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 N .   0  N/2    

  . 
   ,      

.    ;     
 -1,0  0,  -0,5  0,5,  0  1      

 ,   .  
        0-1,0. 

 ,      0   N-1 

   0  1  .  
    0  N/2,    0 – 

0.5  .   N/2+1  N-1   
 ,   . 

    Д Ф   
 Д Ф   .   ,   

 ,       
. ,   0  N/2      ,   

        .    
 N/2+1   ,    N/2-1,  N/2+2  ,    

N/2-2   .     N-1,   ,   
 1.        ,   

 .   N/2+1    N/2-1,  N/2+2 
   N/2-2   . ,   0  N/2   

   .         
  0  N/2   ,    

      N/1+1  N-1.  
5.1   .  
 

 5.1 –  

 

6000      '    

6010   '        
   

6020   '     N%     ,  

6030   'REX[ ] and IMXД Ж       
 0  N%/2. 

6040 '    REXД Ж  IMXД Ж     
  0  N%-1. 

6050 ' 

6060 FOR K% = (N%/2+1) TO (N%-1) 

6070    REX[K%] = REX[N%-K%] 

6080    IMX[K%] = -IMX[N%-K%] 

6090 NEXT K% 

6100 ' 

6110 RETURN 
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0 0000  0 0000 

1 0001  8 1000 

2 0010  4 0100 

3 0011  12 1100 

4 0100  2 0010 

5 0101  10 1010 

6 0110  6 0110 

7 0111  14 1110 

8 1000  1 0001 

9 1001  9 1001 

10 1010  5 0101 

11 1011  13 1101 

12 1100  3 0011 

13 1101  11 1011 

14 1110  7 0111 

15 1111  15 1111 
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 Ф 

         
      .  5.2 
        

.       . 
 

 5.2 -       
 

5000 '     

5010  N%      

5020 'XRД Ж  XIД Ж        
, 

5030 'REXД Ж  IMXД Ж    . 
5040 '     0  N%-1. 

5050 ' 

5060 PI = 3.14159265                                            '   

5070 ' 

5080 FOR K% = 0 TO N%-1                                  '  REXД Ж  IMX[ ], 

    
5090    REX[K%] = 0                                              '   

 

5100    IMX[K%] = 0 

5110 NEXT K% 

5120 ' 

5130 FOR K% = 0 TO N%-1                                   '     
  

5140    FOR I% = 0 TO N%-1                                  '    
 SR & SI 

5150 ' 

5160       SR = COS(2*PI*K%*I%/N%)                  '   
 

5170       SI = -SIN(2*PI*K%*I%/N%) 

5180       REX[K%] = REX[K%] + XR[I%]*SR - XI[I%]*SI 

5190       IMX[K%] = IMX[K%] + XR[I%]*SI + XI[I%]*SR 

5200 ' 

5210    NEXT I% 

5220 NEXT K% 

5230 ' 

5240 RETURN 
 

 5.3  5.4    ,   
    .  
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 5.3 -       
 

SUBROUTINE   FFT(X,M) 

COMPLEX   X(4096),U,S,T 

PI=3.14159265 

N=2**M 

DO 20 L=1,M 

LE=2**(M+1-L) 

LE2=LE/2 

U=(1.0,0.0) 

S=CMPLX(COS(PI/FLOAT(LE2)),-SIN(PI/FLOAT(LE2))) 

DO 20 J=1,LE2 

DO 10 I=J,N,LE 

IP=I+LE2 

T=X(I)+X(IP) 

X(IP)=(X(I)-X(IP))*U 

10          X(I)=T 

20          U=U*S 

ND2=N/2 

NM1=N-1 

J=1 

DO 50 I=1,NM1 

IF(I.GE.J) GO TO 30 

T=X(J) 

X(J)=X(I) 

X(I)=T 

30          K=ND2 

40          IF(K.GE.J) GO TO 50 

J=J-K 

K=K/2 

GO TO 40 

50          J=J+K 

RETURN 

END 
 

 5.4 -       
 

1000 '    

1010 '   N%     REXД Ж  

1020 'IMXД Ж      .   

1030 'REXД Ж  IMXД Ж   .     0  
N%-1. 

