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ɍȾɄ 004.274 

ɉɪɢɦɟɧɟɧɢɟ ɝɢɛɪɢɞɧɵɯ FPGA ɞɥɹ ɪɟɚɥɢɡɚɰɢɢ ɤɨɦɩɨɡɢɰɢɨɧɧɨɝɨ 
ɭɫɬɪɨɣɫɬɜɚ ɭɩɪɚɜɥɟɧɢɹ ɫ ɢɞɟɧɬɢɮɢɤɚɰɢɟɣ ɜɵɯɨɞɨɜ 

Ʉ.ɇ. ȿɮɢɦɟɧɤɨ 

ȽɈɍȼɉɈ «Ⱦɨɧɟɰɤɢɣ ɧɚɰɢɨɧɚɥɶɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 
KN_Efimenko@mail.ru 

ȿɮɢɦɟɧɤɨ Ʉ.ɇ. ɉɪɢɦɟɧɟɧɢɟ ɝɢɛɪɢɞɧɵɯ FPGA ɞɥɹ ɪɟɚɥɢɡɚɰɢɢ ɤɨɦɩɨɡɢɰɢɨɧɧɨɝɨ ɭɫɬɪɨɣɫɬɜɚ 
ɭɩɪɚɜɥɟɧɢɹ ɫ ɢɞɟɧɬɢɮɢɤɚɰɢɟɣ ɜɵɯɨɞɨɜ. ɉɪеɞɥɚɝɚеɬɫɹ ɦеɬоɞ ɫɧɢɠеɧɢɹ ɚɩɩɚɪɚɬɭɪɧɵɯ ɡɚɬɪɚɬ 
в ɫɯеɦе ɤоɦɩоɡɢɰɢоɧɧоɝо ɦɢɤɪоɩɪоɝɪɚɦɦɧоɝо ɭɫɬɪоɣɫɬвɚ ɭɩɪɚвɥеɧɢɹ ɫ ɢɞеɧɬɢɮɢɤɚɰɢеɣ вɵɯоɞов, 
оɪɢеɧɬɢɪовɚɧɧɵɣ ɧɚ ɬеɯɧоɥоɝɢɸ ɝɢɛɪɢɞɧɵɯ FPGA. Ɇеɬоɞ оɫɧовɚɧ ɧɚ ɢɫɩоɥɶɡовɚɧɢɢ ɬɪеɯ 
ɢɫɬоɱɧɢɤов ɤоɞов ɤɥɚɫɫов ɩɫевɞоɷɤвɢвɚɥеɧɬɧɵɯ оɩеɪɚɬоɪɧɵɯ ɥɢɧеɣɧɵɯ ɰеɩеɣ ɢ ɪеɚɥɢɡɚɰɢɢ ɫɯеɦɵ 
ɚɞɪеɫɚɰɢɢ ɦɢɤɪоɤоɦɚɧɞ ɧɚ ɩɪоɝɪɚɦɦɢɪɭеɦɵɯ ɥоɝɢɱеɫɤɢɯ ɦɚɬɪɢɰɚɯ. Ɍɚɤоɣ ɩоɞɯоɞ ɩоɡвоɥɹеɬ 
ɭɦеɧɶɲɢɬɶ ɩɥощɚɞɶ ɤɪɢɫɬɚɥɥɚ, ɡɚɧɢɦɚеɦɭɸ ɫɯеɦоɣ ɭɫɬɪоɣɫɬвɚ ɭɩɪɚвɥеɧɢɹ. 
 

ȼɜɟɞɟɧɢɟ 

ɂɫɩɨɥɶɡɨɜɚɧɢɟ ɩɪɨɝɪɚɦɦɢɪɭɟɦɵɯ ɥɨɝɢɱɟɫɤɢɯ 
ɢɧɬɟɝɪɚɥɶɧɵɯ ɫɯɟɦ (ɉɅɂɋ) ɜɢɞɚ FPGA (field–
programmable gate arrays) Д1,2Ж ɩɪɟɞɨɫɬɚɜɥɹɟɬ 
ɲɢɪɨɤɢɟ ɜɨɡɦɨɠɧɨɫɬɢ ɞɥɹ ɪɟɚɥɢɡɚɰɢɢ ɫɯɟɦ 
ɭɫɬɪɨɣɫɬɜ ɭɩɪɚɜɥɟɧɢɹ (ɍɍ). ɉɪɢ ɷɬɨɦ ɨɫɧɨɜɭ 
FPGA ɫɨɫɬɚɜɥɹɸɬ ɦɚɤɪɨɹɱɟɣɤɢ LUT (look–up 
table), ɢɦɟɸɳɢɟ ɨɝɪɚɧɢɱɟɧɧɨɟ ɱɢɫɥɨ ɜɯɨɞɨɜ (4-
6). Ɍɚɤɠɟ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɪɚɡɜɢɜɚɟɬɫɹ 
ɬɟɯɧɨɥɨɝɢɹ ɝɢɛɪɢɞɧɵɯ FPGA Д3,4Ж, ɜ ɫɨɫɬɚɜ 
ɤɨɬɨɪɵɯ ɜɯɨɞɹɬ LUT ɷɥɟɦɟɧɬɵ, ɜɫɬɪɨɟɧɧɵɟ 
ɛɥɨɤɢ ɩɚɦɹɬɢ (EMB, embedded memory blocks) ɢ 
ɜɫɬɪɨɟɧɧɵɟ ɩɪɨɝɪɚɦɦɢɪɭɟɦɵɟ ɥɨɝɢɱɟɫɤɢɟ 
ɦɚɬɪɢɰɵ (PLA, programmable logic array). ȼ 
ɫɥɭɱɚɟ ɟɫɥɢ ɚɥɝɨɪɢɬɦ ɭɩɪɚɜɥɟɧɢɹ ɧɟɤɨɬɨɪɨɣ 
ɫɢɫɬɟɦɵ ɩɪɟɞɫɬɚɜɥɟɧ ɥɢɧɟɣɧɨɣ ɝɪɚɮ-ɫɯɟɦɨɣ 
ɚɥɝɨɪɢɬɦɚ (ȽɋȺ) Д5Ж, ɞɥɹ ɪɟɚɥɢɡɚɰɢɢ ɫɯɟɦɵ ɍɍ 
ɦɨɠɟɬ ɛɵɬɶ ɢɫɩɨɥɶɡɨɜɚɧɚ ɦɨɞɟɥɶ 
ɤɨɦɩɨɡɢɰɢɨɧɧɨɝɨ ɦɢɤɪɨɩɪɨɝɪɚɦɦɧɨɝɨ 
ɭɫɬɪɨɣɫɬɜɚ ɭɩɪɚɜɥɟɧɢɹ (ɄɆɍɍ) ɫ 
ɢɞɟɧɬɢɮɢɤɚɰɢɟɣ ɜɵɯɨɞɨɜ Д6,7Ж. ɉɪɢ ɷɬɨɦ 
ɩɨɹɜɥɹɟɬɫɹ ɜɨɡɦɨɠɧɨɫɬɶ ɪɟɚɥɢɡɚɰɢɢ ɱɚɫɬɢ ɫɯɟɦɵ 
ɧɚ ɛɥɨɤɚɯ PLA. ɗɬɨ ɩɨɡɜɨɥɹɟɬ ɭɦɟɧɶɲɢɬɶ 
ɩɥɨɳɚɞɶ ɤɪɢɫɬɚɥɥɚ, ɡɚɧɢɦɚɟɦɭɸ ɫɯɟɦɨɣ ɄɆɍɍ. 
ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɩɪɟɞɥɚɝɚɟɬɫɹ ɦɟɬɨɞ 
ɭɫɨɜɟɪɲɟɧɫɬɜɨɜɚɧɢɹ ɄɆɍɍ ɫ ɢɞɟɧɬɢɮɢɤɚɰɢɟɣ 
ɜɵɯɨɞɨɜ, ɨɫɧɨɜɚɧɧɵɣ ɧɚ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɬɪɟɯ 
ɢɫɬɨɱɧɢɤɨɜ ɤɨɞɨɜ ɤɥɚɫɫɨɜ ɩɫɟɜɞɨɷɤɜɢɜɚɥɟɧɬɧɵɯ 
ɨɩɟɪɚɬɨɪɧɵɯ ɥɢɧɟɣɧɵɯ ɰɟɩɟɣ (ɈɅɐ) ɡɚ ɫɱɟɬ 
ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɜɨɡɦɨɠɧɨɫɬɟɣ, ɩɪɟɞɫɬɚɜɥɹɟɦɵɯ 
ɬɟɯɧɨɥɨɝɢɟɣ ɝɢɛɪɢɞɧɵɯ FPGA. 
Ɂɚɞɚɱɟɣ ɢɫɫɥɟɞɨɜɚɧɢɹ ɹɜɥɹɟɬɫɹ ɪɚɡɪɚɛɨɬɤɚ 
ɦɟɬɨɞɚ ɫɢɧɬɟɡɚ ɄɆɍɍ ɫ ɢɞɟɧɬɢɮɢɤɚɰɢɟɣ 
ɜɵɯɨɞɨɜ, ɩɨɡɜɨɥɹɸɳɟɝɨ ɭɦɟɧɶɲɢɬɶ ɱɢɫɥɨ LUT-
ɷɥɟɦɟɧɬɨɜ ɜ ɤɨɦɛɢɧɚɰɢɨɧɧɨɣ ɱɚɫɬɢ ɍɍ. 

