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1 Ú ó

3é:
8I��lXÚ¥, Ï~¬3¤�ß

º�²¡?��o��&ÿì&ÿ�¡1��%

�£Äl
Ä�/)�Ñ\�Åc���þ [1−5],

¤�ßºÚo��&ÿìÒ�¤
o���lD

aì. &Ò11fD(!�µ1Ú&ÿì��9D

(¦�o���lDaì�3X�lØ�; 
o�

�&ÿì3�EL§¥, I�é1>&ÿì�1¯

¡?1��©�, Ïd��mØ�;�/�3Xk

«, ��lXÚ^uU©*ÿ½( - /Ï&�+�

�, du"�º�»?�Â��1U�Ü©I�^

u¤�XÚ, ¤±�lDaì�Ñó�31fOê

�ªe [6], d�k«é�¡1�/G�UCÚUþ

�ñ	¬K��o��&ÿì�(¯ÝÚ&ÿ°

Ý. O��¡1��pd°Ý�±~�k«�K�,

��¡1��pd°Ý��lDaì�Ä���

¤�''X, �
�y�lDaì�Ä���, �

¡1��pd°ÝØUÃ��/O\, ¤±, �[

/?Øk«éo���lDaì�l°Ý�K�

´�©7��.

3©z [7] ¥, �ö�\/?Ø
o���l

DaìéØÓºÝ8I��lØ�, �´vk\\

k«éTaDaì°Ý�K�, ,
�8Iòz¤

:
�, k«�K�´Ø��Ñ�; 3©z [8] ¥,

�ö©Û
1fOê.o���lDaì�m�

Ú4�Ø�, �´3J�k«�¯K�, =�Ñ


k«éo��&ÿì�&ÿ­��K�, vk�\

/©Ûk«é�lDaì�N5U�K�; 
3©

z [9] ¥, �ö=?Ø
o��&ÿì�°ÝÉ�

�¹, vkòo��&ÿìÚ¤�ßºw����

N5?Ø�lDaì��l°Ý¯K. �
��/

?Øk«éo���lDaì�l°Ý�K�, �

©Äk0�
o���lDaì��n, 3�[©

Û
D(Úk«éo��&ÿì5U�K��, Ú

\
k«éo���lDaì5U�K�, ��,

|^�X�¢�y¢
nØí���(5, �o�

��lDaì��O½¦^Jø
nØ|±.

2 Äuo��&ÿì�Åc�lDa

ì��n

Xã 1 ¤«, o���lDaì�ó��n

´µo��&ÿì�1¯¡��3¤�ßº��

¡?, 8IÅc²¤�ßº®8�3�¡þ/¤�

¡1�, �\�Åc���UC�, �¡1�¬3
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UC
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��ÑÑ�1>fê, |^�%O�úª, �±O

�Ñ8I1��% £���, l
)�Ñ\�Å

c�����.

ã 1 o���lDaì��nã (1 �¤�ßº; 2 �

o��&ÿì; 3 ��¡1�)

ã 2 1��%&ÿ

ã 3 �%&ÿ¥��5«�Ú��5«�

o��&ÿì1¯¡þ1���% (xc, yc) O

�úª�

xc =
(N1 + N4) − (N2 + N3)

N1 + N2 + N3 + N4
,

yc =
(N1 + N2) − (N3 + N4)

N1 + N2 + N3 + N4
, (1)

Ù¥, Ni L«o��&ÿì�1 i ��ÑÑ�1f

�ê.

d (1) ªO����1��% � xc Ú yc ´

��Ãþj�ê, ¿�duo��&ÿì=3o�

«�Sé1��Uþ©Ù?1æ�, ¤±�1�3

o��&ÿì�1¯¡S£Ä�, xc Ú yc ���

��´ [−1, +1]. 3¢SA^¥, ��¬ò xc Ú yc

©��5«�Ú��5«�µ3�5«�S, xc

Ú yc ���üNéAu1��% £� £þ;

3��5«�, xc Ú yc � +1 ½ -1 éAu1��

% £���.

duO����1��% � xc Ú yc ´��

Ãþj�ê, ¤±I�½Â�� £Xê kc, � xc

Ú yc ?u�5«�S�, |^ kc òO����

1��% � (xc, yc) ���1��ý¢�% 

� (x0, y0), d�, \�Åc3 x, y ü���þ��

�� αx Ú αy �O�úª� (αx Ú αy Ñé�)

αx = arctan

(

x0

f

)

=
kc · xc

f
,

αy = arctan

(

y0

fe

)

=
kc · yc

f
, (2)

Ù¥, f ´�lDaì�k��å.

