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1 E  

   μ         

  μ   μ / - μ .     

μ μ            μ  

μ μ μ .         

     μ   μ  μ . 

       μ  μ   

  μ  ,   μ   μ μ      

    μ   μ μ  μ  μ  .   

     . μ       

,     .  .  [23].   

μ     ,  μ      

 . 

   μ   μ      

μ       μ . ,   

μ   μ μ   μ     

μ      .     

     μ    μ . 

  μ   μ   μ      μ μ  

 μ   μ  μ   .    

μ    μ μ ,  , LVDT  

 μ  μ . 

        μ   μ μ  μ    

     .  μ μ  μ  

   ,       

.         0.1nm   

μ  μ      μ   μ .  LVDT, 

  μ  μ ,    μ      μ  

μ . 

        μ   μ    

μ   μ .  μ μ  Michelson    μ  

μ    μ   μ       

 μ .     μ     HeNe.  

       Fabry-Perot    

      Fizeau. 
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1.1  E  

     ,     μ   

  μ μ     μ    μ  

μ   . 

 μ   μ   μ μ  Michelson  

  μ   μ   ,   μ  

 . , μ μ   μ μ   

μ μ  μ  μ  ,   μ    μ ,    

μ    μ  μ  μ    μ . 

 μ , μ μ   μ μ  μ ,  μ μ    

μ  μ  μ μ . 

     μ       

μ        μ μ   μ    

μ   μ   μ   μ  μ .  μ   

 μ    μ , μ   μ  μ  μ   

μ   μ      μ     

μ  . 

      μ  μ  μ ,  

   μ  μ   .  

   μ    μ  μ   

.  μ     μ  μ  μ , μ   

  μ       μ  μ . 

1.2 B  A  

            

  μ   μ .      

μμ    [3,8-10,22]       

 μ  μ    μ μ  Michelson. μ     μ   

 μ    μ      [7,14].  

  μ μ  Michelson  μ  ,    

μ    μ  μ  [2,11,12,16].   ,   

    μ  μ  μ  μ μ  

Fabry-Perot [18].            

μ μ     μ      μ    [4,21]. 

     μ    . 

  μ         μ   
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     [19].    μ   μ   

 μ    μ - μμ  ,    

μ  .    μ   μ   

μμ μ      μ     

  IEEE Ultrasonics, Ferroelectrics and Frequency Control Society  1987 

[13].         Ping Ge  Musa Jouaneh 

μ   μ  Preisach [5].  

   Adriaens, de Koning  Banning   

μ  μ    μ  μ   μ    

      μ  μ     μ  μ  [1]. 

      μ  μ  μ  μ . 

 M. Goldfrab  N. Celanovic   μ   μ   

μ   Maxwell   μ    [6].    μ  

μ   ,  μ    μ  μ - -

.     μ  μ  μ  

μ  μ . 

  μ    μ        

Saoulli, H. M.,  Ben Mrad, R. [20].  μ   μ   

μ  μ        μ   

   μ  .   μ    

μ   μ   Maxwell,    [6].      

  μ  μ  μ  μ    

μ . 

1.3 μ  E  

            

μμ          μ     

 μ  μ .      μ   

        μ    μ   

μ  . 

   μ   ,     

   μ   .     μ   . 

μ  μ  μ    μ       

μ .        μ μ    

  μ  .  μ      

μ μ  Michelson    μ     μ   
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   ,   μ   μ  . 
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    , μ     μ μ  
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.          

μ    μ   μ  . ,   

μ   μ        μ  

   . 

   μ    μ      

   μ .   μ    μ   μ   

 μ μ  Michelson  μ  .   μ   

μ     μ μ  μ     

  μ .   μ  μ   μ      

 μ    μ μ .      

 μ    μ       . 

    μ  μ      

   . 

 μ        μ μ   

   μ  . 

 



 

14 

 

2   μ   

 

2.1  

μ  μ ,   μ ,   μ   μ   μ .  

     μ μ   μ      

μ      μ   μ  2-1.  μ  μ   

μ      μ μ   μ     

      μ  2-2 .   

 μ   μ μ    μ   μ  

    μ  2-2 . 

 

 

μ  2-1. μ μ   μ      μ    
μ   μ      . 

 
 μ μ    μ     μ  

      .      

  μ       μ  (  μ ),   

   μ     μ    μ   μ  μ  

 .  μ        μ   

 μ     μ  μ  ( μ  μ ).  

   μ     μ    μ   

      .     ,  

μ             

 μ  μ . 
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μ  2-2. ( )        . ( ) 
μ μ      μ    μ  μ . 

 
 

2.2  μ  

    μ   μ   μ   μ   

 μ    . μ  μ     Maxwell  

 μ , . (2.1),   μ       

  ,  

 2
= 0μ0

2

t 2
 (2.1) 

      , 0        μ0 

    .   μ     

   

 

2
x

x2
+

2
x

y2
+

2
x

z2
= 0μ0

2
x

t 2

2
y

x2
+

2
y

y2
+

2
y

z2
= 0μ0

2
y

t 2

2
z

x2
+

2
z

y2
+

2
z

z2
= 0μ0

2
z

t 2

 (2.2) 

 μ     μ  μ .     

μ   ( x, Ey, Ez, Bx, By, Bz)    μ   
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2

x2
+

2

y2
+

2

z2
=
1

v2

2

t 2
 (2.3) 

 

 v =
1

0μ0
. 

μ    . (2.3)   μμ .   1(r,t), 2(r,t), ..., n(r,t)   

    μμ   μ       

 (r,t) = Ci i (r,t)
i=1

n

 (2.4) 

 C   .        . 

μ  μ      μ     μ   μ   

  μ    μ   μ  ,     

 μ  , μ  2-3. 

μ       μ  μ    μ  

   ,  μ   μ   , μ μ   

μ    μ     μ . μ     

   μ       μ  μ  

, + ,     μ   μ     

       μ  μ , μ  2-3. 

 

 

μ  2-3.    μ . ( )  μ  ,    , 
( )  μ  ,     . 

 
        μ   , μ  

         μ    

   μ   .      

    μ        

  μ   μ . 
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2.2.1 μ   μ  

μ  μ            ,   

μ   ,     μ μ μ   1, 2, ...   μ   

μ  μ   μ  . 

  μ   μ    ,   μ   4.3 

x 104  Hz  7.5 x 104 Hz,     .      

μ μ   μ  μ μ      I    μ   

μ  μ   . 

   μ   μ   μ     

μ  μ μ  μ    ,  μ  μ . , 

μ  μμ  μ  μ    μ   

 

E1(r,t) = E01 cos(k1 r t + 1)

E2 (r,t) = E02 cos(k2 r t + 2 )

 (2.5). 

    μ       ,  

 I = 2  (2.6) 

 2  μ   μ        . 

μ  

 E2
= E E  

   μ  

 E2
= (E1 + E2 ) (E1 + E2 )  

   μ   

 E2
= E1

2
+ E2

2
+ 2E1E2  (2.7). 

   μ       μ     

μ    

 I = I1 + I2 + I12  (2.8) 

 

 

I1 = E1
2

I2 = E2
2

 

  

 I12 = 2 E1 E2  (2.9) 
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  I12  μ   μ          

μ    μ      μ      

.   μ   I12    μ  μ   . (2.5) 

 . (2.9)  μ  

 E1 E2 = E01 E02 cos(k1 r t + 1) cos(k2 r t + 2 ) . 

