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ʈɽʌɽʈɸʊ 

 ʉʫʫʨʴ ʩʫʜʘʣʛʘʘʥʳ ʪᴇʩʣᴇᴇʨ ʣʘʟʝʨ ʘʰʠʛʣʘʩʘʥ ʩʧʝʢʪʨʦʤʝʪʨʠʡʥ ʭʘʨʴʮʫʫʣʩʘʥ 

ʩʫʜʘʣʛʘʘʛ ʷʚʫʫʣʩʘʥ. ʌʫʨʴʝ ʭʫʚʠʨʛʘʣʪʪʘʡ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʩʧʝʢʪʨʦʤʝʪʨʠʡʥ 

ʪᴇʭᴇᴇʨᴇʤʞʠʡʥ ʜʦʭʠʦ ʙװʨʪʛʵʣ, ʙʦʣʦʚʩʨʫʫʣʘʣʪʳʥ ʘʨʛʫʫʜʳʛ ʩʫʜʘʣʩʘʥ ʙʘ 

ʄʘʡʢʦʣʴʩʦʥʳ ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʜʵʵʨ ʩʫʫʨʠʣʩʘʥ ʇʃʀʉ* ʘʰʠʛʣʘʩʘʥ ʭʦʩ ʣʘʟʝʨʳʥ 

 ʪʵʵʩʵʥ. ʉʫʫʨʴ ʩʫʜʘʣʛʘʘʥʳ ʪᴇʩʣʠʡʥװʭʠʡ ʩʧʝʢʪʨʦʤʝʪʨʠʡʛ ʟʦʭʠʦʥ ʙװʨ ʙװװʩʛװװ

ʭװʨʵʵʥʜ ʜʘʨʘʘʭ ʘʞʣʫʫʜʳʛ ʛװʡʮʵʪʛʵʚ: 

¶ ʃʘʟʝʨʳʥ ʩʧʝʢʪʨʦʤʝʪʨʠʡʥ ʪᴇʭᴇᴇʨᴇʤʞװװʜʠʡʥ ʭʵʨʵʛʣʵʵ, ʰʘʘʨʜʣʘʛʘ, 

ʪʝʭʥʦʣʦʛʠʡʥ ʙʦʣʦʤʞ ʟʵʨʛʠʡʛ ʭʘʨʴʮʫʫʣʘʥ ʩʫʜʘʣʞ ʌʫʨʴʝ ʭʫʚʠʨʛʘʣʪʪʘʡ ʥʠʣ 

ʫʣʘʘʥ ʪʫʷʘʥʳ ʩʧʝʢʪʨʦʤʝʪʨʠʡʛ ʩʦʥʛʦʩʦʥ.  

¶ ʌʫʨʴʝ ʭʫʚʠʨʛʘʣʪʪʘʡ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʩʧʝʢʪʨʦʤʝʪʨʠʡʥ ʦʧʪʠʢ ʩʠʩʪʝʤ, ʜʦʭʠʦ 

ʙװʨʪʛʵʭ ʩʠʩʪʝʤ ʙʦʣʦʥ ʙʦʣʦʚʩʨʫʫʣʘʣʪʳʥ ʘʨʛʫʫʜʳʛ ʩʫʜʘʣʞ ʄʘʡʢʦʣʴʩʦʥʳ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʜʵʵʨ ʩʫʫʨʠʣʩʘʥ ʩʧʝʢʪʨʦʤʝʪʨʠʡʥ װʥʜʩʵʥ ʵʣʝʤʝʥʪʠʡʥ ʙʘʘʟʳʛ 

ʪʦʜʦʨʭʦʡʣʩʦʥ. 

¶ ʀʥʪʝʨʬʝʨʦʛʨʘʤʳʛ ʙװʨʪʛʵʭ ʘʨʛʫʫʜʳʛ ʭʘʨʴʮʫʫʣʘʥ ʩʫʜʘʣʞ װʨʛʵʣʞʠʣʩʵʥ-ʩʢʘʥ 

ʭʠʡʭ ʘʨʛʳʛ ʭʵʨʵʛʞװװʣʭɻʵʜ ʰʘʘʨʜʘʛʜʘʭ ʜʝʪʝʢʪʦʨ, ʪװװʥʠʡ ʛʘʨʘʣʪʳʛ ʭᴇʨʚװװʣʵʭ 

ʘʥʘʣʦʛ ʪʦʦʥ ʭʫʚʠʨʛʫʫʨʳʥ ʪʝʭʥʠʢʠʡʥ ʥᴇʭʮᴇʣʠʡʛ ʤʘʪʝʤʘʪʠʢ ʩʝʤʫʣʷʮ ʙʦʣʦʥ 

ʪʫʨʰʠʣʪʘʘʨ ʪʦʜʦʨʭʦʡʣʩʦʥ. 

¶ PIC, Arduino ʤʠʢʨʦʢʦʥʪʨʦʣʣʝʨʫʫʜ ʙʦʣʦʥ Spartan 6 ʇʃʀʉ-ʠʡʛ ʘʰʠʛʣʘʥ 

ʤɻ ʜʵʵʣʣʠʡʛ ʜʘʤʞʫʫʣʘʭ, ʫʨʴʜʯʠʣʩʘʥ ʙʦʣʦʚʩʨʫʫʣʘʣʪʳʥ ʧʨʦʛʨʘʤ ʭʘʥʛʘʤʞ 

ʙװʭʠʡ ʜʘʤʞʫʫʣʘʭ ʠʥʪʝʨʬʝʡʩʠʡʛ ʟʦʭʠʦʥ ʙװʪʵʵʞ ʪʫʨʰʩʘʥ. 

¶ ɹװʨʪʛʵʩʵʥ ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʥ ʙʦʣʦʚʩʨʫʫʣʘʭ, ʪװװʥʵʵʩ ʩʧʝʢʪʦʨʳʛ ʷʣʛʘʭ ʧʨʦʛʨʘʤ 

ʭʘʥʛʘʤʞʠʡʛ LabVIEW ʙʦʣʦʥ MATLAB  ʧʨʦʛʨʘʤʫʫʜ ʜʵʵʨ ʛװʡʮʵʪʛʵʩʵʥ.   

ɼʵʵʨʭ ʩʫʜʘʣʛʘʘ ʪʫʨʰʠʣʪʳʥ װʨ ʜװʥʛװװʜʠʡʛ ʥʵʛʪʛʵʥ ñRED2ò ʭʦʩ ʣʘʟʝʨʳʥ 

ʩʧʝʢʪʨʦʤʝʪʨʠʡʛ ʟʦʭʠʦʥ ʙװʪʵʵʩʵʥ. װתʥʠʡ ʟʵʨʵʛʮʵʵ ʫʛ ʪᴇʩʣʠʡʥ װʨ ʜװʥʜ ʪʫʣʛʫʫʨʣʘʥ 

ʤʦʜʫʣʴʯʠʣʩʦʥ ʩʧʝʢʪʨʦʤʝʪʨʠʡʛ ʙװʪʵʵʭ ʪʝʭʥʦʣʦʛʠʡʥ ʩʫʫʨʴ ʩʫʜʘʣʛʘʘʛ ʮʘʘʰʠʜ 

ʛװʥʟʛʠʡʨװװʣʵʭ ʘʞʣʳʥ ʵʭʣʵʣ ʙʦʣʦʭ ʙʦʣʥʦ.   

 

 

*ʇʃʀʉ ï ʧʨʦʛʨʘʤʯʣʘʛʜʜʘʛ ʣʦʛʠʢ ʠʥʪʝʛʨʘʣ ʩʭʝʤ  
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ʊתʃʍתתʈ תɻ: ʣʘʟʝʨ, ʩʧʝʢʪʨ ʩʫʜʣʘʣ, ʠʥʪʝʨʬʝʨʦʛʨʘʤ, ʠʥʪʝʨʬʝʨʦʤʝʪʨ. 

ɻתʁʎʕʊɻʕɻʏɼʀʁʅ ʅʕʈʉʀʁʅ ɾɸɻʉɸɸʃʊ:  

 (ʦʚʦʛ ʥʵʨ, ʵʨʜʤʠʡʥ ʟʵʨʵʛ, ʮʦʣ, ʘʣʙʘʥ ʪʫʰʘʘʣ) 

1. ʉ.ʕʥʭʙʘʪ ï  ʜʦʢʪʦʨ (Sc.D), ɸʢʘʜʝʤʠʯ, ʕʐʊɸ; 

2. ʆ.ɹᴇʭʮʦʦʞ ï ʜʦʢʪʦʨ (Ph.D.); 

3. ɹ.ɿʘʥʜʘʥ ï ʕʐɼʵʜɸ, ʘʩʧʠʨʘʥʪ; 

4. ɹ.ʅʘʨʘʥʙʘʪ ï ʕʐɼʵʜɸ, ʘʩʧʠʨʘʥʪ; 

5. ʎ.ɹʘʪʮʵʥʛװװʥ ï ʕʐɼʘʜɸ, ʤʘʛʠʩʪʨʘʥʪ; 

6. ɸ.ʇװʨʵʚ-ʆʯʠʨ ï ʀʥʞʝʥʝʨ; 

7. ʅ.ʅʘʨʘʥʮʵʮʵʛ ï ʕʐ-ʥʠʡ ʪʫʩʣʘʭ ʘʞʠʣʪʘʥ. 

 

ʊᴆʉʃʀʁʅ תʈ ɼתʅɻʀʁʅ ɼɸɸʃɻɸɺɸʈ 
/ʪʝʭʥʠʢʠʡʥ ʜʘʘʣʛʘʚʘʨ/ 

 ̄ ʊᴇʩʣᴇᴇʨ ʙʠʡ ʙʦʣʦʭ װʨ ʜװʥ 
ʊʦʦ 

ʭʵʤʞʵʵ 

 ʥʛʠʡʥװʨ ʜת

 ʣʵʣʪװװʟװ
ɹʠʝʣʵʣʪ (%)  

1 

NIR ʤʫʞʠʡʥ ʣʘʟʝʨʳʛ ʘʰʠʛʣʘʥ, 

ʥʠʡʣʤʵʣ ʰʠʥʛʵʥ ʦʨʯʥʳ ʘʥʘʣʠʟ 

ʷʚʫʫʣʘʭ ʩʫʜʘʣʛʘʘ, ʪʫʨʰʠʣʪ 

1 ʕʐ-ʥʠʡ ᴇʛװװʣʵʣ 100 

2 

ɼʝʪʝʢʪʦʨʫʫʜʳʛ ʢʦʤʧʴʶʪʝʨʪʘʡ 

ʭʦʣʙʦʭ ʪᴇʭᴇᴇʨᴇʤʞ, ʠʥʪʝʨʬʝʡʩ, 

ʧʨʦʛʨʘʤ ʭʘʥʛʘʤʞʠʡʛ ʩʫʜʣʘʞ, 

ʪʫʨʰʠʥʘ. 

1 

1 

ʕʐ-ʥʠʡ ᴇʛװװʣʵʣ, 

ʪᴇʭᴇᴇʨᴇʤʞ 

100 

100 

3 
ʈʘʤʘʥ ʩʧʝʢʪʨʦʩʢʦʧʳʥ 

ʪᴇʭᴇᴇʨᴇʤʞʠʡʥ ʩʫʜʘʣʛʘʘ ʭʠʡʛʜʵʥʵ. 
1 ʕʐ-ʥʠʡ ᴇʛװװʣʵʣ 100 
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ʋɼʀʈʊɻɸʃ 

ʃʘʟʝʨʳʥ ʩʧʝʢʪʨ ʩʫʜʘʣ ʛʵʜʵʛ ʥʴ ʣʘʟʝʨʳʥ ʮʘʮʨʘʛʠʡʥ װװʩʛװװʨװװʜʠʡʛ 

ʭʵʨʵʛʣʵʩʵʥ, ʩʧʝʢʪʨʠʡʥ װʟʵʛʜʵʭ ʙʦʣʦʥ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʤʫʞʫʫʜ ʜʘʭʴ ʩʧʝʢʪʨʠʡʥ 

ʘʨʛʫʫʜʳʥ ʮʦʛʮ ʶʤ.  

ᴆʥʜᴇʨ ʵʨʯʠʤʪʵʡ, ʤʦʥʦʭʨʦʤʘʪ, ʮʘʮʨʘʛʠʡʥ ʟʘʜʨʘʣ ʙʘʛʘʪʘʡ ʣʘʟʝʨʳʥ 

ʮʘʮʨʘʛʫʫʜʳʛ ʘʰʠʛʣʘʭ ʥʴ ʩʧʝʢʪʨ ʩʫʜʣʘʣr ʥ ʫʣʘʤʞʣʘʣʪ ʘʨʛʫʫʜʳʥ ʙʦʣʦʤʞʠʡʛ ʵʨʩ 

ʜʵʵʰʣװװʣʞʵʵ. װתʥʵʵʩ ʛʘʜʥʘ, ʣʘʟʝʨʳʥ ʭʵʨʵʛʣʵʵ ʥʴ ʬʠʟʠʢʠʡʥ ʮʦʦ ʰʠʥʵ ʟʘʨʯʤʫʫʜ 

ʜʵʵʨ ʩʫʫʨʠʣʩʘʥ ʘʨʛʫʫʜʳʛ ʰʠʥʵʵʨ װװʩʛʵʭ ʙʦʣʦʤʞʠʡʛ ᴇʛʩᴇʥ ʙʘ ʪʫʨʰʠʣʪʳʥ ʪʝʭʥʠʢ 

ʯ ʠʭʵʵʭʵʥ ᴇᴇʨʯʣᴇʛʜʩᴇʥ.  

ʉʧʝʢʪʨʦʤʝʪʨʠʡʥ ʪᴇʭᴇᴇʨᴇʤʞװװʜʠʡʥ ʷʣʛʘʭ ʯʘʜʚʘʨ ʭʵʜʵʥ ʩʘʷ ʜʘʭʠʥ ᴇʩᴇʞ, 

ʤʵʜʨʵʭ ʯʘʜʚʘʨ ʥʴ ʥʵʛʞ ʘʪʦʤ ʵʩʚʵʣ ʤʦʣʝʢʫʣʳʥ ʙװʨʪʛʵʣʵʵʨ ʭʷʟʛʘʘʨʣʘʛʜʩʘʥ ʪᴇʚʰʠʥ 

ʭװʨʪʵʣ ᴇʩʩᴇʥ ʙʘ 12 1410 10 ʩʝʢ- --  ʭװʨʪʵʣ ʭʫʛʘʮʘʘʥʜ ᴇʥʛᴇʨʯ ʙʫʡ ʧʨʦʮʝʩʩʫʫʜʳʛ 

ʭʵʤʞʠʭ ʙʦʣʦʤʞ ʙʠʡ ʙʦʣʩʦʥ. 

ʃʘʟʝʨʳʥ ʩʧʝʢʪʨ ʩʫʜʣʘʣʳʥ ʪʝʭʥʦʣʦʛʠ ʭʫʨʜʪʘʡ ʭᴇʛʞʠʭʠʡʥ ʭʵʨʵʵʨ װװʥʪʵʡ 

ʭʦʣʙʦʦʪʦʡ ʩʫʜʘʣʛʘʘ ʠʭʵʵʨ ʷʚʘʛʜʘʞ ʙʫʡ ʙʦʣʦʚʯ ʤʘʥʘʡ ʫʣʩʳʥ ʭʫʚʴʜ ʵʥʵ ʯʠʛʣʵʣʠʡʥ 

ʩʫʜʘʣʛʘʘ, ʷʣʘʥʛʫʷʘ ʪʝʭʥʠʢ, ʪʝʭʥʦʣʦʛʠ, ʘʨʛʘʯʣʘʣʪʘʡ ʭʦʣʙʦʦʪʦʡ ʩʫʜʘʣʛʘʘ ʙʘʛʘ 

ʙʘʡʥʘ. 

ʊʝʭʥʦʣʦʛʠ ʭᴇʛʞʠʭʠʡʥ ʭʵʨʵʵʨ ʩʧʝʢʪʨʦʤʝʪʨʠʡʥ ʪᴇʭᴇᴇʨᴇʤʞװװʜ ʥʴ ʤʦʜʫʣʴ 

ʭʵʣʙʵʨʪʵʡ ʙʦʣʞ ʙʘʡʛʘʘ ʥʴ ʵʥʵʭװװ ʪʝʭʥʦʣʦʛʠʡʛ ᴇᴇʨʩʜʠʡʥ ʙʦʣʦʤʞʠʜ ʪʫʣʛʫʫʨʣʘʥ 

ʥʵʚʪʨװװʣʵʭ ʙʦʣʦʤʞʠʡʛ ʦʣʛʦʞ ʙʘʡʥʘ. ʄᴇʥ ʩʧʝʢʪʨʦʤʝʪʨʠʡʥ ʪᴇʭᴇᴇʨᴇʤʞװװʜ ʥʴ ʦʣʦʥ 

ʪʦʦʥʳ ʩʫʜʘʣʛʘʘ, ʰʠʥʞʠʣʛʵʵʥʜ ʭʵʨʵʛʣʵʛʜʵʞ ʮʘʨ ʭװʨʵʵ ʥʴ ᴇʩʩᴇᴇʨ ʙʘʡʥʘ. 

ʊʫʩ ʪᴇʩʣʠʡʥ ʭװʨʵʵʥʜ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʙʦʣʦʥ ʨʘʤʘʥ ʩʧʝʢʪʨʦʤʝʪʨʠʡʥ 

ʪᴇʭᴇᴇʨᴇʤʞװװʜʠʡʥ ʪʝʭʥʦʣʦʛʠ, ʘʨʛʘʯʣʘʣʳʥ ʩʫʜʘʣʛʘʘʛ ʷʚʫʫʣʘʭʘʘʨ ʪᴇʣᴇʚʣᴇʩᴇʥ. 

ʕʜʛʵʵʨ ʩʧʝʢʪʨ ʩʫʜʣʘʣʳʥ ʘʨʛʫʫʜ, ʪᴇʭᴇᴇʨᴇʤʞʠʡʥ ʪʝʭʥʦʣʦʛʠʡʛ ʩʫʜʘʣʞ, 

ᴇᴇʨʩʜʠʡʥ ʭʵʨʵʛʮʵʵ, ʰʘʘʨʜʣʘʛʘʜ ʥʠʡʮʩʵʥ ʭʵʨʵʛʩʣװװʜʠʡʛ ʟʦʭʠʦʥ ʙװʪʵʵʞ ʩʫʨʘʭ ʥʴ 

ʮʘʘʰʜʘʘ ʫʣʩʳʥ ʰʠʥʞʣʵʭ ʫʭʘʘʥ, ʩʫʜʘʣʛʘʘ, ʪʫʨʰʠʣʪʳʥ ʘʞʠʣʜ ʠʭʵʵʭʵʥ ʘʯ ʪʫʩʘʘ 

ᴇʛᴇʭ ʶʤ. 
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ʃɸɿɽʈʓʅ ʉʇɽʂʊʈ ʉʋɼʃɸʃ  

 ʉʧʝʢʪʨ ʩʫʜʣʘʣ ʛʵʜʵʛ ʥʴ ʛʵʨʣɻ ʙʦʜʠʩʪʦʡ ʭʘʨʴʮʘʥ װʡʣʯʣʵʭ װʟʵʛʜʣʠʡʛ ʘʰʠʛʣʘʜʘʛ 

ʭʵʤʞʠʣ ʟװʡʥ ʘʨʛʘ. ʃʘʟʝʨʳʛ ʛʵʨʣʠʡʥ ʵʭ װװʩʚʵʨ ʙʦʣʛʦʥ ʘʰʠʛʣʘʜʘʛ ʩʧʝʢʪʨ ʩʫʜʣʘʣʳʛ ʣʘʟʝʨ 

ʩʧʝʢʪʨʦʩʢʦʧ ʵʩʚʵʣ ʣʘʟʝʨ ʩʧʝʢʪʨʦʤʝʪʨ ʛʵʞ ʥʵʨʣʵʜʵʛ. ʃʘʟʝʨʳʥ ʩʧʝʢʪʨ ʩʫʜʣʘʣ ʥʴ ʟᴇʚʭᴇʥ 

ʙʦʜʠʪ ʣʘʟʝʨ ʪᴇʜʠʡʛװʡ ʦʧʪʠʢ ʧʘʨʘʤʝʪʨʠʡʥ ʦʩʮʠʣʣʷʪʦʨ, ʜʘʚʪʘʤʞ ʜʘʚʭʘʨʣʘʛʯ, ʷʣʛʘʘʪʘʡ 

ʜʘʚʪʘʤʞ ʭʦʣʠʛʯ ʟʵʨʵʛ ʰʫʛʘʤʘʥ ʙʫʩ ʜʘʚʪʘʤʞ ʭʫʚʠʨʛʘʭ ʪᴇʭᴇᴇʨᴇʤʞװװʜʠʡʥ ʛʘʨʘʣʪʳʛ 

ʙʘʛʪʘʘʩʘʥ ʣʘʟʝʨʪʘʡ ʪᴇʩʪʵʡ ʵʭ װװʩʚʵʨʠʡʛ ʘʰʠʛʣʘʜʘʛ ʛʵʞ ʦʡʣʛʦʞ ʙʦʣʥʦ. 

ʃɸɿɽʈʓʅ ʉʇɽʂʊʈʆʄɽʊʈʀʁʅ ʊᴆʈʃתתɼ   

ʃʘʟʝʨʳʥ ʰʠʥʛʵʵʣʪʠʡʥ ʩʧʝʢʪʨʦʤʝʪʨ 

ʕʥʵ ʘʨʛʘ ʥʴ ʭʘʤʛʠʡʥ ᴇʨʛᴇʥ ʭʵʨʵʛʣʵʛʜʜʵʛ ʘʨʛʘ ʶʤ. ʕʥʵ ʘʨʛʳʥ װʝʜ ʥʘʨʠʡʥ ʟʫʨʚʘʩʳʥ 

ᴇʨʛᴇʥʪʵʡ, ʜʦʣʛʠʦʥʳ ʫʨʪʳʛ ᴇᴇʨʯʣᴇʭ ʙʦʣʦʤʞʪʦʡ ʣʘʟʝʨʳʛ ᴇᴇʨ ʜʦʣʛʠʦʥʳ ʫʨʪʘʜ ʰʠʣʞװװʣʵʥ 

ʜʵʵʞʠʜ ʪʫʩʛʘʥ ʭʵʤʞʠʣʪ ʭʠʡʜʵʛ. ɻʘʨʘʭ ʩʧʝʢʪʨʠʡʥ ʥʘʨʠʡʚʯʣʘʣ ʥʴ ʣʘʟʝʨʳʥ ʟʫʨʚʘʩʳʥ 

ᴇʨʛᴇʥᴇᴇʩ ʰʘʣʪʛʘʘʣʜʘʛ.  

ʃʘʟʝʨʳʥ ʰʠʥʛʵʵʣʪʠʡʥ ʩʧʝʢʪʨʦʤʝʪʨʠʡʥ ʦʣʦʥ ʪᴇʨᴇʣ ʙʘʡʜʘʛ. ʍʵʤʞʠʣʪʠʡʥ 

ʥʘʨʠʡʚʯʣʘʣ, ʤʵʜʨʵʛ ʯʘʥʘʨ ʟʵʨʵʛʪ װʥʜʵʩʣʵʥ ʪʦʭʠʨʫʫʣʞ ʭʵʨʵʛʣʵʜʵʛ. 

ʈʘʤʘʥ ʩʧʝʢʪʨʦʤʝʪʨ 

ʈʘʤʘʥ ʩʧʝʢʪʨʦʤʝʪʨʪ ʥʘʨʠʡʥ ʟʫʨʚʘʩʳʥ װʨʛʵʣʞʠʣʩʵʥ ʜʦʣʛʠʦʥʳ ʣʘʟʝʨ ʥʴ ʟᴇʚʭᴇʥ 

ʠʞʠʣ ʦʧʪʠʢ ʜʘʚʪʘʤʞʪʘʡ ʛʵʨʣʠʡʛ ʮʘʮʘʨʛʘʜʘʛʛװʡ ʛʵʜʵʛ ʦʥʦʣʜ װʥʜʵʩʣʵʜʵʛ. ʈʘʤʘʥ 

ʩʧʝʢʪʨʦʤʝʪʨʵʵʨ ʤʦʣʝʢʫʣʳʥ ʭʵʣʙʵʣʟʣʠʡʛ ʪʦʜʦʨʭʦʡʣʜʦʛ. ʕʥʵ ʘʨʛʳʛ ʠʭʵʚʯʣʵʥ ʪʫʭʘʡʥ 

ʜʵʵʞʠʜ ʷʤʘʨ ʤʦʣʝʢʫʣ ʙʘʡʛʘʘ ʚʵ? ʛʵʜʛʠʡʛ ʪʘʥʠʭʳʥ ʪʫʣʜ ʘʰʠʛʣʘʜʘʛ. 

