
ȷɕɋɐɘɖɆɑɢɓɡɏ ɆɓɆɑɎɍ 
Ɏ ɗɎɓɘɋɍ 

ȼɎɚɖɔɈɔɏ ɍɈəɐ Ɏ ɈɎɊɋɔ 

ȱɋɐɜɎɥ 2 



ȦɓɆɑɎɍ Ɏ ɗɎɓɘɋɍ Ⱥəɖɢɋ 

Âɕɖɔɜɋɗɗ ɖɆɍɑɔɌɋɓɎɥ ɗɑɔɌɓɔɉɔ 
ɕɋɖɎɔɊɎɝɋɗɐɔɉɔ ɗɎɉɓɆɑɆ ɓɆ ɕɖɔɗɘɡɋ 
ɉɆɖɒɔɓɎɝɋɗɐɎɋ ɗɔɗɘɆɈɑɥɤɟɎɋ 
ɓɆɍɡɈɆɋɘɗɥ ɆɓɆɑɎɍɔɒ Ⱥəɖɢɋ ɎɑɎ 
ɗɕɋɐɘɖɆɑɢɓɡɒ ɆɓɆɑɎɍɔɒ 

ÂɔɇɖɆɘɓɡɏ ɕɖɔɜɋɗɗ ï 
ɐɔɓɗɘɖəɎɖɔɈɆɓɎɋ ɗɑɔɌɓɔɉɔ ɍɈəɐɆ ɕɔ 
ɋɉɔ ɉɆɖɒɔɓɎɝɋɗɐɎɒ ɗɔɗɘɆɈɑɥɤɟɎɒ 
ɓɆɍɡɈɆɋɘɗɥ ɗɎɓɘɋɍɔɒ Ⱥəɖɢɋ 
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ȷɕɋɐɘɖ 

ÂɗɕɋɐɘɖɆɑɢɓɔɋ ɖɆɗɕɖɋɊɋɑɋɓɎɋ ɣɓɋɖɉɎɎ 
ï ɔɕɎɗɆɓɎɋ ɍɆɈɎɗɎɒɔɗɘɎ 
ɎɓɘɋɓɗɎɈɓɔɗɘɎ ɗɈɋɘɆ, ɎɗɛɔɊɥɟɋɉɔ ɔɘ 
ɔɘɊɋɑɢɓɡɛ ɎɗɘɔɝɓɎɐɔɈ, ɔɘ ɊɑɎɓɡ 
Ɉɔɑɓɡ 
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ȸɋɔɖɋɒɆ Ⱥəɖɢɋ 

Âçɑɤɇɔɋ ɕɋɖɎɔɊɎɝɋɗɐɔɋ ɐɔɑɋɇɆɓɎɋ, 
ɐɆɐɔɏ ɇɡ ɗɑɔɌɓɔɗɘɎ ɔɓɔ ɓɎ ɇɡɑɔ, 
ɒɔɌɋɘ ɇɡɘɢ ɕɖɋɊɗɘɆɈɑɋɓɔ Ɉ ɈɎɊɋ 
ɗəɒɒɡ ɕɖɔɗɘɡɛ ɐɔɑɋɇɆɓɎɏ, ɝɢɎ 
ɝɆɗɘɔɘɡ ɥɈɑɥɤɘɗɥ ɉɆɖɒɔɓɎɐɆɒɎ 
ɔɗɓɔɈɓɔɉɔ ɘɔɓɆ (ɚəɓɊɆɒɋɓɘɆɑɢɓɔɏ 
ɝɆɗɘɔɘɡ), Ɇ ɆɒɕɑɎɘəɊɡ Ɏ ɚɆɍɡ 
ɖɆɗɗɝɎɘɡɈɆɤɘɗɥ ɕɔ ɔɕɖɋɊɋɑɋɓɓɔɒə 
ɍɆɐɔɓəè 
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ȲɆɘɋɒɆɘɎɝɋɗɐɎɏ ɆɕɕɆɖɆɘ 

ÂɈ ɍɆɈɎɗɎɒɔɗɘɎ ɔɘ ɘɎɕɆ ɗɎɉɓɆɑɆ 
ɗɕɋɐɘɖɆɑɢɓɡɏ ɆɓɆɑɎɍ Ɏɗɕɔɑɢɍəɋɘ:  

