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JÑ
Äup�'�õÊV OCT(correlated Doppler optical coherence tomography, CD-OCT) �{, U
k��
³�D(, ¢y$&D'^�e�6�&ÿ. é CD-OCT �{?1
�[�í�, ©Û
D(��'5éT�{(
J�K�, ��ÄuÌ�Ú��éÜ&ÿ�{ (joint spectral and time domain optical coherence tomography, STD-OCT)

±9 CD-OCT �{�é'¢�y²
T�{U
?�Ú¢y&D'�Jp, ¦ÿþ�(J��­½.

'�c: Ì�õÊV�'�Û¤�, p�', &D'

PACS: 34.80.Pa, 42.30.Wb, 87.63.dk

1 Ú ó

1Æ�Z�Û¤� (optical coherence tomogra-

phy, OCT)[1−4] ´dþ­V 90 c�JÑ��«)
Ô�Æ¤�Eâ, §ÏLÂ8|����Ñ�15
��p©E�|�SÜ(�ã�. OCT XÚ�±©
��� OCT ÚÌ� OCT üa, Ì� OCT(spectral

domain OCT, SD-OCT) ÏLÿþZ�1Ì5&ÿ�
¬��Ý&E, ØI��Ý×£, Ïd��Jp

¤��ÝÚXÚ(¯Ý [5−7].

�
¼�|�¥�
��AÉ5&E�ëê,

NõõU. OCT ��U��uÐ [8−10]. Ù¥õ
ÊV OCT[8] U
¢yÃ�ú�3NÉ6�Ý�&
ÿ, 3�ÆïÄÚ�K�äþÑk­�¿Â. Nõ
�|Ñ�
õÊV6�ÿþ�¡�ïÄ [11−13], ù

ïÄÑ´Äu� ©E��{5��õÊV6
�, §´ÏLO�Ó��î� �þ���¶�×
£&Ò�m�� Cz5��õÊVª£. � ©
E�{�,)û
õÇÌ©Û¥ [8] �Ý©EÇÚ
�m©EÇ�p���gñ, �´§Ã{3$&D
'e¦^, ¿�é�¸6Ä�~¯a, Ïd3?1
3NÉ6�Ýÿþ��ÿ¬Ú\���Ø� [14].

�C��
�«Ì����éÜ&ÿ�{ [15](joint

spectral and time domain optical coherence tomogra-

phy, STD-OCT), |^õg1×£&ÒFp�C�
��ªÇ
���1� �Czþ5(½õÊV
ª£, wÍJp
�Ý&E¼��&D', �´T
�{3&D'?u 0dB �m�rD(�¸¥ÒØ
�·^
.

�
U
3rD(¥J�&E, �'��{®
²3NõïÄ+��¦^ [16−23], ù
ïÄ¤JÑ
y²
p�'U
k��³�D(¿Jp&D'.

Ï&9ÿå�+�¥¦^���Å (pseudo-noise,

PN) ?è�´|^p�'�³DA55JpXÚ
�&D'ÚÿþO(Ý [24]. �©JÑ
�«Ä
up�'�õÊV OCT(correlated Doppler optical

coherence tomography, CD-OCT) �{, T�{|^
p�'5³�D(, U
¢y�$&D'�¹e�
6�&ÿ, Ó�T�{� STD-OCT ��ØI�?
ÛM�þ�U?.

2 n Ø

3Ì� OCT ¥, 1Ì¤3��È©�mS¼
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��|1Ì&Ò (A-line), éÙ?1_Fp�C�
���Ý&E, ��¬¥�¹6�&E�, �Ü©
�õÊV OCT �{ÑI�ü|½õ| A-line &Ò
5¦ÑõÊVª£. CD-OCT �?n6§Xã 1 ¤

«, 1Ì¤¤¼���X�1Ì&Ò (ã 1(a)), Ñ�
�6�Úg�'�, �±L«�

I(k, t) = 2S(k)
∫ ∞

0

a(z)

× cos
(
2kn(z + v(z, t)t)

)
dz, (1)

ã 1 CD-OCT �{?n6§ (a) d A-scan Ú B-scan �¤���Z�&Ò; (b) ²L��Fp�C�� OCT (�ã; (c)

,�©Eü�S�(�êâ, d N � A-line Ú M 1 B-line �¤; (d) ò�� B-line p�'��êâ; (e) éAuØÓ�Ý�
6�©Ùã

Ù¥ k �Åê, t L«ØÓ A-line ��m, a(z) ��
¬ØÓ�Ý���Ñ�Xê, v(z, t) L«�¬¥Ø
Ó ��²1u1å\����6���. é (1)

ª?1¶�Fp�C�¿Ñ�E�Ý���

I(z, t) = F−1[I(k, t)] = 2F−1[S(k)]