ʈʘʤʘʥ ʩʧʝʢʪʨʦʤʝʪʨʠʡʛ ʪᴇʨᴇʣ ʙװʨʠʡʥ ʩʫʜʘʣʛʘʘʥʜ ᴇʨʛᴇʥᴇᴇʨ ʭʵʨʵʛʣʵʜʵʛ. ɾʠʰʵʵ ʥʴ 

ʙʠʦʣʦʛʠ ʙʦʣʦʥ ʘʥʘʛʘʘʭ ʫʭʘʘʥʜ, ʫʨʣʘʛʠʡʥ ʙװʪʵʵʣʠʡʥ ʘʥʘʣʠʟ, ʪʵʩʨʵʭ ʙʦʜʠʩʳʥ ʠʣʨװװʣʵʣʪ 

ʛʵʭ ʤʵʪ. 

ʍʵʪ ʭʫʨʜʘʥ ʣʘʟʝʨʥr ʩʧʝʢʪʨʦʤʝʪʨ 

ʀʭʵʥʭ ʣʘʟʝʨʳʥ ʩʧʝʢʪʨʦʤʝʪʨʠʡʥ ʪʝʭʥʠʢװװʜ ʥʴ װʨʛʵʣʞʠʣʩʵʥ ʜʦʣʛʠʦʥʳ ʣʘʟʝʨʳʛ 

ʘʰʠʛʣʘʩʘʥ ʙʘʡʜʘʛ ʙʦʣʦʚʯ ʭʵʪ ʙʦʛʠʥʦ ʠʤʧʫʣʴʩʠʡʛ װװʩʛʵʜʵʛ ñmode-lockedò ʣʘʟʝʨʳʛ 

ʘʰʠʛʣʘʜʘʛ ʪʦʭʠʦʣʜʣʫʫʜ ʙʘʡʜʘʛ. 

ʌʫʨʴʝ ʭʫʚʠʨʛʘʣʪʪʘʡ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʩʧʝʢʪʨʦʤʝʪʨ 

ʌʫʨʴʝ ʭʫʚʠʨʛʘʣʪʪʘʡ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʩʧʝʢʪʨʦʤʝʪʨ ʥʴ ʭʘʪʫʫ, ʰʠʥʛʵʥ, ʭʠʡʥ 

ʰʠʥʛʵʵʣʪ ʵʩʚʵʣ ʮʘʮʘʨʛʘʣʪʳʥ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʩʧʝʢʪʨʠʡʛ ʛʘʨʛʘʜʘʛ ʪʝʭʥʠʢ ʶʤ. ʆʨʯʠʥ 

 ʨʜ ʌʫʨʴʝ ʭʫʚʠʨʛʘʣʪʪʘʡ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳװʝʠʡʥ ʘʥʘʣʠʪʠʢ ʭʠʤʠʡʥ ʣʘʙʦʨʘʪʦʨʠʫʜ ʙװ

ʩʧʝʢʪʨʦʤʝʪʨʠʡʛ ᴇʨʛᴇʥᴇᴇʨ ʘʰʠʛʣʘʜʘʛ ʙʦʣʩʦʥ. ʆʨʛʘʥʠʢ ʥʵʛʜʣװװʜʠʡʥ ʙװʪʮʠʡʥ ʩʫʜʘʣʛʘʘʥʜ 

ʮᴇʤʠʡʥ ʩʦʨʦʥʟʦʥ ʨʝʟʦʥʘʥʩ, ʤʘʩʩ ʩʧʝʢʪʨʦʤʝʪʨ, ʨʝʥʪʛʝʥ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʡʥ ʙʘʛʘʞʫʫʜʳʛ 

ʘʰʠʛʣʘʜʘʛ. ʕʜʛʵʵʨʵʵʩ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʩʧʝʢʪʨʦʤʝʪʨ ʥʴ ʭʷʤʜ ᴇʨʪᴇʛʪʵʡ ʙʘʡʜʘʛ. ʄᴇʥ ʥʠʣ 

ʫʣʘʘʥ ʪʫʷʘʥʳ ʩʧʝʢʪʨʦʤʝʪʨ ʥʴ ʜʵʵʞʠʜ ʷʤʘʨ ʥʵʛʵʥ ʩᴇʨᴇʛ ʥᴇʣᴇᴇ װʟװװʣʵʭʛװʡ ʪʫʣ 

 ʥʪʵʡ. ʅʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʦʡʨʳʥ ʤʫʞʠʡʥ ʩʧʝʢʪʨװʨ ʜװ ʡʣʜʚʵʨʣʵʣʪʠʡʥ ʧʨʦʮʝʩʩʳʛ ʩʫʜʣʘʭʘʜװ

ʥ ɹ 800ï2600ʥʤʜʦʣʛʠʦʥʳ ʫʨʪʪʘʡ ʙʫʶʫ 14000 ï 12500 ʩʤ-ʜʦʣʛʠʦʥ ʪʦʦ ʙװʭʠʡ 

ʜʦʣʛʠʦʥʫʫʜʳʛ ʭʘʤʘʨʥʘ. ,  ,  ,  OH NH CH SHï ʠʡʥ ʫʩʪᴇʨᴇʛʯʠʡʥ ʭʦʣʙʦʦʩʥʦʦʩ װװʩʩʵʥ 

ʘʛʰʠʭ ʩʫʥʘʭ ʭʵʣʙʵʣʟʣʠʡʥ ʙʫʩʘʜ ʤʫʞʠʜ ʛʘʨʜʘʛʛװʡ ʩʧʝʢʪʨ ʥʴ ʟᴇʚʭᴇʥ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ 
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ʦʡʨʳʥ ʤʫʞʠʜ ʘʞʠʛʣʘʛʜʜʘʛ ʙʘ ʵʥʵʭװװ ʭʵʣʙʵʣʟʵʣ ʥʴ ʤʘʰ ʪʦʜʦʨʭʦʡ ʫʪʛʳʛ ʛʘʨʛʘʜʘʛ ʫʯʠʨ 

ʙʫʩʘʜ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʤʫʞʘʘʩ ʜʘʚʫʫ ʶʤ. ʄᴇʥ 19000 ï 15000 ʩʤ-  ʤʫʞʠʜ ʭʵʜ ʭʵʜʵʥ 

ʵʣʝʢʪʨʦʥʳ ʰʠʣʞʠʣʪװװʜ ʘʞʠʛʣʘʛʜʜʘʛ. ʇʦʣʠʭʨʦʤʘʪʠʢ ʛʵʨʣʠʡʥ ʪʘʨʭʘʣʪʳʥ ʩʧʝʢʪʨʦʤʝʪʨ ʥʴ 

ʜʦʣʛʠʦʥ ʙװʨʵʵʨ ʩʘʣʛʘʥ ʭʵʤʞʠʣʪ ʭʠʡʜʵʛ ʙʦʣ ʌʫʨʴʝ ʭʫʚʠʨʛʘʣʪʪʘʡ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ 

ʩʧʝʢʪʨʦʤʝʪʨ ʥʴ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʡʛ ʘʰʠʛʣʘʩʥʘʘʨ ʵʥʵʭװ װװʡʣʜʣʠʡʛ ʭʠʡʭʛװʡʛʵʵʨ ʥʵʛ ʣ ʫʜʘʘ 

ʭʵʤʞʠʣʪ ʭʠʡʭ ʜʘʚʫʫ ʪʘʣʪʘʡ (ɿʫʨʘʛ 1). ʍʦʸʨ ʜʦʣʛʠʦʥʳ ʠʥʪʝʨʬʝʨʦʤʝʪʨװװʜ ʥʴ ʭʵʨʵʛʮʵʵ 

ʘhʘʨʜʣʘʛʘʘʩʘʘ ʰʘʣʪʛʘʘʣʘʥ ᴇᴇʨ ᴇᴇʨ ʙʘʡʜʘʛ ʯ ʘʞʠʣʣʘʭ ʟʘʨʯʠʤ ʥʴ ʠʞʠʣ. ʄʘʡʢʦʣʴʩʦʥʳ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʥʴ ʵʥʛʠʡʥ ʙᴇʛᴇᴇʜ ʘʰʠʛʣʘʭʘʜ ʭʷʣʙʘʨ ʪʫʣ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʩʧʝʢʪʨʦʤʝʪʨʪ 

ʭʵʨʵʛʣʵʭʵʜ ʪʦʭʠʨʦʤʞʪʦʡ. ʄʘʡʢʦʣʴʩʦʥʳ ʠʥʪʝʨʬʝʨʦʤʝʪʨʪ ʮʘʮʘʨʛʘʣʪʳʥ ʜʦʣʛʠʦʥʳʛ ʭʦʸʨ 

ʭʵʩʵʛʪ ʭʫʚʘʘʥ, ʭᴇʜᴇʣʛᴇᴇʥʪ ʪʦʣʴ ʭᴇʜᴇʣʩʥʠʡ ʫʣʤʘʘʩ ʬʘʟʳʥ ʟᴇʨᴇᴇ װװʩʩʵʥʠʡ ʜʘʨʘʘ ʭʦʸʨ 

ʜʦʣʛʠʦʥʳʛ ʙʫʮʘʘʥ ʥʠʡʣװװʣʜʵʛ. װתʥʠʡ װʨ ʜװʥʜ ʠʥʪʝʨʬʝʨʝʥʮ װװʩʜʵʛ. 

 

ɿʫʨʘʛ 1. FTIR ʩʧʝʢʪʨʦʤʝʪʨʠʡʥ ʟʘʨʯʠʤ 

ɸʣʜʘʘʛװʡ ʩʧʝʢʪʨ ʛʘʨʛʘʥ ʘʚʘʭʳʥ ʪʫʣʜ ʭᴇʜᴇʣʛᴇᴇʥʪ ʪʦʣʴ ʥʴ ᴇʥʜᴇʨ ʥʘʨʠʡʚʯʣʘʣʪʘʡ 

ʙʫʶʫ ʷʤʘʨ ʯ ᴇᴇʨʯʣᴇʣʪʛװʡ ʪʦʛʪʤʦʣ ʭʫʨʜʘʘʨ ʭᴇʜᴇʣʜᴇʛ ʙʘʡʭ ʸʩʪʦʡ. װתʥʠʡ ʰʠʡʜʵʣ ʥʴ 

ʪʦʣʠʡʛ ʩʫʫʨʴʪʘʡ ʥʴ ʪʦʛʪʤʦʣ ʭʫʨʜʘʘʨ ʭᴇʜᴇʣʜᴇʛ ʪʘʚʮʘʥ ʜʵʵʨ ʙʘʡʨʣʫʫʣʘʭ. ʋʛ ʪʘʚʮʘʥ ʥʴ 

ʪʦʛʪʤʦʣ ʭʫʨʜʪʘʡʛʘʘʩ ʛʘʜʥʘ, ʭʵʤʞʠʣʪʠʡʥ ʭʫʛʘʮʘʘʛ ʙʘʛʘ ʙʘʡʣʛʘʭʳʥ ʪʫʣʜ ᴇʥʜᴇʨ ʭʫʨʜʪʘʡ 

ʙʘʡʭ ʰʘʘʨʜʣʘʛʘʪʘʡ [1-15] . 

ʀʅʊɽʈʌɽʈʆɻʈɸʄʓʅ ɼʆʍʀʆɻ ɹתʈʊɻʕʍ, ɼɸʄɾʋʋʃɸʍ ʊɽʍʅʀʂ 

ʀʥʪʝʨʬʝʨʦʛʨʘʤ ᴇʛᴇʛʜᴇʣ ʪװװʚʵʨʣʵʣʪ 

ɼʝʪʝʢʪʦʨʳʥ ʙװʨʪʛʵʩʵʥ ʘʥʘʣʦʛ ʠʥʪʝʨʬʝʨʝʥʮʠʡʥ ʜʦʭʠʦʛ ʪʦʭʠʨʦʭ ʵʩʚʵʣ ʫʨʴʜʯʠʣʘʥ 

ʪʦʛʪʦʦʩʦʥ ʦʧʪʠʢ ʟʘʤʳʥ ʷʣʛʘʚʨʫʫʜ ʜʵʵʨ ʙʘʨʴʞ ʪʦʦʥ ʜʦʭʠʦ ʙʦʣʛʦʭ ʰʘʘʨʜʣʘʛʘʪʘʡ.  

ʀʥʪʝʨʬʝʨʦʛʨʘʤʳʥ ᴇʛᴇʛʜʣʠʡʛ ʦʣʞ ʘʚʘʭʜʘʘ ʪʦʦʥ ʠʤʧʫʣʴʩ ñʘʥʛʣʠ ʭʵʣ clockò-ʠʡʛ  װװʩʛʵʜʵʛ 
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ʜʵʜ ʩʠʩʪʝʤʠʡʛ ʘʰʠʛʣʘʜʘʛ. ʕʥʵʭװװ ʜʵʜ ʩʠʩʪʝʤʠʡʛ ʮʘʛʠʡʥ ʩʠʩʪʝʤ ñʘʥʛʣʠ ʭʵʣ clocking 

systemò ʵʩʚʵʣ ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʥ ʮʘʛʠʡʥ ʩʠʩʪʝʤ ñʘʥʛʣʠ ʭʵʣ intreferogramm clocking 

systemò ʛʵʞ ʥʵʨʣʵʜʵʛ. ɿʫʨʘʛ 2.ʘ ʥʴ ʮʘʛʠʡʥ ʩʠʩʪʝʤʠʡʥ ʵʥʛʠʡʥ ʩʭʝʤʠʡʛ ʭʘʨʫʫʣʩʘʥ ʙʦʣ 

ʟʫʨʘʛ 2.b ʥʴ ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʛ ʪװװʚʵʨʣʵʭ װʡʣ ʷʚʮʳʛ ʭʘʨʫʫʣʩʘʥ. ʍᴇʜᴇʣʛᴇᴇʥʪ ʪʦʣʠʥʳ 

ʙʘʡʨʣʘʣʘʘʨ ʩʠʥʭʨʦʥʯʣʦʛʜʩʦʥ ʪʦʦʥ ʠʤʧʫʣʴʩʠʡʛ ᴇʛᴇʛʜᴇʣ ʮʫʛʣʫʫʣʘʭʘʜ ʘʰʠʛʣʘʜʘʛ.  

 

ɿʫʨʘʛ 2. ʘ) ʀʥʪʝʨʬʝʨʦʛʨʘʤʳʥ ʮʘʛʠʡʥ ʩʠʩʪʝʤʠʡʥ ʵʥʛʠʡʥ ʩʭʝʤ, 

b) ʀʥʪʝʨʬʝʨʦʛʨʘʤʳʛ ʪϮϮʚʵʨʣʵʭ ʭʫʛʘʮʘʘʥʳ ʜʠʘʛʨʘʤʤ 

ds- ʪʵʥʮϮϮ ʟʘʚʩʘʨʪʘʡ ʪʦʦʥ ʠʤʧʫʣʴʩ, sdD - ʥʴ ʪʦʦʥ ʠʤʧʫʣʴʩʠʡʥ ʘʣʜʘʘ. 

 

ʀʥʪʝʨʬʝʨʦʛʨʘʤ ʮʘʛʠʡʥ ʩʠʩʪʝʤʠʡʥ ʛʫʨʚʘʥ װʥʜʩʵʥ ʰʘʘʨʜʣʘʛʘ ʙʘʡʜʘʛ:  

(1) ʪװװʚʵʨʣʵʣʪʠʡʥ ʙʦʣʦʥ ʟʘʚʩʘʨʣʘʛʳʥ ʭʫʛʘʮʘʘ ʙʘʛʘ ʙʘʡʭ, 

(2) ʦʧʪʠʢ ʟʘʤʳʥ ʫʨʪʳʥ ʟᴇʨᴇᴇʥʠʡ ʥʘʨʠʡʚʯʣʘʣ ᴇʥʜᴇʨ ʙʘʡʭ, 

(3) ʩʢʘʥ ʭʦʦʨʦʥʜʳʥ ʜʘʚʪʘʣʪ ᴇʥʜᴇʨ ʙʘʡʭ. 

 

ɸʣʭʘʤʪ-ʩʢʘʥ ʙʘ תʨʛʵʣʞʠʣʩʵʥ-ʩʢʘʥ 

ʀʥʪʝʨʬʝʨʦʛʨʘʤʳʛ ʪװװʚʵʨʣʵʭʜʵʵ ʘʣʭʘʤʪ-ʩʢʘʥ ʭʠʡʭ ʵʩʚʵʣ װʨʛʵʣʞʠʣʩʵʥ ʩʢʘʥ ʭʠʡʭ 

ʛʵʩʵʥ ʭʦʸʨ ʩʭʝʤʠʡʛ ʘʰʠʛʣʘʜʘʛ (ɿʫʨʘʛ 3). ɸʣʭʘʤ ʘʣʭʤʘʘʨ ʩʢʘʥ ʭʠʡʭ ʷʚʮʘʜ ʭᴇʜᴇʣʞ ʙʫʡ 

ʪʦʣʴ ʥʴ ʰʠʥʵ ʙʘʡʨʰʠʣʜ ʰʠʣʞʠʞ, ᴇʛᴇʛʜʣʠʡʛ ʦʣʞ ʘʚʘʭʘʘʩ ᴇʤʥᴇ ʟʦʛʩʜʦʛ. ʕʥʵ ʥʴ ʩʧʝʢʪʨʠʡʥ 

ʥʘʨʠʡʚʯʣʘʣʳʥ ʰʘʘʨʜʣʘʛʳʛ ʭʘʥʛʘʭ ʵʮʩʠʡʥ ʮʵʛʪ ʭװʨʪʵʣ ʦʣʦʥ ʫʜʘʘ ʜʘʚʪʘʛʜʜʘʛ. 

 ʝʜ ʪʦʛʪʤʦʣװ ʝʜ ʭᴇʜᴇʣʞ ʙʫʡ ʪʦʣʴ ʥʴ ᴇʛᴇʛʜʣʠʡʛ ʦʣʞ ʘʚʘʭװ ʨʛʵʣʞʠʣʩʵʥ ʩʢʘʥ ʭʠʡʞ ʙʘʡʭת

ʭʫʨʜʪʘʡʛʘʘʨ ʭᴇʜᴇʣʜᴇʛ. ʍᴇʜᴇʣʛᴇᴇʥʪ ʪʦʣʠʡʛ ʥʘʘʰ ʮʘʘʰ ʭᴇʜᴇʣʛᴇʭ ʰʘʘʨʜʣʘʛʘʪʘʡ ʙᴇʛᴇᴇʜ 
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ʠʞʠʣ ʙʘʡʨʣʘʣ ʜʘʭʴ ᴇʛᴇʛʜʣʠʡʛ ʥʵʛʪʛʵʥ ʜʦʭʠʦ-ʰʫʫʛʠʘʥʳ ʭʘʨʴʮʘʘʛ ʩʘʡʞʨʫʫʣʘʭ ʟʦʨʠʣʛʦʪʦʡ 

ʙʘʡʜʘʛ.    

 

ɿʫʨʘʛ 3.ʘ) ϭʨʛʵʣʞʠʣʩʵʥ-ʩʢʘʥʳ Ϯʝʠʡʥ ʭϺʜϺʣʛϺϺʥʪ ʪʦʣʠʥʳ ʙʘʡʨʣʘʣ ʙʘ ʭʫʛʘʮʘʘʥʳ 

ʭʘʤʘʘʨʘʣ, b) ɸʣʭʘʤʪ-ʩʢʘʥʳ Ϯʝʠʡʥ ʭϺʜϺʣʛϺϺʥʪ ʪʦʣʠʥʳ ʙʘʡʨʣʘʣ ʙʘ ʭʫʛʘʮʘʘʥʳ ʭʘʤʘʘʨʘʣ. 

 

ʍʫʛʘʮʘʘʥʘʘʩ ʭʘʤʘʘʨʘʣʪʘʡ װʟʵʛʜʣʠʡʥ ʭʵʤʞʠʣʪʠʡʥ ʭʫʚʴʜ ʘʣʭʘʤ ʘʣʭʤʘʘʨ ʩʢʘʥ ʭʠʡʭ 

ʰʘʘʨʜʣʘʛʘʪʘʡ ʙʘʡʜʘʛ. ʀʭʵʥʭ ʙʫʩʘʜ ʭʵʨʵʛʣʵʵʥʜ ñʭʫʨʜʘʥò ʭᴇʜᴇʣʛᴇᴇʥʪ ʪʦʣʠʡʛ  ʘʰʠʛʣʘʜʘʛ 

 ʨʛʵʣʞʠʣʩʵʥ ʩʢʘʥ ʭʠʡʭ ʥʴ ʜʘʚʫʫ ʪʘʣʪʘʡ ʙʘʡʜʘʛ.  ʍʦʸʨ ʘʨʛʳʥ ʝʨᴇʥʭʠʡ ʜʘʚʫʫ ʙʦʣʦʥ ʩʫʣװ

ʪʘʣʫʫʜʳʛ ʥʵʛʪʛʵʥ ʭʘʨʫʫʣʘʚ (ʍװʩʥʵʛʪ ˉ1). 

ʍϮʩʥʵʛʪ ˉ1 

ɸʣʭʘʤʪ-ʩʢʘʥ (Step-scan) תʨʛʵʣʞʠʣʩʵʥ-ʩʢʘʥ (Continuous scan) 

ɼʦʭʠʦ ʰʫʫʛʠʘʥʳ ʭʘʨʴʮʘʘʛ ʩʘʡʞʨʫʫʣʘʭʳʥ 

ʪʫʣʜ ʪʦʛʪʤʦʣ ʛװʡʜʣʠʡʥ ʜʦʭʠʦʛ ʤʦʜʫʣʷʮʣʘʭ 

ʰʘʘʨʜʣʘʛʘʪʘʡ. ʄʝʭʘʥʠʢ ʪʘʩʣʘʛʯ ʙʘ ʪװװʥʠʡ 

ʵʣʝʢʪʨʦʥʠʢʪ ʰװװʣʪװװʨ ʘʰʠʛʣʘʭʘʘʩ ᴇʤʥᴇ 

ʟʫʨʚʘʩʳʥ ᴇʨʛᴇʥ ʥʘʨʠʡʩʘʭ ʘʨʛʳʛ ʘʰʠʛʣʘʭ 

ʰʘʘʨʜʣʘʛʘʪʘʡ. 

ɼʦʭʠʦ ʥʴ ʘʣʴ ʭʵʜʠʡʥ ʤʦʜʫʣʷʮʣʘʛʜʩʘʥ ʙᴇʛᴇᴇʜ 

ʭᴇʜᴇʣʛᴇᴇʥʪ ʪʦʣʠʥʳ ʭʫʨʜ ʙʘ ʮʘʮʨʘʛʠʡʥ 

ʜʦʣʛʠʦʥʳ ʫʨʪʘʘʨ ʪʦʜʦʨʭʦʡʣʦʛʜʜʦʛ 

ʜʘʚʪʘʤʞʠʡʥ ʭװʨʵʵʪʵʡ ʙʘʡʜʘʛ. ʊʠʡʤʵʵʩ 

ʟʫʨʚʘʩʳʥ ᴇʨʛᴇʥʠʡʛ ʥʘʨʠʡʩʛʘʭ ʘʨʛʳʛ ʰʫʫʜ 

ʘʰʠʛʣʘʞ ʙʦʣʥʦ. 

ʍʵʤʞʠʣʪʠʡʥ ʭʫʛʘʮʘʘʥ  r ʫʨʪ ʥʴ ʙװʨʪʛʵʣʠʡʥ 

ʜʘʚʪʘʤʞ ʙʘ ʭʦʮʨʦʣʪʳʥ ʟʘʡʥ ʭʘʤʪ 

ʧʨʦʧʦʨʮʠʦʥʘʣ ʭʵʤʞʵʵʛʵʵʨ ʥʵʤʵʛʜʜʵʛ. 

ɽʨᴇʥʭʠʡʜᴇᴇ ʠʣװװ ʭʫʨʜʘʥ ʭʵʤʞʠʭ ʭʫʛʘʮʘʘ; 

ʭʵʤʞʠʣʪ ʭʠʡʭ ʭʫʛʘʮʘʘʥ  rʫʨʪ ʥʴ ʭʦʮʨʦʛʜʩʦʥ 

ʟʘʡʥʘʘʩ ʭʘʤʘʘʨʜʘʛ ʙʦʣʦʚʯ ʪװװʚʨʠʡʥ 

ʜʘʚʪʘʤʞʠʡʥ ʰʘʘʨʜʣʘʛʘ װװʥʜ ʥᴇʣᴇᴇʣᴇʭʛװʡ. 