ïɖɥɊ Ⱥəɖɢɋ Ɋɑɥ ɕɋɖɎɔɊɎɝɋɗɐɎɛ ɗɎɉɓɆɑɔɈ 

ïɎɓɘɋɉɖɆɑ Ⱥəɖɢɋ Ɋɑɥ ɓɋɕɋɖɎɔɊɎɝɋɗɐɎɛ 
ɗɎɉɓɆɑɔɈ 

ïɊɎɗɐɖɋɘɓɔɋ ɕɖɋɔɇɖɆɍɔɈɆɓɎɋ Ⱥəɖɢɋ 
(ȪȵȺ) Ɋɑɥ ɜɎɚɖɔɈɡɛ ɗɎɉɓɆɑɔɈ 

ïɇɡɗɘɖɔɋ ɕɖɋɔɇɖɆɍɔɈɆɓɎɋ Ⱥəɖɢɋ (ȧȵȺ) 
Ɋɑɥ ɜɎɚɖɔɈɡɛ ɗɎɉɓɆɑɔɈ 
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ȶɥɊ Ⱥəɖɢɋ 

ÂȵɋɖɎɔɊɎɝɋɗɐɎɏ ɊɋɘɋɖɒɎɓɎɖɔɈɆɓɓɡɏ 
ɗɎɉɓɆɑ, ɔɘɈɋɝɆɤɟɎɏ əɗɑɔɈɎɤ   
s(t) = s(t + T),  ɒɔɌɋɘ ɇɡɘɢ 
ɕɖɋɊɗɘɆɈɑɋɓ Ɉ ɈɎɊɋ ɖɥɊɆ Ⱥəɖɢɋ:  

 

 

ɉɊɋ Ȓ0 = 2 /T 
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ȰɔɣɚɚɎɜɎɋɓɘɡ Ⱥəɖɢɋ 

ÂȦɒɕɑɎɘəɊɡ ɉɆɖɒɔɓɎɝɋɗɐɎɛ 
ɗɔɗɘɆɈɑɥɤɟɎɛ ɖɥɊɆ ɔɕɖɋɊɋɑɥɤɘɗɥ 
ɕɔ ɗɑɋɊəɤɟɎɒ ɚɔɖɒəɑɆɒ: 

 

 

 

 

ɉɊɋ Ȓ0 = 2 /T 

7 



 ɋxɗɐɔɓɋɝɓɡɏ ɖɥɊ Ⱥəɖɢɋ 

Â˾Ύ͒ ̅ͯͪΈ͔ ͣͦ͗ͤͦ ͙͊ͨͫ͊ͭ͘Έ ͍ ͔͚ͦͣͨͫͤͦ͟͟͡ 

ͺ͔ͦͪͣΥ 

 

 

 ͎͔͒ 

Â͍ͫͦͦͯͨͤͦͫͭ͟Έ ͍͔ͫͻ ͙͊ͣͨͭͯ͒͡ An ͤ ͊ ΄͔͊͟͡ ;͊ͫͭͦͭ 
ͤ͊͘·͍͔͊ͭͫΎ ͙͊ͣͨͭͯ͒ͤ͡·ͣ ͔ͫͨͭͪͦͣ͟ 

Â͍ͫͦͦͯͨͤͦͫͭ͟Έ ͍͔ͫͻ ͺ͊͘ n˒ ς ͅ ͍͊ͦ͘·ͣ ͔ͫͨͭͪͦͣ͟ 
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 ȽɎɗɑɔ ɉɆɖɒɔɓɎɐ 
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ɻʘʨʤʦʥʠʯʝʩʢʠʡ ʩʠʥʪʝʟ ʩʠʛʥʘʣʘ-ʤʝʘʥʜʨʘ, ʧʨʠ ʫʯʝʪʝ 

ʧʝʨʚʳʭ ʪʨʝʭ, ʜʝʚʷʪʠ ʠ ʧʷʪʥʘʜʮʘʪʠ ʛʘʨʤʦʥʠʢ 
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 ȹɝɋɘ ɈɎɊɆ ɗɎɉɓɆɑɆ 
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ɻʘʨʤʦʥʠʯʝʩʢʠʡ ʩʠʥʪʝʟ ʩʠʛʥʘʣʘ-ʧʠʣʳ ʧʨʠ ʫʯʝʪʝ 

