ ʩʚʠʭ ʥʘʚʝʜʝʥʠʭ ʦʛʨʘʥʠʯʝˁʘ, ʥʘʿʚʠʰʝ 

ʟʘʭʚʘˀʫʿʫ˂ʠ ʤʘʣʠʤ ʛʫʙʠʮʠʤʘ, ʨʝʟʦʥʘʪʦʨʠ ʠ ʬʠʣʪʨʠ ʨʝʘʣʠʟʦʚʘʥʠ ʢʦʨʠʰ˂ʝˁʝʤ 

ʩʫʧʩʪʨʘʪʘ ʚʝʣʠʢʝ ʜʠʝʣʝʢʪʨʠʯʥʝ ʧʝʨʤʠʪʠʚʥʦʩʪʠ ʥʘʣʘʟʝ ʩʚʦʿʫ ʧʨʠʤʝʥʫ ʫ ʧʨʘʢʩʠ. 
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3.6 ʈʝʟʦʥʘʪʦʨʠ ʨʝʘʣʠʟʦʚʘʥʠ ʫ ʚʠʰʝʩʣʦʿʥʦʿ ʪʝʭʥʠʮʠ 

ʈʝʘʣʠʟʘʮʠʿʘ ʫ ʚʠʰʝʩʣʦʿʥʦʿ ʪʝʭʥʠʮʠ ʿʝ ʥʘʰʣʘ ʰʠʨʦʢʫ ʧʨʠʤʝʥʫ ʫ ʧʨʘʢʩʠ ʢʦʜ 

ʧʨʦʿʝʢʪʦʚʘˁʘ ʢʦʥʮʝʥʪʨʠʩʘʥʠʭ ʝʣʝʤʝʥʘʪʘ (ʥʧʨ. ʢʘʣʝʤʦʚʘ, ʢʦʥʜʝʥʟʘʪʦʨʘ), 

ʨʝʟʦʥʘʪʦʨʘ ʠ ʮʝʣʠʭ ʬʠʣʪʘʨʘ, [24], [27], [28]. ʇʨʝʜʥʦʩʪʠ ʦʚʘʢʚʦʛ ʧʨʠʩʪʫʧʘ ʩʝ 

ʦʛʣʝʜʘʿʫ ʫ ʚʝʣʠʯʠʥʠ ʥʘʧʨʘʚʝ, ʧʝʨʬʦʨʤʘʥʩʘʤʘ ʠ ʮʝʥʠ. ʂʦʨʠʰʝ˂ˁʝ ʚʠʰʝ ʩʣʦʿʝʚʘ ʫ 

ʧʣʘʥʘʨʥʦʿ ʪʝʭʥʠʮʠ ʧʨʫʞʘ ʜʦʜʘʪʥʝ ʤʦʛʫ˂ʥʦʩʪʠ ʫ ʨʘʩʧʦʨʝʹʠʚʘˁʫ ʝʣʝʤʝʥʪʘ ʧʦ 

ʨʘʟʣʠʯʠʪʠʤ ʩʣʦʿʝʚʠʤʘ, ʪʘʢʦ ʜʘ ʩʝ ʩʤʘˁʫʿʝ ʧʦʚʨʰʠʥʘ ʟʘʫʟʝ˂ʘ ʰʪʘʤʧʘʥʝ ʩʪʨʫʢʪʫʨʝ. 

ʈʘʩʧʦʨʝʹʠʚʘˁʝ ʝʣʝʤʝʥʘʪʘ ʫ ʚʠʰʝ ʨʘʚʥʠ ʧʨʫʞʘ ʠ ʥʦʚʝ ʤʦʛʫ˂ʥʦʩʪʠ ʟʘ ʤʝʹʫʩʦʙʥʦ 

ʩʧʨʝʟʘˁʝ ʝʣʝʤʝʥʘʪʘ, ʢʦʿʠ ʩʘʜʘ ʦʩʠʤ ʩʧʨʝʟʘˁʘ ʥʘ ʩʚʘʢʦʿ ʦʜ ʨʘʚʥʠ ʧʦʩʝʜʫʿʫ ʠ 

ʤʦʛʫ˂ʥʦʩʪ ʩʧʨʝʟʘˁʘ ʝʣʝʤʝʥʘʪʘ ʥʘ ʨʘʟʣʠʯʠʪʠʤ ʨʘʚʥʠʤʘ. ʅʘ ʢʨʘʿʫ, ʚʠʰʝʩʣʦʿʥʘ 

ʪʝʭʥʠʢʘ ʦʤʦʛʫ˂ʘʚʘ ʫʰʪʝʜʝ ʫ ʧʨʦʩʪʦʨʫ ʧʘ ʩʘʤʠʤ ʪʠʤ ʠ ʫ ʮʝʥʠ. ʇʨʝʜʤʝʪ ʦʚʦʛ 

ʠʩʪʨʘʞʠʚʘˁʘ ʫʧʨʘʚʦ ʩʫ ʨʝʟʦʥʘʪʦʨʠ ʠ ʬʠʣʪʨʠ ʨʝʘʣʠʟʦʚʘʥʠ ʢʦʨʠʰ˂ʝˁʝʤ 

ʚʠʰʝʩʣʦʿʥʝ ʪʝʭʥʠʢʝ, ʢʦʿʠ ˂ʝ ʙʠʪʠ ʜʝʪʘˀʥʦ ʦʧʠʩʘʥʠ ʫ ʥʘʨʝʜʥʦʤ ʧʦʛʣʘʚˀʫ. ʆʚʜʝ ˂ʝ 

ʙʠʪʠ ʠʟʣʦʞʝʥʠ ʥʝʢʠ ʦʜ ʦʩʪʘʣʠʭ ʥʘʯʠʥʘ ʢʦʨʠʰ˂ʝˁʘ ʚʠʰʝʩʣʦʿʥʝ ʪʝʭʥʠʢʝ. 

ʅʘ ʩʣʠʮʠ 3.13 ʧʨʠʢʘʟʘʥ ʿʝ ʥʘʯʠʥ ʟʘ ʩʧʨʝʟʘˁʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʢʦʿʠ ʩʫ 

ʧʦʩʪʘʚˀʝʥʠ ʩʘ ʩʫʧʨʦʪʥʠʭ ʩʪʨʘʥʘ ʜʚʝ ʤʠʢʨʦʪʨʘʢʘʩʪʝ ʧʦʜʣʦʛʝ ʩʧʦʿʝʥʝ ʟʘʿʝʜʥʠʯʢʠʤ 

ʤʘʩʘʤʘ. ʋ ʩʨʝʜʠʥʠ ʩʪʨʫʢʪʫʨʝ ʩʝ ʥʘʣʘʟʠ ʟʘʿʝʜʥʠʯʢʘ ʤʘʩʘ. ʅʘ ʤʘʩʠ ʿʝ ʥʘʧʨʘʚˀʝʥ 

ʦʪʚʦʨ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʚʝʣʠʯʠʥʝ ʢʘʢʦ ʙʠ ʧʦʩʪʦʿʘʣʘ ʩʧʨʝʛʘ ʠʟʤʝʹʫ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ. ʅʘ 

ʩʣʠʮʠ ʿʝ ʧʨʠʢʘʟʘʥʘ ʨʝʘʣʠʟʘʮʠʿʘ ʩʘ ʩʧʨʝʛʥʫʪʠʤ ʧʦʣʫʪʘʣʘʩʥʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ ʫ 

ʦʙʣʠʢʫ ʧʨʘʚʦʫʛʘʦʥʠʢʘ, ʤʘʜʘ ʨʝʟʦʥʘʪʦʨʠ ʤʦʛʫ ʙʠʪʠ ʨʝʘʣʠʟʦʚʘʥʠ ʠ ʢʘʦ 

ʯʝʪʚʨʪʪʘʣʘʩʥʠ ʚʦʜ, dual-mode ʨʝʟʦʥʘʪʦʨʠ, ʠʪʜ. ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʧʦʣʦʞʘʿʘ ʦʪʚʦʨʘ 

ʤʦʛʫ˂ʝ ʿʝ ʦʩʪʚʘʨʠʪʠ ʨʘʟʣʠʯʠʪʝ ʪʠʧʦʚʝ ʩʧʨʝʛʘ ʠ ˁʠʭʦʚ ʨʘʟʣʠʯʠʪ ʠʥʪʝʥʟʠʪʝʪ. 

ʋʢʦʣʠʢʦ ʿʝ ʦʪʚʦʨ ʧʦʩʪʘʚˀʝʥ ʙʣʠʞʝ ʩʨʝʜʠʰˁʝʤ ʜʝʣʫ ʨʝʟʦʥʘʪʦʨʘ ʤʘʛʥʝʪʩʢʘ ʩʧʨʝʛʘ 

ʿʝ ʜʦʤʠʥʘʥʪʥʠʿʘ, ʘ ʫʢʦʣʠʢʦ ʿʝ ʦʪʚʦʨ ʙʣʠʞʝ ʢʨʘʿʝʚʠʤʘ ʨʝʟʦʥʘʪʦʨʘ ʝʣʝʢʪʨʠʯʥʘ 

ʩʧʨʝʛʘ ʿʝ ʿʘʯʘ. ʇʦʚʝ˂ʘˁʝ ʦʪʚʦʨʘ ʥʘ ʩʣʦʿʫ ʤʘʩʝ ʧʦʚʝ˂ʘʚʘ ʠʥʜʫʢʪʠʚʥʦʩʪ, ʘʣʠ ʩʤʘˁʫʿʝ 

ʢʘʧʘʮʠʪʠʚʥʦʩʪ ʨʝʟʦʥʘʪʦʨʘ, ʪʘʢʦ ʜʘ ʩʫ ʤʦʛʫ˂ʥʦʩʪʠ ʧʦʜʝʰʘʚʘˁʘ ʚʝʣʠʢʝ. 
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ʉʣʠʢʘ 3.13. ʈʝʟʦʥʘʪʦʨʠ ʩʧʨʝʛʥʫʪʠ ʢʨʦʟ ʦʪʚʦʨ ʫ ʟʘʿʝʜʥʠʯʢʦʿ ʤʘʩʠ ʫ ʚʠʰʝʩʣʦʿʥʦʿ 

ʨʝʘʣʠʟʘʮʠʿʠ: (ʘ) ʩʘ ʝʣʝʢʪʨʠʯʥʦʤ ʩʧʨʝʛʦʤ, (ʙ) ʩʘ ʤʘʛʥʝʪʩʢʦʤ ʩʧʨʝʛʦʤ. 

ʂʦʜ ʚʠʰʝʩʣʦʿʥʝ ʪʝʭʥʠʢʝ ʤʦʛʫ ʩʝ ʫ ʩʣʦʿʫ ʤʘʩʝ ʦʜʩʪʨʘʥʠʪʠ ʜʝʣʦʚʠ ʧʨʦʚʦʜʥʠʢʘ ʠ 

ʥʘʧʨʘʚʠʪʠ ʫʩʝʮʠ ʠʣʠ ʩʣʦʪʦʚʠ (defected ground structures) ʢʦʿʠ ʟʘ ʧʦʩˀʝʜʠʮʫ ʫʥʦʩʝ 

ʚʝʣʠʢʦ ʩʣʘʙˀʝˁʝ ʥʘ ʦʜʨʝʹʝʥʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ. ʅʘ ʩʣʠʮʠ 3.14 ʧʨʠʢʘʟʘʥ je ʧʨʠʤʝʨ 

ʩʪʨʫʢʪʫʨʝ ʨʝʘʣʠʟʦʚʘʥʝ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ ʩʘ ʫʩʝʮʠʤʘ ʫ ʤʘʩʠ. ʋʩʝʮʠ ʫ ʤʘʩʠ 

ʤʦʛʫ ʙʠʪʠ ʨʘʟʣʠʯʠʪʠʭ ʦʙʣʠʢʘ. ʋ ʦʜʥʦʩʫ ʥʘ ʦʩʪʘʪʘʢ ʤʠʢʨʦʪʨʘʢʘʩʪʦʛ ʚʦʜʘ ʦʚʠ ʫʩʝʮʠ 

ʫ ʤʘʩʠ ʩʝ ʝʢʚʠʚʘʣʝʥʪʥʦ ʤʦʛʫ ʧʨʝʜʩʪʘʚʠʪʠ ʧʦʤʦ˂ʫ T ʰʝʤʝ ʩʘ ʢʘʣʝʤʦʚʠʤʘ ʫ ʨʝʜʥʠʤ 

ʛʨʘʥʘʤʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʦʤ ʫ ʧʘʨʘʣʝʣʥʦʿ ʛʨʘʥʠ. ʅʘ ʦʚʘʿ ʥʘʯʠʥ ʧʦʙʦˀʰʘʚʘʿʫ ʩʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʫ ʥʝʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ. 

ʌʠʣʪʨʠ ʩʝ ʤʦʛʫ ʨʝʘʣʠʟʦʚʘʪʠ ʢʦʨʠʰ˂ʝˁʝʤ ʪʘʣʘʩʦʚʦʜʘ ʫ ʧʦʜʣʦʟʠ. ʎʠˀ ʿʝ ʜʘ ʩʝ 

ʧʨʘʚʦʫʛʘʦʥʠ ʪʘʣʘʩʦʚʦʜ ʠʥʪʝʛʨʠʰʝ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʫ ʧʦʜʣʦʛʫ ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʫ 

[29]. ʊʦ ʩʝ ʧʦʩʪʠʞʝ ʧʦʩʪʘʚˀʘˁʝʤ ʧʨʦʚʦʜʥʠʭ ʩʪʫʙʠ˂ʘ (ʥʘ ʧʨʠʤʝʨ ʚʠʿʘ) ʠʟʤʝʹʫ ʜʚʘ 

ʧʨʦʚʦʜʥʘ ʩʣʦʿʘ ʧʦʜʣʦʛʝ. 
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ʉʣʠʢʘ 3.14. ʇʨʠʤʝʨ ʚʠʰʝʩʣʦʿʥʝ ʩʪʨʫʢʪʫʨʝ ʩʘ ʫʩʝʮʠʤʘ ʫ ʤʘʩʠ (defected ground 

structures): (ʘ) 3D ʧʨʠʢʘʟ, (ʙ) ʝʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ. 

 

ʉʪʫʙʠ˂ʠ ʠʤʘʿʫ ʫʣʦʛʫ ʟʠʜʦʚʘ ʪʘʣʘʩʦʚʦʜʘ. ʋ ʦʜʥʦʩʫ ʥʘ ʪʨʘʜʠʮʠʦʥʘʣʥʝ 

ʧʨʘʚʦʫʛʘʦʥʝ ʪʘʣʘʩʦʚʦʜʝ, ʨʝʘʣʠʟʘʮʠʿʘ ʩʘ ʩʪʫʙʠ˂ʠʤʘ ʠʤʘ ʤʘˁʠ Q-ʬʘʢʪʦʨ ʟʙʦʛ 

ʜʠʝʣʝʢʪʨʠʯʥʝ ʠʩʧʫʥʝ ʪʘʣʘʩʦʚʦʜʘ, ʘʣʠ ʤʘˁʝ ʜʠʤʝʥʟʠʿʝ ʠ ʚʝ˂ʫ ʤʦʛʫ˂ʥʦʩʪ 

ʠʥʪʝʛʨʘʮʠʿʝ. ʇʨʝʜʥʦʩʪ ʦʚʦʛ ʨʝʰʝˁʘ ʫ ʦʜʥʦʩʫ ʥʘ ʦʩʪʘʣʝ ʤʠʢʨʦʪʨʘʢʘʩʪʝ ʬʠʣʪʨʝ ʩʫ 

ʤʘˁʠ ʛʫʙʠʮʠ ʠ ʤʦʛʫ˂ʥʦʩʪ ʧʦʜʨʞʘʚʘˁʘ ʚʝ˂ʠʭ ʩʥʘʛʘ. ʇʨʠʤʝʨ ʦʚʦʛ ʪʠʧʘ ʨʝʘʣʠʟʘʮʠʿʝ 

ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʩʣʠʮʠ 3.15. 

 

ʉʣʠʢʘ 3.15. ʌʠʣʪʨʠ ʩʘ ʪʘʣʘʩʦʚʦʜʦʤ ʫ ʧʦʜʣʦʟʠ (substrate-integrated waveguide). 

ʀ ʥʘ ʢʨʘʿʫ, ʠʘʢʦ ʠʟʣʘʟʝ ʠʟ ʜʦʤʝʥʘ ʪʝʭʥʦʣʦʛʠʿʝ ʧʨʠʤʝˁʝʥʝ ʫ ʦʚʦʤ 

ʠʩʪʨʘʞʠʚʘˁʫ, ʟʙʦʛ ʩʚʦʿʠʭ ʧʨʝʜʥʦʩʪʠ ʠ ʘʢʪʫʝʣʥʦʩʪʠ ʟʘʩʣʫʞʫʿʝ ʜʘ ʩʝ ʧʦʤʝʥʝ 
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ʚʠʰʝʩʣʦʿʥʘ ʪʝʭʥʦʣʦʛʠʿʘ ʙʘʟʠʨʘʥʘ ʥʘ ʫʧʦʪʨʝʙʠ ʥʘʧʨʝʜʥʠʭ ʤʘʪʝʨʠʿʘʣʘ [30]. ʊʠ 

ʤʘʪʝʨʠʿʘʣʠ ʩʫ low-temperature co-fired ceramic (LTCC) ʠ liquid crystal polymer 

(LCP). LTCC ʪʝʭʥʦʣʦʛʠʿʘ ʟʘ ʨʘʟʣʠʢʫ ʦʜ HTCC (high-temperature co-fired ceramic) 

ʠʤʘ ʥʠʞʫ ʪʝʤʧʝʨʘʪʫʨʫ ʦʙʨʘʜʝ (ʤʘˁʘ ʦʜ 1000ÁC), ʢʦʿʘ ʿʝ ʥʠʞʘ ʦʜ ʪʝʤʧʝʨʘʪʫʨʝ 

ʪʦʧˀʝˁʘ ʤʝʪʘʣʘ ʢʘʦ ʰʪʦ ʩʫ ʙʘʢʘʨ, ʟʣʘʪʦ, ʩʨʝʙʨʦ ʰʪʦ ʦʤʦʛʫ˂ʘʚʘ ʫʧʦʪʨʝʙʫ ʪʠʭ 

ʤʝʪʘʣʘ ʫ ʦʚʠʤ ʚʠʰʝʩʣʦʿʥʠʤ ʨʝʘʣʠʟʘʮʠʿʘʤʘ. ʇʦʟʥʘʪʦ ʿʝ ʜʘ ʩʫ ʦʚʠ ʤʝʪʘʣʠ ʜʦʙʨʠ 

ʧʨʦʚʦʜʥʠʮʠ. LTCC ʪʝʭʥʦʣʦʛʠʿʘ ʦʤʦʛʫ˂ʘʚʘ ʚʝʣʠʢʫ ʠʥʪʝʛʨʘʮʠʿʫ ʠ ʨʝʘʣʠʟʘʮʠʿʫ 

ʚʠʰʝʩʣʦʿʥʠʭ ʢʦʣʘ. LTCC ʪʝʭʥʦʣʦʛʠʿʦʤ ʤʦʛʫ ʩʝ ʨʝʘʣʠʟʦʚʘʪʠ ʢʦʣʘ ʚʝʣʠʢʝ ʛʫʩʪʠʥʝ 

ʧʘʢʦʚʘˁʘ, ʧʦʫʟʜʘʥʦʩʪʠ ʠ ʦʩʪʘʚˀʘ ʤʦʛʫ˂ʥʦʩʪ ʬʣʝʢʩʠʙʠʣʥʦʩʪʠ ʧʨʠ ʧʨʦʿʝʢʪʦʚʘˁʫ. 

ɼʘʥʘʰˁʘ LTCC ʪʝʭʥʦʣʦʛʠʿʘ ʦʤʦʛʫ˂ʘʚʘ ʧʨʘʚˀʝˁʝ ʚʦʜʦʚʘ ʠ ʧʨʦʮʝʧʘ ʰʠʨʠʥʝ ʜʦ 

50ɛm ʠ ʧʨʝʯʥʠʢʘ ʚʠʿʘ ʜʦ 50ɛm. ʈʝʣʘʪʠʚʥʘ ʧʝʨʤʠʪʠʚʥʦʩʪ ʟʘʚʠʩʠ ʦʜ ʫʧʦʪʨʝʙˀʝʥʦʛ 

ʭʝʤʠʿʩʢʦʛ ʩʘʩʪʘʚʘ ʤʘʪʝʨʠʿʘʣʘ, ʘ ʫʦʙʠʯʘʿʝʥʝ ʚʨʝʜʥʦʩʪʠ ʩʫ ʦʢʦ 6 (Ca-B-Si-O), 10 (Pb-

B-Si-O ʠ Ba-Al-Si-O), ʘ ʤʦʛʫ˂ʝ ʩʫ ʚʨʝʜʥʦʩʪʠ ʦʜ 58 (Bi-Ca-Nb-O).  

LCP ʪʝʭʥʦʣʦʛʠʿʘ ʢʦʨʠʩʪʠ ʦʨʛʘʥʩʢʠ ʪʝʨʤʦʧʣʘʩʪʠʯʥʠ ʤʘʪʝʨʠʿʘʣ ʩʘ ʥʠʩʢʦʤ 

ʪʝʤʧʝʨʘʪʫʨʦʤ ʪʦʧˀʝˁʘ (ʦʢʦ 300ÁC). ʆʜʣʠʢʫʿʝ ʩʝ ʠʟʚʨʩʥʦʤ ʤʝʭʘʥʠʯʢʦʤ ʯʚʨʩʪʦ˂ʦʤ 

ʠ ʤʘʣʠʤ ʢʦʝʬʠʮʠʿʝʥʪʦʤ ʪʝʨʤʘʣʥʦʛ ʰʠʨʝˁʘ. ʈʝʣʘʪʠʚʥʘ ʧʝʨʤʠʪʠʚʥʦʩʪ ʿʝ ʦʢʦ 3 ʠ 

ʢʦʥʩʪʘʥʪʥʘ ʿʝ ʦʜ 30 ʜʦ 110 GHz, ʰʪʦ ʿʝ ʜʦʙʨʦ ʟʘ ʢʦʣʘ ʢʦʿʘ ʟʘʭʪʝʚʘʿʫ ʚʝʣʠʢʫ ʙʨʟʠʥʫ 

ʧʨʦʮʝʩʠʨʘˁʘ. ɼʦʙʨʝ ʝʣʝʢʪʨʠʯʥʝ, ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ, ʤʘʣʘ ʮʝʥʘ 

ʧʨʦʠʟʚʦʜˁʝ, ʤʦʛʫ˂ʥʦʩʪ ʚʠʰʝʩʣʦʿʥʝ ʨʝʘʣʠʟʘʮʠʿʝ, ʤʦʛʫ˂ʥʦʩʪ ʧʦʚʝʟʠʚʘˁʘ ʩʘ ʜʨʫʛʠʤ 

ʤʦʜʫʣʠʤʘ ʠ ʥʠʞʘ ʪʝʤʧʝʨʘʪʫʨʘ ʦʙʨʘʜʝ ʫ ʦʜʥʦʩʫ ʥʘ LTCC ʯʠʥʝ ʛʘ ʦʜʣʠʯʥʠʤ 

ʠʟʙʦʨʦʤ ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ ʤʠʢʨʦʪʘʣʘʩʥʠʭ ʝʣʝʤʝʥʘʪʘ ʠ ʢʦʣʘ.  
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4 ʈʝʘʣʠʟʘʮʠʿʘ ʢʘʣʝʤ-ʚʠʿʘ-ʢʦʥʜʝʥʟʘʪʦʨ ʨʝʟʦʥʘʪʦʨa ʫ ʚʠʰʝʩʣʦʿʥʦʿ 

ʪʝʭʥʠʮʠ 

ʋ ʨʘʥʠʿʠʤ ʧʦʛʣʘʚˀʠʤʘ ʦʙʿʘʰˁʝʥʘ ʿʝ ʧʨʝʜʥʦʩʪ ʢʦʨʠʰ˂ʝˁʘ ʚʠʰʝʩʣʦʿʥʝ ʪʝʭʥʠʢʝ 

ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ ʤʠʢʨʦʪʘʣʘʩʥʠʭ ʝʣʝʤʝʥʘʪʘ ʠ ʩʢʣʦʧʦʚʘ. ɺʠʰʝʩʣʦʿʥʘ ʪʝʭʥʠʢʘ 

ʦʤʦʛʫ˂ʘʚʘ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʫ ʠ ʚʝ˂ʝ ʤʦʛʫ˂ʥʦʩʪʠ ʨʘʩʧʦʨʝʜʘ ʝʣʝʤʝʥʘʪʘ ʧʦ ʩʣʦʿʝʚʠʤʘ 

ʩʪʨʫʢʪʫʨʝ. ʋ ʦʚʦʿ ʛʣʘʚʠ ʙʠ˂ʝ ʧʨʝʜʩʪʘʚˀʝʥʘ ʨʝʘʣʠʟʘʮʠʿʘ ʨʝʟʦʥʘʪʦʨʘ ʢʘʣʝʤ-ʚʠʿʘ-

ʢʦʥʜʝʥʟʘʪʦʨ. ʈʝʟʦʥʘʪʦʨ ʩʝ ʩʘʩʪʦʿʠ ʦʜ ʢʚʘʟʠïʢʦʥʮʝʥʪʨʠʩʘʥʠʭ ʝʣʝʤʝʥʘʪʘ ʠ 

ʨʝʘʣʠʟʦʚʘʥ ʿʝ ʫ ʚʠʰʝʩʣʦʿʥʦʿ ʪʝʭʥʠʮʠ [24], [25], [26]. ɹʠ˂ʝ ʧʨʝʜʩʪʘʚˀʝʥʝ 

ʨʝʘʣʠʟʘʮʠʿʝ ʢʚʘʟʠ-ʢʦʥʮʝʥʪʨʠʩʘʥʠʭ ʝʣʝʤʝʥʘʪʘ, ʘ ʚʨʝʜʥʦʩʪʠ ˁʠʭʦʚʠʭ ʧʘʨʘʤʝʪʘʨʘ 

ʙʠ˂ʝ ʘʥʘʣʠʪʠʯʢʠ ʦʧʠʩʘʥʝ. ɸʥʘʣʠʟʠʨʘʥʠ ˂ʝ ʙʠʪʠ ʤʦʛʫ˂ʠ ʥʘʯʠʥʠ ʩʧʨʝʛʝ ʜʚʘ 

ʨʝʟʦʥʘʪʦʨʘ ʫ ʮʠˀʫ ʨʝʘʣʠʟʘʮʠʿʝ ʬʠʣʪʨʘ. ɿʘ ʨʝʟʦʥʘʪʦʨ ʠ ʬʠʣʪʘʨ ʙʠ˂ʝ ʨʘʟʚʠʿʝʥʝ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ, ʢʦʿʝ ˂ʝ ʩʣʫʞʠʪʠ ʟʘ ʪʨʝʥʫʪʥʦ ʠʩʧʠʪʠʚʘˁʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʬʠʣʪʘʨʘ, ʘ ʫ ʰʝʩʪʦʤ ʧʦʛʣʘʚˀʫ ʠ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʘʨʘ. 

ʈʝʟʦʥʘʪʦʨ ʨʝʘʣʠʟʦʚʘʥ ʢʘʦ ʢʘʣʝʤ-ʚʠʿʘ-ʢʦʥʜʝʥʟʘʪʦʨ ʿʝ ʩʘʯʠˁʝʥ ʦʜ ʪʨʠ ʝʣʝʤʝʥʪʘ: 

ʢʘʣʝʤʘ, ʢʦʥʜʝʥʟʘʪʦʨʘ ʠ ʚʠʿʝ. ʇʨʝʜʣʦʞʝʥʘ ʩʪʨʫʢʪʫʨʘ ʿʝ ʨʝʘʣʠʟʦʚʘʥʘ ʩʘ ʪʨʠ 

ʧʨʦʚʦʜʥʘ ʩʣʦʿʘ ʠʟʤʝʹʫ ʢʦʿʠʭ ʩʝ ʥʘʣʘʟʝ ʜʚʘ ʩʣʦʿʘ ʜʠʝʣʝʢʪʨʠʢʘ. ʅʘ ʩʣʠʮʠ 4.1 

ʧʨʠʢʘʟʘʥ ʿʝ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠ (3D EM) ʤʦʜʝʣ ʧʨʝʜʣʦʞʝʥʦʛ 

ʨʝʰʝˁʘ [24]. ʇʦʧʨʝʯʥʠ ʧʨʝʩʝʢ ʨʝʟʦʥʘʪʦʨʘ ʤʦʞʝ ʩʝ ʧʦʩʤʘʪʨʘʪʠ ʠ ʢʘʦ ʜʚʝ 

ʤʠʢʨʦʪʨʘʢʘʩʪʝ ʩʪʨʫʢʪʫʨʝ ʢʦʿʝ ʩʫ ʩʧʦʿʝʥʝ ʩʘ ʟʘʿʝʜʥʠʯʢʦʤ ʧʨʦʚʦʜʥʦʤ ʨʘʚʥʠ. 

ɿʘʿʝʜʥʠʯʢʘ ʮʝʥʪʨʘʣʥʘ ʧʨʦʚʦʜʥʘ ʨʘʚʘʥ ʩʝ ʢʦʨʠʩʪʠ ʢʘʦ ʤʘʩʘ. ʅʘ ʿʝʜʥʦʿ ʩʪʨʘʥʠ 

ʚʠʰʝʩʣʦʿʥʝ ʩʪʨʫʢʪʫʨʝ ʨʝʘʣʠʟʦʚʘʥ ʿʝ ʢʘʣʝʤ ʫ ʦʙʣʠʢʫ ʢʚʘʜʨʘʪʥʝ ʩʧʠʨʘʣʝ, ʘ ʥʘ 

ʜʨʫʛʦʿ ʩʪʨʘʥʠ ʩʝ ʥʘʣʘʟʠ ʢʦʥʜʝʥʟʘʪʦʨ ʨʝʘʣʠʟʦʚʘʥ ʢʘʦ ʢʨʘʪʘʢ ʦʜʩʝʯʘʢ 

ʤʠʢʨʦʪʨʘʢʘʩʪʦʛ ʚʦʜʘ. ʎʝʥʪʨʘʣʥʠ ʜʝʦ ʢʘʣʝʤʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨ ʩʫ ʩʧʦʿʝʥʠ ʚʠʿʦʤ ʢʦʿʘ 

ʧʨʦʣʘʟʠ ʢʨʦʟ ʧʨʦʚʦʜʥʫ ʨʘʚʘʥ. ʇʨʠ ʧʨʦʣʘʩʢʫ ʢʨʦʟ ʩʨʝʜˁʠ ʧʨʦʚʦʜʥʠ ʩʣʦʿ ʚʠʿʘ ʥʝʤʘ 

ʩʧʦʿ ʩʘ ʤʘʩʦʤ, ʿʝʨ ʿʝ ʥʘ ʪʦʤ ʤʝʩʪʫ ʫʢʣʦˁʝʥ ʜʝʦ ʧʨʦʚʦʜʥʠʢʘ ʢʘʢʦ ʙʠ ʚʠʿʘ ʠ ʩʣʦʿ 

ʤʘʩʝ ʙʠʣʠ ʛʘʣʚʘʥʩʢʠ ʨʘʟʜʚʦʿʝʥʠ. 
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ʉʣʠʢʘ 4.1. 3D EM ʤʦʜʝʣ ʢʘʣʝʤ-ʚʠʿʘ-ʢʦʥʜʝʥʟʘʪʦʨ ʨʝʟʦʥʘʪʦʨʘ ʫ ʚʠʰʝʩʣʦʿʥʦʿ 

ʪʝʭʥʠʮʠ. 

ʂʘʣʝʤ ʿʝ ʨʝʘʣʠʟʦʚʘʥ ʫ ʦʙʣʠʢʫ ʢʚʘʜʨʘʪʥʝ ʩʧʠʨʘʣʝ ʜʠʤʝʥʟʠʿʘ dL × dL, ʰʠʨʠʥʦʤ 

ʚʦʜʘ wS ʠ ʨʘʩʪʦʿʘˁʝʤ ʠʟʤʝʹʫ ʧʨʦʚʦʜʥʠʢʘ ʩʧʠʨʘʣʝ s. ɹʨʦʿ ʥʘʤʦʪʘʿʘ ʢʘʣʝʤʘ ʿʝ N. 

ʂʦʥʜʝʥʟʘʪʦʨ ʿʝ ʨʝʘʣʠʟʦʚʘʥ ʩʘ ʜʨʫʛʝ ʩʪʨʘʥʝ ʩʫʧʩʪʨʘʪʘ ʢʘʦ ʦʜʩʝʯʘʢ ʤʠʢʨʦʪʨʘʢʘʩʪʦʛ 

ʚʦʜʘ (patch) ʜʠʤʝʥʟʠʿʘ dC × dC. ʋʦʙʠʯʘʿʝʥʦ ʩʝ ʫʟʠʤʘ ʜʘ ʢʘʣʝʤ ʠ ʢʦʥʜʝʥʟʘʪʦʨ ʠʤʘʿʫ 

ʠʩʪʝ ʜʠʤʝʥʟʠʿʝ dL = dC = dout, ʤʘʜʘ ʪʦ ʥʝ ʤʦʨʘ ʜʘ ʙʫʜʝ ʩʣʫʯʘʿ. ɳʠʭʦʚʘ ʨʘʟʣʠʯʠʪʘ 

ʚʝʣʠʯʠʥʘ ʦʤʦʛʫ˂ʘʚʘ ʥʝʟʘʚʠʩʥʦ ʧʦʜʝʰʘʚʘˁʝ ʚʨʝʜʥʦʩʪʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʠ 

ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ. ʊʦ ʦʪʚʘʨʘ ʤʦʛʫ˂ʥʦʩʪ ʟʘ ʨʘʟʣʠʯʠʪʝ ʥʘʯʠʥʝ ʩʧʨʝʟʘˁʘ ʜʚʘ 

ʨʝʟʦʥʘʪʦʨʘ ʠ ʿʝʜʥʦʩʪʘʚʥʠʿʝ ʧʦʜʝʰʘʚʘˁʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʬʠʣʪʨʘ (filter tunning). 

ɼʝʙˀʠʥʘ ʤʝʪʘʣʠʟʘʮʠʿʝ t ʿʝ ʠʩʪʘ ʥʘ ʛʦʨˁʦʿ ʠ ʜʦˁʦʿ ʩʪʨʘʥʠ ʩʫʧʩʪʨʘʪʘ ʜʦʢ ʫ ʦʚʦʤ 

ʠʩʪʨʘʞʠʚʘˁʫ ʩʨʝʜˁʠ ʩʣʦʿ (ʤʘʩʘ) ʠʤʘ ʜʝʙˀʠʥʫ 2 t, ʿʝʨ ʿʝ ʥʘʩʪʘʦ ʩʧʘʿʘˁʝʤ ʜʚʝ 

ʦʜʚʦʿʝʥʝ ʤʠʢʨʦʪʨʘʢʘʩʪʝ ʩʪʨʫʢʪʫʨʝ. ɼʝʙˀʠʥʘ ʩʫʧʩʪʨʘʪʘ ʿʝ ʠʩʪʘ ʠ ʠʟʥʦʩʠ 

hL = hC = h. ɺʠʿʘ ʢʦʿʘ ʧʨʦʣʘʟʠ ʢʨʦʟ ʦʙʘ ʩʣʦʿʘ ʩʫʧʩʪʨʘʪʘ ʠʤʘ ʮʠʣʠʥʜʨʠʯʥʠ ʦʙʣʠʢ 

ʧʨʝʯʥʠʢʘ dvijʘ ʠ ʜʫʞʠʥʫ lvija = 2h+2�W���§��2h. 

ʋ ʥʘʨʝʜʥʦʤ ʜʝʣʫ, ʩʚʘʢʠ ʦʜ ʥʘʚʝʜʝʥʠʭ ʢʦʥʮʝʥʪʨʠʩʘʥʠʭ ʠ ʢʚʘʟʠ-ʢʦʥʮʝʥʪʨʠʩʘʥʠʭ 

ʝʣʝʤʝʥʘʪʘ ʙʠ˂ʝ ʜʝʪʘˀʥʠʿʝ ʨʘʟʤʘʪʨʘʥ, ʘʥʘʣʠʪʠʯʢʠ ʦʧʠʩʘʥ ʠ ʧʨʠʢʘʟʘʥ 

ʝʢʚʠʚʘʣʝʥʪʥʦʤ ʝʣʝʢʪʨʠʯʥʦʤ ʰʝʤʦʤ. 

4.1 ʈʝʘʣʠʟʘʮʠʿʘ ʢʘʣʝʤʘ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ 

ʂʘʣʝʤ ʩʝ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ ʨʝʘʣʠʟʫʿʝ ʢʘʦ ʦʜʩʝʯʘʢ ʚʦʜʘ ʚʝʣʠʢʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʠʤʧʝʜʘʥʩʝ, ʿʝʜʥʦʩʪʨʫʢʠ ʢʨʫʞʥʠ ʠʣʠ ʧʨʘʚʦʫʛʘʦʥʠ ʟʘʚʦʿʘʢ, 
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ʩʧʠʨʘʣʘ ʦʢʨʫʛʣʦʛ ʠʣʠ ʥʝʢʦʛ ʜʨʫʛʦʛ ʦʙʣʠʢʘ ʠ ʩʣʠʯʥʦ. ʅʝʢʠ ʦʜ ʥʘʯʠʥʘ ʨʝʘʣʠʟʘʮʠʿʝ 

ʢʘʣʝʤʦʚʘ ʧʨʠʢʘʟʘʥʠ ʩʫ ʥʘ ʩʣʠʮʠ 4.2 [7]. 

 

ʉʣʠʢʘ 4.2. ʇʨʠʤʝʨʠ ʢʘʣʝʤʦʚʘ ʨʝʘʣʠʟʦʚʘʥʠʭ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ: 

(ʘ) ʩʝʢʮʠʿʘ ʧʨʦʚʦʜʥʝ ʪʨʘʢʝ, (ʙ) ʿʝʜʥʦʩʪʨʫʢʘ ʢʨʫʞʥʘ ʠ ʧʨʘʚʦʫʛʘʦʥʘ ʧʝʪˀʘ, 

(ʚ) ʧʨʘʚʦʫʛʘʦʥʘ ʠ ʢʨʫʞʥʘ ʩʧʠʨʘʣʘ. 

ʇʨʠʤʘʨʥʠ ʧʘʨʘʤʝʪʘʨ ʩʚʘʢʦʛ ʢʘʣʝʤʘ ʿʝ ˁʝʛʦʚʘ ʠʥʜʫʢʪʠʚʥʦʩʪ ʢʦʿʘ ʦʧʠʩʫʿʝ 

ˁʝʛʦʚʫ ʤʦʛʫ˂ʥʦʩʪ ʩʢʣʘʜʠʰʪʝˁʘ ʤʘʛʥʝʪʩʢʝ ʝʥʝʨʛʠʿʝ. ʀʥʜʫʢʪʠʚʥʦʩʪ ʢʘʣʝʤʘ ʩʝ 

ʜʝʬʠʥʠʰʝ ʧʨʝʢʦ ʤʘʛʥʝʪʩʢʝ ʝʥʝʨʛʠʿʝ ʠ ʩʪʨʫʿʝ ʢʘʣʝʤʘ ʢʘʦ 
2

2 LW
L

i
= . ɽʥʝʨʛʠʿʘ 

ʤʘʛʥʝʪʩʢʦʛ ʧʦʘˀ ʩʝ ʥʘʣʘʟʠ ʫʥʫʪʘʨ ʧʨʦʚʦʜʥʠʢʘ ʠ ʫ ʦʢʦʣʥʦʤ ʧʨʦʩʪʦʨʫ ʦʢʦ 

ʧʨʦʚʦʜʥʠʢʘ, ʧʘ ʩʝ ʜʝʬʠʥʠʝh ʫʥʫʪʨʘʰˁʘ ʠ ʩʧʦˀʘʰˁʘ ʠʥʜʫʢʪʠʚʥʦʩʪ. ʋʢʫʧʥʘ 

ʠʥʜʫʢʪʠʚʥʦʩʪ ʿʝ ʿʝʜʥʘʢʘ ʟʙʠʨʫ ʫʥʫʪʨʘʰˁʝ ʠ ʩʧʦˀʘʰˁʝ. ʅʘ ʚʠʰʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ 

ʟʙʦʛ ʠʟʨʘʞʝʥʦʛ ʩʢʠʥ ʝʬʝʢʪʘ, ʜʦʤʠʥʘʥʪʥʘ ʿʝ ʩʧʦˀʘʰˁʘ ʠʥʜʫʢʪʠʚʥʦʩʪ, ʰʪʦ ʿʝ 

ʫʛʣʘʚʥʦʤ ʠ ʩʣʫʯʘʿ ʥʘ ʫʯʝʩʪʘʥʦʩʪʠʤʘ ʢʦʿʝ ʩʫ ʧʨʝʜʤʝʪ ʦʚʦʛ ʠʩʪʨʘʞʠʚʘˁʘ. ʉʝʢʮʠʿʘ 

ʧʨʦʚʦʜʥʝ ʪʨʘʢʝ ʥʘ ʰʪʘʤʧʘʥʦʤ ʢʦʣʫ (ʩʣʠʢʘ 4.2ʘ) ʧʦʥʘʰʘ ʩʝ ʜʦʤʠʥʘʥʪʥʦ ʢʘʦ ʢʘʣʝʤ, 

ʠʘʢʦ ʥʝʤʘ ʟʘʚʦʿʢʝ. ʉʝʢʮʠʿʘ ʧʨʦʚʦʜʥʝ ʪʨʘʢʝ, ʢʦʘʿ ʠʤʘ ʨʝʣʘʪʠʚʥʦ ʤʘʣʫ ʰʠʨʠʥʫ ʚʦʜʘ 

(w), ʠʤʘ ʚʝʣʠʢʫ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʫ ʠʤʧʝʜʘʥʩʫ. ʉʘʤʠʤ ʪʠʤ ʠʤʘ ʚʝʣʠʢʫ ʧʦʜʫʞʥʫ 
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ʠʥʜʫʢʪʠʚʥʦʩʪ, ʘ ʤʘʣʫ ʧʦʜʫʞʥʫ ʢʘʧʘʮʠʪʠʚʥʦʩʪ, ʧʘ ʩʝ ʧʦʥʘʰʘ ʜʦʤʠʥʘʥʪʥʦ ʢʘʦ 

ʠʥʜʫʢʪʠʚʘʥ ʝʣʝʤʝʥʪ. ɱʝʜʥʦʩʪʨʫʢʝ ʧʝʪˀʝ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʤʘˁʝ ʠʥʜʫʢʪʠʚʥʦʩʪʠ, ʜʦʢ ʩʝ 

ʟʘ ʧʦʪʨʝʙʝ ʚʝ˂ʠʭ ʚʨʝʜʥʦʩʪʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʢʘʣʝʤʦʚʠ ʨʝʘʣʠʟʫʿʫ ʢʘʦ ʩʧʠʨʘʣʥʝ 

ʰʪʘʤʧʘʥʝ ʩʪʨʫʢʪʫʨʝ ʩʘ ʤʦʛʫ˂ʥʦʰ˂ʫ ʨʝʘʣʠʟʘʮʠʿʝ ʫ ʚʠʰʝ ʩʣʦʿʝʚʘ. 

