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JÑ
�«õ1å-1	�ÿ���Ý�#�{. Äu-1	�EâÚ Doppler �A, ÏL�{��Ä
� Doppler �ºéØÓ��\�1��uN�, r�ÿ�Ý&E\1�	�&Ò�ªÇ�¥, ²&Ò)N��±�
��ÿ�Ýëê�, ²\�²þ?n�±Jp�ÿ�Ý�ÿþ°Ý. |^ù«#�{, ÏL Matlab �ý
²¡IO
ºØÓ\����[(J, L²T�ý(J����éØ��u 0.789677%.
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1 Ú ó

°��Ýÿþ´ó§+���I�¡éÚ)
û�¯K. �X�ÆEâ�uÐ, �Ýÿþ��Ú
ÿþ�{Øäí�Ñ#, Xè�![^ÓÚ>Å!
-1×£¤!aAÓÚì!�m Fourier 1Ì¤
Úo��&ÿìÿ��pO(Ýÿ�ì�9|^
ù
ì�mu�ÿ�����þA^, �ó§�
OÚuÿ<
Jø
�þ�Ýÿþ¯K�)û�
{. ÿ��{�)>ÖÍÜì� (CCD) 1Æÿ�
{ [1,2]!-1Z�ÿþ{ [3]!¤�ª1»gO�
ÿ�{ [4]!Äu Moire ^«�gO�ÿ�{ [5] �.

|^ù
�{��ÑØU��pO(Ý�Ýÿþ
��¦.

du1Æÿ�äk��>5!°ÝpÚ(�
{ü�A:
�É<��­À, Ïd¦^1Æÿ�
��{��
�5�2��A^ [6−8]. Äud, J
Ñ
�«Äuõ1å-1	�uÿ�Ä�ÿ��
{, ÙA:´ØI�Äº���&E, �±3÷v
°Ý�Ó�¢y�����uÿ. �©0�ù«ÿ
��{��nÚ�ý¢�(J.

�
U
æ8��Ð�-1�ª&ÒÚJp
&Ò?n�$��Ý, �©Äu-1	�Eâ, J
Ñ
�«p°Ýõ1å-1	��g�Åÿþ�
Àþ��{, =ÏL Doppler �º�uN�ò�ÿ
ëê&EN��-1	�&Ò��g�Å¥, ÏL
é-1	�&Ò�g�Å�)N�±°(¼��
ÿëê&E.

2 ÿþ�Ý��n9¢��Y

2.1 ¢¢¢������YYY

�uN�õ1å-1	�ÿþ�g�Åÿþ
�Ý�¢��YXã 1 ¤«. TC�d H0 �N
-1ì!²¡��º!1/4 Å¡!�º! �©
åº (PBS)!¬àßº!²¡IOº!1>&ÿ
ìÚ&Ò?nXÚ (TC�dÈÅì!c���
ì!A/D Úêi&Ò?nì (DSP)) |¤. �º3�
u°Ä&Ò�^e�{��Ä, \\�º�Ð?´
�±éØÓ��\���ºL¡�-1?1ªÇ
N�.

Äk, �m-1ì, ¦� �1�g²L PBS
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Ú 1/4 Å¡�ì���ºcL¡þ, 
ØÓ���
�ºN����1q²L 1/4 Å¡�ßL PBS �
\����ºL¡þ, ��1²²¡IOºcL¡
ß��1�²¡IOº��L¡���, �²L²
¡IOºcL¡���1�å�àßº¬à�&

ÿì1¯¡þ, ��²&ÿì1>=���>&Ò
²LÈÅì!��ì!�/ê (A/D) =�ìÚ (DSP)

���ØÓ���ÿ�ëê&E. ù�, Ò�±Ï
L�uN�õ1å-1	��g�Å{ÿ�-1
\��Ý.