ɄɆɍɍ ɫ ɢɞɟɧɬɢɮɢɤɚɰɢɟɣ ɜɵɯɨɞɨɜ 

ɉɭɫɬɶ ɚɥɝɨɪɢɬɦ ɭɩɪɚɜɥɟɧɢɹ ɰɢɮɪɨɜɨɣ ɫɢɫɬɟɦɵ 
ɡɚɞɚɧ ȽɋȺ Ƚ = Ƚ(ȼ,ȿ), ɩɪɟɞɫɬɚɜɥɟɧɧɨɣ 

ɦɧɨɠɟɫɬɜɚɦɢ ɜɟɪɲɢɧ ȼ ɢ ɫɨɟɞɢɧɹɸɳɢɯ ɢɯ ɞɭɝ 
ȿ. Ɍɨɝɞɚ ȼ = {b0, bE}  E1  E2, ɝɞɟ b0 – 
ɧɚɱɚɥɶɧɚɹ ɜɟɪɲɢɧɚ, bE – ɤɨɧɟɱɧɚɹ ɜɟɪɲɢɧɚ, E1 – 
ɦɧɨɠɟɫɬɜɨ ɨɩɟɪɚɬɨɪɧɵɯ ɜɟɪɲɢɧ ɢ E2 – 
ɦɧɨɠɟɫɬɜɨ ɭɫɥɨɜɧɵɯ ɜɟɪɲɢɧ ȽɋȺ Ƚ. ȼ 
ɨɩɟɪɚɬɨɪɧɵɯ ɜɟɪɲɢɧɚɯ 1q Eb   ɡɚɩɢɫɵɜɚɸɬɫɹ 
ɧɚɛɨɪɵ ɦɢɤɪɨɨɩɟɪɚɰɢɣ Y)Y(bq  , ɝɞɟ 

 N1 y,...,yY   – ɦɧɨɠɟɫɬɜɨ ɦɢɤɪɨɨɩɟɪɚɰɢɣ. ȼ 
ɭɫɥɨɜɧɵɯ ɜɟɪɲɢɧɚɯ 2q Eb   ɡɚɩɢɫɵɜɚɸɬɫɹ 
ɷɥɟɦɟɧɬɵ ɦɧɨɠɟɫɬɜɚ ɥɨɝɢɱɟɫɤɢɯ ɭɫɥɨɜɢɣ 

 L1 x,..., xX  . ȼɜɟɞɟɦ ɪɹɞ ɨɩɪɟɞɟɥɟɧɢɣ, ɜɡɹɬɵɯ 
ɢɡ Д5,8Ж. 
Ɉɩɪɟɞɟɥɟɧɢɟ 1. Ɉɩɟɪɚɬɨɪɧɨɣ ɥɢɧɟɣɧɨɣ ɰɟɩɶɸ 
ȽɋȺ Ƚ ɧɚɡɵɜɚɟɬɫɹ ɤɨɧɟɱɧɚɹ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɶ 

ɨɩɟɪɚɬɨɪɧɵɯ ɜɟɪɲɢɧ 
ggFg1g b,...,bα   ɬɚɤɚɹ, ɱɬɨ 

ɞɥɹ ɥɸɛɨɣ ɩɚɪɵ ɫɨɫɟɞɧɢɯ ɤɨɦɩɨɧɟɧɬ 1gigi b,b  , 

ɝɞɟ Т – ɧɨɦɟɪ ɤɨɦɩɨɧɟɧɬɵ ɤɨɪɬɟɠɚ gα , 

ɫɭɳɟɫɬɜɭɟɬ ɞɭɝɚ Eb,b 1gigi  . 

Ɉɩɪɟɞɟɥɟɧɢɟ 2. ȼɟɪɲɢɧɚ g
q Db  , ɝɞɟ gD  – 

ɦɧɨɠɟɫɬɜɨ ɜɟɪɲɢɧ, ɜɯɨɞɹɳɢɯ ɜ ɈɅɐ gα , 

ɧɚɡɵɜɚɟɬɫɹ ɜɯɨɞɨɦ ɈɅɐ gα , ɟɫɥɢ ɫɭɳɟɫɬɜɭɟɬ 

ɞɭɝɚ Eb,b qt  , ɝɞɟ g
t Db  .  

Ɉɩɪɟɞɟɥɟɧɢɟ 3. ȼɟɪɲɢɧɚ g
q Db  , ɧɚɡɵɜɚɟɬɫɹ 

ɜɵɯɨɞɨɦ ɈɅɐ gα , ɟɫɥɢ ɫɭɳɟɫɬɜɭɟɬ ɞɭɝɚ 

Eb,b tq  , ɝɞɟ g
t Db  . 

Ɉɩɪɟɞɟɥɟɧɢɟ 4. ɈɅɐ ji α,α  ɧɚɡɵɜɚɸɬɫɹ  
ɩɫɟɜɞɨɷɤɜɢɜɚɥɟɧɬɧɵɦɢ ɈɅɐ, ɟɫɥɢ ɢɯ ɜɵɯɨɞɵ 
ɫɜɹɡɚɧɵ ɫɨ ɜɯɨɞɨɦ ɨɞɧɨɣ ɢ ɬɨɣ ɠɟ ɜɟɪɲɢɧɵ 

Bbq  . 

ɉɭɫɬɶ ɞɥɹ ȽɋȺ Ƚ ɫɮɨɪɦɢɪɨɜɚɧɨ ɦɧɨɠɟɫɬɜɨ ɈɅɐ 
}α,...,α{C G1 , ɨɩɪɟɞɟɥɹɸɳɟɟ ɪɚɡɛɢɟɧɢɟ ɧɚ 

ɦɧɨɠɟɫɬɜɟ E1 Д5,8Ж, ɢ ɩɭɫɬɶ ME 1  . ɉɨɫɬɚɜɢɦ ɜ 
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ɫɨɨɬɜɟɬɫɬɜɢɟ ɤɚɠɞɨɣ ɜɟɪɲɢɧɟ 1q Eb   

ɦɢɤɪɨɤɨɦɚɧɞɭ MIq  ɫ ɚɞɪɟɫɨɦ A(bq), ɢɦɟɸɳɢɦ 
ɪɚɡɪɹɞɧɨɫɬɶ 

 MlogR 2 . (1) 
ɂɫɩɨɥɶɡɭɟɦ ɞɥɹ ɚɞɪɟɫɚɰɢɢ ɦɢɤɪɨɤɨɦɚɧɞ 
ɩɟɪɟɦɟɧɧɵɟ TTr  , ɝɞɟ еT|=R. Ⱥɞɪɟɫɚɰɢɹ 
ɜɵɩɨɥɧɹɟɬɫɹ ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɱɬɨɛɵ ɜɵɩɨɥɧɹɥɨɫɶ 
ɭɫɥɨɜɢɟ 

    1bAbA i g1i g  , (2) 

ɝɞɟ g
1gigi Db,b   ɢ Eb,b 1gigi  . 