ʇʦʨʝʜ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʢʘʣʝʤ ʦʧʠʩʫʿʫ ʿʦʰ ʥʝʢʠ ʙʠʪʥʠ ʧʘʨʘʤʝʪʨʠ. ʊʦ ʩʫ 

ʦʪʧʦʨʥʦʩʪ ʢʘʣʝʤʘ ʠ ʧʘʨʘʟʠʪʥʝ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ. ʅʝʢʠ ʤʦʜʝʣʠ ʢʘʣʝʤʦʚʘ ʧʦʯʝʚʰʠ 

ʦʜ ʿʝʜʥʦʩʪʘʚʥʠʿʠʭ ʧʨʝʤʘ ʩʣʦʞʝʥʠʿʠʤ ʧʨʠʢʘʟʘʥʠ ʩʫ ʥʘ ʩʣʠʮʠ 4.3. ʋ ʧʨʚʦʤ ʩʣʫʯʘʿʫ 

4.3ʘ ʩʝ ʨʘʜʠ ʦ ʨʝʜʥʦ ʿ ʦʪʧʦʨʥʦʩʪʠ ʢʦʿʦʤ ʩʝ ʤʦʜʝʣʫʿʫ ɷʫʣʦʚʠ ʛʫʙʠʮʠ ʫ 

ʧʨʦʚʦʜʥʠʮʠʤʘ. ɼʨʫʛʠ ʤʦʜʝʣ 4.3ʙ ʦʧʠʩʫʿʝ ʧʘʨʘʟʠʪʥʫ ʢʘʧʘʮʠʪʠʚʥʦʩʪ ʢʦʿʘ ʧʦʩʪʦʿʠ 

ʠʟʤʝʹʫ ʥʘʤʦʪʘʿʘ ʢʘʣʝʤʘ CIC (inter-coil capacitance). ʅʘʤʦʪʘʿʠ ʢʘʣʝʤʘ ʢʦʿʠ ʥʠʩʫ ʥʘ 

ʠʩʪʦʤ ʧʦʪʝʥʮʠʿʘʣʫ ʠʟʤʝʹʫ ʩʝʙʝ ʠʤʘʿʫ ʦʜʨʝʹʝʥʫ ʢʘʧʘʮʠʪʠʚʥʦʩʪ ʢʦʿʘ ʩʝ ʦʧʠʩʫʿʝ 

ʦʚʠʤ ʢʦʥʜʝʥʟʘʪʦʨʦʤ. ʂʘʧʘʮʠʪʠʚʥʦʩʪ CIC ʿʝ ʠ ʫʟʨʦʢ ʧʦʿʘʚʝ ʘʥʪʠʨʝʟʦʥʘʥʪʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ (ʥʘ ʢʦʿʦʿ ʩʫʩʮʝʧʪʘʥʩʘ ʢʘʣʝʤʘ ʧʦʩʪʘʿʝ ʥʫʣʘ 0LB = ) ʨʝʘʣʥʦʛ ʩʧʠʨʘʣʥʦʛ 

ʢʘʣʝʤʘ ʨʝʘʣʠʟʦʚʘʥʦʛ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ, ʦ ʯʠʿʝʤ ʫʪʠʮʘʿʫ ʥʘ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʬʠʣʪʨʘ ˂ʝ ʙʠʪʠ ʨʝʯʠ ʫ ʰʝʩʪʦʤ ʧʦʛʣʘʚˀʫ. ʇʦʪʨʝʙʘ ʟʘ ʚʝ˂ʦʤ 

ʠʥʜʫʢʪʠʚʥʦʰ˂ʫ ʥʘʤʝ˂ʝ ʚʝ˂ʠ ʙʨʦʿ ʥʘʤʦʪʘʿʘ ʩʧʠʨʘʣʥʦʛ ʢʘʣʝʤʘ, ʘʣʠ ʩʝ ʩʘʤʠʤ ʪʠʤ 

ʧʦʚʝ˂ʘʚʘ ʠ ʧʘʨʘʣʝʣʥʘ ʧʘʨʘʟʠʪʥʘ ʢʘʧʘʮʠʪʠʚʥʦʩʪ ʠ ʩʤʘˁʫʿʝ ʘʥʪʠʨʝʟʦʥʘʥʪʥʘ 

ʫʯʝʩʪʘʥʦʩʪ. 

ɱʦʰ ʧʨʝʮʠʟʥʠʿʠ ʤʦʜʝʣ ʫʢˀʫʯʫʿʝ ʠ ʢʘʧʘʮʠʪʠʚʥʦʩʪ ʢʘʣʝʤʘ ʧʨʝʤʘ ʧʨʦʚʦʜʥʦʿ 

ʨʘʚʥʠ, ʪʿ. ʤʘʩʠ. ʋʧʨʘʚʦ ʿʝ ʤʦʜʝʣ ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 4.3ʛ ʦʥʘʿ ʢʦʿʠ ˂ʝ ʩʝ ʥʘʿʯʝʰ˂ʝ 

ʧʨʠʤʝˁʠʚʘʪʠ ʫ ʦʚʦʤ ʨʘʜʫ. ʊʘʯʥʠʿʝ ʤʦʜʝʣʦʚʘˁʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʢʘʣʝʤʦʚʘ 

ʫʢˀʫʯʫʿʝ ʦʧʠʩʠʚʘˁʝ ʟʘʚʠʩʥʦʩʪʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ, ʛʫʙʠʪʘʢʘ ʠ ʧʘʨʘʟʠʪʥʠʭ 

ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʦʜ ʫʯʝʩʪʘʥʦʩʪʠ. ɿʘʪʠʤ ʩʝ ʫ ʤʦʜʝʣʫ ʫʟʠʤʘ ʫ ʦʙʟʠʨ ʫʪʠʮʘʿ ʙʣʠʟʠʥʝ 

ʧʨʦʚʦʜʥʝ ʨʘʚʥʠ ʠ ʜʨʫʛʠ ʝʬʝʢʪʠ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʤʦʜʝʣ ʧʦʩʪʘʿʝ ʢʦʤʧʣʝʢʩʥʠʿʠ, ʘʣʠ ʩʝ 

ʧʦʚʝ˂ʘʚʘ ʧʨʝʮʠʟʥʦʩʪ ʠ ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʦʧʩʝʛ ʧʨʠʤʝʥʝ. ʌʘʢʪʦʨ ʜʦʙʨʦʪʝ ʢʘʣʝʤʘ 

ʧʨʝʜʩʪʘʚˀʘ ʙʠʪʥʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʫ, ʢʦʿʦʤ ʩʝ ʦʧʠʩʫʿʫ ʛʫʙʠʮʠ ʢʘʣʝʤa. ɿʘ ʤʦʜʝʣ ʩʘ 

ʩʣʠʢʝ 4.3ʘ ʬʦʨʤʫʣʘ ʟʘ ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ ʢʘʣʝʤʘ ʿʝ 
�& L

L

L

L
Q

R
= . ʂʘʦ ʰʪʦ ʠʥʜʫʢʪʠʚʥʦʩʪ 

ʠ ʦʪʧʦʨʥʦʩʪ ʟʘʚʠʩʝ ʦʜ ʫʯʝʩʪʘʥʦʩʪʠ ʪʘʢʦ ʠ QL ʟʘʚʠʩʠ ʦʜ ʫʯʝʩʪʘʥʦʩʪʠ. 
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ʅʘʿʯʝʰ˂ʝ ʤʝʪʦʜʝ ʟʘ ʧʨʦʨʘʯʫʥ ʚʨʝʜʥʦʩʪʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ, ʦʪʧʦʨʥʦʩʪʠ, 

ʧʘʨʘʟʠʪʥʠʭ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʠ QL-ʬʘʢʪʦʨʘ ʢʘʣʝʤʦʚʘ ʫʢˀʫʯʫʿʫ ʤʝʨʝˁʘ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʨʝʘʣʥʦʛ ʢʘʣʝʤʘ ʥʘ ʦʜʨʝʹʝʥʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ. ʅʘʢʦʥ ʪʦʛʘ ʩʝ ʥʘ 

ʠʟʘʙʨʘʥʦʤ ʤʦʜʝʣʫ ʠʟʚʨʰʠ ʝʢʩʪʨʘʧʦʣʘʮʠʿʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʢʘʣʝʤʘ ʟʘ ʪʨʘʞʝʥʫ 

ʫʯʝʩʪʘʥʦʩʪ.  

ʄʝʹʫʪʠʤ, ʫ ʜʝʣʫ ʦʚʦʛ ʠʩʪʨʘʞʠʚʘˁʘ, ʫ ʮʠˀʫ ʧʨʦʿʝʢʪʦʚʘˁʘ ʬʠʣʪʘʨʘ ʥʝʦʧʭʦʜʥʦ 

ʿʝ ʥʘ˂ʠ ʬʠʟʠʯʢʝ ʜʠʤʝʥʟʠʿʝ ʝʣʝʤʝʥʘʪʘ ʥʘ ʦʩʥʦʚʫ ʧʘʨʘʤʝʪʘʨʘ ʝʣʝʤʝʥʪʘ. ɼʘʢʣʝ, ʫ 

ʧʠʪʘˁʫ ʿʝ ʩʫʧʨʦʪʘʥ ʧʨʦʮʝʩ ʦʜ ʥʘʣʘʞʝˁʘ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ ʝʣʝʤʝʥʘʪʘ 

ʤʝʨʝˁʝʤ ʬʠʟʠʯʢʠʭ ʥʘʧʨʘʚʘ. 

LL RL

LL

CIC LL RL

CIC

LL RL

CIC

CL1 CL2

(a) (ʙ) (ʚ)

(ʛ)

 

ʉʣʠʢʘ 4.3. ɽʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʨʝʘʣʥʦʛ ʢʘʣʝʤʘ: (ʘ) ʩʘ ʨʝʜʥʦʤ ʦʪʧʦʨʥʦʰ˂ʫ, (ʙ) ʩʘ 

ʧʘʨʘʟʠʪʥʦʤ ʢʘʧʘʮʠʪʠʚʥʦʰ˂ʫ ʠʟʤʝʹʫ ʥʘʤʦʪʘʿʘ, (ʚ) ʩʘ ʨʝʜʥʦʤ ʦʪʧʦʨʥʦʰ˂ʫ ʠ 

ʧʘʨʘʟʠʪʥʦʤ ʢʘʧʘʮʠʪʠʚʥʦʰ˂ʫ ʠʟʤʝʹʫ ʥʘʤʦʪʘʿʘ, (ʛ) ʰʝʤʘ (ʚ) ʩʘ ʜʦʜʘʪʠʤ ʧʘʨʘʟʠʪʥʠʤ 

ʢʘʧʘʮʠʪʠʚʥʦʩʪʠʤʘ ʢʘʣʝʤʘ ʧʨʝʤʘ ʤʘʩʠ. 

ʂʘʜʘ ʿʝ ʨʝʯ ʦ ʢʘʣʝʤʫ ʨʝʘʣʠʟʦʚʘʥʦʤ ʥʘ ʥʘʯʠʥ ʢʘʦ ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʩʣʠʮʠ 4.1, 

ʦʜʥʦʩʥʦ ʢʘʦ ʧʨʘʚʦʫʛʘʦʥʘ ʩʧʠʨʘʣʘ ʩʘ ʩʣʠʢʝ 4.2ʚ ʘʧʨʦʢʩʠʤʘʪʠʚʥʘ ʬʦʨʤʫʣʘ ʟʘ 

ʠʥʜʫʢʪʠʚʥʦʩʪ ʿʝ [14] 

[ ]
2

20 o i
g

1.27 2.07
nH ln 0.18 0.13

2 2
L

N D D
L K

m + å õå õ
= + r+ ræ öæ ö

rç ÷ç ÷
                    (4.1) 
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ʛʜʝ ʿʝ N ʙʨʦʿ ʥʘʤʦʪʘʿʘ ʩʧʠʨʘʣʥʦʛ ʢʘʣʝʤʘ, o i

2

D D+å õ
æ ö
ç ÷

 ʩʨʝʜˁʠ ʧʨʝʯʥʠʢ ʢʘʣʝʤʘ, 

o i

o i

�!
D D

D D

-
=

+
 ʬʘʢʪʦʨ ʠʩʧʫˁʝʥʦʩʪʠ ʢʘʣʝʤʘ, 

0D  ʩʧʦˀʘʰˁʠ ʧʨʝʯʥʠʢ ʩʧʠʨʘʣʝ, 
iD

ʫʥʫʪʨʘʰˁʠ ʧʨʝʯʥʠʢ ʩʧʠʨʘʣʝ ʠ S S
g 0,57 0,145ln , 0,05

L L

w w
K

h h
= - >  ʢʦʨʝʢʮʠʦʥʠ 

ʬʘʢʪʦʨ ʢʦʿʠ ʦʧʠʩʫʿʝ ʫʪʠʮʘʿ ʙʣʠʟʠʥʝ ʧʨʦʚʦʜʥʝ ʨʘʚʥʠ. ʆʪʧʦʨʥʦʩʪ ʢʘʣʝʤʘ ʿʝ ʜʘʪʘ 

ʘʧʨʦʢʩʠʤʘʪʠʚʥʦʤ ʬʦʨʤʫʣʦʤ 

()
( )

sq

S2
L

KlR
R

w t
W =

+
                                                   (4.2) 

ʛʜʝ ʿʝ 
S

0,333 1
s

K
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å õ
= +æ ö

ç ÷
 ʢʦʨʝʢʮʠʦʥʠ ʬʘʢʪʦʨ ʫʩʣʝʜ ʙʣʠʟʠʥʝ ʧʨʦʚʦʜʥʠʢʘ ʩʧʠʨʘʣʝ, s 

ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʧʨʦʚʦʜʥʠʢʘ ʩʧʠʨʘʣʝ, wS ʰʠʨʠʥʘ ʚʦʜʘ ʩʧʠʨʘʣʝ, l ʩʨʝʜˁʘ ʜʫʞʠʥʘ 

ʢʘʣʝʤʘ, t ʜʝʙˀʠʥʘ ʤʝʪʘʣʠʟʘʮʠʿʝ, ʘ sqR  ʿʝ ʦʪʧʦʨʥʦʩʪ ʧʦ ʢʚʘʜʨʘʪʫ ʧʨʦʚʦʜʥʠʢʘ. 

ʌʦʨʤʫʣʝ (4.1) ʠ (4.2) ʧʨʝʜʩʪʘʚˀʘʿʫ ʦʩʥʦʚʥʝ ʘʧʨʦʢʩʠʤʘʪʠʚʥʝ ʬʦʨʤʫʣʝ ʟʘ 

ʝʢʚʠʚʘʣʝʥʪʥʫ ʰʝʤʫ ʢʘʣʝʤʘ. ɿʘ ʧʘʨʘʟʠʪʥʫ ʢʘʧʘʮʠʪʠʚʥʦʩʪ 
ICC  ʫ ʜʦʩʪʫʧʥʦʿ 

ʣʠʪʝʨʘʪʫʨʠ ʥʝ ʧʦʩʪʦʿʠ ʩʣʠʯʥʘ ʬʦʨʤʫʣʘ ʢʘʦ ʫ ʩʣʫʯʘʿʫ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʠʣʠ 

ʦʪʧʦʨʥʦʩʪʠ, ʘʣʠ ʩʝ ʩʘ ʜʦʚʦˀʥʦʤ ʧʨʝʮʠʟʥʦʰ˂ʫ ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʘʧʨʦʢʩʠʤʘʪʠʚʥʘ 

ʬʦʨʤʫʣʘ [31] 

IC re�0
l t

C
s

=                                                     (4.3) 

ʛʜʝ ʿʝ 
re�0  ʝʬʝʢʪʠʚʥʘ ʨʝʣʘʪʠʚʥʘ ʧʝʨʤʠʪʠʚʥʦʩʪ ʜʠʝʣʝʢʪʨʠʢʘ ʟʘ ʫʩʚʦʿʝʥʝ ʜʠʤʝʥʟʠʿʝ 

ʩʧʠʨʘʣʥʦʛ ʢʘʣʝʤʘ, ʜʦʢ ʩʫ ʦʩʪʘʣʝ ʧʨʦʤʝʥˀʠʚʝ ʨʘʥʠʿʝ ʜʝʬʠʥʠʩʘʥʝ. ɿʘ 

ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ 
L1C  ʠ 

L2C  ʢʦʨʠʩʪʠ˂ʝ ʩʝ ʫ ʥʘʨʝʜʥʠʤ ʦʜʝˀʮʠʤʘ ʘʧʨʦʢʩʠʤʘʪʠʚʥʝ 

ʬʦʨʤʫʣʝ ʢʦʿʝ ˂ʝ ʙʠʪʠ ʠʟʚʝʜʝʥʝ. 

ʉʘ ʧʣʘʥʘʨʥʠʤ ʢʘʣʝʤʦʚʠʤʘ ʩʧʠʨʘʣʥʦʛ ʦʙʣʠʢʘ ʢʦʿʠ ʩʫ ʚʝʣʠʯʠʥʝ ʨʝʜʘ ʤʠʣʠʤʝʪʨʘ 

ʩʝ ʤʦʛʫ ʧʦʩʪʠ˂ʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʜʦ ʥʝʢʦʣʠʢʦ ʜʝʩʝʪʠʥʘ nH, a QL-ʬʘʢʪʦʨʠ ʨʝʜʘ 

ʥʝʢʦʣʠʢʦ ʜʝʩʝʪʠʥʘ. ʄʘʢʩʠʤʘʣʥʘ ʚʨʝʜʥoʩʪ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʤʦʨʘ ʙʠʪʠ ʢʦʤʧʨʦʤʠʩʥʦ 

ʠʟʘʙʨʘʥʘ ʟʙʦʛ ʚʝ˂ ʩʧʦʤʝʥʫʪʠʭ ʥʝʞʝˀʝʥʠʭ ʝʬʝʢʘʪʘ ʘʢʦ ʿʝ ʩʨʝʜˁʘ ʜʫʞʠʥʘ ʢʘʣʝʤʘ 

ʚʝʣʠʢʘ. ʋʦʧʰʪʝʥʦ ʧʦʩʤʘʪʨʘʿʫ˂ʠ ʚʝ˂ʘ ʠʥʜʫʢʪʠʚʥʦʩʪ ʩʝ ʧʦʩʪʠʞʝ ʚʝ˂ʠʤ ʙʨʦʿʝʤ 
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ʥʘʤʦʪʘʿʘ N, ʤʘˁʦʤ ʰʠʨʠʥʦʤ ʚʦʜʘ wS, ʤʘˁʦʤ ʫʜʘˀʝʥʦʩʪʠ ʠʟʤʝʹʫ ʚʦʜʘ s. ɹʣʠʟʠʥʘ 

ʧʨʦʚʦʜʥʝ ʨʘʚʥʠ ʩʤʘˁʫʿʝ ʠʥʜʫʢʪʠʚʥʦʩʪ, ʧʘ ʩʝ ʪʘʿ ʫʪʠʮʘʿ ʩʤʘˁʫʿʝ ʫʜʘˀʘʚʘˁʝʤ, ʪʿ. 

ʧʦʚʝ˂ʘˁʝʤ ʜʝʙˀʠʥʝ ʩʫʧʩʪʨʘʪʘ, ʧʨʠ ʯʝʤʫ ʫ ʪʦʤ ʩʣʫʯʘʿʫ ʪʨʝʙʘ ʚʦʜʠʪʠ ʨʘʯʫʥʘ ʦ 

ʧʦʚʝ˂ʘʥʠʤ ʨʘʜʠʿʘʮʠʦʥʠʤ ʛʫʙʠʮʠʤʘ. QL-ʬʘʢʪʦʨ ʢʘʣʝʤʘ ʩʝ ʧʦʚʝ˂ʘʚʘ ʚʝ˂ʦʤ 

ʰʠʨʠʥʦʤ ʚʦʜʘ (wS), ʤʘˁʦʤ ʫʜʘˀʝʥʦʩʪʠ ʠʟʤʝʹʫ ʚʦʜʘ (s) ʠ ʧʦʚʝ˂ʘˁʝʤ ʜʝʙˀʠʥʝ 

ʤʝʪʘʣʠʟʘʮʠʿʝ (t). 

4.2 ʈʝʘʣʠʟʘʮʠʿʘ ʢʦʥʜʝʥʟʘʪʦʨʘ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ 

ʂʦʥʜʝʥʟʘʪʦʨ ʩʝ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ ʤʦʞʝ ʨʝʘʣʠʟʦʚʘʪʠ ʢʘʦ ʦʜʩʝʯʘʢ ʚʦʜʘ 

ʤʘʣʝ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʠʤʧʝʜʘʥʩʝ, ʠʥʪʝʨʜʠʛʠʪʘʣʥʠ ʢʦʥʜʝʥʟʘʪʦʨ ʠ ʩʣʠʯʥʦ. ʅʘʯʠʥʠ 

ʨʝʘʣʠʟʘʮʠʿʝ ʢʦʥʜʝʥʟʘʪʦʨʘ ʧʨʠʢʘʟʘʥʠ ʩʫ ʥʘ ʩʣʠʮʠ 4.4. ʇʨʠʤʘʨʥʠ ʧʘʨʘʤʝʪʘʨ ʩʚʘʢʦʛ 

ʢʦʥʜʝʥʟʘʪʦʨʘ ʿʝ ʢʘʧʘʮʠʪʠʚʥʦʩʪ ʢʦʿʘ ʦʧʠʩʫʿʝ ˁʝʛʦʚʫ ʤʦʛʫ˂ʥʦʩʪ ʩʢʣʘʜʠʰʪʝˁʘ 

ʝʣʝʢʪʨʠʯʥʝ ʝʥʝʨʛʠʿʝ. ʂʘʧʘʮʠʪʠʚʥʦʩʪ ʢʦʥʜʝʥʟʘʪʦʨʘ ʩʝ ʜʝʬʠʥʠʰʝ ʧʨʝʢʦ 

ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʧʣʦʯʘ ʠ ʥʘʧʦʥʘ ʢʦʥʜʝʥʟʘʪʦʨʘ ʢʘʦ 
C

Q
C

U
= , ʛʜʝ ʿʝ Q ʘʧʩʦʣʫʪʥʘ 

ʚʨʝʜʥʦʩʪ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʩʚʘʢʝ ʦʜ ʧʣʦʯʘ ʢʦʥʜʝʥʟʘʪʦʨʘ, ʘ U ʥʘʧʦʥ ʠʟʤʝʹʫ ˁʠʭ. 

 

ʉʣʠʢʘ 4.4. ʇʨʠʤʝʨʠ ʤʦʥʦʣʠʪʥʠʭ ʢʦʥʜʝʥʟʘʪʦʨʘ: (ʘ) ʤʠʢʨʦʪʨʘʢʘʩʪʠ, 

(ʙ) ʠʥʪʝʨʜʠʛʠʪʘʣʥʠ. 

ʇʘʨʘʟʠʪʥʠ ʝʬʝʢʪʠ ʢʦʿʠ ʩʝ ʿʘʚˀʘʿʫ ʢʦʜ ʨʝʘʣʥʦʛ ʢʦʥʜʝʥʟʘʪʦʨʘ ʩʝ ʦʧʠʩʫʿʫ 

ˁʝʛʦʚʠʤ ʜʦʜʘʪʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ. ʊʦ ʩʫ ʨʝʜʥʘ ʠ ʧʘʨʘʣʝʣʥʘ ʦʪʧʦʨʥʦʩʪ ʢʦʥʜʝʥʟʘʪʦʨʘ 

ʠ ʨʝʜʥʘ ʧʘʨʘʟʠʪʥʘ ʠʥʜʫʢʪʠʚʥʦʩʪ. ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʥʝʦʧʭʦʜʥʝ ʧʨʝʮʠʟʥʦʩʪʠ ʤʦʜʝʣʘ 

ʢʦʥʜʝʥʟʘʪʦʨʘ, ʤʦʛʫ ʩʝ ʢʦʨʠʩʪʠʪʠ ʩʣʝʜʝ˂ʠ ʤʦʜʝʣʠ ʧʨʠʢʘʟʘʥʠ ʥʘ ʩʣʠʮʠ 4.5 ʨʝʜʦʤ ʧʦ 

h=hC   hC 
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ʩʣʦʞʝʥʦʩʪʠ. ʋ ʧʨʚʦʤ ʩʣʫʯʘʿʫ (ʩʣʠʢʘ 4.5ʘ) ʧʘʨʘʟʠʪʥʘ ʨʝʜʥʘ ʦʪʧʦʨʥʦʩʪ ʤʦʜʝʣʫʿʝ 

ʛʫʙʠʪʢʝ ʫ ʜʠʝʣʝʢʪʨʠʢʫ, ʦʪʧʦʨʥʦʩʪʠ ʧʨʠʢˀʫʯʘʢʘ ʠ ʢʦʥʪʘʢʘʪʘ. ɼʨʫʛʠ ʤʦʜʝʣ (ʩʣʠʢʘ 

4.5ʙ) ʦʧʠʩʫʿʝ ʛʫʙʠʪʢʝ ʫ ʜʠʝʣʝʢʪʨʠʢʫ. ʇʘʨʘʟʠʪʥʘ ʠʥʜʫʢʪʠʚʥʦʩʪ ʢʦʿʘ ʧʦʩʪʦʿʠ ʠʟʤʝʹʫ 

ʢʦʥʪʘʢʘʪʘ ʢʦʥʜʝʥʟʘʪʦʨʘ, ʟʙʦʛ ʢʦʥʘʯʥʠʭ ʜʠʤʝʥʟʠʿʘ, ʦʧʠʩʫʿʝ ʩʝ ʢʘʣʝʤ LC ʢʘʦ ʥʘ 

ʩʣʠʮʠ 4.5ʚ. ʀʥʜʫʢʪʠʚʥʦʩʪ LC ʿʝ ʫʟʨʦʢ ʧʦʿʘʚʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʢʦʥʜʝʥʟʘʪʦʨʘ 

ʢʘʜʘ ʨʝʘʢʪʘʥʩʘ ʢʦʥʜʝʥʟʘʪʦʨʘ ʪʝʞʠ ʥʫʣʠ ( 0­
C

X ). ʄʦʜʝʣ ʥʘ ʩʣʠʮʠ 4.5ʛ ʠʤʘ ʠ 

ʧʘʨʘʟʠʪʥʝ ʢʦʥʜʝʥʟʘʪʦʨʝ ʧʨʝʤʘ ʤʘʩʠ, ʢʦʠʿ ʩʫ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠ ʟʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʠ 

ʢʦʥʜʝʥʟʘʪʦʨ ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 4.4ʙ. 

RC

CC RC

CP1 CP2

(a) (ʙ) (ʚ)

(ʛ)

CC

GC

CC LC

GC

RCCC LC

 

ʉʣʠʢʘ 4.5. ɽʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʨʝʘʣʥʦʛ ʢʦʥʜʝʥʟʘʪʦʨʘ: (ʘ) ʩʘ ʨʝʜʥʦʤ ʦʪʧʦʨʥʦh˂ʫ, 

(ʙ) ʩʘ ʧʘʨʘʣʝʣʥʦʤ ʧʨʦʚʦʜʥʦʰ˂ʫ, (ʚ) ʩʘ ʜʦʜʘʪʥʦʤ ʧʘʨʘʟʠʪʥʦʤ ʠʥʜʫʢʪʠʚʥʦʰ˂ʫ 

ʠʟʤʝʹʫ ʧʨʠʢˀʫʯʘʢʘ ʠ (ʛ) ʩʘ ʜʦʜʘʪʥʠʤ ʧʘʨʘʟʠʪʥʠʤ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠʤʘ ʧʨʝʤʘ ʤʘʩʠ. 

ʋ ʦʚʦʤ ʨʘʜʫ ˂ʝ ʩʝ ʥʘʿʯʝʰ˂ʝ ʢʦʨʠʩʪʠʪʠ ʤʦʜʝʣʠ ʧʨʠʢʘʟʘʥʠ ʥʘ ʩʣʠʢʘʤʘ 4.5ʙ ʠ 

4.5ʛ ʙʝʟ ʧʘʨʘʟʠʪʥʝ ʠʥʜʫʢʪʠʚʥʦʩʪʠ. ʂʘʦ ʠ ʫ ʩʣʫʯʘʿʫ ʤʦʜʝʣʦʚʘˁʘ ʢʘʣʝʤʦʚʘ, ʚʝ˂ʘ 

ʧʨʝʮʠʟʥʦʩʪ ʧʦʚʝ˂ʘʚʘ ʢʦʤʧʣʝʢʩʥʦʩʪ ʤʦʜʝʣʘ (ʥʧʨ. ʤʦʜʝʣʦʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʫ 

ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʫʯʝʩʪʘʥʦʩʪʠ), ʘʣʠ ʩʝ ʧʦʚʝ˂ʘʚʘ ʪʘʯʥʦʩʪ ʠ ʦʧʩʝʛ ʫʯʝʩʪʘʥʦʩʪʠ ʫ ʢʦʤʝ 

ʩʝ ʤʦʞʝ ʧʨʠʤʝʥʠʪʠ ʤʦʜʝʣ. 

ʂʘʧʘʮʠʪʠʚʥʦʩʪ ʢʦʥʜʝʥʟʘʪʦʨʘ ʩʘ ʩʣʠʢʝ 4.4ʘ ʤʦʛʫ˂ʝ ʿʝ ʠʟʨʘʯʫʥʘʪʠ ʢʦʨʠʩʪʝ˂ʠ 

ʧʦʟʥʘʪʫ ʬʦʨʤʫʣʫ ʟʘ ʧʣʦʯʘʩʪʠ ʢʦʥʜʝʥʟʘʪʦʨ 

X Y
0 r� 0 � 0=C

d d
C

h
.                                                   (4.4) 
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ʌʦʨʤʫʣʘ (4.4) ʚʘʞʠ ʧʦʜ ʫʩʣʦʚʦʤ ʜʘ ʩʫ ʜʠʤʝʥʟʠʿʝ ʢʦʥʜʝʥʟʘʪʦʨʘ ʤʥʦʛʦ ʚʝ˂ʝ ʦʜ 

ʜʝʙˀʠʥʝ ʩʫʧʩʪʨʘʪʘ, ʦʜʥʦʩʥʦ ʫʜʘˀʝʥʦʩʪʠ ʦʜ ʧʨʦʚʦʜʥʝ ʨʘʚʥʠ ʤʘʩʝ dX, dY>>h. ʋ 

ʦʚʦʤ ʠʩʪʨʘʞʠʚʘˁʫ, ʟʘ ʨʘʜʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʚʨʝʜʥʦʩʪʠ ʢʦʥʜʝʥʟʘʪʦʨʘ ʩʫ ʨʝʜʘ 

ʚʝʣʠʯʠʥʝ pF, ʘ ʩʘʤʠʤ ʪʠʤ ʜʠʤʝʥʟʠʿʝ 
X

d  ʠ 
Y

d  ʥʠʩʫ ʤʥʦʛʦ ʚʝ˂ʝ ʦʜ ʜʝʙˀʠʥʝ 

ʩʫʧʩʪʨʘʪʘ h. ʋ ʪʦʤ ʩʣʫʯʘʿʫ ʿʝ ʠʟʨʘʞʝʥ ʠʚʠʯʥʠ ʝʬʝʢʘʪ ʢʨʘʿʝʚʘ ʢʦʿʠ ʿʝ ʧʨʠʢʘʟʘʥ ʥʘ 

ʩʣʠʮʠ 4.6. 

 

ʉʣʠʢʘ 4.6. ʀʚʠʯʥʠ ʝʬʝʢʘʪ ʢʦʜ ʢʦʥʜʝʥʟʘʪʦʨʘ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ. 

ɽʣʝʢʪʨʠʯʥʦ ʧʦˀʝ ʚʠʰʝ ʥʠʿʝ ʣʦʢʘʣʠʟʦʚʘʥʦ ʩʘʤʦ ʠʟʤʝ˂ʫ ʧʣʦʯʘ ʢʦʥʜʝʥʟʘʪʦʨʘ ʠ 

ʥʠʿʝ ʫʥʠʬʦʨʤʥʦ ʫʥʫʪʘʨ ʪʝ ʦʙʣʘʩʪʠ. ɺʝʣʠʢʠ ʜʝʦ ʧʦˀʘ ʠ ʝʥʝʨʛʠʿʝ ʩʝ ʥʘʣʘʟʠ ʚʘʥ 

ʢʦʥʜʝʥʟʘʪʦʨʘ. ɿʘʪʦ ʿʝ ʢʘʧʘʮʠʪʠʚʥʦʩʪ ʫ ʪʦʤ ʩʣʫʯʘʿʫ ʚʝ˂ʘ ʦʜ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ 

ʧʣʦʯʘʩʪʦʛ ʢʦʥʜʝʥʟʘʪʦʨʘ ʠ ʨʘʯʫʥʘ ʩʝ ʧʨʝʤʘ ʘʧʨʦʢʩʠʤʘʪʠʚʥʦʿ ʬʦʨʤʫʣʠ [32] 

X Y X Y

0 r

X Y

2�Œ ���Œ
�0 �0 �� �� �O�Q �� �� �O�Q

� Œ � Œ
= + + + +

å õ å õå å õõ å å õõ
Öæ æ öö æ æ ööæ ö æ ö

ç ç ÷÷ ç ç ÷÷ç ÷ ç ÷
C

d d d dh h
C

h d h d h

 

.            (4.5) 

ʆʚʘʿ ʝʬʝʢʘʪ ʿʝ ʚʝʦʤʘ ʠʟʨʘʞʝʥ ʫ ʩʣʫʯʘʿʫ ʢʘʜʘ ʩʫ ʜʠʤʝʥʟʠʿʝ ʢʦʥʜʝʥʟʘʪʦʨʘ dX ʠ dY 

ʫʧʦʨʝʜʠʚʝ ʩʘ ʜʝʙˀʠʥʦʤ ʩʫʧʩʪʨʘʪʘ h, ʧʘ ʿʝ ʨʝʘʣʥʘ ʢʘʧʘʮʠʪʠʚʥʦʩʪ ʜʦʙʠʿʝʥʘ ʩʘ (4.5) 

ʠ ʥʝʢʦʣʠʢʦ ʧʫʪʘ ʚʝ˂ʘ ʦʜ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʧʣʦʯʘʩʪʦʛ ʢʦʥʜʝʥʟʘʪʦʨʘ (4.4). 

ʆʩʪʘʣʠ ʧʘʨʘʤʝʪʨʠ ʢʦʥʜʝʥʟʘʪʦʨʘ ʩʫ ʧʨʦʙʦʿʥʠ ʥʘʧʦʥ, ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ, 

ʨʝʟʦʥʘʥʪʥʘ ʫʯʝʩʪʘʥʦʩʪ, ʪʦʣʝʨʘʥʮʠʿʘ, ʪʝʤʧʝʨʘʪʫʨʥʠ ʢʦʝʬʠʮʠʿʝʥʪ ʠ ʜʨʫʛʦ. 

ʇʨʦʙʦʿʥʠ ʥʘʧʦʥ ʿʝ ʪʨʝʥʫʪʥʠ ʥʘʧʦʥ ʧʨʠ ʢʦʤʝ ʜʦʣʘʟʠ ʜʦ ʧʨʦʙʦʿʘ ʜʠʝʣʝʢʪʨʠʢʘ. ɿʘ 

ʦʧʩʝʛ ʩʥʘʛʘ ʢʦʿʝ ʩʝ ʧʨʝʜʚʠʹʘʿʫ ʟʘ ʨʘʜ ʬʠʣʪʘʨʘ ʫ ʦʚʦʤ ʠʩʪʨʘʞʠʚʘˁʫ ʧʨʦʙʦʿʥʠ 

ʥʘʧʦʥ ʥʠʿʝ ʦʜ ʢʨʠʪʠʯʥʝ ʚʘʞʥʦʩʪʠ.  

ɿʘ ʦʧʩʝʛ ʫʯʝʩʪʘʥʦʩʪʠ ʦʜ ʠʥʪʝʨʝʩʘ ʧʨʠ ʦʚʦʤ ʠʩʪʨʘʞʠʚʘˁʫ ʦʜ ʚʝ˂ʝʛ ʟʥʘʯʘʿʘ ʿʝ 

ʨʝʟʦʥʘʥʪʥʘ ʫʯʝʩʪʘʥʦʩʪ. ʋʯʝʩʪʘʥʦʩʪ ʨʝʟʦʥʘʥʮʠʿʝ ʿʝ ʧʦʩʣʝʜʠʮʘ ʨʝʜʥʝ ʧʘʨʘʟʠʪʥʝ 



63 
 

ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʢʦʥʜʝʥʟʘʪʦʨʘ, ʘ ʦʜʨʝʹʫʿʝ ʩʝ ʢʘʦ 0
1

2�Œ C C

f
L C

= . ʀʟʥʘʜ ʦʚʝ 

ʫʯʝʩʪʘʥʦʩʪʠ ʢʦʥʜʝʥʟʘʪʦʨ ʩʝ ʧʦʥʘʰʘ ʧʨʝʪʝʞʥʦ ʠʥʜʫʢʪʠʚʥʦ ʰʪʦ ʥʘʨʫʰʘʚʘ 

ʧʨʝʜʚʠʹʝʥʦ ʬʫʥʢʮʠʦʥʠʩʘˁʝ ʝʣʝʤʝʥʪʘ.  

ʌʘʢʪʦʨ ʜʦʙʨʦʪʝ ʢʦʥʜʝʥʟʘʪʦʨʘ ʧʨʝʜʩʪʘʚˀʘ ʛʫʙʠʪʢʝ ʨʝʘʣʥʦʛ ʢʦʥʜʝʥʟʘʪʦʨʘ ʠ 

ʠʟʨʘʯʫʥʘʚʘ ʩʝ ʢʘʦ 
1

�&C
C C

Q
C R

= .  

ʊʦʣʝʨʘʥʮʠʿʘ ʦʧʠʩʫʿʝ ʧʨʝʮʠʟʥʦʩʪ ʠʟʨʘʜʝ ʢʦʥʜʝʥʟʘʪʦʨʘ ʠ ʢʨʝ˂ʝ ʩʝ ʫ ʨʘʩʧʦʥʫ ʦʜ 

ʧʘʨ ʜʦ ʥʝʢʦʣʠʢʦ ʜʝʩʝʪʠʥʘ ʧʨʦʮʝʥʘʪʘ. ʆʚʘʿ ʧʦʜʘʪʘʢ ʚʘʞʠ ʟʘ SMD ʠ ʤʦʥʦʣʠʪʥʝ 

ʢʦʥʜʝʥʟʘʪʦʨʝ. 

ʊʝʤʧʝʨʘʪʫʨʥʠ ʢʦʝʬʠʮʠʿʝʥʪ ʦʧʠʩʫʿʝ ʙʨʟʠʥʫ ʧʨʦʤʝʥʝ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʩʘ 

ʪʝʤʧʝʨʘʪʫʨʦʤ. 

ɽʥʝʨʛʠʿʘ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʩʝ ʥʘʣʘʟʠ ʫ ʜʠʝʣʝʢʪʨʠʢʫ ʢʦʥʜʝʥʟʘʪʦʨʘ ʠ ʫ ʦʢʦʣʥʦʤ 

ʚʘʟʜʫʰʥʦʤ ʧʨʦʩʪʦʨʫ. ʉʘʤʠʤ ʪʠʤ ʿʝ ʢʘʧʘʮʠʪʠʚʥʦʩʪ ʢʦʥʜʝʥʟʘʪʦʨʘ ʤʦʛʫ˂ʝ ʧʦʚʝ˂ʘʪʠ 

ʢʦʨʠʰ˂ʝˁʝʤ ʩʫʧʩʪʨʘʪʘ ʚʝ˂ʝ ʜʠʝʣʝʢʪʨʠʯʥʝ ʧʝʨʤʠʪʠʚʥʦʩʪʠ. ʋʢʦʣʠʢʦ ʪʦ ʥʠʿʝ 

ʧʦʛʦʜʥʦ, ʢʘʧʘʮʠʪʝʪ ʩʝ ʤʦʞʝ ʧʦʚʝ˂ʘʪʠ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ ʨʝʘʣʠʟʘʮʠʿʦʤ. 

ʀʥʪʝʨʜʠʛʠʪʘʣʥʠ ʢʦʥʜʝʥʟʘʪʦʨʠ, ʟʘ ʨʘʟʣʠʢʫ ʦʜ ʤʠʢʨʦʪʨʘʢʘʩʪʠʭ ʢʦʥʜʝʥʟʘʪʦʨʘ, 

ʢʦʨʠʩʪʝ ʢʘʧʘʮʠʪʠʚʥʦʩʪ ʢʦʿʘ ʧʦʪʠʯʝ ʦʜ ʠʚʠʯʥʦʛ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʠʟʤʝʹʫ ʪʘʥʢʠʭ 

ʤʝʪʘʣʥʠʭ ʧʣʦʯʘ ʢʦʿʝ ʩʝ ʥʘʣʘʟʝ ʫ ʠʩʪʦʿ ʨʘʚʥʠ. ʀʥʪʝʨʜʠʛʠʪʘʣʥʠ ʢʦʥʜʝʥʟʘʪʦʨ 

ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʩʣʠʮʠ 4.4ʙ ʩʘ ʝʢʚʠʚʘʣʝʥʪʥʦʤ ʰʝʤʦʤ ʥʘ ʩʣʠʮʠ 4.5ʛ. ʂʘʧʘʮʠʪʠʚʥʦʩʪ 

ʦʚʦʛ ʪʠʧʘ ʢʦʥʜʝʥʟʘʪʦʨʘ ʤʦʞʝ ʩʝ ʜʦʙʠʪʠ ʤʝʨʝˁʝʤ, ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʤ 

ʩʠʤʫʣʘʮʠʿʘʤʘ, ʘʣʠ ʧʦʩʪʦʿʝ ʠ ʘʧʨʦʢʩʠʤʘʪʠʚʥʝ ʬʦʨʤʫʣʝ ʟʘ ʧʨʦʮʝʥʫ. ɱʝʜʥʘ ʦʜ 

ʬʦʨʤʫʣʘ ʟʘ ʧʨʦʮʝʥʫ ʦʚʝ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʿʝ [14] 

( ) ( ) ( )ID r t 1 2pF �0 �� ��C l N A A= + Ö Ö - +è øê ú                                    (4.6) 

ʛʜʝ ʿʝ N ʙʨʦʿ ʧʨʩʪʠʿʫ, 6
1 4,409 10 pF���PA -= Ö , 6

2 9,92 10 pF���PA -= Ö ʟʘ ʙʝʩʢʦʥʘʯʥʦ 

ʜʝʙʝʦ ʜʠʝʣʝʢʪʨʠʢ. ɿʘ ʩʣʫʯʘʿ ʢʦʥʘʯʥʝ ʜʝʙˀʠʥʝ ʜʠʝʣʝʢʪʨʠʢʘ ʠ ʧʦʜ ʫʩʣʦʚʦʤ d = w 

ʚʘʞʝ ʠʟʨʘʟʠ 
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( )
0,45

6
1 pF ���P ���� ������ ���� �W�D�Q�K ���� ����Ch

A
w

-
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= Ö é ùæ ö
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                          (4.7a) 

( )
0,5

6
2 pF ���P ���� ���� ���� �W�D�Q�K ���� ����Ch

A
w

-
è øå õ

= Ö é ùæ ö
ç ÷é ùê ú

.                           (4.7b) 

ʆʪʧʦʨʥʦʩʪ RC ʩʝ ʠʟʨʘʯʫʥʘʚʘ ʢʘʦ 

t
sq

4

3
C

l
R R

wN
=                                                     (4.8) 

ʛʜʝ ʿʝ sqR  ʦʪʧʦʨʥʦʩʪ ʧʦ ʢʚʘʜʨʘʪʫ ʧʨʦʚʦʜʥʠʢʘ ʧʦʩʤʘʪʨʘʥʦʛ ʢʦʥʜʝʥʟʘʪʦʨʘ. 