μ  μ   μ    

 
E1 E2 = E01 E02 cos(k1 r + 1) cos( t) + sin(k1 r + 1) sin( t)[ ]

cos(k2 r + 2 ) cos( t) + sin(k2 r + 2 ) sin( t)[ ]
 (2.10) 

μ        μ  μ  μ   f (t)    

μ  T  

 f (t) =
1

T
f (t ')dt '

t

t+T
 (2.11),  

    

 

cos2 t =
1

2

sin2 t =
1

2
cos t sin t = 0

 

     . (2.10) μ    

 E1 E2 =
1

2
E01 E02 cos(k1 r + 1 k2 r 2 )  (2.12). 

,   . (2.9)    μ   

 I12 = E01 E02 cos( )  (2.13) 

  

 = (k1 r k2 r + 1 2 )  

          μ  μ    

   . μ    E01   E02      

 I12 = 0  

  . (2.8) 

 I = I1 + I2  

  μ     μ        E01   

E02   ,    . (2.13).   . (2.12) μ μ   

μ        I1   I2  
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I1 = E1
2

=
1

2
E01
2

I2 = E2
2

=
1

2
E02
2

 

μ  μ     μ     

 I12 = 2 I1I2 cos  

   μ      . (2.8)   

 I = I1 + I2 + 2 I1I2 cos  (2.14) 

  . (2.14) μ     μ    I    

μ           μ    μ , 

μ     μ   μ   I1 + I 2 .  μ  

     μ   . 

 

•  μ  μ  

 μ    

 cos = 1 = 0,±2 ,±4 ,...  

        μ    μ   μ    

   

 I = Imax = I1 + I2 + 2 I1I2 . 

 

• μ  μ  

 μ    

 0 < cos < 1 

     μ         

 

 I1 + I2 < I < Imax . 

   

 = / 2 cos = 0  

 μ     90   

 I = I1 + I2 . 

 
•  μ  

 μ    
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 0 > cos > 1  

       

 I1 + I2 > I > Imin . 

 

•   μ  

 μ    

 cos = 1 = ± ,±3 ,±5 ...  

        μ    μ  180     

   

 I = Imin = I1 + I2 2 I1I2 . 

                

μ   ,  

 E01 = E02  

        ,  

 I1 = I2 = I0  

    μ   

 1+ cos = 2cos2
2

 

 . (2.14)  

 I = 2I0 (1+ cos ) = 4I0 cos
2

2
 (2.15). 

  . (2.15) μ    

 Imin = 0  

 

 Imax = 4I0 . 

 ,     μ   μ   μ  Imin  

 Imax   ,  μ   μ     . 

 

2.2.2    

  μ μ   μ μ   μ  μ       

   .  μ         

     .    μ  μ . 
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    μ  μ  μ         

   μ   10-8 s.     μ   

       μ    10-8 sec. 

    μ       μ    μ . 

      μ   μ  μ   laser, 

   μ   μ .     μ  μ   

μ      laser  μ  μ      

μ     μ   μ . 

   μ   ,     μ  

  μ    ,   ,     

.  μ     μ  μ   

 μ          μ   μ  μ   

 12   μ   μ    μ   μ   

μ  (  . 7.1 Hecht). 

    μ     μ μ    

     ,  (2.15).     μ     

          μ  

μ     μ   μ   μ    

. 

  μ      μμ  μ   

. ’   μ μ    μ    

     .     

μ          μ  Fresnel – 

Arago (  . 9.3 Hecht). 

 

2.3 μ μ   μ  

 μ μ       μ       

μ .    μ      μ   

μ . μ    μ  μ   :  

•  

•  / μ  

•  

•  

•  

• . 
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  μ    μ   μ    μ   

    μ  : 

•  ( , μ , ) 

• μ  (MEMS, NEMS,  ) 

•   μ  (   , ) 

• μ  ( , μ ) 

• μ  ( μ , ) 

•  μ   (  ,  ,  

μ ). 

    μ   μ  μ      

μ .        μ   

   μ μ   μ  (wavefront splitting), . μ  

2-4,    (amplitude splitting), . μ  2-6.   , 

   μ  μ    μ   

μ   μ ,   μ  μ    (  , 

 . .)    .  ,    

     μ  μ .   ,  

 μ   , μ   ,   μ    

  μ       μ . 

 

μ  2-4.  μ   Young μ    μ     μ μ  
 μ .        μ . 
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2.3.1 μ μ   μ  

   μ μ   μ    μ   Young, μ  

2-4,     Fresnel, μ  2-5 ,   μ   Fresnel, μ  

2-5 ,     Lloyd, μ  2-5 .  

 

μ  2-5 ( )  μ  Fresnel, ( )   Fresnel  ( )  
Lloyd 

 
 
 

   ,   ,      

 y =
s

a
 (2.16) 

 y , . μ  2-4,    μ       

  , s , . μ  2-4,    μ      

  μ   , a , . μ  2-4,    μ  

      μ  μ      μ . 

   y , s , a , μ μ   μ   μ  μ  

   .     μ    

μ μ .       Lloyd    μ  

 180   μ  . μ       

μ μ       Lloyd   μ μ   

μ μ     Young.  μ ,   μ   

   μ      . 
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2.3.2 μ μ    

    μ μ       μ   

     μ           

  μ .        μ  

   μ  μ       μ   

    μ  .    μ   μ  

    μ μ   μ μ   μ .    

μ μ      μ       

 μ .       μ   

μ   μ   μ   μ  μ      μ  

    ,   μ . 

 μ μ  Mach-Zehnder        

μ  ,  ,      .   

μ μ     μμ    μ   

μ     μ .  μ  μ     

  μ        μ . 

  μ    μ μ      

 Scylla IV      μ .   

μ μ       μ μ  Pohl   μ μ  

Sagnac.  μ      μ     μ   

 μ μ  Sagnac.  μ  μ     

ring laser        Sagnac     

μ   μ    ,   . 

    μ μ       μ   

 μ   μ       μ μ  

Michelson, μ  2-6. μ     μ  μ  μ  μ  

. μ  μ          μ   

 μ .         

  . 

 

2.4 μ μ  Michelson 

     μ μ       μ .  

     μ  μ     μ    

     .  1881 μ ,   

 Michelson      μ   Morley,     
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  .    μ μ      , μ  

 μ     ,      μ   

μ   [17].        

μ  , Kennedy, Illingworth  Miller,     

 .     μ μ   , μ   

μ    μ      Michelson, μ  2-6,  

   μ   μ   μ . 

 

2.4.1   

    μ  2-6,    μ  μ    S   

   .       50/50 (beam 

splitter)     μ , S1   S2 ,       50%  

,    .    S1         

   S2      .   S1   S2   

       .  μ  , 

S1
''   S2

'' ,       μ , S1
'   S2

' ,    

 μ . μ  μ         ,   

μ     μ    ,  μ     

μ μ  . 

 

 

μ  2-6. μ μ  Michelson. 
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       μ   μ    

μ μ    μμ  μ   μ μ  Michelson, . 

μ  2-7. μ    1 μ     ’1,    

 μ      μ      laser  μ  

2-7 .   S  μ     S’,     μ  

      2.    μ   , μ  

2-7 ,      (  μ )  μ   S’ 

  μ    BS     2  ’1. 

 

�

�

�
�

�
�

�
�

�

� 	

	

�


�

�

������ �

�

�
�

�
�

�
�

�
�

�

� 	

	

�
�

 

μ  2-7. ( ) μ    μ μ  Michelson, )  
μμ  μ  μ μ  Michelson. 

 

 

μ     μ   , 

 E01 = E02 = E0 ,  

     ,   μ  2-7.     

μ ,   ,      

 

E1 = E0 cos(k r1 t + 1)

E2 = E0 cos(k r2 t + 2 )

 (2.17),  

 ri , i = (1,2)     μ      μ   

μ   .   μ   E1     μ μ   
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  E2     μ  R    μ  , μ  μ   

μ  2-7 ,  

 

r1 = 2d1 + d3 + (S 'BS)

r2 = 2d2 + d3 + (S 'BS)

 (2.18) 

     μ μ  μ       

   ,  

 1 2 = 0 . 

        μ   ,    

    ,  

 I1 = I2 = I0 . 