1040 ' 

1050 PI = 3.14159265                                                       '   

1060 NM1% = N%-1 
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1070 ND2% = N%/2 
1080 M% = CINT(LOG(N%)/LOG(2)) 

1090 J% = ND2% 

1100 ' 

1110 FOR I% = 1 TO N%-2                                              '   
 

1120    IF I% >= J% THEN GOTO 1190 

1130    TR = REX[J%] 

1140    TI = IMX[J%] 

1150    REX[J%] = REX[I%] 

1160    IMX[J%] = IMX[I%] 

1170    REX[I%] = TR 

1180    IMX[I%] = TI 

1190    K% = ND2% 

1200    IF K% > J% THEN GOTO 1240 

1210    J% = J%-K% 

1220    K% = K%/2 

1230    GOTO 1200 

1240    J% = J%+K% 

1250 NEXT I% 

1260 ' 

1270 FOR L% = 1 TO M%                                                 '     

1280    LE% = CINT(2^L%) 

1290    LE2% = LE%/2 

1300    UR = 1 

1310    UI = 0 

1320    SR = COS(PI/LE2%)                                              '  sine & cosine 

 

1330    SI = -SIN(PI/LE2%) 

1340    FOR J% = 1 TO LE2%                                           '     

 

1350       JM1% = J%-1 

1360       FOR I% = JM1% TO NM1% STEP LE%           '     

1370          IP% = I%+LE2% 

1380         TR = REX[IP%]*UR - IMX[IP%]*UI               '   

1390         TI = REX[IP%]*UI + IMX[IP%]*UR 

1400         REX[IP%] = REX[I%]-TR 

1410         IMX[IP%] = IMX[I%]-TI 

1420         REX[I%] = REX[I%]+TR 

1430         IMX[I%] = IMX[I%]+TI 

1440      NEXT I% 

1450      TR = UR 

1460      UR = TR*SR - UI*SI 

1470      UI = TR*SI + UI*SR 

1480    NEXT J% 

1490 NEXT L% 

1500 ' 

1510 RETURN 
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        5.4.  
     ,   

   5.2.   ,      . 

    5.7      
   .     

     REБД Ж  IMБД Ж,    
  0  N-1.   , REБД Ж  IMБД ] 

    .     
  ,        
,    .   

        
 .     (in-place computation) 

     . 
           , 
    ,      

.        
   5.3.        

 ( )  .        2  
 , . . =8  256-  , =12  4096-   

. .   ( )       
.    ,  ( )  

  .   ,    
       (1)  (N)  

  (0)  (N-1). 

   ,    
,           
.          
      . 
    ,     
 .        

  ,       ,   
 . 

      ,   
   .      
       REБД Ж  IMX[ Ж  
   0  N-1.      
   ( )    1  N.    

 ,     ( )    , 
   .         

.      N%   
 .  ,      

,    LШР2N. ,    8  256-

 , 12  4096-    . .   ,  
,    ,     

   . ,    1  N , 
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    ,  .  
    , ,    

   0  N-1. ,     1  N, 
       1  N/2+1,  

 0  N/2. 
       

    .    
     ,   . 

   .   ,  ,  
     . ,   

   Д Ф    Ф,   
 .  5.5    

    . 
 

 5.5 -      

 

2000 '    

2010 '   N%     , REXД Ж  

2020 'IMXД Ж        
. 

2030 '   REXД Ж  IMXД Ж    . 
2040 '     0  N%-1. 

2050 ' 

2060 FOR K% = 0 TO N%-1                                               '   
IMX[ ] 

2070    IMX[K%] = -IMX[K%] 

2080 NEXT K% 

2090 ' 

2100 GOSUB 1000                                                               '   
 (Table 12-3) 

2110 ' 

2120 FOR I% = 0 TO N%-1                                                 '   
  N%  

2130    REX[I%] = REX[I%]/N%                                        '   IMX[ 

] 

2140    IMX[I%] = -IMX[I%]/N% 

2150 NEXT I% 

2160 ' 

2170 RETURN 

 

,          
     .   ,  

  ?      . 
,       , 
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    ,     . , 
      ,  

    .    
,     (    

). 
        

   .      
     (  )   

      0  N/2,  
 . 

 ,       
,        ,  

       (   ).  
      , 

   . 
 

  ч  ч  

 

  (DFT)     (    
5.2),     ,   N .  

,      N  N . 
    : 
 

ExecutionTime = kDFT N
2                                                            

(5.1) 

 

,        
     

 N    ,  ФDFT  .   
    ,  ФDFT  25   

PОЧЭТЮЦ 100 .          
   ,  ФDFT   7 . , 

1024-    25 ,  25   .  
 ! 

   ,       
 (FFT). ,     

.    LШР2N   N/2  . 
 ,      : 

 

ExecutionTime = kFFT N log2N                               (5.2) 

 

,      N 

   N. 

 ФFFT  10   100  PОЧЭТЮЦ. 1024-

    70   ,  70 
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  .     300  ,    
   ! 

   NLШР2N ,  N2,     
   N. , 32-       

,   ,   4096-   –   

 .    N ( , 32  128)  ,  
   N (1024  )  .  5.8 

        
.       5.2.  
        

       (look-up-table – LUT). 

 ДFFTЖ (  5.3)    ,   
 16 .    Pentium 100 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 5.8 -     

 

      .   
 ,         

.     ,   
  ,       

  .      
,   ,      

.  ,   ,   
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       .  