3 o��&ÿì�5U©Û

du�lDaì�1´3 x ��þÚ y ��

þ´é¡�, ¤±±e?ØÑ8¥3 x ��, y ��

þ��¹�d�q.

Ï~�¹e, o��&ÿì1¯¡?1��1

r¥pd©Ù, Ù©Ù¼êXeµ

I(x, y)=
Ns

2πσ2
exp

[

−
(

x − x0√
2σ

)2

−
(

y−y0√
2σ

)2
]

,

(3)

Ù¥, Ns ´��o��&ÿì1¯¡�o1f

ê; σ ´1��pd°Ý; (x0, y0) ´1���% 

��I.

o��&ÿì�1¯¡þû�1��pd°

Ý σ �O�úª�

σ = η · λ

d
· fe, (4)

Ù¥, η ´��~ê, ��û���� 0.431!��

û���� 0.353;d ´¤�ßº\�1Ò�º�;

λ ´\�Åc�Å�.
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Xã 2 ¤«, �1���% �� (x0, y0), ¿

�o��&ÿìü����°Ý� ω!ü���

þk«�°Ý� ∆ �, ���ÑÑ�1>fê�

N1 =
E · Ns

4
(ωx− − ∆x−) (ωy− − ∆y−),

N2 =
E · Ns

4
(ωx+ − ∆x+) (ωy− − ∆y−),

N3 =
E · Ns

4
(ωx+ − ∆x+) (ωy+ − ∆y+),

N4 =
E · Ns

4
(ωx− − ∆x−) (ωy+ − ∆y+),

(5)

Ù¥,

ωx− =erf

(

ω − x0√
2σ

)

, ωx+ = erf

(

ω + x0√
2σ

)

,

ωy− =erf

(

ω − y0√
2σ

)

, ωy+ =erf

(

ω + y0√
2σ

)

,

∆x− =erf

(

∆ − x0√
2σ

)

, ∆x+ = erf

(

∆ + x0√
2σ

)

,

∆y− =erf

(

∆ − y0√
2σ

)

, ∆y+ = erf

(

∆ + y0√
2σ

)

;

E ´o��&ÿì�þf�Ç; erf(ε) ´Ø�\O

¼êµerf(ε) =
2√
π

∫ ε

0

e−t2dt.

3.1 ooo������&&&ÿÿÿììì���pppddd111���UUUþþþ&&&ÿÿÿÇÇÇ

½Âo��&ÿì�pd1�Uþ&ÿÇ ς ,

�o��&ÿìU
&ÿ���1>fê���

1fê�', =

ς =
1

Ns

4
∑

i=1

Ni. (6)

ò (5) ª�\ (6) ª, �

ς =
E

4
(ωx− + ωx+ − ∆x− − ∆x+)

× (ωy− + ωy+ − ∆y− − ∆y+) . (7)

d (7) ª��, o��&ÿì�1�Uþ&

ÿ Ç � ì � � þ f � Ç ! 1 � ¤ 3   � ! 1

�pd°Ý!1¯¡º�Úk«º�k'. w

,, � 1 � � � % ? u � : �, ς � �, ¿ � d

u erf(3/
√

2) = 0.9973, ¤±�o��&ÿìü

����°Ý�u 3 �1��pd°Ý�, k

ς0 = E ·
[

1 − erf

(

1

2
√

2Γ

)]2

, (8)

Ù¥, ς0 = ς |ω>3σ,x0=0,y0=0; Γ =
σ

2 · ∆ , =1��

pd°Ý�k«°Ý�'.

w,, o��&ÿì�k«¬ü$o��&ÿ

ìé1��Uþ&ÿÇ, �1���% u�:,

¿�o��&ÿìü����°Ý�u 3 �1�

�pd°Ý�, 1��pd°Ý�k«°Ý�'�

�, o��&ÿì�pd1�Uþ&ÿÇ��, X

ã 4 ¤«.