μ     . (2.13)  μ   . (2.15),  μ   

     μ  μ ,  

 I = 2I0 (1+ cos ) = 4I0 cos
2

2
 (2.19) 

  

 = k(r1 r2 )  

  . (2.18)   μ  2-7, μ        

 = k 2 d  (2.20) 

  μ  μ  ,     ,     

,  μ   μ   ,      μ  

μ , . μ  2-3. ,  

 = 2 m 2 d = m  (2.21) 

  μ      μ , 2 d,     

  μ  μ . ,   μ   ,  

   ,   

 = (2m +1) 2 d = (m +
1

2
)  (2.22) 

 m = 0,±1,±2,....  

  . (2.21)   . (2.22) μ   

 2 d =
2

d =
4

 (2.23) 

 μ            

  ,     μ   μ   / 2 .   
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 μ   μ  , ’1 /4. μ ,   μ  

         

 d =
4

 (2.24) 

    μ        μ    

μ . 

2.4.2   μ   

 μ  μ   μ   μ     μ   μ  

  μ       .  μ  μ  

 μ   μ      . 

   μ       ,  

μ         μ .  μ μ   

   μ     μ    μ  

(localized)  μ  μ  (nonlocalized). μ  μ     

μ        μ     

μ      μ  .       

 μ    μ     .     

  μ   μ    μ  . 

 μ  μ    μ      

. μ      μ   μ  μ    

   .  μ    μ μ   μ     

  , S1  S2,     μ  

  μ μ   μ          

,  μ  2-8. 

 μ  μ       μ   μ  

  μ  .  μ     μ  PQ  

  μ      μ  μ   . 

μ       μ       

 μ   .  μ    μ   

 μ         μ    . 
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μ  2-8.   μ     S1, S2. 

 
,  μ     μ    μ  

μ     .     μ   

μ   μ    μ   .  μ  2-9 

μ  μ       μ   μ     

CC’  DD’.  μ           

        .    

     μ     μ .    

μ       μ   μ   μ   

   μ     . 

 

 

μ  2-9. μ  μ  μ    μ     
     μ   μ . 
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     μ    ,    

   .  μ  2-10   μμ  

μ   μ μ    μ  μ    . 

           μ  

     Haidinger [10]. 

  μ   μ ,  μ  μ   , 

      .  μ  2-11     

μ    .    μ  μ   μ  

 μ              

 μ  μ   μ  μ  μ    ’  μ    

μ   μ  . μ    μ μ   μ   μ   

  μ    . 

 

μ  2-10. μ   Haidinger      S  
 2  ’1. 

 

 

μ  2-11. μ   μ    μ     
     μ   μ . 
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    μ μ  Michelson  μ μ  μ  

       μ     ’1  2, 

μ  2-7.      μ     

  (  Haidinger), . μ  2-12 .    μ   μ  μ  

, μ  μ      μ   

Fizeau, μ  2-12 . 

 

 

μ  2-12. ( )     (  Haidinger)  μ  
  , ( )    μ   

  . 

 

2.5  μ   

 μ        

μ μ     μ    μ    μ .   

μ μ   μ μ      μ     

μ μ    .      

μ   μ     μ .  μ   

 μ   ,     μ    

      μ μ      

     μ     .  

μ ,   μ   μ      μ   , 

μ  2-13.       μ   μ     

μ  /2   μ  μ μ   μ μ   μ   

μ  . 
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μ  2-13.  μ   μ     
μ . 

 

,     μ   μ μ  : 

•  

•  

•    (CCD) 

• μ   

• . 

2.5.1  

  ,        μ   

       .    

 μ             

μ    μ  .  μ     ,  

  ,        

  .     μ   

  μ       .    

 μ       μ   V  μ  kV  

      108.     

       .   

        μ    μ   

 .       1000 μ  2000 V. 

 

2.5.2 μ   

       HgCdTe  

μ     .     

        μ  μ   

.  μ       μ  HgCdTe μ  

μ  .  μ        μ  
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   μ ,       HgTe  CdTe  

.   μ  μ      2 μm  20 μm. 

 

2.5.3   

μ   ,   μ ,  ,  

 ,     μ .     

μ        μ     

   μ   μ      

 μ .           

    . 

 

2.5.4    (CCD) 

           

   μ  (  )  μ  μ   

 ( )    μ  μ .     

   , μ ,  μ       

   μ    μ  μ    CCD.  

μ  : 

 μμ  

  

 μ  . 

 

μμ     

  μ  μμ     μ    

       μ     

μ   μ .       

μ         μ  . 

    μ        μ  

  μ   . 

 

    

             

      μ      

.  μ    μ    , 
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 .  μ         

    μ   μ  .  

 

   μ   

    μ         

 μ .  μ      ,         

  .        μ   

        .   μ  

  μ       μ   

. 

 

2.5.5  

 μ  μ ,  μ   μ      μ  

 μ  μ         μ   

. 

  μ μ     (Si), μ  2-14, 

  (GaAs), μ   (InSb),    (InAs), 

 μ  (PbSe)   μ  (PbS).      

     μ   μ  μ .  μ ,  

  250-1100 nm      800 nm  2μm. 

 

 

μ  2-14. μ   . 

 
           

 .       μ  ,     

   μ   μ .  μ    μ   
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    μ    .    μ  

μ      μ  ,     μ   

μ  μ   ,  .   μ   μ  p-n  p-i-

n    . 

 

   p-n 

 μ  μ   n,     ,  μ   

μ   p,         .  

μ  n      μ  p     .   

  μ ,  μ     μ  (p-n junction), 

  (concentration gradient)        

 p μ      n μ .     μ   μ  

μ  μ        μ   

 (internal bias).  μ    μ   μ     

,    μ  μ      μ    

μ  (p-n junction).   μ       p 

     n .     μ   μ   

  μ   μ     (depletion region). 

 μ   p-n ,      μ  p.   

,     μ   μ    .  

    μ ,  μ    

 μ      μ     . 

 μ   ,    μ     

  μ   .     

      .     

μ      μ       

 μ  μ     . 

  μ  μ   μ   ,   

    μ  μ  μ    . 

       .  

     μ  μ     

  μ     μ . 

          μ .  

  μ   μ   μ  p-n  μ  

     .    μ   

  μ      (forward biased)    

 (reverse biased).     μ     
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μ  μ        (unbiased/zero biased)  

μ     μ    μ  

.  μ     μ     

. 

 

μ  μ   

 μ  2-15   μ   .   μ   

  μ   μ  ip     μ    

         .   

  RD         

μ    μ     RS   μ     

μ μ  .  

 

μ  2-15.   μ   . 

 
, μ   CD     μ    

μ  μ         μ μ    

 .    CD      μ . 

   μ  μ      

 μ    μ  μ     CD. 

μ     ,      

μ ,   μ  μ        μ  

μ   μ   μ   CD.   μ     

 

 CD =
CD0

1+VR
B

 (2.25) 
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 CD0     μ   VR  μ μ    

      . 

  μ    μ  - μ  μ  

, μ  2-16, μ  μ  μ  μ    

μ .  μ   μ         

 μ     .    

 CD   μ     μ   μ .  

   ,    μ   μ   μ  

         . μ  μ  

 ep   μ μ  μ  iT     μ     μ  

id       μ  ip    .  

 iT = id ip  (2.26) 

 

 

μ  2-16.  μ  - μ  . 

 
 μ  2-16   μ  - μ  μ   

  μ  , μ  0,     1< 2. 

  μ μ    , μ  2-3, μ    

  μ μ  μ      μ   μ     

  iT = iP  μ  μ   .(2.26).   μ  



 

38 

 0,  μ   μ   μ   μ  μ   (dark 

current).    ,  μ   μμ .   

μ   μ           

   (responsivity)   

 R =
iP
P

 (2.27) 

,   , μ     μ    μ   

 μ μ     μ  ,    

μ .       μ     

μ  μ      .    

  μ       μ   

  μ .  μ          

  μ    (breakdown voltage). μ μ   

μ     μ   μ μ       

. 