ʧʝʨʚʳʭ ʪʨʝʭ, ʰʝʩʪʠ ʠ ʧʷʪʥʘʜʮʘʪʠ ʛʘʨʤʦʥʠʢ 
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 ȶɆɗɝɋɘ ɗɕɋɐɘɖɔɈ 

Â˾͊ͫ;͔ͭ ͙͊ͣͨͭͯ͒͡ ͙ ͺ͊͘ ͍ͫͦͫͭ͊͡ΎΌ΅͙ͻ 
͎͙͊ͪͣͦͤ͟ ͡Ό͋·ͻ ͍͍ͯͦ͘͟·ͻ ͙͎͍ͫͤ͊ͦ͡  

ς͡ ͙͋ͦ ͍·ͨͦͤ͡Ύ͔ͭͫΎ ͔ͫͨͼ͙͊͡Έͤ·͙ͣ 
͙͙ͨͪ͋ͦͪ͊ͣ ς ͫ ͔͙͙ͨͭͪͦ͊ͤ͊͊ͭͦͪ͊ͣ͘͟͡   

ς͡ ͙͋ͦ ͦͫͯ΅͔͍ͫͭ͡Ύ͔ͭͫΎ ͎ͨͪͦͪ͊ͣͣͤ·ͣ ͔ͨͯͭͣ 
ό͙ͨͪ͊ͭ͟;͔͙ͫ͟ ͍ ͡Ό͋ͦͣ ͣͯ͘·͊͟͡Έͤͦͣ 
͔͔ͪ͒͊ͭͦͪ͟ ͔ͫͭΈ ͔ͦͨͪ͊ͼ͙Ύ ͔ͫͨͭͪ͊͟͡Έ͎ͤͦͦ 
͙͊ͤ͊͊͘͡ύ 
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ȮɓɘɋɉɖɆɑ Ⱥəɖɢɋ 
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͎͔͒ U(t) ς ͤ ͔͔͙͙ͨͪͦ͒;͔͙͚ͫ͟ ͙͎ͫͤ͊͡Σ  
       Sό˖ύ ς ͫ ͔ͨͭͪ͊͟͡Έͤ͊Ύ ͨͦͭͤͦͫͭ͡Έ ͙͎ͫͤ͊͊͡ 



ȨɎɊ ɗɕɋɐɘɖɆ 
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ȪɎɗɐɖɋɘɓɔɋ ɕɖɋɔɇɖɆɍɔɈɆɓɎɋ 

Â˽ͪΎ͔ͣͦ ͔͍͙͔ͨͪͦ͋ͪ͊ͦ͊ͤ͘ ̅ͯͪΈ͔Υ  

 

  ͎͔͒ nҐлΣ мΣ ΧΣ N-1 

Â˻͔͋ͪ͊ͭͤͦ ͔͍͙͔ͨͪͦ͋ͪ͊ͦ͊ͤ͘ ̅ͯͪΈ͔Υ 

 

  ͎͔͒ kҐлΣмΣΧΣN-1 
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ȶɆɗɝɋɘ ȪȵȺ 

15 

Â ˨͙͔͔ͫͪͭͤͦ͟ ͔͍͙͔ͨͪͦ͋ͪ͊ͦ͊ͤ͘ ̅ͯͪΈ͔ ό˨˽̅ύ 

  ˾Ύ͒ ̅ͯͪΈ͔ 

 ̉͊ͫͭͦͭ· ͙ ͙͊ͣͨͭͯ͒͡· 

 

 ͍͙͍͔̏͊ͤͭͤ͊͟͡Ύ ͙͊ͨͫ͘Έ ͔͋͘ ͺ͊͘· 

 

 

Â ˽ͪΎ͔ͣͦ ͙ ͔ͦ͋ͪ͊ͭͤͦ ˨˽̅ 
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ȧɆɍɎɗɓɡɋ ɚəɓɐɜɎɎ ȪȵȺ 
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Â ȧɆɍɎɗɓɡɋ ɚəɓɐɜɎɎ ɊɎɗɐɖɋɘɓɔɉɔ 
ɕɖɋɔɇɖɆɍɔɈɆɓɎɥ Ⱥəɖɢɋ Ɋɑɥ 
ɗɎɉɓɆɑɆ ɊɑɎɓɡ N = 8 . 