ã 1 ¢��Y�O

2.2 õõõ111ååå---111			������ggg���ÅÅÅÿÿÿþþþ���ÝÝÝ���
���nnn

Xã 2 ¤«, du1å3²¡IOº�c�L
¡�m¬Øä/��Úò�, 
ù«��Úò�é
u��1Úß�13Ã¡�?½ßº�²¡þ�
Z�Ñk�z, ¤±3?ØZ�y��, 7L�Ä
õg��Úò��A, =A?Øõ1å-1Z�.

ã 2 õ1å-1Z��n

�´, du-13ÀæcL¡���1�Àæ
�L¡�� k gÚ k + 1 g��ß�ÑÀæcL
¡�1·ª, �)�ü��ª&Ò�ÌÝ�� 2—3

�êþ?. ²L Fourier C��, �
U
æ8��
Ð�-1�ª&ÒÚJp&Ò?n�$��Ý, ¤
±3ùp·�=�Ä¤uÿ��L¡1 k g��
� Ek ��L¡ k + 2 g���� Ek+2 1·ª¤

�)��g�ª�.

�-1±\�� θ0 �\�Àæ�cL¡�,

�\�1|�

E(t) = El exp(iω0t), (1)

Doppler �º��Ä�§

x(t) = x0 cos(ωct), (2)

�Ý�§�

ν(t) = −ωcx0 sin(ωct), (3)

du�º�$Ä, ��1�ªÇC�

ω = ω0(1 − 2ωcx0 sin(ωct)/c), (4)

Ù¥ ω0 �-1�ªÇ, x0 ��º�Ä��Ì, ωc

� Doppler �º��ªÇ, c �1�.

K t − l/c ����²¡IOºcL¡���
1|�

E0(t) = αEl exp
{
i[ω0(1 − 2ωcx0 sin(ωc(t − l/c))/c)

×(t − l/c) + ω0x0 cos(ωc(t − l/c))/c]
}
. (5)


²²¡IOºß��13ØÓ���²¡IO
º�L¡õg���©Oß�Ñ²¡IOº�c
L¡, Ùß��L�ª�±©O�¤

E1(t) = αα2
1El exp

{
i[ω0(1 − 2ωcx0 sin(ωc(t − (l + 2nd cos θ)/c))/c)

×(t − (l + 2nd cos θ)/c) + ω0x0 cos(ωc(t − (l + 2nd cos θ)/c))/c]
}
,
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E2(t) = α3α2
1El exp

{
i[ω0(1 − 2ωcx0 sin(ωc(t − (l + 4nd cos θ)/c))/c)

×(t − (l + 4nd cos θ)/c) + ω0x0 cos(ωc(t − (l + 4nd cos θ)/c))/c]
}
,

E3(t) = α5α2
1El exp

{
i[ω0(1 − 2ωcx0 sin(ωc(t − (l + 6nd cos θ)/c))/c)

×(t − (l + 6nd cos θ)/c) + ω0x0 cos(ωc(t − (l + 6nd cos θ)/c))/c]
}
, (6)

...

Em(t) = α2m−1α2
1El exp

{
i[ω0(1 − 2ωcx0 sin(ωc(t − (l + 2mnd cos θ)/c))/c)

×(t − (l + 2mnd cos θ)/c) + ω0x0

× cos(ωc(t − (l + 2mnd cos θ)/c))/c]
}
,

Ù¥, m ��K�ê, α Ú α1 ©O�²¡IOº�
��XêÚß�Xê, d �²¡IOº�þÝ, θ �
ò��, l ��º�ÀæcL¡�ål.