   μ   μ μ  ,    μ  

  μ     μ   iT       

 .(2.26).   ,  μ , μ   

  μ    .   μ   μ  ,  

 μ   μ  μ       

  μ     . μ    μ  

 μ         μ . 

      .    

 μ       μ     μ  . ,  

μ       ’    μ    

   eP      μ .       

 eP = Vt ln
iP
iD

 (2.28) 

 Vt = KT / q    μ      μ   μ   iD 

  μ     μ . 

 

 

 μ      ,    (shot noise)   

μ ,   Johnson. 
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     μ   μ    

μ  .          μ  (rms) 

 μ  . 

 Isn = 2q(iD + ip ) f  (2.29) 

 q=1.6x10-19 C  f       μ   . 

 μ      μ  . 

       Johnson   μ    

   μ      μ   

μ  .        

 I jn =
4kBT f

RD

 (2.30) 

 k    Boltzmann,    μ   elvin  f   

    μ   .      

  .        

 Itn = I
sn

2
+ I jn

2  (2.31) 

 μ        μ   

.          μ   μ   

μ      μ  

 NEP =
Itn
R

 (2.32) 

 R     Itn      . 

 

μ   

         μ  μ   

    .    μ      

     ,   μ    μ   

.  

  μμ ,  μ  μ      

μμ  μ   μ   μ     

 .  , μ       μ    

.    μ    μ   μ  

 ,  350 kHz,   μ  .   

    μ ,   μ   μ    . 
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     ,    μ   

     μ  μ    20 .     

       μ      

μ          μ    

 .      μ  μ   μ   

  μ . ,    μ   μ  

μ     μ   μ     

μ      [7]. 
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3    

 

3.1  

μ        ,    

μ ,    μ       μ .  

        μ  

 μ .  μ      μ  μ   

μ μ  μ         μ .   

     μ   μ    μ    

  μ   μ     .    

μ , . μ  3-1 ,    μ  μ     

μ  μ      μ , . μ  3-1 ,   

  μ   μ  μ    μ   . 

 

 

μ  3-1. ( )   μ , ( )   μ . 

 

 μ   μ        

 Curie  1880.  μ    μ   μ   

   μ    μ μ    

 μ  μ   .  1881  Gabriel Lippmann , μ    

μ μ ,    μ .    Lippmann 

 μ    Curie.  μ     

     μ   μ . 

 μ     μ      

1920     μ    .    

         .   

μ     μ    .   
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 μ          1943   

      S. Roberts  1947.  B. Jaffe 

  1954   μ  -  μ  (PZT),   

      μ   .  PZT  

μ    μ  μ    μ  μ  μ   . 

 

3.2  μ  

            

   μ         

  μ   μ  μ   μ / - μ . 

 

 

μ  3-2. ( )  μ    μμ    , ( ) 
 μ   μμ    . 

 

3.2.1  

   μ  ,      

’   .   μ  μ  μ  μ ,  μ  

Curie,    μ      μμ    

, . μ  3-2 .  μ     μ  Curie    

  μ  μμ     , . μ  3-2 .  

  μ   μ μ   μμ  (domains). 

   μ          

    , . μ  3-3 . 
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    μ         

μ      . μ     ,  

  μ  Curie, μμ    , μ     

 ,    , . μ  3-3 .   

μμ  μ    .  μ      

    ,  μ       μ   

.    μ μ  ,  μ    μ μ  μ  S, . 

μ  3-3 .        μ μ    

    μ     μ  Curie   

μ  μ  . 

 

 

μ  3-3. ( ) - μ   , ( )    ( ) μ μ  
  μ  

 

3.2.2  μμ   

  μ  μ  μμ  μ .  μ , μ  

    μ         

  μ  .    ,  

μ    μ  μ       μ   μ  

    μ .  μ  μ   μ  μ μ ,   

 μ   μ       μ  μ  μ   

.        μ  μ μ    

     μ μ       μ  

       . 
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       μ    

      μ μ     μ  

μ  μ  , . μ  3-4.   μ    μ  1  

μ μ  μ      μ  2. μ     

1 2 μ  μμ   μ       .  μ  

              

μ  μ   μ   μ     .   

  , 2 3,  μ      μ  

     μ μ        μ   

            

 , μ  4.  μ ,  μ       

μ .    μ    μ  μ     

μ  μ          μ  

μ   Pr      μ  μ .   

  μ  ,           

  μ , 5 6, μ     μ  –Ec -  μ μ  

 μ   -  μ   .  

μ   μ      μ     , 

6 7, μ   μ         μ  

μ  .      , 7 8, 

  μ   μ  Ec    . 

  μ  μμ ,       μ   ,  

 μ  (creep/drift).     μ   

  μ   μ    μ         

.     

 L(t) = Lt=0.1[1+ log(
t

0.1
)]  (3.1) 

 Lt=0.1    μ  0.1  μ     μ  

        μ . 
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μ  3-4.  ,    -    
μ . 

 

3.2.3 μ    

  μ    μ   μ    

     μ .  ,  μ  

   μ  μ    μ μ    μ .  

   μ     μμ  μ   

. 

   μ  , μ μ    μ   Hooke   

   μ   μ     

 S = sT  (3.2) 

 S    μ   T   .  s        

   μ  -1 ,     μ   Young.  ,   

  μ     μ .      

   μ         

       .    

     

 D = E  (3.3) 

 D     μ ,      E     

 .    μ   μμ μ  
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   μ    μ     

   IEEE Ultrasonics, Ferroelectrics and Frequency Control Society 

 1966    1987 [13]. 

 S = sE T + d E  (3.4) 

 D = d T + T E  (3.5) 

 sE    μ          

 , T      μ μ      d  

  μ      C N .    

   μ     μ     μμ  

   μ         .  

   μ μ       μ   

  μ  μμ   . 

  μ μ μ  μ μ   μ    

   μ .  μ   μ   . (3.4)  (3.5)  

μ  μ - .   3-1     μ   

 μ μ    μ .    μ   

μ  : 

 c       

 e         μ  (2)  C m2  

 g         μ  (3)  m2 C  

 q         μ  (4)  N C . 

 

 

 3-1    

1)  μ -  

  S = sE T + d E  

 D = d T + T E  

2)  μ . -  

 T = cE S e E  (3.6) 

 D = e S + S E  (3.7) 

3)  μ - .  

 S = sD T + g D  (3.8) 

 E = g T + T D  (3.9) 

4)  μ . - .  

 T = cD S q D  (3.10) 

 E = g S + S D  (3.11) 
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  3-2    μ μ μ    μ μ  

  μ    .   μ μ   μ   

  μ  μ   μ     .  

μ   . (3.5), (3.7), (3.9)  (3.11)      

μ .   . (3.4), (3.6), (3.8)  (3.10)     

 μ . 

 

 3-2 μ μ     μ     

 1   2 

 cE = sE
1  

 e = d sE
1  

 S = T d sE
1 dT  

 1   3 

 sD = sE d T
1 dT  

 g = T
1 d  

 

 2   4 

 cD = cE e S
1 eT  

 q = S
1 e  

 3   4 

 cD = sD
1  

 q = g sD
1  

 S
1
=

T

1 g sD
1 gT  

 

 

3.2.4   

       μ   μ   

   .     μ   

          

,   .   1, 2, 3   , , 

     4, 5  6 μ     ,    . 

  μ     dij  

   μ ,        μ  

μ μ  μ  .    μ     

     μ        μ μ  

μ . 

    μ ,     μ  

μ   μ  μ μ   .    
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μ     μ μ        

  μ   . 

 

 

μ  3-5. μ   μ    μ  . 

 
 

       gij  

   μ ,         

  μ  μ μ  μ  .    μ   

            

μ μ  μ . 

    μ ,     μ  

μ   μ  μ μ   μ .    

μ     μ μ   μ      

  μ   . 