          
 ?   5.9.      
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 5.9 -   

 

   

 

     ;   
  20-40%.        

      ,    
    .      

         
,       . 

  ,    , 
     ,   ,  

  .  ,   
      .   

       (   
).   30% ,    .  

 5.6  5.7     . 
       . 

,       .     
 ,         

. ,     ,    
    .   
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      ,   
  -  .      

     .  
 

 

 5.6 –      

 

4000 '      

4010 '  , N%     , REXД Ж  

4020 'IMXД Ж         
 

4030 '  0  N%/2.    REXД Ж  IMXД Ж . 
4040 '  , REXД Ж     

, IMX[ ] - . 
4050 ' 

4060 ' 

4070 FOR K% = (N%/2+1) TO (N%-1)                             '   
  

4080    REX[K%] = REX[N%-K%Ж                                   '(    5.1) 
4090    IMX[K%] = -IMX[N%-K%] 

4100 NEXT K% 

4110 ' 

4120 FOR K% = 0 TO N%-1                                             '   
   

4130    REX[K%] = REX[K%]+IMX[K%] 

4140 NEXT K% 

4150 ' 

4160 GOSUB 3000                                                   '    
 (TABLE 12-6) 

4170 ' 

4180 FOR I% = 0 TO N%-1                                               '   
   

4190    REX[I%] = (REX[I%]+IMX[I%])/N%                  '    
  N% 

4200    IMX[I%] = 0 

4210 NEXT I% 

4220 ' 

4230 RETURN 
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 5.7 –     

 

3000 '     

3010 '  , N%     , REXД Ж  

3020 '   ,   IMXД Ж .  
, 

3030 'REXД Ж  IMXД Ж   .    
  0  N%-1. 

3040 ' 

3050 NH% = N%/2-1                                                '    
  

3060 FOR I% = 0 TO NH% 

3070    REX(I%) = REX(2*I%) 

3080    IMX(I%) = REX(2*I%+1) 

3090 NEXT I% 

3100 ' 

3110 N% = N%/2                                                      '  N%/2   

3120 GOSUB 1000                                                   '(GOSUB 1000 is the FFT in 

Table 12-3) 

3130 N% = N%*2 

3140 ' 

3150 NM1% = N%-1                                               ' /   
  

3160 ND2% = N%/2 

3170 N4% = N%/4-1 

3180 FOR I% = 1 TO N4% 

3190    IM% = ND2%-I% 

3200    IP2% = I%+ND2% 

3210    IPM% = IM%+ND2% 

3220    REX(IP2%) = (IMX(I%) + IMX(IM%))/2 

3230    REX(IPM%) = REX(IP2%) 

3240    IMX(IP2%) = -(REX(I%) - REX(IM%))/2 

3250    IMX(IPM%) = -IMX(IP2%) 

3260    REX(I%) = (REX(I%) + REX(IM%))/2 

3270    REX(IM%) = REX(I%) 

3280    IMX(I%) = (IMX(I%) - IMX(IM%))/2 

3290    IMX(IM%) = -IMX(I%) 

3300 NEXT I% 

3310 REX(N%*3/4) = IMX(N%/4) 

3320 REX(ND2%) = IMX(0) 

3330 IMX(N%*3/4) = 0 

3340 IMX(ND2%) = 0 

3350 IMX(N%/4) = 0 

3360 IMX(0) = 0 

3370 ' 
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  5. 7 

 

 

3380 PI = 3.14159265                                              '   
  

3390 L% = CINT(LOG(N%)/LOG(2)) 

3400 LE% = CINT(2^L%) 

3410 LE2% = LE%/2 

3420 UR = 1 

3430 UI = 0 

3440 SR = COS(PI/LE2%) 

3450 SI = -SIN(PI/LE2%) 

3460 FOR J% = 1 TO LE2% 

3470    JM1% = J%-1 

3480    FOR I% = JM1% TO NM1% STEP LE% 

3490       IP% = I%+LE2% 

3500       TR = REX[IP%]*UR - IMX[IP%]*UI 

3510       TI = REX[IP%]*UI + IMX[IP%]*UR 

3520       REX[IP%] = REX[I%]-TR 

3530       IMX[IP%] = IMX[I%]-TI 

3540       REX[I%] = REX[I%]+TR 

3550       IMX[I%] = IMX[I%]+TI 

3560    NEXT I% 

3570    TR = UR 

3580    UR = TR*SR - UI*SI 

3590    UI = TR*SI + UI*SR 

3600 NEXT J% 

3610 RETURN  

 

 

 5.10  5.11 ,    .  
 5.10 ( )  (b)    ,    

        .  ( )  (d) 

   .   , 
        
 0  N/2,          

   . 
   5.11,      

 ,       .   
  ,    (odd),   

  (even). 
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