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ʄɽʅʊʆʈ: 

ɼʨ ʄʠʣʢʘ ʇʦʪʨʝʙʠ˂, ʚʘʥʨʝʜʥʠ ʧʨʦʬʝʩʦʨ 

ʋʥʠʚʝʨʟʠʪʝʪ ʫ ɹʝʦʛʨʘʜʫ ï ɽʣʝʢʪʨʦʪʝʭʥʠʯʢʠ ʬʘʢʫʣʪʝʪ 

 

 

ʏʃɸʅʆɺʀ ʂʆʄʀʉʀɱɽ: 

 

ʜʨ ʄʠʣʢʘ ʇʦʪʨʝʙʠ˂, ʚʘʥʨʝʜʥʠ ʧʨʦʬʝʩʦʨ 

ʋʥʠʚʝʨʟʠʪʝʪ ʫ ɹʝʦʛʨʘʜʫ ï ɽʣʝʢʪʨʦʪʝʭʥʠʯʢʠ ʬʘʢʫʣʪʝʪ 

 

ʜʨ ɼʝʿʘʥ ɺ. ʊʦʰʠ˂, ʨʝʜʦʚʥʠ ʧʨʦʬʝʩʦʨ 

ʋʥʠʚʝʨʟʠʪʝʪ ʫ ɹʝʦʛʨʘʜʫ ï ɽʣeʢʪʨʦʪʝʭʥʠʯʢʠ ʬʘʢʫʣʪʝʪ  

 

ʜʨ ɿʣʘʪʘ ʎʚʝʪʢʦʚʠ˂, ʨʝʜʦʚʥʠ ʧʨʦʬʝʩʦʨ 

ʋʥʠʚʝʨʟʠʪʝʪ ʫ ʅʠʰʫ ï ɽʣʝʢʪʨʦʥʩʢʠ ʬʘʢʫʣʪʝʪ 

 

ʜʨ ɹʨʘʥʢʦ ʂʦʣʫʥ˅ʠʿʘ, ʨʝʜʦʚʥʠ ʧʨʦʬʝʩʦʨ 

ʋʥʠʚʝʨʟʠʪʝʪ ʫ ɹʝʦʛʨʘʜʫ ï ɽʣʝʢʪʨʦʪʝʭʥʠʯʢʠ ʬʘʢʫʣʪʝʪ 

 

ʜʨ ʅʘʪʘʰʘ ʅʝʰʢʦʚʠ˂, ʨʝʜʦʚʥʠ ʧʨʦʬʝʩʦʨ 

ʋʥʠʚʝʨʟʠʪʝʪ ʫ ɹʝʦʛʨʘʜʫ ï ɽʣʝʢʪʨʦʪʝʭʥʠʯʢʠ ʬʘʢʫʣʪʝʪ 

 

 

ɼʘʪʫʤ ʦʜʙʨʘʥʝ: 
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 ʀʟʿʘʚʝ ʟʘʭʚʘʣʥʦʩʪʠ 

 

 ɾʝʣʠʤ ʥʘʿʠʩʢʨʝʥʠʿʝ ʜʘ ʩʝ ʟʘʭʚʘʣʠʤ ʩʚʦʤ ʤʝʥʪʦʨʫ, ʧʨʦʬ. ʜʨ ʄʠʣʢʠ 

ʇʦʪʨʝʙʠ˂ ʥʘ ʢʦʥʪʠʥʫʠʨʘʥʦʤ ʫʯʝʩʪʚʦʚʘˁʫ, ʜʨʘʛʦʮʝʥʠʤ ʩʘʚʝʪʠʤʘ ʠ ʧʦʜʨʰʮʠ ʪʦʢʦʤ 

ʤʦʿʠʭ ʜʦʢʪʦʨʩʢʠʭ ʩʪʫʜʠʿʘ ʦʜ ʪʨʝʥʫʪʢʘ ʫʧʠʩʠʚʘˁʘ ʜʦ ʦʜʙʨʘʥʝ ʜʦʢʪʦʨʩʢʝ 

ʜʠʩʝʨʪʘʮʠʿʝ. ʅʝʩʝʙʠʯʥʦ ʤʝ ʿʝ ʥʘʫʯʠʣʘ ʚʝʰʪʠʥʘʤʘ ʥʘʫʯʥʦʛ ʠʩʪʨʘʞʠʚʘˁʘ ʠ 

ʢʦʥʮʝʧʪʠʤʘ ʥʘ ʢʦʿʠʤʘ ʩʝ ʟʘʩʥʠʚʘ ʦʚʘ ʜʠʩʝʨʪʘʮʠʿʘ. ʀʩʪʨʘʿʥʦʩʪ ʠ ʩʧʨʝʤʥʦʩʪ ʜʘ 

ʧʦʤʦʛʥʝ, ʫʟ ʧʦʪʧʫʥʫ ʘʥʛʘʞʦʚʘʥʦʩʪ ʫ ʩʚʘʢʦʿ ʝʪʘʧʠ ʠʟʨʘʜʝ ʜʠʩʝʨʪʘʮʠʿʝ ʩʫ ʜʦʧʨʠʥʝʣʠ 

ʜʘ ʚʠʰʝʛʦʜʠʰˁʠ ʨʘʜ ʥʘ ʦʚʘʢʦ ʦʙʠʤʥʦʤ ʠʩʪʨʘʞʠʚʘˁʫ ʧʨʦʪʝʢʥʝ ʫ ʧʦʟʠʪʠʚʥʦʿ 

ʘʪʤʦʩʬʝʨʠ. 

ʇʦʩʝʙʥʦ ʩʝ ʟʘʭʚʘˀʫʿʝʤ ʧʨʦʬ. ʜʨ ɼʝʿʘʥʫ ʊʦʰʠ˂ʫ, ʥʘ ʫʩʤʝʨʘʚʘˁʠʤʘ ʠ 

ʧʦʜʩʪʠʮʘʿʫ ʫ ʜʦʤʝʥʫ ʠʟʙʦʨʘ ʥʘʿʧʨʝ ʪʝʤʝ ʤʘʩʪʝʨ ʨʘʜʘ ʘ ʟʘʪʠʤ ʠ ʦʙʣʘʩʪʠ ʜʦʢʪʦʨʩʢʝ 

ʪʝʟʝ, ʢʦʿʠ ʩʫ ʦʩʚʝʪʣʠʣʠ ʧʨʘʚʘʮ ʠ ʬʦʢʫʩ ʠʩʪʨʘʞʠʚʘˁʘ, ʢʘʦ ʠ ʧʨʝʜʣʦʟʠʤʘ ʪʦʢʦʤ 

ʨʝʘʣʠʟʘʮʠʿʝ ʩʪʫʜʠʿʘ ʯʠʿʠʤ ʿʝ ʫʩʚʘʿʘˁʝʤ ʦʚʘ ʪʝʟʘ ʥʘʧʠʩʘʥʘ ʫ ʦʚʘʢʚʦʤ ʦʙʣʠʢʫ. 

ʅʝʠʟʤʝʨʥʫ ʟʘʭʚʘʣʥʦʩʪ ʫʧʫ˂ʫʿʝʤ ʧʨʦʬ. ʜʨ ɹʨʘʥʢʫ ʂʦʣʫʥ˅ʠʿʠ, ʥʘ 

ʩʚʝʦʙʫʭʚʘʪʥʦʿ ʧʦʤʦ˂ʠ ʠ ʧʨʝʜʫʩʨʝʪˀʠʚʦʩʪʠ. ɳʝʛʦʚʠ ʩʪʨʫʯʥʠ ʩʘʚʝʪʠ ʠ ʥʝʩʝʙʠʯʥʦ 

ʧʨʝʥʦʰʝˁʝ ʠʥʞʝˁʝʨʩʢʠʭ ʚʝʰʪʠʥʘ ʩʫ ʠʤʘʣʠ ʚʝʣʠʢʠ ʫʪʠʮʘʿ ʥʘ ʤʦʿ ʧʨʦʬʝʩʠʦʥʘʣʥʠ 

ʨʘʟʚʦʿ ʦʜ ʥʘʿʨʘʥʠʿʠʭ ʧʦʯʝʪʘʢʘ. ɿʘʭʚʘˀʫʿʝʤ ʩʝ ʥʘ ʫʩʪʫʧˀʝʥʦʤ ʩʦʬʪʚʝʨʫ, ʢʦʿʠ ʿʝ 

ʦʣʘʢʰʘʦ ʠ ʫʥʘʧʨʝʜʠʦ ʧʨʦʮʝʩ ʠʩʪʨʘʞʠʚʘˁʘ ʧʨʝʮʠʟʥʠʤ ʨʝʟʫʣʪʘʪʠʤʘ ʜʦʙʠʿʝʥʠʤ 

ʨʘʯʫʥʘʨʩʢʦʤ ʘʥʘʣʠʟʦʤ. 

ʅʘ ʧʦʯʝʪʢʫ ʜʦʢʪʦʨʩʢʠʭ ʩʪʫʜʠʿʘ, ʠʤʘʣʘ ʩʘʤ ʧʨʠʚʠʣʝʛʠʿʫ ʜʘ ʩʘʨʘʹʫʿʝʤ ʩʘ 

ʧʨʦʬ. ʜʨ ʅʘʪʘʰʦʤ ʅʝʰʢʦʚʠ˂, ʢʦʿʦʿ ʩʝ ʟʘʭʚʘˀʫʿʝʤ ʥʘ ʧʨʫʞʝʥʠʤ ʩʫʛʝʩʪʠʿʘʤʘ, 

ʩʪʨʫʯʥʠʤ ʧʠʪʘˁʠʤʘ ʠ ʩʘʚʝʪʠʤʘ ʧʨʠʣʠʢʦʤ ʥʦʚʦʛ, ʜʦʜʘʪʥʦʛ ʩʘʛʣʝʜʘʚʘˁʘ ʨʝʟʫʣʪʘʪʘ 

ʠʩʪʨʘʞʠʚʘˁʘ. 

ʇʨʦʬ. ʜʨ ɿʣʘʪʠ ʎʚʝʪʢʦʚʠ˂ ʩʝ ʟʘʭʚʘˀʫʿʝʤ ʥʘ ʠʩʢʨʝʥʦʿ ʧʦʜʨʰʮʠ ʠ ʧʦʤʦ˂ʠ ʫ 

ʣʦʛʠʩʪʠʮʠ. ɳʝʥʘ ʚʠʩʦʢʘ ʤʦʪʠʚʘʮʠʿʘ ʟʘ ʩʘʨʘʜˁʫ, ʦʜ ʩʘʤʦʛ ʧʦʯʝʪʢʘ ʤʦʛ ʥʘʫʯʥʦ-

ʠʩʪʨʘʞʠʚʘʯʢʦʛ ʠʩʢʫʩʪʚʘ ʥʘ ʢʦʥʬʝʨʝʥʮʠʿʘʤʘ ʥʘ ɽʣʝʢʪʨʦʥʩʢʦʤ ʬʘʢʫʣʪʝʪʫ, ʦʙʦʛʘʪʠʣʘ 

ʿʝ ʤʦʿ ʨʘʜ ʟʘ ʿʝʜʥʫ ʥʦʚʫ ʜʠʤʝʥʟʠʿʫ.  

ɺʝʣʠʢʫ ʟʘʭʚʘʣʥʦʩʪ ʠʟʨʘʞʘʚʘʤ ʜʦʮ. ʜʨ ʄʠʦʜʨʘʛʫ ʊʘʩʠ˂ʫ, ʢʦʿʠ ʿʝ ʥʝʩʝʙʠʯʥʦ 

ʠ ʝʬʠʢʘʩʥʦ ʧʦʤʦʛʘʦ ʦʢʦ ʪʝʭʥʠʯʢʠʭ ʧʦʿʝʜʠʥʦʩʪʠ ʧʨʠʣʠʢʦʤ ʧʨʦʮʝʩʘ ʠʩʪʨʘʞʠʚʘˁʘ ʠ 

ʧʫʙʣʠʢʦʚʘˁʘ ʨʝʟʫʣʪʘʪʘ, ʢʘʜʘ ʛʦʜ ʩʝ ʟʘ ʪʠʤ ʫʢʘʟʘʣʘ ʧʦʪʨʝʙʘ.  

ʇʦʩʝʙʥʦ ʩʝ ʟʘʭʚʘˀʫʿʝʤ ʧʨʦʬ. ʜʨ ʄʠʣʘʥʫ ʀʣʠ˂ʫ, ʥʘ ʫʣʦʞʝʥʦʤ ʪʨʫʜʫ ʪʦʢʦʤ 

ʩʘʨʘʜˁʝ ʥʘ ʧʦʯʝʪʢʫ ʤʦʿʠʭ ʜʦʢʪʦʨʩʢʠʭ ʩʪʫʜʠʿʘ, ʜʘ ʫʧʦʪʧʫʥʠʤ ʩʚʦʿʘ ʟʥʘˁʘ ʫ ʜʦʤʝʥʫ 

ʥʫʤʝʨʠʯʢʝ ʝʣʝʢʪʨʦʤʘʛʥʝʪʠʢʝ ʠ ʩʤʝʨʥʠʮʘʤʘ ʧʨʠʣʠʢʦʤ ʨʘʟʚʦʿʘ ʩʦʬʪʚʝʨʘ ʟʘ 

ʧʨʦʨʘʯʫʥ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʭ ʧʦˀʘ. 

ʅʘʿʚʝ˂ʫ ʟʘʭʚʘʣʥʦʩʪ ʜʫʛʫʿʝʤ ʤʦʿʦʿ ʤʘʿʮʠ, ʧʨʦʬ. ʜʨ ɺʝʨʠʮʠ ʄʨʚʠ˂ ʠ ʩʝʩʪʨʠ 

ɱʝʣʝʥʠ ʄʨʚʠ˂, ʤʘʩʪʝʨ ʠʥʞʝˁʝʨʫ ʝʣʝʢʪʨʦʪʝʭʥʠʢʝ ʠ ʨʘʯʫʥʘʨʩʪʚʘ. ʄʘʿʮʠ, ʿʝʨ ʤʠ ʿʝ ʫ 

ʥʘʿʨʘʥʠʿʠʤ ʧʦʯʝʮʠʤʘ ʧʨʠʙʣʠʞʠʣʘ ʠ ʟʘʥʠʤˀʠʚʦ ʧʨʝʜʦʯʠʣʘ ʥʘʫʢʫ ʠ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʠʩʪʨʘʞʠʚʘˁʝ, ʘ ʩʝʩʪʨʠ ʿʝʨ ʿʝ ʧʨʫʞʠʣʘ ʚʝʣʠʢʫ ʪʝʭʥʠʯʢʫ ʧʦʜʨʰʢʫ 

ʠ ʩʫʛʝʩʪʠʿʝ ʪʦʢʦʤ ʠʟʨʘʜʝ ʜʠʩʝʨʪʘʮʠʿʝ ʢʘʜʘ ʛʦʜ ʿʝ ʙʠʣʦ ʧʦʪʨʝʙʥʦ. ʅʘʿʚʘʞʥʠʿʝ, ˁʠʤʘ 

ʜʚʝʤʘ ʭʚʘʣʘ ʥʘ ʙʝʟʫʩʣʦʚʥʦʿ ˀʫʙʘʚʠ, ʦʭʨʘʙʨʝˁʫ ʠ ʧʦʜʨʰʮʠ ʫ ʥʘʤʝʨʠ ʜʘ ʩʝ ʧʦʩʚʝʪʠʤ 

ʜʦʢʪʦʨʘʪʫ, ʙʝʟ ʢʦʿʠʭ ʩʪʚʘʨʘˁʝ ʦʚʝ ʜʠʩʝʨʪʘʮʠʿʝ ʥʝ ʙʠ ʙʠʣʦ ʤʦʛʫ˂ʝ.  
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ʄʘʿʮʠ ɺʝʨʠʮʠ ʠ ʩʝʩʪʨʠ ɱʝʣʝʥʠ 
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ʄʀʂʈʆʊɸʃɸʉʅʀ ʌʀʃʊʈʀ ʅɽʇʈʆʇʋʉʅʀʎʀ ʆʇʉɽɻɸ ʋʏɽʉʊɸʅʆʉʊʀ 

ʋ ɽ- ʀ ʅ-ʈɸɺʅʀ ʇʈɸɺʆʋɻɸʆʅʆɻ ʊɸʃɸʉʆɺʆɼɸ 

 

 

ʈʝʟʠʤʝ 

 

 

ʇʨʝʜʤʝʪ ʧʨʦʫʯʘʚʘˁʘ ʦʚʝ ʜʠʩʝʨʪʘʮʠʿʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʤʠʥʠʿʘʪʫʨʠʟʦʚʘʥʠ 

ʬʠʣʪʨʠ ʥʝʧʨʦʧʫʩʥʠʮʠ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʢʦʿʠ ʢʦʨʠʩʪʝ ʨʝʟʦʥʘʥʪʥʝ ʧʨʝʛʨʘʜʝ ʫ ɽ ʠ 

ʅ-ʨʘʚʥʠ ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ. ʋ ʜʠʩʝʨʪʘʮʠʿʠ ʩʝ ʧʦʣʘʟʠ ʦʜ ʦʩʥʦʚʥʝ ʪʝʦʨʠʿʩʢʝ 

ʧʨʝʪʧʦʩʪʘʚʢʝ, ʜʘ ʩʝ ʫʤʝʪʘˁʝʤ ʰʪʘʤʧʘʥʦʛ ʜʠʩʢʦʥʪʠʥʫʠʪʝʪʘ ʫ ʧʨʘʚʦʫʛʘʦʥʠ 

ʪʘʣʘʩʦʚʦʜ ʤʦʞʝ ʨʝʘʣʠʟʦʚʘʪʠ ʬʠʣʪʘʨ ʥʝʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ. ʋ ʩʢʣʘʜʫ ʩʘ 

ʪʠʤ, ʜʠʩʢʦʥʪʠʥʫʠʪʝʪʠ ʫ ʚʠʜʫ ʰʪʘʤʧʘʥʦʛ ʢʦʣʘ ʩʝ ʧʦʟʠʮʠʦʥʠʨʘʿʫ ʫ ɽ- ʠʣʠ ʫ  

ʅ-ʨʘʚʘʥ ʪʘʣʘʩʦʚʦʜʘ. ɿʘ ʙʘʟʠʯʥʝ ʝʣʝʤʝʥʪʝ ʰʪʘʤʧʘʥʠʭ ʧʨʝʛʨʘʜʘ ʩʫ ʠʟʘʙʨʘʥʠ 

ʯʝʪʚʨʪʪʘʣʘʩʥʠ ʠ ʧʦʣʫʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨʠ. 

ʇʨʝʜʣʦʞʝʥʘ ʪʝʤʘ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ ʠʤʘ ʟʥʘʯʘʿʥʦ ʫʪʝʤʝˀʝˁʝ ʫ ʧʦʛʣʝʜʫ 

ʨʝʰʘʚʘˁʘ ʧʨʦʙʣʝʤʘ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʝ ʤʠʢʨʦʪʘʣʘʩʥʠʭ ʢʦʤʧʦʥʝʥʪʠ ʢʦʿʝ 

ʧʨʝʜʩʪʘʚˀʘʿʫ ʩʘʩʪʘʚʥʠ ʜʝʦ ʢʦʤʫʥʠʢʘʮʠʦʥʠʭ ʩʠʩʪʝʤʘ. ʋʩʣʝʜ ʥʝʧʨʝʢʠʜʥʦʛ ʨʘʟʚʦʿʘ 

ʢʦʤʫʥʠʢʘʮʠʦʥʠʭ ʩʝʨʚʠʩʘ, ʜʦʣʘʟʠ ʜʦ ʧʦʨʘʩʪʘ ʝʢʩʧʣʦʘʪʘʮʠʿʝ ʩʧʝʢʪʨʘ ʛʜʝ ʿʝ ʧʦʪʨʝʙʥʦ 

ʝʬʠʢʘʩʥʦ ʠʟʜʚʦʿʠʪʠ ʢʦʨʠʩʥʠ ʩʠʛʥʘʣ ʦʜ ʰʫʤʘ. ʇʨʝʜʥʦʩʪʠ ʬʠʣʪʘʨʘ, 

ʠʤʧʣʝʤʝʥʪʠʨʘʥʠʭ ʫ ʪʝʭʥʠʮʠ ʪʘʣʘʩʦʚʦʜʘ ʫ ʦʜʥʦʩʫ ʥʘ ʧʣʘʥʘʨʥʝ, ʩʝ ʦʛʣʝʜʘʿʫ ʫ 

ʬʘʢʪʦʨʫ ʜʦʙʨʦʪʝ ʠ ʩʥʘʟʠ, ʘ ʥʝʜʦʩʪʘʮʠ ʫ ʚʝʣʠʯʠʥʠ ʢʦʤʧʦʥʝʥʪʝ. ʆʙʟʠʨʦʤ ʜʘ ʥʘʣʘʟʝ 

ʟʥʘʯʘʿʥʫ ʧʨʠʤʝʥʫ ʫ ʩʠʩʪʝʤʠʤʘ ʛʜʝ ʩʫ ʧʦʪʨʝʙʥʝ ʚʝʣʠʢʝ ʩʥʘʛʝ ʠ ʤʘʣʠ ʛʫʙʠʮʠ, 

ʧʨʦʿʝʢʪʦʚʘˁʝ ʦʚʝ ʢʣʘʩʝ ʬʠʣʪʘʨʘ ʧʨʝʜʩʪʘʚˀʘ ʟʘʭʪʝʚʘʥ ʧʨʦʮʝʩ ʿʝʨ ʤʦʨʘ ʜʘ 

ʠʩʪʦʚʨʝʤʝʥʦ ʟʘʜʦʚʦˀʠ ʚʠʰʝ ʢʨʠʪʝʨʠʿʫʤʘ. 

ʎʠˀ ʠʩʪʨʘʞʠʚʘˁʘ ʿʝ ʫʩʤʝʨʝʥ ʥʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʢʦʤʧʘʢʪʥʠʭ ʪʘʣʘʩʦʚʦʜʥʠʭ 

ʬʠʣʪʘʨʘ ʚʠʰʝʛ ʨʝʜʘ, ʩʘ ʚʠʰʝ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ. ʈʝʟʦʥʘʥʪʥʝ 

ʧʨʝʛʨʘʜʝ ʩʝ ʧʦʩʪʘʚˀʘʿʫ ʫ ɽ- ʠʣʠ ʫ ʅ-ʨʘʚʘʥ ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ. ʋʧʦʨʝʜʦ, 

ʠʩʪʨaʞʠʚʘˁʝ ʩʝ ʙʘʚʠ ʨʘʟʚʦʿʝʤ ʛʝʥʝʨʘʣʠʟʦʚʘʥʠʭ ʝʢʚʠʚʘʣʝʥʪʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʰʝʤʘ 

ʟʘ ʩʚʘʢʠ ʦʜ ʦʚʘ ʜʚʘ ʪʠʧʘ ʬʠʣʪʘʨʘ. ʈʘʟʚʦʿ ʝʢʚʠʚʘʣʝʥʪʥʠʭ ʰʝʤʘ ʿʝ ʩʚʦʿʝʚʨʩʪʘʥ 

ʜʦʧʨʠʥʦʩ ʧʨʦʿʝʢʪʦʚʘˁʫ ʬʠʣʪʘʨʘ, ʦʙʟʠʨʦʤ ʜʘ ʩʝ ʧʦʤʦ˂ʫ ʩʠʤʫʣʘʮʠʿʘ ʢʦʣʘ ʤʦʞʝ 

ʧʨʘʪʠʪʠ ʫʪʠʮʘʿ ʠʟʙʦʨʘ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ ʢʦʣʘ ʥʘ ʦʜʟʠʚ ʬʠʣʪʨʘ, ʯʠʤʝ ʩʝ 
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ʦʤʦʛʫ˂ʘʚʘ ʦʧʪʠʤʠʟʘʮʠʿʘ ʬʠʣʪʨʘ ʘ ʜʘ ʧʨʠʪʦʤ ʩʠʤʫʣʘʮʠʿʝ ʥʠʩʫ ʚʨʝʤʝʥʩʢʠ ʠ 

ʨʘʯʫʥʘʨʩʢʠ ʟʘʭʪʝʚʥʝ ʢʘʦ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʝ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʝ ʩʠʤʫʣʘʮʠʿʝ. 

ʇʨʠʣʠʢʦʤ ʨʘʟʚʦʿʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ, ʧʦʩʝʙʘʥ ʥʘʛʣʘʩʘʢ ʿʝ ʩʪʘʚˀʝʥ ʥʘ ʤʦʜʝʣʦʚʘˁʝ 

ʩʧʨʝʛʥʫʪʠʭ ʨʝʟʦʥʘʪʦʨʘ ʠ ʩʠʤʙʦʣʠʯʢʦ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʩʧʨʝʛʝ. 

ʅʘʫʯʥʠ ʜʦʧʨʠʥʦʩ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ ʩʫ ʥʦʚʠ ʤʝʪʦʜʠ ʧʨʦʿʝʢʪʦʚʘˁʘ 

ʢʦʤʧʘʢʪʥʠʭ ʤʠʢʨʦʪʘʣʘʩʥʠʭ ʬʠʣʪʘʨʘ ʚʠʰʝʛ ʨʝʜʘ ʩʘ ʚʠʰʝ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ ʩʘ ʰʪʘʤʧʘʥʠʤ ʨʝʟʦʥʘʥʪʥʠʤ ʧʨʝʛʨʘʜʘʤʘ ʧʦʩʪʘʚˀʝʥʠʤ ʫ ɽ-ʨʘʚʥʠ ʠʣʠ  

ʅ-ʨʘʚʥʠ ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ. ʆʢʦʩʥʠʮʘ ʧʨʝʜʣʦʞʝʥʦʛ ʤʝʪʦʜʘ ʧʨʦʿʝʢʪʦʚʘˁʘ 

ʬʠʣʪʘʨʘ ʩʘ ʚʠʰʝ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ ʿʝ ʯʠˁʝʥʠʮʘ ʜʘ ʥʝ ʧʦʩʪʦʿʠ ʥʝʞʝˀʝʥʘ ʩʧʨʝʛʘ 

ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ ʢʦʿʠ ʫʯʝʩʪʚʫʿʫ ʫ ʨʝʘʣʠʟʘʮʠʿʠ ʩʧʝʮʠʬʠʮʠʨʘʥʠʭ ʦʧʩʝʛʘ. ʆʩʥʦʚʥʠ 

ʢʦʥʮʝʧʪ ʧʦʩʪʠʟʘˁʘ ʢʦʤʧʘʢʪʥʦʩʪʠ ʿʝ ʤʝʘʥʜʨʠʨʘˁʝ ʰʪʘʤʧʘʥʠʭ ʚʦʜʦʚʘ ʨʝʟʦʥʘʪʦʨʘ ʫ 

ʮʠˀʫ ʩʤʘˁʝˁʘ ʧʦʚʨʰʠʥʝ ʢʦʿʫ ʟʘʫʟʠʤʘʿʫ ʥʘ ʜʠʝʣʝʢʪʨʠʯʥʦʤ ʥʦʩʘʯʫ. ʋ ʧʦʛʣʝʜʫ 

ʧʦʩʪʠʟʘˁʘ ʢʦʤʧʘʢʪʥʦʩʪʠ ʬʠʣʪʘʨʘ, ʚʠʰʝʛ ʨʝʜʘ ʩʘ ʚʠʰʝ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ, 

ʪʝʭʥʠʢʝ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʝ ʩʝ ʧʨʠʤʝˁʫʿʫ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʨʘʚʥʠ ʫ ʢʦʿʦʿ ʩʝ ʧʨʝʛʨʘʜʘ 

ʧʦʟʠʮʠʦʥʠʨʘ. ʋ ʮʠˀʫ ʩʤʘˁʝˁʘ ʜʫʞʠʥʝ ʬʠʣʪʨʘ, ʩʘ ʧʨʝʛʨʘʜʦʤ ʫ ʅ-ʨʘʚʥʠ 

ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ, ʧʨʝʜʣʘʞʝ ʩʝ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʘ ʠʥʚʝʨʪʦʨʘ. ʇʨʝʜʩʪʘʚˀʝʥʝ 

ʢʦʤʧʘʢʪʥʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʢʘʨʘʢʪʝʨʠʰy ʩʝ ʥʝʟʘʚʠʩʥʦʤ ʢʦʥʪʨʦʣʦʤ ʩʚʘʢʦʛ ʦʜ 

ʧʨʦʿʝʢʪʦʚʘʥʠʭ ʦʧʩʝʛʘ. ʋʧʦʨʝʜʥʘ ʘʥʘʣʠʟʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʨʝʜʣʦʞʝʥʠʭ ʥʦʚʠʭ 

ʨʝʘʣʠʟʘʮʠʿʘ ʩʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ ʨʝʰʝˁʘ ʦʙʿʘʚˀʝʥʠʭ ʫ ʣʠʪʝʨʘʪʫʨʠ ʧʨʝʜʩʪʘʚˀʘ 

ʟʥʘʯʘʿʘʥ ʜʝʦ ʦʚʝ ʜʠʩʝʨʪʘʮʠʿʝ, ʥʝʧʦʩʨʝʜʥʦ ʠʣʫʩʪʨʫʿʫ˂ʠ ˁʝʥ ʜʦʧʨʠʥʦʩ. 

ɼʦʜʘʪʥʠ ʜʦʧʨʠʥʦʩ ʩʝ ʦʛʣʝʜʘ ʫ ʫʥʘʧʨʝʹʝˁʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʬʠʣʪʘʨʘ 

ʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ. ʊʨʘʜʠʮʠʦʥʘʣʥʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʘ ʢʦʿʘ ʢʦʨʠʩʪʠ 

ʩʧʨʝʛʥʫʪʝ ʧʦʣʫʪʘʣʘʩʥʝ ʨʝʟʦʥʘʪʦʨʝ ʿʝ ʟʥʘʯʘʿʥʦ ʧʦʙʦˀʰʘʥʘ ʫʧʦʪʨʝʙʦʤ ʜʦʜʘʪʥʠʭ 

ʯʝʪʚʨʪʪʘʣʘʩʥʠʭ ʨʝʟʦʥʘʪʦʨʘ. ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʪʦʛʘ ʜʘ ʣʠ ʿʝ ʨʝʟʦʥʘʥʪʥʘ ʫʯʝʩʪʘʥʦʩʪ 

ʯʝʪʚʨʪʪʘʣʘʩʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʧʦʜʝʰʝʥʘ ʥʘ ʚʨʝʜʥʦʩʪ ʠʟ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʬʠʣʪʨʘ ʠʣʠ 

ʚʘʥ ˁʝʛʘ, ʤʦʛʫ˂ʝ ʦʩʪʚʘʨʠʪʠ ʨʘʟʣʠʯʠʪʝ ʬʫʥʢʮʠʦʥʘʣʥʦʩʪʠ ï ʙʦˀʝ ʧʦʪʠʩʢʠʚʘˁʝ ʫ 

ʥʝʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ ʬʠʣʪʨʘ ʠ ʧʦʜʝʣʫ ʰʠʨʦʢʦʛ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʥʘ ʫʞʝ ʧʦʜʦʧʩʝʛʝ. 

 

ʂˀʫʯʥʝ ʨʝʯʠ: ʤʠʢʨʦʪʘʣʘʩʥʠ ʬʠʣʪʨʠ, ʪʘʣʘʩʦʚʦʜʥʠ ʬʠʣʪʘʨ, ʯʝʪʚʨʪʪʘʣʘʩʥʠ 

ʨʝʟʦʥʘʪʦʨ, ʧʦʣʫʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨ, ʝʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ, ʩʧʨʝʛʥʫʪʠ ʨʝʟʦʥʘʪʦʨʠ, 

ʬʠʣʪʨʠ ʥʝʧʨʦʧʫʩʥʠʮʠ ʦʧʩʝʛʘ, ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʘ 
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MICROWAVE BANDSTOP FILTERS USING RESONANT INSERTS PLACED IN ╔-

PLANE AND ╗-PLANE OF WAVEGUIDE  

 

 

Abstract 

 

 

The scope of the study of the dissertation are miniaturized bandstop filters based 

on resonant inserts placed within E-plane or H-plane of rectangular waveguides. Starting 

point is the hypothesis that bandstop filter can be designed by placing discontinuities 

within rectangular waveguide. Accordingly, printed-circuit inserts are positioned in E-

plane or H-plane of waveguide. Quarter-wave resonators and half-wave resonator are 

chosen as fundamental elements of considered inserts. 

The topic of the dissertation has solid foundation in miniaturization of microwave 

components problem solving. Since the rapidly developing communications services, 

frequency spectrum is extensively exploited imposing efficient filtering as a requirement, 

so useful signals are distinguished from noise and unwanted frequency components. The 

advantages of the waveguide filters compared to planar filters are in quality factor and 

power handling capability, and major disadvantage is the size of the waveguide 

component. Being core devices in systems where low losses and high power levers are 

required, waveguide filter design is demanding process since several criteria should be 

satisfied. 

The aim of the research is focused towards compact waveguide high order filter 

design with multiple stopbands. Resonating inserts are positioned in E-plane or H-plane 

of rectangular waveguide. Simultaneously, the research is oriented towards the 

development of generalized equivalent electrical circuit of the multiband bandstop filter. 

Development of the equivalent electrical circuit represents contribution intended for fast 

filter design since circuit simulations provide insight how circuit parameters affect filter 

response thus enhancing filter optimization, while simulations are not time and memory 

consuming as three-dimensional electromagnetic simulations. The main focus is towards 

the modelling of coupled resonators and symbolic analysis of coupling parameters. 

The scientific contribution of the dissertation are novel design methods for 

compact microwave higher order E-plane or H-plane waveguide filters with multiple 
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independently controlled stopbands. The core of the proposed method for design compact 

higher order filter are multiple stopbands that are independently tuned, since there is no 

unwanted coupling between resonators intended for different stopbands. The concept 

behind miniaturization relies on the technique of segmentation of straight-line resonator 

strip based on folding, so that resonator occupies the smallest possible area. Several 

miniaturization techniques are considered regarding compactness of higher order filter 

with multiple stopbands. They extend the basic concept and are applied in accordance 

with the type of the filter to be implemented, whether it is E-plane or H-plane filter. With 

the aim of reducing the length of the H-plane filter, strategy of inverter miniaturization 

based on replacement of the conventional quarter-wave inverter by the shorter one is 

presented. Presented compact solutions feature flexible control of specified stopbands. 

Comparative analysis of proposed solutions and corresponding filters found in literature 

is conducted and exposed.  

Additional contribution is made regarding E-plane bandpass waveguide filter 

design. Traditional implementation which use coupled half-wave resonators is 

outperformed by using quarter-wave resonators that exhibit bandstop characteristics. 

Depending whether the resonant frequency of the quarter-wave resonator is located within 

passband or stopband of the bandpass filter, it is possible to achieve different 

functionalities ï advanced stopband attenuation and division of wide band to narrow sub-

bands. 

 

Keywords: microwave filters, waveguide filter, quarter-wave resonator, half-

wave resonator, equivalent network, coupled resonators, bandstop filters, miniaturization 
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ʄʠʢʨʦʪʘʣʘʩʥʠ ʬʠʣʪʨʠ ʥʝʧʨʦʧʫʩʥʠʮʠ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʩʘ ʨʝʟʦʥʘʥʪʥʠʤ ʧʨʝʛʨʘʜʘʤʘ ʫ ɽ ʠ ʅ-ʨʘʚʥʠ ʪʘʣʘʩʦʚʦʜʘ 

Mʘʨʠʿʘ ɺ. ʄʨʚʠ˂, ʜʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ 

 

1 

 

1 ʋʚʦʜ 

 

 

ʅʝʧʨʝʢʠʜʥʠ ʨʘʟʚʦʿ ʠʥʬʦʨʤʘʮʠʦʥʦ-ʢʦʤʫʥʠʢʘʮʠʦʥʠʭ ʪʝʭʥʦʣʦʛʠʿʘ, ʧʦʩʪʘʚˀʘ 

ʥʦʚʝ ʟʘʭʪʝʚʝ ʧʨʠ ʧʨʦʿʝʢʪʦʚʘˁʫ ʢʦʤʧʦʥʝʥʪʠ ʢʦʿʝ ʩʫ ʠʥʪʝʛʨʘʣʥʠ ʜʝʣʦʚʠ ʩʠʩʪʝʤʘ ʢʦʿʠ 

ʨʘʜʝ ʥʘ ʈʌ ʠ ʤʠʢʨʦʪʘʣʘʩʥʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ. ʈʌ ʠ ʤʠʢʨʦʪʘʣʘʩʥʘ ʪʝʭʥʠʢʘ ʿʝ 

ʫʩʤʝʨʝʥʘ ʧʨʝʤʘ ʩʢʣʦʧʦʚʠʤʘ ʢʦʿʠ ʨʘʜʝ ʫ ʦʧʩʝʛʫ ʫʯʝʩʪʘʥʦʩʪʠ 300 MHz ʜʦ 300 GHz, 

ʘ ʧʨʦʿʝʢʪʦʚʘʥʠ ʩʫ ʟʘ ʧʦʪʨʝʙʝ ʤʦʙʠʣʥʠʭ ʩʠʩʪʝʤʘ, ʟʝʤʘˀʩʢʠʭ ʠ ʩʘʪʝʣʠʪʩʢʠʭ 

ʪʝʣʝʢʦʤʫʥʠʢʘʮʠʿʘ, ʨʘʜʠʦʥʘʚʠʛʘʮʠʿʝ ʠ ʨʘʜʘʨʩʢʝ ʪʝʭʥʠʢʝ. ʊʘʢʦʹʝ, ʥʘʣʘʟʠ ʧʨʠʤʝʥʫ ʫ 

ʩʠʩʪʝʤʠʤʘ ʟʘ ʥʘʜʟʦʨ ʠ ʢʦʥʪʨʦʣʫ ʠ ʩʠʩʪʝʤʠʤʘ ʠʥʩʪʨʫʤʝʥʪʘʮʠʿʝ. ɿʘ ʩʠʩʪʝʤʝ ʢʦʿʠ ʨʘʜʝ 

ʥʘ ʤʠʢʨʦʪʘʣʘʩʥʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ, ʦʜ ʚʝʣʠʢʝ ʿʝ ʚʘʞʥʦʩʪʠ ʜʘ ʩʝ ʦʙʝʟʙʝʜʠ ʧʨʝʥʦʩ 

ʩʘʤʦ ʞʝˀʝʥʠʭ ʩʠʛʥʘʣʘ, ʘ ʜʘ ʩʝ ʧʨʠ ʪʦʤ ʧʘʨʘʟʠʪʥʠ ʝʬʝʢʪʠ ʧʦʪʠʩʥʫ, ʢʦʿʠ ʤʦʛʫ ʙʠʪʠ 

ʧʦʩʣʝʜʠʮʘ ʧʦʿʘʚʝ ʰʫʤʘ ʠʣʠ ʥʝʞʝˀʝʥʠʭ ʩʧʝʢʪʨʘʣʥʠʭ ʢʦʤʧʦʥʝʥʪʠ. ʀʟ ʪʦʛ ʨʘʟʣʦʛʘ, 

ʬʠʣʪʨʠ ʯʠʥʝ ʥʝʠʟʦʩʪʘʚʥʝ ʢʦʤʧʦʥʝʥʪʝ ʢʦʤʫʥʠʢʘʮʠʦʥʠʭ ʩʠʩʪʝʤʘ. 

Eʣʝʢʪʨʠʯʥʠ ʬʠʣʪʨʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʩʝʣʝʢʪʠʚʥʝ ʤʨʝʞʝ ʩʘ ʜʚʘ 

ʠʣʠ ʚʠʰʝ ʧʨʠʩʪʫʧʘ, ʢʦʿʠ ʠʟʜʚʘʿʘʿʫ ʦʜʨʝʹʝʥʝ ʬʨʝʢʚʝʥʮʠʿʩʢʝ ʢʦʤʧʦʥʝʥʪʝ ʩʠʛʥʘʣʘ, 

ʜʦʢ ʜʨʫʛʝ ʩʣʘʙʝ. ɿʘ ʬʠʣʪʨʝ ʩʝ ʜʝʬʠʥʠʰʝ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ, ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘ ʦʧʩʝʛ 

ʫʯʝʩʪʘʥʦʩʪʠ ʟʘ ʢʦʿʠ ʩʝ ʢʦʤʧʦʥʝʥʪʝ ʩʠʛʥʘʣʘ ʧʨʦʧʫʰʪʘʿʫ ʩʘ ʤʠʥʠʤʘʣʥʠʤ 

ʜʦʟʚʦˀʝʥʠʤ ʩʣʘʙˀʝˁʝʤ. ʅʘʩʫʧʨʦʪ ʪʦʤʝ, ʥʝʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʬʠʣʪʨʘ je ʦʧʩʝʛ 

ʫʯʝʩʪʘʥʦʩʪʠ ʫ ʢʦʤʝ ʩʝ ʢʦʤʧʦʥʝʥʪʝ ʩʠʛʥʘʣʘ ʧʦʪʠʩʢʫʿʫ ʩʘ ʩʧʝʮʠʬʠʮʠʨʘʥʦʤ 

ʚʨʝʜʥʦʰ˂ʫ ʩʣʘʙˀʝˁʘ. ʇʨʝʣʘʟʥʘ ʦʙʣʘʩʪ ʬʠʣʪʨʘ ʧʦʜʨʘʟʫʤʝʚʘ ʦʧʩʝʛ ʫʯʝʩʪʘʥʦʩʪʠ 

ʠʟʤʝʹʫ ʧʨʦʧʫʩʥʦʛ ʠ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ. 

ʇʨʦʿʝʢʪʦʚʘˁʝ ʤʠʢʨʦʪʘʣʘʩʥʠʭ ʬʠʣʪʘʨʘ ʿʝ ʧʨʝʜʤʝʪ ʧʨʦʫʯʘʚʘˁʘ ʚʝʣʠʢʦʛ ʙʨʦʿʘ 

ʠʩʪʨʘʞʠʚʘˁʘ ʠ ʧʨʝʜʩʪʘʚˀʘ ʩʚʝʦʙʫʭʚʘʪʘʥ ʧʦʩʪʫʧʘʢ ʠʟʣʦʞʝʥ ʫ [Luto2002; 

Hong2011]. ʇʦʩʪʫʧʘʢ ʧʨʦʿʝʢʪʦʚʘˁʘ ʪʨʝʙʘ ʜʘ ʟʘʜʦʚʦˀʠ ʟʘʭʪʝʚʝ ʩʧʝʮʠʬʠʢʘʮʠʿʝ, ʢʘʦ 

ʰʪʦ ʩʫ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʘ, ʰʪʦ ʿʝʜʥʦʩʪʘʚʥʠʿʠ ʧʦʩʪʫʧʘʢ ʬʘʙʨʠʢʘʮʠʿʝ ʠ ʥʠʩʢʘ ʮʝʥʘ 

ʢʦʤʧʦʥʝʥʪʝ. ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʧʨʠʤʝʥʝ, ʧʣʘʥʘʨʥʘ ʠ ʪʘʣʘʩʦʚʦʜʥʘ ʪʝʭʥʠʢʘ ʩʫ 

ʥʘʿʟʘʩʪʫʧˀʝʥʠʿʝ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʤʠʢʨʦʪʘʣʘʩʥʠʭ ʬʠʣʪʘʨʘ. ʇʨʝʜʥʦʩʪʠ ʬʠʣʪʘʨʘ 

ʠʤʧʣʝʤʝʥʪʠʨʘʥʠʭ ʫ ʪʝʭʥʠʮʠ ʪʘʣʘʩʦʚʦʜʘ, ʫ ʦʜʥʦʩʫ ʥʘ ʧʣʘʥʘʨʥʝ, ʩʝ ʦʛʣʝʜʘʿʫ ʫ ʟʥʘʪʥʦ 

ʚʝ˂ʝʤ ʬʘʢʪʦʨʫ ʜʦʙʨʦʪʝ ʠ ʩʥʘʟʠ ʢʦʿʘ ʩʝ ʤʦʞʝ ʧʨʝʥʝʪʠ, ʘ ʥʝʜʦʩʪʘʮʠ ʫ ʚʝʣʠʯʠʥʠ 

ʟʘʫʟʝ˂ʘ ʢʦʤʧʦʥʝʥʪʝ [Cam2007]. 

ʊʘʣʘʩʦʚʦʜʥʠ ʬʠʣʪʨʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʧʦʩʝʙʥʫ ʢʣʘʩa ʤʠʢʨʦʪʘʣʘʩʥʠʭ ʬʠʣʪʘʨʘ 

ʯʠʿʠ ʩʝ ʨʘʜ ʟʘʩʥʠʚʘ ʥʘ ʧʨʠʥʮʠʧʫ ʫʙʘʮʠʚʘˁʘ ʜʠʩʢʦʥʪʠʥʫʠʪʝʪʘ ʫ ʪʘʣʘʩʦʚʦʜ. 
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ʉʫʰʪʠʥʩʢʠ, ʪʘʣʘʩʦʚʦʜʠ ʩʫ ʩʠʩʪʝʤʠ ʟʘ ʚʦʹʝˁʝ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʭ ʪʘʣʘʩʘ ʫ ʦʙʣʠʢʫ 

ʰʫʧˀʝ ʤʝʪʘʣʥʝ ʮʝʚʠ ʢʦʿʝ ʤʦʛʫ ʠʤʘʪʠ ʧʨʘʚʦʫʛʘʦʥʠ, ʢʨʫʞʥʠ ʠʣʠ ʝʣʠʧʩʦʠʜʥʠ 

ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʢ. ɽʣʝʢʪʨʦʤʘʛʥʝʪʩʢʘ ʝʥʝʨʛʠʿʘ ʿʝ ʦʛʨʘʥʠʯʝʥʘ ʫʥʫʪʘʨ ʪʘʣʘʩʦʚʦʜʘ. 

Tʘʣʘʩʦʚʦʜʥe ʢʦʤʧʦʥʝʥʪe ʩʫ ʟʥʘʯʘʿʥʠ ʝʣʝʤʝʥʪʠ ʩʠʩʪʝʤʘ ʢʦʜ ʢʦʿʠʭ ʿʝ ʧʦʪʨʝʙʥʦ 

ʦʙʝʟʙʝʜʠʪʠ ʧʨʝʥʦʩ ʚʝʣʠʢʝ ʩʥʘʛʝ, ʩʘ ʥʝʜʦʩʪʘʪʢʦʤ ʜʘ ʢʦʤʧʦʥʝʥʪʝ ʢʦʿʝ ʩʫ 

ʧʨʦʿʝʢʪʦʚʘʥʝ ʟʘ ʨʘʜ ʥʘ ʥʠʞʠʤ ʤʠʢʨʦʪʘʣʘʩʥʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ ʠʤʘʿʫ ʚʝʣʠʢʝ 

ʜʠʤʝʥʟʠʿʝ. 

ʇʨʦʿʝʢʪʦʚʘˁʝ ʪʘʣʘʩʦʚʦʜʥʠʭ ʬʠʣʪʘʨʘ ʧʨʝʜʩʪʘʚˀʘ ʢʦʤʧʣʝʢʩʘʥ ʟʘʜʘʪʘʢ, ʿʝʨ ʠʤʘ 

ʟʘ ʮʠˀ ʜʘ ʧʨʦʿʝʢʪʦʚʘʥʠ ʬʠʣʪʘʨ ʦʜʣʠʢʫʿʫ ʤʘʣʝ ʜʠʤʝʥʟʠʿʝ ʠ ʩʧʝʮʠʬʠʮʠʨʘʥʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ. ʆʙʟʠʨʦʤ ʜʘ ʿʝ ʚʝʣʠʯʠʥʘ ʬʠʣʪʨʘ, ʧʨʝ ʩʚʝʛʘ ʫʩʣʦʚˀʝʥʘ ʚʝʣʠʯʠʥʦʤ 

ʪʘʣʘʩʦʚʦʜʘ, ʧʦʩʪʫʧʘʢ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʝ ʧʨʘʚʦʫʛʘʦʥʠʭ ʪʘʣʘʩʦʚʦʜʘ ʿʝ ʠ ʜʘˀʝ 

ʘʢʪʫʝʣʥʘ ʪʝʤʘ. 

ʊʨʘʜʠʮʠʦʥʘʣʥʠ ʧʦʩʪʫʧʘʢ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʝ ʪʘʣʘʩʦʚʦʜʘ ʧʦʜʨʘʟʫʤʝʚʘ 

ʠʩʧʫˁʘʚʘˁʝ ʪʘʣʘʩʦʚʦʜʥʝ ʰʫʧˀʠʥʝ ʜʠʝʣʝʢʪʨʠʢʦʤ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʦʤʦʛʫ˂ʘʚʘ 

ʩʤʘˁʝˁʝ ʚʝʣʠʯʠʥʝ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʩʘ ʢʦʝʬʠʮʠʿʝʥʪʦʤ 1ЍŮrϳ  (Ůr ʿʝ ʨʝʣʘʪʠʚʥʘ 

ʧʝʨʤʠʪʠʚʥʦʩʪ ʜʠʝʣʝʢʪʨʠʢʘ), ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʥʝʠʩʧʫˁʝʥʠʤ ʪʘʣʘʩʦʚʦʜʦʤ. ʅʝʜʦʩʪʘʪʘʢ 

ʦʚʦʛ ʧʦʩʪʫʧʢʘ ʩʝ ʤʘʥʠʬʝʩʪʫʿʝ ʫ ʧʦʚʝ˂ʘˁʫ ʮʝʥʝ ʢʦʤʧʦʥʝʥʪʝ ʠ ʛʫʙʠʪʘʢʘ ʢʦʿʠ ʩʫ 

ʧʦʩʣʝʜʠʮʘ ʜʠʝʣʝʢʪʨʠʢʘ. 

ɸʣʪʝʨʥʘʪʠʚʥʠ ʧʨʠʩʪʫʧ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʠ ʧʦʜʨʘʟʫʤʝʚʘ ʥʘʣʘʞʝˁʝ ʦʧʪʠʤʘʣʥʠʭ 

ʛʝʦʤʝʪʨʠʿʩʢʠʭ ʦʙʣʠʢʘ ʨʝʟʦʥʘʪʦʨʘ ʠ ʧʣʘʥʘʨʥʠʭ ʧʨʝʛʨʘʜʘ ʫ ʧʦʛʣʝʜʫ ʦʩʪʚʘʨʠʚʘˁʘ 

ʢʦʤʧʘʢʪʥʦʩʪʠ. ʊʘʢʦʹʝ, ʠʤʧʣʝʤʝʥʪʘʮʠʿʘ ʰʪʘʤʧʘʥʠʭ ʧʨʝʛʨʘʜʘ ʥʘ ʩʫʧʩʪʨʘʪʫ ʢʦʿʠ ʠʤʘ 

ʚʝ˂ʫ ʚʨʝʜʥʦʩʪ ʜʠʝʣʝʢʪʨʠʯʥʝ ʢʦʥʩʪʘʥʪʝ ʦʤʦʛʫ˂ʘʚʘ ʚʝ˂ʫ ʢʦʤʧʘʢʪʥʦʩʪ. 

ʇʨʝʜʤʝʪ ʧʨʦʫʯʘʚʘˁʘ ʦʚʝ ʜʠʩʝʨʪʘʮʠʿʝ ʩʫ ʬʠʣʪʨʠ ʥʝʧʨʦʧʫʩʥʠʮʠ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ ʢʦʿʠ ʧʨʠʤʝˁʫʿʫ ʨʝʟʦʥʘʥʪʥʝ ʧʨʝʛʨʘʜʝ ʫ ɽ- ʠ ʅ-ʨʘʚʥʠ ʧʨʘʚʦʫʛʘʦʥʦʛ 

ʪʘʣʘʩʦʚʦʜʘ. ʋ ʜʠʩʝʨʪʘʮʠʿʠ ʩʝ ʧʦʣʘʟʠ ʦʜ ʦʩʥʦʚʥʝ ʪʝʦʨʠʿʩʢʝ ʧʨʝʪʧʦʩʪʘʚʢʝ, ʜʘ ʩʝ 

ʫʤʝʪʘˁʝʤ ʜʠʩʢʦʥʪʠʥʫʠʪʝʪʘ ʫ ʧʨʘʚʦʫʛʘʦʥʠ ʪʘʣʘʩʦʚʦʜ ʤʦʞʝ ʨʝʘʣʠʟʦʚʘʪʠ ʬʠʣʪʘʨ 

ʥʝʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ. ʋ ʩʢʣʘʜʫ ʩʘ ʪʠʤ, ʜʠʩʢʦʥʪʠʥʫʠʪʝʪʠ ʫ ʚʠʜʫ 

ʰʪʘʤʧʘʥʦʛ ʢʦʣʘ ʩʝ ʧʦʩʪʘʚˀʘʿʫ ʫ ɽ- ʠʣʠ ʫ ʅ-ʨʘʚʘʥ ʪʘʣʘʩʦʚʦʜʘ. ɹʘʟʠʯʥʠ ʝʣʝʤʝʥʪʠ 

ʰʪʘʤʧʘʥʠʭ ʧʨʝʛʨʘʜʘ ʢʦʿʝ ʩʝ ʧʨʦʿʝʢʪʫʿʫ ʩʫ ʯʝʪʚʨʪʪʘʣʘʩʥʠ ʠ ʧʦʣʫʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨʠ. 

ʎʠˀ ʠʩʪʨʘʞʠʚʘˁʘ ʿʝ ʫʩʤʝʨʝʥ ʥʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʢʦʤʧʘʢʪʥʠʭ ʬʠʣʪʘʨʘ ʚʠʰʝʛ 

ʨʝʜʘ ʩʘ ʚʠʰʝ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʩʘ ʧʨʝʛʨʘʜʘʤʘ ʫ ɽ- ʠʣʠ ʫ ʅ-ʨʘʚʥʠ 

ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ. ʀʩʪʦʚʨʝʤʝʥʦ, ʠʩʪʨʘʞʠʚʘˁʝ ʩʝ ʙʘʚʠ ʨʘʟʚʦʿʝʤ 
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ʛʝʥʝʨʘʣʠʟʦʚʘʥʠʭ ʝʢʚʠʚʘʣʝʥʪʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʰʝʤʘ ʟʘ ʩʚʘʢʠ ʦʜ ʦʚʘ ʜʚʘ ʪʠʧʘ 

ʬʠʣʪʘʨʘ. ʈʘʟʚʦʿ ʝʢʚʠʚʘʣʝʥʪʥʠʭ ʰʝʤʘ ʿʝ ʩʚʦʿʝʚʨʩʪʘʥ ʜʦʧʨʠʥʦʩ ʧʨʦʿʝʢʪʦʚʘˁʫ 

ʬʠʣʪʘʨʘ. ʆʙʟʠʨʦʤ ʜʘ ʩʝ ʧʦʤʦ˂ʫ ʩʠʤʫʣʘʮʠʿʘ ʥʘ ʥʠʚʦʫ ʢʦʣʘ ʤʦʞʝ ʪʨʝʥʫʪʥʦ 

ʘʥʘʣʠʟʠʨʘʪʠ ʫʪʠʮʘʿ ʧʨʦʤʝʥʝ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ ʥʘ ʦʜʟʠʚ ʬʠʣʪʨʘ, ʪʦ ʦʤʦʛʫ˂ʘʚʘ 

ʦʧʪʠʤʠʟʘʮʠʿʫ ʬʠʣʪʨʘ ʥʘ ʥʠʚʦʫ ʢʦʣʘ ʿʝʨ ʩʠʤʫʣʘʮʠʿʝ ʥʠʩʫ ʚʨʝʤʝʥʩʢʠ ʠ ʨʘʯʫʥʘʨʩʢʠ 

ʟʘʭʪʝʚʥʝ ʢʘʦ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʝ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʝ ʩʠʤʫʣʘʮʠʿʝ. ʇʨʦʿʝʢʪʦʚʘʥʠ 

ʤʠʢʨʦʪʘʣʘʩʥʠ ʬʠʣʪʨʠ ʪʨʝʙʘ ʜʘ ʠʤʘʿʫ ʚʝ˂ʫ ʢʦʤʧʘʢʪʥʦʩʪ ʠ ʙʦˀʝ ʧʝʨʬʦʨʤʘʥʩʝ ʥʝʛʦ 

ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʬʠʣʪʨʠ ʧʨʠʢʘʟʘʥʠ ʫ ʜʦʩʪʫʧʥʦʿ ʣʠʪʝʨʘʪʫʨʠ. 

ʆʩʥʦʚʥʠ ʢʦʥʮʝʧʪ ʧʦʩʪʠʟʘˁʘ ʢʦʤʧʘʢʪʥʦʩʪʠ ʿʝ ʤʝʘʥʜʨʠʨʘˁʝ ʰʪʘʤʧʘʥʠʭ 

ʚʦʜʦʚʘ ʨʝʟʦʥʘʪʦʨʘ ʫ ʮʠˀʫ ʩʤʘˁʝˁʘ ʧʦʚʨʰʠʥʝ ʢʦʿʫ ʟʘʫʟʠʤʘʿʫ ʥʘ ʜʠʝʣʝʢʪʨʠʯʥʦʤ 

ʥʦʩʘʯʫ. ʋ ʧʦʛʣʝʜʫ ʧʦʩʪʠʟʘˁʘ ʢʦʤʧʘʢʪʥʦʩʪʠ ʬʠʣʪʘʨʘ, ʚʠʰʝʛ ʨʝʜʘ ʩʘ ʚʠʰʝ 

ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ, ʪʝʭʥʠʢʝ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʝ ʩʝ ʧʨʠʤʝˁʫʿʫ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ 

ʨʘʚʥʠ ʫ ʢʦʿʦʿ ʩʝ ʧʨʝʛʨʘʜʘ ʧʦʟʠʮʠʦʥʠʨʘ. ʋ ʮʠˀʫ ʩʤʘˁʝˁʘ ʜʫʞʠʥʝ ʬʠʣʪʨʘ, ʩʘ 

ʧʨʝʛʨʘʜʦʤ ʫ ʅ-ʨʘʚʥʠ ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ, ʧʨʝʜʣʘʞʝ ʩʝ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʘ 

ʠʥʚʝʨʪʦʨʘ. 

ʂʦʜ ʬʠʣʪʘʨʘ ʩʘ ʚʠʰʝ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ, ʢʦʿʠ ʧʨʠʤʝˁʫʿʫ ʧʨʝʛʨʘʜʫ ʫ ɽ-ʨʘʚʥʠ 

ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ, ʨʘʟʤʘʪʨʘ ʩʝ ʦʧʪʠʤʘʣʥʘ ʨʝʘʣʠʟʘʮʠʿʘ ʧʨʝʛʨʘʜʝ ʪʘʢʦ ʜʘ ʥʝ 

ʧʦʩʪʦʿʠ ʥʝʞʝˀʝʥʘ ʩʧʨʝʛʘ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ ʢʦʿʠ ʫʯʝʩʪʚʫʿʫ ʫ ʨʝʘʣʠʟʘʮʠʿʠ 

ʩʧʝʮʠʬʠʮʠʨʘʥʠʭ ʦʧʩʝʛʘ ʬʠʣʪʘʨʘ, ʘ ʜʘ ʿʝ ʫʟ ʪʦ ʟʘʜʦʚʦˀʝʥ ʫʩʣʦʚ ʢʦʤʧʘʢʪʥʦʩʪʠ. 

ʂʦʜ ʬʠʣʪʘʨʘ ʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʩʘ ʧʨʝʛʨʘʜʘʤʘ ʫ ɽ-ʨʘʚʥʠ, ʦʯʝʢʫʿʝ 

ʩʝ ʜʘ ʩʝ ʢʦʨʠʰ˂ʝˁʝʤ ʜʦʜʘʪʥʠʭ ʯʝʪʚʨʪʪʘʣʘʩʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʦʩʪʚʘʨʠ ʞʝˀʝʥʘ 

ʩʝʣʝʢʪʠʚʥʦʩʪ ʬʠʣʪʨʘ ʠʣʠ ʧʦʜʝʣʠ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʬʠʣʪʨʘ. ɼʦʜʘʪʥʠ ʨʝʟʦʥʘʪʦʨʠ 

ʠʤʘʿʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʫ ʥʝʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ. ʋ ʩʣʫʯʘʿʫ ʜʘ ʩʝ 

ʨʝʟʦʥʘʥʪʥʘ ʫʯʝʩʪʘʥʦʩʪ ʜʦʜʘʪʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʥʘʣʘʟʠ ʚʘʥ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ, ʤʦʛʫ˂ʝ ʿʝ 

ʦʩʪʚʘʨʠʪʠ ʙʦˀʫ ʩʝʣʝʢʪʠʚʥʦʩʪ ʬʠʣʪʨʘ ʠʣʠ ʙʦˀʝ ʧʦʪʠʩʢʠʚʘˁʝ ʫ ʥʝʧʨʦʧʫʩʥʦʤ 

ʦʧʩʝʛʫ. ʇʦʜʝʣʘ ʰʠʨʠʭ ʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ ʥʘ ʧʦʜʦʧʩʝʛʝ ʩʝ ʦʩʪʚʘʨʫʿʝ ʧʘʞˀʠʚʠʤ 

ʧʨʦʿʝʢʪʦʚʘˁʝʤ ʧʦʿʝʜʠʥʘʯʥʠʭ ʯʝʪʚʨʪʪʘʣʘʩʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʯʠʿʝ ʩʫ ʨʝʟʦʥʘʥʪʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ ʧʦʜʝʰʝʥʝ ʥʘ ʚʨʝʜʥʦʩʪʠ ʫʥʫʪʘʨ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʧʦʣʘʟʥʦʛ ʬʠʣʪʨʘ. 

ʇʨʦʮʝʩ ʠʩʪʨʘʞʠʚʘˁʘ ˂ʝ ʦʙʫʭʚʘʪʠʪʠ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦ ʤʦʜʝʣʦʚʘˁʝ ʠ 

ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʫ ʘʥʘʣʠʟʫ ʨʘʟʤʘʪʨʘʥʠʭ ʬʠʣʪʘʨʘ. ʌʠʣʪʨʠ ʢʦʿʠ ʫ ʪʦʢʫ ʘʥʘʣʠʟʝ 

ʟʘʜʦʚʦˀʝ ʩʧʝʮʠʬʠʢʘʮʠʿʫ, ʙʠ˂ʝ ʧʨʝʜʩʪʘʚˀʝʥʠ ʧʦʤʦ˂ʫ ʝʢʚʠʚʘʣʝʥʪʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ 

ʰʝʤʘ ʫ ʮʠˀʫ ʣʘʢʰʝʛ ʠʩʧʠʪʠʚʘˁʘ ˁʠʭʦʚʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ. ʅʘ ʢʨʘʿʫ ʿʝ ʥʝʦʧʭʦʜʥʦ 
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ʠʟʚʨʰʠʪʠ ʬʘʙʨʠʢʘʮʠʿʫ ʣʘʙʦʨʘʪʦʨʠʿʩʢʠʭ ʧʨʦʪʦʪʠʧʦʚʘ ʬʠʣʪʘʨʘ ʠ ʧʦʩʪ-

ʬʘʙʨʠʢʘʮʠʿʩʢʘ ʢʦʥʪʨʦʣʥʘ ʤʝʨʝˁʘ ʜʠʤʝʥʟʠʿʘ. ʄʝʨʝˁʝ ʧʝʨʬʦʨʤʘʥʩʠ 

ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʛ ʧʨʦʪʦʪʠʧʘ ʪʨʝʙʘ ʩʧʨʦʚʝʩʪʠ ʫʟ ʧʦʤʦ˂ ʚʝʢʪʦʨʩʢʦʛ ʘʥʘʣʠʟʘʪʦʨʘ 

ʤʨʝʞʘ. ʇʦʩʣʝʜˁʠ ʢʦʨʘʢ ˂ʝ ʙʠʪʠ ʘʥʘʣʠʟʘ ʨʝʟʫʣʪʘʪʘ ʤʝʨʝˁʘ, ʫ ʮʠˀʫ ʚʝʨʠʬʠʢʘʮʠʿʝ 

ʧʦʣʘʟʥʦʛ ʤʝʪʦʜʘ ʠ ʧʦʨʝʹʝˁʘ ʩʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʨʝʰʝˁʠʤʘ ʠʟ ʣʠʪʝʨʘʪʫʨʝ. 

 

 

1.1 ʆʨʛʘʥʠʟʘʮʠʿʘ ʜʠʩʝʨʪʘʮʠʿʝ 

 

ɼʠʩʝʨʪʘʮʠʿʘ ʿʝ ʦʨʛʘʥʠʟʦʚʘʥʘ ʫ ʩʝʜʘʤ ʧʦʛʣʘʚˀʘ. ʇʨʚʘ ʛʣʘʚʘ ʧʨʝʜʩʪʘʚˀʘ ʫʚʦʜ. 

ʋ ʜʨʫʛʦʤ ʧʦʛʣʘʚˀʫ ʿʝ ʩʘ ʪʝʦʨʠʿʩʢʦʛ ʘʩʧʝʢʪʘ ʠʟʣʦʞʝʥʦ ʚʦʹʝˁʝ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʭ 

ʪʘʣʘʩʘ ʠ ʪʠʧʦʚʠ ʪʘʣʘʩʘ ʢʦʿʠ ʩʝ ʤʦʛʫ ʧʨʦʩʪʠʨʘʪʠ. ʆʙʟʠʨʦʤ ʜʘ ʩʫ ʧʨʝʜʤʝʪ ʧʨʦʫʯʘʚʘˁʘ 

ʦʚʝ ʜʠʩʝʨʪʘʮʠʿʝ ʪʘʣʘʩʦʚʦʜʥʠ ʬʠʣʪʨʠ, ʧʦʩʝʙʥʦ ʿʝ ʠʟʣʦʞʝʥ ʧʨʘʚʦʫʛʘʦʥʠ ʪʘʣʘʩʦʚʦʜ 

ʢʘʦ ʩʪʨʫʢʪʫʨʘ ʟʘ ʚʦʹʝˁʝ. ʈʘʟʫʤʝʚʘˁʝ ʧʨʦʩʪʠʨʘˁʘ ʪʘʣʘʩʘ ʫʥʫʪʘʨ ʪʘʣʘʩʦʚʦʜʘ ʿʝ ʦʜ 

ʠʟʫʟʝʪʥʦʛ ʟʥʘʯʘʿʘ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʪʘʣʘʩʦʚʦʜʥʠʭ ʬʠʣʪʘʨʘ. 

ʊʨʝ˂ʝ ʧʦʛʣʘʚˀʝ ʿʝ ʧʦʩʚʝ˂ʝʥʦ ʧʦʿʤʦʚʥʦʤ ʦʜʨʝʹʠʚʘˁʫ ʝʣʝʢʪʨʠʯʥʠʭ ʬʠʣʪʘʨʘ ʠ 

ˁʠʭʦʚʦʛ ʧʨʦʿʝʢʪʦʚʘˁʘ. ɼʘʪʝ ʩʫ ʜʝʬʠʥʠʮʠʿʝ ʬʠʣʪʨʘ ʠ ʠʟʣʦʞʝʥ ʿʝ ʧʨʦʮʝʩ 

ʧʨʦʿʝʢʪʦʚʘˁʘ ʤʠʢʨʦʪʘʣʘʩʥʠʭ ʬʠʣʪʘʨʘ, ʧʨʠ ʯʝʤʫ ʿʝ ʩʚʘʢʠ ʦʜ ʥʘʚʝʜʝʥʠʭ ʢʦʨʘʢʘ 

ʜʝʪʘˀʥʦ ʦʧʠʩʘʥ. ʀʤʧʝʜʘʥʩʥʠ ʠ ʘʜʤʠʪʘʥʩʥʠ ʠʥʚʝʨʪʦʨʠ ʩʫ ʧʨʝʜʩʪʘʚˀʝʥʠ ʢʘʦ 

ʝʣʝʤʝʥʪʠ ʥʝʦʧʭʦʜʥʠ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʠ ʜʘʪʝ ʩʫ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʨʝʘʣʠʟʘʮʠʿʝ. 

ʇʨʠʢʘʟʘʥʠ ʩʫ ʧʦʣʫʪʘʣʘʩʥʠ ʠ ʯʝʪʚʨʪʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨʠ ʢʘʦ ʙʘʟʠʯʥʠ ʨʝʟʦʥʘʥʪʥʠ 

ʝʣʝʤʝʥʪʠ ʬʠʣʪʘʨʘ ʘʥʘʣʠʟʠʨʘʥʠʭ ʫ ʜʠʩʝʨʪʘʮʠʿʠ. 

ʏʝʪʚʨʪʦ ʧʦʛʣʘʚˀʝ ʧʨʝʜʩʪʘʚˀʘ ʢʦʨʠʰ˂ʝʝˁ ʧʨʦʛʨʘʤʩʢʦʛ ʧʘʢʝʪʘ ʟʘ 

ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʫ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʫ ʩʠʤʫʣʘʮʠʿʫ ʩʘ ʧʦʩʝʙʥʠʤ ʦʩʚʨʪʦʤ ʥʘ 

ʤʦʜʝʣʦʚʘˁʝ, ʢʦʥʚʝʨʛʝʥʮʠʿʫ ʠ ʪʘʯʥʦʩʪ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʝ ʘʥʘʣʠʟʝ. ɼʦʜʘʪʥʦ, ʜʘʪ ʿʝ 

ʧʦʩʪʫʧʘʢ ʧʨʠʧʨʝʤʝ ʟʘ ʧʨʦʮʝʩ ʬʘʙʨʠʢʘʮʠʿʝ ʠ ʤʝʨʝˁʘ. ɼʘʪ ʿʝ ʜʝʪʘˀʘʥ ʧʨʝʛʣʝʜ 

ʨʝʰʝˁʘ, ʠʟ ʨʝʣʝʚʘʥʪʥʝ ʣʠʪʝʨʘʪʫʨʝ, ʢʦʿʘ ʩʝ ʦʜʥʦʩʝ ʥʘ ʪʘʣʘʩʦʚʦʜʥʝ ʬʠʣʪʨʝ ʠ 

ʧʦʩʪʫʧʢʝ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʝ. 

ʇʝʪʦ ʧʦʛʣʘʚˀʝ ʠʟʣʘʞʝ ʜʦʧʨʠʥʦʩʝ ʜʠʩʝʨʪʘʮʠʿʝ ʢʦʿʠ ʩʝ ʦʜʥʦʩʝ ʥʘ ʧʨʦʿʝʢʪʦʚʘˁʝ 

ʬʠʣʪʘʨʘ ʥʝʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ, ʢʦʿʠ ʧʨʠʤʝˁʫʿʫ ʧʨʝʛʨʘʜʫ ʫ ɽ-ʨʘʚʥʠ. 

ʇʦʣʘʟʠ ʩʝ ʦʜ ʨʝʟʦʥʘʪʦʨʘ ʢʘʦ ʦʩʥʦʚʥʦʛ ʢʦʥʩʪʨʫʢʪʠʚʥʦʛ ʝʣʝʤʝʥʪʘ. ʈʘʟʤʘʪʨʘʿʫ ʩʝ 

ʬʠʣʪʨʠ ʩʘ ʜʚʘ ʠ ʪʨʠ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʚʘʣʠʜʥʝ ʪʝʭʥʠʢʝ 
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ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʝ. ʀʟʣʘʞʝ ʩʝ ʨʘʟʚʦʿ ʥʦʚʝ ʛʝʥʝʨʘʣʠʟʦʚʘʥʝ ʝʢʚʠʚʘʣʝʥʪʥʝ ʝʣʝʢʪʨʠʯʥʝ 

ʰʝʤʝ ʬʠʣʪʨʘ ʚʠʰʝʛ ʨʝʜʘ ʩʘ ʚʠʰʝ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ. 

ʐʝʩʪʦ ʧʦʛʣʘʚˀʝ ʿʝ ʧʦʩʚʝ˂ʝʥʦ ʨʝʟʫʣʪʘʪʠʤʘ ʠʩʪʨʘʞʠʚʘˁʘ ʫ ʧʦʛʣʝʜʫ ʬʠʣʪʘʨʘ 

ʥʝʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ, ʢʦʿʠ ʧʨʠʤʝˁʫʿʫ ʧʨʝʛʨʘʜʫ ʫ ʅ-ʨʘʚʥʠ. ɼʘʪʘ ʿʝ ʘʥʘʣʠʪʠʯʢʘ 

ʟʘʚʠʩʥʦʩʪ ʨʝʟʦʥʘʥʪʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʨʝʟʦʥʘʪʦʨʘ ʫ ʬʫʥʢʮʠʿʠ ʦʜ ʧʘʨʘʤʝʪʘʨʘ ʧʨʠ 

ʠʤʧʣʝʤʝʥʪʘʮʠʿʠ. ʋʧʦʨʝʜʦ, ʧʨʝʜʩʪʘʚˀʘ ʩʝ ʢʦʥʮʝʧʪ ʧʦʩʪʠʟʘˁʘ ʢʦʤʧʘʢʪʥʦʩʪʠ 

ʩʤʘˁʝˁʝʤ ʜʫʞʠʥʝ ʢʦʥʚʝʥʮʠʦʥʘʣʥʦʛ ʠʥʚʝʨʪʦʨʘ. ʇʨʦʿʝʢʪʫʿʝ ʩʝ ʦʧʪʠʤʘʣʥʘ ʧʦʪʧʦʨʥʘ 

ʩʪʨʫʢʪʫʨʘ ʥʝʦʧʭʦʜʥʘ ʟʘ ʬʠʢʩʠʨʘˁʝ ʧʨʝʛʨʘʜʘ ʫʥʫʪʘʨ ʪʘʣʘʩʦʚʦʜʘ. 

ʉʝʜʤʦ ʧʦʛʣʘʚˀʝ ʩʝ ʙʘʚʠ ʧʨʠʤʝʥʦʤ ʨʝʟʦʥʘʪʦʨʘ, ʩʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʦʤ 

ʥʝʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ, ʫ ʮʠˀʫ ʧʦʙʦˀʰʘˁʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʬʠʣʪʘʨʘ ʧʨʦʧʫʩʥʠʢʘ 

ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ. ʈʘʟʤʘʪʨʘʿʫ ʩʝ ʯʝʪʚʨʪʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨʠ ʯʠʿʝ ʩʫ ʨʝʟʦʥʘʥʪʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ ʫʥʫʪʘʨ ʰʠʨʦʢʦʛ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʬʠʣʪʨʘ ʠʣʠ ʚʘʥ ˁʝʛʘ. 

ʆʩʤʦ ʧʦʛʣʘʚˀʝ ʯʠʥʠ ʟʘʢˀʫʯʘʢ, ʩʘ ʧʨʝʛʣʝʜʦʤ ʥʘʿʚʘʞʥʠʿʠʭ ʨʝʰʝˁʘ ʠ ʨʝʟʫʣʪʘʪʘ 

ʧʨʦʠʩʪʝʢʣʠʭ ʠʟ ʩʧʨʦʚʝʜʝʥʦʛ ʠʩʪʨʘʞʠʚʘˁʘ. 
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2 ʉʠʩʪʝʤʠ ʟʘ ʚʦʹʝˁʝ 

 

 

Maxwell-ʦʚʝ ʿʝʜʥʘʯʠʥʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʦʧʰʪʫ ʢʣʘʩʠʯʥʫ ʪʝʦʨʠʿʫ 

ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʭ ʧʦʿʘʚʘ. ʅʘʿʚʘʞʥʠʿʘ ʧʦʩʣʝʜʠʮʘ Maxwell-ʦʚʝ ʪʝʦʨʠʿʝ ʿʝʩʪʝ 

ʧʨʝʜʚʠʹʘˁʝ ʧʦʩʪʦʿʘˁʘ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʭ (EM) ʪʘʣʘʩʘ. ʇʦʣʘʟʥʘ ʪʘʯʢʘ ʫ ʘʥʘʣʠʟʠ 

ʪʘʣʘʩʦʚʦʜʘ ʿʝʩʪʝ ʨʝʰʘʚʘˁʝ ʦʚʠʭ ʿʝʜʥʘʯʠʥʘ, ʧʨʠ ʯʝʤʫ ʩʠʩʪʝʤ ʿʝʜʥʘʯʠʥʘ ʩʘ 

ʧʨʠʜʨʫʞʝʥʠʤ ʛʨʘʥʠʯʥʠʤ ʫʩʣʦʚʠʤʘ ʫ ʧʦʪʧʫʥʦʩʪʠ ʦʜʨʝʹʫʿʝ ʩʪʨʫʢʪʫʨʫ 

ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦʛ ʧʦˀʘ. ʆʙʟʠʨʦʤ ʜʘ ʩʫ ʧʨʝʜʤʝʪ ʦʚʦʛ ʠʩʪʨʘʞʠʚʘˁʘ ʪʘʣʘʩʦʚʦʜʥʠ 

ʬʠʣʪʨʠ, ʫ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʿʝ ʠʟʣʦʞʝʥʘ ʪʝʦʨʠʿʘ ʥʘ ʢʦʿʦʿ ʧʦʯʠʚʘʿʫ ʪʘʣʘʩʦʚʦʜʠ ʢʘʦ 

ʩʠʩʪʝʤʠ ʟʘ ʚʦʹʝˁʝ ʪʘʣʘʩʘ.  

ʆʩʥʦʚʥʘ ʥʘʤʝʥʘ ʩʠʩʪʝʤʘ ʟʘ ʚʦʹʝˁʝ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʭ ʪʘʣʘʩʘ ʿʝʩʪʝ ʧʨʝʥʦʩ 

ʝʣʝʢʪʨʠʯʥʝ ʝʥʝʨʛʠʿʝ ʠ ʠʥʬʦʨʤʘʮʠʿʘ. ʉʘʤ ʢʦʥʮʝʧʪ ʚʦʹʝˁʘ ʪʘʣʘʩʘ ʧʦʜʨʘʟʫʤʝʚʘ ʜʘ ʩʝ 

ʝʥʝʨʛʠʿʘ ʫʩʤeʨʘʚʘ (ʢʘʥʘʣʠʰʝ) ʫ ʞʝˀʝʥʦʤ ʧʨʘʚʮʫ, ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʜʫʞ ʩʠʩʪʝʤʘ ʟʘ 

ʚʦʹʝˁʝ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʿʝ ʦʥʝʤʦʛʫ˂ʝʥʦ ʨʘʩʪʫʨʘˁʝ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʝ ʝʥʝʨʛʠʿʝ. ʋ 

ʩʠʩʪʝʤʝ ʟʘ ʚʦʹʝˁʝ ɽʄ ʪʘʣʘʩʘ ʩʧʘʜʘʿʫ ʩʣʦʙʦʜʘʥ ʧʨʦʩʪʦʨ, ʚʦʜʦʚʠ ʠ ʪʘʣʘʩʦʚʦʜʠ. 

Mʠʢʨʦʪʘʣʘʩʥa ʪʝʭʥʠʢʘ ʧʦʜʨʘʟʫʤʝʚʘ ʘʥʘʣʠʟʫ ʚʦʹʝʥʠʭ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʭ 

ʪʘʣʘʩʘ ʿʝʨ ʜʠʤʝʥʟʠʿʝ ʢʦʣʘ, ʢʦʿʘ ʨʘʜʝ ʫ ʦʧʩʝʛʫ ʤʠʢʨʦʪʘʣʘʩʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ, ʥʠʩʫ 

ʟʘʥʝʤʘʨˀʠʚʝ ʫ ʦʜʥʦʩʫ ʥʘ ʪʘʣʘʩʥʫ ʜʫʞʠʥʫ, ʰʪʦ ʧʨʦʫʟʨʦʢʫʿʝ ʠʟʨʘʞʝʥʝ ʝʬʝʢʪʝ 

ʧʨʦʩʪʠʨʘˁʘ [ņorĽ2006]. ʇʨʠʣʠʢʦʤ ʧʨʦʿʝʢʪʦʚʘˁʘ ʫʨʝʹʘʿʘ, ʢʦʿʠ ʨʘʜʝ ʥʘ 

ʤʠʢʨʦʪʘʣʘʩʥʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ, ʧʦʪʨʝʙʥʦ ʿʝ ʘʜʝʢʚʘʪʥʦ ʧʦʚʝʟʘʪʠ ʢʦʤʧʦʥʝʥʪʝ 

ʩʪʨʫʢʪʫʨʘʤʘ ʟʘ ʚʦʹʝˁʝ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʭ ʪʘʣʘʩʘ. 

ɻʝʥʝʨʘʣʥʘ ʧʦʜʝʣʘ ʩʠʩʪʝʤʘ ʟʘ ʚʦʹʝˁʝ ʪʘʣʘʩʘ ʦʙʫʭʚʘʪʘ ʜʚʝ ʚʝʣʠʢʝ ʛʨʫʧʝ: 

ʩʠʩʪʝʤʝ ʟʘ ʚʦʹʝˁʝ ʩʘ ʩʘʚʨʰʝʥʠʤ ʠ ʩʠʩʪʝʤʝ ʟʘ ʚʦʹʝˁʝ ʩʘ ʥʝʩʘʚʨʰʝʥʠʤ 

ʜʠʝʣʝʢʪʨʠʢʦʤ.  

 

2.1 ʉʠʩʪʝʤʠ ʟʘ ʚʦʹʝˁʝ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʭ ʪʘʣʘʩʘ 

 

ʇʨʠʣʠʢʦʤ ʘʥʘʣʠʟʝ ʩʠʩʪʝʤʘ ʟʘ ʚʦʹʝˁʝ ʪʘʣʘʩʘ, ʦʜ ʦʩʥʦʚʥʦʛ ʟʥʘʯʘʿʘ ʿʝ ʧʨʦʚʝʨʘ 

ʠʩʧʫˁʝʥʦʩʪʠ ʫʩʣʦʚʘ ʧʨʦʩʪʠʨʘˁʘ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʭ ʪʘʣʘʩʘ ʜʫʞ ʣʦʥʛʠʪʫʜʠʥʘʣʥʝ 

ʦʩʝ ʩʪʨʫʢʪʫʨʝ ʟʘ ʚʦʹʝˁʝ. ʇʨʚʠ ʢʦʨʘʢ ʘʥʘʣʠʟʝ ʩʠʩʪʝʤʘ ʟʘ ʚʦʹʝˁʝ ʧʦʜʨʘʟʫʤʝʚʘ 

ʧʨʦʥʘʣʘʟʘʢ ʨʝʰʝˁʘ Maxwell-ʦʚʠʭ ʿʝʜʥʘʯʠʥʘ ʫʟ ʧʨʠʜʨʫʞʝʥʝ ʛʨʘʥʠʯʥʝ ʫʩʣʦʚʝ ʢʦʿʠ 



ʄʠʢʨʦʪʘʣʘʩʥʠ ʬʠʣʪʨʠ ʥʝʧʨʦʧʫʩʥʠʮʠ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʩʘ ʨʝʟʦʥʘʥʪʥʠʤ ʧʨʝʛʨʘʜʘʤʘ ʫ ɽ ʠ ʅ-ʨʘʚʥʠ ʪʘʣʘʩʦʚʦʜʘ 

Mʘʨʠʿʘ ɺ. ʄʨʚʠ˂, ʜʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ 

 

7 

 

ʚʘʞʝ ʟʘ ʧʦʩʤʘʪʨʘʥʫ ʩʪʨʫʢʪʫʨʫ. 

ʉʪʨʫʢʪʫʨʘ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦʛ ʧʦˀʘ ʠ ʧʘʨʘʤʝʪʨʠ ʪʘʣʘʩʘ ʩʝ ʤʦʛʫ ʦʜʨʝʜʠʪʠ 

ʨʝʰʘʚʘˁʝʤ ʪʘʣʘʩʥʠʭ ʿʝʜʥʘʯʠʥʘ. ʈʝʰʝˁʝ ʪʘʣʘʩʥʝ ʿʝʜʥʘʯʠʥʝ ʟʘ ʩʠʩʪʝʤ ʨʝʣʘʪʠʚʥʦ 

ʿʝʜʥʦʩʪʘʚʥʦʛ ʠ ʩʠʤʝʪʨʠʯʥʦʛ ʛʝʦʤʝʪʨʠʿʩʢʦʛ ʦʙʣʠʢʘ (ʢʘʦ ʰʪʦ ʿʝ ʩʣʫʯʘʿ ʢʦʜ 

ʧʨʘʚʦʫʛʘʦʥʠʭ ʪʘʣʘʩʦʚʦʜʘ ʩʘ ʭʦʤʦʛʝʥʠʤ ʜʠʝʣʝʢʪʨʠʢʦʤ) ʿʝ ʤʦʛʫ˂ʝ ʘʥʘʣʠʪʠʯʢʠ 

ʦʜʨʝʜʠʪʠ. ʋ ʥʘʩʪʘʚʢʫ ʧʦʛʣʘʚˀʘ ʩʫ ʧʦʿʤʦʚʥʦ ʦʜʨʝʹʝʥʠ ʪʠʧʦʚʠ ʪʘʣʘʩʘ ʠ ʜʘʪʘ ʿʝ 

ʘʥʘʣʠʟʘ ʩʠʩʪʝʤʘ ʩʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʩʣʠʢʦʚʥʠʤ ʧʨʠʢʘʟʠʤʘ, ʢʦʿʘ ʧʨʝʜʩʪʘʚˀʘ ʜʝʦ 

ʜʝʪʘˀʥʝ ʘʥʘʣʠʟʝ ʩʠʩʪʝʤʘ ʟʘ ʚʦʹʝˁʝ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʭ ʪʘʣʘʩʘ ʠʟʣʦʞʝʥʝ ʫ 

[Petr2010]. 

ʇʦʣʘʟʥʘ ʧʨʝʪʧʦʩʪʘʚʢʘ ʧʦʜʨʘʟʫʤʝʚʘ ʜʫʛʘʯʘʢ ʩʠʩʪʝʤ ʯʠʿʠ ʩʝ ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʢ 

ʥʝ ʤʝˁʘ. ʃʦʥʛʠʪʫʜʠʥʘʣʥʘ ʦʩʘ ʟʘ ʜʘʪʫ ʩʪʨʫʢʪʫʨʫ ʿʝ z-ʦʩʘ Descartes-ʦʚʦʛ 

ʢʦʦʨʜʠʥʘʪʥʦʛ ʩʠʩʪʝʤʘ, ʧʦʩʪʘʚˀʝʥʘ ʥʦʨʤʘʣʥʦ ʥʘ ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʢ ʩʠʩʪʝʤʘ. ʉʠʩʪʝʤ 

ʦʜ ʠʥʪʝʨʝʩʘ ʿʝ ʥʘʯʠˁʝʥ ʦʜ ʠʜʝʘʣʥʠʭ ʧʨʦʚʦʜʥʠʢʘ ʠ ʣʠʥʝʘʨʥʦʛ ʠʟʦʪʨʦʧʥʦʛ ʜʝʦ ʧʦ ʜʝʦ 

ʭʦʤʦʛʝʥʦʛ ʜʠʝʣʝʢʪʨʠʢʘ.  

ʊʘʣʘʩʥʝ ʿʝʜʥʘʯʠʥʝ ʫ ʢʦʤʧʣʝʢʩʥʦʤ ʜʦʤʝʥʫ (Helmholtz-ʦʚʝ ʿʝʜʥʘʯʠʥʝ) ʩʝ ʤʦʛʫ 

ʬʦʨʤʫʣʠʩʘʪʠ ʢʦʨʠʩʪʝ˂ʠ Maxwell-ʦʚʝ ʿʝʜʥʘʯʠʥʝ, ʢʦʿʝ ʩʫ ʜʦʧʫˁʝʥʝ ʥʝʦʧʭʦʜʥʠʤ 

ʛʨʘʥʠʯʥʠʤ ʫʩʣʦʚʠʤʘ: 

æE+k
2
E=0  (2.1) 

æH+k
2
H=0, (2.2) 

ʛʜʝ ʿʝ k = Ůeɛe. (2.3) 

ʉʠʤʙʦʣ Ůe ʦʟʥʘʯʘʚʘ ʝʢʚʠʚʘʣʝʥʪʥʫ ʢʦʤʧʣʝʢʩʥʫ ʧʝʨʤʠʪʠʚʥʦʩʪ, ʘ ʩʠʤʙʦʣ ɛ
e
 

ʢʦʤʧʣʝʢʩʥʫ ʧʝʨʤʝʘʙʠʣʥʦʩʪ. ʇʘʨʘʤʝʪʘʨ tgŭ= - 
Im(Ůe)

Re(Ůe)
 ʩʝ ʥʘʟʠʚʘ ʪʘʥʛʝʥʩ ʫʛʣʘ ʛʫʙʠʪʘʢʘ, 

ʘ ʫ ʩʣʫʯʘʿʫ ʢʝʨʘʤʠʯʢʠʭ ʜʠʝʣʝʢʪʨʠʢʘ ʩʝ ʦʙʠʯʥʦ ʤʝʨʠ ʥʘ ʫʯʝʩʪʘʥʦʩʪʠ ʦʜ 10 GHz. 