 

  μ   kij  

   μ   μ    ,    

.         μ   

μ      μ .    μ   

       μ      

μ    μ  . 
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3.3    μ  

3.3.1  

   μ    μ      

 (   μ )    (  

 μ ).  μ  3-6    μ   

. 

 

 

μ  3-6. ( )    , ( - )   μ  
 ( - )   μ  

 
μ             

 μ      μ    , μ  

3-6 .        μ      

, μ      μ    , 

μ  3-6 .      ,   

  μ  μ    μ  μ   . 

 μ         

μ  3-6 - .  μ  μ      μ    

 μ          

μ   μ   , μ  3-6 .      

μ μ       μ   μ  , 

μ  3-6 . 

 

3.3.2    

      μ   μ  μ   

μ     μ    μ   μ /  

μ         . 
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    , μ     μ   

μ ,  μ   ,        

 μ  μ    μ   μ        

μ .  μ μ     μ  μ ,     

0.1 – 0.2 %    μ ,       μ  

  . 

         

    μ   [24].    

          . 

 

  

  μ       μ  μμ  

     , μ  3-8 . μ    

     μ  μ     

μ      μ  3-7.  

 

 

μ  3-7. μ     . 

 

         μ .  

    μ   μ  μ  μ     μ   μ  

μ  .  μ      μ     .  

 μ     μ  μ    μ ,    

  μ    μ   μ  μ  μ .  μ μ   

    μ μ    μ      

μ  , μ  3-8 . 
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μ  3-8. ( )    μ  μ   ( )  μ  . 

 

    μ  3-8 ,       

  μμ     μ      

 μ   .   μ    μ   

μ         

 L = d33 n V  (3.12) 

 n    μ       , V     

  d33      μ        

    μ μ      3 (   

–    )    μ    

 . 

 

 μ  

    μ       μ  

.  μ            

 μ μ   , μ  3-9.     , 

 μ  .         μ  

  d31      50%   d33 .   1  

μ    , μ  3-5,    3   μ   

      .      μ   

μ     

 L = d31
L

d
V  (3.13) 

 L    μ   , d     μ  , V     

  d31    . 
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μ  3-9.   μ . 

 

  

    μ   μμ    μ . 

      μ     

μ  .        

      ,   μ  

μ .  μ      μ    

μ     μ   x-y , . μ  3-10 . 

 

 

μ  3-10. ( ) μ     ( )  μ    
. 
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 μ            

 μ     (3.13) ,  L    μ   , 

d      μ , V       d31    

. 

  μ     μ   μ    

    

 r = d31
r

d
V  (3.14) 

 r         μ    . 

  μ          

 d = d33 V  (3.15). 

 

μ   (bender) 

 μ   μ  μ   μ  .   μ   

        .  μ   μ  

μ  μ    μ      μ  .   

     μ   μ   

μ  μ   . 

  μ     μ    

μ     μμ  μ   μ  μ μ .   μμ  

μ   μ  μ    ,  μ  

.       μ    μ   

μ μ  .         

 μ  μ  .  μ       

 μ   μ  μ  μ   . 

  μ         

  .          

   , . μ  3-11.  μ     

      μ         

. 
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μ  3-11.  μ  . 

 
  μ        .   

        .  μ  

    ,   μ  μ      

 . 

 

 

μ  3-12.  μ  . 

 

3.3.3  μ  μ  μ  

  μ  μ      μ     μ , 

μ   μ .    μ    

μ  μ  μ ,  μ    . 

 

μ  μ  –μ  

  ,        

μ  μ   μ     μ     μ  

3-13.     μ     μ  μ   μ   

μ     μ   μ       μ   .  

      . 
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μ  3-13. μ  μ     μ  μ . 

 

 μ   μ  μ  μ      μ  : 

 μ  μ  μ  μ  μ  

 μ  μ      μ . 

  μ μ  : 

 μ μ   

 μ   μ  

 μ  μ   

 

μ  μ   – μ   

 μ      μ   μ  μ    

  , μ          μ μ   

μ , μ  μ  μ  μ  μ  , . 

μ  3-14. 

 μ          μ   

   .  μ    .  μ   

 μ  μ  ,      .   

  μ ,   μ      μ  

.     μ  μ      

  . 

 μ   μ  μ   μμ  , . 

μ  3-14, μ     .    

μ   μ     μ      μ . 

 μ       μ   0.1%    . 
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μ  3-14. μ  μ     μ  μ  . 

 

3.3.4   

    μ  μ     μ  μ .  

     μμ  μ     

.       inchworm,   

 –     .     

   μ  μ . 

 

 inchworm 

    μμ  μ   μ     

    μ  μ  .     

   μ    μ    / .   

   μ  3-15.    μ   ( )   μ  

  ( )  μ   μ   .   

( )   μ      μ    μ  μ     

 μ   μ  .    μ   μ   μ  . 

 



 

57 

 

μ  3-15.    inchworm. 

 
  –  

 μ          μ  μ .  μ  

        μ  μ  μ   

μ   μ  μ    .  μ  μ  

  , μ  3-16.       μ   

μ   μ      μ .     

       μ     .  

 μ      μ   μ    

 μ  μ   μ   μ  μ        

  μ .  

 

   

 μ μ      μ :   μ  μ ,  

    μ     μ  3-17.    μ  

   μ    μ       μ .  

           μ  . 

   μ     μ  .    

   μ  μ      μ    μ .  

    μ        

       μ .     
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  μ            

. 

 

 

μ  3-16.     –  [23]. 

 

 

μ  3-17.     . 

 

3.3.5  μ    

  μ   μ      μ    

μ   μ  μ      μ  μ  

.     μ  μ -   μ - μ ,    
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μ ,   μ  μ      μ    

  . 

    μ      : 

  

 μμ  μ   μ μ  (LVDT) 

  μ μ   

 μ μ . 

    μ       

μ   μ  μ      .   

 μ   μ       μ   

   μ . 

  LVDT  μμ  μ  μ   μ  μ  

     μ        

.  μ  μ    μ     

      μ  μ  .  μ  μ  μ  

 μ μ     μ  . 

   μ  μ     (non contacting methods) 

 μ  μ  μ    μ  μ   μ     

 μ . ,    μ μ     

   μ     μ .  

 μ μ      μ   μ  

μ μ .         μ    

 μ   μ   .  μ     Gauge 

(gauge factor)     

 G =

R

R
L

L

 (3.16) 

  

 
L

L
=  (3.17) 

    μ   μ .   μ μ   μ   

   μ     μ  μ   

Wheatstone.    μ   , μ     

    μ .  μ   μ   

    μ  . 
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3.4 μ    

     μ  μ  μ μ  

μ    μ   .  μ  

    μ μ   μ μ   μ  μ    

  μ    μ   μ /  – μ . 

 

3.4.1 μ  μ  

   μ   μ   μ  μ  

  .   μ   μμ    

 μ μ  μ  μ      

 .    :��� 

 NanoWalker 

 MINIMAN 

 MiCRoN 

     μ     

  μ         . 

  . 

 

NanoWalker 

To NanoWalker   2002        μ   

Sylvaine Martel  Ian Hunter.     μ    

μ  μ  μ  μ μ         

 . 

μ      μ     

-           

    20 cm/s.     μμ   

: 

    

  μ  DSP     μ    

  

 μ   μ   

    μ  μ     

. 
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μ  3-18. ( )  Nanowalker μ    , ( )  μ  
μ    μ , ( )  CAD. 

 

        μ ,  

NanoWalker    μ .    μ    

μ , 20–25 Watt, μ  μ         

μ      μ     

   . 

  μ     μ  μ   μ    

  μ   μ  μ  μ  μ  .   

 μ μ   . 

 

MINIMAN  

 μμ  MINIMAN (Miniaturized Robot for Micro Manipulation)  

     μ    μ .   

  : 

 μ μ   μ  (  μ  )   

(  μ  ) μ    . 

      . 

