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Äu-1áÂ1ÌÆ�n�U,í+��¦£Ä�ÿEâ, ÏL�[U,í�¦¢�, ©Û
£Ä�ÿ
�'�Eâ¯K.�
½þ�ÿU,í+��þ�¦, Ú\��Ú�{ÌÝN� (RAM) �����&Òé �?1
Ö�, ü$ RAM é�Å&Ò�K�, JpXÚuÿ(¯Ý. �é�ÿ£ÅáÂ1ÌA�, JÑ
U?^K��Å�
D{, ÒJpXÚ&D'
ó, 'DÚ^K��D{p 2 �õ, Ó�é�g�Å (2f) &Ò/G�kéÐ��3, ÏL
&ÿ�O�, XÚ£Ä�ÿ(¯Ý�� 80 ppm/m.

'�c: -1áÂ1ÌEâ, U,í+��¦, �{ÌÝN�, U?^K��Å�D{

PACS: 07.07.Df, 07.57.Ty

1 Ú ó

U,ímuÚ|^FÃÉ�­À, �´�X
+�Oõ, $1�mO�, +9É�ÀM@¡9<
�»���Ï, U,í+��¦¯�ªªu). 3
+�u)�¦�, ��¬Úå»/Ú�¿, E¤�
¸À/, é<¬)·ã�S�E¤
ã�%�. 8
cU,í+��¦uÿEâÌ��)>C1n
�¦uÿ{!(Å�¦{!Äu+��.�¦u
ÿ{!ØåFÝ{!�þ6þ²ï{!KØÅ�
{!U,í+��SÜ¦^uÿ [1]!-1�ÿE
â��{. U,í+��¦uÿEâ´õÆ��£
�nÜ, �«�{kgC�A:!`:Ú":, Ò
-1�ÿU,í+��¦Ì��) Fourier C�ù
	1Ì (FTIR) Eâ!�©áÂ-1X�Eâ9�
N���N-1áÂ1ÌEâ [2,3]. �, FTIR U
Ó�¢yõ«|©�ÿþ, �´ FTIR XÚ�uÿ

(¯Ý$, ��
é�þíN�¦uÿ�Uå, �
­��´ Fourier C�O�Ñ�, &ÿXÚI��
��e, 
�d�[B, Ø|uó�¢S¦^. �©
áÂ-1X�Eâ|^-1u�ÑÅ��C�ü
åáóÀ-1, ÙÅ�ÀJ3�ÿíN�ráÂ«
ÚfáÂ« (½ÃáÂ), ��Ñ�1�"�º®à
�Â, ��íNáÂN&E, l
�ü�ÿíNß
Ý, �´duTEâ3ù	Åã��Ñ�Xê�~
f, ��
�ÿþíN«a, 
�XÚE,!¤�
p, æ^�óÀ-1ì7L�N�!óÀUþp!
óÀ�Ýv
á. ��N-1áÂ1ÌEâ�-1
X�Eâ�Ó, Ù«O´|^û^��N-1ì�
O[B�óÀ-1ì, ´äkp(¯!p©E!¯
��A!�§�ÿ�A:�íNuÿEâ [4−6].
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Ñ
ÄuÅ1²��U,í+��¦iÿEâ�
Y, ¿ï�Ñ�Å, mÐ
�1¢�, y²
ÄuÅ
1²�iÿEâ�Y��15Úk�5. �©Ì�
ïÄ
3ÃÜ�8I�µe|^ 1.65 µm ©Ù�"
ª (DFB) -1ìé`�íN?13�£Äª�ÿ,

©Û)û£Ä�ÿ�'�Eâ¯K,�ï�ÄuÅ
1²���ÿU,í�¦C½Ä:.