ù�, &ÿì�Â��o1|�±L«�

E(t) = E0(t) + E1(t) + · · · + Em(t) + · · · , (7)

K&ÿìÑÑ�1>6�±L«�

I =
ηe

hν

1
Z

∫∫
S

1
2
[E0(t) + E1(t) + · · · + Em(t) + · · · ]

×[E0(t) + E1(t) + · · · + Em(t) + · · · ]∗ds. (8)

Ù¥, e �>f>þ, Z �&ÿìL¡0����
{|, η �þf�Ç, S �&ÿì1¯¡�¡È, h

� Plank ~ê, ν �-1ªÇ.

du�nÜ©·��Ñ��Ä Ek Ú Ek+2 1
·ª¤�)��ª&Ò, �6�²L$ÏÈÅì�
�±ÈØ, Ïd, ùp��Ä�6�, d�6�Ï~
¡�¥ª>6, �n��¥ª>6�

Iif =
ηe

2hν

1
Z

∫∫
s

∞∑
p=0

∞∑
j=p+2

(Ep(t)E∗
j (t) + E∗

p(t)Ej(t))ds. (9)

ò (5) ªÚ (6) ª�\ (9) ª, �ª(J�

Iif =
ηe

hν

π

Z
E2

0

m−1∑
p=0

m−p∑
j=0

αj+pαj

× cos
[8nd cos θω0ω

2
cx0

c2
t

+
2ω0x0

c
− 4ndω0 cos θ

c

−8nd cos θω0ω
2
cx0(l + 2pnd cos θ)

c3

]
, (10)

�Ñ 1/c3 ������±{z�

Iif =
ηe

hν

π

Z
E2

0

m−1∑
p=0

m−p∑
j=0

αj+pαj

× cos
(8nd cos θω0ω

2
cx0

c2
t

+
2ω0x0 − 4ndω0 cos θ

c

)
, (11)

Ù¥, p ��K�ê.

ÏL (11) ª�±w�, õ1å	�ÿþ{¼�
�¥ª�ªÇ�±9� �¥Ñk²¡IOº�
þÝ d �&E. Ì��é¥ª�¥�ªÇ�?1©
Û, Ï�æ^ Fourier C�éN´¢yªÇÿþ. d
�, �â (9) ª, �±rZ�&Ò�ªÇP�

f = 8nd cos(θ)ω0ω
2
cx0/(2πc2)

= 4nd cos(θ)ω0ω
2
cx0/(πc2) = K cos θ.(12)

dò�½Æ��

cos θ = cos
[
arcsin

(sin θ0

n

)]
. (13)

�â (11) Ú (12) ª��, Z�&Ò�ªÇ�²
¡IOº\��¤�', '~Xê�

K = 4ndω0ω
2
cx0/(πc2), (14)

�1
�ªÇ ω0!IO²¡º�ò�Ç n!²¡
IOºþÝ d!�º�Ì x0 ±9�º�ÄªÇ ωc

k'.

I�`²�´, ÏL (13) ª�±wÑ3í�L
§¥d�{éu�Ý�ÿþ��vk?Û��, =
d�{·Üu 0◦—90◦ �m?¿\��Ý�ÿþ,

Ïd����
	�&Ò�g�Å�ªÇ�Ò�
±��-1�\��.

3 ê��[�(J©Û

�âþ¡�nØ©Û, -1ì�À�± H0

�N-1ìÅ� λ = 2050 nm �~, Ð?´d
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-1é<úS�, ��±�â¢SI�À^Ù¦
Åã�-1ì; Ï~�¹e²¡IOº�ò�
Ç n = 1.493983, þÝ d = 0.02 m; &ÿì�1¯
¡�»� R = 1 mm; (¯Ý 1 A/W; � Doppler �
º�Ì x0 = 0.001 m. |^ MATLAB �ý��

ØÓ\�� θ0 �¹e, õ1å-1	��g�Å
ÿþ���ÝéA�õ1å-1	��g�Å&
Ò Fourier C�ªÌXã 3 ¤«. lã 3 ¥�±w
Ñ, �X\���O\, ªÌ��é ��$ª�
�£Ä, =�X�Ý�O\ªÇ~�. �Ï3u: 3
²¡IOºþÝØC��¹e, '~Xê K Úª
Ç´¤�''X�, 3��Ý�¹e, �\��O
\�'~Xê K ��~�, duªÇ f �'~X
ê K 'X� f = K cos θ, d ØC��¹e, ªÇ f

Ú K ¥�5'X. Ïd, K ~��ªÇ���~�,

=�X\���O\, ªÌ��é ��$ª��
£Ä. ã 3 éÐ/�y
c¡nØ©Û��(5.