  μ    μ     . 

 μ    

 μ         

  μ . 

  μ    -  μ   μ   

   30mm/s.         

μ μ   μ  μ , μ  3-19. 
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μ  3-19. ( )  μ , ( ) μ  μ μ μ   
μ  μ   , ( ) μ   . 

 

 μ μ   μ   : 

         

   μ  . 

 μ    μ      μ  

   μ      . 

 

μ  3-20. μ  MINIMAN. 

 

MICRoN 

  MICRoN (Miniaturised Co-operative Robots advancing towards the Nanorange) 

  2005       μ , 

μ      . .  .      

MINIMAN       : 

 μ   μ    μ   

 μ . 

          

 . 

        μ  

       μ . 
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  μ  μ  : μ  μ   

μ , μ   μ  μ  

 μ    μ  μ   . 

 μ       μ    

μ  . 

 

μ  3-21. ( ) μ  μ   μ , ( ) μ  ) μ  
μ . 

 

 

μ  3-22.  μ  MiCRoN. 

 

 μ     μ       

μ    . 

         

. 

         μ . 

  μ     μ  μ  

μ . 

  μ       2.5  . 

   μ     
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     μ   μ     

 . 

 

3.4.2 μ   

   μ μ    μ     μ  

μ   μ μ ,  μ    μ  .  

 μ     μ  μ       μ  

S (Micro Electromechanical System)           

 μ μ    μ . 

   μ    μ    

 μ   .      

   μ     μ     

 μ     μ  . 

  μ          

   G. B. Madhab, C. S. Kumar  P. K. Mishra [15].  

          

μ μ      .  μ  3-23    

  μ   μ  . 

 

 

μ  3-23. ( )  , ( ) μ  μ μ  μ   μμ  
, ( ) μ  μ μ  μ   μμ  . 

 

 μ  μ    μ   μ μ     

μ μ , μ  3-24 ,     μ  .   

   μ      μ  

 ,    μ  3-24 . 

  μ μ    μ   μ μ .  

       μ     μ  

  μ  μ     ,    

    μ . 
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μ  3-24. ( ) μ μ  μ   μμ  , ( ) μ μ  μ   
μμ  . 

 



 

66 

 

4  μ   
 

 

4.1 μ μ  Michelson μ  μ   

   μ   μ    μ  μ  

μ    μ μ .      μ   

μ      μ     

μ μ  Michelson,      μ     

  μ     μ  μ    μ    

μ . 

  μ       μ    

μ   .         

 μ    .        

μ   . 

 

4.1.1 μ   

 μ  4-1   μμ    μ    

μ    μ   μ   .   
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1pdcounter.m 

******************************************************************** 

function [a,d2]=1pdcounter(u,upper,lower,sampl_rate,sign_freq,init_sampl) 

tic 

%This function computes the distance travelled from a PEA 

%and it's displacement at the end of the acquisition. 

%The array used must have in the first column the signal from the first 

%photodiode. In the third column must be the input signal to the PEA 

%(amplifier's signal) 

  

%************************************************************************** 

%upper            :upper threshold      These boundaries correspond to the 

%                                       voltage created from the 

%                                       photodiode due to the laser light 

%lower            :lower threshold      intensity. 

        

                   

%init_smpl        %sample at which the movement of the PEA begins(the 

                  %amplifier is turned on) 

%fin_smpl         %sample at which the movement of the PEA ends 

%sampl_rate       %samples/sec 

%sign_freq        %Hz 

%************************************************************************** 

  

  

dur_sampl  = length(u) - init_sampl; 
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dur_time   = dur_sampl / sampl_rate; 

cycles     = dur_time *sign_freq; 

peaks_valleys = floor(cycles*2); %no. of peaks & valleys corresponds to the  

                                 %no. of changes in PEA's direction 

  

  

%initialize variables 

  

a(:,:)=0; 

fringes=0; 

fringe1 = 0; 

fringe2 = 0; 

peak_dur = 0; 

peak_pos = 0; 

indice = 0; 

indice_new = 0; 

dum1 = 0; 

dum2 = 0; 

dum3=0; 

dummie=0; 

j=1; 

h=0; 

  

  

  

  

  

  

%create the pulse signal with the threshold defined above 

%The voltage values from the photodiode must be in the 1st column 

  

  

for i = 2:(length(u)) 

    if (u(i,2) >= upper) 

        a(i)=1; 

    else if (u(i,2) <= lower) 

        a(i)=0;  

        else if  (a(i-1) == 0) 

                 a(i)=0; 

            else 

                 a(i)=1; 

            end 

        end 

    end 
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end 

  

  

%count the fringes and find the index of the fringes(in the array of 

%schmitt pulses) which pass on the photodiode  

for i = 2:(length(a)) 

    if (a(i) ~= a(i-1))  

         

        fringes = fringes + 1;                          

        indice(j) = i; 

        j = j+1; 

         

    end 

end 

  

  

  

%find the duration of each peak, when the PEA is moving 

for k = 1:(j-2) 

    peak_dur(k) = abs(indice(k) - indice(k+1)); 

end 

  

                           

%sort the peak duration array in order to trace at which sample period a  

%change in direction occurs(at those points the duration is greater than 

%others 

[peak_dur_sort,IX]=sort(peak_dur,2,'descend');%IX denotes the index of each 

                                       %cell of the sorted peak_dur vector 

  

dum1 = sort(IX(1:peaks_valleys),2,'ascend');%from 1 to peak_valleys in order 

                                            %to contain only the critical 

                                            %points  

  

%create an array which contains the begin and the end(in samples) of 

%every critical point, in order to distinguish when the PEA is moving ahead 

%and when is moving rear.  

  

peak_pos(1) = 2; 

peak_pos(peaks_valleys*2+2) = (dur_sampl+1); 

for i=2:2:(peaks_valleys*2) 

    peak_pos(i) = indice(dum1(i/2)); 

    peak_pos(i+1) = indice(dum1(i/2)+1); 

end 
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%count the fringes and save them in different counters. One for the forward 

%move and one for the back move. 

  

for i=1:4:(peaks_valleys*2+2) 

    for j = peak_pos(i) : peak_pos(i+1) 

        if (a(j) ~= a(j-1)) 

            fringe1 = fringe1 + 1;  

        end 

    end 

end 

  

for i=3:4:(peaks_valleys*2+2) 

    for j = (peak_pos(i)) : peak_pos(i+1) 

        if (a(j) ~= a(j-1)) 

            fringe2 = fringe2 + 1;  

        end 

    end 

end 

  

%if the voltage from the amplifier is ascending then the first fringes 

%stand for forward movement. In the different case stand for backward 

%movement 

if u(init_sampl,3) < u(init_sampl+2,3) 

    forward = fringe1; 

   backward = fringe2; 

   flag=1; 

else 

   forward = fringe2; 

   backward = fringe1; 

   flag=2; 

end 

  

  

  

  

  

%create the new indice and dum matrices in order to find the  local 

%critical points 

dum2(1)=0; 

for i=1:length(dum1) 

    dum2(i+1)=dum1(i); 

end 

  

indice_new(1)=2; 

indice_new(length(indice)+2)=length(a); 
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for i=2:length(indice)+1 

    indice_new(i)=indice(1,i-1); 

end 

  

  

%We like o find the exact sample point where the dark/light fringe occurs. 