ʈʝʜʥʘ ʧʘʨʘʟʠʪʥʘ ʠʥʜʫʢʪʠʚʥʦʩʪ ʠ ʧʘʨʘʣʝʣʥʝ ʧʘʨʘʟʠʪʥʝ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʩʝ 

ʨʘʯʫʥʘʿʫ ʢʦʨʠʩʪʝ˂ʠ ʪʝʦʨʠʿʫ ʤʠʢʨʦʪʨʘʢʘʩʪʠʭ ʚʦʜʦʚʘ ʧʦʜ ʧʨʝʪʧʦʩʪʘʚʢʦʤ ʜʘ ʿʝ 

ʨʘʟʤʘʢ ʠʟʤʝ˂ʫ ʚʦʜʦʚʘ ʤʥʦʛʦ ʤʘˁʠ ʫ ʦʜʥʦʩʫ ʥʘ ʫʜʘˀʝʥʦʩʪ ʧʨʦʚʦʜʥʝ ʨʘʚʥʠ s << hC, 

ʘ ʟʘ ʜʫʞʠʥʫ ʩʪʨʫʢʪʫʨʝ ʩʝ ʫʟʠʤʘ ʜʫʞʠʥʘ ʧʨʩʪʠʿʫ l t. ʌʦʨʤʫʣʝ ʩʫ 

0 re
t

�0
C

Z
L l

c
=                                                        (4.9) 

re
P1 P2 t

0

�01

2
C C l

Z c
= =                                                (4.10) 

ʧʨʠ ʯʝʤʫ je 83 10 m sc= Ö  ʙʨʟʠʥʘ ʩʚʝʪʣʦʩʪʠ ʫ ʚʘʢʫʫʤʫ, ʜʦʢ ʩʝ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʘ 

ʠʤʧʝʜʘʥʩʘ ʠ ʝʬʝʢʪʠʚʥʘ ʨʝʣʘʪʠʚʥʘ ʧʝʨʤʠʪʠʚʥʦʩʪ ʨʘʯʫʥʘʿʫ ʟʘ ʤʠʢʨʦʪʨʘʢʘʩʪʠ ʚʦʜ 

ʰʠʨʠʥʝ w' ʠ ʜʝʙˀʠʥʝ ʩʫʧʩʪʨʘʪʘ hC. 

4.3 ʈʝʘʣʠʟʘʮʠʿʘ ʚʠʿʘ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ 

ɺʠʿʘ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ, ʢʦʿʘ ʫ ʧʨʝʜʣʦʞʝʥʦʤ ʨʝʟʦʥʘʪʦʨʫ ʧʦʚʝʟʫʿʝ 

ʫʥʫʪʨʘʰˁʠ ʢʨʘʿ ʢʘʣʝʤʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨ (ʩʣʠʢʘ 4.1), ʿʝ ʦʜʩʝʯʘʢ ʧʨʦʚʦʜʥʠʢʘ ʜʫʞʠʥʝ 

vija L Cl h hº +  ʠ ʧʦʣʫʧʨʝʯʥʠʢʘ vijar . ʄʦʜʝʣ ʢʦʿʠ ʩʘ ʜʦʚʦˀʥʦʤ ʧʨʝʮʠʟʥʦʰ˂ʫ 

ʧʨʠʢʘʟʫʿʝ ʚʠʫʿ ʩʘʩʪʦʿʠ ʩʝ ʦʜ ʨʝʜʥʝ ʚʝʟʝ ʢʘʣʝʤʘ (ʠʥʜʫʢʪʠʚʥʦʩʪʠ vijaL ) ʠ ʦʪʧʦʨʥʠʢʘ 

(ʦʪʧʦʨʥʦʩʪʠ vijaR ). ɺʠʿʘ ʧʦʩʝʜʫʿʝ ʫʥʫʪʨʘʰˁʫ ʠ ʩʧʦˀʘʰˁʫ ʠʥʜʫʢʪʠʚʥʦʩʪ, ʧʨʠ 
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ʯʝʤʫ ʿʝ ʥʘ ʫʯʝʩʪʘʥʦʩʪʠ ʦʜ ʠʥʪʝʨʝʩʘ ʜʦʤʠʥʘʥʪʥʘ ʩʧʦˀʘʰˁʘ ʠʥʜʫʢʪʠʚʥʦʩʪ. 

ɸʧʨʦʢʩʠʤʘʪʠʚʥʘ ʬʦʨʤʫʣʘ ʟʘ ʧʨʦʮʝʥʫ ʩʧʦˀʘʰˁʝ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʚʠʿʝ ʿʝ ʜʘʪʘ ʩʘ 

[33] 
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                                     (4.11) 

ɿʘ ʦʪʧʦʨʥʦʩʪʠ ʚʠʿʝ ʩʝ ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʧʨʦʮʝʥʘ ʠʟʨʘʯʫʥʘʪʘ ʧʦ ʬʦʨʤʫʣʠ 

vija dc
�/

1
f

R R
f

= +                                                 (4.12ʘ) 

�/ 2
0

1

�Œ�� �1
f

t
=                                                    (4.12ʙ) 

ʧʨʠ ʯʝʤʫ ʿʝ 0��  ʤʘʛʥʝʪʩʢʘ ʧʝʨʤʝʘʙʠʣʥʦʩʪ ʚʘʢʫʤʘ, ů ʧʨʦʚʦʜʥʦʩʪ ʤʝʪʘʣʘ ʦʜ ʢʦʿʝʛ ʿʝ 

ʥʘʧʨʘʚˀʝʥʘ ʚʠʿʘ ʠ t  ʿʝ ʜʝʙˀʠʥʘ ʤʝʪʘʣʠʟʘʮʠʿʝ. dcR  ʿʝ ʦʪʧʦʨʥʦʩʪ ʚʠʿʝ ʟʘ 

ʿʝʜʥʦʩʤʿʝʨʥʫ ʩʪʨʫʿʫ ʢʦʿʘ ʩʝ ʤʦʞʝ ʠʟʨʘʯʫʥʘʪʠ ʢʦʨʠʩʪʝ˂ʠ ʬʦʨʤʫʣʫ ʟʘ ʦʪʧʦʨʥʦʩʪ 

ʧʨʦʚʦʜʥʠʢʘ, ʪʿ. 

vija

dc

vija2

l
R

r t
=r
p

                                                 (4.13) 

ʛʜʝ ʿʝ �!  ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʧʨʦʚʦʜʥʠʢʘ. 

ʊʨʝʙʘ ʿʦʰ ʿʝʜʥʦʤ ʥʘʛʣʘʩʠʪʠ ʜʘ ʩʫ ʩʚʠ ʧʘʨʘʤʝʪʨʠ ʢʘʣʝʤʘ, ʢʦʥʜʝʥʟʘʪʦʨʘ ʠ ʚʠʿʝ 

ʟʘʚʠʩʥʠ ʦʜ ʫʯʝʩʪʘʥʦʩʪʠ. ʋ ʥʝʢʠʤ ʬʦʨʤʫʣʘʤʘ ʪʦ ʿʝ ʠ ʝʢʩʧʣʠʮʠʪʥʦ ʧʨʠʢʘʟʘʥʦ. 

ʄʝʹʫʪʠʤ ʫ ʥʝʢʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ʪʦ ʙʠ ʟʘʭʪʝʚʘʣʦ ʚʝ˂ʫ ʢʦʤʧʣʝʢʩʥʦʩʪ ʠʟʨʘʟʘ. ʉ 

ʦʙʟʠʨʦʤ ʜʘ ʿʝ ʘʢʮʝʥʘʪ ʫ ʦʚʦʤ ʠʩʪʨʘʞʠʚʘˁʫ ʥʘ ʧʨʦʮʝʥʠ ʚʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ, 

ʜʦʚʦˀʥʘ ʪʘʯʥʦʩʪ ʩʝ ʧʦʩʪʠʞʝ ʠ ʥʘʚʝʜʝʥʠʤ ʘʧʨʦʢʩʠʤʘʪʠʚʥʠʤ ʬʦʨʤʫʣʘʤʘ ʢʦʿʝ ʥʝ 

ʫʟʠʤʘʿʫ ʫ ʦʙʟʠʨ ʟʘʚʠʩʥʦʩʪ ʧʘʨʘʤʝʪʘʨʘ ʦʜ ʫʯʝʩʪʘʥʦʩʪʠ. ʋ ʩʚʘʢʦʤ ʩʣʫʯʘʿʫ, ʤʦʜʝʨʥʝ 

ʪʝʭʥʠʢʝ ʧʨʦʿʝʢʪʦʚʘˁʘ ʥʘʿʯʝʰ˂ʝ ʢʦʨʠʩʪʝ ʩʦʬʪʚʝʨ ʟʘ ʝʢʩʪʨʘʢʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʠʣʠ 

ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʝ ʩʠʤʫʣʘʮʠʿʝ ʢʦʿʝ ʜʘʿʫ ʤʥʦʛʦ ʧʨʝʮʠʟʥʠʿʝ ʨʝʟʫʣʪʘʪʝ. ɸʥʘʣʠʪʠʯʢʠ 
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ʠʟʨʘʟʠ ʧʨʚʝʥʩʪʚʝʥʦ ʩʣʫʞʝ ʟʘ ʧʨʦʮʝʥʫ ʠ ʫʚʠʜ ʫ ʧʨʠʨʦʜʫ ʟʘʚʠʩʥʦʩʪʠ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʝʣʝʤʝʥʪʘ ʦʜ ʜʠʤʝʥʟʠʿʘ, ʦʩʦʙʠʥʘ ʤʘʪʝʨʠʿʘʣʘ ʠ ʩʣʠʯʥʦ. ʋ ʪʦʤ 

ʩʤʠʩʣʫ ʪʨʝʙʘ ʧʨʠʭʚʘʪʠʪʠ ʠ ʢʦʨʠʩʪʠʪʠ ʥʘʚʝʜʝʥʝ ʬʦʨʤʫʣʝ ʫ ʦʚʦʤ ʧʦʛʣʘʚˀʫ. 

4.4 ɽʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʨʝʟʦʥʘʪʦʨʘ ʢʘʣʝʤ-ʚʠʿʘ-ʢʦʥʜʝʥʟʘʪʦʨ ʫ ʚʠʰʝʩʣʦʿʥʦʿ 

ʪʝʭʥʠʮʠ 

ʇʨʝʜʣʦʞʝʥʠ ʨʝʟʦʥʘʪʦʨ ʩʘ ʩʣʠʢʝ 4.1 ʜʠʿʘʢʦʧʪʠʯʢʠ ʿʝ ʧʦʜʝˀʝʥ ʥʘ ʥʝʟʘʚʠʩʥʝ 

ʜʝʣʦʚʝ, ʘ ʩʚʘʢʠ ʦʜ ʪʠʭ ʜʝʣʦʚʘ ʘʥʘʣʠʪʠʯʢʠ ʿʝ ʦʧʠʩʘʥ ʠ ʧʨʝʜʩʪʘʚˀʝʥ ʩʘ 

ʝʢʚʠʚʘʣʝʥʪʥʦʤ ʰʝʤʦʤ. ʉʘʜʘ ʩʝ ʮʝʦ ʨʝʟʦʥʘʪʦʨ ʤʦʞʝ ʧʨʝʜʩʪʘʚʠʪʠ ʝʢʚʠʚʘʣʝʥʪʥʦʤ 

ʰʝʤʦʤ ʧʨʠʢʘʟʘʥʦʤ ʥʘ ʩʣʠʮʠ 4.7ʘ. ʋʦʯʘʚʘʿʫ ʩʝ ʪʨʠ ʝʣʝʤʝʥʪʘ ʢʘʣʝʤ, ʚʠʿʘ ʠ 

ʢʦʥʜʝʥʟʘʪʦʨ ʩʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʝʢʚʠʚʘʣʝʥʪʥʠʤ ʰʝʤʘʤʘ. ʋʢʦʣʠʢʦ ʩʝ ʟʘʥʝʤʘʨʝ 

ʛʫʙʠʮʠ ʩʚʠʭ ʝʣʝʤʝʥʘʪʘ ʠ ʠʥʜʫʢʪʠʚʥʦʩʪ ʚʠʿʝ, ʢʦʿʘ ʿʝ ʤʥʦʛʦ ʤʘˁʘ ʦʜ ʠʥʜʫʢʪʠʚʥʦʩʪʠ 

ʢʘʣʝʤʘ, ʜʦʙʠʿʘ ʩʝ ʫʧʨʦʰ˂ʝʥʘ ʰʝʤʘ ʧʨʠʢʘʟʘʥʘ ʥʘ ʩʣʠʮʠ 4.7ʙ. ʆʚʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʥʝ 

ʫʪʠʯʝ ʟʥʘʯʘʿʥʦ ʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʫ ʨʝʟʦʥʘʪʦʨʘ ʠ ʩʘ ʧʦʿʝʜʥʦʩʪʘʚˀʝʥʝ ʰʝʤʝ 

ʦʜʨʝʹʝʥʘ ʿʝ ʨʝʟʦʥʘʥʪʥʘ ʫʯʝʩʪʘʥʦʩʪ ʝʢʚʠʚʘʣʝʥʪʥʦʛ LC ʢʦʣʘ. ʂʘʧʘʮʠʪʠʚʥʦʩʪ LC 

ʢʦʣʘ ʿʝ ʦʜʨʝʹʝʥʘ ʧʘʨʘʣʝʣʥʦʤ ʚʝʟʦʤ ʢʦʥʜʝʥʟʘʪʦʨʘ LC  ʩʘ ʝʢʚʠʚʘʣʝʥʪʥʦʤ 

ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʨʝʜʥʝ ʚʝʟʝ P2C  ʠ ʧʘʨʘʣʝʣʥʝ ʚʝʟʝ ʢʦʥʜʝʥʟʘʪʦʨʘ CC  ʠ P1C . 

ʄʘʪʝʤʘʪʠʯʢʠ ʠʟʨʘʞʝʥʦ, ʨʝʟʦʥʘʥʪʥʘ ʫʯʝʩʪʘʥʦʩʪ ʿʝ ʦʜʨʝʹʝʥʘ ʩʘ 
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. ɼʘʢʣʝ, ʧʨʝʜʣʦʞʝʥʠ ʨʝʟʦʥʘʪʦʨ ʩʝ ʧʦʥʘʰʘ 

ʢʘʦ ʧʘʨʘʣʝʣʥʦ ʦʩʮʠʣʘʪʦʨʥʦ LC ʢʦʣʦ ʩʘ ʤʦʛʫ˂ʥʦʰ˂ʫ ʧʦʜʝʰʘʚʘˁʘ ʨʝʟʦʥʘʥʪʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʦʤʝʥʦʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʝʣʝʤʝʥʘʪʘ. ʉʧʨʝʛʝ ʨʝʟʦʥʘʪʦʨʘ ʩʘ 

ʫʚʦʜʥʠʮʠʤʘ ʠ ʤʝʹʫʩʦʙʥʘ ʩʧʨʝʛʘ ʨʝʟʦʥʘʪʦʨʘ ʙʠ˂ʝ ʦʙʨʘʹʝʥʘ ʫ ʥʘʨʝʜʥʠʤ 

ʧʦʛʣʘʚˀʠʤʘ. 
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ʉʣʠʢʘ 4.7. ɽʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʥʝʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ: (ʘ) ʩʘ ʛʫʙʠʮʠʤʘ ʩʚʠʭ 

ʝʣʝʤʝʥʘʪʘ ʠ (ʙ) ʩʘ ʟʘʥʝʤʘʨʝʥʠʤ ʛʫʙʠʮʠʤʘ ʝʣʝʤʝʥʘʪʘ ʠ ʟʘʥʝʤʘʨʝʥʦʤ 

ʠʥʜʫʢʪʠʚʥʦʰ˂ʫ ʚʠʿʝ. 
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5 ʈʝʘʣʠʟʘʮʠʿʘ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

ʈʝʟʦʥʘʪʦʨ ʫ ʚʠʰʝʩʣʦʿʥʦʿ ʪʝʭʥʠʮʠ, ʢʦʿʠ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥ ʫ ʧʦʛʣʘʚˀʫ 4, ʙʠ˂ʝ 

ʢʦʨʠʰ˂ʝʥ ʢʘʦ ʦʩʥʦʚʥʠ ʛʨʘʜʠʚʥʠ ʝʣʝʤʝʥʪ ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ 

ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ. ʋ ʮʠˀʫ ʧʨʦʿʝʢʪʦʚʘˁʘ ʬʠʣʪʘʨʘ ʙʠ˂ʝ ʘʥʘʣʠʟʠʨʘʥʝ ʤʦʛʫ˂ʥʦʩʪʠ 

ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ ʨʘʟʣʠʯʠʪʠʭ ʪʠʧʦʚʘ ʫʚʦʜʥʠʢʘ ʠ ʨʘʟʣʠʯʠʪʠʭ ʪʠʧʦʚʘ ʩʧʨʝʛʘ ʠʟʤʝʹʫ 

ʨʝʟʦʥʘʪʦʨʘ. ɹʠ˂ʝ ʠʩʧʠʪʘʥ ʢʦʤʙʠʥʘʪʦʨʥʠ ʧʨʦʩʪʦʨ ʤʦʛʫ˂ʠʭ ʩʧʨʝʟʘˁʘ ʢʘʢʦ ʙʠ ʩʝ 

ʫʩʪʘʥʦʚʠʣʘ ʦʛʨʘʥʠʯʝˁʘ ʠ ʦʩʪʚʘʨʠʚʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʬʠʣʪʘʨʘ. ʋ ʪʦʤ ʮʠˀʫ ʙʠ˂ʝ 

ʘʥʘʣʠʟʠʨʘʥʘ ʩʧʨʝʛʘ ʫʚʦʜʥʠʢʘ ʩʘ ʢʘʣʝʤʦʤ, ʩʧʨʝʛʘ ʫʚʦʜʥʠʢʘ ʩʘ ʢʦʥʜʝʥʟʘʪʦʨʦʤ, ʢʘʦ 

ʠ ʩʚʝ ʤʦʛʫ˂ʝ ʚʘʨʠʿʘʥʪʝ ʩʧʨʝʛʝ ʠʟʤʝʹʫ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ. ʂʘʦ ʢʨʘʿˁʠ ʨʝʟʫʣʪʘʪ ʜʦʙʠ˂ʝ 

ʩʝ ʥʝʢʦʣʠʢʦ ʨʝʘʣʠʟʘʮʠʿʘ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ. ʊʦʢʦʤ ʮʝʣʦʛ 

ʪʝʦʨʠʿʩʢʦʛ ʠ ʧʨʘʢʪʠʯʥʦʛ ʠʩʪʨʘʞʠʚʘˁʘ ʢʦʨʠʰ˂ʝʥʘ ʿʝ ʧʦʜʣʦʛʘ RT/Duroid 5880 [35]. 

ʊʘʿ ʠʟʙʦʨ ʿʝ ʦʧʨʘʚʜʘʥ ʩʘ ʩʪʘʥʦʚʠʰʪʘ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʝ, ˁʝʛʦʚʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʠ 

ʨʘʩʧʦʣʦʞʠʚʝ ʪʝʭʥʠʢʝ ʟʘ ˁʝʛʦʚʫ ʦʙʨʘʜʫ. ʆʩʥʦʚʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʦʚʝ ʧʦʜʣʦʛʝ ʩʫ 

ʨʝʣʘʪʠʚʥʘ ʧʝʨʤʠʪʠʚʥʦʩʪ Ůr = 2,2, ʪʘʥʛʝʥʩ ʫʛʣʘ ʛʫʙʠʪʘʢʘ tgŭ = 0,001, ʜʝʙˀʠʥʘ 

ʩʫʧʩʪʨʘʪʘ h = 1,575 mm ʠ ʜʝʙˀʠʥʘ ʤʝʪʘʣʠʟʘʮʠʿʝ t = 18 µm. 

5.1 ʌʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʢʘʧʘʮʠʪʠʚʥʦʤ 

ʩʧʨʝʛʦʤ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʨʝʟʦʥʘʪʦʨʘ 

ʌʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʜʨʫʛʦʛ ʨʝʜʘ, ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ, ˂ʝ ʙʠʪʠ 

ʨʝʘʣʠʟʦʚʘʥ ʩʧʨʝʟʘˁʝʤ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʧʨʠʢʘʟʘʥʘ ʥʘ ʩʣʠʮʠ 4.1. ɿʘ ʩʧʨʝʛʫ ʠʟʤʝʹʫ 

ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʨʝʟʦʥʘʪʦʨʘ ʙʠ˂ʝ ʦʜʘʙʨʘʥ ʢʘʧʘʮʠʪʠʚʥʠ ʥʘʯʠʥ ʩʧʨʝʟʘˁʘ [24]. ʅʘ 

ʩʣʠʮʠ 5.1 ʧʨʠʢʘʟʘʥʘ ʩʫ ʜʚʘ ʦʩʥʦʚʥʘ ʥʘʯʠʥʘ ʨʝʘʣʠʟʘʮʠʿʝ ʬʠʣʪʘʨʘ ʢʦʿʘ ˂ʝ ʙʠʪʠ 

ʘʥʘʣʠʟʠʨʘʥʘ. ʋ ʦʚʘ ʜʚʘ ʩʣʫʯʘʿʘ ʩʝ ʨʘʜʠ ʦ ʜʚʝ ʨʘʟʣʠʯʠʪʝ ʤʦʛʫ˂ʥʦʩʪʠ ʩʧʨʝʟʘˁʘ 

ʨʝʟʦʥʘʪʦʨʘ. ʆʜʛʦʚʘʨʘʿʫ˂ʠʤ ʧʦʟʠʮʠʦʥʠʨʘˁʝʤ ʢʘʣʝʤʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ ʜʚʘ ʩʫʩʝʜʥʘ 

ʨʝʟʦʥʘʪʦʨʘ ʤʦʛʫ˂ʝ ʿʝ ʦʩʪʚʘʨʠʪʠ ʨʘʟʣʠʯʠʪʫ ʧʨʠʨʦʜʫ ʩʧʨʝʟʘˁʘ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʠ 

ʧʦʩʪʠ˂ʠ ʨʘʟʣʠʯʠʪʝ ʝʬʝʢʪʝ ʦ ʯʝʤʫ ˂ʝ ʜʝʪʘˀʥʠʿʝ ʙʠʪʠ ʨʝʯʠ ʢʘʩʥʠʿʝ. ʇʨʚʦ ˂ʝ ʙʠʪʠ 

ʘʥʘʣʠʟʠʨʘʥʘ ʩʧʨʝʛʘ ʫʚʦʜʥʠʢʘ ʠ ʨʝʟʦʥʘʪʦʨʘ, ʘ ʥʘʢʦʥ ʪʦʛʘ ʩʧʨʝʛʘ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ. 

ʇʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʘʨʘ ʙʠ˂ʝ ʟʘʩʥʦʚʘʥʦ ʥʘ Dishal-ʦʚʦʤ ʤʝʪʦʜʫ ʦʧʠʩʘʥʦʤ ʫ 

ʧʦʛʣʘʚˀʫ 2.3. ʌʠʣʪʘʨ ʩʝ ʧʨʦʿʝʢʪʫʿʝ ʟʘ ʮʝʥʪʨʘʣʥʫ ʫʯʝʩʪʘʥʦʩʪ ʦʜ 1,7 GHz ʩʘ 

ʨʝʣʘʪʠʚʥʦʤ ʰʠʨʠʥʦʤ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʦʜ ʦʢʦ 4%. 
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ʉʣʠʢʘ 5.1. ʌʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʩʘ ʢʘʧʘʮʠʪʠʚʥʦʤ ʩʧʨʝʛʦʤ 

ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʨʝʟʦʥʘʪʦʨʘ: (ʘ) LLCC ʩʧʨʝʛʘ ʨʝʟʦʥʘʪʦʨʘ ʠ (ʙ) LCLC ʩʧʨʝʛʘ 

ʨʝʟʦʥʘʪʦʨʘ. 

5.1.1 ʆʜʨʝʹʠʚʘˁʝ ʜʠʤʝʥʟʠʿʘ ʨʝʟʦʥʘʪʦʨʘ 

ʀʟ ʿʝʜʥʘʯʠʥʝ (4.14) ʤʦʞʝ ʩʝ ʚʠʜʝʪʠ ʜʘ ʿʝ ʨʝʟʦʥʘʥʪʥʘ ʫʯʝʩʪʘʥʦʩʪ ʜʦʤʠʥʘʥʪʥʦ 

ʦʜʨʝʹʝʥʘ ʠʥʜʫʢʪʠʚʥʦʰ˂ʫ ʢʘʣʝʤʘ, ʢʘʧʘʮʠʪʠʚʥʦʰ˂ʫ ʢʦʥʜʝʥʟʘʪʦʨʘ ʠ ʧʘʨʘʟʠʪʥʠʤ 

ʢʘʧʘʮʠʪʠʚʥʦʩʪʠʤʘ ʢʘʣʝʤʘ. ʆʚʝ ʚʨʝʜʥʦʩʪʠ ʩʫ ʦʜʨʝʹʝʥʝ ʜʠʤʝʥʟʠʿʘʤʘ ʢʘʣʝʤʘ ʠ 

ʢʦʥʜʝʥʟʘʪʦʨʘ. ʏʠˁʝʥʠʮʘ ʜʘ ʥʘ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ ʫʪʠʯʝ ʠʥʜʫʢʪʠʚʥʦʩʪ ʢʘʣʝʤʘ 

ʠ ˁʝʛʦʚʝ ʧʘʨʘʟʠʪʥʝ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ, ʟʥʘʯʠ ʜʘ ʿʝ ʤʦʛʫ˂ʝ ʧʦʜʝʰʘʚʘʪʠ ʨʝʟʦʥʘʥʪʥʫ 

ʫʯʝʩʪʘʥʦʩʪ ʧʨʦʤʝʥʦʤ ʧʘʨʘʤʝʪʘʨʘ ʢʘʣʝʤʘ, ʢʦʿʠ ʩʝ ʣʘʢʦ ʤʦʜʠʬʠʢʫʿʝ. ʇʨʠʤʘʨʥʠ 

ʝʣʝʤʝʥʘʪ ʟʘ ʧʦʜʝʰʘʚʘˁʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʙʠ˂ʝ ʢʘʣʝʤ. ʋʩʚʘʿʘˁʝʤ 

ʦʜʨʝʹʝʥʠʭ ʜʠʤʝʥʟʠʿʘ ʢʘʣʝʤʘ, ʥʘ ʧʨʠʤʝʨ ʰʠʨʠʥʝ ʚʦʜʘ ʠ ʨʘʟʤʘʢʘ ʠʟʤʝʹʫ ʚʦʜʦʚʘ, 

ʤʦʛʫ ʩʝ ʟʘ ʨʘʟʣʠʯʠʪʝ ʩʧʦˀʘʰˁʝ ʜʠʤʝʥʟʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʧʦʩʪʠ˂ʠ ʨʘʟʣʠʯʠʪʝ 

ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ. ʅʘ ʩʣʠʮʠ 5.2 ʧʨʠʢʘʟʘʥʘ ʿʝ ʨʝʟʦʥʘʥʪʥʘ ʫʯʝʩʪʘʥʦʩʪ ʟʘ 

ʨʘʟʣʠʯʠʪʝ ʜʠʤʝʥʟʠʿʝ ʢʘʣʝʤʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ. ʅʘʿʧʨʘʢʪʠʯʥʠʿʝ ʿʝ ʜʘ ˁʠʭʦʚʝ 

ʩʧʦʘˀʰˁʝ ʜʠʤʝʥʟʠʿʝ ʙʫʜʫ ʿʝʜʥʘʢʝ. ʋʦʯʘʚʘ ʩʝ ʜʘ ʩʝ ʦʧʩʝʛ ʫʯʝʩʪʘʥʦʩʪʠ ʦʜ ʠʥʪʝʨʝʩʘ 
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(ʟʘ ʧʝʨʩʦʥʘʣʥʝ ʤʦʙʠʣʥʝ ʩʝʨʚʠʩʝ) ʤʦʞʝ ʿʝʜʥʦʩʪʘʚʥʦ ʧʦʢʨʠʪʠ ʧʨʦʤʝʥʦʤ ʦʚʠʭ 

ʜʠʤʝʥʟʠʿʘ ʨʝʟʦʥʘʪʦʨʘ. 

ʅʘʢʦʥ ʰʪʦ ʩʫ ʧʦʯʝʪʥʝ ʜʠʤʝʥʟʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʠʟʘʙʨʘʥʝ, ʜʦʜʘʪʥʘ ʧʦʜʝʰʘʚʘˁʘ ʩʝ 

ʤʦʛʫ ʧʦʩʪʠ˂ʠ ʧʨʦʤʝʥʦʤ ʜʠʤʝʥʟʠʿʘ ʢʦʥʜʝʥʟʘʪʦʨʘ ʠ/ʠʣʠ ʢʘʣʝʤʘ. ɿʘʚʠʩʥʦʩʪ 

ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ 0f  ʿʝ ʧʨʠʢʘʟʘʥʘ ʥʘ ʩʣʠʮʠ 5.3 ʫ ʬʫʥʢʮʠʿʠ ʦʜ ʙʨʦʿʘ 

ʥʘʤʦʪʘʿʘ ʢʘʣʝʤʘ N, ʟʘ ʜʚʝ ʩʧʦˀʘʰˁʝ ʜʠʤʝʥʟʠʿʝ ʨʝʟʦʥʘʪʦʨʘ. 

 

ʉʣʠʢʘ 5.2. ʇʨʦʤʝʥʘ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʫ ʬʫʥʢʮʠʿʠ ʜʠʤʝʥʟʠʿʘ ʢʘʣʝʤʘ ʠ 

ʢʦʥʜʝʥʟʘʪʦʨʘ ʨʝʟʦʥʘʪʦʨʘ. 

 

ʉʣʠʢʘ 5.3. ʈʝʟʦʥʘʥʪʥʘ ʫʯʝʩʪʘʥʦʩʪ ʫ ʬʫʥʢʮʠʿʠ ʙʨʦʿʘ ʥʘʤʦʪʘʿʘ ʢʘʣʝʤʘ ʠ ʚʝʣʠʯʠʥʝ 

ʢʦʥʜʝʥʟʘʪʦʨʘ (4,6mm=Cd ). 

f 0
 [
G

H
z
] 
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ʇʨʦʤʝʥʘ ʜʫʞʠʥʝ ʢʘʣʝʤʘ, ʦʜʥʦʩʥʦ ʙʨʦʿʘ ʥʘʤʦʪʘʿʘ, ʠʤʘ ʚʝʣʠʢʠ ʫʪʠʮʘʿ ʥʘ 

ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ. ʉʘ ʦʚʠʤ ʧʨʦʤʝʥʘʤʘ ʧʦʩʪʠʞʝ ʩʝ ʚʝʣʠʢʠ ʨʘʩʧʦʥ ʧʨʦʤʝʥʘ 

ʫʯʝʩʪʘʥʦʩʪʠ ʦʜ 1,67 GHz ʜʦ 2,78 GHz, ʟʘ ʩʣʫʯʘʿ 4,6mm= =L Cd d . ʊʘʢʦʹʝ, 

ʧʨʦʤʝʥʦʤ ʜʫʞʠʥʝ ʢʘʣʝʤʘ ʤʦʛʫ ʩʝ ʢʦʤʧʝʥʟʦʚʘʪʠ ʧʨʦʤʝʥʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ 

ʢʦʿʝ ʥʘʩʪʘʿʫ ʟʙʦʛ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʠʟʨʘʜʝ, ʝʬʝʢʪʘ ʙʣʠʟʠʥʝ ʜʨʫʛʠʭ ʝʣʝʤʝʥʘʪʘ ʠ 

ʩʣʠʯʥʦ. ɿʘ ʧʦʪʨʝʙʝ ʚʠʰʠʭ ʨʝʟʦʥʘʥʪʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʿʝ ʙʦˀʝ ʟʘ ʧʦʯʝʪʥʝ ʜʠʤʝʥʟʠʿʝ 

ʠʟʘʙʨʘʪʠ ʰʪʦ ʤʘˁʝ ʩʧʦˀʘʰˁʝ ʜʠʤʝʥʟʠʿʝ, ʥʝʛʦ ʢʨʝʥʫʪʠ ʦʜ ʚʝ˂ʝʛ ʨʝʟʦʥʘʪʦʨʘ, ʿʝʨ ˂ʝ 

ʫ ʪʦʤ ʩʣʫʯʘʿʫ ʙʠʪʠ ʧʦʪʨʝʙʥʦ ʠʟʚʨʰʠʪʠ ʟʥʘʪʥʦ ʩʤʘˁʝˁʝ ʜʫʞʠʥʝ ʢʘʣʝʤʘ. ɿʘ ʜʘˀʫ 

ʘʥʘʣʠʟʫ ʠʟʘʙʨʘʥʝ ʩʫ ʩʧʦˀʘʰˁʝ ʜʠʤʝʥʟʠʿʝ ʨʝʟʦʥʘʪʦʨʘ 4,6mm= =L Cd d . 

5.1.2 ʌʘʢʪʦʨ ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ 

ʇʨʠ ʘʥʘʣʠʟʠ ʩʧʨʝʛʝ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʨʝʟʦʥʘʪʦʨʘ ʙʠ˂ʝ ʠʩʧʠʪʘʥʝ ʚʨʝʜʥʦʩʪʠ 

ʦʩʪʚʘʨʠʚʠʭ ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ QL. ʉʧʨʝʛʘ ʫʚʦʜʥʠʢʘ ʠ 

ʢʘʣʝʤʘ ʨʝʟʦʥʘʪʦʨʘ ʦʩʪʚʘʨʝʥʘ ʿʝ ʧʦʤʦ˂ʫ ʫʚʦʜʥʠʢʘ ʫ ʦʙʣʠʢʫ ʩʣʦʚʘ ñɻñ ʢʘʦ ʰʪʦ ʿʝ 

ʧʨʠʢʘʟʘʥʦ ʥʘ ʩʣʠʮʠ 5.4. ʎʝʥʪʨʘʣʥʠ ʜʝʦ ʫʚʦʜʥʠʢʘ ʯʠʥʠ ʚʝ˂ʠ ʜʝʦ ʩʧʨʝʛʝ ʩʘ 

ʢʘʣʝʤʦʤ, ʜʦʢ ʿʝ ʙʦʯʥʠ ʜʝʦ ʜʦʜʘʪ ʟʙʦʛ ʧʦʚʝ˂ʘˁʘ ʩʧʨʝʛʝ. 

 

ʉʣʠʢʘ 5.4. ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʤʦʜʝʣ ʨʝʘʣʠʟʘʮʠʿʝ ʢʘʧʘʮʠʪʠʚʥʝ ʩʧʨʝʛʝ ʫʚʦʜʥʠʢʘ ʠ 

ʢʘʣʝʤʘ ʨʝʟʦʥʘʪʦʨʘ. 

ʀʟʘʙʨʘʥʝ ʜʠʤʝʥʟʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʩʫ 4,6mm= =L Cd d , S 0,4mm=w , s = 0,1 mm ʠ 

4=N . ʇʦʩʪʦʿʠ ʦʩʘʤ ʤʦʛʫ˂ʠʭ ʥʘʯʠʥʘ ʧʦʟʠʮʠʦʥʠʨʘˁʘ ʫʚʦʜʥʠʢʘ ʫ ʦʜʥʦʩʫ ʥʘ ʢʘʣʝʤ. 

ʉʚʘʢʘ ʦʜ ʤʦʛʫ˂ʠʭ ʧʦʟʠʮʠʿʘ ʙʠ˂ʝ ʦʟʥʘʯʝʥʘ ʩʘ ʜʚʘ ʙʨʦʿʘ. ʇʨʚʠ ʙʨʦʿ ʦʟʥʘʯʘʚʘ 
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ʩʝʛʤʝʥʪ ʢʘʣʝʤʘ ʩʘ ʢʦʿʠʤ ʿʝ ʩʧʨʝʛʥʫʪ ʮʝʥʪʨʘʣʥʠ ʜʝʦ ʫʚʦʜʥʠʢʘ, ʘ ʜʨʫʛʠʤ ʙʨʦʿʝʤ ʿʝ 

ʦʟʥʘʯʝʥ ʩʝʛʤʝʥʪ ʢʘʣʝʤʘ ʩʘ ʢʦʿʠʤ ʿʝ ʩʧʨʝʛʥʫʪ ʙʦʯʥʠ ʜʝʦ ʫʚʦʜʥʠʢʘ. ʆʟʥʘʯʘʚʘˁʝ 

ʩʝʛʤʝʥʘʪʘ ʢʘʣʝʤʘ ʦʜ 1 ʜʦ 4 ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʩʣʠʮʠ 5.5. ʅʘ ʠʩʪʦʿ ʩʣʠʮʠ ʿʝ ʧʨʠʢʘʟʘʥʘ 

ʤʦʛʫ˂ʥʦʩʪ ʜʚʝ ʦʨʿʝʥʪʘʮʠʿʝ ʤʦʪʘˁʘ ʢʘʣʝʤʘ ʧʨʠ ʯʝʤʫ ʿʝ ʫ ʦʙʘ ʩʣʫʯʘʿʘ ʠʩʪʠ ʧʦʣʦʞʘʿ 

ʫʚʦʜʥʠʢʘ ʫ ʦʜʥʦʩʫ ʥʘ ʢʘʣʝʤ. 

 

ʉʣʠʢʘ 5.5. ʅʫʤʝʨʘʮʠʿʘ ʩʝʛʤʝʥʘʪʘ ʢʘʣʝʤʘ ʠ ʨʝʘʣʠʟʘʮʠʿʝ ʩʧʨʝʛʝ ʫʚʦʜʥʠʢʘ ʠ 

ʨʝʟʦʥʘʪʦʨʘ ʢʦʿʠʤ ʩʝ ʦʩʪʚʘʨʫʿʝ ʠʩʪʘ ʩʧʨʝʛʘ ʟʘ ʜʚʘ ʨʘʟʣʠʯʠʪʘ ʩʤʝʨʘ ʤʦʪʘˁʘ 

ʢʘʣʝʤʦʚʘ (ʦʙʝ ʚʘʨʠʿʘʥʪʝ ʠʤʘʿʫ ʠʩʪʠ ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ). 

ɼʨʫʛʠ ʥʘʯʠʥ ʧʦʜʝʰʘʚʘˁʘ QL-ʬʘʢʪʦʨʘ ʿʝ ʧʨʦʤʝʥʘ ʜʫʞʠʥʝ ʙʦʯʥʦʛ ʜʝʣʘ 

ʫʚʦʜʥʠʢʘ l. ɸʥʘʣʠʟʠʨʘʥʦ ʿʝ ʧʝʪ ʜʫʞʠʥʘ ʙʦʯʥʦʛ ʜʝʣʘ ʫʚʦʜʥʠʢʘ: 0 mm, 1,2 mm, 

2,4 mm, 3,6 mm ʠ 4,7 mm. ʇʨʦʨʘʯʫʥ ʚʨʝʜʥʦʩʪʠ QL-ʬʘʢʪʦʨʘ ʠʟʚʨʰʝʥ ʿʝ ʫ ʦʜʥʦʩʫ ʥʘ 

ʫʜʘˀʝʥʦʩʪ ʫʚʦʜʥʠʢʘ ʦʜ ʨʝʟʦʥʘʪʦʨʘ d, ʢʦʨʠʩʪʝ˂ʠ ʤʝʪʦʜ ʦʧʠʩʘʥ ʫ ʧʦʛʣʘʚˀʫ 2.5. 

ʆʩʪʚʘʨʝʥʝ ʚʨʝʜʥʦʩʪʠ ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʜʦʙʠʿʘʿʫ ʩʝ ʫ 

ʨʘʩʧʦʥʫ ʜʦ 30 ʜʦ 100, ʜʦʢ ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ ʥʝʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʠʟʥʦʩʠ ʦʢʦ 

145. ɸʥʘʣʠʟʝ ʩʫ ʧʦʢʘʟʘʣʝ ʜʘ QL-ʬʘʢʪʦʨ ʦʧʘʜʘ ʩʘ ʧʦʚʝ˂ʘˁʝʤ ʜʫʞʠʥʝ ʙʦʯʥʦʛ ʜʝʣʘ 

ʫʚʦʜʥʠʢʘ ʠ ʩʤʘˁʝˁʝʤ ʫʜʘˀʝʥʦʩʪʠ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʨʝʟʦʥʘʪʦʨʘ. ʂʘʜʘ ʿʝ ʩʧʨʝʛʘ 

ʫʚʦʜʥʠʢʘ ʠ ʨʝʟʦʥʘʪʦʨʘ ʦʩʪʚʘʨʝʥʘ ʥʘ ʩʧʦʘˀʰˁʝʤ ʜʝʣʫ ʢʘʣʝʤʘ, ʦʜʥʦʩʥʦ 

ʩʝʛʤʝʥʪʠʤʘ 1 ʠ 2, ʧʨʦʤʝʥʘ QL-ʬʘʢʪʦʨʘ ʫ ʦʜʥʦʩʫ ʥʘ ʧʨʦʤʝʥʫ ʫʜʘˀʝʥʦʩʪʠ ʫʚʦʜʥʠʢʘ 

ʠ ʨʝʟʦʥʘʪʦʨʘ ʿʝ ʤʘˁʘ. 