ã 3 ØÓ\��ÿþéA� Fourier C�ªÌ

I�`²�´, du	�&ÿ´�«Cû�4
��&ÿ�ª, &ÿ(¯Ý4p, Ïdã 3 õ1å
-1	��g�Å&Ò�&D'�~p.

du��ó§þõ5­���Ý�ÿþ, Ïd
�©|^þã�uN�õ1å-1	��g�Å
ÿþ{, ±���Ýÿþ�~, ëY�ý�[
 8

|êâ, ��
ØÓ\���nØ�[(J, XL 1

¤«.

I � ` ² � ´: | ^ L 1 � � ý ¢ � ê
â, � ª � ± � � � [ � � � � � é Ø � �

u 0.789677%. �±wÑT�{�ÿþ°Ý´�
~p�. Ó�, ©Ûêâ��±wÑ, �¸�5�X
ÚØ�ÚÖêØ�3�ý¥´�±�Ñ�, �ý¢
�¥�Ø�Ì�5gu¯� Fourier C���°Ý
Ø�ÚO�L§¥��\Ø�.

LLL 1 ØØØÓÓÓ\\\���������¢¢¢SSS���ÚÚÚnnnØØØ���[[[���

gê ¢S� nØ�[�

/mrad /mrad

1 4.0 4.020859

2 4.5 4.508149

3 5.0 4.994570

4 5.5 5.480128

5 6.0 5.964827

6 6.5 6.448671

7 7.0 7.052243

8 7.5 7.534182

4 ( Ø

�éDÚ��ÝÿþXÚ�A:ÚØv, JÑ

�«Äu�º�uN�õ1å-1	��g�
Åÿþ�Ý��{. ÏL31´¥\\�º, �º
3�u°Ä&Ò�^e�{��Ä, �±éØÓ�
�\��ÙcL¡�1?1ªÇN�, r�ÿ��
Ý&E\1�	�&Ò�g�Å�ªÇ�¥, Ï
L Fourier C�éN´Ò�±)NÑ�ÿ�Ý&E,

�ÿþ°Ý4p. ò-1	�EâÚ-1 Doppler

Eâ(Ü¦^, òü«Eâ�`³éÐ/A^�

�Ý�uÿþ, ¦�N�!uÿ!?n{ü´1.

�ýy², T�{´�«ûÐ���>ÿþ�
Ý��{, �±A^3���ÿþ�¸þ. A^d
�{ÿþ�Ýäk°Ýp!�/ÝÐ!ÿþ�Ý
¯�`³. �ý(JL², T�{�[
ØÓ�Ý
��ý(J, ÿþØ��u 0.789677%, `²T�{
´�1!���, U
÷v���Ýÿþ��¦,

�Nõó§+�Jø
éÐ�ÿþÃã, �±2�
/A^u-1X�!Å�!¤ì¤LÚ>f�¬
�E�¥, äkéÐ�A^cµÚd�.
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Second harmonic multi-beam laser heterodyne
measurement for small angle based on oscillating

mirror sinusoidal modulation∗
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Abstract

In this paper, we propose a novel method of multi-beam laser heterodyne measurement for small angle based on sinusoidal

modulation of simple harmonic motion oscillating mirror. By using the Doppler effect and heterodyne technology, by loading the infor-

mation about small angle into the frequency difference of the multi-beam laser heterodyne signal, by using the frequency modulation

of the oscillating mirror, this method can give many values of small angle after the multi-beam laser heterodyne signal demodulation

simultaneously. Processing these values by weighted-average, small angle can be obtained accurately. This novel method is used to

simulate measurement for small angle by MATLAB, the obtained result shows that the relative measurement error of this method is

just 0.789677%.

Keywords: angle measurement, multi-beam laser heterodyne, laser Doppler technology, Fourier analysis
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