%The reason is to construct the waveform of the displacement of the PEA from 

%the signal of the photodiode. This achieved by searching each point where  

%we have a change in the value of the schmitt pulse and find the max-min  

  

%the next for loop searches all the samples except from the fringes after 

%the last change in direxction 

l=1; 

for i=1:length(dum1) 

    for j = (dum2(i)+2) : (dum2(i+1)) 

         

        if (a(indice_new(j)) - a(indice_new(j)-1) == -1) 

        [x,y]=min(u(indice_new(j):indice_new(j+1),2)); 

        real_peaks(1,l)=y+(indice_new(j)); 

        l=l+1; 

        end 

         

        if (a(indice_new(j)) - a(indice_new(j)-1) == 1) 

        [x,y]=max(u(indice_new(j):indice_new(j+1),2)); 

        real_peaks(1,l)=y+(indice_new(j)); 

        l=l+1; 

        end 

    end 

end 

  

%the next for loop searches  the fringes after 

%the last change in direction 

for i=(j+2):length(indice_new) 

     

    if (a(indice_new(i)) - a(indice_new(i)-1) == -1) 

        [x,y]=min(u(indice_new(i):indice_new(i+1),2)); 

        real_peaks(1,l)=y+(indice_new(i)); 

        l=l+1; 

    end 

         

    if (a(indice_new(i)) - a(indice_new(i)-1) == 1) 

        [x,y]=max(u(indice_new(i):indice_new(i+1),2)); 

        real_peaks(1,l)=y+(indice_new(i)); 

        l=l+1; 

    end 
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end 

  

%%%%%%%%%%%%%%%%% 

for i=1:length(indice) 

    help(i)=indice(1,i); 

end 

  

for i=1:length(dum1) 

    h=help(dum1(i)+1); 

    while u(h,2)< upper 

        h=h-1; 

    end 

    dummie=help(dum1(i)) + ( h - help(dum1(i)))/2; 

    dummie=ceil(dummie); 

    [x,y]=max(u(help(dum1(i)):dummie,2)); 

    real_peaks(1,l)=y+(help(dum1(i))); 

    l=l+1; 

    [x,y]=max(u(dummie:h,2)); 

    real_peaks(1,l)=y + (dummie); 

    l=l+1; 

    [x,y]=min(u(real_peaks(1,l-2):real_peaks(1,l-1),2)); 

    real_peaks(1,l)=y + (real_peaks(1,l-2)); 

    l=l+1; 

end 

%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

peaks_final=sort(real_peaks,2,'ascend'); 

  

for i=1:(length(real_peaks)-1) 

    peaks_final(2,i)=u(peaks_final(1,i),2);     

end 

  

  

d2=peaks_final; 

  

  

  

toc 
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encodercounter.m 

******************************************************************** 

 

function [a]=encodercounter(u,upper,lower,sampl_rate,sign_freq,init_sampl) 
tic 
%This function computes the distance travelled from a PEA 
%and it's displacement at the end of the acquisition. 
%The array used must have in the first column the signal from the upper 
%photodiode. In the second column must be the signal from the lower 
%photodiode and in the third column the input signal to the PEA 
%(amplifier's signal) 
  
%************************************************************************** 
%upper            :upper threshold      These boundaries correspond to the 
%                                       voltage created from the 
%                                       photodiode due to the laser light 
%lower            :lower threshold      intensity. 
        
                   
%init_smpl        %sample at which the movement of the PEA begins(the 
                  %amplifier is turned on) 
%sampl_rate       %samples/sec 
%sign_freq        %Hz 
%************************************************************************** 
  
  
dur_sampl  = length(u) - init_sampl; 
dur_time   = dur_sampl / sampl_rate; 
cycles     = dur_time *sign_freq; 
peaks_valleys = floor(cycles*2); %no. of peaks & valleys corresponds to the  
                                 %no. of changes in PEA's direction 
  
  
%initialize variables 
  
a(:,:)=0; 
b(:,:)=0; 
  
%create the pulse signal with the threshold defined above 
%The voltage values from the photodiode must be in the 1st column 
  
  
  
a(1)=0; 
for i = 2:length(u) 
    if (u(i,2) >= 2.72) 
       a(i)=1; 
    else if (u(i,2) <= 2.37) 
        a(i)=0;  
        else if  (a(i-1) == 0) 
                 a(i)=0; 
            else 
                 a(i)=1; 
            end 
        end 
    end 
end 
  
for i = 1:length(u) 
    if (u(i,1) >= 3.55) 
        b(i)=1; 
    else if (u(i,1) <= 3.15) 
        b(i)=0;  
        else if  (b(i-1) == 0) 
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                 b(i)=0; 
            else 
                 b(i)=1; 
            end 
        end 
    end 
end 
  
  
%count the number of pulse and consequently the number of fringes 
forward=0; 
backward=0; 
for i=1:length(u)-1 
     
    if b(i)-b(i+1)==1 %change from value 1 to value 0 
        if a(i)==1 
        forward=forward+1; 
        else 
        backward=backward+1;     
        end 
    end 
  
    if b(i)-b(i+1)==-1 %change from value 0 to value 1 
        if a(i)==0 
        forward=forward+1; 
        else 
        backward=backward+1;     
        end 
    end 
        
end 
  
  
  
displacement=(forward-backward)*step; 
  
  
if  displacement < 10^3  
    fprintf('The displacement of the PEA is %6.2f nanometers.\n'... 
        ,displacement); 
  
else  %displacement >= 10^3 
    fprintf('The displacement of the PEA is %6.2f micrometers.\n'... 
        ,displacement/(10^3)); 
end 
  
toc 
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encodercounterwave.m 

******************************************************************** 

 
function [a,d1,d2]=encodercounterwave(u,upper,lower,sampl_rate,sign_freq,init_sampl) 
tic 
%This function computes the distance travelled from a PEA 
%and it's displacement at the end of the acquisition. 
%The array used must have in the first column the signal from the upper 
%photodiode. In the second column must be the signal from the lower 
%photodiode and in the third column the input signal to the PEA 
%(amplifier's signal) 
  
%************************************************************************** 
%upper            :upper threshold      These boundaries correspond to the 
%                                       voltage created from the 
%                                       photodiode due to the laser light 
%lower            :lower threshold      intensity. 
        
                   
%init_smpl        %sample at which the movement of the PEA begins(the 
                  %amplifier is turned on) 
%sampl_rate       %samples/sec 
%sign_freq        %Hz 
%************************************************************************** 
  
  
dur_sampl  = length(u) - init_sampl; 
dur_time   = dur_sampl / sampl_rate; 
cycles     = dur_time *sign_freq; 
peaks_valleys = floor(cycles*2); %no. of peaks & valleys corresponds to the  
                                 %no. of changes in PEA's direction 
  
  
%initialize variables 
  
a(:,:)=0; 
fringes=0; 
fringe1 = 0; 
fringe2 = 0; 
peak_dur = 0; 
peak_pos = 0; 
indice = 0; 
indice_new = 0; 
dum1 = 0; 
dum2 = 0; 
dum3=0; 
dummie=0; 
j=1; 
h=0; 
  
  
  
  
  
  
%create the pulse signal with the threshold defined above 
%The voltage values from the photodiode must be in the 1st column 
  
  
  
a(1)=0; 
for i = 2:length(u) 
    if (u(i,2) >= 2.72) 
       a(i)=1; 
    else if (u(i,2) <= 2.37) 
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        a(i)=0;  
        else if  (a(i-1) == 0) 
                 a(i)=0; 
            else 
                 a(i)=1; 
            end 
        end 
    end 
end 
  
for i = 1:length(u) 
    if (u(i,1) >= 3.55) 
        b(i)=1; 
    else if (u(i,1) <= 3.15) 
        b(i)=0;  
        else if  (b(i-1) == 0) 
                 b(i)=0; 
            else 
                 b(i)=1; 
            end 
        end 
    end 
end 
  
  
%count the number of pulse and consequently the number of fringes 
forward=0; 
backward=0; 
for i=1:length(u)-1 
     
    if b(i)-b(i+1)==1 %change from value 1 to value 0 
        if a(i)==1 
        forward=forward+1; 
        else 
        backward=backward+1;     
        end 
    end 
  
    if b(i)-b(i+1)==-1 %change from value 0 to value 1 
        if a(i)==0 
        forward=forward+1; 
        else 
        backward=backward+1;     
        end 
    end 
        
end 
  
  
%find the index of the fringes(in the array of 
%schmitt pulses) which pass on the photodiode  
for i = 2:(length(a)) 
    if (a(i) ~= a(i-1))  
                                  
        indice(j) = i; 
        j = j+1; 
         
    end 
end 
  
  
  
