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2 XÚ(�

~���§Z�.1nDaXÚ (DaÜ©±
ò���Z�¤�~) Ä�(�Xã 1 ¤«. -1
ìuÑ�1²�ål�1nDÑ�?\ 3 dB ÍÜ
ì¿©�&Ò1Úë�1üå, Ù¥&Ò1�É	
.(ÅN�ë�1Ø�ÉN�, üå1²��º
���£�ÍÜì¿u)Z�, Z�1&Òd1>
&ÿì=z�>&Ò¿ÏL�Y�&Ò?n�ª
¼�(Å&E. ¢SXÚ¥�JpDaUå,   
æ^dõ�-1ì!&ÿì9DaÜ©�¤�Å
©E^(�, ��^DÑ1n, ÏLÅ©E^ìÚ
)Å©E^ì¢y��Å�1�Üå�©å. éu
TaDaXÚ, � D(�.��û½
XÚ5U
�Ð�, §u-1ªÇ�ËÄ, �L«�

δϕ =
2πnl

c
δν. (1)

Ù¥ nl éAZ�¤�1§�, c�ý�¥1�, δν

�-1�°. �Ä�� D(�drÝD(=z
5, �rÝD(�´XÚ����ëþ. rÝD
(u1råÏ, Ù�é��L«�

RIN = 10 lg
|δP 2|
|P |2

. (2)

Ù¥ |δP 2|�õÇåÏ�þ���Ì�Ý, |P |�²

þõÇ.
�-1ìÑÑõÇ��½DÑ1n���, D

ÑL§¥¬u)²w���5�A, �XÚ�5�
	�rÝ9� D(, ¢�¿¥|^ã 2 ¤«�D
(ÿÁXÚ©Û��A�äNK�. TÿÁXÚÄ
u�²ïZ�¤±9� �)1Å)NEâ [16,17],
òü:1§�� 1 m (ò�1n� 0.35 m) �ò�
��Z�¤µCu¶-�S³�	.�¸D(, |
^{.1^º³�XÚ� �D(, ò&Ò�)
��uN�&Ò�^u�:�Ø>>bþ, |^æ
8kæ81>&ÿì=z5�>Ø&Ò¿ÏL
O�Å¥�� �)1Å)N§S��XÚ��
 D(�.. d	, æ^��1n��ìÚ�N1
P~ìN!?\DÑ1n�1õÇl����
�5�A�u)�¹, ¿æ^n�-1ì�(�ï
ÄoÅ·ª�K�. �ïÄXÚ�rÝD(�, �
I&ÿ)Å©E^ì©å�����Å��1¿
|^�A�rÝD(ÿÁ§S?1ÿþ.

ã 1 Z�.1nDaXÚ«¿ã

ã 2 XÚ� D(ÿÁXÚ

3 XÚ� D(�¤

3�§Z�.1nDaXÚ¥, É-Ùp�Ñ

�!oÅ·ª!N�Ø½5���5�A¬�
5rÝD(, ¿�ª=z�� D(, §���Ú
å-1�°�Cz, l¦� D(u)�A�C
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z. d	, g� N�Ú��� N��òrÝD
(ÏL1���A=z�� D(. e¡é���
5�AÚ\�� D(?1�[©Û.

3.1 rrrÝÝÝDDD(((===zzz������������   DDD(((

É-Ùp�Ñ�3�§1nDÑ� (50 km ü
�1n) K��$� 4 mW, ´XÚ¢SA^7L�
Ä���5�A. §u1Å�(Å��p�^,
�31n��u). �É-Ùp�Ñ�u)�, �
Ü©1õÇ�=£���Ñ�1, î��
c�
1�DÑål. �Ä�É-Ùp�Ñ�uäk9
åÏA5�guÙp�Ñ� [18], rÝD(¬Ï9
D(����^ÄkÚ\��Ñ�1, ?=£�
c�1, �É-Ùp�Ñ��¬E¤1&D'�î
eü. �â Gordon Ú Mollenauer �nØ [19], �
 D(�drÝD(=z5, =z'Xª�

〈δϕ2〉 = 1/(2Q). (3)

Ù¥ 〈δϕ2〉 �� D(��, Q �1&D', Ù
�êéA�érÝD(. 3cÏ�ó�¥ [14],
·�ÿþ
É-Ùp�Ñ�Ú\�rÝ9� 
D(, Xã 3 ¤«. ���É-Ùp�Ñ�u)
�, �érÝD(Ú� D(Ñ×�O�, cö
d −102 dB/

√
Hz þ,� −81 dB/

√
Hz, O� 21 dB,

� ö d −97 dB/
√

Hz þ , � −64 dB/
√

Hz, O
� 33 dB, =É-Ùp�Ñ�¬E¤XÚD(5
U�î�z.

�ªÇ� fi, fj Ú fk �n�1ÅÓ�31n
¥DÑ�, ¬�)ªÇ fijk = fi + fj − fk �#Å,
=¤¢�oÅ·ª�A. éu�c2�¦^�Å©
E^XÚ, ��&�  ´�m��, ��#Å�
�ÅªÇÜl�)�ZZ�, �XÚ�5r�
�õÇåÏ, ù:31nÏ&+�®��þ¢�¤
y¢ [20]. �éu1nDaXÚ,·�uydoÅ·
ªÚ\�rÝ9� D(¢Sþ´�±�Ñ� a),
ù´duÉ�u-1ì���, ��&�¿�î�
�m� (·��¢�¥�k 3.75 GHz � l), �1
nDaXÚ¥¦^�1>&ÿì�°���Ä (�
� kHz/MHz þ?), l¦#Å��Å�ûªD(
�ÈK. äNÿþ(JXã 4 ¤«. ã¥D(m©
×�O���.� (� 6 mW) éA¢�¥¤¦^
� 25 km ü�1n�É-Ùp�Ñ�K�.�u)
É-Ùp�Ñ��, �érÝD(Ú� D(©O

� −113 dB/
√

Hz Ú −104 dB/
√

Hz, �¤^-1ì
����érÝD(Ú� D(Ä���, `²o
Å·ªéXÚD(�K��~��. ã¥ü^�
/G��q5y¢
� D(�drÝD(=z
5ù�(Ø.

ã 3 É-Ùp�Ñ�Ú\�rÝ9� D(

ã 4 oÅ·ª�3��rÝ9� D(

3.2 ---111���°°°������������   DDD(((

X (1) ª¤«, � D(��þu-1ª
Ç � Ë Ä,  � « 1 n � � 5 � A � Ú å - 1
�°�Cz, �ª��� D(�Cz. l'X
ª 〈δϕ2〉 = 1/(2Q) �±íä, drÝD(=z
5�� D('�A�rÝD($ 3 dB, �lã 3
Úã 4 ØJwÑ, ØÓÑ\õÇe�� D(�
'rÝD(�, ùÒy¢
� D(�kÙ¦5
. 3cÏ�ó�¥, ·�uyÉ-Ùp�Ñ�u
)�, -1�°wÍO� [21],©z¥�koÅ·ª
¦�°O���� [22], ��öÑ�¦�A�� 
D(O�.

a) �'ïÄ®�5Optics Express6Ýv
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d	, N�Ø½5��1n¥,	�«�
���5�A, 3ª�þLy��)ü�é¡�
ªÌ�� [20]. 3¢S�1nDaXÚ¥,   ¦
^ ns ?óÀ¢y�©E^, óÀ¸�õÇ�;.�
� 200—300 mW[23]. ·�3¢�¿ÿþ��ål
1nDÑ� (50 km ü�1n) N�Ø½5K��
� 110 mW, �duäk4á��A�m (� 10 fs),
N�Ø½5�éóÀ¸�õÇ�A, �3TaX
Ú¥N�Ø½5´��ÊH�y�. ÙOÃÌ�
L«� [20]

g(f) = |2πfβ2|

√
4γP0

|β2|
− (2πf)2. (4)