 

 Ȯɒɋɋɒ N/2 + 1 = 5 ɖɆɍɑɎɝɓɡɛ 
ɇɆɍɎɗɓɡɛ ɝɆɗɘɔɘ. 

 

 Ȯɒɋɋɒ N+2 ɇɆɍɎɗɓɡɋ ɚəɓɐɜɎɎ, 
2 Ɏɍ ɐɔɘɔɖɡɛ ɘɔɌɊɋɗɘɈɋɓɓɔ 
ɖɆɈɓɡ ɓəɑɤ. 

 

 ȰɔɑɎɝɋɗɘɈɔ ɎɓɚɔɖɒɆɜɎɎ ɓɋ 
Ɏɍɒɋɓɥɋɘɗɥ: N ɝɎɗɋɑ 



ȰɔɣɚɚɎɜɎɋɓɘɡ Ⱥəɖɢɋ 
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Â Ȫɑɥ ɐɆɌɊɔɉɔ ɗɎɉɓɆɑɆ ɒɔɌɓɔ ɔɊɓɔɍɓɆɝɓɔ 
ɔɕɖɋɊɋɑɎɘɢ ɐɔɣɚɚɎɜɎɋɓɘɡ Ak Ɏ Bk 

Â ȷɑɋɊɔɈɆɘɋɑɢɓɔ, ɖɆɍɑɔɌɋɓɎɋ ɔɇɖɆɘɎɒɔ, ɘ.ɋ. 
ɕɔ ɐɔɣɚɚɎɜɎɋɓɘɆɒ ɖɆɍɑɔɌɋɓɎɥ (Ak, Bk) 
ɒɔɌɓɔ ɘɔɝɓɔ ɈɔɗɗɘɆɓɔɈɎɘɢ ɎɗɛɔɊɓɡɏ 
ɊɎɗɐɖɋɘɓɡɏ ɗɎɉɓɆɑ 

Â ȴɇɖɆɘɓɔɋ ɕɖɋɔɇɖɆɍɔɈɆɓɎɋ Ⱥəɖɢɋ ï 
ɈɡɝɎɗɑɋɓɎɋ ɗəɒɒɡ ɐɔɓɋɝɓɔɉɔ ɖɥɊɆ Ⱥəɖɢɋ 
(ɗɑɔɌɎɘɢ N ɞɘəɐ N-ɘɔɝɋɝɓɡɛ ɗɎɓəɗɔɎɊ ɗɔ 
ɗɈɔɎɒɎ ɐɔɣɚɚɎɜɎɋɓɘɆɒɎ) 



ȶɆɗɝɋɘ ɐɔɣɚɚɎɜɎɋɓɘɔɈ 

18 

Â ȵɖɥɒɔɋ ɕɖɋɔɇɖɆɍɔɈɆɓɎɋ Ⱥəɖɢɋ ï ɈɡɝɎɗɑɋɓɎɋ 
ɗɐɆɑɥɖɓɡɛ ɕɖɔɎɍɈɋɊɋɓɎɏ ɗɎɉɓɆɑɆ ɓɆ ɇɆɍɎɗɓɡɋ 
ɚəɓɐɜɎɎ: 

 

 

 

 

 

 

Â Ȫɑɥ ɈɡɝɎɗɑɋɓɎɥ Ɉɗɋɛ ɐɔɣɚɚɎɜɎɋɓɘɔɈ ɕɔ ɣɘɔɒə 
ɆɑɉɔɖɎɘɒə ɘɖɋɇəɋɘɗɥ ɕɖɎɒɋɖɓɔ N 2 əɒɓɔɌɋɓɎɏ: 
ɔɝɋɓɢ ɒɓɔɉɔ ɕɖɎ ɇɔɑɢɞɎɛ ɊɑɎɓɆɛ ɗɎɉɓɆɑɆ N 
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Fast  Fourier  transform  
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Â ȧɡɗɘɖɔɋ ɕɖɋɔɇɖɆɍɔɈɆɓɎɋ Ⱥəɖɢɋ (ȧȵȺ, FFT) 
ï əɗɐɔɖɋɓɓɡɏ ɆɑɉɔɖɎɘɒ ɈɡɝɎɗɑɋɓɎɥ ȪȵȺ 