ɿᴇʚʭᴇʥ ʰװװʣʪװװʨ ʘʰʠʛʣʘʭʘʘʩ ʛʘʜʥʘ ʠʣװװ 

ʰʫʫʛʠʘʥʳʛ ʙʫʫʨʫʫʣʘʭ ʙʦʣʦʤʞʪʦʡ ʤʝʭʘʥʠʢ 

ʪʘʩʣʘʛʯ, ʪװʛʞʠʛʯ ᴇʩʛᴇʛʯ ʜʝʪʝʢʪʦʨ ʘʰʠʛʣʘʭʳʛ 

ʟᴇʚʰᴇᴇʨʜᴇʛ. 

ʌʫʨʝɹ ʬʠʣʴʪʨ ʛʵʭ ʤʵʪ ʰװװʣʪװװʨ ʭʠʡʭ ʘʨʛʘ ʥʴ 

ʠʣʨװװʣʩʵʥ ʟʫʨʚʘʩʳʥ ᴇʨʛᴇʥʠʡʛ ʭʷʟʛʘʘʨʣʘʜʘʛ 

ʙʦʣʦʚʯ ʰʫʫʛʠʘʥ, װʥʜʩʵʥ ʜʦʭʠʦʛ ʪʵʜʥʠʡ ʬʘʟʘʜ 

 .ʡװʥʜʵʩʣʵʥ ʷʣʛʘʜʘʛʛװ

ʎʘʭʠʣʛʘʘʥ r ʩʘʘʪʘʣ, ʜʝʪʝʢʪʦʨʳʥ ʟʫʨʚʘʩʳʥ 

ᴇʨʛᴇʥʠʡ ʭʷʟʛʘʘʨʘʘʩ ʰʘʣʪʛʘʘʣʩʘʥ ʙװʨʪʛʵʭ 

ʘʣʜʘʘ ʛʘʨʜʘʛʛװʡ. ʄʵʜʨʵʛʯʠʡʥ ʘʣʜʘʘʥʘʘʩ ʙʦʣʞ 

ʙװʨʪʛʵʣʠʡʥ ʘʣʜʘʘ ʛʘʨʥʘ. 

ʎʘʭʠʣʛʘʘʥʳ ʩʘʘʪʘʣ, ʜʝʪʝʢʪʦʨʳʥ ʟʫʨʚʘʩʳʥ 

ᴇʨʛᴇʥʠʡ ʭʷʟʛʘʘʨʘʘʩ h ʘʣʪʛʘʘʣʘʥ ʙװʨʪʛʵʭ ʘʣʜʘʘ 

ʛʘʨʯ ʙʦʣʥʦ; ʷʣʘʥʛʫʷʘ ʭʫʨʜʘʥ ʩʢʘʥʝʨʜʘʭ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʡʥ ʭʫʚʴʜ ʘʩʫʫʜʘʣʪʘʡ. 
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ʊװװʚʵʨʣʵʣʪʠʡʥ װʝ  

ʉʠʥʫʩʦʠʜ ʜʦʭʠʦʛ ʟᴇʚ ʪʦʦʥ ʜʦʭʠʦ ʙʦʣʛʦʭʳʥ ʪʫʣʜ ʭʘʤʛʠʡʥ ʙʘʛʘ ʪװװʚʨʠʡʥ ʜʘʚʪʘʤʞ 

sf  ʥʴ ʅʘʡʢʚʠʩʪʳʥ ʰʘʣʛʫʫʨʘʘʨ ʪʫʭʘʡʥ ʜʦʭʠʦʥʳ ʜʘʚʪʘʤʞʘʘʩ ʭʘʤʛʠʡʥ ʙʘʛʘʜʘʘ ʭʦʸʨ ʜʘʭʠʥ 

ʠʭ ʙʘʡʭ ʸʩʪʦʡ.  ᴆʨʛᴇʥ ʟʫʨʚʘʩʳʥ ʜʦʭʠʦʥʳ ʭʫʚʴʜ ʭʘʤʛʠʡʥ ᴇʥʜᴇʨ ʜʘʚʪʘʤʞ (ʭʘʤʛʠʡʥ ʙʦʛʠʥʦ 

ʜʦʣʛʠʦʥʳ ʫʨʪ) ʥʴ ʅʘʡʢʚʠʩʪʳʥ ʜʘʚʪʘʤʞʠʡʛ ʪʦʜʦʨʭʦʡʣʜʦʛ. ᴆʛᴇʛʜʩᴇʥ ʜʦʣʛʠʦʥʳ ʫʨʪʳʥ 0l 

ʭʫʚʴʜ ʢʦʥʩʪʨʫʢʪʠʚ ʭᴇʥʜʣᴇʥʛʠʡʥ ʦʨʦʣʮʦʦ ʥʴ ʪʦʣʠʥ ʪʫʩʛʘʣ ʙʫʫʨʘʭ ʟʘʡʥʳ 0 / 2l  ʙװʨʜ 

ʪʦʭʠʦʣʜʜʦʛ. ʊʠʡʤʵʵʩ ʜʦʣʛʠʦʥʳ ʫʨʪʳʥ ʭʘʤʛʠʡʥ ʙʘʛʘ minl  ʘʛʫʫʣʩʘʥ ʮʘʮʨʘʛʠʡʥ ʭʫʚʴʜ 

ʠʥʪʝʨʬʝʨʦʛʨʘʤ ʜʘʭʴ ʭʘʤʛʠʡʥ ʭʫʨʜʘʥ ʭʫʚʠʨʛʘʜʘʛ ʜʦʭʠʦ ʥʴ min / 2l  ʭʫʛʘʮʘʘʪʘʡ ʙᴇʛᴇᴇʜ ʵʥʵ 

ʥ ɹ max1/ 2u -ʪʘʡ ʪʵʥʮװװ ʶʤ. ʊʠʡʤʵʵʩ ʅʘʡʢʚʠʩʪʳʥ ʰʘʣʛʫʫʨʳʥ ʜʘʛʫʫ ʪװװʚʵʨʣʵʣʪʠʡʥ 

ʭʫʛʘʮʘʘ ds ʥʴ ʜʘʨʘʘʭ ʪʦʤʴyʦʛʦʦʨ ʠʣʵʨʭʠʡʣʵʛʜʥɻʵ. 

min

max

1

4 4
sd
l

u
¢ =     (1.1) 

 ʚʨʠʡʥ ʜʘʚʪʘʤʞʠʡʛװװʨʛʵʣʞʠʣʩʵʥ ʩʢʘʥ ʭʠʡʭ ʷʚʮʘʜ ʪʦʦʥ ʠʤʧʫʣʴʩʠʡʥ ʤʫʞ ʜʘʭʴ ʪת

ʙʘʩ ʘʥʭʘʘʨʯ װʟʵʭ ʭʵʨʵʛʪʵʡ. ʍᴇʜᴇʣʛᴇᴇʥʪ ʪʦʣʠʥʳ ʭʫʨʜ v-ʠʡʥ ʭʫʚʴʜ ʠʥʪʝʨʬʝʨʦʛʨʘʤ ʜʘʭʴ 

ʭʘʤʛʠʡʥ ʠʭ ʜʘʚʪʘʤʞʠʡʛ װʟװװʣʥʵ. 

max max2f nu=    (1.2) 

ɼʝʪʝʢʪʦʨ ʙʘ ʵʣʝʢʪʨʦʥʠʢʠʡʥ ʟʫʨʚʘʩʳʥ ᴇʨʛᴇʥ ʥʴ maxf -ʘʘʩ ʠʭʵʵʭʵʥ ᴇʥʜᴇʨ ʙʘʡʭ 

ʰʘʘʨʜʣʘʛʘʪʘʡ. ʕʥʵ ʥʴ ʅʘʡʢʚʠʩʪʳʥ ʰʘʣʛʫʫʨʘʘʨ ʭʫʛʘʮʘʘʥʳ ʤʫʞ ʜʘʭʴ ʪװװʚʨʠʡʥ ʜʘʚʪʘʤʞ 

ʥ ɹʜʘʨʘʘʭ ʭʵʣʙʵʨʪʵʡ ʙʦʣʥʦ.  

max max2 4sf f nu² =   (1.3) 

ʊʦʦʥ ʠʤʧʫʣʴʩʠʡʥ ʜʦʭʠʦʥʳ ʭʵʤʞʠʣʪʠʡʥ ʘʛʰʠʥʜ ʪʵʛʠʡʛ ʜʘʡʨʯ ʙʘʡʚʘʣ 

ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʥ ʜʘʣʘʡʮ ʥʴ ʪʵʛ ʙװʨʪʛʵʛʜʵʥʵ.  

ɹʦʜʠʪ ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʥ ʜʦʭʠʦ ʥʴ ʟʘʨʠʤ ʰʫʫʛʠʘʥʳʛ ʘʛʫʫʣʜʘʛ. ʀʡʤʜ 

ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʥ ʮʘʛʥʳ ʩʠʩʪʝʤʠʡʛ ʟʦʭʠʦʥ ʙװʪʵʵʭʜʵʵ ʜʝʪʝʢʪʦʨʳʥ ʵʣʝʢʪʨʦʥʠʢ, װװʩʛװװʨ 

ʙʦʣʦʥ ʦʨʯʥʳ ʥᴇʣᴇᴇʣʣᴇᴇʩ װװʩʵʭ ᴇʥʜᴇʨ ʜʘʚʪʘʤʞʠʡʥ ʰʫʫʛʠʘʥʳʛ ʘʥʭʘʘʨʘʭ ʭʵʨʵʛʪʵʡ.   

 ʨװװʣʪװװʨʠʡʛ ʘʰʠʛʣʘʥ ʘʨʠʣʛʘʭ ʙʦʣʦʤʞʪʦʡ. Anti-aliasing  ʰװװʣʪװװʥʠʡʛ anti-aliasing  ʰװת

ʥʴ ᴇʥʜᴇʨ ʜʘʚʪʘʤʞʠʡʛ ʰװװʭ ʘʥʘʣʦʛ h ʨ ʙʘ ʵʥʛʠʡʥ RC hװװʣʪװװ  .ʨʠʡʛ ʘʰʠʛʣʘʞ ʙʦʣʥʦװװʣʪװװ

ʐװװʣʪװװʨʠʡʥ ʟʫʨʚʘʩʳʥ ᴇʨʛᴇʥ ʥʴ ʅʘʡʢʚʠʩʪʳʥ ʜʘʚʪʘʤʞʘʘʨ ʭʷʟʛʘʘʨʣʘʛʜʘʥʘ. 

ʆʧʪʠʢ ʟʘʤʳʥ ʷʣʛʘʚʨʳʥ ʥʘʨʠʡʚʯʣʘʣ 

HeNe ʣʘʟʝʨʳʛ ʪװװʚʵʨʣʵʣʪʠʡʥ ʪʦʦʥ ʠʤʧʫʣʴʩʠʡʛ ʛʘʨʛʘʭʘʜ ʘʰʠʛʣʘʭ ʙᴇʛᴇᴇʜ ᴇᴇʨ 

ʙʫʩʘʜ ʙʘʡʨʣʘʣ ʪʦʛʪʦʦʭ ʪᴇʭᴇᴇʨᴇʤʞװװʜʠʡʛ ʘʰʠʛʣʘʞ ʙʦʣʥʦ. ʊװװʚʵʨʣʵʭ ʜʘʚʪʘʤʞ ʥʴ ᴇʥʜᴇʨ 

ʙʘʡʭʘʘʩ ʛʘʜʥʘ ʦʧʪʠʢ ʟʘʤʳʥ ʷʣʛʘʚʘʨ ʥʴ ʪװװʚʵʨʣʵʭ ʪʦʦʥ ʠʤʧʫʣʴʩʪʵʡ ᴇʥʜᴇʨ 

ʥʘʨʠʡʚʯʣʘʣʪʘʡʛʘʘʨ ʪʘʘʨʯ ʙʘʡʭ ʰʘʘʨʜʣʘʛʘʪʘʡ. ʊװװʚʵʨʣʵʣʪʠʡʥ װʝʜ ʘʣʜʘʘ ʛʘʨʜʘʛ ʙʘ ʵʥʵ 

ʘʣʜʘʘ ʥʴ ʭᴇʜᴇʣʛᴇᴇʥʪ ʪʦʣʠʥʳ ʭʫʨʜʥʳ ᴇᴇʨʯʣᴇʣʪ ʙʘ ʮʘʭʠʣʛʘʘʥ ʩʘʘʪʣʳʥ ʭʦʩʦʣʩʦʥ 

ʥᴇʣᴇᴇʥᴇᴇʩ װװʩʜʵʛ.  
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s delayd tnD =D ³    (1.4) 

ɼʘʚʪʘʛʜʘʭ ʪʦʦʥ ʠʤʧʫʣʴʩʠʡʥ ʙʘʡʨʣʘʣ 

 ʨʛʵʣʞʠʣʩʵʥ ʩʢʘʥ ʭʠʡʭ ʛʦʨʠʤʜ ʜʦʭʠʦ ʰʫʫʛʠʘʥʳ ʭʘʨʮɹʘʘʛ ʩʘʡʞʨʫʫʣʘʭʳʥ ʪʫʣʜת

ʭʵʜ ʭʵʜʵʥ ʠʥʪʝʨʬʝʨʦʛʨʘʤʫʫʜʳʛ ʥʵʛʪʛʵʜʵʛ. ɻʵʚʯ ʜʫʥʜʘʞ ᴇʛᴇʛʜʣʠʡʥ ʮʵʛװװʜ ʥʴ ʠʞʠʣ ʦʧʪʠʢ 

ʟʘʤʳʥ ʷʣʛʘʚʨʘʘʩ ʛʘʨʘʣʪʘʡ ʙʘʡʭ ʰʘʘʨʜʣʘʛʘʪʘʡ.  

ʊʝʭʥʠʢʠʡʥ ʘʯ ʭʦʣʙʦʛʜʦʣ  

ɻʦʤʦʜʠʥ-ʣʘʟʝʨ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʡʥ ʩʠʩʪʝʤ ʥʴ ʭᴇʜᴇʣʞ ʙʫʡ ʪʦʣʠʦʨ ʜʘʤʞʠʥ ᴇʥʛᴇʨʯ 

ʙʫʡ ʟʘʡʪʘʡ ʦʡʨʦʣʮʦʦ ld ʩʛʵʜʵʛ. ldװװ ʝʠʡʛ ʭʘʨʫʫʣʩʘʥ ʩʠʥʫʩʦʠʜ ʜʦʭʠʦװ  -ʳʛ ʜʘʨʘʘʭ 

ʪʦʤʴʸʦʛʦʦʨ ʪʦʜʦʨʭʦʡʣʥʦ.  

2

laser
ld
l
=    (1.5) 

ᴆʛᴇʛʜᴇʣ ʮʫʛʣʫʫʣʘʛʯ 

ᴆʛᴇʛʜᴇʣ ʮʫʛʣʫʫʣʘʛʯ (ᴆʎ) ʥʴ ʘʥʘʣʦʛ ʜʦʭʠʦʛ ʪʦʦʥ ᴇʛᴇʛʜᴇʣʜ ʭʫʚʠʨʛʘʭ, ʪʫʭʘʡʥ 

ʭʫʚʠʨʛʘʩʘʥ ᴇʛᴇʛʜʣʠʡʛ ʜʵʣʛʵʮʵʜ ʭʘʨʫʫʣʘʭ ʙʦʣʦʥ ʮʘʘʰʜʳʥ ʜʦʭʠʦ ʙʦʣʦʚʩʨʫʫʣʘʣʪʘʜ 

ʟʦʨʠʫʣʞ ʢʦʤʧʴʶʪʝʨʪ ʠʣʛʵʵʭ װװʨʵʛʪʵʡ ʰʘʣʛʘʣʪ, ʭʵʤʞʣʠʡʥ ʥʵʛ ʩʘʣʙʘʨ ʶʤ. ᴆʥᴇᴇʜᴇʨ 

ʩʫʚʛʠʡʥ ʪʦʦ, ʭʘʤʛʠʡʥ ʠʭ ʭʫʨʜ ʙʦʣʦʥ ʥʘʨʠʡʚʯʣʘʣ ʛʵʭ ʤʵʪʵʵʩ ʭʘʤʘʘʨʩʘʥ ʪᴇʨᴇʣ ʙװʨʠʡʥ 

ʭʵʨʵʛʣʵʵʥʜ ʟʦʨʠʫʣʘʛʜʩʘʥ ʷʥʟ ʙװʨʠʡʥ ʝʨᴇʥʭʠʡ ʟʦʨʠʫʣʘʣʪʳʥ ᴆʎ ʪᴇʭᴇᴇʨᴇʤʞװװʜ ʙʘʡʥʘ. 

ᴆʛᴇʛʜᴇʣ ʮʫʛʣʫʫʣʘʛʯʠʡʥ ʪʝʭʥʠʢʠʡʥ ʭʵʣʙʵʨװװʜ 

ɼʦʪʦʦʜ, ʛʘʜʘʘʜ ʛʵʩʵʥ ʭʦʸʨ װʥʜʩʵʥ ᴆʎ-ʳʥ  ʪʝʭʥʠʢ ʭʘʥʛʘʤʞʠʡʥ ʬʦʨʤʘʪ ʙʘʡʜʘʛ. 

ɻʘʜʘʘʜ ʩʠʩʪʝʤװװʜ ʥʴ ᴇʨʛᴇʞװװʣʵʭ (ʦʣʦʥ ʩʫʚʘʛ, ʜʦʭʠʦ ʙʦʣʦʚʩʨʫʫʣʘʣʪʘʜ ʟʦʨʠʫʣʘʛʜʩʘʥ 

ʪᴇʭᴇᴇʨᴇʤʞװװʜ) ʙʦʣʦʥ ʪʦʭʠʨʦʤʞʪʦʡ ʭʦʣʙʦʣʪʪʦʡ ʙʘʡʭ ʜʘʚʫʫ ʪʘʣʪʘʡ ʙʘʡʜʘʛ. ʊʠʡʤʵʵʩ ʪʵʜ 

ʦʣʦʥ ʦʨʦʣʪ, ʛʘʨʘʣʪʳʛ ʰʘʘʨʜʘʭ ʭʵʨʵʛʣʵʵʥװװʜʵʜ ʠʣװװ ʪʦʭʠʨʦʤʞʪʦʡ ʙʘʡʜʘʛ. ʅʵʤʵʣʪ ᴆʎ ʥʴ 

ʰʫʫʜ ᴇʛᴇʛʜʣʠʡʥ ʰʫʛʘʤʳʥ ʭʦʣʙʦʣʪʪʦʡ ʙʘʡʜʘʛ. ʊʠʡʤʵʵʩ ᴇʛᴇʛʜᴇʣ ʜʘʤʞʫʫʣʘʭ ᴇʥʜᴇʨ 

ʭʫʨʜʥʳ ʯʘʜʘʤʞʪʘʡ ʙʘʡʜʘʛ. ɻʘʜʘʘʜ ʪᴇʭᴇᴇʨᴇʤʞʠʡʥ ᴇʛᴇʛʜᴇʣ ʜʘʤʞʫʫʣʘʣʪ ʥʴ ʠʭʵʚʯʣʵʥ 

ʮʫʚʘʘ, ʟʵʨʵʛʮʵʵ ʵʩʚʵʣ USB ʜʘʤʞʫʫʣʘʣʪr ʥ ʧʦʨʪʦʦʨ ʭʷʟʛʘʘʨʣʘʛʜʜʘʛ. 

ɸʥʘʣʦʛ ʦʨʦʣʪ 

ɸʥʘʣʦʛ ʦʨʦʣʪʳʥ ʘʚʯ װʟʵʭ ʰʘʘʨʜʣʘʛʘʪʘʡ ʟʘʨʠʤ ʯʫʭʘʣ ʟװʡʣ ʥʴ ʙʦʣʦʤʞʠʪ ʩʫʚʛʠʡʥ 

ʪʦʦ ʙʦʣʦʥ ʭʘʤʛʠʡʥ ʠʭ ʭʵʤʞʠʣʪʠʡʥ ʭʫʨʜ, ʪʵʜʛʵʵʨʠʡʥ ʥʘʨʠʡʚʯʣʘʣ (ʙʠʪʠʡʥ ʪʦʦʥʦʦʩ 

ʭʘʤʘʘʨʩʘʥ), ᴇʩʛᴇʣʪʠʡʥ ʮʘʨ ʭװʨʵʵ (ᴇʩʛᴇʣʪ ʥʴ ʧʨʦʛʨʘʤʘʘʨ ʩʦʥʛʦʛʜʦʭ ʙʦʣʦʤʞʪʦʡ ʵʩʵʭ)  

ʙʦʣʦʥ ʥʘʨʠʡʚʯʣʘʣ ñʘʥʛʣʠ accuracyò ʁ ʤ. ɼʘʨʘʘʭ ʜʵʜ ʭʵʩʛװװʜʵʜ ʵʜʛʵʵʨʠʡʛ ʪʦʚʯ ʭʵʣʵʣʮʵʥʵ. 

ʉʫʚʛʠʡʥ ʪʦʦ 

ʌʫʨʴʝ ʭʫʚʠʨʛʘʣʪʪʘʡ ʩʧʝʢʪʨʦʤʝʪʨ ʥʴ ʛʦʣ ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʛ ʭʵʤʞʠʭʵʜ ʭʘʤʛʠʡʥ 

ʙʘʛʘʜʘʘ ʥʵʛ ʩʫʚʘʛ ʰʘʘʨʜʜʘʛ. ʍʵʜʠʡ ʪʠʡʤ ʯ ᴇʨʛᴇʞװװʣʵʣʪʵʜ ʟʦʨʠʫʣʞ ʥʵʤʵʣʪ ʩʫʚʘʛʪʘʡ ʙʘʡʭ 

ʥʴ ʪʦʭʠʨʦʤʞʪʦʡ ʙʘʡʜʘʛ. ʅʵʤʵʣʪ ʩʫʚʛʫʫʜ ʥʴ ʛʵʨʣʠʡʥ װװʩʛװװʨʠʡʥ ʰʠʣʞʠʣʪʠʡʥ ʟʘʩʚʘʨ 

ʙʦʣʦʥ ʪʝʤʧʝʨʘʪʫʨʳʥ ʭʵʣʙʵʣʟʣʠʡʥ ʟʘʩʚʘʨ ʛʵʭ ʤʵʪ ʟʘʩʚʘʨʳʥ ʪʝʭʥʠʢʠʡʛ ʛװʡʮʵʪʛʵʭʵʜ 

ʰʘʘʨʜʘʛʜʜʘʛ. 
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ʍʵʤʞʠʣʪʠʡʥ ʭʫʨʜ 

ʀʭʵʚʯʣʵʥ ʩʝʢʫʥʜ ʙװʨ ʜʵʭ ʭʵʤʞʠʣʪʠʡʥ ʥʵʛʞʵʵʨ ᴇʛᴇʛʜʜᴇʛ ʭʘʤʛʠʡʥ ʠʭ ʭʵʤʞʠʣʪʠʡʥ 

ʭʫʨʜ ʥʴ ᴇʛᴇʛʜʩᴇʥ ʭʫʛʘʮʘʘʥʜ ʮʫʛʣʫʫʣʘʭ ʙʦʣʦʤʞʪʦʡ ᴇʛᴇʛʜʣʠʡʥ ʭʘʤʛʠʡʥ ʠʭ ʪʦʦ ʭʵʤʞʵʵʛ 

ʪʦʜʦʨʭʦʡʣʜʦʛ. ʊʝʭʥʠʢʠʡʥ װʟװװʣʵʣʪ ʥʴ ʩʫʚʘʛ ʙװʨʠʡʥ ʭʘʤʛʠʡʥ ʠʭ ʭʫʨʜʪʘʡ ʭʦʣʙʦʛʜʜʦʛ 

ʵʩʚʵʣ ʭʵʨʵʛʣʵʛʜʩʵʥ ʩʫʚʘʛ ʙװʨʵʵʨ ʭʫʚʘʘʣʮʘʭ ʭʘʤʛʠʡʥ ʠʭ ʭʫʨʜʳʛ ʦʡʣʛʦʭ ʥʴ ʯʫʭʘʣ ʶʤ. 