⊗[a(z, t)] exp
(
i2nkv(z, t)t

)
. (2)

d� OCT ¤¼��(�&E (ã 1(b)), éuÓ
��Ý z0  ��,�©Eü�S (ã 1(b) ¥�ç
Ú�¬), yéÙ?1 N g­E×£, Kù�©E
ü�êâ��� M × N �Ý
 (ã 1(c)), yb�
ù�©ES� a(z0, t) Ú v(z0, t) þ��½�, K�
| B-line &Ò�L«�

B(z0, t) = Rcos(2nkv0t), (3)

Ù¥ R = 2F−1[S(k)] ⊗ [a(z0, t)], v0 �ù�©Eü
�S²1u\�1�6�©þ&E, éA�õÊV
ª£�

fd =
2nv0

λ
. (4)

KU©E���6��

v±max = ± λ

4ndt
, (5)

Ù¥ λ �¥%Å�, dt ��� A-line ��mm�.

U©E���6��

v±min = ± λ

4nπdt

1√
SNR

, (6)

SNR(signal-to-noise ratio) �XÚ�&D', yb�
XÚ u���é­½��¸¥, KCq@�XÚ
¥�D(�pdxD(, u´�| B-line &Ò�L
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«�

B1(z0, t) = R cos(2nkv0t + ϕ1)

+wn1(z0, t, SNR), (7)

Ù¥ ϕ1 �z| B-line ØÓ�Ð©� , �&D'
ü$�, T��wÍO�, duT���3, z| B-

line &Ò=3ªÇÜ©���, ùò¦�|^�â
²þ5Jp&D'C�Ø�1. éuù�ü|�Ó
ªÇ�{u&Ò, éÙ?1p�'���(JE,
�{u&Ò, �ªÇØC [15], yéÓ�©Eü�¥
�ü| B-line �p�' (ã 1(d)), duùü��Ý
E, u��©Eü�S, ÏdCq@�&ÒÜ©
ªÇØC, ¿b�D(Ø�', u´��

R(τ) =
1

2T

∫ T

−T

B1(z0, t)B2(z0, t + τ)dt

=
R2

2

√
(A + cos ϕ)2 + sin2 ϕ

× cos(2nkv0τ + θ), (8)

Ù¥

A =
sin(4nkv0T )

4nkv0T
,

ϕ = ϕ2 − ϕ1,

θ = arctan(
sinϕ

A + cos ϕ
). (9)

(8) ª�Ù¦�duÙD(�&Ò±9ØÓD
(m�Ã'5Ñ�
, dÙ(J���,O(��
3
6��&E, 2éÙ?1î�Fp�C�=�

��¤I��6�&E (ã 1(e)).

�'��&D'�Cz�L«� [17−19]

( S

N

)
after

=
Ncorr

( S

N

)2

before

1 + 2
( S

N

)
before

, (10)

Ù ¥ Ncorr � ? 1 � ' � ê â : � � ê, S �
& Ò � r Ý, N � D ( � r Ý. d ú ª ´ �,

� (Ncorr−2)
( S

N

)
before

> 1 �, &D'ò��Jp.

3 ¢ �

3.1 DDD(((������'''555

l�c�nØí���, D(�Ã'5´�Ñ
�'³D(Ø�Ä�b�, ÏdÄkI��	Ø
Ó B-line �mD(��'5.

|^Ø>>b (piezoelectric ceramic, PZT) °
Ä²¡º± 0.04 mm/s ��Ý$Ä, O�õÊVª
£ fd = 95.8 Hz, Bu«O±Ï&Ò±9D(, é
º¡�Ó� �?1 300 g­E×£. du��
1 B-line &Ò3,
�ÝLyÑ�½��'5, �
�Ù¥º¡¤3�Ý ��ü|���1� B-line

&Ò�p�', Ùp�'±9éÙ¥�| B-line &
Ò?1g�'�(JXã 2(I) ¤«, Ó�Äu�Ó
õÊVª£�^��[(JXã 2(II) ¤«.

ã 2 ü| B-line &Ò�'(J I, II ©O��[Ú¢�(J (a), (b) Ú (c), (d) ©O� B-line &Òp�'Úg�'��(J

023401-3



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 2 (2012) 023401

ã¥�±wÑ, �[(JÚ¢�(J��

éÐ/ÎÜ, �D(äkér��'5��ÿ (g
�'), 3�'¼ê�"ò´ �¬Ñy��k
¸ (ã 2(c), (d)), ù´dpdxD(��>²A
5���, 
ü|êâp�'(JKvkù�k
¸ (ã 2(a), (b)), Ïd@�ÙD(´Ø�'�. g�
'Úp�'�«O=3"ò´ �kÃk¸, 
�
N�Cz5ÆK´�Ó�, ùÚ�c�nØ©Û�
Î, Ï��N�Cz5ÆéAu6�&E, 
éu
��ü1êâ5`, §�3�mþ�ål�~��,

Cq@�´Ó��:, ÏdÙéA�õÊVª£�

´���.