2 XÚÿþ�n�¢�C�

2.1 XXXÚÚÚÿÿÿþþþ���nnn

�N���N-1áÂ1ÌEâ|^��
N DFB -1ì�¯�×£A5¢yp(¯!¯�
�ål3��ÿ, Ï DFB -1ì¤�)-1�ª
ÇéN´ÏLUC5\>65��. íNáÂ�
Ì Beer ½Æ, �rÝ� I0, ªÇ� υ �üÚ-1Ï
L�Ý� L �áÂ0��, 3�Âàÿ��rÝ
� I(υ), L«Xe [7−10]:

I(υ) = I0(υ) exp(−σ(υ)NL), (1)

ª¥ N �©fê�Ý, σ(υ)�íN©f�áÂ�
¡. �-1�¥%ªÇ υc É�ªÇ� w �N�Å
N��, Ù]�ªÇ�±L«�

υ = υc + δυ cos(wt), (2)

ª¥ δυ ´N�ÌÝ (;.��áÂ�°��þ?),

N�ªÇ^ w L«, ±B�1ÆªÇ υ «©. 1Ï
L�¬³áÂ��rÝ�±^ I(υc) �{u Fourier

?ê5L«:

I(υc, t) =
∞∑

n=0

An(υc) cos(nwt). (3)

z��Å©þ An �±ÏL£���ìÿ�:

An(υc) =
2
π

∫ π

0

I0(υc + δυ cos θ)

× exp[−α(υc + δυ cos θ)L] cos nθdθ

=
2
π

∫ π

0

I0(υc + δυ cos θ)

× exp[−σ(υc + δυ cos θ)NL]

× cos nθdθ, (4)

(4) ª¥ θ = ω̄t. 3n��¹e, I0 Ø´-1ªÇ υ

�¼ê, ùÒ¿�X3ØUC I0 ��¹e, �±×

£��áÂ�, Ó�, N�Ø¬� I0 �5ÌÝN�
¤©. 3ù«�¹e, (4) ª�±C�

An(υc) =
2I0

π

∫ π

0

exp[−σ(υc + δυ cos θ)NL]

× cos nθdθ. (5)

éu�ê¼ê ex, ��ê |x| ¿ 1 �, k:

ex ≈ 1 + x. (6)

�â (6) ª, �íN�áÂ σ(υ)NL ¿ 1 �, ���:

An(υc) =
2I0NL

π

∫ π

0

−σ(υc + δυ cos θ) cos nθdθ.

(7)

Ïd, z��Å©þ���èþíN�ßÝ N

¤�'�. 3AÏ�¹e, � δυ ��uáÂ�°�,

éþª� σ(υ) ?1 Taylor ?êÐm, Kk:

An(υc) =
I0NL21−n

n!
δυn dnσ

dυn

∣∣∣∣
υ=υc

. (8)

²LíNáÂ��-1�1>&ÿì�Â�,

|^£���ì�±J�Ñ�g�Å&Ò�Ì
Ý Sn:

Sn = KAn, (9)

Ù¥ K ´OÃ��Xê. ¢Sÿþ¥ÏL S2/S1

��ª8�z1rÅÄ, l
¢yp(¯3��ÿ.

2.2 ¢¢¢���CCC���

X Ú ( � X ã 1 ¤ «. À ^ ¥ % Å �
� 1.65 µm � DFB -1ì��1
, æ^ 1 kHz

ç¸ÅUC-1ì5\>6¢yÅ�¯�×£, |
^ 200 kHz �uÅéÅ�?1N�. -1å©¤n
å, Ù¥1�å²LSë�³, ^uÅ�I½�ß
Ý½I; 1�å-1�²LíNáÂ��dp(
¯ InGaAs &ÿì���Â, ��D(é� [11] �
ë�&Ò, ?\äkgÄOÃ��õU�~{>´,

T>´Äké�ÿ&Ò?1gÄOÃ��, Ï�ÿ
£Å&ÒrÝÅÄ-�, 3D(é�cI��âë
�&Ò>²éÙ?1gÄOÃ��; 1nå-1,

²�Cü�1nDÑ��ÿÂu"�º, £Å-1
²$D(1>&ÿ�¬�Â, ��~{>´�Ñ\
&Ò, ÑÑ&Ò2d£���ì?1)N?n, �
��g��g��Å&Ò, ,�?1�êâæ8�
?n, ½þ�ü�ÿíNßÝ.