ʍʵʨʵʚ ʥʵʛ ʘʥʘʣʦʛ ʪʦʦʥ ʭʫʚʠʨʛʫʫʨ (ɸʊʍ)  ʥʴ ʦʣʦʥ ʪʦʦʥʳ ʩʫʚʛʘʘʨ ʭʫʚʘʘʣʮʘʞ ʙʫʡ ʙʦʣ 

ʭʫʚʠʨʛʘʛʯ ʥʴ ʩʵʣʛʵʥ ʟʘʣʛʘʛʜʜʘʛ. ʕʥʵ ʪʦʭʠʦʣʜʦʣʜ ʩʫʚʘʛ ʙװʨʠʡʥ ʙʦʣʦʤʞʠʪ ʭʫʨʜ ʥʴ ʩʫʚʛʠʡʥ 

ʪʦʦʥʜ ʫʨʚʫʫ ʭʘʤʘʘʨʘʣʪʘʡ ʙʘʡʜʘʛ. ɾʠʰʵʵʣʙʵʣ ʭʵʤʞʠʣʪʠʡʥ ʭʫʨʜ ʥʴ 1ʄɻʮ, 4-ʥ  ʩʵʣʛʵʥ 

ʟʘʣʛʘʭ ʩʫʚʘʛʪʘʡ ʙʦʣ ʩʫʚʘʛ ʙװʨʠʡʥ ʭʫʨʜ ʥʴ 250ʢɻʮʙʦʣʥʦ. 16 ʙʠʪʠʡʥ ʙʦʣʦʥ ʙʫʩʘʜ ʜʦʭʠʦ 

ʙʦʣʦʚʩʨʫʫʣʘʣʪʳʥ װʡʣ ʘʞʠʣʣʘʛʘʘʥʘʘʩ ʰʘʣʪʛʘʘʣʞ ʭʫʨʜ ʥʴ 10 20ʤʢʩʝʢ- ʙʦʣʜʦʛ.      

ɸʥʘʣʦʛ ʪʦʦʥ ʭʫʚʠʨʛʫʫʨʳʥ ʙʠʪʠʡʥ ʥʘʨʠʡʚʯʣʘʣ 

ʍʵʨʵʚ ɸʊʍ-ʳʛ  12 ʙʠʪʠʡʥ ʥʘʨʠʡʚʯʣʘʣʘʘʨ ʭʵʤʞʠʣʪ ʭʠʡʚʵʣ 4096 ʫʪʛʘ ʘʚʥʘ. ʍʵʨʵʚ 

16 ʙʠʪʠʡʥ ʥʘʨʠʡʚʯʣʘʣʘʘʨ ʭʵʤʞʠʣʪ ʭʠʡʚʵʣ 65536 ʫʪʛʘ ʘʚʥʘ. 16 ʙʠʪʠʡʥ ʭʫʚʴʜ ʥʘʨʠʡʚʯʣʘʣ 

ʩʘʡʪʘʡ ʙʦʣʦʚʯ ʭʵʤʞʠʣʪʠʡʥ ʭʫʨʜ ʥʴ ʫʜʘʘʥ ʙʦʣʜʦʛ. 

ɸʥʘʣʦʛ ʪʦʦʥ ʭʫʚʠʨʛʫʫʨʳʥ ʦʨʦʣʪʳʥ ʭϮʯʜʵʣʠʡʥ ʭʵʤʞʵʵ 

ᴆʎ-ʳʥ  ʦʨʦʣʪʳʥ ʩʠʛʥʘʣʳʥ ᴇʩʛᴇʣʪʠʡʛ ʧʨʦʛʨʘʤʳʥ ʘʨʛʘʘʨ ʭʷʣʙʘʨ ʭʠʡʜʵʛ ʙʘʡʭ 

ʸʩʪʦʡ. 

ʍʵʤʞʠʣʪʠʡʥ ʥʘʨʠʡʚʯʣʘʣ 

ʍʵʤʞʠʣʪʠʡʥ ʥʘʨʠʡʚʯʣʘʣ ʥʴ LSB ʙʫʶʫ ɸʊʍ-ʳʥ  ʭʘʤʛʠʡʥ ʙʘʛʘ ʙʠʪʠʡʥ ʫʪʛʘʘʨ 

ʪʦʜʦʨʭʦʡʣʦʛʜʦʥʦ. ᴆᴇʨᴇᴇʨ ʭʵʣʙʵʣ 12 ʙʠʪʠʡʥ װʝʜ0 5ɺ- -ʳʥ  ʭʷʟʛʘʘʨʪ 1LSB ʥʴ 0.0012ɺ 

ʙʦʣʥʦ. 16 ʙʠʪʠʡʥ ʭʫʚʴʜ 1LSB ʥʴ 0.000076ɺ ʙʦʣʥʦ. 

ʀʥʪʝʨʬʝʨʦʛʨʘʤʳʥ ʭʵʤʞʠʣʪʠʡʥ ʵʭʣɻʣ 

ʀʥʪʝʨʬʝʨʦʛʨʘʤʳʥ ʭʵʤʞʠʣʪʠʡʛ ʭʦʸʨ ʘʨʛʘʘʨ ʵʭʣװװʣʜʵʛ (ɿʫʨʘʛ 4). ʃʘʟʝʨʳʥ ʪʦʦʥ 

ʠʤʧʫʣʴʩʵʵʨ ʙʦʣʦʥ ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʥ ʭʘʤʛʠʡʥ ʠʭ ʵʨʯʠʤ ʙʫʶʫ ʦʧʪʠʢ ʟʘʤʳʥ ʷʣʛʘʚʨʳʥ ʪʵʛ 

ʮʵʛ ʜʵʵʨʵʵʩ ʵʭʣװװʣʥʵ.  ʕʜʛʵʵʨ ʩʠʛʥʘʣʫʫʜʳʛ ʢʦʤʧʘʨʘʪʦʨ ʪᴇʭᴇᴇʨᴇʤʞ ʘʰʠʛʣʘʥ ʙװʨʪʛʵʥʵ. 

 

ɿʫʨʘʛ 4. ʀʥʪʝʨʬʝʨʦʛʨʘʤʳʥ ʪʦʦʥ ʠʤʧʫʣʴʩʠʡʥ ʙʦʣʦʥ ʪϺʚʰʠʥʠʡ ʭʵʤʞʠʣʪ 
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ʉʧʝʢʪʨʠʡʥ ʜʦʭʠʦʥʳ ʜʦʭʠʦ-ʰʫʫʛʠʘʥʳ ʭʘʨʴʮʘʘ  

ʉʧʝʢʪʨʠʡʥ ʜʦʭʠʦʥʳ ʜʦʭʠʦ-ʰʫʫʛʠʘʥʳ ʭʘʨʴʮʘʘʥʜ ɸʊʍ-ʳʥ b  ʙʠʪʵʵʨ ʘʚʩʘʥ 

ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʥ ʜʦʭʠʦ ʰʫʫʛʠʘʥʳ ʭʘʨʴʮʘʘ ʥʴ ʜʘʨʘʘʭ ʪʦʤʴʸʦʛʦʦʨ ʠʣʵʨʭʠʡʣʵʛʜʵʥʵ. 

3
2

2

I b

DigitizationSNR k=   (1.6) 

ʀʥʪʝʨʬʝʨʦʛʨʘʤʘʘʩ ʩʧʝʢʪʨ ʙʘʡʛʫʫʣʘʭ װʝʜ ʜʦʭʠʦ ʰʫʫʛʠʘʥʳ ʭʘʨʴʮʘʘʛ 
1 2

IN  

ʢʦʵʬʬʠʮʝʥʪʦʦʨ ʠʭʵʩʛʵʜʵʛ.IN  ʥʴ ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʥ ʮʵʛʠʡʥ ʪʦʦʛ ʪᴇʣᴇᴇʣʜᴇʛ. 

1 2S I

Digitization ISNR SNR N= ³   (1.7) 

ʄʦʥʦʭʨʦʤʘʪ ʜʦʭʠʦʥʳ ʭʫʚʴʜ ʩʧʝʢʪʨʠʡʥ ʜʦʭʠʦ ʰʫʫʛʠʘʥʳ ʭʘʨʴʮʘʘ ʥʴ ʜʘʨʘʘʭ 

ʪʦʤɹyʦʛʦʦʨ ʠʣʵʨʭʠʡʣʵʛʜʵʥʵ. 

1 2 ( )
2S I

Digitization I

total

SNR SNR N
r u

r
º ³ ³ ³   (1.8) 

( )

total

r u

r
 - ʩʧʝʢʪʨʠʡʥ ʥʷʛʪʳʥ ʭʘʨʴʮʘʘ [16-22].  
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ʃɸɿɽʈʓʅ ʉʇɽʂʊʈʆʄɽʊʈʀʁʅ ʊɽʍʅʀʂʀʁʅ ɿɸɻɺɸʈ 

ʆʇʊʀʂ ʉʀʉʊɽʄʀʁʅ ɿɸɻɺɸʈ 

ʄʘʡʢʦʣʩʦʥʳ ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʙװʭʠʡ ʩʧʝʢʪʨʦʤʝʪʨʠʡʥ ʪᴇʭᴇᴇʨᴇʤʞʠʡʥ ʛʦʣ ʪᴇʣᴇᴇʣᴇʣ 

ʥʴ ʌʫʨʴʝ ʭʫʚʠʨʛʘʣʪʪʘʡ ʩʧʝʢʪʨʦʤʝʪʨװװʜ ʙʘʡʜʘʛ ʙʘ ᴇʨʛᴇʥ ʪʘʨʭʩʘʥ ʭʵʣʙʵʨ ʥʴ  ʌʫʨʴʝ 

ʭʫʚʠʨʛʘʣʪʪʘʡ ʦʡʨʳʥ ʤʫʞʠʡʥ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʩʧʝʢʪʨʦʤʝʪʨ ʶʤ. ʀʡʤʜ ʩʫʜʘʣʛʘʘ 

ʪʫʨʰʠʣʪʳʥ ʩʧʝʢʪʨʠʡʛ ʙװʨʪʛʵʭ ʪᴇʭᴇᴇʨᴇʤʞʠʡʥ ʦʧʪʠʢ ʩʠʩʪʝʤʠʡʥ ʟʘʛʚʘʨʳʛ ʙʦʣʦʚʩʨʫʫʣʩʘʥ 

(ɿʫʨʘʛ 5) .  

 

ɿʫʨʘʛ 5. ʄʘʡʢʦʣʩʦʥʳ ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʙϮʭʠʡ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʦʡʨʳʥ ʤʫʞʠʡʥ 

ʩʧʝʢʪʨʦʤʝʪʨʠʡʥ ʦʧʪʠʢ ʩʠʩʪʝʤʠʡʥ ʩʭʝʤ 

 

ʆʧʪʠʢ ʟʘʤʳʥ ʪʦʦʮʦʦ  

ʍװʥʭʵʨ ʪʦʣʠʥʳ ʬʦʢʫʩʳʥ ʟʘʡ ʥʴ 25ʤʤ ʙʦʣʦʚʯ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʛʵʨʵʣ ʥʴ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʘʘʨ ʪʫʩʘʘʛװʡ װʝʜ ʪʦʣʠʥʳ ʬʦʢʫʩʳʥ ʟʘʡʛ ʪʦʜʦʨʭʦʡʣʦʭ ʰʘʘʨʜʣʘʛʘʪʘʡ. 

ʊʠʡʤʵʵʩ ʩʠʤʫʣʷʮʠ ʭʠʡʥ ʪʦʣʠʥʳ ʙʘʡʨʣʘʣ ʙʦʣʦʥ ʪʫʭʘʡʥ ʪʦʣʠʥʦʦʩ ʦʡʩʦʥ ʛʵʨʣʠʡʥ ʯʠʛʣʵʣ 

ʟʵʨʛʠʡʛ ʪʦʜʦʨʭʦʡʣʩʦʥ. ʇʘʨʘʙʦʣ ʪʦʣʠʥʳ ʭʫʚʴʜ 1016 ʤʤ-ʠʡʥ ʦʡʣʪʳʥ ʬʦʢʫʩʳʥ ʟʘʡʪʘʡ 45  

ʥʘʣʫʫʪʘʡ ʪʦʣʴ ʩʦʥʛʦʩʦʥ. ʕʥʵʭװװ ʪʦʣʠʥʳ ʭʫʚʴʜ ʦʡʣʪʳʥ ʬʦʢʫʩʳʥ ʟʘʡʛ ʪʦʦʮʦʞ ʧʘʨʘʙʦʣ 

ʪʦʣʠʥʳ ᴇʤʥᴇʭ ʙʦʣʦʥ ʜʘʨʘʘʭ ʵʣʝʤʝʥʪʠʡʥ ʙʘʡʨʣʘʣr ʛ ʪʦʜʦʨʭʦʡʣʦʭ ʰʘʘʨʜʣʘʛʘʪʘʡ. ʄᴇʥ 

ʵʭʥʠʡ ʫʜʘʘʜ ʙʘʛʘʞʘʘ ʫʛʩʨʘʭʜʘʘ ʟʘʡʛ ʭʵʪ ʰʘʭʫʫ ʙʠʰ ʙʘʡʣʛʘʭʳʛ ʟʦʨɹʩʦʥ. ɼʵʵʨʭ ʙװʛʜʠʡʛ 

 ʥʜʵʩʣʵʥ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʦʡʨʳʥ ʤʫʞʠʡʥ ʩʧʝʢʪʨʦʤʝʪʨʠʡʥ ʦʧʪʠʢ ʩʠʩʪʝʤʠʡʥ ʟʘʛʚʘʨʳʛװ

ɿʫʨʘʛ 5 ʜʵʵʨʭ ʙʘʡʜʣʘʘʨ ʛʘʨʛʘʩʘʥ.  
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ʅʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʣʘʤʧ SLS202L/M ï ʠʡʥ ʦʧʪʠʢ ʯʘʜʘʣ ʥʴ 400ʤɺʪ. ɸʰʠʛʣʘʞ ʙʫʡ 

ʜʝʪʝʢʪʦʨ ʥʴ ʭʘʤʛʠʡʥ ʠʭʜʵʵ, ᴇᴇʨᴇᴇʨ ʭʵʣʙʵʣ ʭʘʥʘʣʪʳʥ ʯʘʜʘʣ ʥʴ 1.2ʤɺʪ. ʍʵʨʚʵʵ ʭʘʥʘʣʪ 

 ʩʚʵʣ ʜʝʪʝʢʪʦʨ ʵʚʜʨʵʭ ʙʦʣʥʦ. ʊʠʡʤʵʵʩ ʣʘʤʧʳʥ ʛʘʨʘʣʪʳʥ 400ʤɺʪ ʯʘʜʣʳʛ ʜʝʪʝʢʪʦʨ ʜʵʵʨװװ

ʦʯʠʭʜʦʦ 1.2ʤɺʪ ʭװʨʪʵʣ ʙʫʫʨʫʫʣʘʭ ʰʘʘʨʜʣʘʛʘʪʘʡ. ʀʡʤʵʵʩ ʟʘʛʚʘʨ ʜʵʵʨʵʵ ʛʵʨʣʠʡʥ ñʋʨʚʫʫ 

ʢʚʘʜʨʘʪ ʭʫʫʣʴò-ʠʡʛ ʘʰʠʛʣʘʥ ʜʝʪʝʢʪʦʨʪ ʠʨʵʭ ʯʘʜʣʳʛ ʪʦʦʮʦʦʣʩʦʥ. 

ʅʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʛʵʨʣʠʡʥ ʛʘʨʘʣʪʘʘʩ ʵʭʥʠʡ ʭװʥʭʵʨ ʪʦʣʴ ʭװʨʪʵʣ ʟʘʡ 230ʤʤ. װתʥ 

ʜʵʵʨ ʫʨʚʫʫ ʢʚʘʜʨʘʪ ʭʫʫʣʠʡʥ ʪʵʛʰʠʪʛʵʣʠʡʛ ʙʠʯʚʵʣ: 

 
2 2

1 1400 (110 ) (340 ) 41.87ʤɺʪ ʤʤ p ʤʤ p ʤɺʪÖ = Ö ­ =   (1.9) 

ʕʥʵ ʥʴ ʵʭʥʠʡ ʭװʥʭʵʨ ʪʦʣʴ ʜʵʵʨ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʛʵʨʵʣ ʥʴ 41.45ʤɺʪ ʯʘʜʣʘʘʨ 

ʪʫʩʘʞ ʙʘʡʥʘ ʛʵʩʵʥ װʛ ʶʤ. ʍװʥʭʵʨ ʪʦʣʠʥʳ ʦʡʣʛʦʭ ʯʘʜʚʘʨ ʥʴ ʭʘʤʛʠʡʥ ʠʭʜʵʵ 99% ʪʫʣ  

41.87 0.99 41.45ʤɺʪ ʤɺʪÖ = ʯʘʜʣʘʘʨ ʦʡʩʦʥ ʛʵʨʵʣ ʪʫʩʥʘ. ʕʥʵ ʤʵʪʯʠʣʵʥ ʦʧʪʠʢ 

ʵʣʝʤʝʥʪװװʜʠʡʥ ʦʡʣʪ ʥʵʚʪʨװװʣʵʣʪʠʡʥ ʭʫʚʠʡʛ ʪʦʦʮʦʦʣʦʥ ʜʝʪʝʢʪʦʨ ʜʵʵʨ ʠʨʵʭ ʯʘʜʣʳʛ 

ʪʦʦʮʦʭʦʜ 1.22ʤɺʪ ʛʘʨʩʘʥ [23-25]. 

 

ʍᴇʜᴇʣʛᴇᴇʥʪ ʪʦʣʠʥʳ ʫʜʠʨʜʣʘʛʘ  

ʄʘʡʢʦʣʩɹʦʥʳ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʡʥ ʠʥʪʝʨʬʝʨʦʛʨʘʤ װװʩʵʭ ʧʨʦʮʝʩʩʳʛ ʜʠʥʘʤʠʢʘʘʨ 

ʫʜʠʨʜʘʭ ʙʦʣʦʤʞʠʡʛ ʦʣʛʦʞ ʙʫʡ ʭʵʩʵʛ ʥʴ ʭᴇʜᴇʣʛᴇᴇʥʪ ʪʦʣʠʥʳ ʰʠʣʞʠʣʪ ʶʤ. ʀʡʤʵʵʩ 

ʭᴇʜᴇʣʛᴇᴇʥʪ ʪʦʣʠʡʛ ʭʘʨʴʮʘʥʛʫʡ ʞʠʛʜ ʭʫʨʜʘʘʨ ᴇʥʜᴇʨ ʥʘʨʠʡʚʯʣʘʣʪʘʡ ʭᴇʜᴇʣʛᴇʭ ʟʦʨʠʣʛʦʦʨ  

DDSM50/M ʤʘʨʢʳʥ ʰʫʛʘʤʘʥ ʭᴇʪʣᴇʛʯʪʵʡ ʪʘʚʮʘʥ (ʐʍʊ)-ʛ ʘʰʠʛʣʘʩʘʥ (ɿʫʨʘʛ 6).  

 

ɿʫʨʘʛ 6. DDSM50/M ʤʘʨʢʳʥ ʰʫʛʘʤʘʥ ʭϺʪʣϺʛʯʪʵʡ ʪʘʚʮʘʥ 

DDSM50 ʤʘʨʢʳʥ ʐʍʊ ʥʴ 500ʥʤ ʥʘʨʠʡʚʯʣʘʣʪʘʡ, ʭʘʤʛʠʡʥ ʠʭʜʵʵ 500ʤʤ ʩʝʢ 

ʭʫʨʜʪʘʡʛʘʘʨ 50ʤʤ ʰʠʣʞʠʣʪ ʭʠʡʭ ʙʦʣʦʤʞʠʡʛ ʦʣʛʦʜʦʛ. ʄᴇʥ KBD101 ʩʦʡʟʛװʡ ʤʦʪʦʨʳʥ 

ʫʜʠʨʜʣʘʛʘ ʙʦʣʦʥ ñThorlabs APT, Kinesisò ʟʵʨʵʛ ʧʨʦʛʨʘʤ ʭʘʥʛʘʤʞʠʡʥ ʠʥʪʝʨʬʝʡʩʠʡʥ ʭʘʤʪ 

ñplug and playò ʩʠʩʪʝʤʠʡʛ ʙװʨʜװװʣʜʵʛ. ʀʡʤʵʵʩ ʫʛ ʩʠʩʪʝʤ ʥʴ ʛʵʨʣʠʡʥ ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʛ 

 ʩʛʵʭʵʜ ʭʵʨʵʛʣʵʛʜʵʭ ʪʦʣʠʥʳ ʭᴇʜᴇʣʛᴇᴇʥʠʡʛ ʢʦʤʧʴʶʪʝʨʘʘʩ ʫʜʠʨʜʘʭ ʙʦʣʦʤʞʠʡʛ ʦʣʛʦʞװװ

ʙʘʡʥʘ.  

ʉʦʡʟʛװʡ ʪʦʛʪʤʦʣ ʛװʡʜʣʠʡʥ ʤʦʪʦʨʳʥ KBD101 K-Cubes ʫʜʠʨʜʣʘʛʳʛ ᴇʥʜᴇʨ ʭʫʨʜ 

( 100 )ʤʤ ʩʝʢ>  ʙʦʣʦʥ ᴇʥʜᴇʨ ʥʘʨʠʡʚʯʣʘʣʪʘʡ ʵʥʢʦʜʝʨ ( 100 )ʥʤ<  ʰʘʘʨʜʣʘʛʘʪʘʡ 

ʭᴇʜᴇʣʛᴇᴇʥʠʡʛ ʫʜʠʨʜʘʭʘʜ ʭʵʨʵʛʣʵʛʜʜʵʛ (ɿʫʨʘʛ 7). 
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ɿʫʨʘʛ 7. KBD101 ʤʘʨʢʳʥ ʪʦʛʪʤʦʣ ʛϮʡʜʣʠʡʥ ʩʦʡʟʛϮʡ ʤʦʪʦʨʳʥ ʫʜʠʨʜʣʘʛʘ 

 

KBD101 ʫʜʠʨʜʣʘʛʘ ʥʴ USB 2.0 ʧʦʨʪʦʦʨ ʢʦʤʧʴʶʪʝʨʪ ʭʦʣʙʦʛʜʜʦʛ ʙʘ ʪʦʛʪʤʦʣ 

ʛװʡʜʣʠʡʥ15ɺ, 1ɸ ʪʵʞʵʵʣʠʡʥ ʙʣʦʢʦʦʨ ʪʵʞʵʵʛʜʜʵʛ. ᴆᴇʨ ʜʵʵʨʵʵ ʭʫʨʜ, ʘʣʭʘʤ ʙʦʣʦʥ ʙʫʩʘʜ 

ʪʦʭʠʨʫʫʣʛʳʛ ʭʠʡʭ ʫʜʠʨʜʣʘʛʘ, ʭʷʥʘʣʪʳʥ ʜʵʣʛʵʮʠʡʛ ʘʛʫʫʣʜʘʛ.  

ʐʍʊ-ʳʥ ʫʜʠʨʜʣʘʛʳʥ ʧʨʦʛʨʘʤʳʛ  ñThorlabs APT, Kinesisò ʠʥʪʝʨʬʝʡʩʠʡʥ ʩʘʥʛ 

ʘʰʠʛʣʘʥ LabVIEW ʧʨʦʛʨʘʤ ʜʵʵʨ ñActiveX controlò ʙʦʣʦʥ ñ.NET fremworkò ʛʵʩʵʥ 

ʩʠʩʪʝʤʠʡʥ ʠʥʪʝʨʬʝʡʩʠʡʥ ʭʦʸʨ ʭʫʚʠʣʙʘʨʘʘʨ ʙʦʣʦʚʩʨʫʫʣʘʥ ʫʜʠʨʜʣʘʛʳʥ ʬʫʥʢʮװװʜʠʡʛ 

ʪʫʨʰʩʘʥ (ɿʫʨʘʛ 8, 9).  