ʆʜ ʧʦʪʝʥʮʠʿʘʣʥʠʭ ʨʝʰʝˁʘ ʪʘʣʘʩʥʝ ʿʝʜʥʘʯʠʥʝ, ʦʜ ʠʥʪʝʨʝʩʘ ʩʫ ʿʝʜʠʥʦ ʨʝʰʝˁʘ 

ʢʦʿʘ ʦʜʨʝʹʫʿʫ ʧʨʦʩʪʠʨʫ˂ʠ ʨʘʚʘʥ ʪʘʣʘʩ ʫ ʩʤʝʨʫ z-ʦʩʝ, ʪʿ. ʨʝʰʝˁʘ ʦʙʣʠʢʘ:  

ɽ(x,y,z)=e(x,y)e-ɔz, (2.4) 

H(x,y,z)=h(x,y)e-ɔz, (2.5) 

ʛʜʝ ʧʘʨʘʤʝʪʘʨ ɔ = Ŭ + jɓ ʧʨʝʜʩʪʘʚˀʘ ʢʦʤʧʣʝʢʩʥʠ ʢʦʝʬʠʮʠʿʝʥʪ ʧʨʦʩʪʠʨʘˁʘ. ʅʘ 

ʢʦʥʢʨʝʪʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ, ʢʦʝʬʠʮʠʿʝʥʪ ʧʨʦʩʪʠʨʘˁʘ ʜʝʬʠʥʠʰʝ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠ 

ʪʘʣʘʩ. ʈʝʘʣʥʠ ʜʝʦ Ŭ ʩʝ ʥʘʟʠʚʘ ʢʦʝʬʠʮʠʿʝʥʪ ʩʣʘʙˀʝˁʘ ʠ ʫʟʠʤʘ ʫʚʝʢ ʥʝʥʝʛʘʪʠʚʥʝ 

ʚʨʝʜʥʦʩʪʠ ʠ ʬʠʛʫʨʠʰʝ ʫ ʯʣʘʥʫ ̆ . ʆʚʘʿ ʯʣʘʥ ʠʤʘ ʫʪʠʮʘʿ ʠʩʢˀʫʯʠʚʦ ʥʘ ʝʬʝʢʪʠʚʥʝ 



ʄʠʢʨʦʪʘʣʘʩʥʠ ʬʠʣʪʨʠ ʥʝʧʨʦʧʫʩʥʠʮʠ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʩʘ ʨʝʟʦʥʘʥʪʥʠʤ ʧʨʝʛʨʘʜʘʤʘ ʫ ɽ ʠ ʅ-ʨʘʚʥʠ ʪʘʣʘʩʦʚʦʜʘ 

Mʘʨʠʿʘ ɺ. ʄʨʚʠ˂, ʜʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ 
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ʚʨʝʜʥʦʩʪʠ ʤʘʛʥʝʪʩʢʦʛ ʠ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʪʘʣʘʩʘ, ʢʦʿʝ ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʦ ʦʧʘʜʘʿʫ 

ʧʨʠʣʠʢʦʤ ʧʨʦʧʘʛʘʮʠʿʝ ʪʘʣʘʩʘ. ʀʤʘʛʠʥʘʨʥʠ ʜʝʦ ɓ ʩʝ ʥʘʟʠʚʘ ʬʘʟʥʠ ʢʦʝʬʠʮʠʿʝʥʪ ʠ 

ʥʘʿʯʝʰ˂ʝ ʿʝ ʥʝʥʝʛʘʪʠʚʘʥ ʙʨʦʿ. ʀʟʫʟʝʪʘʢ ʩʫ ʧʦʩʝʙʥʘ ʚʨʩʪʘ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʠ ʩʝ ʟʦʚʫ 

ʤʝʪʘʤʘʪʝʨʠʿʘʣʠ, ʢʦʜ ʢʦʿʠʭ ʬʘʟʥʠ ʢʦʝʬʠʮʠʿʝʥʪ ʤʦʞʝ ʠʤʘʪʠ ʚʨʝʜʥʦʩʪ ʤʘˁʫ ʦʜ ʥʫʣʝ. 

ʇʦʪʧʫʥʦ ʨʝʰʝˁʝ ʟʘ ʚʦʹʝʥʠ ʪʘʣʘʩ ʿʝ ʟʘʧʨʘʚʦ ʩʪʨʫʢʪʫʨʘ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦʛ 

ʧʦˀʘ ʦʜʨʝʹʝʥʘ ʬʫʥʢʮʠʿʘʤʘ e(x,y) ʠ h(x,y), ʫʟ ʢʦʝʬʠʮʠʿʝʥʪ ʧʨʦʩʪʠʨʘˁʘ. ʋʥʫʪʘʨ 

ʨʝʰʝˁʘ ʬʠʛʫʨʠʰʫ ʧʘʨʘʤʝʪʨʠ ʛʝʦʤʝʪʨʠʿʝ ʩʪʨʫʢʪʫʨʝ, ˁʝʥʘ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʘ 

ʩʚʦʿʩʪʚʘ ʠ ʫʯʝʩʪʘʥʦʩʪ. 

ɹʨʟʠʥʘ ʧʨʦʩʪʠʨʘˁʘ ʬʘʟʝ ʪʘʣʘʩʘ ʧʨʝʜʩʪʘʚˀʘ ʙʨʟʠʥʫ ʢʦʿʦʤ ʪʨʝʙʘ ʜʘ ʩʝ ʢʨʝ˂ʝ 

ʧʦʩʤʘʪʨʘʯ ʫ ʧʨʘʚʮʫ ʠ ʩʤʝʨʫ ʧʨʦʧʘʛʘʮʠʿʝ ʪʘʣʘʩʘ ʜʘ ʙʠ ʫʚʝʢ ʚʠʜʝʦ ʠʩʪʫ ʬʘʟʫ 

ʟʘʤʠʰˀʝʥʝ ʪʘʯʢʝ ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʦʛ ʪʘʣʘʩʘ. ʌʘʟʥʘ ʙʨʟʠʥʘ ʪʘʣʘʩʘ ʿʝ ʦʜʨʝʹʝʥʘ 

ʬʦʨʤʫʣʦʤ: 

c◖=
ɤ

ɓ
Ȣ (2.6) 

ʊʘʣʘʩʥʘ ʜʫʞʠʥʘ, ʚʝʟʘʥʘ ʟʘ ʩʠʩʪʝʤ ʟʘ ʚʦʹʝˁʝ ʪʘʣʘʩʘ, ʿʝ ʜʝʬʠʥʠʩʘʥʘ ʢʘʦ 

ʤʠʥʠʤʘʣʥʦ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʜʚe ʝʢʚʠʬʘʟʥʝ ʨʘʚʥʠ ʜʫʞ ʩʠʩʪʝʤʘ ʟʘ ʚʦʹʝˁʝ, ʠ ʤʦʞʝ 

ʩʝ ʨʘʯʫʥʘʪʠ ʥʘ ʦʩʥʦʚʫ ʠʟʨʘʟʘ: 

ɚg=
c◖

f
=
2ˊ

ɓ
. (2.7) 

ɻʨʫʧʥʘ ʙʨʟʠʥʘ je ʤʘʪʝʤʘʪʠʯʢʠ ʫʚʝʜʝʥʘ ʚʝʣʠʯʠʥʘ, ʜʘʪʘ ʫ ʩʣʝʜʝ˂ʝʤ ʦʙʣʠʢʫ: 

cg=
dɓ

dɤ

1

Ȣ (2.8) 

ʉʣʠʢʘ 2.1 ʠʣʫʩʪʨʫʿʝ ʬʘʟʥʫ ʠ ʛʨʫʧʥʫ ʙʨʟʠʥʫ. ʋ ʜʠʩʧʝʨʟʠʚʥʠʤ ʩʨʝʜʠʥʘʤʘ 

ʛʨʫʧʥʘ ʙʨʟʠʥʘ ʟʘʚʠʩʠ ʦʜ ʫʯʝʩʪʘʥʦʩʪʠ, ʘ ʟʘ ʧʦʩʣʝʜʠʮʫ ʠʤʘ ʧʦʿʘʚʫ ʠʟʦʙʣʠʯʘʚʘˁʘ 

ʪʘʣʘʩʥʦʛ ʦʙʣʠʢʘ ʩʠʛʥʘʣʘ ʢʦʿʠ ʩʝ ʧʨʝʥʦʩʠ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʜʦʣʘʟʠ ʜʦ ʨʝʜʫʢʦʚʘˁʘ 

ʢʘʧʘʮʠʪʝʪʘ ʩʠʩʪʝʤʘ ʟʘ ʧʨʝʥʦʩ ʠʥʬʦʨʤʘʮʠʿʘ. 
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ʉʣʠʢʘ 2.1 ʌʘʟʥʘ ʠ ʛʨʫʧʥʘ ʙʨʟʠʥʘ 

 

 

ʉʨʝʜˁʘ ʩʥʘʛʘ, ʢʦʿʘ ʩʝ ʧʨʝʥʦʩʠ ʪʘʣʘʩʦʤ, ʩʝ ʤʦʞʝ ʦʜʨʝʜʠʪʠ ʥʘ ʦʩʥʦʚʫ ʨʝʘʣʥʦʛ 

ʜʝʣʘ ʬʣʫʢʩʘ Pointing-ʦʚʦʛ ʚʝʢʪʦʨʘ ʢʨʦʟ ʪʨʘʥʩʚʝʨʟʘʣʥʠ ʧʨʝʩʝʢ ʜʠʝʣʝʢʪʨʠʢʘ ʩʠʩʪʝʤʘ, 

ʫʥʫʪʘʨ ʢʦʛʘ ʧʨʦʧʘʛʠʨʘ ʪʘʣʘʩ ʠ ʦʜʨʝʹʝʥʘ ʿʝ ʩʣʝʜʝ˂ʠʤ ʠʟʨʘʟʦʤ:  

 P = Re᷿ (EĬH*)ĀdS=P0e
2Ŭz

St
. (2.9) 

ʆʙʟʠʨʦʤ ʜʘ ʩʝ ʩʥʘʛʘ ʧʨʝʥʦʩʠ ʢʨʦʟ ʜʠʝʣʝʢʪʨʠʢ, ʦʜ ʚʝʣʠʢʦʛ ʿʝ ʟʥʘʯʘʿʘ ʜʘ 

ʧʨʝʥʦʩʥʠ ʩʠʩʪʝʤ ʙʫʜʝ ʜʦʙʨʦ ʦʢʣʦʧˀʝʥ ʜʘ ʥʝ ʙʠ ʫʩʣʝʜ ʬʠʟʠʯʢʝ ʙʣʠʟʠʥʝ ʜʦʰʣʦ ʜʦ 

ʠʥʪʝʨʘʢʮʠʿʝ ʩʘ ʦʢʦʣʥʠʤ ʢʦʤʧʦʥʝʥʪʘʤʘ. 

ʆʙʟʠʨʦʤ ʜʘ ʿʝ ʫ ʩʠʩʪʝʤʠʤʘ ʟʘ ʚʦʹʝˁʝ ʥʘ ʚʠʩʦʢʦʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ ʧʦʚʨʰʠʥʩʢʠ 

(ʩʢʠʥ) ʝʬʝʢʘʪ ʦʙʠʯʥʦ ʠʟʨʘʞʝʥ, ʧʨʠʣʠʢʦʤ ʦʜʨʝʹʠʚʘˁʘ ʛʫʙʠʪʘʢʘ ʿʝ ʧʦʪʨʝʙʥʦ 

ʢʦʨʠʩʪʠʪʠ ʧʝʨʪʫʨʙʘʮʠʦʥʠ ʤʝʪʦʜ. ʆʚʘʿ ʤʝʪʦʜ ʧʨʝʪʧʦʩʪʘʚˀʘ ʢʦʨʠʰ˂ʝˁʝ ʠʜʝʘʣʥʠʭ 

ʧʨʦʚʦʜʥʠʢʘ. ʋ ʜʘˀʝʤ ʧʦʩʪʫʧʢʫ ʩʝ ʚʨʰʠ ʦʜʨʝʹʠʚʘˁʝ ʩʪʨʫʢʪʫʨʝ ʧʦˀʘ, ʘ ʥʘʢʥʘʜʥʦ ʩʝ 

ʠʟʚʨʰʠ ʧʨʦʨʘʯʫʥ ʛʫʙʠʪʘʢʘ ʫ ʧʨʦʚʦʜʥʠʮʠʤʘ ʠ ʢʦʨʝʢʮʠʿʘ ʢʦʝʬʠʮʠʿʝʥʪʘ ʩʣʘʙˀʝˁʘ. 

ʇʦʚʨʰʠʥʩʢʘ ʦʪʧʦʨʥʦʩʪ ʿʝ ʧʘʨʘʤʝʪʘʨ ʢʦʿʠ ʜʦʧʨʠʥʦʩʠ ʛʫʙʠʮʠʤʘ ʫ ʧʨʦʚʦʜʥʠʢʫ 

ʠ ʨʘʯʫʥʘ ʩʝ ʧʨʝʤʘ ʬʦʨʤʫʣʠ: 

Rs=
ɛ́pf

ůp
, (2.10) 

ʛʜʝ ʩʫ ʈ ̉ ʎ ʧʘʨʘʤʝʪʨʠ ʧʨʦʚʦʜʥʠʢʘ, ʢʦʥʢʨʝʪʥʦ, ʧʝʨʤʝʘʙʠʣʥʦʩʪ ʠ 

ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ.  

ʇʦʚʨʰʠʥʩʢʝ ʥʝʨʘʚʥʠʥʝ ʧʨʦʚʦʜʥʠʢʘ ʥʘʩʪʘʿʫ ʢʘʦ ʧʦʩʣʝʜʠʮʘ ʤʘʰʠʥʩʢʝ ʦʙʨʘʜʝ 

ʤʝʪʘʣʘ (ʨʝʟʘˁʝ, ʩʪʨʫʛʘˁʝ, ʙʨʫʰʝˁʝ) ʠʣʠ ʝʣʝʢʪʨʦʣʠʪʠʯʢʠʤ ʪʘʣʦʞʝˁʝʤ ʤʝʪʘʣʘ ʥʘ 

ʧʦʜʣʦʛʫ ʩʘʯʠˁʝʥʫ ʦʜ ʜʠʝʣʝʢʪʨʠʢʘ. ʋʢʦʣʠʢʦ ʿʝ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʧʨʠʤʝʥʝ, ʦʜ ʟʥʘʯʘʿʘ 

ʜʘ ʧʦʚʨʰ ʠʟʨʘʹʝʥʦʛ ʧʨʦʚʦʜʥʠʢʘ ʙʫʜʝ ʛʣʘʪʢʘ, ʧʨʠʤʝˁʫʿʝ ʩʝ ʧʦʩʪʫʧʘʢ ʧʦʣʠʨʘˁʘ. 

ɼʦʜʘʪʥʦ, ʙʫʜʫ˂ʠ ʜʘ ʩʫ ʩʨʝʙʨʦ ʠ ʟʣʘʪʦ ʜʦʙʨʠ ʧʨʦʚʦʜʥʠʮʠ, ʥʘ ʧʦʚʨʰ ʧʨʦʚʦʜʥʠʢʘ ʩʝ 

ʩʪʘʚˀʘ ʧʨʝʚʣʘʢʘ ʦʜ ʩʨʝʙʨʘ ʠʣʠ ʟʣʘʪʘ, ʯʠʤʝ ʩʝ ʧʦʚʝ˂ʘʚʘ ʦʪʧʦʨʥʦʩʪ ʥʘ ʢʦʨʦʟʠʿʫ ʠ ʯʫʚʘ 
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ʧʨʦʚʦʜʥʦʩʪ [Petr2010]. 

 

2.1.1 ʊʠʧʦʚʠ ʪʘʣʘʩʘ 

 

ʂʣʘʩʠʬʠʢʘʮʠʿʘ ʪʘʣʘʩʘ ʩʝ ʤʦʞʝ ʠʟʚʨʰʠʪʠ ʧʨʝʤʘ ˁʠʭʦʚʠʤ ʢʦʤʧʦʥʝʥʪʘʤʘ ʧʦˀʘ. 

ʇʨʝʤʘ ʪʦʤʝ ʩʝ ʨʘʟʣʠʢʫʿʫ ʩʣʝʜʝ˂ʠ ʪʠʧʦʚʠ: 

1. ʊʨʘʥʩʚʝʨʟʘʣʥʠ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠ (ʊɽʄ) ʪʘʣʘʩʠ ʥʝʤʘʿʫ ʢʦʤʧʦʥʝʥʪʝ 

ʜʫʞ ʧʨʘʚʮʘ ʧʨʦʧʘʛʘʮʠʿʝ (Hz=0, Ez=0), ʥʝʛʦ ʿʝʜʠʥʦ ʪʨʘʥʩʚʝʨʟʘʣʥʝ 

ʢʦʤʧʦʥʝʥʪʝ ʤʘʛʥʝʪʩʢʦʛ ʠ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ. 

2. ʊʨʘʥʩʚʝʨʟʘʣʥʠ ʝʣʝʢʪʨʠʯʥʠ (ʊɽ) ʪʘʣʘʩʠ ʥʝʤʘʿʫ ʣʦʥʛʠʪʫʜʠʥʘʣʥʫ 

ʢʦʤʧʦʥʝʥʪʫ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ (Ez=0), ʘʣʠ ʧʦʩʪʦʿʠ ʣoʥʛʠʪʫʜʠʥʘʣʥʘ 

ʢʦʤʧʦʥʝʥʪʘ ʤʘʛʥʝʪʩʢʦʛ ʧʦˀʘ (HzÍ0). 

3. ʊʨʘʥʩʚʝʨʟʘʣʥʠ ʤʘʛʥʝʪʩʢʠ (ʊɽ) ʪʘʣʘʩʠ ʥʝʤʘʿʫ ʣʦʥʛʠʪʫʜʠʥʘʣʥʫ 

ʢʦʤʧʦʥʝʥʪʫ ʤʘʛʥʝʪʩʢʦʛ ʧʦˀʘ (Hz=0), ʘʣʠ ʧʦʩʪʦʿʠ ʣoʥʛʠʪʫʜʠʥʘʣʥʘ 

ʢʦʤʧʦʥʝʥʪʘ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ (EzÍ0). 

 

 

2.1.2 ʊɽʄ ʪʘʣʘʩʠ 

 

ɺʦʹʝʥʠ ʊɽʄ ʪʘʣʘʩʠ ʧʦʩʝʜʫʿʫ ʠʩʢˀʫʯʠʚʦ ʪʨʘʥʩʚʝʨʟʘʣʥʝ ʢʦʤʧʦʥʝʥʪʝ 

ʤʘʛʥʝʪʩʢʦʛ ʠ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ, ʘʣʠ ʥʝ ʣʦʥʛʠʪʫʜʠʥʘʣʥʝ. ɿʘ ʦʚʘʿ ʪʠʧ ʪʘʣʘʩʘ ʚʘʞʠ ʜʘ 

ʿʝ Ez=0 ʠ Ὄ π. ɽʣʝʢʪʨʠʯʥʦ ʠ ʤʘʛʥʝʪʩʢʦ ʧʦˀʝ ʿʝ ʦʜʨʝʹʝʥʦ ʚʝʢʪʦʨʩʢʠʤ ʬʫʥʢʮʠʿʘʤʘ 

et(x,y) ʠ ht(x,y). ʅʘ ʦʩʥʦʚʫ ʫʩʣʦʚʘ Hz=0 ʿ ʝ ʧʦʪʨʝʙʥʦ ʜʘ ʫ ʩʚʘʢʦʤ ʦʜ ʭʦʤʦʛʝʥʠʭ ʜʝʣʦʚʘ 

ʜʠʝʣʝʢʪʨʠʢʘ ʙʫʜʝ ʠʩʧʫˁʝʥʦ ʩʣʝʜʝ˂ʝ: 

tɳĬet=0,  (2.11) 

tɳĀet=0.  (2.12) 

ʄʘʛʥʝʪʩʢʦ ʧʦˀʝ ʩʝ ʤʦʞʝ ʦʜʨʝʜʠʪʠ ʢʦʨʠʩʪʝ˂ʠ ʠʟʨʘʟ ʟʘ ʝʣʝʢʪʨʠʯʥʦ ʧʦˀʘ, 

ʦʜʘʢʣʝ ʩʣʝʜʠ ʠʟʨʘʟ: 

ht=
1

ZTEM
izĬet, ʘ ZTEM=

ɛe

Ůe
 ʧʨʝʜʩʪʘʚˀʘ ʪʘʣʘʩʥʫ ʠʤʧʝʜʘʥʩʫ ʊɽʄ ʪʠʧʘ ʪʘʣʘʩʘ. Bʝʢʪʦʨʠ 

ʤʘʛʥʝʪʩʢʦʛ ʠ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʩʫ ʤʝʹʫʩʦʙʥʦ ʥʦʨʤʘʣʥʠ ɽʅϳ =EtHt=ϳ et/ht, =ZTEM. 

ʋ ʦʧʰʪʝʤ ʩʣʫʯʘʿʫ ʩʝ ʊɽʄ ʪʘʣʘʩ ʧʨʦʧʘʛʠʨʘ ʩʘʤʦ ʧʦ ʚʦʜʦʚʠʤʘ ʢʦʿʠ ʠʤʘʿʫ 

ʭʦʤʦʛʝʥ ʜʠʝʣʝʢʪʨʠʢ. ɺʦʹʝʥʠ ʊɽʄ ʪʘʣʘʩ ʧʦʩʝʜʫʿʝ ʠʜʝʥʪʠʯʥʝ ʦʩʦʙʝʥʦʩʪʠ ʢʘʦ ʠ 

ʩʣʦʙʦʜʘʥ, ʫʥʠʬʦʨʤʘʥ, ʨʘʚʘʥ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠ ʪʘʣʘʩ ʢʦʿʠ ʧʨʦʧʘʛʠʨʘ ʢʨʦʟ 
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ʠʜʝʥʪʠʯʘʥ ʜʠʝʣʝʢʪʨʠʢ ʢʦʿʠ ʿʝ ʭʦʤʦʛʝʥ.  

 

 

2.1.3 ʊɽ ʠ ʊʄ ʪʘʣʘʩʠ 

 

ʈʘʩʧʦʜʝʣʘ ʧʦˀʘ ʊɽ ʪʘʣʘʩʘ (ʢʦʿʠ ʩʝ ʿʦʰ ʥʘʟʠʚʘʿʫ ʠ ʅ ʪʘʣʘʩʠ) ʫʢˀʫʯʫʿʝ ʝt, ht ʠ 

Ὤ ʢʦʤʧʦʥʝʥʪʝ ʧʦˀʘ. ʂʦʤʧʦʥʝʥʪʘ hz ʿʝ ʦʜʨʝʹʝʥʘ ʢʘʦ ʨʝʰʝˁʝ ʪʘʣʘʩʥʝ ʿʝʜʥʘʯʠʥʝ: 

ȹthz+K
2hz=0 (2.13) 

ʟʘ ʛʨʘʥʠʯʥʠ ʫʩʣʦʚ ʢʦʿʠ ʚʘʞʠ ʥʘ ʧʦʚʨʰʠʥʠ ʠʜʝʘʣʥʦʛ ʧʨʦʚʦʜʥʠʢʘ Hn= 0, a K2 = ɔ2+k
2
. 

ʋʟ ʨʘʩʧʦʜʝʣʫ hz(x,y), ʨʝʰʘʚʘˁʝʤ ʿʝʜʥʘʯʠʥʝ ʩʝ ʜʦʣʘʟʠ ʜʦ ʢʦʝʬʠʮʠʿʝʥʪʘ ɔ, ʢʦʿʠ ʿʝ 

ʦʜʨʝʹʝʥ ʧʘʨʘʤʝʪʨʠʤʘ ʜʠʝʣʝʢʪʨʠʢʘ ʠ ʛʝʦʤʝʪʨʠʿʦʤ ʪʘʣʘʩʦʚʦʜʘ. 

ʇʦʟʥʘʿʫ˂ʠ hz ʢʦʤʧʦʥʝʥʪʫ, ʪʨʘʥʩʚʝʨʟʘʣʥʝ ʢʦʤʧʦʥʝʥʪʝ ʝʣʝʢʪʨʠʯʥʦʛ ʠ 

ʤʘʛʥʝʪʩʢʦʛ ʧʦˀʘ ʩʝ ʦʜʨʝʹʫʿʫ ʢʘʦ: 

ht=
ɔ

K2ɳ thz,  (2.14) 

et= ZTEizĬht, (2.15) 

ʛʜʝ ʿʝ ZTE=
jɤɛe

ɔ
 ʪʘʣʘʩʥʘ ʠʤʧʝʜʘʥʩʘ ʊɽ ʪʘʣʘʩʘ. ʂʘʦ ʠ ʫ ʩʣʫʯʘʿʫ ʊɽʄ ʪʘʣʘʩʘ, 

ʪʨʘʥʩʚʝʨʟʘʣʥʝ ʢʦʤʧʦʥʝʥʪʝ ʧʦˀʘ ʩʫ ʤʝʹʫʩʦʙʥʦ ʥʦʨʤʘʣʥʝ, ʘ ʠʟʤʝʹʫ ˁʠʭʦʚʠʭ 

ʠʥʪʝʥʟʠʪʝʪʘ ʧʦʩʪʦʿʠ ʦʜʥʦʩ ʢʦʿʠ ʿʝ ʠʩʪʠ ʫ ʩʚʘʢʦʿ ʪʘʯʢʠ ʜʫʞ ʩʠʩʪʝʤʘ 

EtHt=ϳ et/Ὤ = ZTE. ʇʨʦʧʘʛʘʮʠʿʘ ʪʘʣʘʩʘ ʩʝ ʦʜʚʠʿʘ ʫ ʩʤʝʨʫ ʚʝʢʪʦʨʩʢʦʛ ʧʨʦʠʟʚʦʜʘ etĬht. 

ʈʘʩʧʦʜʝʣʘ ʧʦˀʘ ʊM ʪʘʣʘʩʘ ʫʢˀʫʯʫʿʝ et, ht ʠ ez ʢʦʤʧʦʥʝʥʪʝ. ʂʦʤʧʦʥʝʥʪʘ ez ʿ ʝ 

ʦʜʨʝʹʝʥʘ ʢʘʦ ʨʝʰʝˁʝ ʪʘʣʘʩʥʝ ʿʝʜʥʘʯʠʥʝ:  

ȹtez+K
2ez = 0 (2.16) 

ʫʟ ʧʨʠʜʨʫʞʝʥʠ ʛʨʘʥʠʯʥʠ ʫʩʣʦʚ ʥʘ ʧʦʚʨʰʠ ʠʜʝʘʣʥʦʛ ʧʨʦʚʦʜʥʠʢʘ Etang=0, 

ʧʨʠ ʯʝʤʫ ʚʘʞʠ ʜʘ ʿʝ K2 = ɔ2+k
2
. 

ʋʟ ʨʘʩʧʦʜʝʣʫ ez(x,y) ʠ ʨʝʰʘʚʘˁʝʤ ʿʝʜʥʘʯʠʥʝ ʩʝ ʜʦʣʘʟʠ ʜʦ ʢʦʝʬʠʮʠʿʝʥʪʘ ʧʨʦʩʪʠʨʘˁʘ 

ɔ, ʢʦʿʠ ʿʝ ʦʜʨʝʹʝʥ ʧʘʨʘʤʝʪʨʠʤʘ ʜʠʝʣʝʢʪʨʠʢʘ ʠ ʛʝʦʤʝʪʨʠʿʦʤ ʪʘʣʘʩʦʚʦʜʘ. 

ʇʦʟʥʘʿʫ˂ʠ ez ʢʦʤʧʦʥʝʥʪʫ, ʪʨʘʥʩʚʝʨʟʘʣʥʝ ʢʦʤʧʦʥʝʥʪʝ ʝʣʝʢʪʨʠʯʥʦʛ ʠ 

ʤʘʛʥʝʪʩʢʦʛ ʧʦˀʘ ʩʝ ʦʜʨʝʹʫʿʫ ʢʘʦ: 

et=
ɔ

K2ɳ tez  (2.17) 

ht=
1

ZTM
izĬet, (2.18) 
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ʛʜʝ ʿʝ ZTM=
ɔ

jɤŮe
 ʪʘʣʘʩʥʘ ʠʤʧʝʜʘʥʩʘ ʊM ʪʘʣʘʩʘ. ʂʘʦ ʠ ʫ ʩʣʫʯʘʿʫ ʊɽʄ ʪʘʣʘʩʘ, 

ʪʨʘʥʩʚʝʨʟʘʣʥʝ ʢʦʤʧʦʥʝʥʪʝ ʧʦˀʘ ʩʫ ʤʝʹʫʩʦʙʥʦ ʥʦʨʤʘʣʥʝ ʘ ʠʟʤʝʹʫ ˁʠʭʦʚʠʭ 

ʠʥʪʝʥʟʠʪʝʪʘ ʧʦʩʪʦʿʠ ʦʜʥʦʩ ʢʦʿʠ ʿʝ ʠʩʪʠ ʫ ʩʚʘʢʦʿ ʪʘʯʢʠ ʜʫʞ ʩʠʩʪʝʤʘ 

EtHt=ϳ et/Ὤ = ZTE, ʜʦʢ ʿʝ ʧʨʦʧʘʛʘʮʠʿʘ ʪʘʣʘʩʘ ʫ ʩʤʝʨʫ ʚʝʢʪʦʨʩʢʦʛ ʧʨʦʠʟʚʦʜʘ etĬht. 

ʊɽ ʠ ʊʄ ʪʠʧʦʚʠ ʪʘʣʘʩʘ ʧʨʦʧʘʛʠʨʘʿʫ ʩʘʤʦ ʜʫʞ ʩʪʨʫʢʪʫʨʘ ʟʘ ʚʦʹʝˁʝ ʩʘ 

ʭʦʤʦʛʝʥʠʤ ʜʠʝʣʝʢʪʨʠʢʦʤ ʠ ʟʘ ˁʠʭ ʚʘʞʠ ɔ=jɤ2Ůɛ-K2, ʛʜʝ ʿʝ ʧʘʨʘʤʝʪʘʨ K ʦʜʨʝʹʝʥ 

ʩʘʤʦ ʛʝʦʤʝʪʨʠʿʦʤ ʪʘʣʘʩʦʚʦʜʘ ʠ ʪʠʧʦʤ ʧʨʦʩʪʠʨʫ˂ʝʛ ʪʘʣʘʩʘ. ʋʯʝʩʪʘʥʦʩʪ ʥʘ ʢʦʿʦʿ ʚʘʞʠ 

ʜʘ ʿʝ ɤ2ŮɛK2 π ʩʝ ʥʘʟʠʚʘ ʢʨʠʪʠʯʥʘ ʫʯʝʩʪʘʥʦʩʪ ʟʘ ʧʦʩʤʘʪʨʘʥʠ ʪʠʧ ʪʘʣʘʩʘ ʠ ʜʘʪʘ 

ʿʝ ʩʣʝʜʝ˂ʦʤ ʬʦʨʤʫʣʦʤ: 

f
c
=

K

2 Ů́ɛ
. (2.19) 

ʌʘʟʥʘ ʠ ʛʨʫʧʥʘ ʙʨʟʠʥʘ ʩʫ ʜʘʪʝ ʩʣʝʜʝ˂ʠʤ ʠʟʨʘʟʠʤʘ: 

c◖=
c

1
fc
f

2

ȟ (2.20) 

cg=c1
fc

f

2

Ȣ (2.21) 

ʊʘʣʘʩʥʝ ʠʤʧʝʜʘʥʩʝ ʊɽ ʠ ʊʄ ʪʘʣʘʩʘ ʩʝ ʦʜʨʝʹʫʿʫ ʥʘ ʦʩʥʦʚʫ ʠʟʨʘʟʘ: 

ZTE=
ɤɛ

ɓ
 ʠ ZTM=

ɓ

ɤŮ
, ʛʜʝ ʿʝ ɓ=ɤŮɛ1

fc

f

2

. 

 

 

2.2 ʇʨʘʚʦʫʛʘʦʥʠ ʪʘʣʘʩʦʚʦʜ 

 

ʋ ʦʚʦʤ ʦʜʝˀʢʫ je ʠʟʣʦʞʝʥʘ ʧʨʦʧʘʛʘʮʠʿʘ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʭ ʪʘʣʘʩʘ ʜʫʞ 

ʤʝʪʘʣʥʦʛ ʪʘʣʘʩʦʚʦʜʘ ʢʦʿʠ ʠʤʘ ʧʨʘʚʦʫʛʘʦʥʠ ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʢ. ʐʠʨʘ ʩʪʨʘʥʠʮʘ ʿʝ 

ʦʟʥʘʯʝʥʘ ʩʠʤʙʦʣʦʤ ʘ, ʘ ʫʞʘ ʩʪʨʘʥʠʮʘ ʩʠʤʙʦʣʦʤ b. ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʤʦʜʝʣ 

ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ ʿʝ ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 2.2. ʋʩʚʦʿʝʥ ʿʝ ʢʦʦʨʜʠʥʘʪʥʠ ʩʠʩʪʝʤ 

ʢʦʜ ʢʦʿʝʛ ʿʝ x-ʦʩʘ ʫʩʤʝʨʝʥʘ ʜʫʞ ʭʦʨʠʟʦʥʪʘʣʥʝ ʩʪʨʘʥʠʮʝ ʪʘʣʘʩʦʚʦʜʘ, y-ʦʩʘ ʜʫʞ 

ʚʝʨʪʠʢʘʣʥʝ ʩʪʨʘʥʠʮʝ, ʜʦʢ ʿʝ z-ʦʩʘ ʦʨʠʿʝʥʪʠʩʘʥʘ ʫ ʩʤʝʨʫ ʧʨʦʧʘʛʘʮʠʿʝ ʪʘʣʘʩʘ. 
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ʉʣʠʢʘ 2.2 Mʝʪʘʣʥʠ ʪʘʣʘʩʦʚʦʜ ʧʨʘʚʦʫʛʘʦʥʦʛ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ 

 

 

 

2.2.1 ʊɽ ʠ ʊʄ ʪʘʣʘʩʠ ʫ ʧʨʘʚʦʫʛʘʦʥʦʤ ʪʘʣʘʩʦʚʦʜʫ 

 

ʈʝʰʘʚʘˁʝʤ ʪʘʣʘʩʥʝ ʿʝʜʥʘʯʠʥʝ ʟʘ ʊɽ ʠ ʊʄ ʪʠʧʦʚʝ ʪʘʣʘʩʘ, ʫʟ ʧʨʠʜʨʫʞʝʥʝ 

ʛʨʘʥʠʯʥʝ ʫʩʣʦʚʝ ʥʘ ʟʠʜʦʚʠʤʘ ʪʘʣʘʩʦʚʦʜʘ, ʦʜʨʝʹʫʿʝ ʩʝ ʩʪʨʫʢʪʫʨʘ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦʛ 

ʧʦˀʘ. Eʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦ ʧʦˀʝ ʫ ʫʥʫʪʨʘʰˁʦʩʪʠ ʪʘʣʘʩʦʚʦʜʘ ʤʦʨʘ ʜʘ ʟʘʜʦʚʦˀʠ 

Maxwell-ʦʚʝ ʿʝʜʥʘʯʠʥʝ ʢʦʿʝ ʿʝ ʧʦʪʨʝʙʥʦ ʥʘʧʠʩʘʪʠ ʫ ʩʣʝʜʝ˂ʝʤ ʦʙʣʠʢʫ:  

rotE = jɤɛH, (2.22) 

rotH = jɤŮE,  (2.23) 

divE = 0, (2.24) 

divH = 0. (2.25) 

ʋʢʦʣʠʢʦ ʧʦʪʨʘʞʠʤʦ ʨʦʪʦʨ ʦʙʝ ʩʪʨʘʥʝ ʿʝʜʥʘʯʠʥʝ, ʤʦʞʝʤʦ ʿʝ ʧʨʝʫʨʝʜʠʪʠ ʜʘ 

ʙʫʜʝ ʩʣʝʜʝ˂ʝʛ ʦʙʣʠʢʘ: rot(rotE)=graddivE æE. 

ɿʘ Laplace-ʦʚ ʦʧʝʨʘʪʦʨ ʚʘʞʠ æ=ɳẗ,ɳ ʪʘʢʦ ʜʘ ʿʝʜʥʘʯʠʥʘ ʧʦʩʪʘʿʝ: 

ᶯ2E = jɤɛrotH = ɤ2ɛŮE, ʘ ʧʦʩʣʝ ʧʨʝʛʨʫʧʠʩʘˁʘ ʠʤʘ ʩʣʝʜʝ˂ʠ ʦʙʣʠʢ: 

ᶯ2E+k2E=0. (2.26) 

ʇʘʨʘʤʝʪʘʨ k ʩʝ ʥʘʟʠʚʘ ʪʘʣʘʩʥʠ ʙʨʦʿ ʠ ʠʤʘ ʚʨʝʜʥʦʩʪ k=ɤŮɛ. ɼʦʙʠʿʝʥʘ 

ʿʝʜʥʘʯʠʥʘ ʩʝ ʥʘʟʠʚʘ ʪʘʣʘʩʥʘ Helmholtz-ova ʿʝʜʥʘʯʠʥʘ ʟʘ ʝʣʝʢʪʨʠʯʥʦ ʧʦˀʝ. 

ɸʥʘʣʦʛʥʠʤ ʧʦʩʪʫʧʢʦʤ ʜʦʙʠʿʘ ʩʝ ʠ ʪʘʣʘʩʥʘ ʿʝʜʥʘʯʠʥʘ ʟʘ ʤʘʛʥʝʪʩʢʦ ʧʦˀʝ 

ᶯ2H+k2H=0. (2.27) 

ɺʝʢʪʦʨʠ ɽ ʠ ʅ ʩʫ ʩʧʨʝʛʥʫʪʠ ʫ ʪʘʣʘʩʥʠʤ ʿʝʜʥʘʯʠʥʘʤʘ ʠ ʤʦʛʫ ʙʠʪʠ 

ʧʨʝʜʩʪʘʚˀʝʥʠ ʧʦʤʦ˂ʫ ʪʨʘʥʩʚʝʨʟʘʣʥʝ ʠ ʣʦʥʛʠʪʫʜʠʥʘʣʥʝ ʢʦʤʧʦʥʝʥʪʝ: 

E=Et+Eziz, (2.28) 
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H=Ht+Hziz. (2.29) 

ʇʨʠʤʝʥʦʤ ʧʨʝʪʭʦʜʥʘ ʜʚʘ ʠʟʨʘʟʘ ʥʘ Maxwell-ʦʚʝ ʿʝʜʥʘʯʠʥʝ ʩʝ ʜʦʙʠʿʘ: 

tɳĬEt= jɤɛHziz, (2.30) 

tɳĬHt= jɤŮEziz, (2.31) 

tɳĀEt ɔŮEz=0, (2.32) 

tɳĀHt ɔὌz=0. (2.33) 

ʅʘʢʦʥ ʰʪʦ ʩʝ ʫʚʨʩʪʠ ʪʨʘʥʩʚʝʨʟʘʣʥʠ ʣʘʧʣʘʩʠʿʘʥ ʫ ʧʨʝʪʭʦʜʥʦ ʥʘʧʠʩʘʥʝ 

ʪʘʣʘʩʥʝ ʿʝʜʥʘʯʠʥʝ, ʦʥʝ ʩʝ ʩʘʜʘ ʤʦʛʫ ʧʨʝʫʨʝʜʠʪʠ ʫ ʦʙʣʠʢʫ ætEz+K
2Ez=0 ʠ 

ætʅz+K
2ʅz=0. 

ʀʟʨʘʞʝʥʝ ʫ Descartes-ʦʚʠʤ ʢʦʦʨʜʠʥʘʪʘʤʘ, ʪʘʣʘʩʥʝ ʿʝʜʥʘʯʠʥʝ ʠʤʘʿʫ ʦʙʣʠʢ: 

Ö
2
Ez

Öx2
+
Ö
2
Ez

Öy2
+K2Ez=0, (2.34) 

Ö
2
ʅz

Öx2
+
Ö
2
ʅz

Öy2
+K2Hz=0. (2.35) 

ʂʦʤʧʦʥʝʥʪʝ ʧʦˀʘ ʩʝ ʫ ʦʧʰʪʝʤ ʩʣʫʯʘʿʫ ʤʦʛʫ ʧʦʩʤʘʪʨʘʪʠ ʢʘʦ ʟʙʠʨ ʜʚʘ 

ʥʝʟʘʚʠʩʥʘ ʨʝʰʝˁʘ, ʠ ʪʦ ʟʘ ʜʚʘ ʩʣʫʯʘʿʘ: 

1. ʢʘʜʘ ʿʝ Ez=0, 

2. ʅz=0. 

ʋ ʩʣʫʯʘʿʫ ʢʘʜʘ ʿʝ Ez=0, a HzÍ0, ʧʦˀʝ ʫ ʪʘʣʘʩʦʚʦʜʫ ʿʝ ʫ ʬʦʨʤʠ ʊɽ ʪʘʣʘʩʘ. 

ʊʨʘʥʩʚʝʨʟʘʣʥʝ ʢʦʤʧʦʥʝʥʪʝ ʝʣʝʢʪʨʠʯʥʦʛ ʠ ʤʘʛʥʝʪʩʢʦʛ ʧʦˀʘ ʩʫ ʧʦʪʧʫʥʦ ʦʜʨʝʹʝʥʝ 

ʫʢʦʣʠʢʦ ʧʦʟʥʘʿʝʤʦ ʣʦʥʛʠʪʫʜʠʥʘʣʥʫ ʢʦʤʧʦʥʝʥʪʫ ʤʘʛʥʝʪʩʢʦʛ ʧʦˀʘ: 

ɽx= 
jɤɛ

K2
ÖHz

Öy
, ɽy= 

jɤɛ

K2
ÖHz

Öx
,  (2.36) 

Hx= 
ɔ

K2
ÖHz

Öx
, Hy= 

ɔ

K2
ÖHz

Öy
.  (2.37) 

ʅʘ ʧʦʚʨʰʠʥʘʤʘ ʟʠʜʦʚʘ ʪʘʥʛʝʥʮʠʿʘʣʥʝ ʢʦʤʧʦʥʝʥʪʝ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʤʦʨʘʿʫ ʙʠʪʠ: 

Ey0,y,z=0, Ey(a,y,z)=0 ʠ Exx,0,z=0, Ex(x,b,z)=0. 

ʇʨʠʤʝʥʘ ʤʝʪʦʜʝ ʨʘʟʜʚʘʿʘˁʘ ʧʨʦʤʝʥˀʠʚʠʭ, ʧʨʠʣʠʢʦʤ ʨʝʰʘʚʘˁʘ ʪʘʣʘʩʥʝ 

ʿʝʜʥʘʯʠʥʝ, ʨʝʟʫʣʪʫʿʝ ʦʧʰʪʠʤ ʨʝʰʝˁʝʤ ʟʘ Hz: 

Hzx,y,z=H0cos
ḿ

a
xcos(

ń

b
y)ejɓz, m = 0,1,2, n=0,1,2. (2.38) 

ʇʦʟʥʘʿʫ˂ʠ ʢʦʤʧʦʥʝʥʪʫ Hz, ʦʜʨʝʹʝʥʝ ʩʫ ʠ ʪʨʘʥʩʚʝʨʟʘʣʥʝ ʢʦʤʧʦʥʝʥʪʝ ʝʣʝʢʪʨʠʯʥʦʛ ʠ 

ʤʘʛʥʝʪʩʢʦʛ ʧʦˀʘ: 

Exx,y,z=
jɤɛ

K2
H0
ń

b
cos(

ḿ

a
x)sin(

ń

b
y)ejɓz, (2.39) 
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Eyx,y,z=
jɤɛ

K2
H0
ḿ

a
sin(

ḿ

a
x)cos(

ń

b
y)ejɓz,  (2.40) 

Hxx,y,z=
jɓ

K2
H0
ḿ

a
sin(

ḿ

a
x)cos(

ń

b
y)ejɓz,  (2.41) 

Hyx,y,z=
jɓ

K2
H0
ń

b
cos(

ḿ

a
x)sin(

ń

b
y)ejɓz.  (2.42) 

ʇʘʨʘʤʝʪʘʨ K ʿʝ ʧʨʝʜʩʪʘʚˀʝʥ ʠʟʨʘʟʦʤ: 

K2=
ḿ

a

2

+
ń

b

2

, (2.43) 

ʘ ʢʦʝʬʠʮʠʿʝʥʪ ɓ ʿʝ ʦʙʣʠʢʘ:  

ɓ=ɤ2Ůɛ
ḿ

a

2 ń

b

2

. (2.44) 

ɹʠʣʦ ʢʦʿʝ ʨʝʰʝˁʝ ʪʘʣʘʩʥʝ ʿʝʜʥʘʯʠʥʝ ʧʨʦʥʘʹʝʥʦ ʟʘ ʢʦʥʢʨʝʪʥʝ ʚʨʝʜʥʦʩʪʠ 

ʧʘʨʘʤʝʪʘʨʘ m ʠ n, ʜʝʬʠʥʠʰʝ ʿʝʜʘʥ ʤʦʜ ʪʘʣʘʩʘ. ʊʨʝʙʘ ʥʘʧʦʤʝʥʫʪʠ ʜʘ ʫʩʣʦʚ 

ʧʨʦʩʪʠʨʘˁʘ ʥʘʣʘʞʝ ʜʘ ʥʝ ʤʦʛʫ m ʠ n ʫ ʠʩʪʦʤ ʪʨʝʥʫʪʢʫ ʙʠʪʠ ʿʝʜʥʘʢʠ ʥʫʣʠ.  

ʄʦʥʦʤʦʜʥʠ ʨʝʞʠʤ ʨʘʜʘ, ʢʘʜʘ ʩʝ ʜʫʞ ʩʠʩʪʝʤʘ ʧʨʦʩʪʠʨʝ ʩʘʤʦ ʿʝʜʘʥ ʤʦʜ, ʿʝ 

ʞʝˀʝʥʠ ʨʝʞʠʤ ʫ ʥʘʿʚʝ˂ʝʤ ʙʨʦʿʫ ʧʨʦʿʝʢʪʦʚʘʥʠʭ ʩʠʩʪʝʤʘ ʟʘ ʚʦʹʝˁʝ. ʋ ʩʣʫʯʘʿʫ 

ʤʫʣʪʠʤʦʜʥʦʛ ʨʝʞʠʤʘ, ʨʘʩʧʦʜʝʣʘ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦʛ ʧʦˀʘ ʥʘ ʜʠʩʢʦʥʪʠʥʫʠʪʝʪʠʤʘ 

ʩʝ ʥʝ ʤʦʞʝ ʧʨʝʜʚʠʜʝʪʠ. 

ʆʩʥʦʚʥʦ ʩʚʦʿʩʪʚʦ ʤʦʜʘ ʿʝʩʪʝ ʜʘ ʧʨʦʩʪʠʨʘˁʝ ʧʦʯʠˁʝ ʪʝʢ ʦʜ ʢʨʠʪʠʯʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ ʟʘ ʤʦʜ ʢʦʿʠ ʩʝ ʧʦʩʤʘʪʨʘ, ʘ ʢʦʿʘ ʿʝ ʜʘʪʘ ʠʟʨʘʟʦʤ: 

f
cTEmn
=
c

2

m

a

2

+
n

b

2

, c=
1

Ůɛ
.  (2.45) 

ɼʦʤʠʥʘʥʪʥʠ ʤʦʜ ʿʝ ʤʦʜ ʯʠʿʘ ʢʨʠʪʠʯʥʘ ʫʯʝʩʪʘʥʦʩʪ ʠʤʘ ʥʘʿʤʘˁʫ ʚʨʝʜʥʦʩʪ ʟʘ 

ʧʦʩʤʘʪʨʘʥʫ ʩʪʨʫʢʪʫʨʫ ʟʘ ʚʦʹʝˁʝ ʠ ʦʜʨʝʹʫʿʫ ʛʘ ʜʠʤʝʥʟʠʿʝ ʩʪʨʫʢʪʫʨʝ. ʋ ʦʧʩʝʛʫ ʜʦ 

ʥʘʨʝʜʥʝ ʢʨʠʪʠʯʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʢʦʥʢʨʝʪʥʦʛ ʤʦʜʘ, ʦʩʪʚʘʨʠʚʦ ʿʝ ʠʩʢˀʫʯʠʚʦ 

ʤʦʥʦʤʦʜʥʦ ʧʨʦʩʪʠʨʘˁʝ.  

ɺʦʹʝʥʘ ʪʘʣʘʩʥʘ ʜʫʞʠʥʘ ʫ ʪʘʣʘʩʦʚʦʜʫ ʩʝ ʤʦʞʝ ʠʟʨʘʟʠʪʠ ʢʘʦ: 

ɚg=
ɚ0

1
fc
f

2

, (2.46) 

ʧʨʠ ʯʝʤʫ ɚ0 ʩʠʤʙʦʣʠʰʝ ʪʘʣʘʩʥʫ ʜʫʞʠʥʫ ʫ ʚʘʢʫʫʤʫ ʥʘ ʫʯʝʩʪʘʥʦʩʪʠ f.  

ʃʠʥʠʿʝ ʤʘʛʥʝʪʩʢʦʛ ʠ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʟʘ ʊɽ10 ʠ ʊɽ11 ʤʦʜ ʜʘʪʝ ʩʫ ʥʘ ʩʣʠʮʠ 2.3.  

 



ʄʠʢʨʦʪʘʣʘʩʥʠ ʬʠʣʪʨʠ ʥʝʧʨʦʧʫʩʥʠʮʠ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʩʘ ʨʝʟʦʥʘʥʪʥʠʤ ʧʨʝʛʨʘʜʘʤʘ ʫ ɽ ʠ ʅ-ʨʘʚʥʠ ʪʘʣʘʩʦʚʦʜʘ 

Mʘʨʠʿʘ ɺ. ʄʨʚʠ˂, ʜʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ 

 

16 

 

 

(a)                                                        (ʙ) 

ʉʣʠʢʘ 2.3 ʃʠʥʠʿʝ ʤʘʛʥʝʪʩʢʦʛ (- - -) ʠ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ (  ) ʫ ʧʨʘʚʦʫʛʘʦʥʦʤ 

ʪʘʣʘʩʦʚʦʜʫ ʟʘ: ʘ) ʊɽ10 ʙ) ʊɽ11 ʤʦʜ [Petr2010] 

 

ʋ ʩʣʫʯʘʿʫ TM ʪʘʣʘʩʘ ʿʝ ʣʦʥʛʠʪʫʜʠʥʘʣʥʘ ʢʦʤʧʦʥʝʥʪʘ ʤʘʛʥʝʪʩʢʦʛ ʧʦˀʘ 

ʿʝʜʥʘʢʘ ʥʫʣʠ, ʪʿ. Hz = 0. ɸʥʘʣʦʛʥʦ ʘʥʘʣʠʟʠ ʊɽ ʤʦʜʦʚʘ, ʪʨʘʥʩʚʝʨʟʘʣʥʝ ʢʦʤʧʦʥʝʥʪʝ 

ʝʣʝʢʪʨʠʯʥʦʛ ʠ ʤʘʛʥʝʪʩʢʦʛ ʧʦˀʘ ʩʝ ʤʦʛʫ ʠʟʨʘʟʠʪʠ ʧʨʝʢʦ z-ʢʦʤʧʦʥʝʥʪʝ ʝʣʝʢʪʨʠʯʥʦʛ 

ʧʦˀʘ ʫ ʦʙʣʠʢʫ: 

ɽx= 
jɓ

K2
ÖEz

Öx
, ɽy= 

jɓ

K2
ÖEz

Öy
,  (2.47) 

Hx= 
jɤŮ

K2
ÖEz

Öy
, Hy=

jɤŮ

K2
ÖEz

Öx
.  (2.48) 

ʇʨʠʤʝʥʘ ʤʝʪʦʜʝ ʨʘʟʜʚʘʿʘˁʘ ʧʨʦʤʝʥˀʠʚʠʭ ʧʨʠʣʠʢʦʤ ʨʝʰʘʚʘˁʘ ʪʘʣʘʩʥʝ ʿʝʜʥʘʯʠʥʝ 

ʨʝʟʫʣʪʫʿʝ ʦʧʰʪʠʤ ʨʝʰʝˁʝʤ ʟʘ Ez ʜʘʪʦ ʫ ʦʙʣʠʢʫ: 

Ezx,y,z=E0sin
ḿ

a
xsin(

ń

b
y)ejɓz, (2.49) 

ʛʜʝ ʿʝ E0  ʢʦʤʧʣʝʢʩʥʘ ʢʦʥʩʪʘʥʪʘ. 

ʇʦʟʥʘʿʫ˂ʠ ʢʦʤʧʦʥʝʥʪʫ ɽz, ʦʜʨʝʹʝʥʝ ʩʫ ʠ ʪʨʘʥʩʚʝʨʟʘʣʥʝ ʢʦʤʧʦʥʝʥʪʝ ʝʣʝʢʪʨʠʯʥʦʛ ʠ 

ʤʘʛʥʝʪʩʢʦʛ ʧʦˀʘ: 

Hxx,y,z=
jɤŮ

K2
E0
ń

b
sin(

ḿ

a
x)cos(

ń

b
y)ejɓz, 

 (2.50) 

Hyx,y,z=
jɤŮ

K2
E0
ḿ

a
cos(

ḿ

a
x)sin(

ń

b
y)ejɓz,  (2.51) 

Exx,y,z=
jɓ

K2
E0
ḿ

a
cos(

ḿ

a
x)sin(

ń

b
y)ejɓz,  (2.52) 

Eyx,y,z=
jɓ

K2
E0
ń

b
sin(

ḿ

a
x)cos(

ń

b
y)ejɓz,  (2.53) 

ʧʨʠ ʯʝʤʫ ʩʫ K i ɓ ʜʘʪʠ ʧʦʤʦ˂ʫ (2.43) i (2.44). 

ɿʘ ʧʨʦʩʪʠʨʘˁʝ ʊʄ ʪʘʣʘʩʘ ʤʦʨʘ ʙʠʪʠ ʠʩʧʫˁʝʥʦ ʜʘ ʩʫ ʠ m > 0 ʠ n > 0. 

ʄʦʜ ʩʘ ʥʘʿʤʘˁʦʤ ʢʨʠʪʠʯʥʦʤ ʫʯʝʩʪʘʥʦʩʪʠ ʿʝ ʊʄ11 ʤʦʜ, ʘʣʠ ʪʘ ʫʯʝʩʪʘʥʦʩʪ ʠʤʘ ʚʝ˂ʫ 

ʚʨʝʜʥʦʩʪ ʦʜ ʢʨʠʪʠʯʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʟʘ ʊɽ10 ʤʦʜ. ʀʟ ʪʦʛ ʨʘʟʣʦʛʘ ʿʝ ʢʦʜ ʧʨʘʚʦʫʛʘʦʥʠʭ 
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ʪʘʣʘʩʦʚʦʜʘ ʜʦʤʠʥʘʥʪʘʥ ʊɽ10 ʤʦʜ. ʃʠʥʠʿʝ ʝʣʝʢʪʨʠʯʥʦʛ ʠ ʤʘʛʥʝʪʩʢʦʛ ʧʦˀʘ ʟʘ ʊʄ11 ʠ 

ʊʄ21 ʩʫ ʜʘʪʝ ʥʘ ʩʣʠʮʠ 2.4. 

 

 
(a)                                                        (ʙ) 

ʉʣʠʢʘ 2.4 ʃʠʥʠʿʝ ʤʘʛʥʝʪʩʢʦʛ (- - -) ʠ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ (  ) ʫ ʧʨʘʚʦʫʛʘʦʥʦʤ 

ʪʘʣʘʩʦʚʦʜʫ ʟʘ: ʘ) ʊʄ11 ʙ) ʊʄ21 ʤʦʜ [Petr2010] 

 

ʅʘ ʩʣʠʮʠ 2.5 ʧʨʠʢʘʟʘʥ ʿʝ ʨʘʩʧʦʨʝʜ ʢʨʠʪʠʯʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʟʘ ʩʪʘʥʜʘʨʜʥʠ ʪʘʣʘʩʦʚʦʜ 

ʯʠʿʝ ʜʠʤʝʥʟʠʿʝ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʟʘʜʦʚʦˀʘʚʘʿʫ ʫʩʣʦʚ b = a/2. 

0 1 2 3 10cTE/ ff

TE10

TE20 TE01

TE11 TM11

TE21 TM21

TE30

Prostiranje 

samo TE10 

moda

 

ʉʣʠʢʘ 2.5 ʈʘʩʧʦʨʝʜ ʢʨʠʪʠʯʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ TEmn ʠ TMmn ʤʦʜʦʚʘ ʫʥʫʪʘʨ 

ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ ʟʘ ʢʦʿʠ ʚʘʞʠ ʜʘ ʿʝ b=a/2 

 

 

2.2.2 ʄʘʢʩʠʤʘʣʥa ʩʥʘʛʘ ʢʦʿʘ ʩʝ ʤʦʞʝ ʧʨʝʥʝʪʠ ʪʘʣʘʩʦʚʦʜʦʤ 

 

ʉʨʝʜˁʘ ʩʥʘʛʘ ʢʦʿʘ ʩʝ ʤʦʞʝ ʧʨʝʥʝʪʠ ʢʨʦʟ ʪʘʣʘʩʦʚʦʜ ʩʝ ʜʝʬʠʥʠʰʝ ʢʘʦ ʬʣʫʢʩ 

zīʢʦʤʧʦʥʝʥʪʝ Pointing-ʦʚʦʛ ʚʝʢʪʦʨʘ ʢʨʦʟ ʪʨʘʥʩʚʝʨʟʘʣʥʠ ʧʨʝʩʝʢ ʪʘʣʘʩʦʚʦʜʘ. ʉʥʘʛʘ 

ʢʦʿʘ ʩʝ ʧʨʝʥʦʩʠ ʧʨʘʚʦʫʛʘʦʥʠʤ ʪʘʣʘʩʦʚʦʜʦʤ ʩʝ ʜʦʙʠʿʘ ʧʦʣʘʟʝ˂ʠ ʦʜ ʠʟʨʘʟʘ: 

Pt=᷿ ᷿ (ExHy
* EyHx

*)dxdy.
a

x=0
 

b

y=0
 (2.54) 
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ʅʘʢʦʥ ʰʪʦ ʩʝ ʟʘʤʝʥʝ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʠʟʨʘʟʠ ʟʘ ʢʦʤʧʦʥʝʥʪʝ ʧʦˀʘ ʠ ʠʟʚʨʰʠ ʧʨʦʮʝʩ 

ʠʥʪʝʛʨʘʮʠʿʝ, ʜʦʣʘʟʠ ʩʝ ʜʦ ʩʣʝʜʝ˂ʠʭ ʠʟʨʘʟʘ: 

- ʟʘ TEm0 ʠ TE0n ʪʠʧʦʚʝ ʪʘʣʘʩʘ: Pt=
ab

4

ɛ

Ů

fc

f

2

1
fc

f

2

|H0|
2
, (2.55) 

- ʟʘ TEmn ʪʠʧʦʚʝ ʪʘʣʘʩʘ (m, n Í 0): Pt=
ab

4

ɛ

Ů

fc

f

2

1
fc

f

2

|H0|
2
, (2.56) 

- ʟʘ TMmn ʪʠʧʦʚʝ ʪʘʣʘʩʘ: Pt=
ab

4 ɛ

fc

f

2

1
fc

f

2

|E0|
2
, (2.57) 

ʛʜʝ ʩʫ |H0| ʠ |E0| ʝʬʝʢʪʠʚʥʝ ʚʨʝʜʥʦʩʪʠ. 

ʇʘʨʘʤʝʪʘʨ ʤʘʢʩʠʤʘʣʥʝ ʩʥʘʛʝ, ʢʦʿʘ ʩʝ ʧʨʝʥʦʩʠ, ʿʝ ʫʩʣʦʚˀʝʥ ʪʠʤʝ ʜʘ ʥʝ ʩʤʝ 

ʜʦ˂ʠ ʜʦ ʧʨʦʙʦʿʘ ʜʠʝʣʝʢʪʨʠʢʘ. ʊʦ ʠʤʧʣʠʮʠʨʘ ʜʘ ʥʘʿʚʝ˂ʠ ʪʨʝʥʫʪʥʠ ʠʥʪʝʥʟʠʪʝʪ 

ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʥʝ ʩʤʝ ʧʨʝʤʘʰʠʪʠ ʚʨʝʜʥʦʩʪ ʢʨʠʪʠʯʥʦʛ ʧʦˀʘ. ʋʢʦʣʠʢʦ ʿʝ 

ʜʠʝʣʝʢʪʨʠʢ ʚʘʟʜʫʭ, ʫʟʠʤʘ ʩʝ ʜʘ ʿʝ ʢʨʠʪʠʯʥʘ ʚʨʝʜʥʦʩʪ Ekr=3 MV/m.  

ʂʘʢʦ ʙʠ ʩʝ ʜʦʩʝʛʣʘ ʤʘʢʩʠʤʘʣʥʘ ʚʨʝʜʥʦʩʪ ʩʥʘʛʝ ʧʦʪʨʝʙʥʦ ʿʝ ʦʙʝʟʙʝʜʠʪʠ ʜʦʙʨʦ 

ʧʨʠʣʘʛʦʹʝˁʝ, ʿʝʨ ˂ʝ ʫ ʩʫʧʨʦʪʥʦʤ ʪʘ ʚʨʝʜʥʦʩʪ ʙʠʪʠ ʫʤʘˁʝʥʘ: 

Ptmax=Pi Pr=
ab

4ZTE10

(Ei max
2 Er max

2 ), (2.58) 

ʛʜʝ ʿʝ ὖ ʩʨʝʜˁʘ ʩʥʘʛa ʫʧʘʜʥʦʛ ʪʘʣʘʩʘ, ὖ ʿʝ ʩʥʘʛʘ ʨʝʬʣʝʢʪʦʚʘʥʦʛ ʪʘʣʘʩʘ, Ei max
2  ʿʝ 

ʢʚʘʜʨʘʪ ʥʘʿʚʝ˂ʝ ʪʨʝʥʫʪʥʝ ʚʨʝʜʥʦʩʪʠ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʠʥʮʠʜʝʥʪʥʦʛ ʪʘʣʘʩʘ, ʘ Er max
2  

ʿʝ ʢʚʘʜʨʘʪ ʥʘʿʚʝ˂ʝ ʪʨʝʥʫʪʥʝ ʚʨʝʜʥʦʩʪʠ ʨʝʬʣʝʢʪʦʚʘʥʦʛ ʪʘʣʘʩʘ.  
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3 ʌʠʣʪʨʠ 

 

 

 ʌʠʣʪʨʠ ʩʫ ʥʝʠʟʦʩʪʘʚʥʠ ʝʣʝʤʝʥʪʠ ʢʦʤʫʥʠʢʘʮʠʦʥʠʭ ʫʨʝʹʘʿʘ. ʉʫʰʪʠʥʩʢʠ, 

ʬʠʣʪʘʨ ʿʝ ʧʦʜʩʠʩʪʝʤ ʯʠʿʘ ʿʝ ʥʘʤʝʥʘ ʜʘ ʠʟ ʩʧʝʢʪʨʘ ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʩʣʦʞʝʥʦʛ ʫʣʘʟʥʦʛ 

ʩʠʛʥʘʣʘ ʠʟʜʚʦʿʠ ʠ ʧʨʦʧʫʩʪʠ ʞʝˀʝʥʝ ʢʦʤʧʦʥʝʥʪʝ ʙʝʟ ʩʣʘʙˀʝˁʘ ʠʣʠ ʩʘ ʤʠʥʠʤʘʣʥʠʤ 

ʜʦʟʚʦˀʝʥʠʤ ʩʣʘʙˀʝˁʝʤ, ʘ ʧʦʪʠʩʥʝ ʞʝˀʝʥʝ ʢʦʤʧʦʥʝʥʪʝ. 

 ʋ ʩʢʣʘʜʫ ʩʘ ʦʧʩʝʛʦʤ ʫʯʝʩʪʘʥʦʩʪʠ ʢʦʿʝ ʠʟʜʚʘʿʘʿʫ, ʬʠʣʪʨʠ ʩʝ ʤʦʛʫ 

ʢʣʘʩʠʬʠʢʦʚʘʪʠ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 

¶ ʬʠʣʪʨʠ ʧʨʦʧʫʩʥʠʮʠ ʥʠʩʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ 

¶ ʬʠʣʪʨʠ ʧʨʦʧʫʩʥʠʮʠ ʚʠʩʦʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ 

¶ ʬʠʣʪʨʠ ʧʨʦʧʫʩʥʠʮʠ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

¶ ʬʠʣʪʨʠ ʥʝʧʨʦʧʫʩʥʠʮʠ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

ʉʭʦʜʥʦ ʧʨʠʨʦʜʠ ʩʠʛʥʘʣʘ ʢʦʿʝ ʧʨʦʧʫʰʪʘʿʫ, ʤʦʛʫ ʩʝ ʧʦʜʝʣʠʪʠ ʥʘ: 

¶ ʘʥʘʣʦʛʥʝ ʬʠʣʪʨʝ, ʢʦʿʠ ʦʙʨʘʹʫʿʫ ʢʦʥʪʠʥʫʘʣʥʝ ʩʠʛʥʘʣʝ ʠ 

¶ ʜʠʛʠʪʘʣʥʝ ʬʠʣʪʨʝ, ʢʦʿʠ ʦʙʨʘʹʫʿʫ ʚʨʝʤʝʥʩʢʠ ʜʠʩʢʨʝʪʠʟʦʚʘʥʝ (ʜʠʛʠʪʘʣʥʝ) 

ʩʠʛʥʘʣʝ. 

ɿʘʚʠʩʥʦ ʦʜ ʝʣʝʤʝʥʘʪʘ ʫʟ ʧʦʤʦ˂ ʢʦʿʠʭ ʩʝ ʨʝʘʣʠʟʫʿʫ, ʘʥʘʣʦʛʥʠ ʬʠʣʪʨʠ ʩʝ ʜʝʣʝ ʥʘ: 

¶ ʧʘʩʠʚʥʝ, ʢʦʿʠ ʩʝ ʨʝʘʣʠʟʫʿʫ ʩʘʤʦ ʧʦʤʦ˂ʫ ʧʘʩʠʚʥʠʭ ʢʦʤʧʦʥʝʥʪʠ ʠ 

¶ ʘʢʪʠʚʥʝ, ʢʦʜ ʢʦʿʠʭ ʩʝ ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ ʢʦʨʠʩʪʝ ʠ ʘʢʪʠʚʥʝ ʢʦʤʧʦʥʝʥʪʝ. 

 

3.1 ʇʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʘʨʘ 

 

ʂʣʘʩʠʯʥʘ ʪʝʦʨʠʿʘ ʬʠʣʪʘʨʘ ʩʣʫʞʠ ʢʘʦ ʧʦʣʘʟʥʘ ʦʩʥʦʚʘ ʧʨʠ ʧʨʦʿʝʢʪʦʚʘˁʫ ʬʠʣʪʘʨʘ. 

ʇʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʘʨʘ ʧʦʜʨʘʟʫʤʝʚʘ ʫʨʝʹʝʥ ʥʠʟ ʜʝʬʠʥʠʩʘʥʠʭ ʢʦʨʘʢʘ ʢʦʿʝ ʪʨʝʙʘ 

ʨʝʘʣʠʟʦʚʘʪʠ: 

¶ ʉʧʝʮʠʬʠʢʘʮʠʿʘ 

¶ ɸʧʨʦʢʩʠʤʘʮʠʿʘ 

¶ ʉʠʥʪʝʟʘ  

¶ ʉʠʤʫʣʘʮʠʦʥʠ ʤʦʜʝʣ ʬʠʣʪʨʘ 

¶ ʈʝʘʣʠʟʘʮʠʿʘ 

¶ ʉʪʫʜʠʿʘ ʠʤʧʝʨʬʝʢʮʠʿʝ 
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¶ ʆʧʪʠʤʠʟʘʮʠʿʘ. 

ʇʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʘʨʘ ʿʝ ʩʣʦʞʝʥ ʧʨʦʮʝʩ ʢʦʿʠ ʿʝ ʧʨʝʜʤʝʪ ʚʝʣʠʢʦʛ ʙʨʦʿʘ 

ʦʙʠʤʥʠʭ ʠʩʪʨʘʞʠʚʘˁʘ. ʇʦʣʘʟʥʠ ʢʦʨʘʢ ʫ ʧʨʦʿʝʢʪʦʚʘˁʫ ʬʠʣʪʨʘ ʧʦʜʨʘʟʫʤʝʚʘ 

ʫʩʧʦʩʪʘʚˀʘˁʝ ʟʘʭʪʝʚʘ ʢʦʿʝ ʬʠʣʪʘʨ ʪʨʝʙʘ ʜʘ ʟʘʜʦʚʦˀʠ, ʦʜʥʦʩʥʦ ʜʝʬʠʥʠʩʘˁʝ 

ʩʧʝʮʠʬʠʢʘʮʠʿʝ. ʅʘʢʦʥ ʪʦʛʘ ʿʝ ʧʦʪʨʝʙʥʦ ʦʜʨʝʜʠʪʠ ʬʫʥʢʮʠʿʫ ʧʨʝʥʦʩʘ ʢʦʿʘ 

ʟʘʜʦʚʦˀʘʚʘ ʧʦʩʪʘʚˀʝʥʝ ʟʘʭʪʝʚʝ, ʠ ʠʟʘʙʨʘʪʠ ʥʝʢʫ ʦʜ ʧʦʟʥʘʪʠʭ ʘʧʨʦʢʩʠʤʘʮʠʿʘ. 

ʋʢʦʣʠʢʦ ʥʝʢʠ ʦʜ ʧʦʩʪʘʚˀʝʥʠʭ ʟʘʭʪʝʚʘ ʥʠʿʝ ʟʘʜʦʚʦˀʝʥ, ʥʝʦʧʭʦʜʥʦ ʿʝ ʠʟʚʨʰʠʪʠ 

ʢʦʨʝʢʮʠʿʝ ʫ ʨʝʘʣʠʟʘʮʠʿʠ ʠʣʠ ʩʝ ʦʧʨʝʜʝʣʠʪʠ ʟʘ ʘʣʪʝʨʥʘʪʠʚʥʫ ʬʫʥʢʮʠʿʫ ʧʨʝʥʦʩʘ. 

ʊʨʘʥʩʬʝʨ ʬʫʥʢʮʠʿʘ ʬʠʣʪʨʘ ʥʘ ʤʠʢʨʦʪʘʣʘʩʥʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ ʧʨʝʜʩʪʘʚˀʘ 

ʧʘʨʘʤʝʪʘʨ ʨʘʩʝʿʘˁʘ S21. ʆʟʥʘʯʝʥʘ ʿʝ ʩʠʤʙʦʣʦʤ H(s) ʠ ʧʦ ʧʨʠʨʦʜʠ ʿʝ ʨʝʘʣʥʘ ʠ 

ʨʘʮʠʦʥʘʣʥʘ ʬʫʥʢʮʠʿʘ ʩʘ ʢʦʥʘʯʥʠʤ ʙʨʦʿʝʤ ʥʫʣʘ ʠ ʧʦʣʦʚʘ. ʋ ʠʟʨʘʟʫ ʟʘ ʪʨʘʥʩʬʝʨ 

ʬʫʥʢʮʠʿʫ Laplace-oʚa ʢʦʤʧʣʝʢʩʥʘ ʧʨʦʤʝʥˀʠʚʘ s=ů+jɤ, ʦʟʥʘʯʘʚʘ ʢʦʤʧʣʝʢʩʥʫ 

ʫʯʝʩʪʘʥʦʩʪ. 

ʌʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ, H(jɤ), ʩʝ ʜʦʙʠʿʘ ʢʘʜʘ ʩʝ ʢʦʤʧʣʝʢʩʥʘ ʫʯʝʩʪʘʥʦʩʪ ί 

ʟʘʤʝʥʠ ʩʘ jɤ ʫ ʧʨʝʥʦʩʥʦʿ ʬʫʥʢʮʠʿʠ. ʊʘʿ ʦʜʟʠʚ ʩʝ ʤʦʞʝ ʧʨʝʜʩʪʘʚʠʪʠ ʢʦʨʠʩʪʝ˂ʠ 

ʘʤʧʣʠʪʫʜʩʢʠ ʦʜʟʠʚ ʫ ʦʙʣʠʢʫ M(ɤ)=|ʅ(jɤ)| ʠ ʬʘʟʥʠ ʦʜʟʠʚ ʫ ʦʙʣʠʢʫ ū(ɤ)=arg(H(jɤ)), 

ʧʘ ʦʪʫʜʘ ʧʨʦʠʟʠʣʘʟʠ:  

H( jɤ) = M(ɤ) ʝjū(ɤ), (3.1) 

ʛʜʝ ʿʝ ɤ ʫʛʘʦʥʘ ʫʯʝʩʪʘʥʦʩʪ ʿʝʜʥʘʢʘ ɤ = 2ˊf ʠʟʨʘʞʝʥʘ ʫ [rad/s]. 

ɻʨʘʬʠʮʠ M(ɤ) ʠ ū(ɤ) ʧʨʝʜʩʪʘʚˀʘʿʫ ʘʤʧʣʠʪʫʜʩʢʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʫ (ʥʘʿʯʝʰ˂ʝ 

ʠʟʨʘʞʝʥʫ ʫ dB) ʠ ʬʘʟʥʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʫ, ʨʝʩʧʝʢʪʠʚʥʦ. ʋ ʥʘʩʪʘʚʢʫ ʿʝ ʧʦʩʪʫʧʥʦ 

ʦʧʠʩʘʥ ʧʨʦʮʝʩ ʧʨʦʿʝʢʪʦʚʘˁʘ ʬʠʣʪʘʨʘ ʩʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʩʣʠʢʘʤʘ, ʢʦʿʝ ʩʫ ʜʝʦ 

ʧʦʛʣʘʚˀʘ ʧʦʩʚʝ˂ʝʥʦʛ ʬʠʣʪʨʠʤʘ ʠʟ [Petr2010]. 

 

3.1.1 ʉʧʝʮʠʬʠʢʘʮʠʿʘ 

 

ɿʘʜʘʚʘˁʝ ʩʧʝʮʠʬʠʢʘʮʠʿʝ ʧʦʜʨʘʟʫʤʝʚʘ ʧʦʩʪʘʚˀʘˁʝ ʟʘʭʪʝʚʘ ʢʦʿʝ ʬʠʣʪʘʨ 

ʪʨʝʙʘ ʜʘ ʟʘʜʦʚʦˀʠ. ʆʩʥʦʚʥʦ ʿʝ ʩʧʝʮʠʬʠʮʠʨʘˁʝ ʘʤʧʣʠʪʫʜʩʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ, ʫʟ 

ʧʨʠʜʨʫʞʝʥʝ ʪʦʣʝʨʘʥʮʠʿʝ ʫ ʧʦʿʝʜʠʥʠʤ ʬʨʝʢʚʝʥʮʠʿʩʢʠʤ ʦʧʩʝʟʠʤʘ. ɻʨʘʥʠʮʝ ʦʙʣʘʩʪʠ 

ʫʥʫʪʘʨ ʢʦʿʝ ʩʝ ʟʘʜʘʿʝ ʘʤʧʣʠʪʫʜʩʢʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʯʠʥʝ ʛʘʙʘʨʠʪ. ʉʣʠʢʘ 3.1 

ʠʣʫʩʪʨʫʿʝ ʥʘʿʯʝʰ˂ʝ ʘʤʧʣʠʪʫʜʩʢʝ ʩʧʝʮʠʬʠʢʘʮʠʿʝ. 
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ʉʣʠʢʘ 3.1 ʉʧʝʮʠʬʠʢʘʮʠʿʘ ʘʤʧʣʠʪʫʜʩʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʬʠʣʪʨʘ ʢʦʿʠ ʧʨʦʧʫʰʪʘ: 

(ʘ) ʥʠʩʢʝ, (ʙ) ʚʠʩʦʢʝ, (ʚ) ʦʧʩʝʛ ʫʯʝʩʪʘʥʦʩʪʠ [Petr2010] 

 

ʂʦʜ ʩʧʝʮʠʬʠʢʘʮʠʿʝ ʥʠʩʢʦʧʨʦʧʫʩʥʦʛ ʬʠʣʪʨʘ (ʩʣʠʢʘ 3.1ʘ) ʩʝ ʫ ʛʨʘʥʠʮʘʤʘ ʦʜ 

ʥʫʣʝ ʜʦ Fp ʥʘʣʘʟʠ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ, ʛʜʝ ʿʝ ʥʘʿʚʝ˂ʝ ʜʦʟʚʦˀʝʥʦ ʩʣʘʙˀʝˁʝ Ap. ʀʟʥʘʜ 

ʫʯʝʩʪʘʥʦʩʪʠ Fs ʩʝ ʥʘʣʘʟʠ ʥʝʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʫʥʫʪʘʨ ʢʦʿʝʛ ʿʝ ʥʘʿʤʘˁʝ ʜʦʟʚʦˀʝʥʦ 

ʩʣʘʙˀʝˁʝ As. ʋ ʛʨʘʥʠʮʘʤʘ Fp< f <Fs ʿʝ ʩʤʝʰʪʝʥ ʧʨʝʣʘʟʥʠ ʦʧʩʝʛ. ʉʝʣʝʢʪʠʚʥʦʩʪ 

ʬʠʣʪʨʘ ʿʝ ʦʜʨʝʹʝʥʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʰʠʨʠʥʝ ʧʨʝʣʘʟʥʦʛ ʦʧʩʝʛʘ. 

ɸʥʘʣʦʛʥʦ ʬʠʣʪʨʫ ʢʦʿʠ ʧʨʦʧʫʰʪʘ ʥʠʩʢʝ ʫʯʝʩʪʘʥʦʩʪʠ, ʟʘʜʘʿʝ ʩʝ ʠ 

ʩʧʝʮʠʬʠʢʘʮʠʿʘ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ ʚʠʩʦʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ (ʩʣʠʢʘ 3.1ʙ). ʇʨʦʧʫʩʥʠ 

ʦʧʩʝʛ ʬʠʣʪʨʘ ʿʝ ʩʤʝʰʪʝʥ ʠʟʥʘʜ ʫʯʝʩʪʘʥʦʩʪʠ Fp, ʩʘ ʥʘʿʚʝ˂ʠʤ ʜʦʟʚʦˀʝʥʠʤ 

ʩʣʘʙˀʝˁʝʤ Ap. ʅʝʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʩʝ ʧʨʦʩʪʠʨʝ ʦʜ ʥʫʣʝ ʜʦ ʫʯʝʩʪʘʥʦʩʪʠ Ὂ, ʩʘ 

ʩʣʘʙˀʝˁʝʤ ʚʝ˂ʠʤ ʦʜ ʚʨʝʜʥʦʩʪʠ As. 

ʂʦʜ ʩʧʝʮʠʬʠʢʘʮʠʿʝ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ (ʩʣʠʢʘ 3.1ʚ), 

ʜʦˁʘ ʛʨʘʥʠʮʘ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʿʝ Fp1, ʘ ʛʦʨˁʘ ʛʨʘʥʠʮʘ Fp2. ʋʥʫʪʘʨ ʧʨʦʧʫʩʥʦʛ 

ʦʧʩʝʛʘ ʿʝ ʥʘʿʚʝ˂ʝ ʩʣʘʙˀʝˁʝ Ap. ʅʝʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʿʝ ʩʤʝʰʪʝʥ ʦʜ ʥʫʣʝ ʜʦ Fs1 ʠ ʠʟʥʘʜ 

ʫʯʝʩʪʘʥʦʩʪʠ Fs2, ʘ ʥʘʿʤʘˁʝ ʩʣʘʙˀʝˁʝ ʫʥʫʪʘʨ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʿʝ As. ʇʨʝʣʘʟʥʠ 

ʦʧʩʝʟʠ ʩʝ ʥʘʣʘʟʝ ʫ ʩʣʝʜʝ˂ʠʤ ʛʨʘʥʠʮʘʤʘ: Fs1 < f < Fp1 ʠ Fp2 < f < Fs2.  

ʋ ʦʢʚʠʨʫ ʩʧʝʮʠʬʠʢʘʮʠʿʝ ʿʝ ʤʦʛʫ˂ʝ ʟʘʜʘʪʠ ʠ ʜʦʜʘʪʥʝ ʟʘʭʪʝʚʝ: ʩʪʨʤʠʥʫ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʫ ʧʨʝʣʘʟʥʦʤ ʦʧʩʝʛʫ, ʞʝˀʝʥʦ ʛʨʫʧʥʦ ʢʘʰˁʝˁʝ, ʠʤʧʣʝʤʝʥʪʘʮʠʦʥʫ 

ʪʝʭʥʦʣʦʛʠʿʫ, ʚʝʣʠʯʠʥʫ ʟʘʫʟʝ˂ʘ ʬʘʙʨʠʢʦʚʘʥʦʛ ʬʠʣʪʨʘ [Petr2010]. 
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3.1.2 ɸʧʨʦʢʩʠʤʘʮʠʿʘ 

 

ɸʧʨʦʢʩʠʤʘʮʠʿʘ ʿʝ ʘʥʘʣʠʪʠʯʢʘ ʧʨʝʜʩʪʘʚʘ ʧʨʘʢʪʠʯʥʦ ʦʩʪʚʘʨˀʠʚʦʛ 

ʬʨʝʢʚʝʥʮʠʿʩʢʦʛ ʦʜʟʠʚʘ, ʢʦʿʠ ʟʘʜʦʚʦˀʘʚʘ ʫʩʣʦʚʝ ʩʧʝʮʠʬʠʢʘʮʠʿʝ [Petr2010]. ʋ 

ʧʦʯʝʪʥʦʿ ʬʘʟʠ ʧʨʦʿʝʢʪʦʚʘˁʘ ʿʝ ʧʦʪʨʝʙʥʦ ʘʧʨʦʢʩʠʤʘʮʠʦʥʠʤ ʤʝʪʦʜʘʤʘ ʦʩʪʚʘʨʠʪʠ 

ʞʝˀʝʥʫ ʘʤʧʣʠʪʫʜʩʢʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʫ. ʅʝʦʧʭʦʜʥʦ ʿʝ ʚʦʜʠʪʠ ʨʘʯʫʥʘ ʦ ʪʦʤʝ ʜʘ 

ʘʧʨʦʢʩʠʤʘʮʠʿa ʠʩʧʫˁʘʚʘ ʫʩʣʦʚ ʢʘʫʟʘʣʥʦʩʪʠ ʠ ʜʘ ʿʝ ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʩʝʣʝʢʪʠʚʥʘ 

ʬʫʥʢʮʠʿʘ. 

Butterworth-ʦʚʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ (ʜʘʪʘ ʥʘ ʩʣʠʮʠ 3.2ʘ) ʿʝ ʦʧʠʩʘʥʘ ʬʫʥʢʮʠʿʦʤ: 

AdBɤ=10log101+
ɤ

ɤ3dB

2n

, (3.2) 

ʫ ʢʦʿʦʿ ʬʠʛʫʨʠʰʫ ʜʚʘ ʧʘʨʘʤʝʪʨʘ: ʫʛʘʦʥʘ ʫʯʝʩʪʘʥʦʩʪ (ɤ3dB) ʠ ʨʝʜ ʘʧʨʦʢʩʠʤʘʮʠʿʝ (n). 

ʉʣʘʙˀʝˁʝ ʤʦʥʦʪʦʥʦ ʨʘʩʪʝ ʩʘ ʫʯʝʩʪʘʥʦʩʪʠ. ʇʨʝʥʦʩʥʘ ʬʫʥʢʮʠʿʘ n-ʪʦʛ ʨʝʜʘ ʢʦʿʘ 

ʦʜʛʦʚʘʨʘ ʦʚʦʿ ʘʧʨʦʢʩʠʤʘʮʠʿʠ ʥʝʤʘ ʥʫʣʝ ʘʣʠ ʠʤʘ n ʧʦʣʦʚʘ. ʂʘʨʘʢʪʝʨʠʩʪʠʢʘ ʥʠʿʝ 

ʩʪʨʤʘ, ʦʜʘʢʣʝ ʩʣʝʜʠ ʜʘ ʿʝ ʧʦʪʨʝʙʥʦ ʧʦʚʝ˂ʘʪʠ ʨʝʜ ʬʠʣʪʨʘ ʫ ʮʠˀʫ ʜʦʩʪʠʟʘˁʘ ʙʦˀʝ 

ʩʝʣʝʢʪʠʚʥʦʩʪʠ. ʇʦʨʝʜ ʨʘʚʥʝ ʘʤʧʣʠʪʫʜʩʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʫ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ, 

Butterworth-ʦʚ ʬʠʣʪʘʨ ʠʤʘ ʤʘˁʫ ʦʩʝʪˀʠʚʦʩʪ ʥʘ ʧʨʦʤʝʥʝ ʚʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ 

[Petr2010]. 

ʅʘʿʧʦʧʫʣʘʨʥʠʿʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʿʝ Tschebyscheff-ˀʝʚʘ (ʜʘʪʘ ʥʘ ʩʣʠʮʠ 3.2ʙ): 

AdBɤ=10log101+Ů
2Tn
2 ɤ

ɤŮ
, (3.3) 

ʛʜʝ ɤŮ ʧʨʝʜʩʪʘʚˀʘ ʛʨʘʥʠʯʥʫ ʫʛʘʦʥʫ ʫʯʝʩʪʘʥʦʩʪ ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ 

0 < ɤ < ɤŮ, Ů ʜʝʬʠʥʠʰʝ ʧʘʨʘʤʝʪʘʨ ʪʘʣʘʩʥʦʩʪʠ, n ʿʝ ʨʝʜ ʘʧʨʦʢʩʠʤʘʮʠʿʝ, ʘ Tn(x) ʿʝ 

Tschebyscheff-ˀʝʚ ʧʦʣʠʥʦʤ n-ʪʦʛ ʩʪʝʧʝʥʘ. 

 

 
(ʘ)                                                                (ʙ) 

ʉʣʠʢʘ 3.2 (ʘ) Butterworth-ʦʚʘ ʠ (ʙ) Tschebyscheff-ˀʝʚʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ [Petr2010]  
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ɸʧʨʦʢʩʠʤʘʮʠʿʘ ʩʘ ʥʘʿʤʘˁʠʤ ʨʝʜʦʤ n, ʟʘ ʩʧʝʮʠʬʠʮʠʨʘʥʫ ʩʝʣʝʢʪʠʚʥʦʩʪ, ʿʝ 

ʝʣʠʧʪʠʯʢʘ ʠʣʠ Cauer-ʦʚʘ (ʩʣʠʢʘ 3.3ʘ), 

AdBɤ=10log101+Ů
2Rn
2 ɤ

ɤŮ
,ɝ, (3.4) 

ʛʜʝ 
Ůɤ  ʧʨʝʜʩʪʘʚˀʘ ʛʨʘʥʠʯʥʫ ʫʛʘʦʥʫ ʫʯʝʩʪʘʥʦʩʪ ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ 

0 < ɤ < ɤŮ, Ů ʩʠʤʙʦʣʠʰʝ ʤʘʢʩʠʤʘʣʥʦ ʜʦʟʚʦˀʝʥʦ ʩʣʘʙˀʝˁʝ ʫ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ, ʜʦʢ 

Rn (x,ɝ) ʧʨʝʜʩʪʘʚˀʘ ʝʣʠʧʪʠʯʢʫ ʨʘʮʠʦʥʘʣʥʫ ʬʫʥʢʮʠʿʫ n-ʪʦʛ ʩʪʝʧʝʥʘ ʟʘ ʢʦʝʬʠʮʠʿʝʥʪ 

ʩʝʣʝʢʪʠʚʥʦʩʪʠ ɝ. ʌʫʥʢʮʠʿʘ ʧʨʝʥʦʩʘ ʿʝ ʨʝʜʘ n, ʩʘ n ʧʦʣʦʚʘ ʠ n ʥʫʣʘ. ʇʨʝʜʥʦʩʪʠ ʦʚʝ 

ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʩʝ ʦʛʣʝʜʘʿʫ ʫ ʥʘʿʙʦˀʦʿ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʟʘ ʩʧʝʮʠʬʠʮʠʨʘʥʠ ʨʝʜ ʬʠʣʪʨʘ, 

ʩ ʪʠʤ ʰʪʦ ʿʝ ʧʦʚʝ˂ʘʥʘ ʢʦʤʧʣʝʢʩʥʦʩʪ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ [Petr2010]. 

ɸʧʨʦʢʩʠʤʘʮʠʿʘ ʢʦʿʘ ʠʤʘ ʤʘʢʩʠʤʘʣʥʦ ʨʘʚʥʦ ʛʨʫʧʥʦ ʢʘʰˁʝˁʝ ʫ ʧʨʦʧʫʩʥʦʤ 

ʦʧʩʝʛʫ ʿʝ Bessel-ʦʚʘ (ʩʣʠʢʘ 3.3ʙ), ʘ ʫʥʫʪʘʨ ʠʩʪʦʛ ʦʧʩʝʛʘ ʩʝ ʦʜʣʠʢʫʿʝ ʩʢʦʨʦ ʣʠʥʝʘʨʥʦʤ 

ʬʘʟʥʦʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʦʤ. Butterworth-ʦʚ ʬʠʣʪʘʨ ʠʤʘ ʟʥʘʪʥʦ ʚʝ˂ʫ ʩʝʣʝʢʪʠʚʥʦʩʪ ʦʜ 

Bessel-ʦʚʦʛ. ʌʫʥʢʮʠʿʘ ʧʨʝʥʦʩʘ ʥʝ ʧʦʩʝʜʫʿʝ ʥʫʣʝ.  

Gauss-ʦʚʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʠʤʘ ʩʚʦʿʩʪʚʘ ʢʘʦ ʠ Bessel-ʦʚʘ, ʘ ʦʜʛʦʚʘʨʘʿʫ˂ʘ 

ʘʤʧʣʠʪʫʜʩʢʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʠʤʘ ʦʙʣʠʢ Gauss-ʦʚʝ ʨʘʩʧʦʜʝʣʝ.  