%find the duration of each peak, when the PEA is moving 
for k = 1:(j-2) 
    peak_dur(k) = abs(indice(k) - indice(k+1)); 
end 
  



 

111 

                           
%sort the peak duration array in order to trace at which sample period a  
%change in direction occurs(at those points the duration is greater than 
%others 
[peak_dur_sort,IX]=sort(peak_dur,2,'descend');%IX denotes the index of each 
                                       %cell of the sorted peak_dur vector 
  
dum1 = sort(IX(1:peaks_valleys),2,'ascend');%from 1 to peak_valleys in order 
                                            %to contain only the critical 
                                            %points  
  
%create an array which contains the begin and the end(in samples) of 
%every critical point, in order to distinguish when the PEA is moving ahead 
%and when is moving rear.  
  
peak_pos(1) = 2; 
peak_pos(peaks_valleys*2+2) = (dur_sampl+1); 
for i=2:2:(peaks_valleys*2) 
    peak_pos(i) = indice(dum1(i/2)); 
    peak_pos(i+1) = indice(dum1(i/2)+1); 
end 
  
  
  
  
  
%create the new indice and dum matrices in order to find the  local 
%critical points 
dum2(1)=0; 
for i=1:length(dum1) 
    dum2(i+1)=dum1(i); 
end 
  
indice_new(1)=2; 
indice_new(length(indice)+2)=length(a); 
for i=2:length(indice)+1 
    indice_new(i)=indice(1,i-1); 
end 
  
  
%We like o find the exact sample point where the dark/light fringe occurs. 
%The reason is to construct the waveform of the displacement of the PEA from 
%the signal of the photodiode. This is achieved by searching each point where  
%we have a change in the value of the schmitt pulse and find the max-min  
  
%the next for loop searches all the samples except from the fringes after 
%the last change in direxction 
l=1; 
for i=1:length(dum1) 
    for j = (dum2(i)+2) : (dum2(i+1)) 
         
        if (a(indice_new(j)) - a(indice_new(j)-1) == -1) 
        [x,y]=min(u(indice_new(j):indice_new(j+1),2)); 
        real_peaks(1,l)=y+(indice_new(j)); 
        l=l+1; 
        end 
         
        if (a(indice_new(j)) - a(indice_new(j)-1) == 1) 
        [x,y]=max(u(indice_new(j):indice_new(j+1),2)); 
        real_peaks(1,l)=y+(indice_new(j)); 
        l=l+1; 
        end 
    end 
end 
  
%the next for loop searches  the fringes after 
%the last change in direction 



 

112 

for i=(j+2):length(indice_new) 
     
    if (a(indice_new(i)) - a(indice_new(i)-1) == -1) 
        [x,y]=min(u(indice_new(i):indice_new(i+1),2)); 
        real_peaks(1,l)=y+(indice_new(i))-1 ; 
        l=l+1; 
    end 
         
    if (a(indice_new(i)) - a(indice_new(i)-1) == 1) 
        [x,y]=max(u(indice_new(i):indice_new(i+1),2)); 
        real_peaks(1,l)=y+(indice_new(i)); 
        l=l+1; 
    end 
end 
  
%The next loop searches the critical points during a change in direction 
%occurs 
for i=1:length(indice) 
    help(i)=indice(1,i); 
end 
  
for i=1:length(dum1) 
    h=help(dum1(i)+1); 
    while u(h,2)< upper 
        h=h-1; 
    end 
    dummie=help(dum1(i)) + ( h - help(dum1(i)))/2; 
    dummie=ceil(dummie); 
    [x,y]=max(u(help(dum1(i)):dummie,2)); 
    real_peaks(1,l)=y+(help(dum1(i))); 
    l=l+1; 
    [x,y]=max(u(dummie:h,2)); 
    real_peaks(1,l)=y + (dummie); 
    l=l+1; 
    [x,y]=min(u(real_peaks(1,l-2):real_peaks(1,l-1),2)); 
    real_peaks(1,l)=y + (real_peaks(1,l-2)); 
    l=l+1; 
end 
  
  
%the "peaks_final' matrix cointains the sample points of all the critical 
%points 
  
peaks_final=sort(real_peaks,2,'ascend'); 
  
for i=1:(length(real_peaks)-1) 
    peaks_final(2,i)=u(peaks_final(1,i),2);     
end 
  
  
  
  
%CREATION OF THE DISPLACEMENT WAVEFORM% 
  
disp=0; 
step=158.25; %Î/4  
range=upper-lower; 
safe_range=0.9*range; 
  
  
disp(1,1)=init_sampl; 
disp(2,1)=0; 
disp(1,2)=peaks_final(1,1); 
if (a(peaks_final(1,1))==1 && b(peaks_final(1,1))==1) || (a(peaks_final(1,1))==0 && b(peaks_final(1,1))==0) 
    disp(2,2)=step; 
else 
    disp(2,2)=-step; 
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end 
  
travel_sum=0; 
for i=2:length(peaks_final) 
    disp(1,i+1)=peaks_final(1,i); 
     
    if abs(peaks_final(2,i) - peaks_final(2,i-1)) > safe_range 
         
        if (a(peaks_final(1,i))==1 && b(peaks_final(1,i))==1) || (a(peaks_final(1,i))==0 && b(peaks_final(1,i))==0) 
            disp(2,i+1)=disp(2,i)+step; 
        end 
        if (a(peaks_final(1,i))==1 && b(peaks_final(1,i))==0) || (a(peaks_final(1,i))==0 && b(peaks_final(1,i))==1) 
            disp(2,i+1)=disp(2,i)-step; 
        end 
         
    else 
         
        if (peaks_final(2,i) - peaks_final(2,i-1))<0  
             
            if (disp(2,i)-disp(2,i-1))>0 
                f=(abs(peaks_final(2,i) - peaks_final(2,i-1))/range )*step; 
                disp(2,i+1)=disp(2,i)+f; 
                travel_sum=travel_sum+f; 
            else 
                f=(abs(peaks_final(2,i) - peaks_final(2,i-1))/range )*step; 
                disp(2,i+1)=disp(2,i)-f; 
                travel_sum=travel_sum+f; 
            end 
             
        else 
             
            if (disp(2,i)-disp(2,i-1))>0 
                f=(abs(peaks_final(2,i) - peaks_final(2,i-1))/range )*step; 
                disp(2,i+1)=disp(2,i)-f; 
                travel_sum=travel_sum+f; 
            else 
                f=(abs(peaks_final(2,i) - peaks_final(2,i-1))/range )*step; 
                disp(2,i+1)=disp(2,i)+f; 
                travel_sum=travel_sum+f; 
            end 
             
        end 
             
    end 
end 
         
             
     
     
  
displacement=(forward-backward)*step; 
travel=(forward+backward)*step + travel_sum; 
  
  
if  displacement < 10^3  
    fprintf('The displacement of the PEA is %6.2f nanometers.\n'... 
        ,displacement); 
  
else  %displacement >= 10^3 
    fprintf('The displacement of the PEA is %6.2f micrometers.\n'... 
        ,displacement/(10^3)); 
end 
  
  
  
if travel < 10^3 
    fprintf('The PEA travelled %6.3f nanometers.\n',travel); 
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end 
if travel >= 10^3 
    fprintf('The PEA travelled %6.3f micrometers.\n',travel/(10^3)); 
end 
if travel >= 10^6 
    fprintf('The PEA travelled %6.3f milimeters.\n',travel/(10^6)); 
end 
if travel >= 10^9 
    fprintf('The PEA travelled %6.3f centimeters.\n',travel/(10^9)); 
end 
  
  
  
d1=disp; 
d2=peaks_final; 
  
  
  
toc 
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