o ȴɗɓɔɈɆɓ ɓɆ ɕɋɖɎɔɊɎɝɓɔɗɘɎ ɇɆɍɎɗɓɡɛ ɚəɓɐɜɎɏ 
(ɒɓɔɉɔ ɔɊɎɓɆɐɔɈɡɛ ɒɓɔɌɎɘɋɑɋɏ) 

o ȲɆɘɋɒɆɘɎɝɋɗɐɎ ɘɔɝɋɓ (ɔɞɎɇɐɎ ɔɐɖəɉɑɋɓɎɥ 
ɊɆɌɋ ɒɋɓɢɞɋ, ɘ.ɐ. ɒɋɓɢɞɋ ɝɎɗɑɔ ɔɕɋɖɆɜɎɏ) 

Â ȴɉɖɆɓɎɝɋɓɎɋ: ɇɔɑɢɞɎɓɗɘɈɔ ɖɋɆɑɎɍɆɜɎɏ 
FFT ɕɖɎɓɎɒɆɤɘ ɘɔɑɢɐɔ ɒɆɗɗɎɈɡ ɊɑɎɓɔɏ  
N = 2 m 

Â ȷəɟɋɗɘɈəɋɘ Ɏ ɔɇɖɆɘɓɔɋ ȧȵȺ (IFFT) 



ȧȵȺ 

ÂȧȵȺ ɍɆɐɑɤɝɆɋɘɗɥ Ɉ ɒɓɔɉɔɐɖɆɘɓɔɒ ɝɑɋɓɋɓɎɎ 
ɍɆɊɆɓɓɔɏ ɕɔɗɑɋɊɔɈɆɘɋɑɢɓɔɗɘɎ Ɉɖɋɒɋɓɓɡɛ 
ɔɘɗɝɋɘɔɈ ɓɆ ɇɔɑɋɋ ɐɔɖɔɘɐɎɋ 
ɕɔɗɑɋɊɔɈɆɘɋɑɢɓɔɗɘɎ 

ïɈɡɇɎɖɆɤɘ ɖɆɍɒɋɖ ɕɔɗɑɋɊɔɈɆɘɋɑɢɓɔɗɘɎ ɐɖɆɘɓɡɒ 
ɗɘɋɕɋɓɎ ɊɈɔɏɐɎ (N = 2 n) 

ÂɈɡɊɋɑɥɋɒ ɊɈɋ ɕɔɗɑɋɊɔɈɆɘɋɑɢɓɔɗɘɎ: ɝɋɘɓɡɛ 
Ɏ ɓɋɝɋɘɓɡɛ ɣɑɋɒɋɓɘɔɈ, ɍɆɘɋɒ ɖɆɍɇɎɋɓɎɋɒ 
ɐɆɌɊɔɏ ɕɔɊɕɔɗɑɋɊɔɈɆɘɋɑɢɓɔɗɘɎ ɊɔɛɔɊɎɒ Ɋɔ 
ɕɖɔɗɘɋɏɞɎɛ, ɗɔɊɋɖɌɆɟɎɛ ɊɈɆ ɣɑɋɒɋɓɘɆ 
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ȦɑɉɔɖɎɘɒ ȧȵȺ 

ÂȷɛɋɒɆ ɈɡɕɔɑɓɋɓɎɥ ɔɕɋɖɆɜɎɏ ɕɖɎ 8-
ɘɔɝɋɝɓɔɒ ȧȵȺ 
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ȵɖɋɎɒəɟɋɗɘɈɆ ȧȵȺ 