ʉʘ ʧʨʝʜʣʦʞʝʥʠʤ ʦʙʣʠʢʦʤ ʫʚʦʜʥʠʢʘ ʤʦʛʫ ʩʝ ʧʦʩʪʠ˂ʠ ʠʩʪʝ ʚʨʝʜʥʦʩʪʠ QL-

ʬʘʢʪʦʨʘ ʟʘ ʨʘʟʣʠʯʠʪʝ ʧʦʣʦʞʘʿʝ ʫʚʦʜʥʠʢʘ, ʫʜʘˀʝʥʦʩʪʠ ʦʜ ʢʘʣʝʤʘ, ʢʘʦ ʠ ʨʘʟʣʠʯʠʪʝ 

ʜʫʞʠʥʝ ʙʦʯʥʦʛ ʜʝʣʘ ʫʚʦʜʥʠʢʘ [34]. ʄʝʹʫʪʠʤ ʜʝʪʘˀʥʘ ʘʥʘʣʠʟʘ ʧʦʢʘʟʘʣʘ ʿʝ ʜʘ 

ʨʘʟʣʠʯʠʪʠ ʧʦʣʦʞʘʿʠ ʫʚʦʜʥʠʢʘ ʠʤʘʿʫ ʜʨʫʛʘʯʠʿʠ ʫʪʠʮʘʿ ʥʘ ʦʩʪʘʣʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ 

ʮʝʣʦʛ ʬʠʣʪʨʘ. ʊʘʿ ʫʪʠʮʘʿ ʩʝ ʤʦʞʝ ʦʜʨʘʟʠʪʠ ʥʘ ʩʝʣʝʢʪʠʚʥʦʩʪ, ʩʣʘʙˀʝˁʝ, ʧʦʣʦʞʘʿ 

ʥʫʣʘ ʠ ʜʨʫʛʦ. ʅʘ ʩʣʠʢʘʤʘ 5.6-5.13 ʿʝ ʧʨʠʢʘʟʘʥ QL-ʬʘʢʪʦʨ ʫ ʬʫʥʢʮʠʿʠ ʫʜʘˀʝʥʦʩʪʠ 

ʨʝʟʦʥʘʪʦʨʘ ʦʜ ʫʚʦʜʥʠʢʘ (d) ʟʘ ʨʘʟʣʠʯʠʪʝ ʜʫʞʠʥʝ ʙʦʯʥʦʛ ʜʝʣʘ ʫʚʦʜʥʠʢʘ (l). 
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ʉʣʠʢʘ 5.6. QL-ʬʘʢʪʦʨ ʨʝʟʦʥʘʪʦʨʘ ʩʘ 

ʩʧʨʝʛʦʤ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʟʘ ʪʠʧ ʩʧʨʝʛʝ 

14. 

 

ʉʣʠʢʘ 5.7. QL-ʬʘʢʪʦʨ ʨʝʟʦʥʘʪʦʨʘ ʩʘ 

ʩʧʨʝʛʦʤ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʟʘ ʪʠʧ ʩʧʨʝʛʝ 

43. 

 
ʉʣʠʢʘ 5.8. QL-ʬʘʢʪʦʨ ʨʝʟʦʥʘʪʦʨʘ ʩʘ 

ʩʧʨʝʛʦʤ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʟʘ ʪʠʧ ʩʧʨʝʛʝ 

21. 
 

 

ʉʣʠʢʘ 5.9. QL-ʬʘʢʪʦʨ ʨʝʟʦʥʘʪʦʨʘ ʩʘ 

ʩʧʨʝʛʦʤ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʟʘ ʪʠʧ 

ʩʧʨʝʛʝ 12. 

 
ʉʣʠʢʘ 5.10. QL-ʬʘʢʪʦʨ ʨʝʟʦʥʘʪʦʨʘ ʩʘ 

ʩʧʨʝʛʦʤ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʟʘ ʪʠʧ ʩʧʨʝʛʝ 

32. 

 
ʉʣʠʢʘ 5.11. QL-ʬʘʢʪʦʨ ʨʝʟʦʥʘʪʦʨʘ ʩʘ 

ʩʧʨʝʛʦʤ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʟʘ ʪʠʧ ʩʧʨʝʛʝ 

23. 

 
ʉʣʠʢʘ 5.12. QL-ʬʘʢʪʦʨ ʨʝʟʦʥʘʪʦʨʘ ʩʘ 

ʩʧʨʝʛʦʤ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʟʘ ʪʠʧ ʩʧʨʝʛʝ 

34. 

 
ʉʣʠʢʘ 5.13. QL-ʬʘʢʪʦʨ ʨʝʟʦʥʘʪʦʨʘ ʩʘ 

ʩʧʨʝʛʦʤ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʟʘ ʪʠʧ ʩʧʨʝʛʝ 

41. 
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ʉʣʠʢʘ 5.14. QL-ʬʘʢʪʦʨ ʟʘ ʩʚʝ ʢʦʥʬʠʛʫʨʘʮʠʿʝ ʠ ʜʫʞʠʥʫ ʙʦʯʥʦʛ ʜʝʣʘ ʫʚʦʜʥʠʢʘ ʦʜ 

4,7 mm. 

ʅʘ ʢʨʘʿʫ, ʟʙʠʨʥʠ ʧʨʝʛʣʝʜ ʧʨʦʤʝʥʝ QL-ʬʘʢʪʦʨʘ ʟʘ ʩʚʝ ʚʘʨʠʿʘʥʪʝ ʦʨʿʝʥʪʘʮʠʿʝ 

ʫʚʦʜʥʠʢʘ (ʧʨʠ ʢʦʥʩʪʘʥʪʥʦʿ ʜʫʞʠʥʠ ʙʦʯʥʦʛ ʜʝʣʘ ʫʚʦʜʥʠʢʘ ʦʜ 4,7 mm) ʿ ʝ ʧʨʠʢʘʟʘʥ 

ʥʘ ʩʣʠʮʠ 5.14. ʆʚʘʢʦ ʚʝʣʠʢʠ ʠʟʙʦʨ ʢʦʥʬʠʛʫʨʘʮʠʿʘ ʧʨʫʞʘ ʥʘʤ ʬʣʝʢʩʠʙʠʣʥʦʩʪ ʧʨʠ 

ʦʜʨʝʹʠʚʘˁʫ ʦʧʪʠʤʘʣʥʝ ʢʦʤʙʠʥʘʮʠʿʝ ʧʦʣʦʞʘʿʘ ʫʚʦʜʥʠʢʘ ʠ ʤʝʹʫʩʦʙʥʝ ʦʨʿʝʥʪʘʮʠʿʝ 

ʨʝʟʦʥʘʪʦʨʘ. ʄʝʹʫʩʦʙʥʘ ʦʨʿʝʥʪʘʮʠʿʘ ʨʝʟʦʥʘʪʦʨʘ ʦʜʨʝʹʫʿʝ ʩʧʨʝʛʫ ʠʟʤʝʹʫ 

ʨʝʟʦʥʘʪʦʨʘ, ʧʘ ʩʝ ʦʜʛʦʚʘʨʘʿʫ˂ʦʤ ʢʦʤʙʠʥʘʮʠʿʦʤ ʤʦʛʫ ʟʘʜʦʚʦˀʠʪʠ ʥʝʦʧʭʦʜʥʠ 

ʫʩʣʦʚʠ ʫ ʧʦʛʣʝʜʫ QL-ʬʘʢʪʦʨʘ ʠ ʩʧʨʝʛʝ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ. 

5.1.3 ʂʦʝʬʠʮʠʿʝʥʪ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ 

ʇʨʝʜʣʦʞʝʥʘ ʨʝʘʣʠʟʘʮʠʿʘ ʨʝʟʦʥʘʪʦʨʘ (ʩʣʠʢʘ 4.1) ʜʘʿʝ ʚʝʣʠʢʝ ʤʦʛʫ˂ʥʦʩʪʠ ʟʘ 

ʦʩʪʚʘʨʠʚʘˁʝ ʞʝˀʝʥʝ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʫ ʩʤʠʩʣʫ ʧʨʦʩʪʦʨʥʦʛ ʨʘʩʧʦʨʝʜʘ 

ʝʣʝʤʝʥʘʪʘ ʠ ʤʝʹʫʩʦʙʥʝ ʦʨʿʝʥʪʘʮʠʿʝ. ʉʚʝ ʤʦʛʫ˂ʥʦʩʪʠ ˂ʝ ʫ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʙʠʪʠ 

ʜʝʪʘˀʥʦ ʧʨʠʢʘʟʘʥʝ ʠ ʘʥʘʣʠʟʠʨʘʥʝ. 

ɺʠʰʝʩʣʦʿʥʘ ʨʝʘʣʠʟʘʮʠʿʘ ʨʝʟʦʥʘʪʦʨʘ ʦʤʦʛʫ˂ʘʚʘ ʜʘ ʨʝʟʦʥʘʪʦʨʠ ʤʦʛʫ ʙʠʪʠ 

ʩʧʨʝʛʥʫʪʠ ʥʘ ʜʚʘ ʦʩʥʦʚʥʘ ʥʘʯʠʥʘ. ʋ ʧʨʚʦʤ ʩʣʫʯʘʿʫ ʤʦʛʫ˂ʝ ʿʝ ʦʩʪʚʘʨʠʪʠ ʩʧʨʝʛʫ ʜʚʘ 

ʢʘʣʝʤʘ ʥʘ ʿʝʜʥʦʿ ʩʪʨʘʥʠ ʩʫʧʩʪʨʘʪʘ, ʘ ʜʚʘ ʢʦʥʜʝʥʟʘʪʦʨʘ ʥʘ ʩʫʧʨʦʪʥʦʿ ʩʪʨʘʥʠ. ʆʚʘʿ 

ʥʘʯʠʥ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʩʣʠʮʠ 5.15ʘ ʠ ʙʠ˂ʝ ʦʟʥʘʯʝʥ ʢʘʦ LLCC 

ʩʧʨʝʛʘ (ʢʘʣʝʤ L ʩʧʨʝʛʥʫʪ ʩʘ ʢʘʣʝʤʦʤ L, ʢʦʥʜʝʥʟʘʪʦʨ C ʩʧʨʝʛʥʫʪ ʩʘ ʢʦʥʜʝʥʟʘʪʦʨʦʤ 

C). ʋ ʜʨʫʛʦʤ ʩʣʫʯʘʿʫ ʤʦʛʫ˂ʝ ʿʝ ʩʧʨʝʛʫ ʦʩʪʚʘʨʠʪʠ ʠʟʤʝʹʫ ʢʘʣʝʤʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ ʥʘ 
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ʩʚʘʢʦʿ ʩʪʨʘʥʠ ʩʫʧʩʪʨʘʪʘ. ɸʥʘʣʦʛʥʦ ʧʨʝʪʭʦʜʥʦʤ ʦʟʥʘʯʘʚʘˁʫ ʦʚʘʿ ʥʘʯʠʥ ʩʧʨʝʛʝ ʙʠ˂ʝ 

ʦʟʥʘʯʝʥ ʢʘʦ LCLC ʠ ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʩʣʠʮʠ 5.15ʙ.  

  

(ʘ)        (ʙ) 

ʉʣʠʢʘ 5.15. ʅʘʯʠʥ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ: (ʘ) LLCC ʩʧʨʝʛʘ, (ʙ) LCLC ʩʧʨʝʛʘ. 

ʇʦʢʘʟʫʿʝ ʩʝ ʜʘ ʩʧʨʝʛʘ LLCC ʦʤʦʛʫ˂ʘʚʘ ʚʝ˂ʝ ʚʨʝʜʥʦʩʪʠ ʦʩʪʚʘʨʠʚʠʭ 

ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʩʧʨʝʛʝ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ ʩʧʨʝʛʘ LCLC ʧʨʦʫʟʨʦʢʫʿʝ ʧʦʿʘʚʫ ʥʫʣʘ 

ʪʨʘʥʩʬʝʨ ʬʫʥʢʮʠʿʝ ʩʘ ʦʙʝ ʩʪʨʘʥʝ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ. ʅʫʣʝ ʪʨʘʥʩʬʝʨ ʬʫʥʢʮʠʿʝ ʩʫ 

ʧʦʩʣʝʜʠʮʘ ʩʘʤʦ ʥʘʯʠʥʘ ʦʨʿʝʥʪʘʮʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʠ ʥʘ ˁʠʭʦʚʦ ʧʦʩʪʦʿʘˁʝ ʥʝ ʫʪʠʯʝ 

ʧʦʣʦʞʘʿ ʫʚʦʜʥʠʢʘ. ʈʘʟʣʦʛ ʚʝ˂ʝ ʩʧʨʝʛʝ ʢʦʜ LLCC ʪʠʧʘ ʠ ʫʟʨʦʢ ʥʘʩʪʘʥʢʘ ʥʫʣʘ ʢʦʜ 

LCLC ʪʠʧʘ, ʙʠ˂ʝ ʜʝʪʘˀʥʠʿʝ ʦʙʿʘʰˁʝʥ ʫ ʧʦʛʣʘʚˀʠʤʘ 5.3.4 ʠ 6.3 ʨʝʩʧʝʢʪʠʚʥʦ. 

ɻʝʦʤʝʪʨʠʿʘ ʢʘʣʝʤʘ ʦʤʦʛʫ˂ʘʚʘ ʜʘ ʢʘʣʝʤ ʿʝʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʤʦʞʝ ʙʠʪʠ ʩʧʨʝʛʥʫʪ 

ʩʘ ʢʘʣʝʤʦʤ ʠʣʠ ʢʦʥʜʝʥʟʘʪʦʨʦʤ ʩʫʩʝʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʧʦʤʦ˂ʫ ʙʠʣʦ ʢʦʛ ʦʜ ʯʝʪʠʨʠ 

ʩʝʛʤʝʥʪʘ ʩʧʦˀʘʰˁʝʛ ʥʘʚʦʿʢʘ ʢʘʣʝʤʘ. ɸʢʦ ʩʝ ʟʘʜʨʞʠ ʬʠʟʠʯʢʘ ʩʠʤʝʪʨʠʿʘ 

ʨʝʘʣʠʟʘʮʠʿʝ ʩʪʨʫʢʪʫʨʝ ʥʝʦʧʭʦʜʥʦ ʿʝ ʘʥʘʣʠʟʠʨʘʪʠ ʯʝʪʠʨʠ ʤʦʛʫ˂ʝ ʩʧʨʝʛʝ ʜʚʘ 

ʨʝʟʦʥʘʪʦʨʘ: ʧʨʚʠ ʩʘ ʧʨʚʠʤ ʩʝʛʤʝʥʪʦʤ, ʜʨʫʛʠ ʩʘ ʜʨʫʛʠʤ ʩʝʛʤʝʥʪʦʤ, ʪʨʝ˂ʠ ʩʘ 

ʪʨʝ˂ʠʤ ʩʝʛʤʝʥʪʦʤ ʠ ʯʝʪʚʨʪʠ ʩʘ ʯʝʪʚʨʪʠʤ ʩʝʛʤʝʥʪʦʤ. ɼʘʢʣʝ ʟʘ ʜʚʘ ʦʩʥʦʚʥʘ ʪʠʧʘ 

ʨʝʘʣʠʟʘʮʠʿʝ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ (LLCC ʠ LCLC) ʧʦʩʪʦʿʝ ʧʦ ʯʝʪʠʨʠ ʤʦʛʫ˂ʝ 

ʦʨʿʝʥʪʘʮʠʿʝ ʢʘʣʝʤʦʚʘ. 

ʉʣʝʜʝ˂ʘ ʤʦʛʫ˂ʥʦʩʪ ʿʝ ʧʨʦʤʝʥʘ ʩʤʝʨʘ ʤʦʪʘˁʘ ʢʘʣʝʤʦʚʘ. ʋʩʚʦʿʝʥʦ ʿʝ ʜʘ ʩʝ ʩʤʝʨ 

ʤʦʪʘˁʘ ʢʘʣʝʤʦʚʘ ʜʝʬʠʥʠʰʝ ʦʜ ʫʥʫʪʨʘʰˁʦʩʪʠ ʧʨʝʤʘ ʩʧʦˀʥʦʿ ʠʚʠʮʠ ʢʘʣʝʤʘ 

(ʩʣʠʢʘ 5.16). 



76 
 

 

ʉʣʠʢʘ 5.16. ʈʝʟʦʥʘʪʦʨ ʩʘ Ăɻò ʫʚʦʜʥʠʢʦʤ, ʦʟʥʘʯʝʥʠʤ ʩʤʝʨʦʤ ʤʦʪʘˁʘ ʢʘʣʝʤʘ ʠ 

ʦʟʥʘʯʝʥʠʤ ʩʝʛʤʝʥʪʠʤʘ ʢʘʣʝʤʘ. 

ʉʤʝʨ ʤʦʪʘˁʘ ʢʘʣʝʤʦʚʘ ʤʦʞʝ ʙʠʪʠ ʫ ʤʘʪʝʤʘʪʠʯʢʠ ʧʦʟʠʪʠʚʥʦʤ ʠʣʠ ʥʝʛʘʪʠʚʥʦʤ 

ʩʤʝʨʫ (ʩʫʧʨʦʪʥʦ ʠʣʠ ʫ ʩʤʝʨʫ ʢʨʝʪʘˁʘ ʢʘʟʘˀʢʝ ʥʘ ʩʘʪʫ). ʆʚʘ ʜʚʘ ʥʘʯʠʥʘ ʙʠ˂ʝ 

ʦʟʥʘʯʝʥʘ ʢʘʦ ʜʠʨʝʢʪʥʠ ʠʣʠ ʦʙʨʥʫʪʠ (ʥʘ ʩʣʠʮʠ 5.16 ʧʨʠʢʘʟʘʥ ʿʝ ʜʠʨʝʢʪʘʥ ʩʤʝʨ). ʋ 

ʩʢʣʘʜʫ ʩʘ ʦʚʦʤ ʦʨʠʿ ʝʥʪʘʮʠʿʦʤ, ʘʢʦ ʦʙʘ ʢʘʣʝʤʘ ʠʤʘʿʫ ʜʠʨʝʢʪʥʠ ʠʣʠ ʦʙʘ ʢʘʣʝʤʘ 

ʠʤʘʿʫ ʦʙʨʥʫʪʠ ʩʤʝʨ ʪʘʢʚʘ ʛʝʦʤʝʪʨʠʿʘ ʥʘʟʠʚʘ ʩʝ ʘʩʠʤʝʪʨʠʯʥʘ ʟʙʦʛ ʘʩʠʤʝʪʨʠʿʝ ʫ 

ʦʜʥʦʩʫ ʥʘ ʦʩʫ ʠʟʤʝ˂ʫ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ. ɼʨʫʛʠ ʩʣʫʯʘʿ, ʢʘʜʘ ʿʝʜʘʥ ʨʝʟʦʥʘʪʦʨ ʠʤʘ 

ʜʠʨʝʢʪʘʥ, ʘ ʜʨʫʛʠ ʦʙʨʥʫʪ ʩʤʝʨ ʥʘʟʠʚʘ ʩʝ ʩʠʤʝʪʨʠʯʥʘ ʛʝʦʤʝʪʨʠʿʘ. ɻʝʦʤʝʪʨʠʿʘ ʜʚʘ 

ʩʧʨʝʛʥʫʪʘ ʨʝʟʦʥʘʪʦʨʘ ʙʠ˂ʝ ʦʟʥʘʯʝʥʘ ʩʘ ʰʝʩʪ ʢʘʨʘʢʪʝʨʘ x1 x2 x3 x4 x5 x6. ɳʠʭʦʚʦ 

ʟʥʘʯʝˁʝ ʦʙʿʘʰˁʝʥʦ ʿʝ ʫ ʪʘʙʝʣʠ 5.1. ɻʝʦʤʝʪʨʠʿʝ ʩʧʨʝʛʥʫʪʠʭ ʨʝʟʦʥʘʪʦʨʘ ʧʨʠʢʘʟʘʥʝ 

ʥʘ ʩʣʠʮʠ 5.15ʘ ʠ 5.15ʙ ʩʫ L1DL1R ʠ L1DC1R ʨʝʩʧʝʢʪʠʚʥʦ. 

ɿʙʦʛ ʩʠʤʝʪʨʠʿʝ ʩʪʨʫʢʪʫʨʝ, ʙʨʦʿ ʛʝʦʤʝʪʨʠʿʘ ʟʘ ʘʥʘʣʠʟʫ ʤʦʛʫ˂ʝ je ʩʤʘˁʠʪʠ. ʅʘ 

ʧʨʠʤʝʨ, ʛʝʦʤʝʪʨʠʿʘ ʢʦʜ ʢʦʿʝ ʿʝ ʢʘʣʝʤ ʣʝʚʦʛ ʨʝʟʦʥʘʪʦʨʘ ʥʘʤʦʪʘʥ ʜʠʨʝʢʪʥʦ, ʘ ʢʘʣʝʤ 

ʜʝʩʥʦʛ ʦʙʨʥʫʪʦ (ʩʠʤʝʪʨʠʯʥʘ ʛʝʦʤʝʪʨʠʿʘ) ʠʤʘ ʠʩʪʫ ʩʧʨʝʛʫ ʢʘʦ ʩʣʫʯʘʿ ʛʜʝ ʿʝ ʜʝʩʥʠ 

ʢʘʣʝʤ ʥʘʤʦʪʘʥ ʜʠʨʝʢʪʥʦ, ʘ ʣʝʚʠ ʦʙʨʥʫʪʦ. ɼʨʫʛʦ ʧʦʿʝʜʥʦʩʪʘʚˀʝˁʝ ʿʝ ʢʦʜ 

ʘʩʠʤʝʪʨʠʯʥʠʭ ʛʝʦʤʝʪʨʠʿʘ ʛʜʝ ʩʝ ʩʧʨʝʛʘ ʥʝ ʤʝˁʘ ʘʢʦ ʦʙʘ ʢʘʣʝʤʘ ʧʨʦʤʝʥʝ ʩʤʝʨ 

ʤʦʪʘˁʘ. ʅʘʢʦʥ ʦʚʠʭ ʫʧʨʦʰ˂ʘʚʘˁʘ ʠ ʫʦʯʘʚʘˁʘ ʝʢʚʠʚʘʣʝʥʮʠʿʘ, ʨʝʟʫʣʪʘʪʠ 

ʧʨʠʢʘʟʘʥʠ ʥʘ ʩʣʠʮʠ 5.17 ʩʝ ʤʦʛʫ ʘʥʘʣʠʟʠʨʘʪʠ. ʉʠʤʫʣʘʮʠʿʝ ʩʫ ʫʨʘʹʝʥʝ ʫ 

ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʫʜʘˀʝʥʦʩʪʠ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ d12 ʫ ʦʧʩʝʛʫ ʦʜ 0,05 mm ʜʦ 2,1 mm. 

ʇʨʚʦ ˂ʝ ʩʝ ʘʥʘʣʠʟʠʨʘʪʠ ʩʧʨʝʛʘ ʩʠʤʝʪʨʠʯʥʝ ʠ ʘʩʠʤʝʪʨʠʯʥʝ ʢʦʥʬʠʛʫʨʘʮʠʿʝ 

(ʩʣʠʢʘ 5.17ʘ ʠ 5.17ʙ ʨʝʩʧʝʢʪʠʚʥʦ). 

 



77 
 

ʊʘʙʝʣʘ 5.1. ʆʟʥʘʯʘʚʘˁʝ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʢʦʨʠʩʪʝ˂ʠ ʥʦʪʘʮʠʿʫ ʩʘ ʰʝʩʪ 

ʢʘʨʘʢʪʝʨʘ x1 x2 x3 x4 x5 x6. 

ʂʘʨʘʢʪʝʨ ʆʧʠʩ ʩʧʨʝʛʝ ʠʟʤʝʹʫ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ 
ʄʦʛʫ˂ʠ 

ʢʘʨʘʢʪʝʨʠ 

x1 
ɽʣʝʤʝʥʪ ʥʘ ʛʦʨˁʝʤ ʩʣʦʿʫ ʣʝʚʦʛ 

ʨʝʟʦʥʘʪʦʨʘ, ʢʘʣʝʤ ʠʣʠ ʢʦʥʜʝʥʟʘʪʦʨ 
L/C 

x2 
ɹʨʦʿ ʩʝʛʤʝʥʪʘ ʢʘʣʝʤʘ ʣʝʚʦʛ ʨʝʟʦʥʘʪʦʨʘ 

ʢʦʿʠʤ ʿʝ ʩʧʨʝʛʥʫʪ ʩʘ ʜʝʩʥʠʤ ʨʝʟʦʥʘʪʦʨʦʤ 
1/2/3/4 

x3 
ʉʤʝʨ ʤʦʪʘˁʘ ʣʝʚʦʛ ʢʘʣʝʤʘ, ʜʠʨʝʢʪʘʥ ʠʣʠ 

ʦʙʨʥʫʪ 
D/R 

x4 
ɽʣʝʤʝʥʪ ʥʘ ʛʦʨˁʝʤ ʩʣʦʿʫ ʜʝʩʥʦʛ 

ʨʝʟʦʥʘʪʦʨʘ, ʢʘʣʝʤ ʠʣʠ ʢʦʥʜʝʥʟʘʪʦʨ 
L/C 

x5 
ɹʨʦʿ ʩʝʛʤʝʥʪʘ ʢʘʣʝʤʘ ʜʝʩʥʦʛ ʨʝʟʦʥʘʪʦʨʘ 

ʢʦʿʠʤ ʿʝ ʩʧʨʝʛʥʫʪ ʩʘ ʣʝʚʠʤ ʨʝʟʦʥʘʪʦʨʦʤ 
1/2/3/4 

x6 
ʉʤʝʨ ʤʦʪʘˁʘ ʜʝʩʥʦʛ ʢʘʣʝʤʘ, ʜʠʨʝʢʪʘʥ ʠʣʠ 

ʦʙʨʥʫʪ 
D/R 

 

ʄʘʢʩʠʤʘʣʥʠ ʧʦʩʪʠʛʥʫʪʠ ʢʦʝʬʠʮʠʿʝʥʪ ʩʧʨʝʛʝ ʠʟʥʦʩʠ 0,265 ʟʘ ʫʜʘˀʝʥʦʩʪ ʜʚʘ 

ʨʝʟʦʥʘʪʦʨʘ ʦʜ 0,05 mm ʟʘ ʢʦʥʬʠʛʫʨʘʮʠʿʫ L1DL1D. ʆʚʦ ʿʝ ʢʦʥʬʠʛʫʨʘʮʠʿʘ ʛʜʝ ʩʫ 

ʜʚʘ ʢʘʣʝʤʘ ʩʧʨʝʛʥʫʪʘ ʧʨʚʠʤ ʩʝʛʤʝʥʪʠʤʘ ʢʘʣʝʤʦʚʘ, ʘ ʦʨʿʝʥʪʘʮʠʿʘ ʢʘʣʝʤʦʚʘ ʿʝ 

ʘʩʠʤʝʪʨʠʯʥʘ. ʇʦʨʝʹʝˁʝʤ ʨʝʟʫʣʪʘʪʘ ʩʠʤʝʪʨʠʯʥʝ ʠ ʘʩʠʤʝʪʨʠʯʥʝ ʢʦʥʬʠʛʫʨʘʮʠʿʝ (ʩʘ 

ʩʣʠʢʘ 5.17ʘ ʠ 5.17ʙ) ʫʦʯʘʚʘ ʩʝ ʜʘ ʿʝ ʩʧʨʝʛʘ ʚʝ˂ʘ ʢʦʜ ʘʩʠʤʝʪʨʠʯʥʝ ʢʦʥʬʠʛʫʨʘʮʠʿʝ. ʋ 

ʩʣʫʯʘʿʫ ʤʘʣʠʭ ʫʜʘˀʝʥʦʩʪʠ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ ʝʣʝʢʪʨʠʯʥʘ ʩʧʨʝʛʘ ʿʝ ʜʦʤʠʥʘʥʪʥʘ ʫ 

ʦʙʘ ʩʣʫʯʘʿʘ. ʂʘʢʦ ʩʝ ʨʝʟʦʥʘʪʦʨʠ ʫʜʘˀʘʚʘʿʫ ʿʝʜʘʥ ʦʜ ʜʨʫʛʦʛ ʝʣʝʢʪʨʠʯʥʘ ʩʧʨʝʛʘ 

ʙʨʞʝ ʩʣʘʙʠ ʜʦʢ ʤʘʛʥʝʪʩʢʘ ʩʧʨʝʛʘ ʧʦʩʪʘʿʝ ʜʦʤʠʥʘʥʪʥʘ. ʋ ʩʣʫʯʘʿʫ ʘʩʠʤʝʪʨʠʯʥʝ 

ʢʦʥʬʠʛʫʨʘʮʠʿʝ ʤʘʛʥʝʪʩʢʘ ʠ ʝʣʝʢʪʨʠʯʥʘ ʩʧʨʝʛʘ ʩʝ ʩʘʙʠʨʘʿʫ ʰʪʦ ʜʦʧʨʠʥʦʩʠ ʚʝ˂ʦʿ 

ʫʢʫʧʥʦʿ ʩʧʨʝʟʠ. ʄʘʛʥʝʪʩʢʘ ʩʧʨʝʛʘ ʩʝ ʢʦʥʪʨʦʣʠʰʝ ʩʤʝʨʦʤ ʤʦʪʘˁʘ ʢʘʣʝʤʦʚʘ, ʧʨʠ 

ʯʝʤʫ ʩʠʤʝʪʨʠʯʥʦ ʧʦʩʪʘʚˀʝʥʠ ʢʘʣʝʤʦʚʠ ʜʘʿʫ ʤʘˁʫ ʫʢʫʧʥʫ ʩʧʨʝʛʫ, ʘ ʘʩʠʤʝʪʨʠʯʥʦ 

ʧʦʩʪʘʚˀʝʥʠ ʢʘʣʝʤʦʚʠ ʜʘʿʫ ʚʝ˂ʫ ʫʢʫʧʥʫ ʩʧʨʝʛʫ. ʆʚʘʿ ʝʬʝʢʘʪ ˂ʝ ʙʠʪʠ ʦʙʿʘʰˁʝʥ ʫ 

ʧʦʛʣʘʚˀʫ 5.3.4. 
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(ʘ) 

 

(ʙ) 

 

(ʚ) 

ʉʣʠʢʘ 5.17. ʂʦʝʬʠʮʠʿʝʥʪʠ ʩʧʨʝʛʝ (k) ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ: (ʘ) LLCC ʩʠʤʝʪʨʠʯʥʘ 

ʩʧʨʝʛʘ, (ʙ) LLCC ʘʩʠʤʝʪʨʠʯʥʘ ʩʧʨʝʛʘ ʠ (ʚ) LCLC ʩʧʨʝʛʘ. 
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ʂʦʝʬʠʮʠʿʝʥʪʠ ʩʧʨʝʛʝ ʟʘ LCLC ʪʠʧ (ʩʣʠʢʘ 5.17ʚ) ʠʩʢʘʟʫʿʫ ʩʧʝʮʠʬʠʯʥʦʩʪ ʦʚʦʛ 

ʪʠʧʘ ʩʧʨʝʛʝ ʿʝʨ ʿʝ ʝʣʝʢʪʨʠʯʥʘ ʩʧʨʝʛʘ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʜʦʤʠʥʘʥʪʥʘ, ʘ ʩʤʝʨ ʤʦʪʘˁʘ 

ʢʘʣʝʤʦʚʘ ʥʝʤʘ ʥʠʢʘʢʚʦʛ ʫʪʠʮʘʿʘ ʥʘ ʩʧʨʝʛʫ. ʊʦ ʩʝ ʫʦʯʘʚʘ ʩʘ ʨʘʜʥʝ ʢʨʠʚʝ ʛʜʝ ʩʫ 

ʢʨʠʚʝ ʟʘ LnDCnR ʠ LnDCnD, n = 1,..,4 ʩʢʦʨʦ ʠʜʝʥʪʠʯʥʝ. ʊʘʢʦʹʝ, ʫʦʯʘʚʘ ʩʝ ʜʘ 

ʩʝʛʤʝʥʪʠ ʢʘʣʝʤʘ ʙʣʠʞʠ ʩʝʛʤʝʥʪʠʤʘ 1 ʠ 2 ʛʝʥʝʨʠʰʫ ʚʝ˂ʫ ʩʧʨʝʛʫ. ʅʘʿʚʝ˂ʘ 

ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʿʝ ʫʧʨʘʚʦ ʥʘ ʪʠʤ ʩʝʛʤʝʥʪʠʤʘ ʢʘʣʝʤʘ, ʘ ʩʘʤʠʤ ʪʠʤ ʠ 

ʝʣʝʢʪʨʠʯʥʘ ʩʧʨʝʛʘ. ɿʘ ʤʘˁʝ ʫʜʘˀʝʥʦʩʪʠ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ, ʩʧʨʝʛʘ LCLC ʪʠʧʘ 

ʠʤʘ ʤʘˁʝ ʚʨʝʜʥʦʩʪʠ ʫ ʧʦʨʝʹʝˁʫ ʩʘ LLCC ʪʠʧʦʤ ʩʧʨʝʛʝ. ʇʦʚʝ˂ʘˁʝʤ ʫʜʘˀʝʥʦʩʪʠ 

ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ ʚʨʝʜʥʦʩʪʠ ʩʧʨʝʛʝ ʧʦʩʪʘʿʫ ʯʘʢ ʠʩʪʝ ʟʘ ʦʜʨʝʹʝʥʝ ʛʝʦʤʝʪʨʠʿʝ (ʥʘ 

ʧʨʠʤʝʨ ʢʘʦ ʫ ʩʣʫʯʘʿʫ L1DL1R ʠ L1DC1R). ɺʨʝʜʥʦʩʪʠ ʢʨʠʚʠʭ ʩʘ ʩʣʠʢʝ 5.17ʚ 

ʧʦʪʚʨʹʫʿʫ ʜʘ ʿʝ ʝʣʝʢʪʨʠʯʥʘ ʩʧʨʝʛʘ ʜʦʤʠʥʘʥʪʥʘ ʫ ʩʚʠʤ ʩʣʫʯʘʿʝʚʠʤʘ LCLC ʪʠʧʘ 

ʩʧʨʝʛʝ. 

5.1.4 ʈʝʘʣʠʟʘʮʠʿʘ ʬʠʣʪʨʘ ʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʨʝʟʫʣʪʘʪʠ 

ʇʨʦʿʝʢʪʦʚʘʥ ʿʝ ʬʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ 

ʮʝʥʪʨʘʣʥʦʤ ʫʯʝʩʪʘʥʦʰ˂ʫ 0 1,7 GHz=f  ʠ 3 dB ʰʠʨʠʥʦʤ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ 

FBW3dB = 4% [24]. ʂʦʨʠʩʪʝ˂ʠ Dishal-ʦʚ ʤʝʪʦʜ ʦʙʿʘʰˁʝʥ ʫ ʧʦʛʣʘʚˀʫ 2.3 ʜʦʙʠʿʘʿʫ 

ʩʝ ʥʝʦʧʭʦʜʥʝ ʚʨʝʜʥʦʩʪʠ ʟʘ ʢʦʝʬʠʮʠʿʝʥʪ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ k = 0,028 ʠ ʬʘʢʪʦʨʝ 

ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʠʭ ʨʝʟʦʥʘʪʦʨʘ QL = 50. ʋʩʚʦʿʝʥʘ ʿʝ ʨʝʘʣʠʟʘʮʠʿʘ ʩʘ ʦʙʠʯʥʦʤ 

ʩʧʨʝʛʦʤ (ʢʘʣʝʤ ʥʘ ʢʘʣʝʤ, ʢʦʥʜʝʥʟʘʪʦʨ ʥʘ ʢʦʥʜʝʥʟʘʪʦʨ) ʠ ʘʩʠʤʝʪʨʠʯʥʘ ʦʨʿʝʥʪʘʮʠʿʘ 

ʢʘʣʝʤʦʚʘ ʧʨʠʢʘʟʘʥʘ ʥʘ ʩʣʠʮʠ 5.18. ʇʨʚʠ ʫʚʦʜʥʠʢ ʿʝ ʩʧʨʝʛʥʫʪ ʩʘ ʩʚʦʿʠʤ 

ʮʝʥʪʨʘʣʥʠʤ ʠ ʙʦʯʥʠʤ ʜʝʣʦʤ ʩʘ ʩʝʛʤʝʥʪʠʤʘ ʢʘʣʝʤʘ 2 ʠ 1, ʦʜʥʦʩʥʦ ʪʠʧ ʩʧʨʝʛʝ ʿʝ 21. 

ɼʨʫʛʠ ʫʚʦʜʥʠʢ ʠʤʘ ʪʠʧ ʩʧʨʝʛʝ 41. ʇʦʩʤʘʪʨʘʿʫ˂ʠ ʚʨʝʜʥʦʩʪʠ ʩʘ ʨʘʜʥʝ ʢʨʠʚʝ ʥʘ 

ʩʣʠʮʠ 5.14, ʟʘ ʥʝʦʧʭʦʜʘʥ ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ 50 ʫʩʚʘʿʘ ʩʝ ʫʜʘˀʝʥʦʩʪ ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ 

ʠ ʨʝʟʦʥʘʪʦʨʘ d = 0,1 mm. ʋʩʚʘʿʘ ʩʝ ʪʠʧ ʤʝʹʫʩʦʙʥʝ ʦʨʿʝʥʪʘʮʠʿʝ ʢʘʣʝʤʦʚʘ ʛʜʝ ʿʝ 

ʯʝʪʚʨʪʠ ʩʝʛʤʝʥʪ ʧʨʚʦʛ ʢʘʣʝʤʘ ʩʧʨʝʛʥʫʪ ʩʘ ʜʨʫʛʠʤ ʩʝʛʤʝʥʪʦʤ ʜʨʫʛʦʛ ʢʘʣʝʤʘ 

(ʢʦʥʬʠʛʫʨʘʮʠʿʘ ʿʝ L4DL2D). ʉʘ ʨʘʜʥʝ ʢʨʠʚʝ ʩʘ ʩʣʠʢʝ 5.17ʙ ʩʝ ʟʘ ʢʦʝʬʠʮʠʿʝʥʪ 

ʩʧʨʝʛʝ ʦʜ 0,028 ʦʯʠʪʘʚʘ ʫʜʘˀʝʥʦʩʪ ʨʝʟʦʥʘʪʦʨʘ 12 2 mm=d . ɿʘ ʦʯʠʪʘʚʘˁʝ ʿʝ 

ʢʦʨʠʰ˂ʝʥʘ ʢʨʠʚʘ ʟʘ ʢʦʥʬʠʛʫʨʘʮʠʿʫ L3DL3D ʢʦʿʘ ʿʝ ʛʝʦʤʝʪʨʠʿʩʢʠ ʥʘʿʙʣʠʞʘ 

ʢʦʥʬʠʛʫʨʘʮʠʿʠ L4DL2D. ʆʩʪʘʣʝ ʜʠʤʝʥʟʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʩʫ 4,6mm= =L Cd d , 

S 0,4mm=w  ʠ 0,1mm=s . ʐʠʨʠʥʘ ʫʚʦʜʥʠʢʘ ʿʝ F 4,6mm=w  ʢʘʢʦ ʙʠ ʠʤʘʦ 

ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʫ ʠʤʧʝʜʘʥʩʫ ʦʜ 50 Ý. 
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ʅʘʢʦʥ ʧʨʚʠʭ ʨʝʟʫʣʪʘʪʘ 3D EM ʩʠʤʫʣʘʮʠʿʘ ʫʦʯʝʥʦ ʿʝ ʜʘ ʿʝ ʧʦʪʨʝʙʥʦ ʠʟʚʨʰʠʪʠ 

ʤʘˁʝ ʤʦʜʠʬʠʢʘʮʠʿʝ ʿʝʨ ʿʝ ʨʝʟʦʥʘʥʪʥʘ ʫʯʝʩʪʘʥʦʩʪ ʙʠʣʘ ʤʘˁʘ ʦʜ 1,7 GHz. ʈʘʟʣʦʛ ʟʘ 

ʪʦ ʿʝ ʚʝ˂ʠ ʙʨʦʿ ʥʘʤʦʪʘʿʘ ʢʘʣʝʤʘ (ʦʜʥʦʩʥʦ ʚʝ˂ʘ ʠʥʜʫʢʪʠʚʥʦʩʪ ʢʘʣʝʤʘ) ʟʘ 

ʧʨʦʿʝʢʪʦʚʘʥʫ ʫʯʝʩʪʘʥʦʩʪ, ʢʘʦ ʠ ʫʪʠʮʘʿ ʙʣʠʟʠʥʝ ʫʚʦʜʥʠʢʘ. ʈʝʟʫʣʪʘʪʠ ʠʩʪʨʘʞʠʚʘˁʘ 

ʩʫ ʧʦʢʘʟʘʣʠ ʜʘ ʫʚʦʜʥʠʢ ʫʪʠʯʝ ʥʘ ʢʘʧʘʮʠʪʠʚʥʦʩʪ ʨʝʟʦʥʘʪʦʨʘ ʠ ʩʤʘˁʫʿʝ ʨʝʟʦʥʘʥʪʥʫ 

ʫʯʝʩʪʘʥʦʩʪ. ʀʟʚʨʰʝʥʘ ʿʝ ʤʦʜʠʬʠʢʘʮʠʿʘ ʩʢʨʘ˂ʠʚʘˁʝʤ ʜʫʞʠʥʝ ʢʘʣʝʤʘ ʯʠʤʝ ʩʝ 

ʩʤʘˁʠʣʘ ʠʥʜʫʢʪʠʚʥʦʩʪ, ʘ ʩʘʤʠʤ ʪʠʤ ʧʦʚʝ˂ʘʣʘ ʨʝʟʦʥʘʥʪʥʘ ʫʯʝʩʪʘʥʦʩʪ. ʂʘʣʝʤ ʿʝ 

ʩʢʨʘ˂ʝʥ ʟʘ ʦʢʦ ʿʝʜʘʥ ʫʥʫʪʨʘʰˁʠ ʥʘʤʦʪʘʿ. ʅʘʢʦʥ ʪʝ ʤʦʜʠʬʠʢʘʮʠʿʝ ʨʝʟʫʣʪʘʪʠ 

ʜʦʙʠʿʝʥʠ 3D EM ʩʠʤʫʣʘʮʠʿʘʤʘ ʩʫ ʙʠʣʠ ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʠ ʧʘ ʿʝ ʥʘʧʨʘʚˀʝʥ 

ʣʘʙʦʨʘʪʦʨʠʿʩʢʠ ʧʨʦʪʦʪʠʧ ʬʠʣʪʨʘ. ʌʦʪʦʛʨʘʬʠʿʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʛ ʧʨʦʪʦʪʠʧʘ ʬʠʣʪʨʘ 

ʿʝ ʧʨʠʢʘʟʘʥʘ ʥʘ ʩʣʠʮʠ 5.19. 