 

 

(ʘ)                                                                (ʙ) 

ʉʣʠʢʘ 3.3 ɸʧʨʦʢʩʠʤʘʮʠʿʝ: (ʘ) ɽʣʠʧʪʠʯʢʘ ʠ (ʙ) Bessel-ʦʚʘ 

 

ɸʧʨʦʢʩʠʤʘʮʠʿʘ ʣʠʥʝʘʨʥʝ ʬʘʟʝ ʠʤʘ ʦʩʮʠʣʘʪʦʨʥʫ ʧʨʦʤʝʥʫ ʛʨʫʧʥʦʛ ʢʘʰˁʝˁʘ. 

ʉʚʦʿʩʪʚʘ ʩʫ ʿʦʿ ʩʣʠʯʥʘ Bessel-ʦʚʦʿ. ʇʦʨʝʜ ʥʘʚʝʜʝʥʠʭ, ʜʦʜʘʪʥʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʩʫ 

ʠʟʣʦʞʝʥʝ ʫ [Matt1964]. 
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3.1.3 ʈʝʘʣʠʟʘʮʠʿʘ 

 

ʈʝʘʣʠʟʘʮʠʿʘ ʬʠʣʪʨʘ ʧʨʝʜʩʪʘʚˀʘ ʧʨʦʮʝʩ ʤʘʧʠʨʘˁʘ ʪʨʘʥʩʬʝʨ ʬʫʥʢʮʠʿʝ ʫ 

ʝʣʝʢʪʨʠʯʥʫ ʰʝʤʫ ʩʘ ʠʜʝʘʣʥʠʤ ʝʣʝʤʝʥʪʠʤʘ (ʢʘʦ ʰʪʦ ʩʫ ʢʦʥʜʝʥʟʘʪʦʨ, ʢʘʣʝʤ, 

ʦʪʧʦʨʥʠʢ). ʇʨʠʣʠʢʦʤ ʧʦʩʪʫʧʢʘ ʨʝʘʣʠʟʘʮʠʿʝ, ʥʝʦʧʭʦʜʥʦ ʿʝ ʫʩʧʦʩʪʘʚʠʪʠ ʪʦʧʦʣʦʛʠʿʫ 

ʢʦʿʘ ʿʝ ʧʦʜʦʙʥʘ ʟʘ ʠʤʧʣʝʤʝʥʪʠʨʘˁʝ ʫ ʞʝˀʝʥʦʿ ʪʝʭʥʦʣʦʛʠʿʠ. 

ʂʘʩʢʘʜʥʘ ʨʝʘʣʠʟʘʮʠʿʘ (ʩʣʠʢʘ 3.4) ʧʦʜʨʘʟʫʤʝʚʘ ʥʘʜʦʚʝʟʠʚʘˁʝ ʤʨʝʞʘ ʫ ʢʘʩʢʘʜʫ, 

ʛʜʝ ʩʚʘʢʘ ʦʜ ʤʨʝʞʘ ʠʟ ʢʘʩʢʘʜʘ ʯʠʥʠ ʬʠʣʪʘʨ ʢʦʿʠ ʩʝ ʧʦʩʝʙʥʦ ʧʨʦʿʝʢʪʫʿʝ. 

 

 

ʉʣʠʢʘ 3.4 ʆʧʰʪʘ ʰʝʤʘ ʢʘʩʢʘʜʥʝ ʨʝʘʣʠʟʘʮʠʿʝ 

 

ʃʝʩʪʚʠʯʘʩʪʘ (ʚʝʨʠʞʥʘ) ʨʝʘʣʠʟʘʮʠʿʘ (ʩʣʠʢʘ 3.5) ʿʝ ʥʘʿʟʥʘʯʘʿʥʠʿʘ ʨʝʘʣʠʟʘʮʠʿʘ ʟʘ 

ʧʦʪʨʝʙʝ ʧʨʦʿʝʢʪʦʚʘˁʘ ʬʠʣʪʘʨʘ ʠ ʦʜʣʠʢʫʿʝ ʩʝ ʿʝʜʥʦʩʪʘʚʥʦʤ ʪʦʧʦʣʦʛʠʿʦʤ ʣʝʩʪʚʠʮʝ. 

ʂʦʜ ʦʚʝ ʨʝʘʣʠʟʘʮʠʿʝ, ʧʨʚʘ ʛʨʘʥʘ ʤʦʞʝ ʙʠʪʠ ʨʝʜʥʘ ʠʣʠ ʧʘʨʘʣʝʣʥʘ. ʆʜ ʩʚʠʭ 

ʨʝʘʣʠʟʘʮʠʿʘ, ʦʥʘ ʠʤʘ ʥʘʿʤʘˁʫ ʦʩʝʪˀʠʚʦʩʪ ʥʘ ʤʦʜʠʬʠʢʘʮʠʿʝ ʚʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ. 

ʃʝʩʪʚʠʯʘʩʪʘ ʤʨʝʞʘ ʩʧʘʜʘ ʫ ʨʝʜ ʢʘʥʦʥʠʯʢʠʭ ʨʝʘʣʠʟʘʮʠʿʘ, ʿʝʨ ʟʘʭʪʝʚʘ ʫʧʦʪʨʝʙʫ 

ʥʘʿʤʘˁʝʛ ʙʨʦʿʘ ʢʦʥʜʝʥʟʘʪʦʨʘ ʠ ʢʘʣʝʤʦʚʘ ʟʘ ʢʦʥʢʨʝʪʥʠ ʨʝʜ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʧʨʠ ʯʝʤʫ 

ʿʝ ʙʨʦʿ ʫʧʦʪʨʝʙˀʝʥʠʭ ʝʣʝʤʝʥʘʪʘ ʠʩʪʠ ʢʘʦ ʠ ʨʝʜ ʤʨʝʞʝ. ʋ ʩʣʫʯʘʿʫ Butterworth-ʦʚʝ ʠ 

Tschebyscheff-ˀʝʚʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ, ʦʜʨʝʹʝʥʠ ʩʫ ʘʥʘʣʠʪʠʯʢʠ ʠʟʨʘʟʠ ʥʘ ʦʩʥʦʚʫ ʢʦʿʠʭ 

ʩʝ ʚʨʰʠ ʧʨʦʨʘʯʫʥ ʚʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ ʣʝʩʪʚʠʯʘʩʪʝ ʨʝʘʣʠʟʘʮʠʿʝ.  

ʇʨʠ ʧʨʦʿʝʢʪʦʚʘˁʫ ʬʠʣʪʘʨʘ ʿʝ ʙʠʪʘʥ ʨʘʩʧʦʥ ʚʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ (ʦʜʥʦʩ 

ʥʘʿʚʝ˂ʝ/ʥʘʿʤʘˁʝ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʠʣʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ). ɿʘ ʧʨʘʢʩʫ ʿʝ ʧʦʛʦʜʥʦ ʘʢʦ 

ʝʣʝʤʝʥʪʠ ʠʤʘʿʫ ʧʦʨʝʜʠʚʝ ʚʨʝʜʥʦʩʪʠ. 

Ug
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Z4 Z6
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ʇʦʨʝʜ ʣʝʩʪʚʠʯʘʩʪʝ, ʧʦʩʪʦʿʝ ʠ ʜʨʫʛʝ ʨʝʘʣʠʟʘʮʠʿʝ. ʈʝʘʣʠʟʘʮʠʿʘ ʩʘ ʦʜʩʝʯʮʠʤʘ 

ʚʦʜʦʚʘ ʧʦʣʘʟʠ ʦʜ ʣʝʩʪʚʠʯʘʩʪʝ LC-ʨʝʘʣʠʟʘʮʠʿʝ, ʘ ʟʘʪʠʤ ʩʝ ʢʦʥʮʝʥʪʨʠʩʘʥʠ ʝʣʝʤʝʥʪʠ 

ʟʘʤʝʥʝ ʦʜʩʝʯʮʠʤʘ ʚʦʜʦʚʘ ʙʝʟ ʛʫʙʠʪʘʢʘ. ʄʝʰʦʚʠʪʘ ʨʝʘʣʠʟʘʮʠʿʘ ʫʢˀʫʯʫʿʝ ʠ ʦʜʩʝʯʢʝ 

ʚʦʜʦʚʘ ʠ ʝʣʝʤʝʥʪʝ ʩʘ ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ. ʈʝʘʣʠʟʘʮʠʿʝ ʢʦʿʝ ʢʦʨʠʩʪʝ 

ʚʦʜʦʚʝ ʤʦʜʠʬʠʢʫʿʫ ʟʘʜʘʪʠ ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ, ʿʝʨ ʜʦʣʘʟʠ ʜʦ ʧʦʿʘʚʝ ʥʝʞʝˀʝʥʠʭ 

ʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ ʢʦʿʠ ʩʝ ʿʘʚˀʘʿʫ ʢʘʦ ʧʦʩʣʝʜʠʮʘ ʧʝʨʠʦʜʠʯʥʝ ʧʨʦʤʝʥʝ ʧʘʨʘʤʝʪʘʨʘ 

ʨʘʩʝʿʘˁʘ ʚʦʜʦʚʘ ʩʘ ʫʯʝʩʪʘʥʦʩʪʠ. 

 

 

3.1.4 ʀʤʧʣʝʤʝʥʪʘʮʠʿʘ 

 

ʀʤʧʣʝʤʝʥʪʘʮʠʿʘ ʫ ʮʠˀʥʦʿ ʪʝʭʥʦʣʦʛʠʿʠ ʧʦʜʨʘʟʫʤʝʚʘ ʰʝʤʫ ʩʘ ʨʝʘʣʥʠʤ 

ʢʦʤʧʦʥʝʥʪʘʤʘ. ʋ ʮʠˀʫ ʜʦʙʠʿʘˁʘ ʢʦʥʢʨʝʪʥʠʭ ʚʨʝʜʥʦʩʪʠ ʟʘ ʜʠʤʝʥʟʠʿʝ ʬʠʣʪʨʘ, 

ʧʘʨʘʤʝʪʨʠ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʩʝ ʦʜʨʝʹʫʿʫ ʥʘ ʦʩʥʦʚʫ ʩʣʦʞʝʥʠʭ ʤʘʪʝʤʘʪʠʯʢʠʭ 

ʧʨʦʨʘʯʫʥʘ. 

ʇʨʠʣʠʢʦʤ ʩʘʤʦʛ ʧʨʦʮʝʩʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ, LC-ʦʩʮʠʣʘʪʦʨʥʘ ʢʦʣʘ ʩʝ ʟʘʤʝˁʫʿʫ 

ʢʦʤʧʦʥʝʥʪʘʤʘ ʢʘʦ ʰʪʦ ʩʫ ʜʠʝʣʝʢʪʨʠʯʥʠ ʨʝʟʦʥʘʪʦʨʠ, ʦʜʩʝʯʮʠ ʚʦʜʦʚʘ ʠ ʪʘʣʘʩʦʚʦʜʥʝ 

ʩʝʢʮʠʿʝ. ʇʘʨʘʤʝʪʨʠ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʩʝ ʩʠʩʪʝʤʘʪʩʢʠ ʧʦʜʝʰʘʚʘʿʫ ʠ ʦʧʪʠʤʠʟʫʿʫ ʢʘʢʦ 

ʙʠ ʙʠʦ ʦʩʪʚʘʨʝʥ ʩʧʝʮʠʬʠʮʠʨʘʥʠ ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ. 

 

3.1.5 ʉʪʫʜʠʿʘ ʠʤʧʝʨʬʝʢʮʠʿʝ 

 

ʇʨʠʣʠʢʦʤ ʫʚʦʹʝˁʘ ʨʝʘʣʥʠʭ ʢʦʤʧʦʥʝʥʪʠ ʫʤʝʩʪʦ ʠʜʝʘʣʥʠʭ ʝʣʝʤʝʥʘʪʘ, ʜʦʣʘʟʠ 

ʜʦ ʧʦʿʘʚʝ ʧʘʨʘʟʠʪʥʠʭ ʝʬʝʢʘʪʘ ʢʦʿʠ ʠʤʘʿʫ ʟʘ ʧʦʩʣʝʜʠʮʫ ʠʟʦʙʣʠʯʝˁʝ ʬʨʝʢʚʝʥʮʠʿʩʢʦʛ 

ʦʜʟʠʚʘ. ɿʘʜʘʪʘʢ ʩʪʫʜʠʿʝ ʠʤʧʝʨʬʝʢʮʠʿʝ ʿʝʩʪʝ ʜʘ ʠʜʝʥʪʠʬʠʢʫʿʝ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʯʠʿʠ 

ʩʝ ʫʪʠʮʘʿ ʥʝ ʩʤʝ ʟʘʥʝʤʘʨʠʪʠ ʧʨʠʣʠʢʦʤ ʩʠʥʪʝʟʝ. ʇʦʿʘʚʘ ʥʝʞʝˀʝʥʠʭ ʦʧʩʝʛʘ ʧʨʠʣʠʢʦʤ 

ʨʝʘʣʠʟʘʮʠʿʝ ʦʜʩʝʯʮʠʤʘ ʚʦʜʦʚʘ, ʠʚʠʯʥʠ ʝʬʝʢʪʠ ʠʣʠ ʥʝʞʝˀʝʥʝ ʨʝʬʣʝʢʩʠʿʝ ʢʦʿʝ ʩʫ 

ʫʥʝʣʠ ʢʦʥʝʢʪʦʨʠ ʩʫ ʩʘʤʦ ʥʝʢʝ ʦʜ ʧʦʟʥʘʪʠʭ ʧʨʠʤʝʨʘ ʢʦʿʠʤʘ ʩʝ ʙʘʚʠ ʩʪʫʜʠʿʘ 

ʠʤʧʝʨʬʝʢʮʠʿʝ. ʊʦʣʝʨʘʥʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʢʦʤʧʦʥʝʥʪʠ ʩʝ ʜʦʜʘʪʥʦ ʦʜʨʝʹʫʿʫ 

ʩʪʘʪʠʩʪʠʯʢʠ, ʢʦʨʠʩʪʝ˂ʠ Monte Carlo ʩʠʤʫʣʘʮʠʿʫ. 
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3.2 ʇʨʦʪʦʪʠʧ ʬʠʣʪʨʘ 

 

ʇʨʦʪʦʪʠʧ ʬʠʣʪʨʘ ʩʝ ʜʝʬʠʥʠʰʝ ʢʘʦ ʣʝʩʪʚʠʯʘʩʪʘ LC-ʤʨʝʞʘ ʢʦʿʘ ʢʦʨʠʩʪʠ 

ʠʜʝʘʣʥʝ ʝʣʝʤʝʥʪʝ, ʘ ʯʠʿʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʨʝʜʩʪʘʚˀʘ ʬʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʥʠʩʢʠʭ 

ʫʯʝʩʪʘʥʦʩʪʠ (ʩʣʠʢʘ 3.6). ʇʨʦʪʦʪʠʧ ʠʤʘ ʛʨʘʥʠʯʥʫ ʫʛʘʦʥʫ ʫʯʝʩʪʘʥʦʩʪ ɋp ʠ ʧʨʠʢˀʫʯʝʥ 

ʿʝ ʥʘ ʛʝʥʝʨʘʪʦʨ ʫʥʫʪʨʘʰˁʝ ʦʪʧʦʨʥʦʩʪʠ Rg [Petr2010]. ʇʨʦʪʦʪʠʧ ʠʤʘ ʨʝʜʥʝ ʢʘʣʝʤʦʚʝ 

ʠ ʧʘʨʘʣʝʣʥʝ ʢʦʥʜʝʥʟʘʪʦʨʝ, ʯʠʿʠ ʿʝ ʫʢʫʧʘʥ ʙʨʦʿ ʿʝʜʥʘʢ ʨʝʜʫ ʘʧʨʦʢʩʠʤʘʮʠʿʝ.  

 

ʉʣʠʢʘ 3.6 ʃʝʩʪʚʠʯʘʩʪʘ LC-ʨʝʘʣʠʟʘʮʠʿʘ ʥʠʩʢʦʧʨʦʧʫʩʥʦʛ ʬʠʣʪʨʘ 

 

ɺʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ ʧʨʦʪʦʪʠʧʘ ʢʦʿʠ ʠʤʘ Butterworth-ʦʚʫ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʩʫ: 

 g=1, ʰʪʦ ʧʨʝʜʩʪʘʚˀʘ ʥʦʨʤʘʣʠʟʦʚʘʥʫ ʦʪʧʦʨʥʦʩʪ ʛʝʥʝʨʘʪʦʨʘ, 

g
i
=2sin

2i-1

2n
ˊ, i = 1, 2, é, n, (3.5) 

g =1, ʰʪʦ ʧʨʝʜʩʪʘʚˀʘ ʥʦʨʤʘʣʠʟʦʚʘʥʫ ʦʪʧʦʨʥʦʩʪ ʧʦʪʨʦʰʘʯʘ. ɺʨʝʜʥʦʩʪʠ 

ʝʣʝʤʝʥʘʪʘ ʧʨʦʪʦʪʠʧʘ ʩʝ ʤʦʛʫ ʦʜʨʝʜʠʪʠ ʥʘ ʦʩʥʦʚʫ ʩʣʝʜʝ˂ʠʭ ʠʜʝʥʪʠʪʝʪʘ: 

Lk,proto=g
k

Rg,proto

Ýp,proto
=g
k
Ā1H, 

Ck,proto=g
k

Ýp,proto

Rg,proto
=g
k
Ā1F, (3.6) 

Rp,proto=g
k
Ā1Ý.  

 

ɺʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ ʧʨʦʪʦʪʠʧʘ ʟʘ Tschebyscheff-ˀʝʚʫ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʩʫ: 

z =lncth
Ap[dB]

17.37
, x=sh(

z

2n
), 

a=sin(
2i-1

2n
ˊ), bi=x

2+sin
2
(
í

n
), i = 1, 2, é, n, 

g=1,  

g
1
=2
a1

x
,   (3.7) 

g
i
=4

ai-1ai

bi-1gi-1
, i = 2, 3, é, n, 
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g
n+1
=

1, n=1,3,5é

cth
2 z

4
, n=2,4,6é.

 

 

ʅʦʨʤʘʣʠʟʦʚʘʥʘ ʦʪʧʦʨʥʦʩʪ ʧʦʪʨʦʰʘʯʘ, ʤʦʞʝ ʘʣʠ ʠ ʥʝ ʤʦʨʘ ʜʘ ʙʫʜʝ ʿʝʜʥʘʢʘ 

ʥʦʨʤʘʣʠʟʦʚʘʥʦʿ ʦʪʧʦʨʥʦʩʪʠ ʛʝʥʝʨʘʪʦʨʘ. ʊʦ ʿʝ ʧʦʩʝʙʥʦ ʠʟʨʘʞʝʥʦ ʢʦʜ ʬʠʣʪʘʨʘ 

ʥʝʧʘʨʥʦʛ ʨʝʜʘ, ʿʝʨ ʩʫ ʫ ʪʦʤ ʩʣʫʯʘʿʫ ʿʝʜʥʘʢʝ ʥʦʨʤʘʣʠʟʦʚʘʥʝ ʦʪʧʦʨʥʦʩʪʠ ʛʝʥʝʨʘʪʦʨʘ 

ʠ ʧʦʪʨʦʰʘʯʘ. ʋʢʦʣʠʢʦ ʩʝ ʧʨʦʿʝʢʪʦʤ ʟʘʭʪʝʚʘ ʜʘ ʬʠʣʪʘʨ ʙʫʜʝ ʧʘʨʥʦʛ ʨʝʜʘ, ʧʦʪʨʝʙʥʦ 

ʿʝ ʫʙʘʮʠʪʠ ʤʨʝʞʫ ʟʘ ʧʨʠʣʘʛʦʹʝˁʝ. ɺʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ ʧʨʦʪʦʪʠʧʘ ʩʘ Tschebyscheff-

ˀʝʚʦʤ ʘʧʨʦʢʩʠʤʘʮʠʿʦʤ ʩʝ ʤʦʛʫ ʦʜʨʝʜʠʪʠ ʥʘ ʦʩʥʦʚʫ ʩʣʝʜʝ˂ʠʭ ʠʜʝʥʪʠʪʝʪʘ: 

 

Lk,proto=g
k

Rg,proto

Ýp,proto
=g
k
Ā1H, 

Ck,proto=g
k

Ýp,proto

Rg,proto
=g
k
Ā1F, (3.8) 

Rp, proto=

g
n+1
Rg,proto,   ʘʢʦ ʿʝ ʧʦʩʣʝʜˁʠ ʝʣʝʤʝʥʪ ʢʦʥʜʝʥʟʘʪʦʨ,

1

gn+1
Rg,proto,   ʘʢʦ ʿʝ ʧʦʩʣʝʜˁʠ ʝʣʝʤʝʥʪ ʢʘʣʝʤ.

  

 

ʀʟ ʧʨʦʪʦʪʠʧʘ ʩʝ ʤʦʞʝ ʦʜʨʝʜʠʪʠ LC-ʨʝʘʣʠʟʘʮʠʿʘ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ ʥʠʩʢʠʭ 

ʫʯʝʩʪʘʥʦʩʪʠ ʟʘ ʞʝˀʝʥʝ ʚʨʝʜʥʦʩʪʠ ʦʪʧʦʨʥʦʩʪʠ ʛʝʥʝʨʘʪʦʨʘ Rg ʠ ʛʨʘʥʠʯʥʝ ʫʛʘʦʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ ʬʠʣʪʨʘ ɋp=2F́p. ʇʘʨʘʤʝʪʨʠ LC-ʨʝʘʣʠʟʘʮʠʿʝ ʥʠʩʢʦʧʨʦʧʫʩʥʦʛ ʬʠʣʪʨʘ 

ʩʫ ʜʘʪʠ ʩʣʝʜʝ˂ʠʤ ʨʝʣʘʮʠʿʘʤʘ: 

 

Lk,NP=Rg
1

ɋp
Lk,proto, 

Ck,NP=
1

Rg

1

ɋp
Ck,proto, (3.9) 

Rp=RgRp,proto. 

 

 

ʅʘ ʦʩʥʦʚʫ ʧʨʦʪʦʪʠʧʘ ʩʝ ʤʦʞʝ ʦʜʨʝʜʠʪʠ LC-ʨʝʘʣʠʟʘʮʠʿʘ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ 

ʚʠʩʦʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ. ʇʨʠ ʪʦʤʝ ʩʝ ʧʘʨʘʣʝʣʥʠ ʢʦʥʜʝʥʟʘʪʦʨ ʧʨʦʪʦʪʠʧʘ ʟʘʤʝʥʠ 

ʢʘʣʝʤʦʤ, ʘ ʨʝʜʥʠ ʢʘʣʝʤ ʧʨʦʪʦʪʠʧʘ ʩʝ ʟʘʤʝʥʠ ʢʦʥʜʝʥʟʘʪʦʨʦʤ. ɻʨʘʥʠʯʥʘ ʫʯʝʩʪʘʥʦʩʪ 

ʦʩʪʘʿʝ ʠʩʪʘ ʢʘʦ ʢʦʜ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ ʥʠʩʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ, ɋp=2F́p, ʘ ʚʨʝʜʥʦʩʪʠ 
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ʝʣʝʤʝʥʘʪʘ LC-ʨʝʘʣʠʟʘʮʠʿʝ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ ʚʠʩʦʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʩʝ ʤʦʛʫ 

ʦʜʨʝʜʠʪʠ ʥʘ ʦʩʥʦʚʫ ʿʝʜʥʘʯʠʥʘ: 

 

Lk,VP = Rg
1

ɋp

1

Ck,proto
,  (3.10) 

Ck,VP = Rg
1

ɋp

1

Lk,proto
. 

 

ʀʟ ʧʨʦʪʦʪʠʧʘ ʩʝ ʤʦʛʫ ʠʟʚʝʩʪʠ ʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʥʝʧʨʦʧʫʩʥʠʢ 

ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ. ʊʨʘʥʩʬʦʨʤʘʮʠʿʘ ʧʨʦʪʦʪʠʧʘ ʫ ʧʨʦʧʫʩʥʠʢ ʠʣʠ ʥʝʧʨʦʧʫʩʥʠʢ 

ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ, ʫʚʦʜʠ ʧʨʦʩʪʘ ʦʩʮʠʣʘʪʦʨʥʘ ʢʦʣʘ ʫʤʝʩʪʦ ʝʣʝʤʝʥʘʪʘ ʧʨʦʪʦʪʠʧʘ, 

ʧʨʠ ʯʝʤʫ ʩʚʘ ʦʩʮʠʣʘʪʦʨʥʘ ʢʦʣʘ ʠʤʘʿʫ ʠʩʪʫ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ. 

ɿʘ ʬʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ, ʢʦʜ ʢʦʿʝʛ ʿʝ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʦʜʨʝʹʝʥ 

ʛʨʘʥʠʯʥʠʤ ʫʛʘʦʥʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ ɋp1 ʠ ɋp2, ʧʘʨʘʣʝʣʥʦ ʚʝʟʘʥʠ ʢʦʥʜʝʥʟʘʪʦʨ ʪʨʝʙʘ 

ʟʘʤʝʥʠʪʠ ʧʘʨʘʣʝʣʥʠʤ ʦʩʮʠʣʘʪʦʨʥʠʤ ʢʦʣʦʤ, ʩʘʩʪʘʚˀʝʥʠʤ ʦʜ ʢʘʣʝʤʘ ʠʥʜʫʢʪʠʚʥʦʩʪʠ 

Lkp,PO ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ Ckp,PO. ɺʨʝʜʥʦʩʪʠ Lkp,PO ʠ Ckp,PO ʩʝ ʦʜʨʝʹʫʿʫ 

ʧʦʤʦ˂ʫ ʩʣʝʜʝ˂ʠʭ ʬʦʨʤʫʣʘ: 

 

Ckp,PO =
Rg,proto

Rg

ɋp,proto

ɋp2-ɋp1
Ck,proto,  (3.11) 

Lkp,PO =
1

ɋp1ɋp2Ckp,PO 
. 

 

ʇʦ ʘʥʘʣʦʛʠʿʠ, ʩʚʘʢʠ ʨʝʜʥʠ ʢʘʣʝʤ ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘ ʝʣʝʤʝʥʪ ʧʨʦʪʦʪʠʧʘ, ʪʨʝʙʘ 

ʟʘʤʝʥʠʪʠ ʨʝʜʥʠʤ ʦʩʮʠʣʘʪʦʨʥʠʤ ʢʦʣʦʤ, ʩʘʩʪʘʚˀʝʥʠʤ ʦʜ ʢʘʣʝʤʘ ʠʥʜʫʢʪʠʚʥʦʩʪʠ 

Lkr,PO ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ Ckr,PO. ɺʨʝʜʥʦʩʪʠ Lkr,PO ʠ Ckr,PO ʩʝ ʦʜʨʝʹʫʿʫ 

ʥʘ ʦʩʥʦʚʫ ʩʣʝʜʝ˂ʠʭ ʬʦʨʤʫʣʘ: 

 

Lkr,PO =
Rg

Rg,proto

ɋp,proto

ɋp2-ɋp1
Lk,proto,  (3.12) 

Ckr,PO =
1

ɋp1ɋp2Lkr,PO 
. 
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ʇʨʠʣʠʢʦʤ ʦʜʨʝʹʠʚʘˁʘ LC-ʨʝʘʣʠʟʘʮʠʿʝ ʬʠʣʪʨʘ ʥʝʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ (ʯʠʿʠ ʿʝ ʥʝʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʦʜʨʝʹʝʥ ʛʨʘʥʠʯʥʠʤ ʫʛʘʦʥʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ 

ɋp1 ʠ ɋp2), ʧʘʨʘʣʝʣʥʦ ʚʝʟʘʥʠ ʢʦʥʜʝʥʟʘʪʦʨ ʪʨʝʙʘ ʟʘʤʝʥʠʪʠ ʨʝʜʥʠʤ ʦʩʮʠʣʘʪʦʨʥʠʤ 

ʢʦʣʦʤ, ʩʘʩʪʘʚˀʝʥʠʤ ʦʜ ʢʘʣʝʤʘ ʠʥʜʫʢʪʠʚʥʦʩʪʠ Lkr,NPO  ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ 

ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ Ckr,NPO. ɺʨʝʜʥʦʩʪʠ Lkr,NPO  ʠ Ckr,NPO  ʩʝ ʠʟʨʘʯʫʥʘʚʘʿʫ ʧʦʤʦ˂ʫ ʠʟʨʘʟʘ: 

 

Lkr,NPO =Rgɋp,protoRg,protoCk,protoɋp2-ɋp1
, (3.13) 

Ckr,NPO =
1

ɋp1ɋp2Lkr,NPO 
. 

 

ʇʦ ʘʥʘʣʦʛʠʿʠ, ʩʚʘʢʠ ʨʝʜʥʠ ʢʘʣʝʤ ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘ ʝʣʝʤʝʥʪ ʧʨʦʪʦʪʠʧʘ, ʪʨʝʙʘ 

ʟʘʤʝʥʠʪʠ ʧʘʨʘʣʝʣʥʠʤ ʦʩʮʠʣʘʪʦʨʥʠʤ ʢʦʣʦʤ, ʩʘʩʪʘʚˀʝʥʠʤ ʦʜ ʢʘʣʝʤʘ ʠʥʜʫʢʪʠʚʥʦʩʪʠ 

Lkp,NPO ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ Ckp,NPO. ɺʨʝʜʥʦʩʪʠ Lkp,NPO  ʠ Ckp,NPO  ʩʝ 

ʠʟʨʘʯʫʥʘʚʘʿʫ ʥʘ ʦʩʥʦʚʫ ʩʣʝʜʝ˂ʠʭ ʠʟʨʘʟʘ: 

 

Ckp,NPO =Rg

1

ɋp2-ɋp1

Rg,proto

Lk,protoɋp,proto
,  (3.14) 

Lkp,NPO =
1

ɋp1ɋp2Ckp,PO 
. 

 

 

3.2.1 ABCD ʤʘʪʨʠʮʝ ʠ ʝʣʝʢʪʨʠʯʥʘ ʜʫʞʠʥʘ ʦʜʩʝʯʢʘ ʚʦʜʘ 

 

ʃʝʩʪʚʠʯʘʩʪʘ ʰʝʤʘ ʿʝ ʢʘʩʢʘʜʘ ʜʚʝ ʚʨʩʪʝ ʤʨʝʞʘ, ʢʦʿʝ ʩʫ ʨʝʘʣʠʟʦʚʘʥʝ ʫ ʚʠʜʫ 

ʨʝʜʥʠʭ ʠʤʧʝʜʘʥʩʠ ʠ ʧʘʨʘʣʝʣʥʠʭ ʘʜʤʠʪʘʥʩʠ. ʅʘ ʦʜʨʝʹʝʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʿʝ 

ʜʦʟʚʦˀʝʥʦ ʝʢʚʠʚʘʣʝʥʪʠʨʘʪʠ ʦʜʩʝʯʘʢ ʠʜʝʘʣʥʦʛ ʚʦʜʘ ʊ- ʠʣʠ ʇ-ʤʨʝʞʦʤ, ʩʘʯʠˁʝʥʦʤ 

ʦʜ ʢʦʥʮʝʥʪʨʠʩʘʥʠʭ ʢʦʤʧʦʥʝʥʪʠ. ʋ ʮʠˀʫ ʦʜʨʝʹʠʚʘˁʘ ʧʘʨʘʤʝʪʘʨʘ ʩʝʢʮʠʿʝ ʚʦʜʘ, 

ʧʦʪʨʝʙʥʦ ʿʝ ʫʧʦʨʝʜʠʪʠ ʤʘʪʨʠʮʝ ʧʘʨʘʣʝʣʥʝ ʘʜʤʠʪʘʥʩʝ ʠ ʨʝʜʥʝ ʠʤʧʝʜʘʥʩʝ ʩʘ ABCD 

ʤʘʪʨʠʮʦʤ ʚʦʜʘ. ʇʘʨʘʣʝʣʥʘ ʘʜʤʠʪʘʥʩʘ, ʨʝʜʥʘ ʠʤʧʝʜʘʥʩʘ ʠ ʦʜʩʝʯʘʢ ʚʦʜʘ ʩʘ 

ʧʨʠʜʨʫʞʝʥʠʤ ABCD ʤʘʪʨʠʮʘʤʘ ʩʫ ʜʘʪʠ ʥʘ ʩʣʠʮʠ 3.7. 
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ʉʣʠʢʘ 3.7 ʇʘʨʘʣʝʣʥʘ ʘʜʤʠʪʘʥʩʘ, ʨʝʜʥʘ ʠʤʧʝʜʘʥʩʘ ʠ ʦʜʩʝʯʘʢ ʚʦʜʘ ʩʘ ʧʨʠʜʨʫʞʝʥʠʤ 

ABCD ʤʘʪʨʠʮʘʤʘ [Petr2010] 

 

ʋ ʩʣʫʯʘʿʫ ʝʣʝʢʪʨʠʯʥʦ ʢʨʘʪʢʦʛ ʚʦʜʘ (ɗḺ1), ʝʣʝʤʝʥʪʠ ʥʘ ʛʣʘʚʥʦʿ ʜʠʿʘʛʦʥʘʣʠ 

ABCD ʤʘʪʨʠʮʝ ʚʦʜʘ ˂ʝ ʠʤʘʪʠ ʚʨʝʜʥʦʩʪʠ ʢʦʿʝ ʩʫ ʙʣʠʩʢʝ ʿʝʜʠʥʠʮʠ, cosɗ å 1. ʆʜʩʝʯʘʢ 

ʚʦʜʘ ʩʝ ʧʦʥʘʰʘ ʨʘʟʣʠʯʠʪʦ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʠʤʧʝʜʘʥʩʝ. ʋ ʩʣʫʯʘʿʫ 

ʤʘʣʝ ʠʤʧʝʜʘʥʩʝ (ZcḺ1), ʚʦʜ ʠʤʘ ʧʨʝʪʝʞʥʦ ʢʘʧʘʮʠʪʠʚʘʥ ʢʘʨʘʢʪʝʨ. ʇʦʥʘʰʘ ʩʝ ʢʘʦ 

ʧʘʨʘʣʝʣʥʘ ʢʘʧʘʮʠʪʠʚʥʘ ʘʜʤʠʪʘʥʩʘ, sinɗåɗ, YåjY
c
ɗ, ʠ ʤʦʞʝ ʩʝ ʝʢʚʠʚʘʣʝʥʪʠʨʘʪʠ ʊ-

ʤʨʝʞʦʤ ʩʘ ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ. ʋ ʩʣʫʯʘʿʫ ʚʝʣʠʢʝ ʠʤʧʝʜʘʥʩʝ (Zcḻ1), ʚʦʜ 

ʿʝ ʧʨʝʪʝʞʥʦ ʠʥʜʫʢʪʠʚʥʦʛ ʢʘʨʘʢʪʝʨʘ. ʇʦʥʘʰʘ ʩʝ ʢʘʦ ʨʝʜʥʘ ʠʥʜʫʢʪʠʚʥʘ ʠʤʧʝʜʘʥʩʘ, 

sinɗåɗ, ZåjZ
c
ɗ ʠ ʤʦʞʝ ʩʝ ʝʢʚʠʚʘʣʝʥʪʠʨʘʪʠ ʇ-ʤʨʝʞʦʤ ʩʘ ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ 

ʧʘʨʘʤʝʪʨʠʤʘ. 

ɽʣʝʢʪʨʠʯʥʘ ʜʫʞʠʥʘ ʚʦʜʘ ʿʝ ʜʘʪʘ ʬʦʨʤʫʣʦʤ [Petr2010]: 

ɗ=ɓd=2ˊ
d

ɚg
=ɤdL'C

'
=ɤ

ɗ0

ɤ0
=f
ɗ0

f0
, (3.15) 

ʫʥʫʪʘʨ ʢʦʿʝ ʬʠʛʫʨʠʰʝ ʬʘʟʥʠ ʢʦʝʬʠʮʠʿʝʥʪ ʦʟʥʘʯʝʥ ʩʘ ɓ ʠ ʜʫʞʠʥʘ ʦʜʩʝʯʢʘ d. ɺʦʹʝʥʘ 

ʪʘʣʘʩʥʘ ʜʫʞʠʥʘ ʿʝ ʦʟʥʘʯʝʥʘ ʧʦʤʦ˂ʫ ɚg. ʋʛʘʦʥʘ ʫʯʝʩʪʘʥʦʩʪ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥʘ 

ʩʠʤʙʦʣʦʤ ɤ, ʢʦʿʘ ʿʝ ʧʦʤʦ˂ʫ ʨʝʣʘʮʠʿʝ ɤ = 2ˊf ʧʦʚʝʟʘʥʘ ʩʘ ʨʘʜʥʦʤ ʫʯʝʩʪʘʥʦʩʪʠ f. 

ʇʨʠʤʘʨʥʠ ʧʘʨʘʤʝʪʨʠ ʚʦʜʘ ʧʦ ʿʝʜʠʥʠʮʠ ʜʫʞʠʥʝ ʩʫ ʠʥʜʫʢʪʠʚʥʦʩʪ L' ʠ 

ʢʘʧʘʮʠʪʠʚʥʦʩʪ (C
'
). ɽʣʝʢʪʨʠʯʥʘ ʜʫʞʠʥʘ  — ʿʝ ʜʘʪʘ ʟʘ ʫʛʘʦʥʫ ʫʯʝʩʪʘʥʦʩʪ ɤ0. 

ʇʨʘʢʪʠʯʥʦ, ʣʝʩʪʚʠʯʘʩʪʘ ʰʝʤʘ ʩʘ ʥʘʠʟʤʝʥʠʯʥʠʤ ʨʝʜʥʠʤ ʠʥʜʫʢʪʠʚʥʦʩʪʠʤʘ ʠ 

ʧʘʨʘʣʝʣʥʠʤ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠʤʘ ʩʝ ʤʦʞʝ ʟʘʤʝʥʠʪʠ ʢʘʩʢʘʜʦʤ ʩʝʢʮʠʿʘ ʚʦʜʦʚʘ 

ʨʘʟʣʠʯʠʪʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠʭ ʠʤʧʝʜʘʥʩʠ. ʀʟʘʙʨʘʥʠ ʦʜʩʝʯʮʠ ʚʦʜʘ ʠʤʘʿʫ ʤʘʣʫ 

ʝʣʝʢʪʨʠʯʥʫ ʜʫʞʠʥʫ (ɗ<ɗ0 = ́4ϳ). ʈʝʘʣʠʟʘʮʠʿʘ ʫ ʢʦʿʦʿ ʩʝ ʩʤʝˁʫʿʫ ʚʦʜʦʚʠ ʤʘʣʠʭ ʠ 

ʚʝʣʠʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠʭ ʠʤʧʝʜʘʥʩʠ ʩʝ ʥʘʟʠʚʘ stepped-impedance ʨʝʘʣʠʟʘʮʠʿʘ. 
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3.2.2 ʈʠʯʘʨʜʩʦʚʘ ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ  

 

ʈʠʯʘʨʜʩʦʚʘ ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʠʜʝʥʪʠʪʝʪʫ ɋ=tanɗ=tan(ɤɗ0/ɤ0), ʘ 

ʦʤʦʛʫ˂ʘʚʘ ʜʘ ʩʝ ʧʨʦʪʦʪʠʧ ʬʠʣʪʨʘ ʧʨʝʩʣʠʢʘʚʘ ʫ ʨʝʘʣʠʟʘʮʠʿʫ ʩʘ ʦʜʩʝʯʮʠʤʘ ʚʦʜʦʚʘ 

ʢʦʿʠ ʠʤʘʿʫ ʠʩʪʫ ʜʫʞʠʥʫ, ʧʨʠ ʯʝʤʫ ʩʝ ʚʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ ʤʘʧʠʨʘʿʫ ʫ 

ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʠʤʧʝʜʘʥʩʝ ʦʜʩʝʯʘʢʘ. ʉʚʦʿʩʪʚʦ ʿʝʜʥʘʢʦʩʪʠ ʠʤʠʪʘʥʩʠ ʦʜʩʝʯʘʢʘ ʚʦʜʘ 

ʠ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʝʣʝʤʝʥʘʪʘ ʩʘ ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ ʿʝ ʠʩʧʫˁʝʥʦ ʥʘ ʿʝʜʥʦʿ 

ʢʦʥʢʨʝʪʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ f
0
, ʢʘʦ ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʩʣʠʮʠ 3.8. 

=>L

0g  ʥʘ8 wl=d

0c w=LZ =>C

0g  ʥʘ8 wl=d

0c w=CY

 

ʉʣʠʢʘ 3.8 ʊʨʘʥʩʬʦʨʤʘʮʠʿʘ ʝʣʝʤʝʥʘʪʘ ʧʨʦʪʦʪʠʧʘ ʫ ʦʜʩʝʯʘʢ ʚʦʜʘ 

 

 

3.2.3 ʂʫʨʦʜʠʥʠ ʠʜʝʥʪʠʪʝʪʠ 

 

ʂʫʨʦʜʠʥʠ ʠʜʝʥʪʠʪʝʪʠ ʥʘʣʘʟʝ ʧʨʠʤʝʥʫ ʫ ʤʨʝʞʥʦʿ ʪʨʘʥʩʬʠʛʫʨʘʮʠʿʠ, 

ʢʦʥʢʨʝʪʥʦ, ʟʘ ʧʨʝʫʨʝʹʠʚʘˁʝ ʨʝʘʣʠʟʘʮʠʿʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʈʠʯʘʨʜʩʦʚʦʿ 

ʪʨʘʥʩʬʦʨʤʘʮʠʿʠ. ʉʘʤ ʧʨʦʮʝʩ ʧʨʝʫʨʝʹʠʚʘˁʘ ʩʝ ʩʧʨʦʚʦʜʠ ʧʦʤʦ˂ʫ ʟʘʤʝʥʩʢʠʭ ʰʝʤʘ 

(ʩʣʠʢʘ 3.9 ʠ ʩʣʠʢʘ 3.10) ʿʝʨ ʩʫ ʧʦʜʝʩʥʠʿʝ ʟʘ ʧʨʘʢʪʠʯʥʫ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ. ɺʘʞʥʦ ʿʝ 

ʥʘʧʦʤʝʥʫʪʠ ʜʘ ʩʝ ʠʜʝʥʪʠʪʝʪʠ ʤʦʛʫ ʧʨʠʤʝʥʠʪʠ ʥʘ ʙʠʣʦ ʢʦʿʦʿ ʫʯʝʩʪʘʥʦʩʪʠ, ʿʝʨ ʚʘʞʝ 

ʟʘ ʙʠʣʦ ʢʦʿʝ ʝʣʝʢʪʨʠʯʥʝ ʜʫʞʠʥʝ. 

ʂʦʥʢʨʝʪʥʦ, ʥʘ ʦʩʥʦʚʫ ʦʚʠʭ ʠʜʝʥʪʠʪʝʪʘ ʿʝ ʤʦʛʫ˂ʝ ʦʜʚʦʿʠʪʠ ʦʛʨʘʥʢʝ 

ʦʜʩʝʯʮʠʤʘ ʚʦʜʘ ʢʦʿʠ ʥʝ ʫʪʠʯʫ ʥʘ ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ ʬʠʣʪʨʘ, ʨʝʜʥʝ ʦʛʨʘʥʢʝ 

ʧʨʝʪʚʦʨʠʪʠ ʫ ʧʘʨʘʣʝʣʥʝ ʠ ʦʙʨʥʫʪʦ.  

ɸʢʦ ʩʝ ʧʨʦʜʫʞʝ ʧʨʠʩʪʫʧʠ ʬʠʣʪʨʘ ʠ ʥʘ ʩʚʘʢʠ ʦʜ ˁʠʭ ʜʦʜʘ ʦʜʩʝʯʘʢ ʠʜʝʘʣʥʦʛ 

ʚʦʜʘ ʢʦʿʠ ʠʤʘ ʝʣʝʢʪʨʠʯʥʫ ʜʫʞʠʥʫ ɗ0, ʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʫ ʠʤʧʝʜʘʥʩʫ ʿʝʜʥʘʢʫ 

ʥʦʤʠʥʘʣʥʦʿ ʠʤʧʝʜʘʥʩʠ ʧʨʠʩʪʫʧʘ, ʦʚʘʿ ʧʦʩʪʫʧʘʢ ʥʝʤʘ ʫʪʠʮʘʿ ʥʘ ʘʤʧʣʠʪʫʜʩʢʠ ʦʜʟʠʚ 

ʬʠʣʪʨʘ. ʊʦ ʿʝ ʢʦʨʘʢ ʢʦʿʠ ʩʝ ʤʦʞʝ ʩʧʨʦʚʝʩʪʠ ʫ ʮʠˀʫ ʧʨʠʤʝʥʝ ʨʝʦʨʛʘʥʠʟʘʮʠʿʝ 

ʦʛʨʘʥʘʢʘ. 
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ʉʣʠʢʘ 3.9 ʂʫʨʦʜʠʥ ʠʜʝʥʪʠʪʝʪ ʟʘ ʪʨʘʥʩʬʦʨʤʘʮʠʿʫ ʨʝʜʥʦʛ ʢʨʘʪʢʦʩʧʦʿʝʥʦʛ ʦʛʨʘʥʢʘ ʫ 

ʧʘʨʘʣʝʣʥʠ ʦʪʚʦʨʝʥ ʦʛʨʘʥʘʢ 
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ʉʣʠʢʘ 3.10 ʂʫʨʦʜʠʥ ʠʜʝʥʪʠʪʝʪ ʟʘ ʪʨʘʥʩʬʠʛʫʨʘʮʠʿʫ ʧʘʨʘʣʝʣʥʦʛ ʦʪʚʦʨʝʥʦʛ ʦʛʨʘʥʢʘ ʫ 

ʨʝʜʥʠ ʢʨʘʪʢʦʩʧʦʿʝʥʠ ʦʛʨʘʥʘʢ 
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3.2.4 ʀʤʧʝʜʘʥʩʥʠ ʠ ʘʜʤʠʪʘʥʩʥʠ ʠʥʚʝʨʪʦʨʠ 

 

ʀʤʧʝʜʘʥʩʥʠ ʠ ʘʜʤʠʪʘʥʩʥʠ ʠʥʚʝʨʪʦʨʠ ʩʝ ʟʘʿʝʜʥʠʯʢʠʤ ʠʤʝʥʦʤ ʥʘʟʠʚʘʿʫ 

ʠʤʠʪʘʥʩʥʠ ʠʥʚʝʨʪʦʨʠ. ʀʤʠʪʘʥʩʥʠ ʠʥʚʝʨʪʦʨ ʿʝ ʣʠʥʝʘʨʥʘ, ʚʨʝʤʝʥʩʢʠ ʥʝʧʨʦʤʝʥˀʠʚʘ, 

ʨʝʮʠʧʨʦʯʥʘ ʤʨʝʞʘ ʙʝʟ ʛʫʙʠʪʘʢʘ. ʊʦ ʿʝ ʝʣʝʤʝʥʪ ʩʘ ʜʚʘ ʧʨʠʩʪʫʧʘ, ʢʦʿʠ ʠʤʘ ʩʚʦʿʩʪʚʦ 

ʠʥʚʝʨʟʠʿʝ ʠʤʠʪʘʥʩʝ. ʆʩʦʙʠʥʘ ʠʥʚʝʨʪʦʚʘˁʘ ʠʤʠʪʘʥʩʝ ʚʘʞʠ ʥʘ ʨʘʜʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ f
0
 

ʠ ʫ ʫʩʢʦʤ ʦʧʩʝʛʫ ʦʢʦ ˁʝ [Petr2010]. ʀʥʚʝʨʪʦʨ ʫʥʦʩʠ ʬʘʟʥʠ ʧʦʤʝʨʘʿ ʦʜ Ñ90Ü. ʅʘ 

ʩʣʠʮʠ 3.11 ʿʝ ʧʨʠʢʘʟʘʥʘ ʰʝʤʘ ʠʤʠʪʘʥʩʥʦʛ ʠʥʚʝʨʪʦʨʘ.  
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ʉʣʠʢʘ 3.11 ʐʝʤʘ ʠʤʠʪʘʥʩʥʦʛ ʠʥʚʝʨʪʦʨʘ 

 

ɸʢʦ ʩʝ ʠʤʧʝʜʘʥʩʥʠ ʠʥʚʝʨʪʦʨ ʥʘ ʿʝʜʥʦʤ ʧʨʠʩʪʫʧʫ ʟʘʪʚʦʨʠ ʠʤʧʝʜʘʥʩʦʤ Z2, 

ʦʥʜʘ ʿʝ ʠʤʧʝʜʘʥʩʘ ʢʦʿʘ ʩʝ ʚʠʜʠ ʥʘ ʜʨʫʛʦʤ ʧʨʠʩʪʫʧʫ ʿʝʜʥʘʢʘ: 

Z1=
K2

Z2
, (3.16) 

ʛʜʝ ʿʝ ʂ ʨʝʘʣʘʥ ʙʨʦʿ ʠ ʩʠʤʙʦʣʠʰʝ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʫ ʠʤʧʝʜʘʥʩʫ ʠʥʚʝʨʪʦʨʘ.  

Taʢoʹʝ, ʫʢʦʣʠʢʦ ʩʝ ʘʜʤʠʪʘʥʩʥʠ ʠʥʚʝʨʪʦʨ ʥʘ ʿʝʜʥʦʤ ʧʨʠʩʪʫʧʫ ʟʘʪʚʦʨʠ 

ʘʜʤʠʪʘʥʩʦʤ Y2, ʦʥʜʘ ʿʝ ʘʜʤʠʪʘʥʩʘ ʢʦʿʘ ʩʝ ʚʠʜʠ ʩʘ ʜʨʫʛʦʛ ʧʨʠʩʪʫʧʘ ʿʝʜʥʘʢʘ: 

Y1=
J2

Z2
, (3.17) 

ʛʜʝ ʿʝ J ʨʝʘʣʘʥ ʙʨʦʿ ʠ ʩʠʤʙʦʣʠʰʝ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʫ ʘʜʤʠʪʘʥʩʫ ʠʥʚʝʨʪʦʨʘ. 

ʆʩʥʦʚʥʘ ʟʘʤʠʩʘʦ ʧʨʠʤʝʥʝ ʠʥʚʝʨʪʦʨʘ ʩʫ ʨʝʘʣʠʟʘʮʠʿʝ ʩʘ ʧʘʨʘʣʝʣʥʠʤ ʠʣʠ 

ʨʝʜʥʠʤ ʦʩʮʠʣʘʪʦʨʥʠʤ ʢʦʣʠʤʘ, ʛʜʝ ʩʫ ʦʩʮʠʣʘʪʦʨʥʘ ʢʦʣʘ ʩʘʤʦ ʫ ʨʝʜʥʠʤ ʛʨʘʥʘʤʘ ʠʣʠ 

ʩʘʤʦ ʫ ʧʘʨʘʣʝʣʥʠʤ ʛʨʘʥʘʤʘ [Petr2010]. ɿʘʤʠʩʘʦ ʩʝ ʪʝʤʝˀʠ ʥʘ ʦʩʦʙʠʥʠ ʣʝʩʪʚʠʯʘʩʪʝ 

ʤʨʝʞʝ ʬʠʣʪʨʘ, ʧʨʦʧʫʩʥʠʢʘ ʠ ʥʝʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʩʘ ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ 

ʝʣʝʤʝʥʪʠʤʘ, ʢʦʜ ʢʦʿʝ ʿʝ ʧʨʦʠʟʚʦʜ ʚʨʝʜʥʦʩʪʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʠ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ 

ʛʨʘʥʝ ʢʦʥʩʪʘʥʪʘʥ. ʆʜ ʧʦʩʝʙʥʦʛ ʠʥʪʝʨʝʩʘ ʿʝ ʜʘ ʧʨʦʠʟʚʦʜ ʙʫʜʝ ʠʩʪʠ ʫ ʩʚʠʤ ʛʨʘʥʘʤʘ 

ʿʝʨ ʪʦ ʠʤʧʣʠʮʠʨʘ ʢʦʥʩʪʨʫʠʩʘˁʝ ʨʝʟʦʥʘʪʦʨʘ ʥʘ ʠʩʪʦʿ ʨʝʟʦʥʘʥʪʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ. 
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ʏʝʪʚʨʪʪʘʣʘʩʥʠ ʦʜʩʝʯʘʢ ʚʦʜʘ ʿʝ ʨʝʘʣʠʟʘʮʠʿʘ ʠʤʠʪʘʥʩʥʦʛ ʠʥʚʝʨʪʦʨʘ 

ʝʣʝʤʝʥʪʠʤʘ ʩʘ ʨʘʩʧʦʜʝˀʝʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ. ʇʦʩʪʦʿʝ ʠ ʜʨʫʛʝ ʨʝʘʣʠʟʘʮʠʿʝ ʠʥʚʝʨʪʦʨʘ 

ʢʘʦ ʰʪʦ ʩʫ ʨʝʘʣʠʟʘʮʠʿʘ ʩʘ ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʝʣʝʤʝʥʪʠʤʘ ʠ ʩʘ ʩʧʨʝʛʥʫʪʠʤ ʚʦʜʦʚʠʤʘ. 

 

 

3.3 ʈʝʟʦʥʘʪʦʨʠ 

 

ʈʝʟʦʥʘʪʦʨ ʿʝ ʦʛʨʘʥʠʯʝʥ, ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠ ʠʟʦʣʦʚʘʥ ʜʝʦ ʧʨʦʩʪʦʨʘ ʫ ʢʦʿʝʤ ʩʝ 

ʦʩʪʚʘʨʫʿʫ ʦʩʮʠʣʘʮʠʿʝ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦʛ ʧʦˀʘ. ʈʝʟʦʥʘʪʦʨ ʩʝ ʤʦʞʝ ʧʨʝʜʩʪʘʚʠʪʠ 

ʧʦʤʦ˂ʫ ʦʩʮʠʣʘʪʦʨʥʦʛ ʢʦʣʘ ʥʘ ʤʠʢʨʦʪʘʣʘʩʥʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ. ʇʨʦʩʪʦ ʦʩʮʠʣʘʪʦʨʥʦ 

ʢʦʣʦ ʿʝ ʩʘʩʪʘʚˀʝʥʦ ʦʜ ʦʪʧʦʨʥʠʢʘ (ʤʘʣʝ, ʢʦʥʘʯʥʝ ʦʪʧʦʨʥʦʩʪʠ R), ʢʘʣʝʤʘ 

ʠʥʜʫʢʪʠʚʥʦʩʪʠ L ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ C. ɽʣʝʤʝʥʪʠ ʤʦʛʫ ʙʠʪʠ ʚʝʟʘʥʠ 

ʩʝʨʠʿʩʢʠ (ʫ ʨʝʜʥʦʤ ʦʩʮʠʣʘʪʦʨʥʦʤ ʢʦʣʫ) ʠʣʠ ʧʘʨʘʣʝʣʥʦ (ʫ ʧʘʨʘʣʝʣʥʦʤ 

ʦʩʮʠʣʘʪʦʨʥʦʤ ʢʦʣʫ). ʈʝʟʦʥʘʥʮʠʿʘ ʧʨʝʜʩʪʘʚˀʘ ʩʪʘˁʝ ʫ ʢʦʣʫ ʧʨʠʣʠʢʦʤ ʢʦʿʝʛ ʿʝ 

ʫʢʫʧʥʘ ʨʝʘʢʪʘʥʩʘ ʫ ʢʦʣʫ ʿʝʜʥʘʢʘ ʥʫʣʠ. ʈʝʘʢʪʘʥʩʝ ʢʘʣʝʤʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ ʩʫ ʿʝʜʥʘʢʝ 

ʘʣʠ ʩʫʧʨʦʪʥʦʛ ʟʥʘʢʘ, ʦʜʘʢʣʝ ʩʣʝʜʠ ʜʘ ʩʝ ʤʝʹʫʩʦʙʥʦ ʧʦʪʠʨʫ ʫ ʠʟʨʘʟʫ ʟʘ ʠʤʘʛʠʥʘʨʥʠ 

ʜʝʦ ʠʤʧʝʜʘʥʩʝ ʢʦʣʘ. ʈʝʟʦʥʘʥʪʥʘ ʫʯʝʩʪʘʥʦʩʪ ʿʝ ʢʦʥʢʨʝʪʥʘ ʫʯʝʩʪʘʥʦʩʪ ʥʘ ʢʦʿʦʿ ʿʝ 

ʥʘʩʪʫʧʠʣʘ ʨʝʟʦʥʘʥʮʠʿʘ ʠ ʦʜʨʝʹʝʥʘ ʿʝ ʨʝʣʘʮʠʿʦʤ: 

f
0
=

1

2Ѝ́LC
. (3.18) 

ʇʦʨʝʜ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ, ʬʫʥʜʘʤʝʥʪʘʣʥʠ ʧʘʨʘʤʝʪʘʨ ʨʝʟʦʥʘʪʦʨʘ ʿʝ 

ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ (Q-ʬʘʢʪʦʨ). ɻʝʥʝʨʘʣʥʦ, Q-ʬʘʢʪʦʨ ʿʝ ʬʫʥʢʮʠʿʘ ʫʯʝʩʪʘʥʦʩʪʠ, ʘʣʠ ʩʝ 

ʥʘʿʯʝʰ˂ʝ ʦʜʨʝʹʫʿʝ ʧʨʠ ʨʝʟʦʥʘʥʪʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ. ʊʦ ʿʝ ʙʝʟʜʠʤʝʥʟʠʦʥʠ ʧʘʨʘʤʝʪʘʨ, 

ʟʘʜʘʪ ʩʣʝʜʝ˂ʦʤ ʬʦʨʤʫʣʦʤ: 

Q=2ˊ
WUK

WG
, (3.19) 

ʛʜʝ ʿʝ WUK ʫʢʫʧʥʘ ʝʥʝʨʛʠʿʘ ʩʘʜʨʞʘʥʘ ʫ ʨʝʟʦʥʘʪʦʨʫ (ʝʥʝʨʛʠʿʘ ʫ ʨʝʘʢʪʠʚʥʠʤ 

ʝʣʝʤʝʥʪʠʤʘ ʨʝʟʦʥʘʥʪʥʦʛ ʢʦʣʘ) ʧʨʠ ʨʝʟʦʥʘʥʪʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ, ʘ WG ʝʥʝʨʛʠʿʘ ʢʦʿʘ ʩʝ 

ʧʨʝʪʚʦʨʠ ʫ ʪʦʧʣʦʪʫ ʫ ʪʦʢʫ ʿʝʜʥʦʛ ʧʝʨʠʦʜʘ. ʉʘ ʧʦʨʘʩʪʦʤ Q-ʬʘʢʪʦʨʘ, ʨʝʟʦʥʘʥʪʥʦ ʢʦʣʦ 

ʿʝ ʩʝʣʝʢʪʠʚʥʠʿʝ ʠ ʠʤʘ ʫʞʠ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ. 
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3.3.1 ʏʝʪʚʨʪʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨʠ 

 

ʏʝʪʚʨʪʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨ ʿʝ ʦʜʩʝʯʘʢ ʠʜʝʘʣʥʦʛ ʚʦʜʘ ʢʦʿʠ ʠʤʘ ʝʣʝʢʪʨʠʯʥʫ 

ʜʫʞʠʥʫ ɗ0= ́2ϳ ʥʘ ʫʯʝʩʪʘʥʦʩʪʠ ɤ0. ʇʦʥʘʰʘˁʝ ʢʨʘʪʢʦʩʧʦʿʝʥʦʛ ʯʝʪʚʨʪʪʘʣʘʩʥʦʛ 

ʨʝʟʦʥʘʪʦʨʘ, ʫ ʙʣʠʟʠʥʠ ʫʯʝʩʪʘʥʦʩʪʠ ɤ0, ʿʝ ʩʣʠʯʥʦ ʧʘʨʘʣʝʣʥʦʤ ʦʩʮʠʣʘʪʦʨʥʦʤ ʢʦʣʫ 

(ʩʣʠʢʘ 3.12ʘ). ɼʦ ʦʚʦʛ ʟʘʢˀʫʯʢʘ ʩʝ ʤʦʞʝ ʜʦ˂ʠ ʨʘʟʚʦʿʝʤ ʫʣʘʟʥʝ ʘʜʤʠʪʘʥʩʝ 

ʢʨʘʪʢʦʩʧʦʿʝʥʦʛ ʦʜʩʝʯʢʘ ʠ ʧʘʨʘʣʝʣʥʦʛ ʦʩʮʠʣʘʪʦʨʥʦʛ ʢʦʣʘ ʫ ʦʢʦʣʠʥʠ ɤ0 [Petr2010]. 

ɸʥʘʣʦʛʥʦ, ʧʦʥʘʰʘˁʝ ʦʪʚʦʨʝʥʦʛ ʯʝʪʚʨʪʪʘʣʘʩʥʦʛ ʨʝʟʦʥʘʪʦʨʘ, ʫ ʙʣʠʟʠʥʠ ʫʛʘʦʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ ɤ0, ʿʝ ʩʣʠʯʥʦ ʨʝʜʥʦʤ ʦʩʮʠʣʘʪʦʨʥʦʤ ʢʦʣʫ (ʩʣʠʢʘ 3.12ʙ).  
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ʉʣʠʢʘ 3.12 ʏʝʪʚʨʪʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨ ʠ ʝʢʚʠʚʘʣʝʥʪʥʠ LC-ʨʝʟʦʥʘʪʦʨ: ʘ) 

ʢʨʘʪʢʦʩʧʦʿʝʥʠ ʨʝʟʦʥʘʪʦʨ ʠ ʧʘʨʘʣʝʣʥʘ LC-ʤʨʝʞʘ ʙ) ʦʪʚʦʨʝʥʠ ʨʝʟʦʥʘʪʦʨ ʠ ʨʝʜʥʘ LC-

ʤʨʝʞʘ 

 

ʆʚʘʢʘʚ ʨʝʟʦʥʘʪʦʨ ʥʘʣʘʟʠ ʧʨʠʤʝʥʫ ʧʨʠʣʠʢʦʤ ʨʝʘʣʠʟʦʚʘˁʘ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ 

ʦʧʩʝʛʘ ʢʦʨʠʰ˂ʝˁʝʤ ʠʥʚʝʨʪʦʨʘ. ʊʦʤ ʧʨʠʣʠʢʦʤ ʩʝ ʫʤʝʩʪʦ LC-ʨʝʟʦʥʘʪʦʨʘ ʫ ʨʝʜʥʠʤ 

ʛʨʘʥʘʤʘ ʢʦʨʠʩʪʝ ʦʪʚʦʨʝʥʠ ʯʝʪʚʨʪʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨʠ, ʘ ʫ ʧʘʨʘʣʝʣʥʠʤ ʛʨʘʥʘʤʘ 

ʢʨʘʪʢʦʩʧʦʿʝʥʠ ʨʝʟʦʥʘʪʦʨʠ [Petr2010]. 
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3.3.2 ʇʦʣʫʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨʠ 

 

ʇʦʣʫʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨ ʿʝ ʦʜʩʝʯʘʢ ʠʜʝʘʣʥʦʛ ʚʦʜʘ ʯʠʿʘ ʿʝ ʝʣʝʢʪʨʠʯʥʘ ʜʫʞʠʥʘ 

ɗ0= ˊ ʧʨʠ ʢʨʫʞʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ɤ0=2f́0. ʇʦʥʘʰʘˁʝ ʦʪʚʦʨʝʥʦʛ ʧʦʣʫʪʘʣʘʩʥʦʛ 

ʨʝʟʦʥʘʪʦʨʘ ʫ ʙʣʠʟʠʥʠ ʫʛʘʦʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ɤ0 ʿʝ ʩʣʠʯʥʦ ʧʘʨʘʣʝʣʥʦʤ ʦʩʮʠʣʘʪʦʨʥʦʤ 

ʢʦʣʫ (ʩʣʠʢʘ 3.13). ɼʦ ʦʚʦʛ ʟʘʢˀʫʯʢʘ ʩʝ ʜʦʣʘʟʠ ʢʘʜʘ ʩʝ ʨʘʟʚʠʿʝ ʫʣʘʟʥʘ ʘʜʤʠʪʘʥʩʘ 

ʦʜʩʝʯʢʘ ʚʦʜʘ ʠ LC- ʨʝʟʦʥʘʪʦʨʘ [Petr2010]. 

C

L
Z

2
c
p
=

LC

1
, 00 =wp=Q

CL

 

ʉʣʠʢʘ 3.13 ʇʦʣʫʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨ ʠ ʝʢʚʠʚʘʣʝʥʪʥʠ LC-ʨʝʟʦʥʘʪʦʨ 

 

ʆʚʘʢʘʚ ʨʝʟʦʥʘʪʦʨ ʥʘʣʘʟʠ ʧʨʠʤʝʥʫ ʧʨʠʣʠʢʦʤ ʨʝʘʣʠʟʦʚʘˁʘ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ 

ʦʧʩʝʛʘ, ʢʦʿʠ ʢʦʨʠʩʪʠ ʠʥʚʝʨʪʦʨʝ, ʛʜʝ ʩʝ ʧʦʩʪʘʚˀʘʿ ʫ ʫʤʝʩʪʦ LC-ʨʝʟʦʥʘʪʦʨʘ ʫ 

ʧʘʨʘʣʝʣʥʠʤ ʛʨʘʥʘʤʘ [Petr2010]. 
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4 ʊʘʣʘʩʦʚʦʜʥʠ ʬʠʣʪʨʠ 

 

 

ʇʨʠʥʮʠʧ ʨʘʜʘ ʪʘʣʘʩʦʚʦʜʥʠʭ ʬʠʣʪʘʨʘ, ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʧʨʝʜʤʝʪ ʦʚʝ 

ʜʠʩʝʨʪʘʮʠʿʝ, ʟʘcʥʠʚʘ ʩʝ ʥʘ ʫʙʘʮʠʚʘˁʫ ʜʠʩʢʦʥʪʠʥʫʠʪʝʪʘ ʫ ʫʥʫʪʨʘʰˁʦʩʪ 

ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ. ɼʠʩʢʦʥʪʠʥʫʠʪʝʪʠ ʩʫ ʧʦʩʪʘʚˀʝʥʠ ʫ ʚʠʜʫ ʨʝʟʦʥʘʥʪʥʠʭ 

ʧʨʝʛʨʘʜʘ, ʢʦʿʝ ʤʦʛʫ ʠʤʘʪʠ ʨʘʟʣʠʯʠʪʝ ʛʝʦʤʝʪʨʠʿʩʢʝ ʦʙʣʠʢʝ. ʇʦʩʣʝʜˁʠʭ ʛʦʜʠʥʘ, 

ʠʩʪʨʘʞʠʚʘˁʘ ʩʫ ʫʩʤʝʨʝʥʘ ʧʨʝʤʘ ʧʦʣʫʪʘʣʘʩʥʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ ʩʘ ʧʨʦʨʝʟʦʤ, 

ʢʦʤʧʣʝʤʝʥʪʘʨʥʠʤ ʧʦʣʫʪʘʣʘʩʥʠʤ ʨʝʟʦʥʘʪʦʨʠʤa ʩʘ ʧʨʦʨʝʟʦʤ ʠ ʯʝʪʚʨʪʪʘʣʘʩʥʠʤ 

ʨʝʟʦʥʘʪʦʨʠʤʘ. ʅʘʚʝʜʝʥʠ ʨʝʟʦʥʘʪʦʨʠ ʩʫ ʩʝ ʟʙʦʛ ʩʚʦʿʠʭ ʜʠʤʝʥʟʠʿʘ, ʦʙʣʠʢʘ ʠ 

ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʭ ʩʚʦʿʩʪʘʚʘ ʧʦʢʘʟʘʣʠ ʢʘʦ ʠʟʫʟʝʪʥʦ ʧʦʛʦʜʥʠ ʟʘ ʧʨʠʤʝʥʫ ʧʨʠʣʠʢʦʤ 

ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʪʘʣʘʩʦʚʦʜʥʠʭ ʬʠʣʪʘʨʘ. 

ʋ ʦʢʚʠʨʫ ʦʚʦʛ ʧʦʛʣʘʚˀʘ, ʜʘʪ ʿʝ ʧʨʝʛʣʝʜ ʨʝʰʝˁʘ ʪʘʣʘʩʦʚʦʜʥʠʭ ʬʠʣʪʘʨʘ ʠʟ 

ʜʦʩʪʫʧʥʝ ʣʠʪʝʨʘʪʫʨʝ ʩʘ ʧʦʩʝʙʥʠʤ ʦʩʚʨʪʦʤ ʥʘ ʧʨʦʙʣʝʤ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʝ. ɿʘʪʠʤ ʿʝ 

ʜʝʪʘˀʥʦ ʦʧʠʩʘʥ ʧʨʦʮʝʩ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦʛ ʤʦʜʝʣʦʚʘˁʘ ʩʚʠʭ ʢʦʤʧʦʥʝʥʪʠ ʢʦʿʝ ʩʫ 

ʠʟʣʦʞʝʥʝ ʫ ʜʠʩʝʨʪʘʮʠʿʠ. ʋ ʦʜʥʦʩʫ ʥʘ ʬʫʥʢʮʠʦʥʘʣʥʦʩʪʠ WIPLïD ʩʦʬʪʚʝʨʘ, 

ʧʨʠʢʘʟʘʥ ʿʝ ʦʧʰʪʠ ʧʨʠʩʪʫʧ ʤʦʜʝʣʦʚʘˁʫ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠʭ ʩʪʨʫʢʪʫʨʘ ʠ ˁʠʭʦʚʠʭ 

ʝʢʚʠʚʘʣʝʥʪʥʠʭ ʨʝʧʨʝʟʝʥʪʘʮʠʿʘ ʥʘ ʥʠʚʦʫ ʢʦʣʘ. ʅʘʢʦʥ ʤʦʜʝʣʦʚʘˁʘ ʠ ʩʠʤʫʣʘʮʠʿʝ 

ʬʠʣʪʨʘ, ʠʟʣʦʞʝʥʠ ʩʫ ʩʣʝʜʝ˂ʠ ʧʨʦʮʝʩʠ: ʧʨʠʧʨʝʤʘ ʦʧʪʠʤʘʣʥʦʛ ʬʠʣʪʨʘ ʟʘ 

ʬʘʙʨʠʢʘʮʠʿʫ, ʧʦʩʪ-ʬʘʙʨʠʢʘʮʠʿʩʢʠ ʧʦʩʪʫʧʮʠ ʠ ʤʝʨʝˁʝ ʬʨʝʢʚʝʥʮʠʿʩʢʦʛ ʦʜʟʠʚʘ 

ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʛ ʧʨʦʪʦʪʠʧʘ. 

 

 

4.1 ʇʨʝʛʣʝʜ ʣʠʪʝʨʘʪʫʨʝ 

 

ʋ ʦʚʦʤ ʦʜʝˀʢʫ ˂ʝ ʙʠʪʠ ʠʟʣʦʞʝʥ ʧʨʝʛʣʝʜ ʨʝʣʝʚʘʥʪʥʝ ʣʠʪʝʨʘʪʫʨʝ ʠʟ ʦʙʣʘʩʪʠ 

ʪʘʣʘʩʦʚʦʜʥʠʭ ʬʠʣʪʘʨʘ ʠ ʜʦʩʘʜʘʰˁʠʭ ʨʝʰʝˁʘ. ɼʘʪ ʿʝ ʧʨʠʢʘʟ ʥʘʿʥʦʚʠʿʠʭ 

ʠʩʪʨʘʞʠʚʘˁʘ ʧʦʩʚʝ˂ʝʥʠʭ ʠʟʦʣʦʚʘʥʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ ʫ ʚʘʟʜʫʭʫ ʠ ʰʪʘʤʧʘʥʠʤ ʥʘ 

ʜʠʝʣʝʢʪʨʠʢʫ, ʿʝʨ ʩʫ ʦʚʠ ʨʝʟʦʥʘʪʦʨʠ ʢʦʨʠʰ˂ʝʥʠ ʢʘʦ ʦʩʥʦʚʥʠ ʛʨʘʜʠʚʥʠ ʝʣʝʤʝʥʪ 

ʪʘʣʘʩʦʚʦʜʥʠʭ ʬʠʣʪʘʨʘ. ɼʘˀʝ, ʜʘʪʘ ʿʝ ʘʥʘʣʠʟʘ ʬʠʣʪʘʨʘ ʢʦʿʠ ʧʨʠʤʝˁʫʿʫ ʨʝʟʦʥʘʪʦʨʝ 

ʩʘ ʠ ʙʝʟ ʧʨʦʨʝʟʘ, ʧʨʠ ʯʝʤʫ ʩʫ ʨʝʟʦʥʘʪʦʨʠ ʧʦʩʪʘʚˀʝʥʠ ʫ ʥʠʟʫ ʠʣʠ ʧʦʿʝʜʠʥʘʯʥʦ, ʫ ɽ-

ʨʘʚʥʠ ʠʣʠ ʅ-ʨʘʚʥʠ ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ. ɼʦʜʘʪʥʦ, ʠʟʣʦʞʝʥ ʿʝ ʢʨʘʪʘʢ ʦʩʚʨʪ ʥʘ 
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ʬʠʣʪʨʝ ʠʤʧʣʝʤʝʥʪʠʨʘʥʝ ʫ ʧʣʘʥʘʨʥʦʿ ʪʝʭʥʦʣʦʛʠʿʠ. ʅʘʚʝʜʝʥʘ ʩʫ ʠʩʪʨʘʞʠʚʘˁʘ ʠʟ 

ʦʙʣʘʩʪʠ ʨʝʢʦʥʬʠʛʫʨʘʙʠʣʥʠʭ ʪʘʣʘʩʦʚʦʜʥʠʭ ʬʠʣʪʘʨʘ ʠ ʠʟʣʦʞʝʥʘ ʨʝʰʝˁʘ ʠʟʨʘʹʝʥʘ 

ʢʦʨʠʩʪʝ˂ʠ ʪʝʭʥʦʣʦʛʠʿʫ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʝ (3ɼ) ʰʪʘʤʧʝ. 

 

 

4.1.1 ʊʘʣʘʩʦʚʦʜʥʠ ʨʝʟʦʥʘʪʦʨʠ 

 

ɼʝʪʘˀʥʘ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʘ ʘʥʘʣʠʟʘ ʧʦʣʫʪʘʣʘʩʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʧʨʦʨʝʟʦʤ 

(split ring resonator, SRR) ʠ ʢʦʤʧʣʝʤʝʥʪʘʨʥʠʭ ʧʦʣʫʪʘʣʘʩʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʧʨʦʨʝʟʦʤ 

(complementary split ring resonator, CSRR), ʢʦʿʠ ʠʤʘʿʫ ʦʙʣʠʢ ʢʨʫʞʥʦʛ ʧʨʩʪʝʥʘ ʩʘ 

ʤʘʣʠʤ ʧʨʦʮʝʧʦʤ ʿʝ ʠʟʣʦʞʝʥʘ ʫ [Baenʘ2005]. ʋ ʦʢʚʠʨʫ ʠʩʪʦʛ ʠʩʪʨʘʞʠʚʘˁʘ, ʘʫʪʦʨʠ 

ʩʫ ʫʩʧʦʩʪʘʚʠʣʠ ʝʢʚʠʚʘʣʝʥʪʥʫ ʰʝʤʫ ʦʚʠʭ ʨʝʟʦʥʘʪʦʨʘ, ʢʦʨʠʩʪʝ˂ʠ ʝʣʝʤʝʥʪʝ ʩʘ 

ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ. ʀʩʪʘʢʥʫʪʦ ʿʝ ʜʘ ʿʝ ʤʦʛʫ˂ʝ ʝʢʚʠʚʘʣʝʥʪʥʦ 

ʨʝʧʨʝʟʝʥʪʦʚʘʪʠ ʪʘʣʘʩʦʚʦʜʥʠ ʨʝʟʦʥʘʪʦʨ ʧʦʤʦ˂ʫ ʧʘʨʘʣʝʣʥʝ ʚʝʟʝ ʦʪʧʦʨʥʠʢʘ, ʢʘʣʝʤʘ ʠ 

ʢʦʥʜʝʥʟʘʪʦʨʘ.  

ɸʥʘʣʠʪʠʯʢʘ ʬʦʨʤʫʣʘʮʠʿʘ ʨʝʟʦʥʘʥʪʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʢʨʫʞʥʠʭ ʧʦʣʫʪʘʣʘʩʥʠʭ 

ʨʝʟʦʥʘʪʦʨʘ ʿʝ ʜʘʪʘ ʫ [Syd2009], ʩʘ ʥʘʛʣʘʩʢʦʤ ʜʘ ʿʝ ʟʘ ʧʨʦʨʘʯʫʥ ʫʢʫʧʥʝ 

ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʨʝʟʦʥʘʪʦʨʘ ʧʦʪʨʝʙʥʦ ʫʟʝʪʠ ʫ ʦʙʟʠʨ ʜʦʧʨʠʥʦʩ ʧʦʚʨʰʠʥʩʢʝ 

ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʠ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʧʨʦʨʝʟʘ. ʋ ʮʠˀʫ ʧʦʚʝ˂ʘˁʘ ʪʘʯʥʦʩʪʠ ʧʨʠʣʠʢʦʤ 

ʠʟʨʘʯʫʥʘʚʘˁʘ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ SRR, ʘʫʪʦʨʠ ʩʫ ʫ [Warn2012] ʧʨʝʜʩʪʘʚʠʣʠ ʤʦʜʝʣ 

ʦʚʦʛ ʨʝʟʦʥʘʪʦʨʘ ʧʦʤʦ˂ʫ ʪʘʥʢʠʭ ʞʠʮʘ ʠ ʥʫʤʝʨʠʯʢʠ ʦʜʨʝʜʠʣʠ ʢʦʨʝʢʪʠʚʥʠ ʬʘʢʪʦʨ ʟʘ 

ʢʘʧʘʮʠʪʠʚʥʦʩʪ ʧʨʦʨʝʟʘ. ʋ [Mrvi2014b] je ʧʨʦʿʝʢʪʦʚʘʥ ʧʦʣʫʪʘʣʘʩʥʠ ʪʘʣʘʩʦʚʦʜʥʠ 

ʨʝʟʦʥʘʪʦʨ ʩʘ ʧʦʩʝʙʥʠʤ ʦʩʚʨʪʦʤ ʥʘ ʫʪʠʮʘʿ ʦʨʠʿʝʥʪʘʮʠʿʝ ʧʨʦʨʝʟʘ ʰʪʘʤʧʘʥʦʛ ʚʦʜʘ ʥʘ 

ʦʜʟʠʚ ʪʘʣʘʩʦʚʦʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ. ʂʦʤʧʘʨʘʪʠʚʥʘ ʘʥʘʣʠʟʘ ʨʘʟʣʠʯʠʪʠʭ ʝʣʝʢʪʨʠʯʥʦ 

ʤʘʣʠʭ ʧʣʘʥʘʨʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʿʝ ʠʟʣʦʞʝʥʘ ʫ [Dur2012], ʟʘʿʝʜʥʦ ʩʘ ˁʠʭʦʚʠʤ 

ʝʢʚʠʚʘʣʝʥʪʥʠʤ ʨʝʧʨʝʟʝʥʪʘʮʠʿʘʤʘ. ʇʨʠʣʠʢʦʤ ʠʩʪʨʘʞʠʚʘˁʘ ʩʫ ʢʦʨʠʰ˂ʝʥʠ ʢʨʫʞʥʠ 

ʨʝʟʦʥʘʪʦʨʠ ʩʘ ʧʨʦʨʝʟʦʤ, ʢʦʿʠ ʩʫ ʧʦʩʪʘʚˀʝʥʠ ʿʝʜʘʥ ʫʥʫʪʘʨ ʜʨʫʛʦʛ, ʬʦʨʤʠʨʘʿʫ˂ʠ 

ʿʝʜʠʥʠʯʥʫ ˂ʝʣʠʿʫ. ʀʩʪʨʘʞʠʚʘˁʝ ʦʙʫʭʚʘʪʘ ʥʠʟ ʿʝʜʠʥʠʯʥʠʭ ˂ʝʣʠʿʘ, ʘ ʝʣʠʧʪʠʯʢʠ 

ʬʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʥʠʩʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʘʥʪʝʥʘ ʟʘ ʜʚʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ (dual-

band antenna) ʩʫ ʧʨʦʿʝʢʪʦʚʘʥʠ ʫ ʮʠˀʫ ʚʝʨʠʬʠʢʘʮʠʿʝ ʢʦʥʮʝʧʪʘ. Eʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦ 

ʧʦʥʘʰʘˁʝ ʧʦʿʝʜʠʥʘʯʥʠʭ ʧʦʣʫʪʘʣʘʩʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʧʨʦʨʝʟʦʤ ʠ ʨʝʟʦʥʘʪʦʨʘ 

ʧʦʩʪʘʚˀʝʥʠʭ ʫ ʥʠʟʫ ʫʥʫʪʘʨ ʪʘʣʘʩʦʚʦʜʘ ʿʝ ʠʩʪʨʘʞʝʥʦ ʫ [Gay2002]. ɿʘʢˀʫʯʘʢ ʪʦʛ 

ʠʩʪʨʘʞʠʚʘˁʘ ʿʝ ʜʘ ʨʝʟʦʥʘʥʪʥʘ ʫʯʝʩʪʘʥʦʩʪ ʟʘʚʠʩʠ ʦʜ ʙʨʦʿʘ ʝʣʝʤʝʥʘʪʘ ʥʠʟʘ ʠ ˁʠʭʦʚʦʛ 
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ʤʝʹʫʩʦʙʥʦʛ ʨʘʩʪʦʿʘˁʘ, ʢʘʦ ʠ ʜʘ ʢʦʥʚʝʨʛʠʨʘ ʟʘ ʦʩʘʤ ʝʣʝʤʝʥʘʪʘ. Taʣʘʩʦʚʦʜʥʠ 

ʨʝʟʦʥʘʪʦʨ ʩʘ ʜʚʝ ʫʯʝʩʪʘʥʦʩʪʠ ʢʦʿʠ ʧʨʠʤʝˁʫʿe ʧʨʝʛʨʘʜʝ ʫ ɽ- ʠ ʅ-ʨʘʚʥʠ ʧʨʘʚʦʫʛʘʦʥʦʛ 

ʪʘʣʘʩʦʚʦʜʘ ʩʫ ʠʟʣʦʞʝʥʠ ʫ [Mrvi2014a].  

 

4.1.2 ʊʘʣʘʩʦʚʦʜʥʠ ʬʠʣʪʨʠ ʫ ɽ-ʨʘʚʥʠ 

 

Tʨʘʜʠʮʠʦʥʘʣʥʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʘ ʬʠʣʪʨʘ ʫ ɽ-ʨʘʚʥʠ ʿʝ ʧʨʠʢʘʟʘʥʘ ʫ [Kon1974] ʠ 

ʧʦʜʨʘʟʫʤʝʚʘ ʧʝʨʠʦʜʠʯʥʝ ʤʝʪʘʣʥʝ ʠʥʜʫʢʪʠʚʥʝ ʧʨʝʛʨʘʜʝ ʫʙʘʯʝʥʝ ʜʫʞ 

ʣʦʥʛʠʪʫʜʠʥʘʣʥʝ ʦʩʝ ʪʘʣʘʩʦʚʦʜʘ. ʊʘʢʚʫ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʦʜʣʠʢʫʿʫ ʿʝʜʥʦʩʪʘʚʥʦʩʪ ʠ 

ʥʠʩʢʘ ʮʝʥʘ ʧʨʦʠʟʚʦʜˁʝ. ʅʝʜʦʩʪʘʪʘʢ ʦʚʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʩʝ ʦʛʣʝʜʘ ʫ ʜʫʞʠʥʠ 

ʬʠʣʪʨʘ, ʥʘʨʦʯʠʪʦ ʫʢʦʣʠʢʦ ʩʝ ʧʦʚʝ˂ʘʚʘ ʙʨʦʿ ʤʝʪʘʣʥʠʭ ʠʥʜʫʢʪʠʚʥʠʭ ʧʨʝʛʨʘʜʘ. 

ʈʝʰʝˁʘ ʢʦʿʘ ʩʫ ʫʩʣʝʜʠʣʘ ʠʤʘʣʘ ʩʫ ʟʘ ʮʠˀ ʫʥʘʧʨʝʹʝˁʝ ʧʝʨʬʦʨʤʘʥʩʠ ʪʨʘʜʠʮʠʦʥʘʣʥʝ 

ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ. ʉʚʦʿʝʚʨʩʥʦ ʫʥʘʧʨʝʹʝˁʝ ʫ ʚʠʜʫ ʩʤʘˁʝˁʘ ʜʫʞʠʥʝ ʬʠʣʪʨʘ ʠ 

ʧʦʚʝ˂ʘˁʘ ʰʠʨʠʥʝ ʪʨʦʜʝʮʠʙʝʣʩʢʦʛ ʦʧʩʝʛʘ ʩʫ ʜʦʙʠʿʝʥʝ ʢʦʨʠʰ˂ʝˁʝʤ ʜʦʜʘʪʥʠʭ 

ʤʝʘʥʜʨʠʨʘʥʠʭ ʧʦʣʫʪʘʣʘʩʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʠʟʤʝʹʫ ʤʝʪʘʣʥʠʭ ʠʥʜʫʢʪʠʚʥʠʭ ʧʨʝʛʨʘʜʘ, ʠ 

ʪʦ ʨʝʟʦʥʘʪʦʨʘ ʫ ʦʙʣʠʢʫ ʩʣʦʚʘ S [Sunt2009] ʠ ʫ ʦʙʣʠʢʫ ʩʣʦʚʘ ʊ [Bud2011]. 

ʀʥʪʝʛʨʘʮʠʿʘ ʜʦʜʘʪʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʠʟʤʝʹʫ ʤʝʪʘʣʥʠʭ ʠʥʜʫʢʪʠʚʥʠʭ ʧʨʝʛʨʘʜʘ jʝ 

ʧʦʜʝʩʠʣʘ ʧʦʣʦʞʘʿ ʥʫʣʘ ʧʨʝʥʦʩʥʝ ʬʫʥʢʮʠʿʝ ʥʘ ʩʚʘʢʦʿ ʩʪʨʘʥʠ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ, ʰʪʦ 

ʿʝ ʨʝʟʫʣʪʦʚʘʣʦ ʙʦˀʦʤ ʩʝʣʝʢʪʠʚʥʦʰ˂ʫ ʬʠʣʪʨʘ [Jin2013]. ʇʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʨʘ ʧʝʪʦʛ 

ʨʝʜʘ ʩʘ ʯʝʪʚʨʪʪʘʣʘʩʥʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ ʧʦʩʪʘʚˀʝʥʠʤ ʠʟʤʝʹʫ ʤʝʪʘʣʥʠʭ ʠʥʜʫʢʪʠʚʥʠʭ 

ʧʨʝʛʨʘʜʘ ʿʝ ʧʨʠʢʘʟʘʥʦ ʫ [Gus2009], ʧʨʠ ʯʝʤʫ ʩʫ ʯʝʪʚʨʪʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨʠ 

ʧʨʠʯʚʨʰ˂ʝʥʠ ʟʘ ʛʦʨˁʠ ʠ ʜʦˁʠ ʟʠʜ ʪʘʣʘʩʦʚʦʜʘ ʠ ʧʦʩʪʘʚˀʝʥʠ ʿʝʜʥʠ ʥʘʩʫʧʨʦʪ ʜʨʫʛʠʭ. 

ʋ ʠʩʪʦʤ ʠʩʪʨʘʞʠʚʘˁʫ ʿʝ ʠʩʧʠʪʘʥ ʫʪʠʮʘʿ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʥʘ Q-ʬʘʢʪʦʨ 

ʥʝʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ. ʋ [Shel2006] ʿʝ ʧʨʠʢʘʟʘʥ ʤʝʪʘʣʥʠ ʫʤʝʪʘʢ ʫ ʚʠʜʫ 

ʨʝʰʝʪʢʝ, ʩʘʩʪʘʚˀʝʥ ʦʜ ʧʝʨʠʦʜʠʯʥʠʭ ʠʥʜʫʢʪʠʚʥʠʭ ʧʨʝʛʨʘʜʘ ʠ ʧʦʣʫʪʘʣʘʩʥʠʭ 

ʨʝʟʦʥʘʪʦʨʘ, ʧʦʩʪʘʚˀʝʥ ʫ ɽ-ʨʘʚʘʥ ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʿʝ ʦʩʪʚʘʨʝʥ 

ʟʥʘʯʘʿʘʥ ʜʦʧʨʠʥʦʩ ʫ ʧʦʛʣʝʜʫ ʢʦʤʧʘʢʪʥʦʩʪʠ ʬʠʣʪʨʘ ʥʝʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ. ʋʣʪʨʘ-

ʢʦʤʧʘʢʪʘʥ ʬʠʣʪʘʨ ʿʝ ʧʨʦʿʝʢʪʦʚʘʥ ʫ [Moh2013], ʪʘʢʦ ʰʪʦ ʩʫ ʟʘ ʛʦʨˁʠ ʟʠʜ ʪʘʣʘʩʦʚʦʜʘ 

ʧʨʠʯʚʨʰ˂ʝʥʘ ʪʨʠ ʯʝʪʚʨʪʪʘʣʘʩʥʘ ʨʝʟʦʥʘʪʦʨʘ ʠʟʤʝʹʫ ʤʝʪʘʣʥʠʭ ʠʥʜʫʢʪʠʚʥʠʭ 

ʧʨʝʛʨʘʜʘ.  

