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 ,       -

  ,      
     ,   -

       . 
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  ’ ,      
  ’ ,      

. 
      -

         

 3 32,6 f 1 1 2,6 f 1 D10 1 10
ln D d d D ln D d D d

.  (4.13) 

    (4.13),   D/d  -
 ,   –    

D/d,      -
 (D/d)  ( . 4.7).   

   D = const 
,       

D/d = 3,6.                  (4.14) 
 (4.14)  

    ( ) -
 ( . . 4.7,  3).   

     
(  –  ,   –  -

 (  1)   (  2)),    -
   

 d Dln D d 1 d D ,        (4.15) 

 d  D –      -
 . 

    ,   -
    ,    

  D/d.     
  D/d     ,  
    ’      -

  ( . . 4.7). 
     Z   

D/d   
 D d exp Z 60 .     (4.16) 

    (4.16),      
      . , 

    Z  = 75   D/d    
  .      . 4.1. 

 

 
. 4.7 
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 4.1 
 1,0 1,03 1,1 1,2 1,3 1,4 1,5 2,3 

D/d  3,5 3,6 3,7 3,9 4,2 4,36 4,5 6,8 
 

       -
      ,    

,         
 ,      

  D/d. ,    -
     D/d = e = 2,718,  

    – D/d = 1,65. 
 

4.6.       

       -
        

’ .  ,     
’     ’ . 

    ’   
: 

–  (2,6/9,5)  ( -4) –   -
 ’         -

    ’ ; 
–  (1,2/4,6)  ( -4) –   -

        
’ ,    ;  

– ,    ,    -
         

,  -8/6 (      
  ,   –   ). 

   2,6/9,5  -4 ( . 4.8) 
     ’   .  

   ( . 4.9)    -
   2,6  (1)     

    9,5      (3). 
        

2,2  (2)   25    .   -
       ’  -

   0,14...0,2  (4),   -  
   (5).    , -

      , , . 
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. 4.8 

 

 
. 4.9 

 

     2,6/9,5: 
–    Z  = 75 ; 
–   A0 = 122    300 ; 
–    = 2,48 /    1 ; 
–   U = 3,7 . 

      ( -4)  -
 (   )  ( -4).   

        
        ,   

. 
   1,2/4,6  -4 -

   ( -4)   ( -4)  ( . 4.10). 
  (1)   ( . 4.11)  -

    1,2 .  (2) -
  .   (3)  -

 0,1    4,6    .  (4) -
       0,1 .   

   (5).    
   ’     0,5   

  .      
   . 
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1

2

3

4

 
. 4.10 

 

 
. 4.11 

 

     1,2/4,6: 
–    Z  = 75 ; 
–   A0 = 104    60 ; 
–    = 5,33 /    1 ; 
–   U = 2 . 

       -
. 

      2,6/9,5 , 
   1,2/4,6    . 

  : 
–        -

      2,6/9,5 ; 
–     ’     -

    1,2/4,6 ; 
–       -

     1,2/4,6 ; 
–   ’    -

   . 
 -8/6  ( . 4.12)    

2,6/9,5 ,    1,2/4,6 ,  ,  
     . 
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. 4.12 

 

  ,       
  0,9   -  . 

     -
  -4   2,6/9,5   -4   1,2/4,6. 

   ’     600   
  -1 (2,1/9,7). 
     :  

( -1)       
( -1) ( . 4.13).      

 50...65 . 
 

-1 -1 

. 4.13 
 

  (1)  ( . . 4.13)   -
   2,1 ,  (2) –    

  9,7 .   (3)   

 
 

 

  
  

 
 

  
( ) 
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    0,8 ,    
.   (4)     

 2,2 . 
       -

    (5)  49    
 0,34 .       

 . 
 

5.   

  -  ’    , 
      ,    

  50%   25%     . 
          
        . 

    ( ) : 
–       -

; 
–          -

; 
–      

; 
–    (     10 – 

12  ,       -
 ); 
–    ( ,  -

  ). 
    : 

–  ( ),    -
       ’ ; 

–        -
         -

;    ,     
   ; 

–    ,    
   ’       

 . 
   : 

–     ’ ; 
–     ’     

’ ; 
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–     ( , -
  , ); 

– ’   ’  (  ,  -
 , ). 

 

5.1.      

        
     I .   ,    

,      I ,   
    ,     

’        . 
        

     ,     -
 (n1  n2) ( . 5.1). 

    ,  ,  -
 ,    –  .   
 :   .  

 

 
. 5.1 

 

   ,     
     (1014…1015 )   

  ( ). 
      . , -

      = 0,7 ,  – 
0,55 ,  – 0,4 .     -

      . 
    –    
  ( ),   ,  . 

    ( ).   
     . 