ʈʝʟʫʣʪʘʪʠ 3D EM ʩʠʤʫʣʘʮʠʿʝ ʠ ʦʜʟʠʚʘ ʜʦʙʠʿʝʥʦʛ ʤʝʨʝˁʝʤ ʥʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʤ 

ʧʨʦʪʦʪʠʧʫ ʩʫ ʧʨʠʢʘʟʘʥʠ ʥʘ ʩʣʠʮʠ 5.20. ʆʜʟʠʚ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʛ ʧʨʦʪʦʪʠʧʘ ʬʠʣʪʨʘ 

ʠʟʤʝʨʝʥ ʿʝ ʢʦʨʠʰ˂ʝˁʝʤ Agilent N5227A PNA ʘʥʘʣʠʟʘʪʦʨʘ [36]. ʋʦʯʘʚʘ ʩʝ ʚʝʣʠʢʘ 

ʧʦʜʫʜʘʨʥʦʩʪ ʢʨʠʚʠʭ ʯʠʤʝ ʿʝ ʧʦʪʚʨʹʝʥʘ ʪʝʦʨʠʿʩʢʘ ʘʥʘʣʠʟʘ. ʌʠʣʪʘʨ ʠʤʘ ʩʣʘʙˀʝˁʝ 

ʦʜ 2,45 dB ʥʘ ʮʝʥʪʨʘʣʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʬʠʣʪʨʘ. ʆʩʪʚʘʨʝʥʘ 3 dB ʰʠʨʠʥʘ ʧʨʦʧʫʩʥʦʛ 

ʦʧʩʝʛʘ ʬʠʣʪʨʘ ʿʝ FBW3dB = 4%. ʉʣʘʙˀʝˁʝ ʿʝ ʧʦʩʣʝʜʠʮʘ ʛʫʙʠʪʘʢʘ ʫ ʜʠʝʣʝʢʪʨʠʢʫ ʠ 

ʤʝʪʘʣʫ, ʧʨʠ ʯʝʤʫ ʛʫʙʠʮʠ ʫ ʤʝʪʘʣʫ ʧʨʝʦʚʣʘʜʘʚʘʿʫ. ɸʥʘʣʠʟʘ ʫ ʰʠʨʝʤ ʦʧʩʝʛʫ 

ʫʯʝʩʪʘʥʦʩʪʠ ʧʦʢʘʟʫʿʝ ʧʦʩʪʦʿʘˁʝ ʥʝʞʝˀʝʥʠʭ ʧʘʨʘʟʠʪʥʠʭ ʨʝʟʦʥʘʥʮʠʿʘ ʥʘ 

ʫʯʝʩʪʘʥʦʩʪʠʤʘ P1 5,1GHz=f  ʠ P2 8,1GHz=f . ʋʯʝʩʪʘʥʦʩʪʠ P1f  ʠ P2f  ʦʜʛʦʚʘʨʘʿʫ 

ʧʨʠʙʣʠʞʥʦ ʥʝʧʘʨʥʠʤ ʫʤʥʦʰʮʠʤʘ ʦʩʥʦʚʥʝ ʫʯʝʩʪʘʥʦʩʪʠ, ʪʿ. P1 03=f f  ʠ P2 05ºf f . 

ʋʟʨʦʢ ʦʚʠʭ ʨʝʟʦʥʘʥʮʠʿʘ ʿʝ ʜʫʞʠʥʘ ʢʘʣʝʤʘ, ʢʦʿʘ ʩʝ ʥʘ ʪʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ ʧʦʥʘʰʘ 

ʢʘʦ ʯʝʪʚʨʪʪʘʣʘʩʥʠ ʚʦʜ. ʋʢʦʣʠʢʦ ʩʝ ʫʩʚʦʿʠ ʤʠʥʠʤʘʣʥʦ ʩʣʘʙˀʝˁʝ ʫ ʥʝʧʨʦʧʫʩʥʦʤ 

ʦʧʩʝʛʫ 21 20 dBs = , ʧʨʦʿʝʢʪʦʚʘʥʠ ʬʠʣʪʘʨ ʠʤʘ ʛʨʘʥʠʯʥʫ ʫʯʝʩʪʘʥʦʩʪ ʥʝʧʨʦʧʫʩʥʦʛ 

ʦʧʩʝʛʘ ʦʜ 7,4 GHz. 
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ʉʣʠʢʘ 5.18. ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʤʦʜʝʣ ʬʠʣʪʨʘ ʩʘ ʢʘʧʘʮʠʪʠʚʥʦʤ ʩʧʨʝʛʦʤ ʫʚʦʜʥʠʢʘ 

ʠ ʢʘʣʝʤʘ. 

 

 

ʉʣʠʢʘ 5.19. ɻʦʨˁʘ ʠ ʜʦˁʘ ʧʣʦʯʠʮʘ ʠʤʧʣʝʤʝʥʪʠʨʘʥʦʛ ʬʠʣʪʨʘ (ʩʘ ʩʣʠʢʝ 5.18) ʩʘ 

ʢʘʧʘʮʠʪʠʚʥʦʤ ʩʧʨʝʛʦʤ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ. 

     ʛʦʨˁʘ ʧʣʦʯʠʮʘ        ʜʦˁʘ ʧʣʦʯʠʮʘ 
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(ʘ) 

 
(ʙ) 

ʉʣʠʢʘ 5.20. S-ʧʘʨʘʤʝʪʨʠ ʬʠʣʪʨʘ ʩʘ ʢʘʧʘʮʠʪʠʚʥʦʤ ʩʧʨʝʛʦʤ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ 

ʜʦʙʠʿʝʥʠ 3D EM ʩʠʤʫʣʘʮʠʿʦʤ ʠ ʤʝʨʝˁʝʤ ʥʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʤ ʧʨʦʪʦʪʠʧʫ: (ʘ) ʫ 

ʫʞʝʤ ʦʧʩʝʛʫ ʫʯʝʩʪʘʥʦʩʪʠ ʠ (ʙ) ʫ ʰʠʨʝʤ ʦʧʩʝʛʫ ʫʯʝʩʪʘʥʦʩʪʠ. 

ɺʝʣʠʯʠʥʘ ʬʠʣʪʨʘ ʙʝʟ ʫʚʦʜʥʠʢʘ [37] ʿʝ 11,2 mm×4,6 mm, ʦʜʥʦʩʥʦ 

g g0,087�� ���� ������ ��³ . ɿʘʫʟʝ˂ʝ ʰʪʘʤʧʘʥʝ ʧʣʦʯʠʮʝ ʿʝ ʤʥʦʛʦ ʤʘˁʝ ʫ ʦʜʥʦʩʫ ʥʘ 

ʿʝʜʥʦʩʣʦʿʥʝ ʨʝʘʣʠʟʘʮʠʿʝ ʬʠʣʪʘʨʘ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʠʮʠ, ʰʪʦ ʿʝ ʿʝʜʘʥ ʦʜ 

ʮʠˀʝʚʘ ʫʧʦʪʨʝʙʝ ʚʠʰʝʩʣʦʿʥʝ ʨʝʘʣʠʟʘʮʠʿʝ. 

ʇʨʠʢʘʟʘʥʘ ʨʝʘʣʠʟʘʮʠʿʘ ʬʠʣʪʨʘ ʩʘ ʦʙʠʯʥʦʤ ʩʧʨʝʛʦʤ ʥʝʤʘ ʥʫʣʝ ʫ ʪʨʘʥʩʬʝʨ 

ʬʫʥʢʮʠʿʠ. ʋ ʥʘʨʝʜʥʠʤ ʨʝʘʣʠʟʘʮʠʿʘʤʘ ʬʠʣʪʘʨʘ ʢʦʨʠʩʪʠ˂ʝ ʩʝ ʠ ʜʨʫʛʠ ʚʠʜ ʩʧʨʝʛʝ 

ʨʝʟʦʥʘʪʦʨʘ (LCLC). ʋ ʦʚʦʤ ʩʣʫʯʘʿʫ ʥʠʿʝ ʢʦʨʠʰ˂ʝʥ ʠʩʪʠ ʪʠʧ ʩʧʨʝʛʝ ʟʘ ʦʙʘ 

ʫʚʦʜʥʠʢʘ, ʘʣʠ ʦʙʘ ʪʠʧʘ ʩʧʨʝʛʝ ʩʫ ʜʘʣʘ ʠʩʪʠ ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ. ʆʚʠʤ ʩʝ ʧʦʢʘʟʘʣʘ 

ʬʣʝʢʩʠʙʠʣʥʦʩʪ ʠ ʚʝʣʠʢʝ ʤʦʛʫ˂ʥʦʩʪʠ ʧʨʠ ʧʨʦʿʝʢʪʦʚʘˁʫ ʬʠʣʪʨʘ.  
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5.2 ʌʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ 

ʩʧʨʝʛʦʤ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʨʝʟʦʥʘʪʦʨʘ 

ʋ ʧʦʛʣʘʚˀʫ 5.1 ʧʦʢʘʟʘʥ ʿʝ ʥʘʯʠʥ ʨʝʘʣʠʟʘʮʠʿʝ ʬʠʣʪʨʘ ʩʘ ʢʘʧʘʮʠʪʠʚʥʦʤ ʩʧʨʝʛʦʤ 

ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʨʝʟʦʥʘʪʦʨʘ. ʆʩʪʚʘʨʝʥʠ ʩʫ ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʠ ʨʝʟʫʣʪʘʪʠ ʫ ʧʦʛʣʝʜʫ 

ʩʣʘʙˀʝˁʘ ʫ ʧʨʦʧʫʩʥʦʤ ʠ ʚʘʥ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ. ʆʩʪʚʘʨʝʥʘ ʨʝʣʘʪʠʚʥʘ ʰʠʨʠʥʘ 

ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʿʝ 4 %. ʉʘ ʧʨʠʤʝˁʝʥʠʤ ʪʠʧʦʤ ʫʚʦʜʥʠʢʘ ʨʝʘʣʠʟʦʚʘʥʘ ʰʠʨʠʥʘ 

ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʿʝ ʙʣʠʟʫ ʪʝʦʨʠʿʩʢʦʛ ʤʘʢʩʠʤʫʤʘ. ɿʘ ʨʝʘʣʠʟʘʮʠʿʫ ʰʠʨʠʭ 

ʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ ʥʝʦʧʭʦʜʥʦ ʿʝ ʤʦʜʠʬʠʢʦʚʘʪʠ ʫʚʦʜʥʠʢ. ʄʦʜʠʬʠʢʘʮʠʿʦʤ ʫʚʦʜʥʠʢʘ 

ʪʨʝʙʘ ʜʘ ʩʝ ʦʩʪʚʘʨʠ ʚʝ˂ʘ ʩʧʨʝʛʘ ʩʘ ʨʝʟʦʥʘʪʦʨʦʤ, ʦʜʥʦʩʥʦ ʤʘˁʠ ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ 

ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ. ʉʧʨʝʛʘ ʫʚʦʜʥʠʢʘ ʠ ʨʝʟʦʥʘʪʦʨʘ ˂ʝ ʠ ʜʘˀʝ ʙʠʪʠ 

ʢʘʧʘʮʠʪʠʚʥʘ. 

 

ʉʣʠʢʘ 5.21. ʈʝʘʣʠʟʘʮʠʿʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʝ ʩʧʨʝʛʝ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʨʝʟʦʥʘʪʦʨʘ. 

ʅʦʚʠ ʧʨʠʩʪʫʧ ʩʝ ʙʘʟʠʨʘ ʥʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʿ ʩʪʨʫʢʪʫʨʠ, ʦʜʥʦʩʥʦ ʩʧʨʝʟʠ 

ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʥʘ ʥʘʯʠʥ ʦʙʿʘʰˁʝʥ ʫ ʧʦʛʣʘʚˀʫ 4.2 [34], [38]. ʀʥʪʝʨʜʠʛʠʪʘʣʥʘ 

ʨʝʘʣʠʟʘʮʠʿʘ ʫʚʦʜʥʠʢʘ ʧʨʠʢʘʟʘʥʘ ʥʘ ʩʣʠʮʠ 5.21 ʦʤʦʛʫ˂ʘʚʘ ʤʘˁʝ ʚʨʝʜʥʦʩʪʠ ʬʘʢʪʦʨʘ 

ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʫ ʦʜʥʦʩʫ ʥʘ ʩʧʨʝʛʫ ʩʘ ʦʙʠʯʥʠʤ Ăɻò ʫʚʦʜʥʠʢʦʤ. 

ʉʧʨʝʛʘ ʿʝ ʚʝ˂ʘ ʟʘʭʚʘˀʫʿʫ˂ʠ ʚʝ˂ʦʿ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ. 

ʉʧʨʝʛʘ ʩʝ ʢʦʥʪʨʦʣʠʰʝ ʙʨʦʿʝʤ, ʜʫʞʠʥʦʤ ʠ ʤʝʹʫʩʦʙʥʦʤ ʫʜʘˀʝʥʦʰ˂ʫ ʠʟʤʝʹʫ 

ʰʪʘʤʧʘʥʠʭ ʚʦʜʦʚʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʛ ʢʦʥʜʝʥʟʘʪʦʨʘ. 
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5.2.1 ʌʘʢʪʦʨ ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ ʩʧʨʝʛʦʤ 

ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ 

ɸʥʘʣʦʛʥʦ ʥʘʯʠʥʫ ʢʦʿʠ ʿʝ ʧʨʠʢʘʟʘʥ ʫ ʧʦʛʣʘʚˀʫ 5.1.2, ʙʠ˂ʝ ʘʥʘʣʠʟʠʨʘʥʠ 

ʦʩʪʚʘʨʠʚʠ ʬʘʢʪʦʨʠ ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʟʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʠ ʪʠʧ 

ʫʚʦʜʥʠʢʘ. ʉʘ ʩʣʠʢʝ 5.21 ʫʦʯʘʚʘ ʩʝ ʜʘ ʿʝ ʤʦʛʫ˂ʥʦʩʪ ʧʨʦʤʝʥʝ ʛʝʦʤʝʪʨʠʿʩʢʠʭ 

ʧʘʨʘʤʝʪʘʨʘ ʚʝʣʠʢʘ. ʄʦʛʫ˂ʝ ʿʝ ʧʦʜʝʰʘʚʘʪʠ ʰʠʨʠʥʫ ʚʦʜʘ w, ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʚʦʜʘ 

d, ʜʫʞʠʥʫ ʚʦʜʘ tl , ʜʫʞʠʥʫ ʧʨʦʮʝʧʘ gl , ʜʫʞʠʥʫ ʙʦʯʥʦʛ ʜʝʣʘ ʫʚʦʜʥʠʢʘ l . ʄʦʛʫ˂ʝ ʿʝ 

ʙʠʨʘʪʠ ʩʝʛʤʝʥʪʝ ʢʘʣʝʤʘ ʥʘ ʢʦʿʠʤʘ ˂ʝ ʙʠʪʠ ʨʝʘʣʠʟʦʚʘʥʘ ʩʧʨʝʛʘ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ. 

ʆʯʠʛʣʝʜʥʦ ʿʝ ʜʘ ˂ʝ ʧʦʚʝ˂ʘˁʫ ʩʧʨʝʛʝ ʜʦʧʨʠʥʝʪʠ ʚʝ˂ʠ ʙʨʦʿ ʚʦʜʦʚʘ, ʤʘˁʝ ʨʘʩʪʦʿʘˁʝ 

ʠʟʤʝʹʫ ˁʠʭ, ʜʫʞʠ ʚʦʜʦʚʠ ʠ ʤʘˁʠ ʧʨʦʮʝʧ (ʙʣʠʞʝ ʧʨʠʤʘʢʥʫʪ ʫʚʦʜʥʠʢ). ʋ ʦʚʦʤ 

ʨʘʜʫ ʫʩʚʦʿʝʥʘ ʿʝ ʢʦʥʩʪʘʥʪʥʘ ʜʫʞʠʥʘ ʙʦʯʥʦʛ ʜʝʣʘ ʫʚʦʜʥʠʢʘ l = 4,7 mm. ʌʘʢʪʦʨ 

ʜʦʙʨʦʪʝ ʤʝʨʝʥ ʿʝ ʫ ʦʜʥʦʩʫ ʥʘ ʜʫʞʠʥʫ ʧʨʦʮʝʧʘ gl , ʜʦʢ ʩʫ ʢʘʦ ʧʘʨʘʤʝʪʨʠ ʢʦʨʠʰ˂ʝʥʠ 

ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʚʦʜʦʚʘ d ʠ ʜʫʞʠʥʘ ʚʦʜʘ tl . ɿʘ ʠʟʨʘʯʫʥʘʚʘˁʝ ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ 

ʢʦʨʠʰ˂ʝʥ ʿʝ ʤʝʪʦʜ ʦʧʠʩʘʥ ʫ ʧʦʛʣʘʚˀʫ 2.5. 

ʄʝʨʝˁʘ ʩʫ ʧʦʢʘʟʘʣʘ ʜʘ ʧʦʩʪʦʿʝ ʠ ʦʜʨʝʹʝʥʘ ʦʛʨʘʥʠʯʝˁʘ ʢʦʿʘ ʥʠʩʫ ʧʦʩʪʦʿʘʣʘ ʫ 

ʩʣʫʯʘʿʫ ʩʘ ʨʝʘʣʠʟʘʮʠʿʦʤ ʧʦʤʦ˂ʫ Ăɻò ʫʚʦʜʥʠʢʘ. ʀʥʪʝʨʜʠʛʠʪʘʣʥʘ ʩʧʨʝʛʘ ʫʚʦʜʥʠʢʘ ʠ 

ʢʘʣʝʤʘ ʨʝʟʦʥʘʪʦʨʘ ʤʦʞʝ ʙʠʪʠ ʫʧʦʪʨʝʙˀʠʚʘ ʩʘʤʦ ʫʢʦʣʠʢʦ ʿʝ ʨʝʘʣʠʟʦʚʘʥʘ ʥʘ ʪʨʝ˂ʝʤ 

ʠ ʯʝʪʚʨʪʦʤ ʩʝʛʤʝʥʪʫ ʢʘʣʝʤʘ. ʋʢʦʣʠʢʦ ʿʝ ʠʥʪʝʨʜʠʛʠʪʘʣʥʘ ʩʧʨʝʛʘ ʨʝʘʣʠʟʦʚʘʥʘ ʥʘ 

ʙʠʣʦ ʢʦʤ ʜʨʫʛʦʤ ʩʝʛʤʝʥʪʫ ʢʘʣʝʤʘ (ʪʿ. ʩʝʛʤʝʥʪʠʤʘ 1 ʠ 2 ʢʘʣʝʤʘ) ʩʪʨʫʢʪʫʨʘ ʢʘʣʝʤʘ 

ʙʠ˂ʝ ʟʥʘʯʘʿʥʦ ʥʘʨʫʰʝʥʘ. ʋ ʪʦʤ ʩʣʫʯʘʿʫ ʠʥʪʝʨʜʠʛʠʪʘʣʥʠ ʚʦʜʦʚʠ ʥʘ ʢʘʣʝʤʫ 

ʟʥʘʯʘʿʥʦ ʧʦʚʝ˂ʘʚʘʿʫ ˁʝʛʦʚʫ ʧʘʨʘʟʠʪʥʫ ʢʘʧʘʮʠʪʠʚʥʦʩʪ ʠ ʥʘʨʫʰʘʚʘʿʫ ʩʘʤ ʦʙʣʠʢ 

ʢʘʣʝʤʘ ʢʘʦ ʩʧʠʨʘʣʝ. ɿʙʦʛ ʪʦʛʘ, ʤʦʜʝʣ ʪʘʢʦ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʧʨʝʩʪʘʿʝ ʜʘ ʠʤʘ 

ʬʫʥʢʮʠʦʥʘʣʥʦʩʪ ʘʥʘʣʠʟʠʨʘʥʝ ʩʪʨʫʢʪʫʨʝ ʢʘʣʝʤ-ʚʠʿʘ-ʢʦʥʜʝʟʘʪʦʨ. ʋʩʚʦʿ ʝʥʘ ʩʫ ʩʘʤʦ 

ʨʝʰʝˁʘ ʟʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʫ ʩʧʨʝʛʫ ʛʜʝ ʿʝ ʫʚʦʜʥʠʢ ʩʧʨʝʛʥʫʪ ʩʘ ʪʨʝ˂ʠʤ ʠ ʯʝʪʚʨʪʠʤ 

ʩʝʛʤʝʥʪʦʤ (ʩʣʠʢʘ 5.21). ʋ ʩʢʣʘʜʫ ʩʘ ʫʩʚʦʿʝʥʠʤ ʦʟʥʘʯʘʚʘˁʝʤ ʦʚʦ ʿʝ ʪʠʧ ʩʧʨʝʛʝ 43. 

ʋʟ ʦʚʦ ʦʛʨʘʥʠʯʝˁʝ, ʤʦʛʫ˂ʥʦʩʪ ʟʘ ʩʧʨʝʛʫ ʜʚʘ ʩʫʩʝʜʥʘ ʨʝʟʦʥʘʪʦʨʘ ʦʩʪʘʿʝ ʥʘ 

ʩʝʛʤʝʥʪʠʤʘ 1 ʠ 2. 

ʆʩʪʚʘʨʝʥʠ ʬʘʢʪʦʨʠ ʜʦʙʨʦʪʝ ʩʫ ʧʨʠʢʘʟʘʥʠ ʥʘ ʩʣʠʮʠ 5.22. ʄʠʥʠʤʘʣʥʘ ʚʨʝʜʥʦʩʪ 

QL-ʬʘʢʪʦʨ ʿʝ 11,5. ʆʩʪʚʘʨʝʥ ʿʝ ʫ ʩʣʫʯʘʿʫ ʢʘʜ ʿʝ ʰʠʨʠʥʘ ʚʦʜʦʚʘ ʿʝʜʥʘʢʘ ʫʜʘˀʝʥʦʩʪʠ 

ʠʟʤʝʹʫ ʚʦʜʦʚʘ, ʪʿ. w = d = 0,05 mm, ʠ ʜʫʞʠʥʠ ʚʦʜʦʚʘ ʦʜ tl  = 1,5 mm. ʉʘ 
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ʦʩʪʚʘʨʝʥʠʤ ʬʘʢʪʦʨʦʤ ʜʦʙʨʦʪʝ ʤʦʞʝ ʩʝ ʨʝʘʣʠʟʦʚʘʪʠ ʬʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʪʘʣʘʩʥʦʰ˂ʫ ʦʜ 0,5 dB (ʟʘ ʏʝʙʠʰʝʚˀʝʚʫ 

ʘʧʨʦʢʩʠʤʘʮʠʿʫ) ʠ ʨʝʣʘʪʠʚʥʦʤ ʰʠʨʠʥʦʤ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʦʜ FBW3dB = 12%. 

ʈʝʘʣʠʟʘʮʠʿʘ ʚʝ˂ʠʭ ʩʧʨʝʛʘ ʤʦʛʫ˂ʘ ʿʝ ʩʘ ʜʫʞʠʤ ʠʥʪʝʨʜʠʛʠʪʘʣʥʠʤ ʚʦʜʦʚʠʤʘ. 

ʄʝʹʫʪʠʤ, ʥʝʛʘʪʠʚʘʥ ʝʬʝʢʘʪ ʧʦʚʝ˂ʘˁʘ ʜʫʞʠʥʝ ʚʦʜʦʚʘ ʿʝ ʚʝ˂ʠ ʫʪʠʮʘʿ ʥʘ ʨʝʟʦʥʘʥʪʥʫ 

ʫʯʝʩʪʘʥʦʩʪ ʨʝʟʦʥʘʪʦʨʘ. ʉʚʘʢʠ ʥʘʯʠʥ ʟʘ ʧʦʚʝ˂ʘˁʝ ʩʧʨʝʛʝ (ʫ ʮʠˀʫ ʩʤʘˁʝˁʘ 

QL - ʬʘʢʪʦʨʘ) ʫʪʠʯʝ ʥʘ ʧʦʚʝ˂ʘˁʝ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʨʝʟʦʥʘʪʦʨʘ ʠ ʩʤʘˁʫʿʝ 

ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ. ʀʩʪʨʘʞʠʚʘˁʝ ʿʝ ʧʦʢʘʟʘʣʦ ʜʘ ʚʘʨʠʿʘʥʪʘ ʩʘ ʧʨʝʜʣʦʞʝʥʠʤ 

ʤʠʥʠʤʘʣʥʠʤ QL-ʬʘʢʪʦʨʦʤ ʦʜ 11,5 ʩʤʘˁʫʿʝ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ ʟʘ 5%. ʆʚʘʿ 

ʧʦʤʝʨʘʿ ʿʝ ʥʝʦʧʭʦʜʥʦ ʢʦʤʧʝʥʟʦʚʘʪʠ ʩʤʘˁʠʚʘˁʝʤ ʜʫʞʠʥʝ ʢʘʣʝʤʘ. 

 

ʉʣʠʢʘ 5.22. ʌʘʢʪʦʨ ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ (QL) ʩʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ 

ʩʧʨʝʛʦʤ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʨʝʟʦʥʘʪʦʨʘ ʧʨʠʢʘʟʘʥʦʛ ʥʘ ʩʣʠʮʠ 5.21. 

ʉʘ ʧʨʝʜʣʦʞʝʥʠʤ ʫʚʦʜʥʠʢʦʤ ʧʨʦʿʝʢʪʦʚʘʥ ʿʝ ʬʠʣʪʘʨ ʩʘ ʮʝʥʪʨʘʣʥʦʤ 

ʫʯʝʩʪʘʥʦʰ˂ʫ ʦʜ 1,6 GHz. ʋʪʠʮʘʿ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʛ ʫʚʦʜʥʠʢʘ ʿʝ ʧʦʚʝ˂ʘʦ 

ʢʘʧʘʮʠʪʠʚʥʦʩʪ ʠ ʩʤʘˁʠʦ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ. ʂʘʢʦ ʙʠ ʩʝ ʦʩʪʚʘʨʠʣʘ ʞʝˀʝʥʘ 

ʮʝʥʪʨʘʣʥʘ ʫʯʝʩʪʘʥʦʩʪ, ʥʝʦʧʭʦʜʥʦ ʿʝ ʙʠʣʦ ʩʤʘˁʠʪʠ ʠʥʜʫʢʪʠʚʥʦʩʪ ʩʢʨʘ˂ʠʚʘˁʝʤ 

ʢʘʣʝʤʘ ʠ/ʠʣʠ ʩʤʘˁʠʪʠ ʢʘʧʘʮʠʪʠʚʥʦʩʪ ʢʦʥʜʝʥʟʘʪʦʨʘ. ɼʫʞʠʥʘ ʢʘʣʝʤʘ ʿʝ ʩʤʘˁʝʥʘ 

ʩʢʨʘ˂ʝˁʝʤ ʠʟ ʮʝʥʪʨʘ ʩʧʠʨʘʣʝ ʢʘʢʦ ʙʠ ʩʝ ʢʦʤʧʝʥʟʦʚʘʦ ʫʪʠʮʘʿ ʚʦʜʦʚʘ 

ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʛ ʫʚʦʜʥʠʢʘ ʥʘ ʢʘʣʝʤ. ʊʘʢʦʹʝ ʿʝ ʩʤʘˁʝʥʘ ʠ ʧʦʚʨʰʠʥʘ ʢʦʥʜʝʥʟʘʪʦʨʘ. 

ʅʝʦʧʭʦʜʥʝ ʤʦʜʠʬʠʢʘʮʠʿʝ ʩʫ ʫʨʘʹʝʥʝ ʥʘ ʦʩʥʦʚʫ ʘʥʘʣʠʟʝ ʨʝʟʫʣʪʘʪʘ ʜʦʙʠʿʝʥʠʭ 

3D EM ʩʠʤʫʣʘʮʠʿʘʤʘ. ʂʘʢʦ ʙʠ ʩʝ ʧʦʩʪʠʛʣʘ ʨʝʟʦʥʘʥʪʥʘ ʫʯʝʩʪʘʥʦʩʪ ʦʜ 1,6 GHz 
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ʜʫʞʠʥʘ ʢʘʣʝʤʘ ʿʝ ʩʤʘˁʝʥʘ ʟʘ 33 %, ʘ ʧʦʚʨʰʠʥʘ ʢʦʥʜʝʥʟʘʪʦʨʘ ʟʘ 37 %. ʋʨʘʹʝʥʝ 

ʤʦʜʠʬʠʢʘʮʠʿʝ ʩʫ ʤʥʦʛʦ ʚʝ˂ʝ ʫ ʦʜʥʦʩʫ ʥʘ ʩʣʫʯʘʿ ʧʨʠʢʘʟʘʥ ʫ ʧʦʛʣʘʚˀʫ 5.1. ɱʘʩʥʦ ʿʝ 

ʜʘ ʩʫ ʥʝʦʧʭʦʜʥʝ ʟʥʘʯʘʿʥʝ ʤʦʜʠʬʠʢʘʮʠʿʝ ʫ ʮʠˀʫ ʦʩʪʚʘʨʝˁʘ ʤʘˁʠʭ ʬʘʢʪʦʨʘ 

ʜʦʙʨʦʪʝ ʢʦʨʠʰ˂ʝˁʝʤ ʠʥʪʝʨʜʠʛʠʪʘʣʥʝ ʩʧʨʝʛʝ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʨʝʟʦʥʘʪʦʨʘ. 

ʄʦʜʠʬʠʢʦʚʘʥʠ ʨʝʟʦʥʘʪʦʨ ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʩʣʠʮʠ 5.23. 

             

 

(ʘ)     (ʙ) 

ʉʣʠʢʘ 5.23. ʅʝʦʧʭʦʜʥʝ ʤʦʜʠʬʠʢʘʮʠʿʝ ʫ ʮʠˀʫ ʢʦʤʧʝʥʟʘʮʠʿʝ ʫʪʠʮʘʿʘ ʫʚʦʜʥʠʢʘ ʥʘ 

ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ: (ʘ) ʢʘʣʝʤʘ ʠ (ʙ) ʢʦʥʜʝʥʟʘʪʦʨʘ. 

5.2.2 ɽʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʫʚʦʜʥʠʢʘ ʠ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ 

ʩʧʨʝʛʦʤ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ 

ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ˂ʝ ʩʝ ʧʨʠʤʝʥʠʪʠ ʘʥʘʣʠʟʘ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʫʚʦʜʥʠʢʦʤ 

ʢʦʨʠʰ˂ʝˁʝʤ ʝʢʚʠʚʘʣʝʥʪʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʰʝʤʘ. ʅʘ ʩʣʠʮʠ 5.24 ʿʝ ʧʨʠʢʘʟʘʥʘ 

ʜʠʿʘʢʦʧʪʠʯʢʘ ʧʦʜʝʣʘ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ ʩʧʨʝʛʦʤ 

ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ, ʢʘʦ ʠ ʦʜʛʦʚʘʨʘʿʫ˂ʘ ʝʢʚʠʚʘʣʝʥʪʥʘ ʝʣʝʢʪʨʠʯʥʘ ʰʝʤʘ ʩʘ 

ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʝʣʝʤʝʥʪʠʤʘ.  

ʈʝʟʦʥʘʪʦʨ ʩʘ ʫʚʦʜʥʠʢʦʤ ʨʘʟʣʦʞʝʥ ʿʝ ʥʘ ʝʣʝʤʝʥʪʝ ʢʦʿʠ ʩʫ ʧʦʿʝʜʠʥʘʯʥʦ 

ʤʦʜʝʣʦʚʘʥʠ ʝʢʚʠʚʘʣʝʥʪʥʠʤ ʰʝʤʘʤʘ ʢʘʦ ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʫ ʧʦʛʣʘʚˀʫ 4.4. 

ʇʦʩʪʫʧʘʢ ʨʘʟʣʘʛʘˁʘ ʨʝʟʦʥʘʪʦʨʘ ʿʝ ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 5.24ʘ. ʋʚʦʜʥʠʢ ʿʝ ʨʝʘʣʠʟʦʚʘʥ 

ʢʘʦ 50 Ý ʧʨʠʩʪʫʧ. ʀʥʪʝʨʜʠʛʠʪʘʣʥʘ ʩʧʨʝʛʘ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʨʝʟʦʥʘʪʦʨʘ 

ʧʨʝʜʩʪʘʚˀʝʥʘ ʿʝ ˊ ʰʝʤʦʤ ʧʨʠ ʯʝʤʫ ʩʫ ʛʫʙʠʮʠ ʩʧʨʝʞʥʠʭ ʢʦʥʜʝʥʟʘʪʦʨʘ ʟʘʥʝʤʘʨʝʥʠ. 

ʂʘʣʝʤ ʿʝ ʨʘʟʣʦʞʝʥ ʥʘ ʜʚʘ ʜʝʣʘ L1 ʠ L2 ʢʘʢʦ ʙʠ ʧʨʝʮʠʟʥʠʿʝ ʙʠʣʘ ʤʦʜʝʣʦʚʘʥʘ ʩʧʨʝʛʘ 

ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ. ʏʚʦʨ 1 ʥʘ ʩʣʠʮʠ 5.24ʘ ʧʨʝʜʩʪʘʚˀʘ ʤʝʩʪʦ ʧʦʜʝʣʝ ʩʧʠʨʘʣʝ 

ʢʘʣʝʤʘ. 
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ʉʣʠʢʘ 5.24. ʈʝʟʦʥʘʪʦʨ ʩʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ ʩʧʨʝʛʦʤ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ 

ʨʝʟʦʥʘʪʦʨʘ: (ʘ) 3D EM ʤʦʜʝʣ, (ʙ) ʝʢʚʠʚʘʣʝʥʪʥʘ ʝʣʝʢʪʨʠʯʥʘ ʰʝʤʘ ʠ (ʚ) S11-

ʧʘʨʘʤʝʪʘʨ ʜʦʙʠʿʝʥ 3D EM ʩʠʤʫʣʘʮʠʿʦʤ ʠ ʧʦʤʦ˂ʫ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ. 

 ʝʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ 

3D EM ʤʦʜʝʣ 



88 
 

ʋʢʫʧʥʘ ʠʥʜʫʢʪʠʚʥʦʩʪ ʢʘʣʝʤʘ L ʧʨʠʙʣʠʞʥʦ ʿʝ ʿʝʜʥʘʢʘ L1 + L2. ʂʘʜʘ ʙʠ ʫʚʦʜʥʠʢ 

ʙʠʦ ʩʧʨʝʛʥʫʪ ʩʘ ʢʘʣʝʤʦʤ ʥʘ ʩʝʛʤʝʥʪʫ 1, ʥʝ ʙʠ ʪʨʝʙʘʣʦ ʜʝʣʠʪʠ ʢʘʣʝʤ ʥʘ ʜʚʘ ʜʝʣʘ. ʋ 

ʦʚʦʤ ʢʦʥʢʨʝʪʥʦʤ ʩʣʫʯʘʿʫ ʧʦʜʝʣʘ ʢʘʣʝʤʘ ʜʦʧʨʠʥʦʩʠ ʪʘʯʥʦʩʪʠ ʤʦʜʝʣʘ.  

ʆʙʘ ʩʝʛʤʝʥʪʘ ʢʘʣʝʤʘ ʩʫ ʧʨʝʜʩʪʘʚˀʝʥʘ ˊ ʰʝʤʘʤʘ, ʘ ʛʫʙʠʮʠ ʫ ʜʠʝʣʝʢʪʨʠʢʫ ʩʫ 

ʟʘʥʝʤʘʨʝʥʠ. ʅʘ ʢʨʘʿʫ, ʚʠʿʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨ ʩʫ ʤʦʜʝʣʦʚʘʥʠ ʨʝʘʣʥʦʤ ʠʥʜʫʢʪʠʚʥʦʰ˂ʫ 

ʠ ʨʝʘʣʥʦʤ ʢʘʧʘʮʠʪʠʚʥʦʰ˂ʫ ʨʝʩʧʝʢʪʠʚʥʦ. ɽʢʩʪʨʘʢʮʠʿʘ ʧʘʨʘʤʝʪʘʨʘ ʝʣʝʤʝʥʘʪʘ 

ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ ʩʘ ʩʣʠʢʝ 5.24ʙ ʿʝ ʠʟʚʨʰʝʥʘ ʢʦʨʠʰ˂ʝˁʝʤ 3D EM ʩʠʤʫʣʘʮʠʿʝ ʥʘ 

ʫʯʝʩʪʘʥʦʩʪʠ 1,6 GHz. ɼʦʙʠʿʝʥʝ ʚʨʝʜʥʦʩʪʠ ʩʫ ʧʨʠʢʘʟʘʥʝ ʫ ʪʘʙʝʣʠ 5.2. 

ʊʘʙʝʣʘ 5.2. ʇʘʨʘʤʝʪʨʠ ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ ʩʘ ʩʣʠʢʝ 5.24ʙ. 

ʋʥʫʪʨʘʰˁʠ ʜʝʦ ʢʘʣʝʤʘ ʂʦʥʜʝʥʟʘʪʦʨ ɺʠʿʘ ʉʧʦˀʘʰˁʠ ʜʝʦ ʢʘʣʝʤʘ ʀʥʪʝʨʜʠʛʠʪʘʣʥʘ ʩʧʨʝʛʘ 

L1 

[nH] 

RL1 

[ɋ] 

C11 

[pF] 

C12 

[pF] 

CC 

[pF] 

GC 

[µS] 

Lvija 

[nH] 

Rvija 

[ɋ] 

L2 

[nH] 

RL2 

[ɋ] 

C21 

[pF] 

C22 

[pF] 

CU 

[pF] 

CU1 

[pF] 

CU2 

[pF] 

21,85 1,55 0,21 0,25 0,41 5,83 1,7 0,54 6,1 0,29 0,11 0,11 1,06 0,15 0,13 

 

ʈʝʟʦʥʘʥʪʥʘ ʫʯʝʩʪʘʥʦʩʪ ʨʝʟʦʥʘʪʦʨʘ ʩʝ ʤʦʞʝ ʘʥʘʣʠʪʠʯʢʠ ʦʜʨʝʜʠʪʠ ʢʦʨʠʩʪʝ˂ʠ 

ʠʟʨʘʟ ʟʘ ʚʝʟʫ S-ʧʘʨʘʤʝʪʘʨʘ ʠ ʫʣʘʟʥʝ ʘʜʤʠʪʘʥʩʝ 

0 in
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,                                                      (5.1) 

ʛʜʝ ʿʝ 0Y  ʥʦʤʠʥʘʣʥʘ ʘʜʤʠʪʘʥʩʘ ʧʨʠʩʪʫʧʘ, ʘ inY  ʝʿ ʫʣʘʟʥʘ ʘʜʤʠʪʘʥʩʘ ʨʝʟʦʥʘʪʦʨʘ 

(ʩʣʠʢʘ 5.24ʙ) 
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1
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.    (5.2) 

ʋʚʨʰʪʘʚʘʿʫ˂ʠ (5.2) ʫ (5.1) ʠ ʘʥʘʣʠʟʠʨʘʿʫ˂ʠ ʜʦʙʠʿʝʥʠ ʠʟʨʘʟ, ʤʦʞʝ ʩʝ ʜʦ˂ʠ ʜʦ 

ʟʘʢˀʫʯʘʢʘ ʦ ʫʪʠʮʘʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ, ʘ ʩʘʤʠʤ ʪʠʤ ʠ ʝʣʝʤʝʥʘʪʘ 

ʨʝʟʦʥʘʪʦʨʘ ʥʘ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ. ʊʘʢʘʚ ʧʨʠʩʪʫʧ ʙʘʟʠʨʘʥ ʥʘ ʢʦʨʠʰ˂ʝˁʫ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ ʠ ʩʠʤʫʣʘʪʦʨʘ ʝʣʝʢʪʨʠʯʥʠʭ ʢʦʣʘ ʙʠ˂ʝ ʧʨʠʢʘʟʘʥ ʫ 

ʧʦʛʣʘʚˀʫ ʰʝʩʪ [39]. 
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S11-ʧʘʨʘʤʝʪʘʨ ʜʦʙʠʿʝʥ ʩʠʤʫʣʘʪʦʨʦʤ ʝʣʝʢʪʨʠʯʥʠʭ ʢʦʣʘ ʟʘ ʝʢʚʠʚʘʣʝʥʪʥʫ ʰʝʤʫ 

(ʩʘ ʩʣʠʢʝ 5.24ʙ ʩʘ ʧʘʨʘʤʝʪʨʠʤʘ ʠʟ ʪʘʙʝʣʝ 5.2) ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʩʣʠʮʠ 5.24ʚ. ʅʘ ʠʩʪʦʿ 

ʩʣʠʮʠ ʧʨʠʢʘʟʘʥ ʿʝ S11-ʧʘʨʘʤʝʪʘʨ ʜʦʙʠʿʝʥ ʧʦʤʦ˂ʫ 3D EM ʩʠʤʫʣʘʮʠʿʝ ʤʦʜʝʣʘ ʩʘ 

ʩʣʠʢʝ 5.23 (ʦʜʥʦʩʥʦ ʩʣʠʢʝ 5.24ʘ). ɼʦʙʨʘ ʧʦʜʫʜʘʨʥʦʩʪ ʜʚʝ ʢʨʠʚʝ ʧʦʪʚʨʹʫʿʝ ʪʘʯʥʦʩʪ 

ʧʨʝʜʣʦʞʝʥʝ ʜʠʿʘʢʦʧʪʠʯʢʝ ʧʦʜʝʣʝ ʠ ʤʦʜʝʣʦʚʘˁʘ ʫʚʦʜʥʠʢʘ, ʨʝʟʦʥʘʪʦʨʘ ʠ ˁʠʭʦʚʝ 

ʤʝʹʫʩʦʙʥʝ ʩʧʨʝʛʝ. ɽʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʤʦʞʝ ʙʠʪʠ ʢʦʨʠʰ˂ʝʥʘ ʟʘ ʪʨʝʥʫʪʥʫ ʘʥʘʣʠʟʫ 

ʫʪʠʮʘʿʘ ʦʜʨʝʹʝʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʥʘ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ ʨʝʟʦʥʘʪʦʨʘ. ʇʨʦʤʝʥʦʤ 

ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʣʘʢʦ ʩʝ ʫʦʯʘʚʘ ʫʪʠʮʘʿ ʩʧʨʝʛʝ ʥʘ ʧʨʦʤʝʥʫ 

ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʢʘʦ ʠ ʥʝʦʧʭʦʜʥʝ ʤʦʜʠʬʠʢʘʮʠʿʝ ʫ ʮʠˀʫ ʢʦʤʧʝʥʟʘʮʠʿʝ ʪʠʭ 

ʧʨʦʤʝʥʘ. ɽʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ˂ʝ ʩʝ ʢʦʨʠʩʪʠʪʠ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʨʝʟʦʥʘʪʦʨʘ ʫ 

ʰʝʩʪʦʤ ʧʦʛʣʘʚˀʫ, ʘ ʫ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʧʨʦʿʝʢʪʦʚʘˁʝ ʨʝʟʦʥʘʪʦʨʘ ʠ ʬʠʣʪʨʘ ˂ʝ ʩʝ ʠ 

ʜʘˀʝ ʙʘʟʠʨʘʪʠ ʥʘ Dishal-ʦʚʦʤ ʤʝʪʦʜʫ. 

5.2.3 ʂʦʝʬʠʮʠʿʝʥʪ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ ʩʧʨʝʛʦʤ 

ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ 

ʅʘʢʦʥ ʰʪʦ ʿʝ ʫʦʯʝʥʘ ʧʦʪʨʝʙʘ ʟʘ ʩʤʘˁʝˁʝʤ ʜʫʞʠʥʝ ʢʘʣʝʤʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ ʢʦʿʘ 

ʿʝ ʟʥʘʯʘʿʥʠʿʘ ʥʝʛʦ ʫ ʩʣʫʯʘʿʫ Ăɻò ʫʚʦʜʥʠʢʘ, ʥʝʦʧʭʦʜʥʦ ʿʝ ʠʩʧʠʪʘʪʠ ʢʦʣʠʢʦ ʪʘ 

ʧʨʦʤʝʥʘ ʫʪʠʯʝ ʥʘ ʩʤʘˁʝˁʝ ʩʧʨʝʛʝ ʠʟʤʝʹʫ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ. ɺʨʝʜʥʦʩʪʠ 

ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʩʧʨʝʛʝ ʩʫ ʦʜʨʝʹʝʥʝ ʢʦʨʠʰ˂ʝˁʝʤ ʨʝʟʫʣʪʘʪʘ 3D EM ʩʠʤʫʣʘʮʠʿʝ, ʪʿ. 