 

ɿʫʨʘʛ 8.ʘ) ñActiveX controlò ʙϮʭʠʡ ʫʜʠʨʜʣʘʛʥr ʧʨʦʛʨʘʤʳʥ ʙʣʦʢ ʩʭʝʤ  
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ɿʫʨʘʛ 8.b) ñActiveX controlò ʙϮʭʠʡ ʫʜʠʨʜʣʘʛʥr ʧʨʦʛʨʘʤʳʥ ʠʥʪʝʨʬʝʡʩ 

 

 
ɿʫʨʘʛ 9.a) ñ.NET fremworkò ʙϮʭʠʡ ʫʜʠʨʜʣʘʛʥr ʧʨʦʛʨʘʤʳʥ ʙʣʦʢ ʩʭʝʤ  
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ɿʫʨʘʛ 9. ñ.NET fremworkò ʙϮʭʠʡ ʫʜʠʨʜʣʘʛʥr ʧʨʦʛʨʘʤʳʥ ʠʥʪʝʨʬʝʡʩ 

 

ʎʘʘʰʠʜ ʩʫʜʘʣʛʘʘ ʪʫʨʰʠʣʪʳʥ ʘʞʠʣʜ ñ.NET fremworkò  ʜʵʵʨ ʩʫʫʨʠʣʩʘʥ 

ʫʜʠʨʜʣʘʛʳʥ ʧʨʦʛʨʘʤ ʭʘʥʛʘʤʞʠʡʛ ʘʰʠʛʣʘʭʘʘʨ ʩʦʥʛʦʩʦʥ [26-29].  

ʐʫʛʘʤʘʥ ʭϺʪʣϺʛʯʪʵʡ ʪʘʚʮʘʥʛʠʡʥ ʭʵʣʙʵʣʟʵʣ 

ʀʥʪʝʨʬʝʨʦʤʝʪʨʪ ʘʰʠʛʣʘʭ ʐʍʊ ʘʣʜʘʘʛ ʰʘʣʛʘʭ ʙʦʣʦʥ ʜʦʣʛʠʦʥ ʭʫʚʘʘʛʯʠʡʥ 

ʘʞʠʣʣʘʛʘʘʛ ʩʫʜʣʘʭ ʪʫʨʰʠʣʪ ʭʠʡʩʵʥ. DDSM50/M ʐʍʊ-ʳʥ ʭʫʨʜʳʛ 0.001 /ʤʤ ʩʝʢ, 

0.01 /ʤʤ ʩʝʢ, 0.1 /ʤʤ ʩʝʢ ʙʘʡʭ װʝʜ ᴇʛᴇʛʜʩᴇʥ ʟʘʤʳʛ ʪʫʫʣʘʭ ʭʫʛʘʮʘʘʥʳ ʪʦʦʮʦʦʥʳ ʙʦʣʦʥ 

ʪʫʨʰʠʣʪʘʘʨ ʭʵʤʞʩʵʥ ʫʪʛʫʫʜʳʛ ʭʘʨʴʮʫʫʣʩʘʥ (ʍװʩʥʵʛʪ ˉ2) .  

ʍϮʩʥʵʛʪ ˉ2. 

ɿʘʤ 

( )S ʤʤ  

ʍʫʨʜ 

( )V ʤʤ ʩʝʢ  

ʍʫʛʘʮʘʘ ɸʣʜʘʘ 

( )%   
ʊʦʦʮʦʦ 

( )ʪʦʦʮʦʦt ʩʝʢ  

ʊʫʨʠhʣʪ 

( )ʪʫʨʰʠʣʪt ʩʝʢ  

1.0 0.001 1000.0 1343.0 34.3 

1.0 0.01 100.0 103.0 3.0 

1.0 0.1 10.0 10.0 0.0 

 

ɼʦʣʛʠʦʥ ʭʫʚʘʘʛʯʠʜ ʠʨʞ ʙʫʡ ʙʦʣʦʥ ʪװװʛʵʵʨ ʭʫʚʘʘʛʜʩʘʥ ʛʵʨʣʠʡʥ ʵʨʯʤʠʡʥ 

ʪʦʜʦʨʭʦʡʣʦʭ ʟʦʨʠʣʛʦʦʨ ʜʦʣʛʠʦʥ ʭʫʚʘʘʛʯ, ʭᴇʜᴇʣʛᴇᴇʥʪ ʙʦʣʦʥ ʭᴇʜᴇʣʛᴇᴇʥʛװʡ ʪʦʣʠʥʳ 
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ʙʘʡʨʰʠʣ ʜʵʵʨ ʠʨʞ ʙʫʡ ʛʵʨʣʠʡʥ ʵʨʯʤʠʡʛ PDA10D2 ʜʝʪʝʢʪʦʨ ʘʰʠʛʣʘʥ MDO-2072EX 

ʦʩʮʠʣʣʦʩʢʦʧʦʦʨ ʭʵʤʞʩʵʥ (ʍװʩʥʵʛʪ ˉ3). 

ʍϮʩʥʵʛʪ ˉ3 

ɻʵʨʣʠʡʥ ʯʠʛʣʵʣ 

ɻʵʨʣʠʡʥ ʜʘʣʘʡʮ 

( )U ɺ   

1-ʨ ʭʵʤʞʠʣʪ 2-ʨ ʭʵʤʞʠʣʪ 

ɼʦʣʛʠʦʥ ʭʫʚʘʘʛʯʨʫʫ ʠʨʞ ʙʫʡ  6.0 6.0 

ʍᴇʜᴇʣʛᴇᴇʥʪ ʪʦʣʠʨʫʫ ʠʨʞ ʙʫʡ 3.2 3.1  

ʍᴇʜᴇʣʛᴇᴇʥʛװʡ ʪʦʣʠʨʫʫ ʠʨʞ ʙʫʡ 3.3  3.2  
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ʀʅʊɽʈʌɽʈʆɻʈɸʄʓɻ ɹתʈʊɻʕʍ, ʍʋɺʀʈɻɸʍ 

 

ɼʝʪʝʢʪʦʨ 

ʀʥʪʝʨʬʝʨʦʛʨʘʤʳʛ ʙװʨʪʛʵʭʜʵʵ PDA10D2 ʙʦʣʦʥ DET10A2 ʤʘʨʢʳʥ ʜʝʪʝʢʪʦʨʫʫʜʳʛ 

ʘʰʠʛʣʘʩʘʥ. PDA10D2 ʜʝʪʝʢʪʦʨ ʥʴ900 2600ʥʤ- , DET10A2 ʜʝʪʝʢʪʦʨ ʥʴ 200 1100ʥʤ-  

ʤʫʞʠʜ ʤʵʜʨʵʭ ʯʘʜʚʘʨʪʘʡ ʬʦʪʦ ʜʠʦʜʳʛ ʘʛʫʫʣʩʘʥ ʙʘʡʜʘʛ. ʕʜʛʵʵʨ ʜʝʪʝʢʪʦʨʫʫʜrʥ 

ʪʝʭʥʠʢʠʡʥ װʟװװʣʵʣʪʠʡʥ ʪʫʭʘʡ ʭʫʨʘʘʥʛʫʡʣʘʥ ʪʦʜʦʨʭʦʡʣʙʦʣ [30]:   

PDA10D2 ʜʝʪʝʢʪʦʨ 

PDA10D2 ʥʴ 900 2600ʥʤ-  ʤʫʞʠʜ ʛʵʨʣʠʡʛ ʤʵʜʨʵʭ ʟʦʨʠʫʣʘʣʪʪʘʡ ʀʥʜʠʫʤ ʛʘʣʣʠʡʥ 

ʘʨʩʝʥʠʜ ( )InGaAsʜʝʪʝʢʪʦʨ. ʕʥʵʭװװ ʜʝʪʝʢʪʦʨʳʥ ʛʘʨʘʣʪʳʛ 50ʆʤ-ʳʥ ʢʦʘʢʩʠʘʣ ʢʘʙʝʣʘʘʨ 

ʦʩʮʠʣʣʦʩʢʦʧ ʙʦʣʦʥ ʘʥʘʣʦʛ ʪʦʦʥ ʪᴇʭᴇᴇʨᴇʤʞʠʜ ʭʦʣʙʦʥ ʘʰʠʛʣʘʞ ʙʦʣʜʦʛ. ʕʥʵ װʝʜ ʛʘʨʘʣʪʳʥ 

ʭװʯʜʵʣ ʥʴ 0 5ɺ-  ʙʘʡʜʘʛ. ʍʵʨʵʚ ʭװʣʵʵʥ ʘʚʘʭ ʪᴇʭᴇᴇʨᴇʤʞʠʡʥ ʦʨʦʣʪʳʥ ʵʩʵʨʛװװʮʵʣ ʥʴ 50ʆʤ

-ʦʦʩ ʠʭ ʙʦʣ ʜʝʪʝʢʪʦʨʳʥ ʛʘʨʘʣʪʳʥ ʭװʯʜʵʣ ʥʴ 0 10ɺ-  ʙʦʣʜʦʛ. PDA10D2 ʥʴ PIN ʬʦʪʦ ʜʠʦʜ 

ʙʦʣʦʥ ʫʨʚʫʫ ʯʠʛʣʵʣʪʵʡ ʜʦʭʠʦ ᴇʩʛᴇʛʯ ʭʵʣʭʵʵʛ ᴇᴇʨʪᴇᴇ ʙʘʛʪʘʘʩʘʥ ʙʘʡʜʘʛ (ɿʫʨʘʛ 10).  

 
ɿʫʨʘʛ 10. PDA10D2 ʜʝʪʝʢʪʦʨʳʥ ʜʦʪʦʦʜ ʙϮʪʮʠʡʥ ʩʭʝʤ. 

 

ʌʦʪʦʜʠʦʜʳʥ ʤʵʜʨʵʣʪ ʥʴ ᴇʛᴇʛʜʩᴇʥ ʜʦʣʛʠʦʥʳ ʫʨʪʘʜ ʭʘʨʛʘʣʟʘʥ ʜʠʦʜʳʥ װװʩʛʵʩʵʥ 

ʬʦʪʦʛװʡʜʵʣ   PDI  ʙʦʣʦʥ ʪʫʩʩʘʥ ʛʵʨʣʠʡʥ ʵʨʯʤʠʡʥP  ʭʘʨʴʮʘʘʛʘʘʨ ʪʦʜʦʨʭʦʡʣʦʛʜʦʥʦ. 

( ) PDI
R

P
l=     (1.10) 

ʄʵʜʨʵʛʯʠʡʥ ᴇʩʛᴇʣʪ ʥʴ ʛʵʜʨʵʛ ʭʦʣʙʦʦʥʳ ʵʩʵʨʛװװʮʣʵʵʩ Ὑ  ʭʘʤʘʘʨʘʭ ʙʘ ʟʫʨʚʘʩʳʥ 

ᴇʨʛᴇʥ ʥʴ ʜʘʨʘʘʭ ʪʦʤʴy ʦʛʦʦʨ ʠʣʵʨʭʠʡʣʵʛʜʵʥʵ. 

( 3 )
4 F D

GBP
f dB

R Cp
- =

³
 (1.11) 

ʕʥʜ GBP ʥʴ ᴇʩʛᴇʣʪʠʡʥ ʟʫʨʚʘʩʳʥ ᴇʨʛᴇʥ,DC  ʥʴ ʬʦʪʦʜʠʦʜʳʥ ʰʠʣʞʠʣʪʠʡʥ ʙʦʣʦʥ 

ᴇʩʛᴇʛʯʠʡʥ ʙʘʛʪʘʘʤʞʠʡʥ ʥʠʡʣʙʵʨ. 
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ɿʫʨʘʛ 11. PDA10D2 ʜʝʪʝʢʪʦʨʳʥ ʜʦʣʛʠʦʥʳ ʫʨʪʘʘʩ ʭʘʤʘʘʨʩʘʥ ʤʵʜʨʵʭ ʤʫʨʠʡ. 

 

PDA10D2 ʜʝʪʝʢʪʦʨʳʥ ʪʝʭʥʠʢʠʡʥ װʟװװʣʵʣʪʠʡʛ ʍװʩʥʵʛʪ ˉ4-ʜ װʟװװʣʵʚ [31]. 

ʍϮʩʥʵʛʪ ˉ4. 

ʄʵʜʨʵʛʯʠʡʥ ʤʘʪʝʨʠʘʣ ʀʥʜʠʫʤ ʛʘʣʣʠʡʥ ʘʨʩʝʥʠʜ 

ʊʘʣʙʘʡ 21.0 (0.8 )ʥʤ ʤʤÅ  

ɼʦʣʛʠʦʥʳ ʫʨʪ 900 2600ʥʤ-   

ʍʘʤʛʠʡʥ ᴇʥʜᴇʨ ʫʪʛʘʜ ʭʘʨʛʘʣʟʘʭ ʜʦʣʛʠʦʥʳ ʫʨʪ 2300ʥʤ  

ʐʫʫʛʠʘʥʳ װʡʣʯʣʵʭ ʫʪʛʘ (RMS) 2.5ʤɺ  

ɻʘʨʘʣʪʳʥ ʛװʡʜʵʣ 100ʤɸ  

ɸʯʘʘʥʳ ʛʘʨʘʣʪʳʥ ʙװʨʵʥ ʵʩʵʨʛװװʮʵʣ 50  ʆʤ>   

ɻʘʨʘʣʪʳʥ ʭװʯʜʵʣ 0 5 50

0 10 ( 0

)

5

(

)

ɺ ʆʤ

ɺ ʆʤ

-

- >
  

 

DET10A2 ʜʝʪʝʢʪʦʨ 

 DET10A2 ʜʝʪʝʢʪʦʨ ʥʴ 200 1100ʥʤ-  ʭװʨʪʵʣʭ ʛʵʨʣʠʡʥ ʜʦʭʠʦʛ ʭװʣʵʵʥ ʘʚʘʭ 

ʟʦʨʠʫʣʘʣʪʪʘʡ ʮʘʭʠʫʨʘʥ ( )Si  ʜʝʪʝʢʪʦʨ. ʋʛ ʜʝʪʝʢʪʦʨ ʥʴ 12ɺ ʙʘʪʘʨʝʡʛʘʘʨ ʘʞʠʣʣʘʜʘʛ ʪʫʣ 

ʪʵʞʵʵʣʠʡʥ װװʩʛװװʨʵʵʩ ʠʨʵʭ ʰʫʫʛʠʘʥʘʘʩ ʪʫʩʛʘʘʨʣʘʛʜʘʞ ʯʘʜʜʘʛ. DET10A2 ʜʝʪʝʢʪʦʨ ʥʴ 

ʙʘʪʘʨʝʡ ʪʫʫʣʴ ʭʘʤʛʘʘʣʘʣʪʳʥ ʜʠʦʜ, ʭװʯʜʵʣ ʪʦʛʪʚʦʨʞʫʫʣʘʛʯ, RC ʰװװʣʪװװʨ ʙʦʣʦʥ ʬʦʪʦ 

ʜʠʦʜʳʛ ʘʛʫʫʣʩʘʥ ʙʘʡʜʘʛ (ɿʫʨʘʛ 12).   

 DET10A2 ʜʝʪʝʢʪʦʨ ʥʴ ʟʫʨʘʛ 12-ʪ װʟװװʣʩʵʥ ʩʭʝʤʠʡʥ ʜʘʛʫʫ ʛʵʨʣʠʡʛ ʮʘʭʠʣʛʘʘʥ 

ʜʦʭʠʦʥʜ ʭʫʚʠʨʛʘʥʘ. ɼʝʪʝʢʪʦʨʳʥ ʤʵʜʨʵʛʯ ʵʣʝʤʝʥʪ ʥʴ ʛʵʨʣʠʡʛ ʬʦʪʦʛװʡʜʵʣʜ ʭʫʚʠʨʛʘʥʘ. 
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 ʡʜʵʣ ʥʴ ʪʫʩʩʘʥ ʛʵʨʣʠʡʥ ʵʨʯʠʤ ʙʘ ʜʦʣʛʠʦʥʳ ʫʨʪʘʘʩ ʭʘʤʘʘʨʥʘ.  RCװʩʩʵʥ ʬʦʪʦʛװת

ʰװװʣʪװװʨ ʥʴ ʦʨʦʣʪʳʥ ᴇʥʜᴇʨ ʜʘʚʪʘʤʞʠʡʥ ʰʫʫʛʠʘʥʳʛ ʰװװʥʵ. 

 

ɿʫʨʘʛ 12. DET10A2 ʜʝʪʝʢʪʦʨʳʥ ʜʦʪʦʦʜ ʙϮʪʮʠʡʥ ʩʭʝʤ. 

  

 
ɿʫʨʘʛ 13. DET10A2 ʜʝʪʝʢʪʦʨʳʥ ʜʦʣʛʠʦʥʳ ʫʨʪʘʘʩ ʭʘʤʘʘʨʩʘʥ ʤʵʜʨʵʭ ʤʫʨʠʡ. 

DET10A2 ʜʝʪʝʢʪʦʨʳʥ ʪʝʭʥʠʢʠʡʥ װʟװװʣʵʣʪʠʡʛ ʍװʩʥʵʛʪ ˉ5-ʜ װʟװװʣʵʚ. 

ʍϮʩʥʵʛʪ ˉ5. 

ʄʵʜʨʵʛʯʠʡʥ ʤʘʪʝʨʠʘʣ ʎʘʭʠʫʨ 

ʊʘʣʙʘʡ 21.0 (0.8 )ʥʤ ʤʤÅ  

ɼʦʣʛʠʦʥʳ ʫʨʪ 200 1100ʥʤ-   

ʍʘʤʛʠʡʥ ᴇʥʜᴇʨ ʫʪʛʘʜ ʭʘʨʛʘʣʟʘʭ ʜʦʣʛʠʦʥʳ ʫʨʪ 730ʥʤ 

ʍʘʨʘʥʭʫʡʥ ʛװʡʜʵʣ  0.3

  2.5

ɼʫʥʜʘʞ ʥɸ

ʍʘʤʛʠʡʥʠʭ ʥɸ

-

-
  

ʐʠʣʞʠʣʪʠʡʥ ʙʘʛʪʘʘʤʞ 6ʧʢʌ  
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ʍװʯʜʵʣ  10ɺ  

ɻʘʨʘʣʪʳʥ ʛװʡʜʵʣ 0 10ʤɸ-   

 

 DET10A2 ʜʝʪʝʢʪʦʨ ʥ ɹʙʘʪʘʨʝʡʥʘʘʩ ʪʵʞʵʵʛʜʜʵʛ ʪʫʣ ʙʘʪʘʨʝʡʥ ʭװʯʜʵʣʠʡʛ ʭʵʤʞʠʭ 

ʰʘʘʨʜʣʘʛʘʪʘʡ. ɼʵʵʨʭ װʡʣʜʵʣʜ ʟʦʨʠʫʣʩʘʥ ʙʘʪʘʨʝʡ ʰʘʣʛʘʭ ʪʦʚʯʣʫʫʨ ʜʝʪʝʢʪʦʨ ʜʵʵʨ ʙʘʡʭ ʙʘ 

ʪװװʥʠʡʛ ʘʰʠʛʣʘʥ ʛװʡʮʵʪʛʵʥʵ. ʐʘʣʛʘʣʪʳʥ װʨ ʜװʥ ʥʴ ʙʘʪʘʨʝʡʥ ʭװʯʜʵʣʪʵʡ ʭʘʨʛʘʣʟʘʭ 

ʭװʯʜʵʣ ʜʝʪʝʢʪʦʨʳʥ ʛʘʨʘʣʪʘʜ ʛʘʨʥʘ. ʕʥʵ ʥʴ ʜʘʨʘʘʭ ʪʵʛʰʠʪʛʵʣʵʵʨ ʠʣʵʨʭʠʡʣʵʛʜʜʵʛ. 

        aʯʘʘ
ʛʘʨ ʙʘʪ

ʘʯʘʘ ʭʷʟ

R
U U

R R

è ø
= é ù

+ê ú

                                 (1.12) 

ʕʥʜ: ʛʘʨU -ʛʘʨʘʣʪʳʥ ʭװʯʜʵʣ, ʙʘʪU -ʙʘʪʘʨʝʡʥ ʭװʯʜʵʣ, ʘʯʘʘR -ʘʯʘʘʥʳ ʵʩʵʨʛװװʮʵʣ, ʭʷʟR -

ʛװʡʜʣʠʡʥ ʭʷʟʛʘʘʨʣʘʛʯ ʵʩʵʨʛװװʮʵʣ [32]. 

 ɾʠʰʵʵ: 9ʙʘʪU ɺ= , 50ʘʯʘʘR ʆʤ= , 2540ʭʷʟR ʆʤ=  ʙʦʣ 0.17ʙʘʪU ɺº ʙʦʣʥʦ. 

 

 

ɸʥʘʣʦʛ ʪʦʦʥ ʭʫʚʠʨʛʫʫʨ 

 PDA10D2 ʙʦʣʦʥ DET10A2 ʜʝʪʝʢʪʦʨʫʫʜʳʥ ʛʘʨʘʣʪʳʥ ʜʦʭʠʦʥʳ ʭʵʣʙʵʨ ʙʦʣʦʥ 

ʪᴇʚʰʠʥʜ װʥʜʵʩʣʵʥ 0 10ɺ-  ʦʨʦʣʪʪʦʡ ɸʊʍ ʘʰʠʛʣʘʭ ʰʘʘʨʜʣʘʛʘʪʘʡ. ɸʊʍ-ʳʥ  ʦʨʦʣʪʳʥ 

ʩʫʚʘʛ ʥʴ 1-4, 10-16 ʙʠʪʠʡʥ ʪʦʦʥ ʛʘʨʘʣʪʪʘʡ, ʜʦʪʦʦʜ ᴇʩʛᴇʣʪ ʥʴ 1-8, I2C, SPI, RS232, USB 

ʛʵʭ ʤʵʪ ʮʫʚʘʘ ʙʦʣʦʥ 8-16 ʙʠʪʠʡʥ ʟʵʨʵʛʮʵʵ ʜʘʤʞʫʫʣʘʣʪʪʘʡ ʙʘʡʞ ʙʦʣʥʦ [35-36].  

MATLAB ʧʨʦʛʨʘʤ ʜʵʵʨ ɸʊʍ ïʘʘʩ ʜʦʭʠʦ ʭװʣʵʵʥ ʘʚʘʭ ʩʠʤʫʣʷʮʳʛ ʭʠʡʞ 

ʛװʡʮʵʪʛʵʩʵʥ. ʉʠʤʫʣʷʮʠʜ  MCP3428 ʟʘʛʚʘʨʳʥ ʜʝʣʴʪʘ-ʩʠʛʤʘ ɸʊʍ ïr ʥ  12 ʙʠʪʠʡʥ ʪʦʦʥ 

ʛʘʨʘʣʪ, 240SPS ʭʵʤʞʠʣʪʠʡʥ ʭʫʨʜ ʟʵʨʵʛ װʟװװʣʵʣʪװװʜʠʡʛ ʪʦʭʠʨʫʫʣʩʘʥ. ʉʠʤʫʣʷʮʘʘʨ 

900,  1000,  1100,  1200,  1300ʥʤ ʫʨʪʪʘʡ ʜʦʣʛʠʦʥʫʫʜʳʥ ʠʥʪʝʨʬʝʨʦʛʨʘʤ ʙʦʣʦʥ ʪװװʥʵʵʩ 

ʌʫʨʴʝ ʭʫʚʠʨʛʘʣʪ ʘʰʠʛʣʘʥ ʩʧʝʢʪʨʠʡʛ ʛʘʨʛʘʥ ʘʚʩʘʥ (ɿʫʨʘʛ 14). 

   

ɿʫʨʘʛ 14. 900-1300ʥʤ ʠʥʪʝʨʬʝʨʦʛʨʘʤ ʙʦʣʦʥ ʩʧʝʢʪʨʫʫʜ 
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632.8ʥʤ ʜʦʣʛʠʦʥʳ ʫʨʪʪʘʡ ʣʘʟʝʨʳʥ ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʛ ʙװʨʪʛʵʥ ʘʚʘʭʳʥ ʪʫʣʜ 

240SPS ʭʫʨʜʪʘʡ ɸʊʍ ʘʰʠʛʣʘʭ ʪʦʭʠʦʣʜʦʣʜ ʐʍʊ-ʳʥ ʭʫʨʜʳʛ 0.1,  0.01,  0.001ʤʤ ʩʝʢ-

ʵʵʨ ʩʦʥʛʦʭ װʝʜ ʙװʨʪʛʵʥ ʘʚʘʭ ʮʵʛʠʡʥ ʪʦʦʛ ʪʦʜʦʨʭʦʡʣʩʦʥ (ʍװʩʥʵʛʪ ˉ6). 