ã 4 1�?u�:��Uþ&ÿÇ

3.2 ooo������&&&ÿÿÿìììééépppddd111���������%%%&&&ÿÿÿ

ØØØ���

K�o��&ÿì1��%&ÿ°Ý�D(

Ì�k&Ò1�1fD(!�µ1D(±9&ÿ

ì�9D(, z���ÑÑ�&Ò1>fê�þ�

d (5) ªû½. �â©z [8] ¥�í�, ���3D

(�o��&ÿì�1��%L�ª�

xnc =
ς · Ns

ς · Ns + n
· xc +

n

ς · Ns + n
· xn, (9)

Ù¥, n ´o��&ÿìÑÑ��µ1D(Ú9

D(�>fê�Ú; xn ´�µ1D(Ú9D(

��%.

©z [10, 11] �[/©Û
Äu CCD �Å�

:
8I��%&ÿØ�, D(�þ�¬���%

&ÿ� £Ø�, 
D(��ÅåÏ¬���%&

ÿ�ËÄØ�. o��&ÿì��%&ÿØ��d

�aq��3X £ÚËÄü«Ø�. duo��

&ÿì������5, ¿��µ1´þ!ì��,

¤±z���ÑÑ��µ1D(Ú9D(�>f

ê�Ú�þ���, = xn = 0, ¤± £Ø��

σd =
n

ς · Ns + n
· xc. (10)
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ËÄØ��

σw =

√

ς · Ns

(ς · Ns + n)
2 · (1 − x2

c) +
n

(ς · Ns + n)
2 .

(11)

o��&ÿì�1��%&ÿØ��

σxnc
=

√

ς ·Ns

(ς ·Ns+n)
2·(1−x2

c)+
n

(ς ·Ns+n)
2·(1+n·x2

c).

(12)

(12) ªL², o��&ÿìé1��%�&

ÿØ��1��%�nØO�� xc!&Ò1f

ê Ns!1�Uþ&ÿÇ ς ÚD(1>fê n �'.

�1���%?u�:, ¿��µ1D(Úo

��&ÿì�9D(�³��v
��, o��&

ÿì�1��%&ÿØ��

σxnc
|xc=0 =

1√
ς · Ns

. (13)

d (13) ª��, k«é1��%&ÿ°Ý�K

�Ny3é1�Uþ&ÿÇ�K�þ, k«é�%

&ÿ�Ø�K�Ïf�

κσx
=

[

1 − erf

(

1

2
√

2Γ

)]

−1

. (14)

Xã 5 ¤«, �1���%?u�:�, 3�

Ó�¹e, k«��, �%�&ÿØ����; 


ã 6 L², 1�pd°Ý�k«°Ý�'��, k

«é�%&ÿØ��K�Ïf��, ù´Ï�o�

�&ÿì�pd1�Uþ&ÿÇ�X1��pd

°Ý�k«°Ý�'�O�
O� (Xã 4 ¤«),

l
O�
XÚ�&D', ~�
�%�&ÿØ�.

ã 5 �%&ÿØ����1fê�'X

ã 6 k«é�%&ÿØ��K�Ïf

3.3 ooo������&&&ÿÿÿììì���111���   £££¯̄̄aaaÝÝÝ

ò (4) ª�\ (1) ª��

xc =
(ωx− − ∆x−) − (ωx+ − ∆x+)

(ωx− − ∆x−) + (ωx+ − ∆x+)
. (15)

½Âo��&ÿì�1� £¯aÝ ρx �O

����1��% � xc é1�ý¢�% � xd

� �, §L«1��ý¢�% �3ØÓ �u

)��£Ä�, O����1��% ��Czª

³, =

ρx = ∂xc/∂x0. (16)

d (14) ªÚ (15)ª��

ρx =
(Ca−Cb)·(C′

a+C′

b)−(Ca+Cb)·(C′

a−C′

b)

(Ca+Cb)
2 ,

(17)

Ù¥

Ca =ωx− − ∆x−, Cb = ωx+ − ∆x+,

C′

a =

√
2√
πσ

· exp
[

−
(ω − x0√

2σ

)2]

− exp
[

−
(∆ − x0√

2σ

)2]

,

C′

b =

√
2√
πσ

· exp
[

−
(∆ + x0√

2σ

)2]

− exp
[

−
(ω + x0√

2σ

)2]

.