S21-ʧʘʨʘʤʝʪʨʘ. ʄʝʨʝˁʘ ʩʫ ʠʟʚʨʰʝʥʘ ʩʘʤʦ ʟʘ ʩʣʫʯʘʿ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʧʦʤʦ˂ʫ 

ʧʨʚʦʛ ʠ ʜʨʫʛʦʛ ʩʝʛʤʝʥʪʘ ʢʘʣʝʤʦʚʘ. ʈʘʟʣʦʛ ʿʝ ʧʦʣʦʞʘʿ ʫʚʦʜʥʠʢʘ ʢʦʿʠ ʤʦʨʘ ʜʘ ʙʫʜʝ 

ʥʘ ʪʨʝ˂ʝʤ ʠ ʯʝʪʚʨʪʦʤ ʩʝʛʤʝʥʪʫ ʢʘʣʝʤʘ. ʊʘʢʦʹʝ, ʫ ʦʙʟʠʨ ʿʝ ʫʟʝʪʘ ʩʘʤʦ ʩʣʦʞʝʥʘ 

LCLC ʩʧʨʝʛʘ, ʿʝʨ LCLC ʩʧʨʝʛʘ ʠʤʘ ʥʫʣʝ ʫ ʪʨʘʥʩʬʝʨ ʬʫʥʢʮʠʿʠ. ʇʦʜʝʰʘʚʘˁʝʤ ʥʫʣʘ 

ʪʨʘʥʩʬʝʨ ʬʫʥʢʮʠʿʝ ʧʦʚʝ˂ʘʚʘ ʩʝ ʩʝʣʝʢʪʠʚʥʦʩʪ ʬʠʣʪʨʘ. ʆʩʠʤ ʪʦʛʘ, ʘʥʘʣʠʟʝ ʩʫ 

ʧʦʢʘʟʘʣʝ ʜʘ ʬʠʣʪʘʨ ʩʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ ʩʧʨʝʛʦʤ, ʟʘ ʨʘʟʣʠʢʫ ʦʜ ʩʧʨʝʛʝ ʧʦʤʦ˂ʫ Ăɻò 

ʫʚʦʜʥʠʢʘ, ʠʤʘ ʣʦʰʠʿʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʫ ʥʝʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ ʫʢʦʣʠʢʦ ʩʝ ʢʦʨʠʩʪʠ 

LLCC ʩʧʨʝʛʘ. ɿʙʦʛ ʥʘʚʝʜʝʥʦʛ, ʘʥʘʣʠʟʠʨʘʥʘ ʿʝ ʩʘʤʦ ʩʧʨʝʛʘ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ L1DC1D 

ʠ L2DC2D. ʈʝʟʫʣʪʘʪʠ ʟʘ ʢʦʝʬʠʮʠʿʝʥʪʝ ʩʧʨʝʛʝ ʧʨʠʢʘʟʘʥʠ ʩʫ ʥʘ ʩʣʠʮʠ 5.25. 

ʇʦʨʝʜʝ˂ʠ ʢʦʝʬʠʮʠʿʝʥʪʝ ʩʧʨʝʛʝ ʤʦʜʠʬʠʢʦʚʘʥʦʛ ʨʝʟʦʥʘʪʦʨʘ (ʩʘ ʩʣʠʢʝ 5.25) ʩʘ 

ʢʦʝʬʠʮʠʿʝʥʪʠʤʘ ʩʧʨʝʛʝ ʦʨʠʛʠʥʘʣʥʦʛ ʨʝʟʦʥʘʪʦʨʘ (ʩʘ ʩʣʠʢʝ 5.17ʚ) ʫʦʯʘʚʘʿʫ ʩʝ ʚʨʣʦ 

ʤʘʣʝ ʨʘʟʣʠʢʝ. ʄʦʜʠʬʠʢʘʮʠʿʝ ʢʘʣʝʤʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ ʥʠʩʫ ʧʫʥʦ ʫʪʠʮʘʣʝ ʥʘ 
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ʤʝʹʫʩʦʙʥʫ ʩʧʨʝʛʫ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ. ɿʥʘʯʘʿʥʠʿʘ ʧʨʦʤʝʥʘ ʿʝ ʫʦʯʝʥʘ ʟʘ ʦʩʪʚʘʨʝʥʠ 

ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ.  

 

ʉʣʠʢʘ 5.25. ʂʦʝʬʠʮʠʿʝʥʪʠ ʩʧʨʝʛʝ (k) ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʩʘ LCLC ʩʧʨʝʛʦʤ ʠ 

ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ ʩʧʨʝʛʦʤ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʫʚʦʜʥʠʮʠʤʘ (ʜʠʤʝʥʟʠʿʝ ʢʘʣʝʤʘ ʠ 

ʢʦʥʜʝʥʟʘʪʦʨʘ ʩʫ ʢʦʨʠʛʦʚʘʥʝ). 

5.2.4 ʈʝʘʣʠʟʘʮʠʿʘ ʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʨʝʟʫʣʪʘʪʠ ʬʠʣʪʨʘ ʩʘ 

ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ ʩʧʨʝʛʦʤ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ 

ʇʨʦʿʝʢʪʦʚʘʥ ʿʝ ʬʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʜʨʫʛʦʛ ʨʝʜʘ ʢʦʨʠʰ˂ʝˁʝʤ 

Dishal-ʦʚʦʛ ʤʝʪʦʜʘ. ʂʦʨʠh˂ʝʥʝ ʩʫ ʨʘʜʥʝ ʢʨʠʚʝ ʟʘʚʠʩʥʦʩʪʠ ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ 

ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ (5.22) ʠ ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʩʧʨʝʛʝ (5.25) ʫ ʬʫʥʢʮʠʿʠ 

ʛʝʦʤʝʪʨʠʿʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʬʠʣʪʨʘ. ɸʥʘʣʠʟʠʨʘʿʫ˂ʠ ʨʝʟʫʣʪʘʪʝ, ʫʦʯʘʚʘ ʩʝ ʜʘ ʿʝ 

ʤʦʛʫ˂ʝ ʧʦʩʪʠ˂ʠ ʢʦʝʬʠʮʠʿʝʥʪ ʩʧʨʝʛʝ ʜʦ 0,18 (ʟʘ ʩʣʫʯʘʿ LCLC ʩʧʨʝʛʝ) ʠ ʤʠʥʠʤʘʣʥʠ 

ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʦʜ 11,5. ʅʝʦʧʭʦʜʥʝ ʚʨʝʜʥʦʩʪʠ 

ʢʦʝʬʠʮʠʿʝʥʪʘ ʩʧʨʝʛʝ ʠ ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ ʟʘ ʬʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

ʜʨʫʛʦʛ ʨʝʜʘ ʩʫ ʜʘʪʝ ʫ ʪʘʙʝʣʠ 5.3. ɺʨʝʜʥʦʩʪʠ ʩʫ ʜʘʪʝ ʟʘ ʏʝʙʠʰʝʚˀʝʚʫ 

ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʪʘʣʘʩʥʦʩʪʠ 0,1 dB ʠ 0,5 dB ʫ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ. 

ɿʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʨʘ ʿʝ ʠʟʘʙʨʘʥʘ ʪʘʣʘʩʥʦʩʪ ʦʜ 0,5 dB ʫ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ. 

ʆʩʪʘʣʠ ʟʘʭʪʝʚʠ ʩʧʝʮʠʬʠʢʘʮʠʿʝ ʩʫ ʮʝʥʪʨʘʣʥʘ ʫʯʝʩʪʘʥʦʩʪ ʦʜ 1,6 GHz ʩʘ 3 dB 

ʰʠʨʠʥʦʤ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʦʜ 11%. ʌʘʢʪʦʨ ʜʦʙʨʦʪʝ ʦʙʘ ʨʝʟʦʥʘʪʦʨʘ ʠʟʥʦʩʠ 

L1 L2 14= =Q Q , ʘ ʢʦʝʬʠʮʠʿʝʥʪ ʩʧʨʝʛʝ ʿʝ k = 0,1. ʂʘʢʦ ʙʠ ʩʝ ʦʩʪʚʘʨʠʦ ʥʝʦʧʭʦʜʘʥ 

ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ, ʢʦʨʠʰ˂ʝʥʠ ʩʫ ʧʦʜʘʮʠ ʩʘ ʩʣʠʢʝ 5.22. ʌʘʢʪʦʨ ʜʦʙʨʦʪʝ 
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ʥʝʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʠʟʥʦʩʠ ʦʢʦ 
U 120=Q , ʰʪʦ ʟʥʘʯʠ ʜʘ ʩʝ ʦʯʝʢʫʿʝ ʩʣʘʙˀʝˁʝ 

ʥʘ ʮʝʥʪʨʘʣʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʤʘˁʝ ʦʜ 1 dB. 

ʊʘʙʝʣʘ 5.3. ʂʦʝʬʠʮʠʿʝʥʪ ʩʧʨʝʛʝ ʠ ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ ʟʘ ʬʠʣʪʘʨ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ 

ʏʝʙʠʰʝʚˀʝʚʦʤ ʘʧʨʦʢʩʠʤʘʮʠʿʦʤ. 

ʊʘʣʘʩʥʦʩʪ [dB] 0,1 0,1 0,1 0,1 0,5 0,5 0,5 0,5 

FBW [%] 4 8 12 16 4 8 12 16 

QL1=QL2 21 10,5 7 5,3 35 17,5 11,7 8,8 

k 0,055 0,11 0,17 0,22 0,04 0,08 0,12 0,16 

 

ʀʟʘʙʨʘʥʘ ʿʝ ʩʧʨʝʛʘ ʜʨʫʛʠʭ ʩʝʛʤʝʥʘʪʘ ʢʘʣʝʤʘ ʩʘ ʢʦʥʜʝʥʟʘʪʦʨʠʤʘ. ʋʜʘˀʝʥʦʩʪ 

ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ ʿʝ ʠʟʘʙʨʘʥʘ ʢʦʨʠʩʪʝ˂ʠ ʧʦʜʘʪʢʝ ʩʘ ʩʣʠʢʝ 5.25 ʢʘʢʦ ʙʠ ʩʝ 

ʦʩʪʚʘʨʠʣʘ ʥʝʦʧʭʦʜʥʘ ʩʧʨʝʛʘ. ʇʨʦʿʝʢʪʦʚʘʥʘ ʩʫ ʜʚʘ ʬʠʣʪʨʘ ʩʘ ʨʘʟʣʠʯʠʪʠʤ 

ʜʠʤʝʥʟʠʿʘʤʘ ʫʚʦʜʥʠʢʘ, ʯʠʿʠ ʿʝ ʠʟʛʣʝʜ ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 5.26, ʘ ʜʠʤʝʥʟʠʿʝ ʜʘʪʝ ʫ 

ʪʘʙʝʣʠ 5.4. 

ʊʘʙʝʣʘ 5.4. ɼʠʤʝʥʟʠʿʝ ʧʨʦʿʝʢʪʦʚʘʥʦʛ ʬʠʣʪʨʘ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ 

ʩʧʨʝʛʦʤ ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ. ʉʚʝ ʜʠʤʝʥʟʠʿʝ ʩʫ mm. 

ɺʘʨʠʿʘʥʪʘ 

ʈʝʟʦʥʘʪʦʨ ʌʠʣʪʘʨ ʋʚʦʜʥʠʢ ɿʘʫʟʝ˂ʝ 

ws s N dout �G�¶out d12 w d lg l t Nt (dF × dW)/ɚg 

1 0,4 0,1 2,56 4,6 2,9 0,2 0,05 0,05 0,05 1,0 87 0,0836 × 0,0411 

2 0,4 0,1 2,63 4,6 2,9 0,3 0,2 0,1 0,1 2,9 24 0,1122 × 0,0550 

 

ʂʦʜ ʧʨʚʝ ʨʝʘʣʠʟʘʮʠʿʝ ʰʠʨʠʥʘ ʚʦʜʦʚʘ ʠ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ˁʠʭ ʿʝ 50 ɛm, ʪʿ. 

g 0,05 mmw d l= = = . ʉʘ ʦʚʠʤ ʜʠʤʝʥʟʠʿʘʤʘ ʧʦʩʪʠʞʫ ʩʝ ʤʘˁʝ ʜʠʤʝʥʟʠʿʝ ʮʝʣʦʛ 

ʬʠʣʪʨʘ, ʫ ʦʜʥʦʩʫ ʥʘ ʜʨʫʛʫ ʨʝʘʣʠʟʘʮʠʿʫ ʢʦʜ ʢʦʿʝ ʿʝ ʰʠʨʠʥʘ ʚʦʜʦʚʘ w = 0,2 mm ʠ 

ʨʘʟʤʘʢ ʠʟʤʝʹʫ ˁʠʭ 0,1mmd= . ɼʨʫʛʘ ʨʝʘʣʠʟʘʮʠʿʘ ʿʝ ʤʘˁʝ ʦʩʝʪˀʠʚʘ ʥʘ ʛʨʝʰʢʝ ʠ 

ʪʦʣʝʨʘʥʮʠʿʫ ʧʨʠ ʬʘʙʨʠʢʘʮʠʿʠ. ʀʘʢʦ ʫ ʦʚʦʤ ʠʩʪʨʘʞʠʚʘˁʫ ʜʦʩʪʫʧʥʘ ʪʝʭʥʠʢʘ ʟʘ 

ʠʟʨʘʜʫ ʰʪʘʤʧʘʥʠʭ ʢʦʣʘ ʠʤʘ ʨʝʟʦʣʫʮʠʿʫ ʦʜ 50���P, ʦʜʣʫʯʝʥʦ ʿʝ ʜʘ ʩʝ ʟʘ 

ʬʘʙʨʠʢʘʮʠʿʫ ʢʦʨʠʩʪʠ ʜʨʫʛʘ ʨʝʘʣʠʟʘʮʠʿʘ. ɹʠʪʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʿʝ ʜʘ ʦʙʝ 

ʨʝʘʣʠʟʘʮʠʿʝ ʠʤʘʿʫ ʠʩʪʠ ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ. 
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ʉʣʠʢʘ 5.26. 3D EM ʤʦʜʝʣ ʬʠʣʪʨʘ ʩʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ ʩʧʨʝʛʦʤ ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ 

ʢʘʣʝʤʘ ʠ L2DC2D ʩʧʨʝʛʦʤ ʨʝʟʦʥʘʪʦʨʘ. 

ʂʘʦ ʰʪʦ ʿʝ ʦʙʿʘʰˁʝʥʦ ʫ ʧʨʝʪʭʦʜʥʦʤ ʧʦʛʣʘʚˀʫ, ʠʥʪʝʨʜʠʛʠʪʘʣʥʠ ʫʚʦʜʥʠʢ ʫʪʠʯʝ 

ʥʘ ʩʤʘˁʝˁʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ. ʋ ʮʠˀʫ ʢʦʨʝʢʮʠʿʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ 

ʤʦʜʠʬʠʢʦʚʘʥʝ ʩʫ ʜʠʤʝʥʟʠʿʝ ʢʘʣʝʤʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ. ʉʧʦˀʘʰˁʝ ʜʠʤʝʥʟʠʿʝ ʢʘʣʝʤʘ 

ʦʩʪʘʣʝ ʩʫ ʥʝʧʨʦʤʝˁʝʥʝ ʠ ʠʟʥʦʩʝ out out 4,6mm 4,6mm³ = ³d d , ʜʦʢ ʩʫ ʜʠʤʝʥʟʠʿʝ 

ʢʦʥʜʝʥʟʘʪʦʨʘ ʤʦʜʠʬʠʢʦʚʘʥʝ ʠ ʠʟʥʦʩʝ out out 4,6mm 2,9mmd d¡³ = ³ . ʐʠʨʠʥʘ 

ʫʚʦʜʥʠʢʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʠʤʧʝʜʘʥʩʝ 50 Ý ʠʟʥʦʩʠ 50 4,9mmW=W . ʋʢʫʧʥʘ 

ʜʫʞʠʥʘ ʬʠʣʪʨʘ ʿʝ ( )F out t 122= + +d d l d , ʜʦʢ ʿʝ ʫʢʫʧʥʘ ʰʠʨʠʥʘ ʬʠʣʪʨʘ ʿʝʜʥʘʢʘ 

W out t= +d d l . ʆʚʦ ʟʥʘʯʠ ʜʘ ʜʫʞʠʥʘ ʫʚʦʜʥʠʢʘ ʟʥʘʯʘʿʥʦ ʫʪʠʯʝ ʥʘ ʫʢʫʧʥʫ ʚʝʣʠʯʠʥʫ 

ʬʠʣʪʨʘ. ʉʘʤʠʤ ʪʠʤ ʘʜʝʢʚʘʪʘʥ ʠʟʙʦʨ ʜʠʤʝʥʟʠʿʘ ʫʚʦʜʥʠʢʘ ʿʝ ʟʥʘʯʘʿʘʥ ʥʝ ʩʘʤʦ ʟʙʦʛ 

ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ, ʥʝʛʦ ʠ ʟʙʦʛ ʧʦʚʨʰʠʥʝ ʟʘʫʟʝ˂ʘ ʬʠʣʪʨʘ. ʈʝʟʫʣʪʘʪʠ ʜʦʙʠʿʝʥʠ 

3D EM ʩʠʤʫʣʘʮʠʿʦʤ, ʟʘ ʜʚʝ ʨʝʘʣʠʟʘʮʠʿʝ ʫʚʦʜʥʠʢʘ (ʪʘʙʝʣʘ 5.4), ʧʨʠʢʘʟʘʥʠ ʩʫ ʥʘ 

ʩʣʠʮʠ 5.27. 

ʋʦʯʘʚʘ ʩʝ ʜʘ ʩʫ ʟʘʭʚʘˀʫʿʫ˂ʠ ʠʩʪʠʤ ʬʘʢʪʦʨʠʤʘ ʜʦʙʨʦʪʝ ʦʩʪʚʘʨʝʥʝ ʰʠʨʠʥʝ 

ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʩʢʦʨʦ ʠʜʝʥʪʠʯʥʝ. ʇʦʣʦʞʘʿʠ ʥʫʣʘ ʪʨʘʥʩʬʝʨ ʬʫʥʢʮʠʿʝ ʩʝ ʥʝʟʥʘʪʥʦ 

ʨʘʟʣʠʢʫʿʫ ʟʘ ʦʙʝ ʨʝʘʣʠʟʘʮʠʿʝ. ʅʘʿʚʝ˂ʘ ʨʘʟʣʠʢʘ ʿʝ ʫ ʩʣʘʙˀʝˁʫ ʚʘʥ ʧʨʦʧʫʩʥʦʛ 

ʦʧʩʝʛʘ, ʢʦʿʝ ʿʝ ʤʘˁʝ ʟʘ ʩʣʫʯʘʿ ʪʘˁʠʭ ʠ ʙʣʠʞʝ ʧʦʩʪʘʚˀʝʥʠʭ ʚʦʜʦʚʘ 

ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʛ ʫʚʦʜʥʠʢʘ.  
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ʉʣʠʢʘ 5.27. ɸʤʧʣʠʪʫʜʩʢʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʬʠʣʪʨʘ ʩʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ ʩʧʨʝʛʦʤ 

ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʜʦʙʠʿʝʥʘ 3D EM ʩʠʤʫʣʘʮʠʿʦʤ ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ 1 

( t 1mm=l ) ʠ ʨʝʘʣʠʟʘʮʠʿʫ 2 ( t 2,9mm=l ) ʫʚʦʜʥʠʢʘ. 

ɿʘ ʬʘʙʨʠʢʘʮʠʿʫ ʿʝ ʟʙʦʛ ʥʘʚʝʜʝʥʠʭ ʨʘʟʣʦʛʘ ʠʟʘʙʨʘʥʘ ʨʝʘʣʠʟʘʮʠʿʘ ʙʨʦʿ ʜʚʘ [34]. 

ɼʨʫʛʘ ʨʝʘʣʠʟʘʮʠʿʘ ʿʝ ʨʦʙʫʩʥʠʿʘ ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ ʝʣʝʤʝʥʘʪʘ ʥʘ ʰʪʘʤʧʘʥʦʿ ʧʣʦʯʠʮʠ. 

ʅʘ ʩʣʠʮʠ 5.28 ʿʝ ʧʨʠʢʘʟʘʥʘ ʛʦʨˁʘ ʠ ʜʦˁʘ ʩʪʨʘʥʘ ʰʪʘʤʧʘʥʝ ʧʣʦʯʠʮʝ 

ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʛ ʧʨʦʪʦʪʠʧʘ ʬʠʣʪʨʘ. 

ʆʜʟʠʚ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʛ ʧʨʦʪʦʪʠʧʘ ʬʠʣʪʨʘ ʿʝ ʠʟʤʝʨʝʥ ʢʦʨʠʰ˂ʝˁʝʤ Agilent 

N5227A PNA ʘʥʘʣʠʟʘʪʦʨʘ ʤʨʝʞʘ. ʅʘ ʩʣʠʮʠ 5.29 ʧʨʠʢʘʟʘʥ je ʘʤʧʣʠʪʫʜʩʢʠ ʦʜʟʠʚ 

ʜʦʙʠʿʝʥ 3D EM ʩʠʤʫʣʘʮʠʿʦʤ ʠ ʤʝʨʝˁʠʤʘ ʥʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʤ ʧʨʦʪʦʪʠʧʫ ʬʠʣʪʨʘ. 

ɼʦʙʨʘ ʧʦʜʫʜʘʨʥʦʩʪ ʢʨʠʚʠʭ ʚʝʨʠʬʠʢʫʿʝ ʪʝʦʨʝʪʩʢʫ ʘʥʘʣʠʟʫ ʠ ʢʦʨʠʰ ʝ˂ʥʠ ʤʝʪʦʜ 

ʧʨʦʿʝʢʪʦʚʘˁʘ ʬʠʣʪʨʘ. ʀʟʤʝʨʝʥʘ ʮʝʥʪʨʘʣʥʘ ʫʯʝʩʪʘʥʦʩʪʠ ʿʝ 1,64 GHz (ʧʨʦʿʝʢʪʦʚʘʥʘ 

ʿʝ 1,6 GHz). ʈʘʟʣʦʛ ʦʜʩʪʫʧʘˁʘ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʿʝ ʧʦʩʣʝʜʠʮʘ ʧʨʦʮʝʩʘ 

ʬʘʙʨʠʢʘʮʠʿʝ. ʇʨʝʜʚʠʹʝʥʦ ʩʣʘʙˀʝˁʝ ʥʘ ʮʝʥʪʨʘʣʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʬʠʣʪʨʘ ʿʝ 

ʠʟʥʦʩʠʣʦ ʦʢʦ 1 dB, ʜʦʢ ʿʝ ʩʣʘʙˀʝˁʝ ʠʟʤʝʨʝʥʦ ʥʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʤ ʧʨʦʪʦʪʠʧʫ 

ʬʠʣʪʨʘ 1,5 dB. ʉʣʘʙˀʝˁʝ ʿʝ ʧʦʩʣʝʜʠʮʘ ʛʫʙʠʪʘʢʘ ʫ ʜʠʝʣʝʢʪʨʠʢʫ ʠ ʧʨʦʚʦʜʥʠʮʠʤʘ, 

ʘʣʠ ʩʫ ʛʫʙʠʮʠ ʫ ʧʨʦʚʦʜʥʠʮʠʤʘ ʜʦʤʠʥʘʥʪʥʠʿʠ. ʇʨʠʣʘʛʦʹʝˁʝ ʫ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ 

ʬʠʣʪʨʘ ʿʝ ʦʢʦ 18 dB. ʀʟʤʝʨʝʥʘ 3 dB ʰʠʨʠʥʘ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʠʟʥʦʩʠ 

3dB 11%=FBW  ʰʪʦ ʦʜʛʦʚʘʨʘ ʩʧʝʮʠʬʠʢʘʮʠʿʠ. ɿʘʭʚʘˀʫʿʫ˂ʠ LCLC ʪʠʧʫ ʩʧʨʝʛʝ 

ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ, ʪʨʘʥʩʬʝʨ ʬʫʥʢʮʠʿʘ ʠʤʘ ʜʚʝ ʥʫʣʝ ʥʘ ʫʯʝʩʪʘʥʦʩʪʠʤʘ 1,433 GHz 

(ʩʠʤʫʣʘʮʠʿʦʤ ʜʦʙʠʿʝʥʘ ʚʨʝʜʥʦʩʪ 1,398 GHz) ʠ 2,556 GHz (ʩʠʤʫʣʘʮʠʿʦʤ ʜʦʙʠʿʝʥʘ 

ʚʨʝʜʥʦʩʪ 2,679 GHz). ʇʦʪʠʩʢʠʚʘˁʝ ʥʝʞʝˀʝʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʚʝ˂ʝ ʿʝ ʦʜ 25 dB ʫ 
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ʜʦˁʝʤ ʥʝʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ. ʋ ʛʦʨˁʝʤ ʥʝʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ, ʩʘ ʧʦʨʘʩʪʦʤ 

ʫʯʝʩʪʘʥʦʩʪʠ ʜʦʣʘʟʠ ʜʦ ʠʟʨʘʞʘʿʘ ʢʘʧʘʮʠʪʠʚʥʘ ʩʧʨʝʛʘ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ, ʢʘʦ ʠ 

ʜʦʤʠʥʘʥʪʥʦ ʢʘʧʘʮʠʪʠʚʥʘ ʩʧʨʝʛʘ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ. ɿʙʦʛ ʪʦʛʘ ʿʝ ʩʣʘʙˀʝˁʝ ʫ 

ʧʦʨʝʹʝˁʫ ʩʘ ʜʦˁʠʤ ʥʝʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʥʝʰʪʦ ʤʘˁʝ. 

 

ʉʣʠʢʘ 5.28. ʌʦʪʦʛʨʘʬʠʿʘ ʛʦʨˁʝ ʠ ʜʦˁʝ ʩʪʨʘʥʝ ʧʣʦʯʠʮʝ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʛ 

ʧʨʦʪʦʪʠʧʘ ʬʠʣʪʨʘ ʩʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ ʩʧʨʝʛʦʤ ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ. 

 

ʉʣʠʢʘ 5.29. S-ʧʘʨʘʤʝʪʨʠ ʬʠʣʪʨʘ ʩʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ ʩʧʨʝʛʦʤ ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ 

ʢʘʣʝʤʘ ʜʦʙʠʿʝʥʠ 3D EM ʩʠʤʫʣʘʮʠʿʦʤ ʠ ʤʝʨʝˁʝʤ ʥʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʤ ʧʨʦʪʦʪʠʧʫ. 

ʃʘʙʦʨʘʪʦʨʠʿʩʢʠ ʧʨʦʪʦʪʠʧ ʬʠʣʪʨʘ ʿʝ ʢʦʤʧʘʢʪʥʠʭ ʜʠʤʝʥʟʠʿʘ ʠ ʪʦ 

15,3 mm × 7,5 mm, ʰʪʦ ʥʦʨʤʘʣʠʟʦʚʘʥʦ ʫ ʦʜʥʦʩʫ ʥʘ ʚʦʹʝʥʫ ʪʘʣʘʩʥʫ ʜʫʞʥʫ ʠʟʥʦʩʠ 

0,112 ɚg × 0,055 ɚg. ʋʢʦʣʠʢʦ ʙʠ ʩʝ ʨʝʘʣʠʟʦʚʘʦ ʬʠʣʪʘʨ ʩʘ ʧʨʚʦʤ ʚʘʨʠʿʘʥʪʦʤ 

ʫʚʦʜʥʠʢʘ (ʪʘʙʝʣʘ 5.4), ʟʘʫʟʝ˂ʝ ʙʠ ʙʠʣʦ ʤʘˁʝ ʠ ʠʟʥʦʩʠʣʦ ʙʠ 0,0836 ɚg × 0,0411 ɚg. 

 ʄʝʨʝˁʝ 

ʄʝʨʝˁʝ 
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ɿʘʫʟʝ˂ʝ ʰʪʘʤʧʘʥʝ ʧʣʦʯʠʮʝ ʿʝ ʤʥʦʛʦ ʤʘˁʝ ʫ ʦʜʥʦʩʫ ʥʘ ʨʝʘʣʠʟʘʮʠʿʝ ʩʘ ʿʝʜʥʦʩʣʦʿʥʦʤ 

ʰʪʘʤʧʦʤ. ʇʦʩʪʠʛʥʫʪʠ ʨʝʟʫʣʪʘʪ ʿʦʰ ʿʝʜʥʦʤ ʧʦʢʘʟʫʿʝ ʚʝʣʠʢʫ ʧʨʝʜʥʦʩʪ ʫʧʦʪʨʝʙʝ 

ʚʠʰʝʩʣʦʿʥʝ ʪʝʭʥʠʢʝ ʫʟ ʟʘʜʨʞʘʚʘˁʝ ʞʝˀʝʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʬʠʣʪʨʘ. 

5.3 ʌʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ 

ʩʧʨʝʛʦʤ ʫʚʦʜʥʠʢʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ ʨʝʟʦʥʘʪʦʨʘ 

ʋ ʧʦʛʣʘʚˀʫ 5.2 ʧʦʢʘʟʘʥ ʿʝ ʥʘʯʠʥ ʨʝʘʣʠʟʘʮʠʿʝ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ ʩʘ ʨʝʟʦʥʘʪʦʨʠʤʘ ʪʠʧʘ ʢʘʣʝʤ-ʚʠʿʘ-ʢʦʥʜʝʥʟʘʪʦʨ ʫ ʚʠʰʝʩʣʦʿʥʦʿ ʪʝʭʥʠʮʠ 

ʠ ʩʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ ʩʧʨʝʛʦʤ ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʨʝʟʦʥʘʪʦʨʘ. ʈʝʘʣʠʟʦʚʘʥ 

ʿʝ ʬʠʣʪʘʨ ʩʘ ʚʝ˂ʠʤ ʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʫ ʦʜʥʦʩʫ ʥʘ ʬʠʣʪʘʨ ʩʘ Ăɻò ʫʚʦʜʥʠʢʦʤ. 

ɼʨʫʛʠ ʥʘʯʠʥ ʨʝʘʣʠʟʘʮʠʿʝ ʠʥʪʝʨʜʠʛʠʪʘʣʥʝ ʩʧʨʝʛʝ ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ ʨʝʟʦʥʘʪʦʨʘ ʿʝ 

ʠʥʪʨʝʜʠʛʠʪʘʣʥʘ ʩʧʨʝʛʘ ʫʚʦʜʥʠʢʘ ʩʘ ʢʦʥʜʝʥʟʘʪʦʨʦʤ [40]. ʇʨʝʜʣʦʞʝʥʦʤ 

ʤʦʜʠʬʠʢʘʮʠʿʦʤ ʪʨʝʙʘ ʜʘ ʩʝ ʦʩʪʚʘʨʠ ʚʝ˂ʘ ʩʧʨʝʛʘ ʩʘ ʨʝʟʦʥʘʪʦʨʦʤ, ʦʜʥʦʩʥʦ ʤʘˁʠ 

ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʫ ʦʜʥʦʩʫ ʥʘ ʬʠʣʪʘʨ ʩʘ Ăɻò ʫʚʦʜʥʠʢʦʤ. 

ʉʧʨʝʛʘ ʫʚʦʜʥʠʢʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ ʙʠ˂ʝ ʨʝʘʣʠʟʦʚʘʥʘ ʧʦʤʦ˂ʫ ʠʥʪʝʨʜʠʛʠʪʘʣʥʝ 

ʩʧʨʝʛʝ, ʘ ʢʦʥʪʨʦʣʠʩʘ˂ʝ ʩʝ ʙʨʦʿʝʤ, ʜʫʞʠʥʦʤ ʠ ʤʝʹʫʩʦʙʥʦʤ ʫʜʘˀʝʥʦʰ˂ʫ ʠʟʤʝʹʫ 

ʚʦʜʦʚʘ. ʅʘʯʠʥ ʦʚʝ ʨʝʘʣʠʟʘʮʠʿʝ ʿʝ ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 5.30. 

ʐʠʨʠʥʘ ʫʚʦʜʥʠʢʘ (W50Ý = 4,9 mm) ʿʝ ʦʩʪʘʣʘ ʥʝʧʨʦʤʝˁʝʥʘ ʫ ʦʜʥʦʩʫ ʥʘ 

ʧʨʝʪʭʦʜʥʝ ʨʝʘʣʠʟʘʮʠʿʝ ʠ ʦʜʛʦʚʘʨʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʦʿ ʠʤʧʝʜʘʥʩʠ ʚʦʜʘ ʦʜ 50 Ý ʟʘ 

ʢʦʨʠʰ˂ʝʥʫ ʧʦʜʣʦʛʫ (RT/duroid 5880). ʂʦʥʜʝʥʟʘʪʦʨ ʿʝ ʫ ʮʠˀʫ ʩʧʨʝʟʘˁʘ 

ʤʦʜʠʬʠʢʦʚʘʥ ʫʩʝʮʘˁʝʤ ʧʨʦʮʝʧʘ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʰʠʨʠʥʝ ʠ ʜʫʞʠʥʝ. ʂʦʥʪʨʦʣʦʤ 

ʜʠʤʝʥʟʠʿʘ ʪʠʭ ʧʨʦʮʝʧʘ ʢʦʥʪʨʦʣʠʰʝ ʩʝ ʩʧʨʝʛʘ ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ ʨʝʟʦʥʘʪʦʨʘ, 

ʦʜʥʦʩʥʦ ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ. ɿʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʿʝ ʠʟʘʙʨʘʥʘ 

ʮʝʥʪʨʘʣʥʘ ʫʯʝʩʪʘʥʦʩʪ ʬʠʣʪʨʘ ʦʜ 1,6 GHz. ʂʘʣʝʤ ʨʝʟʦʥʘʪʦʨʘ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʥʠʿʝ 

ʤʦʜʠʬʠʢʦʚʘʥ. ʐʠʨʠʥʘ ʚʦʜʘ ʩʧʠʨʘʣʝ ʢʘʣʝʤʘ ʿʝ wS = 0,4 mm, ʘ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ 

ʚʦʜʦʚʘ ʩʧʠʨʘʣʝ ʿʝ s = 0,1 mm. ɿʘ ʫʩʚʦʿʝʥʫ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ, ʧʦʚʨʰʠʥʘ 

ʟʘʫʟʝ˂ʘ ʨʝʟʦʥʘʪʦʨʘ ʿʝ 4,6mm 4,6mm³ = ³L Ld d . ʋ ʧʦʛʣʘʚˀʫ 5.2 ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʿʝ 

ʚʝʨʠʬʠʢʦʚʘʥ ʥʝʰʪʦ ʩʣʦʞʝʥʠʿʠ ʤʦʜʝʣ ʠʥʪʝʨʜʠʛʠʪʘʣʥʝ ʩʧʨʝʛʝ ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ 

ʢʘʣʝʤʘ, ʧʘ ʥʝ˂ʝ ʙʠʪʠ ʧʦʪʨʝʙʝ ʟʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʤ ʚʝʨʠʬʠʢʘʮʠʿʦʤ ʬʠʣʪʨʘ ʫ ʦʚʦʤ 

ʧʦʛʣʘʚˀʫ. ɸʢʮʝʥʘʪ ˂ʝ ʙʠʪʠ ʩʪʘʚˀʝʥ ʥʘ ʨʝʘʣʠʟʘʮʠʿʠ ʮʝʣʦʛ ʬʠʣʪʨʘ ʧʦʤʦ˂ʫ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ.  
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ʉʣʠʢʘ 5.30. ʈʝʘʣʠʟʘʮʠʿʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʝ ʩʧʨʝʛʝ ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ 

ʨʝʟʦʥʘʪʦʨʘ. 

 

5.3.1 ʌʘʢʪʦʨ ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ ʩʧʨʝʛʦʤ 

ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ 

ʉʘ ʩʣʠʢʝ 5.30 ʩʝ ʫʦʯʘʚʘ ʜʘ ʿʝ ʤʦʛʫ˂ʝ ʥʝʟʘʚʠʩʥʦ ʧʦʜʝʰʘʚʘʪʠ ʰʠʨʠʥʫ ʚʦʜʦʚʘ (w), 

ʨʘʟʤʘʢ ʠʟʤʝʹʫ ʚʦʜʦʚʘ (d), ʜʫʞʠʥʫ ʚʦʜʦʚʘ ( tl ), ʜʫʞʠʥʫ ʧʨʦʮʝʧʘ ( gl ), ʰʪʦ 

ʦʤʦʛʫ˂ʘʚʘ ʧʨʝʮʠʟʥʦ ʧʦʜʝʰʘʚʘˁʝ ʧʦʪʨʝʙʥʝ ʩʧʨʝʛʝ ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ ʨʝʟʦʥʘʪʦʨʘ. 

ʈʝʘʣʠʟʘʮʠʦʿʤ ʩʧʨʝʛʝ ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ ʧʦʪʨʝʙʥʦ ʿʝ ʢʦʨʠʛʦʚʘʪʠ 

ʧʦʯʝʪʥʫ ʛʝʦʤʝʪʨʠʿʫ ʢʦʥʜʝʥʟʘʪʦʨʘ ʩʘ ʩʣʠʢʝ 5.4, ʯʠʤʝ ʩʝ ʩʤʘˁʫʿʝ ʢʘʧʘʮʠʪʠʚʥʦʩʪ 

ʢʦʥʜʝʥʟʘʪʦʨʘ. ʊʦ ʩʤʘˁʝˁʝ ʙʠ ʜʦʚʝʣʦ ʜʦ ʧʦʚʝ˂ʘˁʘ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ 

ʨʝʟʦʥʘʪʦʨʘ. ʄʝʹʫʪʠʤ, ʠʩʪʨʘʞʠʚʘˁʝ ʿʝ ʧʦʢʘʟʘʣʦ ʜʘ ʿʝ ʫʪʠʮʘʿ ʫʚʦʜʥʠʢʘ ʩʘ 

ʠʥʪʝʨʜʠʛʠʪʘʣʥʠʤ ʩʧʨʝʛʦʤ ʪʘʢʘʚ ʜʘ ˁʝʛʦʚʘ ʢʘʧʘʮʠʪʠʚʥʦʩʪ ʜʝʣʫʿʝ ʢʦʤʧʝʥʟʫʿʫ˂ʝ ʥʘ 

ʧʨʦʤʝʥʫ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʩʘʤʦʛ ʢʦʥʜʝʥʟʘʪʦʨʘ. ʅʘ ʢʨʘʿʫ, ʫʦʯʘʚʘ ʩʝ ʜʘ ʥʝ ʜʦʣʘʟʠ ʜʦ 

ʚʝʣʠʢʝ ʧʨʦʤʝʥʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ. ʋʢʦʣʠʢʦ ʿʝ ʧʦʪʨʝʙʥʦ ʜʦʜʘʪʥʦ 

ʧʦʜʝʰʘʚʘˁʝ ʤʦʞʝ ʩʝ ʧʦʩʪʠ˂ʠ ʚʨʣʦ ʤʘʣʠʤ ʧʨʦʤʝʥʘʤʘ ʜʫʞʠʥʝ ʢʘʣʝʤʘ. ʋ ʩʣʫʯʘʿʫ 

ʨʝʘʣʠʟʘʮʠʿʝ ʠʥʪʝʨʜʠʛʠʪʘʣʥʝ ʩʧʨʝʛʝ ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ (ʧʦʛʣʘʚˀʝ 5.2.4), 

ʢʦʤʧʝʥʟʘʮʠʿʘ ʫʪʠʮʘʿʘ ʫʚʦʜʥʠʢʘ ʿʝ ʧʦʜʨʘʟʫʤʝʚʘʣʘ ʟʥʘʪʥʦ ʩʢʨʘ˂ʠʚʘˁʝ ʢʘʣʝʤʘ. 

ʇʦʚʝ˂ʘˁʝ ʩʧʨʝʛʝ, ʪʿ. ʩʤʘˁʝˁʝ ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ, ʩʝ 

ʧʦʩʪʠʞʝ ʜʫʞʠʤ ʚʦʜʦʚʠʤʘ, ʤʘˁʠʤ ʨʘʟʤʘʢʦʤ ʠʟʤʝʹʫ ˁʠʭ ʠ ʚʝ˂ʠʤ ʙʨʦʿʝʤ ʚʦʜʦʚʘ. ɿʘ 

ʨʝʘʣʠʟʘʮʠʿʫ ʠʥʪʝʨʜʠʛʠʪʘʣʥʝ ʩʧʨʝʛʝ, ʫʩʚʦʿʝʥʝ ʩʫ ʜʠʤʝʥʟʠʿʝ ʢʦʿʝ ˂ʝ ʦʙʝʟʙʝʜʠʪʠ 
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ʞʝˀʝʥʫ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʫ. ʋʩʚʦʿʝʥʝ ʩʫ ʩʣʝʜʝ˂ʝ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ 0,1mm=w , 

0,05mm= =g d , ʜʦʢ ʩʝ ʜʫʞʠʥʘ ʚʦʜʦʚʘ tl  ʤʝˁʘ ʫ ʦʧʩʝʛʫ tl = 0,6ï2,2 mm. ɿʘ 

ʫʩʚʦʿʝʥʝ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ, ʥʘ ʩʣʠʮʠ 5.31, ʧʨʠʢʘʟʘʥʘ ʿʝ ʨʘʜʥʘ ʢʨʠʚʘ QL-

ʬʘʢʪʦʨʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʜʫʞʠʥʝ tl . ʌʘʢʪʦʨ ʜʦʙʨʦʪʝ ʥʝʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʿʝ 

ʦʢʦ 120. 

 

ʉʣʠʢʘ 5.31. ʌʘʢʪʦʨ ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ (QL) ʩʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ 

ʩʧʨʝʛʦʤ ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʩʣʠʢʝ 5.30. 

ʆʧʩʝʛ ʜʦʙʠʿʝʥʠʭ ʚʨʝʜʥʦʩʪʠ ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʿʝ ʦʜ 20 

ʜʦ 80. ʄʠʥʠʤʘʣʥʘ ʜʦʙʠʿʝʥʘ ʚʨʝʜʥʦʩʪ ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ˂ʝ 

ʦʜʨʝʜʠʪʠ ʤʘʢʩʠʤʘʣʥʫ ʦʩʪʚʘʨʠʚʫ ʰʠʨʠʥʫ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʬʠʣʪʨʘ. ʆʚʠʤ ʥʘʯʠʥʦʤ 

ʨʝʘʣʠʟʘʮʠʿʝ ʫʚʦʜʥʠʢʘ ʧʦʩʪʠʛʥʫʪʦ ʿʝ ʧʦʙʦˀʰʘˁʝ ʫ ʦʜʥʦʩʫ ʥʘ ñɻò ʩʧʨʝʛʫ ʫʚʦʜʥʠʢʘ 

ʠ ʢʘʣʝʤʘ, ʛʜʝ ʿʝ ʤʠʥʠʤʘʣʥʠ ʧʦʩʪʠʛʥʫʪʠ ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ ʠʟʥʦʩʠʦ 30. ʌʘʢʪʦʨ 

ʜʦʙʨʦʪʝ ʟʘ ʩʣʫʯʘʿ ʠʥʪʝʨʜʠʛʠʪʘʣʥʝ ʩʧʨʝʛʝ ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ ʿʝ ʚʝ˂ʠ 

ʫ ʦʜʥʦʩʫ ʥʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʫ ʩʧʨʝʛʫ ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʛʜʝ ʿʝ ʧʦʩʪʠʛʥʫʪʘ 

ʚʨʝʜʥʦʩʪ ʦʜ 11,5. ʆʚʘ ʤʠʥʠʤʘʣʥʘ ʚʨʝʜʥʦʩʪ ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ ʿʝ ʦʩʪʚʘʨʝʥʘ 

ʧʨʚʝʥʩʪʚʝʥʦ ʟʙʦʛ ʚʝ˂ʠʭ ʜʠʤʝʥʟʠʿʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʛ ʢʦʥʜʝʥʟʘʪʦʨʘ. 