 ʍϮʩʥʵʛʪ ˉ6 

ʐʍʊ-ʳʥ ʭʫʨʜ         

( )V ʤʤ ʩʝʢ 

ʀʥʪʝʨʬʝʨʦʛʨʘʤʳʥ װʝ 

( )T ʤʣʩʝʢ 

ɸʊʍ- ʥr ʙװʨʪʛʵʭ ʮʵʛʠʡʥ 

ʪʦʦ 

0.001 316.4 76.0 

0.01 31.64 7.6 

0.1 3.164 0.76 

ɼʵʵʨʭ ʭװʩʥʵʛʪʵʵʩ ʭʘʨʘʭʘʜ 240SPS ʭʫʨʜʘʘʨ ᴇʛᴇʛʜʣʠʡʛ ʭʫʚʠʨʛʘʜʘʛ  ɸʊʍ 

ʘʰʠʛʣʘʚʘʣ ʐʍʊ-ʳʛ 0.01ʤʤ ʩʝʢ -ʵʵʩ ʙʘʛʘ ʭʫʨʜʪʘʡ ʭᴇʜᴇʣʛᴇʭ ʰʘʘʨʜʣʘʛʘʪʘʡ ʥʴ ʭʘʨʘʛʜʘʞ 

ʙʘʡʥʘ. 

ɻʵʚʯ ʪʫʨʰʠʣʪʘʘʨ 0.01ʤʤ ʩʝʢ-ʵʵʩ ʙʘʛʘ ʭʫʨʜʘʘʨ ʐʍʊ-ʛ ʭᴇʜᴇʣʛᴇʭ װʝʜ ʜʦʭʠʦʥʳ 

ʰʠʣʞʠʣʪʠʡʥ װʨʛɻʣʞʠʣʩʵʥ ʙʘʡʜʘʣ ʘʣʜʘʛʜʘʞ ʙʘʡʛʘʘ ʥɹ ʘʞʠʛʣʘʛʜʩʘʥ (ɿʫʨʘʛ 15).  

 

ɿʫʨʘʛ 15. 0.01ʤʤ ʩʝʢ-ʵʵʩ ʙʘʛʘ ʭʫʨʜʪʘʡ ʭϺʜϺʣʛϺʭ Ϯʝʜ ϮϮʩʩʵʥ ʘʣʜʘʘ. 

ʊʠʡʤʵʵʩ ʐʍʊ-ʛ 0.01ʤʤ ʩʝʢ-ʵʵʩ ʜʵʵʰ ʭʫʨʜʪʘʡʛʘʘʨ ʭᴇʜᴇʣʛᴇʭ ʙʘ ɸʊʍ ʥʴ 12 

ʙʠʪʠʡʥ 240SPS-ʵʵʩ ʜʵʵʰ ʭʫʨʜʪʘʡ ʙװʨʪʛʜɻʵʛ ʙʘʡʭ ʰʘʘʨʜʣʘʛʘʪʘʡ ʙʘʡʥʘ.  

ʍʵʨʵʚ ʜʦʭʠʦʥʳ ʥʵʛ ʙװʪʵʥ װʝʵʩ ʭʘʤʛʠʡʥ ʙʘʛʘʜʘʘ 20 ʫʪʛʳʛ ʙװʨʪʛʵʥʵ ʛʵʚʵʣ ʜʘʨʘʘʭ 

ʪʦʤɹyʦʛ ʘʰʠʛʣʘʥ ʰʘʘʨʜʣʘʛʘʪʘʡ ɸʊʍ-ʳʥ  ʭʫʨʜʳʛ ʪʦʦʮʦʦʣʥʦ. 

3

20 20
632

31.64 10
SPS SPS

T -
= = =

Ö
   (1.13) 
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ʕʥʜ ʊʥʴ ʜʦʭʠʦʥʳ װʝ ʙʦʣʥʦ. 

ɼʵʵʨʭ ʪʦʦʮʦʦʥʳ װʨ ʜװʥʜ ʐʍʊ-ʳʛ 0.01ʤʤ ʩʝʢ ʭʫʨʜʪʘʡ ʭᴇʜᴇʣʛᴇʭ װʝʜ ɸʊʍ ʥʴ 

ʭʘʤʛʠʡʥ ʙʘʛʘʜʘʘ ʩʝʢʫʥʜʵʜ 632 ʫʪʛʘ ʙװʨʪʛʜɻʵʛ ʙʘʡʭ ʰʘʘʨʜʣʘʛʘʪʘʡ ʙʘʡʥʘ. 

MCP3428 ɸʊʍ ʥʴ 240SPS ʙʫʶʫ ʰʘʘʨʜʘʛʜʘʭ ʭʫʨʜʥʘʘʩ 2.6 ʜʘʭʠʥ ʙʘʛʘ ʪʫʣ 

ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʛ ʙʦʛʠʥʦ ʭʫʛʘʮʘʘʥʜ ʘʣʜʘʘ ʙʘʛʘʪʘʡ ʙװʨʪʛʵʭ ʪʦʭʠʦʣʜʦʣʜ ʘʰʠʛʣʘʭ 

ʙʦʣʦʤʞʛװʡ ʙʘʡʥʘ.  

ɻʵʚʯ 240SPS װʟװװʣʵʣʪʪʵʡ ɸʊʍ-ʳʛ  ʘʰʠʛʣʘʥ ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʛ ʩʵʣʛʵʥ ʙװʨʪʛʵʭʵʜ 

ʰʘʘʨʜʣʘʛʘʪʘʡ ʭʵʤʞʠʣʪʠʡʥ ʪʦʦʛ  ʄɸTLAB ʧʨʦʛʨʘʤ ʜʵʵʨ ʪʦʦʮʦʦʣʩʦʥ. ʊʦʦʮʦʦʥʳ װʨ ʜװʥ 

ʥʴ 8192 ʛʵʞ ʛʘʨʩʘʥ. ʕʥʵ ʥʴ ʥʵʛ ʙװʪʵʥ װʝʠʡʛ ʭʵʤʞʠʭʵʜ 32 ʩʝʢʫʥʜʠʡʥ ʭʫʛʘʮʘʘ 

ʰʘʘʨʜʣʘʛʘʪʘʡ. ʊʦʦʮʦʦʥʳ װʨ ʜװʥʛʠʡʥ ʛʨʘʬʠʢ (ɿʫʨʘʛ 16).  

 

ɿʫʨʘʛ 16. 900-1300ʥʤ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʛ ʭʵʤʞʠʭʵʜ 

ʰʘʘʨʜʣʘʛʘʪʘʡ ʭʵʤʞʠʣʪʠʡʥ ʪʦʦʛ ʪʦʦʮʦʦʣʩʦʥ ʛʨʘʬʠʢ 

 

ɼʵʵʨʭ װʨ ʜװʥʛ ʙʦʜʠʪ ʩʠʩʪʝʤ ʜʵʵʨ ʘʞʠʣʣʫʫʣʘʭʘʜ MCP3428 ɸʊʍ, Arduino Due 

ʤʠʢʨʦʢʦʥʪʨʦʣʣʝʨʳʛ ʘʰʠʛʣʘʭʘʘʨ ʪʦʦʮʦʦʣʦʥ Arduino ʙʦʣʦʥ LabVIEW ʧʨʦʛʨʘʤ ʜʵʵʨ 

ʧʨʦʛʨʘʤʯʠʣʩʘʥ.  

Arduino due ʥʴ 8192 ʰʠʨʭʵʛ 16 ʙʠʪʠʡʥ ʫʪʛʫʫʜʳʛ ʜʘʤʞʫʫʣʘʭ ʰʘʘʨʜʣʘʛʘʪʘʡ ʙʘ 

ʠʥʛʵʭʠʡʥ ʪʫʣʜ ʥʵʤʵʣʪ ʷʣʛʘʭ ʙʘʡʪʫʫʜʳʛ ʥʵʤʩʥʵʵʨ 122880 ʙʘʡʪ-ʳʛ 115200 ʙʠʪ ʩʝʢ 
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ʭʫʨʜʘʘʨ ʜʘʤʞʫʫʣʘʭ ʧʨʦʛʨʘʤ ʙʠʯʠʚ. ʕʥʵ ʭʫʨʜʳʛ ʠʭʵʩʛʵʭ ʰʘʘʨʜʣʘʛʘʪʘʡ. ɿʫʨʘʛ 17-ʜ 

ʧʨʦʛʨʘʤʳʥ ʢʦʜʳʥ ʭʵʩʛʠʡʛ ʭʘʨʫʫʣʘʚ. 

 
ɿʫʨʘʛ 17. Arduino-ʜ ʙʠʯʩʵʥ ʧʨʦʛʨʘʤʳʥ ʢʦʜ 

 

Arduino due-ʘʘʩ ʢʦʤʧʴʶʪʝʨʪ ʠʨʵʭ ʤʵʜʵʵʣʣʠʡʛ ʭװʣʵʵʥ ʘʚʘʭ, ʙʦʣʦʚʩʨʫʫʣʘʭ 

ʧʨʦʛʨʘʤʳʛ LabVIEW-ʜ ʙʠʯʩʵʥ. ʕʥʵ ʧʨʦʛʨʘʤ ʥ ɹʮʫʚʘʘ ʙʘʡʪʘʘʨ ᴇʛᴇʛʜʣʠʡʛ ʭװʣʵʵʥ ʘʚʯ, 

ʟʦʭʠʤʞʪʦʡ ʪʦʦʥ ʫʪʛʘʨʫʫ ʰʠʣʞװװʣʵʥ, ʭʘʜʛʘʣʘʭ ʤᴇʥ ʛʨʘʬʠʢʘʘʨ װʟװװʣʵʭ װװʨɻʛʪʵʡ. ɿʫʨʘʛ 

18-ʜ ʧʨʦʛʨʘʤʳʥ ʢʦʜʳʥ ʭʵʩɻʛ ʙʦʣʦʥ ʠʥʪʝʨʬʝʡʩʠʡʛ ʭʘʨʫʫʣʘʚ. 
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ɿʫʨʘʛ 18. LabVIEW-ʜ ʙʠʯʩʵʥ ʧʨʦʛʨʘʤʳʥ ʠʥʪʝʨʬʝʡʩ ʙʦʣʦʥ ʙʣʦʢ ʜʠʘʛʨʘʤ 

 

ɹʘʛʘ ʭʫʨʜʪʘʡ ɸʊʍ-ʳʛ ʘʰʠʛʣʘʭ ʪʦʭʠʦʣʜʦʣʜ ʜʵʵʨʭ ʰʠʡʜʵʣ ʥʴ ʭʵʨʵʛʣʵʛʜʵʞ ʙʦʣʦʭ 

ʙʦʣʦʚʯ ᴇʥʜᴇʨ ʭʫʨʜʪʘʡ ʪʦʦʮʦʦʣʣʳʥ ʭʵʨʵʛʣʵʵʥʜ ʪʦʭʠʨʦʤʞʛװʡ ʶʤ.  

ᴆʥʜᴇʨ ʭʫʨʜʪʘʡ ʪʦʦʮʦʦʣʣʳʥ װʝʜ ʐʍʊ-ʛ 0.01ʤʤ ʩʝʢ-ʵʵʩ ʜʵʵʰ ʭʫʨʜʘʘʨ ʭᴇʜᴇʣʛᴇʭ 

ʰʘʘʨʜʣʘʛʘʪʘʡ. ʕʥʵ װʝʜ ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʥ ʥʵʛ װʝʠʡʛ ʭʵʤʞʠʭʵʜ 632SPS-ʵʵʩ ʜʵʵʰ ʭʫʨʜʪʘʡ 

ɸʊʍ-ʳʛ ʘʰʠʛʣʘʭ ʰʘʘʨʜʣʘʛʘʪʘʡ ʙʘ AN7606 ɸʊʍ ʥʴ 200kSPS ʭʫʨʜʪʘʡ ʪʫʣ ʜʵʵʨʭ  ʭʫʨʜʳʛ 

ʙװʨʵʥ ʭʘʥʛʘʞ ʙʘʡʥʘ (ɿʫʨʘʛ 19).  
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ɿʫʨʘʛ 19. AD7606 ɸʊʍ-ʳʥ  ʩʭʝʤ. 

 

ɸʊʍ-ʳʥ  ʘʞʠʣʣʘʛʘʘʥʳ ʥʵʥ ʯʫʭʘʣ ʦʡʣʛʦʣʪ ʥʴ ʭװʣʵʵʥ ʘʚʩʘʥ ʜʦʭʠʦʛ ʭʫʚʠʨʛʘʭ 

ʭʫʛʘʮʘʘʥʳ ʜʠʘʛʨʘʤʤ ʙʘʡʜʘʛ (ɿʫʨʘʛ 20). ʍʫʛʘʮʘʘʥʳ ʜʠʘʛʨʘʤʤʳʥ ʜʘʛʫʫ ʫʜʠʨʜʣʘʛʳʥ 

ʜʦʭʠʦʛ ʟᴇʚ ʪʦʭʠʨʫʫʣʩʥʘʘʨ ʘʣʜʘʘʛװʡ װʨ ʜװʥʛ ʭװʣʵʵʥ ʘʚʜʘʛ.  

 

 

ʘ) 
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b) 

ɿʫʨʘʛ 20. AD7606 ɸʊʍ-ʳʥ  ʭʫʛʘʮʘʘʥʳ ʜʠʘʛʨʘʤʤ. a) ʭʫʚʠʨʛʘʣʪ ʭʠʡʩʥʠʡ ʜʘʨʘʘ ʫʥʰʠʣʪʳʛ 

ʛϮʡʮʵʪʛʵʭ, ʙ) ʭʫʚʠʨʛʘʣʪʳʛ ʭʠʡʭ Ϯʝʜ ʫʥʰʠʣʪʳʛ ʛϮʡʮʵʪʛʵʭ. 

 

ɼʵʵʨʭ ʜʠʘʛʨʘʤʤʘʘʩ ʭʘʨʘʭʘʜ RESET ʦʨʦʣʪ ʥʴ ʪʫʭʘʡʥ ɸʊʍ-ʳʥ  ʨʝʛʠʩʪʨװװʜʠʡʥ 

ʫʪʛʳʛ ʘʥʭʥʳ ʫʪʛʘʜ ʦʨʫʫʣʜʘʛ ʦʨʦʣʪ. CONVST A ʙʘ CONVST B ʥʴ ʭʫʚʠʨʛʘʣʪʳʛ ʵʭʣװװʣʜʵʛ 

ʦʨʦʣʪʫʫʜ. CONVST A ʥʴ 1,2,3,4-ʨ ʩʫʚʛʫʫʜʳʥ ʭʫʚʠʨʛʘʣʪʳʛ ʵʭʣװװʣʵʭ ʦʨʦʣʪʫʫʜʳʛ ʭʘʨʠʥ 

CONVST B ʥʴ 5, 6, 7, 8-ʨ ʩʫʚʛʫʫʜʳʥ ʭʫʚʠʨʛʘʣʪʳʛ ʵʭʣװװʣʵʭ ʦʨʦʣʪʫʫʜ ʶʤ. CS ʦʨʦʣʪ ʥʴ 

ʭʫʚʠʨʛʘʩʘʥ ᴇʛᴇʛʜʣʠʡʥ ʜʘʤʞʫʫʣʘʣʪʳʛ ʟᴇʚʰᴇᴇʨʜᴇʛ ʦʨʦʣʪ ʶʤ. ʄᴇʥ BUSY ʛʘʨʘʣʪ ʥʴ ʣʦʛʠʢ 

1 ʙʦʣ ʭʫʚʠʨʛʘʣʪ ʛװʡʮʵʪʛʵʛʜʵʞ ʙʫʡʛ ʭʘʨʫʫʣʥʘ. װתʥʵʵʩ ʛʘʜʥʘ DB[0:15] ʭᴇʣ ʥʴ ᴇʛᴇʛʜʣʠʡʥʭ 

ʙᴇʛᴇᴇʜ ɻ ʜʛʵʵʨ ʭᴇʣᴇᴇʨ ʭʫʚʠʨʛʘʩʘʥ 16 ʙʠʪʠʡʥ ᴇʛᴇʛʜʣʠʡʛ ʭװʣʵʵʥ ʘʚʥʘ.     

ʀʥʪʝʨʬʝʨʦʛʨʘʤʳʥ ʜʦʭʠʦʛ ʙװʨʪʛʵʭʵʜ AN7606 ɸʊʍ-ʪ ʩʫʫʨʠʣʘʥ ʙװʪʵʵʛʜʩʵʥ AN706 

ɸʊʍ-ʳʥ ʤʦʜʫʣʠʡʛ ʘʰʠʛʣʘʩʘʥ (ɿʫʨʘʛ 21).  

AN706 ɸʊʍ-ʳʥ ʤʦʜʫʣʠʡʥ ʪʝʭʥʠʢʠʡʥ װʟװװʣʵʣʪ: 

-  10 ,  5ɺ ɺ° °  ʭʦʸʨ ʪʫʡʣʪ ʘʥʘʣʦʛ ʦʨʦʣʪʪʦʡ, 

- 1Mʆʤ ʦʨʦʣʪʳʥ ʵʩʵʨʛװװʮʵʣʪʵʡ, 

- 12, 14, 16 ʙʠʪʠʡʥ ʭʫʚʠʨʛʘʣʪʪʘʡ, 

- 200kSPS ʭʫʨʜʪʘʡ, 

- ʊʵʞʵʵʣʠʡʥ ʭװʯʜʵʣ5ɺ, 

- 8 ʩʫʚʘʛʪʘʡ. 

 

ɿʫʨʘʛ 21. AN706 ʘʥʘʣʦʛ ʪʦʦʥ ʭʫʚʠʨʛʫʫʨʳʥ ʤʦʜʫʣʴ. 
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ɿʫʨʘʛ 21-ʳʥ ʟװװʥ ʪʘʣʳʥ ʟʫʨʘʛ ʜʵʵʨʭ ʤʠʢʨʦʩʭʝʤ ʥʴ AN7606 ɸʊʍ ʙʦʣʥʦ. ʕʥʵ 

ʤʦʜʫʣʴ ʥʴ AN7606-ʛ ʪʵʞʵʵʭ ʪʵʞʵʵʣʠʡʥ ʭʵʩʵʛ, ʘʞʠʣʣʫʫʣʘʭʘʜ ʰʘʘʨʜʣʘʛʘʪʘʡ ʙʫʩʘʜ 

ʵʣʝʢʪʨʦʥʠʢʠʡʥ ʵʣʝʤʝʥʪװװʜ ʙʦʣʦʥ ʛʘʜʘʘʜ ʪᴇʭᴇᴇʨᴇʤʞʠʡʥ ʦʨʦʣʪ ʛʘʨʘʣʪʫʫʜʳʛ ʙʘʛʪʘʘʩʘʥ 

ʙʘʡʜʘʛ. ʄᴇʥ ʘʥʘʣʦʛ ʜʦʭʠʦʛ ʪʦʦʥ ʭʵʣʙʵʨʪ ʭʫʚʠʨʛʘʥ ʛʘʨʘʣʪʳʥ ᴇʛᴇʛʜʣʠʡʛ 16 ʙʠʪʵʵʨ 

ʟʵʨʵʛʮʵʵʛʵʵʨ ʜʘʤʞʫʫʣʥʘ.         

AN706 ɸʊʍ-ʳʥ ʤʦʜʫʣʴ ʥʴ ALINX AX309 ʇʃʀʉ* ʭʘʚʪʘʥʪʘʡ ʟʦʭʠʮʦʥ ʘʞʠʣʣʘʭ 

ʙʦʣʦʤʞʪʦʡ. ALINX ʙʨʵʥʜʠʡʥ AX309 ʭʘʚʪʘʥ ʥʴ ʭʷʤʜ װʥʵʪʵʡ, ʙʘʛʘ ʯʘʜʣʳʥ XILINX 

SPARTAN-6 ʭᴇʛʞװװʣʵʛʯ ʭʘʚʪʘʥ ʶʤ. ʕʥʵʭװװ ʭʘʚʪʘʥ ʥʴ ʜʘʨʘʘʭ ʙװʨʜʵʣ ʭʵʩʛװװʜʠʡʛ 

ʘʛʫʫʣʜʘʛ. װתʥʜ: 

¶ Xilinx Spartan-6 XC6SLX9 ʇʃʀʉ ʧʨʦʮʝʩʩʦʨ 

¶ On-board JTAG ʧʨʦʛʨʘʤʯʣʘʣʳʥ ʧʦʨʪ 

¶ 256Mʙʠʪ SDRAM ʩʘʥʘʭ ʦʡ 

¶ 64Mʙʠʪ SPI FLASH ʩʘʥʘʭ ʦʡ 

¶ 5000000 pixels OV5640 ʢʘʤʝʨʳʥ ʤʦʜʫʣʠʡʛ ʜʵʤʞʠʭ ʧʦʨʪ 

¶ 4 ʪʦʚʯʣʫʫʨ, 4 LED ʛʵʨʵʣ, 6 7-ʩʝʛʤʝʥʪʠʡʥ ʠʥʜʠʢʘʪʦʨ, 1 ʭʦʥʭ  

¶ 50Mɻʮ ʦʩʮʠʣʣʷʪʦʨ 

¶ RTC ʮʘʛʠʡʥ ʤʦʜʫʣʴ 

¶ 24LC04 EEPROM ʩʘʥʘʭ ʦʡ 

¶ VGA ʤʦʜʫʣʴ 

¶ 1.2 ,  5 ,  3.3ɺ ɺ ɺ ʪʵʞʵʵʣʠʡʥ װװʩʛװװʨ 

¶ On-board USB-RS232 ʤʦʜʫʣʴ 

¶ 2 ʰʠʨʭʵʛ 40 ʭᴇʣʪʵʡ ᴇʨʛᴇʪʛᴇʣʠʡʥ ʧʦʨʪ 

AX309 ʭʘʚʪʘʥ ʥʴ ʭʵʤʞʠʣʪʠʡʛ ʛװʡʮʵʪʛʵʥ, ᴇᴇʨ ʜʵʵʨʵʵ ʭʵʤʞʠʣʪʠʡʥ ʫʪʛʳʛ ʙʫʬʝʨʣʵʥ 

ʭʘʜʛʘʣʥʘ. ʕʜʛʵʵʨ ʫʪʛʳʛ ʢʦʤʧʴʶʪʝʨʪ ʜʘʤʞʫʫʣʥʘ. ɼʵʵʨʭ ʞʘʛʩʘʘʣʪʘʘʩ ʭʘʨʘʭʘʜ ʜʦʪʦʦʜ 

ʩʠʥʭʨʦʥʞʠʭ ʠʤʧʫʣʴʩ ʥʴ 20ʥʩʝʢ-ʳʥ  װʝʪʵʡ. AX309 ʭʘʚʪʘʥʛʳʥ ʭʘʨʘʛʜʘʭ ʙʘʡʜʣʳʛ ɿʫʨʘʛʪ 

22-ʜ װʟװװʣʵʚ. 

 

ɿʫʨʘʛ 22. ALINX AX309 ʇʃʀʉ ʭʘʚʪʘʥ. 

*ʇʃʀʉ ï ʧʨʦʛʨʘʤʯʣʘʛʜʜʘʛ ʣʦʛʠʢ ʠʥʪʝʛʨʘʣ ʩʭʝʤ 
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AX309 ʭʘʚʪʘʥ ʥʴ ʧʨʦʛʨʘʤʯʣʘʛʯ ʭװʩʩʵʥ ʪʦʭʠʨʫʫʣʛʘʘʨ ʘʞʠʣʣʘʭ ʙʦʣʦʤʞʪʦʡ ʊʊL 

ʪװʚʰʥʠʡ 40 ʭᴇʣʪʵʡ ᴇʨʛᴇʪʛᴇʭ ʧʦʨʪʳʛ ʘʛʫʫʣʜʘʛ (ɿʫʨʘʛ 23). ʕʥʵ ʥʴ  ʥʵʤʵʣʪʵʵʨ ɸʊʍ-ʳʛ 

ʭʦʣʙʦʥ ʘʞʠʣʣʫʫʣʘʭ ʙʦʣʦʤʞʠʡʛ ʦʣʛʦʜʦʛ. ʄᴇʥ ʧʨʦʮʝʩʩʦʨ ʥ ɹ ʛʘʜʘʘʜ ʪᴇʭᴇᴇʨᴇʤʞʪʵʡ 

ʟʵʨʵʛʮʵʵ ʘʞʠʣʣʘʭ ʙʦʣʦʤʞʪʦʡ ʥʴ  ʭʫʨʜʪʘʡ ʤʵʜʵʵʣʵʣ ʩʦʣʠʣʮʦʭ ʥᴇʭʮᴇʣʠʡʛ ʙװʨʜװװʣʜʵʛ [36].  

 

ɿʫʨʘʛ 23. 40 ʭϺʣʪʵʡ ϺʨʛϺʪʛϺʭ ʧʦʨʪ. 