ÂɊɑɥ N -ɘɔɝɋɝɓɔɏ ɕɔɗɑɋɊɔɈɆɘɋɑɢɓɔɗɘɎ  

ïȨɡɝɎɗɑɋɓɎɋ ȪȵȺ ɘɖɋɇəɋɘ N 2 əɒɓɔɌɋɓɎɏ 

ïȨɡɝɎɗɑɋɓɎɋ ȧȵȺ ɘɖɋɇəɋɘ ɕɖɎɒɋɖɓɔ 
NĬlog2 (N) ɔɕɋɖɆɜɎɏ əɒɓɔɌɋɓɎɥ 

Âɗɘɔɑɢ ɇɔɑɢɞɔɋ ɗɔɐɖɆɟɋɓɎɋ ɝɎɗɑɆ 
ɔɕɋɖɆɜɎɏ ɖɋɍɐɔ əɒɋɓɢɞɆɋɘ ɔɇɠɋɒ 
ɆɕɕɆɖɆɘəɖɡ Ɏ ɕɔɈɡɞɆɋɘ 
ɇɡɗɘɖɔɊɋɏɗɘɈɎɋ ɜɎɚɖɔɈɡɛ əɗɘɖɔɏɗɘɈ 
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ȪȵȺ ɎɍɔɇɖɆɌɋɓɎɏ 
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Â ȪɈəɒɋɖɓɔɋ ȪȵȺ 

ï ȧɆɍɎɗɓɡɋ ɚəɓɐɜɎɎ Ɏɒɋɤɘ ɈɎɊ ɊɈəɒɋɖɓɡɛ ɗɎɓəɗɔɎɊ ɗ ɖɆɍɓɡɒɎ 
əɉɑɆɒɎ ɓɆɐɑɔɓɆ Ɏ ɚɆɍɆɒɎ 

 

 

 

 

 

 

Â ȨɡɝɎɗɑɋɓɎɋ ɊɈəɒɋɖɓɔɉɔ ȪȵȺ 

1. ȵɖɥɒɔɏ ɗɕɔɗɔɇ ï ɗɐɆɑɥɖɓɡɋ ɕɖɔɎɍɈɋɊɋɓɎɥ ɗɔ ɈɗɋɒɎ ɇɆɍɎɗɓɡɒɎ 
ɚəɓɐɜɎɥɒɎ. ȴɝɋɓɢ ɒɓɔɉɔ ɔɕɋɖɆɜɎɏ. 

2. ȧɡɗɘɖɡɏ ɗɕɔɗɔɇ ï ɊɋɐɔɒɕɔɍɎɜɎɥ ɓɆ ɔɊɓɔɒɋɖɓɡɋ ȪȵȺ 

M

mj

N

ni 22
sin



ȶɆɗɝɋɘ ɊɈəɛɒɋɖɓɔɉɔ ȪȵȺ 
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Â ȧɡɗɘɖɔɋ ɈɡɝɎɗɑɋɓɎɋ ɊɈəɒɋɖɓɔɉɔ ȪȵȺ 

1. ȨɡɝɎɗɑɎɘɢ ɔɊɓɔɒɋɖɓɡɋ ɐɔɒɕɑɋɐɗɓɡɋ ȪȵȺ ɔɘ 
ɐɆɌɊɔɏ ɗɘɖɔɐɎ ɎɍɔɇɖɆɌɋɓɎɥ. ȶɋɍəɑɢɘɆɘɡ ɍɆɕɎɗɆɘɢ Ɉ 
ɈɎɊɋ ɐɔɒɕɑɋɐɗɓɡɛ ɒɆɗɗɎɈɔɈ çɔɇɖɆɘɓɔè Ɉ 
ɕɖɔɒɋɌəɘɔɝɓɔɋ çɐɔɒɕɑɋɐɗɓɔɋè ɎɍɔɇɖɆɌɋɓɎɋ 

2. ȨɡɝɎɗɑɎɘɢ ɔɊɓɔɒɋɖɓɡɋ ɐɔɒɕɑɋɐɗɓɡɋ ȪȵȺ ɔɘ 
ɐɆɌɊɔɉɔ ɗɘɔɑɇɜɆ ɕɖɔɒɋɌəɘɔɝɓɔɉɔ ɐɔɒɕɑɋɐɗɓɔɉɔ 
ɎɍɔɇɖɆɌɋɓɎɥ. Ȱɔɒɕɑɋɐɗɓɡɋ ɖɋɍəɑɢɘɆɘɡ ɍɆɕɎɗɆɘɢ 
çɔɇɖɆɘɓɔè. Ƀɘɔ Ɏ ɋɗɘɢ ɐɔɣɚɚɎɜɎɋɓɘɡ ɊɈəɒɋɖɓɔɉɔ 
ȪȵȺ 

Â ȴɊɓɔɒɋɖɓɡɋ ȪȵȺ ɒɔɌɓɔ ɗɝɎɘɆɘɢ ɗ ɕɔɒɔɟɢɤ FFT 