ʀʩʪʨʘʞʠʚʘˁʝ ʧʦʩʚʝ˂ʝʥʦ ʬʠʣʪʨʠʤʘ ʩʘ ʤʝʪʘʣʥʠʤ ʧʨʝʛʨʘʜʘʤʘ ʫ ɽ-ʨʘʚʥʠ ʿʝ 

ʠʟʣʦʞʝʥʦ ʫ ʜʦʢʪʦʨʩʢʦʿ ʜʠʩʝʨʪʘʮʠʿʠ [Lop2012]. ʇʨʠʤʝʨʘʢ ʬʠʣʪʨʘ ʥʝʧʨʦʧʫʩʥʠʢʘ 



ʄʠʢʨʦʪʘʣʘʩʥʠ ʬʠʣʪʨʠ ʥʝʧʨʦʧʫʩʥʠʮʠ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʩʘ ʨʝʟʦʥʘʥʪʥʠʤ ʧʨʝʛʨʘʜʘʤʘ ʫ ɽ ʠ ʅ-ʨʘʚʥʠ ʪʘʣʘʩʦʚʦʜʘ 

Mʘʨʠʿʘ ɺ. ʄʨʚʠ˂, ʜʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ 

 

40 

 

ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʢʦʨʠʩʪʠ ʤʝʪʘʣʥʫ ʧʨʝʛʨʘʜʫ ʩʘ ʧʝʨʠʦʜʠʯʥʠʤ ʧʨʦʨʝʟʠʤʘ ʢʦʿʝ 

ʠʤʘʿʫ ʠʜʝʥʪʠʯʥʫ ʜʫʞʠʥʫ, ʘ ʩʘʤʘ ʧʨʝʛʨʘʜʘ ʩʝ ʥʘʣʘʟʠ ʫ ʜʦˁʦʿ ʧʦʣʦʚʠʥʠ ʪʘʣʘʩʦʚʦʜʘ. 

ʊʦ ʦʩʪʘʚˀʘ ʧʨʦʩʪʦʨ ʟʘ ʫʤʝʪʘˁʝ ʧʨʝʛʨʘʜʝ ʫ ʛʦʨˁʦʿ ʧʦʣʦʚʠʥʠ ʥʘ ʦʩʥʦʚʫ ʯʝʛʘ ʿʝ 

ʦʤʦʛʫ˂ʝʥʦ ʧʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʨʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ. ɿʘʩʝʮʘˁʝ ʙʦʯʥʠʭ ʩʪʨʘʥʘ 

ʰʪʘʤʧʘʥʝ ʧʣʦʯʠʮʝ, ʧʨʝʤʘ ʧʨʠʩʪʫʧʠʤʘ, ʿʝ ʠʟʚʨʰʝʥʦ ʫ ʮʠˀʫ ʩʤʘˁʝˁʘ ʨʝʬʣʝʢʩʠʿʝ, 

ʯʠʤʝ ʿʝ ʦʩʪʚʘʨʝʥʦ ʙʦˀʝ ʧʨʠʣʘʛʦʹʝˁʝ ʫ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ. 

ʀʩʪʨʘʞʠʚʘˁʝ ʩʧʨʦʚʝʜʝʥʦ ʫ [Jith2006] ʫʢˀʫʯʫʿʝ ʥʠʟ ʿʝʜʠʥʠʯʥʠʭ ˂ʝʣʠʿʘ ʥʘ 

FR-4 ʜʠʝʣʝʢʪʨʠʯʥʦʿ ʧʦʜʣʦʟʠ, ʦʜ ʢʦʿʠʭ ʩʝ ʩʚʘʢʘ ˂ʝʣʠʿʘ ʩʘʩʪʦʿʠ ʦʜ ʜʚʘ SRR ʫ ʦʙʣʠʢʫ 

ʢʨʫʞʥʦʛ ʧʨʩʪʝʥʘ ʩʘ ʧʨʦʨʝʟʦʤ. ʋʥʫʪʘʨ ʩʚʘʢʝ ˂ʝʣʠʿʝ ʩʫ ʜʠʿʘʤʝʪʨʘʣʥʦ ʧʦʩʪʘʚˀʝʥʠ 

ʧʨʦʨʝʟʠ ʩʚʘʢʦʛ ʦʜ ʧʨʩʪʝʥʘ, ʧʨʠ ʯʝʤʫ ʩʫ ʧʨʦʨʝʟʠ ʫʩʤʝʨʝʥʠ ʢʘ ʧʨʠʩʪʫʧʠʤʘ 

ʪʘʣʘʩʦʚʦʜʘ. ɸʥʘʣʠʟʘ ʬʨʝʢʚʝʥʮʠʿʩʢʦʛ ʦʜʟʠʚʘ ʿʝ ʠʟʚʨʰʝʥʘ ʫ ʦʜʥʦʩʫ ʥʘ ʙʨʦʿ 

ʿʝʜʠʥʠʯʥʠʭ ˂ʝʣʠʿʘ ʢʦʿʝ ʩʝ ʥʘʣʘʟʝ ʥʘ ʰʪʘʤʧʘʥʦʿ ʧʨʝʛʨʘʜʠ. ʅʘ ʦʩʥʦʚʫ ʨʝʟʫʣʪʘʪʘ 

ʘʥʘʣʠʟʘ ʿʝ ʠʩʪʘʢʥʫʪʦ, ʜʘ ʩʝ ʩʘ ʧʦʚʝ˂ʘˁʝʤ ʙʨʦʿʘ ˂ʝʣʠʿʘ ʥʘ ʧʦʜʣʦʟʠ, ʪʿ. ʧʦʚʝ˂ʘˁʝʤ 

ʜʫʞʠʥʝ ʥʠʟʘ ʨʝʟʦʥʘʪʦʨʘ, ʫʿʝʜʥʦ ʦʩʪʚʘʨʫʿʝ ʰʠʨʠ ʥʝʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʠ ʙʦˀʝ 

ʧʦʪʠʩʢʠʚʘˁʝ. ɼʨʫʛʝ ʘʥʘʣʠʟʝ ʬʨʝʢʚʝʥʮʠʿʩʢʦʛ ʦʜʟʠʚʘ ʩʫ ʩʧʨʦʚʝʜʝʥʝ ʜʘ ʙʠ ʩʝ ʠʩʧʠʪʘʦ 

ʫʪʠʮʘʿ ʫʜʘˀʝʥʦʩʪʠ ʰʪʘʤʧʘʥʝ ʧʨʝʛʨʘʜʝ ʦʜ ʫʞʝʛ ʟʠʜʘ ʪʘʣʘʩʦʚʦʜʘ ʥʘ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ 

ʬʠʣʪʨʘ. ʅʘʿʰʠʨʠ ʥʝʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʿʝ ʤʦʛʫ˂ʝ ʦʩʪʚʘʨʠʪʠ ʧʦʩʪʘʚˀʘˁʝʤ ʧʨʝʛʨʘʜʝ 

ʜʫʞ ʣʦʥʛʠʪʫʜʠʥʘʣʥʝ ʦʩʝ ʪʘʣʘʩʦʚʦʜʘ, ʥʘ ʿʝʜʥʘʢʦʿ ʫʜʘˀʝʥʦʩʪʠ ʦʜ ʣʘʪʝʨʘʣʥʠʭ ʟʠʜʦʚʘ 

ʪʘʣʘʩʦʚʦʜʘ. ɳʝʥʠʤ ʧʦʤʝʨʘˁʝʤ ʢʘ ʙʦʯʥʠʤ ʟʠʜʦʚʠʤʘ ʪʘʣʘʩʦʚʦʜʘ ʩʝ ʩʤʘˁʫʿʝ ʠ 

ʰʠʨʠʥʘ ʦʧʩʝʛʘ ʬʠʣʪʨʘ. ɸʫʪʦʨʠ ʩʫ ʫ [Bar2010] ʩʧʨʦʚʝʣʠ ʩʣʠʯʥʫ ʘʥʘʣʠʟʫ, ʩ ʪʠʤ ʰʪʦ 

ʿʝ ʥʠʟ ʿʝʜʠʥʠʯʥʠʭ ˂ʝʣʠʿʘ ʩʘʜʨʞʘʦ ʧʨʩʪʝʥʦʚʝ ʢʦʜ ʢʦʿʠʭ ʩʫ ʧʨʦʨʝʟʠ ʜʠʿʘʤʝʪʨʘʣʥʦ 

ʧʦʩʪʘʚˀʝʥʠ, ʘʣʠ ʢʘ ʛʦʨˁʝʤ ʠ ʜʦˁʝʤ ʟʠʜʫ ʪʘʣʘʩʦʚʦʜʘ. 

ʋʩʢʦʧʦʿʘʩʥʠ ʬʠʣʪʘʨ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ [Sun2014] ʧʨʠʤʝˁʫʿʝ ʧʨʝʛʨʘʜʫ 

ʩʘ ʜʚʘ ʧʘʨʘ ʢʨʫʞʥʠʭ SRR, ʧʨʠ ʯʝʤʫ ʩʫ ʝʣʝʤʝʥʪʠ ʩʚʘʢʦʛ ʦʜ ʧʘʨʦʚʘ ʰʪʘʤʧʘʥʠ ʥʘ 

ʨʘʟʣʠʯʠʪʠʤ ʩʪʨʘʥʘ ʧʨʝʛʨʘʜʝ, ʘ ˁʠʭʦʚʠ ʧʨʦʨʝʟʠ ʩʫ ʤʝʹʫʩʦʙʥʦ ʟʘʨʦʪʠʨʘʥʠ. ʀʩʧʠʪʘʥ 

ʿʝ ʫʪʠʮʘʿ ʙʣʠʟʠʥʝ ʧʘʨʦʚʘ ʨʝʟʦʥʘʪʦʨʘ, ʩʘ ʧʦʩʝʙʥʠʤ ʦʩʚʨʪʦʤ ʥʘ ʩʣʫʯʘʿ ʢʘʜʘ ʩʫ 

ʧʦʩʪʘʚˀʝʥʠ ʫʟ ʠʚʠʮʫ ʧʨʝʛʨʘʜʝ, ʪʿ. ʫʟ ʛʦʨˁʠ ʠ ʜʦˁʠ ʟʠʜ ʤʝʪʘʣʥʦʛ ʪʘʣʘʩʦʚʦʜʘ.  

ʋ ʦʢʚʠʨʫ ʠʩʪʨʘʞʠʚʘˁʘ [Rajo2009] ʧʨʝʜʩʪʘʚˀʝʥʘ ʩʫ ʯʝʪʠʨʠ ʨʝʰʝˁʘ 

ʨʝʟʦʥʘʥʪʥʠʭ ʧʨʝʛʨʘʜʘ, ʢʦʿʝ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʧʦʪʨʝʙʝ ʤʦʛʫ ʙʠʪʠ ʥʘʩʫʤʠʯʥʦ ʧʦʨʝʹʘʥʝ 

ʫʥʫʪʘʨ ʪʘʣʘʩʦʚʦʜʘ. ʅʘ ʩʚʘʢʦʿ ʧʨʝʛʨʘʜʠ ʿʝ ʰʪʘʤʧʘʥ ʥʠʟ ʦʜ ʜʝʚʝʪ ʨʝʟʦʥʘʪʦʨʘ 

ʠʜʝʥʪʠʯʥʦʛ ʧʦʣʫʧʨʝʯʥʠʢʘ ʠ ʰʠʨʠʥʝ ʚʦʜʦʚʘ. ɼʚʝ ʧʨʝʛʨʘʜʝ ʩʘʜʨʞʝ ʨʝʟʦʥʘʪʦʨʝ 

ʠʜʝʥʪʠʯʥʠʭ ʧʦʣʫʧʨʝʯʥʠʢʘ, ʘ ʜʨʫʛʝ ʜʚʝ ʧʨʝʛʨʘʜʝ ʩʘʜʨʞʝ ʨʝʟʦʥʘʪʦʨʝ ʚʝ˂ʝʛ, ʦʜʥʦʩʥʦ 
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ʤʘˁʝʛ ʧʦʣʫʧʨʝʯʥʠʢʘ ʦʜ ʧʦʤʝʥʫʪʝ ʜʚʝ ʠʩʪʦʚʝʪʥʝ ʧʨʝʛʨʘʜʝ. ʆʧʠʩʘʥʠ ʧʦʩʪʫʧʘʢ ʠʤʘ 

ʟʘ ʮʠˀ ʜʘ ʦʤʦʛʫ˂ʠ ʨʘʟʣʠʯʠʪʝ ʢʦʤʙʠʥʘʮʠʿʝ ʮʝʥʪʨʘʣʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʥʝʧʨʦʧʫʩʥʠʭ 

ʦʧʩʝʛʘ, ʧʨʠ ʯʝʤʫ ʿʝ ʥʘʛʣʘʰʝʥʦ ʜʘ ʩʫ ʧʨʦʿʝʢʪʦʚʘʥʠ ʦʧʩʝʟʠ ʤʝʹʫʩʦʙʥʦ ʥʝʟʘʚʠʩʥʠ.  

ʂʘʦ ʜʦʧʨʠʥʦʩ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʠ ʪʘʣʘʩʦʚʦʜʥʠʭ ʬʠʣʪʘʨʘ, ʧʨʝʜʣʦʞʝʥ ʿʝ ʬʠʣʪʘʨ 

ʫ [Kehn2007], ʛʜʝ ʩʫ ʫ ʪʘʣʘʩʦʚʦʜ ʫʙʘʯʝʥʝ ʜʚʝ ʧʨʝʛʨʘʜʝ ʩʘ ʜʚʘ ʥʠʟʘ SRR, ʢʦʿʠ ʩʫ 

ʥʘʠʟʤʝʥʠʯʥʦ ʧʦʩʪʘʚˀʝʥʠ ʪʘʢʦ ʜʘ ʿʝ ʩʚʘʢʠ ʜʨʫʛʠ ʨʝʟʦʥʘʪʦʨ ʥʘʤʝˁʝʥ ʟʘ 

ʩʧʝʮʠʬʠʮʠʨʘʥʠ ʥʝʧʨʦʧʫʩʥʠ ʦʧʩʝʛ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʿʝ ʧʨʦʿʝʢʪʦʚʘʥ ʬʠʣʪʘʨ ʩʘ ʯʝʪʠʨʠ 

ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ, ʘʣʠ ʿʝ ʫʦʯʝʥʘ ʩʧʨʝʛʘ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ ʥʘʤʝˁʝʥʠʭ ʟʘ ʩʫʩʝʜʥʝ 

ʦʧʩʝʛʝ. 

ʆʜʛʦʚʘʨʘʿʫ˂ʘ ʢʦʤʙʠʥʘʮʠʿʘ ʨʝʟʦʥʘʪʦʨʘ ʫ ʦʙʣʠʢʫ ʛʨʯʢʦʛ ʩʣʦʚʘ Ý ʿʝ ʰʪʘʤʧʘʥʘ ʫ 

ʥʠʟʫ ʥʘ ʧʨʝʛʨʘʜʠ, ʢʦʿʘ ʩʝ ʠʥʢʦʨʧʦʨʠʨʘ ʫ ʪʘʣʘʩʦʚʦʜ ʫ ʮʠˀʫ ʨʝʘʣʠʟʘʮʠʿʝ ʬʠʣʪʨʘ 

ʧʨʦʧʫʩʥʠʢʘ ʥʠʩʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ [Bass2015]. ʇʦʛʦʜʥʦ ʨʝʰʝˁʝ ʟʘ ʩʤʘˁʝˁʝ ʜʫʞʠʥʝ 

ʪʘʣʘʩʦʚʦʜʥʦʛ ʬʠʣʪʨʘ ʿʝ ʧʨʝʜʣʦʞʝʥʦ ʧʫˁʝˁʝʤ ʪʘʣʘʩʦʚʦʜʘ ʩʣʦʿʝʚʠʤʘ ʨʘʟʣʠʯʠʪʠʭ 

ʜʠʝʣʝʢʪʨʠʢʘ. ʉ ʮʠˀʝʤ ʚʝʨʠʬʠʢʘʮʠʿʝ ʢʦʥʮʝʧʪʘ ʿʝ ʧʨʦʿʝʢʪʦʚʘʥ ʬʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ 

ʦʧʩʝʛʘ ʩʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʦʤ ʢʦʿʘ ʠʤʘ ʨʘʚʥʦʤʝʨʥʦ ʪʘʣʘʩʘˁʝ y ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ 

[Khal2006]. 

ʅʦʚʦ ʨʝʰʝˁʝ ʢʦʿʝ ʢʦʨʠʩʪʠ ʧʘʨ ʩʘʚʠʿʝʥʠʭ ʯʝʪʚʨʪʪʘʣʘʩʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʿʝ 

ʧʨʠʢʘʟʘʥʦ ʫ [Stef2015], ʘ ʠʩʪʦ ʠʩʪʨʘʞʠʚʘˁʝ ʦʙʫʭʚʘʪʘ ʠ ʘʥʘʣʠʟʫ ʬʠʣʪʨʘ ʩʘ 

ʧʦʩʪʘʚˀʝʥʠʤ ʧʦʣʫʪʘʣʘʩʥʠʤ ʨʝʟʦʥʘʪʦʨʦʤ ʠʟʤʝʹʫ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ, ʧʨʠ ʯʝʤʫ 

ʧʦʣʫʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨ ʠʤʘ ʫʣʦʛʫ ʩʧʨʝʞʥʦʛ ʝʣʝʤʝʥʪʘ. 

ʌʣʝʢʩʠʙʠʣʥʦ ʧʦʜʝʰʘʚʘˁʝ ʥʫʣʘ ʧʨʝʥʦʩʥʝ ʬʫʥʢʮʠʿʝ ʠ ˁʠʭʦʚ ʫʪʠʮʘʿ ʥʘ 

ʧʦʧʨʘʚʢʫ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʠ ʧʦʪʠʩʢʠʚʘˁʝ ʫ ʥʝʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ ʿʝ 

ʠʩʪʨʘʞʝʥʦ ʫ [Jin2015], ʘ ʩʘʤ ʢʦʥʮʝʧʪ ʧʨʦʿʝʢʪʦʚʘˁʘ ʿʝ ʚʝʨʠʬʠʢʦʚʘʥ ʬʠʣʪʨʦʤ ʩʘ 

ʧʨʝʛʨʘʜʦʤ ʫ ɽ-ʨʘʚʥʠ ʥʘ ʢʦʿʦʿ ʩʫ ʰʪʘʤʧʘʥʠ ʩʘʚʠʿʝʥʠ ʧʦʣʫʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨʠ ʫ 

ʦʙʣʠʢʫ ʩʣʦʚʘ ʉ. 

ɼʦʜʘʪʥʦ ʩʘʚʠʿʘˁʝ ʢʘ ʫʥʫʪʨʘʰˁʦʩʪʠ ʨʝʟʦʥʘʪʦʨʘ ʿʝ ʦʤʦʛʫ˂ʠʣʦ ʜʘ ʩʝ ʚʠʰʝ 

ʨʝʟʦʥʘʪʦʨʘ ʰʪʘʤʧʘ ʥʘ ʢʨʘ˂ʦʿ ʧʨʝʛʨʘʜʠ, ʜʦʧʨʠʥʦʩʝ˂ʠ ʪʠʤʝ ʩʤʘˁʝˁʫ ʜʫʞʠʥʝ 

ʬʠʣʪʨʘ, ʰʪʦ ʿʝ ʠ ʧʦʢʘʟʘʥʦ ʥʘ ʧʨʠʤʝʨʠʤʘ ʬʠʣʪʘʨʘ ʧʨʦʿʝʢʪʦʚʘʥʠʭ ʫ [Jin2016]. ʆʙʘ 

ʬʠʣʪʨʘ ʠʤʘʿʫ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ, ʘ ʥʘʤʝˁʝʥʠ ʩʫ ʟʘ ʨʘʜ ʫ ʂʘ-ʦʧʩʝʛʫ ʠ W-ʦʧʩʝʛʫ. 

ɼʦʜʘʪʥʦ, ʬʠʣʪʘʨ ʟʘ ʨʘʜ ʫ ʂʘ-ʦʧʩʝʛʫ ʦʤʦʛʫ˂ʘʚʘ ʥʝʟʘʚʠʩʥʦ ʧʦʜʝʰʘʚʘˁʝ ʩʚʘʢʦʛ ʦʜ 

ʦʧʩʝʛʘ ʿʝʨ ʩʫ ʨʝʟʦʥʘʪʦʨʠ ʟʘ ʠʩʪʠ ʦʧʩʝʛ ʛʨʫʧʠʩʘʥʠ ʠ ʧʦʩʪʘʚˀʝʥʠ ʥʘ ʜʦʚʦˀʥʦʤ 
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ʨʘʩʪʦʿʘˁʫ ʦʜ ʨʝʟʦʥʘʪʦʨʘ ʟʘ ʩʫʩʝʜʥʠ ʦʧʩʝʛ, ʪʘʢʦ ʜʘ ʥʝʤʘ ʩʧʨʝʛʝ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ 

ʩʫʩʝʜʥʠʭ ʦʧʩʝʛʘ. 

 

 

4.1.3 ʊʘʣʘʩʦʚʦʜʥʠ ʬʠʣʪʨʠ ʫ ʅ-ʨʘʚʥʠ 

 

ʂʦʤʧʘʢʪʥʦ ʨʝʰʝˁʝ ʢʨʫʞʥʦʛ ʢʦʤʧʣʝʤʝʥʪʘʨʥʦʛ ʧʦʣʫʪʘʣʘʩʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʿʝ 

ʧʨʠʢʘʟʘʥʦ ʫ [Ort2005], ʩʘ ʧʦʩʝʙʥʠʤ ʥʘʛʣʘʩʢʦʤ ʥʘ ʧʦʪʝʥʮʠʿʘʣ ʧʨʠʤʝʥʝ ʦʚʠʭ 

ʪʘʣʘʩʦʚʦʜʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʫ ʅ-ʨʘʚʥʠ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʢʦʤʧʘʢʪʥʠʭ ʬʠʣʪʘʨʘ. ʋ 

[Bage2013] ʩʫ ʘʥʘʣʠʟʠʨʘʥʠ ʬʠʣʪʨʠ ʢʦʿʠ ʧʨʠʤʝˁʫʿʫ ʿʝʜʥʫ ʧʨʝʛʨʘʜʫ, ʛʜʝ ʩʫ ʥʘ 

ʧʨʝʛʨʘʜʠ ʰʪʘʤʧʘʥʠ ʨʝʟʦʥʘʪʦʨʠ ʦʙʣʠʢʘ ʪʨʦʫʛʣʘ, ʯʝʪʚʦʨʦʫʛʣʘ, ʧʝʪʦʫʛʣʘ ʠ 

ʰʝʩʪʦʫʛʣʘ, ʩʘ ʧʦʩʝʙʥʠʤ ʦʩʚʨʪʦʤ ʥʘ ʫʪʠʮʘʿ ʩʘʚʠʿʘˁʘ ʨʝʟʦʥʘʪʦʨʘ (ʫ ʮʠˀʫ ʜʦʙʠʿʘˁʘ 

ʞʝˀʝʥʦʛ ʦʙʣʠʢʘ) ʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʫ ʬʠʣʪʨʘ. ʇʦʢʘʟʘʥʦ ʿʝ ʜʘ ʩʝ ʩʘ ʧʦʚʝ˂ʘˁʝʤ ʙʨʦʿʘ 

ʩʘʚʠʿʝʥʠʭ ʩʝʛʤʝʥʘʪʘ ʨʝʟʦʥʘʪʦʨʘ ʜʨʘʩʪʠʯʥʦ ʩʤʘˁʫʿʝ ʪʨʦʜʝʮʠʙʝʣʩʢʠ ʥʝʧʨʦʧʫʩʥʠ 

ʦʧʩʝʛ. ʐʪʦ ʩʝ ʪʠʯʝ ʬʠʣʪʘʨʘ ʢʦʿʠ ʧʨʠʤʝˁʫʿʫ ʧʨʝʛʨʘʜʝ ʫ ʅ-ʨʘʚʥʠ ʧʨʘʚʦʫʛʘʦʥʦʛ 

ʪʘʣʘʩʦʚʦʜʘ, ʥʘʿʿʝʜʥʦʩʪʘʚʥʠʿʝ ʨʝʰʝˁʝ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʿʝ ʧʨʠʢʘʟʘʥʦ ʫ 

[Fall2009]. ʇʦʩʤʘʪʨʘʥʠ ʬʠʣʪʘʨ ʧʨʠʤʝˁʫʿʝ ʩʘʤʦ ʿʝʜʥʫ ʨʝʟʦʥʘʥʪʥʫ ʧʨʝʛʨʘʜʫ ʩʘ ʜʚʘ 

ʰʪʘʤʧʘʥʘ ʧʦʣʫʪʘʣʘʩʥʘ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʧʨʦʨʝʟʦʤ. ʋ [Stef2015] ʩʫ ʜʘʪʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʬʠʣʪʘʨʘ ʢʦʿʠ ʧʨʠʤʝˁʫʿʫ ʪʘʢʦʹʝ ʿʝʜʥʫ ʧʨʝʛʨʘʜʫ, ʘʣʠ ʢʦʨʠʰ˂ʝʥʝ 

ʧʨʝʛʨʘʜʝ ʩʘʜʨʞʝ ʜʚʘ ʠʣʠ ʪʨʠ ʰʪʘʤʧʘʥa ʯʝʪʚʨʪʪʘʣʘʩʥa ʨʝʟʦʥʘʪʦʨa. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʫ 

ʜʦʙʠʿʝʥʠ ʬʠʣʪʨʠ ʩʘ ʜʚʘ, ʦʜʥʦʩʥʦ ʪʨʠ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ. ʋ ʠʩʪʦʤ ʠʩʪʨʘʞʠʚʘˁʫ ʿʝ 

ʜʝʤʦʥʩʪʨʠʨʘʥʦ ʜʘ ʩʝ ʘʥʘʣʦʛʥʠʤ ʧʦʩʪʫʧʢʦʤ ʩʘ ʥʦʚʠʤ ʢʦʤʧʣʝʤʝʥʪʘʨʥʠʤ 

ʧʦʣʫʪʘʣʘʩʥʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ (new complementary split ring resonators - N-CSRR) 

ʤʦʛʫ ʦʩʪʚʘʨʠʪʠ ʬʠʣʪʨʠ ʩʘ ʜʚʘ ʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ. ʋ ʦʙʘ ʥʘʚʝʜʝʥʘ ʠʩʪʨʘʞʠʚʘˁʘ ʩʫ 

ʢʦʨʠʰ˂ʝʥʠ ʨʝʟʦʥʘʪʦʨʠ ʢʦʿʠ ʠʤʘʿʫ ʧʨʘʚʦʫʛʘʦʥʠ ʦʙʣʠʢ. ʌʠʣʪʘʨ ʜʨʫʛʦʛ ʨʝʜʘ, 

ʨʝʘʣʠʟʦʚʘʥ ʫʙʘʮʠʚʘˁʝʤ ʜʚʝ ʧʨʝʛʨʘʜʝ ʫ ʅ-ʨʘʚʘʥ ʪʘʣʘʩʦʚʦʜʘ, ʿʝ ʧʨʠʢʘʟʘʥ ʫ 

[Shel2007]. ʉʚʘʢʘ ʧʨʝʛʨʘʜʘ ʩʝ ʩʘʩʪʦʿʠ ʦʜ ʜʚʝ ʨʝʟʦʥʘʥʪʥʝ ˂ʝʣʠʿʝ, ʥʘ ʢʦʿʠʤʘ ʩʫ ʧʦ ʜʚʘ 

ʧʦʣʫʪʘʣʘʩʥʘ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʧʨʦʨʝʟʦʤ, ʰʪʘʤʧʘʥʘ ʩʘ ʦʙʝ ʩʪʨʘʥʝ ʜʠʝʣʝʢʪʨʠʯʥʝ 

ʧʨʝʛʨʘʜʝ. ʌʠʣʪʘʨ ʜʨʫʛʦʛ ʨʝʜʘ, ʩʘ ʯʝʪʠʨʠ ʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ, ʧʨʠʤʝˁʫʿʝ ʧʨʝʛʨʘʜʝ ʥʘ 

ʢʦʿʠʤʘ ʩʫ ʰʪʘʤʧʘʥʘ ʯʝʪʠʨʠ ʢʨʫʞʥʘ ʧʦʣʫʪʘʣʘʩʥʘ ʨʝʟʦʥʘʪʦʨʘ ʿʝʜʘʥ ʫʥʫʪʘʨ ʜʨʫʛʦʛ 

[Bage2018a]. 

CSRR ʩʫ ʠʩʢʦʨʠʰ˂ʝʥʠ ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ Tschebyscheff-ˀʝʚʦʛ ʬʠʣʪʨʘ ʪʨʝ˂ʝʛ ʨʝʜʘ 

ʠ ʬʠʣʪʨʘ ʩʘ ʤʘʢʩʠʤʘʣʥʦ ʨʘʚʥʦʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʦʤ y ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ ʢʦʿʠ ʢʦʨʠʩʪʠ 



ʄʠʢʨʦʪʘʣʘʩʥʠ ʬʠʣʪʨʠ ʥʝʧʨʦʧʫʩʥʠʮʠ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʩʘ ʨʝʟʦʥʘʥʪʥʠʤ ʧʨʝʛʨʘʜʘʤʘ ʫ ɽ ʠ ʅ-ʨʘʚʥʠ ʪʘʣʘʩʦʚʦʜʘ 

Mʘʨʠʿʘ ɺ. ʄʨʚʠ˂, ʜʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ 

 

43 

 

ʯʝʪʠʨʠ ʧʨʝʛʨʘʜʝ [Bah2007]. ʋʦʯʝʥʦ ʿʝ ʜʘ Tschebyscheff-ˀʝʚ ʬʠʣʪʘʨ ʦʩʪʚʘʨʫʿʝ 

ʟʥʘʯʘʿʥʦ ʰʠʨʠ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʢʦʨʠʩʪʝ˂ʠ ʨʝʟʦʥʘʪʦʨʝ ʠʩʪʠʭ ʜʠʤʝʥʟʠʿʘ ʢʘʦ ʠ ʬʠʣʪʘʨ 

ʩʘ ʤʘʢʩʠʤʘʣʥʦ ʨʘʚʥʦʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʦʤ y ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ. ʌʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ 

ʦʧʩʝʛʘ ʪʨʝ˂ʝʛ ʨʝʜʘ, ʢʦʿʠ ʧʨʠʤʝˁʫʿʝ ʧʨʝʛʨʘʜʝ ʩʘ ʧʦ ʪʨʠ ʧʦʣʫʪʘʣʘʩʥʘ ʨʝʟʦʥʘʪʦʨʘ, 

ʧʨʠʢʘʟʘʥ ʿʝ y [Bage2018b]. ʂʦʤʧʘʢʪʥʠ ʬʠʣʪʨʠ ʪʨʝ˂ʝʛ ʨʝʜʘ, ʧʨʦʧʫʩʥʠʮʠ ʠ 

ʥʝʧʨʦʧʫʩʥʠʮʠ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ, ʧʨʦʿʝʢʪʦʚʘʥʠ ʩʫ ʫ [Bah2008; Fall2010], 

ʨʝʩʧʝʢʪʠʚʥʦ. ʆʙʘ ʠʩʪʨʘʞʠʚʘˁʘ ʠʤʘʿʫ ʟʘ ʮʠˀ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʫ ʬʠʣʪʘʨʘ ʩʤʘˁʝˁʝʤ 

ʪʘʣʘʩʦʚʦʜʥʝ ʩʝʢʮʠʿʝ, ʢʦʿʘ ʠʤʘ ʫʣʦʛʫ ʠʥʚʝʨʪʦʨʘ. ʇʨʚʦ ʠʩʪʨʘʞʠʚʘˁʝ ʿʝ ʨʝʟʫʣʪʦʚʘʣʦ 

ʩʤʘˁʝˁʝʤ ʦʜ 66%, ʘ ʜʨʫʛʦ ʦʜ 50%, ʢʦʨʠʩʪʝ˂ʠ ʤʦʜʠʬʠʢʦʚʘʥʝ ʯʝʪʚʨʪʪʘʣʘʩʥʝ 

ʪʨʘʥʩʬʦʨʤʘʪʦʨʝ. 

ɿʥʘʯʘʿʘʥ ʜʝʦ ʠʩʪʨʘʞʠʚʘˁʘ ʢʦʿʠ ʿʝ ʠʟʣʦʞʝʥ ʫ [Stef2015], ʧʦʩʚʝ˂ʝʥ ʿʝ ʬʠʣʪʨʠʤʘ 

ʢʦʿʠ ʧʨʠʤʝˁʫʿʫ ʧʨʝʛʨʘʜʫ ʫ ʅ-ʨʘʚʥʠ ʪʘʣʘʩʦʚʦʜʘ. ʇʨʦʿʝʢʪʦʚʘʥ ʿʝ ʬʠʣʪʘʨ ʪʨʝ˂ʝʛ ʨʝʜʘ 

ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʢʦʿʠ ʢʦʨʠʩʪʠ ʨʝʜʫʢʦʚʘʥʝ ʜʠʝʣʝʢʪʨʠʯʥʝ ʧʨʝʛʨʘʜʝ ʩʘ 

ʰʪʘʤʧʘʥʠʤ ʧʦʣʫʪʘʣʘʩʥʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ. ʌʠʣʪʘʨ ʿʝ ʝʬʠʢʘʩʥʠʿʠ ʫ ʦʜʥʦʩʫ ʥʘ ʦʩʪʘʣʘ 

ʨʝʰʝˁʘ ʢʦʿʘ ʧʨʠʤʝˁʫʿʫ ʧʨʝʛʨʘʜʝ ʜʠʤʝʥʟʠʿʘ ʪʨʘʥʩʚʝʨʟʘʣʥʦʛ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ 

ʪʘʣʘʩʦʚʦʜʘ. ʇʨʝʜʩʪʘʚˀʝʥʘ ʿʝ ʩʪʨʫʢʪʫʨʘ ʢʦʿʘ ʦʤʦʛʫ˂ʘʚʘ ʧʨʝʮʠʟʥʦ ʧʦʟʠʮʠʦʥʠʨʘˁʝ 

ʦʚʘʢʦ ʨʝʜʫʢʦʚʘʥʠʭ ʪʨʘʥʩʚʝʨʟʘʣʥʦ ʧʦʩʪʘʚˀʝʥʠʭ ʧʨʝʛʨʘʜʘ. ɼʦʜʘʪʥʦ, ʫ ʠʩʪʨʘʞʠʚʘˁʫ 

ʿʝ ʠʩʧʠʪʘʥ ʫʪʠʮʘʿ ʧʘʨʘʤʝʪʘʨʘ ʬʘʙʨʠʢʘʮʠʿʝ ʥʘ ʦʜʟʠʚ ʬʠʣʪʨʘ. 

ʂʘʦ ʜʦʜʘʪʥʠ ʧʨʠʩʪʫʧ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʠ ʧʨʠʢʘʟʘʥʘ ʿʝ ʫʧʦʪʨʝʙʘ ʧʨʝʛʨʘʜʘ ʫ 

ʪʘʣʘʩʦʚʦʜʫ, ʛʜʝ ʨʝʟʦʥʘʥʪʥʠ ʝʣʝʤʝʥʪʠ ʠʤʘʿʫ ʬʨʘʢʪʘʣʥʠ ʦʙʣʠʢ. ʌʠʣʪʨʠ ʧʨʦʧʫʩʥʠʮʠ 

ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʩʫ ʧʨʦʿʝʢʪʦʚʘʥʠ ʢʦʨʠʩʪʝ˂ʠ ʧʨʝʛʨʘʜʝ ʩʘ ʧʨʦʨʝʟʠʤʘ ʫ ʦʙʣʠʢʫ 

Koch [Olo2009] ʠ Sierpinski [Lot2013] ʬʨʘʢʪʘʣʥʠʭ ʢʨʠʚʘ. ɸʫʪʦʨʠ ʢʘʦ ʧʦʩʝʙʥʫ 

ʧʨʝʜʥʦʩʪ ʫ ʦʜʥʦʩʫ ʥʘ ʧʨʝʛʨʘʜʝ ʩʘ ʰʪʘʤʧʘʥʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ ʩʘ ʧʨʘʚʦʫʛʘʦʥʠʤ 

ʧʨʦʨʝʟʠʤʘ ʠʩʪʠʯʫ ʤʦʛʫ˂ʥʦʩʪ ʦʩʪʚʘʨʠʚʘˁʘ ʟʥʘʯʘʿʥʦ ʰʠʨʝʛ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ.  

ʋ ʧʨʝʜʣʦʞʝʥʠʤ ʨʝʰʝˁʠʤʘ [Ohir2005a; Ohir2005b; Li2007; Ohir2010; 

Ohir2011] ʪʘʣʘʩʦʚʦʜʥʠʭ ʬʠʣʪʘʨʘ ʩʫ ʠʩʪʨʘʞʝʥʝ ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʩʝʣʝʢʪʠʚʥʝ 

ʧʦʚʨʰʠʥʝ (frequency selective surfaces - FSS) ʢʘʦ ʨʝʟʦʥʘʥʪʥʠ ʝʣʝʤʝʥʪʠ ʠ ʠʩʪʘʢʥʫʪʘ 

ʿʝ ʤʦʛʫ˂ʥʦʩʪ ʜʦʙʠʿʘˁʘ ʢʦʤʧʘʢʪʥʠʭ ʠ ʣʘʢʠʭ ʬʠʣʪʘʨʘ ʢʦʿʠ ʩʫ ʿʝʜʥʦʩʪʘʚʥʠ ʟʘ 

ʬʘʙʨʠʢʘʮʠʿʫ. ɽʢʚʠʚʘʣʝʥʪʥʦ ʢʦʣʦ ʨʘʟʣʠʯʠʪʠʭ ʢʦʥʬʠʛʫʨʘʮʠʿʘ ʢʦʜ FSS ʝʣʝʤʝʥʘʪʘ ʿʝ 

ʜʘʪʦ ʫ [Maj2014]. 
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4.1.4 ʈʝʢʦʥʬʠʛʫʨʘʙʠʣʥʠ ʪʘʣʘʩʦʚʦʜʥʠ ʬʠʣʪʨʠ 

 

ʈʝʰʝˁʝ ʪʘʣʘʩʦʚʦʜʥʦʛ ʬʠʣʪʨʘ ʢʦʿʠ ʠʤʘ ʤʦʛʫ˂ʥʦʩʪ ʧʦʜʝʰʘʚʘˁʘ ʮʝʥʪʨʘʣʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ ʿʝ ʜʘʪʦ ʫ [Park2013], ʧʨʠ ʯʝʤʫ ʿʝ ʧʦʜʝʰʘʚʘˁʝ ʬʨʝʢʚʝʥʮʠʿʝ ʦʩʪʚʘʨʝʥʦ 

ʧʦʤʦ˂ʫ ʤʝʪʘʣʥʦʛ ʠʣʠ ʬʝʨʠʪʥʦʛ ʰʨʘʬʘ. ɺʠʩʦʢʦ ʢʚʘʣʠʪʝʪʥʠ ʨʝʢʦʥʬʠʛʫʨʘʙʠʣʥʠ 

ʪʘʣʘʩʦʚʦʜʥʠ ʬʠʣʪʨʠ, ʧʨʦʿʝʢʪʦʚʘʥʠ ʫ [Peli2011; Peli2012], ʢʦʨʠʩʪʝ MEMS 

ʢʦʤʧʦʥʝʥʪʫ ʠ ʥʘʤʝˁʝʥʠ ʩʫ ʟʘ ʨʘʜ ʫ ʍ- ʠ ʂ-ʦʧʩʝʛʫ. ʋ [Moh2014] ʿʝ ʧʨʦʿʝʢʪʦʚʘʥ 

ʨʝʢʦʥʬʠʛʫʨʘʙʠʣʥʠ ʪʘʣʘʩʦʚʦʜʥʠ ʨʝʟʦʥʘʪʦʨ, ʢʦʿʠ ʢʦʨʠʩʪʠ ʧʨʝʢʠʜʘʯ ʥʘʯʠˁʝʥ ʦʜ 

ʛʨʘʬʝʥʘ. ɽʣʝʢʪʨʠʯʥʝ ʦʩʦʙʠʥʝ ʛʨʘʬʝʥʘ ʦʤʦʛʫ˂ʘʚʘʿʫ ʜʘ ʩʝ ˁʝʛʦʚʘ ʝʣʝʢʪʨʠʯʥʘ 

ʧʨʦʚʦʜʥʦʩʪ ʤʦʞʝ ʢʦʥʪʨʦʣʠʩʘʪʠ ʫ ʦʜʨʝʹʝʥʦʤ ʦʧʩʝʛʫ ʚʨʝʜʥʦʩʪʠ. ɸʥʘʣʠʟʘ 

ʩʧʨʦʚʝʜʝʥʘ ʫ [Iliĺ2016] ʜʝʤʦʥʩʪʨʠʨʘ ʤʦʛʫ˂ʥʦʩʪʠ ʧʨʠʤʝʥʝ ʪʘʣʘʩʦʚʦʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ, 

ʢʦʿʠ ʢʦʨʠʩʪʠ ʛʨʘʬʝʥ ʫ ʤʠʣʠʤʝʪʘʨʩʢʠʤ ʠ ʩʫʙ-ʤʠʣʠʤʝʪʘʨʩʢʠʤ ʘʧʣʠʢʘʮʠʿʘʤʘ.  

 

4.1.5 ɸʜʠʪʠʚʥʘ ʪʝʭʥʦʣʦʛʠʿʘ ʧʨʦʠʟʚʦʜˁʝ 

 

ʇʦʨʝʜ ʧʨʝʜʥʦʩʪʠ ʪʘʣʘʩʦʚʦʜʥʝ ʪʝʭʥʦʣʦʛʠʿʝ ʫ ʧʦʛʣʝʜʫ ʚʠʩʦʢʦ ʢʚʘʣʠʪʝʪʥʠʭ 

ʢʦʤʧʦʥʝʥʪʠ ʠ ʚʝʣʠʢʝ ʩʥʘʛʝ ʢʦʿʘ ʩʝ ʤʦʞʝ ʧʨʝʥʝʪʠ, ʥʝʜʦʩʪʘʪʘʢ ʦʚʝ ʪʝʭʥʦʣʦʛʠʿʝ ʩʝ 

ʦʛʣʝʜʘ ʫ ʪʝʞʠʥʠ ʬʘʙʨʠʢʦʚʘʥʠʭ ʢʦʤʧʦʥʝʥʪʠ. ʇʦʩʣʝʜˁʠʭ ʛʦʜʠʥʘ ʩʝ ʘʜʠʪʠʚʥʘ 

ʪʝʭʥʦʣʦʛʠʿʘ ʧʦʢʘʟʘʣʘ ʢʘʦ ʧʦʛʦʜʥʘ ʟʘ ʬʘʙʨʠʢʘʮʠʿʫ ʣʘʢʠʭ ʪʘʣʘʩʦʚʦʜʥʠʭ ʢʦʤʧʦʥʝʥʪʠ. 

ɸʜʠʪʠʚʥʘ ʪʝʭʥʦʣʦʛʠʿʘ ʿʝ ʧʦʩʪʫʧʘʢ ʧʨʦʠʟʚʦʜˁʝ ʢʦʿʠ ʧʨʫʞʘ ʤʦʛʫ˂ʥʦʩʪ ʠʟʨʘʜʝ 

ʩʪʨʫʢʪʫʨʝ ʜʠʨʝʢʪʥʦ ʠʟ CAD ʤʦʜʝʣʘ, ʩʘ ʧʦʩʝʙʥʠʤ ʥʘʛʣʘʩʢʦʤ ʥʘ ʤʦʛʫ˂ʥʦʩʪ ʠʟʨʘʜʝ 

ʚʨʣʦ ʢʦʤʧʣʝʢʩʥʠʭ ʦʙʣʠʢʘ ʠ ʜʝʪʘˀʘ ʢʦʿʝ ʥʠʿʝ ʤʦʛʫ˂ʝ ʠʟʨʘʜʠʪʠ ʢʣʘʩʠʯʥʠʤ 

ʧʦʩʪʫʧʮʠʤʘ ʧʨʦʠʟʚʦʜˁʝ. ʂʘʦ ʧʦʩʝʙʥʘ ʧʨʝʜʥʦʩʪ ʿʝ ʠʩʪʘʢʥʫʪʘ ʜʘ ʪʨʦʰʢʦʚʠ 

ʬʘʙʨʠʢʘʮʠʿʝ ʟʘʚʠʩʝ ʦʜ ʟʘʧʨʝʤʠʥʝ ʩʪʨʫʢʪʫʨʝ, ʘ ʥʝ ʦʜ ʢʦʤʧʣʝʢʩʥʦʩʪʠ. ɼʝʣʦʚʝ 

ʥʘʯʠˁʝʥʝ ʦʚʠʤ ʧʦʩʪʫʧʢʦʤ ʦʜʣʠʢʫʿʝ ʪʘʯʥʦʩʪ ʠ ʙʨʟʠʥʘ ʠʟʨʘʜʝ ʧʨʦʪʦʪʠʧʦʚʘ. ʋ 

[Gete2013] ʩʫ ʧʨʠʢʘʟʘʥʝ ʨʘʟʣʠʯʠʪʝ ʤʦʛʫ˂ʥʦʩʪʠ ʧʨʠʤʝʥʝ ʘʜʠʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʠʿʘ ʟʘ 

ʠʟʨʘʜʫ ʪʘʣʘʩʦʚʦʜʥʠʭ ʢʦʤʧʦʥʝʥʪʠ ʢʦʿʝ ʨʘʜʝ ʥʘ ʚʠʩʦʢʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ. 

ʉʪʝʨʝʦʣʠʪʦʛʨʘʬʠʿʘ (stereolitography - SLA) ʿʝ ʧʨʚʠ ʢʦʤʝʨʮʠʿʘʣʥʠ ʧʦʩʪʫʧʘʢ ʫ 

ʦʙʣʘʩʪʠ 3ɼ ʰʪʘʤʧʝ ʢʦʿʠ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʧʨʦʮʝʩʫ ʬʦʪʦʧʦʣʠʤʝʨʠʟʘʮʠʿʝ. ʋʟ ʧʦʤʦ˂ UV 

ʟʨʘʢʘ ʩʝ ʫ ʧʦʩʝʙʥʦʿ ʢʘʜʠ ʚʨʰʠ ʦʩʚʝʪˀʘʚʘˁʝ ʩʣʦʿʘ ʬʦʪʦʧʦʣʠʤʝʨʥʝ ʩʤʦʣʝ ʩ ʮʠˀʝʤ 

ʧʦʚʝʟʠʚʘˁʘ ʤʦʣʝʢʫʣʘ ʫ ʯʚʨʩʪʫ ʤʘʪʝʨʠʿʫ, ʠ ʪʘʿ ʧʨʦʮʝʩ ʫʯʚʨʰ˂ʠʚʘˁʘ ʩʝ ʧʦʥʘʚˀʘ ʟʘ 

ʩʚʝ ʩʣʦʿʝʚʝ ʜʦʢ ʩʝ ʥʝ ʠʟʨʘʜʠ ʮʝʦ CAD ʤʦʜʝʣ. 
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ʉʝʣʝʢʪʠʚʥʦ ʣʘʩʝʨʩʢʦ ʩʠʥʪʝʨʦʚʘˁʝ (selective laser sintering - SLS) ʿʝ ʧʦʩʪʫʧʘʢ 

ʩʣʠʯʘʥ ʩʪʝʨʝʦʣʠʪʦʛʨʘʬʠʿʠ, ʩ ʪʠʤ ʰʪʦ ʩʝ ʫʤʝʩʪʦ ʢʘʜʝ ʩʘ ʬʦʪʦʧʦʣʠʤʝʨʦʤ ʢʦʨʠʩʪʠ 

ʧʨʘʰʢʘʩʪʠ ʤʘʪʝʨʠʿʘʣ (ʧʣʘʩʪʠʢʘ, ʢʝʨʘʤʠʢʘ, ʤʝʪʘʣ), ʘ ʫʤʝʩʪʦ UV ʟʨʘʢʘ ʣʘʩʝʨʩʢʠ 

ʩʥʦʧ. 

ʌʠʣʪʨʠ ʧʨʦʧʫʩʥʠʮʠ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʯʝʪʚʨʪʦʛ ʠ ʧʝʪʦʛ ʨʝʜʘ ʩʫ 

ʧʨʝʜʩʪʘʚˀʝʥʠ ʫ [Guo2015; Guo2016], ʘ ʠʟʨʘʹʝʥʠ ʩʫ ʢʦʨʠʰ˂ʝˁʝʤ ʧʨʦʮʝʩʘ 

ʩʪʝʨʝʦʣʠʪʦʛʨʘʬʠʿʝ ʠ ʥʘʢʥʘʜʥʦ ʦʙʣʦʞʝʥʠ ʙʘʢʨʦʤ. ʇʨʠʣʠʢʦʤ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ 

ʬʠʣʪʨʘ, ʢʦʨʠʰ˂ʝʥʠ ʩʫ ʩʬʝʨʠʯʥʠ ʨʝʟʦʥʘʪʦʨʠ ʢʦʿʠ ʠʤʘʿʫ ʠʟʫʟʝʪʥʦ ʚʠʩʦʢʝ Q-ʬʘʢʪʦʨʝ. 

ʇʨʝʜʩʪʘʚˀʝʥʠ ʬʠʣʪʘʨ ʿʝ ʜʦ ʜʝʩʝʪ ʧʫʪʘ ʣʘʢʰʠ ʦʜ ʙʘʢʘʨʥʦʛ ʬʠʣʪʨʘ ʩʘ ʠʩʪʠʤ 

ʧʝʨʬʦʨʤʘʥʩʘʤʘ ʠ ʠʤʘ ʚʝʦʤʘ ʤʘʣʦ ʩʣʘʙˀʝˁʝ ʫ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ. 

ʌʠʣʪʘʨ ʧʨʝʜʩʪʘʚˀʝʥ ʫ [Shang2018] ʿʝ ʧʨʦʿʝʢʪʦʚʘʥ ʟʘ ʨʘʜ ʥʘ ʮʝʥʪʨʘʣʥʦʿ 

ʫʯʝʩʪʘʥʦʩʪʠ f
0
=90 GHz. ʌʘʙʨʠʢʦʚʘʥ ʿʝ ʢʦʨʠʩʪʝ˂ʠ ʤʠʢʨʦ ʣʘʩʝʨʩʢʦ ʩʠʥʪʝʨʦʚʘˁʝ ʠ ʪʦ 

je ʪʨʝʥʫʪʥʦ ʥʘʿʚʠʰʘ ʮʝʥʪʨʘʣʥʘ ʫʯʝʩʪʘʥʦʩʪ ʟʘ ʢʦʿʫ ʧʦʩʪʦʿʠ ʨʝʰʝˁʝ ʧʨʦʠʟʚʝʜʝʥʦ 

ʘʜʠʪʠʚʥʦʤ ʪʝʭʥʦʣʦʛʠʿʦʤ. 

 

4.1.6 ʇʣʘʥʘʨʥʠ ʬʠʣʪʨʠ 

 

ʇʣʘʥʘʨʥʠ ʬʠʣʪʨʠ ʠʤʧʣʝʤʝʥʪʠʨʘʥʠ ʫ ʤʠʢʨʦʪʨʘʢʘʩʪʦʿ ʪʝʭʥʦʣʦʛʠʿʠ 

ʢʦʨʠʰ˂ʝˁʝʤ SRR ʩʫ ʧʨʦʿʝʢʪʦʚʘʥʠ ʫ [Bon2005a; Bon2006]. ʇʦʩʪʫʧʘʢ ʩʠʥʪʝʟʝ 

ʬʠʣʪʘʨʘ ʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʩʘ ʩʧʨʝʛʥʫʪʠʤ ʧʦʣʫʪʘʣʘʩʥʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ ʿʝ ʠʟʣʦʞʝʥ 

ʫ [Hong2011]. ʂʦʤʧʘʢʪʥʠ ʤʠʢʨʦʪʨʘʢʘʩʪʠ ʬʠʣʪʘʨ ʥʝʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

ʿʝ ʧʨʠʢʘʟʘʥ [Gupt2013], ʧʨʠ ʯʝʤʫ ʿʝ ʠʩʪʘʢʥʫʪʦ ʜʘ ʩʝ ʩʣʘʙˀʝˁʝ ʫ ʥʝʧʨʦʧʫʩʥʦʤ 

ʦʧʩʝʛʫ ʧʦʚʝ˂ʘʚʘ ʩʘ ʙʨʦʿʝʤ ʰʪʘʤʧʘʥʠʭ ʨʝʟʦʥʘʪʦʨʘ. ʌʠʣʪʘʨ ʜʝʚʝʪʦʛ ʨʝʜʘ ʩʘ ʠʟʫʟʝʪʥʦ 

ʰʠʨʦʢʠʤ ʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʿʝ ʧʨʦʿʝʢʪʦʚʘʥ ʫ [Bon2005b], ʘ CSRR ʿʝ ʢʦʨʠʰ˂ʝʥ ʢʘʦ 

ʦʩʥʦʚʥʠ ʨʝʟʦʥʘʥʪʥʠ ʝʣʝʤʝʥʪ. ʌʠʣʪʘʨ ʢʦʿʠ ʧʨʠʤʝˁʫʿʝ SRR, ʠʤʧʣʝʤʝʥʪʠʨʘʥ ʧʦʤʦ˂ʫ 

ʪʘʣʘʩʦʚʦʜʘ ʫ ʧʦʜʣʦʟʠ (substrate integrated waveguide - SIW), ʜʘʪ ʿʝ ʫ [Sen2012]. 

ɽʣʠʧʪʠʯʢʠ ʬʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʥʠʩʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʿʝ ʧʨʦʿʝʢʪʦʚʘʥ ʫ [Moy2013]. 

ʌʠʣʪʘʨ ʢʦʨʠʩʪʠ ʢʚʘʜʨʘʪʥʝ SRR ʨʝʟʦʥʘʪʦʨʝ ʩʘ ʧʨʦʨʝʟʦʤ ʠ ʠʤʧʣʝʤʝʥʪʠʨʘʥ ʿʝ ʫ 

ʪʝʭʥʠʮʠ ʢʦʧʣʘʥʘʨʥʠʭ ʪʘʣʘʩʦʚʦʜʘ. 
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4.2 ʄʦʜʝʣʦʚʘˁʝ ʩʪʨʫʢʪʫʨʘ 

 

ʋ ʦʢʚʠʨʫ ʠʩʪʨʘʞʠʚʘˁʘ ʧʨʝʜʩʪʘʚˀʝʥʦʛ ʫ ʜʠʩʝʨʪʘʮʠʿʠ, ʢʦʨʠʰ˂ʝʥ ʿʝ WIPL-D 

ʩʦʬʪʚʝʨ [WIPL-DPro], ʟʘ ʧʦʪʨʝʙʝ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʝ ʘʥʘʣʠʟʝ. ʂʦʥʢʨʝʪʥʦ, ʪʦʢʦʤ 

ʠʩʪʨʘʞʠʚʘˁʘ ʩʫ ʩʧʨʦʚʝʜʝʥʠ ʨʘʟʣʠʯʠʪʠ ʧʦʩʪʫʧʮʠ ʥʘʜ ʨʘʟʤʘʪʨʘʥʠʤ ʬʠʣʪʘʨʩʢʠʤ 

ʩʪʨʫʢʪʫʨʘʤʘ, ʢʘʦ ʰʪʦ ʩʫ: ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʘ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʘ ʘʥʘʣʠʟʘ, ʝʩʪʠʤʘʮʠʿʘ 

ʩʥʘʛʝ ʠ ʘʥʘʣʠʟʘ ʝʢʚʠʚʘʣʝʥʪʥʦʛ ʝʣʝʢʪʨʠʯʥʦʛ ʢʦʣʘ. ɿʘ ʩʚʘʢʫ ʦʜ ʧʦʤʝʥʫʪʠʭ ʘʥʘʣʠʟʘ ʿʝ 

ʢʦʨʠʰ˂ʝʥ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʤʦʜʫʣ WIPL-D ʩʦʬʪʚʝʨʘ. ʋ ʩʢʣʘʜʫ ʩʘ ʪʠʤ, ʥʘʿʟʘʩʪʫʧˀʝʥʠʿʠ 

ʩʫ ʙʠʣʠ ʤʠʢʨʦʪʘʣʘʩʥʠ ʧʨʦʛʨʘʤʠ ʟʘ ʩʠʤʫʣʘʮʠʿʫ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠʭ ʩʪʨʫʢʪʫʨʘ ʠ 

ʤʦʜʝʣʦʚʘˁʝ ʤʠʢʨʦʪʘʣʘʩʥʠʭ ʢʦʣʘ ʠ ʩʠʩʪʝʤʘ. ʋ ʥʘʩʪʘʚʢʫ ʦʚʦʛ ʦʜʝˀʢʘ ʿʝ ʦʧʠʩʘʥ 

ʥʘʯʠʥ ʤʦʜʝʣʦʚʘˁʘ ʩʪʨʫʢʪʫʨʘ ʢʦʿʝ ʩʝ ʨʘʟʤʘʪʨʘʿʫ ʫ ʜʠʩʝʨʪʘʮʠʿʠ. 

 

4.2.1 ɸʥʘʣʠʟʘ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠʭ ʩʪʨʫʢʪʫʨʘ 

 

ɿʘ ʘʥʘʣʠʟʫ ʬʠʣʪʘʨʩʢʠʭ ʩʪʨʫʢʪʫʨʘ ʿʝ ʢʦʨʠʰ˂ʝʥ ʮʝʥʪʨʘʣʥʠ ʤʦʜʫʣ ʩʦʬʪʚʝʨʘ, 

ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠ ʩʠʤʫʣʘʪʦʨ ʫ ʬʨʝʢʚʝʥʪʥʦʤ ʜʦʤʝʥʫ. ʆʚʘʿ 

ʤʦʜʫʣ ʦʤʦʛʫ˂ʘʚʘ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦ ʤʦʜʝʣʦʚʘˁʝ ʜʝʦ ʧʦ ʜʝʦ ʭʦʤʦʛʝʥʠʭ, ʣʠʥʝʘʨʥʠʭ 

ʠ ʠʟʦʪʨʦʧʥʠʭ ʜʦʤʝʥʘ. ʉʘʤ ʧʨʦʮʝʩ ʤʦʜʝʣʦʚʘˁʘ ʩʝ ʩʧʨʦʚʦʜʠ ʫ ʜʚʝ ʝʪʘʧʝ, ʠ ʪʦ ʢʨʦʟ 

ʤʦʜʝʣʦʚʘˁʝ ʛʝʦʤʝʪʨʠʿʝ (ʢʦʿʝ ʟʘʜʘʿʝ ʢʦʨʠʩʥʠʢ) ʠ ʤʦʜʝʣʦʚʘˁʝ ʩʪʨʫʿʘ (ʢʦʿʝ ʠʟʚʨʰʘʚʘ 

ʩʦʬʪʚʝʨ). 

ʉʚʝ ʨʘʟʤʘʪʨʘʥʝ ʪʘʣʘʩʦʚʦʜʥʝ ʩʪʨʫʢʪʫʨʝ ʩʫ ʤʦʜʝʣʦʚʘʥʝ ʥʘ ʠʩʪʠ ʥʘʯʠʥ ʠ ʤʦʛʫ 

ʩʝ, ʬʫʥʢʮʠʦʥʘʣʥʦʤ ʜʝʢʦʤʧʦʟʠʮʠʿʦʤ, ʨʘʩʪʘʚʠʪʠ ʥʘ ʪʨʠ ʠʥʪʝʛʨʘʣʥʘ ʜʝʣʘ (ʩʣʠʢʘ 4.1). 

ʎʝʥʪʨʘʣʥʠ ʜʝʦ ʧʦʜʨʘʟʫʤʝʚʘ ʦʜʩʝʯʘʢ ʪʘʣʘʩʦʚʦʜʘ ʫ ʢʦʿʠ ʩʝ ʫʙʘʮʫʿʫ ʨʘʟʣʠʯʠʪʝ 

ʤʝʪʘʣʥʝ ʧʨʝʛʨʘʜʝ ʠʣʠ ʧʣʦʯʠʮʝ ʩʘ ʰʪʘʤʧʘʥʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ, ʘ ʜʚʘ ʜʦʜʘʪʥʘ ʜʝʣʘ ʩʘ 

ʦʙʝ ʩʪʨʘʥʝ ʦʜʩʝʯʢʘ ʧʨʝʜʩʪʘʚˀʘʿʫ ʪʘʣʘʩʦʚʦʜʥʝ ʧʨʠʩʪʫʧʝ. 
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ʉʣʠʢʘ 4.1 ʌʫʥʢʮʠʦʥʘʣʥʘ ʜʝʢʦʤʧʦʟʠʮʠʿʘ ʪʘʣʘʩʦʚʦʜʥʝ ʩʪʨʫʢʪʫʨʝ 

 

ʆʜʩʝʯʘʢ ʪʘʣʘʩʦʚʦʜʘ ʿʝ ʤʦʜʝʣʦʚʘʥ ʪʘʢʦ ʜʘ ʜʠʤʝʥʟʠʦʥʦ ʦʜʛʦʚʘʨʘ WR-90 

ʪʘʣʘʩʦʚʦʜʫ, ʦʙʟʠʨʦʤ ʜʘ ʿʝ ʍ-ʦʧʩʝʛ ʦʜ ʠʥʪʝʨʝʩʘ ʟʘ ʘʥʘʣʠʟʫ. ʉʦʬʪʚʝʨ ʧʦʜʨʞʘʚʘ 

ʢʦʥʮʝʧʪ ʙʠʣʠʥʝʘʨʥʠʭ ʧʦʚʨʰʠ (ʧʦʚʨʰ ʢʦʿʘ ʩʝ ʤʦʞʝ ʬʦʨʤʠʨʘʪʠ ʢʨʦʟ ʙʠʣʦ ʢʦʿʝ 

ʯʝʪʠʨʠ ʪʘʯʢʝ). ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʫ ʤʦʜʝʣʦʚʘʥʠ ʦʜʩʝʯʮʠ ʪʘʣʘʩʦʚʦʜʘ, ʢʦʨʠʩʪʝ˂ʠ ʥʝʢʦʣʠʢʦ 

ʤʝʪʘʣʥʠʭ ʧʣʦʯʘ. ʉʚʘʢʘ ʦʜ ˁʠʭ ʿʝ ʩʘʩʪʘʚˀʝʥʘ ʦʜ ʯʝʪʠʨʠ ʯʚʦʨʘ, ʢʦʿʠ ʩʫ ʧʨʦʩʪʦʨʥʦ 

ʧʦʩʪʘʚˀʝʥʠ ʪʘʢʦ ʜʘ ʬʦʨʤʠʨʘʿʫ ʦʙʣʠʢ ʯʝʪʚʦʨʦʫʛʣʘ (ʥʘʿʯʝʰ˂ʝ ʧʨʘʚʦʫʛʘʦʥʠʢʘ, 

ʪʨʘʧʝʟʘ ʠʣʠ ʢʚʘʜʨʘʪʘ). ʆʜʩʝʯʘʢ ʿʝ ʫ ʩʣʫʯʘʿʫ ʩʘ ʥʘʿʤʘˁʠʤ ʙʨʦʿʝʤ ʧʣʦʯʘ ʩʘʩʪʘʚˀʝʥ 

ʦʜ ʯʝʪʠʨʠ ʧʣʦʯʝ ʢʦʿʝ ʩʝ ʫ ʩʦʬʪʚʝʨʫ ʪʨʝʪʠʨʘʿʫ ʢʘʦ ʜʘ ʩʫ ʩʘʯʠˁʝʥʝ ʦʜ ʩʘʚʨʰʝʥʦ 

ʧʨʦʚʦʜʥʦʛ ʤʘʪʝʨʠʿʘʣʘ (perfect electric conductor - PEC). ʋʢʦʣʠʢʦ ʜʚʝ ʧʣʦʯʝ ʠʤʘʿʫ 

ʜʚʘ ʟʘʿʝʜʥʠʯʢʘ ʯʚʦʨʘ, ʦʥʜʘ ʩʫ ʦʥʝ ʝʣʝʢʪʨʠʯʥʦ ʧʦʚʝʟʘʥʝ (ʢʦʜ ʞʠʮʘ ʿʝ ʧʦʪʨʝʙʥʦ ʜʘ 

ʠʤʘʿʫ ʿʝʜʘʥ ʟʘʿʝʜʥʠʯʢʠ ʯʚʦʨ ʜʘ ʙʠ ʙʠʣʝ ʝʣʝʢʪʨʠʯʥʦ ʧʦʚʝʟʘʥʝ).  

ʋʢʦʣʠʢʦ ʿʝ ʥʝʢʠ ʦʜ ʟʠʜʦʚʘ ʪʘʣʘʩʦʚʦʜʘ ʫ ʜʦʜʠʨʫ ʩʘ ʥʝʢʦʤ ʜʠʝʣʝʢʪʨʠʯʥʦʤ 

ʧʦʜʣʦʛʦʤ, ʧʦʪʨʝʙʥʦ ʿʝ ʘʜʝʢʚʘʪʥʦ ʠʟʚʨʰʠʪʠ ʩʝʛʤʝʥʪʘʮʠʿʫ ʧʣʦʯʝ ʢʦʿʦʤ ʩʝ ʪʘʿ ʟʠʜ 

ʪʘʣʘʩʦʚʦʜʘ ʤʦʜʝʣʫʿʝ, ʢʘʢʦ ʙʠ ʩʝ ʫʥʫʪʘʨ ʩʦʬʪʚʝʨʘ ʪʨʝʪʠʨʘʦ ʩʣʫʯʘʿ ʨʘʟʜʚʦʿʥʝ ʧʦʚʨʰʠ 

ʜʚʝ ʩʨʝʜʠʥʝ ʨʘʟʣʠʯʠʪʝ ʧʝʨʤʠʪʠʚʥʦʩʪʠ (ʜʚʘ ʜʦʤʝʥʘ ʫ ʩʦʬʪʚʝʨʫ). ɿʘ ʩʚʘʢʠ ʦʜ ʯʚʦʨʦʚʘ 

ʿʝ ʥʝʦʧʭʦʜʥʦ ʫʥʝʪʠ ʩʚʝ ʪʨʠ ʧʨʦʩʪʦʨʥʝ ʢʦʦʨʜʠʥʘʪʝ.  

ʊʘʣʘʩʦʚʦʜʥʠ ʧʨʠʩʪʫʧʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʦʜʩʝʯʢʝ ʪʘʣʘʩʦʚʦʜʘ ʢʦʿʠ ʩʫ ʢʨʘʪʢʦ 

ʩʧʦʿʝʥʠ ʥʘ ʿʝʜʥʦʤ ʢʨʘʿʫ ʠ ʠʤʘʿʫ ʫʣʦʛʫ ʥʘʧʦʿʥʠʭ ʪʘʣʘʩʦʚʦʜʘ, ʿʝʨ ʿʝ ʫʥʫʪʘʨ ˁʠʭ 

ʩʤʝʰʪʝʥʘ ʩʦʥʜʘ. ʀʜʝʥʪʠʯʥʦʛ ʩʫ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʢʘʦ ʠ ʮʝʥʪʨʘʣʥʠ ʜʝʦ ʩʪʨʫʢʪʫʨʝ. 

ɸʥʪʝʥʘ ʢʦʿʦʤ ʩʝ ʧʦʙʫʹʫʿʝ ʩʪʨʫʢʪʫʨʘ ʿʝ ʣʦʮʠʨʘʥʘ ʥʘ ʫʜʘˀʝʥʦʩʪʠ ʦʜ ʟʠʜʘ ʪʘʣʘʩʦʚʦʜʘ 

ʿʝʜʥʘʢʦʿ ʿʝʜʥʦʿ ʯʝʪʚʨʪʠʥʠ ʚʦʹʝʥʝ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ ʫ ʪʘʣʘʩʦʚʦʜʫ ʟʘ ʫʯʝʩʪʘʥʦʩʪ ʢʦʿʘ 

ʩʝ ʥʘʣʘʟʠ ʥʘ ʩʨʝʜʠʥʠ ʦʧʩʝʛʘ ʫ ʢʦʤʝ ʩʝ ʧʦʩʤʘʪʨʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʬʠʣʪʘʨʘ. ʇʨʝʦʩʪʘʣʠ 

ʜʝʦ ʥʘʧʦʿʥʦʛ ʪʘʣʘʩʦʚʦʜʘ ʿʝ ʜʫʞʠʥʝ ʿʝʜʥʘʢʝ ʧʦʣʦʚʠʥʠ ʚʦʹʝʥʝ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ ʫ 

ʪʘʣʘʩʦʚʦʜʫ ʟʘ ʫʯʝʩʪʘʥʦʩʪ ʥʘ ʩʨʝʜʠʥʠ ʧʦʩʤʘʪʨʘʥʦʛ ʦʧʩʝʛʘ. ʀʟʤʝʹʫ ʥʘʧʦʿʥʦʛ ʠ 
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ʦʜʩʝʯʢʘ ʩʘ ʨʝʟʦʥʘʥʪʥʦʤ ʧʨʝʛʨʘʜʦʤ, ʥʘʣʘʟʠ ʩʝ ʿʝʜʘʥ ʢʨʘʪʢʠ ʦʜʩʝʯʘʢ ʤʘʢʩʠʤʘʣʥʝ 

ʜʫʞʠʥʝ ʿʝʜʥʝ ʦʩʤʠʥʝ ʚʦʹʝʥʝ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ ʫ ʪʘʣʘʩʦʚʦʜʫ ʟʘ ʥʘʿʚʠʰʫ ʫʯʝʩʪʘʥʦʩʪ 

ʦʧʩʝʛʘ ʢʦʿʠ ʩʝ ʧʦʩʤʘʪʨʘ.  

ʇʦʙʫʜʘ ʤʦʞʝ ʙʠʪʠ ʨʝʘʣʠʟʦʚʘʥʘ ʢʘʦ ʧʦʣʫʪʘʣʘʩʥʠ ʜʠʧʦʣ ʠʣʠ ʯʝʪʚʨʪʪʘʣʘʩʥʠ 

ʤʦʥʦʧʦʣ. ɿʘ ʧʦʪʨʝʙʝ ʠʩʪʨʘʞʠʚʘˁʘ, ʧʦʙʫʜʘ ʿʝ ʨʝʘʣʠʟʦʚʘʥʘ ʢʘʦ ʯʝʪʚʨʪʪʘʣʘʩʥʠ 

ʤʦʥʦʧʦʣ, ʤʦʜʝʣʦʚʘʥʘ ʫ ʚʠʜʫ ʩʧʦʿʘ ʪʘʥʢʝ ʞʠʮʝ ʠ ʠʜʝʘʣʥʦʛ ʥʘʧʦʥʩʢʦʛ ʛʝʥʝʨʘʪʦʨʘ. ʋ 

ʩʣʫʯʘʿʫ ʢʘʜʘ ʩʝ ʨʝʘʣʠʟʫʿʝ ʧʦʣʫʪʘʣʘʩʥʠʤ ʜʠʧʦʣʦʤ, ʥʘ ʤʝʩʪʫ ʛʝʥʝʨʘʪʦʨʘ ʿʝ ʥʝʦʧʭʦʜʥʦ 

ʜʝʬʠʥʠʩʘʪʠ ʞʠʮʝ ʩʘ ʟʘʿʝʜʥʠʯʢʠʤ ʯʚʦʨʦʤ, ʘʣʠ ʛʝʥʝʨʘʪʦʨ ʫʚʝʢ ʧʨʠʧʘʜʘ ʿʝʜʥʦʿ ʞʠʮʠ. 

ʊʨʝʙʘ ʥʘʧʦʤʝʥʫʪʠ ʜʘ ʪʘʥʢʘ ʞʠʮʘ ʧʦʜʨʘʟʫʤʝʚʘ ʜʘ ʿʝ ʧʦʣʫʧʨʝʯʥʠʢ ʞʠʮʝ ʤʥʦʛʦ ʤʘˁʠ 

ʦʜ ˁʝʥʝ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ. ʋ ʛʝʦʤʝʪʨʠʿʩʢʦʤ ʩʤʠʩʣʫ, ʞʠʮʘ ʿʝ ʟʘʨʫʙˀʝʥʠ ʟʘʩʝʯʝʥʠ 

ʢʦʥʫʩ, ʢʦʿʠ ʩʝ ʤʦʞʝ ʤʦʜʠʬʠʢʦʚʘʪʠ ʫ ʦʙʣʠʢ ʮʠʣʠʥʜʨʘ ʢʦʜ ʢʦʛ ʧʦʣʫʧʨʝʯʥʠʮʠ ʦʩʥʦʚʘ 

ʠʤʘʿʫ ʠʩʪʝ ʜʠʤʝʥʟʠʿʝ. ʇʦʜʨʘʟʫʤʝʚʘʥʦ ʿʝ ʜʘ ʩʪʨʫʿʘ ʧʦʩʪʦʿʠ ʜʦʤʠʥʘʥʪʥʦ ʜʫʞ ʞʠʮʝ, 

ʜʦʢ ʩʝ ʩʪʨʫʿʘ ʧʦ ʦʙʠʤʫ ʞʠʮʝ ʤʦʞʝ ʟʘʥʝʤʘʨʠʪʠ. ʇʦʩʪʦʿʠ ʩʘʤʦ ʘʢʩʠʿʘʣʥʘ ʢʦʤʧʦʥʝʥʪʘ 

ʩʪʨʫʿʝ, ʢʦʿʘ ʟʘʚʠʩʠ ʩʘʤʦ ʦʜ ʘʢʩʠʿʘʣʥʝ ʢʦʦʨʜʠʥʘʪʝ, ʜʦʢ ʮʠʨʢʫʣʘʨʥʘ ʢʦʤʧʦʥʝʥʪʘ 

ʩʪʨʫʿʝ ʥʝ ʧʦʩʪʦʿʠ.  

ɼʦʜʘʪʥʝ ʧʦʛʦʜʥʦʩʪʠ ʢʦʿʝ ʩʦʬʪʚʝʨʩʢʠ ʧʘʢʝʪ WIPL-D ʦʤʦʛʫ˂ʘʚʘ ʟʥʘʯʘʿʥʦ ʫʪʠʯʫ 

ʥʘ ʪʘʯʥʦʩʪ ʘʥʘʣʠʟʝ. ɳʠʭʦʚʘ ʝʬʠʢʘʩʥʦʩʪ ʩʝ ʦʛʣʝʜʘ ʫ ʘʥʘʣʠʟʠ ʠʚʠʯʥʦʛ ʝʬʝʢʪʘ ʠ 

ʤʘʥʫʝʣʥʦʛ ʧʦʜʝʰʘʚʘˁʘ ʨʝʜʘ ʧʦʣʠʥʦʤʩʢʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʨʘʩʧʦʜʝʣʝ ʩʪʨʫʿʘ ʠ 

ʪʘʯʥʦʩʪʠ ʠʥʪʝʛʨʘʮʠʿʝ. 

 

4.2.2 ɽʩʪʠʤʘʮʠʿʘ ʤʘʢʩʠʤʘʣʥʝ ʩʥʘʛʝ 

 

ɿʘ ʝʩʪʠʤʘʮʠʿʫ ʤʘʢʩʠʤʘʣʥʝ ʩʥʘʛʝ ʢʦʿʘ ʤʦʞʝ ʜʘ ʩʝ ʧʨʝʥʝʩʝ ʪʘʣʘʩʦʚʦʜʥʠʤ 

ʬʠʣʪʨʦʤ (power handling capability) ʢʦʨʠʰ˂ʝʥʝ ʩʫ ʧʦʛʦʜʥʦʩʪʠ CAD ʬʦʨʤʘʪʘ 

ʩʦʬʪʚʝʨʩʢʦʛ ʧʘʢʝʪʘ. CAD ʚʝʨʟʠʿʘ ʩʝ ʨʘʟʣʠʢʫʿʝ ʫ ʦʜʥʦʩʫ ʥʘ Pro ʚʝʨʟʠʿʫ, ʧʨʝ ʩʚʝʛʘ ʧʦ 

ʥʘʯʠʥʫ ʤʦʜʝʣʦʚʘˁʘ. ɼʦʢ ʩʝ ʫ Pro ʚʝʨʟʠʿʠ ʤʦʜʝʣʫʿʝ ʪʟʚ. ʤʝʪʦʜʦʤ Ăʯʚʦʨ ʧʦ ʯʚʦʨñ, ʫ 

ʦʢʚʠʨʫ CAD ʚʝʨʟʠʿʝ ʩʫ ʜʦʩʪʫʧʥʝ ʨʘʟʣʠʯʠʪʝ ʛʝʦʤʝʪʨʠʿʩʢʝ ʬʠʛʫʨʝ ʢʦʿʝ ʢʦʨʠʩʥʠʢ 

ʤʦʞʝ ʜʘ ʫʚʝʟʝ ʫ ʧʨʦʩʪʦʨ. ʇʦʪʨʝʙʥʦ ʠʭ ʿʝ ʧʦʟʠʮʠʦʥʠʨʘʪʠ ʘʜʝʢʚʘʪʥʦ ʫ ʢʦʦʨʜʠʥʘʪʥʦʤ 

ʩʠʩʪʝʤʫ ʠ ʦʜʨʝʜʠʪʠ ʬʠʛʫʨʝ ʞʝˀʝʥʠʭ ʜʠʤʝʥʟʠʿʘ. 

ʇʦʨʝʹʝˁʘ ʨʘʜʠ, ʧʦʩʤʘʪʨʘʥʠ ʪʘʣʘʩʦʚʦʜʥʠ ʬʠʣʪʘʨ ʿʝ ʤʦʜʝʣʦʚʘʥ ʫ ʜʚʝ ʚʝʨʟʠʿʝ 

ʩʦʬʪʚʝʨʘ, ʫ Pro (ʩʣʠʢʘ 4.2ʘ) ʠ ʫ CAD ʚʝʨʟʠʿʠ (ʩʣʠʢʘ 4.2ʙ). ʋ Pro ʚʝʨʟʠʿʠ ʤʦʜʝʣ ʿʝ 

ʥʘʯʠˁʝʥ ʧʦʤʦ˂ʫ ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʤʝʪʘʣʥʠʭ ʧʣʦʯʘ. ʋ CAD ʚʝʨʟʠʿʠ, ʟʥʘʯʘʿʥʦ ʿʝ 



ʄʠʢʨʦʪʘʣʘʩʥʠ ʬʠʣʪʨʠ ʥʝʧʨʦʧʫʩʥʠʮʠ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʩʘ ʨʝʟʦʥʘʥʪʥʠʤ ʧʨʝʛʨʘʜʘʤʘ ʫ ɽ ʠ ʅ-ʨʘʚʥʠ ʪʘʣʘʩʦʚʦʜʘ 

Mʘʨʠʿʘ ɺ. ʄʨʚʠ˂, ʜʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ 

 

49 

 

ʩʤʘˁʝʥʦ ʚʨʝʤʝ ʤʦʜʝʣʦʚʘˁʘ ʠ ʿʝʜʘʥ ʧʨʘʚʦʫʛʘʦʥʠ ʪʘʣʘʩʦʚʦʜ ʿʝ ʤʦʛʫ˂ʝ ʤʦʜʝʣʦʚʘʪʠ 

ʦʜʘʙʠʨʦʤ ʢʚʘʜʨʘ ʞʝˀʝʥʠʭ ʜʠʤʝʥʟʠʿʘ. ɼʨʫʛʦ, ʫ ʦʢʚʠʨʫ Pro ʚʝʨʟʠʿʝ ʿʝ ʧʦʪʨʝʙʥʦ 

ʠʟʚʨʰʠʪʠ ʧʦʙʫʜʫ ʬʠʣʪʨʘ ʤʦʜʝʣʦʚʘˁʝʤ ʯʝʪʚʨʪʪʘʣʘʩʥʦʛ ʤʦʥʦʧʦʣʘ ʠʣʠ ʧʦʣʫʪʘʣʘʩʥʦʛ 

ʜʠʧʦʣʘ ʧʦʩʪʘʚˀʝʥʦʛ ʥʘ ʦʜʨʝʹʝʥʦʤ ʨʘʩʪʦʿʘˁʫ ʦʜ ʟʠʜʘ ʪʘʣʘʩʦʚʦʜʘ, ʜʦʢ ʿʝ ʫ CAD 

ʚʝʨʟʠʿʠ ʟʘʩʪʫʧˀʝʥ ʢʦʥʮʝʧʪ ʧʦʨʪʦʚʘ ʥʘ ʢʦʿʠʤʘ ʿʝ ʩʘʤʦ ʧʦʪʨʝʙʥʦ ʜʝʬʠʥʠʩʘʪʠ ʫʣʘʟʥʫ 

ʩʥʘʛʫ ʠʥʮʠʜʝʥʪʥʦʛ ʪʘʣʘʩʘ. 

 

 

 

ʘ) 

 

ʙ) 

ʉʣʠʢʘ 4.2 ʊʘʣʘʩʦʚʦʜʥʠ ʬʠʣʪʘʨ ʩʘ ʧʨʝʛʨʘʜʦʤ ʫ ɽ-ʨʘʚʥʠ: ʘ) ʤʦʜʝʣʦʚʘʥ ʫ Pro ʚʝʨʟʠʿʠ  

ʙ) ʤʦʜʝʣʦʚʘʥ ʫ CAD ʚʝʨʟʠʿʠ 
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4.2.3 ʄʦʜʝʣʦʚʘˁʝ ʢʦʣʘ 

 

ɿʘ ʤʦʜʝʣʦʚʘˁʝ ʠ ʘʥʘʣʠʟʫ ʤʠʢʨʦʪʘʣʘʩʥʠʭ ʢʦʣʘ ʢʦʨʠʰ˂ʝʥ ʿʝ ʩʠʤʫʣʘʪʦʨ 

WIPL - D Microwave Pro [WIPL-DMw]. ʇʦʩʤʘʪʨʘʥʠ ʬʠʣʪʨʠ ʢʦʿʠ ʩʫ ʧʦ ʩʪʨʫʢʪʫʨʠ 

ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʝ ʢʦʤʧʦʥʝʥʪʝ, ʤʦʛʫ ʩʝ ʨʝʧʨʝʟʝʥʪʦʚʘʪʠ ʥʘ ʥʠʚʦʫ 

ʤʠʢʨʦʪʘʣʘʩʥʦʛ ʢʦʣʘ. ʇʦʥʦʚʦ, ʩʚʘʢʠ ʦʜ ʨʘʟʤʘʪʨʘʥʠʭ ʬʠʣʪʘʨʘ ʿʝ ʬʫʥʢʮʠʦʥʘʣʥʦʤ 

ʜʝʢʦʤʧʦʟʠʮʠʿʦʤ ʨʘʩʪʘʚˀʝʥ ʥʘ ʙʘʟʠʯʥʝ ʜʝʣʦʚʝ, ʢʦʿʠ ʩʝ ʤʦʛʫ ʤʦʜʝʣʦʚʘʪʠ 

ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʝʣʝʤʝʥʪʠʤʘ. ʋ ʩʠʤʫʣʘʪʦʨʫ ʢʦʣʘ ʧʦʩʪʦʿʠ ʧʘʣʝʪʘ ʝʣʝʤʝʥʘʪʘ ʢʦʿʝ 

ʨʝʧʨʝʟʝʥʪʫʿʫ ʪʘʣʘʩʦʚʦʜʥʝ ʢʦʤʧʦʥʝʥʪʝ. ʀʟʤʝʹʫ ʦʩʪʘʣʠʭ, ʠʜʝʥʪʠʬʠʢʦʚʘʥ ʿʝ ʦʜʩʝʯʘʢ 

ʪʘʣʘʩʦʚʦʜʘ ʢʘʦ ʿʝʜʘʥ ʦʜ ʝʣʝʤʝʥʘʪʘ ʠʟ ʧʘʣʝʪʝ, ʢʦʿʠ ʿʝ ʦʧʠʩʘʥ ʜʫʞʠʥʦʤ ʠ ʠʤʧʝʜʘʥʩʦʤ. 

ɽʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʩʚʘʢʦʛ ʦʜ ʢʦʨʠʰ˂ʝʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʩʝ ʦʩʪʚʘʨʫʿʝ ʧʦʤʦ˂ʫ 

ʧʘʩʠʚʥʠʭ ʢʦʤʧʦʥʝʥʪʠ ʩʘ ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ. ʆʚʝ ʢʦʤʧʦʥʝʥʪʝ ʩʫ 

ʧʦʜʨʞʘʥʝ ʫʥʫʪʘʨ ʩʦʬʪʚʝʨʘ, ʢʘʦ ʦʩʥʦʚʥʝ ʢʦʤʧʦʥʝʥʪʝ, ʰʪʦ ʠʟʫʟʝʪʥʦ ʦʣʘʢʰʘʚʘ 

ʧʨʦʮʝʩ ʧʨʦʿʝʢʪʦʚʘˁʘ ʠ ʦʧʪʠʤʠʟʘʮʠʿʝ ʤʠʢʨʦʪʘʣʘʩʥʦʛ ʬʠʣʪʨʘ ʥʘ ʥʠʚʦʫ ʢʦʣʘ. 

 

 

4.3 ʀʟʨʘʜʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʛ ʧʨʦʪʦʪʠʧʘ 

 

ʌʘʙʨʠʢʘʮʠʿʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʛ ʧʨʦʪʦʪʠʧʘ ʧʨʝʜʩʪʘʚˀʘ ʿʝʜʘʥ ʦʜ ʩʘʩʪʘʚʥʠʭ 

ʢʦʨʘʢʘ ʧʨʠʣʠʢʦʤ ʧʨʦʿʝʢʪʦʚʘˁʘ ʬʠʣʪʘʨʘ. ʋ ʮʠˀʫ ʚʝʨʠʬʠʢʘʮʠʿʝ ʥʦʚʦʛ ʤʝʪʦʜʘ 

ʧʨʦʿʝʢʪʦʚʘˁʘ ʠʟʣʦʞʝʥʦʛ ʫ ʜʠʩʝʨʪʘʮʠʿʠ, ʥʝʦʧʭʦʜʥʦ ʿʝ ʬʘʙʨʠʢʦʚʘʪʠ ʣʘʙʦʨʘʪʦʨʠʿʩʢʝ 

ʧʨʦʪʦʪʠʧʦʚʝ ʥʘ ʦʩʥʦʚʫ ʧʨʦʿʝʢʪʦʚʘʥʦʛ ʦʧʪʠʤʘʣʥʦʛ ʬʠʣʪʨʘ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʠʟʚʨʰʘʚʘ 

ʧʦʪʚʨʜʘ ʨʝʟʫʣʪʘʪʘ ʜʦʙʠʿʝʥʠʭ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʤ ʩʠʤʫʣʘʮʠʿʘʤʘ. ʉʘʤ ʧʨʦʮʝʩ 

ʚʝʨʠʬʠʢʘʮʠʿʝ ʨʝʟʫʣʪʘʪʘ ʿʝ ʫʥʫʪʘʨ ʦʜʝˀʢʘ ʧʦʜʝˀʝʥ ʫ ʥʝʢʦʣʠʢʦ ʬʘʟʘ ʦʜ ʢʦʿʠʭ ʿʝ ʩʚʘʢʘ 

ʜʝʪʘˀʥʦ ʦʧʠʩʘʥʘ ʫ ʥʘʩʪʘʚʢʫ ʦʚʦʛ ʦʜʝˀʢʘ: 

¶ ʇʨʠʧʨʝʤʘ ʟʘ ʬʘʙʨʠʢʘʮʠʿʫ 

¶ ʇʨʦʮʝʩ ʬʘʙʨʠʢʘʮʠʿʝ ʠ ʧʦʩʪ-ʬʘʙʨʠʢʘʮʠʿʩʢʠ (ʢʦʥʪʨʦʣʥʠ) ʧʦʩʪʫʧʘʢ 

¶ ʋʩʧʦʩʪʘʚʘ ʤʝʨʥʦʛ ʩʠʩʪʝʤʘ. 
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4.3.1 ʇʨʠʧʨʝʤʘ ʟʘ ʬʘʙʨʠʢʘʮʠʿʫ 

 

ʇʨʠʧʨʝʤʘ ʟʘ ʰʪʘʤʧʫ ʧʦʜʨʘʟʫʤʝʚʘ ʧʨʘʚˀʝˁʝ ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʬʠʣʤʘ, ʢʦʿʠ ˂ʝ ʩʝ 

ʢʦʨʠʩʪʠʪʠ ʫ ʧʨʦʮʝʩʫ ʝʮʦʚʘˁʘ. ʇʨʝ ʩʚʝʛʘ ʿʝ, ʫ ʘʣʘʪʫ ʟʘ ʮʨʪʘˁʝ, ʧʦʪʨʝʙʥʦ ʧʨʝʮʠʟʥʦ 

ʥʘʮʨʪʘʪʠ Ăʩʣʠʢʫñ ʨʝʟʦʥʘʥʪʥʝ ʧʨʝʛʨʘʜʝ. ʎʨʪʘˁʝ ʥʝ ʧʨʝʜʩʪʘʚˀʘ ʿʝʜʥʦʩʪʘʚʘʥ 

ʧʦʩʪʫʧʘʢ ʦʙʟʠʨʦʤ ʜʘ ʩʫ ʧʨʝʛʨʘʜʝ ʦʜ ʠʥʪʝʨʝʩʘ ʩʪʨʫʢʪʫʨʝ ʤʠʣʠʤʝʪʘʨʩʢʠʭ ʜʠʤʝʥʟʠʿʘ. 