 

ʄʕɼʕʕʃʕʃ ɼɸʄɾʋʋʃɸʍ ʀʅʊɽʈʌɽʁʉ 

      ɸʍ309 ʇʃʀʉ-ʠʡʥ ʧʨʦʛʨʘʤ ʥʴ ɸʊʍ-ʳʛ  ʫʥʰʠʭ, ᴇʛᴇʛʜʣʠʡʛ 1 /ʄʙʠʪ ʩʝʢʭʫʨʜʘʘʨ 

ʢʦʤʧʴʶʪʝʨʪ ʜʘʤʞʫʫʣʘʭ ʛʵʩʵʥ ʭʵʩʛװװʜʵʵʩ ʙװʨʜʵʥʵ. ʇʃʀʉ-ʠʡʥ ʧʨʦʛʨʘʤʯʣʘʣʳʛ ISE design 

ʧʨʦʛʨʘʤ ʜʵʵʨ ʙʠʯʩʵʥ (ɿʫʨʘʛ 24) [38]. ʇʨʦʛʨʘʤʳʥ ʜʵʣʛʵʨʵʥʛװʡʛ ʭʘʚʩʨʘʣʪ ˉ2-ʦʦʩ  װʟʥʵ װװ. 

 

 

ɿʫʨʘʛ 24. ISE design ʧʨʦʛʨʘʤ 
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ʍתʃʕʕʅ ɸɺɸʍ ʇʈʆɻʈɸʄ ʍɸʅɻɸʄɾ 

ɸʊʍ ïr ʥ ʜʦʭʠʦʛ ʢʦʤʧʴʶʪʝʨʪ ʦʨʫʫʣʘʥ ʌʫʨʴʝ ʭʫʚʠʨʛʘʣʪ ʭʠʡʞ ʩʧʝʢʪʨʵʵ ʛʘʨʛʘʥ 

ʘʚʥʘ. װתʥʠʡ ʪʫʣʜ ʪʦʦʥ ʜʦʭʠʦʥʜ ʤʘʪʝʤʘʪʠʢ װʡʣʜʵʣ ʭʠʡʭ ʧʨʦʛʨʘʤʳʛ ʧʨʦʛʨʘʤʯʣʘʣʳʥ ʘʣʴ 

ʥʵʛ ʭʵʣ (C++, C#, ʛʵʭ ʤʵʪ)-ʵʵʨ ʘʣʭʘʤ ʙװʨʵʵʨ ʥʴ ʙʠʯʠʭ ʵʩʚʵʣ MATLAB, LabVIEW ʛʵʭ ʤʵʪ 

ʧʨʦʛʨʘʤʫʫʜʳʥ ʙʵʣʵʥ ʬʫʥʢʮװװʜʠʡʛ ʭᴇʛʞװװʣʵʭ ʟʘʤʘʘʨ ʙʦʣʦʚʩʨʫʫʣʞ ʙʦʣʥʦ. LabVIEW 

ʧʨʦʛʨʘʤ ʥʴ ʧʨʦʛʨʘʤʯʣʘʣʳʛ ʭʫʨʜʪʘʡ ʛװʡʮʵʪʛʵʭ, ᴇᴇʨʯʣᴇʣʪ ʭᴇʛʞװװʣʵʣʪʠʡʛ ʭʷʣʙʘʨ ʭʠʡʭ 

ʙʦʣʦʤʞʠʡʛ ʦʣʛʦʜʦʛ. ʀʡʤʜ LabVIEW ʧʨʦʛʨʘʤʳʥ ʙʵʣʵʥ ʬʫʥʢʮװװʜʠʡʛ ʭᴇʛʞװװʣʵʥ 

ᴇᴇʨʩʜʠʡʥ ʠʥʪʝʨʬʝʡʩ ʧʨʦʛʨʘʤʳʛ ʙʠʡ ʙʦʣʛʦʩʦʥ [39].  

ɺʠʨʪʫʘʣʘʘʨ ʜʦʭʠʦ װװʩʛʵʥ ʪװװʥ ʜʵʵʨʵʵ ʭᴇʨʚװװʣʵʣʪ ʭʠʡʭ, ʵʛʰʠʥ ʙװʨʜ ʜʦʭʠʦ ʭװʣʵʵʥ 

ʘʚʘʭ ʧʨʦʛʨʘʤʫʫʜʳʛ ʙʦʣʦʚʩʨʫʫʣʩʘʥ (ɿʫʨʘʛ 25, 26).  

 

 

ɿʫʨʘʛ 25. LabVIEW ʧʨʦʛʨʘʤ ʜʵʵʨ ʭʵʜ ʭʵʜʵʥ ʩʠʥʫʩʦʠʜ ʜʦʣʛʠʦʥʫʫʜʳʛ ʥʵʤʞ, ʌʫʨʴʝ 

ʭʫʚʠʨʛʘʣʪ ʭʠʡʩʵʥ ʙʘʡʜʘʣ. 
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ɿʫʨʘʛ 26. LabVIEW ʧʨʦʛʨʘʤ ʜʵʵʨ ʜʦʭʠʦʛ ʪʫʭʘʡʥ ʘʛʰʠʥʜ ʭϮʣʵʵʥ ʘʚʘʭ ʧʨʦʛʨʘʤ 

ʀʥʪʝʨʬʝʨʦʛʨʘʤʳʛ ʭװʣʵʵʥ ʘʚʯ ʜʵʣʛʵʮʵʜ ʭʘʨʫʫʣʘʭ, ʌʫʨʴʝ ʭʫʚʠʨʛʘʣʪ (ʌʍ) ʭʠʡʞ 

ʩʧʝʢʪʨʠʡʛ ʛʘʨʛʘʭ, װʨ ʜװʥʛ Excel sheet-ʜ ʭʘʜʛʘʣʘʭ ʠʥʪʝʨʬʝʡʩ ʧʨʦʛʨʘʤʳʛ LabVIEW ʜʵʵʨ 

ʙʠʯʩʵʥ (ɿʫʨʘʛ 27).  

 

 

ɿʫʨʘʛ 27. ʀʥʪʝʨʬʝʨʦʛʨʘʤʳʛ ʙϮʨʪʛʵʭ ʧʨʦʛʨʘʤʳʥ ʠʥʪʝʨʬʝʡʩ. 
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ʊʋʈʐʀʃʊ ɹɸ תʈ ɼתʅ 

ʊʋʈʐʀʃʊʓʅ ɹʕʃʊɻʕʃ ɸɾʀʃ 

ʆʧʪʠʢ ʵʣʝʤʝʥʪװװʜʠʡʥ ᴇʥʜᴇʨʰʠʣʠʡʥ ʪᴇʚʰʠʥʛ ʪʵʛʰʠʪʛʵʛʯ ʩʫʫʨʴ [40]. ʉʫʫʨʴ ʥ ɹ

ʵʣʝʤʝʥʪ ʙװʨʜ ᴇᴇʨ ᴇᴇʨ ᴇʥʜᴇʨʪʵʡ ʙʘʡʭ ʸʩʪʦʡʛ ʪʦʦʮʦʦʣʦʥ ʛʘʨʛʘʩʘʥ (ʍװʩʥʵʛʪ ˉ7).  

ʍϮʩʥʵʛʪ ˉ7.  

 ̄ ʆʧʪʠʢ ʵʣʝʤʝʥʪʠʡʥ ʥʵʨ ʉʫʫʨʠʡʥ ᴇʥʜᴇʨ (ʤʤ) 

1 ʅʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ װװʩʛװװʨ 26.25 

2 ʍװʥʭʵʨ ʪʦʣʴ 35.0 

3 ɼʠʘʬʨʘʛʤ 29.0 

4 ʇʘʨʘʙʦʣ ʪʦʣʴ 35.0 

5 ɼʦʣʛʠʦʥ ʭʫʚʘʘʛʯ 41.3 

6 ʐʍʊ+ʪʦʣʴ 0 

7 ɼʝʪʝʢʪʦʨ 35.4 

 

 ʊᴇʭᴇᴇʨᴇʤʞʠʡʥ ʵʣʝʤʝʥʪװװʜ ʙװʨʜ ʪʦʭʠʨʦʭ 3 ʪʵʥʭʣʵʛʪ ʭᴇʜʣᴇʭ ʙʦʣʦʤʞʪʦʡ ʩʫʫʨʠʡʥ 

ʟʘʛʚʘʨʳʛ 3 ʭʵʤʞʵʵʩʵʵʨ FreeCAD ʧʨʦʛʨʘʤ ʜʵʵʨ ʙʦʣʦʚʩʨʫʫʣʩʘʥ. 3 ʪʵʥʭʣʵʛʪ ʭᴇʜʣᴇʭ ʫʯʠʨ 

ʩʫʫʨʠʫʜ ʥʴ ʜʵʵʜ ʙʦʣʦʥ ʜʦʦʜ ʛʵʩʵʥ 2 ʭʵʩʛʵʵʩ ʙװʨʜʵʥʵ. ɼʦʦʜ ʩʫʫʨʴ ʥʴ ʍ ʪʵʥʭʣʵʛʪ, ʜʵʵʜ 

ʭʵʩʵʛ ʥʴ Y  ʪʵʥʭʣʵʛʪ, ʜʵʵʜ ʭʵʩʵʛ ʥʴ ʛʦʣʜʦʦ ʥװʭʪʵʡ ʙʘ Z  ʪʵʥʭʣʵʛʪ ʭᴇʜʣᴇʭ ʙʦʣʦʤʞʪʦʡʛʦʦʨ 

ʵʣʝʤʝʥʪװװʜʪʵʡ ʭʦʣʙʦʛʜʦʭ ʨʝʟʴʙʘʪʘʡ ʪᴇʤᴇʨ ʛʦʣʫʫʜʳʛ ʩʫʫʣʛʘʭʘʘʨ ʪʦʦʮʦʞ ʙʦʣʦʚʩʨʫʫʣʩʘʥ.

  

  

ɿʫʨʘʛ 28. ɻʵʨʣʠʡʥ ϮϮʩʛϮϮʨʠʡʥ ʍ 

ʪʵʥʭʣʵʛʪ ʭϺʜʣϺʭ ʩʫʫʨʴ 

ɿʫʨʘʛ 29. ɻʵʨʣʠʡʥ ϮϮʩʛϮϮʨʠʡʥ Yʙʦʣʦʥ Z  

ʪʵʥʭʣʵʛʪ ʭϺʜʣϺʭ ʜʵʵʜ ʩʫʫʨʴ 

  



35 

 

ɿʫʨʘʛ 30. ʊʦʣʠʥʳ ʍ ʪʵʥʭʣʵʛʪ ʭϺʜʣϺʭ 

ʩʫʫʨʴ 

ɿʫʨʘʛ 31. ʊʦʣʠʥʳ Y  ʙʦʣʦʥ Z  ʪʵʥʭʣʵʛʪ 

ʭϺʜʣϺʭ ʩʫʫʨʴ 

 ɿʫʨʘʛ 30, 31 ʜʵʵʨʭ ʩʫʫʨʠʡʛ ʭװʥʭʵʨ ʪʦʣʴ, ʜʠʘʬʨʘʛʤ, ʧʘʨʘʙʦʣ ʪʦʣʴ, ʜʦʣʛʠʦʥ ʭʫʚʘʘʛʯ, 

ʜʝʪʝʢʪʦʨ ʟʵʨʵʛʪ ʘʰʠʛʣʘʭʘʘʨ ʟʫʨʛʠʡʛ ʛʘʨʛʘʩʘʥ.  

FreeCAD ʧʨʦʛʨʘʤ ʜʵʵʨ ʙʦʣʦʚʩʨʫʫʣʩʘʥ ʟʫʨʛʘʘʨ 3D ʧʨʠʥʪʝʨʵʵʨ ʵʣʝʤʝʥʪװװʜʠʡʛ ʭʵʚʣʵʩʵʥ. 

 

   
ɿʫʨʘʛ 32. ɻʵʨʣʠʡʥ 

ϮϮʩʛϮϮʨʠʡʥ ʜʦʦʜ ʩʫʫʨʴ 

ɿʫʨʘʛ 33. ɻʵʨʣʠʡʥ 

ϮϮʩʛϮϮʨʠʡʥ ʜʵʵʜ ʩʫʫʨʴ 

ɿʫʨʘʛ 34. ɻʵʨʣʠʡʥ 

ϮϮʩʛϮϮʨʠʡʥ ʩʫʫʨʴ 

   
ɿʫʨʘʛ 35. ʊʦʣʠʥʳ ʜʦʦʜ 

ʩʫʫʨʴ 

ɿʫʨʘʛ 36. ʊʦʣʠʥʳ ʜʵʵʜ 

ʩʫʫʨʴ 

ɿʫʨʘʛ 37. ʊʦʣʠʥʳ ʩʫʫʨʴ 

 

 ʍʵʚʣʵʩʵʥ ʩʫʫʨʴ ʜʵʵʨ ʵʣʝʤʝʥʪװװʜʠʡʛ ʙʘʡʨʣʫʫʣʘʥ ʩʠʩʪʝʤʠʡʛ ʫʛʩʘʨʩʘʥ (ɿʫʨʘʛ 38). 

ʕʣʝʤʝʥʪ ʪʫc ʙװʨʠʡʥ ᴇʥʜᴇʨ, ʭʦʦʨʦʥʜʳʥ ʟʘʡʛ ʪʦʭʠʨʫʫʣʘʛʯ ʣʘʟʝʨʘʘʨ ʥʘʨʠʡʥ ʪʦʭʠʨʫʫʣʩʘʥ. 

ʉʧʝʢʪʨʦʤʝʪʨʠʡʥ ʦʧʪʠʢ ʰʠʨʵʵʛ ɼʉʇ* ʭʘʚʪʘʥ ʜʵʵʨ ʜʘʛʫʫ ʙʦʣʦʥ ʪʫʫʰ 5 ʩʤ-ʠʡʥ ʟʘʡʪʘʡ 

ʭʵʤʞʵʵʩ ʛʘʨʛʘʞ ʪʦʨʣʦʥ, ʦʛʪʣʦʣʮʣʳʥ ʮʵʛװװʜ ʜʵʵʨ 6ʤʤ ʜʠʘʤʝʪʨʪʵʡ ʥװʭʵʣʞ ʙʵʣʪʛʵʩʵʥ. 

 

ɿʫʨʘʛ 38. ʕʣʝʤʝʥʪϮϮʜʠʡʛ ʩʫʫʨʠʥ ʜʵʵʨ ʙʘʡʨʣʫʫʣʘʥ ϺʥʜϺʨ,  

ʟʘʡʛ ʪʦʭʠʨʫʫʣʘʥ ʙʘʡʨʣʫʫʣʩʘʥ ʙʘʡʜʘʣ 

 ʉʧʝʢʪʨʦʤʝʪʨ ʙʘʡʨʣʘʭ ᴇʨᴇᴇʥʠʡ ʛʵʨʣʠʡʥ ʰʫʫʛʠʘʥʳʛ ʙʘʛʘʩʛʘʭ ʟʦʨʠʣʛʦʦʨ ʥʘʨʥʳ 

ʛʵʨʵʣ ʥʵʚʪʵʨʜʵʛʛװʡ ʭʘʘʣʪ ʭʠʡʩʵʥ (ɿʫʨʘʛ 39).  
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* ɼʉʇ ï ʤʦʜʥʳ Ϯʨʜʩʠʡʛ ʪʫʩʛʘʡ ʮʘʚʫʫʪʘʡ ʭʦʣʴʞ ʰʘʭʘʞ ʭʵʚʣʵʩʵʥ ʭʘʚʪʘʥ. 

  

ɿʫʨʘʛ 39. ɻʵʨʵʣ ʥʵʚʪʵʨʜʵʛʛϮʡ ʭʘʘʣʪʳʛ ʪʫʨʰʠʣʪʳʥ ϺʨϺϺʥʜ ʙʘʡʨʣʫʫʣʩʘʥ. 

 ɿʫʨʘʛ 38, 39-ʜ װʟװװʣʩʵʥ ʥᴇʭʮᴇʣᴇᴇʨ ʪʫʨʰʠʣʪʳʛ ʷʚʫʫʣʘʭʘʜ ʜʝʪʝʢʪʦʨʪ ʦʨʯʥʳ 

ʰʫʫʛʠʘʥ ʠʭʪʵʡ ʜʦʭʠʦʛ ʭװʣʵʵʥ ʘʚʩʘʥ. ʀʡʤʜ ʩʠʩʪʝʤʠʡʥ ʪʦʛʪʚʦʨʞʠʣʪʳʛ ʭʘʥʛʘʭʳʥ ʪʫʣʜ 

ʣʘʟʝʨʳʥ ʣʘʙʦʨʘʪʦʨʠʡʥ ᴇʨᴇᴇʛ ʌʠʟʠʢ, ʊʝʭʥʦʣʦʛʠʡʥ ʍװʨʵʵʣʵʥʛʠʡʥ 333 ʪʦʦʪʦʜ ʙʘʡʛʫʫʣʩʘʥ 

(ɿʫʨʘʛ 40). ʉʠʩʪʝʤʜ ʥᴇʣᴇᴇʣʞ ʙʫʡ ʦʨʯʥʳ ʮʘʭʠʣʛʘʘʥ ʩʦʨʦʥʟʦʥ ʜʦʭʠʦʥʳ ʰʫʫʛʠʘʥʳʛ 

ʙʘʛʘʩʛʘʭ ʟʦʨʠʣʛʦʦʨ ʌʘʨʘʜʝʡʥ ʪʦʨʳʛ װװʩʛʵʩʵʥ.  

 

ɿʫʨʘʛ 40. ʃʘʟʝʨʳʥ ʪʫʨʰʠʣʪʳʥ ʣʘʙʦʨʘʪʦʨʠ 
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 ɿʵʚʵʨʜʵʛʛװʡ ʛʘʥ ʩʫʫʨʴ, ʩʫʫʨʠʡʛ ʰʠʨʵʵʥʜ ʙʵʭʣʵʭ ʩʦʨʦʥʟʦʥ ʩʫʫʨʴ ʘʰʠʛʣʘʥ, He-Ne 

ʣʘʟʝʨʳʛ ʘʰʠʛʣʘʩʘʥ, FTIR-ʪ ʘʰʠʛʣʘʛʜʘʭ ʄʘʡʢʦʣʴʩʦʥʳ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʡʛ ʫʛʩʨʘʣʪʳʛ 

ʟʫʨʘʛ 41-ʜ, FTIR ʩʠʩʪʝʤʠʡʛ ʫʛʩʨʘʣʪʳʛ  ʟʫʨʘʛ 42-ʜ װʟװװʣʵʚ. 

 

 

ɿʫʨʘʛ 41. ʃʘʟʝʨ ʙʦʣʦʥ ʄʘʡʢʦʣʴʩʦʥʳ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʡʥ ʩʠʩʪʝʤ. 1. He-Ne ʣʘʟʝʨ, 2. 

ʍϮʥʭʵʨ ʪʦʣʴ,  3. ʇʘʨʘʙʦʣ ʪʦʣʴ, 4. ɼʦʣʛʠʦʥ ʭʫʚʘʘʛʯ, 5. ʍϺʜϺʣʛϺϺʥʛϮʡ ʙʘʡʨʣʘʭ ʪʦʣʴ, 6. 

ʐʍʊ- ʜʵʵʨ ʙʘʡʨʣʫʫʣʩʘʥ ʪʦʣʴ, 7. ʇʘʨʘʙʦʣ ʪʦʣʴ 

 

 

ɿʫʨʘʛ 42. FTIR ʩʧʝʢʪʨʦʤʝʪʨʠʡʥ ʵʣʝʤʝʥʪϮϮʜʠʡʛ ʰʠʨʵʵʥʜ ʫʛʩʘʨʩʘʥ ʙʘʡʜʘʣ 
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ʃɸɿɽʈʓʅ ʅʕɻ תתʉɻתתʈʀʁʅ ʀʅʊɽʈʌɽʈʆɻʈɸʄ 

 ʄʘʡʢʦʣʴʩʦʥʳ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʡʥ ʟᴇʚ ʘʞʠʣʣʘʞ ʙʫʡ ʵʩʵʭʠʡʛ ʰʘʣʛʘʭ ʘʨʛʘ ʥʴ 

ʠʥʪʝʨʬʝʨʦʛʨʘʤ ʘʞʠʛʣʘʛʜʘʞ ʙʫʡ ʵʩʵʭ ʶʤ. ʀʡʤʜ He-Ne ʣʘʟʝʨʳʥ ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʥ 

ʩʠʤʫʣʷʮʠʡʛ ʭᴇʜᴇʣʛᴇᴇʥʪ ʪʦʣʴ 0.1 ,0.01 ,0.001ʤʤ ʩʝʢ ʤʤ ʩʝʢ ʤʤ ʩʝʢ ʭʫʨʜʪʘʡ ʙʘʡʭ װʝװʜʵʜ 

ʭʠʡʩʵʥ (ɿʫʨʘʛ 43). 

 

ɿʫʨʘʛ 43. ʍϺʜϺʣʛϺϺʥʪ ʪʦʣʴ ʭʘʨʛʘʣʟʘʥ ʟϮϮʥ ʪʘʣʘʘʩ 

0.1 ,0.01 ,0.001ʤʤ ʩʝʢ ʤʤ ʩʝʢ ʤʤ ʩʝʢ ʭʫʨʜʪʘʡ ʙʘʡʭ Ϯʝʠʡʥ ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʥ ʩʠʤʫʣʷʮ 

 ʄʘʡʢʦʣʴʩʦʥʳ ʠʥʪʝʨʬʝʨʦʤʝʪʨʵʵʩ ʛʘʨʯ ʙʫʡ ʛʵʨʣʠʡʛ ʮʫʣʛʫʡ ʛʘʜʘʨʛʫʫʜ ʪʫʩʛʘʥ 

ʠʥʪʝʨʬʝʨʦʛʨʘʤ װװʩɻʞ ʙʘʡʛʘʘʛ ʰʘʣʛʘʩʘʥ (ɿʫʨʘʛ 44). 

 

ɿʫʨʘʛ 44. ʀʥʪʝʨʬʝʨʦʛʨʘʤʳʥ ʘʞʠʛʣʘʣʪʳʥ ʟʫʨʘʛ. ɿʫʨʚʘʩ ϮϮʩʩʵʥ ʙʘʡʜʘʣ 

 ʉʠʩʪʝʤ ʪʦʭʠʨʩʥʳ ʜʘʨʘʘ ʠʥʪʝʨʬʝʨʦʤʝʪʨʵʵʩ ʛʘʨʯ ʙʫʡ ʛʵʨʣʠʡʛ ʜʝʪʝʢʪʦʨʪ ʪʫʩʛʘʥ 

ʜʦʭʠʦʛ ʦʩʮʠʣʣʦʩʢʦʧʦʦʨ ʘʞʠʛʣʘʩʘʥ (ɿʫʨʘʛ 45). 

   

ɿʫʨʘʛ 45. ʍϺʜϺʣʛϺϺʥʪ ʪʦʣʴ ʭʘʨʛʘʣʟʘʥ ʟϮϮʥ ʪʘʣʘʘʩ 

0.1 ,0.01 ,0.001ʤʤ ʩʝʢ ʤʤ ʩʝʢ ʤʤ ʩʝʢʭʫʨʜʪʘʡ ʙʘʡʭ Ϯʝʠʡʥ ʦʩʮʠʣʣʦʩʢʦʧ ʜʵʵʨʭ 

ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʥ ʜʦʭʠʦʥʳ ʘʞʠʛʣʘʣʪʳʥ ʟʫʨʘʛ. 
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 ɿʫʨʘʛ 43, 45 ïʘʘʩ ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʥ ʩʠʤʫʣʷʮʠʡʥ ʫʪʛʘ ʙʦʣʦʥ ʭʵʤʞʠʣʪʠʡʥ ʫʪʛʫʫʜ 

ʥʴ ʠʞʠʣ ʙʘʡʛʘʘʛ ʭʘʨʞ ʙʦʣʥʦ. 

 NI -LabVIEW ʧʨʦʛʨʘʤʜ ɸʊʍ ï ʳʥ ʜʦʭʠʦʛ ʭװʣʵʵʥ ʘʚʘʭ ʧʨʦʛʨʘʤ ʙʠʯʩʵʥ ʙʘ ʟʫʨʘʛ 

46-ʜ ʧʨʦʛʨʘʤʳʥ ʙʣʦʢ ʩʭʝʤʠʡʛ ʭʘʨʫʫʣʘʚ. ʕʥʵ ʧʨʦʛʨʘʤ ʥ ɹ8.32 ʩʝʢʫʥʜʵʜ 2000 ᴇʛᴇʛʜᴇʣ 

ʭװʣʵʵʥ ʘʚʯ ʜʵʣʛʵʮʵʜ ʛʘʨʛʘʭ, ʮʫʛʣʫʫʣʩʘʥ ᴇʛᴇʛʜʣʠʡʛ Microsoft Office Excel ʧʨʦʛʨʘʤʜ 

ʭᴇʨʚװװʣʵʥ  ʭʘʜʛʘʣʜʘʛ. 