      -
.  ,        -

 . 
 ’       

(0,4…0,75 )      (  
0,85…1,3…1,55  4…6 ). 
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     ,  -
 ,         

   ,    . 
 

5.2.      

           
      .   

     ,   . 5.2. 
 

 
. 5.2 

 
       .  -

   -          
    . 

      cos  = /D,  
D –  .       -

,    = D (   = 0°)   = 0 (   = 90°). 
    , -

    2     – . -
      ( . 5.3).  

 
      

f ; 0; 90°; 
Ez max; 

f > f0;  < D; 0°; 
Ez 0; 

f = f0;  = D;  = 0°; 
Ez = 0. 

. 5.3 
 

 f  ( 0)  90°,     
         -
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.    Ez (  Hz)  ,  -
     . 

 f > f0 ( <D)  0°,      
      .   Ez (  Hz)  

,       . 
 ,  ,  f = f0  -

,   = D,  ,     – , 
   .    

  ,      . 
 f0,      ,  -

       ,   -
   .  ,    

     ,    -
.   f0       0 = 

= /f0     (   ). 
   –    ,   

    ,      
 ( . 5.4). 

 

 

= 0

. 5.4 . 5.5 
 

         
 –     ( ),  

( )   ( D)  ( . . 5.4). 
         -

       [4]. 
         -

  ,   n1 > n2 (n ),     
           -

 ( . 5.5). 
  ,        

  ,    = ,     
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 2 1 2 1sin n n ,       (5.1) 

  –    ( 1)   ( 2). 
  =  ,    ,  -

    .   
 ,   >       90°,   -

       .  
         

   .    <   -
  ,        

. 
       -

      –    
 ,      ,   

,          -
 ,       ( . 5.6). 

         
   ’ :    ,   -
  . 

 

 
. 5.6 

 
       

,     

 2 2 2 2
0 A 0 1 2 1 2NA n sin n n n n n ,     (5.2) 

 n0 –    n0 = 1. 
      : 

,    .   
   ’     -
,     ,     

   (    )    
 (   ),        –   

       (     90°). 
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  : 

– ,   ,    
  ( . 5.7, ); 
– ,  ,       -
     ( . 5.7, ). 
 

 
  

. 5.7 
 

       -
.         d  

 cos  = /d,   –       
 – . ,  cos  = 21 sin ,  -

     sin  = n2/n1,  

cos  = 
2

1 21 n n .     , 
 

 2 2 2
0 2 1 1 1 2d 1 n n d n n n .  (5.3) 

      

 2 2 21
0 1 2 1 1 2

0

v
f v d 1 n n c d n n ,    (5.4) 

 v1 –     . 
    d     

   n1   n2,   -
  0    f0. 

 ,    f0,    -
      -
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  .       -
     . 

 
5.3.      

       -
  .  ’   

    . 
      ’ , -

      ,    
,  . 
      : 

–   ( 0m, 0m),     (n = 0); 
–  ( , ),    nm, 
        E,   nm, 
         ;  -

     ,   -
 . 

      
   –  ,    -

  .      -
       -

.         
  .  ,    

,  . 
 ( )  –   

,     .   
  ,       -

 n1   n2: 

 2 2
1 2

2 aV n n .      (5.5) 

          
   : 

 2 2
0 nm 1 2f p c d n n ; (5.6) 

 2 2
0 1 2 nm 1d n n p n ,   (5.7) 

 pnm –    n-   [5], pnm = V(  = 0). 
     V0,     -

,     V0    f0. 
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 V < V0  f < f0,        
    (  ).  -

 ,      V > V0,  f > f0. 
    11  V0 = 0, ,  -

         -
    .     -

  ,   . 
   ’    : 

–  V  2,405 –  01, 01  21; 
–  V  3,832 –   12, 11, 31  . . 

   (  , -
 )    ,      -

 (0 < V < 2,405),     
  (  11). 

        -
   (       

).       
          

  .     -
   -  ,    

 ’     . 
     ,  -

, .     -   
   ,   . 5.8. 

 

 

  
. 5.8 
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    ,   -
       –  
 .      . 5.9. 

 

     
 W-    

 
. 5.9 

 

       -
       , 

       ( . 5.10). 
         

     

 22 2 2
1 2N V 2 a n n ,      (5.8) 

 22 2 2
1 2N V 2 0,5 2 a n n .   (5.9) 

  (5.8)  (5.9),   ,  -
      2  ,   . 
 

     

. 5.10 
 

       -
  ,       -
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,      . 
       : 

–  (    ( . . 5.10,  1),  
   ,   ;  

       
;         -

  (  > ); 
–  (    ( . . 5.10,  2),   

  ;     
,         
 ;       ; 

–  (    ( . . 5.10,  
3),      ;      

        
 ;       

   (  < )      -
       . 

     ,  ,  
       -
   .     