5.3.2 ʂʦʝʬʠʮʠʿʝʥʪ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ ʩʧʨʝʛʦʤ 

ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ 

ʂʦʜ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʚʘʞʝ ʠʩʪʠ ʟʘʢˀʫʯʮʠ ʢʦʿʠ ʩʫ ʠʟʚʝʜʝʥʠ ʫ ʧʦʛʣʘʚˀʫ 

5.1.3. ʄʦʛʫ˂ʝ ʿʝ ʩʧʨʝʛʥʫʪʠ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʧʦʤʦ˂ʫ ʢʘʣʝʤʘ ʢʦʿʠ ʩʫ ʩʘ ʠʩʪʝ ʩʪʨʘʥʝ 

ʚʠʰʝʩʣʦʿʥʝ ʩʪʨʫʢʪʫʨʝ, ʜʦʢ ʩʫ ʩʘ ʜʨʫʛʝ ʩʪʨʘʥʝ ʩʪʨʫʢʪʫʨʝ ʩʧʨʝʛʥʫʪʘ ʜʚʘ 
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ʢʦʥʜʝʥʟʘʪʦʨʘ. ɼʨʫʛʘ ʤʦʛʫ˂ʥʦʩʪ ʿʝ ʜʘ ʩʝ ʩʧʨʝʛʥʫ ʢʘʣʝʤ ʿʝʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʩʘ 

ʢʦʥʜʝʥʟʘʪʦʨʦʤ ʜʨʫʛʦʛ ʨʝʟʦʥʘʪʦʨʘ ʥʘ ʩʚʘʢʦʿ ʦʜ ʩʪʨʘʥʘ ʩʪʨʫʢʪʫʨʝ. ʆʚʝ ʜʚʝ 

ʨʝʘʣʠʟʘʮʠʿʝ ʩʫ ʧʨʠʢʘʟʘʥʝ ʥʘ ʩʣʠʮʠ 5.32. 

 

ʉʣʠʢʘ 5.32. ʈʝʘʣʠʟʘʮʠʿʘ ʩʧʨʝʛʘ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ: (ʘ) LLCC, (ʙ) LCLC. 

ɿʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʨʘ ʿʝ ʠʟʘʙʨʘʥʘ ʩʧʨʝʛʘ LCLC ʿʝʨ ʦʤʦʛʫ˂ʫʿʝ ʨʝʘʣʠʟʘʮʠʿʫ 

ʥʫʣʘ ʫ ʪʨʘʥʩʬʝʨ ʬʫʥʢʮʠʿʠ. ʋ ʩʣʫʯʘʿʫ LCLC ʩʧʨʝʛʝ ʤʘʢʩʠʤʘʣʥʘ ʚʨʝʜʥʦʩʪ 

ʢʦʝʬʠʮʠʿʝʥʪʘ ʩʧʨʝʛʝ ʿʝ 0,18, ʫʢʦʣʠʢʦ ʩʫ ʧʨʚʠ ʩʝʛʤʝʥʪʠ ʢʘʣʝʤʦʚʘ ʩʧʨʝʛʥʫʪʠ ʩʘ 

ʢʦʥʜʝʥʟʘʪʦʨʦʤ. ʋʢʦʣʠʢʦ ʩʫ ʯʝʪʚʨʪʠ ʩʝʛʤʝʥʪʠ ʢʘʣʝʤʘ ʩʧʨʝʛʥʫʪʠ ʩʘ 

ʢʦʥʜʝʥʟʘʪʦʨʠʤʘ ʚʨʝʜʥʦʩʪ ʢʦʝʬʠʮʠʿʝʥʪʘ ʩʧʨʝʛʝ ʿʝ 0,14. ʉ ʦʙʟʠʨʦʤ ʜʘ ʩʫ 

ʨʝʟʦʥʘʪʦʨʠ ʥʘʿʙʣʠʞʝ ʧʦʩʪʘʚˀʝʥʠ ʫ ʩʣʫʯʘʿʫ ʩʧʨʝʛʝ ʥʘ ʯʝʪʚʨʪʦʤ ʩʝʛʤʝʥʪʫ ʢʘʣʝʤʘ, 

ʟʙʦʛ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʝ, ʪʘ ʨʝʘʣʠʟʘʮʠʿʘ ʿʝ ʫʩʚʦʿʝʥʘ. ʅʘ ʩʣʠʮʠ 5.33 ʿʝ ʧʨʠʢʘʟʘʥʘ 

ʨʘʜʥʘ ʢʨʠʚʘ ʢʦʝʬʠʮʠʿʝʥʪʘ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʩʣʠʢʝ 5.32ʙ. 
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ʉʣʠʢʘ 5.33. ʂʦʝʬʠʮʠʿʝʥʪ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ (k) ʩʘ ʩʣʠʢʝ 5.32ʙ. 

5.3.3 ʈʝʘʣʠʟʘʮʠʿʘ ʬʠʣʪʨʘ ʩʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ ʩʧʨʝʛʦʤ ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ 

ʢʦʥʜʝʥʟʘʪʦʨʘ 

ʋʩʚʘʿʘʿʫ˂ʠ ʩʧʨʝʛʫ ʧʨʠʢʘʟʘʥʫ ʥʘ ʩʣʠʮʠ 5.32ʙ ʧʨʦʿʝʢʪʦʚʘʥ ʿʝ ʬʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ 

ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʜʨʫʛʦʛ ʨʝʜʘ. ʋʩʚʦʿʝʥʘ ʩʧʝʮʠʬʠʢʘʮʠʿʘ ʬʠʣʪʨʘ ʧʦʜʨʘʟʫʤʝʚʘ ʜʘ 

ʿʝ ʮʝʥʪʨʘʣʥʘ ʫʯʝʩʪʘʥʦʩʪ 1,6 GHz ʠ ʨʝʣʘʪʠʚʥʘ ʰʠʨʠʥʘ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ 

3dB 7%=FBW . ʐʠʨʠʥʘ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʿʝ ʚʝ˂ʘ ʫ ʦʜʥʦʩʫ ʥʘ ʬʠʣʪʘʨ ʨʝʘʣʠʟʦʚʘʥ ʫ 

ʧʦʛʣʘʚˀʫ 5.1, ʘ ʤʘˁʘ ʫ ʦʜʥʦʩʫ ʥʘ ʬʠʣʪʘʨ ʠʟ ʧʦʛʣʘʚˀʘ 5.2. ʋʧʨʘʚʦ ʫ ʦʙʨʥʫʪʦʿ 

ʩʨʘʟʤʝʨʠ ʩʘ ʦʩʪʚʘʨʝʥʠʤ ʬʘʢʪʦʨʠʤʘ ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʠʭ ʨʝʟʦʥʘʪʦʨʘ. ʅʝʦʧʭʦʜʥʦ 

ʿʝ ʜʘ QL-ʬʘʢʪʦʨ ʨʝʟʦʥʘʪʦʨʘ ʙʫʜʝ 25, ʘ ʢʦʝʬʠʮʠʿʝʥʪ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ k = 0,06. 

ɼʠʤʝʥʟʠʿʝ ʟʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʫ ʨʝʘʣʠʟʘʮʠʿʫ ʩʧʨʝʛʝ ʩʫ 0,1mm=w , 

g 0,05mm= =l d  ʠ t 1,6mml = . ɿʘ ʫʜʘˀʝʥʦʩʪ ʠʟʤʝʹʫ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʫʩʚʦʿʝʥʦ ʿʝ 

12 0,4mmd = , ʥʘ ʦʩʥʦʚʫ ʧʦʜʘʪʘʢʘ ʩʘ ʩʣʠʢʝ 5.33. ɼʠʤʝʥʟʠʿʝ ʢʘʣʝʤʘ ʩʫ wS = 0,4 mm, 

s = 0,1 mm ʠ dL = 4,6 mm. ʅʘ ʩʣʠʮʠ 5.34 ʧʨʠʢʘʟʘʥ ʿʝ 3D EM ʤʦʜʝʣ ʧʨʝʜʣʦʞʝʥʦʛ 

ʬʠʣʪʨʘ. 
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ʉʣʠʢʘ 5.34. 3D EM ʤʦʜʝʣ ʬʠʣʪʨʘ ʩʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ ʩʧʨʝʛʦʤ ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ 

ʢʦʥʜʝʥʟʘʪʦʨʘ ʠ L4DC4D ʩʧʨʝʛʦʤ ʨʝʟʦʥʘʪʦʨʘ. 

ɿʙʦʛ ʧʘʨʘʟʠʪʥʦʛ ʫʪʠʮʘʿʘ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʫʚʦʜʥʠʢʘ ʥʘ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ 

(ʩʤʘˁʝˁʝ ʫʯʝʩʪʘʥʦʩʪʠ) ʙʠʣʦ ʿʝ ʥʝʦʧʭʦʜʥʦ ʠʟʚʨʰʠʪʠ ʥʝʟʥʘʪʥʦ ʩʢʨʘ˂ʠʚʘˁʝ ʜʫʞʠʥʝ 

ʢʘʣʝʤʘ. ʅʘ ʪʘʿ ʥʘʯʠʥ ˁʝʛʦʚʘ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʿʝ ʩʤʘˁʝʥʘ, ʧʘ ʿʝ ʠʟʚʨʰʝʥʘ 

ʢʦʤʧʝʥʟʘʮʠʿʘ ʧʦʤʝʨʘʿʘ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ. ʇʨʦʤʝʥʘ ʜʫʞʠʥʝ ʢʘʣʝʤʘ ʿʝ 

ʥʝʟʥʘʪʥʘ, ʘ ʤʝʨʝˁʘ ʩʫ ʧʦʢʘʟʘʣʘ ʜʘ ʿʝ ʫʪʠʮʘʿ ʢʦʨʝʢʮʠʿʝ ʜʫʞʠʥʝ ʢʘʣʝʤʘ ʥʘ ʬʘʢʪʦʨ 

ʜʦʙʨʦʪʝ ʠ ʢʦʝʬʠʮʠʿʝʥʪ ʩʧʨʝʛʝ ʟʘʥʝʤʘʨʠˀʚ. 

ɸʤʧʣʠʪʫʜʩʢʠ ʦʜʟʠʚ ʧʨʦʿʝʢʪʦʚʘʥʦʛ ʬʠʣʪʨʘ ʜʦʙʠʿʝʥ 3D EM ʩʠʤʫʣʘʮʠʿʦʤ 

ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʩʣʠʮʠ 5.35. ɿʘ ʨʝʘʣʠʟʦʚʘʥʠ ʬʠʣʪʘʨ ʦʩʪʚʘʨʝʥʘ ʿʝ ʮʝʥʪʨʘʣʥʘ 

ʫʯʝʩʪʘʥʦʩʪ ʦʜ 0 1,6 GHz=f , 3dB ʰʠʨʠʥʘ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ 3dB 6,8%=FBW , 

ʩʣʘʙˀʝˁʝ ʥʘ ʮʝʥʪʨʘʣʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ 1,2 dB ʠ ʧʨʠʣʘʛʦʹʝʫˁ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ 

18,6 dB. ʉʣʘʙˀʝˁʝ ʿʝ ʧʦʩˀʝʜʠʮʘ ʛʫʙʠʪʘʢʘ ʫ ʜʠʝʣʝʢʪʨʠʢʫ ʠ ʤʝʪʘʣʫ ʧʨʠ ʯʝʤʫ 

ʛʫʙʠʮʠ ʫ ʤʝʪʘʣʫ ʧʨʝʚʣʘʜʘʚʘʿʫ. ɼʚʝ ʥʫʣʝ ʪʨʘʥʩʬʝʨ ʬʫʥʢʮʠʿʝ ʩʝ ʥʘʣʘʟʝ ʥʘ 

ʫʯʝʩʪʘʥʦʩʪʠʤʘ 1,45 GHz ʠ 2,38 GHz. ʄʠʥʠʤʘʣʥʦ ʩʣʘʙˀʝˁʝ ʫ ʥʝʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ 

ʿʝ ʦʢʦ 30 dB. ʇʦʨʝʜʝ˂ʠ ʨʝʟʫʣʪʘʪʝ ʩʘ ʩʣʠʢʘ 5.27 ʠ 5.35, ʤʦʞʝ ʩʝ ʟʘʢˀʫʯʠʪʠ ʜʘ 

ʬʠʣʪʘʨ ʨʝʘʣʠʟʦʚʘʥ ʩʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ ʩʧʨʝʛʦʤ ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ 

ʠʤʘ ʥʝʰʪʦ ʙʦˀʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ (ʥʧʨ. ʧʦʪʠʩʢʠʚʘˁʝ ʫ ʥʝʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ), ʘʣʠ ʿʝ 

ʦʩʪʚʘʨʝʥʘ ʤʘʘˁ ʰʠʨʠʥʘ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ. ʂʦʥʘʯʥʝ ʜʠʤʝʥʟʠʿʝ ʦʚʦʛ ʬʠʣʪʨʘ ʙʝʟ 

ʫʚʦʜʥʠʢʘ ʩʫ 9,1 mm × 4,6 mm ʰʪʦ ʥʦʨʤʘʣʠʟʦʚʘʥʦ ʫ ʦʜʥʦʩʫ ʥʘ ʚʦʹʝʥʫ ʪʘʣʘʩʥʫ 

ʜʫʞʥʫ ʥʘ ʮʝʥʪʨʘʣʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʠʟʥʦʩʠ 0,071 ɚg × 0,036 ɚg. ɺʝʣʠʯʠʥʘ ʟʘʫʟʝ˂ʘ 

ʰʪʘʤʧʘʥʝ ʧʣʦʯʠʮʝ ʬʠʣʪʨʘ ʩʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ ʩʧʨʝʛʦʤ ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ 
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ʢʦʥʜʝʥʟʘʪʦʨʘ ʿʝ ʤʘˁʘ ʥʝʛʦ ʫ ʩʣʫʯʘʿʫ ʨʝʘʣʠʟʘʮʠʿʝ ʩʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ ʩʧʨʝʛʦʤ 

ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ. 

 

ʉʣʠʢʘ 5.35. ɸʤʧʣʠʪʫʜʩʢa ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʬʠʣʪʨʘ ʩʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ ʩʧʨʝʛʦʤ 

ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ ʜʦʙʠʿʝʥʘ 3D EM ʩʠʤʫʣʘʮʠʿʦʤ. 

5.3.4 ɽʢʚʠʚʘʣʝʥʪʥʘ ʝʣʝʢʪʨʠʯʥʘ ʰʝʤʘ ʬʠʣʪʨʘ ʩʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ ʩʧʨʝʛʦʤ 

ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ 

ʋ ʜʦʩʘʜʘʰˁʝʤ ʧʨʦʿʝʢʪʦʚʘˁʫ ʬʠʣʪʘʨʘ ʢʦʨʠʰ˂ʝʥ ʿʝ Dishal-ʦʚ ʧʦʩʪʫʧʘʢ. ʆʚʘʿ 

ʧʦʩʪʫʧʘʢ ʧʨʦʿʝʢʪʦʚʘˁʘ ʩʘʩʪʦʿʠ ʩʝ ʦʜ ʥʝʢʦʣʠʢʦ ʢʦʨʘʢʘ ʦʜ ʢʦʿʠʭ ʿʝ ʚʨʝʤʝʥʩʢʠ 

ʥʘʿʟʘʭʪʝʚʥʠʿʠ ʢʦʨʘʢ 3D EM ʩʠʤʫʣʘʮʠʿʘ ʤʦʜʝʣʘ ʬʠʣʪʨʘ. ʈʝʟʫʣʪʘʪʠ ʜʦʙʠʿʝʥʠ 

ʩʦʬʪʚʝʨʩʢʠʤ ʘʣʘʪʠʤʘ ʟʘ 3D EM ʩʠʤʫʣʘʮʠʿʝ ʜʘʿʫ ʨʝʟʫʣʪʘʪʝ ʚʨʣʦ ʙʣʠʩʢʝ 

ʨʝʟʫʣʪʘʪʠʤʘ ʜʦʙʠʿʝʥʠʤ ʨʝʘʣʥʠʤ ʤʝʨʝˁʠʤʘ ʥʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʤ ʧʨʦʪʦʪʠʧʫ ʬʠʣʪʨʘ. 

ʅʘ ʦʩʥʦʚʫ ʪʦʛʘ, 3D EM ʩʠʤʫʣʘʮʠʿʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʥʝʟʘʤʝʥˀʠʚ ʢʦʨʘʢ ʧʨʠ 

ʧʨʦʿʝʢʪʦʚʘˁʫ ʬʠʣʪʨʘ. ʄʝʹʫʪʠʤ, ʚʨʝʤʝ ʧʦʪʨʝʙʥʦ ʟʘ ʪʘʯʥʫ ʘʥʘʣʠʟʫ ʤʦʜʝʣʘ ʟʥʘʯʘʿʥʦ 

ʨʘʩʪʝ ʩʘ ʢʦʤʧʣʝʢʩʥʦʰ˂ʫ ʩʪʨʫʢʪʫʨʝ. ʊʘʢʦʹʝ, ʫʪʠʮʘʿ ʧʦʿʝʜʠʥʠʭ ʝʣʝʤʝʥʘʪʘ ʥʘ ʦʜʟʠʚ 

ʮʝʣʦʛ ʬʠʣʪʨʘ ʩʝ ʠʩʧʠʪʫʿʝ ʧʨʦʤʝʥʦʤ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʛʝʦʤʝʪʨʠʿʩʢʠʭ ʜʠʤʝʥʟʠʿʘ ʥʘ 

ʤʦʜʝʣʫ ʠ ʧʦʥʘʚˀʘˁʝʤ 3D EM ʘʥʘʣʠʟʝ ʮʝʣʝ ʩʪʨʫʢʪʫʨʝ. 

ʄʦʛʫ˂ʝ ʿʝ ʟʥʘʯʘʿʥʦ ʩʢʨʘʪʠʪʠ ʚʨʝʤʝ ʧʦʪʨʝʙʥʦ ʟʘ ʘʥʘʣʠʟʫ 3D EM ʤʦʜʝʣʘ, 

ʫʢʦʣʠʢʦ ʩʝ ʨʝʘʣʠʟʫʿʝ ʝʢʚʠʚʘʣʝʥʪʥʘ ʝʣʝʢʪʨʠʯʥʘ ʰʝʤʘ ʧʦʩʤʘʪʨʘʥʝ 3D ʩʪʨʫʢʪʫʨʝ ʠ 

ʧʨʝʹʝ ʥʘ ʘʥʘʣʠʟʫ ʧʦʤʦ˂ʫ ʩʠʤʫʣʘʪʦʨʘ ʝʣʝʢʪʨʠʯʥʠʭ ʢʦʣʘ. ɸʥʘʣʠʟʘ ʥʘ ʥʠʚʦʫ 

ʝʣʝʢʪʨʠʯʥʠʭ ʢʦʣʘ ʿʝ ʥʝʫʧʦʨʝʜʠʚʦ ʙʨʞʘ ʫ ʦʜʥʦʩʫ ʥʘ 3D EM ʘʥʘʣʠʟʫ. ʇʨʝʮʠʟʥʦ 

ʤʦʜʝʣʦʚʘʥʘ ʝʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʜʘʿʝ ʥʘʤ ʣʘʢʰʠ ʠ ʙʨʞʠ ʫʚʠʜ ʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ 
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ʝʣʝʤʝʥʘʪʘ ʠ ʮʝʣʦʛ ʬʠʣʪʨʘ. ʄʦʛʫ˂ʥʦʩʪ ʙʨʟʦʛ ʩʝʣʝʢʪʠʚʥʦʛ ʠʩʧʠʪʠʚʘˁʘ ʫʪʠʮʘʿʘ 

ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʝʣʝʤʝʥʘʪʘ ʥʘ ʢʦʥʘʯʥʝ ʨʝʟʫʣʪʘʪʝ ʿʝ ʧʨʝʜʥʦʩʪ ʢʦʨʠʰ˂ʝˁʘ 

ʝʢʚʠʚʘʣʝʥʪʥʠʭ ʰʝʤʘ. ɽʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʩʝ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʧʨʝ 3D EM 

ʤʦʜʝʣʦʚʘˁʘ ʬʠʣʪʨʘ, ʢʘʢʦ ʙʠ ʩʝ ʠʩʧʠʪʘʣʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʧʦʩʤʘʪʨʘʥʝ ʨʝʘʣʠʟʘʮʠʿʝ 

ʬʠʣʪʨʘ, ʫʪʠʮʘʿ ʧʦʿʝʜʠʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʠ ʠʟʨʘʯʫʥʘʣʝ ʧʦʯʝʪʥʝ ʜʠʤʝʥʟʠʿʝ ʝʣʝʤʝʥʘʪʘ. 

ɽʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʩʝ ʥʘʿʯʝʰ˂ʝ ʢʦʨʠʩʪʝ ʟʘ ʛʨʫʙʫ ʧʨʦʮʝʥʫ ʫʪʠʮʘʿʘ ʧʦʿʝʜʠʥʠʭ 

ʝʣʝʤʝʥʘʪʘ ʩʪʨʫʢʪʫʨʝ ʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʮʝʣʦʛ ʩʠʩʪʝʤʘ ʠ ʚʝʨʠʬʠʢʘʮʠʿʫ ʦʜʨʝʹʝʥʠʭ 

ʧʨʝʪʧʦʩʪʘʚʢʠ. ɺʨʰʝ ʩʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʩʘ ʮʠˀʝʤ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʦʩʥʦʚʥʠʭ 

ʧʘʨʘʤʝʪʘʨʘ ʢʦʿʠ ʫʪʠʯʫ ʥʘ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ, ʥʫʣʝ ʪʨʘʥʩʬʝʨ ʬʫʥʢʮʠʿʝ ʠ 

ʦʩʪʘʣʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʬʠʣʪʨʘ. 

ʉʣʝʜʝ˂ʘ ʚʘʞʥʘ ʩʪʘʚʢʘ ʧʨʠ ʧʨʦʿʝʢʪʦʚʘˁʫ ʬʠʣʪʘʨʘ ʧʨʝʜʩʪʘʚˀʘ ʫʧʦʪʨʝʙʫ 

ʝʢʚʠʚʘʣʝʥʪʥʠʭ ʰʝʤʘ ʟʘ ʦʧʠʩʠʚʘˁʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʩʧʨʝʛʥʫʪʠʭ ʢʚʘʟʠ-

ʢʦʥʮʝʥʪʨʠʩʘʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʢʦʿʠ ʩʫ ʚʝ˂ ʨʝʘʣʠʟʦʚʘʥʠ ʢʘʦ 3D EM ʤʦʜʝʣ. ʂʘʦ 

ʧʨʠʤʝʨ ˂ʝ ʩʝ ʢʦʨʠʩʪʠʪʠ ʨʝʘʣʠʟʘʮʠʿʘ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʩʘ 

ʢʘʧʘʮʠʪʠʚʥʦʤ ʩʧʨʝʛʦʤ ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ ʨʝʟʦʥʘʪʦʨʘ [41]. ɹʠ˂ʝ 

ʧʨʠʢʘʟʘʥ ʥʘʯʠʥ ʨʝʘʣʠʟʘʮʠʿʝ 3D EM ʤʦʜʝʣʘ ʧʦʤʦ˂ʫ ʝʢʚʠʚʘʣʝʥʪʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ 

ʰʝʤʘ ʟʘ ʧʨʝʜʣʦʞʝʥʠ ʪʠʧ ʨʝʟʦʥʘʪʦʨʘ ʠ ʩʧʨʝʛʘ. ʅʘ ʢʨʘʿʫ ˂ʝ ʙʠʪʠ ʫʧʦʨʝʹʝʥʠ 

ʨʝʟʫʣʪʘʪʠ ʜʦʙʠʿʝʥʠ ʧʦʤʦ˂ʫ 3D EM ʩʠʤʫʣʘʮʠʿʘʤʘ ʠ ʩʠʤʫʣʘʮʠʿʘ ʥʘ ʥʠʚʦʫ 

ʤʠʢʨʦʪʘʣʘʩʥʦʛ ʢʦʣʘ. 

3D EM ʤʦʜʝʣ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʫʚʦʜʥʠʢʦʤ ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʩʣʠʮʠ 5.36. ʅʘ ʩʣʠʮʠ ʩʫ 

ʦʟʥʘʯʝʥʝ ʪʘʯʢʝ ʦʜ 1 ʜʦ 5 ʢʦʿʝ ˂ʝ ʧʨʝʜʩʪʘʚˀʘʪʠ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʘ ʤʝʩʪʘ ʧʨʠ 

ʜʠʿʘʢʦʧʪʠʯʢʦʿ ʧʦʜʝʣʠ 3D EM ʤʦʜʝʣʘ ʠ ʨʝʘʣʠʟʘʮʠʿʠ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʝʢʚʠʚʘʣʝʥʪʥʝ 

ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ. ʋʚʦʜʥʠʢ ʩʝ ʧʨʝʜʩʪʘʚˀʘ ʧʦʤʦ˂ʫ ʧʨʠʩʪʫʧʘ ʦʟʥʘʯʝʥʦʛ ʩʘ ĂPò ʫ 

ʝʢʚʠʚʘʣʝʥʪʥʦʿ ʝʣʝʢʪʨʠʯʥʦʿ ʰʝʤʠ. ʇʨʠʩʪʫʧ ʦʜ 50 Ý ʦʜʛʦʚʘʨʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʦ ʿ

ʠʤʧʝʜʘʥʩʠ ʚʦʜʘ ʥʘ 3D EM ʤʦʜʝʣʫ. ʀʥʪʝʨʜʠʛʠʪʘʣʥʘ ʩʧʨʝʛʘ ʠʟʤʝʹʫ ʪʘʯʘʢʘ 1 ʠ 2 

ʤʦʜʝʣʫʿʝ ʩʝ ʝʢʚʠʚʘʣʝʥʪʥʦʤ ˊ-ʰʝʤʦʤ ʩʘ ʨʝʘʣʥʠʤ ʢʦʥʜʝʥʟʘʪʦʨʠʤʘ ʫ ʧʘʨʘʣʝʣʥʠʤ 

ʛʨʘʥʘʤʘ (U1C  , U1R , U2C , U2R ) ʠ ʩʝʨʠʿʩʢʦʿ ʛʨʘʥʠ (UC  , UR ). ʂʦʥʜʝʥʟʘʪʦʨ ʢʦʿʠ ʿʝ 

ʨʝʘʣʠʟʦʚʘʥ ʢʘʦ ʦʜʩʝʯʘʢ ʤʠʢʨʦʪʨʘʢʘʩʪʦʛ ʚʦʜʘ ʤʦʜʝʣʦʚʘʥ ʿʝ ʢʦʥʜʝʥʟʘʪʦʨʦʤ ʩʘ 

ʛʫʙʠʮʠʤʘ (CC  , CR ) ʠʟʤʝʹʫ ʪʘʯʢʝ 3 ʠ ʤʘʩʝ, ʘ ʚʠʿʘ ʿʝ ʤʦʜʝʣʦʚʘʥʘ ʢʘʣʝʤʦʤ ʩʘ 

ʛʫʙʠʮʠʤʘ (vijaL  , vijaR ) ʠʟʤʝʹʫ ʪʘʯʢʝ 3 ʠ 4. 
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ʉʣʠʢʘ 5.36. 3D EM ʤʦʜʝʣ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ ʩʧʨʝʛʦʤ ʠʟʤʝʹʫ 

ʫʚʦʜʥʠʢʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ. 

ʉʧʠʨʘʣʥʠ ʢʘʣʝʤ ʤʦʜʝʣʦʚʘʥ ʿʝ ʝʢʚʠʚʘʣʝʥʪʥʦʤ ˊ-ʰʝʤʦʤ ʠʟʤʝʹʫ ʪʘʯʘʢʘ 4 ʠ 5. 

ʂʦʥʜʝʥʟʘʪʦʨʠ ʩʘ ʛʫʙʠʮʠʤʘ ʫ ʧʘʨʘʣʝʣʥʠʤ ʛʨʘʥʘʤʘ (1LC  , 1LR , 2LC , 2LR ) ʦʧʠʩʫʿʫ 

ʧʘʨʘʟʠʪʥʫ ʢʘʧʘʮʠʪʠʚʥʦʩʪ ʢʘʣʝʤʘ ʧʨʝʤʘ ʤʘʩʠ. ʀʥʜʫʢʪʠʚʥʦʩʪ ʢʘʣʝʤʘ ʩʘ ʛʫʙʠʮʠʤʘ 

ʧʨʝʜʩʪʘʚˀʝʥʘ ʿʝ ʨʝʜʥʦʤ ʚʝʟʦʤ ʢʘʣʝʤʘ ʠ ʦʪʧʦʨʥʠʢʘ ( LL  , LR ), ʜʦʢ ʢʦʥʜʝʥʟʘʪʦʨ CIC 

ʦʧʠʩʫʿʝ ʦʜʛʦʚʘʨʘʿʫ˂ʫ ʢʘʧʘʮʠʪʠʚʥʦʩʪ ʠʟʤʝʹʫ ʥʘʤʦʪʘʿʘ ʢʘʣʝʤʘ. 

ʆʜʛʦʚʘʨʘʿʫ˂ʘ ʝʢʚʠʚʘʣʝʥʪʥʘ ʝʣʝʢʪʨʠʯʥʘ ʰʝʤʘ ʤʦʜʝʣʘ ʩʘ ʩʣʠʢʝ 5.36 ʧʨʠʢʘʟʘʥʘ 

ʿʝ ʥʘ ʩʣʠʮʠ 5.37. 
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ʉʣʠʢʘ 5.37. ɽʢʚʠʚʘʣʝʥʪʥʘ ʝʣʝʢʪʨʠʯʥʘ ʰʝʤʘ ʨʝʟʦʥʘʪʦʨʘ ʠ ʫʚʦʜʥʠʢʘ ʩʘ ʩʣʠʢʝ 5.36. 

ɿʘ ʦʜʘʙʨʘʥʠ ʩʫʧʩʪʨʘʪ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʚʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ ʝʢʚʠʚʘʣʝʥʪʥʝ 

ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ ʩʫ: RU1 = 2,26 MÝ, CU1 = 0,19 pF, RU2 = 2,3 MÝ, CU2 = 0,13 pF, 

RU = 64 kÝ, CU = 1,1 pF, RC = 0,66 MÝ, CC = 0,31 pF, Rvi aʿ = 0,22 Ý, Lvi aʿ = 1,7 nH, 

RL1 = 0,19 MÝ, CL1 = 0,2 pF, RL2 = 0,14 MÝ, CL2 = 0,272 pF, RL = 0,61 Ý, LL = 27 nH, 

CIC = 0,09 pF. ʅʘʚʝʜʝʥʝ ʚʨʝʜʥʦʩʪʠ ʩʫ ʜʦʙʠʿʝʥʝ ʝʢʩʪʨʘʢʮʠʿʦʤ ʧʘʨʘʤʝʪʘʨʘ ʠʟ 3D EM 
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ʩʠʤʫʣʘʮʠʿʘ ʜʠʿʘʢʦʧʪʠʯʢʠ ʨʘʟʜʚʦʿʝʥʠʭ ʝʣʝʤeʥʘʪʘ ʩʪʨʫʢʪʫʨʝ. ɺʨʝʜʥʦʩʪʠ ʦʜʛʦʚʘʨʘʿʫ 

ʨʘʜʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʦʜ 1,6 GHz ʰʪʦ ʧʨʝʜʩʪʘʚˀʘ ʟʘʜʘʪʫ ʮʝʥʪʨʘʣʥʫ ʫʯʝʩʪʘʥʦʩʪ 

ʬʠʣʪʨʘ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʧʦʩʪʠʞʝ ʥʘʿʙʦˀʘ ʧʨʦʮʝʥʘ ʚʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ ʫ 

ʧʦʩʤʘʪʨʘʥʦʤ ʦʧʩʝʛʫ ʫʯʝʩʪʘʥʦʩʪʠ. ʀʥʘʯʝ, ʧʘʨʘʤʝʪʨʠ ʨʝʘʣʥʠʭ ʝʣʝʤʝʥʪʘ ʟʘʚʠʩʝ ʦʜ 

ʫʯʝʩʪʘʥʦʩʪʠ, ʥʘʨʦʯʠʪʦ ʢʘʣʝʤʘ, ʘʣʠ ʩʝ ʧʨʠ ʦʚʦʤ ʠʩʪʨʘʞʠʚʘˁʫ ʫʩʚʘʿʘ 

ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʜʘ ʥʝ ʟʘʚʠʩʥʝ ʦʜ ʫʯʝʩʪʘʥʦʩʪʠ. ʉ ʦʙʟʠʨʦʤ ʜʘ ʿʝ ʝʣʝʢʪʨʠʯʥʦʤ ʰʝʤʦʤ 

ʩʘ ʩʣʠʢʝ 5.37 ʤʦʜʝʣʦʚʘʥ ʫʚʦʜʥʠʢ ʠ ʨʝʟʦʥʘʪʦʨ ʦʩʪʘʿʝ ʿʦʰ ʜʘ ʩʝ ʘʜʝʢʚʘʪʥʦ ʤʦʜʝʣʫʿʝ 

ʩʧʨʝʛʘ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ. ʋ ʪʦʤ ʮʠˀʫ ʪʨʝʙʘ ʧʦʩʤʘʪʨʘʪʠ ʩʣʠʢʫ 5.38 ʢʦʿʘ ʧʨʠʢʘʟʫʿʝ 

ʤʦʛʫ˂ʝ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ. 

 

ʉʣʠʢʘ 5.38. ʉʧʨʝʛʘ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ: (ʘ) L1DL1R, (ʙ) L1RL1R ʠ (ʚ) C1DL1R. 
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ʋ ʧʦʛʣʘʚˀʫ 5.1.3 ʦʙʿʘʰˁʝʥʝ ʩʫ ʤʦʛʫ˂ʝ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ, ʘ ʿʝʜʠʥʘ ʨʘʟʣʠʢʘ 

ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʿʝ ʪʘ hʪʦ ʿʝ ʢʦʥʜʝʥʟʘʪʦʨ ʨʝʟʦʥʘʪʦʨʘ ʤʦʜʠʬʠʢʦʚʘʥ ʢʘʢʦ ʙʠ ʩʝ 

ʨʝʘʣʠʟʦʚʘʣʘ ʠʥʪʝʨʜʠʛʠʪʘʣʥʘ ʩʧʨʝʛʘ. ɿʘ ʪʨʠ ʤʦʛʫ˂ʥʦʩʪʠ, ʥʝʦʧʭʦʜʥʦ ʿʝ ʧʨʠʢʘʟʘʪʠ 

ʩʧʨʝʛʫ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʧʦʤʦ˂ʫ ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ. ʋ ʧʨʚʦʤ ʩʣʫʯʘʿʫ (ʩʣʠʢʘ 5.38ʘ ʠ 

ʩʣʠʢʘ 5.38ʙ) ʠʟʤʝʹʫ ʢʦʥʜʝʥʟʘʪʦʨʘ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʧʦʩʪʦʿʠ ʢʘʧʘʮʠʪʠʚʥʘ ʩʧʨʝʛʘ ʢʦʿʘ 

ʩʝ ʤʦʜʝʣʫʿʝ ʨʝʜʥʠʤ ʢʦʥʜʝʥʟʘʪʦʨʦʤ CCC  ʠʟʤʝʹʫ ʪʘʯʘʢʘ 3 ʠ 3', ʛʜʝ ʩʫ ʩʘ ʘʧʦʩʪʨʦʬʦʤ 

ʦʟʥʘʯʝʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʪʘʯʢʝ ʥʘ ʜʨʫʛʦʤ ʨʝʟʦʥʘʪʦʨʫ. ʀʟʤʝʹʫ ʢʘʣʝʤʦʚʘ ʧʦʩʪʦʿʝ 

ʢʘʧʘʮʠʪʠʚʥʘ ʠ ʠʥʜʫʢʪʠʚʥʘ ʩʧʨʝʛʘ. ʂʘʧʘʮʠʪʠʚʥʘ ʩʧʨʝʛʘ ʧʦʩʪʦʿʠ ʿʝʨ ʩʧʦˀʥʠ ʢʨʘʿ 

ʢʘʣʝʤʘ ʥʠʿʝ ʫʟʝʤˀʝʥ ʪʘʢʦ ʜʘ ʥʘ ʪʦʤ ʜʝʣʫ ʢʘʣʝʤʘ ʧʦʩʪʦʿʠ ʚʝʣʠʢʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ 

ʥʘʝʣʝʢʪʨʠʩʘˁʘ. ʂʘʧʘʮʠʪʠʚʥʘ ʩʧʨʝʛʘ ʠʟʤʝʹʫ ʢʘʣʝʤʦʚʘ ʩʝ ʤʦʜʝʣʫʿʝ ʨʝʜʥʠʤ 

ʢʦʥʜʝʥʟʘʪʦʨʦʤ LLC  ʠʟʤʝʹʫ ʪʘʯʘʢʘ 5 ʠ 5'. ʀʥʜʫʢʪʠʚʥʘ ʩʧʨʝʛʘ ʿʝ ʧʦʩʣʝʜʠʮʘ 

ʤʝʹʫʩʦʙʥʦʛ ʫʪʠʮʘʿʘ ʩʪʨʫʿʘ ʢʘʣʝʤʦʚʘ. ɿʙʦʛ ʥʝʫʟʝʤˀʝʥʦʛ ʢʨʘʿʘ ʢʘʣʝʤʘ ʛʫʩʪʠʥʘ 

ʩʪʨʫʿʘ ʿʝ ʥʘʿʚʝ˂ʘ ʫ ʫʥʫʪʨʘʰˁʝʤ ʜʝʣʫ ʢʘʣʝʤʘ. ʀʥʜʫʢʪʠʚʥʘ ʩʧʨʝʛʘ ʠʟʤʝʹʫ ʢʘʣʝʤʦʚʘ 

ʩʝ ʤʦʜʝʣʫʿʝ ʣʠʥʝʘʨʥʠʤ ʠʥʜʫʢʪʠʚʥʠʤ ʪʨʘʥʩʬʦʨʤʘʪʦʨʦʤ ʩʦʧʩʪʚʝʥʠʭ 

ʠʥʜʫʢʪʠʚʥʦʩʪʠ LL  ʫʢˀʫʯʫʿʫ˂ʠ ʛʫʙʠʪʢʝ LR  ʠ ʢʦʝʬʠʮʠʿʝʥʪʦʤ ʩʧʨʝʛʝ km.  

ʂʦʝʬʠʮʠʿʝʥʪ ʩʧʨʝʛʝ km (ʦʜʥʦʩʥʦ ʤʝʹʫʩʦʙʥʘ ʠʥʜʫʢʪʠʚʥʦʩʪ 12M ) ʤʦʞʝ ʙʠʪʠ 

ʧʦʟʠʪʠʚʘʥ ʠʣʠ ʥʝʛʘʪʠʚʘʥ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʤʝʹʫʩʦʙʥʝ ʦʨʝʿʥʪʘʮʠʿʝ ʢʘʣʝʤʦʚʘ. 

ʆʙʿʘʰˁʝˁʝ ʟʘ ʦʚʘʿ ʝʬʝʢʘʪ ʧʨʠʢʘʟʘʥ je ʥʘ ʩʣʠʮʠ 5.39. ʇʦʩʤʘʪʨʘ ʩʝ ʩʣʫʯʘʿ ʧʨʠʢʘʟʘʥ 

ʥʘ ʩʣʠʮʠ 5.38ʘ ʩʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠʤ ʪʘʯʢʘʤʘ 4, 4', 5 ʠ 5'. ʂʘʣʝʤʦʚʠ ʩʫ ʤʝʹʫʩʦʙʥʦ 

ʩʠʤʝʪʨʠʯʥʦ ʦʨʿʝʥʪʠʩʘʥʠ. ʋʢʦʣʠʢʦ ʩʝ ʫʩʚʦʿʠ ʨʝʬʝʨʝʥʪʥʠ ʩʤʝʨ ʩʪʨʫʿʝ ʫ ʣʝʚʦʤ 

ʢʘʣʝʤʫ ʢʘʦ ʥʘ ʩʣʠʮʠ 5.39 ʠ ʢʨʘʿ ʢʘʣʝʤʘ 4 ʦʟʥʘʯʠ ʩʘ ʪʘʯʢʦʤ, ʪʘʜʘ ʩʪʨʫʿa i1 ʫ ʣʝʚʦʤ 

ʢʘʣʝʤʫ ʩʪʚʘʨʘ ʤʘʛʥʝʪʩʢʦ ʧʦˀʝ, ʚʝʢʪʦʨʘ ʤʘʛʥʝʪʩʢʝ ʠʥʜʫʢʮʠʿʝ B1, ʢʦʿʝ ˂ʝ ʜʝʣʦʤ 

ʧʦʩʪʦʿʘʪʠ ʠ ʫ ʜʝʩʥʦʤ ʥʘʤʦʪʘʿʫ ʢʘʣʝʤʘ.  