ȼ ɷɬɨɦ ɫɥɭɱɚɟ ȽɋȺ Ƚ ɦɨɠɟɬ ɛɵɬɶ 
ɢɧɬɟɪɩɪɟɬɢɪɨɜɚɧɚ ɄɆɍɍ ɫ ɢɞɟɧɬɢɮɢɤɚɰɢɟɣ 
ɜɵɯɨɞɨɜ (ɪɢɫ. 1), ɱɬɨ ɩɪɟɞɥɚɝɚɟɬɫɹ ɜ ɪɚɛɨɬɚɯ 
Д6,7Ж, ɧɚɡɵɜɚɟɦɵɦ ɜ ɞɚɥɶɧɟɣɲɟɦ ɄɆɍɍ U1. 

 
Ɋɢɫɭɧɨɤ 1 – ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɄɆɍɍ U1 

 
ȼ ɄɆɍɍ U1 ɫɯɟɦɚ ɮɨɪɦɢɪɨɜɚɧɢɹ ɚɞɪɟɫɚ (ɋɎȺ) 
ɪɟɚɥɢɡɭɟɬ ɫɢɫɬɟɦɭ ɮɭɧɤɰɢɣ ɜɨɡɛɭɠɞɟɧɢɹ 
ɬɪɢɝɝɟɪɨɜ ɫɱɟɬɱɢɤɚ ɋɌ, ɨɩɪɟɞɟɥɹɟɦɭɸ ɤɚɤ 

X),T'( . (3) 

ɉɟɪɟɦɟɧɧɵɟ TrT, ɝɞɟ еTе=R, ɢɫɩɨɥɶɡɭɸɬɫɹ ɞɥɹ 
ɚɞɪɟɫɚɰɢɢ ɦɢɤɪɨɤɨɦɚɧɞ. Ɉɞɧɚɤɨ ɞɥɹ 
ɨɞɧɨɡɧɚɱɧɨɣ ɢɞɟɧɬɢɮɢɤɚɰɢɢ ɈɅɐ gC 
ɞɨɫɬɚɬɨɱɧɨ 

 GlogR 2i  . (4) 
ɩɟɪɟɦɟɧɧɵɯ, ɝɞɟ G = еCе. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɡɚ ɫɱɟɬ 
ɩɪɢɦɟɧɟɧɢɹ ɩɪɨɰɟɞɭɪɵ ɫɩɟɰɢɚɥɶɧɨɣ ɚɞɪɟɫɚɰɢɢ 
ɦɢɤɪɨɤɨɦɚɧɞ Д6,7Ж ɮɨɪɦɢɪɭɟɬɫɹ Ɍ = {T1, …, 

iRT } – ɦɧɨɠɟɫɬɜɨ ɚɞɪɟɫɧɵɯ ɪɚɡɪɹɞɨɜ, 
ɞɨɫɬɚɬɨɱɧɨɟ ɞɥɹ ɨɞɧɨɡɧɚɱɧɨɣ ɢɞɟɧɬɢɮɢɤɚɰɢɢ 
ɜɵɯɨɞɨɜ ɈɅɐ g  C, ɝɞɟ C  ɋ – ɦɧɨɠɟɫɬɜɨ 
ɈɅɐ, ɜɵɯɨɞɵ ɤɨɬɨɪɵɯ ɧɟ ɫɜɹɡɚɧɵ ɫ ɜɯɨɞɨɦ 
ɜɟɪɲɢɧɵ ЛE. 
ɉɨ ɫɢɝɧɚɥɭ Start ɫɱɟɬɱɢɤ ɋɌ ɭɫɬɚɧɚɜɥɢɜɚɟɬɫɹ ɜ 
ɧɨɥɶ, ɱɬɨ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɚɞɪɟɫɭ ɩɟɪɜɨɣ 
ɦɢɤɪɨɤɨɦɚɧɞɵ ɪɟɚɥɢɡɭɟɦɨɝɨ ɚɥɝɨɪɢɬɦɚ. ɉɨ 
ɫɢɝɧɚɥɭ в0 = 1 ɫɨɞɟɪɠɢɦɨɟ ɋɌ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɧɚ 
ɟɞɢɧɢɰɭ, ɱɬɨ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɪɟɠɢɦɭ (2). 
ɍɩɪɚɜɥɹɸɳɚɹ ɩɚɦɹɬɶ (ɍɉ) ɯɪɚɧɢɬ ɧɚɛɨɪɵ 
ɦɢɤɪɨɨɩɟɪɚɰɢɣ Y)Y(bq   ɢ ɩɟɪɟɦɟɧɧɵɟ в0 

(ɭɩɪɚɜɥɟɧɢɟ ɋɌ) ɢ вE (ɩɪɢɡɧɚɤ ɨɤɨɧɱɚɧɢɹ 
ɚɥɝɨɪɢɬɦɚ). Ɍɪɢɝɝɟɪ ɫɱɢɬɵɜɚɧɢɹ TF ɮɨɪɦɢɪɭɟɬ 
ɫɢɝɧɚɥ Fetch, ɪɚɡɪɟɲɚɸɳɢɣ ɜɵɛɨɪɤɭ 
ɦɢɤɪɨɤɨɦɚɧɞ ɢɡ ɍɉ. ɉɪɢ ɞɨɫɬɢɠɟɧɢɢ ɨɤɨɧɱɚɧɢɹ 
ɚɥɝɨɪɢɬɦɚ ɮɨɪɦɢɪɭɟɬɫɹ ɩɟɪɟɦɟɧɧɚɹ вE = 1, ɱɬɨ 
ɩɪɢɜɨɞɢɬ ɤ Fetch = 0 ɢ ɩɪɟɤɪɚɳɟɧɢɸ ɜɵɛɨɪɤɢ ɢɡ 

ɍɉ. 
Ɇɟɬɨɞɢɤɚ ɫɢɧɬɟɡɚ ɄɆɍɍ U1 ɧɚ FPGA 
ɩɪɟɞɥɨɠɟɧɚ ɜ Д6,7Ж. ɉɪɢ ɷɬɨɦ ɫɯɟɦɵ ɋɎȺ, ɋɌ ɢ 
TF ɪɟɚɥɢɡɭɸɬɫɹ ɧɚ LUT, ɚ ɫɯɟɦɚ ɍɉ – ɧɚ 
ɜɫɬɪɨɟɧɧɵɯ ɛɥɨɤɚɯ ɩɚɦɹɬɢ ȿɆȼ. Ɉɫɧɨɜɧɵɦ 
ɧɟɞɨɫɬɚɬɤɨɦ ɄɆɍɍ U1 ɹɜɥɹɟɬɫɹ ɡɧɚɱɢɬɟɥɶɧɨɟ 
ɱɢɫɥɨ ɬɟɪɦɨɜ ɜ ɫɢɫɬɟɦɟ ɮɭɧɤɰɢɣ (3). ɗɬɨ 
ɩɪɢɜɨɞɢɬ ɤ ɭɜɟɥɢɱɟɧɢɸ ɱɢɫɥɚ LUT ɷɥɟɦɟɧɬɨɜ ɢ 
ɢɯ ɭɪɨɜɧɟɣ ɜ ɫɯɟɦɟ ɋɎȺ. ɍɦɟɧɶɲɟɧɢɟ ɱɢɫɥɚ 
ɬɟɪɦɨɜ ɫɢɫɬɟɦɟ (3) ɝɚɪɚɧɬɢɪɭɟɬɫɹ ɜ ɄɆɍɍ ɫ 
ɩɪɟɨɛɪɚɡɨɜɚɧɢɟɦ ɚɞɪɟɫɨɜ ɦɢɤɪɨɤɨɦɚɧɞ ɜ ɤɨɞɵ 
ɤɥɚɫɫɨɜ ɩɫɟɜɞɨɷɤɜɢɜɚɥɟɧɬɧɵɯ ɈɅɐ Д8Ж. Ɉɞɧɚɤɨ 
ɷɬɨ ɫɜɹɡɚɧɨ ɫ ɜɜɟɞɟɧɢɟɦ ɜ ɫɯɟɦɭ ɄɆɍɍ 
ɞɨɩɨɥɧɢɬɟɥɶɧɨɝɨ ɛɥɨɤɚ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ ɚɞɪɟɫɨɜ 
(ȻɉȺ), ɤɨɬɨɪɵɣ ɭɜɟɥɢɱɢɜɚɟɬ ɚɩɩɚɪɚɬɧɵɟ ɡɚɬɪɚɬɵ 
ɤɪɢɫɬɚɥɥɚ. ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɩɪɟɞɥɚɝɚɟɬɫɹ 
ɦɟɬɨɞ ɫɢɧɬɟɡɚ ɄɆɍɍ, ɩɨɡɜɨɥɹɸɳɢɣ ɭɦɟɧɶɲɢɬɶ 
ɤɚɤ ɱɢɫɥɨ ɬɟɪɦɨɜ ɜ ɫɢɫɬɟɦɟ (3), ɬɚɤ ɢ ɱɢɫɥɨ LUT 
ɷɥɟɦɟɧɬɨɜ ɜ ɫɯɟɦɚɯ ȻɉȺ ɢ ɋɎȺ. 