3¢SA^¥, O����1��% ��¬

É�D(�K�, �â (9) ª��ÉD(K��1

��% £¯aÝ�

ρxn
=

ς · Ns

ς · Ns + n
· ρx. (18)
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�1���%?u�:, ¿��µ1D(Úo

��&ÿì�9D(�³��v
��, o��&

ÿì�1� £¯aÝ�

ρx|x0=0 =

√
2√
πσ

·
exp

(

− ∆2

2σ2

)

− exp
(

− ω2

2σ2

)

erf
( ω√

2σ

)

− erf
( ∆√

2σ

)

.

(19)

�Ø�3k«�, Ï~�

√
2√
πσ

��o��&

ÿì� £¯aÝ, ¤±, k« £¯aÝ�K�

Ïf�

κρx
=

[

exp
(

− ∆2

2σ2

)

− exp
(

− ω2

2σ2

)]

×
[

erf
( ω√

2σ

)

− erf
( ∆√

2σ

)]

−1

. (20)

du exp (−9/2) = 0.011, erf(3/
√

2) = 0.9973, ¤

±�o��&ÿìü����°Ý�u 3 �1�

�pd°Ý�, k

κρx
=exp

[

−
( 1

2
√

2Γ

)2
][

1−erf

(

1

2
√

2Γ

)]

−1

. (21)

Xã 7 ¤«, �k«�°Ý�½�, 1�pd

°Ý��, o��&ÿì� £¯aÝ�p; 
ã 8

L², k«é £¯aÝ�K�Ïf�X1�pd

°Ý�k«°Ý�'�O\
~�.

ã 7  £¯aÝ�1�pd°Ý�'X

4 o���lDaì��lØ�

d (2) ª��, o���lDaì��lØ�

�o��&ÿìé1��%&ÿØ��'X�

σαx
=

kc

f
· σxc

. (22)

du�lXÚ�4��°¬��u\�Åc

���6ÄªÇ, ¤±�lXÚ¬3éá��mS,

ò\�Åc��������l&ÿì��5«

�S, ��­½/�l8I. Ïd, o���lDa

ì��lØ��±½Â�µ�\�Åc����

� 0(1���% uo��&ÿì��:) �, o

���lDaì��lØ�.

ã 8 k«é £¯aÝ�K�Ïf

�1���%�3o��&ÿì��:NC

����£Ä�,  £Xê kc|xc=0 �±d £¯

aÝ ρ−1
xn

∣

∣

x0=0
�O, ¤±��µ1D(Úo��

&ÿì�9D(�³��v
��, o���lD

aì��lØ��

σαx
|αx=0 =

√
π√

2ς · Ns

· σ

f
· exp−1

[

−
(

1

2
√

2Γ

)2
]

×
[

1 − erf

(

1

2
√

2Γ

)]

.

(23)

é (23) ªz{, ��o���lDaì��l

Ø��

σαx
|αx=0 =

√

π

2·E ·Ns

· η ·λ
d

·exp−1

[

−
(

1

2
√

2Γ

)2
]

.

(24)

Ïd, k«é�lDaì�Ø�K�Ïf�

κσα
= exp−1

[

−
(

1

2
√

2Γ

)2
]

. (25)

�âã 9 ��, ���1fê�½�, 3�Ó

�¹e, k«°Ý��, o���lDaìé:


8I��l°Ý�p; 
ã 10 L², 1�pd°Ý

�k«°Ý�'��, k«é�%&ÿØ��K�

Ïf��. 2òã 10 Úã 6 '���, �1��p

d°Ý�k«°Ý�'�Ó�, k«é�lØ��
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K�Ïf�uk«é�%&ÿØ��K�Ïf, ù

´Ï�k«é�lØ��K�´k«é�%&ÿ

Ø��K�Úk«é £¯aÝ�K�Ó��^

�(J. �%&ÿØ�Ú £¯aÝÑ�X1��

pd°Ý�k«°Ý�'~�
O�, ,
,  £

¯aÝ�O��ª³��u�%&ÿØ�O��

ª³, ¤±, oN5`, �Ù¦^�ØC�, 1��

pd°Ý�k«°Ý�'��, o���l&ÿì

��lØ���.