ʂʘʦ ʧʦʩʣʝʜʠʮʘ ʬʣʫʢʩʘ ʚʝʢʪʦʨʘ ʤʘʛʥʝʪʩʢʝ ʠʥʜʫʢʮʠʿʝ ʥʘ ʤʝʩʪʫ ʜʝʩʥʦʛ ʢʘʣʝʤʘ 

ʠʥʜʫʢʦʚʘ˂ʝ ʩʝ ʝʣʝʢʪʨʦʤʦʪʦʨʥʘ ʩʠʣʘ 12
ind

d
e

dt

f
=-  ʯʠʿʠ ʿʝ ʩʤʝʨ ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 

5.39 [42]. ʌʣʫʢʩ 12f  ʧʨʝʜʩʪʘʚˀʘ ʬʣʫʢʩ ʢʦʿʠ ʛʝʥʝʨʠʰʝ ʩʪʨʫʿʘ ʣʝʚʦʛ ʢʘʣʝʤʘ ʥʘ 

ʤʝʩʪʫ ʜʝʩʥʦʛ ʢʘʣʝʤʘ. ʇʦʟʠʪʠʚʘʥ ʧʨʠʨʘʰʪʘʿ ʩʪʨʫʿʝ ʧʨʚʦʛ ʢʘʣʝʤʘ ʜʦʧʨʠʥʦʩʠ 

ʧʦʟʠʪʠʚʥʦʤ ʧʨʠʨʘʰʪʘʿʫ 2e  ( 2 inde e=- ), ʧʘ ʿʝ ʫ ʩʢʣʘʜʫ ʩ ʪʠʤ ʠʟʚʨʰʝʥʦ ʠ 

ʦʟʥʘʯʘʚʘˁʝ ʢʨʘʿʘ (4') ʜʝʩʥʦʛ ʢʘʣʝʤʘ ʪʘʯʢʦʤ. ʀʥʜʫʢʦʚʘʥʘ ʩʪʨʫʿʘ ʫ ʜʝʩʥʦʤ ʢʘʣʝʤʫ i2 
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ʠʤʘ ʪʘʢʘʚ ʩʤʝʨ ʜʘ ʩʪʚʘʨʘ ʚʝʢʪʦʨ ʤʘʛʥʝʪʩʢʝ ʠʥʜʫʢʮʠʿʝ B2 ʢʦʿʠ ʿʝ ʩʫʧʨʦʪʘʥ 

ʧʨʠʤʘʨʥʦʤ ʚʝʢʪʦʨʫ ʤʘʛʥʝʪʩʢʝ ʠʥʜʫʢʮʠʿʝ B1. ʅʘ ʦʩʥʦʚʫ ʠʟʣʦʞʝʥʦʛ, ʟʘ ʩʣʫʯʘʿ ʩʘ 

ʩʣʠʢʝ 5.38ʘ, ʫʩʚʦʿʝʥʘ ʿʝ ʥʦʪʘʮʠʿʘ ʩʘ ʪʘʯʢʘʤʘ ʥʘ ʢʨʘʿʝʚʠʤʘ 4 ʠ 4'.  

ʉʣʠʯʥʦʤ ʘʥʘʣʠʟʦʤ ʩʝ ʟʘ ʩʣʫʯʘʿ ʘʩʠʤʝʪʨʠʯʥʦ ʦʨʿʝʥʪʠʩʘʥʠʭ ʢʘʣʝʤʦʚʘ ʧʦʢʘʟʫʿʝ 

ʜʘ ʩʝ ʪʘʯʢʘ ʥʘ ʜʝʩʥʦʤ ʢʘʣʝʤʫ ʥʘʣʘʟʠ ʥʘ ʢʨʘʿʫ 5'. ɼʘʢʣʝ, ʢʘʢʦ ʙʠ ʩʝ ʦʙʫʭʚʘʪʠʣʘ ʦʙʘ 

ʩʣʫʯʘʿʘ ʫʩʚʦʿʝʥʘ ʿʝ ʥʦʪʘʮʠʿʘ ʩʘ ʪʘʯʢʘʤʘ ʢʘʦ ʥʘ ʩʣʠʮʠ 5.39 (ʥʘ ʢʨʘʿʝʚʠʤʘ 4 ʠ 4'), ʧʨʠ 

ʯʝʤʫ ʟʥʘʢ ʢʦʝʬʠʮʠʿʝʥʪʘ ʩʧʨʝʛʝ ʟʘʚʠʩʠ ʦʜ ʦʨʿʝʥʪʘʮʠʿʝ ʢʘʣʝʤʦʚʘ. ɿʘ ʩʣʫʯʘʿ 

ʩʠʤʝʪʨʠʯʥʦ ʦʨʿʝʥʪʠʩʘʥʠʭ ʢʘʣʝʤʦʚʘ (LkDLnR ʠ LkRLnD, k, n = 1,é,4) ʢʦʝʬʠʮʠʿʝʥʪ 

ʩʧʨʝʛʝ ʿʝ ʧʦʟʠʪʠʚʘʥ km > 0, ʘ ʟʘ ʩʣʫʯʘʿ ʘʩʠʤʝʪʨʠʯʥʦ ʦʨʿʝʥʪʠʩʘʥʠʭ ʢʘʣʝʤʦʚʘ 

(LkDLnD ʠ LkRLnR, k, n = 1,é,4) ʢʦʝʬʠʮʠʿʝʥʪ ʩʧʨʝʛʝ ʿʝ ʥʝʛʘʪʠʚʘʥ km < 0. 

ʂʘʜʘ ʿʝ ʨʝʯ ʦ ʢʘʧʘʮʠʪʠʚʥʦʿ ʩʧʨʝʟʠ ʠʟʤʝʹʫ ʢʘʣʝʤʦʚʘ ʨʝʟʦʥʘʪʦʨʘ (ʩʣʠʢʘ 5.38ʘ,ʙ), 

ʦʥʘ ʩʝ ʤʦʜʝʣʫʿʝ ʢʦʥʜʝʥʟʘʪʦʨʦʤ LLC  ʠʟʤʝʹʫ ʪʘʯʘʢʘ 5 ʠ 5'. ʋ ʦʚʠʤ ʢʦʥʬʠʛʫʨʘʮʠʿʘʤʘ 

ʠʟʤʝʹʫ ʢʦʥʜʝʥʟʘʪʦʨʘ ʧʦʩʪʦʿʠ ʢʘʧʘʮʠʪʠʚʥʘ ʩʧʨʝʛʘ ʢʦʿʘ ʩʝ ʤʦʜʝʣʫʿʝ ʢʦʥʜʝʥʟʘʪʦʨʦʤ 

CCC  ʠʟʤʝʹʫ ʪʘʯʘʢʘ 3 ʠ 3'. 

 

ʉʣʠʢʘ 5.39. ʅʦʪʘʮʠʿʘ ʤʝʹʫʩʦʙʥʝ ʩʧʨʝʛʝ ʢʘʣʝʤʦʚʘ ʩʘ ʪʘʯʢʘʤʘ. 
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ʋ ʧʦʩʣʝʜˁʝʤ ʩʣʫʯʘʿʫ (ʩʣʠʢʘ 5.38ʚ) ʠʟʤʝʹʫ ʢʦʥʜʝʥʟʘʪʦʨʘ ʿʝʜʥʦʛ ʠ ʢʘʣʝʤʘ 

ʜʨʫʛʦʛ ʨʝʟʦʥʘʪʦʨʘ ʧʦʩʪʦʿʠ ʢʘʧʘʮʠʪʠʚʥʘ ʩʧʨʝʛʘ ʢʦʿʘ ʩʝ ʤʦʜʝʣʫʿʝ ʢʦʥʜʝʥʟʘʪʦʨʦʤ 

LCC  ʠʟʤʝʹʫ ʪʘʯʘʢʘ 3 ʠ 5' ʠ ʠʟʤʝʹʫ 3' ʠ 5. ʀʥʜʫʢʪʠʚʥʘ ʩʧʨʝʛʘ ʠʟʤʝʹʫ ʢʦʥʜʝʥʟʘʪʦʨʘ 

ʠ ʢʘʣʝʤʘ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʩʝ ʤʦʞʝ ʟʘʥʝʤʘʨʠʪʠ. 

ɽʢʚʠʚʘʣʝʥʪʥʘ ʝʣʝʢʪʨʠʯʥʘ ʰʝʤʘ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʤʦʞʝ ʩʝ ʧʨʝʜʩʪʘʚʠʪʠ 

ʢʘʦ ʥʘ ʩʣʠʮʠ 5.40. ɺʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ ʰʝʤʝ ʟʘ ʩʣʫʯʘʿ ʧʨʝʜʣʦʞʝʥʦʛ ʬʠʣʪʨʘ ʩʘ 

ʩʣʠʢʝ 5.34 (ʟʘ ʪʨʠ ʩʣʫʯʘʿʘ ʦʨʿʝʥʪʘʮʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʢʘʦ ʥʘ ʩʣʠʮʠ 5.38) ʩʫ: 

CCC = 0,055 pF, CLC = 0,05 pF, CLL = 0,036 pF, km = ±0,03. 

3 5'

3' 5

(ʙ)

3 3'

(ʘ)

CLC

CLC

CCC
4

5

4'

5'
CLL

km > 0, ʩʠʤʝʪʨʠʯʥʘkm

km < 0, ʘʩʠʤʝʪʨʠʯʥʘ

 

ʉʣʠʢʘ 5.40. ɽʢʚʠʚʘʣʝʥʪʥʘ ʝʣʝʢʪʨʠʯʥʘ ʰʝʤʘ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ: (ʘ) ʩʘ ʩʣʠʢʝ 

5.38ʘ,ʙ ʠ (ʙ) ʩʘ ʩʣʠʢʝ 5.38ʚ. 

ʋʩʚʘʿʘʿʫ˂ʠ ʝʢʚʠʚʘʣʝʥʪʥʝ ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ ʟʘ ʧʦʿʝʜʠʥʘʯʥʝ ʝʣʝʤʝʥʪʝ ʠ ʟʘ ʩʧʨʝʛʫ 

ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʤʦʞʝ ʩʝ ʨʝʘʣʠʟʦʚʘʪʠ ʝʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʮʝʣʦʛ ʬʠʣʪʨʘ ʜʨʫʛʦʛ 

ʨʝʜʘ. ɿʘ ʪʨʠ ʤʦʛʫ˂ʝ ʤʝʹʫʩʦʙʥʝ ʦʨʿʝʥʪʘʮʠʿʝ ʨʝʟʦʥʘʪʦʨʘ, ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʩʫ 

ʧʨʠʢʘʟʘʥʝ ʥʘ ʩʣʠʮʠ 5.41. ʐʝʤʘ ʩʘ ʩʣʠʢʝ 5.41ʘ ʦʧʠʩʫʿʝ ʜʚʘ ʩʣʫʯʘʿʘ ʩʧʨʝʛʘ ʠ ʪʦ ʟʘ 

ʩʠʤʝʪʨʠʯʥʦ (ʩʣʠʢʘ 5.38ʘ) ʠ ʘʩʠʤʝʪʨʠʯʥʦ (ʩʣʠʢʘ 5.38ʙ) ʦʨʿʝʥʪʠʩʘʥʝ ʢʘʣʝʤʦʚʝ. 

ʐʝʤʘ ʩʘ ʩʣʠʢʝ 5.41ʙ ʦʧʠʩʫʿʝ ʩʣʫʯʘʿ LkDLnD ʠ LkRLnR, k, n = 1,é,4 ʩʧʨʝʛʝ ʜʚʘ 

ʨʝʟʦʥʘʪʦʨʘ (ʩʣʠʢʘ 5.38ʚ). 

ɿʘ ʩʚʘ ʪʨʠ ʩʣʫʯʘʿʘ ʧʨʠʢʘʟʘʥʠ ʩʫ ʧʘʨʘʤʝʪʨʠ ʨʘʩʝʿʘˁʘ S11 ʠ S21 ʜʦʙʠʿʝʥʠ ʥʘ 

ʦʩʥʦʚʫ ʝʢʚʠʚʘʣʝʥʪʥʠʭ ʰʝʤʘ ʠ 3D EM ʘʥʘʣʠʟʦʤ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʤʦʜʝʣʘ, ʩʣʠʢʘ 5.42. 

ʋʦʯʘʚʘ ʩʝ ʟʥʘʯʘʿʥʘ ʧʦʜʫʜʘʨʥʦʩʪ S-ʧʘʨʘʤʝʪʘʨʘ ʬʠʣʪʘʨʘ. ɸʤʧʣʠʪʫʜʩʢʘ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʠ ʧʦʩʪʦʿʘˁʝ ʥʫʣʘ ʪʨʘʥʩʬʝʨ ʬʫʥʢʮʠʿʝ ʫ ʧʦʪʧʫʥʦʩʪʠ ʩʫ ʦʧʠʩʘʥʠ 

ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʝʢʚʠʚʘʣʝʥʪʥʠʤ ʰʝʤʘʤʘ ʩʘ ʤʦʜʝʣʦʚʘʥʠʤ ʝʣʝʢʪʨʠʯʥʠʤ ʠ 

ʤʘʛʥʝʪʩʢʠʤ ʩʧʨʝʛʘʤʘ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ. ʐʠʨʠʥʝ ʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ ʢʦʿʝ ʩʫ 

ʦʜʨʝʹʝʥʝ ʤʝʹʫʩʦʙʥʦʤ ʫʜʘˀʝʥʦʰ˂ʫ ʨʝʟʦʥʘʪʦʨʘ ʦʜʥʦʩʥʦ ʧʘʨʘʤʝʪʨʠʤʘ CCC, CLC, CLL 

ʠ km ʩʫ ʧʨʘʢʪʠʯʥʦ ʠʩʪʝ. 



108 
 

CU

Port 1

CU2CU1RU1 RU2

RU

RCCC

RviaLvia

CL

CL2

CL1

RL1

RL2

RL

LL

1 2 3

4

5

CU

Port 2

CU2 CU1 RU1RU2

RU

RC CC

Rvia Lvia

CL

CL2

CL1

RL1

RL2

RL

LL

1'2'3'

4'

5'

CCC

CLL

km

 
(ʘ) 

CU

Port 1

CU2CU1RU1 RU2

RU

RCCC

RviaLvia

CL

CL2

CL1

RL1

RL2

RL

LL

1 2 3

4

5

CU

Port 2

CU2 CU1 RU1RU2

RU

RC CC

Rvia Lvia

CL

CL2

CL1

RL1

RL2

RL

LL

1'2'3'

4'

5'

CLC
CLC

(ʙ) 

ʉʣʠʢʘ 5.41. ɽʢʚʠʚʘʣʝʥʪʥʝ ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ ʬʠʣʪʨʘ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ 

ʠʥʪʝʨʜʠʛʠʪʘʣʥʦʤ ʩʧʨʝʛʦʤ ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ ʟʘ ʩʣʫʯʘʿʝʚʝ: (ʘ) ʩʘ 

ʩʣʠʢʝ 5.38ʘ,ʙ ʠ (ʙ) ʩʘ ʩʣʠʢʝ 5.38ʚ. 

ʇʨʠ ʘʥʘʣʠʟʠ ʘʩʠʤʝʪʨʠʯʥʝ ʩʧʨʝʛʝ, ʠʟʚʨʰʝʥʘ ʿʝ ʩʘʤʦ ʧʨʦʤʝʥʘ ʟʥʘʢʘ 

ʢʦʝʬʠʮʠʿʝʥʪʘ ʩʧʨʝʛʝ (km < 0), ʜʦʢ ʩʫ ʧʘʨʘʤʝʪʨʠ ʫʚʦʜʥʠʢʘ ʠ ʨʝʟʦʥʘʪʦʨʘ ʦʩʪʘʣʠ 

ʠʩʪʠ ʢʘʦ ʢʦʜ ʩʠʤʝʪʨʠʯʥʝ. ɸʩʠʤʝʪʨʠʯʥʘ ʩʧʨʝʛʘ ʟʘ ʧʦʩʣʝʜʠʮʫ ʠʤʘ ʚʝ˂ʫ ʰʠʨʠʥʫ 

ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʰʪʦ ʿʝ ʝʚʠʜʝʥʪʥʦ ʥʘ ʦʩʥʦʚʫ ʘʤʧʣʠʪʫʜʩʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ 

(ʩʣʠʢʘ 5.42ʙ). ʈʘʟʣʦʛ ʦʚʝ ʧʦʿʘʚʝ ʩʝ ʤʦʞʝ ʦʧʠʩʘʪʠ ʢʦʨʠʩʪʝ˂ʠ ʦʧʰʪʫ ʪʝʦʨʠʿʫ 

ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʝ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ. 

ʋʢʫʧʘʥ ʢʦʝʬʠʮʠʿʝʥʪ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʩʝ ʨʘʯʫʥʘ ʢʘʦ ʦʜʥʦʩ ʝʥʝʨʛʠʿʝ 

ʩʧʨʝʛʝ ʠ ʫʢʫʧʥʝ ʝʥʝʨʛʠʿʝ [9]: 

1 2 1 2

e m
2 2 2 2

1 2 1 2

�0 �� �G

�0 �G �0 �G �� �G �� �G

dv v
k k k

v v v v

Ö Ö
= + = +

³ ³

ñññ ñññ

ñññ ñññ ñññ ñññ

E E H H

E E H H
    (5.3) 

ʛʜʝ ʩʫ E  ʠ H  ʚʝʢʪʦʨʠ ʿʘʯʠʥʝ ʝʣʝʢʪʨʠʯʥʦʛ ʠ ʤʘʛʥʝʪʩʢʦʛ ʧʦˀʘ ʨʝʩʧʝʢʪʠʚʥʦ. 

ʊʨʦʩʪʨʫʢʠ ʠʥʪʝʛʨʘʣ ʩʝ ʨʘʯʫʥʘ ʫ ʮʝʣʦʤ ʧʨʦʩʪʦʨʫ (ʚʘʟʜʫʭʫ ʠ ʜʠʝʣʝʢʪʨʠʢʫ) 

ʧʝʨʤʠʪʠʚʥʦʩʪʠ �0 ʠ ʧʝʨʤʝʘʙʠʣʥʦʩʪʠ �� . 
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(a) 

 

(ʙ) 

 

(ʚ) 

ʉʣʠʢʘ 5.42. S-ʧʘʨʘʤʝʪʨʠ ʜʦʙʠʿʝʥʠ 3D EM ʩʠʤʫʣʘʮʠʿʦʤ (ʮʨʥʘ ʣʠʥʠʿʘ) ʠ 

ʩʠʤʫʣʘʮʠʿʦʤ ʧʨʝʜʣʦʞʝʥʠʭ ʝʢʚʠʚʘʣʝʥʪʥʠʭ ʰʝʤʘ (ʮʨʚʝʥʘ ʣʠʥʠʿʘ) ʟʘ ʩʧʨʝʛʫ 

ʨʝʟʦʥʘʪʦʨʘ ʧʨʠʢʘʟʘʥʠʭ ʥʘ ʩʣʠʢʘʤʘ: (ʘ) 5.38ʘ, (ʙ) 5.38ʙ ʠ (ʚ) 5.38ʚ. 
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ʇʨʚʠ ʯʣʘʥ ʥʘ ʜʝʩʥʦʿ ʩʪʨʘʥʠ ʬʦʨʤʫʣʝ (5.3) ʧʨʝʜʩʪʘʚˀʘ ʝʣʝʢʪʨʠʯʥʫ, ʘ ʜʨʫʛʠ 

ʤʘʛʥʝʪʩʢʫ ʩʧʨʝʛʫ. ʀʤʝʥʠʦʮʠ ʫ ʨʘʟʣʦʤʮʠʤʘ ʩʫ ʫʚʝʢ ʧʦʟʠʪʠʚʥʠ, ʪʘʢʦ ʜʘ ʟʥʘʢ ʧʨʚʦʛ 

ʠ ʜʨʫʛʦʛ ʯʣʘʥʘ ʟʘʚʠʩʠ ʦʜ ʟʥʘʢʘ ʙʨʦʿʠʦʮʘ, ʦʜʥʦʩʥʦ ʩʤʝʨʘ ʚʝʢʪʦʨʘ ʝʣʝʢʪʨʠʯʥʠʭ ʠ 

ʤʘʛʥʝʪʩʢʠʭ ʧʦˀʘ. ɸʢʦ ʩʝ ʧʦʩʤʘʪʨʘ ʩʣʠʢʘ 5.43 ʠ ʫʩʚʦʿʝ ʨʝʬʝʨʝʥʪʥʠ ʩʤʝʨʦʚʠ 

ʥʘʧʦʥʘ ʪʘʢʦ ʜʘ ʩʝ ʣʝʚʠ ʠ ʜʝʩʥʠ ʢʦʥʜʝʥʟʘʪʦʨ ʠ ʢʘʣʝʤ ʥʘʣʘʟʝ ʥʘ ʧʦʟʠʪʠʚʥʠʤ 

ʧʦʪʝʥʮʠʿʘʣʠʤʘ V1 ʠ V2, ʘ ʩʤʝʨ ʩʪʨʫʿʝ ʢʘʣʝʤʦʚʘ i1 ʠ i2 ʿʝ ʦʜ ʮʝʥʪʨʘ ʩʧʠʨʘʣʘ ʧʨʝʤʘ 

ʢʨʘʿʝʚʠʤʘ, ʪʘʜʘ ʚʘʞʝ ʩʣʝʜʝ˂ʠ ʟʘʢˀʫʯʮʠ ʟʘ ʝʣʝʢʪʨʠʯʥʫ ke ʠ ʤʘʛʥʝʪʩʢʫ ʩʧʨʝʛʫ km.  

 

ʉʣʠʢʘ 5.43. ɽʣʝʢʪʨʠʯʥʘ ʠ ʤʘʛʥʝʪʩʢʘ ʩʧʨʝʛʘ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ. 

ʇʦʪʝʥʮʠʿʘʣʠ ʢʦʥʜʝʥʟʘʪʦʨʘ ʩʫ ʠʩʪʦʛ ʟʥʘʢʘ, ʧʘ ʩʫ ʚʝʢʪʦʨʠ ʿʘʯʠʥʝ ʝʣʝʢʪʨʠʯʥʦʛ 

ʧʦˀʘ 1E  ʠ 2E  ʩʫʧʨʦʪʥʠʭ ʩʤʝʨʦʚʘ. ʊʦ ʟʥʘʯʠ ʜʘ ʿʝ ˁʠʭʦʚ ʩʢʘʣʘʨʥʠ ʧʨʦʠʟʚʦʜ, 

ʦʜʥʦʩʥʦ ʧʨʚʠ ʯʣʘʥ ʫ ʿʝʜʥʘʯʠʥʠ (5.3) ʥʝʛʘʪʠʚʘʥ, ke < 0. ʉʤʝʨ ʩʪʨʫʿʘ ʠ ʤʝʹʫʩʦʙʥʘ 

ʦʨʿʝʥʪʘʮʠʿʘ ʢʘʣʝʤʦʚʘ ʿʝ ʪʘʢʚʘ ʜʘ ʩʫ ʚʝʢʪʦʨʠ ʿʘʯʠʥʝ ʤʘʛʥʝʪʩʢʦʛ ʧʦˀʘ 1H  ʠ 2H  

ʠʩʪʠʭ ʩʤʝʨʦʚʘ, ʧʘ ʿʝ ˁʠʭʦʚ ʩʢʘʣʘʨʥʠ ʧʨʦʠʟʚʦʜ ʧʦʟʠʪʠʚʘʥ ʦʜʥʦʩʥʦ km > 0. 

ʆʯʠʛʣʝʜʥʦ ʿʝ ʜʘ ke ʠ km ʩʫʧʨʦʪʥʦʛ ʟʥʘʢʘ (ke < 0, km > 0) ʟʘ ʩʣʫʯʘʿ ʧʨʠʢʘʟʘʥʝ 

ʩʠʤʝʪʨʠʯʥʝ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ. ɸʢʦ ʙʠ ʥʘ ʠʩʪʠ ʥʘʯʠʥ ʘʥʘʣʠʟʠʨʘʣʠ 

ʘʩʠʤʝʪʨʠʯʥʫ ʩʧʨʝʛʫ ʨʘʟʣʠʢʘ ʙʠ ʙʠʣʘ ʿʝʜʠʥʦ ʫ ʩʤʝʨʫ ʚʝʢʪʦʨʘ ʿʘʯʠʥʝ ʤʘʛʥʝʪʩʢʠʭ 

ʧʦˀʘ 1H  ʠ 2H . ʋ ʪʦʤ ʩʣʫʯʘʿʫ ʢʦʝʬʠʮʠʿʝʥʪ km ʙʠ ʙʠʦ ʥʝʛʘʪʠʚʘʥ, ʘ ʢʦʝʬʠʮʠʿʝʥʪ kʝ 

ʙʠ ʦʩʪʘʦ ʥʝʧʨʦʤʝˁʝʥ (ʥʝʛʘʪʠʚʘʥ). ʊʦ ʟʥʘʯʠ ʜʘ ʩʫ ʫ ʩʣʫʯʘʿʫ ʘʩʠʤʝʪʨʠʯʥʝ ʩʧʨʝʛʝ 

ʢʦʝʬʠʮʠʿʝʥʪʠ kʝ ʠ km ʠʩʪʦʛ ʟʥʘʢʘ, ʘ ʫʢʫʧʘʥ ʢʦʝʬʠʮʠʿʝʥʪ ʩʧʨʝʛʝ k ʧʦ ʘʧʩʦʣʫʪʥʦʿ 

ʚʨʝʜʥʦʩʪʠ ʿʝ ʚʝ˂ʠ. ɿʘʪʦ ʩʧʨʝʛʝ ʠʟʤʝʹʫ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʘʩʠʤʝʪʨʠʯʥʦ 

ʦʨʿʝʥʪʠʩʘʥʠʤ ʢʘʣʝʤʦʚʠʤʘ ʠʤʘʿʫ ʚʝ˂ʫ ʚʨʝʜʥʦʩʪ, ʰʪʦ ʩʝ ʫʦʯʘʚʘ ʩʘ ʩʣʠʢʘ 5.42ʙ,ʚ.  



111 
 

6 ʈʝʘʣʠʟʘʮʠʿʘ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ ʪʨʠ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

ʢʦʨʠʰ˂ʝˁʝʤ ʝʢʚʠʚʘʣʝʥʪʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʰʝʤʘ 

ʋ ʧʦʛʣʘʚˀʫ 5 ʧʨʠʢʘʟʘʥ ʿʝ ʥʘʯʠʥ ʧʨʦʿʝʢʪʦʚʘˁʘ ʬʠʣʪʘʨʘ ʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ ʟʘ ʿʝʜʘʥ ʬʨʝʢʚʝʥʪʥʠ ʦʧʩʝʛ. ʂʦʨʠʰ˂ʝʥ ʿʝ Dishal-ʦʚ ʤʝʪʦʜ ʟʘ 

ʦʜʨʝʹʠʚʘˁʝ ʥʝʦʧʭʦʜʥʠʭ ʚʨʝʜʥʦʩʪʠ ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ ʠ ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʩʧʨʝʛʝ ʥʘ 

ʦʩʥʦʚʫ ʩʧʝʮʠʬʠʢʘʮʠʿʝ ʬʠʣʪʨʘ. ʇʨʦʿʝʢʪʦʚʘʥʠ ʩʫ ʬʠʣʪʨʠ ʧʨʦʧʫʩʥʠʮʠ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ ʥʘ ʦʩʥʦʚʫ ʨʘʜʥʠʭ ʢʨʠʚʠʭ ʢʦʝʿ ʧʦʚʝʟʫʿʫ ʚʨʝʜʥʦʩʪʠ ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ ʠ 

ʢʦʝʬʠʮʠʿʝʥʪʝ ʩʧʨʝʛʘ ʩʘ ʛʝʦʤʝʪʨʠʿʩʢʠʤ ʧʘʨʘʤʝʪʨʠʤʘ ʬʠʣʪʨʘ. ʌʠʥʘʣʥʦ 

ʧʦʜʝʰʘʚʘˁʝ ʜʠʤʝʥʟʠʿʘ ʬʠʣʪʨʘ ʿʝ ʫʨʘʹʝʥʦ ʫʟ ʧʦʤʦ˂ 3D EM ʩʠʤʫʣʘʮʠʿʘ. ɿʘ ʜʚʘ ʦʜ 

ʪʨʠ ʘʥʘʣʠʟʠʨʘʥʘ ʬʠʣʪʨʘ ʩʫ ʥʘʧʨʘʚˀʝʥʠ ʣʘʙʦʨʘʪʦʨʠʿʩʢʠ ʧʨʦʪʦʪʠʧʦʚʠ, ʢʘʢʦ ʙʠ ʩʝ 

ʧʨʘʢʪʠʯʥʦ ʚʝʨʠʬʠʢʦʚʘʣʠ ʨʝʟʫʣʪʘʪʠ. ʋ ʧʦʛʣʘʚˀʫ 5.3 ʿʝ ʧʨʠʢʘʟʘʥ ʥʘʯʠʥ 

ʧʨʝʜʩʪʘʚˀʘˁʘ ʬʠʣʪʨʘ ʧʦʤʦ˂ʫ ʝʢʚʠʚʘʣʝʥʪʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʰʝʤʘ. ɺʨʝʜʥʦʩʪʠ 

ʝʣʝʤʝʥʘʪʘ ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ ʩʫ ʜʦʙʠʿʝʥʠ ʝʢʩʪʨʘʢʮʠʿʦʤ ʧʘʨʘʤʝʪʘʨʘ 

ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠʭ ʤʦʜʝʣʘ ʢʦʨʠʰ˂ʝˁʝʤ 3D EM ʩʠʤʫʣʘʮʠʿʘ. ʇʦʢʘʟʘʥʦ ʿʝ ʜʘ ʪʘʢʚʘ 

ʝʢʚʠʚʘʣʝʥʪʥʘ ʝʣʝʢʪʨʠʯʥʘ ʰʝʤʘ ʧʨʝʮʠʟʥʦ ʦʧʠʩʫʿʝ ʘʤʧʣʠʪʫʜʩʢʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʫ 

ʬʠʣʪʨʘ. ʋ ʧʨʠʢʘʟʘʥʦʤ ʩʣʫʯʘʿʫ ʝʢʚʠʚʘʣʝʥʪʥʘ ʝʣʝʢʪʨʠʯʥʘ ʰʝʤʘ ʿʝ ʜʦʙʠʿʝʥʘ ʠʟ 3D 

EM ʤʦʜʝʣʘ ʬʠʣʪʨʘ. ʋ ʩʣʠʯʥʠʤ ʩʣʫʯʘʿʝʚʠʤʘ, ʝʢʚʠʚʘʣʝʥʪʥʝ ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ ʩʫ 

ʢʦʨʠʰ˂ʝʥʝ ʜʘ ʙʠ ʩʝ ʘʥʘʣʠʟʠʨʘʦ ʫʪʠʮʘʿ ʧʦʿʝʜʠʥʠʭ ʝʣʝʤʝʥʘʪʘ ʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ 

ʬʠʣʪʘʨʘ ʧʨʝʪʭʦʜʥʦ ʨʝʘʣʠʟʦʚʘʥʠʭ 3D EM ʤʦʜʝʣʘ [25], [27], [43], [44]. 

ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ˂ʝ ʙʠʪʠ ʧʨʠʢʘʟʘʥ ʥʘʯʠʥ ʧʨʦʿʝʢʪʦʚʘˁʘ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ 

ʪʨʠ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ, ʘʣʠ ʫ ʧʦʪʧʫʥʦʩʪʠ ʢʦʨʠʰ˂ʝˁʝʤ ʝʢʚʠʚʘʣʝʥʪʥʠʭ 

ʝʣʝʢʪʨʠʯʥʠʭ ʰʝʤʘ. ʌʠʣʪʘʨ ʙʠ ʩʝ ʤʦʛʘʦ ʧʨʦʿʝʢʪʦʚʘʪʠ ʠ ʥʘ ʥʘʯʠʥ ʢʘʢʦ ʿʝ ʪʦ ʨʘʹʝʥʦ 

ʫ ʧʦʛʣʘʚˀʫ 5, ʪʿ. ʧʨʦʿʝʢʪʦʚʘˁʝʤ ʪʨʠ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

ʧʦʤʦ˂ʫ Dishal-ʦʚʦʛ ʤʝʪʦʜʘ. ʄʝʹʫʪʠʤ, ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʙʠ˂ʝ ʧʨʠʢʘʟʘʥ ʥʦʚʠ 

ʘʣʛʦʨʠʪʘʤ ʫ ʢʦʿʝʤ ˂ʝ ʝʢʚʠʚʘʣʝʥʪʥʝ ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ ʙʠʪʠ ʢʦʨʠʰ˂ʝʥʝ ʟʘ ʘʥʘʣʠʟʫ ʠ 

ʩʠʥʪʝʟʫ ʬʠʣʪʨʘ [45]. ɼʘ ʙʠ ʩʝ ʧʦʩʪʠʛʣʘ ʫʰʪʝʜʘ ʫ ʚʨʝʤʝʥʫ ʧʦʪʨʝʙʥʦʤ ʟʘ 

ʧʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʨʘ, ʢʦʨʠʩʪʠ˂ʝ ʩʝ ʝʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʿʝʨ ʩʫ ʩʠʤʫʣʘʮʠʿʝ ʥʘ ʥʠʚʦʫ 

ʝʣʝʢʪʨʠʯʥʠʭ ʢʦʣʘ ʥʝʫʧʦʨʝʜʠʚʦ ʙʨʞʝ ʦʜ 3D EM ʩʠʤʫʣaʮʠʿʘ. 

ɿʘ ʨʝʘʣʠʟʘʮʠʿʫ ʬʠʣʪʨʘ ˂ʝ ʩʝ ʢʦʨʠʩʪʠʪʠ ʩʪʨʫʢʪʫʨʘ ʩʘ ʢʘʧʘʮʠʪʠʚʥʦʤ ʩʧʨʝʛʦʤ 

ʠʟʤʝʹʫ ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ ʨʝʟʦʥʘʪʦʨʘ (ʧʦʛʣʘʚˀʝ 5.1.1). ɹʠ˂ʝ ʠʩʧʠʪʘʥʘ LLCC ʠ 
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LCLC ʩʧʨʝʛʘ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ. ʇʦʣʘʟʝ˂ʠ ʦʜ ʜʠʿʘʢʦʧʪʠʯʢʦʛ ʧʨʠʩʪʫʧʘ ʧʣʘʥʘʨʥʠ 

ʬʠʣʪʘʨ ˂ʝ ʙʠʪʠ ʧʦʜʝˀʝʥ ʫ ʜʦʤʝʥʝ ʠ ʤʦʜʝʣʦʚʘʥ ʝʣʝʢʪʨʠʯʥʠʤ ʝʢʚʠʚʘʣʝʥʪʥʠʤ 

ʰʝʤʘʤʘ. ʇʨʝʪʧʦʩʪʘʚˀʝʥʦ ʿʝ ʜʘ ʩʝ ʝʢʚʠʚʘʣʝʥʪʥʘ ʝʣʝʢʪʨʠʯʥʘ ʰʝʤʘ ʩʘʩʪʦʿʠ ʦʜ 

ʣʠʥʝʘʨʥʠʭ, ʚʨʝʤʝʥʩʢʠ ʥʝʧʨʦʤʝʥˀʠʚʠʭ ʝʣʝʤʝʥʘʪʘ: ʢʦʥʜʝʥʟʘʪʦʨʘ, ʢʘʣʝʤʦʚʘ, 

ʩʧʨʝʛʥʫʪʠʭ ʢʘʣʝʤʦʚʘ ʠ ʦʪʧʦʨʥʠʢʘ. ɽʣʝʢʪʨʠʯʥʝ ʩʧʨʝʛʝ ˂ʝ ʙʠʪʠ ʤʦʜʝʣʦʚʘʥʝ 

ʩʧʨʝʞʥʠʤ ʢʦʥʜʝʥʟʘʪʦʨʠʤʘ, ʘ ʤʘʛʥʝʪʩʢʝ ʩʧʨʝʛʥʫʪʠʤ ʢʘʣʝʤʦʚʠʤʘ. ʂʦʨʠʩʪʝ˂ʠ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʤʦʛʫ˂ʝ ʿʝ ʪʨʝʥʫʪʥʦ ʠʩʧʠʪʘʪʠ ʫʪʠʮʘʿ ʦʜʨʝʹʝʥʠʭ ʝʣʝʤʝʥʘʪʘ ʥʘ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʬʠʣʪʨʘ. ɹʠ˂ʝ ʫʩʧʦʩʪʘʚˀʝʥʘ ʚʝʟʘ ʠʟʤʝʹʫ ʚʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ 

ʝʣʝʢʪʨʠʯʥʠʭ ʰʝʤʘ ʠ ʛʝʦʤʝʪʨʠʿʩʢʠʭ ʜʠʤʝʥʟʠʿʘ ʝʣʝʤʝʥʘʪʘ ʬʠʣʪʨʘ. ʊʦ ˂ʝ ʦʤʦʛʫ˂ʠʪʠ 

ʧʨʝʩʣʠʢʘʚʘˁʝ ʝʢʚʠʚʘʣʝʥʪʥʝ ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ ʫ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʫ ʩʪʨʫʢʪʫʨʫ 

ʬʠʣʪʨʘ. ʅʘ ʢʨʘʿʫ ˂ʝ ʩʝ ʬʠʥʦ ʧʦʜʝʰʘʚʘˁʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʬʠʣʪʨʘ ʚʨʰʠʪʠ 

ʢʦʨʠʰ˂ʝˁʝʤ 3D EM ʩʠʤʫʣʘʪʦʨʘ. ʋ ʮʠˀʫ ʚʝʨʠʬʠʢʘʮʠʿʝ ʘʣʛʦʨʠʪʤʘ ʙʠ˂ʝ 

ʥʘʧʨʘʚˀʝʥ ʣʘʙʦʨʘʪʦʨʠʿʩʢʠ ʧʨʦʪʦʪʠʧ ʬʠʣʪʨʘ ʠ ʠʟʤʝʨʝʥʝ ˁʝʛʦʚʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ. 

6.1 ɽʢʚʠʚʘʣʝʥʪʥʘ ʝʣʝʢʪʨʠʯʥʘ ʰʝʤʘ ʬʠʣʪʨʘ ʩʘ ʢʘʧʘʮʠʪʠʚʥʦʤ ʩʧʨʝʛʦʤ 

ʫʚʦʜʥʠʢʘ ʠ ʢʘʣʝʤʘ 

ɿʘ ʨʝʘʣʠʟʘʮʠʿʫ ʬʠʣʪʘʨʘ ʿʝ ʠʟʘʙʨʘʥʘ ʢʘʧʘʮʠʪʠʚʥʘ ʩʧʨʝʛʘ ʫʚʦʜʥʠʢʘ ʩʘ ʢʘʣʝʤʦʤ 

ʨʝʟʦʥʘʪʦʨʘ. ʉʧʨʝʛʘ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʤʦʞʝ ʙʠʪʠ LLCC ʠ LCCL ʪʠʧʘ. 

ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʤʦʜʝʣʠ ʬʠʣʪʘʨʘ ʩʘ ʜʚʘ ʥʘʯʠʥʘ ʩʧʨʝʛʝ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ ʩʫ 

ʧʨʠʢʘʟʘʥʠ ʥʘ ʩʣʠʮʠ 6.1. ʋ ʮʠˀʫ ʠʣʫʩʪʨʘʮʠʿʝ, ʥʘ ʩʣʠʮʠ ʿʝ ʧʨʠʢʘʟʘʥʘ ʩʧʨʝʛʘ ʜʚʘ 

ʨʝʟʦʥʘʪʦʨʘ ʦʩʪʚʘʨʝʥʘ ʧʨʚʠʤ ʩʝʛʤʝʥʪʠʤʘ ʢʘʣʝʤʦʚʘ, ʜʦʢ ʿʝ ʪʠʧ ʩʧʨʝʛʝ ʫʚʦʜʥʠʢʘ 32 

ʠ 34. 

ʄʦʜʝʣʦʚʘˁʝ ʧʦʿʝʜʠʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ (ʢʘʣʝʤ, ʢʦʥʜʝʥʟʘʪʦʨ, ʚʠʿʘ) ʠ ʩʧʨʝʛʘ (ʜʚʘ 

ʢʘʣʝʤʘ, ʜʚʘ ʢʦʥʜʝʥʟʘʪʦʨʘ ʠʣʠ ʢʘʣʝʤʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ) ʩʝ ʚʨʰʠ ʥʘ ʥʘʯʠʥ ʢʦʿʠ ʿʝ 

ʧʨʠʢʘʟʘʥ ʫ ʧʦʛʣʘʚˀʫ 5.3.4. ɱʝʜʠʥʘ ʨʘʟʣʠʢʘ ʫ ʤʦʜʝʣʫ ʿʝ ʢʦʜ ʩʧʨʝʛʝ ʫʚʦʜʥʠʢʘ ʠ 

ʨʝʟʦʥʘʪʦʨʘ. ʋ ʦʚʦʤ ʩʣʫʯʘʿʫ ʩʧʨʝʛʘ ʫʚʦʜʥʠʢʘ ʩʘ ʢʘʣʝʤʦʤ ʿʝ ʤʦʜʝʣʦʚʘʥʘ 

ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʢʦʥʜʝʥʟʘʪʦʨʦʤ CU. ɽʢʚʠʚʘʣʝʥʪʥʝ ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ ʟʘ ʜʚʘ ʬʠʣʪʨʘ 

(ʩʘ ʩʣʠʢʘ 6.1) ʩʫ ʧʨʠʢʘʟʘʥʝ ʥʘ ʩʣʠʮʠ 6.2. 

ɸʥʘʣʠʟʠʨʘʿʫ˂ʠ ʿʝʜʘʥ ʨʝʟʦʥʘʪʦʨ (ʢʘʣʝʤ-ʚʠʿʘ-ʢʦʥʜʝʥʟʘʪʦʨ) ʤʦʞʝ ʩʝ ʜʦ˂ʠ ʜʦ 

ʠʟʨʘʟʘ ʟʘ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪʠ ʥʝʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ. ɸʢʦ ʩʝ ʟʘʥʝʤʘʨʝ 
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ʦʪʧʦʨʥʦʩʪʠ ʩʚʠʭ ʝʣʝʤʝʥʘʪʘ ʠ ʠʥʜʫʢʪʠʚʥʦʩʪ ʚʠʿʝ, ʜʦʙʠʿʘ ʩʝ ʠʟʨʘʟ ʟʘ ʫʯʝʩʪʘʥʦʩʪ 

ʨʝʟʦʥʘʥʮʠʿʝ ʨʝʟʦʥʘʪʦʨʘ, ʰʪʦ ʿʝ ʦʙʿʘʰˁʝʥʦ ʫ ʦʜʝˀʢʫ 4.4 
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ʀʟ ʠʟʨʘʟʘ (6.1) ʩʝ ʫʦʯʘʚʘ ʜʘ ʿʝ ʨʝʟʦʥʘʥʪʥʘ ʫʯʝʩʪʘʥʦʩʪ ʨʝʟʦʥʘʪʦʨʘ, ʦʜʥʦʩʥʦ 

ʮʝʥʪʨʘʣʥʘ ʫʯʝʩʪʘʥʦʩʪ ʬʠʣʪʨʘ, ʜʦʤʠʥʘʥʪʥʦ ʦʜʨʝʹʝʥʘ ʧʘʨʘʤʝʪʨʠʤʘ ʢʘʣʝʤʘ. ɿʙʦʛ ʪʝ 

ʯʠˁʝʥʠʮʝ, ʧʨʦʤʝʥʝ ʜʠʤʝʥʟʠʿʘ ʢʘʣʝʤʘ ˂ʝ ʩʝ ʢʦʨʠʩʪʠʪʠ ʢʘʦ ʦʩʥʦʚʥʠ ʥʘʯʠʥ ʟʘ 

ʧʦʜʝʰʘʚʘˁʝ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʬʠʣʪʨʘ.  

 
(ʘ) 

 

(ʙ) 

ʉʣʠʢʘ 6.1. 3D EM ʤʦʜʝʣ ʬʠʣʪʨʘ ʩʘ: (ʘ) LLCC ʩʧʨʝʛʦʤ, (ʙ) LCLC ʩʧʨʝʛʦʤ. 






















































