Ɉɫɧɨɜɧɚɹ ɢɞɟɹ ɦɟɬɨɞɚ 

ɇɚɣɞɟɦ ɪɚɡɛɢɟɧɢɟ  I1Ñ B,...,BÏ   ɦɧɨɠɟɫɬɜɚ 
ɈɅɐ ɋ ɧɚ ɤɥɚɫɫɵ ɩɫɟɜɞɨɷɤɜɢɜɚɥɟɧɬɧɵɯ ɈɅɐ. 
ȼɵɩɨɥɧɢɦ ɚɞɪɟɫɚɰɢɸ ɦɢɤɪɨɤɨɦɚɧɞ ɬɚɤ, ɱɬɨɛɵ 
ɩɪɢ ɜɵɩɨɥɧɟɧɢɢ ɭɫɥɨɜɢɹ (2) ɦɚɤɫɢɦɚɥɶɧɨ 
ɜɨɡɦɨɠɧɨɟ ɱɢɫɥɨ ɤɥɚɫɫɨɜ Ci ÏB   ɜɵɪɚɠɚɥɨɫɶ 
ɨɞɧɢɦ ɢɧɬɟɪɜɚɥɨɦ R-ɪɚɡɪɹɞɧɨɝɨ ɛɭɥɟɜɚ 
ɩɪɨɫɬɪɚɧɫɬɜɚ. ɉɪɟɞɫɬɚɜɢɦ ɪɚɡɛɢɟɧɢɟ CÏ  ɜ ɜɢɞɟ 

21C ÏÏÏ  , ɝɞɟ  21 ÏÏ . ɉɭɫɬɶ 1i ÏB  , 
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ɟɫɥɢ ɷɬɨɬ ɤɥɚɫɫ ɩɪɟɞɫɬɚɜɥɹɟɬɫɹ ɛɨɥɟɟ, ɱɟɦ ɨɞɧɢɦ 
ɢɧɬɟɪɜɚɥɨɦ ɩɪɨɫɬɪɚɧɫɬɜɚ ɤɨɞɢɪɨɜɚɧɢɹ. 
Ɉɫɬɚɥɶɧɵɟ ɤɥɚɫɫɵ ɩɪɢɧɚɞɥɟɠɚɬ ɦɧɨɠɟɫɬɜɭ 2Ï . 

ɏɚɪɚɤɬɟɪɧɨɣ ɨɫɨɛɟɧɧɨɫɬɶɸ ɛɥɨɤɨɜ ȿɆȼ 
ɹɜɥɹɟɬɫɹ ɮɢɤɫɢɪɨɜɚɧɧɨɟ ɱɢɫɥɨ ɜɵɯɨɞɨɜ ЭF  {1, 
2, 4, 8, 16, 32, 64ж. ɉɭɫɬɶ ↑0 ɨɡɧɚɱɚɟɬ ɱɢɫɥɨ ɹɱɟɟɤ 
ȿɆȼ ɩɪɢ ЭF = 1. Ɍɨɝɞɚ ɱɢɫɥɨ ɹɱɟɟɤ V ɩɪɢ 
ɧɟɤɨɬɨɪɨɦ ɮɢɤɫɢɪɨɜɚɧɧɨɦ ɡɧɚɱɟɧɢɢ ЭF ɦɨɠɧɨ 
ɨɩɪɟɞɟɥɢɬɶ ɤɚɤ 

 F0 tVV  . (5) 
Ⱦɥɹ ɪɟɚɥɢɡɚɰɢɢ ɭɩɪɚɜɥɹɸɳɟɣ ɩɚɦɹɬɢ ɄɆɍɍ 
ɞɨɫɬɚɬɨɱɧɨ Ɇ ɹɱɟɟɤ ȿɆȼ. ɉɪɢ ɷɬɨɦ ɛɥɨɤ ɛɭɞɟɬ 
ɢɦɟɬɶ 

 MVt 0M   (6) 

ɜɵɯɨɞɨɜ. ɉɭɫɬɶ ɫɥɟɞɭɸɳɟɟ ɭɫɥɨɜɢɟ ɜɵɩɨɥɧɹɟɬɫɹ 
ɞɥɹ ɧɟɤɨɬɨɪɨɣ ȽɋȺ Ƚ ɢ ɛɥɨɤɢ ȿɆȼ 
ɢɫɩɨɥɶɡɭɟɦɨɣ ɦɢɤɪɨɫɯɟɦɵ FPGA 

3NtM  . (7) 

Ɂɚɤɨɞɢɪɭɟɦ ɤɥɚɫɫɵ 1i ÏB   ɞɜɨɢɱɧɵɦɢ ɤɨɞɚɦɢ 
K(Bi) ɪɚɡɪɹɞɧɨɫɬɢ 

 121 IlogR  , (8) 

ɝɞɟ 11I  . ɂɫɩɨɥɶɡɭɟɦ ɞɥɹ ɤɨɞɢɪɨɜɚɧɢɹ 

ɩɟɪɟɦɟɧɧɵɟ  r , ɝɞɟ 1R  . ɉɭɫɬɶ 1Ï , 

2Ï  ɢ ɫɥɟɞɭɸɳɟɟ ɭɫɥɨɜɢɟ ɜɵɩɨɥɧɹɟɬɫɹ ɞɥɹ 
ȿɆȼ ɨɞɧɨɜɪɟɦɟɧɧɨ ɫ ɭɫɥɨɜɢɟɦ (6)μ 

1M R3Nt  . (9) 

Ɉɱɟɜɢɞɧɨ, ɱɬɨ ɱɚɫɬɶ ɪɚɡɪɹɞɨɜ ɤɨɞɨɜ K(Bi) ɞɥɹ 
ɤɥɚɫɫɨɜ 1i ÏB   ɦɨɠɟɬ ɛɵɬɶ ɫɮɨɪɦɢɪɨɜɚɧɚ 
ɫɯɟɦɨɣ ɍɉ. Ɍɟɩɟɪɶ ɍɉ ɮɨɪɦɢɪɭɟɬ R2 ɪɚɡɪɹɞɚ 
ɤɨɞɚ K(Bi), ɚ ȻɉȺ – R3 ɪɚɡɪɹɞɚμ 

3)N(tR M2  ; 

213 RRR  . 

(10) 

(11) 
ɉɪɢ ɷɬɨɦ ɦɧɨɠɟɫɬɜɨ  ɦɨɠɟɬ ɛɵɬɶ ɩɪɟɞɫɬɚɜɥɟɧɨ 
ɜ ɜɢɞɟ 21   , ɝɞɟ 3

1 R  , 2
2 R  .  

ɉɪɟɞɥɚɝɚɟɦɚɹ ɜ ɪɚɛɨɬɟ ɦɨɞɟɥɶ ɄɆɍɍ ɨɫɧɨɜɚɧɚ 
ɧɚ ɩɪɟɞɫɬɚɜɥɟɧɢɹɯ 21C ÏÏÏ   ɢ 21   . 

ɉɪɢ ɷɬɨɦ ɜ ɩɪɟɞɥɚɝɚɟɦɨɣ ɫɬɪɭɤɬɭɪɟ ɄɆɍɍ U2 
ɫɯɟɦɚ ɋɎȺ ɪɟɚɥɢɡɭɟɬɫɹ ɧɚ ɛɥɨɤɚɯ PLA (ɪɢɫ. 2). 
 