3.2 õõõÊÊÊVVV666���ÿÿÿþþþ¢¢¢���

¢�¥¤^� SD-OCT XÚXã 3 ¤«, ¥%
Å�� 835 nm, �° 40 nm �°�1
uÑ�$�
Z1
²L�� 50/50 �1nÍÜì©¤ü´1©
O?\�¬:Úë�:, 3&ÿ:|^1Ì¤æ8
ü:�£�1, ��é���êâA^�A��{
¡EÑ¤��6�&E.

�
�y�' ODT �{, 3?1¢��, ÀJ

ü«�¬: ²¡ºÚf[+.

ã 3 SD-OCT XÚã

ã 4 ²¡º�õÊVª£ã (a) � ©E�{; (b) STD-OCT �{; (c) CD-OCT �{
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3.2.1 ²¡º
3�²¡NC���¬²¡º, òÙÅ3U


¢yB�þ?� ££Ä� PZT þ, ÏL¼êu)
ì�� PZT UA½��Ý£Ä, l
��Ú\A½
õÊVª£�8�.

¢�¥±ªÇ� 10 Hz �n�Å°Ä PZT $
Ä, Ù�Ç=�²¡º�$Ä�Ý, K3��±Ï
S, PZT �3�K��, �ýé�Cq���ü«
�Ý, éù�±ÏSæ8��êâ¡EÑ�õÊ
Vª£Xã 4 ¤«. du&D'�$, ÏL� ©
E�{¼���Ý lý¢���, 
 STD-OCT

�{Kk
é��Jp, �´3,
 �þ, STD-

OCT ÉpªD(�K��Ñ��Ý���pª�,


 CD-OCT KÄ��Ø
ù
Ø��:, ÿþ��
Ý��O(.

3.2.2 f[+

òf[+±�&ÿ1å¤ 76◦ ��Ý��, Ï
L��5�"5��+¥à�¯L�¥M��6
�. y��TM�±²þ�Ý 4 mm/s ��ÝÏL
f[+, N�f[+�"1§ ��ål5N�
&D'. é SD-OCT æ8�êâ©OA^ CD-OCT

Ú STD-OCT ��{5O�õÊV6�, Ù(JX
ã 5 ¤«.

ã 5 f[+õÊV6�ã (a) f[+(�ã; (b) CD-OCT (Jã; (c) STD-OCT (Jã (I. ��õÊV6�ã; /. ¶� (x
�?) 6�©Ù; 0. î� (x�?) 6�©Ù)

¢�¥·�À�
&D'�$��f[+ê
â?1©Û. ã 5(a) �f[+�(�ã, du&D
'�$, Ùã��N�V, ã 5(b) Ú (c) ©O� CD-

OCT ±9 STD-OCT �{���(J, *	�±

uy3 STD-OCT �{���(J¥du&D'
�$, ã�¥�3éõduD(
���pªD
:, 
²L�'��, ÙD(��³�, D:��
�~�. üÕéã�¥���î� (ã 5(/)) Ú¶
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� (ã 5(0))  �?1*	 (x� �), ù«D(
³��J��²w, D:�êþ��~�, Jp

ÿþ�O(Ý.

4 ( Ø

JÑ
�«Äup�'�õÊV OCT �{,

U
3$&D'��¹ek��³�D(, Jpõ
ÊV6�ÿþ�­½5, éT�{?1
�¦�n
Øí�, ¿©Û
�'c�&D'�Cz, É­E

×£gê�K�, �XÚ&D'� −10—0 dB �,

�'��±Jp 5—10 dB, Äu¢�êâ�D(�
'5©Û�^��[(J�{/ÎÜ, Ø=y²

nØí���(5, ��y
T�{��15.

��|^ OCT XÚé!�$Ä�²¡º±
9Ïkà�¯L�¥M��f[+?1
¢�,

é'
Äu STD-OCT �{Ú CD-OCT �{¼�
�(J, y²
 CD-OCT �{äk�Z�D(³
�Uå, U
3$&D'�¸¥¼���­½O
(�(J.
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Abstract

A new method based cross-correlation technique (CD-OCT) is proposed to acquire and analyse the information about flow ve-

locity with low signal-to-noise ratio(SNR) in spectral-domain optical coherence tomography(SD-OCT). We theoretically study the

procedure of this method, and analyse the correlation between the noises by computer simulation and experiment. The Doppler flow

images reconstructed by CD-OCT are compared with those reconstructed by Joint spectral and time-domain optical coherence tomog-

raphy (STD-OCT). The results demonstrate that CD-OCT can significantly improve the SNR, thus rendering it suitable for the flow

measurement in low SNR.
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