       . 
       (  -

,        
)    0m   0m 

.   ,   (  ,   
         -

 )     nm  nm. 
   nm  nm    -

  ,       . 
     , 

        ,  -
,          -

.      -
,    ,    -

      ,  . 
 

5.4.   

      
   : 
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  =  + ,  (5.10) 
  –  ,  –  . 

       , 
       ,  

    .  , 
  =  +  + .        (5.11) 

    (   -
  ),         

        (  
   ).      

   
  =   +  .        (5.12) 

  , / , ’      
 .        

      (tg ): 

 1

1

n ftg 8,69 tg 8,69
v

. (5.13) 

  (    ) , 
/ ,     -
,      ,    

 : 
 4 ,       (5.14) 

  –   (    = 1…1,5 ( / )· 4). 
       , 

   .       
       . 

         
    ( ).  ,  

       . 
      -

  , ,     : 

 
2 2
1 2

2 2
1 2

n n
10lg R 1n n

R 1

,    (5.15) 
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 R = R /2a; R  –   ( . 5.11);  –   -
; n1, n2 –      . 
 

 
. 5.11 

 
       

 , ,   

 
2 4

3
i 6 3

h aN 10
b

,        (5.16) 

 h –   ( . 5.12); b –  ; N –  
;  –   ,  -

  

 
2 2
1 2 1 2

2
11

n n n n
n2n

.     (5.17) 

 

 
. 5.12 

 
      

  .      -
         

    .  
         

    ( . 5.13)     -
: 0,85, 1,31  1,55 .       

 . 
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. 5.13 

 
    ’      

   – 1,31  1,55 .     -
   ’      -

       
,    40...80  (    -

     )   
  . 

 
5.5.      

  F    -
-   ,     , 

  , , ,  ,  
 . ’    , / ,   -

 F, · ,    F = l/ .  
  –        

  ,     -
    ( . 5.14).   -
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         t   
  t : 

 2 2t t , (5.18) 
  t   t        

( . . 5.14). 
 

 
. 5.14 

 

      ,  
    ,    ,  

      . 
  -     

    ( -  ,  
  )    (   ).  

      :  ’    
   N (  )    
  (    ). 

   ,    -
    v = 1(N). 

  ( . 5.15,  3)   ,  
       . -

     ( ),  
   , ’     

     -
      = 2( ) ( . . 5.15,  1),  

,       
  n = 3( ) ( . . 5.15,  2). 

  -     .  
       

 ,      (15…30 / ). 
      -
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.      ,   
         
    .     

       = 1,3…1,8   
 1 / .     -

         
,      .  -

      3...5 / . 
 

 
. 5.15 

 

    .  
        

.      -
  . 

       -
 .      -

     .  -
        

  . 
      -

   

 22 ,       (5.19) 

  –     ;  – -
    ;  –    

 . 
       -

       : 
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–    
 2

1 1n c NA 2n c ;  (5.20) 

–    

 2 4 3
1 1n 2c NA 8n c ,      (5.21) 

  –  . 
       -

      : 

 2
12n c ,      (5.22) 

  –    ;  – -
  . 

       -
       : 

 2 2 2
1c d n d .     (5.23) 

       
     

  = ,         (5.24) 
   

  =  + .    (5.25) 
     2/   , 

     . ,    
  1 %,       

    . 
       -

  ,        . 
  F     ’ : 

–    

x xF F , 
 

 x xF F , x xF F ,    (5.26) 
      ,    – ; 

–    (    8 ),    
  , 

x xF F , 
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 x xF F , 2
x xF F .  (5.27) 

 ,   ,    -
        ,   

 –        
 . 

       -
    ,    . 

 
5.6.  ’      

    ’ ,    -
       , -

       ,  
       -
,     . 

 , ,     , 
 ,      

 xa ,      (5.28) 
  –  , / . 

     ,  -
,       F: 

 x xF F   x xF F ,         (5.29) 

 F 1 , · ;  – , / . 
       -

 ,       , , 
 ( . 5.16). 

 

 
. 5.16 
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      -
  = /   F = ( F/ F )2 ,    

         
 F . 

        -
 ,    .     -

    .   -
  ,   ,  ,   

    –  ( . 5.17). 
 

 
. 5.17 

 

     ’   -
    = 0,85   10…20 ,    

   1,3  1,55    100…400 . 
 

5.7.    

      
 ,  ,    . 

        .  -
        

 k2 = n2/c      k1 = n1/c  -
 ( . 5.18). 

   Z     -
     ( . 5.19): 

 Z0/n1 < Z  < Z0/n2,  (5.30) 
 Z0 = 0 0  = 376,7  –    . 



 60

1
1

n
k

c

2
2

n
k

c

. 5.18 . 5.19 
 

     250…260 . 
      