 
Ɋɢɫɭɧɨɤ 2 – ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɄɆɍɍ U2 

 
ɋɯɟɦɚ ɋɎȺ ɪɟɚɥɢɡɭɟɬ ɮɭɧɤɰɢɢ Ɏ ɜ ɫɥɟɞɭɸɳɟɦ 
ɜɢɞɟμ  

X),,T(  . (12) 

Ȼɥɨɤ ȻɉȺ ɪɟɚɥɢɡɭɟɬ ɱɚɫɬɶ ɪɚɡɪɹɞɨɜ ɤɨɞɨɜ K(Bi), 

ɨɛɪɚɡɭɸɳɢɯ ɦɧɨɠɟɫɬɜɨ 2 . Ɍɚɤɨɣ ɩɨɞɯɨɞ 
ɩɨɡɜɨɥɹɟɬ ɭɦɟɧɶɲɢɬɶ ɱɢɫɥɨ ɬɟɪɦɨɜ ɜ ɫɢɫɬɟɦɟ (3) 
ɞɨ ɦɢɧɢɦɭɦɚ. Ʉɪɨɦɟ ɬɨɝɨ, ɭɦɟɧɶɲɚɟɬɫɹ 
ɫɥɨɠɧɨɫɬɶ ɛɥɨɤɚ ȻɉȺ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ 
ɚɧɚɥɨɝɢɱɧɵɦ ɄɆɍɍ ɢɡ Д8Ж. ɇɟɞɨɫɬɚɬɤɨɦ 
ɹɜɥɹɟɬɫɹ ɭɜɟɥɢɱɟɧɢɟ ɱɢɫɥɚ ɜɵɯɨɞɨɜ ɛɥɨɤɚ ɍɉ. 
Ɉɞɧɚɤɨ ɷɬɨɬ ɛɥɨɤ ɫɬɪɨɢɬɫɹ ɢɡ 
ɪɟɤɨɧɮɢɝɭɪɢɪɭɟɦɵɯ ɛɥɨɤɨɜ EMB, ɤɨɬɨɪɵɟ 
ɢɦɟɸɬ ɫɬɪɨɝɨ ɨɩɪɟɞɟɥёɧɧɨɟ ɱɢɫɥɨ ɜɵɯɨɞɨɜ. ɉɪɢ 
ɷɬɨɦ ɢɦɟɟɬɫɹ ɜɵɫɨɤɚɹ ɜɟɪɨɹɬɧɨɫɬɶ ɧɚɥɢɱɢɹ 
ɧɟɢɫɩɨɥɶɡɨɜɚɧɧɵɯ ɜɵɯɨɞɨɜ Д4Ж. 
ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɩɪɟɞɥɚɝɚɟɬɫɹ ɦɟɬɨɞ ɫɢɧɬɟɡɚ 

ɄɆɍɍ U2, ɜɤɥɸɱɚɸɳɢɣ ɫɥɟɞɭɸɳɢɟ ɷɬɚɩɵμ 
1. Ɏɨɪɦɢɪɨɜɚɧɢɟ ɦɧɨɠɟɫɬɜɚ ɈɅɐ ɋ ɞɥɹ ȽɋȺ Ƚ. 
2. Ɏɨɪɦɢɪɨɜɚɧɢɟ ɪɚɡɛɢɟɧɢɹ CÏ  ɦɧɨɠɟɫɬɜɚ ɋ. 
3. Ɉɩɬɢɦɚɥɶɧɚɹ ɚɞɪɟɫɚɰɢɹ ɦɢɤɪɨɤɨɦɚɧɞ. 
4. Ʉɨɞɢɪɨɜɚɧɢɟ ɤɥɚɫɫɨɜ 1i ÏB  . 

5. Ɏɨɪɦɢɪɨɜɚɧɢɟ ɬɚɛɥɢɰɵ ɩɟɪɟɯɨɞɨɜ ɄɆɍɍ. 
6. Ɏɨɪɦɢɪɨɜɚɧɢɟ ɬɚɛɥɢɰɵ ɛɥɨɤɚ 
ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ ɚɞɪɟɫɚ. 
7. Ɏɨɪɦɢɪɨɜɚɧɢɟ ɬɚɛɥɢɰɵ ɫɨɞɟɪɠɢɦɨɝɨ 
ɭɩɪɚɜɥɹɸɳɟɣ ɩɚɦɹɬɢ. 
8. Ɋɟɚɥɢɡɚɰɢɹ ɫɯɟɦɵ ɄɆɍɍ ɜ ɡɚɞɚɧɧɨɦ 
ɷɥɟɦɟɧɬɧɨɦ ɛɚɡɢɫɟ. 

ɉɪɢɦɟɪ ɩɪɢɦɟɧɟɧɢɹ ɦɟɬɨɞɚ 

ɉɭɫɬɶ ɞɥɹ ɧɟɤɨɬɨɪɨɣ ȽɋȺ Ƚ ɩɨɥɭɱɟɧɨ ɦɧɨɠɟɫɬɜɨ 
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ɈɅɐ }α,...,α{C 121 , ɝɞɟ 11 bα , 

522 b,...,bα  , 763 b,bα , 84 bα  , 

1095 b,bα  , 12116 b,bα  , 16137 b,...,bα  , 

20178 b,...,bα , 26219 b,...,bα  , 282710 b,bα  , 

312911 b,...,bα  , 3212 bα  . ɉɭɫɬɶ ɷɬɢ ɈɅɐ 
ɦɨɝɭɬ ɛɵɬɶ ɪɚɡɛɢɬɵ ɧɚ I = 7 ɤɥɚɫɫɨɜ, ɝɞɟ 

}α,α{B 211  , }α,α{B 432  , }α,α{B 653  , 

}α{B 74  , }α,α{B 985  , }α,α{B 11106  , 

}α{B 127  . ɉɭɫɬɶ ɜɵɯɨɞ ɈɅɐ Cα12   ɫɜɹɡɚɧ ɫ 
ɜɯɨɞɨɦ ɜɟɪɲɢɧɵ bE. Ʉɚɤ ɢɡɜɟɫɬɧɨ, ɩɟɪɟɯɨɞɵ ɢɡ 
ɬɚɤɢɯ ɈɅɐ ɧɟ ɪɚɫɫɦɚɬɪɢɜɚɸɬɫɹ, ɬɚɤ ɤɚɤ ɢɯ 
ɩɨɫɥɟɞɧɹɹ ɜɟɪɲɢɧɚ ɞɨɥɠɧɚ ɜɤɥɸɱɚɬɶ 

ɩɟɪɟɦɟɧɧɭɸ yE [8]. 
ȼɵɩɨɥɧɢɦ ɚɞɪɟɫɚɰɢɸ ɦɢɤɪɨɤɨɦɚɧɞ ɬɚɤ, ɱɬɨɛɵ 
ɜɵɩɨɥɧɹɥɨɫɶ ɭɫɥɨɜɢɟ (2) ɢ ɦɚɤɫɢɦɚɥɶɧɨ 
ɜɨɡɦɨɠɧɨɟ ɱɢɫɥɨ ɤɥɚɫɫɨɜ ɩɪɟɞɫɬɚɜɥɹɥɨɫɶ ɨɞɧɢɦ 
ɨɛɨɛɳɟɧɧɵɦ ɢɧɬɟɪɜɚɥɨɦ R-ɦɟɪɧɨɝɨ ɛɭɥɟɜɚ 
ɩɪɨɫɬɪɚɧɫɬɜɚ. ȼ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɦ ɩɪɢɦɟɪɟ 
M = 32, ɬɨ ɟɫɬɶ R = 5 ɢ }T,...,{TT 51 . Ɉɞɢɧ ɢɡ 
ɜɨɡɦɨɠɧɵɯ ɜɚɪɢɚɧɬɨɜ ɨɩɬɢɦɚɥɶɧɨɣ ɚɞɪɟɫɚɰɢɢ 
ɦɢɤɪɨɤɨɦɚɧɞ ɩɪɢɜɟɞɟɧ ɧɚ ɪɢɫ. 3. ɗɬɨɬ ɪɢɫɭɧɨɤ 
ɫɨɞɟɪɠɢɬ ɜɢɞɨɢɡɦɟɧɟɧɧɭɸ ɤɚɪɬɭ Ʉɚɪɧɨ, ɤɨɬɨɪɚɹ 
ɞɨɫɬɚɬɨɱɧɚ ɞɥɹ ɩɨɥɭɱɟɧɢɹ ɨɛɨɛɳёɧɧɵɯ 
ɢɧɬɟɪɜɚɥɨɜ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɤɨɞɚɦ ɤɥɚɫɫɨɜ 

Ci ÏB  . ɋɢɦɜɨɥ U2(Ƚ) ɨɡɧɚɱɚɟɬ, ɱɬɨ ɄɆɍɍ U2 

ɪɟɚɥɢɡɭɟɬɫɹ ɩɨ ȽɋȺ Ƚ. 