ʋʢʦʣʠʢʦ ʧʦʩʪʦʿʝ ʣʠʢʦʚʠ ʩʘ ʦʙʝ ʩʪʨʘʥʝ ʧʨʝʛʨʘʜʝ, ʧʦʪʨʝʙʥʦ ʿʝ ʥʘʧʨʘʚʠʪʠ ʢʨʫʞʥʝ 

ʤʘʨʢʝʨʝ ʫ ʦʢʚʠʨʫ ʛʘʙʘʨʠʪʘ ʧʣʦʯʠʮʝ, ʢʘʢʦ ʙʠ ʩʝ ʧʨʠʣʠʢʦʤ ʠʟʨʘʜʝ ʫʢʣʦʧʠʣʝ ʧʦʟʠʮʠʿʝ 

ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʦʙʝ ʩʪʨʘʥʝ ʩʫʧʩʪʨʘʪʘ. ʇʦʪʨʝʙʥʦ ʿʝ ʥʘʮʨʪʘʪʠ ʘʜʝʢʚʘʪʥʝ ʣʠʢʦʚʝ ʧʨʝʤʘ 

ʦʙʣʠʢʫ ʨʝʟʦʥʘʥʪʥʠʭ ʝʣʝʤʝʥʘʪʘ. ʉʚʘʢʠ ʦʜ ʨʝʟʦʥʘʪʦʨʘ ʿʝ, ʧʨʠʣʠʢʦʤ ʮʨʪʘˁʘ, 

ʧʦʪʨʝʙʥʦ ʬʠʢʪʠʚʥʦ ʧʨʦʰʠʨʠʪʠ ʟʘ 5, 10 ʠʣʠ 20 ʤʠʢʨʦʥʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ˁʝʛʦʚʝ 

ʠʥʠʮʠʿʘʣʥʝ (ʩʠʤʫʣʠʨʘʥʝ) ʰʠʨʠʥʝ.  

ʅʘʢʦʥ ʰʪʦ ʿʝ ʩʫ ʥʘʮʨʪʘʥʠ ʣʠʢʦʚʠ ʥʘ ʨʝʟʦʥʘʥʪʥʠʤ ʧʨʝʛʨʘʜʘʤʘ, ʧʦʪʨʝʙʥʦ ʿʝ 

ʦʠʚʠʯʠʪʠ ʧʨʝʛʨʘʜʫ ʨʘʤʦʤ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʜʝʙˀʠʥʝ. ʈʘʤ ʿʝ ʧʦʪʨʝʙʘʥ ʟʙʦʛ ʧʦʩʪʘʚˀʘˁʘ 

ʛʨʘʥʠʮʘ ʧʨʠʣʠʢʦʤ ʩʝʯʝˁʘ ʧʣʦʯʠʮʝ ʪʘʢʦ ʜʘ ˁʝʥʝ ʢʦʥʘʯʥʝ ʜʠʤʝʥʟʠʿʝ ʦʜʛʦʚʘʨʘʿʫ 

ʤʦʜʝʣʦʚʘʥʠʤ ʜʠʤʝʥʟʠʿʘʤʘ. ʂʦʥʘʯʘʥ ʠʟʛʣʝʜ ʥʘʮʨʪʘʥʠʭ ʨʝʟʦʥʘʥʪʥʠʭ ʧʨʝʛʨʘʜʘ, 

ʧʨʠʧʨʝʤˀʝʥʠʭ ʟʘ ʬʘʙʨʠʢʘʮʠʿʫ ʟʘ ɽ ʠ ʅ-ʨʘʚʘʥ, ʿʝ ʥʘʮʨʪʘʥ ʫ ʩʦʬʪʚʝʨʫ CorelDraw 

[Corel] (ʩʣʠʢʘ 4.3). 

ʆʙʟʠʨʦʤ ʜʘ ʩʫ ʧʨʝʛʨʘʜʝ ʧʨʦʿʝʢʪʦʚʘʥʝ ʫ ʪʦʢʫ ʠʩʪʨʘʞʠʚʘˁʘ, ʢʦʨʠʩʪʠʣʝ 

ʨʝʟʦʥʘʪʦʨʝ ʰʪʘʤʧʘʥʝ ʩʘʤʦ ʩʘ ʿʝʜʥʝ ʩʪʨʘʥʝ, ʙʠʣʦ ʿʝ ʧʦʪʨʝʙʥʦ ʥʘʮʨʪʘʪʠ ʩʘʤʦ ʣʠʢʦʚʝ 

ʦʜ ʠʥʪʝʨʝʩʘ. ʀʟ ʪʦʛ ʨʘʟʣʦʛʘ ʿʝ ʧʦʪʧʫʥʦ ʦʜʩʪʨʘˁʝʥʘ ʤʝʪʘʣʠʟʘʮʠʿʘ ʩʘ ʜʨʫʛʝ ʩʪʨʘʥʝ 

ʩʫʧʩʪʨʘʪʘ ʫ ʧʨʦʮʝʩʫ ʧʦʪʘʧʘˁʘ ʫ ʩʨʝʜʩʪʚʦ ʟʘ ʥʘʛʨʠʟʘˁʝ. 
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ʉʣʠʢʘ 4.3 ʂʦʥʘʯʘʥ ʠʟʛʣʝʜ ʥʘʮʨʪʘʥʠʭ ʨʝʟʦʥʘʥʪʥʠʭ ʧʨʝʛʨʘʜʘ ʧʨʠʧʨʝʤˀʝʥʠʭ ʟʘ 

ʬʘʙʨʠʢʘʮʠʿʫ, ʥʘʤʝˁʝʥʠʭ ʟʘ ʫʤʝʪʘˁʝ ʫ ɽ ʠʣʠ ʅ-ʨʘʚʘʥ ʪʘʣʘʩʦʚʦʜʘ 

 

4.3.2 ʌʘʙʨʠʢʘʮʠʿʘ ʠ ʧʦʩʪ-ʬʘʙʨʠʢʘʮʠʿʩʢʠ (ʢʦʥʪʨʦʣʥʠ) ʧʦʩʪʫʧʘʢ 

 

ɽʮʦʚʘˁʝ ʿʝ ʧʨʦʮʝʩ ʫʢʣʘˁʘˁʘ ʤʝʪʘʣʠʟʘʮʠʿʝ ʩʘ ʩʫʧʩʪʨʘʪʘ ʧʦʤʦ˂ʫ ʢʠʩʝʣʠʥʝ. ʊʦ 

ʿʝ ʧʦʩʪʫʧʘʢ ʧʨʠʣʠʢʦʤ ʢʦʿʝʛ ʩʝ ʧʣʦʯʠʮʝ ʧʦʪʦʧʝ ʫ ʚʦʜʝʥʠ ʨʘʩʪʚʦʨ ʩʨʝʜʩʪʚʘ ʟʘ 

ʥʘʛʨʠʟʘˁʝ, ʧʨʠ ʯʝʤʫ ʩʝ ʥʘʛʨʠʟʘˁʝ ʚʨʰʠ ʧʦʜʿʝʜʥʘʢʦ ʫ ʩʚʠʤ ʧʨʘʚʮʠʤʘ. ʅʘ ʩʣʠʮʠ 4.4 

ʿʝ ʧʨʠʢʘʟʘʥʘ ʧʦʩʪʘʚʢʘ ʨʘʟʚʠʿʝʥʦʛ ʬʠʣʤʘ ʥʘ ʜʝʦ ʩʫʧʩʪʨʘʪʘ, ʧʨʝ ʧʦʪʘʧʘˁʘ ʫ ʢʠʩʝʣʠʥʠ 

ʫ ʮʠˀʫ ʥʘʛʨʠʟʘˁʘ, ʪʿ. ʩʢʠʜʘˁʘ ʤʝʪʘʣʠʟʘʮʠʿʝ. 

 

 

ʉʣʠʢʘ 4.4 ʇʦʩʪʘʚˀʘˁʝ ʨʘʟʚʠʿʝʥʦʛ ʬʠʣʤʘ ʥʘ ʤʘʪʝʨʠʿʘʣ ʧʨʝʜ ʧʦʪʘʧʘˁʝ ʫ ʢʠʩʝʣʠʥʫ 
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ʅʘʢʦʥ ʰʪʦ ʬʘʙʨʠʢʦʚʘʥʘ ʧʣʦʯʠʮʘ ʜʦʙʠʿʝ ʞʝˀʝʥʠ ʠʟʛʣʝʜ, ʧʦʪʨʝʙʥʦ ʿʝ 

ʠʟʚʨʰʠʪʠ ʢʦʥʪʨʦʣʫ ʜʠʤʝʥʟʠʿʘ ʣʠʢʦʚʘ. ʇʦʤʦ˂ʫ ʚʠʟʦʤʘʪʘ, ʘʧʘʨʘʪʘ ʢʦʿʠ ʿʝ ʫ ʦʩʥʦʚʠ 

ʤʠʢʨʦʩʢʦʧ, ʤʦʛʫ˂ʝ ʿʝ ʧʨʝʤʝʨʠʪʠ ʜʠʤʝʥʟʠʿʝ ʜʦʙʠʿʝʥʠʭ ʣʠʢʦʚʘ. ʅʝʦʧʭʦʜʥʦ ʿʝ ʜʘ ʩʝ 

ʬʘʙʨʠʢʦʚʘʥʝ ʜʠʤʝʥʟʠʿʝ ʧʦʜʫʜʘʨʘʿʫ ʩʘ ʩʠʤʫʣʠʨʘʥʠʤ, ʫʟ ʝʚʝʥʪʫʘʣʥʘ ʦʜʩʪʫʧʘˁʘ ʦʜ 

± 5 ɛm, ʢʦʣʠʢʘ ʿʝ ʛʨʝʰʢʘ ʤʝʨʝˁʘ ʚʠʟʦʤʘʪʘ. ʅʘʢʦʥ ʬʘʙʨʠʢʘʮʠʿʝ, ʩʚʘʢʫ ʦʜ 

ʜʠʩʢʨʝʧʘʥʮʠ ʜʠʤʝʥʟʠʿʘ ʬʘʙʨʠʢʦʚʘʥʦʛ ʧʨʦʪʦʪʠʧʘ ʿʝ ʧʦʪʨʝʙʥʦ ʫʥʝʪʠ ʫ ʩʠʤʫʣʘʮʠʿʝ, 

ʠʟʚʨʰʠʪʠ ʜʦʜʘʪʥʝ ʘʥʘʣʠʟʝ ʠ ʧʦ ʧʦʪʨʝʙʠ, ʧʦʥʦʚʠʪʠ ʬʘʙʨʠʢʘʮʠʿʫ. 

 

 

4.3.3 ʋʩʧʦʩʪʘʚʘ ʤʝʨʥʦʛ ʩʠʩʪʝʤʘ 

 

ʌʘʙʨʠʢʦʚʘʥʫ ʧʨʝʛʨʘʜʫ ʿʝ ʧʦʪʨʝʙʥʦ ʧʦʩʪʘʚʠʪʠ ʫ ʧʨʘʚʦʫʛʘʦʥʠ ʪʘʣʘʩʦʚʦʜ. 

ʆʙʟʠʨʦʤ ʜʘ ʩʫ ʫ ʦʚʦʿ ʜʠʩʝʨʪʘʮʠʿʠ ʬʘʙʨʠʢʦʚʘʥʠ ʬʠʣʪʨʠ ʢʦʿʠ ʠʤʘʿʫ ʧʨʝʛʨʘʜʝ ʫ ɽ- ʠ 

ʫ ʅ-ʨʘʚʥʠ ʪʘʣʘʩʦʚʦʜʘ, ʟʘ ʨʘʟʣʠʯʠʪʝ ʨʘʚʥʠ ʩʫ ʢʦʨʠʰ˂ʝʥʠ ʨʘʟʣʠʯʠʪʠ ʥʘʯʠʥʠ 

ʬʠʢʩʠʨʘˁʘ ʨʝʟʦʥʘʥʪʥʠʭ ʧʨʝʛʨʘʜʘ. ʉʚʘʢʠ ʦʜ ʤʝʭʘʥʠʟʘʤʘ ʧʨʠʯʚʨʰ˂ʠʚʘˁʘ 

ʨʝʟʦʥʘʥʪʥʝ ʧʨʝʛʨʘʜʝ ˂ʝ ʙʠʪʠ ʦʧʠʩʘʥ ʫ ʥʘʩʪʘʚʢʫ.  

ʂʦʜ ʬʠʣʪʘʨʘ ʩʘ ʧʨʝʛʨʘʜʦʤ ʫ ɽ-ʨʘʚʥʠ, ʩʘʤʘ ʧʨʝʛʨʘʜʘ ʿʝ ʠʤʧʣʝʤʝʥʪʠʨʘʥʘ 

ʢʦʨʠʩʪʝ˂ʠ ʠʟʫʟʝʪʥʦ ʪʘʥʢʫ ʜʠʝʣʝʢʪʨʠʯʥʫ ʧʦʜʣʦʛʫ, ʢʦʿʘ ʿʝ ʟʘʥʝʤʘʨˀʠʚʦ ʜʝʙˀʘ ʦʜ 

ʤʝʪʘʣʥʝ ʬʦʣʠʿʝ, ʪʘʢʦ ʜʘ ʿʝ ʦʤʦʛʫ˂ʝʥʦ ʥʝʩʤʝʪʘʥʦ ʰʨʘʬˀʝˁʝ ʧʦʣʦʚʠʥʘ ʦʜʩʝʯʢʘ 

ʪʘʣʘʩʦʚʦʜʘ ʫ ʮʠˀʫ ˁʠʭʦʚʦʛ ʩʧʘʿʘˁʘ. ʊʦ ʠʤʧʣʠʮʠʨʘ ʜʘ ʩʘ ʘʩʧʝʢʪʘ ʬʘʙʨʠʢʘʮʠʿʝ, 

ʬʠʣʪʨʠ ʩʘ ʧʨʝʛʨʘʜʦʤ ʫ ɽ-ʨʘʚʥʠ ʠʤʘʿʫ ʜʦʜʘʪʥʫ ʦʣʘʢʰʠʮʫ. ɽʣʝʢʪʨʠʯʥʠ ʢʦʥʪʘʢʪ, ʢʦʿʠ 

ʿʝ ʧʦʪʨʝʙʥʦ ʦʩʪʚʘʨʠʪʠ ʩʘ ʟʠʜʦʤ ʪʘʣʘʩʦʚʦʜʘ, ʨʝʘʣʠʟʦʚʘʥ ʿʝ ʧʨʦʜʫʞʘʚʘˁʝʤ ʰʪʘʤʧʘʥʝ 

ʧʣʦʯʠʮʝ, ʪʘʢʦ ʜʘ ʦʥʘ ʟʘʣʘʟʠ ʫ ʛʦʨˁʠ ʠ ʜʦˁʠ ʟʠʜ ʪʘʣʘʩʦʚʦʜʘ. ʀʟ ʪʦʛ ʨʘʟʣʦʛʘ, ʥʠʿʝ 

ʧʦʩʪʦʿʘʣʘ ʧʦʪʨʝʙʘ ʟʘ ʨʝʘʣʠʟʘʮʠʿʦʤ ʢʦʥʢʨʝʪʥʝ ʩʪʨʫʢʪʫʨʝ ʟʘ ʧʦʟʠʮʠʦʥʠʨʘˁʝ. 

ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʬʠʣʪʨʠ ʢʦʿʠ ʩʫ ʠʤʧʣʝʤʝʥʪʠʨʘʥʠ ʧʦʤʦ˂ʫ ʧʨʝʛʨʘʜʝ ʫ ʅ-ʨʘʚʥʠ 

ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ ʩʫ ʜʦʥʝʢʣʝ ʟʘʭʪʝʚʥʠʿʠ ʫ ʧʦʛʣʝʜʫ ʬʘʙʨʠʢʘʮʠʿʝ. ɼʘ ʙʠ 

ʨʝʟʦʥʘʥʪʥʠ ʝʣʝʤʝʥʪʠ ʙʠʣʠ ʧʨʝʮʠʟʥʦ ʧʦʩʪʘʚˀʝʥʠ ʫʥʫʪʘʨ ʪʘʣʘʩʦʚʦʜʘ, ʧʦʪʨʝʙʥʦ ʿʝ 

ʥʘʧʨʘʚʠʪʠ ʩʪʨʫʢʪʫʨʫ ʢʦʿʘ ˂ʝ ʠʭ ʬʠʢʩʠʨʘʪʠ. ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʿʝ ʧʦʪʧʦʨʥʘ ʩʪʨʫʢʪʫʨʘ 

ʧʦʩʤʘʪʨʘʥʘ ʩʘ ʘʩʧʝʢʪʘ ʬʘʙʨʠʢʘʮʠʿʝ, ʘ ˁʝʥʝ ʜʝʪʘˀʥʝ ʜʠʤʝʥʟʠʿʝ ˂ʝ ʙʠʪʠ ʜʘʪʝ ʫ 

ʦʢʚʠʨʫ ʧʦʛʣʘʚˀʘ ʢʦʿʝ ʿʝ ʧʦʩʚʝ˂ʝʥʦ ʢʦʥʢʨʝʪʥʦʤ ʬʠʣʪʨʫ. ɿʘ ʧʦʪʨʝʙʝ ʯʚʨʩʪʦʛ 

ʧʦʟʠʮʠʦʥʠʨʘˁʘ ʧʦʪʨʝʙʥʦ ʿʝ ʦʜʘʙʨʘʪʠ ʜʠʝʣʝʢʪʨʠʯʥʫ ʧʦʜʣʦʛʫ ʢʦʿʘ ʠʩʧʫˁʘʚʘ ʩʣʝʜʝ˂ʝ 

ʟʘʭʪʝʚʝ: ʜʘ ʠʤʘ ʥʝʦʧʭʦʜʥʫ ʜʝʙˀʠʥʫ ʪʘʢʦ ʜʘ ʤʦʞʝ ʜʘ ʥʝʩʤʝʪʘʥʦ Ăʩʪʦʿʠñ ʫʟ ʟʠʜʦʚʝ 
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ʪʘʣʘʩʦʚʦʜʘ, ʘ ʜʘ ʙʫʜʝ ʜʦʚʦˀʥʦ ʦʪʧʦʨʥʘ ʜʘ ʩʝ ʥʝ ʣʦʤʠ ʧʨʠʣʠʢʦʤ ʙʫʰʝˁʘ ʨʫʧʘ ʫ ʢʦʿʝ 

˂ʝ ʙʠʪʠ ʧʦʩʪʘʚˀʝʥʠ ʧʨʦʜʫʞʝʮʠ ʨʝʟʦʥʘʥʪʥʠʭ ʧʨʝʛʨʘʜʘ.  

ʀʤʘʿʫ˂ʠ ʫ ʚʠʜʫ ʜʘ ʩʪʨʫʢʪʫʨʘ ʠʤʘ ʩʘʤʦ ʬʫʥʢʮʠʿʫ ʜʨʞʘʯʘ, ʘ ʬʦʨʤʫ 

Ăʤʝʨʜʝʚʠʥʘñ, ʧʨʠʧʨʝʤʘ ʟʘ ˁʝʥʫ ʠʟʨʘʜʫ ʫʢˀʫʯʫʿʝ ʩʘʤʦ ʮʨʪʘˁʝ ʧʣʦʯʠʮʝ ʩʘ 

ʩʠʤʫʣʠʨʘʥʠʤ ʛʘʙʘʨʠʪʦʤ ʠ ʜʠʤʝʥʟʠʿʘʤʘ ʨʫʧʘ. ʋ ʦʚʦʤ ʩʣʫʯʘʿʫ, ʩʠʤʫʣʠʨʘʥʝ 

ʜʠʤʝʥʟʠʿʝ ʦʜʛʦʚʘʨʘʿʫ ʜʠʤʝʥʟʠʿʘʤʘ ʟʘ ʮʨʪʘˁʝ. ʋ ʧʨʦʮʝʩʫ ʝʮʦʚʘˁʘ ʩʝ ʧʦʪʧʫʥʦ ʩʢʠʜʘ 

ʤʝʪʘʣʠʟʘʮʠʿʘ ʩʘ ʦʙʝ ʩʪʨʘʥʝ ʩʫʧʩʪʨʘʪʘ. ʊʘʢʚʘ ʧʣʦʯʠʮʘ ʩʝ ʜʘˀʝ ʩʝʯʝ ʧʨʝʤʘ ʟʘʜʘʪʦʤ 

ʛʘʙʘʨʠʪʫ ʠ ʙʫʰʝ ʩʝ ʨʫʧʝ ʥʘ ʧʨʦʿʝʢʪʦʚʘʥʠʤ ʤʝʩʪʠʤʘ ʧʦʤʦ˂ʫ (computer numerical 

control ï CNC) ʤʘʰʠʥʝ. ʅʘ ʩʣʠʮʠ 4.5 ʿʝ ʧʨʠʢʘʟʘʥ ʠʟʛʣʝʜ ʧʣʦʯʠʮʝ ʤʦʜʝʣʦʚʘʥʝ ʫ: 1) 

ʩʦʬʪʚʝʨʫ ʟʘ ʧʦʪʨʝʙʝ ʢʦʤʧʣʝʪʥʝ ʘʥʘʣʠʟʝ ʬʠʣʪʨʘ (ʫ ʮʠˀʫ ʠʩʧʠʪʠʚʘˁʘ ʫʪʠʮʘʿʘ 

ʜʠʝʣʝʢʪʨʠʯʥʦʛ ʜʨʞʘʯʘ ʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʫ ʬʠʣʪʨʘ) ʠ ʫ 2) ʩʦʬʪʚʝʨʫ ʟʘ CNC ʤʘʰʠʥʫ 

ʧʨʝʜ ʩʝʯʝˁʝ ʜʨʞʘʯʘ. 

 

 

ʉʣʠʢʘ 4.5 ʀʟʛʣʝʜ ʧʣʦʯʠʮʝ ʤʦʜʝʣʦʚʘʥʝ ʫ ʩʦʬʪʚʝʨʫ 1) ʩʦʬʪʚʝʨʫ ʟʘ ʧʦʪʨʝʙʝ ʢʦʤʧʣʝʪʥʝ 

ʘʥʘʣʠʟʝ ʬʠʣʪʨʘ ʠ ʫ 2) ʩʦʬʪʚʝʨʫ ʟʘ CNC ʤʘʰʠʥʫ ʧʨʝʜ ʩʝʯʝˁʝ ʜʨʞʘʯʘ 

 

ʅʘʢʦʥ ʧʦʩʪʘʚˀʘˁʘ ʧʨʝʛʨʘʜʝ ʟʘʿʝʜʥʦ ʩʘ ʧʦʪʧʦʨʥʦʤ ʩʪʨʫʢʪʫʨʦʤ ʫ ʦʜʩʝʯʘʢ 

ʪʘʣʘʩʦʚʦʜʘ, ʧʦʪʨʝʙʥʦ ʿʝ ʟʘʪʚʦʨʠʪʠ ʦʙʘ ʢʨʘʿʘ ʦʜʩʝʯʢʘ ʪʘʣʘʩʦʚʦʜʘ (ʩʣʠʢʘ 4.6ʘ).  

ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʘʧʘʨʘʪʫʨʘ ʫʢˀʫʯʫʿʝ Agilent N5227A PNA [Agilent] ʚʝʢʪʦʨʩʢʠ 

ʘʥʘʣʠʟʘʪʦʨ ʤʨʝʞʝ (ʩʣʠʢʘ 4.6ʙ), ʢʦʿʠ ʧʦʢʨʠʚʘ ʤʝʨʥʠ ʦʧʩʝʛ ʦʜ 10 MHz ʜʦ 67 GHz. 

ʇʨʝʣʘʟ ʿʝ ʦʤʦʛʫ˂ʝʥ ʧʦʤʦ˂ʫ ʜʚʘ WR-90 ʞʝʥʩʢʘ ʘʜʘʧʪʝʨʘ ʟʘ ʧʨʝʣʘʟ ʩʘ ʪʘʣʘʩʦʚʦʜʘ ʥʘ 

50 Ý ʚʦʜ. ɸʥʘʣʠʟʘʪʦʨ ʤʨʝʞʝ ʿʝ ʢʦʥʬʠʛʫʨʠʩʘʥ ʪʘʢʦ ʜʘ ʤʝʨʠ ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ ʦʜ 

8.2 ʜʦ 14.2 GHz. ʇʨʝ ʤʝʨʝˁʘ ʿʝ ʧʦʪʨʝʙʥʦ ʫʨʘʜʠʪʠ ʢʘʣʠʙʨʘʮʠʿʫ ʫʨʝʹʘʿʘ ʫ ʮʠˀʫ 

ʧʦʚʝ˂ʘˁʘ ʪʘʯʥʦʩʪʠ ʜʦʙʠʿʝʥʠʭ ʨʝʟʫʣʪʘʪʘ. 
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(ʘ) 

 

(ʙ) 

ʉʣʠʢʘ 4.6 ʘ) ʆʜʩʝʯʘʢ WR-90 ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ ʙ) Agilent N5227A PNA 

ʚʝʢʪʦʨʩʢʠ ʘʥʘʣʠʟʘʪʦʨ ʤʨʝʞʝ  
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5 ʌʠʣʪʨʠ ʫ ɽ-ʨʘʚʥʠ ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ 

 

ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ˂ʝ ʙʠʪʠ ʧʨʠʢʘʟʘʥʠ ʜʝʣʦʚʠ ʠʩʪʨʘʞʠʚʘˁʘ ʧʦʩʚʝ˂ʝʥʠ ʘʥʘʣʠʟʠ 

ʬʠʣʪʘʨʘ ʥʝʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ, ʢʦʿʠ ʧʨʠʤʝˁʫʿʫ ʨʝʟʦʥʘʥʪʥʫ ʧʨʝʛʨʘʜʫ ʫ 

ɽ-ʨʘʚʥʠ ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ. ɿʘ ʧʦʪʨʝʙʝ ʠʩʪʨʘʞʠʚʘˁʘ, ʜʠʤʝʥʟʠʿʝ ʨʘʟʤʘʪʨʘʥʠʭ 

ʰʪʘʤʧʘʥʠʭ ʧʣʦʯʠʮʘ ʩʫ ʬʠʢʩʠʨʘʥʝ ʠ ʠʟʥʦʩʠʣʝ ʩʫ: ap=22.86 mm ʠ bp=11.43 mm. ʊʦ 

ʠʤʧʣʠʮʠʨʘ ʜʘ ʜʠʤʝʥʟʠʿʝ ʧʣʦʯʠʮʘ ʦʜʛʦʚʘʨʘʿʫ ʜʠʤʝʥʟʠʿʘʤʘ ʪʨʘʥʩʚʝʨʟʘʣʥʦʛ 

ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ. ʇʣʦʯʠʮʝ ʥʝ ʧʦʢʨʠʚʘʿʫ ʮʝʦ ʧʦʧʨʝʯʥʠ 

ʧʨʝʩʝʢ ʿʝʨ ʥʠʩʫ ʫʙʘʯʝʥʝ ʫ ʪʨʘʥʩʚʝʨʟʘʣʥʫ ʨʘʚʘʥ, ʥʝʛʦ ʩʫ ʧʦʩʪʘʚˀʝʥʝ ʫ 

ʣʦʥʛʠʪʫʜʠʥʘʣʥʦʿ ʨʘʚʥʠ, ʧʘʨʘʣʝʣʥʦ ʩʘ ʣʘʪʝʨʘʣʥʠʤ ʟʠʜʦʚʠʤʘ ʪʘʣʘʩʦʚʦʜʘ. ʅʘ 

ʧʣʦʯʠʮʘʤʘ ʩʫ ʧʦʩʪʘʚˀʝʥʠ ʧʦʣʫʪʘʣʘʩʥʠ ʠ ʯʝʪʚʨʪʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨʠ ʨʝʘʣʠʟʦʚʘʥʠ ʩʘ 

ʰʪʘʤʧʘʥʠʤ ʚʦʜʦʚʠʤʘ. 

ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʨʝʟʦʥʘʪʦʨʘ ʢʦʨʠʰ˂ʝʥʠʭ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʬʠʣʪʨʘ, ʫʥʫʪʘʨ 

ʦʚʦʛ ʧʦʛʣʘʚˀʘ ʿʝ ʠʟʚʨʰʝʥʘ ʛʝʥʝʨʘʣʥʘ ʧʦʜʝʣʘ ʬʠʣʪʘʨʘ ʥʘ ʜʚʝ ʛʨʫʧʝ. ɿʘ ʩʚʘʢʫ ʛʨʫʧʫ 

ʿʝ ʧʨʠʢʘʟʘʥ ʧʦʩʪʫʧʘʢ ʧʨʦʿʝʢʪʦʚʘˁʘ ʬʠʣʪʘʨʘ ʚʠʰʝʛ ʨʝʜʘ ʩʘ ʿʝʜʥʠʤ ʠʣʠ ʚʠʰʝ 

ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ. ʋ ʦʜʝˀʢʫ ʧʦʩʚʝ˂ʝʥʦʤ ʬʠʣʪʨʠʤʘ ʢʦʿʠ ʢʦʨʠʩʪʝ 

ʯʝʪʚʨʪʪʘʣʘʩʥʝ ʨʝʟʦʥʘʪʦʨʝ, ʜʘʪʘ ʿʝ ʫʧʦʨʝʜʥʘ ʘʥʘʣʠʟʘ ʫ ʧʦʛʣʝʜʫ ʧʝʨʬʦʨʤʘʥʩʠ ʠ 

ʫʢʫʧʥʝ ʜʫʞʠʥʝ ʧʨʦʿʝʢʪʦʚʘʥʠʭ ʬʠʣʪʘʨʘ. 

 

 

5.1 ʌʠʣʪʨʠ ʩʘ ʯʝʪʚʨʪʪʘʣʘʩʥʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ 

 

5.1.1 ʏʝʪʚʨʪʪʘʣʘʩʥʠ ʪʘʣʘʩʦʚʦʜʥʠ ʨʝʟʦʥʘʪʦʨ 

 

ʅʘ ʩʣʠʮʠ 5.1 je ʧʨʠʢʘʟʘʥ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʤʦʜʝʣ ʯʝʪʚʨʪʪʘʣʘʩʥʦʛ 

ʪʘʣʘʩʦʚʦʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ, ʢʦʿʠ ʿʝ ʚʝʟʘʥ ʟʘ ʜʦˁʠ ʟʠʜ ʪʘʣʘʩʦʚʦʜʘ. ʇʦʩʤʘʪʨʘʥʠ 

ʨʝʟʦʥʘʪʦʨ ʿʝ ʧʨʦʿʝʢʪʦʚʘʥ ʟʘ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ f
0
=9 GHz.  
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ʉʣʠʢʘ 5.1 ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʤʦʜʝʣ ʯʝʪʚʨʪʪʘʣʘʩʥʦʛ ʪʘʣʘʩʦʚʦʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ 

 

ʇʦʩʤʘʪʨʘʥʠ ʨʝʟʦʥʘʪʦʨ ʿʝ ʨʝʘʣʠʟʦʚʘʥ ʢʘʦ ʰʪʘʤʧʘʥʦ ʢʦʣʦ ʥʘ ʩʫʧʩʪʨʘʪʫ 

RT/Duroid 5880, ʯʠʿʠ ʩʫ ʧʘʨʘʤʝʪʨʠ ʜʘʪʠ ʫ ʪʘʙʝʣʠ 5.1. ʇʨʠʣʠʢʦʤ ʤʦʜʝʣʦʚʘˁʘ, ʫʟʝʪʘ 

ʿʝ ʫ ʦʙʟʠʨ ʧʨʦʚʦʜʥʦʩʪ ʤʝʪʘʣʘ ʦʜ 20 MS/m. ɼʠʝʣʝʢʪʨʠʢ ʫʥʫʪʘʨ ʩʘʤʦʛ ʪʘʣʘʩʦʚʦʜʘ ʿʝ 

ʚʘʟʜʫʭ. 

 

ʊʘʙʝʣʘ 5.1 ʇʘʨʘʤʝʪʨʠ ʢʦʨʠʰ˂ʝʥʦʛ ʩʫʧʩʪʨʘʪʘ RT/Duroid 5880 

ʇʘʨʘʤʝʪʘʨ ɺʨʝʜʥʦʩʪ 

ɼʠʝʣʝʢʪʨʠʯʥʘ ʢʦʥʩʪʘʥʪʘ 2.55 

Tʘʥʛʝʥʩ ʫʛʣʘ ʛʫʙʠʪʘʢʘ 0.0019 

ɼʝʙˀʠʥʘ ʩʫʧʩʪʨʘʪʘ [mm] 1.143 

ɼʝʙˀʠʥʘ ʤʝʪʘʣʠʟʘʮʠʿʝ [mm] 0.018 
 

ɼʠʤʝʥʟʠʿʝ ʜʠʝʣʝʢʪʨʠʯʥʝ ʧʣʦʯʠʮʝ ʥʘ ʢʦʿʦʿ ʩʝ ʥʘʣʘʟʠ ʰʪʘʤʧʘʥʠ ʨʝʟʦʥʘʪʦʨ ʩʫ 

ὥ = 22.86 mm ʠ ὦ = 11.43 mm. ʈʝʟʦʥʘʪʦʨ ʿʝ ʪʘʢʦ ʜʠʤʝʥʟʠʦʥʠʩʘʥ (ʪʘʙʝʣʘ 5.2) ʜʘ 

ʦʩʪʚʘʨʫʿʝ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ f
0
=9 GHz. ɸʤʧʣʠʪʫʜʩʢʠ ʦʜʟʠʚ ʧʦʩʤʘʪʨʘʥʦʛ 

ʨʝʟʦʥʘʪʦʨʘ ʿʝ ʘʥʘʣʠʟʠʨʘʥ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʧʨʦʤʝʥʝ ʧʘʨʘʤʝʪʘʨʘ, ʢʘʦ ʰʪʦ ʩʫ ʜʫʞʠʥʘ 

ʰʪʘʤʧʘʥʦʛ ʚʦʜʘ (d
1
) ʠ ˁʝʛʦʚʘ ʰʠʨʠʥʘ ʩ. 

 

ʊʘʙʝʣʘ 5.2 ɼʠʤʝʥʟʠʿʝ ʯʝʪʚʨʪʪʘʣʘʩʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʧʨʦʿʝʢʪʦʚʘʥʦʛ ʟʘ ʨʝʟʦʥʘʥʪʥʫ 

ʫʯʝʩʪʘʥʦʩʪ 9 GHz (ʩʚʝ ʜʠʤʝʥʟʠʿʝ ʩʫ ʜʘʪʝ ʫ ʤʠʣʠʤʝʪʨʠʤʘ) 

d1 d2 c p l 

2.835 1.3 0.2 0.45 0.5 

 

ʏʝʪʚʨʪʪʘʣʘʩʥʠ 

ʨʝʟʦʥʘʪʦʨ 
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ʉʣʠʢʘ 5.2 ʇʨʦʤʝʥʘ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʨʝʟʦʥʘʪʦʨʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʧʨʦʤʝʥʝ 

ʧʘʨʘʤʝʪʨʘ d1 

 

 
ʉʣʠʢʘ 5.3 ʇʨʦʤʝʥʘ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʨʝʟʦʥʘʪʦʨʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʧʨʦʤʝʥʝ 

ʰʠʨʠʥʝ ʚʦʜʘ ʩ 

 

ʅʘ ʦʩʥʦʚʫ ʨʝʟʫʣʪʘʪʘ ʩʘ ʩʣʠʢʝ 5.2 ʠ ʩʣʠʢʝ 5.3 ʩʝ ʫʦʯʘʚʘ ʜʘ ʧʨʦʤʝʥʘ ʧʘʨʘʤʝʪʘʨʘ 

d1 ʠ ʩ ʫʩʣʦʚˀʘʚʘ ʧʨʦʤʝʥʫ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ. ʇʨʠʣʠʢʦʤ ʧʦʚʝ˂ʘˁʘ ʜʫʞʠʥʝ 

ʰʪʘʤʧʘʥʦʛ ʚʦʜʘ, ʢʦʥʢʨʝʪʥʦ ʧʘʨʘʤʝʪʨʘ Ὠ, ʜʦʣʘʟʠ ʜʦ ʧʦʤʝʨʘˁʘ ʨʝʟʦʥʘʥʪʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ ʢʘ ʥʠʞʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ, ʘʣʠ ʩʝ ʥʝ ʧʨʠʤʝ˂ʫʿʝ ʙʠʪʥʘ ʧʨʦʤʝʥʘ ʰʠʨʠʥʝ 

ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ. ʇʨʦʤʝʥʘ ʰʠʨʠʥʝ ʚʦʜʘ ʯʝʪʚʨʪʪʘʣʘʩʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʩ ʫʪʠʯʝ ʥʘ 

ʦʙʘ ʧʘʨʘʤʝʪʨʘ ʘʤʧʣʠʪʫʜʩʢʦʛ ʦʜʟʠʚʘ, ʥʘ ʧʨʦʤʝʥʫ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʥʘ 

ʰʠʨʠʥʫ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ. ʋ ʩʣʫʯʘʿʫ ʢʘʜ ʩʝ ʧʦʚʝ˂ʘʚʘ ʩʘʤʦ ʧʘʨʘʤʝʪʘʨ c, ʘ ʦʩʪʘʣʠ 

ʧʘʨʘʤʝʪʨʠ ʩʝ ʥʝ ʤʝˁʘʿʫ, ʩʤʘˁʫʿʝ ʩʝ ʨʝʟʦʥʘʥʪʥʘ ʫʯʝʩʪʘʥʦʩʪ, ʘ ʟʥʘʪʥʦ ʩʝ ʧʦʚʝ˂ʘʚʘ 

ʥʝʧʨʦʧʫʩʥʠ ʦʧʩʝʛ (B3dB) (ʪʘʙʝʣʘ 5.3). ʇʦʛʦʜʥʠʤ ʠʟʙʦʨʦʤ ʜʚʘ ʨʘʟʤʘʪʨʘʥʘ ʧʘʨʘʤʝʪʨʘ 

ʤʦʞʝ ʩʝ ʫʜʚʦʩʪʨʫʯʠʪʠ ʰʠʨʠʥʘ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ, ʘ ʜʘ ʚʨʝʜʥʦʩʪ ʨʝʟʦʥʘʥʪʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ ʦʩʪʘʥʝ ʥʝʧʨʦʤʝˁʝʥʘ. 
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ʊʘʙʝʣʘ 5.3 ʋʪʠʮʘʿ ʧʨʦʤʝʥʝ ʰʠʨʠʥʝ ʰʪʘʤʧʘʥʦʛ ʚʦʜʘ ʥʘ ʧʘʨʘʤʝʪʨʝ 

aʤʧʣʠʪʫʜʩʢʦʛ ʦʜʟʠʚʘ 

c [ɛm] 200 300 400 500 600 

f0 [GHz] 9.0 8.86 8.65 8.52 8.35 

B3dB [GHz] 0.38 0.53 0.62 0.75 0.895 

 

ʂʘʦ ʘʣʪʝʨʥʘʪʠʚʘ ʧʨʝʪʭʦʜʥʦ ʧʨʠʢʘʟʘʥʦʤ ʨʝʟʦʥʘʪʦʨʫ, ʧʨʦʿʝʢʪʦʚʘʥ ʿʝ 

ʪʘʣʘʩʦʚʦʜʥʠ ʯʝʪʚʨʪʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨ ʯʠʿʠ ʿʝ ʚʦʜ ʩʘʚʠʿʝʥ ʫ ʧʨʘʚʮʫ ʛʦʨˁʝʛ ʟʠʜʘ 

ʪʘʣʘʩʦʚʦʜʘ (ʩʣʠʢʘ 5.4). ʆʚʘʢʘʚ ʨʝʟʦʥʘʪʦʨ ʠʤʘ ʦʙʣʠʢ ʤʝʘʥʜʨʘ ʠ ˁʝʛʦʚʘ ʛʣʘʚʥʘ 

ʧʨʝʜʥʦʩʪ ʩʝ ʦʛʣʝʜʘ ʫ ʟʘʫʟʝ˂ʫ ʥʘ ʧʣʦʯʠʮʠ. ʂʦʥʢʨʝʪʥʦ, ʟʘ ʠʩʪʫ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ 

ʨʝʟʦʥʘʪʦʨʘ, ʥʠʿʝ ʥʝʦʧʭʦʜʥʦ ʤʦʜʠʬʠʢʦʚʘʪʠ ˁʝʛʦʚʫ ʜʫʞʠʥʫ ʫ ʧʨʘʚʮʫ ʭʦʨʠʟʦʥʪʘʣʥʝ 

ʦʩʝ ʪʘʣʘʩʦʚʦʜʘ, ʚʝ˂ ʿʝ ʜʦʚʦˀʥʦ ʢʦʥʪʨʦʣʠʩʘʪʠ ʩʘʚʠʿʝʥʠ ʜʝʦ ʚʦʜʘ ʫ ʧʨʘʚʮʫ 

ʚʝʨʪʠʢʘʣʥʝ ʦʩʝ ʪʘʣʘʩʦʚʦʜʘ, ʦʟʥʘʯʝʥ ʧʘʨʘʤʝʪʨʦʤ m. ʉʣʠʢʘ 5.5 ʠʣʫʩʪʨʫʿʝ ʧʨʦʤʝʥʫ 

ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʧʨʦʤʝʥʝ ʦʚʦʛ ʧʘʨʘʤʝʪʨʘ.  

 

 

ʉʣʠʢʘ 5.4 ʊʘʣʘʩʦʚʦʜʥʠ ʯʝʪʚʨʪʪʘʣʘʩʥʠ ʤʝʘʥʜʨʠʨʘʥʠ ʨʝʟʦʥʘʪʦʨ  
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ʉʣʠʢʘ 5.5 ʇʦʨʝʹʝˁʝ ʘʤʧʣʠʪʫʜʩʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʝʘʥʜʨʠʨʘʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʟʘ 

ʨʘʟʣʠʯʠʪʝ ʚʨʝʜʥʦʩʪʠ ʩʘʚʠʿʫʪʢʘ m 

 

5.1.2 ɽʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʪʘʣʘʩʦʚʦʜʥʦʛ ʯʝʪʚʨʪʪʘʣʘʩʥʦʛ ʨʝʟʦʥʘʪʦʨʘ 

ɿʘ ʧʨʦʿʝʢʪʦʚʘʥʠ ʯʝʪʚʨʪʪʘʣʘʩʥʠ ʤʦʜʝʣ ʨʝʟʦʥʘʪʦʨʘ ʧʨʠʢʘʟʘʥʘ ʿʝ ʝʢʚʠʚʘʣʝʥʪʥʘ 

ʰʝʤʘ (ʩʣʠʢʘ 5.6). ɽʢʚʠʚʘʣʝʥʪʥʦ ʢʦʣʦ ʯʝʪʚʨʪʪʘʣʘʩʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥʦ 

ʧʘʨʘʣʝʣʥʦʤ ʚʝʟʦʤ ʦʪʧʦʨʥʠʢʘ, ʢʘʣʝʤʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ. ʋʩʚʦʿʝʥʦ ʿʝ ʜʘ ʠʤʧʝʜʘʥʩʝ 

ʧʨʠʩʪʫʧʘ ʦʜʛʦʚʘʨʘʿʫ ʪʘʣʘʩʥʦʿ ʠʤʧʝʜʘʥʩʠ ʟʘ ʊɽ10 ʪʠʧ ʪʘʣʘʩʘ, ʥʘ ʦʜʛʦʚʘʨʘʿʫ˂ʦʿ 

ʨʝʟʦʥʘʥʪʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʦʜʨʝʹʝʥʝ ʩʫ ʠʟ [ņorĽ2012]: 

Z0=
ɛŮϳ

1-fcfϳ
2
. (5.1) 

ʋ ʢʦʥʢʨʝʪʥʦʤ ʩʣʫʯʘʿʫ, ʟʘ ʊɽ10 ʪʘʣʘʩ ʠ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ ʦʜ 9 GHz, ʜʦʙʠʿʘ 

ʩʝ ʚʨʝʜʥʦʩʪ ʠʤʧʝʜʘʥʩʝ ʧʨʠʩʪʫʧʘ Z0 = 551 Ý. ɺʨʝʜʥʦʩʪʠ ʢʦʥʮʝʥʪʨʠʩʘʥʠʭ ʝʣʝʤʝʥʘʪʘ 

ʩʫ ʜʦʙʠʿʝʥʝ ʥʘ ʦʩʥʦʚʫ ʿʝʜʥʘʯʠʥʘ ʠʟ [Stef2015]: 

R=
|S11(jɤ0)|Z0

1-|S11(jɤ0)|
, (5.2) 

L=
2B3dB|S11(jɤ0)|Z0

ɤ0
2

, (5.3) 

C=
2B3dB|S11(jɤ0)|Z0

, (5.4) 

ʛʜʝ ʿʝ ɤ0 ʨʝʟʦʥʘʥʪʥʘ ʫʛʘʦʥʘ ʫʯʝʩʪʘʥʦʩʪ ʫ [rad/s], B3dB jʝ ʪʨʦʜʝʮʠʙʝʣʩʢʘ ʰʠʨʠʥʘ 

ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʫ [rad/s], S11(jɤ0) ʚʨʝʜʥʦʩʪ ʧʘʨʘʤʝʪʨʘ S11 ʥa ʧʦʩʤʘʪʨʘʥʦʿ 

ʨʝʟʦʥʘʥʪʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ.  
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L

C

Port 2Port 1

 

ʉʣʠʢʘ 5.6 ɽʢʚʠʚʘʣʝʥʪʥʦ ʢʦʣʦ ʯʝʪʚʨʪʪʘʣʘʩʥʦʛ ʪʘʣʘʩʦʚʦʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ 

 

ɺʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ ʥʘʚʝʜʝʥʠʭ ʫ ʬʦʨʤʫʣʘʤʘ ʩʝ ʤʦʛʫ ʦʯʠʪʘʪʠ ʩʘ ʛʨʘʬʠʢʘ 

ʦʜʟʠʚʘ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦʛ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦʛ ʤʦʜʝʣʘ. ʅʘʢʦʥ ˁʠʭʦʚʝ ʟʘʤʝʥʝ ʫ 

ʬʦʨʤʫʣʘʤʘ, ʜʦʙʠʿʝʥʝ ʩʫ ʩʣʝʜʝ˂ʝ ʚʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ ʢʦʿʝ ʩʫ ʫʥʝʪʝ ʫ ʩʠʤʫʣʘʪʦʨ 

ʢʦʣʘ WIPL-D Microwave Pro: R = 6646 Ý, L = 0.7047 nH, C = 0.4437 pF. ʋ ʮʠˀʫ 

ʧʦʪʧʫʥʝ ʨʝʧʨʝʟʝʥʪʘʮʠʿʝ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʥʘ ʥʠʚʦʫ ʤʠʢʨʦʪʘʣʘʩʥʦʛ 

ʢʦʣʘ, ʧʨʠʣʠʢʦʤ ʘʥʘʣʠʟʝ ʫ ʩʠʤʫʣʘʪʦʨʫ ʢʦʣʘ ʩʫ ʫʟʝʪʠ ʫ ʦʙʟʠʨ ʠ ʦʜʩʝʯʮʠ ʪʘʣʘʩʦʚʦʜʘ, 

ʯʠʿʘ ʿʝ ʜʫʞʠʥʘ ʿʝʜʥʘʢʘ ʨʘʩʪʦʿʘˁʫ ʯʝʪʚʨʪʪʘʣʘʩʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʦʜ ʧʨʠʩʪʫʧʘ 

ʪʘʣʘʩʦʚʦʜʘ. ʇʦʨʝʹʝˁʝ ʘʤʧʣʠʪʫʜʩʢʦʛ ʦʜʟʠʚʘ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦʛ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦʛ 

ʤʦʜʝʣʘ ʨʝʟʦʥʘʪʦʨʘ ʠ ˁʝʛʦʚʝ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʿʝ ʜʘʪʦ ʥʘ ʩʣʠʮʠ 5.7. ʋʦʯʘʚʘ ʩʝ 

ʚʝʦʤʘ ʜʦʙʨʦ ʧʦʢʣʘʧʘˁʝ ʨʝʟʫʣʪʘʪʘ ʫ ʧʦʛʣʝʜʫ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʰʠʨʠʥʝ 

ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ, ʘ ʥʫʤʝʨʠʯʢʦ ʧʦʨʝʹʝˁʝ ʧʘʨʘʤʝʪʘʨʘ ʦʜʟʠʚʘ ʿʝ ʜʘʪʦ ʫ ʪʘʙʝʣʠ 5.4. 

 

ʊʘʙʝʣʘ 5.4 ʇʘʨʘʤʝʪʨʠ ʘʤʧʣʠʪʫʜʩʢʠʭ ʦʜʟʠʚʘ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦʛ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦʛ 

ʤʦʜʝʣʘ ʠ ˁʝʛʦʚʝ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

Mʦʜʝʣ f[GHz] B3dB [MHz]  

ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠ 9.00 380 

ɽʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ 9.0 385 

 

Q-ʬʘʢʪʦʨ ʿʝ ʟʥʘʯʘʿʘʥ ʧʘʨʘʤʝʪʘʨ ʤʠʢʨʦʪʘʣʘʩʥʦʛ ʨʝʟʦʥʘʪʦʨʘ. ʀʟ ʪʦʛ ʨʘʟʣʦʛʘ ʿʝ, 

ʢʦʨʠʩʪʝ˂ʠ ʪʝʭʥʠʢʫ ʝʢʩʪʨʘʢʮʠʿʝ Q-ʬʘʢʪʦʨʘ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ Q
L
, ʠʟʨʘʯʫʥʘʪʘ 

ʚʨʝʜʥʦʩʪ ʧʦʤʦ˂ʫ ʬʦʨʤʫʣʝ ʜʘʪʝ ʫ [Guss2011]:  

Q
L
=
ɤ0

æɤ3dB
, (5.5) 

ʛʜʝ ʿʝ æɤ3dB ʰʠʨʠʥʘ ʪʨʦʜʝʮʠʙʝʣʩʢʦʛ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʨʝʟʦʥʘʪʦʨʘ. Q-ʬʘʢʪʦʨ 

ʥʝʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʿʝ ʠʟʨʘʯʫʥʘʪ ʥʘ ʦʩʥʦʚʫ ʬʦʨʤʫʣʝ:  
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ʇʨʠʩʪʫʧ 1 ʇʨʠʩʪʫʧ 2 



ʄʠʢʨʦʪʘʣʘʩʥʠ ʬʠʣʪʨʠ ʥʝʧʨʦʧʫʩʥʠʮʠ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʩʘ ʨʝʟʦʥʘʥʪʥʠʤ ʧʨʝʛʨʘʜʘʤʘ ʫ ɽ ʠ ʅ-ʨʘʚʥʠ ʪʘʣʘʩʦʚʦʜʘ 

Mʘʨʠʿʘ ɺ. ʄʨʚʠ˂, ʜʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ 
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ʛʜʝ ʿʝ S21ɤ0 ʚʨʝʜʥʦʩʪ S21 ʧʘʨʘʤʝʪʨʘ ʥʘ ʨʝʟʦʥʘʥʪʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ. ʋ ʧʦʩʤʘʪʨʘʥʦʤ 

ʩʣʫʯʘʿʫ, ʚʨʝʜʥʦʩʪʠ Q-ʬʘʢʪʦʨʘ ʦʧʪʝʨʝ˂ʝʥʦʛ ʠ ʥʝʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʩʫ Q
L
=22.5 

ʠ Q
U

 = 158.34, ʨʝʩʧʝʢʪʠʚʥʦ. 

 

 
ʉʣʠʢʘ 5.7 ʇʦʨʝʹʝˁʝ ʘʤʧʣʠʪʫʜʩʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦʛ 

ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦʛ ʤʦʜʝʣʘ ʨʝʟʦʥʘʪʦʨʘ ʠ ˁʝʛʦʚʝ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

 

ɼʨʫʛʠ ʤʦʜʝʣ ʯʝʪʚʨʪʪʘʣʘʩʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʢʦʿʠ ʿʝ ʰʪʘʤʧʘʥ ʥʘ ʜʠʝʣʝʢʪʨʠʯʥʦʿ 

ʧʣʦʯʠʮʠ ʿʝ ʧʨʦʿʝʢʪʦʚʘʥ ʟʘ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ f
0
=11 GHz (ʩʣʠʢʘ 5.8). ʈʝʟʦʥʘʪʦʨ 

ʿʝ ʧʨʠʯʚʨʰ˂ʝʥ ʟʘ ʛʦʨˁʠ ʟʠʜ ʪʘʣʘʩʦʚʦʜʘ, ʟʘ ʨʘʟʣʠʢʫ ʦʜ ʨʝʟʦʥʘʪʦʨʘ ʧʨʦʿʝʢʪʦʚʘʥʦʛ ʫ 

ʦʜʝˀʢʫ 5.1.1, ʢʦʿʠ ʿʝ ʧʨʠʯʚʨʰ˂ʝʥ ʟʘ ʜʦˁʠ ʟʠʜ ʪʘʣʘʩʦʚʦʜʘ. ɼʠʤʝʥʟʠʿʝ ʨʝʟʦʥʘʥʪʥʝ 

ʧʨʝʛʨʘʜʝ ʦʩʪʘʿʫ ʥʝʧʨʦʤʝˁʝʥʝ. 

 

 

 

ʉʣʠʢʘ 5.8 WIPL-D ʤʦʜʝʣ ʪʘʣʘʩʦʚʦʜʥʦʛ ʯʝʪʚʨʪʪʘʣʘʩʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʨʝʟʦʥʘʥʪʥe 

ʫʯʝʩʪʘʥʦʩʪʠ 11 GHz  
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Mʘʨʠʿʘ ɺ. ʄʨʚʠ˂, ʜʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ 
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ɼʠʤʝʥʟʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʦʩʪʘʿʫ ʥʝʧʨʦʤʝˁʝʥʝ ʫ ʦʜʥʦʩʫ ʥʘ ʚʨʝʜʥʦʩʪʠ ʜʘʪʝ ʫ 

ʪʘʙʝʣʠ 5.2, ʠʟʫʟʝʚ ʧʘʨʘʤʝʪʨʘ d1, ʢʦʿʠ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʠʤʘ ʚʨʝʜʥʦʩʪ 2.085 mm. 

ɺʨʝʜʥʦʩʪ ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ ʦʧʪʝʨʝ˂ʝʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʫ ʧʦʩʤʘʪʨʘʥʦʤ ʩʣʫʯʘʿʫ ʿʝ 

Q
L
 = 36. 

ɿʘ ʧʦʩʤʘʪʨʘʥʠ ʨʝʟʦʥʘʪʦʨ ʿʝ ʫʩʧʦʩʪʘʚˀʝʥʘ ʝʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʫ ʚʠʜʫ 

ʧʘʨʘʣʝʣʥʝ ʚʝʟʝ ʦʪʧʦʨʥʠʢʘ, ʢʘʣʝʤʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ. ʋ ʦʚʦʤ ʩʣʫʯʘʿʫ ʚʨʝʜʥʦʩʪʠ 

ʝʣʝʤʝʥʘʪʘ ʩʫ ʧʨʠʣʘʛʦʹʝʥʝ ʩʧʝʮʠʬʠʮʠʨʘʥʦʿ ʨʝʟʦʥʘʥʪʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʦʜ 11 GHz, 

ʪʘʢʦ ʜʘ ʠʤʧʝʜʘʥʩʝ ʧʨʠʩʪʫʧʘ ʠʟʥʦʩʝ Z0=470 Ý, ʘ ʚʨʝʜʥʦʩʪʠ ʢʦʥʮʝʥʪʨʠʩʘʥʠʭ 

ʝʣʝʤʝʥʘʪʘ ʢʦʣʘ ʩʘ ʩʣʠʢʝ 5.6 ʩʫ: R = 7861 Ý, L = 0.57637 nH, C = 0.3666 pF. ʅʘ ʩʣʠʮʠ 

5.9 ʩʫ ʫʧʦʨʝʹʝʥʠ ʘʤʧʣʠʪʫʜʩʢʠ ʦʜʟʠʚʠ ʜʦʙʠʿʝʥʠ ʟʘ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ 

ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠ ʤʦʜʝʣ ʨʝʟʦʥʘʪʦʨʘ ʠ ˁʝʛʦʚʫ ʨʝʧʨʝʟʝʥʪʘʮʠʿʫ ʥʘ ʥʠʚʦʫ 

ʤʠʢʨʦʪʘʣʘʩʥʦʛ ʢʦʣʘ, ʘ ʥʫʤʝʨʠʯʢʦ ʧʦʨʝʹʝˁʝ ʧʘʨʘʤʝʪʘʨʘ ʦʜʟʠʚʘ ʿʝ ʜʘʪʦ ʫ ʪʘʙʝʣʠ 5.5. 

 

 

ʉʣʠʢʘ 5.9 ʇʦʨʝʹʝˁʝ ʘʤʧʣʠʪʫʜʩʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ 3ɼ EM ʤʦʜʝʣʘ ʨʝʟʦʥʘʪʦʨʘ 

ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ 11 GHz ʠ ˁʝʛʦʚʝ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

 

 

ʊʘʙʝʣʘ 5.5 ʇʘʨʘʤʝʪʨʠ ʘʤʧʣʠʪʫʜʩʢʠʭ ʦʜʟʠʚʘ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦʛ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦʛ 

ʤʦʜʝʣʘ ʠ ˁʝʛʦʚʝ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

Mʦʜʝʣ f
0
 GHz] B3dB [MHz]  

ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠ 11.02 523 

ɽʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ 11.03 520 
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ʄʠʢʨʦʪʘʣʘʩʥʠ ʬʠʣʪʨʠ ʥʝʧʨʦʧʫʩʥʠʮʠ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʩʘ ʨʝʟʦʥʘʥʪʥʠʤ ʧʨʝʛʨʘʜʘʤʘ ʫ ɽ ʠ ʅ-ʨʘʚʥʠ ʪʘʣʘʩʦʚʦʜʘ 

Mʘʨʠʿʘ ɺ. ʄʨʚʠ˂, ʜʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ 
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5.1.3 ʌʠʣʪʨʠ ʩʘ ʯʝʪʚʨʪʪʘʣʘʩʥʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ ʚʝʟʘʥʠʤ ʟʘ ʥʘʩʧʨʘʤʥʝ ʟʠʜʦʚʝ 

ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ 

 

5.1.3.1 ʌʠʣʪaʨ ʩʘ ʿʝʜʥʠʤ ʥʝʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʫʯʝʩʪʘʥʦʩʪʠ 

 

ʌʠʣʪʘʨ ʩʘ ʿʝʜʥʠʤ ʥʝʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʫʯʝʩʪʘʥʦʩʪʠ je ʨʝʘʣʠʟʦʚʘʥ ʫʤʝʪʘˁʝʤ 

ʜʠʝʣʝʢʪʨʠʯʥʝ ʧʣʦʯʠʮʝ ʫ ɽ-ʨʘʚʘʥ ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ. ʅʘ ʧʣʦʯʠʮʠ ʿʝ ʰʪʘʤʧʘʥ 

ʧʘʨ ʜʠʿʘʤʝʪʨʘʣʥʦ ʧʦʩʪʘʚˀʝʥʠʭ ʯʝʪʚʨʪʪʘʣʘʩʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʢʦʿʠ ʩʫ ʜʠʤʝʥʟʠʦʥʠʩʘʥʠ 

ʪʘʢʦ ʜʘ ʦʩʪʚʘʨʫʿʫ ʠʩʪʫ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ. ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʠ WIPL-D ʤʦʜʝʣ 

ʬʠʣʪʨʘ ʩʫ ʧʨʠʢʘʟʘʥʠ ʥʘ ʩʣʠʮʠ 5.10. ʌʠʣʪʘʨ ʿʝ ʧʨʦʿʝʢʪʦʚʘʥ ʟʘ ʮʝʥʪʨʘʣʥʫ ʫʯʝʩʪʘʥʦʩʪ 

f
0
=11 GHz. ɼʠʤʝʥʟʠʿʝ ʯʝʪʚʨʪʪʘʣʘʩʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʩʫ ʜʘʪʝ ʫ ʪʘʙʝʣʠ 5.2, ʩ ʪʠʤ ʰʪʦ ʩʫ 

ʟʘ ʧʦʪʨʝʙʝ ʧʨʦʿʝʢʪʦʚʘˁʘ ʧʨʝʠʤʝʥʦʚʘʥʘ ʜʚʘ ʧʘʨʘʤʝʪʨʘ ʠʟ d1 ʫ d11, ʘ d2 ʫ d12. 

ʀʟʚʨʰʝʥʘ ʿʝ ʢʦʨʝʢʮʠʿʘ ʧʘʨʘʤʝʪʨʘ d11 ʟʙʦʛ ʧʦʤʝʨʘˁʘ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ, ʪʘʢʦ 

ʜʘ ʫ ʧʦʩʤʘʪʨʘʥʦʤ ʩʣʫʯʘʿʫ ʠʤʘ ʚʨʝʜʥʦʩʪ d11=2.18 mm. ɼʠʤʝʥʟʠʿʝ ʜʠʝʣʝʢʪʨʠʯʥʝ 

ʧʣʦʯʠʮʝ ʠ ʧʘʨʘʤʝʪʨʠ ʩʫʧʩʪʨʘʪʘ ʦʩʪʘʿʫ ʥʝʧʨʦʤʝˁʝʥʠ ʫ ʦʜʥʦʩʫ ʥʘ ʧʨʝʪʭʦʜʥʠ ʧʨʠʤʝʨ. 

 

 
(ʘ)                                                                            (ʙ) 

ʉʣʠʢʘ 5.10 ʌʠʣʪʘʨ ʩʘ ʿʝʜʥʠʤ ʥʝʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʥʘ 11 GHz: ʘ) 3ɼ ɽʄ ʤʦʜʝʣ 

ʙ) WIPL-D ʤʦʜʝʣ 

 

ʅʘ ʩʣʠʮʠ 5.11 ʿʝ ʧʨʠʢʘʟʘʥ ʦʜʟʠʚ ʧʦʩʤʘʪʨʘʥʦʛ ʬʠʣʪʨʘ ʟʘ ʥʝʢʦʣʠʢʦ ʨʘʟʣʠʯʠʪʠʭ 

ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʨʘ d11 ʠ ʰʠʨʠʥʝ ʰʪʘʤʧʘʥʦʛ ʚʦʜʘ ʩ. ʀʜʝʥʪʠʯʥʘ ʧʦʿʘʚʘ ʿʝ ʫʦʯʝʥʘ 

ʢʘʦ ʠ ʫ ʩʣʫʯʘʿʫ ʢʘʜ ʿʝ ʘʥʘʣʠʟʠʨʘʥ ʩʘʤʦ ʨʝʟʦʥʘʪʦʨ. ʉʘ ʧʦʚʝ˂ʘˁʝʤ ʚʨʝʜʥʦʩʪʠ ʩʚʘʢʦʛ 

ʦʜ ʧʘʨʘʤʝʪʨʘ ʜʦʣʘʟʠ ʜʦ ʧʦʤʝʨʘˁʘ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʬʠʣʪʨʘ ʢʘ ʥʠʞʠʤ 

ʚʨʝʜʥʦʩʪʠʤʘ. ʐʠʨʠʥʘ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʩʝ ʧʦʚʝ˂ʘʚʘ ʩʘʤʦ ʧʨʠʣʠʢʦʤ ʧʦʚʝ˂ʘˁʘ 

 

 

͙͔͔͙͒ͭͪ͟͟͡ 
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ʰʠʨʠʥʝ ʚʦʜʘ. 

  

 
(ʘ) 

 
(ʙ) 

ʉʣʠʢʘ 5.11 ʇʦʨʝʹʝˁʝ ʘʤʧʣʠʪʫʜʩʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʬʠʣʪʨʘ ʩʘ ʩʣʠʢʝ 5: ʘ) ʩʣʫʯʘʿ 

ʢʘʜʘ ʩʝ ʤʝˁʘ ʧʘʨʘʤʝʪʘʨ d11, ʘ ʦʩʪʘʣʠ ʧʘʨʘʤʝʪʨʠ ʩʫ ʬʠʢʩʠʨʘʥʠ, ʙ) ʩʣʫʯʘʿ ʢʘʜʘ ʩʝ 

ʤʝˁʘ ʰʠʨʠʥʘ ʰʪʘʤʧʘʥʦʛ ʚʦʜʘ, ʘ ʦʩʪʘʣʠ ʧʘʨʘʤʝʪʨʠ ʩʫ ʬʠʢʩʠʨʘʥʠ 

 

ʇʦʩʪʫʧʘʢ ʧʨʦʿʝʢʪʦʚʘˁʘ ʢʦʿʠ ʥʘʣʘʞʝ ʜʘ ʩʚʘʢʠ ʦʜ ʧʘʨʦʚʘ ʨʝʟʦʥʘʪʦʨʘ ʢʦʿʠ 

ʫʯʝʩʪʚʫʿʫ ʫ ʨʝʘʣʠʟʘʮʠʿʠ ʬʠʣʪʘʨʘ ʙʫʜʫ ʧʨʠʯʚʨʰ˂ʝʥʠ ʟʘ ʩʫʧʨʦʪʥʝ ʟʠʜʦʚʝ ʪʘʣʘʩʦʚʦʜʘ 

(ʢʦʥʢʨʝʪʥʦ, ʟʘ ʛʦʨˁʠ ʠ ʜʦˁʠ) ʿʝ ʚʨʣʦ ʝʬʠʢʘʩʘʥ ʧʦ ʧʠʪʘˁʫ ʜʫʞʠʥʝ ʦʩʪʚʘʨʝʥʠʭ 

ʬʠʣʪʘʨʘ. ɼʫʞʠʥʘ ʬʠʣʪʨʘ ʩʘ ʩʣʠʢʝ 5.10 ʿʝ 0.075 ɚg, ʛʜʝ ʿʝ ɚg ʚʦʹʝʥʘ ʪʘʣʘʩʥʘ ʜʫʞʠʥʘ 

ʫ ʪʘʣʘʩʦʚʦʜʫ ʥʘ ʮʝʥʪʨʘʣʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʬʠʣʪʨʘ. 

 

 

5.1.3.2 ʌʠʣʪʨʠ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

 

ʌʠʣʪʘʨ ʧʨʚʦʛ ʨʝʜʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʧʨʠʤʝˁʫʿʝ ʧʘʨ ʯʝʪʚʨʪʪʘʣʘʩʥʠʭ 

ʨʝʟʦʥʘʪʦʨʘ ʧʨʠʯʚʨʰ˂ʝʥʠʭ ʟʘ ʨʘʟʣʠʯʠʪʝ ʟʠʜʦʚʝ ʪʘʣʘʩʦʚʦʜʘ, ʧʨʠ ʯʝʤʫ ʯʝʪʚʨʪʪʘʣʘʩʥʠ 

ʨʝʟʦʥʘʪʦʨʠ ʠʤʘʿʫ ʨʘʟʣʠʯʠʪʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ. WIPL-D ʤʦʜʝʣ ʨʘʟʤʘʪʨʘʥʦʛ 

ʬʠʣʪʨʘ ʿʝ ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 5.12. 
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ʉʣʠʢʘ 5.12 WIPL-D ʤʦʜʝʣ ʬʠʣʪʨʘ ʧʨʚʦʛ ʨʝʜʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ 

 

ʎʝʥʪʨʘʣʥʘ ʫʯʝʩʪʘʥʦʩʪ ʥʠʞʝʛ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʿʝ f
01
=9 GHz, ʘ ʮʝʥʪʨʘʣʥʘ 

ʫʯʝʩʪʘʥʦʩʪ ʚʠʝhʛ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʿʝ f
02
=11 GHz. ʂʦʨʠʰ˂ʝʥʠ ʨʝʟʦʥʘʪʦʨʠ ʠʤʘʿʫ 

ʨʘʟʣʠʯʠʪʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ, ʧʘ ʩʭʦʜʥʦ ʪʦʤʝ ʠʤʘʿʫ ʠ ʨʘʟʣʠʯʠʪʝ ʫʢʫʧʥʝ 

ʜʫʞʠʥʝ. ɼʠʤʝʥʟʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʥʘ 11 GHz ʩʫ ʜʘʪʝ ʫ ʦʜʝˀʢʫ 5.1.3.1. ʈʝʟʦʥʘʪʦʨ ʥʘ 9 

GHz ʿʝ ʧʨʦʿʝʢʪʦʚʘʥ ʥʘ ʠʩʪʠ ʥʘʯʠʥ, ʩ ʪʠʤ ʰʪʦ ʿʝ ʧʘʨʘʤʝʪʘʨ d11 ʧʨʝʠʤʝʥʦʚʘʥ ʫ d21 

ʨʘʜʠ ʨʘʟʣʠʢʦʚʘˁʘ ʠ ʠʤʘ ʚʨʝʜʥʦʩʪ 2.67 mm. ʇʨʘʢʪʠʯʥʦ ʥʝ ʧʦʩʪʦʿʠ ʫʟʘʿʘʤʥʘ ʩʧʨʝʛʘ 

ʠʟʤʝʹʫ ʧʘʨʦʚʘ ʨʝʟʦʥʘʪʦʨʘ, ʰʪʦ ʦʤʦʛʫ˂ʘʚʘ ʜʘ ʩʝ ʥʝʟʘʚʠʩʥʦ ʧʦʜʝʰʘʚʘ ʩʚʘʢʠ 

ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʦʧʩʝʛ ʧʦʜʝʰʘʚʘˁʝʤ ʧʦʿʝʜʠʥʘʯʥʠʭ ʯʝʪʚʨʪʪʘʣʘʩʥʦʛ ʨʝʟʦʥʘʪʦʨʘ.  

ʌʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ ʬʠʣʪʨʘ ʧʨʚʦʛ ʨʝʜʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʿʝ 

ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 5.13. ɺʨʝʜʥʦʩʪʠ ʦʩʪʚʘʨʝʥʠʭ ʰʠʨʠʥʘ ʪʨʦʜʝʮʠʙʝʣʩʢʠʭ 

ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ ʠ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʮʝʥʪʨʘʣʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʩʫ ʠʟʣʦʞʝʥʝ ʫ 

ʪʘʙʝʣʠ 5.6. 

 

 
ʉʣʠʢʘ 5.13 ʌʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ ʬʠʣʪʨʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʩʘ ʩʣʠʢʝ 5.12 
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ʊʘʙʝʣʘ 5.6 ʎʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʰʠʨʠʥʝ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ ʬʠʣʪʨʘ (ʩʚʝ 

ʚʨʝʜʥʦʩʪʠ ʩʫ ʠʟʨʘʞʝʥʝ ʫ GHz) 

f01  B3dB1 f02 B3dB2  

9.00 0.450 11.00 0.520 

 

 

ʌʠʣʪʘʨ ʜʨʫʛʦʛ ʨʝʜʘ, ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ, ʿʝ ʠʟʣʦʞʝʥ ʫ 

ʜʠʩʝʨʪʘʮʠʿʠ ʠ ʫ [Mrvi2015c] ʠ ʧʨʝʜʩʪʘʚˀʘ ʥʦʚʦ ʨʝʰʝˁʝ ʫ ʣʠʪʝʨʘʪʫʨʠ. ʇʨʦʿʝʢʪʦʚʘʥ 

ʿʝ ʟʘ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʦʜ f01=9 GHz ʠ f02=11 GHz. ɼʠʤʝʥʟʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʢʦʿʠ 

ʨʝʘʣʠʟʫʿʫ ʥʝʧʨʦʧʫʩʥʝ ʦʧʩʝʛʝ ʩʫ ʜʘʪʝ ʫ ʦʜʝˀʢʫ 5.1.3.1 (11 GHz) ʠ ʦʜʝˀʢʫ 5.1.3.2 

(11 GHz), ʨʝʩʧʝʢʪʠʚʥʦ. ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠ ʠ WIPL-D ʤʦʜʝʣ 

ʨʘʟʤʘʪʨʘʥʦʛ ʬʠʣʪʨʘ ʩʫ ʧʨʠʢʘʟʘʥʠ ʥʘ ʩʣʠʮʠ 5.14, ʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʬʨʝʢʚʝʥʮʠʿʩʢʠ 

ʦʜʟʠʚ ʿʝ ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 5.15. 

ɺʠʰʠ ʥʝʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʿʝ ʨʝʘʣʠʟʦʚʘʥ ʧʦʩʪʘʚˀʘˁʝʤ ʜʦʜʘʪʥʦʛ ʧʘʨʘ 

ʰʪʘʤʧʘʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʥʘ ʧʨʝʛʨʘʜʠ ʫʤʝʪʥʫʪʦʿ ʫ ɽ-ʨʘʚʘʥ ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ. 

ʇʘʨʘʤʝʪʨʦʤ R ʿʝ ʦʟʥʘʯʝʥʘ ʫʜʘˀʝʥʦʩʪ ʠʟʤʝʹʫ ʧʘʨʦʚʘ ʨʝʟʦʥʘʪʦʨʘ ʢʦʿʠ ʫʯʝʩʪʚʫʿʫ ʫ 

ʨʝʘʣʠʟʘʮʠʿʠ ʬʠʣʪʨʘ. ʇʦʪʨʝʙʥʦ ʿʝ ʧʦʜʝʩʠʪʠ ʧʘʨʘʤʝʪʘʨ ʨʘʩʪʦʿʘˁʘ ʪʘʢʦ ʜʘ ʥʝ ʧʦʩʪʦʿʠ 

ʥʝʞʝˀʝʥʘ ʩʧʨʝʛʘ ʠʟʤʝʹʫ ʧʘʨʦʚʘ ʨʝʟʦʥʘʪʦʨʘ ʥʘʤʝˁʝʥʠʭ ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ 

ʩʧʝʮʠʬʠʮʠʨʘʥʠʭ ʦʧʩʝʛʘ. ʋ ʧʦʩʤʘʪʨʘʥʦʤ ʩʣʫʯʘʿʫ, ʚʨʝʜʥʦʩʪ ʧʘʨʘʤʝʪʨʘ R ʿʝ 

ʧʦʩʪʘʚˀʝʥʘ ʥʘ 15 mm. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʦʩʪʚʘʨʫʿʝ ʬʫʥʢʮʠʦʥʘʣʥʦʩʪ ʥʝʟʘʚʠʩʥʦʛ 

ʧʦʜʝʰʘʚʘˁʘ ʩʚʘʢʦʛ ʦʜ ʧʨʦʿʝʢʪʦʚʘʥʠʭ ʦʧʩʝʛʘ. ʂʦʥʢʨʝʪʥʦ, ʧʨʦʤʝʥʦʤ ʧʘʨʘʤʝʪʨʘ 

ʥʝʢʦʛ ʦʜ ʨʝʟʦʥʘʪʦʨʘ ʩʝ ʜʠʨʝʢʪʥʦ ʫʪʠʯʝ ʥʘ ʧʘʨʘʤʝʪʨʝ ʦʧʩʝʛʘ ʟʘ ʢʦʿʠ ʿʝ ʪʘʿ ʨʝʟʦʥʘʪʦʨ 

ʥʘʤʝˁʝʥ. ʇʘʨʘʤʝʪʨʠ ʦʜʟʠʚʘ ʬʠʣʪʨʘ ʩʫ ʜʘʪʠ ʫ ʪʘʙʝʣʠ 5.7. ɼʫʞʠʥʘ ʬʠʣʪʨʘ ʜʨʫʛʦʛ 

ʨʝʜʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʿʝ 0.42 ɚg, ʛʜʝ ʿʝ ɚg ʚʦʹʝʥʘ ʪʘʣʘʩʥʘ ʜʫʞʠʥʘ ʥʘ 

ʮʝʥʪʨʘʣʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʥʠʞʝʛ ʦʧʩʝʛʘ. 
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(ʘ) 

 
(ʙ) 

ʉʣʠʢʘ 5.14 ʌʠʣʪʘʨ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ: a) ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ 

ʤʦʜʝʣ ʙ) WIPL-D ʤʦʜʝʣ 

 

ʊʘʙʝʣʘ 5.7 ʎʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʰʠʨʠʥʝ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ ʬʠʣʪʨʘ (ʩʚʝ 

ʚʨʝʜʥʦʩʪʠ ʩʫ ʜʘʪʝ ʫ GHz) 

f01  B3dB1  f02 B3dB2  

8.99 1.070 11.01 1.070 
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ʉʣʠʢʘ 5.15 ɸʤʧʣʠʪʫʜʩʢʠ ʦʜʟʠʚ ʬʠʣʪʨʘ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ 

 

 

5.1.3.3 ʌʠʣʪʘʨ ʩʘ ʪʨʠ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

 

ʌʠʣʪʘʨ ʩʘ ʪʨʠ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʿʝ ʧʨʦʿʝʢʪʦʚʘʥ ʟʘ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ 

ʦʜ f01 = 8 GHz, f02 = 9.50 GHz ʠ f03 = 11 GHz. ʇʨʠʣʠʢʦʤ ʧʨʦʿʝʢʪʦʚʘˁʘ ʬʠʣʪʘʨʘ ʩʘ 

ʪʨʠ ʠ ʚʠʰʝ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ, ʧʦʪʨʝʙʥʦ ʿʝ ʫʚʝʩʪʠ ʜʦʜʘʪʥʝ ʩʤʝʨʥʠʮʝ, ʦʜ ʢʦʿʠʭ ˂ʝ 

ʩʚʘʢʘ ʙʠʪʠ ʜʝʪʘˀʥʦ ʦʧʠʩʘʥʘ ʫ ʥʘʩʪʘʚʢʫ. ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠ ʠ 

WIPL-D ʤʦʜʝʣ ʨʘʟʤʘʪʨʘʥʦʛ ʬʠʣʪʨʘ ʩʘ ʪʨʠ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʩʫ ʧʨʠʢʘʟʘʥʠ ʥʘ 

ʩʣʠʮʠ 5.16. 

ʇʨʚʦ, ʜʘ ʙʠ ʩʝ ʧʦʩʪʘʚʠʦ ʜʦʜʘʪʥʠ ʧʘʨ ʰʪʘʤʧʘʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʢʦʿʠ ʩʫ 

ʥʘʤʝˁʝʥʠ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʥʦʚʦʛ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ, ʧʦʪʨʝʙʥʦ ʿʝ ʧʦʚʝ˂ʘʪʠ ʜʫʞʠʥʫ 

ʜʠʝʣʝʢʪʨʠʯʥʝ ʧʣʦʯʠʮʝ. ʋ ʢʦʥʢʨʝʪʥʦʤ ʩʣʫʯʘʿʫ, ʜʠʤʝʥʟʠʿʝ ʜʠʝʣʝʢʪʨʠʯʥʝ ʧʣʦʯʠʮʝ ʩʫ 

ʤʦʜʠʬʠʢʦʚʘʥʝ ʠ ʠʟʥʦʩʝ ap = 45.86 mm ʠ bp = 10.16 mm. ɼʠʤʝʥʟʠʿʝ ʬʠʣʪʨʘ ʩʫ ʜʘʪʝ ʫ 

ʪʘʙʝʣʠ 5.8. ʌʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ ʧʨʦʿʝʢʪʦʚʘʥʦʛ ʬʠʣʪʨʘ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʪʨʠ 

ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʿʝ ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 5.17. ʋʢʫʧʥʘ ʜʫʞʠʥʘ ʬʠʣʪʨʘ 

ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʪʨʠ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʿʝ 0.77 ɚg, ʛʜʝ ɚg ʩʠʤʙʦʣʠʰʝ ʚʦʹʝʥʫ ʪʘʣʘʩʥʫ 

ʜʫʞʠʥʫ ʥʘ ʮʝʥʪʨʘʣʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʥʘʿʥʠʞʝʛ ʦʧʩʝʛʘ. 
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(a) 

 
(ʙ) 

ʉʣʠʢʘ 5.16 ʌʠʣʪʘʨ ʩʘ ʪʨʠ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ: a) ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʤʦʜʝʣ 

ʙ) WIPL - D ʤʦʜʝʣ 

 

ʊʘʙʝʣʘ 5.8 ɼʠʤʝʥʟʠʿʝ ʬʠʣʪʨʘ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʪʨʠ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

(ʩʚʝ ʜʠʤʝʥʟʠʿʝ ʩʫ ʜʘʪʝ ʫ ʤʠʣʠʤʝʪʨʠʤʘ) 

d11 d31 d21 c p l R1 R2 

2.67 3.37 2.18 0.2 0.45 0.5 15 14 
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ʉʣʠʢʘ 5.17 ʌʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ ʬʠʣʪʨʘ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʪʨʠ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ 

 

 

5.1.4 ʌʠʣʪʨʠ ʩʘ ʯʝʪʚʨʪʪʘʣʘʩʥʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ ʚʝʟʘʥʠʤ ʟʘ ʠʩʪʠ ʟʠʜ 

ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ 

 

5.1.4.1 ʌʠʣʪʘʨ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʿʝʜʥʠʤ ʥʝʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʫʯʝʩʪʘʥʦʩʪʠ 

 

ʇʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʨʘ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʿʝʜʥʠʤ ʥʝʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʩʘ 

ʨʝʟʦʥʘʥʪʥʦʤ ʧʨʝʛʨʘʜʦʤ ʫ ɽ-ʨʘʚʥʠ ʿʝ ʠʟʣʦʞʝʥʦ ʫ ʜʠʩʝʨʪʘʮʠʿʠ ʠ ʫ [Mrvi2015a]. 

ʇʨʦʿʝʢʪʦʚʘʥʠ ʬʠʣʪʘʨ ʢʦʨʠʩʪʠ ʧʘʨ ʰʪʘʤʧʘʥʠʭ ʯʝʪʚʨʪʪʘʣʘʩʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʚʝʟʘʥʠʭ 

ʟʘ ʠʩʪʠ ʟʠʜ ʪʘʣʘʩʦʚʦʜʘ. ʉʧʝʮʠʬʠʮʠʨʘʥʘ ʮʝʥʪʨʘʣʥʘ ʫʯʝʩʪʘʥʦʩʪ ʬʠʣʪʨʘ ʜʨʫʛʦʛ ʨʝʜʘ 

ʿʝ f0 = 9 GHz. ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠ ʠ WIPL-D ʤʦʜʝʣ ʬʠʣʪʨʘ ʩʫ 

ʧʨʠʢʘʟʘʥʠ ʥʘ ʩʣʠʮʠ 5.18. ʈʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʩʧʨʝʛʥʫʪʠʭ ʨʝʟʦʥʘʪʦʨʘ ʿʝ ʦʟʥʘʯʝʥʦ 

ʧʘʨʘʤʝʪʨʦʤ R. ɼʠʤʝʥʟʠʿʝ ʯʝʪʚʨʪʪʘʣʘʩʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʩʫ ʜʘʪʝ ʫ ʪʘʙʝʣʠ 5.9. 

 

ʊʘʙʝʣʘ 5.9 ɼʠʤʝʥʟʠʿʝ ʯʝʪʚʨʪʪʘʣʘʩʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʧʨʦʿʝʢʪʦʚʘʥʦʛ ʟʘ ʨʝʟʦʥʘʥʪʥʫ 

ʫʯʝʩʪʘʥʦʩʪ 9 GHz (ʩʚʝ ʜʠʤʝʥʟʠʿʝ ʩʫ ʜʘʪʝ ʫ ʤʠʣʠʤʝʪʨʠʤʘ) 

d11 d12 c p l 

2.935 1.3 0.2 0.45 0.5 
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(a) 

 
(ʙ) 

ʉʣʠʢʘ 5.18 ʌʠʣʪʘʨ ʜʨʫʛʦʛ ʨʝʜʘ ʥʘ 9 GHz: a) ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʙ) WIPL-D ʤʦʜʝʣ 

 

ʅʘ ʩʣʠʮʠ 5.19 ʿʝ ʧʨʠʢʘʟʘʥ ʫʪʠʮʘʿ ʨʘʩʪʦʿʘˁʘ R ʥʘ ʧʘʨʘʤʝʪʨʝ ʘʤʧʣʠʪʫʜʩʢʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʬʠʣʪʨʘ ʜʨʫʛʦʛ ʨʝʜʘ. ʋʦʯʝʥʦ ʿʝ ʜʘ ʚʨʝʜʥʦʩʪ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ 

ʬʠʣʪʨʘ ʦʩʪʘʿʝ ʥʝʧʨʦʤʝˁʝʥʘ, ʜʦʢ ʩʝ ʰʠʨʠʥʘ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʟʥʘʯʘʿʥʦ ʤʝˁʘ. 

ʊʘʙʝʣʘ 5.10 ʧʨʠʢʘʟʫʿʝ ʦʩʪʚʘʨʝʥʝ ʰʠʨʠʥʝ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʟʘ ʨʘʟʣʠʯʠʪʝ 

ʚʨʝʜʥʦʩʪʠ ʤʝʹʫʩʦʙʥʦʛ ʨʘʩʪʦʿʘˁʘ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ. 

 

 
ʉʣʠʢʘ 5.19 ʇʦʨʝʹʝˁʝ ʘʤʧʣʠʪʫʜʩʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʬʠʣʪʨʘ ʩʘ ʩʣʠʢʝ 5.18 ʟʘ 

ʨʘʟʣʠʯʠʪʝ ʚʨʝʜʥʦʩʪʠ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ 
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ʊʘʙʝʣʘ 5.10 ʇʨʦʤʝʥʘ ʰʠʨʠʥʝ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ 

ʨʝʟʦʥʘʪʦʨʘ  

R[mm] B3dB [GHz] 

5.2 0.710 

6.7 0.700 

7.3 0.690 

8 0.680 

9 0.670 

 

ʀʩʧʠʪʠʚʘˁʝʤ ʬʨʝʢʚʝʥʮʠʿʩʢʦʛ ʦʜʟʠʚʘ ʬʠʣʪʨʘ ʿʝ ʫʦʯʝʥʦ ʜʘ ʧʨʦʤʝʥʘ ʰʠʨʠʥʝ 

ʚʦʜʘ ʯʝʪʚʨʪʪʘʣʘʩʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʜʠʨʝʢʪʥʦ ʫʪʠʯʝ ʥʘ ʧʨʦʤʝʥʫ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ 

ʠ ʰʠʨʠʥʫ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʬʠʣʪʨʘ. ʉʣʠʢʘ 5.20 ʠʣʫʩʪʨʫʿʝ ʧʨʦʤʝʥʫ ʘʤʧʣʠʪʫʜʩʢʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʰʠʨʠʥʝ ʰʪʘʤʧʘʥʦʛ ʚʦʜʘ. ʋ ʩʣʫʯʘʿʫ ʢʘʜʘ ʩʝ ʤʝˁʘ 

ʩʘʤʦ ʰʠʨʠʥʘ ʚʦʜʘ, ʘ ʦʩʪʘʣʠ ʧʘʨʘʤʝʪʨʠ ʬʠʣʪʨʘ ʩʝ ʥʝ ʤʝˁʘʿʫ (ʟʘ ʨʘʩʪʦʿʘˁʝ 

ʬʠʢʩʠʨʘʥʦ ʥʘ ʚʨʝʜʥʦʩʪ ʦʜ 8 mm), ʮʝʥʪʨʘʣʥʘ ʫʯʝʩʪʘʥʦʩʪ ʩʝ ʧʦʤʝʨʘ ʢʘ ʥʠʞʠʤ 

ʚʨʝʜʥʦʩʪʠʤʘ, ʘ ʟʥʘʪʥʦ ʩʝ ʧʦʚʝ˂ʘʚʘ ʰʠʨʠʥʘ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ (ʪʘʙʝʣʘ 5.11). 

 

 

ʉʣʠʢʘ 5.20 ʇʦʨʝʹʝˁʝ ʘʤʧʣʠʪʫʜʩʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʬʠʣʪʨʘ ʜʨʫʛʦʛ ʨʝʜʘ ʟʘ 

ʨʘʟʣʠʯʠʪʝ ʚʨʝʜʥʦʩʪʠ ʰʠʨʠʥʝ ʚʦʜʘ c ʢʘʜʘ ʿʝ ʨʘʩʪʦʿʘˁʝ ʬʠʢʩʠʨʘʥʦ ʥʘ R = 8 mm 

 

ʊʘʙʝʣʘ 5.11 ʋʪʠʮʘʿ ʰʠʨʠʥʝ ʚʦʜʘ ʥʘ ʧʘʨʘʤʝʪʨʝ ʘʤʧʣʠʪʫʜʩʢʦʛ ʦʜʟʠʚʘ ʬʠʣʪʨʘ 

c [ɛm] 200 400 600 800 

f0 [GHz] 9.00 8.80 8.64 8.47 

B3dB [GHz] 0.67 0.91 1.18 1.50 
 

ʅʘ ʩʣʠʮʠ 5.21 ʿʝ ʧʨʠʢʘʟʘʥʘ ʧʨʦʤʝʥʘ ʘʤʧʣʠʪʫʜʩʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʬʠʣʪʨʘ ʫ 

ʩʣʫʯʘʿʫ ʧʨʦʤʝʥʝ ʜʫʞʠʥʝ ʰʪʘʤʧʘʥʦʛ ʚʦʜʘ, ʢʦʥʢʨʝʪʥʦ ʧʘʨʘʤʝʪʨʘ d11. ʉʘ ʩʣʠʢʝ ʩʝ 
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ʫʦʯʘʚʘ ʜʘ ʦʚʘʢʚʘ ʧʨʦʤʝʥʘ ʫʩʣʦʚˀʘʚʘ ʧʨʦʤʝʥʫ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ, ʪʘʢʦ ʰʪʦ ʩʝ 

ʟʘ ʚʝ˂ʫ ʜʫʞʠʥʫ ʚʦʜʘ ʮʝʥʪʨʘʣʥʘ ʫʯʝʩʪʘʥʦʩʪ ʧʦʤʝʨʘ ʢʘ ʥʠʞʠʤ ʚʨʝʜʥʦʩʪʠʤʘ. 