Ù¥ β2 �+�ÝÚÑëþ, γ ���5Xê, P0 �
Ñ\õÇ. �ó�Å�� 1.55 µm �ÊÏü�1n
¥�ëþ� β2 = −20 ps2/km, γ = 2 W−1/km, �
Ñ P0 = 100, 200, 300 mW ��OÃÌXã 5 ¤«,
©OéAªÌ���� 60, 90, 110 GHz, =N�Ø
½5�Úå��î�ªÌÐ°, ³7�XÚ�
5�þ�� D(.

ã 5 ØÓÑ\õÇe�N�Ø½5OÃÌ

3.3 ggg���   NNN���ÚÚÚ���������   NNN���ÚÚÚ\\\������
   DDD(((

du1���A��3, 1n�ò�ÇØ2�
~ê, �1n¥�1rk', �)1Åg�1r
9�ÓDÑ�Ù¦1Å�1r, dd��
g� 
N�Ú��� N� [20]. �1ÅäkrÝD(�,
7,Úå��5� �åÏ, dd�5� D(.
TL§�L«�

δϕ = nNLk0Leff = n2(δI + 2δIother)k0Leff

= γ(δP + 2δPother)Leff . (5)

Ù¥ Leff =
1
α

[1 − exp(−αL)]�1nk��Ý, α

�1nP~Xê (;.� 0.2 dB/km), L�1n¢S
�Ý, n2 ���5ò�ÇXê, k0 �ý�¥Åê.
ª¥1��Ú1��©OéAg� N�Ú��
� N�, Ïf 2 �Léu�Ó�1r, ��� 
N�´g� N��ü�. b� N �1Å31n
¥DÑ�ÙõÇ�Ó, Ó�|^�érÝD(�½
Âª, �òg� N�Ú��� N�Ú\�� 
D(äNL«Xe:

δϕSPM = γδPLeff = γP
√

RINLeff , (6)

δϕXPM = 2γδPotherLeff

= 2γP
√

N − 1
√

RINLeff . (7)

·��âã 3 (J�ª¥�ëþ��, dd��
g� N�Ú��� N��¢SK�. - 50 km
1nÑÑà RIN = −100 dB/

√
Hz, P = 0.4 mW,

N = 3, � \ (6) ª Ú (7) ª � � δϕSPM =
1.6.×10−7 rad/

√
Hz, δϕXPM = 4.5×10−7 rad/

√
Hz.

dc©��, d�d RIN =z5�� D(
� −103 dB/

√
Hz = δϕRIN = 7.1 × 10−6 rad/

√
Hz.

��éunÅDÑó, g� N�Ú��� 
N����� D(���urÝD(=z
5�� D(. ��DÑXÚ¥&�ê8'�õ
�, ��� N�Ú\�� D(Ø��Ñ, ~
X N = 20, �� δϕXPM = 1.4 × 10−6 rad/

√
Hz, �

�rÝD(=z���� D(�'[.

3.4 ���   DDD((((((���µµµããã

Ø
þã��5�AÚ\�rÝ9� D(
	, ��1n��ì���guË�1�¬�5�
þD(, d	-1ì���äkA½�rÝÚ� 
D( [24], ·�ò�§Z�.1nDaXÚ� D
(�Ì��¤^ã 6 L«. éu¦^1��ó��
�ål1nDÑXÚ, ��guË�1Ú\�rÝ
9� D(ÓÌ�/ . éu��5�Aó, É
-Ùp�Ñ�ÚoÅ·ª�Ú\rÝD(¿=z
�� D(, ��ÏLO�-1�°��Ú\� 
D(. d	N�Ø½5��¦ªÌÐ°lÚ
\� D(. ·�cÏïÄuy, �éurÝD(
=z���� D(, É-Ùp�Ñ�ÏLO�-
1�°Ú\�� D(åÌ��^ [21], �uyÉ
-Ùp�Ñ�éD(��z��uoÅ·ª��
z (��5 a). �XÚæ^Å©E^(��, ���
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 N�ÏL1���AÚ\�� D(��§
Ý�ûu&�ê8�õ�. 
)� D(�¤©3

XÚ¥¤Ó�/ éuXÚ�¢SA^äk�
¿Â.