 

ɿʫʨʘʛ 46. LabVIEW ʧʨʦʛʨʘʤ ʜʵʵʨ ʙʠʯʩʵʥ ʜʦʭʠʦ ʭϮʣʵʵʥ ʘʚʘʭ,  

ʙʦʣʦʚʩʨʫʫʣʘʭ ʠʥʪʝʨʬʝʡʩʠʡʥ ʙʣʦʢ ʩʭʝʤ 

 

 ʊʫʭʘʡʥ ʠʥʪʝʨʬʝʡʩ ʜʵʵʨ ʭᴇʜᴇʣʛᴇᴇʥʪ ʪʦʣʴ 0.01ʤʤ ʩʝʢ ʭʫʨʜʪʘʡ ʙʘʡʭ װʝʠʡʥ 

ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʥ ʜʦʭʠʦʛ ʭװʣʵʵʥ ʘʚʩʥʳʛ ɿʫʨʘʛ 47-ʪ װʟװװʣʵʚ. 

 

ɿʫʨʘʛ 47. ʍϺʜϺʣʛϺϺʥʪ ʪʦʣʴ 0.01ʤʤ ʩʝʢ ʭʫʨʜʪʘʡ ʭϺʜʣϺʭ Ϯʝʜ ϮϮʩʵʭ He-Ne ʣʘʟʝʨʳʥ 

ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʛ LabVIEW ʧʨʦʛʨʘʤ ʜʵʵʨ ʭʘʨʫʫʣʩʘʥ ʙʘʡʜʘʣ 
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ʃɸɿɽʈʓʅ ʍʆʉ תתʉɻתתʈʀʁʅ ʀʅʊɽʈʌɽʈʆɻʈɸʄ 

 ʌʫʨʴʝ ʭʫʚʠʨʛʘʣʪʪʘʡ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʩʧʝʢʪʨʦʤʝʪʨʠʡʥ ʪᴇʭᴇᴇʨᴇʤʞʠʡʥ ʭʘʤʛʠʡʥ 

ʛʦʣ ʭʵʩʵʛ ʥʴ ʄʘʡʢʦʣʴʩʦʥʳ ʠʥʪʝʨʬʝʨʦʤʝʪʨ (ʄʀ) ʙʦʣʦʥ ʪװװʛʵʵʨ װװʩʛʵʩʵʥ ʠʥʪʝʨʬʝʨʦʛʨʘʤ 

ʜʦʭʠʦʛ ʟᴇʚ ʙװʨʪʛʵʭ ʙʘʡʜʘʛ.  ʀʡʤʜ  ʠʥʪʝʨʬʝʨʦʛʨʘʤ ʜʦʭʠʦʛ ʙװʨʪʛʵʭ ʪʝʭʥʠʢʠʡʥ ʩʫʜʘʣʛʘʘ, 

ʪʫʨʰʠʣʪʳʛ ʛװʡʮʵʪʛʵʣʵʵ. ʄʀ ʩʠʩʪʝʤʠʡʛ ʭʦʸʨ ʰʠʨʭʵʛ ʜʦʣʛʠʦʥ ʭʫʚʘʘʛʯʪʘʡʛʘʘʨ ʫʛʩʘʨʯ 

632.8 ,  0.8  ʥʤ ʤʣɺʪ (He-Ne ʣʘʟʝʨ) ʙʦʣʦʥ 980 ,  0.3ʥʤ ʤʣɺʪ (ʭʘʛʘʩ ʜʘʤʞʫʫʣʘʛʯ ʣʘʟʝʨ) 

ʜʦʣʛʠʦʥʳ ʫʨʪʪʘʡ ʣʘʟʝʨʳʥ װװʩʛװװʨװװʜʠʡʛ ʘʰʠʛʣʘʥ ʪʫʨʰʩʘʥ. ʊʫʨʰʠʣʪʘʜ ʘʰʠʛʣʘʩʘʥ 

ʣʘʟʝʨʳʥ ʮʘʮʨʘʛʫʫʜʳʥ ʥʠʡʣʤʵʣ ʜʦʭʠʦʥʳ ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʛ MATLAB ʧʨʦʛʨʘʤ ʘʰʠʛʣʘʥ 

ʟʘʛʚʘʨʯʠʣʩʘʥ (ɿʫʨʘʛ 48). 

 

ɿʫʨʘʛ 48. ʅʠʡʣʤʵʣ ʜʦʭʠʦʥʳ ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʥ ʟʘʛʚʘʨʯʣʘʣʳʥ Ϯʨ ʜϮʥ 

 ʃʘʟʝʨʳʥ ʮʘʮʨʘʛʫʫʜʳʛ ʵʭʥʠʡ ʜʦʣʛʠʦʥ ʭʫʚʘʘʛʯʠʡʥ ʥʵʚʪʨװװʣʵʭ ʙʦʣʦʥ ʦʡʣʛʦʭ 

ʯʘʜʚʘʨʳʛ ʘʰʠʛʣʘʥ ʥʵʛʪʛʵʞ ʭʦʸʨ ʜʘʭɹ ʜʦʣʛʠʦʥ ʭʫʚʘʘʛʯʘʘʨ ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʥ ʜʦʭʠʦʛ 

 ʨʪʛʵʭ ʄʀ-ʠʡʥ ʩʠʩʪʝʤʠʡʛ ʫʛʩʘʨʯװʥʠʡʛʵʵ ʢʦʤʧʴʶʪʝʨʪ ʙװװʣʵʵʥ ʘʚʯ ʪװʩʛʵʥ  ʜʝʪʝʢʪʦʨʪ ʭװװ

ʪʫʨʰʩʘʥ (ɿʫʨʘʛ 49). 

 

ɿʫʨʘʛ 49. ʃʘʟʝʨʳʥ ʭʦʩ ϮϮʩʛϮϮʨ ʙϮʭʠʡ ʄʀ-ʠʡʥ ʩʠʩʪʝʤʠʡʥ ʟʘʛʚʘʨ 
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ɿʫʨʘʛ 50. ʊʫʨʰʠʣʪʘʜ ʘʰʠʛʣʘʩʘʥ ʄʀ-ʠʡʥ ʩʠʩʪʝʤ  

1) He-Ne ʣʘʟʝʨ 2) ʜʠʘʬʨʘʛʤ 3) ʍʘʛʘʩ ʜʘʤʞʫʫʣʘʛʯʠʡʥ ʣʘʟʝʨ 4,5) ʜʦʣʛʠʦʥ ʭʫʚʘʘʛʯ  

6) ʭϺʜϺʣʛϺϺʥʛϮʡ ʪʦʣʴ 7) ʭϺʜϺʣʛϺϺʥʪ ʪʦʣʴ 8) ʐʍʊ-ʠʡʥ ʫʜʠʨʜʣʘʛʘ       

9) ɼʝʪʝʢʪʦʨ 10) AN706 ɸʊʍ-ʳʥ ʤʦʜʫʣʴ, ANX309 ʇʃʀʉ ʭʘʚʪʘʥ 

 

 ʃʘʟʝʨʳʥ ʮʘʮʘʨʛʫʫʜʳʥ ʜʝʪʝʢʪʦʨʪ ʠʨʵʭ ʵʨʯʤʠʡʛ ʭʵʤʞʠʭʵʜ He-Ne ʣʘʟʝʨʳʥ ʵʨʯʠʤ 

ʥʴ ʭʘʛʘʩ ʜʘʤʞʫʫʣʘʛʯʠʡʥ ʣʘʟʝʨʳʥ  ʵʨʯʤʵʵʩ ʠʭ ʙʘʡʩʘʥ ʪʫʣ ʙʫʫʨʫʫʣʘʭ ʟʦʨʠʣʛʦʦʨ 

ʜʠʘʬʨʘʛʤʳʛ (ʟʫʨʘʛ 49.2) ʘʰʠʛʣʘʩʘʥ. ʀʥʪʝʨʬʝʨʦʛʨʘʤʳʥ ʜʦʭʠʦʛ DET10A2 ʬʦʪʦ-ʜʝʪʝʢʪʦʨʪ 

(ɿʫʨʘʛ 49.9) ʭװʣʵʵʥ ʘʚʩʥʳ ʜʘʨʘʘʛʘʘʨ AD7606 ʘʥʘʣʦʛ-ʪʦʦʥ ʭʫʚʠʨʛʫʫʨ (ɸʊʍ) ʙװʭʠʡ AN706 

ʤʦʜʫʣʠʡʛ ʘʰʠʛʣʘʥ ʭᴇʨʚװװʣʵʣʪ ʭʠʡʥ ʪʦʦʥ ʜʦʭʠʦ ʙʦʣʛʦʥ ʭʫʚʠʨʛʘʞ AX309 ʇʃʀʉ 

ʭʘʚʪʘʥʛʘʘʨ ʜʘʤʞʫʫʣʘʥ  ʢʦʤʧʴʶʪʝʨʪ ʙװʨʪʛʵʩʵʥ. 

 ʍʦʸʨ ʣʘʟʝʨʳʥ ʥʠʡʣʤʵʣ ʮʘʮʨʘʛʠʡʥ ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʛ ʙװʨʪʛʵʩʵʥ ʪʫʨʰʠʣʪʳʥ װʨ ʜװʥ 

(ɿʫʨʘʛ 51). ɹװʨʪʛʵʛʜʩʵʥ ʜʦʭʠʦʥʜ ʌʍ ʭʠʡʥ ʩʧʝʢʪʨʠʡʛ ʭʘʨʘʭʘʜ ʭװʣʵʵʥ ʘʚʩʘʥ ʜʦʭʠʦʥʜ 

ʭᴇʥʜʣᴇʥʛʠʡʥ ʥʘʤ ʜʘʚʪʘʤʞʠʡʥ ʰʫʫʛʠʘʥ ʙʫʶʫ 50 ɻʮ ʦʨʯʤʳʥ ʰʫʫʛʠʘʥʳ ʠʭ ʙʘʡʩʘʥ. ʀʡʤʜ 

ʙװʨʪʛʵʩʵʥ ʜʦʭʠʦʛ ʥʘʤ ʜʘʚʪʘʤʞʠʡʥ ʰװװʣʪװװʨ ʜʘʤʞʫʫʣʘʥ  ʌʍ ʭʠʡʥ ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʥ 

ʩʧʝʢʪʨʠʡʛ ʛʘʨʛʘʥ ʘʚʩʘʥ (ɿʫʨʘʛ 52). 

 

ɿʫʨʘʛ 51. ʊʫʨʰʠʣʪʘʘʨ ʙϮʨʪʛʵʩʵʥ ʭʦʸʨ ʣʘʟʝʨʳʥ ʥʠʡʣʤʵʣ ʮʘʮʨʘʛʠʡʥ ʠʥʪʝʨʬʝʨʦʛʨʘʤ 
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ʘ) 

 

ʙ) 

ɿʫʨʘʛ 52. ʍʦʩ ʣʘʟʝʨʳʥ ʠʥʪʝʨʬʝʨʦʛʨʘʤ ʙʦʣʦʚʩʨʫʫʣʘʣʪʳʥ Ϯʨ ʜϮʥ ʘ) ʅʘʤ ʜʘʚʪʘʤʞʠʡʥ 

ʰϮϮʣʪϮϮʨʵʵʨ ʦʨʩʦʥ ʠʥʪʝʨʬʝʨʦʛʨʘʤ, ʙ) ʐϮϮʩʵʥ ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʥ ʩʧʝʢʪʨ 

 

 ʊʫʨʰʠʣʪʳʥ װʨ ʜװʥʛʵʵʩ ʭʘʨʘʭʘʜ ʫʛʩʘʨʩʘʥ ʄʀ ʩʠʩʪʝʤ ʥʴ ʟᴇʚ ʘʞʠʣʣʘʞ ʙʘʡʛʘʘʛ 2 

ʷʥʟʘʘʨ װʥʵʣʩʵʥ. ɼʵʵʨʭ װʨ ʜװʥʛװװʜʵʵʩ ʭʘʨʘʭʘʜ ʟʘʛʚʘʨʯʣʘʣ ʙʦʣʦʥ ʪʫʨʰʠʣʪʘʘʨ ʛʘʨʛʘʥ ʘʚʩʘʥ 

ʠʥʪʝʨʬʝʨʦʛʨʘʤʫʫʜ ʥʴ ʭʵʣʙʵʨ ʙʦʣʦʥ ʙװʪʮʠʡʥ ʭʫʚʴʜ ʪʦʭʠʨʯ ʙʘʡʥʘ.  ʄᴇʥ ʪʫʨʰʠʣʪʘʘʨ 

ʙװʨʪʛʵʩʵʥ ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʥ ʩʧʝʢʪʨʠʡʥ ʦʨʛʠʣʫʫʜ ʥʴ 634.3ʥʤ ʙʦʣʦʥ 984.2ʥʤ ʜʵʵʨ 

ʛʘʨʩʘʥ. ʍʵʤʞʠʣʪʠʡʥ ʘʣʜʘʘ ʥʴ ʪʫʩ ʙװʨ 0,237% ʙʦʣʦʥ 0,428% ʙʘʡʛʘʘ ʥʴ ʫʛʩʘʨʩʘʥ ʄʀ 

ʩʠʩʪʝʤ ʜʦʭʠʦʛ ʘʣʜʘʘ ʙʘʛʘʪʘʡ ʙװʨʪʛʵʞ ʙʫʡʛ ʙʘʪʣʘʭ ʙʘ ʮʘʘʰʠʜ ʫʛ ʄʀ ʩʠʩʪʝʤʠʡʛ ʌʍ 

ʩʧʝʢʪʨʦʤʝʪʨװװʜ ʙʦʣʦʥ ᴇᴇʨ ʢʦʥʬʠʛʫʨʘʮʠʫʜʘʜ ʘʰʠʛʣʘʭ ʙʦʣʦʤʞʪʦʡʛ ʭʘʨʫʫʣʩʘʥ. 

 FTIR ʙʘʛʘʞʠʡʥ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ װװʩʛװװʨʵʵʨ ᴇᴇʨ ᴇᴇʨ ʛʵʨʣװװʜʠʡʛ ʘʰʠʛʣʘʞ 

ʪʫʨʰʠʣʪ ʭʠʡʩʵʥ. ʕʭʥʠʡ ʪʦʭʠʦʣʜʦʣʜ ʙʠʜʥʠʡ ᴇʜᴇʨ ʪʫʪʤʳʥ ʘʤʴʜʨʘʣʜʘʘ ʭʵʨʵʛʣʵʜʵʛ 

ʫʣʘʡʩʜʘʛ ʣʘʤʧ ʥʴ ᴇᴇʨᴇᴇʩᴇᴇ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʛ ʮʘʮʘʨʛʘʜʘʛ ʫʯʠʨ ʪʫʨʰʠʣʪʘʜ 8 ,  20ɺ ɺʪ-ʳʥ  

ʣʘʤʧʳʛ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘ ʥʵʚʪʨװװʣʵʭ ʬʠʣʴʪʨʠʡʥ ʭʘʤʪ ʘʰʠʛʣʘʩʘʥ (ɿʫʨʘʛ 53). ʍʦʸʨ ʜʫʛʘʘʨʪ 

12 ,  60ɺ ɺʪ -ʳʥ  ʛʘʣʦʛʝʥ ʣʘʤʧ ʙʦʣʦʥ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘ ʥʵʚʪʨװװʣʵʭ ʬʠʣʴʪʨ ʘʰʠʛʣʘʥ ʥʠʣ 

ʫʣʘʘʥ ʪʫʷʘʥʳ ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʛ ʛʘʨʛʘʥ ʘʚʘʭ ʪʫʨʰʠʣʪ ʭʠʡʩʵʥ (ɿʫʨʘʛ 54).  
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ɿʫʨʘʛ 53. ɻʵʨʣʠʡʥ ϮϮʩʛϮϮʨʠʡʥ ʵʭʥʠʡ ʪʫʨʰʠʣʪ. 

 

 

ɿʫʨʘʛ 54. ɻʘʣʦʛʝʥ ʣʘʤʧ ʙʦʣʦʥ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʰϮϮʣʪϮϮʨʠʡʥ ʟʫʨʘʛ. 

 ʍʦʸʨ ʪʦʭʠʦʣʜʦʣʜ ʘʣʴ ʘʣʠʥʜ ʬʠʣʴʪʨʵʵʩ ʛʘʨʘʭ ʛʵʨʣʠʡʥ ʵʨʯʠʤ ʥʴ ʭʵʪ ʙʘʛʘ ʙʘʡʩʘʥ 

ʫʯʨʘʘʩ ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʥ ʜʦʭʠʦʛ ʛʘʨʛʘʥ ʘʚʯ ʯʘʜʘʘʛװʡ.  

 ʅʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʤʫʞʠʡʥ PDA10D2 ʤʵʜʨʵʛʯ ʥʴ 220 12ɺ ɺ­°  ʪʵʞʵʵʣʠʡʥ 

ʭʫʚʠʨʛʘʛʯʘʘʨ ʪʵʞʵʵʛʜʜʵʛ ʙʘ ʪʵʞʵʵʣʠʡʥ ʭʫʚʠʨʛʘʛʯʠʡʥ ʰʫʫʛʠʘʥ ʥʴ ʛʘʨʘʣʪʳʥ ʜʦʭʠʦʥʜ 

ʥᴇʣᴇᴇʣʞ ʙʘʡʩʘʥ. ʀʡʤʵʵʩ 12ɺ°  Li -ion ʙʘʪʘʨʝʡʥ ʩʠʩʪʝʤʠʡʛ ʫʛʩʘʨʯ ʤʵʜʨʵʛʯʠʡʛ ʪʵʞʵʵʞ 

ʪʫʨʰʩʘʥ.  

 

ɿʫʨʘʛ 55. Ñ12ɺ Li-ion ʙʘʪʘʨʝʡʥ ʭʦʣʙʦʣʪ 
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ɼתɻʅʕʃʊ 
  

 ʃʘʟʝʨʳʥ ʩʧʝʢʪʨʦʩʢʦʧʳʥ ʪʝʭʥʦʣʦʛʠʡʥ ʩʫʜʘʣʛʘʘ ʩʫʫʨʴ ʩʫʜʘʣʛʘʘʥʳ ʪᴇʩʣʠʡʥ 

ʭװʨʵʵʥʜ ʄʘʡʢʦʣʴʩʦʥʳ ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʜʵʵʨ ʩʫʫʨʠʣʩʘʥ ʌʫʨʴʝ ʭʫʚʠʨʛʘʣʪʪʘʡ 

ʩʧʝʢʪʨʦʤʝʪʨʠʡʥ ʪᴇʭᴇᴇʨᴇʤʞʠʡʥ ʦʧʪʠʢ ʩʠʩʪʝʤʠʡʥ ʪʦʦʮʦʦʛ ʭʠʡʥ, ʪʝʭʥʠʢʠʡʥ 

ʰʠʡʜʣʠʡʛ ʙʦʣʦʚʩʨʫʫʣʘʥ, ʟʘʛʚʘʨʳʛ ʫʛʩʘʨʯ ʪʫʨʰʩʘʥ.  

 ʉʧʝʢʪʨʦʤʝʪʨʠʡʥ ʪᴇʭᴇᴇʨᴇʤʞʠʡʥ ʛʵʨʣʠʡʥ װװʩʛװװʨʠʡʥ ʜʦʣʛʠʦʥʳ ʫʨʪʘʜ 

ʥʠʡʮװװʣʵʥ ʭᴇʜᴇʣʛᴇᴇʥʪ ʟʘʤʳʛ ʫʜʠʨʜʘʭ, ʜʝʪʝʢʪʦʨʳʥ ʛʘʨʘʣʪʳʥ ʘʥʘʣʦʛ ʜʦʭʠʦʛ 

ʭʫʚʠʨʛʘʥ ʢʦʤʧʴʶʪʝʨʪ ʭװʣʵʵʥ ʘʚʯ, ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʛ ʜʵʣʛʵʮʵʜ ʜװʨʩʣʵʭ, ʩʧʝʢʪʨʠʡʛ 

ʙʘʡʛʫʫʣʘʭ, ᴇʛᴇʛʜʣʠʡʛ ʭʘʜʛʘʣʘʭ ʘʣʛʦʨʠʪʤʳʛ ʙʦʣʦʚʩʨʫʫʣʘʥ ʭʵʨʵʛʣʵʛʯʠʡʥ 

ʧʨʦʛʨʘʤʳʥ ʠʥʪʝʨʬʝʡʩʠʡʛ ʙװʪʵʵʩʵʥ. 

 ʋʛ ʘʞʣʘʘʨ ʄʘʡʢʦʣʴʩʦʥʳ ʠʥʪʝʨʬʝʨʦʤʝʪʨʵʵʩ ʛʘʨʯ ʙʫʡ ʠʥʪʝʨʬʝʨʦʛʨʘʤʳʥ 

ʜʦʭʠʦʛ ʙװʨʪʛʵʭ, ʭʫʚʠʨʛʘʭʘʜ ʰʘʘʨʜʣʘʛʘʪʘʡ ʩʫʜʘʣʛʘʘ, ʪʦʦʮʦʦ ʙʦʣʦʥ ʪʫʨʰʠʣʪʳʥ װʨ 

ʜװʥʛʵʵʨ ʵʨʜʵʤ ʰʠʥʞʠʣʛʵʵʥʠʡ ʭʫʨʣʫʫʜʘʜ 3 ʠʣʪʛʵʣ ʭʵʣʵʣʮװװʣʵʥ, ʵʨʜʵʤ 

ʠhʥʞʠʣʛʵʵʥʠʡ 3 ᴇʛװװʣʵʣ ʭʵʚʣװװʣʞ, ʣʘʟʝʨʳʥ (632.8 ,  0.8ʥʤ ʤʣɺʪ ʙʦʣʦʥ 

980 ,0.3ʥʤ ʤʣɺʪ ) ʭʦʸʨ װװʩʛװװʨ ʙװʭʠʡ ʄʘʡʢʦʣʴʩʦʥʳ ʠʥʪʝʨʬʝʨʦʤʝʪʨʪ ʩʫʫʨʠʣʩʘʥ 

ʩʧʝʢʪʨʦʤʝʪʨʠʡʥ ʪᴇʭᴇᴇʨᴇʤʞ ñʍʦʩ ʣʘʟʝʨʳʥ ʩʧʝʢʪʨʦʤʝʪʨ RED2ò -ʛ ʟʦʭʠʦʥ 

ʙװʪʵʵʩʵʥ.  

 ʄᴇʥ ʪᴇʩʣʠʡʥ ʭװʨʵʵʥʜ ʣʘʟʝʨʳʥ ʪʫʨʰʠʣʪʳʥ ʣʘʙʦʨʘʪʦʨʠʡʛ ʌʠʟʠʢ, 

ʪʝʭʥʦʣʦʛʠʡʥ ʭװʨʵʵʣʵʥ ʜʵʵʨ ʙʘʡʛʫʫʣʩʘʥ. 

 ʕʥʵʭװװ ʩʫʜʘʣʛʘʘʥʳ ʘʞʠʣ ʥʴ  ʩʧʝʢʪʨʦʤʝʪʨʠʡʥ ʜʦʭʠʦʛ ʙװʨʪʛʵʭ, ʭʫʚʠʨʛʘʭ 

ʘʞʣʳʥ ʪʦʦʮʦʦ, ʪʝʭʥʠʢʠʡʥ ʰʠʡʜʣʠʡʥ ʵʭʣʵʣ ʩʫʫʨʴ ʙʦʣʩʦʥ ʛʵʞ װʟʵʞ ʙʘʡʛʘʘ ʙᴇʛᴇᴇʜ 

ʮʘʘʰʠʜ ʫʛ ʩʫʜʘʣʛʘʘʛ ʛװʥʟʛʠʡʨװװʣʵʥ ʷʚʫʫʣʘʭ ʰʘʘʨʜʣʘʛʘʪʘʡ ʙʘʡʥʘ. 
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ʍɸɺʉʈɸʃʊ 1 

ʊᴇʩʣʠʡʥ ʭװʨʵʵʥʜ ʭʵʚʣʵʛʜʩʵʥ ʵʨʜʵʤ  ʰʠʥʞʠʣʛʵʵʥʠʡ ᴇʛװװʣʣװװʜ: 
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