 

 

ʉʣʠʢʘ 5.21 ʇʨʦʤʝʥʘ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʬʠʣʪʨʘ ʜʨʫʛʦʛ ʨʝʜʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ 

ʧʨʦʤʝʥʝ ʜʫʞʠʥʝ ʰʪʘʤʧʘʥʦʛ ʚʦʜʘ ʢʘʜʘ ʿʝ ʨʘʩʪʦʿʘˁʝ ʬʠʢʩʠʨʘʥʦ ʥʘ R = 8 mm 

 

ʋ ʮʠˀʫ ʦʜʨʝʹʠʚʘˁʘ ʢʦʝʬʠʮʠʿʝʥʪʘ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ, ʧʦʪʨʝʙʥʦ ʿʝ ʜʘ 

ʨʝʟʦʥʘʪʦʨʠ ʙʫʜʫ ʨʘʩʧʨʝʛʥʫʪʠ ʦʜ ʧʨʠʩʪʫʧʘ ʪʘʣʘʩʦʚʦʜʘ. ʄʦʜʝʣ ʟʘ ʤʝʨʝˁʝ 

ʢʦʝʬʠʮʠʿʝʥʪʘ ʩʧʨʝʛʝ ʿʝ ʨʝʘʣʠʟʦʚʘʥ ʫʤʝʪʘˁʝʤ ʤʝʪʘʣʥʠʭ ʧʣʦʯʠʮʘ ʠʟʤʝʹʫ ʨʝʟʦʥʘʥʪʥʝ 

ʧʨʝʛʨʘʜʝ ʠ ʪʘʣʘʩʦʚʦʜʥʠʭ ʧʨʠʩʪʫʧʘ [Lop2012]. ʉʘʤʝ ʧʣʦʯʠʮʝ ʩʫ ʤʦʜʝʣʦʚʘʥʝ ʢʘʦ 

ʙʝʩʢʦʥʘʯʥʦ ʪʘʥʢʝ, ʧʨʘʚʦʫʛʘʦʥʝ ʧʣʦʯʝ ʠʟʨʘʹʝʥʝ ʦʜ ʩʘʚʨʰʝʥʦ ʧʨʦʚʦʜʥʦʛ ʤʘʪʝʨʠʿʘʣʘ. 

ʇʦʩʪʘʚˀʝʥʝ ʩʫ ʫ ʣʦʥʛʠʪʫʜʠʥʘʣʥʦʿ ʨʘʚʥʠ ʪʘʣʘʩʦʚʦʜʘ ʠ ʩʚʘʢʘ ʦʜ ˁʠʭ ʜʚʝ ʩʝ ʜʠʨʝʢʪʥʦ 

ʧʨʫʞʘ ʦʜ ʢʨʘʿʝʚʘ ʜʠʝʣʝʢʪʨʠʯʥʝ ʧʣʦʯʠʮʝ ʢʘ ʧʨʠʩʪʫʧʠʤʘ ʪʘʣʘʩʦʚʦʜʘ. ɺʠʩʠʥʘ 

ʧʣʦʯʠʮʝ ʿʝ ʿʝʜʥʘʢʘ ʜʠʤʝʥʟʠʿʠ ʫʞʝ ʩʪʨʘʥʠʮʝ ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ. ʅʘ ʦʩʥʦʚʫ 

ʘʥʘʣʠʟʝ, ʫʩʚʦʿʝʥʦ ʿʝ ʜʘ ʿʝ ʦʧʪʠʤʘʣʥʘ ʰʠʨʠʥʘ ʤʝʪʘʣʥʠʭ ʧʣʦʯʠʮʘ s = 10 mm. 

ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠ ʤʦʜʝʣ ʠ WIPL-D ʤʦʜʝʣ ʘʥʘʣʠʟʠʨʘʥʝ 

ʩʪʨʫʢʪʫʨʝ ʩʫ ʧʨʠʢʘʟʘʥʠ ʥʘ ʩʣʠʮʠ 5.22. 
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(ʘ) 

 
(ʙ) 

ʉʣʠʢʘ 5.22 ʄʦʜʝʣ ʟʘ ʨʘʩʧʨʝʟʘˁʝ ʨʝʟʦʥʘʪʦʨʘ ʦʜ ʧʨʠʩʪʫʧʘ: a) ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ 

ʤʦʜʝʣ ʙ) WIPL-D ʤʦʜʝʣ 

 

 

f2

f1

 

ʉʣʠʢʘ 5.23 ʇʨʠʢʘʟ ʧʘʨʘʤʝʪʨʘ S21 ʟʘ ʨʘʟʣʠʯʠʪʘ ʤʝʹʫʩʦʙʥʘ ʨʘʩʪʦʿʘˁʘ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ 

ʢʦʿʠ ʩʫ ʨʘʩʧʨʝʛʥʫʪʠ ʦʜ ʧʨʠʩʪʫʧʘ 

 

ʤʝʪʘʣ 

ʜʠʝʣʝʢʪʨʠʢ 

ap   s s 

R 
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ʂʦʝʬʠʮʠʿʝʥʪ ʩʧʨʝʛʝ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʩʝ ʦʜʨʝʹʫʿʝ ʥʘ ʦʩʥʦʚʫ ʬʦʨʤʫʣʝ ʜʘʪʝ ʫ 

[Hong2011]: 

k=
f2
2
-f1
2

f2
2
+f1
2, (5.6) 

ʛʜʝ ʫʯʝʩʪʘʥʦʩʪʠ f
1
 ʠ f

2
 ʦʜʛʦʚʘʨʘʿʫ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ ʟʘ ʢʦʿʝ ʩʝ 

ʧʦʩʪʠʞʫ ʣʦʢʘʣʥʠ ʤʘʢʩʠʤʫʤʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ S21 (ʩʣʠʢʘ 5.23). ɿʘ ʠʟʘʙʨʘʥʝ 

ʚʨʝʜʥʦʩʪʠ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ ʦʜʨʝʹʝʥ ʿʝ ʢʦʝʬʠʮʠʿʝʥʪ ʩʧʨʝʛʝ k, ʯʠʿʝ 

ʩʫ ʚʨʝʜʥʦʩʪʠ ʜʘʪʝ ʫ ʪʘʙʝʣʠ 5.12. ʅʘ ʦʩʥʦʚʫ ʪʘʙʝʣʝ ʩʝ ʫʦʯʘʚʘ ʜʘ ʩʝ ʩʘ ʧʦʚʝ˂ʘˁʝʤ 

ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ ʩʤʘˁʫʿʝ ʢʦʝʬʠʮʠʿʝʥʪ ʩʧʨʝʛʝ.  

 

ʊʘʙʝʣʘ 5.12 ʂʦʝʬʠʮʠʿʝʥʪ ʩʧʨʝʛʝ (k) ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʤʝʹʫʩʦʙʥʦʛ ʨʘʩʪʦʿʘˁʘ 

ʨʝʟʦʥʘʪʦʨʘ 

R [mm] k 

5.6 0.09378 

6 0.09284 

6.2 0.09181 

6.6 0.09087 

7 0.08889 

7.3 0.08783 

 

ɼʨʫʛʠ ʤʦʜʝʣ ʬʠʣʪʨʘ (ʩʣʠʢʘ 5.24) ʿʝ ʠʤʧʣʝʤʝʥʪʠʨʘʥ ʢʘʦ ʠ ʧʨʝʪʭʦʜʥʦ 

ʧʨʠʢʘʟʘʥʠ ʬʠʣʪʘʨ, ʩʘ ʿʝʜʠʥʦʤ ʨʘʟʣʠʢʦʤ ʫ ʩʧʝʮʠʬʠʮʠʨʘʥʦʿ ʮʝʥʪʨʘʣʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ 

ʬʠʣʪʨʘ f
0
=11 GHz. ʋ ʦʚʦʤ ʩʣʫʯʘʿʫ ʿʝ ʧʘʨ ʨʝʟʦʥʘʪʦʨʘ, ʢʦʿʠ ʫʯʝʩʪʚʫʿʝ ʫ ʨʝʘʣʠʟʘʮʠʿʠ 

ʿʝʜʥʦʛ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ, ʧʨʠʯʚʨʰ˂ʝʥ ʟʘ ʛʦʨˁʠ ʟʠʜ ʪʘʣʘʩʦʚʦʜʘ. 

 

 

ʉʣʠʢʘ 5.24 ʌʠʣʪʘʨ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʮʝʥʪʨʘʣʥʦʤ ʫʯʝʩʪʘʥʦʩʪʠ ʦʜ 11 GHz 

 

ʉʚʠ ʧʘʨʘʤʝʪʨʠ ʦʩʪʘʿʫ ʥʝʧʨʦʤʝˁʝʥʠ ʫ ʦʜʥʦʩʫ ʥʘ ʧʨʝʪʭʦʜʥʦ ʧʨʦʿʝʢʪʦʚʘʥ 

ʬʠʣʪʘʨ, ʩ ʪʠʤ ʰʪʦ ʩʫ ʜʠʤʝʥʟʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʧʨʠʣʘʛʦʹʝʥʝ ʪʘʢʦ ʜʘ ʩʝ ʟʘʜʦʚʦˀʠ 
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ʩʧʝʮʠʬʠʮʠʨʘʥʘ ʮʝʥʪʨʘʣʥʘ ʫʯʝʩʪʘʥʦʩʪ. ʋ ʮʠˀʫ ʬʠʥʦʛ ʧʦʜʝʰʘʚʘˁʘ ʥʘ ʞʝˀʝʥʫ 

ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ ʨʝʟʦʥʘʪʦʨʘ, ʠʟʚʨʰʝʥʘ ʿʝ ʢʦʨʝʢʮʠʿʘ ʧʘʨʘʤʝʪʨʘ d11, ʪʘʢʦ ʜʘ 

ˁʝʛʦʚʘ ʚʨʝʜʥʦʩʪ ʠʟʥʦʩʠ d11=2.18 mm. ʉʧʨʝʛʥʫʪʠ ʨʝʟʦʥʘʪʦʨʠ ʩʫ ʰʪʘʤʧʘʥʠ ʥʘ 

ʤʝʹʫʩʦʙʥʦʤ ʨʘʩʪʦʿʘˁʫ, ʢʦʿʝ ʿʝ ʚʘʨʠʨʘʥʦ ʫ ʦʧʩʝʛʫ ʦʜ 6 ʜʦ 8 mm. ʉʣʠʢʘ 5.25 ʧʨʠʢʘʟʫʿʝ 

ʧʦʨʝʹʝˁʝ ʘʤʧʣʠʪʫʜʩʢʠʭ ʦʜʟʠʚʘ ʟʘ ʧʦʩʤʘʪʨʘʥʘ ʨʘʩʪʦʿʘˁʘ. ʄʦʞʝ ʩʝ ʫʦʯʠʪʠ ʜʘ ʩʝ ʩʘ 

ʧʦʚʝ˂ʘˁʝʤ ʨʘʩʪʦʿʘˁʘ ʩʤʘˁʫʿʝ ʰʠʨʠʥʘ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ, ʘʣʠ ʩʝ ʮʝʥʪʨʘʣʥʘ 

ʫʯʝʩʪʘʥʦʩʪ ʟʘʥʝʤʘʨˀʠʚʦ ʤʝˁʘ (ʪʘʙʝʣʘ 5.13). 

 

 

ʉʣʠʢʘ 5.25 ʇʦʨʝʹʝˁʝ ʘʤʧʣʠʪʫʜʩʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʬʠʣʪʨʘ ʟʘ ʨʘʟʣʠʯʠʪʝ ʚʨʝʜʥʦʩʪʠ 

ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ 

 

ʊʘʙʝʣʘ 5.13 ʋʪʠʮʘʿ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ ʥʘ ʘʤʧʣʠʪʫʜʩʢʠ ʦʜʟʠʚ ʬʠʣʪʨʘ 

R [mm] 6 7 8 

f0 [GHz] 10.98 11.00 11.01 

B3dB [GHz] 0.880 0.850 0.820 

 

ʅʘʢʦʥ ʩʧʨʦʚʝʜʝʥʝ ʜʝʪʘˀʥʝ ʘʥʘʣʠʟʝ ʬʠʣʪʨʘ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʿʝʜʥʠʤ 

ʥʝʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ, ʥʝʦʧʭʦʜʥʦ ʿʝ ʬʘʙʨʠʢʦʚʘʪʠ ʦʧʪʠʤʘʣʥʠ ʬʠʣʪʘʨ ʠ ʩʠʤʫʣʠʨʘʥʫ 

ʘʤʧʣʠʪʫʜʩʢʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʫ ʚʝʨʠʬʠʢʦʚʘʪʠ ʤʝʨʝˁʝʤ. ʋ ʮʠˀʫ ʥʘʿʿʝʜʥʦʩʪʘʚʥʠʿʝ 

ʬʘʙʨʠʢʘʮʠʿʝ ʠ ʤʝʨʝˁʘ, ʢʦʜ ʬʠʣʪʘʨʘ ʢʦʿʠ ʧʨʠʤʝˁʫʿʫ ʧʨʝʛʨʘʜʫ ʫ ɽ-ʨʘʚʥʠ ʪʘʣʘʩʦʚʦʜʘ, 

ʥʝʦʧʭʦʜʥʦ ʿʝ ʨʘʟʤʦʪʨʠʪʠ ʦʧʪʠʤʘʣʥʝ ʩʪʨʫʢʪʫʨʝ ʟʘ ʧʦʟʠʮʠʦʥʠʨʘˁʝ ʧʨʝʛʨʘʜʝ ʫʥʫʪʘʨ 

ʪʘʣʘʩʦʚʦʜʘ. 

ʂʘʦ ʘʣʪʝʨʥʘʪʠʚʘ ʪʦʿ ʧʦʪʧʦʨʥʦʿ ʩʪʨʫʢʪʫʨʠ, ʧʨʦʠʟʘʰʣʘ ʿʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʘ 

ʬʠʣʪʨʘ ʧʦʤʦ˂ʫ ʚʝʦʤʘ ʪʘʥʢʦʛ ʩʫʧʩʪʨʘʪʘ. ʋ ʩʢʣʘʜʫ ʩʘ ʪʠʤ, ʠʜʝʥʪʠʯʘʥ ʬʠʣʪʘʨ ʿʝ 

ʠʤʧʣʝʤʝʥʪʠʨʘʥ ʢʦʨʠʩʪʝ˂ʠ ʩʫʧʩʪʨʘʪ ʬʠʙʝʨʛʣʘʩ PTFE/ʨʝʟʠʥ TLE-95 (ʪʘʙʝʣʘ 5.14), 

ʢʦʿʠ ʿʝ ʟʘʥʝʤʘʨˀʠʚʦ ʜʝʙˀʠ ʦʜ ʤʝʪʘʣʥʝ ʬʦʣʠʿʝ. 
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ʊʘʙʝʣʘ 5.14 ʇʘʨʘʤʝʪʨʠ ʢʦʨʠʰ˂ʝʥʦʛ ʩʫʧʩʪʨʘʪʘ PTFE/ʨʝʟʠʥ TLE-95 

ʇʘʨʘʤʝʪʘʨ ɺʨʝʜʥʦʩʪ 

ɼʠʝʣʝʢʪʨʠʯʥʘ ʢʦʥʩʪʘʥʪʘ 3 

Tʘʥʛʝʥʩ ʫʛʣʘ ʛʫʙʠʪʘʢʘ 0.0028 

ɼʝʙˀʠʥʘ ʩʫʧʩʪʨʘʪʘ [mm] 0.11176 

ɼʝʙˀʠʥʘ ʤʝʪʘʣʠʟʘʮʠʿʝ [mm] 0.0175 

 

ʇʨʝʜʣʦʞʝʥʠ ʬʠʣʪʘʨ ʩʘ ʿʝʜʥʠʤ ʥʝʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʿʝ ʨʝʘʣʠʟʦʚʘʥ 

ʫʤʝʪʘˁʝʤ ʚʝʦʤʘ ʪʘʥʢʝ ʧʣʦʯʠʮʝ ʫ ɽ-ʨʘʚʘʥ ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ. ʇʨʦʮʝʩ 

ʧʨʦʿʝʢʪʦʚʘˁʘ ʬʠʣʪʨʘ ʿʝ, ʢʘʦ ʠ ʫ ʧʨʝʪʭʦʜʥʦ ʧʨʠʢʘʟʘʥʦʤ ʨʝʰʝˁʫ, ʟʘʧʦʯʝʪ 

ʧʨʦʿʝʢʪʦʚʘˁʝʤ ʯʝʪʚʨʪʪʘʣʘʩʥʦʛ ʪʘʣʘʩʦʚʦʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ. ʋ ʦʜʥʦʩʫ ʥʘ 

ʯʝʪʚʨʪʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ f
0
=9 GHz (ʯʠʿʠ ʩʫ ʧʘʨʘʤʝʪʨʠ ʜʘʪʠ 

ʫ ʪʘʙʝʣʠ 5.9), ʧʨʦʤʝˁʝʥʘ ʿʝ ʚʨʝʜʥʦʩʪ ʧʘʨʘʤʝʪʨʘ d11 ʥʘ 3.45 mm. ɿʘ ʧʦʪʨʝʙʝ 

ʧʨʦʿʝʢʪʦʚʘˁʘ ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʬʠʣʪʨʘ ʜʨʫʛʦʛ ʨʝʜʘ, ʢʦʨʠʰ˂ʝʥʠ ʩʫ ʨʝʟʦʥʘʪʦʨʠ ʩʘ 

ʥʦʚʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʧʘʨʘʤʝʪʘʨʘ, ʘ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ ʠʟʥʦʩʠ 8.5 mm. 

 

 

 
5.1.4.2 ɽʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʬʠʣʪʨʘ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʿʝʜʥʠʤ ʥʝʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ 

ʫʯʝʩʪʘʥʦʩʪʠ 

 

ɿʘ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠ ʤʦʜʝʣ ʪʘʣʘʩʦʚʦʜʥʦʛ ʬʠʣʪʨʘ ʩʘ ʜʚʘ 

ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ, ʯʠʿʘ ʿʝ ʧʨʝʛʨʘʜʘ ʠʤʧʣʝʤʝʥʪʠʨʘʥʘ ʢʦʨʠʩʪʝ˂ʠ ʪʘʥʘʢ ʩʫʧʩʪʨʘʪ ʦʜ 

ʬʠʙʝʨʛʣʘʩʘ, ʿʝ ʜʘʪ ʧʨʝʜʣʦʛ ʝʢʚʠʚʘʣʝʥʪʥʝ ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ (ʩʣʠʢʘ 5.26) [Mrvi2015b]. 

ʇʨʠʣʠʢʦʤ ʫʩʧʦʩʪʘʚˀʘˁʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʟʘʥʝʤʘʨʝʥʠ ʩʫ ʛʫʙʠʮʠ. ʇʨʝʜʣʦʞʝʥʘ 

ʰʝʤʘ ʫ ʧʦʪʧʫʥʦʩʪʠ ʦʜʛʦʚʘʨʘ ʧʨʦʩʪʦʨʥʦʿ ʜʝʢʦʤʧʦʟʠʮʠʿʠ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦʛ 

ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦʛ ʤʦʜʝʣʘ ʬʠʣʪʨʘ. 
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ʉʣʠʢʘ 5.26 ɽʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʪʘʣʘʩʦʚʦʜʥʦʛ ʬʠʣʪʨʘ ʥʝʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ 

ʆʢʦʩʥʠʮy ʰʝʤʝ ʯʠʥʝ ʜʚʘ ʩʧʨʝʛʥʫʪʘ ʧʘʨʘʣʝʣʥʘ LC-ʦʩʮʠʣʘʪʦʨʥʘ ʢʦʣʘ. ʉʚʘʢʠ 

ʦʜ ʯʝʪʚʨʪʪʘʣʘʩʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʫ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦʤ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦʤ ʤʦʜʝʣʫ ʿʝ 

ʝʢʚʠʚʘʣʝʥʪʥʦ ʧʨʝʜʩʪʘʚˀʝʥ ʧʘʨʘʣʝʣʥʦʤ ʚʝʟʦʤ ʢʘʣʝʤʘ ʠ ʢʦʥʜʝʥʟʘʪʦʨʘ, ʘ ʫ ʤʦʜʝʣʫ ʩʫ 

ʜʦʜʘʪʝ ʠ ʩʧʨʝʛʝ ʠʟʤʝʹʫ ʦʚʠʭ ʨʝʟʦʥʘʪʦʨʘ ʫ ʧʨʘʚʦʫʛʘʦʥʦʤ ʪʘʣʘʩʦʚʦʜʫ. ʂʦʥʮʝʧʪ 

ʩʧʨʝʛʝ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ je ʝʬʠʢʘʩʥʦ ʧʨʝʜʩʪʘʚˀʝʥ ʧʦʤʦ˂ʫ ʤʘʛʥʝʪʩʢʝ ʠ ʝʣʝʢʪʨʠʯʥʝ 

ʩʧʨʝʛʝ. ʄʘʛʥʝʪʩʢʘ ʩʧʨʝʛʘ ʿʝ ʤʦʜʝʣʦʚʘʥʘ ʧʦʤʦ˂ʫ ʣʠʥʝʘʨʥʦʛ ʠʥʜʫʢʪʠʚʥʦʛ 

ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ ʤʝʹʫʩʦʙʥʝ ʠʥʜʫʢʪʠʚʥʦʩʪʠ Lm, ʘ ʝʣʝʢʪʨʠʯʥʘ ʩʧʨʝʛʘ ʧʦʤʦ˂ʫ 

ʢʦʥʜʝʥʟʘʪʦʨʘ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ Cm. 

ɺʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ ʝʢʚʠʚʘʣʝʥʪʥʦʛ ʝʣʝʢʪʨʠʯʥʦʛ ʢʦʣʘ ʩʫ ʜʦʙʠʿʝʥʝ ʫ ʥʝʢʦʣʠʢʦ 

ʢʦʨʘʢʘ. ʅʘʿʧʨʝ ʩʫ ʦʜʨʝʹʝʥʝ ʚʨʝʜʥʦʩʪʠ LC-ʨʝʟʦʥʘʪʦʨʘ ʥʘ ʦʩʥʦʚʫ ʿʝʜʥʘʯʠʥʘ (5.3) ʠ 

(5.4). ʀʤʧʝʜʘʥʩʝ ʧʦʨʪʦʚʘ ʠʤʘʿʫ ʚʨʝʜʥʦʩʪ ʦʜ 550 Ý. ɼʫʞʠʥʘ ʦʜʩʝʯʢʘ ʪʘʣaʩʦʚʦʜʘ, 

ʢʦʿʠ ʿʝ ʧʦʟʠʮʠʦʥʠʨʘʥ ʠʟʤʝʹʫ LC-ʨʝʟʦʥʘʪʦʨʘ, ʦʜʛoʚʘʨʘ ʨʘʩʪʦʿʘˁʫ ʠʟʤʝʹʫ ʩʨʝʜʠʥʘ 

ʯʝʪʚʨʪʪʘʣʘʩʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʫ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦʤ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦʤ ʤʦʜʝʣʫ, ʪʘʢʦ 

ʜʘ ʿʝ D1åd11/2+d11/2+Ὑ. ɼʫʞʠʥʘ De1 ʦʜʛʦʚʘʨʘ ʨʘʩʪʦʿʘˁʫ ʦʜ ʩʨʝʜʠʥʘ ʩʚʘʢʦʛ ʦʜ 

ʨʝʟʦʥʘʪʦʨʘ ʜʦ ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʢʨʘʿʘ ʧʣʦʯʠʮʝ. 

ɽʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʬʠʣʪʨʘ, ʨʝʘʣʠʟʦʚʘʥʘ ʫ ʩʦʬʪʚʝʨʩʢʦʤ ʘʣʘʪʫ [MWO] ʿʝ 

ʧʨʠʢʘʟʘʥʘ ʥʘ ʩʣʠʮʠ 5.27. ʆʜ ʠʥʪʝʨʝʩʘ ʿʝ ʦʜʨʝʜʠʪʠ ʚʨʝʜʥʦʩʪ ʤʝʹʫʩʦʙʥʝ 

ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʠ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ. ʉʠʤʙʦʣʠʯʢʦ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʩʧʨʝʛʝ ʿʝ 

ʠʟʚʨʰʝʥʦ ʧʦʤʦ˂ʫ ʩʦʬʪʚʝʨʩʢʦʛ ʘʣʘʪʘ [Math]. ʇʨʠ ʧʨʦʨʘʯʫʥʫ ʧʘʨʘʤʝʪʘʨʘ ʩʧʨʝʛʝ 

ʧʦʣʘʟʠ ʩʝ ʦʜ ʩʠʩʪʝʤʘ ʿʝʜʥʘʯʠʥʘ (5.7) ʢʦʿʠ ʦʧʠʩʫʿʝ ʝʢʚʠʚʘʣʝʥʪʥʫ ʰʝʤʫ ʬʠʣʪʨʘ ʩʘ 

ʩʣʠʢʝ 5.27. ʇʨʠʣʠʢʦʤ ʧʨʦʨʘʯʫʥʘ, ʦʜʩʝʯʘʢ ʪʘʣʘʩʦʚʦʜʘ ʜʫʞʠʥʝ D1 ʧʦʩʤʘʪʨʘʥ ʿʝ ʢʘʦ 

ʝʢʚʠʚʘʣʝʥʪʥʠ ʚʦʜ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʠʤʧʝʜʘʥʩʝ ὤ=550 Ý ʠ ʝʣʝʢʪʨʠʯʥʝ ʜʫʞʠʥʝ 

ɗ=1.60Ј. 

ʇʨʠʩʪʫʧ 1 ʇʨʠʩʪʫʧ 2 
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ʉʣʠʢʘ 5.27 ɽʢʚʠʚʘʣʝʥʪʥʘ ʝʣʝʢʪʨʠʯʥʘ ʰʝʤʘ ʪʘʣʘʩʦʚʦʜʥʦʛ ʬʠʣʪʨʘ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ 

ʿʝʜʥʠʤ ʥʝʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʫʯʝʩʪʘʥʦʩʪʠ 

 

I1=C-CmĀjɤĀV1-V2+I, 

 

 

I1p=C-CmĀjɤĀV1p-V2p+IL, 

 

 

V1-V2=LĀjɤĀIL1+LmĀjɤIL2, 

 

 

V1p-V2p=LĀjɤĀIL2+LmĀjɤIL1, 

 

V1p-V2p=LĀjɤĀIL2+LmĀjɤIL1, 

 

(5.7) 

V2=V2pĀcosɗ-jZcĀI1pĀsinɗ,  

I1=jĀ
1

Zc
ĀV2pĀsinɗ-I1pĀcosɗ, 

 

I1_port=I1+CmĀjɤĀV1-V1p,  

I1p_port=I1p-CmĀjɤĀV1-V1p.  

 

ʄʈɽɾɸs

 ˬ
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ʇʨʝʪʭʦʜʥʠ ʩʠʩʪʝʤ ʿʝʜʥʘʯʠʥʘ ʩʝ ʤʦʞʝ ʪʨʘʥʩʬʦʨʤʠʩʘʪʠ ʪʘʢʦ ʜʘ ʩʝ ʜʦʙʠʿʫ 

ʦʜʛʦʚʘʨʘʿʫ˂ʠ Y-ʧʘʨʘʤʝʪʨʠ ʤʨʝʞʝ ʩʘ ʜʚʘ ʧʨʠʩʪʫʧʘ: 

Y =
Y11 Y12
Y21 Y22

. (5.8) 

 

ʀʟʿʝʜʥʘʯʘʚʘˁʝʤ ʜʝʪʝʨʤʠʥʘʥʪʝ ʘʜʤʠʪʘʥʩʥʝ Y ʤʘʪʨʠʮʝ ʩʘ ʥʫʣʦʤ, ʜʦʙʠʿʘʿʫ ʩʝ 

ʤʦʛʫ˂ʝ ʚʨʝʜʥʦʩʪʠ ʩʦʧʩʪʚʝʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʜʚʘ ʩʧʨʝʛʥʫʪʘ ʨʝʟʦʥʘʪʦʨʘ, ʜʘʪʝ 

ʬʦʨʤʫʣʘʤʘ:  

 

f
1
=
2(L-Lm)ɗ2ϳ (ɗ2ϳ)

4(C-Cm)(L-Lm)Zc
+
Ѝ2cscɗ2ϳ (L-Lm)4C-CmZc

2
+L-Lm+(4-C+CmZc

2
+L-Lm)cosɗ

4(C-Cm)(L-Lm)Zc
,  

f
2
= 
-(L-Lm)tan(ɗ2ϳ)+(L+Lm)(4C-CmZc

2
+(L+Lm)tanɗ2ϳ 2)/sign(cos(ɗ/2))

2(C-Cm)(L+Lm)Zc
. 

 

(5.9) 

  

 ʅʫʤʝʨʠʯʢʝ ʚʨʝʜʥʦʩʪʠ ʦʚʠʭ ʩʦʧʩʪʚʝʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʩʫ ʦʜʨʝʹʝʥʝ ʟʘ ʜʚʘ 

ʥʝʦʧʪʝʨʝ˂ʝʥʘ ʩʧʨʝʛʥʫʪʘ ʨʝʟʦʥʘʪʦʨʘ ʫ ʪʘʣʘʩʦʚʦʜʫ, ʥʘ ʦʩʥʦʚʫ ʧʨʝʪʭʦʜʥʦ ʦʧʠʩʘʥʦʛ 

ʧʦʩʪʫʧʢʘ. ɼʦʙʠʿʝʥʝ ʚʨʝʜʥʦʩʪʠ ʩʫ ʫʚʨʰʪʝʥʝ ʫ ʬʦʨʤʫʣʫ, ʥʘʢʦʥ ʯʝʛʘ ʩʫ ʠʟʨʘʯʫʥʘʪʝ 

ʚʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ Lm ʠ Cm ʢʦʿʠʤʘ ʩʝ ʤʦʜʝʣʫʿʝ ʩʧʨʝʛʘ. ɺʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ 

ʝʢʚʠʚʘʣʝʥʪʥʦʛ ʝʣʝʢʪʨʠʯʥʦʛ ʢʦʣʘ ʩʫ ʜʘʪʝ ʫ ʪʘʙʝʣʠ 5.15. ʅʘ ʩʣʠʮʠ 5.28 ʧʨʠʢʘʟʘʥʦ ʿʝ 

ʧʦʨʝʹʝˁʝ ʘʤʧʣʠʪʫʜʩʢʠʭ ʦʜʟʠʚʘ ʬʠʣʪʨʘ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʿʝʜʥʠʤ ʥʝʧʨʦʧʫʩʥʠʤ 

ʦʧʩʝʛʦʤ ʠ ˁʝʛʦʚʝ ʝʢʚʠʚʘʣʝʥʪʥʝ ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ. ʋʦʯʘʚʘ ʩʝ ʠʟʫʟʝʪʥʦ ʜʦʙʨʦ 

ʩʣʘʛʘˁʝ ʫ ʧʦʛʣʝʜʫ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʰʠʨʠʥʝ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ. 

 

 

ʊʘʙʝʣʘ 5.15 ɺʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ ʬʠʣʪʨʘ ʜʨʫʛʦʛ 

ʨʝʜʘ ʩʘ ʿʝʜʥʠʤ ʥʝʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʫʯʝʩʪʘʥʦʩʪʠ ʥʘ 9 GHz 

L 

(nH) 

Lm 

(nH) 

C 

(pF) 

Cm  

(pF) 

D1  

(mm) 

De1  

(mm) 

0.757 0.00371 0.4136 0.00038 12.35 5.25 
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ʉʣʠʢʘ 5.28 ʇʦʨʝʹʝˁʝ ʘʤʧʣʠʪʫʜʩʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦʛ 

ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦʛ ʤʦʜʝʣʘ ʪʘʣʘʩʦʚʦʜʥʦʛ ʬʠʣʪʨʘ ʥʝʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

ʠ ˁʝʛʦʚʝ ʝʢʚʠʚʘʣʝʥʪʥʝ ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ  

 

5.1.4.3 ʄʠʥʠʿʘʪʫʨʠʟʘʮʠʿʘ ʪʘʣʘʩʦʚʦʜʥʦʛ ʬʠʣʪʨʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ 

 

ʇʦʩʪʫʧʘʢ ʧʨʦʿʝʢʪʦʚʘˁʘ ʬʠʣʪʨʘ ʩʘ ʿʝʜʥʠʤ ʥʝʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʫʯʝʩʪʘʥʦʩʪʠ 

ʩʝ ʤʦʞʝ ʧʨʠʤʝʥʠʪʠ ʧʨʠʣʠʢʦʤ ʧʨʦʿʝʢʪʦʚʘˁʘ ʬʠʣʪʘʨʘ ʩʘ ʚʠʰʝ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ. 

ʊʘʢʘʚ ʧʨʠʤʝʨ ʨʝʰʝˁʘ, ʢʦʜ ʢʦʿʝʛ ʩʫ ʨʝʟʦʥʘʪʦʨʠ ʢʦʿʠ ʫʯʝʩʪʚʫʿʫ ʫ ʨʝʘʣʠʟʘʮʠʿʠ ʠʩʪʦʛ 

ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʚʝʟʘʥʠ ʟʘ ʠʩʪʝ ʟʠʜʦʚʝ ʪʘʣʘʩʦʚʦʜʘ, ʿʝ ʬʠʣʪʘʨ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʜʚʘ 

ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ (ʩʣʠʢʘ 5.29). ʉʧʝʮʠʬʠʮʠʨʘʥʝ ʮʝʥʪʨʘʣʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ ʬʠʣʪʨʘ ʩʫ f
01
=9 GHz ʠ f

02
=11 GHz, ʘ ʨʝʣʘʪʠʚʥʝ ʰʠʨʠʥʝ 

ʪʨʦʜʝʮʠʙʝʣʩʢʠʭ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ ʩʫ (fractional bandwidth ï FBW) FBW1 =5.77% 

ʠ FBW2 =5.27%. ʆʙʟʠʨʦʤ ʜʘ ʿʝ ʢʦʨʠʰ˂ʝʥʠ ʩʫʧʩʪʨʘʪ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʧʨʝʛʨʘʜʝ 

ʠʟʫʟʝʪʥʦ ʪʘʥʘʢ, ʫʪʚʨʹʝʥʦ ʿʝ ʜʘ ʿʝ ʦʜʟʠʚ ʬʠʣʪʨʘ ʠʜʝʥʪʠʯʘʥ ʥʝʟʘʚʠʩʥʦ ʦʜ ʪʦʛʘ ʜʘ ʣʠ 

ʩʫ ʧʘʨʦʚʠ ʨʝʟʦʥʘʪʦʨʘ ʰʪʘʤʧʘʥʠ ʩʘ ʠʩʪʝ ʠʣʠ ʩʘ ʨʘʟʣʠʯʠʪʠʭ ʩʪʨʘʥʘ ʜʠʝʣʝʢʪʨʠʯʥʝ 

ʧʣʦʯʠʮʝ. 

ʅʝʤʠʥʠʿʘʪʫʨʠʟʦʚʘʥʠ ʪʘʣʘʩʦʚʦʜʥʠ ʬʠʣʪʘʨ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ ʿʝ ʢʘʩʢʘʜʥʘ ʚʝʟʘ ʧʦʿʝʜʠʥʘʯʥʠʭ ʬʠʣʪʘʨʘ ʥʝʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ. 

ʇʦʿʝʜʠʥʘʯʥʠ ʬʠʣʪʨʠ, ʢʦʿʠ ʫʯʝʩʪʚʫʿʫ ʫ ʨʝʘʣʠʟʘʮʠʿʠ ʩʚʘʢʦʛ ʦʜ ʦʧʩʝʛʘ, ʩʫ 

ʧʦʩʪʘʚˀʝʥʠ ʥʘ ʤʝʹʫʩʦʙʥʦʤ ʨʘʩʪʦʿʘˁʫ ʫʥʫʪʘʨ ʪʘʣʘʩʦʚʦʜʘ, ʪʘʢʦ ʜʘ ʥʝ ʧʦʩʪʦʿʠ 
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ʥʝʞʝˀʝʥʘ ʩʧʨʝʛʘ. ʅʘ ʦʩʥʦʚʫ ʪʦʛʘ, ʦʤʦʛʫ˂ʝʥʦ ʿʝ ʬʣʝʢʩʠʙʠʣʥʦ ʧʦʜʝʰʘʚʘˁʝ ʩʚʘʢʦʛ 

ʦʜ ʦʧʩʝʛʘ. ʇʨʦʮʝʩ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʝ je ʜʝʪʘˀʥʦ ʦʧʠʩʘʥ ʫ ʦʚʦʿ ʜʠʩʝʨʪʘʮʠʿʠ ʠ ʫ 

[Mrvi2016a]. 

 

 

ʉʣʠʢʘ 5.29 ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʤʦʜʝʣ ʥʝʤʠʥʠʿʘʪʫʨʠʟʦʚʘʥʦʛ ʬʠʣʪʨʘ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ 

ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ 

 

ɿʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʚʠʝhʛ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ, ʜʫʞʠʥʘ ʢʦʨʠʰ˂ʝʥʠʭ ʨʝʟʦʥʘʪʦʨʘ 

ʿʝ d21=2.58 mm, ʘ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ R2=8 mm. ʆʩʪʘʣʝ ʜʠʤʝʥʟʠʿʝ ʩʫ 

ʠʜʝʥʪʠʯʥʝ ʢʘʦ ʠ ʟʘ ʥʠʞʠ ʥʝʧʨʦʧʫʩʥʠ ʦʧʩʝʛ. ɼʦʜʘʚʘˁʝ ʧʘʨʘ ʨʝʟʦʥʘʪʦʨʘ ʟʘ 

ʧʨʦʿʝʢʪʦʚʘˁʝ ʚʠʰʝʛ ʦʧʩʝʛʘ ʿʝ ʫʪʠʮʘʣʦ ʥʘ ʧʦʚʝ˂ʘˁʝ ʜʫʞʠʥʝ ʰʪʘʤʧʘʥʝ ʧʣʦʯʠʮʝ, ʪʘʢʦ 

ʜʘ ʩʫ ˁʝʥʝ ʜʠʤʝʥʟʠʿʝ ape=44.66 mm ʠ bpe=10.16 mm. 

ʉʚʠ ʨʝʟʦʥʘʪʦʨʠ ʢʦʿʠ ʫʯʝʩʪʚʫʿʫ ʫ ʨʝʘʣʠʟʘʮʠʿʠ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ ʩʫ ʚʝʟʘʥʠ 

ʟʘ ʠʩʪʠ (ʜʦˁʠ) ʟʠʜ ʪʘʣʘʩʦʚʦʜʘ. ʅʘʣʘʟʝ ʩʝ ʥʘ ʨʘʩʪʦʿʘˁʫ Ds ʠ ʫʦʯʝʥʦ ʿʝ ʜʘ ʿʝ 

ʤʠʥʠʤʘʣʥʘ ʚʨʝʜʥʦʩʪ ʪʨʘʞʝʥʦʛ ʨʘʩʪʦʿʘˁʘ ʿʝʜʥʘʢʘ Ds=12.5 mm. ʊʠʤʝ ʿʝ ʦʤʦʛʫ˂ʝʥʦ 

ʜʘ ʩʝ ʧʨʦʤʝʥʦʤ ʧʘʨʘʤʝʪʘʨʘ ʥʝʢʦʛ ʦʜ ʨʝʟʦʥʘʪʦʨʘ ʤʦʞʝ ʥʝʟʘʚʠʩʥʦ ʫʪʠʮʘʪʠ ʥʘ 

ʦʜʨʝʹʝʥʠ ʥʝʧʨʦʧʫʩʥʠ ʦʧʩʝʛ. ʋʢʫʧʥʘ ʜʫʞʠʥʘ ʧʨʦʿʝʢʪʦʚʘʥʦʛ ʬʠʣʪʨʘ ʿʝ 0.876 ɚg. 

ʉ ʮʠˀʝʤ ʩʤʘˁʝˁʘ ʫʢʫʧʥʝ ʜʫʞʠʥʝ ʬʠʣʪʨʘ, ʨʝʟʦʥʘʪʦʨʠ ʢʦʿʠ ʫʯʝʩʪʚʫʿʫ ʫ 

ʨʝʘʣʠʟʘʮʠʿʠ ʿʝʜʥʦʛ ʦʧʩʝʛʘ ʩʫ ʚʝʟʘʥʠ ʟʘ ʨʘʟʣʠʯʠʪʝ ʟʠʜʦʚʝ ʪʘʣʘʩʦʚʦʜʘ. ɼʠʨʝʢʪʥʦ 

ʧʦʩʪʘʚˀʘˁʝ ʧʘʨʦʚʘ ʨʝʟʦʥʘʪʦʨʘ ʿʝʜʥʦʛ ʥʘʩʧʨʘʤ ʜʨʫʛʦʛ ʿʝ ʨʝʟʫʣʪʦʚʘʣʦ ʢʨʘ˂ʦʤ 

ʫʢʫʧʥʦʤ ʜʫʞʠʥʦʤ ʬʠʣʪʨʘ.  

ʀʟʚʨʰʝʥʘ ʿʝ ʢʦʤʧʘʨʘʪʠʚʥʘ ʘʥʘʣʠʟʘ ʦʜʟʠʚʘ ʦʚʘʢʚʦʛ ʬʠʣʪʨʘ ʩʘ ʦʜʟʠʚʦʤ 

ʦʨʠʛʠʥʘʣʥʦʛ, ʥʝʤʠʥʠʿʘʪʫʨʠʟʦʚʘʥʦʛ ʬʠʣʪʨʘ ʩʘ ʩʣʠʢʝ 5.29. ʋʦʯʝʥʦ ʿʝ ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʝ 

ʩʣʘʛʘˁʝ ʦʜʟʠʚʘ ʫ ʧʦʛʣʝʜʫ ʮʝʥʪʨʘʣʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʦʧʩʝʛʘ. ʋ ʧʦʛʣʝʜʫ ʰʠʨʠʥʝ 

ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ ʿʝ ʫʦʯʝʥʦ ʠʟʚʝʩʥʦ ʥʝʩʣʘʛʘˁʝ ʩʘ ʨʝʟʫʣʪʘʪʠʤʘ ʧʦʿʝʜʠʥʘʯʥʠʭ 
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ʬʠʣʪʘʨʘ. ʆʜʩʪʫʧʘˁʝ ʿʝ ʧʨʦʫʟʨʦʢʦʚʘʥʦ ʥʝʞʝˀʝʥʦʤ ʩʧʨʝʛʦʤ ʠʟʤʝʹʫ ʧʘʨʦʚʘ 

ʨʝʟʦʥʘʪʦʨʘ ʢʦʿʠ ʫʯʝʩʪʚʫʿʫ ʫ ʨʝʘʣʠʟʘʮʠʿʠ ʨʘʟʣʠʯʠʪʠʭ ʦʧʩʝʛʘ.  

 

ʉʣʠʢʘ 5.30 ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʤʦʜʝʣ ʤʠʥʠʿʘʪʫʨʠʟʦʚʘʥʦʛ ʬʠʣʪʨʘ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʜʚʘ 

ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ 

 

ʋ ʮʠˀʫ ʝʣʠʤʠʥʠʩʘˁʘ ʫʪʠʮʘʿʘ ʥʝʞʝˀʝʥʝ ʩʧʨʝʛʝ, ʩʧʨʦʚʝʜʝʥ ʿʝ ʧʦʩʪʫʧʘʢ ʢʦʿʠ 

ʧʦʜʨʘʟʫʤʝʚʘ ʧʦʤʝʨʘˁʝ ʧʘʨʦʚʘ ʨʝʟʦʥʘʪʦʨʘ. ɳʠʭʦʚʠʤ ʧʨʦʩʪʦʨʥʠʤ ʫʜʘˀʘʚʘˁʝʤ ʿʝ 

ʩʧʨʝʯʝʥ ʥʝʞʝˀʝʥʠ ʤʝʹʫʩʦʙʥʠ ʫʪʠʮʘʿ ʥʘ ʢʦʥʘʯʘʥ ʦʜʟʠʚ ʬʠʣʪʨʘ. ʈʝʟʦʥʘʪʦʨʠ 

ʥʘʤʝˁʝʥʠ ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ ʚʠʝhʛ ʦʧʩʝʛʘ ʩʫ ʚʝʟʘʥʠ ʟʘ ʛʦʨˁʠ ʟʠʜ ʪʘʣʘʩʦʚʦʜʘ, ʘ 

ʨʝʟʦʥʘʪʦʨʠ ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ ʥʠʞʝʛ ʦʧʩʝʛʘ ʩʫ ʚʝʟʘʥʠ ʟʘ ʜʦˁʠ ʟʠʜ ʪʘʣʘʩʦʚʦʜʘ. 

ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʤʦʜʝʣ ʤʠʥʠʿʘʪʫʨʠʟʦʚʘʥʦʛ ʬʠʣʪʨʘ ʿʝ ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 5.30. 

ʇʘʨʘʤʝʪʘʨ S ʦʟʥʘʯʘʚʘ ʧʦʤʝʨʘʿ ʬʠʣʪʨʘ ʫ ʦʜʥʦʩʫ ʥʘ ʠʥʠʮʠʿʘʣʥʦ ʧʦʟʠʮʠʦʥʠʨʘʥ 

ʧʘʨ ʨʝʟʦʥʘʪʦʨʘ ʢʦʿʠ ʫʯʝʩʪʚʫʿʫ ʫ ʨʝʘʣʠʟʘʮʠʿʠ ʚʠʰʝʛ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ. ʋ 

ʧʦʩʤʘʪʨʘʥʦʤ ʩʣʫʯʘʿʫ, ʦʚʘʿ ʧʘʨʘʤʝʪʘʨ ʠʤʘ ʚʨʝʜʥʦʩʪ S=12 mm. 

ɼʦʙʠʿʝʥʠ ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ ʩʝ ʧʦʢʣʘʧʘ ʩʘ ʦʜʟʠʚʦʤ ʥʝʤʠʥʠʿʘʪʫʨʠʟʦʚʘʥʦʛ 

ʬʠʣʪʨʘ, a ʫʢʫʧʥʘ ʜʫʞʠʥʘ je ʩʤʘˁʝʥʘ ʥʘ 0.512 ɚg. ʆʧʠʩʘʥʠʤ ʧʦʩʪʫʧʢʦʤ ʿʝ ʦʤʦʛʫ˂ʝʥʦ 

ʦʯʫʚʘˁʝ ʦʜʟʠʚʘ ʥʝʤʠʥʠʿʘʪʫʨʠʟʦʚʘʥʦʛ (ʦʨʠʛʠʥʘʣʥʦʛ) ʬʠʣʪʨʘ ʠ ʥʝʟʘʚʠʩʥʘ ʢʦʥʪʨʦʣʘ 

ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ, ʘ ʜʦʙʠʿʝʥʦ ʿʝ ʙʦˀʝ ʨʝʰʝˁʝ ʫ ʧʦʛʣʝʜʫ ʢʦʤʧʘʢʪʥʦʩʪʠ. 

ʋ ʮʠˀʫ ʚʝʨʠʬʠʢʘʮʠʿʝ ʧʨʝʜʣʦʞʝʥʦʛ ʤʝʪʦʜʘ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʨʘ ʜʨʫʛʦʛ 

ʨʝʜʘ ʩʘ ʚʠʰʝ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ, ʬʘʙʨʠʢʦʚʘʥ ʿʝ ʦʧʪʠʤʘʣʥʠ ʬʠʣʪʘʨ ʩʘ ʜʚʘ 

ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ (ʩʣʠʢʘ 5.31). ʅʘ ʩʣʠʮʠ 5.32 ʩʝ ʧʨʠʤʝ˂ʫʿʝ ʜʦʙʨʦ 

ʩʣʘʛʘˁʝ ʩʠʤʫʣʠʨʘʥʦʛ ʠ ʠʟʤʝʨʝʥʦʛ ʦʜʟʠʚʘ ʬʠʣʪʨʘ ʫ ʧʦʛʣʝʜʫ ʮʝʥʪʨʘʣʥʠʭ 

ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʰʠʨʠʥʝ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ. ɿʘʥʝʤʘʨˀʠʚʘ ʦʜʩʪʫʧʘˁʘ ʫʦʯʝʥʘ ʫʥʫʪʘʨ 

ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʩʝ ʿʘʚˀʘʿʫ ʟʙʦʛ ʛʫʙʠʪʘʢʘ ʫ ʟʠʜʦʚʠʤʘ ʪʘʣʘʩʦʚʦʜʘ ʠ ʧʨʝʣʘʟʠʤʘ ʩʘ 

ʪʘʣʘʩʦʚʦʜʥʠʭ ʥʘ SMA ʢʦʥʝʢʪʦʨʝ. ʇʦʤʝʥʫʪʠ ʛʫʙʠʮʠ ʥʠʩʫ ʙʠʣʠ ʫʟʝʪʠ ʫ ʦʙʟʠʨ 
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85 

 

ʧʨʠʣʠʢʦʤ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʝ ʘʥʘʣʠʟʝ ʧʨʦʿʝʢʪʦʚʘʥʦʛ ʬʠʣʪʨʘ.  

 

ʉʣʠʢʘ 5.31 ʃʘʙʦʨʘʪʦʨʠʿʩʢʠ ʧʨʦʪʦʪʠʧ ʪʘʣʘʩʦʚʦʜʥʦʛ ʬʠʣʪʨʘ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʜʚʘ 

ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

 

 

ʉʣʠʢʘ 5.32 ʇʦʨʝʹʝˁʝ ʩʠʤʫʣʠʨʘʥʠʭ ʠ ʠʟʤʝʨʝʥʠʭ ʬʨʝʢʚʝʥʮʠʿʩʢʠʭ ʦʜʟʠʚʘ ʬʠʣʪʘʨʘ 

ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 
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5.1.4.4 ɽʢʚʠʚʘʣʝʥʪʥʦ ʝʣʝʢʪʨʠʯʥʦ ʢʦʣʦ ʬʠʣʪʨʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ 

 

Eʢʚʠʚʘʣʝʥʪʥʦ ʝʣʝʢʪʨʠʯʥʦ ʢʦʣʦ ʥʝʤʠʥʠʿʘʪʫʨʠʟʦʚʘʥʦʛ ʬʠʣʪʨʘ ʩʘ ʜʚʘ 

ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥʦ ʢʘʦ ʢʘʩʢʘʜʥʘ ʚʝʟʘ ʝʢʚʠʚʘʣʝʥʪʥʠʭ ʤʨʝʞʘ 

ʧʦʿʝʜʠʥʘʯʥʠʭ ʬʠʣʪʘʨʘ. ʇʨʝʜʣʦʞʝʥʦ ʝʢʚʠʚʘʣʝʥʪʥʦ ʢʦʣʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʩʣʠʮʠ 5.33. 

 

Port 1

De

Filter

f01= 9 GHz

Filter

f02= 11 GHz
Dm De

Port 2

 

ʉʣʠʢʘ 5.33 ɽʢʚʠʚʘʣʝʥʪʥʦ ʝʣʝʢʪʨʠʯʥʦ ʢʦʣʦ ʬʠʣʪʨʘ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ 

ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

 

ʀʤʧʝʜʘʥʩʝ ʧʦʨʪʦʚʘ ʦʜʛʦʚʘʨʘʿʫ ʚʨʝʜʥʦʩʪʠ ʪʘʣʘʩʥʝ ʠʤʧʝʜʘʥʩʝ ʥʘ f =10 GHz. 

ʆʚʘ ʚʨʝʜʥʦʩʪ ʿʝ ʦʜʘʙʨʘʥʘ ʿʝʨ ʧʨʝʜʩʪʘʚˀʘ ʩʨʝʜʠʰˁʫ ʫʯʝʩʪʘʥʦʩʪ ʠʟʤʝʹʫ ʫʯʝʩʪʘʥʦʩʪʠ 

ʦʜ ʠʥʪʝʨʝʩʘ, ʘ ʪʦ ʩʫ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʚʠʝhʛ ʠ ʥʠʞʝʛ ʦʧʩʝʛʘ ʬʠʣʪʨʘ. 

ɺʨʝʜʥʦʩʪʠ ʝʢʚʠʚʘʣʝʥʪʥʦʛ ʢʦʣʘ ʬʠʣʪʨʘ ʥʘ 9 GHz ʦʩʪʘʿʫ ʥʝʧʨʦʤʝˁʝʥʝ (ʪʘʙʝʣa 5.14), 

ʘ ʚʨʝʜʥʦʩʪʠ ʝʢʚʠʚʘʣʝʥʪʥʦʛ ʢʦʣʘ ʬʠʣʪʨʘ ʥʘ 11 GHz ʩʫ ʜʘʪʝ ʫ ʪʘʙʝʣʠ 5.16.  

ʅʘ ʩʣʠʮʠ 5.34 ʧʨʠʢʘʟʘʥʦ ʿʝ ʧʦʨʝʹʝˁʝ ʦʜʟʠʚʘ ʬʠʣʪʨʘ, ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ, ʜʦʙʠʿʝʥʠʭ ʩʠʤʫʣʘʮʠʿʦʤ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦʛ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦʛ 

ʤʦʜʝʣʘ ʠ ˁʝʛʦʚʦʛ ʝʢʚʠʚʘʣʝʥʪʥʦʛ ʝʣʝʢʪʨʠʯʥʦʛ ʢʦʣʘ.  

 

ʊʘʙʝʣʘ 5.16 ɺʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ ʝʢʚʠʚʘʣʝʥʪʥʦʛ ʢʦʣʘ ʬʠʣʪʨʘ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʜʚʘ 

ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

L2 

(nH) 

Lm2 

(nH) 

C2 

(pF) 

Cm2 

(pF) 

D2  

(mm) 

Dm 

(mm) 

De 

(mm) 

0.518 0.001122 0.4036 0.0007 10.98 15.92 2.70 

 

ʇʨʠʩʪʫʧ 1 ʇʨʠʩʪʫʧ 2 
ʌʠʣʪʘʨ ʌʠʣʪʘʨ 
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ʉʣʠʢʘ 5.34 ʇʦʨʝʹʝˁʝ ʬʨʝʢʚʝʥʮʠʿʩʢʦʛ ʦʜʟʠʚʘ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦʛ ʤʦʜʝʣʘ ʬʠʣʪʨʘ 

ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʠ ˁʝʛʦʚʝ ʝʢʚʠʚʘʣʝʥʪʥʝ ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ 

 

 

5.1.4.5 ʋʣʪʨʘ-ʢʦʤʧʘʢʪʥʠ ʬʠʣʪʘʨ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

 

ʆʩʥʦʚʥʘ ʠʜʝʿʘ ʢʦʜ ʜʦʜʘʪʥʝ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʝ ʬʠʣʪʨʘ, ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ 

ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ, ʿʝʩʪʝ ʦʯʫʚʘˁʝ ʬʨʝʢʚʝʥʮʠʿʩʢʦʛ ʦʜʟʠʚʘ ʫʟ ʜʨʘʩʪʠʯʥʦ ʩʤʘˁʝˁʝ 

ʜʫʞʠʥʝ ʬʠʣʪʨʘ. ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʤʦʜʝʣ ʧʨʝʜʣʦʞʝʥʦʛ ʫʣʪʨʘ-ʢʦʤʧʘʢʪʥʦʛ ʬʠʣʪʨʘ 

ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʿʝ ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 5.35. ɼʠʤʝʥʟʠʿʝ 

ʨʝʟʦʥʘʪʦʨʘ ʩʫ ʜʘʪʝ ʫ ʪʘʙʝʣʠ 5.17.  

 

 

ʉʣʠʢʘ 5.35 ʋʣʪʨʘ-ʢʦʤʧʘʢʪʥʠ ʬʠʣʪʘʨ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ (ʧʨʠʢʘʟ 

ʦʙʝ ʩʪʨʘʥʝ ʧʨʝʛʨʘʜʝ ʿʝʨ ʩʫ ʥʘ ʩʚʘʢʦʿ ʩʪʨʘʥʠ ʰʪʘʤʧʘʥʠ ʨʝʟʦʥʘʪʦʨʠ) 

 

ʇʨʚʠ ʢʦʨʘʢ ʢʘ ʩʤʘˁʝˁʫ ʜʫʞʠʥʝ ʬʠʣʪʨʘ ʿʝʩʪʝ ʫʢʠʜʘˁʝ ʧʦʤʝʨʘʿʘ ʧʘʨʘ 

ʨʝʟʦʥʘʪʦʨʘ (ʦʟʥʘʯʝʥʠʤ ʩʠʤʙʦʣʦʤ S ʥʘ ʩʣʠʮʠ 5.30) ʜʫʞ ʣʦʥʛʠʪʫʜʠʥʘʣʥʝ ʦʩʝ 

ʪʘʣʘʩʦʚʦʜʘ. ʊʦ ʩʝ ʬʠʟʠʯʢʠ ʦʩʪʚʘʨʫʿʝ ʰʪʘʤʧʘˁʝʤ ʧʘʨʦʚʘ ʨʝʟʦʥʘʪʦʨʘ, ʧʦʩʪʘʚˀʝʥʠʭ 
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ʜʠʨʝʢʪʥʦ ʿʝʜʘʥ ʥʘʩʧʨʘʤ ʜʨʫʛʦʛ, ʘʣʠ ʩʘ ʨʘʟʣʠʯʠʪʠʭ ʩʪʨʘʥʘ ʧʣʦʯʠʮʝ.  

 

ʊʘʙʝʣʘ 5.17 ʇʘʨʘʤʝʪʨʠ ʨʝʟʦʥʘʪʦʨʘ ʥʘʤʝˁʝʥʠ ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ 

ʫʣʪʨʘ-ʢʦʤʧʘʢʪʥʦʛ ʬʠʣʪʨʘ 

ʅʝʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʥʘ ʥʠʞʦʿ ʮʝʥʪʨʘʣʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ 

d11 d12 c11 l m R1 

2.75 1.3 0.1 0.5 1.08 8.5 

ʅʝʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʥʘ ʚʠʰʦʿ ʮʝʥʪʨʘʣʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ 

d21 d12 c21 l p R2 

2.55 1.3 0.25 0.5 0.45 7.8 
 

ʋʩʣʝʜ ʬʠʟʠʯʢʝ ʙʣʠʟʠʥʝ ʠʟʤʝʹʫ ʧʘʨʦʚʘ ʨʝʟʦʥʘʪʦʨʘ ʟʘ ʨʘʟʣʠʯʠʪʝ ʦʧʩʝʛʝ ʧʦʩʪʦʿʠ 

ʠ ʩʧʨʝʛʘ ʠʟʤʝ˂ʫ ˁʠʭ. ʊʦ ʟʘ ʧʦʩʣʝʜʠʮʫ ʠʤʘ ʜʘ ʥʠʿʝ ʤʦʛʫ˂ʘ ʥʝʟʘʚʠʩʥʘ ʢʦʥʪʨʦʣʘ 

ʧʦʿʝʜʠʥʘʯʥʠʭ ʦʧʩʝʛʘ. ʋʦʯʝʥʦ ʿʝ ʜʘ ʿʝ ʩʤʘˁʝʥʘ ʰʠʨʠʥʘ ʚʠʝhʛ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ, 

ʜʦʢ ʩʫ ʧʘʨʘʤʝʪʨʠ ʥʠʞʝʛ ʦʧʩʝʛʘ ʦʩʪʘʣʠ ʥʝʧʨʦʤʝˁʝʥʠ. ʂʘʢʦ ʙʠ ʩʝ ʦʯʫʚʘʣʘ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʠʥʠʿʘʪʫʨʠʟʦʚʘʥʦʛ ʬʠʣʪʨʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ, 

ʘ ʜʘ ʩʝ ʧʨʠ ʪʦʤ ʠʩʪʦʚʨʝʤʝʥʦ ʩʤʘˁʠ ʜʫʞʠʥʘ, ʠʟʚʨʰʝʥʘ ʿʝ ʤʦʜʠʬʠʢʘʮʠʿʘ 

ʯʝʪʚʨʪʪʘʣʘʩʥʠʭ ʨʝʟʦʥʘʪʦʨʘ. ʉʣʠʢʘ 5.36 ʠʣʫʩʪʨʫʿʝ ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ ʜʦʙʠʿʝʥʦʛ 

ʫʣʪʨʘ-ʢʦʤʧʘʢʪʥʦʛ ʬʠʣʪʨʘ. ʋʪʠʮʘʿ ʛʝʦʤʝʪʨʠʿʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʥʘ ʬʨʝʢʚʝʥʮʠʿʩʢʠ 

ʦʜʟʠʚ ʬʠʣʪʨʘ ʿʝ ʧʨʠʢʘʟʘʥ ʫ ʪʘʙʝʣʠ 5.18. ʋʢʫʧʥʘ ʜʫʞʠʥʘ ʬʠʣʪʨʘ ʿʝ 0.295 ɚg. 

 

 

ʉʣʠʢʘ 5.36 ʇʦʨʝʹʝˁʝ ʘʤʧʣʠʪʫʜʩʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʦʨʠʛʠʥʘʣʥʦʛ 

ʥʝʤʠʥʠʿʘʪʫʨʠʟʦʚʘʥʦʛ ʬʠʣʪʨʘ ʠ ʫʣʪʨʘ-ʢʦʤʧʘʢʪʥʦʛ ʬʠʣʪʨʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ 

 

 
ʋʣʪʨʘ-ʢʦʤʧʘʢʪʥʠ 

ʅʝʤʠʥʠʿʘʪʫʨʠʟʦʚʘʥʠ 

ʋʣʪʨʘ-ʢʦʤʧʘʢʪʥʠ 

ʅʝʤʠʥʠʿʘʪʫʨʠʟʦʚʘʥʠ 
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ʊʘʙʝʣʘ 5.18 ʋʪʠʮʘʿ ʛʝʦʤʝʪʨʠʿʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʥʘ ʦʜʟʠʚ ʫʣʪʨʘ-ʢʦʤʧʘʢʪʥʦʛ ʬʠʣʪʨʘ 

ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

ʇʘʨʘʤʝʪʘʨ 

(mm) 

f01 

 (GHz) 

B3dB1 

(MHz) 

f02  

(GHz) 

B3dB2 

(GHz) 

c21ŷ ī ī Ź ŷ 

c11Ź Ź Ź Ź ŷ 

R2Ź ī Ź ī ŷ 

R1Ź ŷ ŷ Ź ŷ 

d11ŷ Ź ŷ ī ŷ 

m ŷ ŷ ŷ ī Ź 

 

ʈʘʟʣʠʯʠʪʠ ʧʨʘʚʮʠ ʜʦʜʘʪʥʝ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʝ ʬʠʣʪʨʘ ʫʢˀʫʯʫʿʫ ʥʝʩʘʚʠʿʝʥʫ 

ʬʦʨʤʫ ʯʝʪʚʨʪʪʘʣʘʩʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʠʣʠ ʧʨʦʤʝʥʫ ʢʦʨʠʰ˂ʝʥʦʛ ʩʫʧʩʪʨʘʪʘ. ʈʝʰʝˁʝ ʩʘ 

ʥʝʩʘʚʠʿʝʥʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ ʦʤʦʛʫ˂ʘʚʘ ʟʥʘʯʘʿʥʦ ʰʠʨʝ ʥʝʧʨʦʧʫʩʥʝ ʦʧʩʝʛʝ ʫ ʧʦʨʝʹʝˁʫ 

ʩʘ ʨʝʰʝˁʠʤʘ ʢʦʿʘ ʧʨʠʤʝˁʫʿʫ ʩʘʚʠʿʝʥʝ ʨʝʟʦʥʘʪʦʨʝ. ʀʟ ʪʦʛ ʨʘʟʣʦʛʘ ʙʠ ʨʘʩʪʦʿʘˁʝ 

ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ, ʢʦʿʠ ʦʜʛʦʚʘʨʘʿʫ ʿʝʜʥʦʤ ʦʧʩʝʛʫ, ʤʦʨʘʣʦ ʜʘ ʙʫʜʝ ʟʥʘʯʘʿʥʦ ʚʝ˂ʝ 

ʢʘʢʦ ʙʠ ʩʝ ʦʯʫʚʘʣʘ ʘʤʧʣʠʪʫʜʩʢʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ. ʊʦ ʙʠ ʠʤʘʣʦ ʟʘ ʧʦʩʣʝʜʠʮʫ ʚʝ˂ʫ 

ʜʫʞʠʥʫ ʬʠʣʪʨʘ ʥʝʛʦ ʰʪʦ ʿʝ ʜʫʞʠʥʘ ʧʨʝʜʣʦʞʝʥʦʛ ʬʠʣʪʨʘ.  

ʀʜʝʥʪʠʯʘʥ ʝʬʝʢʘʪ ʿʝ ʫʦʯʝʥ ʢʦʨʠʰ˂ʝˁʝʤ ʩʫʧʩʪʨʘʪʘ ʩʘ ʚʝ˂ʦʤ ʜʠʝʣʝʢʪʨʠʯʥʦʤ 

ʢʦʥʩʪʘʥʪʦʤ. ʀʘʢʦ ʚʝ˂ʘ ʚʨʝʜʥʦʩʪ ʀ ʠʤʘ ʟʘ ʧʦʩʣʝʜʠʮʫ ʜʘ ʩʫ ʰʪʘʤʧʘʥʠ ʨʝʟʦʥʘʪʦʨʠ 

ʢʨʘ˂ʠ, ʦʩʪʚʘʨʝʥʠ ʦʧʩʝʟʠ ʩʫ ʟʥʘʯʘʿʥʦ ʰʠʨʠ ʥʝʛʦ ʦʧʩʝʟʠ ʜʦʙʠʿʝʥʠ ʧʦʤʦ˂ʫ 

ʧʨʝʜʣʦʞʝʥʠʭ ʩʘʚʠʿʝʥʠʭ ʨʝʟʦʥʘʪʦʨʘ. ʆʪʫʜʘ ʙʠ ʙʠʣʦ ʧʦʪʨʝʙʥo ʧʦʚʝ˂ʘʪʠ ʨʘʩʪʦʿʘˁʝ 

ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ, ʰʪʘʤʧʘʥʠʭ ʥʘ ʩʫʧʩʪʨʘʪʫ ʩʘ ʚʝ˂ʠʤ ʀ, ʰʪʦ ʚʦʜʠ ʢʘ ʜʫʞʝʤ ʬʠʣʪʨʫ 

ʫ ʦʜʥʦʩʫ ʥʘ ʧʨʝʜʣʦʞʝʥʦ ʨʝʰʝˁʝ. 

 

5.1.4.6 ʉʥʘʛʘ ʪʘʣʘʩʦʚʦʜʥʦʛ ʬʠʣʪʨʘ 

 

ʋ ʦʚʦʤ ʦʜʝˀʢʫ ˂ ʝ ʙʠʪʠ ʠʟʣʦʞʝʥ ʧʨʦʨʘʯʫʥ ʩʥʘʛʝ ʪʘʣʘʩʦʚʦʜʥʦʛ ʬʠʣʪʨʘ ʜʨʫʛʦʛ 

ʨʝʜʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ. ʋ ʧʦʛʣʝʜʫ ʜʠʝʣʝʢʪʨʠʯʥʦʛ ʧʨʦʙʦʿʘ, 

ʠʟʚʨʰʝʥ ʿʝ ʧʨʦʨʘʯʫʥ ʠ ʫʦʯʝʥʦ ʿʝ ʜʘ ʿʝ ʢʨʠʪʠʯʥʘ ʘʤʧʣʠʪʫʜʘ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ, ʥʘ 

ʢʦʿʦʿ ʜʦʣʘʟʠ ʜʦ ʧʨʦʙʦʿʘ ʤʘʪʝʨʠʿʘʣʘ, ʚʝ˂ʘ ʦʜ ʚʨʝʜʥʦʩʪʠ ʢʨʠʪʠʯʥʦʛ ʧʦˀʘ ʟʘ ʧʨʦʙʦʿ 

ʚʘʟʜʫʭʘ. ʋ ʩʢʣʘʜʫ ʩʘ ʪʠʤ, ʟʘ ʧʨʦʮʝʥʫ ʧʘʨʘʤʝʪʨʘ ʤʘʢʩʠʤʘʣʥʝ ʩʥʘʛʝ ʢʦʿʘ ʩʝ ʤʦʞʝ 

ʧʨʝʥʝʪʠ (power handling capability) ʿʝ ʫʟʝʪʘ ʢʨʠʪʠʯʥʘ ʚʨʝʜʥʦʩʪ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʟʘ 

ʧʨʦʙʦʿ ʚʘʟʜʫʭʘ ʠ ʪʦ ʿʝ Ekritiļno=3 MV/m. 
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ʋ ʦʢʚʠʨʫ ʦʚʦʛ ʠʩʪʨʘʞʠʚʘˁʘ, ʟʘ ʧʨʦʮʝʥʫ ʩʥʘʛʝ ʨʘʟʤʘʪʨʘʥʝ ʩʪʨʫʢʪʫʨʝ ʿʝ 

ʢʦʨʠʰ˂ʝʥʘ ʬʫʥʢʮʠʦʥʘʣʥʦʩʪ ʨʝʘʣʠʟʦʚʘʥʘ ʫ ʦʢʚʠʨʫ CAD ʚʝʨʟʠʿʝ WIPL-D ʩʦʬʪʚʝʨʘ. 

Tʦ ʿʝ ʢʦʥʮʝʧʪ ʢʦʨʠʰ˂ʝˁʘ ʪʘʣʘʩʦʚʦʜʥʠʭ ʧʦʨʪʦʚʘ ʠ ʧʦʙʫʹʠʚʘˁʘ ʩʪʨʫʢʪʫʨʝ 

ʜʦʤʠʥʘʥʪʥʠʤ TE10 ʪʘʣʘʩʦʤ. ʈʘʩʧʦʜʝʣʘ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀa ʫʥʫʪʘʨ ʪʘʣʘʩʦʚʦʜʘ ʢʘʜʘ 

ʿʝ ʧʦʙʫʹʝʥ ʜʦʤʠʥʘʥʪʥʠʤ TE10 ʤʦʜʦʤ ʿʝ ʧʨʠʢʘʟʘʥʘ ʥʘ ʩʣʠʮʠ 5.37. 

ʄʘʢʩʠʤʘʣʥʘ ʚʨʝʜʥʦʩʪ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʫ i-ʪʦʤ ʨʝʟʦʥʘʪʦʨʫ ʬʠʣʪʨʘ, ʟʘ 

ʫʣʘʟʥʫ ʩʥʘʛʫ ʤʦʞʝ ʙʠʪʠ ʩʢʘʣʠʨʘʥʘ ʥʘ [Yu2007]: 

Emax,iåP0.  (5.10) 

ʋʣʘʟʥʘ ʩʥʘʛʘ ʜʦʤʠʥʘʥʪʥʦʛ TE10 ʪʘʣʘʩʘ ʿ ʝ ʧʦʩʪʘʚˀʝʥʘ ʥʘ P0=1W, ʘ ʤʘʢʩʠʤʘʣʥʠ 

ʠʥʪʝʥʟʠʪʝʪ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʿʝ ʨʘʯʫʥʘʪ ʟʘ ʩʚʝ ʨʝʟʦʥʘʪʦʨʝ. ʋʦʯʝʥʦ ʿʝ ʜʘ ʿʝ 

ʤʘʢʩʠʤʘʣʥʘ ʚʨʝʜʥʦʩʪ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʟʘ ʩʥʘʛʫ ʦʜ 1W, Emax = 94.78 KV/m. 

ʄʘʢʩʠʤʘʣʥʘ ʫʣʘʟʥʘ ʩʥʘʛʘ Ptmax ʿʝ ʧʨʦʧʦʨʮʠʦʥʘʣʥʘ ʢʚʘʜʨʘʪʫ ʝʣʝʢʪʨʠʯʥʦʛ 

ʧʦʘˀ, ʧʨʠ ʯʝʤʫ ʝʣʝʢʪʨʠʯʥʦ ʧʦˀʝ ʠʤʘ ʟʘʥʝʤʘʨˀʠʚʦ ʤʘˁʫ ʚʨʝʜʥʦʩʪ ʦʜ ʢʨʠʪʠʯʥʝ 

ʚʨʝʜʥʦʩʪʠ ʧʦˀʘ ʟʘ ʢʦʿʫ ʜʦʣʘʟʠ ʜʦ ʧʨʦʙʦʿʘ ʚʘʟʜʫʭʘ (Emax-ispod_kritiļne). ʀʩʪʦʚʨʝʤʝʥʦ, 

ʤʘʢʩʠʤʘʣʥʘ ʫʣʘʟʥʘ ʩʥʘʛʘ ʤʦʞʝ ʙʠʪʠ ʦʜʨʝʹʝʥʘ ʢʦʨʠʩʪʝ˂ʠ: Ptmax=nP0. ʅʘʢʦʥ 

ʠʟʿʝʜʥʘʯʘʚʘˁʘ ʦʙʘ ʠʟʨʘʟʘ ʟʘ ʤʘʢʩʠʤʘʣʥʫ ʫʣʘʟʥʫ ʩʥʘʛʫ, ʤʦʞʝʤʦ ʧʦʩʪʘʚʠʪʠ ʠʟʨʘʟ 

ʫʥʫʪʘʨ ʢʦʿʝʛ ʬʠʛʫʨʠʰʫ ʩʘʤʦ ʝʣʝʢʪʨʠʯʥʘ ʧʦˀʘ:  

Emax-ispod_kritiļneåЍnEmax,i<Ekritiļno  (5.11) 

ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʤʦʞʝ ʧʨʦʮʝʥʠʪʠ ʜʘ ʿʝ ʤʘʢʩʠʤʘʣʥʘ ʫʣʘʟʥʘ ʩʥʘʛʘ ʢʦʿʫ ʬʠʣʪʘʨ 

ʤʦʞʝ ʜʘ ʧʨʝʥʝʩʝ, ʧʨʝ ʥʝʛʦ ʰʪʦ ʜʦʹʝ ʜʦ ʧʨʦʙʦʿʘ, ʟʘʧʨʘʚʦ 1003 W.  

 

ʉʣʠʢʘ 5.37 ʈʘʩʧʦʜʝʣʘ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀa ʫʥʫʪʘʨ ʪʘʣʘʩʦʚʦʜʘ ʫ ʩʣʫʯʘʿʫ ʧʦʙʫʜʝ 

ʜʦʤʠʥʘʥʪʥʠʤ TE10 ʤʦʜʦʤ 
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5.1.4.7 ʌʠʣʪʘʨ ʩʘ ʪʨʠ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

 

ʌʠʣʪʘʨ ʩʘ ʪʨʠ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ (ʩʣʠʢʘ 5.38) ʿʝ ʧʨʝʜʣʦʞʝʥ 

ʢʘʦ ʧʨʠʤʝʨ ʧʨʦʿʝʢʪʦʚʘˁʘ ʬʠʣʪʘʨʘ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʚʠʰʝ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ. ʎʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʦʿʝʢʪʦʚʘʥʠʭ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ ʩʫ 

f
01
=9 GHz, f

02
 = 10 GHz ʠ f

03
=11GHz, ʘ ˁʠʭʦʚʝ ʨʝʣʘʪʠʚʥʝ ʰʠʨʠʥʝ ʩʫ 

FBW1=5.77%, FBW2=5.4% ʠ FBW3=5.27%, ʨʝʩʧʝʢʪʠʚʥʦ. 

 

 

ʉʣʠʢʘ 5.38 ʌʠʣʪʘʨ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʪʨʠ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

 

ʋ ʩʢʣʘʜʫ ʩʘ ʧʨʝʜʣʦʞʝʥʠʤ ʤʝʪʦʜʦʤ ʧʨʦʿʝʢʪʦʚʘˁʘ, ʧʘʨ ʨʝʟʦʥʘʪʦʨʘ ʧʦʪʨʝʙʥʠʭ 

ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʜʦʜʘʪʥʦʛ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʿʝ ʧʨʠʯʚʨʰ˂ʝʥ ʟʘ ʠʩʪʠ ʟʠʜ 

ʪʘʣʘʩʦʚʦʜʘ. ʋʢʫʧʥʘ ʜʫʞʠʥʘ ʰʪʘʤʧʘʥʝ ʧʨʝʛʨʘʜʝ ʿʝ ʩʘʜʘ ʚʝ˂ʘ ʥʝʛʦ ʫ ʧʨʝʪʭʦʜʥʦʤ 

ʧʨʠʤʝʨʫ, ʪʘʢʦ ʜʘ ʩʘʜʘ ʭʦʨʠʟʦʥʪʘʣʥʘ ʜʠʤʝʥʟʠʿʘ ʧʣʦʯʠʮʝ ʠʟʥʦʩʠ ape2=54.86 mm, ʜʦʢ 

ʚʠʩʠʥʘ ʦʩʪʘʿʝ ʥʝʧʨʦʤʝˁʝʥʘ ʠ ʠʟʥʦʩʠ bpe=10.16 mm. ɼʦʜʘʪʥʠ ʨʝʟʦʥʘʪʦʨʠ ʠʤʘʿʫ 

ʜʫʞʠʥʫ d31=2.98 mm, ʘ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ ʥʦʚʦʛ ʧʘʨʘ ʿʝ R3=8 mm. ʆʩʪʘʣʝ 

ʜʠʤʝʥʟʠʿʝ ʩʫ ʥʝʧʨʦʤʝˁʝʥʝ. ʊʘʢʦʹʝ, ʦʙʟʠʨʦʤ ʜʘ ʿʝ ʧʦʪʨʝʙʥʦ ʦʤʦʛʫ˂ʠʪʠ ʥʝʟʘʚʠʩʥʦ 

ʧʦʜʝʰʘʚʘˁʝ ʦʧʩʝʛʘ, ʧʦʪʨʝʙʥʦ ʿʝ ʦʜʨʝʜʠʪʠ ʦʧʪʠʤʘʣʥʦ ʨʘʩʪʦʿʘˁʝ ʟʘ ʰʪʘʤʧʘˁʝ ʥʦʚʦʛ 

ʧʘʨʘ ʨʝʟʦʥʘʪʦʨʘ. 

ʀʟ ʪʦʛ ʨʘʟʣʦʛʘ, ʧʘʨʦʚʠ ʢʨʘ˂ʠʭ ʨʝʟʦʥʘʪʦʨʘ, ʥʘʤʝˁʝʥʠʭ ʟʘ ʩʧʝʮʠʬʠʮʠʨʘʥʝ 

ʦʧʩʝʛʝ, ʪʨʝʙʘ ʜʘ ʙʫʜʫ ʧʨʠʯʚʨʰ˂ʝʥʠ ʟʘ ʠʩʪʠ ʟʠʜ ʪʘʣʘʩʦʚʦʜʘ, ʿʝʨ ʪʘʢʚʘ ʧʦʩʪʘʚʢʘ 

ʪhʘʤʧʘʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʟʘʫʟʠʤʘ ʥʘʿʤʘˁʫ ʤʦʛʫ˂ʫ ʧʦʚʨʰʠʥʫ ʥʘ ʧʨʝʛʨʘʜʠ. ʊʦ 

ʠʤʧʣʠʮʠʨʘ ʤʘˁʫ ʜʫʞʠʥʫ ʪʘʣʘʩʦʚʦʜʥʦʛ ʬʠʣʪʨʘ. ʋ ʢʦʥʢʨʝʪʥʦʤ ʩʣʫʯʘʿʫ ʬʠʣʪʨʘ ʩʘ 

ʪʨʠ ʦʧʩʝʛʘ, ʯʝʪʚʨʪʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨʠ ʥʘʤʝˁʝʥʠ ʟʘ ʦʧʩʝʛʝ ʥʘ ʮʝʥʪʨʘʣʥʠʤ 

ʫʯʝʩʪʘʥʦʩʪʠʤʘ f
02

 = 10 GHz ʠ f
03

 = 11 GHz ʩʫ ʚʝʟʘʥʠ ʟʘ ʜʦˁʠ ʟʠʜ ʪʘʣʘʩʦʚʦʜʘ, ʘ 
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ʯʝʪʚʨʪʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨʠ ʥʘʤʝˁʝʥʠ ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ ʦʧʩʝʛʘ ʥʘ 9 GHz ʩʫ ʚʝʟʘʥʠ ʟʘ 

ʛʦʨˁʠ ʟʠʜ ʪʘʣʘʩʦʚʦʜʘ. ʇʘʨʦʚʠ ʨʝʟʦʥʘʪʦʨʘ, ʚʝʟʘʥʠ ʟʘ ʜʦˁʠ ʟʠʜ, ʩʫ ʧʦʩʪʘʚˀʝʥʠ ʥʘ 

ʤʝʹʫʩʦʙʥʦʿ ʫʜʘˀʝʥʦʩʪʠ Sd = 12.9 mm. ʅʘ ʪʘʿ ʥʘʯʠʥ, ʝʣʠʤʠʥʠʩʘʥ ʿʝ ʫʪʠʮʘʿ ʥʝʞʝˀʝʥʝ 

ʩʧʨʝʛʝ ʠʟʤʝʹʫ ʧʘʨʦʚʘ ʨʝʟʦʥʘʪʦʨʘ ʠ ʦʤʦʛʫ˂ʝʥʦ ʿʝ ʥʝʟʘʚʠʩʥʦ ʧʦʜʝʰʘʚʘˁʝ ʩʚʘʢʦʛ ʦʜ 

ʧʨʦʿʝʢʪʦʚʘʥʠʭ ʦʧʩʝʛʘ. ʋʢʫʧʥʘ ʜʫʞʠʥʘ ʬʠʣʪʨʘ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʪʨʠ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ 

ʠʟʥʦʩʠ 0.86 ɚg, ʛʜʝ ɚg ʦʟʥʘʯʘʚʘ ʚʦʹʝʥʫ ʪʘʣʘʩʥʫ ʜʫʞʠʥʫ ʪʘʣʘʩʦʚʦʜʘ ʥʘ ʮʝʥʪʨʘʣʥʦʿ 

ʫʯʝʩʪʘʥʦʩʪʠ ʥʘʿʥʠʞʝʛ ʦʧʩʝʛʘ. ʅʘ ʩʣʠʮʠ 5.39 ʿʝ ʧʨʠʢʘʟʘʥʘ ʘʤʧʣʠʪʫʜʩʢʘ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʬʠʣʪʨʘ ʩʘ ʪʨʠ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ, ʟʘʿʝʜʥʦ ʩʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ 

ʧʦʿʝʜʠʥʘʯʥʠʭ ʬʠʣʪʘʨʘ. 

 

 

ʉʣʠʢʘ 5.39 ɸʤʧʣʠʪʫʜʩʢʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʪʘʣʘʩʦʚʦʜʥʦʛ ʬʠʣʪʨʘ ʫ ɽ-ʨʘʚʥʠ ʩʘ ʪʨʠ 

ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ  

  ʌʠʣʪʘʨ ʩʘ ʪʨʠ ʦʧʩʝʛʘ 

  ʌʠʣʪʘʨ ʩʘ ʪʨʠ ʦʧʩʝʛʘ 

  ʌʠʣʪʘʨ ʥʘ 9 GHz 

  ʌʠʣʪʘʨ ʥʘ 9 GHz 

  ʌʠʣʪʘʨ ʥʘ 10 GHz 

  ʌʠʣʪʘʨ ʥʘ 10 GHz 

  ʌʠʣʪʘʨ ʥʘ 11 GHz 

  ʌʠʣʪʘʨ ʥʘ 11 GHz 
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5.2 ʌʠʣʪʨʠ ʩʘ ʧʦʣʫʪʘʣʘʩʥʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ 

 

5.2.1 ʇʦʣʫʪʘʣʘʩʥʠ ʪʘʣʘʩʦʚʦʜʥʠ ʨʝʟʦʥʘʪʦʨ ʫ ɽ-ʨʘʚʥʠ 

 

ʇʨʝʛʨʘʜʘ ʩʘ ʧʦʣʫʪʘʣʘʩʥʠʤ ʨʝʟʦʥʘʪʦʨoʤ ʿʝ ʠʤʧʣʝʤʝʥʪʠʨʘʥʘ ʫ ʚʠʜʫ ʰʪʘʤʧʘʥʝ 

ʧʣʦʯʠʮʝ, ʥʘ ʩʫʧʩʪʨʘʪʫ Rogers RT/Duroid 5880, ʯʠʿʠ ʩʫ ʧʘʨʘʤʝʪʨʠ ʜʘʪʠ ʫ ʪʘʙʝʣʠ 5.19. 

ʉʣʠʢʘ 5.40 ʠʣʫʩʪʨʫʿʝ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʤʦʜʝʣ ʪʘʣʘʩʦʚʦʜʥʦʛ ʧʦʣʫʪʘʣʘʩʥʦʛ 

ʨʝʟʦʥʘʪʦʨʘ, ʘ ˁʝʛʦʚʝ ʜʠʤʝʥʟʠʿʝ ʩʫ ʠʟʣʦʞʝʥʝ ʫ ʪʘʙʝʣʠ 5.20. 

 

ʊʘʙʝʣʘ 5.19 ʇʘʨʘʤʝʪʨʠ ʢʦʨʠʰ˂ʝʥʦʛ ʩʫʧʩʪʨʘʪʘ 

ʇʘʨʘʤʝʪʘʨ ɺʨʝʜʥʦʩʪ 

ɼʠʝʣʝʢʪʨʠʯʥʘ ʢʦʥʩʪʘʥʪʘ 2.2 

Tʘʥʛʝʥʩ ʫʛʣʘ ʛʫʙʠʪʘʢʘ 0.001 

ɼʝʙˀʠʥʘ ʩʫʧʩʪʨʘʪʘ [mm] 0.8 

ɼʝʙˀʠʥʘ ʤʝʪʘʣʠʟʘʮʠʿʝ [mm] 0.018 

 

ʇʨʘʚʦʫʛʘʦʥʠ ʧʦʣʫʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨ ʩʘ ʧʨʦʨʝʟʦʤ ʿʝ ʰʪʘʤʧʘʥ ʥʘ ʩʨʝʜʠʥʠ 

ʜʠʝʣʝʢʪʨʠʯʥʝ ʧʣʦʯʠʮʝ, ʧʨʠ ʯʝʤʫ ʿʝ ʧʨʦʨʝʟ ʦʨʠʿʝʥʪʠʩʘʥ ʢʘ ʛʦʨˁʝʤ ʟʠʜʫ ʪʘʣʘʩʦʚʦʜʘ. 

ɼʦʙʠʿʝʥʠ ʘʤʧʣʠʪʫʜʩʢʠ ʦʜʟʠʚ ʿʝ ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 5.41. ʆʙʟʠʨʦʤ ʜʘ ʠʤʘ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʫ ʥʝʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ, ʪʘʢʦ ʜʘ ʩʝ ʧʨʝʜʣʦʞʝʥʘ ʧʨʝʛʨʘʜʘ 

ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʨʘ ʥʝʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ. 

 

 

ʊʘʙʝʣʘ 5.20 ʇʘʨʘʤʝʪʨʠ ʧʦʣʫʪʘʣʘʩʥʦʛ ʪʘʣʘʩʦʚʦʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʫ ɽ-ʨʘʚʥʠ (ʩʚʝ 

ʜʠʤʝʥʟʠʿʝ ʩʫ ʜʘʪʝ ʫ ʤʠʣʠʤʝʪʨʠʤʘ) 

d1 d2i c p 

2.81 3.61 0.2 0.9 
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ʉʣʠʢʘ 5.40 ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʤʦʜʝʣ ʧʦʣʫʪʘʣʘʩʥʦʛ ʪʘʣʘʩʦʚʦʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʫ ɽ-

ʨʘʚʥʠ 

 

 

ʉʣʠʢʘ 5.41 ɸʤʧʣʠʪʫʜʩʢʠ ʦʜʟʠʚ ʪʘʣʘʩʦʚʦʜʥʦʛ ʧʨʘʚʦʫʛʘʦʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʩʘ 

ʧʨʦʨʝʟʦʤ ʫ ɽ-ʨʘʚʥʠ 

 

ʉʣʝʜʝ˂ʠ ʧʨʠʤʝʨ ʧʦʣʫʪʘʣʘʩʥʦʛ ʪʘʣʘʩʦʚʦʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʿʝ ʧʨʦʿʝʢʪʦʚʘʥ ʥʘ 

ʠʜʝʥʪʠʯʘʥ ʥʘʯʠʥ ʢʘʦ ʠ ʧʨʝʪʭʦʜʥʠ ʨʝʟʦʥʘʪʦʨ. ɱʝʜʠʥʘ ʨʘʟʣʠʢʘ ʿʝ ʫ ʦʨʠʿʝʥʪʘʮʠʿʠ 

ʧʨʦʨʝʟʘ, ʪʘʢʦ ʜʘ ʿʝ ʧʨʦʨʝʟ ʫ ʧʦʩʤʘʪʨʘʥʦʤ ʩʣʫʯʘʿʫ ʫʩʤʝʨʝʥ ʢʘ ʧʨʠʩʪʫʧʫ ʪʘʣʘʩʦʚʦʜʘ, 

ʢʘʦ ʰʪʦ ʿʝ ʠʣʫʩʪʨʦʚʘʥʦ ʥʘ ʩʣʠʮʠ 5.42. ɼʠʤʝʥʟʠʿʝ ʜʠʝʣʝʢʪʨʠʯʥʝ ʧʣʦʯʠʮʝ ʠ 

ʰʪʘʤʧʘʥʦʛ ʚʦʜʘ ʦʩʪʘʿʫ ʥʝʧʨʦʤʝˁʝʥʝ (ʪʘʙʝʣʘ 5.20). ɸʤʧʣʠʪʫʜʩʢʠ ʦʜʟʠʚ ʨʘʟʤʘʪʨʘʥʦʛ 

ʨʝʟʦʥʘʪʦʨʘ ʿʝ ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 5.43. ʋʦʯʘʚʘ ʩʝ ʜʘ ʿʝ ʧʨʦʤʝʥʘ ʦʨʠʿʝʥʪʘʮʠʿʝ ʧʨʦʨʝʟʘ 

ʤʝʪʘʣ 
  
ʜʠʝʣʝʢʪʨʠʢ 
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ʫʩʣʦʚʠʣʘ ʧʨʦʤʝʥʫ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʨʝʟʦʥʘʪʦʨʘ. ʀʟ ʪʦʛ ʨʘʟʣʦʛʘ ʿʝ ʠʟʚʨʰʝʥʘ 

ʢʦʨʝʢʮʠʿʘ ˁʝʛʦʚʝ ʜʫʞʠʥʝ, ʢʘʢʦ ʙʠ ʩʝ ʬʠʥʦ ʧʦʜʝʩʠʣʘ ʨʝʟʦʥʘʥʪʥʘ ʫʯʝʩʪʘʥʦʩʪ ʥʘ 

ʩʧʝʮʠʬʠʮʠʨʘʥʫ ʚʨʝʜʥʦʩʪ f
0
=11 GHz. ʊʘʢʦʹʝ, ʢʘʜʘ ʿʝ ʧʨʦʨʝʟ ʫʩʤʝʨʝʥ ʢʘ ʧʨʠʩʪʫʧʫ 

ʪʘʣʘʩʦʚʦʜʘ, ʫʦʯʘʚʘ ʩʝ ʚʝ˂ʝ ʩʣʘʙˀʝˁʝ ʫ ʥʝʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ. ʆʧʪʠʤʠʟʦʚʘʥʝ 

ʜʠʤʝʥʟʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʩʫ ʜʘʪʝ ʫ ʪʘʙʝʣʠ 5.21. 