 
Ɋɢɫɭɧɨɤ 3 – Ⱥɞɪɟɫɚ ɦɢɤɪɨɤɨɦɚɧɞ ɄɆɍɍ U2(Ƚ) 

 
ɋɥɟɞɭɸɳɢɟ ɢɧɬɟɪɜɚɥɵ ɦɨɝɭɬ ɛɵɬɶ ɧɚɣɞɟɧɵ ɞɥɹ 
ɤɥɚɫɫɨɜ Ci ÏB  . Ʉɥɚɫɫ B1 ɫɨɨɬɜɟɬɫɬɜɭɟɬ 
ɢɧɬɟɪɜɚɥɚɦ 000** ɢ 00100; ɤɥɚɫɫ B2 – ɢɧɬɟɪɜɚɥɚɦ 
00101 ɢ 0011*; ɤɥɚɫɫ B3 – ɢɧɬɟɪɜɚɥɭ 010**; ɤɥɚɫɫ 
B4 – ɢɧɬɟɪɜɚɥɭ 011**; ɤɥɚɫɫ B5 – ɢɧɬɟɪɜɚɥɚɦ 10*** 
ɢ 1100*; ɤɥɚɫɫ B6 – ɢɧɬɟɪɜɚɥɚɦ 1101*, 1110* ɢ 
11110. ɂɬɚɤ, ɢɦɟɟɦ ɫɥɟɞɭɸɳɢɟ ɤɥɚɫɫɵ ɞɥɹ 
ɪɚɡɛɢɟɧɢɹ CÏ :  65211 B,B,B,BÏ   ɢ  432 B,BÏ  . 

Ⱦɥɹ ɤɨɞɢɪɨɜɚɧɢɹ ɤɥɚɫɫɨɜ 1i ÏB   ɧɟɨɛɯɨɞɢɦɨ 
R1 = 2 ɩɟɪɟɦɟɧɧɵɯ   r . 

Ɉɞɧɚɤɨ ɧɟɨɛɯɨɞɢɦ ɤɨɞ, ɩɨɡɜɨɥɹɸɳɢɣ 
ɢɞɟɧɬɢɮɢɰɢɪɨɜɚɬɶ ɬɨɬ ɮɚɤɬ, ɱɬɨ 1i ÏB  . ȼ ɷɬɨɣ 
ɫɜɹɡɢ (ɜ ɞɚɧɧɨɦ ɩɪɢɦɟɪɟ) ɪɚɡɪɹɞɧɨɫɬɶ R1 
ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɞɨ 3. ɉɭɫɬɶ ɤɨɞ 000 ɫɨɨɬɜɟɬɫɬɜɭɟɬ 
ɭɫɥɨɜɢɸ 1i ÏB  . Ɂɚɤɨɞɢɪɭɟɦ ɤɥɚɫɫɵ 1i ÏB   

ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦμ K(B1) = 001, K(B2) = 010, 
K(B5) = 100 ɢ K(B6) = 101. 
Ⱦɥɹ ɮɨɪɦɢɪɨɜɚɧɢɹ ɬɚɛɥɢɰɵ ɩɟɪɟɯɨɞɨɜ ɧɟɨɛɯɨɞɢɦɨ 
ɩɨɫɬɪɨɢɬɶ ɫɢɫɬɟɦɭ ɨɛɨɛɳɟɧɧɵɯ ɮɨɪɦɭɥ ɩɟɪɟɯɨɞɚ 
Д8Ж ɞɥɹ ɤɥɚɫɫɨɜ Ci ÏB  . ɉɭɫɬɶ ɞɥɹ ɤɥɚɫɫɨɜ 

C31 ÏB,B   ɩɨɥɭɱɟɧɵ ɫɥɟɞɭɸɳɢɟ ɮɨɪɦɭɥɵμ 

.bxxbxxbxB

;bxbxB

63217321323

91611




 (13) 

Ɏɪɚɝɦɟɧɬ ɬɚɛɥɢɰɵ ɩɟɪɟɯɨɞɨɜ ɄɆɍɍ U2(Ƚ), 
ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɣ (13), ɩɪɢɜɟɞɟɧ ɜ ɬɚɛɥ.1. 
 

Ɍɚɛɥɢɰɚ 1. Ɏɪɚɝɦɟɧɬ ɬɚɛɥɢɰɵ ɩɟɪɟɯɨɞɨɜ  
ɄɆɍɍ U2(Ƚ) 

Bi K(Bi)1 K(Bi)2 qb  A(bq)  hX  
h  

ȼ1 001 ***** b6 00101 x1 D3 D5 

b9 01000 1x  D2 

ȼ3 000 010** b13 01100 x2 D2 D3 

b17 10000 32 xx  D1 

b6 00101 32 xx  D3 D5 

 
ȼ ɫɬɨɥɛɰɟ K(Bi)1 ɭɤɚɡɚɧ ɤɨɞ ɤɥɚɫɫɚ 1i ÏB  , ɜ 
ɫɬɨɥɛɰɟ K(Bi)2 – ɤɨɞ ɤɥɚɫɫɚ 2i ÏB  . ȿɫɥɢ 
ɪɚɫɫɦɚɬɪɢɜɚɸɬɫɹ ɩɟɪɟɯɨɞɵ ɢɡ ɤɥɚɫɫɚ 2i ÏB  , ɬɨ ɜ 
ɫɬɪɨɤɟ ɡɚɩɢɫɚɧ ɤɨɞ 000. ȼ ɩɪɨɬɢɜɧɨɦ ɫɥɭɱɚɟ, ɤɨɞ ɢɡ 
ɫɬɨɥɛɰɚ K(Bi)2 ɢɝɧɨɪɢɪɭɟɬɫɹ. 
Ɍɚɛɥɢɰɚ ɩɟɪɟɯɨɞɨɜ ɫɥɭɠɢɬ ɞɥɹ ɮɨɪɦɢɪɨɜɚɧɢɹ 
ɮɭɧɤɰɢɣ (12). ɇɚɩɪɢɦɟɪ, ɢɡ ɬɚɛɥ.1 ɦɨɠɟɬ ɛɵɬɶ 
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ɩɨɥɭɱɟɧɚ ɮɭɧɤɰɢɹ  

232132113212 xTTTxD   . 

Ɉɫɬɚɥɶɧɵɟ ɷɬɚɩɵ ɫɢɧɬɟɡɚ ɜɵɩɨɥɧɹɸɬɫɹ ɚɧɚɥɨɝɢɱɧɨ 
ɢɯ ɜɵɩɨɥɧɟɧɢɸ ɜ ДλЖ. Ɍɨɥɶɤɨ ɷɬɚɩ 7 ɢɦɟɟɬ 
ɧɟɤɨɬɨɪɵɟ ɨɬɥɢɱɢɹ. Ɋɚɫɫɦɨɬɪɢɦ ɫɥɟɞɭɸɳɢɣ 
ɩɪɢɦɟɪ. 
ɉɭɫɬɶ ɜ ɜɟɪɲɢɧɟ b31 ȽɋȺ Ƚ ɡɚɩɢɫɚɧ ɧɚɛɨɪ 
ɦɢɤɪɨɨɩɟɪɚɰɢɣ y5,y7. ɂɡ ɩɪɟɞɵɞɭɳɟɝɨ ɦɚɬɟɪɢɚɥɚ 
ɹɫɧɨ, ɱɬɨ ɜɟɪɲɢɧɚ b31 ɹɜɥɹɟɬɫɹ ɜɵɯɨɞɨɦ ɈɅɐ 11α , 

ɤɨɬɨɪɚɹ ɜɯɨɞɢɬ ɜ ɤɥɚɫɫ ȼ6. Ʉɥɚɫɫ ȼ6 ɢɦɟɟɬ ɤɨɞ 
K(B6) = 101, ɚ ɜɟɪɲɢɧɟ b31 ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɚɞɪɟɫ 
11110 (ɪɢɫ. 3). Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜ ɹɱɟɣɤɭ ȿɆȼ ɫ 
ɚɞɪɟɫɨɦ 11110 ɞɨɥɠɟɧ ɛɵɬɶ ɩɨɦɟɳɟɧ ɤɨɞ ɧɚɛɨɪɚ 
y5,y7 ɢ ɩɟɪɟɦɟɧɧɵɟ 1  ɢ 3 . 