ã 6 XÚ� D((�µã

4 ³��Y

dþ©�©Û��, ��5�A��3òî
ü$�§Z�.1nDaXÚ�5U, �3¢S
A^¥k7�éÙ?1³�.·��±æ^��Ñ
\õÇ��{��É-Ùp�Ñ�ÚN�Ø½
5�u). ��5¿�´, éuXÚ¥�¢y�©
E^²~¦^� ns ?óÀ, É-Ùp�Ñ��
AóÀ�²þõÇ, N�Ø½5�AóÀ�¸
�õÇ, �I��²þõÇ3cöK�±e�¸�
õÇ3�öK�±e5���ö�u). éuÉ
-Ùp�Ñ�, ~��³��{kªÇËÄ [25]!
� N� [26]!÷1nÚ\	.½1nëþ�C
z [27−30]!UC1nî�(|A5� [31]. �ü«
�{¢yå5k�½(J, �~^�´cü«�
{. éuªÇËÄ{, �¦¦^ªÇ�N��-1
ì, É�uN�5U, ·��òÉ-Ùp�Ñ�K
�Jp
� 2 dB[25]. ÏLÚ\� N�ì, �ò
K�Jp� 7 dB[26], ��� N�{´1�k�
��{. �T{Äu-1�°Ð°, ³7O��°
���� D(, �3¢SA^¥Ié�É-Ùp
�Ñ�³�Ú-1�°Ð°��Z²ï [32]. éu

oÅ·ª, ~��³��{k��&�m� [33]!
ÚÑ+n [34]!æ^üå��Z �1� [35]. é
u&ÿ�°� kHz/MHz þ?�1nDaXÚ, �
Xc©¤ã, ��¤^-1ì�Å�¿�n��m
�, oÅ·ªÚ\�rÝ9� D(  �±�Ñ,
ù:�1nÏ&XÚ´ØÓ�. éuN�Ø½
5, �æ^� N�½ö¦ó�Å� u1n�~
ÚÑ«��{?1³� [23]. g� N�Ú���
 N�u1���A, ��J±�Ø, ¤3�´
��&�ê8Ø´éõ, Ù���� D(�±Ø
��Ä.

5 ( Ø

�©�é�§Z�.1nDaXÚ, éXÚ�
�5� D(�¤?1
�[©ÛÚnÜµd, ¿
éÙ³��Y?1
{�?Ø. (JL², É-Ù
p�Ñ�!oÅ·ª!N�Ø½5!g� N
�Ú��� N�Ñ¬�XÚÚ\� D(, ��
��5�A3ØÓ^�e¤Ó�/ k¤ØÓ.©
¥¤�(ØkÏu���§Z�.1nDaXÚ
�(��O�¢SA^.
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Abstract

Nonlinear phase noise structure is studied in the background of long-haul interferometric fiber sensing system. The influence of

each factor is analyzed and evaluated in detail, and suppression methods are discussed briefly. The results show that phase noise of

the system mainly includes the phase noise converted from intensity noise, the phase noise caused by nonlinear effects induced laser

linewidth variations as well as the phase noise introduced by self phase modulation and cross phase modulation. Stimulated Brillouin

scattering and four-wave mixing can cause intensity noise and then it turns into phase noise. For the fiber sensing system which has

a narrow detecting bandwidth, the corresponding noise induced by four-wave mixing can always be neglected. Stimulated Brillouin

scattering, four-wave mixing and modulation instability can cause laser linewidth broadening, leading to the increase of phase noise.

When the number of channels is large, the phase noise introduced by cross phase modulation cannot be ignored. The obtained results

provide a good guidance for the practical applications of long-haul interferometric fiber sensing systems.
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