  

(a)                                                                 (ʙ) 

ʉʣʠʢʘ 5.42 ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʤʦʜʝʣ ʧʦʣʫʪʘʣʘʩʥʦʛ ʧʨʘʚʦʫʛʘʦʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʫ 

ɽ-ʨʘʚʥʠ, ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ 11 GHz 

 

 

ʉʣʠʢʘ 5.43 ɸʤʧʣʠʪʫʜʩʢʠ ʦʜʟʠʚ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʩʣʠʢʝ 5.42, ʦʨʠʛʠʥʘʣʥʝ ʠ 

ʦʧʪʠʤʠʟʦʚʘʥʝ ʜʫʞʠʥʝ  

 

ʊʘʙʝʣʘ 5.21 ɼʠʤʝʥʟʠʿʝ ʦʧʪʠʤʠʟʦʚʘʥʦʛ ʨʝʟʦʥʘʪʦʨʘ (ʩʚʝ ʜʠʤʝʥʟʠʿʝ ʩʫ ʜʘʪʝ ʫ 

ʤʠʣʠʤʝʪʨʠʤʘ) 

d1 d2 c p 

2.86 3.64 0.2 0.9 

 

ʤʝʪʘʣ 
ʜʠʝʣʝʢʪʨʠʢ 

ʆʧʪʠʤʠʟʦʚʘʥʠ ʨʝʟʦʥʘʪʦʨ 

ʆʪʧʠʤʠʟʦʚʘʥʠ ʨʝʟʦʥʘʪʦʨ 

ʨʝʟʦʥʘʪʦʨ 

ʨʝʟʦʥʘʪʦʨ 

 

 

S21 

S11 
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ʆʙʟʠʨʦʤ ʥʘ ʪʦ ʜʘ ʿʝ ʧʨʦʤʝʥʘ ʦʨʠʿʝʥʪʘʮʠʿʝ ʧʨʦʨʝʟʘ ʧʦʣʫʪʘʣʘʩʥʦʛ ʨʝʟʦʥʘʪʦʨʘ 

ʧʨʦʫʟʨʦʢʦʚʘʣʘ ʧʨʦʤʝʥʫ ˁʝʛʦʚʦʛ ʘʤʧʣʠʪʫʜʩʢʦʛ ʦʜʟʠʚʘ, ʦʜʟʠʚ ʿʝ ʠʩʧʠʪʘʥ ʟʘ ʩʚʝ 

ʤʦʛʫ˂ʝ ʦʨʠʿʝʥʪʘʮʠʿʝ ʧʨʦʨʝʟʘ (ʩʣʠʢʘ 5.44). ʅʘ ʦʩʥʦʚʫ ʩʣʠʢʝ ʩʝ ʤʦʛʫ ʫʦʯʠʪʠ ʜʚʘ ʧʘʨʘ 

ʠʜʝʥʪʠʯʥʠʭ ʘʤʧʣʠʪʫʜʩʢʠʭ ʦʜʟʠʚʘ ʨʝʟʦʥʘʪʦʨʘ, ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʧʦʣʦʞʘʿʘ ʧʨʦʨʝʟʘ. 

ʀʜʝʥʪʠʯʘʥ ʦʜʟʠʚ ʩʝ ʜʦʙʠʿʘ ʢʘʜʘ ʿʝ ʧʨʦʨʝʟ ʦʨʠʿʝʥʪʠʩʘʥ ʢʘ ʧʨʠʩʪʫʧʠʤʘ ʪʘʣʘʩʦʚʦʜʘ 

(ʦʜʥ. ʣʝʚʦ/ʜʝʩʥʦ), ʠ ʠʜʝʥʪʠʯʘʥ ʦʜʟʠʚ ʢʘʜʘ ʿʝ ʧʨʦʨʝʟ ʫʩʤʝʨʝʥ ʢʘ ʛʦʨˁʝʤ/ʜʦˁʝʤ ʟʠʜʫ 

ʪʘʣʘʩʦʚʦʜʘ. ʉʣʫʯʘʿ ʢʘʜʘ ʿʝ ʧʨʦʮʝʧ ʦʨʠʿʝʥʪʠʩʘʥ ʢʘ ʧʨʠʩʪʫʧʠʤʘ ʪʘʣʘʩʦʚʦʜʘ 

(ʣʝʚʦ/ʜʝʩʥʦ) ʦʤʦʛʫ˂ʘʚʘ ʟʥʘʯʘʿʥʦ ʚʝ˂ʫ ʰʠʨʠʥʫ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ, ʰʪʦ ʩʝ ʤʦʞʝ 

ʧʨʠʤʝʪʠʪʠ ʥʘ ʦʩʥʦʚʫ ʪʘʙʝʣʝ 5.22. ʊʘʢʦʹʝ ʩʝ ʫʦʯʘʚʘ ʧʦʤʝʨʘˁʝ ʨʝʟʦʥʘʥʪʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ ʨʝʟʦʥʘʪʦʨʘ ʢʘ ʚʠʰʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʫ ʦʜʥʦʩʫ ʥʘ ʩʣʫʯʘʿ ʢʘʜʘ ʿʝ ʧʨʦʮʝʧ 

ʫʩʤʝʨʝʥ ʧʨʝʤʘ ʛʦʨˁʝʤ ʠ ʜʦˁʝʤ ʟʠʜʫ ʪʘʣʘʩʦʚʦʜʘ. ʋ ʮʠˀʫ ʟʘʜʦʚʦˀʝˁʘ 

ʩʧʝʮʠʬʠʢʘʮʠʿʝ, ʧʨʝʤʘ ʢʦʿʦʿ ʿʝ ʧʨʝʜʣʦʞʝʥʘ ʨʝʟʦʥʘʥʪʥʘ ʫʯʝʩʪʘʥʦʩʪ f
0
=11 GHz 

ʧʦʪʨʝʙʥʦ ʿʝ ʤʦʜʠʬʠʢʦʚʘʪʠ ʜʫʞʠʥʫ ʨʝʟʦʥʘʪʦʨʘ. ɸʥʘʣʠʟʠʨʘʥʠ ʦʜʟʠʚʠ, ʥʘʢʦʥ 

ʧʦʜʝʰʘʚʘˁʘ ʜʠʤʝʥʟʠʿʘ, ʩʫ ʧʨʠʢʘʟʘʥʠ ʥʘ ʩʣʠʮʠ 5.45. 

 

 

ʉʣʠʢʘ 5.44 ʄʦʛʫ˂ʝ ʦʨʠʿʝʥʪʘʮʠʿʝ ʧʨʘʚʦʫʛʘʦʥʦʛ ʧʦʣʫʪʘʣʘʩʥʦʛ ʰʪʘʤʧʘʥʦʛ 

ʨʝʟʦʥʘʪʦʨʘ ʫ ɽ-ʨʘʚʥʠ 
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(ʘ) 

 

(ʙ) 

ʉʣʠʢʘ 5.45 ɸʤʧʣʠʪʫʜʩʢʠ ʦʜʟʠʚ ʧʦʣʫʪʘʣʘʩʥʦʛ ʪʘʣʘʩʦʚʦʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʟʘ ʩʚʝ 

ʦʨʠʿʝʥʪʘʮʠʿʝ ʧʨʦʨʝʟʘ: ʘ) ʩʘ ʦʨʠʛʠʥʘʣʥʠʤ ʜʫʞʠʥʘʤʘ ʙ) ʥʘʢʦʥ ʦʧʪʠʤʠʟʘʮʠʿʝ 

ʜʫʞʠʥʝ ʨʝʟʦʥʘʪʦʨʘ 

 

ʊʘʙʝʣʘ 5.22 ʇʘʨʘʤʝʪʨʠ ʘʤʧʣʠʪʫʜʩʢʦʛ ʦʜʟʠʚʘ ʧʦʣʫʪʘʣʘʩʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʫ ʦʜʥʦʩʫ ʥʘ 

ʦʨʠʿʝʥʪʘʮʠʿʫ ʧʨʦʨʝʟʘ (ʩʚʝ ʚʨʝʜʥʦʩʪʠ ʩʫ ʜʘʪʝ ʫ GHz) 

ʆʨʠʿʝʥʪʘʮʠʿʘ ʧʨʦʨʝʟʘ f0  B3dB  

ʃʝʚʦ/ɼʝʩʥʦ 11 0.470 

ɻʦʨʝ/ɼʦʣʝ 11 0.110 

 

 

 

 

  

S11 

 

 ʛʦʨʝ 

 ʛʦʨʝ 

 ʜʦʣʝ 

 ʜʦʣʝ 

 ʣʝʚʦ 

 ʣʝʚʦ 

 ʜʝʩʥʦ 

 ʜʝʩʥʦ 

S11 

 

S21 

 

S21 

 

ʛʦʨʝ 

ʛʦʨʝ 

ʜʦʣʝ 

ʜʦʣʝ 

ʣʝʚʦ ï ʦʧʪ. ʨʝʟʦʥʘʪʦʨ 

ʣʝʚʦ ï ʦʧʪ. ʨʝʟʦʥʘʪʦʨ 

ʜʝʩʥʦ- ʦʧʪ. ʨʝʟʦʥʘʪʦʨ 

ʜʝʩʥʦ- ʦʧʪ. ʨʝʟʦʥʘʪʦʨ 
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5.2.2 ʌʠʣʪʘʨ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʿʝʜʥʠʤ ʥʝʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʩʘ ʧʦʣʫʪʘʣʘʩʥʠʤ 

ʨʝʟʦʥʘʪʦʨʠʤʘ 

 

ʌʠʣʪʘʨ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʿʝʜʥʠʤ ʥʝʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʢʦʿʠ ʧʨʠʤʝˁʫʿʝ 

ʧʦʣʫʪʘʣʘʩʥʝ ʩʘʚʠʿʝʥʝ ʨʝʟʦʥʘʪʦʨʝ ʿʝ ʧʨʦʿʝʢʪʦʚʘʥ ʟʘ ʮʝʥʪʨʘʣʥʫ ʫʯʝʩʪʘʥʦʩʪ 

f
0
=11 GHz, ʘ ˁʝʛʦʚ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʤʦʜʝʣ ʩʝ ʥʘʣʘʟʠ ʥʘ ʩʣʠʮʠ 5.46. ʇʨʝʛʨʘʜʘ ʿʝ 

ʠʤʧʣʝʤʝʥʪʠʨʘʥʘ ʢʦʨʠʩʪʝ˂ʠ ʜʠʝʣʝʢʪʨʠʯʥʫ ʧʦʜʣʦʛʫ Rogers 4003C, ʯʠʿʠ ʩʫ ʧʘʨʘʤʝʪʨʠ 

ʜʘʪʠ ʫ ʪʘʙʝʣʠ 5.23. 

 

ʊʘʙʝʣʘ 5.23 ʇʘʨʘʤʝʪʨʠ ʩʫʧʩʪʨʘʪʘ Rogers 4003C 

ʇʘʨʘʤʝʪʘʨ ɺʨʝʜʥʦʩʪ 

ɼʠʝʣʝʢʪʨʠʯʥʘ ʢʦʥʩʪʘʥʪʘ 3.55 

Tʘʥʛʝʥʩ ʫʛʣʘ ʛʫʙʠʪʘʢʘ 0.0027 

ɼʝʙˀʠʥʘ ʩʫʧʩʪʨʘʪʘ [mm] 0.508 

ɼʝʙˀʠʥʘ ʤʝʪʘʣʠʟʘʮʠʿʝ [mm] 0.018 

 

ʇʨʝʛʨʘʜʘ ʩʘ ʧʦʣʫʪʘʣʘʩʥʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ ʿʝ ʧʦʩʪʘʚˀʝʥʘ ʫ ɽ-ʨʘʚʥʠ 

ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ. ʋ ʮʝʥʪʨʘʣʥʦʤ ʜʝʣʫ ʧʨʝʛʨʘʜʝ ʩʝ ʥʘʣʘʟʝ ʜʚʘ ʰʪʘʤʧʘʥʘ 

ʧʦʣʫʪʘʣʘʩʥʘ ʨʝʟʦʥʘʪʦʨʘ. ʉʚʘʢʠ ʦʜ ʨʝʟʦʥʘʪʦʨʘ ʿʝ ʧʨʦʿʝʢʪʦʚʘʥ ʥʘ ʥʘʯʠʥ ʠʟʣʦʞʝʥ ʫ 

ʧʨʝʪʭʦʜʥʦʤ ʦʜʝˀʢʫ ʪʘʢʦ ʜʘ ʦʩʪʚʘʨʫʿʝ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ ʥʘ f
0
=11 GHz. 

ɼʠʤʝʥʟʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʩʫ ʜʘʪʝ ʫ ʪʘʙʝʣʠ 5.24.  

 

 

ʉʣʠʢʘ 5.46 ʌʠʣʪʘʨ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʿʝʜʥʠʤ ʥʝʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʢʦʿʠ ʢʦʨʠʩʪʠ 

ʧʦʣʫʪʘʣʘʩʥʝ ʩʘʚʠʿʝʥʝ ʨʝʟʦʥʘʪʦʨʝ 

 

ʊʘʙʝʣʘ 5.24 ɼʠʤʝʥʟʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ 11 GHz (ʩʚʝ ʚʨʝʜʥʦʩʪʠ 

ʩʫ ʠʟʨʘʞʝʥʝ ʫ ʤʠʣʠʤʝʪʨʠʤʘ) 

d1 d2 c p 

2.46 2.6 0.18 1 
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ʆʙʟʠʨʦʤ ʜʘ ʩʝ ʟʘ ʩʚʘʢʫ ʦʨʠʿʝʥʪʘʮʠʿʫ ʧʨʦʨʝʟʘ ʤʦʞʝ ʦʩʪʚʘʨʠʪʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ 

ʥʝʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ, ʧʘʨ ʰʪʘʤʧʘʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ 

ʠʜʝʥʪʠʯʥʫ ʠʣʠ ʨʘʟʣʠʯʠʪʫ ʦʨʠʿʝʥʪʘʮʠʿʫ. ʋ ʧʦʩʤʘʪʨʘʥʦʤ ʩʣʫʯʘʿʫ, ʧʨʦʨʝʟʠ 

ʨʝʟʦʥʘʪʦʨʘ ʩʫ ʫʩʤʝʨʝʥʠ ʧʨʝʤʘ ʧʨʠʩʪʫʧʠʤʘ ʪʘʣʘʩʦʚʦʜʘ, ʘ ʧʦʩʪʘʚˀʝʥʠ ʩʫ ʥʘ 

ʤʝʹʫʩʦʙʥʦʤ ʨʘʩʪʦʿʘˁʫ 5.50 mm. ʅʘ ʩʣʠʮʠ 5.47 ʩʫ ʫʧʦʨʝʹʝʥʝ ʘʤʧʣʠʪʫʜʩʢʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʬʠʣʪʨʘ ʟʘ ʚʨʝʜʥʦʩʪʠ ʤʝʹʫʩʦʙʥʝ ʫʜʘˀʝʥʦʩʪʠ ʨʝʟʦʥʘʪʦʨʘ ʥʘ 

ʧʨʝʛʨʘʜʠ ʦʜ 5.50 mm ʠ 7 mm. ʅʘ ʩʣʠʮʠ 5.48 ʿʝ ʧʨʠʢʘʟʘʥʦ ʧʦʨʝʹʝˁʝ ʘʤʧʣʠʪʫʜʩʢʠʭ 

ʦʜʟʠʚʘ ʬʠʣʪʨʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʜʫʞʠʥʝ ʨʝʟʦʥʘʪʦʨʘ. ʇʘʨʘʤʝʪʘʨ Ὠ ʿʝ ʧʨʠʣʠʢʦʤ 

ʘʥʘʣʠʟʝ ʦʜʟʠʚʘ ʬʠʣʪʨʘ ʫʟʠʤʘʦ ʩʣʝʜʝ˂ʝ ʚʨʝʜʥʦʩʪʠ: 2.32 mm, 2.36 mm, 2.40 mm, 

2.44 mm ʠ 2.48 mm. ʅʘ ʦʩʥʦʚʫ ʩʣʠʢʝ 5.48 ʩʝ ʤʦʞʝ ʧʨʠʤʝʪʠʪʠ ʜʘ ʩʘ ʧʦʚʝ˂ʘˁʝʤ 

ʜʫʞʠʥʝ ʨʝʟʦʥʘʪʦʨʘ ʮʝʥʪʨʘʣʥʘ ʫʯʝʩʪʘʥʦʩʪ ʬʠʣʪʨʘ ʠʤʘ ʤʘˁʫ ʚʨʝʜʥʦʩʪ. 

ʇʦʤʝʨʘˁʝ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʬʠʣʪʨʘ ʿʝ ʦʤʦʛʫ˂ʝʥʦ ʧʦʜʝʰʘʚʘˁʝʤ 

ʜʫʞʠʥʝ ʢʦʨʠʰ˂ʝʥʠʭ ʨʝʟʦʥʘʪʦʨʘ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʿʝ ʧʨʦʿʝʢʪʦʚʘʥ ʬʠʣʪʘʨ ʢʦʿʠ ʠʤʘ 

ʮʝʥʪʨʘʣʥʫ ʫʯʝʩʪʘʥʦʩʪ f
0
=9 GHz. ɺʨʝʜʥʦʩʪ ʧʘʨʘʤʝʪʨʘ d1 ʿʝ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ 3.56 mm, 

ʜʦʢ ʩʫ ʩʚʠ ʦʩʪʘʣʠ ʧʘʨʘʤʝʪʨʠ ʥʝʧʨʦʤʝˁʝʥʠ (ʪʘʙʝʣʘ 5.24). ʈʝʟʦʥʘʪʦʨʠ ʩʫ ʰʪʘʤʧʘʥʠ 

ʥʘ ʤʝʹʫʩʦʙʥʦʤ ʨʘʩʪʦʿʘˁʫ ʦʜ 7 mm. ʇʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʨʘ ʩʘ ʿʝʜʥʠʤ ʥʝʧʨʦʧʫʩʥʠʤ 

ʦʧʩʝʛʦʤ ʧʨʝʪʭʦʜʠ ʧʨʦʿʝʢʪʦʚʘˁʫ ʬʠʣʪʨʘ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ, 

ʙʫʜʫ˂ʠ ʜʘ ʩʫ ʧʘʨʦʚʠ ʧʦʣʫʪʘʣʘʩʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʥʘʤʝˁʝʥʠ ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ 

ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʦʧʩʝʛʘ. 

 

 

 

 

ʉʣʠʢʘ 5.47 ʇʦʨʝʹʝˁʝ ʘʤʧʣʠʪʫʜʩʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʬʠʣʪʨʘ ʩʘ cʣʠʢʝ 5.46 ʟʘ 

ʨʘʟʣʠʯʠʪʝ ʚʨʝʜʥʦʩʪʠ ʤʝʹʫʩʦʙʥʝ ʫʜʘˀʝʥʦʩʪʠ ʨʝʟʦʥʘʪʦʨʘ ʥʘ ʧʨʝʛʨʘʜʠ 

S21 

 
S11 
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ʉʣʠʢʘ 5.48 ʇʦʤʝʨʘˁʝ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʬʠʣʪʨʘ ʧʦʜʝʰʘʚʘˁʝʤ ʧʘʨʘʤʝʪʨʘ 

ʜʫʞʠʥʝ ʰʪʘʤʧʘʥʦʛ ʚʦʜʘ ʧʦʣʫʪʘʣʘʩʥʦʛ ʨʝʟʦʥʘʪʦʨʘ  

 

 

5.2.3 ʌʠʣʪʘʨ ʪʨʝ˂ʝʛ ʨʝʜʘ ʩʘ ʿʝʜʥʠʤ ʥʝʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʩʘ ʧʦʣʫʪʘʣʘʩʥʠʤ 

ʨʝʟʦʥʘʪʦʨʠʤʘ 

 

ʌʠʣʪʘʨ ʪʨʝ˂ʝʛ ʨʝʜʘ ʩʘ ʿʝʜʥʠʤ ʥʝʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʿʝ ʧʨʦʿʝʢʪʦʚʘʥ ʟʘ ʨʘʜ ʥʘ 

ʮʝʥʪʨʘʣʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ f
0
=11 GHz (ʩʣʠʢʘ 5.49). ɼʠʤʝʥʟʠʿʝ ʢʦʨʠʰ˂ʝʥʠʭ ʨʝʟʦʥʘʪʦʨʘ 

ʩʫ ʜʘʪʝ ʫ ʪʘʙʝʣʠ 5.25. ʆʜʟʠʚʠ ʩʫ ʘʥʘʣʠʟʠʨʘʥʠ ʟʘ ʨʘʟʣʠʯʠʪʝ ʚʨʝʜʥʦʩʪʠ ʨʘʩʪʦʿʘˁʘ 

ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ ʠ ʫʧʦʨʝʹʝʥʠ ʩʫ ʥʘ ʩʣʠʮʠ 5.50. 

 

ʊʘʙʝʣʘ 5.25 ɼʠʤʝʥʟʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʥʘ ʧʨʝʛʨʘʜʠ ʩʘ ʩʣʠʢʝ 5.49 

ɼʠʤʝʥʟʠʿʘ [mm] d1i d2i ci pi 

ʉʧʦˀʘʰˁʠ i=1,3 2.81 3.61 0.2 0.9 

ʎʝʥʪʨʘʣʥʠ i=2 2.79 3.61 0.2 0.9 

 

 

 

 

 

 

 

S11 

 

S21 

 

d
1
=2.32 mm 

d
1
=2.36 mm 

d
1
=2.40 mm 

d
1
=2.44 mm 

d
1
=2.48 mm 

  

  

  

  



ʄʠʢʨʦʪʘʣʘʩʥʠ ʬʠʣʪʨʠ ʥʝʧʨʦʧʫʩʥʠʮʠ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʩʘ ʨʝʟʦʥʘʥʪʥʠʤ ʧʨʝʛʨʘʜʘʤʘ ʫ ɽ ʠ ʅ-ʨʘʚʥʠ ʪʘʣʘʩʦʚʦʜʘ 

Mʘʨʠʿʘ ɺ. ʄʨʚʠ˂, ʜʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ 

 

101 

 

 
(ʘ) 

 

(ʙ) 

ʉʣʠʢʘ 5.49 ʌʠʣʪʘʨ ʪʨʝ˂ʝʛ ʨʝʜʘ ʩʘ ʿʝʜʥʠʤ ʥʝʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʫʯʝʩʪʘʥʦʩʪʠ: 

ʘ) ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʤʦʜʝʣ ʙ) WIPL-D ʤʦʜʝʣ 

 

 

ʉʣʠʢʘ 5.50 ʇʦʨʝʹʝˁʝ ʘʤʧʣʠʪʫʜʩʢʠʭ ʦʜʟʠʚʘ ʬʠʣʪʨʘ ʪʨʝ˂ʝʛ ʨʝʜʘ ʟʘ ʨʘʟʣʠʯʠʪʝ 

ʚʨʝʜʥʦʩʪʠ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʧʦʣʫʪʘʣʘʩʥʠʭ ʨʝʟʦʥʘʪʦʨʘ  

ʤʝʪʘʣ 

ʜʠʝʣʝʢʪʨʠʢ 
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5.2.4 ʌʠʣʪʘʨ ʜʨʫʛʦʛ ʨʝʜʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʩʘ ʧʦʣʫʪʘʣʘʩʥʠʤ 

ʨʝʟʦʥʘʪʦʨʠʤʘ 

 

ʌʠʣʪʘʨ ʜʨʫʛʦʛ ʨʝʜʘ ʢʦʿʠ ʢʦʨʠʩʪʠ ʩʘʚʠʿʝʥʝ ʧʦʣʫʪʘʣʘʩʥʝ ʨʝʟʦʥʘʪʦʨʝ ʿʝ 

ʧʨʦʿʝʢʪʦʚʘʥ ʟʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ, ʯʠʿʝ ʩʫ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ f
01
=9 GHz ʠ 

f
02
=11 GHz. ʌʠʣʪʨʠ ʧʨʠʢʘʟʘʥʠ ʫ ʦʜʝˀʢʫ 5.2.2 ʫʯʝʩʪʚʫʿʫ ʫ ʨʝʘʣʠʟʘʮʠʿʠ 

ʩʧʝʮʠʬʠʮʠʨʘʥʠʭ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ. ʉʚʠ ʧʘʨʘʤʝʪʨʠ ʧʦʿʝʜʠʥʘʯʥʠʭ ʬʠʣʪʘʨʘ ʦʩʪʘʿʫ 

ʥʝʧʨʦʤʝˁʝʥʠ ʧʨʠʣʠʢʦʤ ʧʨʦʿʝʢʪʦʚʘˁʘ ʬʠʣʪʨʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ, 

ʫʢˀyʯʫʿʫ˂ʠ ʠ ʧʘʨʘʤʝʪʨʝ ʩʫʧʩʪʨʘʪʘ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ (ʪʘʙʝʣʝ 5.23 ʠ 5.24). 

ɼʠʤʝʥʟʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʧʦʪʨʝʙʥʝ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʥʠʞʝʛ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʥʘ 

9 GHz ʩʫ ʜʘʪʝ ʫ ʪʘʙʝʣʠ 5.26. 

  

ʊʘʙʝʣʘ 5.26 ɼʠʤʝʥʟʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ 9 GHz (ʩʚʝ 

ʜʠʤʝʥʟʠʿʝ ʩʫ ʜʘʪʝ ʫ ʤʠʣʠʤʝʪʨʠʤʘ) 

d1 d2 c p 

3.92 2.6 0.18 1 

 

ʂʘʢʦ ʙʠ ʩʝ ʦʩʪʚʘʨʠʣʘ ʥʝʟʘʚʠʩʥʘ ʢʦʥʪʨʦʣʘ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ, ʧʘʨ ʨʝʟʦʥʘʪʦʨʘ 

ʟʘ ʚʠʠh ʦʧʩʝʛ ʿʝ ʬʠʟʠʯʢʠ ʧʦʤʝʨʝʥ ʜʫʞ ʨʝʟʦʥʘʥʪʥʝ ʧʨʝʛʨʘʜʝ ʫ ʧʨʘʚʮʫ 

ʣʦʥʛʠʪʫʜʠʥʘʣʥʝ ʦʩʝ ʪʘʣʘʩʦʚʦʜʘ. ʇʘʨʘʤʝʪʘʨ ʢʦʿʠʤ ʿʝ ʜʝʬʠʥʠʩʘʥ ʧʦʤʝʨʘʿ ʧʣʦʯʠʮʝ, m 

(ʩʣʠʢʘ 5.51), ʠʤʘ ʚʨʝʜʥʦʩʪ 8 mm. ɼʦʜʘʪʥʦ, ʨʝʟʦʥʘʪʦʨʠ ʟʘ ʨʘʟʣʠʯʠʪʝ ʦʧʩʝʛʝ ʩʫ 

ʰʪʘʤʧʘʥʠ ʩʘ ʨʘʟʣʠʯʠʪʠʭ ʩʪʨʘʥʘ ʧʣʦʯʠʮʝ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʫ ʩʧʨʦʚʝʜʝʥʠ ʩʚʠ ʧʦʪʨʝʙʥʠ 

ʢʦʨʘʮʠ ʢʘʢʦ ʙʠ ʩʝ ʫ ʧʦʪʧʫʥʦʩʪʠ ʝʣʠʤʠʥʠʩʘʦ ʫʪʠʮʘʿ ʥʝʞʝˀʝʥʝ ʩʧʨʝʛʝ ʠʟʤʝʹʫ 

ʨʝʟʦʥʘʪʦʨʘ ʟʘ ʩʫʩʝʜʥʝ ʦʧʩʝʛʝ. ʋ ʪʘʙʝʣʠ 5.27 ʩʫ ʫʧʦʨʝʹʝʥʝ ʘʤʧʣʠʪʫʜʩʢʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʧʦʿʝʜʠʥʘʯʥʠʭ ʬʠʣʪʘʨʘ ʩʘ ʿʝʜʥʠʤ ʥʝʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʠ ʬʠʣʪʨʘ ʩʘ 

ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ. ʋʦʯʝʥʦ ʿʝ ʠʟʫʟʝʪʥʦ ʜʦʙʨʦ ʩʣʘʛʘˁʝ ʮʝʥʪʨʘʣʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ 

ʠ ʰʠʨʠʥʘ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ. ʇʦʨʝʹʝˁʝ ʘʤʧʣʠʪʫʜʩʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ 

ʧʦʿʝʜʠʥʘʯʥʠʭ ʬʠʣʪʘʨʘ ʩʘ ʿʝʜʥʠʤ ʥʝʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʠ ʬʠʣʪʨʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ 

ʦʧʩʝʛʘ ʿʝ ʜʘʪʦ ʥʘ ʩʣʠʮʠ 5.52. 
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ʉʣʠʢʘ 5.51 ɱʝʜʥʘ ʩʪʨʘʥʘ ʧʨʝʛʨʘʜʝ ʩʘ ʰʪʘʤʧʘʥʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ ʬʠʣʪʘʨʘ ʜʨʫʛʦʛ 

ʨʝʜʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ 

 

ʊʘʙʝʣʘ 5.27 ʇʘʨʘʤʝʪʨʠ ʘʤʧʣʠʪʫʜʩʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʦʿʝʜʠʥʘʯʥʠʭ ʬʠʣʪʘʨʘ 

ʩʘ ʿʝʜʥʠʤ ʥʝʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʠ ʬʠʣʪʨʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ (ʩʚʝ 

ʚʨʝʜʥʦʩʪʠ ʩʫ ʜʘʪʝ ʫ GHz) 

 ʌʠʣʪʘʨ ʥʘ 9 GHz 

ʚʠʰʠ ʦʧʩʝʛ 

ʌʠʣʪʘʨ ʥʘ 11 GHz 

ʥʠʞʠ ʦʧʩʝʛ 

ʎʝʥʪʨʘʣʥʘ ʫʯʝʩʪʘʥʦʩʪ  9 9 11 11 
ʐʠʨʠʥʘ ʦʧʩʝʛʘ  0.720 0.720 0.760 0.760 

 

 

ʉʣʠʢʘ 5.52 ʇʦʨʝʹʝˁʝ ʘʤʧʣʠʪʫʜʩʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʦʿʝʜʠʥʘʯʥʠʭ ʬʠʣʪʘʨʘ ʩʘ 

ʿʝʜʥʠʤ ʥʝʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʠ ʬʠʣʪʨʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ 

  

S11 

 

S21 

 

ʌʠʣʪʘʨ ʩʘ ʜʚʘ ʦʧʩʝʛʘ 

ʌʠʣʪʘʨ ʩʘ ʜʚʘ ʦʧʩʝʛʘ 

ʌʠʣʪʘʨ ʥʘ 9 GHz 

ʌʠʣʪʘʨ ʥʘ 9 GHz 

ʌʠʣʪʘʨ ʥʘ 11 GHz 

ʌʠʣʪʘʨ ʥʘ 11 GHz 
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6 ʌʠʣʪʨʠ ʫ ʅ-ʨʘʚʥʠ ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ 

 

ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ˂ʝ ʙʠʪʠ ʠʟʣʦʞʝʥ ʥʦʚ ʤʝʪʦʜ ʧʨʦʿʝʢʪʦʚʘˁʘ ʬʠʣʪʘʨʘ 

ʥʝʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ, ʢʦʿʠ ʧʨʠʤʝˁʫʿʝ ʧʨʝʛʨʘʜʝ ʫ ʅ-ʨʘʚʥʠ 

ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ. ʋ ʩʢʣʘʜʫ ʩʘ ʪʨʘʜʠʮʠʦʥʘʣʥʠʤ ʥʘʯʠʥʦʤ ʧʨʦʿʝʢʪʦʚʘˁ ʘ ʦʚʝ 

ʢʣʘʩʝ ʬʠʣʪʘʨʘ, ʩʘ ʧʦʨʘʩʪʦʤ ʨʝʜʘ ʬʠʣʪʨʘ ʜʦʣʘʟʠ ʜʦ ʟʥʘʯʘʿʥʦʛ ʧʦʚʝ˂ʘˁʘ ˁʝʛʦʚʝ 

ʜʫʞʠʥʝ. ʎʠˀ ʠʩʪʨʘʞʠʚʘˁʘ ʿʝ ʫʩʤʝʨʝʥ ʧʨʝʤʘ ʧʦʩʪʠʟʘˁʫ ˁʠʭʦʚʝ ʢʦʤʧʘʢʪʥʦʩʪʠ, 

ʥʘʨʦʯʠʪʦ ʧʨʠʣʠʢʦʤ ʧʨʦʿʝʢʪʦʚʘˁʘ ʚʠʰʝ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ. ɿʘ ʧʦʪʨʝʙʝ 

ʠʩʪʨʘʞʠʚʘˁʘ ʬʠʣʪʘʨʘ ʢʦʿʠ ʧʨʠʤʝˁʫʿʫ ʧʨʝʛʨʘʜʫ ʫ ʅ-ʨʘʚʥʠ, ʢʦʨʠʰ˂ʝʥ ʿʝ ʩʪʘʥʜʘʨʜʥʠ 

ʧʨʘʚʦʫʛʘʦʥʠ ʪʘʣʘʩʦʚʦʜ WR-90 (ʰʠʨʠʥʝ ὥ = 22.86 mm ʠ ʚʠʩʠʥʝ ὦ = 10.16 mm), 

ʫʥʫʪʘʨ ʢʦʛʘ ʿʝ ʜʦʤʠʥʘʥʪʘʥ ʤʦʜ ʧʨʦʧʘʛʘʮʠʿʝ ʪʨʘʥʩʚʝʨʟʘʣʥʠ ʝʣʝʢʪʨʠʯʥʠ ʊɽ10 ʤʦʜ.  

 

 

6.1 ʇʦʣʫʪʘʣʘʩʥʠ ʪʘʣʘʩʦʚʦʜʥʠ ʨʝʟʦʥʘʪʦʨ ʫ ʅ-ʨʘʚʥʠ 

 

ʋ ʦʚʦʤ ʦʜʝˀʢʫ ˂ʝ ʜʝʪʘˀʥʦ ʙʠʪʠ ʦʧʠʩʘʥ ʘʣʛʦʨʠʪʘʤ ʧʨʦʿʝʢʪʦʚʘˁʘ 

ʪʘʣʘʩʦʚʦʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ. ʇʦʣʫʪʘʣʘʩʥʠ ʧʨʘʚʦʫʛʘʦʥʠ ʪʘʣʘʩʦʚʦʜʥʠ ʨʝʟʦʥʘʪʦʨ ʩʘ 

ʧʨʦʨʝʟʦʤ, ʨʝʘʣʠʟʦʚʘʥ ʫ ʚʠʜʫ ʰʪʘʤʧʘʥʦʛ ʢʦʣʘ, ʿʝ ʧʦʩʪʘʚˀʝʥ ʫ ʪʨʘʥʩʚʝʨʟʘʣʥʦʿ ʨʘʚʥʠ 

ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ. ʉʫʧʩʪʨʘʪ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʨʝʟʦʥʘʥʪʥʠʭ ʧʨʝʛʨʘʜʘ 

(ʊLT-6) ʠʤʘ ʧʘʨʘʤʝʪʨʝ ʜʘʪʝ ʫ ʪʘʙʝʣʠ 6.1. 

 

ʊʘʙʝʣʘ 6.1 ʇʘʨʘʤʝʪʨʠ ʩʫʧʩʪʨʘʪʘ ʊLT-6 
ʇʘʨʘʤʝʪʘʨ ʩʫʧʩʪʨʘʪʘ ɺʨʝʜʥʦʩʪ 

ɼʝʙˀʠʥʘ ʩʫʧʩʪʨʘʪʘ (h) 1.143  

ɼʠʝʣʝʢʪʨʠʯʥʘ ʢʦʥʩʪʘʥʪʘ (Ůr) 2.65± 0.05 

ʊʘʥʛʝʥʩ ʫʛʣʘ ʛʫʙʠʪʘʢʘ (tanŭ) 0.0019 

ɼʝʙˀʠʥʘ ʤʝʪʘʣʠʟʘʮʠʿʝ 0.018 

 

ɻʫʙʠʮʠ ʫʩʣʝʜ ʧʦʚʨʰʠʥʩʢʠʭ ʥʝʨʘʚʥʠʥʘ ʧʨʦʚʦʜʥʠʢʘ ʠ ʩʢʠʥ ʝʬʝʢʪʘ ʩʫ 

ʤʦʜʝʣʦʚʘʥʠ ʧʦʩʪʘʚˀʘˁʝʤ ʧʨʦʚʦʜʥʦʩʪʠ ʤʝʪʘʣʘ ʥʘ ů = 20 MS/m. 

ʆʙʟʠʨʦʤ ʜʘ ʿʝ ʦʚʘʢʦ ʠʤʧʣʝʤʝʥʪʠʨʘʥʠ ʨʝʟʦʥʘʪʦʨ ʙʘʟʠʯʥʠ ʝʣʝʤʝʥʪ 

ʪʘʣʘʩʦʚʦʜʥʠʭ ʬʠʣʪʘʨʘ, ʦʜ ʧʦʩʝʙʥʦʛ ʟʥʘʯʘʿʘ ʿʝ ʠʩʧʠʪʠʚʘˁʝ ʫʪʠʮʘʿʘ ʨʘʟʣʠʯʠʪʠʭ 

ʧʘʨʘʤʝʪʘʨʘ ʧʨʠ ʧʨʦʿʝʢʪʦʚʘˁʫ. ʈʝʟʫʣʪʘʪʠ ʠʩʪʨʘʞʠʚʘˁʘ ʢʦʿʠ ʩʝ ʪʠʯʫ ʫʪʠʮʘʿʘ 
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ʨʘʟʣʠʯʠʪʠʭ ʧʘʨʘʤʝʪʘʨʘ ʥʘ ʘʤʧʣʠʪʫʜʩʢʠ ʦʜʟʠʚ ʬʠʣʪʨʘ ʩʫ ʠʟʣʦʞʝʥʠ ʫ ʦʚʦʿ 

ʜʠʩʝʨʪʘʮʠʿʠ ʠ [Mrvi2017]. ʀʩʧʠʪʘʥʠ ʩʫ ʫʪʠʮʘʿʠ ʧʦʿʝʜʠʥʘʯʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʠ 

ʟʘʿʝʜʥʠʯʢʠ ʫʪʠʮʘʿ ʜʚʘ ʠʣʠ ʚʠʰʝ ʧʘʨʘʤʝʪʘʨʘ ʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʫ ʬʠʣʪʨʘ. 

 

 

6.1.1 ɸʣʛʦʨʠʪʘʤ ʧʨʦʿʝʢʪʦʚʘˁʘ ʪʘʣʘʩʦʚʦʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʫ ʅ-ʨʘʚʥʠ 

 

ʅʘ ʦʩʥʦʚʫ ʨʝʟʫʣʪʘʪʘ, ʤʦʞʝ ʩʝ ʫʩʧʦʩʪʘʚʠʪʠ ʿʝʜʥʦʩʪʘʚʥʘ ʠ ʙʨʟʘ ʧʨʦʮʝʜʫʨʘ ʢʦʿʘ 

ʧʦʢʨʠʚʘ ʨʘʟʣʠʯʠʪʝ ʘʩʧʝʢʪʝ ʧʨʦʿʝʢʪʦʚʘˁʘ, ʢʘʦ ʰʪʦ ʩʫ: 

1. ʀʟʙʦʨ ʦʙʣʠʢʘ ʰʪʘʤʧʘʥʝ ʨʝʟʦʥʘʥʪʥʝ ʧʨʝʛʨʘʜʝ ʫ ʮʠˀʫ ʦʩʪʚʘʨʝˁʘ 

ʥʘʿʦʧʪʠʤʘʣʥʠʿʠʭ ʧʝʨʬʦʨʤʘʥʩʠ ʪʘʣʘʩʦʚʦʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ. ʇʦʣʘʟʥʫ ʪʘʯʢʫ ʩʫ 

ʧʨʝʜʩʪʘʚˀʘʣʝ ʧʨʝʛʨʘʜʝ ʢʦʿʝ ʩʝ ʧʨʦʩʪʠʨʫ ʧʨʝʢʦ ʮʝʣʝ ʪʨʘʥʩʚʝʨʟʘʣʥʝ ʨʘʚʥʠ 

ʪʘʣʘʩʦʚʦʜʘ, ʘ ʟʘʪʠʤ ʩʫ ʩʨʘʟʤʝʨʥʦ ʩʤʘˁʠʚʘʥʝ ʫ ʮʠˀʫ ʠʩʧʠʪʠʚʘˁʘ ʦʜʟʠʚʘ 

ʨʝʟʦʥʘʪʦʨʘ. ʋʦʯʝʥʦ ʿʝ ʜʘ ʧʨʝʛʨʘʜʝ ʢʦʿʝ ʟʘʫʟʠʤʘʿʫ ʮʝʣʦʢʫʧʥʠ ʧʦʧʨʝʯʥʠ 

ʧʨʝʩʝʢ ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ ʦʤʦʛʫ˂ʫʿʫ ʦʩʪʚʘʨʝˁʝ ʰʠʨʠʭ ʥʝʧʨʦʧʫʩʥʠʭ 

ʦʧʩʝʛʘ, ʘʣʠ ʜʘ ʤʘˁʝ ʧʨʝʛʨʘʜʝ ʦʩʪʚʘʨʫʿʫ ʙʦˀʝ ʧʨʠʣʘʛʦʹʝˁʝ ʫ ʧʨʦʧʫʩʥʦʤ 

ʦʧʩʝʛʫ. 

2. ɹʨʟʦ ʠʟʨʘʯʫʥʘʚʘˁʝ ʜʫʞʠʥʝ ʢʚʘʜʨʘʪʥʦʛ ʧʦʣʫʪʘʣʘʩʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʟʘ 

ʩʧʝʮʠʬʠʮʠʨʘʥʫ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʰʠʨʠʥʝ ʰʪʘʤʧʘʥʦʛ 

ʚʦʜʘ ʨʝʟʦʥʘʪʦʨʘ. ɸʥʘʣʠʟʘ ʿʝ ʩʧʨʦʚʝʜʝʥʘ ʟʘ ʢʚʘʜʨʘʪʥʠ ʤʝʪʘʣʥʠ ʨʝʟʦʥʘʪʦʨ (ʙʝʟ 

ʜʠʝʣʝʢʪʨʠʯʥʦʛ ʥʦʩʘʯʘ) ʠ ʢʦʨʠʩʪʝ˂ʠ ʯʝʪʠʨʠ ʨʘʟʣʠʯʠʪʘ ʩʫʧʩʪʨʘʪʘ. 

3. ʀʟʙʦʨ ʧʦʟʠʮʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʫ ʦʢʚʠʨʫ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʪʘʣʘʩʦʚʦʜʘ, ʫ 

ʦʜʥʦʩʫ ʥʘ ʚʝʨʪʠʢʘʣʥʫ ʦʩʫ ʪʘʣʘʩʦʚʦʜʘ. ʋʦʯʝʥʠ ʫʪʠʮʘʿ ʿʝ ʦʜ ʠʟʨʘʟʠʪʦʛ ʟʥʘʯʘʿʘ 

ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʨʝʟʦʥʘʥʪʥʝ ʧʨʝʛʨʘʜʝ ʫ ʅ-ʨʘʚʥʠ ʪʘʣʘʩʦʚʦʜʘ, ʥʘ ʢʦʿʦʿ ʩʝ 

ʥʘʣʘʟʝ ʚʠʰʝ ʰʪʘʤʧʘʥʠʭ ʧʦʣʫʪʘʣʘʩʥʠʭ ʨʝʟʦʥʘʪʦʨʘ, ʙʝʟ ʦʙʟʠʨʘ ʜʘ ʣʠ ʠʤʘʿʫ 

ʠʩʪʫ ʠʣʠ ʨʘʟʣʠʯʠʪʫ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ. 

4. ʊʨʘʥʩʬʦʨʤʘʮʠʿʘ ʢʚʘʜʨʘʪʥʦʛ ʧʦʣʫʪʘʣʘʩʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʫ ʧʨʘʚʦʫʛʘʦʥʠ 

ʨʝʟʦʥʘʪʦʨ ʠʩʪʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ, ʫʢˀʫʯʫʿʫ˂ʠ ʠ ʝʬʝʢʪʝ ʥʘ ʜʫʞʠʥʫ 

ʨʝʟʦʥʘʪʦʨʘ. ɿʥʘʯʘʿ ʦʚʦʛ ʢʦʨʘʢʘ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʦʙʣʠʢʘ ʨʝʟʦʥʘʪʦʨʘ ʩʝ 

ʥʘʿʙʦˀʝ ʦʛʣʝʜʘ ʫ ʧʨʦʮʝʩʫ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʝ ʬʠʣʪʨʘ, ʩʘ ʚʠʰʝ ʥʝʧʨʦʧʫʩʥʠʭ 

ʦʧʩʝʛʘ ʫ ʅ-ʨʘʚʥʠ ʪʘʣʘʩʦʚʦʜʘ, ʢʦʜ ʢʦʿʝʛ ʧʦʩʪʦʿʠ ʤʦʛʫ˂ʥʦʩʪ ʥʝʟʘʚʠʩʥʦʛ 

ʧʦʜʝʰʘʚʘˁʘ ʩʚʘʢʦʛ ʧʨʦʿʝʢʪʦʚʘʥʦʛ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ. ʂʦʥʢʨʝʪʥʦ, 
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ʢʦʨʠʰ˂ʝˁʝʤ ʧʨʘʚʦʫʛʘʦʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʫʤʝʩʪʦ ʢʚʘʜʨʘʪʥʠʭ, ʤʦʛʫ˂ʝ ʿʝ 

ʦʩʪʚʘʨʠʪʠ ʚʝ˂ʝ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʜʚʘ ʨʝʟʦʥʘʪʦʨʘ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʝʣʠʤʠʥʠʰʝ 

ʫʟʘʿʘʤʥʘ ʩʧʨʝʛʘ ʠʟʤʝʹʫ ˁʠʭ ʠ ʩʚʘʢʠ ʦʜ ʦʧʩʝʛʘ ʩʝ ʤʦʞʝ ʧʦʜʝʰʘʚʘʪʠ ʤʝˁʘˁʝʤ 

ʧʘʨʘʤʝʪʘʨʘ ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʨʝʟʦʥʘʪʦʨʘ. 

ʋ ʥʘʩʪʘʚʢʫ, ʩʚʘʢʠ ʦʜ ʢʦʨʘʢʘ ˂ʝ ʙʠʪʠ ʜʝʪʘˀʥʦ ʠʟʣʦʞʝʥ. ʅʘ ʩʣʠʮʠ 6.1 ʩʫ 

ʧʨʠʢʘʟʘʥʘ ʪʨʠ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʘ ʤʦʜʝʣʘ ʧʦʣʫʪʘʣʘʩʥʦʛ ʪʘʣʘʩʦʚʦʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʩʘ 

ʧʨʦʨʝʟʦʤ. ʉʚʘʢʘ ʦʜ ʧʨʠʢʘʟʘʥʠʭ ʨʝʟʦʥʘʥʪʥʠʭ ʧʨʝʛʨʘʜʘ ʿʝ ʨʝʘʣʠʟʦʚʘʥʘ ʫ ʧʣʘʥʘʨʥʦʿ 

ʪʝʭʥʠʮʠ ʠ ʧʦʩʪʘʚˀʝʥʘ ʫ ʅ-ʨʘʚʘʥ ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ. ʐʪʘʤʧʘʥʠ ʨʝʟʦʥʘʪʦʨ ʿʝ 

ʧʨʘʚʦʫʛʘʦʥʦʛ ʦʙʣʠʢʘ, ʘ ʜʠʤʝʥʟʠʿʝ ʦʚʦʛ ʨʝʟʦʥʘʪʦʨʘ ʩʫ ʜʘʪʝ ʫ ʪʘʙʝʣʠ 6.2. ɱʝʜʠʥʘ 

ʨʘʟʣʠʢʘ ʠʟʤʝʹʫ ʧʨʝʜʩʪʘʚˀʝʥʠʭ ʪʠʧʦʚʘ ʧʨʝʛʨʘʜʘ ʿʝʩʪʝ ʫ ˁʠʭʦʚʦʿ ʛʝʦʤʝʪʨʠʿʠ, ʿʝʨ ʿʝ 

ʦʜ ʠʥʪʝʨʝʩʘ ʠʩʧʠʪʘʪʠ ʫʪʠʮʘʿ ʦʙʣʠʢʘ ʧʨʝʛʨʘʜʝ ʥʘ ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ ʬʠʣʪʨʘ.  

 

 

ʉʣʠʢʘ 6.1 ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʪʘʣʘʩʦʚʦʜʥʠ ʧʦʣʫʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨ ʢʦʿʠ 

ʢʦʨʠʩʪʠ ʰʪʘʤʧʘʥʝ ʧʨʝʛʨʘʜʝ ʫ ʅ-ʨʘʚʥʠ 

 

ʊʘʙʝʣʘ 6.2 ɼʠʤʝʥʟʠʿʝ ʧʦʣʫʪʘʣʘʩʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʩʣʠʢʝ 6.1 

ʇʘʨʘʤʝʪʘʨ ɺʨʝʜʥʦʩʪ 

Ὠ 2.535 

Ὠ 2.935 

c 0.2 

p 0.45 

l 0.5 
  

ʊʠʧ-2 

ʊʠʧ-1 

ʊʠʧ-3 
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ʇʨʚʘ ʧʨʝʛʨʘʜʘ ʿʝ ʨʝʘʣʠʟʦʚʘʥʘ ʪʘʢʦ ʜʘ ʟʘʫʟʠʤʘ ʮʝʣʦʢʫʧʥʠ ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʢ 

ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ. ʇʨʦʨʝʟ ʧʦʣʫʪʘʣʘʩʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʿʝ ʫ ʩʚʠʤ ʧʦʩʤʘʪʨʘʥʠʤ 

ʩʣʫʯʘʿʝʚʠʤʘ ʫʩʤʝʨʝʥ ʧʨʝʤʘ ʙʦʯʥʦʤ ʟʠʜʫ ʪʘʣʘʩʦʚʦʜʘ. ɼʠʤʝʥʟʠʿʝ ʜʠʝʣʝʢʪʨʠʯʥʝ 

ʧʣʦʯʠʮʝ ʥʘ ʢʦʿʦʿ ʩʝ ʥʘʣʘʟʠ ʰʪʘʤʧʘʥʠ ʨʝʟʦʥʘʪʦʨ ʩʫ ap = 22.86 mm ʠ bp = 11.43 mm. 

ʐʪʘʤʧʘʥʠ ʨʝʟʦʥʘʪʦʨ ʩʝ ʥʘʣʘʟʠ ʥʘ ʮʝʥʪʨʘʣʥʦʤ ʜʝʣʫ ʜʠʝʣʝʢʪʨʠʯʥʝ ʧʨʝʛʨʘʜʝ. 

ɼʨʫʛʠ ʪʠʧ ʧʨʝʛʨʘʜʝ ʿʝ ʫ ʦʙʣʠʢʫ ʨʝʜʫʢʦʚʘʥʝ ʜʠʝʣʝʢʪʨʠʯʥʝ ʧʣʦʯʠʮʝ ʢʦʿʘ ʠʤʘ 

ʜʚʝ ʧʦʪʧʦʨʥʝ ʜʠʝʣʝʢʪʨʠʯʥʝ ʪʨʘʢʝ ʰʠʨʠʥʝ w=2 mm. ɼʠʤʝʥʟʠʿʝ ʦʚʝ ʨʝʜʫʢʦʚʘʥʝ 

ʜʠʝʣʝʢʪʨʠʯʥʝ ʧʣʦʯʠʮʝ ʩʫ ap1=7 mm ʠ bp1=5 mm. ɼʠʝʣʝʢʪʨʠʯʥʘ ʧʣʦʯʠʮʘ ʿʝ 

ʧʦʩʪʘʚˀʝʥʘ ʩʠʤʝʪʨʠʯʥʦ ʫ ʦʜʥʦʩʫ ʥʘ ʦʙʝ ʧʦʪʧʦʨʥʝ ʪʨʘʢʝ, ʰʪʦ ʠʤʧʣʠʮʠʨʘ ʜʘ ʪʨʘʢʝ 

ʠʤʘʿʫ ʠʜʝʥʪʠʯʥʝ ʜʫʞʠʥʝ, s=2.58 mm. 

ʊʨʝ˂ʠ ʪʠʧ ʧʨʝʛʨʘʜʝ ʿʝ ʛʝʦʤʝʪʨʠʿʩʢʠ ʩʣʠʯʘʥ ʜʨʫʛʦʤ, ʩʘ ʿʝʜʥʠʤ ʨʘʟʣʠʢʦʤ ʫ 

ʪʦʤʝ ʰʪʦ ʿʝ ʨʝʜʫʢʦʚʘʥʘ ʧʣʦʯʠʮʘ ʩʘ ʨʝʟʦʥʘʪʦʨʦʤ ʧʦʤʝʨʝʥʘ ʢʘ ʛʦʨˁʝʤ ʟʠʜʫ 

ʪʘʣʘʩʦʚʦʜʘ. ɼʠʤʝʥʟʠʿʝ ʧʣʦʯʠʮʝ ʩʫ ʥʝʧʨʦʤʝˁʝʥʝ, ʜʦʢ ʩʫ ʜʠʤʝʥʟʠʿʝ ʧʦʪʧʦʨʥʠʭ 

ʜʠʝʣʝʢʪʨʠʯʥʠʭ ʪʨʘʢʘ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ s1=1 mm ʠ s2 = 4.16 mm. 

ɸʤʧʣʠʪʫʜʩʢʠ ʦʜʟʠʚ ʧʦʣʫʪʘʣʘʩʥʦʛ ʪʘʣʘʩʦʚʦʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʿʝ ʠʩʧʠʪʘʥ ʟʘ 

ʩʚʘʢʫ ʦʜ ʧʨʠʤʝˁʝʥʠʭ ʨʝʟʦʥʘʥʪʥʠʭ ʧʨʝʛʨʘʜʘ. ɼʦʙʠʿʝʥʠ ʨʝʟʫʣʪʘʪʠ ʩʫ ʧʨʠʢʘʟʘʥʠ ʥʘ 

ʩʣʠʮʠ 6.2. 

 

 

ʉʣʠʢʘ 6.2 ɸʤʧʣʠʪʫʜʩʢʠ ʦʜʟʠʚʠ ʪʘʣʘʩʦʚʦʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʢʦʿʠ ʧʨʠʤʝˁʫʿʝ 

ʨʘʟʣʠʯʠʪʝ ʪʠʧʦʚʝ ʧʨʝʛʨʘʜʘ 

 

 

ʊʠʧ-1 

ʊʠʧ-1 

ʊʠʧ-2 

ʊʠʧ-2 

ʊʠʧ-3 

ʊʠʧ-3 
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ʅʘ ʦʩʥʦʚʫ ʩʣʠʢʝ 6.2 ʤʦʞʝ ʩʝ ʧʨʠʤʝʪʠʪʠ ʜʘ ʿʝ ʩʤʘˁʝˁʝ ʨʝʟʦʥʘʥʪʥʝ ʧʨʝʛʨʘʜʝ 

ʫʪʠʮʘʣʦ ʥʘ ʧʦʤʝʨʘˁʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʢʘ ʚʠʰʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʠ ʩʤʘˁʝˁʝ 

ʰʠʨʠʥʝ ʪʨʦʜʝʮʠʙʝʣʩʢʦʛ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ. ʂʦʜ ʨʝʜʫʢʦʚʘʥʝ ʨʝʟʦʥʘʥʪʥʝ ʧʨʝʛʨʘʜʝ, 

ʧʦʤʝʨʘˁʝ ʜʠʝʣʝʢʪʨʠʯʥʝ ʧʣʦʯʠʮʝ ʩʘ ʰʪʘʤʧʘʥʠʤ ʨʝʟʦʥʘʪʦʨʦʤ ʦʜ ʮʝʥʪʨʘʣʥʝ 

ʧʦʟʠʮʠʿʝ ʢʘ ʛʦʨˁʝʤ/ʜʦˁʝʤ ʟʠʜʫ ʪʘʣʘʩʦʚʦʜʘ ʧʦʤʝʨʘ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ ʢʘ 

ʥʠʞʠʤ ʚʨʝʜʥʦʩʪʠʤʘ, ʘʣʠ ʥʝ ʫʪʠʯʝ ʥʘ ʧʨʦʤʝʥʫ ʰʠʨʠʥʝ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ. 

ʅʘʢʦʥ ʠʟʙʦʨʘ ʛʝʦʤʝʪʨʠʿʝ ʨʝʟʦʥʘʥʪʥʝ ʧʨʝʛʨʘʜʝ, ʩʣʝʜʝ˂ʠ ʢʦʨʘʢ ʧʦʜʨʘʟʫʤʝʚʘ 

ʠʟʙʦʨ ʩʫʧʩʪʨʘʪʘ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ. ʋ ʮʠˀʫ ʠʩʧʠʪʠʚʘˁʘ ʫʪʠʮʘʿʘ ʰʠʨʠʥʝ ʰʪʘʤʧʘʥʝ 

ʪʨʘʢʝ ʥʘ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ ʨʝʟʦʥʘʪʦʨʘ, ʠʟʚʨʰʝʥʝ ʩʫ ʙʨʦʿʥʝ ʘʥʘʣʠʟʝ. 

ʇʦʩʤʘʪʨʘʥʠ ʩʣʫʯʘʿʝʚʠ ʩʫ ʧʦʜʨʘʟʫʤʝʚʘʣʠ ʢʚʘʜʨʘʪʥʠ ʨʝʟʦʥʘʪʦʨ ʫ ʚʘʟʜʫʭʫ (ʙʝʟ 

ʜʠʝʣʝʢʪʨʠʯʥʦʛ ʥʦʩʘʯʘ) ʠ ʨʝʟʦʥʘʪʦʨ ʰʪʘʤʧʘʥ ʥʘ ʨʘʟʣʠʯʠʪʠʤ ʩʫʧʩʪʨʘʪʠʤʘ: Rogers 

5880 (ʀ= 2.2), Rogers 4003 (ʀ σȢφ), Rogers 3010 (ʀ = 11.2). ɼʝʙˀʠʥʘ ʢʦʨʠʰ˂ʝʥʦʛ 

ʩʫʧʩʪʨʘʪʘ ʿʝ ʫ ʩʚʠʤ ʧʦʩʤʘʪʨʘʥʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ʠʤʘʣʘ ʠʩʪʫ ʚʨʝʜʥʦʩʪ (h=1.143 mm). 

ʇʨʠʣʠʢʦʤ ʘʥʘʣʠʟʝ ʬʨʝʢʚʝʥʮʠʿʩʢʦʛ ʦʜʟʠʚʘ ʪʘʣʘʩʦʚʦʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ, ʢʦʨʠʩʪʝ˂ʠ 

ʢʦʥʢʨʝʪʘʥ ʩʫʧʩʪʨʘʪ, ʰʠʨʠʥʘ ʰʪʘʤʧʘʥʝ ʪʨʘʢʝ ʿʝ ʫʟʠʤʘʣʘ ʯʝʪʠʨʠ ʨʘʟʣʠʯʠʪʝ 

ʚʨʝʜʥʦʩʪʠ: 100 ɛm (ύ), 150 ɛm (ύ ), 200 ɛm (ύ ), 250 ɛm (ύ ).  

 

 

ʉʣʠʢʘ 6.3 ʇʨʦʤʝʥʘ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʫʢʫʧʥʝ ʜʫʞʠʥʝ 

ʨʝʟʦʥʘʪʦʨʘ 
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ɹʝʟ ʦʙʟʠʨʘ ʥʘ ʰʠʨʠʥy ʪʨʘʢʝ, ʤʦʞʝ ʩʝ ʫʦʯʠʪʠ ʜʘ ʟʘ ʢʦʥʢʨʝʪʥʫ ʚʨʝʜʥʦʩʪ 

ʧʝʨʤʠʪʠʚʥʦʩʪʠ ʧʦʩʪʦʿʠ ʣʠʥʝʘʨʥʘ ʚʝʟʘ ʠʟʤʝʹʫ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʨʝʟʦʥʘʪʦʨʘ ʠ 

ˁʝʛʦʚʝ ʫʢʫʧʥʝ ʜʫʞʠʥʝ. ɿʘ ʢʦʥʢʨʝʪʘʥ ʩʫʧʩʪʨʘʪ ʧʝʨʤʠʪʠʚʥʦʩʪʠ Ůr, ʥʘʛʠʙ ʢʨʠʚʝ (Ὧ) ʠ 

ʦʜʩʝʯʘʢ ʧʨʘʚʝ ʫ ʦʜʥʦʩʫ ʥʘ ʢʦʦʨʜʠʥʘʪʥʠ ʧʦʯʝʪʘʢ (ὲ) ʠʤʘʿʫ ʩʢʦʨʦ ʠʜʝʥʪʠʯʥʝ 

ʚʨʝʜʥʦʩʪʠ ʟʘ ʙʠʣʦ ʢʦʿʫ ʦʜ ʰʠʨʠʥʘ ʪʨʘʢʝ (ʩʣʠʢʘ 6.3). 

ʂʘʦ ʤʝʨʘ ʦʜʩʪʫʧʘˁʘ ʠʟʤʝʹʫ ʥʘʛʠʙʘ ʠ ʦʜʩʝʯʘʢʘ ʜʦʙʠʿʝʥʠʭ ʧʨʘʚʘ ʫ ʦʜʥʦʩʫ ʥʘ 

ʢʦʦʨʜʠʥʘʪʥʠ ʧʦʯʝʪʘʢ, ʢʦʨʠʰ˂ʝʥʘ ʿʝ ʨʝʣʘʪʠʚʥʘ ʛʨʝʰʢʘ ʠʟʨʘʞʝʥʘ ʫ ʧʨʦʮʝʥʪʠʤʘ, ʘ 

ʜʘʪʘ ʬʦʨʤʫʣʦʤ: 

xr%=
x0-xnom

xnom
Ā100, (6.1) 

ʧʨʠ ʯʝʤʫ ʿʝ ὼ ʜʦʙʠʿʝʥʘ ʚʨʝʜʥʦʩʪ, ʘ xnom ʿ ʝ ʥʦʤʠʥʘʣʥʘ ʚʨʝʜʥʦʩʪ. ʅʘʢʦʥ ʧʨʠʤʝʥʝ ʦʚʝ 

ʬʦʨʤʫʣʝ, ʜʦʙʠʿʝʥʠ ʩʫ ʩʣʝʜʝ˂ʠ ʨʝʟʫʣʪʘʪʠ ʢʦʿʠ ʩʫ ʧʨʠʢʘʟʘʥʠ ʫ ʪʘʙʝʣʠ 6.3.  

 

ʊʘʙʝʣʘ 6.3 ʈʝʣʘʪʠʚʥʘ ʛʨʝʰʢʘ ʟʘ ʥʘʛʠʙ ʠ ʦʜʩʝʯʘʢ ʧʨʘʚʝ ʫ ʦʜʥʦʩʫ ʥʘ ʢʦʦʨʜʠʥʘʪʥʠ 

ʧʦʯʝʪʘʢ 

 Ůr = 1 Ůr = 2.2 

[%] kr nr kr nr 

wI 0 0 0 0.52 

wII 0 0.49 0.14 0 

wIII  0 0 0 0 

wIV 0 0 0 0.52 

 Ůr = 3.6 Ůr = 11.2 
[%] kr nr kr nr 

wI 0 0 0 0 

wII 0.117 0 0.117 0 

wIII  0 0 0 0 

wIV 0.117 0.52 0.117 0.52 

 

ʉʣʝʜʝ˂ʠ ʢʦʨʘʢ ʧʨʠʣʠʢʦʤ ʧʨʦʿʝʢʪʦʚʘˁʘ ʩʪʨʫʢʪʫʨʘ ʫ ʅ-ʨʘʚʥʠ ʪʘʣʘʩʦʚʦʜʘ 

ʿʝʩʪʝ ʧʦʩʪʘʚʢʘ ʨʝʟʦʥʘʪʦʨʘ ʫ ʨʝʛʠʦʥʫ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʪʘʣʘʩʦʚʦʜʘ. ʇʨʦʿʝʢʪʦʚʘˁʝ 

ʬʠʣʪʨʘ ʧʨʚʦʛ ʨʝʜʘ ʩʘ ʚʠʰʝ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ ʧʦʜʨʘʟʫʤʝʚʘ ʫʤʝʪʘˁʝ ʿʝʜʥʝ 

ʧʣʦʯʠʮʝ ʫ ʧʨʘʚʦʫʛʘʦʥʠ ʪʘʣʘʩʦʚʦʜ, ʧʨʠ ʯʝʤʫ ʿʝ ʥʘ ʧʣʦʯʠʮʠ ʧʦʩʪʘʚˀʝʥʦ ʚʠʰʝ 

ʨʝʟʦʥʘʪʦʨʘ ʨʘʟʣʠʯʠʪʠʭ ʨʝʟʦʥʘʥʪʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ. ʊʘʢʚʦ ʫʨʝʹʝˁʝ ʨʝʟʦʥʘʪʦʨʘ ʥʘ 

ʧʣʦʯʠʮʠ ʠʤʧʣʠʮʠʨʘ ʜʘ ʩʫ ʥʝʢʠ ʦʜ ˁʠʭ ʫʜʘˀʝʥʠ ʦʜ ʮʝʥʪʨʘ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ 

ʪʘʣʘʩʦʚʦʜʘ, ʰʪʦ ʟʘ ʧʦʩʣʝʜʠʮʫ ʤʦʞʝ ʠʤʘʪʠ ʧʦʤʝʨʘˁʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʫ 

ʦʜʥʦʩʫ ʥʘ ʦʯʝʢʠʚʘʥʫ ʚʨʝʜʥʦʩʪ. ʀʟ ʪʦʛ ʨʘʟʣʦʛʘ ʿʝ ʠʩʧʠʪʘʥ ʫʪʠʮʘʿ ʧʦʟʠʮʠʿʝ 

ʨʝʟʦʥʘʪʦʨʘ ʜʫʞ ʚʝʨʪʠʢʘʣʥʝ ʦʩʝ ʪʘʣʘʩʦʚʦʜʘ ʥʘ ʘʤʧʣʠʪʫʜʩʢʠ ʦʜʟʠʚ ʨʝʟʦʥʘʪʦʨʘ ʢʘʜʘ 
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ʿʝ ʨʝʟʦʥʘʪʦʨ ʩʘʯʠˁʝʥ ʩʘʤʦ ʦʜ ʤʝʪʘʣʘ ʠʣʠ ʦʜʰʪʘʤʧʘʥ ʥʘ ʩʣʝʜʝ˂ʠʤ ʧʦʜʣʦʛʘʤʘ: 

Rogers 5880 (ʀ= 2.2), Rogers 4003 (ʀ σȢφ), Rogers 3010 (ʀ = 11.2). ɼʝʙˀʠʥʘ 

ʧʦʜʣʦʛʝ ʿʝ ʫ ʩʚʠʤ ʧʦʩʤʘʪʨʘʥʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ʠʤʘʣʘ ʠʩʪʫ ʚʨʝʜʥʦʩʪ (h=1.143 mm). 

ʇʦʯʝʪʥʘ ʧʦʟʠʮʠʿʘ ʿʝ ʮʝʥʪʘʨ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ, ʘ 

ʘʥʘʣʠʟʘ ʿʝ ʩʧʨʦʚʝʜʝʥʘ ʫ ʜʚʘ ʧʨʘʚʮʘ: ʧʨʚʦ ʿʝ ʨʝʟʦʥʘʪʦʨ ʦʜ ʮʝʥʪʨʘ ʧʦʤʝʨʘʥ ʢʘ ʛʦʨˁʝʤ 

ʟʠʜʫ ʪʘʣʘʩʦʚʦʜʘ, ʘ ʟʘʪʠʤ ʦʜ ʮʝʥʪʨʘ ʢʘ ʜʦˁʝʤ ʟʠʜʫ ʪʘʣʘʩʦʚʦʜʘ. ʇʨʦʩʪʦʨʥʠ ʧʦʤʝʨʘʿ 

ʿʝ ʦʟʥʘʯʝʥ ʩʠʤʙʦʣʦʤ ȹm, ʘ ʨʝʟʫʣʪʘʪʠ ʩʫ ʜʘʪʠ ʥʘ ʩʣʠʮʠ 6.4. ʊʨʝʙʘ ʥʘʧʦʤʝʥʫʪʠ ʜʘ ʿʝ 

ȹm = 0 mm ʧʦʣʦʞʘʿ ʨʝʟʦʥʘʪʦʨʘ ʫ ʮʝʥʪʨʫ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ. 

 

 

ʉʣʠʢʘ 6.4 ʇʨʦʤʝʥʘ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʧʦʤʝʨʘʿʘ 

ʨʝʟʦʥʘʪʦʨʘ ʜʫʞ ʚʝʨʪʠʢʘʣʥʝ ʦʩʝ ʪʘʣʘʩʦʚʦʜʘ 

 

ʉʘ cʣʠʢʝ 6.4 ʩʝ ʫʦʯʘʚʘ ʣʠʥʝʘʨʥʘ ʧʨʦʤʝʥʘ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʢʘʜʘ ʩʝ 

ʨʝʟʦʥʘʪʦʨ ʧʦʤʝʨʘ ʜʫʞ ʚʝʨʪʠʢʘʣʥʝ ʦʩʝ ʪʘʣʘʩʦʚʦʜʘ. ʂʦʥʢʨʝʪʥʦ, ʫʜʘˀʘʚʘˁʝ 

ʨʝʟʦʥʘʪʦʨʘ ʦʜ ʮʝʥʪʨʘ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʠʤʘ ʟʘ ʧʦʩʣʝʜʠʮʫ ʧʦʤʝʨʘˁʝ ʨʝʟʦʥʘʥʪʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ ʢʘ ʥʠʞʠʤ ʚʨʝʜʥʦʩʪʠʤʘ. ʀʜʝʥʪʠʯʥʘ ʧʦʿʘʚʘ ʩʝ ʤʦʞʝ ʫʦʯʠʪʠ ʥʝʟʘʚʠʩʥʦ 

ʦʜ ʪʦʛʘ ʜʘ ʣʠ ʩʝ ʨʝʟʦʥʘʪʦʨ ʧʦʤʝʨʘ ʢʘ ʛʦʨˁʝʤ ʠʣʠ ʜʦˁʝʤ ʟʠʜʫ ʪʘʣʘʩʦʚʦʜʘ, ʪʘʢʦ ʜʘ 

ʩʫ ʢʨʠʚʝ ʟʘʚʠʩʥʦʩʪʠ ʠʩʪʝ ʫ ʦʙʘ ʩʣʫʯʘʿʘ. 

ʂʘʦ ʰʪʦ ʿʝ ʨʝʯʝʥʦ ʨʘʥʠʿʝ, ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ ʨʝʟʦʥʘʪʦʨʘ ʠʟ ʢʚʘʜʨʘʪʥʦʛ ʫ 

ʧʨʘʚʦʫʛʘʦʥʠ ʦʙʣʠʢ ʠʤʘ ʧʨʘʢʪʠʯʥʝ ʧʨʝʜʥʦʩʪʠ, ʢʦʿʝ ʧʦʩʝʙʥʦ ʜʦʣʘʟʝ ʜʦ ʠʟʨʘʞʘʿʘ 

ʧʨʠʣʠʢʦʤ ʧʨʦʿʝʢʪʦʚʘˁʘ ʬʠʣʪʨʘ ʩʘ ʚʠʰʝ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ. ʋ ʪʦʤ ʩʣʫʯʘʿʫ ʿʝ 

ʦʙʘʚʝʟʥʦ ʝʣʠʤʠʥʠʩʘʪʠ ʫʟʘʿʘʤʥʫ ʩʧʨʝʛʫ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ ʢʦʿʠ ʫʯʝʩʪʚʫʿʫ ʫ 
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ʨʝʘʣʠʟʘʮʠʿʠ ʩʫʩʝʜʥʠʭ ʦʧʩʝʛʘ, ʘ ʪʦ ʩʝ ʧʦʩʪʠʞʝ ʧʦʚʝ˂ʘˁʝʤ ʫʜʘˀʝʥʦʩʪʠ ʠʟʤʝʹʫ ˁʠʭ. 

ʉʧʨʝʛʘ ʩʝ ʿʘʚˀʘ ʢʘʦ ʧʦʩʣʝʜʠʮʘ ʙʣʠʟʠʥʝ ʨʝʟʦʥʘʪʦʨʘ ʟʘ ʨʘʟʣʠʯʠʪʝ ʦʧʩʝʛʝ, ʟʙʦʛ 

ˁʠʭʦʚʦʛ ʧʨʦʩʪʦʨʥʦʛ ʧʦʣʦʞʘʿʘ ʥʘ ʠʩʪʦʿ ʰʪʘʤʧʘʥʦʿ ʧʣʦʯʠʮʠ. 

ɽʬʠʢʘʩʘʥ ʥʘʯʠʥ ʜʘ ʩʝ ʫʜʘˀʝ ʢʚʘʜʨʘʪʥʠ ʨʝʟʦʥʘʪʦʨʠ ʥʘ ʠʩʪʦʿ ʧʣʦʯʠʮʠ, ʘ ʜʘ ʩʝ 

ʧʨʠʪʦʤ ʟʘʜʨʞʠ ʠʩʪʘ ʚʨʝʜʥʦʩʪ ˁʠʭʦʚʠʭ ʨʝʟʦʥʘʥʪʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʿʝʩʪʝ ʜʘ ʩʝ ʩʢʨʘʪʝ 

ˁʠʭʦʚʝ ʚʝʨʪʠʢʘʣʥʝ ʜʠʤʝʥʟʠʿʝ, ʘ ʭʦʨʠʟʦʥʪʘʣʥʝ ʧʦʚʝ˂ʘʿʫ ï ʰʪʦ ʟʘʧʨʘʚʦ ʦʜʛʦʚʘʨʘ 

ʪʨʘʥʩʬʦʨʤʘʮʠʿʠ ʠʟ ʧʨʘʚʦʫʛʘʦʥʦʛ ʫ ʢʚʘʜʨʘʪʥʠ ʦʙʣʠʢ. ʅʘ ʩʣʠʮʠ 6.5 ʿʝ ʧʨʠʢʘʟʘʥʦ 

ʧʦʨʝʹʝˁʝ ʧʝʨʬʦʨʤʘʥʩʠ ʧʨʘʚʦʫʛʘʦʥʦʛ ʠ ʢʚʘʜʨʘʪʥʦʛ ʧʦʣʫʪʘʣʘʩʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʫ ʍ-

ʦʧʩʝʛʫ ʫʯʝʩʪʘʥʦʩʪʠ. 

ʇʦʣʘʟʝ˂ʠ ʦʜ ʢʚʘʜʨʘʪʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʦʜʨʝʹʝʥʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ, ʢʦʤʝ 

ʩʫ ʩʫʩʝʜʥʝ ʩʪʨʘʥʠʮʝ ʠʩʪʦʚʨʝʤʝʥʦ ʤʝˁʘʥʝ, ʜʦʙʠʿʝʥ ʿʝ ʧʨʘʚʦʫʛʘʦʥʠ ʨʝʟʦʥʘʪʦʨ ʠʩʪʝ 

ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ. ɿʘ ʦʙʘ ʨʝʟʦʥʘʪʦʨʘ, ʢʚʘʜʨʘʪʥʠ ʠ ʧʨʘʚʦʫʛʘʦʥʠ, ʚʘʞʠ ʜʘ ʩʝ 

ʨʝʟʦʥʘʥʪʥʘ ʫʯʝʩʪʘʥʦʩʪ ʤʝˁʘ ʣʠʥʝʘʨʥʦ ʩʘ ʫʢʫʧʥʦʤ ʜʫʞʠʥʦʤ ʨʝʟʦʥʘʪʦʨʘ. ɼʦʜʘʪʥʦ, 

ʟʘ ʠʩʪʫ ʚʨʝʜʥʦʩʪ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʢʚʘʜʨʘʪʥʠ ʨʝʟʦʥʘʪʦʨ ʠʤʘ ʚʝ˂ʫ ʜʫʞʠʥʫ ʫ 

ʦʜʥʦʩʫ ʥʘ ʧʨʘʚʦʫʛʘʦʥʠ ʨʝʟʦʥʘʪʦʨ. 

 

 

ʉʣʠʢʘ 6.5 ʇʦʨʝʹʝˁʝ ʧʝʨʬʦʨʤʘʥʩʠ ʢʚʘʜʨʘʪʥʦʛ ʠ ʧʨʘʚʦʫʛʘʦʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʫ 

ʧʦʛʣʝʜʫ ʧʨʦʤʝʥʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʫʥʫʪʘʨ ʍ-ʦʧʩʝʛʘ 
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Square SRR-Sim

Square SRR-Approx

Rectangular SRR- Sim

Rectangular SRR-Approx

f
0
=-0.831 l +19.9

f
0
=-0.816 l +19.6

ʂʚʘʜʨʘʪʥʠ ʨʝʟʦʥʘʪʦʨ ï ʩʠʤʫʣʘʮʠʿʘ 

ʂʚʘʜʨʘʪʥʠ ʨʝʟʦʥʘʪʦʨ ï ʘʧʨʦʢʩʠʤʘʮʠʿʘ 

ʇʨʘʚʦʫʛʘʦʥʠ ʨʝʟʦʥʘʪʦʨ ï ʩʠʤʫʣʘʮʠʿʘ 

ʇʨʘʚʦʫʛʘʦʥʠ ʨʝʟʦʥʘʪʦʨ - ʘʧʨʦʢʩʠʤʘʮʠʿʘ 
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ʅʘ ʦʩʥʦʚʫ ʧʨʠʢʘʟʘʥʠʭ ʨʝʟʫʣʪʘʪʘ, ʤʦʞʝ ʩʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʩʝ ʨʝʟʦʥʘʥʪʥʘ 

ʫʯʝʩʪʘʥʦʩʪ ʤʦʞʝ ʧʨʠʢʘʟʘʪʠ ʫ ʬʫʥʢʮʠʿʠ ʘʥʘʣʠʟʠʨʘʥʠʭ ʧʘʨʘʤʝʪaʨʘ ʧʨʦʿʝʢʪʦʚʘˁʘ 

ʧʦʤʦ˂ʫ ʩʣʝʜʝ˂ʝ ʿʝʜʥʘʯʠʥʝ: 

f
0
GHz=kĀimm+n  (6.2) 

ʛʜʝ ʿʝ ʧʘʨʘʤʝʪʨʦʤ Ὥ ʦʟʥʘʯʝʥʘ ʫʢʫʧʥʘ ʜʫʞʠʥʘ ʨʝʟʦʥʘʪʦʨʘ, ʠʣʠ ˁʝʛʦʚ ʧʦʤʝʨʘʿ ʜʫʞ 

ʚʝʨʪʠʢʘʣʥʝ ʦʩʝ ʪʘʣʘʩʦʚʦʜʘ. 

 

 

6.1.2 ɽʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʧʦʣʫʪʘʣʘʩʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʫ ʅ-ʨʘʚʥʠ 

 

ʊʘʣʘʩʦʚʦʜʥʠ ʧʦʣʫʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨ ʩʘ ʧʨʦʨʝʟʦʤ ʩʝ ʤʦʞʝ ʝʢʚʠʚʘʣʝʥʪʥʦ 

ʧʨʝʜʩʪʘʚʠʪʠ ʧʘʨʘʣʝʣʥʠʤ ʨʝʟʦʥʘʥʪʥʠʤ ʢʦʣʦʤ. ʇʘʨʘʣʝʣʥʫ ʚʝʟʫ ʯʠʥʝ ʦʪʧʦʨʥʠʢ 

ʦʪʧʦʨʥʦʩʪʠ R, ʢʘʣʝʤ ʠʥʜʫʢʪʠʚʥʦʩʪʠ L ʠ ʢʦʥʜʝʥʟʘʪʦʨ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ C. ʋ ʮʠˀʫ 

ʧʦʪʧʫʥʝ ʨʝʧʨʝʟʝʥʪʘʮʠʿʝ, ʜʦʜʘʪʝ ʩʫ ʪʘʣʘʩʦʚʦʜʥʝ ʩʝʢʮʠʿʝ ʜʫʞʠʥʝ D=4 mm, ʰʪʦ ʿʝ 

ʜʫʞʠʥʘ ʿʝʜʥʘʢʘ ʨʘʩʪʦʿʘˁʫ ʰʪʘʤʧʘʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʜʦ ʧʨʠʩʪʫʧʘ ʪʘʣʘʩʦʚʦʜʘ. 

ɽʢʚʠʚʘʣʝʥʪʥʦ ʢʦʣʦ ʧʦʣʫʪʘʣʘʩʥʦʛ ʪʘʣʘʩʦʚʦʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ 

ʩʣʠʮʠ 6.6. ʇʨʠʩʪʫʧʠ ʪʘʣʘʩʦʚʦʜʘ ʩʫ ʦʟʥʘʯʝʥʠ ʩʘ P1 ʠ P2. ʀʤʧʝʜʘʥʩʝ ʧʨʠʩʪʫʧʘ 

ʦʜʛʦʚʘʨʘʿʫ ʪʘʣʘʩʥʦʿ ʠʤʧʝʜʘʥʩʠ ʟʘ TE10 ʪʠʧ ʪʘʣʘʩʘ ʥʘ ʦʜʛʦʚʘʨʘʿʫ˂ʦʿ ʨʝʟʦʥʘʥʪʥʦʿ 

ʫʯʝʩʪʘʥʦʩʪʠ. ɿʘ TE10 ʪʘʣʘʩ ʠ ʨʝʟʦʥʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ ʦʜ 10.90 GHz, ʜʦʙʠʿʘ ʩʝ 

ʚʨʝʜʥʦʩʪ ʠʤʧʝʜʘʥʩʝ ʧʨʠʩʪʫʧʘ Z0 = 472 Ý. 

 

 

ʉʣʠʢʘ 6.6 ɽʢʚʠʚʘʣʝʥʪʥʦ ʢʦʣʦ ʧʦʣʫʪʘʣʘʩʥʦʛ ʪʘʣʘʩʦʚʦʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ 

 

ɺʨʝʜʥʦʩʪʠ ʢʦʥʮʝʥʪʨʠʩʘʥʠʭ ʝʣʝʤʝʥʘʪʘ ʩʫ ʜʦʙʠʿʝʥʝ ʥʘ ʦʩʥʦʚʫ ʿʝʜʥʘʯʠʥʘ (5.2)-

(5.4) ʠ ʠʤʘʿʫ ʩʫ ʩʣʝʜʝ˂ʝ ʚʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ: R = 7.5 kÝ, L = 0.75 nH, C = 0.42 pF. 

ʇʦʨʝʹʝˁʝ ʘʤʧʣʠʪʫʜʩʢʦʛ ʦʜʟʠʚʘ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦʛ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦʛ ʤʦʜʝʣʘ 

ʨʝʟʦʥʘʪʦʨʘ ʠ ˁʝʛʦʚʝ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʜʘʪʦ ʿʝ ʥʘ ʩʣʠʮʠ 6.7. ʋʦʯʘʚʘ ʩʝ ʜʦʙʨʦ 

ʧʦʢʣʘʧʘˁʝ ʦʜʟʠʚʘ ʫ ʧʦʛʣʝʜʫ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʰʠʨʠʥʝ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ. 
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ʉʣʠʢʘ 6.7 ʇʦʨʝʹʝˁʝ ʘʤʧʣʠʪʫʜʩʢʠʭ ʦʜʟʠʚʘ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦʛ 

ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦʛ ʤʦʜʝʣʘ ʨʝʟʦʥʘʪʦʨʘ ʠ ˁʝʛʦʚʝ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

 

 

6.2 ʌʠʣʪʘʨ ʥʝʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʫ ʅ-ʨʘʚʥʠ 

 

ʌʠʣʪʘʨ ʥʝʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʪʨʝ˂ʝʛ ʨʝʜʘ ʿʝ ʧʨʦʿʝʢʪʦʚʘʥ ʟʘ ʨʘʜ ʫ 

ʍ-ʦʧʩʝʛʫ, ʥʘ ʩʧʝʮʠʬʠʮʠʨʘʥʦʿ ʮʝʥʪʨʘʣʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ f
0
=10.90 GHz. ʆʩʪʚʘʨʝʥʠ 

ʪʨʦʜʝʮʠʙʝʣʩʢʠ ʥʝʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʠʤʘ ʰʠʨʠʥʫ B3dB=340 MHz. ɽʣʝʤʝʥʪʠ ʬʠʣʪʨʘ ʩʫ 

ʧʦʣʫʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨʠ ʥʘ ʨʝʜʫʢʦʚʘʥʦʿ ʜʠʝʣʝʢʪʨʠʯʥʦʿ ʧʨʝʛʨʘʜʠ ʨʘʟʤʘʪʨʘʥʠ ʫ 

ʧʨʝʪʭʦʜʥʦʤ ʦʜʝˀʢʫ. ʈʝʘʣʠʟʦʚʘʥʠ ʩʫ ʫ ʚʠʜʫ ʰʪʘʤʧʘʥʠʭ ʢʦʣʘ ʠ ʧʦʩʪʘʚˀʝʥʠ ʫ 

ʪʨʘʥʩʚʝʨʟʘʣʥʦ ʿʨʘʚʥʠ ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ. ʀʟʤʝʹʫ ʨʝʟʦʥʘʥʪʥʠʭ ʧʨʝʛʨʘʜʘ ʩʝ 

ʥʘʣʘʟʝ ʦʜʩʝʯʮʠ ʪʘʣʘʩʦʚʦʜʘ, ʘ ˁʠʭʦʚʘ ʜʫʞʠʥʘ ʿʝ ʿʝʜʥʘʢʘ ʯʝʪʚʨʪʠʥʠ ʚʦʹʝʥʝ ʪʘʣʘʩʥʝ 

ʜʫʞʠʥʝ ʥʘ ʮʝʥʪʨʘʣʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʬʠʣʪʨʘ. ʇʦʤʦ˂ʫ ʦʚʠʭ ʦʜʩʝʯʘʢʘ ʿʝ ʨʝʘʣʠʟʦʚʘʥ 

ʠʥʚʝʨʪʦʨ ʟʘ ʮʝʥʪʨʘʣʥʫ ʫʯʝʩʪʘʥʦʩʪ ʪʘʣʘʩʦʚʦʜʥʦʛ ʬʠʣʪʨʘ. 

ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʤʦʜʝʣ ʧʦʩʤʘʪʨʘʥʦʛ ʬʠʣʪʨʘ ʿʝ ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 6.8. 

ɼʠʤʝʥʟʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʢʦʿʠ ʫʯʝʩʪʚʫʿʫ ʫ ʨʝʘʣʠʟʘʮʠʿʠ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʩʫ ʜʘʪʝ ʫ 

ʪʘʙʝʣʠ 6.4. ʉʝʢʮʠʿʘ ʪʘʣʘʩʦʚʦʜʘ ʜʫʞʠʥʝ D ʠʤʘ ʫʣʦʛʫ ʠʥʚʝʨʪʦʨʘ ʟʘ ʮʝʥʪʨʘʣʥʫ 

ʫʯʝʩʪʘʥʦʩʪ ʧʦʩʤʘʪʨʘʥʦʛ ʬʠʣʪʨʘ, ʪʝ ʿʝ D=ɚg10.90GHz4ϳ=8.615 mm, ʛʜʝ ʇ ʦʟʥʘʯʘʚʘ 

ʚʦʹʝʥʫ ʪʘʣʘʩʥʫ ʜʫʞʠʥʫ ʫ ʪʘʣʘʩʦʚʦʜʫ. 