ɂɬɚɤ, ɩɟɪɟɦɟɧɧɵɟ  1
r    ɩɨɦɟɳɚɸɬɫɹ ɜ ɹɱɟɣɤɢ 

ɍɉ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɜɵɯɨɞɚɦ ɈɅɐ, ɜɯɨɞɹɳɢɦ ɜ 
ɤɥɚɫɫɵ 1i ÏB  . ɋɯɟɦɚ ȻɉȺ ɪɟɚɥɢɡɭɟɬɫɹ ɧɚ LUT 

ɷɥɟɦɟɧɬɚɯ. Ɉɱɟɜɢɞɧɨ, ɱɬɨ ɪɚɡɛɢɟɧɢɟ ɦɧɨɠɟɫɬɜɚ   

ɧɚ ɤɥɚɫɫɵ 1  ɢ 2  ɧɚɞɨ ɩɪɨɢɡɜɨɞɢɬɶ ɫɥɟɞɭɸɳɢɦ 
ɨɛɪɚɡɨɦ. ȼ ɤɥɚɫɫ 2  ɩɨɦɟɳɚɸɬɫɹ ɩɟɪɟɦɟɧɧɵɟ 

  r , ɤɨɬɨɪɵɦ ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɫɯɟɦɵ ɫ 
ɧɚɢɦɟɧɶɲɢɦ ɱɢɫɥɨɦ LUT ɷɥɟɦɟɧɬɨɜ. Ɍɚɤɨɣ ɩɨɞɯɨɞ 
ɩɨɡɜɨɥɹɟɬ ɭɦɟɧɶɲɢɬɶ ɚɩɩɚɪɚɬɭɪɧɵɟ ɡɚɬɪɚɬɵ ɜ 
ɫɯɟɦɟ ȻɉȺ. Ⱦɚɥɶɧɟɣɲɚɹ ɪɟɚɥɢɡɚɰɢɹ ɫɯɟɦɵ ɄɆɍɍ 
U2 ɫɜɨɞɢɬɫɹ ɤ ɪɟɚɥɢɡɚɰɢɢ ɫɢɫɬɟɦɵ ɮɭɧɤɰɢɣ ɧɚ PLA 
ɢ ɍɉ ɧɚ EMB. Ⱦɥɹ ɪɟɲɟɧɢɹ ɷɬɨɣ ɡɚɞɚɱɢ 
ɢɫɩɨɥɶɡɭɸɬɫɹ ɫɬɚɧɞɚɪɬɧɵɟ ɩɪɨɦɵɲɥɟɧɧɵɟ ɩɚɤɟɬɵ. 
ɗɬɨɬ ɷɬɚɩ ɜɵɯɨɞɢɬ ɡɚ ɩɪɟɞɟɥɵ ɫɬɚɬɶɢ. 
Ɉɬɦɟɬɢɦ, ɱɬɨ ɪɟɚɥɢɡɚɰɢɹ ɩɪɟɞɥɨɠɟɧɧɨɝɨ ɩɨɞɯɨɞɚ 
ɜɨɡɦɨɠɧɚ ɬɨɥɶɤɨ ɛɥɚɝɨɞɚɪɹ ɛɨɥɶɲɨɦɭ ɱɢɫɥɭ 
ɜɯɨɞɨɜ PLA. ɇɚɩɪɢɦɟɪ, ɜ ɛɥɨɤɚɯ PLA ɦɢɤɪɨɫɯɟɦ 
APEX20K ɢɦɟɟɬɫɹ S=32 ɜɯɨɞɚ Д4Ж. ȼ ɨɛɳɟɦ ɫɥɭɱɚɟ 
ɩɪɟɞɥɨɠɟɧɧɵɣ ɦɟɬɨɞ ɰɟɥɟɫɨɨɛɪɚɡɟɧ ɩɪɢ 
ɜɵɩɨɥɧɟɧɢɢ ɭɫɥɨɜɢɹ 

SLRR1  . (14) 
Ⱥɧɚɥɢɡ ɫɬɚɧɞɚɪɬɧɵɯ ɩɪɢɦɟɪɨɜ Д10Ж ɩɨɤɚɡɚɥ, ɱɬɨ 
ɭɫɥɨɜɢɟ (14) ɜɵɩɨɥɧɹɟɬɫɹ ɞɥɹ 87% ɆɉȺ ɢɡ ɷɬɨɣ 
ɛɢɛɥɢɨɬɟɤɢ. 

Ɂɚɤɥɸɱɟɧɢɟ 

ɉɪɟɞɥɚɝɚɟɦɵɣ ɜ ɪɚɛɨɬɟ ɦɟɬɨɞ ɭɦɟɧɶɲɟɧɢɹ 
ɚɩɩɚɪɚɬɭɪɧɵɯ ɡɚɬɪɚɬ ɜ ɫɯɟɦɟ ɄɆɍɍ ɨɫɧɨɜɚɧ ɧɚ 
ɭɱɟɬɟ ɨɫɨɛɟɧɧɨɫɬɟɣ ɝɢɛɪɢɞɧɵɯ FPGA, ɚ ɬɚɤɠɟ 
ɧɚɥɢɱɢɢ ɤɥɚɫɫɨɜ ɩɫɟɜɞɨɷɤɜɢɜɚɥɟɧɬɧɵɯ ɈɅɐ. 
ɂɫɩɨɥɶɡɨɜɚɧɢɟ ɞɜɭɯ ɢɫɬɨɱɧɢɤɨɜ ɤɨɞɨɜ ɤɥɚɫɫɨɜ 
ɩɨɡɜɨɥɹɟɬ ɝɚɪɚɧɬɢɪɨɜɚɧɧɨ ɭɦɟɧɶɲɢɬɶ ɱɢɫɥɨ ɬɟɪɦɨɜ 
ɜ ɫɢɫɬɟɦɟ ɮɭɧɤɰɢɣ ɜɨɡɛɭɠɞɟɧɢɹ ɬɪɢɝɝɟɪɨɜ 
ɫɱɟɬɱɢɤɚ ɚɞɪɟɫɨɜ ɦɢɤɪɨɤɨɦɚɧɞ ɞɨ ɦɚɤɫɢɦɚɥɶɧɨ 
ɜɨɡɦɨɠɧɨɣ ɜɟɥɢɱɢɧɵ. ȿɫɥɢ ɄɆɍɍ ɫ 
ɢɞɟɧɬɢɮɢɤɚɰɢɟɣ ɜɵɯɨɞɨɜ ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɤɚɤ 
ɚɜɬɨɦɚɬ Ɇɭɪɚ, ɬɨ ɩɪɟɞɥɚɝɚɟɦɵɣ ɩɨɞɯɨɞ ɩɨɡɜɨɥɹɟɬ 
ɭɦɟɧɶɲɢɬɶ ɱɢɫɥɨ ɬɟɪɦɨɜ ɞɨ ɜɟɥɢɱɢɧɵ ɷɬɨɝɨ 
ɩɚɪɚɦɟɬɪɚ ɭ ɷɤɜɢɜɚɥɟɧɬɧɨɝɨ ɚɜɬɨɦɚɬɚ Ɇɢɥɢ. Ʉɪɨɦɟ 
ɬɨɝɨ, ɭɦɟɧɶɲɚɟɬɫɹ ɱɢɫɥɨ LUT ɷɥɟɦɟɧɬɨɜ ɜ ɫɯɟɦɟ 
ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ ɚɞɪɟɫɚ, ɬɚɤ ɤɚɤ ɧɟ ɜɫɟ ɚɞɪɟɫɚ 
ɜɵɯɨɞɨɜ ɈɅɐ ɩɨɞɥɟɠɚɬ ɩɪɟɨɛɪɚɡɨɜɚɧɢɸ. 