 2 2 2 2 2 2
2 l 2 l 2 2 1v v 2 g g g n g n , (5.31) 

 v2 = c/n2 –    ; 
2 2 2
l lg k  –     ; 
2 2 2
2 2g k  –     . 

  ( . 5.20)     -
   .       

       
   .     

      : 
v1 = c/n1.  , 
 c/n1  v    c/n2.       (5.32) 

 ,      -
     . 

     

 
2
2

2
1 2

v 1 cv
c 1 c n n

.       (5.33) 

   0m  0m      
 /n2.    nm  nm    -
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   ,   ,   
     /n2 ( . 5.21).     

      v  = c/n1. 
 

. 5.20 . 5.21 
 

5.8.     

      ’   
  ( - )     -

 ,    . 
 G.650     ,  

     ,   
       . 

 G.651     
     50    125   

    .      -
   ,    -

 .          
, ’      -

  0,85   1,31 . 
 G.652     -

 .      -
  1,31 ,       -
   .     – 

9 ,  – 125±2 ;     
 . 
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 G.652   -   -
  (        1,55 )  

  10 /     (  50 ). 
 G.653      

     1,55  – DSF (Dispersion 
Shifted Fiber).        -

 ,        -
  ( . 5.22). 

 

   
 

    
. 5.22 

 

  G.653    -
     ’ ,    

        40 / . 
        -

,       
     G.653   

      , ,   
,     . 

 G.654     -
  ,        

1,55 .         
.   ,     G.653, -

         
 ,        

   1,55 .   G.654   
   -    ,  1,55 . 

 G.655     -
,        -
  – NZ-DSF (Non-Zero Dispersion 

Shifted Fiber).      
    ( . 5.23). 

      -
 -      ’ ,  

 DWDM-      1,55 . 
 G.655       

(1,53…1,56 )        

 
. 5.23 
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  G.653.        
   -  . 

 
5.9.    

     : 
–  ,    ; 
–  ( ) ,     -

   ,      
         

      ; 
– ,      -

     ; 
–  ,      -
  ; 
–     ,   

     . 
       . 
        -

         
 ,      

  (8/125 )    1,3…1,55 . 
   ,      -

      ,  
   (50/125 )    1,3 . 

  ,      
 ,     

(50/125 )    0,85 . 
        -

   ,    -
  (8/125 )    1,3…1,55 . 

 ’      -
 (100/200 )    0,85 . 

 ,      , -
         -

   (100/200 )    0,85 . 
 

5.9.1.     

       : 
1.     ,   ,  

        -
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  (1000…1200° ).  ,   
,     3…4 / . 

2.     ,    -
        ( -

 1500° ).        
0,4…0,5 / . 

          
        -

     .   
    ,    -

     . 
        

   .     -
     ,    

  ( ),  ,  , -
   . 

    
   ( . 5.24),  

  .   
(1)       

  n1,  (2) 
–      -

 n2.    -
  (3)   -

  (4). 
     
   .  -

  ,    
  . 

      (1) ( . 5.25) 
 0,5…1    16…18     n2, 
     SiCl4   2.  

      (1500…1700° ), 
    (3),    

  (2)    SiO2 (4). 
     ,   

.       -
  1900° ,      

   . 
 

 
. 5.24 
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. 5.25 

 
        
  n1,        
  n2. 

       (2) ( . 5.26) -
 ’      (3)   (1),  

      (4). 
   20    

500    40…50   
 100 .    
 1 ,    -

 30    5   1 ,  
20      ,   

 20 . 
    -

     -
 .     

     -
     -

       . 
 

5.9.2.     

        
. 

   ( . 5.27, ),     
         . 

   (1)  7, 12  19 .,   
   .    
  (3).   (2)    -

      (4).  

 
. 5.26
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     (5) ( . 5.27, ),  
    (      -

),       .  
     4, 6, 8  10 .   

  .  
 

   
   

. 5.27 
 

   ( . 5.27, )    -
   (6) (  6, 8  12 ),     

  12 .    -
  .        
  ’ ,       

  . 
      -

,       ’     
. 

   ’     , -
  . 5.28,  1 –  ; 2 –  ; 3 – 

      
(   ); 4 
–  ; 5 –  -

.      
,      

     
      

 .  ,   
   ,    

     . 
   ’    . 5.29,  

1 –  ; 2 –   ; 3 – 
  ; 4 –  ; 5 –  

 
. 5.28 
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; 6 –  .      
      
,     

      -
    . 

      
,      
  ,    

   -
. 

  ’      -
,    . 5.30,  1 – 
 ; 2 –    -

 ; 3 –  -
; 4 –   ; 5, 6 – 

    -
.     ,   

      
 .   

   
  ,    

 . 
 ,       , 

   ,        
   . 

 
. 5.29 

 
. 5.30 
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3.  . .  : .   / . . , 
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5.  .        
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