 

 ʐʝʤʘ 

 3ɼ ɽʄ 

 ʐʝʤʘ 

 3ɼ ɽʄ 
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ʉʣʠʢʘ 6.8 ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʤʦʜʝʣ ʬʠʣʪʨʘ ʪʨʝ˂ʝʛ ʨʝʜʘ ʩʘ ʿʝʜʥʠʤ 

ʥʝʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʢʦʿʠ ʧʨʠʤʝˁʫʿʝ ʧʦʣʫʪʘʣʘʩʥʝ ʨʝʟʦʥʘʪʦʨʝ 

 

ʊʘʙʝʣʘ 6.4 ɼʠʤʝʥʟʠʿʝ ʰʪʘʤʧʘʥʠʭ ʚʦʜʦʚʘ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʩʣʠʢʝ 6.8 

ʇʨʝʛʨʘʜʘ d1i [mm] d2i [mm] c1i [mm] pi [mm] 

ʉʧʦˀʘʰˁʠ (i=1,3)  2 3.25 0.25 0.9 

ʎʝʥʪʨʘʣʥʠ (i=2)  2 3.25 0.2 0.9 

 

 

ʇʨʠʣʠʢʦʤ ʧʨʦʿʝʢʪʦʚʘˁʘ ʬʠʣʪʨʘ ʢʦʿʠ ʧʨʠʤʝˁʫʿʝ ʧʨʝʛʨʘʜʫ ʫ ʅ-ʨʘʚʥʠ, 

ʧʦʪʨʝʙʥʦ ʿʝ ʜʘ ʰʪʘʤʧʘʥʠ ʨʝʟʦʥʘʪʦʨʠ ʙʫʜʫ ʧʦʩʪʘʚˀʝʥʠ ʫ ʮʝʥʪʨʘʣʥʦʤ ʜʝʣʫ ʧʨʝʛʨʘʜʝ, 

ʩʠʤʝʪʨʠʯʥʦ ʫ ʦʜʥʦʩʫ ʥʘ ʙʦʯʥʝ ʟʠʜʦʚʝ ʪʘʣʘʩʦʚʦʜʘ. ʋ ʮʠˀʫ ʦʩʪʚʘʨʠʚʘˁʘ ʞʝˀʝʥʠʭ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʬʠʣʪʨʘ, ʥʝʦʧʭʦʜʥʦ ʿʝ ʜʘ ʰʪʘʤʧʘʥʠ ʨʝʟʦʥʘʪʦʨʠ ʙʫʜʫ ʧʦʩʪʘʚˀʝʥʠ ʥʘ 

ʤʝʩʪʫ ʤʘʢʩʠʤʫʤʘ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʜʦʤʠʥʘʥʪʥʦʛ ʪʘʣʘʩʘ.  

ʉʣʝʜʝ˂ʠ ʧʨʠʤʝʨ ʠʣʫʩʪʨʫʿʝ ʧʦʨʝʹʝˁʝ ʜʚʘ ʩʣʫʯʘʿʘ, ʛʜʝ ʩʫ ʫ ʿʝʜʥʦʤ ʩʣʫʯʘʿʫ ʢʘʜʘ 

ʩʫ ʨʝʟʦʥʘʪʦʨʠ ʧʦʩʪʘʚˀʝʥʠ ʥʘ ʮʝʥʪʨʘʣʥʦʤ ʜʝʣʫ ʧʨʝʛʨʘʜʝ, ʘ ʫ ʜʨʫʛʦʤ ʩʣʫʯʘʿʫ ʩʫ ʩʚʠ 

ʨʝʟʦʥʘʪʦʨʠ ʧʦʤʝʨʝʥʠ 2 mm ʢʘ ʙʠʣʦ ʢʦʤ ʦʜ ʙʦʯʥʠʭ ʟʠʜʦʚʘ ʪʘʣʘʩʦʚʦʜʘ. ʅʘ ʩʣʠʮʠ 6.9ʘ 

ʿʝ ʧʨʠʢʘʟʘʥ WIPL-D ʤʦʜʝʣ ʬʠʣʪʨʘ ʩʘ ʧʦʤʝʨʝʥʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ ʢʘ ʙʦʯʥʦʤ ʟʠʜʫ 

ʪʘʣʘʩʦʚʦʜʘ. ʅʘ ʩʣʠʮʠ 6.9ʙ ʩʫ ʫʧʦʨʝʹʝʥʠ ʦʜʟʠʚʠ ʬʠʣʪʨʘ ʟʘ ʩʣʫʯʘʿ ʧʦʤʝʨʝʥʠʭ 

ʨʝʟʦʥʘʪʦʨʘ ʠ ʬʠʣʪʨʘ ʩʘ ʮʝʥʪʨʘʣʥʦ ʧʦʩʪʘʚˀʝʥʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ. 
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(ʘ) 

 

(ʙ) 

ʉʣʠʢʘ 6.9 ʇʨʠʤʝʨ ʬʠʣʪʨʘ ʩʘ ʧʦʤʝʨʝʥʠʤ ʨʝʟʦʥʘʪʦʨʠʤʘ ʢʘ ʙʦʯʥʦʤ ʟʠʜʫ 

ʪʘʣʘʩʦʚʦʜʘ: ʘ) WIPL-D ʤʦʜʝʣ ʙ) ʧʦʨʝʹʝˁʝ ʦʜʟʠʚʘ ʬʠʣʪʨʘ ʟʘ ʩʣʫʯʘʿ ʧʦʤʝʨʝʥʠʭ 

ʨʝʟʦʥʘʪʦʨʘ ʠ ʦʜʟʠʚʘ ʬʠʣʪʨʘ ʟʘ ʮʝʥʪʨʘʣʥʦ ʧʦʩʪʘʚˀʝʥʝ ʨʝʟʦʥʘʪʦʨʝ 

 

6.2.1 ɽʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʬʠʣʪʨʘ ʥʝʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʩʘ ʧʨʝʛʨʘʜʘʤʘ ʫ  

ʅ-ʨʘʚʥʠ ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ 

 

ɽʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʬʠʣʪʨʘ ʪʨʝ˂ʝʛ ʨʝʜʘ ʩʘ ʩʣʠʢʝ 6.8 ʿʝ ʤʦʜʝʣʦʚʘʥa ʪʘʢʦ ʜʘ ʫ 

ʧʦʪʧʫʥʦʩʪʠ ʨʝʧʨʝʟʝʥʪʫʿʝ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʫ ʩʪʨʫʢʪʫʨʫ. ʋʩʧʦʩʪʘʚˀʝʥʘ ʰʝʤʘ ʿʝ 

ʧʨʠʢʘʟʘʥʘ ʥʘ ʩʣʠʮʠ 6.10. ʇʨʠʣʠʢʦʤ ʘʥʘʣʠʟʝ, ʛʫʙʠʮʠ ʥʠʩʫ ʫʟʝʪʠ ʫ ʦʙʟʠʨ. ʀʤʧʝʜʘʥʩʝ 

ʧʦʨʪʦʚʘ (P1 ʠ P2) ʦʜʛʦʚʘʨʘʿʫ ʪʘʣʘʩʥʦʿ ʠʤʧʝʜʘʥʩʠ ʪʘʣʘʩʦʚʦʜʘ ʥʘ ʩʧʝʮʠʬʠʮʠʨʘʥʦʿ 

ʮʝʥʪʨʘʣʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ (f
0
=10.90 GHz), ʘ ʚʨʝʜʥʦʩʪ ʦʚʝ ʠʤʧʝʜʘʥʩʝ ʿʝ Zʊɽ =551 Ý. 

ʏʝʪʚʨʪʪʘʣʘʩʥʠ ʪʨʘʥʩʬʦʨʤʘʪʦʨʠ, ʢʦʨʠʰ˂ʝʥʠ ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ ʠʥʚʝʨʪʦʨʘ, ʩʫ 

ʤʦʜʝʣʦʚʘʥʠ ʧʦʤʦ˂ʫ ʦʜʩʝʯʢʘ ʪʘʣʘʩʦʚʦʜʘ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʜʫʞʠʥʝ 

D=ɚg10.90GHz 4ϳ=8.615 mm.  

S21 

 
S11 

 

ʎʝʥʪʨʘʣʥʦ ʧʦʩʪʘʚˀʝʥʠ ʨʝʟʦʥʘʪʦʨʠ 

ʎʝʥʪʨʘʣʥʦ ʧʦʩʪʘʚˀʝʥʠ ʨʝʟʦʥʘʪʦʨʠ 

ʇʦʤʝʨʝʥʠ ʨʝʟʦʥʘʪʦʨʠ 

ʇʦʤʝʨʝʥʠ ʨʝʟʦʥʘʪʦʨʠ 
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ʇʦʣʫʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨʠ ʩʫ ʥʘ ʥʠʚʦʫ ʤʠʢʨʦʪʘʣʘʩʥʦʛ ʢʦʣʘ ʧʨʝʜʩʪʘʚˀʝʥʠ 

ʧʘʨʘʣʝʣʥʠʤ ʦʩʮʠʣʘʪʦʨʥʠʤ ʢʦʣʠʤʘ. ɺʨʝʜʥʦʩʪʠ ʢʦʥʮʝʥʪʨʠʩʘʥʠʭ ʝʣʝʤʝʥʘʪʘ ʩʫ 

ʜʦʙʠʿʝʥʝ ʥʘ ʦʩʥʦʚʫ ʬʦʨʤʫʣʘ (5.3) ʠ (5.4) ʠ ʜʘʪʝ ʩʫ ʫ ʪʘʙʝʣʠ 6.5. ʋʦʯʝʥʦ ʿʝ ʚʝʦʤʘ 

ʜʦʙʨʦ ʩʣʘʛʘˁʝ ʘʤʧʣʠʪʫʜʩʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦʛ 

ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦʛ ʤʦʜʝʣʘ ʬʠʣʪʨʘ ʠ ˁʝʛʦʚʦʛ ʝʢʚʠʚʘʣʝʥʪʥʦʛ ʝʣʝʢʪʨʠʯʥʦʛ ʢʦʣʘ 

(ʩʣʠʢʘ 6.11). 

 

 

ʉʣʠʢʘ 6.10 ɽʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʪʘʣʘʩʦʚʦʜʥʦʛ ʬʠʣʪʨʘ ʥʝʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ ʩʘ ʩʣʠʢʝ 6.8 

 

ʊʘʙʝʣʘ 6.5 ɺʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ ʝʢʚʠʚʘʣʝʥʪʥʦʛ ʢʦʣʘ ʪʘʣʘʩʦʚʦʜʥʦʛ ʬʠʣʪʨʘ 

ʥʝʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʩʘ ʩʣʠʢʝ 6.10 

ʇʘʨʘʤʝʪʘʨ L1 [nH] C1[pF] L2 [nH] C2 [pF] 

ɺʨʝʜʥʦʩʪ 0.342 0.624 0.331 0.634 

 

 

ʉʣʠʢʘ 6.11 ʇʦʨʝʹʝˁʝ ʦʜʟʠʚʘ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦʛ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦʛ ʤʦʜʝʣʘ 

ʪʘʣʘʩʦʚʦʜʥʦʛ ʬʠʣʪʨʘ, ʪʨʝ˂ʝʛ ʨʝʜʘ ʩʘ ʧʨʝʛʨʘʜʘʤʘ ʫ ʅ-ʨʘʚʥʠ, ʠ ˁʝʛʦʚʦʛ 

ʝʢʚʠʚʘʣʝʥʪʥʦʛ ʝʣʝʢʪʨʠʯʥʦʛ ʢʦʣʘ 

 

 ʐʝʤʘ 

 3ɼ ɽʄ 

 ʐʝʤʘ 

 3ɼ ɽʄ 

ʌʠʣʪʘʨ 

ʥʝʧʨʦʧʫʩʥʠʢ 

ʦʧʩʝʛʘ 
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6.3 ʌʠʣʪʘʨ ʪʨʝ˂ʝʛ ʨʝʜʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

 

ʊʘʣʘʩʦʚʦʜʥʠ ʬʠʣʪʘʨ ʪʨʝ˂ʝʛ ʨʝʜʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʜʘʪ ʿʝ ʢʘʦ ʧʨʠʤʝʨ 

ʧʨʦʿʝʢʪʦʚʘˁʘ ʬʠʣʪʘʨʘ ʚʠʰʝʛ ʨʝʜʘ, ʩʘ ʜʚʝ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ, f
01
=8.90 GHz ʠ 

f
02
=10.90 GHz. ʆʩʪʚʘʨʝʥʝ ʰʠʨʠʥʝ ʪʨʦʜʝʮʠʙʝʣʩʢʠʭ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ, ʥʘ 

ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʮʝʥʪʨʘʣʥʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ, ʩʫ B3dB1=450 MHz ʠ B3dB2=650 MHz. 

ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʤʦʜʝʣ ʦʚʦʛ ʬʠʣʪʨʘ ʿʝ ʜʘʪ ʥʘ ʩʣʠʮʠ 6.12. 

 

 

ʉʣʠʢʘ 6.12 Tʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʤʦʜʝʣ ʪʘʣʘʩʦʚʦʜʥʦʛ ʬʠʣʪʨʘ, ʪʨʝ˂ʝʛ ʨʝʜʘ ʩʘ ʜʚʘ 

ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ, ʢʦʿʠ ʢʦʨʠʩʪʠ ʧʦʣʫʪʘʣʘʩʥʝ ʨʝʟʦʥʘʪʦʨʝ 

 

ʇʨʦʿʝʢʪʦʚʘˁʝ ʥʠʞʝʛ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʿʝ ʠʟʚʨʰʝʥʦ ʥʘ ʠʩʪʠ ʥʘʯʠʥ ʢʘʦ ʟʘ 

ʧʨʝʪʭʦʜʥʦ ʧʨʠʢʘʟʘʥʠ ʧʨʠʤʝʨ ʬʠʣʪʨʘ ʥʘ 10.90 GHz, ʢʦʿʠ ʫʯʝʩʪʚʫʿʝ ʫ ʨʝʘʣʠʟʘʮʠʿʠ 

ʚʠʰʝʛ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ. ʈʝʟʦʥʘʪʦʨʠ, ʥʘʤʝˁʝʥʠ ʟʘ ʥʠʞʠ ʥʝʧʨʦʧʫʩʥʠ ʦʧʩʝʛ, 

ʧʦʩʪʘʚˀʝʥʠ ʩʫ ʥʘ ʤʝʹʫʩʦʙʥʦʿ ʫʜʘˀʝʥʦʩʪʠ ʦʜ ɚg8.90GHz4ϳ=12.4692 mm, ʰʪʦ 

ʦʜʛʦʚʘʨʘ ʜʫʞʠʥʠ ʠʥʚʝʨʪʦʨʘ ʟʘ ʨʘʟʤʘʪʨʘʥʫ ʮʝʥʪʨʘʣʥʫ ʫʯʝʩʪʘʥʦʩʪ. 
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ʈʝʟʦʥʘʪʦʨʠ ʢʦʿʠ ʫʯʝʩʪʚʫʿʫ ʫ ʨʝʘʣʠʟʘʮʠʿʠ ʨʘʟʣʠʯʠʪʠʭ ʦʧʩʝʛʘ ʩʝ ʥʘʣʘʟʝ ʫ 

ʨʘʟʣʠʯʠʪʠʤ ʧʦʣʦʚʠʥʘʤʘ ʪʘʣʘʩʦʚʦʜʘ. ʇʦʩʤʘʪʨʘʿʫ˂ʠ ʩʘʤʦ ʨʘʩʪʦʿʘˁʝ ʜʫʞ 

ʣʦʥʛʠʪʫʜʠʥʘʣʥʝ ʦʩʝ, ʨʝʟʦʥʘʪʦʨʠ ʟʘ ʩʫʩʝʜʥʝ ʦʧʩʝʛʝ ʩʝ ʥʘʣʘʟʝ ʥʘ ʫʜʘˀʝʥʦʩʪʠ ʿʝʜʥʘʢʦʿ 

(ɚg8.90GHz-ɚg10.90GHz)/4= 3.854 mm, ʪʘʢʦ ʜʘ ʩʝ ʤʦʞʝ ʩʤʘʪʨʘʪʠ ʜʘ ʥʝ ʧʦʩʪʦʿʠ ʫʟʘʿʘʤʥʘ 

ʩʧʨʝʛʘ ʠʟʤʝʹʫ ˁʠʭ. ʊʦ ʦʤʦʛʫ˂ʘʚʘ ʜʘ ʩʝ ʥʝʟʘʚʠʩʥʦ ʧʦʜʝʰʘʚʘ ʩʚʘʢʠ ʥʝʧʨʦʧʫʩʥʠ 

ʦʧʩʝʛ, ʧʦʜʝʰʘʚʘˁʝʤ ʩʚʘʢʦʛ ʦʜ ʧʦʣʫʪʘʣʘʩʥʠʭ ʨʝʟʦʥʘʪʦʨʘ. ɼʠʤʝʥʟʠʿʝ ʨʝʟʦʥʘʪʦʨʘ ʟʘ 

ʚʠʰʠ ʥʝʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʩʫ ʦʩʪʘʣʝ ʥʝʧʨʦʤʝˁʝʥʝ (ʪʘʙʝʣʘ 6.4), ʘ ʜʠʤʝʥʟʠʿʝ ʨʝʟʦʥʘʪʦʨʘ 

ʟʘ ʥʠʞʠ ʥʝʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʩʫ ʜʘʪʝ ʫ ʪʘʙʝʣʠ 6.6. 

 

ʊʘʙʝʣʘ 6.6 ɼʠʤʝʥʟʠʿʝ ʧʦʣʫʪʘʣʘʩʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʢʦʿʠ ʫʯʝʩʪʚʫʿʫ ʫ ʨʝʘʣʠʟʘʮʠʿʠ 

ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʥʘ 8.90 GHz (ʩʚʝ ʜʠʤʝʥʟʠʿʝ ʩʫ ʜʘʪʝ ʫ ʤʠʣʠʤʝʪʨʠʤʘ) 

ʇʨʝʛʨʘʜʘ d3i d4i c2i pi 

ʉʧʦˀʘʰˁʘ (i=1,3) 2 4.36 0.3 0.9 

ʎʝʥʪʨʘʣʥʘ (i=2) 2 4.36 0.3 0.9 

 

 

 

6.4 ʂʦʤʧʘʢʪʥʠ ʪʘʣʘʩʦʚʦʜʥʠ ʬʠʣʪʘʨ ʪʨʝ˂ʝʛ ʨʝʜʘ ʩʘ ʜʚʘ 

ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

 

ʄʠʥʠʿʘʪʫʨʠʟʘʮʠʿʘ ʬʠʣʪʨʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʿʝ ʦʩʪʚʘʨʝʥʘ 

ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʦʤ ʠʥʚʝʨʪʦʨʘ. ʂʦʥʮʝʧʪ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʝ ʠʥʚʝʨʪʦʨʘ ʩʝ ʟʘʩʥʠʚʘ ʥʘ 

ʟʘʤʝʥʠ ʢʦʥʚʝʥʮʠʦʥʘʣʥʦʛ ʠʥʚʝʨʪʦʨʘ (ʯʝʪʚʨʪʪʘʣʘʩʥʦʛ ʦʜʩʝʯʢʘ ʪʘʣʘʩʦʚʦʜʘ) ʢʨʘ˂ʠʤ. 

ʂʦʤʧʘʢʪʥʠ ʬʠʣʪʘʨ, ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ, ʧʨʠʤʝˁʫʿʝ ʨʝʟʦʥʘʥʪʥʝ ʧʨʝʛʨʘʜʝ ʫ 

ʪʨʘʥʩʚʝʨʟʘʣʥʦʿ ʨʘʚʥʠ ʪʘʣʘʩʦʚʦʜʘ, ʧʨʠ ʯʝʤʫ ʩʫ ʨʝʟʦʥʘʪʦʨʠ ʟʘ ʦʙʘ ʦʧʩʝʛʘ ʰʪʘʤʧʘʥʠ 

ʥʘ ʠʩʪʠʤ ʧʣʦʯʠʮʘʤʘ. ʉʝʢʮʠʿʘ ʪʘʣʘʩʦʚʦʜʘ ʢʦʿʘ ʠʤʘ ʫʣʦʛʫ ʠʥʚʝʨʪʦʨʘ ʿʝ ʟʘʤʝˁʝʥʘ 

ʢʨʘ˂ʦʤ ʩʝʢʮʠʿʦʤ ʢʦʿʘ ʩʘʜʨʞʠ ʫʤʝʪʥʫʪʫ ʰʪʘʤʧʘʥʫ ʧʨʝʛʨʘʜʫ, ʧʦʪʨʝʙʥʫ ʜʘ ʨʝʘʣʠʟʫʿʝ 

ʦʜʛʦʚʘʨʘʿʫ˂ʫ ʠʤʧʝʜʘʥʩʫ. ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʤʦʜʝʣ ʢʦʤʧʘʢʪʥʦʛ ʬʠʣʪʨʘ ʿʝ ʧʨʠʢʘʟʘʥ 

ʥʘ ʩʣʠʮʠ 6.13.  

ɻʣʘʚʥʝ ʧʨʝʜʥʦʩʪʠ ʦʚʦʛ ʢʦʤʧʘʢʪʥʦʛ ʬʠʣʪʨʘ ʩʫ: 

¶ ʤʘˁʘ ʫʢʫʧʥʘ ʜʫʞʠʥʘ ʩʪʨʫʢʪʫʨʝ, 

¶ ʥʝʟʘʚʠʩʥʦ ʧʦʜʝʰʘʚʘˁʝ ʧʨʦʿʝʢʪʦʚʘʥʠʭ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ, 

¶ ʦʯʫʚʘˁʝ ʘʤʧʣʠʪʫʜʩʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʫ ʦʜʥʦʩʫ ʥʘ ʦʨʠʛʠʥʘʣʥʠ ʬʠʣʪʘʨ 

ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ.  
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ʇʨʠʢʘʟʘʥʠ ʧʦʩʪʫʧʘʢ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʝ ʟʘʿʝʜʥʦ ʩʘ ʘʣʛʦʨʠʪʤʦʤ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ 

ʬʠʣʪʘʨʘ, ʩʘ ʚʠʰʝ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ, ʧʨʝʜʩʪʘʚˀʘ ʝʬʠʢʘʩʘʥ ʥʘʯʠʥ ʜʘ ʩʝ ʦʩʪʚʘʨʝ 

ʩʚʝ ʥʘʚʝʜʝʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ. ʉʘ ʘʩʧʝʢʪʘ ʧʨʦʿʝʢʪʦʚʘˁʘ ʦʚʘʢʚʦʛ ʬʠʣʪʨʘ, ʧʦʪʨʝʙʥʦ ʿʝ 

ʩʤʘˁʠʪʠ ʜʫʞʠʥʫ ʬʠʣʪʨʘ. ʇʨʠ ʪʦʤ ʪʨʝʙʘ ʝʣʠʤʠʥʠʩʘʪʠ ʩʧʨʝʛʫ ʢʦʿʘ ʩʝ ʿʘʚˀʘ ʠʟʤʝʹʫ 

ʨʝʟʦʥʘʪʦʨʘ ʥʘʤʝˁʝʥʠʭ ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ ʩʫʩʝʜʥʠʭ ʦʧʩʝʛʘ, ʢʦʿʠ ʩʫ ʰʪʘʤʧʘʥʠ ʥʘ ʠʩʪʦʿ 

ʧʨʝʛʨʘʜʠ. ʀʩʪʦʚʨʝʤʝʥʦ ʪʨʝʙʘ ʝʣʠʤʠʥʠʩʘʪʠ ʫʪʠʮʘʿ ʥʝʞʝˀʝʥʝ ʩʧʨʝʛʝ ʠʟʤʝʹʫ 

ʧʦʿʝʜʠʥʘʯʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʠ ʫʤʝʪʥʫʪʝ ʰʪʘʤʧʘʥʝ ʧʨʝʛʨʘʜʝ, ʢʦʿʘ ʩʝ ʢʦʨʠʩʪʠ ʟʘ 

ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʫ ʠʥʚʝʨʪʦʨʘ.  

 

 

ʉʣʠʢʘ 6.13 ʂʦʤʧʘʢʪʥʠ ʪʘʣʘʩʦʚʦʜʥʠ ʬʠʣʪʘʨ ʪʨʝ˂ʝʛ ʨʝʜʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ 

ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

 

ɻʝʦʤʝʪʨʠʿʘ ʧʨʝʛʨʘʜʝ ʿʝ ʠʟʘʙʨʘʥʘ ʫ ʮʠˀʫ ʧʦʿʝʜʥʦʩʪʘʚˀʝˁʘ ʧʨʦʮʝʩʘ 

ʬʘʙʨʠʢʘʮʠʿʝ. ʅʘ ʩʚʘʢʦʿ ʰʪʘʤʧʘʥʦʿ ʧʨʝʛʨʘʜʠ ʩʫ ʧʦʩʪʘʚˀʝʥʠ ʨʝʟʦʥʘʪʦʨʠ ʢʦʿʠ 

ʫʯʝʩʪʚʫʿʫ ʫ ʨʝʘʣʠʟʘʮʠʿʠ ʦʙʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ. ʇʨʝʛʨʘʜʝ ʩʘ ʨʝʟʦʥʘʪʦʨʠʤʘ ʩʘʜʨʞʝ 

ʜʠʝʣʝʢʪʨʠʯʥʝ ʧʨʦʜʫʞʝʪʢʝ ʢʦʿʠ ʩʝ ʧʨʫʞʘʿʫ ʢʘ ʙʦʯʥʠʤ ʟʠʜʦʚʠʤʘ ʪʘʣʘʩʦʚʦʜʘ. 

ɼʠʤʝʥʟʠʿʝ ʧʨʝʛʨʘʜʝ ʩʫ ʜʘʪʝ ʥʘ ʩʣʠʮʠ 6.13. ʅʝʢʝ ʜʠʤʝʥʟʠʿʝ ʩʫ ʦʧʪʠʤʠʟʦʚʘʥʝ ʫ ʮʠˀʫ 

ʦʯʫʚʘˁʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʦʨʠʛʠʥʘʣʥʦʛ ʬʠʣʪʨʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ, ʘ ʧʨʝʦʩʪʘʣʝ 

ʜʠʤʝʥʟʠʿʝ ʩʫ ʥʝʧʨʦʤʝˁʝʥʝ ʠ ʜʘʪʝ ʩʫ ʫ ʪʘʙʝʣʠ 6.7. 
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ʊʘʙʝʣʘ 6.7 ɼʠʤʝʥʟʠʿʝ ʢʦʤʧʘʢʪʥʦʛ ʬʠʣʪʨʘ ʫ ʅ-ʨʘʚʥʠ ʩʘ ʩʣʠʢʝ 6.13 (ʩʚʝ ʜʠʤʝʥʟʠʿʝ 

ʩʫ ʜʘʪʝ ʫ ʤʠʣʠʤʝʪʨʠʤʘ) 

 

ʈʝʟʦʥʘʥʪʥʝ 

ʧʨʝʛʨʘʜʝ 

ʅʠʞʠ ʦʧʩʝʛ  ɺʠʰʠ ʦʧʩʝʛ  

c

2id  
c

1ic  
c

4id  
c

2ic  
ʉʧʦˀʘʰˁʘ (i=1,3)  3.33  0.2 4.52  0.2  

ʎʝʥʪʨʘʣʥʘ (i=2)  3.33  0.16  4.52  0.2 
 

 

ɼʫʞʠʥʘ ʦʜʩʝʯʢʘ ʪʘʣʘʩʦʚʦʜʘ ʢʦʿʠʤ ʩʝ ʨʝʘʣʠʟʫʿʝ ʠʥʚʝʨʪʦʨ ʿʝ ʩʤʘˁʝʥʘ 

ʜʦʜʘʚʘˁʝʤ ʧʦʪʨʝʙʥʝ ʠʤʧʝʜʘʥʩʝ, ʫ ʚʠʜʫ ʫʤʝʪʥʫʪʝ ʰʪʘʤʧʘʥʝ ʧʨʝʛʨʘʜʝ ʥʘ ʩʨʝʜʠʥʠ 

ʦʜʩʝʯʢʘ ʪʘʣʘʩʦʚʦʜʘ. ʇʨʝʛʨʘʜʘ ʩʝ ʧʨʦʩʪʠʨʝ ʠʟʤʝʹʫ ʜʚʘ ʙʦʯʥʘ ʟʠʜʘ ʪʘʣʘʩʦʚʦʜʘ ʠ ˁʝʥʝ 

ʜʠʤʝʥʟʠʿʝ ʩʫ: asp=22.86 mm ʠ bsp=1.3 mm. ɼʠʤʝʥʟʠʿʝ ʰʪʘʤʧʘʥʦʛ ʚʦʜʘ ʥʘ ʧʨʝʛʨʘʜʠ 

ʩʫ: as=15.1 mm ʠ bs=0.5 mm. 

ʆʙʟʠʨʦʤ ʜʘ ʩʫ ʧʦʣʫʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨʠ ʰʪʘʤʧʘʥʠ ʥʘ ʠʩʪʦʿ ʧʨʝʛʨʘʜʠ, 

ʠʟʚʨʰʝʥʘ ʿʝ ʤʦʜʠʬʠʢʘʮʠʿʘ ˁʠʭʦʚʦʛ ʦʙʣʠʢʘ ʠʟ ʢʚʘʜʨʘʪʥʦʛ ʫ ʧʨʘʚʦʫʛʘʦʥʠ, ʩʘ ʮʠˀʝʤ 

ʧʦʚʝ˂ʘˁʘ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ ʟʘ ʩʫʩʝʜʥʝ ʦʧʩʝʛʝ.  

ʂʘʢʦ ʙʠ ʩʝ ʦʤʦʛʫ˂ʠʣʘ ʬʣʝʢʩʠʙʠʣʥʘ ʢʦʥʪʨʦʣʘ ʧʨʦʿʝʢʪʦʚʘʥʠʭ ʦʧʩʝʛʘ, 

ʥʝʦʧʭʦʜʥʦ ʿʝ ʜʘ ʩʝ ʝʣʠʤʠʥʠʰʝ ʥʝʞʝˀʝʥʘ ʩʧʨʝʛʘ. ʋ ʧʦʩʤʘʪʨʘʥʦʤ ʩʣʫʯʘʿʫ, ʦʥʘ ʤʦʞʝ 

ʜʘ ʩʝ ʧʦʿʘʚʠ ʥʘ ʜʚʘ ʥʘʯʠʥʘ: ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ ʟʘ ʨʘʟʣʠʯʠʪʝ ʦʧʩʝʛʝ ʥʘ ʠʩʪʦʿ ʧʨʝʛʨʘʜʠ 

ʠ ʠʟʤʝʹʫ ʩʚʘʢʦʛ ʦʜ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʧʨʝʛʨʘʜʝ ʠ ʫʤʝʪʥʫʪʝ ʠʤʧʝʜʘʥʩʝ ʟʘ 

ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʫ ʠʥʚʝʨʪʦʨʘ. ʈʝʟʦʥʘʪʦʨʠ ʩʫ ʰʪʘʤʧʘʥʠ ʥʘ ʧʨʝʛʨʘʜʠ, ʧʨʠ ʯʝʤʫ ʩʫ 

ʫʜʘˀʝʥʠ 1 mm ʦʜ ʛʦʨˁʝʛ ʠ ʜʦˁʝʛ ʟʠʜʘ ʪʘʣʘʩʦʚʦʜʘ. ʆʚʘʿ ʧʦʩʪʫʧʘʢ ʿʝ ʩʧʨʦʚʝʜʝʥ ʢʘʢʦ 

ʙʠ ʩʝ ʤʘʢʩʠʤʠʟʦʚʘʣʦ ˁʠʭʦʚʦ ʤʝʹʫʩʦʙʥʦ ʨʘʩʪʦʿʘˁʝ ʥʘ ʧʣʦʯʠʮʠ. ʆʧʠʩʘʥʠʤ 

ʧʦʩʪʫʧʮʠʤʘ ʿʝ ʫʢʣʦˁʝʥʘ ʥʝʞʝˀʝʥʘ ʩʧʨʝʛʘ ʠʟʤʝʹʫ ʨʝʟʦʥʘʪʦʨʘ ʢʦʿʠ ʫʯʝʩʪʚʫʿʫ ʫ 

ʨʝʘʣʠʟʘʮʠʿʠ ʨʘʟʣʠʯʠʪʠʭ ʦʧʩʝʛʘ ʠ ʥʘ ʪʘʿ ʥʘʯʠʥ ʿʝ ʦʤʦʛʫ˂ʝʥʦ ʥʝʟʘʚʠʩʥʦ ʧʦʜʝʰʘʚʘˁʝ 

ʩʚʘʢʦʛ ʦʜ ʧʨʦʿʝʢʪʦʚʘʥʠʭ ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ. 

ʉʧʨʝʛʘ ʠʟʤʝʹʫ ʩʚʘʢʦʛ ʦʜ ʨʝʟʦʥʘʪʦʨʘ ʠ ʰʪʘʤʧʘʥʝ ʪʨʘʢʝ ʟʘ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʫ 

ʠʥʚʝʨʪʦʨʘ ʿʝ ʝʣʠʤʠʥʠʩʘʥʘ ʪʘʢʦ ʰʪʦ ʿʝ ʧʨʦʥʘʹʝʥʘ ʦʧʪʠʤʘʣʥʘ ʧʦʟʠʮʠʿʘ ʥʘ ʢʦʿʦʿ ʪʨʝʙʘ 

ʧʦʩʪʘʚʠʪʠ ʪʨʘʢʫ. ʆʧʪʠʤʘʣʥʘ ʧʦʟʠʮʠʿʘ ʰʪʘʤʧʘʥʝ ʪʨʘʢʝ, ʧʨʠ ʢʦʿʦʿ ʥʝʤʘ ʥʝʞʝˀʝʥʝ 

ʩʧʨʝʛʝ ʩʘ ʨʝʟʦʥʘʪʦʨʠʤʘ ʿʝ ʧʦʟʠʮʠʿʘ r=0.5 mm ʧʨʝʤʘ ʜʦˁʝʤ ʟʠʜʫ ʪʘʣʘʩʦʚʦʜʘ ʫ 

ʦʜʥʦʩʫ ʥʘ ʮʝʥʪʘʨ ʪʨʘʥʩʚʝʨʟʘʣʥʦʛ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ. 

ʂʘʢʦ ʙʠ ʩʝ ʦʩʪʚʘʨʠʦ ʩʪʘʙʠʣʘʥ ʧʦʣʦʞʘʿ ʨʝʟʦʥʘʥʪʥʠʭ ʧʨʝʛʨʘʜʘ ʫʥʫʪʘʨ 

ʪʘʣʘʩʦʚʦʜʘ, ʧʨʦʿʝʢʪʦʚʘʥʘ ʿʝ ʧʦʪʧʦʨʥʘ ʩʪʨʫʢʪʫʨʘ. ʀʟʛʣʝʜ ʧʦʪʧʦʨʥʝ ʩʪʨʫʢʪʫʨʝ ʩʘ 
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ʧʨʘʪʝ˂ʠʤ ʜʠʤʝʥʟʠʿʘʤʘ (ʫ mm) ʿʝ ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 6.14. ʀʤʧʣʝʤʝʥʪʠʨʘʥʘ ʿʝ ʥʘ FR-

4 ʩʫʧʩʪʨʘʪʫ, ʜʝʙˀʠʥʝ h = 0.8 mm, ʨʝʣʘʪʠʚʥʝ ʜʠʝʣʝʢʪʨʠʯʥʝ ʢʦʥʩʪʘʥʪʝ 4.4 ʠ ʪʘʥʛʝʥʩʘ 

ʫʛʣʘ ʛʫʙʠʪʘʢʘ tanŭ = 0.02. ʅʦʩʘʯ ʿʝ ʫ ʬʦʨʤʠ ʜʠʝʣʝʢʪʨʠʯʥʝ ʧʣʦʯʝ ʩʘ ʨʫʧʘʤʘ 

ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʜʠʤʝʥʟʠʿʘ. ʈʫʧʝ ʩʫ ʥʘʧʨʘʚˀʝʥʝ ʪʘʢʦ ʜʘ ʨʝʟʦʥʘʥʪʥʝ ʧʨʝʛʨʘʜʝ ʙʫʜʫ 

ʩʪʘʙʠʣʥʦ ʧʦʩʪʘʚˀʝʥʝ ʫʥʫʪʘʨ ʪʘʣʘʩʦʚʦʜʘ. ʀʟʤʝʹʫ ʚʝʣʠʢʠʭ ʨʫʧʘ ʥʘʤʝˁʝʥʠʭ ʟʘ 

ʬʠʢʩʠʨʘˁʝ ʧʨʝʛʨʘʜʘ, ʤʘˁʝ ʨʫʧʝ ʩʫ ʧʨʦʙʫʰʝʥʝ ʢʘʢʦ ʙʠ ʩʝ ʧʦʩʪʘʚʠʣʠ ʜʦʜʘʪʥʠ ʫʤʝʮʠ 

ʧʦʪʨʝʙʥʠ ʟʘ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʫ ʠʥʚʝʨʪʦʨʘ.  

 

 

ʉʣʠʢʘ 6.14 ʉʪʨʫʢʪʫʨʘ ʟʘ ʧʨʝʮʠʟʥʦ ʧʦʟʠʮʠʦʥʠʨʘˁʝ ʧʨʝʛʨʘʜʘ ʫʥʫʪʘʨ ʪʘʣʘʩʦʚʦʜʘ 

 

  

ʉʣʠʢʘ 6.15 ʇʦʨʝʹʝˁʝ ʘʤʧʣʠʪʫʜʩʢʠʭ ʦʜʟʠʚʘ ʢʦʤʧʘʢʪʥʦʛ ʬʠʣʪʨʘ ʪʨʝ˂ʝʛ ʨʝʜʘ ʩʘ 

ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʠ ʦʜʟʠʚʘ ʧʦʿʝʜʠʥʘʯʥʠʭ ʬʠʣʪʘʨʘ ʪʨʝ˂ʝʛ ʨʝʜʘ 

 

ɸʤʧʣʠʪʫʜʩʢʠ ʦʜʟʠʚ ʢʦʤʧʘʢʪʥʦʛ ʬʠʣʪʨʘ ʿʝ ʫʧʦʨʝʹʝʥ ʩʘ ʦʜʟʠʚʠʤʘ 

ʧʦʿʝʜʠʥʘʯʥʠʭ ʬʠʣʪʘʨʘ ʢʦʿʠ ʫʯʝʩʪʚʫʿʫ ʫ ʨʝʘʣʠʟʘʮʠʿʠ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʥʝʧʨʦʧʫʩʥʠʭ 

ʦʧʩʝʛʘ (ʩʣʠʢʘ 6.15). ʋʦʯʘʚʘ ʩʝ ʜʘ ʿʝ ʥʝʞʝˀʝʥʘ ʩʧʨʝʛʘ ʫ ʧʦʪʧʫʥʦʩʪʠ ʝʣʠʤʠʥʠʩʘʥʘ, 

ʪʘʢʦ ʜʘ ʩʝ ʩʚʘʢʠ ʦʜ ʧʨʦʿʝʢʪʦʚʘʥʠʭ ʦʧʩʝʛʘ ʤʦʛʫ ʬʣʝʢʩʠʙʠʣʥʦ ʢʦʥʪʨʦʣʠʩʘʪʠ. ʆʜʟʠʚ 

ʢʦʤʧʘʢʪʥʦʛ ʬʠʣʪʨʘ ʿʝ ʫʧʦʨʝʹʝʥ ʩʘ ʦʜʟʠʚʦʤ ʥʝʤʠʥʠʿʘʪʫʨʠʟʦʚʘʥʦʛ ʬʠʣʪʨʘ ʩʘ ʜʚʘ 

  ʌʠʣʪʘʨ ʥʘ 8.90 GHz 

 ʌʠʣʪʘʨ ʥʘ 8.90 GHz 

 ʌʠʣʪʘʨ ʥʘ 10.90 GHz 

 ʌʠʣʪʘʨ ʥʘ 10.90 GHz 

 ʌʠʣʪʘʨ ʩʘ ʜʚʘ ʦʧʩʝʛʘ 

 ʌʠʣʪʘʨ ʩʘ ʜʚʘ ʦʧʩʝʛʘ 
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ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ (ʩʣʠʢʘ 6.12). ʉʘ ʩʣʠʢʝ 6.16 ʩʝ ʧʨʠʤʝ˂ʫʿʝ ʜʘ ʿʝ ʦʯʫʚʘʥʘ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʦʨʠʛʠʥʘʣʥʦʛ ʬʠʣʪʨʘ. 

 

ʉʣʠʢʘ 6.16 ʇʦʨʝʹʝˁʝ ʘʤʧʣʠʪʫʜʩʢʠʭ ʦʜʟʠʚʘ ʢʦʤʧʘʢʪʥʦʛ ʬʠʣʪʨʘ ʠ ʦʨʠʛʠʥʘʣʥʦʛ 

ʥʝʤʠʥʠʿʘʪʫʨʠʟʦʚʘʥʦʛ ʬʠʣʪʨʘ ʪʨʝ˂ʝʛ ʨʝʜʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ 

 

ʋʢʫʧʥʘ ʜʫʞʠʥʘ ʢoʤʧʘʢʪʥʦʛ ʬʠʣʪʨʘ ʿʝ 0.34 ɚg, ʛʜʝ ɚg ʦʟʥʘʯʘʚʘ ʚʦʹʝʥʫ ʪʘʣʘʩʥʫ 

ʜʫʞʠʥʫ ʫ ʪʘʣʘʩʦʚʦʜʫ ʥʘ ʮʝʥʪʨʘʣʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʥʠʞʝʛ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ. 

ɼʦʜʘʪʥʠ ʧʦʪʝʥʮʠʿʘʣ ʟʘ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʫ ʩʝ ʦʛʣʝʜʘ ʫ ʜʦʜʘʪʥʦʤ ʩʢʨʘ˂ʠʚʘˁʫ ʩʝʢʮʠʿʝ 

ʪʘʣʘʩʦʚʦʜʘ ʢʦʿʘ ʠʤʘ ʫʣʦʛʫ ʠʥʚʝʨʪʦʨʘ. 

ʋ ʧʦʨʝʹʝˁʫ ʩʘ ʬʠʣʪʨʦʤ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʢʦʿʠ ʧʨʠʤʝˁʫʿʝ 

ʢʦʥʚʝʥʮʠʦʥʘʣʥʝ ʠʥʚʝʨʪʦʨʝ, ʨʝʘʣʠʟʦʚʘʥʝ ʧʦʤʦ˂ʫ ʯʝʪʚʨʪʪʘʣʘʩʥʠʭ ʦʜʩʝʯʘʢʘ 

ʪʘʣʘʩʦʚʦʜʘ, ʧʨʦʿʝʢʪʦʚʘʥʠ ʢʦʤʧʘʢʪʥʠ ʬʠʣʪʘʨ ʠʤʘ ʟʥʘʯʘʿʥʦ ʤʘˁʫ ʜʫʞʠʥʫ. 

ʆʨʠʛʠʥʘʣʥʠ ʬʠʣʪʘʨ ʠ ʬʠʣʪʘʨ ʧʨʦʿʝʢʪʦʚʘʥ ʫ [Stef2015] ʠʤʘʿʫ ʜʫʞʠʥʫ ʦʜ 0.5 ɚg, ʘ 

ʢʦʤʧʘʢʪʥʠ ʬʠʣʪʘʨ ʿʝ ʟʘ 32% ʢʨʘ˂ʠ. 

ʐʪʦ ʩʝ ʪʠʯʝ ʬʠʣʪʘʨʘ ʢʦʿʠ ʧʨʠʤʝˁʫʿʫ ʧʨʝʛʨʘʜʫ ʫ ɽ-ʨʘʚʥʠ, ʘ ʠʤʘʿʫ ʠʜʝʥʪʠʯʥʫ 

ʬʫʥʢʮʠʦʥʘʣʥʦʩʪ ʥʝʟʘʚʠʩʥʦʛ ʧʦʜʝʰʘʚʘˁʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ, ʤʦʛʫ˂ʝ ʠʭ ʿʝ 

ʫʧʦʨʝʜʠʪʠ ʩʘ ʧʨʝʜʣʦʞʝʥʠʤ ʬʠʣʪʨʦʤ ʧʦ ʧʘʨʘʤʝʪʨʫ ʜʫʞʠʥʝ. ʇʨʝʜʣʦʞʝʥʠ ʢʦʤʧʘʢʪʥʠ 

ʬʠʣʪʘʨ ʿʝ ʢʨʘ˂ʠ ʦʜ ʬʠʣʪʨʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫ ɽ-ʨʘʚʥʠ, ʢʦʿʠ ʧʨʠʤʝˁʫʿʝ 

ʯʝʪʚʨʪʪʘʣʘʩʥʝ ʨʝʟʦʥʘʪʦʨʝ ʠ ʥʘʤʝˁʝʥ ʿʝ ʟʘ ʨʘʜ ʫ ʍ-ʦʧʩʝʛʫ [Mrvi2016], ʢʦʿʠ ʠʤʘ 

ʜʫʞʠʥʫ 0.512 ɚg. ʊʘʢʦʹʝ ʿʝ ʤʘˁʠ ʦʜ ʬʠʣʪʨʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʥʘʤʝˁʝʥʠʤ 

ʟʘ ʨʘʜ ʫ W-ʦʧʩʝʛʫ [Jin2015], ʜʫʞʠʥʝ ʦʜ 0.805 ɚg. 

 ʢʦʥʚʝʥʮʠʦʥʘʣʥʠ 

 ʢʦʥʚʝʥʮʠʦʥʘʣʥʠ 

 ʢʦʤʧʘʢʪʥʠ 

 ʢʦʤʧʘʢʪʥʠ 
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6.4.1 ɽʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʢʦʤʧʘʢʪʥʦʛ ʬʠʣʪʨʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ ʫ ʅ-ʨʘʚʥʠ 

 

ʉʤʘˁʝˁʝ ʜʫʞʠʥʝ ʬʠʣʪʨʘ ʿʝ ʦʤʦʛʫ˂ʝʥʦ ʟʘʤʝʥʦʤ ʯʝʪʚʨʪʪʘʣʘʩʥʦʛ ʦʜʩʝʯʢʘ 

ʪʘʣʘʩʦʚʦʜʘ ʢʨʘ˂ʦʤ ʩʝʢʮʠʿʦʤ ʪʘʣʘʩʦʚʦʜʘ, ʫ ʢʦʿʫ ʿʝ ʪʨʘʥʩʚʝʨʟʘʣʥʦ ʫʤʝʪʥʫʪʘ ʧʨʝʛʨʘʜʘ 

ʩʘ ʰʪʘʤʧʘʥʦʤ ʪʨʘʢʦʤ. 

ɽʢʚʠʚʘʣʝʥʪʥʦ ʝʣʝʢʪʨʠʯʥʦ ʢʦʣʦ ʢʦʤʧʘʢʪʥʦʛ ʪʘʣʘʩʦʚʦʜʥʦʛ ʬʠʣʪʨʘ ʩʘ ʜʚʘ 

ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ, ʢʦʿʠ ʧʨʠʤʝˁʫʿʝ ʧʨʝʛʨʘʜʝ ʫ ʅ-ʨʘʚʥʠ, ʫ ʧʦʪʧʫʥʦʩʪʠ ʦʜʛʦʚʘʨʘ 

ʬʫʥʢʮʠʦʥʘʣʥʦ ʜʝʢʦʤʧʦʥʦʚʘʥʦʤ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦʤ ʤʦʜʝʣʫ (ʩʣʠʢʘ 6.17). 

ʀʤʧʝʜʘʥʩʝ ʧʦʨʪʦʚʘ ʦʜʛʦʚʘʨʘʿʫ ʪʘʣʘʩʥʦʿ ʠʤʧʝʜʘʥʩʠ ʥʘ f =9.90 GHz, ʿʝʨ ʿʝ ʪʦ 

ʫʯʝʩʪʘʥʦʩʪ ʢʦʿʘ ʩʝ ʥʘʣʘʟʠ ʠʟʤʝʹʫ ʧʦʩʤʘʪʨʘʥʝ ʜʚʝ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ (8.90 GHz 

ʠ 10.90 GHz). ʐʪʘʤʧʘʥʝ ʨʝʟʦʥʘʥʪʥʝ ʧʨʝʛʨʘʜʝ ʩʘ ʧʦ ʜʚʘ ʧʦʣʫʪʘʣʘʩʥʘ ʨʝʟʦʥʘʪʦʨʘ ʩʫ 

ʤʦʜʝʣʦʚʘʥʝ ʨʝʜʥʦʤ ʚʝʟʦʤ ʜʚʘ ʧʘʨʘʣʝʣʥʘ ʦʩʮʠʣʘʪʦʨʥʘ ʢʦʣʘ. ʊʘʣʘʩʦʚʦʜʥʝ ʩʝʢʮʠʿʝ ʩʫ 

ʦʧʠʩʘʥʝ ʜʫʞʠʥʦʤ Ds, ʢʦʿʘ ʿʝ ʿʝʜʥʘʢʘ Ds=ɚg10.90GHz4ϳ=4.3075 mm. ɺʨʝʜʥʦʩʪʠ 

ʝʣʝʤʝʥʘʪʘ ʝʢʚʠʚʘʣʝʥʪʥʦʛ ʝʣʝʢʪʨʠʯʥʦʛ ʢʦʣʘ ʩʫ ʠʟʣʦʞʝʥʝ ʫ ʪʘʙʝʣʠ 6.8. 

 

 

ʉʣʠʢʘ 6.17 ɽʢʚʠʚʘʣʝʥʪʥʦ ʝʣʝʢʪʨʠʯʥʦ ʢʦʣʦ ʢʦʤʧʘʢʪʥʦʛ ʬʠʣʪʨʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ 

ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

 

ʊʘʙʝʣʘ 6.8 ɺʨʝʜʥʦʩʪʠ ʝʣʝʤʝʥʘʪʘ ʝʢʚʠʚʘʣʝʥʪʥʦʛ ʝʣʝʢʪʨʠʯʥʦʛ ʢʦʣʘ 

ʇʘʨʘʤʝʪʘʨ L11 

[nH] 

L12 

[nH] 

L21 

[nH] 

L22 

[nH] 

Ls 

[nH] 

ɺʨʝʜʥʦʩʪ 0.56 0.598 0.379 0.299 1.88 

ʇʘʨʘʤʝʪʘʨ C11 

[pF] 

C12 

[pF] 

C21 

[pF] 

C22 

[pF] 

 

ɺʨʝʜʥʦʩʪ 0.587 0.499 0.549 0.599  

 

ʄʠʥʠʿʘʪʫʨʠʟʦʚʘʥʠ ʠʥʚʝʨʪʦʨ ʩʝ ʝʢʚʠʚʘʣʝʥʪʥʦ ʤʦʞʝ ʧʨʝʜʩʪʘʚʠʪʠ ʧʦʤʦ˂ʫ ʜʚʘ 

ʦʜʩʝʯʢʘ ʪʘʣʘʩʦʚʦʜʘ ʠʟʤʝʹʫ ʢʦʿʠʭ ʿʝ ʨʝʜʥʦ ʚʝʟʘʥ ʢʘʣʝʤʦʤ ʠʥʜʫʢʪʠʚʥʦʩʪʠ Ls. 

ɺʨʝʜʥʦʩʪ ʧʘʨʘʤʝʪʨʘ Ls ʿʝ ʦʜʨʝʹʝʥʘ ʥʘ ʦʩʥʦʚʫ ʝʢʩʪʨʘʢʮʠʿʝ ʘʜʤʠʪʘʥʩʥʠʭ ʧʘʨʘʤʝʪʘʨʘ 

ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦʛ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦʛ ʤʦʜʝʣʘ ʦʜʩʝʯʢʘ ʪʘʣʘʩʦʚʦʜʘ ʩʘ ʰʪʘʤʧʘʥʦʤ 



ʄʠʢʨʦʪʘʣʘʩʥʠ ʬʠʣʪʨʠ ʥʝʧʨʦʧʫʩʥʠʮʠ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʩʘ ʨʝʟʦʥʘʥʪʥʠʤ ʧʨʝʛʨʘʜʘʤʘ ʫ ɽ ʠ ʅ-ʨʘʚʥʠ ʪʘʣʘʩʦʚʦʜʘ 
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ʪʨʘʢʦʤ. 

ɸʥʘʣʠʟʠʨʘʥʠ ʤʦʜʝʣ ʯʠʥʠ ʪʨʘʢʘ ʫʙʘʯʝʥʘ ʫ ʮʝʥʪʨʘʣʥʫ ʪʨʘʥʩʚʝʨʟʘʣʥʫ ʨʘʚʘʥ 

ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ ʫ ʦʜʩʫʩʪʚʫ ʨʝʟʦʥʘʥʪʥʠʭ ʧʨʝʛʨʘʜʘ. ʅʘ ʦʩʥʦʚʫ ʨʝʟʫʣʪʘʪʘ 

ʘʥʘʣʠʟʝ, ʫʦʯʝʥʦ ʿʝ ʜʘ ʩʝ ʰʪʘʤʧʘʥʘ ʪʨʘʢʘ ʧʦʥʘʰʘ ʧʨʝʪʝʞʥʦ ʠʥʜʫʢʪʠʚʥʦ ʥʘ 

ʢʦʥʢʨʝʪʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ f=8.90 GHz. ʉʣʠʢʘ 6.18 ʠʣʫʩʪʨʫʿʝ ʧʦʨʝʹʝˁʝ ʘʜʤʠʪʘʥʩʥʠʭ 

ʧʘʨʘʤʝʪʘʨʘ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦʛ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦʛ ʤʦʜʝʣʘ ʠ ʝʢʚʠʚʘʣʝʥʪʥʦʛ ʢʘʣʝʤʘ. 

ʇʦʨʝʹʝˁʝʤ ʘʤʧʣʠʪʫʜʩʢʠʭ ʦʜʟʠʚʘ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦʛ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦʛ ʤʦʜʝʣʘ 

ʢʦʤʧʘʢʪʥʦʛ ʬʠʣʪʨʘ ʠ ˁʝʛʦʚʝ ʝʢʚʠʚʘʣʝʥʪʥʝ ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ ʩʝ ʫʦʯʘʚʘ ʠʟʫʟʝʪʥʦ 

ʜʦʙʨʦ ʩʣʘʛʘˁʝ ʜʦʙʠʿʝʥʠʭ ʨʝʟʫʣʪʘʪʘ (ʩʣʠʢʘ 6.19). ʋ ʪʘʙʝʣʠ 6.9 ʿʝ ʜʘʪʘ ʫʧʦʨʝʜʥʘ 

ʘʥʘʣʠʟʘ ʧʘʨʘʤʝʪʘʨʘ ʦʜʟʠʚʘ ʠ ʜʫʞʠʥʝ ʩʣʝʜʝ˂ʠʭ ʬʠʣʪʘʨʘ: ʢʦʤʧʘʢʪʥʦʛ, ʦʨʠʛʠʥʘʣʥʦʛ 

ʥʝʤʠʥʠʿʘʪʫʨʠʟʦʚʘʥʦʛ ʠ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ. 

 

 

ʉʣʠʢʘ 6.18 ʇʦʨʝʹʝˁʝ ʘʜʤʠʪʘʥʩʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦʛ ʝʣʝʢʪʨʦ-

ʤʘʛʥʝʪʩʢʦʛ ʤʦʜʝʣʘ ʠ ʝʢʚʠʚʘʣʝʥʪʥʦʛ ʢʘʣʝʤʘ 

 

ʊʘʙʝʣʘ 6.9 ʇʦʨʝʹʝˁʝ ʧʘʨʘʤʝʪʘʨʘ ʦʜʟʠʚʘ ʠ ʜʫʞʠʥʝ ʬʠʣʪʘʨʘ: ʢʦʤʧʘʢʪʥʦʛ, 

ʦʨʠʛʠʥʘʣʥʦʛ ʥʝʤʠʥʠʿʘʪʫʨʠʟʦʚʘʥʦʛ ʠ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

ʌʠʣʪʘʨ 
f01 

[GHz] 

B3dB1 

[MHz]  

f02 

[GHz] 

B3dB2 

[MHz]  

ɼʫʞʠʥʘ 

ʂʦʤʧʘʢʪʥʠ 8.90 340 10.90 340 0.34 ɚg 

ʆʨʠʛʠʥʘʣʥʠ 8.90 342 10.90 340 0.5 ɚg 

ɽʢʚʠʚʘʣʝʥʪʥʦ ʢʦʣʦ 8.92 341 10.91 342 - 
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ʠʤʧʝʜʘʥʩʘ  

 

 

 3ɼ ɽʄ 

 3ɼ ɽʄ 

 ʂʘʣʝʤ 

 ʂʘʣʝʤ 
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ʉʣʠʢʘ 6.19 ʇʦʨʝʹʝˁʝ ʘʤʧʣʠʪʫʜʩʢʠʭ ʦʜʟʠʚʘ ʢʦʤʧʘʢʪʥʦʛ ʬʠʣʪʨʘ ʪʨʝ˂ʝʛ ʨʝʜʘ ʩʘ ʜʚʘ 

ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʠ ˁʝʛʦʚʦʛ ʝʢʚʠʚʘʣʝʥʪʥʦʛ ʝʣʝʢʪʨʠʯʥʦʛ ʢʦʣʘ 

 

 

6.4.2 ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʚʝʨʠʬʠʢʘʮʠʿʘ ʢʦʤʧʘʢʪʥʦʛ ʬʠʣʪʨʘ ʩʘ ʜʚʘ 

ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʫ ʅ-ʨʘʚʥʠ 

 

 

ʂʦʤʧʘʢʪʥʠ ʬʠʣʪʘʨ, ʪʨʝ˂ʝʛ ʨʝʜʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ, ʿʝ 

ʬʘʙʨʠʢʦʚʘʥ ʫ ʮʠˀʫ ʚʝʨʠʬʠʢʘʮʠʿʝ ʧʨʝʜʣʦʞʝʥʦʛ ʤʝʪʦʜʘ ʧʨʦʿʝʢʪʦʚʘˁʘ (ʩʣʠʢʘ 6.20). 

ʂʘʢʦ ʙʠ ʩʝ ʦʩʪʚʘʨʠʣʦ ʘʜʝʢʚʘʪʥʦ ʤʝʨʝˁʝ ʬʘʙʨʠʢoʚʘʥʦʛ ʧʨʦʪʦʪʠʧʘ, ʠʩʧʠʪʘʥ ʿʝ 

ʫʪʠʮʘʿ ʪʦʣʝʨʘʥʮʠʿʝ ʜʠʝʣʝʢʪʨʠʯʥʝ ʢʦʥʩʪʘʥʪʝ ʧʦʜʣʦʛʝ ʥʘ ʠʟʤʝʨʝʥʠ ʘʤʧʣʠʪʫʜʩʢʠ 

ʦʜʟʠʚ. ʅʘ ʦʩʥʦʚʫ ʩʧʝʮʠʬʠʢʘʮʠʿʝ ʧʨʦʠʟʚʦʹʘʯʘ, ʥʦʤʠʥʘʣʥʘ ʚʨʝʜʥʦʩʪ ʨʝʣʘʪʠʚʥʝ 

ʜʠʝʣeʢʪʨʠʯʥʝ ʧʝʨʤʠʪʠʚʥʦʩʪʠ ʩʘ ʪʦʣʝʨʘʥʮʠʿʦʤ ʿʝ Ůr=2.65Ñ0.05. ʊʘʯʥʘ ʚʨʝʜʥʦʩʪ 

ʜʠʝʣʝʢʪʨʠʯʥʝ ʧʝʨʤʠʪʠʚʥʦʩʪʠ ʿʝ ʦʜʨʝʹʝʥʘ ʤʝʨʝˁʝʤ ʫʤʝʪʢʘ ʩʘ ʿʝʜʥʠʤ ʧʦʣʫʪʘʣʘʩʥʠʤ 

ʨʝʟʦʥʘʪʦʨʦʤ, ʠ ʥʘʹʝʥʦ ʿʝ ʜʘ ʿʝ 2.70. ʅʘʢʦʥ ʧʨʝʮʠʟʥʦʛ ʤʝʨʝˁʘ ʬʠʟʠʯʢʠʭ ʜʠʤʝʥʟʠʿʘ 

ʥʘʧʨʘʚʝ, ʫʪʚʨʹʝʥʦ ʿʝ ʜʘ ʩʫ ʬʘʙʨʠʢʦʚʘʥʠ ʧʦʣʫʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨʠ (ʟʘ ʥʠʞʠ ʦʧʩʝʛ) 

ʰʠʨʠ ʥʝʛʦ ʧʨʦʿʝʢʪʦʚʘʥʠ ʟʘ ʤʘˁʝ ʦʜ 20 mm.  

 3ɼ ɽʄ 

 3ɼ ɽʄ 

 ʐʝʤʘ 

 ʐʝʤʘ 

 

ʂʦʤʧʘʢʪʥʠ ʬʠʣʪʘʨ 
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ʉʣʠʢʘ 6.20 ʌʘʙʨʠʢʦʚʘʥʠ ʬʠʣʪʘʨ ʪʨʝ˂ʝʛ ʨʝʜʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

 

 

ʀʟ ʪʦʛ ʨʘʟʣʦʛʘ ʩʫ ʩʧʨʦʚʝʜʝʥʝ ʜʦʜʘʪʥʝ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʝ ʩʠʤʫʣʘʮʠʿʝ, ʢʘʢʦ ʙʠ 

ʩʝ ʫʢˀʫʯʠʣʠ ʰʠʨʠ ʚʦʜʦʚʠ ʠ ʪʘʯʥʘ ʚʨʝʜʥʦʩʪ ʜʠʝʣʝʢʪʨʠʯʥʝ ʧʝʨʤʠʪʠʚʥʦʩʪʠ. ɿʙʦʛ ʪʝ 

ʤʘʣʝ ʧʨʦʤʝʥʝ ʜʠʝʣʝʢʪʨʠʯʥʝ ʧʝʨʤʠʪʠʚʥʦʩʪʠ, ʢʦʿʘ ʿʝ ʧʨʦʫʟʨʦʢʦʚʘʥʘ ʪʦʣʝʨʘʥʮʠʿʘʤʘ 

ʧʨʦʠʟʚʦʹʘʯʘ, ʮʝʥʪʨʘʣʥʝ ʬʨʝʢʚʝʥʮʠʿʝ ʬʠʣʪʨʘ ʩʫ f
01
=8.85 GHz ʠ f

02
=10.85 GHz. ʅʠʞʠ 

ʦʧʩʝʛ ʿʝ ʟʘʥʝʤʘʨˀʠʚʦ ʰʠʨʠ ʦʜ ʚʠʝhʛ ʦʧʩʝʛʘ, ʟʙʦʛ ʤʘʣʝ ʧʨʦʤʝʥʝ ʫ ʰʠʨʠʥʠ 

ʬʘʙʨʠʢʦʚʘʥʠʭ ʚʦʜʦʚʘ ʧʦʣʫʪʘʣʘʩʥʠʭ ʨʝʟʦʥʘʪʦʨʘ. 

ʋ ʦʚʦʤ ʠʩʪʨʘʞʠʚʘˁʫ, ʧʨʦʚʦʜʥʦʩʪ ʿʝ ʫ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʤ ʩʠʤʫʣʘʮʠʿʘʤʘ 

ʠʥʠʮʠʿʘʣʥʦ ʧʦʩʪʘʚˀʝʥʘ ʥʘ ʚʨʝʜʥʦʩʪ 20 MS/m. ʆʚʘ ʧʨʦʮʝʥʘ ʿʝ ʠʟʚʨʰʝʥʘ ʥʘ ʦʩʥʦʚʫ 

ʥʠʟʘ ʨʝʟʫʣʪʘʪʘ ʜʦʙʠʿʝʥʠʭ ʥʘ ʦʩʥʦʚʫ ʤʝʨʝˁʘ. ʅʘ ʪʘʿ ʥʘʯʠʥ, ʥʘʢʦʥ ʬʘʙʨʠʢʘʮʠʿʝ 

ʧʨʦʿʝʢʪʦʚʘʥʦʛ ʦʧʪʠʤʘʣʥʦʛ ʬʠʣʪʨʘ, ʤʦʛʫ˂ʝ ʿʝ ʩʪʝ˂ʠ ʙʦˀʠ ʫʚʠʜ ʫʪʠʮʘʿʘ ʛʫʙʠʪʘʢʘ ʥʘ 

ʠʟʤʝʨʝʥʠ ʘʤʧʣʠʪʫʜʩʢʠ ʦʜʟʠʚ. ʊʘʢʦʹʝ, ʪʦ ʦʤʦʛʫ˂ʘʚʘ ʜʘ ʩʝ ʛʫʙʠʮʠ ʘʜʝʢʚʘʪʥʦ 

ʤʦʜʝʣʫʿʫ ʫ ʩʠʤʫʣʘʮʠʿʘʤʘ ʢʦʿʝ ʩʝ ʠʟʚʨʰʘʚʘʿʫ ʥʘʢʦʥ ʠʟʨʘʜʝ ʧʨʦʪʦʪʠʧʘ.  

ʋ ʩʢʣʘʜʫ ʩʘ ʪʠʤ, ʜʦʜʘʪʥʝ ʩʠʤʫʣʘʮʠʿʝ ʢʦʿʝ ʫʟʠʤʘʿʫ ʫ ʦʙʟʠʨ ʚʝ˂ʫ ʚʨʝʜʥʦʩʪ 

ʧʨʦʚʦʜʥʦʩʪʠ (30 MS/m) ʦʜ ʥʦʤʠʥʘʣʥʦ ʧʦʩʪʘʚˀʝʥʝ ʩʫ ʠʟʚʨʰʝʥʝ ʫ ʩʦʬʪʚʝʨʫ WIPL-

D. ʇʦʨʝʹʝˁʝ ʨʝʟʫʣʪʘʪʘ (ʩʣʠʢʘ 6.21) ʧʦʢʘʟʫʿʝ ʜʘ ʧʦʩʪʦʿʠ ʠʟʫʟʝʪʥʦ ʜʦʙʨʦ ʩʣʘʛʘˁʝ 

ʠʟʤʝʹʫ ʩʠʤʫʣʠʨʘʥʦʛ ʠ ʠʟʤʝʨʝʥʦʛ ʘʤʧʣʠʪʫʜʩʢʦʛ ʦʜʟʠʚʘ ʢʦʤʧʘʢʪʥʦʛ ʬʠʣʪʨʘ ʪʨʝ˂ʝʛ 

ʨʝʜʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ. 
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ʉʣʠʢʘ 6.21 ʇʦʨʝʹʝˁʝ ʩʠʤʫʣʠʨʘʥʦʛ ʠ ʠʟʤʝʨʝʥʦʛ ʘʤʧʣʠʪʫʜʩʢʦʛ ʦʜʟʠʚʘ ʢʦʤʧʘʢʪʥʦʛ 

ʬʠʣʪʨʘ ʪʨʝ˂ʝʛ ʨʝʜʘ ʩʘ ʜʚʘ ʥʝʧʨʦʧʫʩʥʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ  

 3ɼ ɽʄ 

 3ɼ ɽʄ 

 ʇʨʦʪʦʪʠʧ 

 ʇʨʦʪʦʪʠʧ 
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7 ʊʘʣʘʩʦʚʦʜʥʠ ʬʠʣʪʨʠ ʧʨʦʧʫʩʥʠʮʠ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

 

ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ˂ʝ ʙʠʪʠ ʠʟʣʦʞʝʥʠ ʪʘʣʘʩʦʚʦʜʥʠ ʬʠʣʪʨʠ ʧʨʦʧʫʩʥʠʮʠ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ. ʉʚʠ ʬʠʣʪʨʠ ʩʫ ʠʤʧʣʝʤʝʥʪʠʨʘʥʠ ʫ ɽ-ʨʘʚʥʠ ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ. 

ʊʨʘʜʠʮʠʦʥʘʣʥʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʘ ʬʠʣʪʘʨʘ ʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ 

ʧʦʜʨʘʟʫʤʝʚʘ ʤʝʪʘʣʥʠ ʫʤʝʪʘʢ ʧʦʩʪʘʚˀʝʥ ʜʫʞ ʣʦʥʛʠʪʫʜʠʥʘʣʥʝ ʦʩʝ ʪʘʣʘʩʦʚʦʜʘ. 

ʋʤʝʪʘʢ ʿʝ ʨʝʘʣʠʟʦʚʘʥ ʫ ʚʠʜʫ ʨʝʰʝʪʢʝ, ʩʘʯʠˁʝʥ ʦʜ ʤʝʪʘʣʥʠʭ ʠʥʜʫʢʪʠʚʥʠʭ ʧʨʝʛʨʘʜʘ, 

ʥʘʤʝˁʝʥʠʭ ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ ʧʦʣʫʪʘʣʘʩʥʠʭ ʨʝʟʦʥʘʪʦʨʘ. 

ʀʥʠʮʠʿʘʣʥʠ ʧʨʠʤʝʨ ʠʤʘ ʟʘ ʮʠˀ ʜʘ ʠʣʫʩʪʨʫʿʝ ʪʨʘʜʠʮʠʦʥʘʣʥʫ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ 

ʬʠʣʪʨʘ ʪʨʝ˂ʝʛ ʨʝʜʘ ʢʦʿʠ ʧʨʠʤʝˁʫʿʝ ʤʝʪʘʣʥʫ ʨʝʰʝʪʢʫ. ʋ ʮʠˀʫ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʝ 

ʬʠʣʪʨʘ, ʜʦʜʘʪʘ ʿʝ ʠʟʫʟʝʪʥʦ ʪʘʥʢʘ ʜʠʝʣʝʢʪʨʠʯʥʘ ʧʦʜʣʦʛʘ, ʢʦʿʘ ʠʤʘ ʥʝʟʥʘʪʥʦ ʚʝ˂ʫ 

ʜʝʙˀʠʥʫ ʫ ʦʜʥʦʩʫ ʥʘ ʤʝʪʘʣʥʫ ʬʦʣʠʿʫ. 

ʏʝʪʚʨʪʪʘʣʘʩʥʠ ʨʝʟʦʥʘʪʦʨʠ, ʜʝʪʘˀʥʦ ʘʥʘʣʠʟʠʨʘʥʠ ʫ ʧʨʝʪʭʦʜʥʠʤ ʧʦʛʣʘʚˀʠʤʘ 

ʢʘʦ ʧʦʿeʜʠʥʘʯʥʝ ʩʪʨʫʢʪʫʨʝ ʠʣʠ ʝʣʝʤʝʥʪʠ ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ ʬʠʣʪʘʨʘ ʚʠʰʝʛ ʨʝʜʘ, 

ʧʦʢʘʟʘʣʠ ʩʫ ʩʝ ʢʘʦ ʧʦʛʦʜʥʠ ʟʘ ʦʩʪʚʘʨʠʚʘˁʝ ʨʘʟʣʠʯʠʪʠʭ ʬʫʥʢʮʠʦʥʘʣʥʦʩʪʠ ʢʦʜ 

ʬʠʣʪʘʨʘ ʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ. ʇʘʨ ʯʝʪʚʨʪʪʘʣʘʩʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʿʝ 

ʧʦʩʪʘʚˀʝʥ ʩʠʤʝʪʨʠʯʥʦ ʫ ʦʜʥʦʩʫ ʥʘ ʧʨʝʛʨʘʜʝ ʧʦʩʪʘʚˀʝʥʝ ʜʫʞ ʧʨʘʚʦʫʛʘʦʥʦʛ 

ʪʘʣʘʩʦʚʦʜʘ. ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʩʧʝʮʠʬʠʮʠʨʘʥʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ, ʧʘʨ 

ʯʝʪʚʨʪʪʘʣʘʩʥʠʭ ʨʝʟʦʥʘʪʦʨʘ ʟʥʘʯʘʿʥʦ ʧʦʙʦˀʰʘʚʘ ʩʝʣʝʢʪʠʚʥʦʩʪ ʢʦʜ ʪʨʘʜʠʮʠʦʥʘʣʥʝ 

ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ. ɼʦʜʘʪʥʦ, ʦʤʦʛʫ˂ʘʚʘ ʧʦʜʝʣʫ ʰʠʨʦʢʦʛ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʬʠʣʪʨʘ ʥʘ 

ʜʚʘ ʫʞʘ ʧʦʜʦʧʩʝʛʘ. 

 

 

7.1.1 Tʘʣʘʩʦʚʦʜʥʠ ʬʠʣʪʨʠ ʧʨʦʧʫʩʥʠʮʠ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʨʝʘʣʠʟʦʚʘʥʠ ʩʘ 

ʤʝʪʘʣʥʦʤ ʧʨʝʛʨʘʜʦʤ 

 

ʋ ʧʨʚʦʤ ʩʣʫʯʘʿʫ, ʠʤʧʣʝʤʝʥʪʠʨʘʥ ʿʝ ʬʠʣʪʘʨ ʪʨʝ˂ʝʛ ʨʝʜʘ ʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ. ɿʘ ʩʚʘʢʫ ʦʜ ʤʝʪʘʣʥʠʭ ʧʨʝʛʨʘʜʘ ʿʝ ʢʦʨʠʰ˂ʝʥʘ ʙʘʢʘʨʥʘ ʬʦʣʠʿʘ ʜʝʙˀʠʥʝ 

t = 0.1 mm. ɻʫʙʠʮʠ ʩʫ ʧʨʠʣʠʢʦʤ ʘʥʘʣʠʟʝ ʫʟʝʪʠ ʫ ʦʙʟʠʨ ʢʨʦʟ ʧʘʨʘʤʝʪʘʨ ʧʨʦʚʦʜʥʦʩʪʠ 

ʤʝʪʘʣʘ ʯʠʿʘ ʿʝ ʚʨʝʜʥʦʩʪ ʬʠʢʩʠʨʘʥʘ ʥʘ 20 ʄS/m.  
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7.1.1.1 ʈʝʟʦʥʘʪʦʨ ʩʘ ʬʫʥʢʮʠʿʦʤ ʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʨʝʘʣʠʟʦʚʘʥ ʤʝʪʘʣʥʦʤ 

ʨʝʰʝʪʢʦʤ 

 

ʈʝʟʦʥʘʪʦʨ ʩʘ ʬʫʥʢʮʠʿʦʤ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʿʝ ʧʨʦʿʝʢʪʦʚʘʥ ʟʘ ʨʘʜʥʫ ʫʯʝʩʪʘʥʦʩʪ 

ʦʜ f
0
=9 GHz. ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʤʦʜʝʣ ʠ WIPL-D ʤʦʜʝʣ ʧʦʩʤʘʪʨʘʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʩʫ 

ʧʨʠʢʘʟʘʥʠ ʥʘ ʩʣʠʮʠ 7.1. ʀʤʘʿʫ˂ʠ ʫ ʚʠʜʫ ʜʘ ʿʝ ʨʝʰʝʪʢʘ ʟʘ ʫʤʝʪʘˁʝ ʫ ʪʘʣʘʩʦʚʦʜ 

ʠʤʧʣʝʤʝʥʪʠʨʘʥʘ ʢʦʨʠʰ˂ʝˁʝʤ ʠʩʢˀʫʯʠʚʦ ʪʘʥʢʝ ʙʘʢʘʨʥʝ ʬʦʣʠʿʝ, ʫʦʯʝʥʘ ʿʝ 

ʚʠʰʝʩʪʨʫʢʘ ʩʠʤʝʪʨʠʿʘ ʮʝʣʦʢʫʧʥʝ ʩʪʨʫʢʪʫʨʝ. ʊʘ ʧʨʝʜʥʦʩʪ ʿʝ ʠʩʢʦʨʠʰ˂ʝʥʘ ʠ ʫ 

ʦʢʚʠʨʫ ʩʘʤʦʛ ʩʦʬʪʚʝʨʘ WIPL-D, ʧʨʠʣʠʢʦʤ ʤʦʜʝʣʦʚʘˁʘ ʠ ʘʥʘʣʠʟʝ. ʇʦʪʨʝʙʥʦ ʿʝ 

ʤʦʜʝʣʦʚʘʪʠ ʩʘʤʦ ʜʝʦ ʩʪʨʫʢʪʫʨʝ, ʰʪʦ ʟʘ ʧʦʩʣʝʜʠʮʫ ʠʤʘ ʟʥʘʯʘʿʥʦ ʙʨʞʝ ʫʩʧʦʩʪʘʚˀʘˁʝ 

ʤʦʜʝʣʘ ʟʘ ʘʥʘʣʠʟʫ ʠ ʩʤʘˁʝˁʝ ʪʨʘʿʘˁʘ ʩʠʤʫʣʘʮʠʿʝ. 

ɿʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʨʝʟʦʥʘʪʦʨʘ, ʠʩʢʦʨʠʰ˂ʝʥʝ ʩʫ ʜʚʝ ʤʝʪʘʣʥʝ ʠʥʜʫʢʪʠʚʥʝ 

ʧʨʝʛʨʘʜʝ ʢʦʿʝ ʩʫ ʧʦʩʪʘʚˀʝʥʝ ʩʠʤʝʪʨʠʯʥʦ ʫ ʦʜʥʦʩʫ ʥʘ ʮʝʥʪʘʨ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ 

ʧʨʘʚʦʫʛʘʦʥʦʛ ʪʘʣʘʩʦʚʦʜʘ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʿʝ ʬʦʨʤʠʨʘʥʘ ʿʝʜʥʘ ʨʝʟʦʥʘʥʪʥʘ ˂ʝʣʠʿʘ. 

ʐʠʨʠʥʘ ʿʝʜʥʝ ʤʝʪʘʣʥʝ ʠʥʜʫʢʪʠʚʥʝ ʧʨʝʛʨʘʜʝ ʿʝ L1, ʘ ˁʠʭʦʚʦ ʤʝʹʫʩʦʙʥʦ ʨʘʩʪʦʿʘˁʝ 

ʿʝ ʦʟʥʘʯʝʥʦ ʩʠʤʙʦʣʦʤ s. ʌʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ ʨʝʟʦʥʘʪʦʨʘ ʿʝ ʠʩʧʠʪʘʥ ʫ ʦʜʥʦʩʫ ʥʘ 

ʚʝʣʠʯʠʥʫ ˂ʝʣʠʿʝ, ʦʜʥʦʩʥʦ ʩʣʝʜʝ˂ʠʭ ʧʘʨʘʤʝʪʘʨʘ: ʰʠʨʠʥʫ ʤʝʪʘʣʥʠʭ ʧʨʝʛʨʘʜʘ ʠ 

ˁʠʭʦʚʫ ʫʜʘˀʝʥʦʩʪ. ʇʨʚʦ ʿʝ ʰʠʨʠʥʘ ʤʝʪʘʣʥʝ ʧʨʝʛʨʘʜʝ ʬʠʢʩʠʨaʥʘ ʥʘ L1 =4 mm, ʜʦʢ 

ʿʝ ʚʘʨʠʨʘʥʦ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ˁʠʭ. ʀʟ ʪʘʙʝʣʝ 7.1 ʩʝ ʫʦʯʘʚʘ ʜʘ ʧʦʚʝ˂ʘˁʝ ʨʘʩʪʦʿʘˁʘ s 

ʠʤʘ ʟʘ ʧʦʩʣʝʜʠʮʫ ʧʦʤʝʨʘʿ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʝʤʘ ʥʠʞʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʠ 

ʩʤʘˁʝˁʝ ʰʠʨʠʥʝ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ. ʉʠʤʫʣʠʨʘʥʠ ʘʤʧʣʠʪʫʜʩʢʠ ʦʜʟʠʚʠ ʩʫ ʧʨʠʢʘʟʘʥʠ 

ʥʘ ʩʣʠʮʠ 7.2.  

 

(ʘ)                                                                      (ʙ) 

ʉʣʠʢʘ 7.1 ʈʝʟʦʥʘʪʦʨ ʩʘ ʬʫʥʢʮʠʿʦʤ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʨʝʘʣʠʟʦʚʘʥ ʩʘ ʤʝʪʘʣʥʦʤ 

ʨʝʰʝʪʢʦʤ: ʘ) ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʤʦʜʝʣ ʙ) WIPL-D ʤʦʜʝʣ  
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ʊʘʙʝʣʘ 7.1 ʇʘʨʘʤʝʪʨʠ ʘʤʧʣʠʪʫʜʩʢʦʛ ʦʜʟʠʚʘ ʨʝʟʦʥʘʪʦʨʘ ʟʘ ʨʘʟʣʠʯʠʪʝ ʚʨʝʜʥʦʩʪʠ 

ʧʘʨʘʤʝʪʨʘ s 

s [mm] f0 [GHz] B3dB [MHz]  

15.00 9.70 360 

16.25 9.40 300 

17.50 9.15 240 

18.75 8.94 200 
 

 

ʉʣʠʢʘ 7.2 ɸʤʧʣʠʪʫʜʩʢʠ ʦʜʟʠʚ ʪʘʣʘʩʦʚʦʜʥʦʛ ʨʝʟʦʥʘʪʦʨʘ ʩʘ ʤʝʪʘʣʥʠʤ ʧʨʝʛʨʘʜʘʤʘ, 

ʢʘʜʘ ʿʝ ʬʠʢʩʠʨʘʥ ʧʘʨʘʤʝʪʘʨ ὒ 

 

ʇʦʪʦʤ, ʧʘʨʘʤʝʪʘʨ s ʿʝ ʬʠʢʩʠʨʘʥ ʥʘ ʚʨʝʜʥʦʩʪ 18 mm, ʘ ʰʠʨʠʥʘ ʤʝʪʘʣʥʝ 

ʧʨʝʛʨʘʜʝ ʿʝ ʚʘʨʠʨʘʥʘ ʫ ʦʧʩʝʛʫ ʦʜ 2 ʜʦ 6 mm. ʋʧʦʨʝʹʝʥʠ ʘʤʧʣʠʪʫʜʩʢʠ ʦʜʟʠʚʠ 

ʨʝʟʦʥʘʪʦʨʘ, ʟʘ ʨʘʟʣʠʯʠʪʝ ʚʨʝʜʥʦʩʪʠ ʰʠʨʠʥʝ ʧʨʝʛʨʘʜʝ, ʩʫ ʧʨʠʢʘʟʘʥʠ ʥʘ ʩʣʠʮʠ 7.3. 

ʇʦʨʝʹʝˁʘ ʧʘʨʘʤʝʪʘʨʘ ʦʜʟʠʚʘ ʩʫ ʜʘʪʘ ʫ ʪʘʙʝʣʠ 7.2. ʋʦʯʝʥʦ ʿʝ ʜʘ ʩʝ ʩʘ ʧʦʚʝ˂ʘˁʝʤ 

ʰʠʨʠʥʝ ʤʝʪʘʣʥʝ ʧʨʝʛʨʘʜʝ ʟʥʘʯʘʿʥʦ ʩʤʘˁʫʿʝ ʰʠʨʠʥʘ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ. 

 

ʊʘʙʝʣʘ 7.2 ʇʘʨʘʤʝʪʨʠ ʘʤʧʣʠʪʫʜʩʢʦʛ ʦʜʟʠʚʘ ʨʝʟʦʥʘʪʦʨʘ ʟʘ ʨʘʟʣʠʯʠʪʝ ʚʨʝʜʥʦʩʪʠ 

ʧʘʨʘʤʝʪʨa ὒ 

L1 [mm] f0 [GHz] B3dB [MHz]  

2 9.00 540 

4 9.07 230 

6 9.10 90 
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ʉʣʠʢʘ 7.3 ɸʤʧʣʠʪʫʜʩʢʠ ʦʜʟʠʚ ʬʠʣʪʨʘ ʩʘ ʤʝʪʘʣʥʦʤ ʨʝʰʝʪʢʦʤ, ʢʘʜʘ ʿʝ ʬʠʢʩʠʨʘʥ 

ʧʘʨʘʤʝʪʘʨ s 

 

 

7.1.1.2 ʌʠʣʪʘʨ ʪʨʝ˂ʝʛ ʨʝʜʘ ʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʩʘ ʤʝʪʘʣʥʦʤ 

ʨʝʰʝʪʢʦʤ 

 

ʌʠʣʪʘʨ ʪʨʝ˂ʝʛ ʨʝʜʘ, ʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʩʘ Tschebyscheff-

ˀʝʚʦʤ ʘʧʨʦʢʩʠʤʘʮʠʿʦʤ, ʧʨʦʿʝʢʪʦʚʘʥ ʿʝ ʜʦʜʘʚʘˁʝʤ ʨʝʟʦʥʘʪʦʨʘ ʨʝʘʣʠʟʦʚʘʥʠʭ 

ʧʦʤʦ˂ʫ ʤʝʪʘʣʥʠʭ ʧʨʝʛʨʘʜʘ. ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʤʦʜʝʣ ʦʚʦʛ ʬʠʣʪʨʘ ʿʝ ʧʨʠʢʘʟʘʥ 

ʥʘ ʩʣʠʮʠ 7.4. ʇʨʘʢʪʠʯʥʦ, ʥʘ ʦʜʨʝʹʝʥʠʤ ʨʘʩʪʦʿʘˁʠʤʘ ʩʫ ʜʦʜʘʪʝ ʤʝʪʘʣʥʝ 

ʧʨʝʛʨʘʜʝ ʜʫʞ ʪʘʣʘʩʦʚʦʜʘ. ʌʠʣʪʘʨ ʿʝ ʧʨʦʿʝʢʪʦʚʘʥ ʟʘ ʨʘʜ ʥʘ ʮʝʥʪʨʘʣʥʦʿ 

ʫʯʝʩʪʘʥʦʩʪʠ ʦʜ 9 GHz, ʘ ʦʩʪʚʘʨʝʥʘ ʰʠʨʠʥʘ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʿʝ 670 ʄHz. 

ɼʠʤʝʥʟʠʿʝ ʜʘʪʦʛ ʬʠʣʪʨʘ ʩʫ ʜʘʪʝ ʫ ʪʘʙʝʣʠ 7.3.  

 

 

ʊʘʙʝʣʘ 7.3 ɼʠʤʝʥʟʠʿʝ ʬʠʣʪʨʘ ʪʨʝ˂ʝʛ ʨʝʜʘ ʩʘ ʤʝʪʘʣʥʦʤ ʨʝʰʝʪʢʦʤ ʩʘ ʩʣʠʢʝ 7.4 

ʇʘʨʘʤʝʪʘʨ s s1 L1 L2 

ɺʨʝʜʥʦʩʪ [mm] 18.4 18 5 1.2 
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ʉʣʠʢʘ 7.4 ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʤʦʜʝʣ ʬʠʣʪʨʘ ʪʨʝ˂ʝʛ ʨʝʜʘ ʩʘ ʤʝʪʘʣʥʦʤ ʨʝʰʝʪʢʦʤ 

 

ʌʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ ʬʠʣʪʨʘ ʿʝ ʠʩʧʠʪʘʥ ʟʘ ʩʚʝ ʨʝʣʝʚʘʥʪʥʝ ʧʘʨʘʤʝʪʨʝ ʢʦʿʠ 

ʬʠʛʫʨʠʰʫ ʧʨʠʣʠʢʦʤ ʜʠʤʝʥʟʠʦʥʠʩʘˁʘ ʤʝʪʘʣʥʝ ʨʝʰʝʪʢʝ. ʂʦʥʢʨʝʪʥʦ, ʚʘʨʠʨʘʥʝ 

ʩʫ ʚʨʝʜʥʦʩʪʠ ʜʫʞʠʥʝ ʨʝʟʦʥʘʪʦʨʘ, ʜʦʢ ʩʫ ʜʨʫʛʝ ʜʠʤʝʥʟʠʿʝ ʬʠʢʩʠʨʘʥʝ. ɿʘʪʠʤ ʩʫ 

ʚʘʨʠʨʘʥʝ ʰʠʨʠʥʝ ʤʝʪʘʣʥʠʭ ʧʨʝʛʨʘʜʘ, ʜʦʢ ʩʫ ʚʨʝʜʥʦʩʪʠ ʧʨʝʦʩʪʘʣʠʭ ʧʘʨʘʤʝʪʘʨʘ 

ʬʠʢʩʠʨʘʥʝ. ʈʝʟyʣʪʘʪʠ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʭ ʩʠʤʫʣʘʮʠʿʘ ʩʫ ʧʨʝʟʝʥʪʦʚʘʥʠ ʥʘ 

ʩʣʠʮʠ 7.5. ɼʫʞʠʥʘ ʮʝʣʦʛ ʬʠʣʪʨʘ ʿʝ 1.37 ɚg, ʛʜʝ ɚg ʦʟʥʘʯʘʚʘ ʪʘʣʘʩʥʫ ʜʫʞʠʥʫ ʥʘ 

ʮʝʥʪʨʘʣʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ. 
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ʉʣʠʢʘ 7.5 ʇʦʨʝʹʝˁʝ ʘʤʧʣʠʪʫʜʩʢʠʭ ʦʜʟʠʚʘ ʬʠʣʪʨʘ ʪʨʝ˂ʝʛ ʨʝʜʘ ʩʘ ʤʝʪʘʣʥʦʤ 

ʨʝʰʝʪʢʦʤ ʟʘ ʨʘʟʣʠʯʠʪʝ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʨʘ: s, s1, L1, L2   


