ȼ ɫɥɭɱɚɟ ɜɵɩɨɥɧɟɧɢɹ ɭɫɥɨɜɢɹ (14) ɫɯɟɦɚ ɋɎȺ 
ɪɟɚɥɢɡɭɟɬɫɹ ɜ ɜɢɞɟ ɨɞɧɨɝɨ ɛɥɨɤɚ PLA. ɉɪɢ ɷɬɨɦ 
ɫɭɳɟɫɬɜɟɧɧɨ ɭɦɟɧɶɲɚɟɬɫɹ ɩɥɨɳɚɞɶ ɤɪɢɫɬɚɥɥɚ, 
ɡɚɧɢɦɚɟɦɚɹ ɫɯɟɦɨɣ ɋɎȺ. ɗɬɨ ɜɨ ɦɧɨɝɨɦ 
ɨɛɴɹɫɧɹɟɬɫɹ ɭɦɟɧɶɲɟɧɢɟɦ ɱɢɫɥɚ ɦɟɠɫɨɟɞɢɧɟɧɢɣ 
ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɄɆɍɍ U1. 
ɇɚɭɱɧɚɹ ɧɨɜɢɡɧɚ ɩɪɟɞɥɨɠɟɧɧɨɝɨ ɦɟɬɨɞɚ 
ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɨɫɨɛɟɧɧɨɫɬɟɣ ɛɚɡɢɫɚ 
ɝɢɛɪɢɞɧɵɯ FPGA (ɛɨɥɶɲɨɣ ɤɨɷɮɮɢɰɢɟɧɬ 
ɨɛɴɟɞɢɧɟɧɢɹ ɩɨ ɜɯɨɞɚɦ ɛɥɨɤɨɜ PLA) ɞɥɹ 
ɭɦɟɧɶɲɟɧɢɹ ɱɢɫɥɚ LUT ɷɥɟɦɟɧɬɨɜ ɜ ɫɯɟɦɟ ɄɆɍɍ. 
ɋ ɩɪɚɤɬɢɱɟɫɤɨɣ ɬɨɱɤɢ ɡɪɟɧɢɹ ɦɟɬɨɞ ɞɚɟɬ 
ɜɨɡɦɨɠɧɨɫɬɶ ɭɦɟɧɶɲɢɬɶ ɩɥɨɳɚɞɶ ɤɪɢɫɬɚɥɥɚ FPGA, 
ɡɚɧɢɦɚɟɦɭɸ ɫɯɟɦɨɣ ɄɆɍɍ ɫ ɢɞɟɧɬɢɮɢɤɚɰɢɟɣ 
ɜɵɯɨɞɨɜ, ɱɬɨ ɩɨɡɜɨɥɹɟɬ ɩɨɥɭɱɚɬɶ ɫɯɟɦɵ, 
ɨɛɥɚɞɚɸɳɢɟ ɦɟɧɶɲɟɣ ɫɬɨɢɦɨɫɬɶɸ, ɱɟɦ ɢɡɜɟɫɬɧɵɟ 
ɢɡ ɥɢɬɟɪɚɬɭɪɵ ɚɧɚɥɨɝɢ. 
Ⱦɚɥɶɧɟɣɲɢɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɦɨɝɭɬ ɛɵɬɶ ɧɚɩɪɚɜɥɟɧɵ 
ɧɚ ɪɚɡɪɚɛɨɬɤɭ ɦɟɬɨɞɚ ɫɢɧɬɟɡɚ ɄɆɍɍ, 
ɭɦɟɧɶɲɚɸɳɟɝɨ ɱɢɫɥɨ ɛɥɨɤɨɜ PLA ɜ ɫɯɟɦɟ 
ɚɞɪɟɫɚɰɢɢ ɩɪɢ ɧɚɪɭɲɟɧɢɢ ɭɫɥɨɜɢɹ (14). 
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ɉɪеɞɥɚɝɚеɬɫɹ ɦеɬоɞ ɭɦеɧɶɲеɧɢɹ ɚɩɩɚɪɚɬɭɪɧɵɯ ɡɚɬɪɚɬ в ɫɯеɦе ɤоɦɩоɡɢɰɢоɧɧоɝо ɦɢɤɪоɩɪоɝɪɚɦɦɧоɝо 
ɭɫɬɪоɣɫɬвɚ ɭɩɪɚвɥеɧɢɹ (ɄɆɍɍ) ɫ ɢɞеɧɬɢɮɢɤɚɰɢеɣ вɵɯоɞов, оɪɢеɧɬɢɪовɚɧɧɵɣ ɧɚ ɬеɯɧоɥоɝɢɸ ɝɢɛɪɢɞɧɵɯ 
FPGA. Ɇеɬоɞ оɫɧовɚɧ ɧɚ ɢɫɩоɥɶɡовɚɧɢɢ ɬɪеɯ ɢɫɬоɱɧɢɤов ɤоɞов ɤɥɚɫɫов ɩɫевɞоɷɤвɢвɚɥеɧɬɧɵɯ оɩеɪɚɬоɪɧɵɯ 
ɥɢɧеɣɧɵɯ ɰеɩеɣ (ɉɈɅЦ) ɢ ɪеɚɥɢɡɚɰɢɢ ɫɯеɦɵ ɚɞɪеɫɚɰɢɢ ɦɢɤɪоɤоɦɚɧɞ ɧɚ ɩɪоɝɪɚɦɦɢɪɭеɦɵɯ ɥоɝɢɱеɫɤɢɯ 
ɦɚɬɪɢɰɚɯ. Ɍɚɤоɣ ɩоɞɯоɞ ɩоɡвоɥɹеɬ ɭɦеɧɶɲɢɬɶ ɩɥощɚɞɶ ɤɪɢɫɬɚɥɥɚ, ɡɚɧɢɦɚеɦɭɸ ɫɯеɦоɣ ɭɫɬɪоɣɫɬвɚ 
ɭɩɪɚвɥеɧɢɹ. ɉɪɢвеɞеɧ ɩɪɢɦеɪ ɩɪɢɦеɧеɧɢɹ ɩɪеɞɥоɠеɧɧоɝо ɦеɬоɞɚ. 

 

Ʉɥɸɱевɵе ɫɥовɚμ ɄɆɍɍ ɫ ɢɞеɧɬɢɮɢɤɚɰɢеɣ вɵɯоɞов, ɉɈɅЦ, ɝɢɛɪɢɞɧɵе FPGA, ɥоɝɢɱеɫɤɚɹ ɫɯеɦɚ 
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ɉɪоɩоɧɭєɬɶɫɹ ɦеɬоɞ ɡɦеɧɲеɧɧɹ ɚɩɚɪɚɬɭɪɧɢɯ вɢɬɪɚɬ в ɫɯеɦɿ ɤоɦɩоɡɢɰɿɣɧоɝо ɦɿɤɪоɩɪоɝɪɚɦɧоɝо 
ɩɪɢɫɬɪоɸ ɤеɪɭвɚɧɧɹ (ɄɆɉɄ) ɿɡ ɿɞеɧɬɢɮɿɤɚɰɿєɸ вɢɯоɞɿв, ɹɤɢɣ оɪɿєɧɬовɚɧо ɧɚ ɬеɯɧоɥоɝɿɸ ɝɿɛɪɢɞɧɢɯ FPGA. 
Ɇеɬоɞ ɡɚɫɧовɚɧо ɧɚ вɢɤоɪɢɫɬɚɧɧɿ ɬɪɶоɯ ɞɠеɪеɥ ɤоɞ ɤɥɚɫɿв ɩɫевɞоеɤвɿвɚɥеɧɬɧɢɯ оɩеɪɚɬоɪɧɢɯ ɥɿɧɿɣɧɢɯ 
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K.N. Efimenko.THE USE OF HYBRID FPGA FOR IMPLEMENTING COMPOSITIONAL CONTROL UNIT 

WITH IDENTIFICATION OF OUTPUTS 

A method for reducing the hardware amount in the circuit of compositional microprogram control unit (CMCU) 

with identification of outputs is proposed oriented on hybrid FPGA technology. The method is based on the use of three 

sources of codes classes of pseudoequivalent operational linear chains (POLC) and implementing the block of 

microinstruction addressing with programmable logic arrays. Such approach allows reducing the chip area occupied 

by the circuit of CMCU. An example of the proposed method application is given. 
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