ã 9 � l Ø � � � � 1 f ê � ' X E = 20%,

λ = 500nm,d = 200mm,η = 0.431

ã 10 k«é £¯aÝ�K�Ïf

5 ¢ �

¢�¥æ^�o��&ÿì´ 2 × 2 �õ�4

1>�O+, z��4�±üÕÑÑ1 - >óÀ&

Ò, ¿�äkpOÃÚ$G6�A5, ´�«'�

n��o��&ÿì. Tõ�41>�O+�ü�

���°Ý´ 9 mm,k«°Ý� 0.2 mm.

¢�µãXã 11 ¤«, 3V¿S, -1ìuÑ

�1²�NP~ìÚ��	��/¤:1
, :1


uÑ�1²²11+�/¤²11, ²11²�

�ºÚ��º���ÏL��ßºÚ��ßº�

¤®à1å, ®à1å2² 50/50©1cº©1�

©O3o��&ÿìÚ1fOêì�1¯¡þ/

¤�¡1�, o��&ÿìÚ1fOêìò�Â�

�1&Ò=��>&Ò�²DÑ�Dx�V¿	

�O�Å�Â.

ã 11 Á�µã (1 �-1ì; 2 ��NP~¡; 3 ���

	�; 4 �²11+; 5 ���º; 6 ���º; 7 ���ß

º; 8 ���ßº; 9 � 50/50©1cº; 10 �o��&ÿ

ì; 11 �1fOêì; 12 �O�Å; 13 �\�Åc)

3¢�¥, UC��ßº��å±9���ß

º�¡� ��±N��lDaì�k��å, l


UCo��&ÿìþ1��pd°Ý; �NP~

ì��^´N�\�Åc�1r, l
UC��o

��&ÿì?�1fê; ��º��^´ÏL\>

Ø5UC\�Åc����Ý, l
UCo��&

ÿì?1�� �; 1fOêì��^´iÿ��

o��&ÿì1¯¡?�1fê8, �,, 3�Ó

�\�1re, du1fOêìÚo��&ÿì�

þf�ÇØÓ, üöOê�ê�¿Ø��, �´¤

�5'X, ÏLI½��±ÏL1fOêì�Öê

O�Ño��&ÿìÑÑ1>fê��, ±e�ÿ

þ­�¥�1>fê8Ñ´d1fOêìOê�

(J�����o��&ÿì�1>fê.

ã 12 L², �k«°Ý�½�, 1��pd°

Ý��, o��&ÿìé1��% �&ÿ­��

Í�, �:?�1� £¯aÝ��; ã 13 L²,

�k«°Ý�½�, �¡1��pd°Ý��, o

��&ÿì�1�Uþ&ÿÇ���; ã 14 L²,

�k«°Ý�½, ¿�1��% uo��&ÿì

��:�, XJ�¡1��pd°Ý�Ó, K��

1fê�õ, o��&ÿì��%&ÿØ���,

XJ��1fê�Ó, K�¡1��pd°Ý��,

o��&ÿì�%&ÿØ���; ã 15 L², �l

&ÿì��lØ��X��¡1�pd°ÝÚk
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E = 8%, x0 = 0, y0 = 0)
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mm,Ns = 673 count,E = 8%, x0 = 0, y0 = 0)
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��l&ÿì��lØ���. Ïd, �k«�½

�, �±O��¡1��pd°Ý5~�o���
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o���lDaì�Ä
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X, 3¢S�O½¦^¥I��âI��Ñ·��
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Error analysis of four-quadrant-based tracking
sensor when dead zone is inevitable
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Abstract

Based on the basic principle of four-quadrant-based tracking sensor, the energy detecting rate, centroid detecting error and the

displacement sensitivity of four-quadrant detector caused by noise or dead zone are analyzed in detail. The tracking error formula of

four-quadrant-based tracking senor is put forward theoretically and verified experimentally. The results show that when the noises are

constant, the tracking error of four-quadrant-based tracking senor depends on the ration between the width of Gauss facula and the

width of dead zone of four-quadrant detector.
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