050701-2



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 5 (2012) 050701

ã 1 -1�ÿU,í+��¦XÚ(�ã

3 D(é��J9©Û

D(é��g�´Ú\��Ú�{ÌÝN�
�����&Ò, é �?1Ö�, l
~� RAM

é 2f &Ò�K�. ã 2�ØÓ�ªeD(rÝ�
ÝÌ, Ù¥­� a ´�ÿ£Å&Ò�²L~{>´,

��d£���ìéÙ)NÑÑ�&Ò, Ï-1ì
¥%Å�N��vkíNA�áÂ?, ¤±­� a

�±�N�ÿ£Å&Ò�D(rÝ�ÝªÌ; ­
� b ´�ÿ£Å&Ò²D(é��2²L£�)
N��rÝ�ÝÌ­�. ÏL­� a � b ��, é
D(³�²þY²�� 7 dB, 3 1.5 kHz ?D(Y
²´ 0.18 µV/Hz1/2, nØO��� 1.4 dB ±þ, 

3 3 kHz ?k 26 dB �D(³�Uå. ­� c ´S
ë�1´²LD(é���rÝ�ÝÌ­�, D(
³�Uå���Z, �±wÑ, 5g-1ì��k
D(Ú>
�«ÅD(ÏLD(é���ªU

��³�.

lã 3 �±wÑ, ÏLD(é��²wü$

 RAM é 2f &Ò�K�. 3�ÿ¥ 2f &Ò��
µD(´K�XÚuÿ(¯Ý���Ì��Ï�,

Ï-1�Å�N�������LíNA�áÂ
�°� 2 �, 3ù���S, -1�õÇ/>6N�
A5�3���f���5, ù���5���µ
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ã 2 D(�ÝÌ­�

ã 3 D(é�é 2f &Ò�?n(J
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D(��Cz, 3�ÿ�þíN�¦�, ù«Cz
��µD(�z
�Å&Ò�J�, ¤±3�ÿ¥
I�éù«�µD(?1�Ø. Xã 3 ­� a, £Å
&Ò��ÏL£���ì)N��� 2f &Ò, Ù
�µD(&Ò�©²w, 
ã 3 ­� b ´ÏLD(
é�?n�, 2d£���ì)N�� 2f &Ò. �
�, -1ìõÇ/>6N���5��
éÐ/�
Ø, Ó� 2f &ÒÄ�C�²", U
JpXÚ�u
ÿ(¯Ý.

4 �ÿ1ÌêâÈÅ?n

�ÿ£Å&Ò¥  ¹k�þäk�²­A
5��µD(&E, ¦�<�éJ��l*ÿ&Ò
¥J�Ñ�Aý¢Ônþ�k^&E. ~X, 3�
ÿU,í�¦XÚ¥, �ÿ£Å&Ò�©�f, 

��ÿD(äk�²­D(A5, Ó��±��
0�u)Cz�£Å&Ò´����C&Ò. ²
; Fourier C��D{é�ÿ£Å&ÒÈÅ�JØ
n�, Ï� Fourier C��U�x&Ò3����
þ�ªÌA�, \I Fourier C���U�N&Ò

3I�SÜ©�A�. 
�ÅC�duæ^
g·
AI�, �mI�°Ý�ªÇI��pÝ3�?´
ØÓ�, ´ºÝëê�¼ê, 3©Ûuÿpª&Ò
�, ºÝëê~�, �mI�gÄCÄ, ªÇI�p
ÝO\; 3©Ûuÿ$ª&Ò�, ºÝëêO�, �
mI�gÄC°, ªÇI�pÝ~�, Ï
�~·
uÛÜ©Û. �éd«�¹, �©æ^�ÅK��
D{é£Å&Ò?1êiüD?n.

�ÅK��D{kMK��DÚ^K��D,

Ù¥^K��{Ï~¬¦�D��&Ò²w�
,

�´�¬¿K,
A�, 
MK��±�3&Ò�
A�, �´3²w�¡k¤j" [12]. (Üü«�{
�A:, �©JÑ
U?.^K��D{, 3ëY
5�Ð�Ó�, T�{� ���uDÚ�^K�
�{, ÙK�¼êL�ªXe:

dm(x) =



aλ − 1 + x − λ

ax − 1

−a−λ + 1 + x + λ

−a−x + 1

x > λ

0 < x < λ

x > −λ

−λ < x < 0

a > 1,

(10)

ã 4 n«�{��D(J
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ã 5 	|¢�¢Ôã

Ù¥, λ �K�, x ��ÅXê, dm(x) �?n
�1 m ���ÅXê, a �K�¼ê�.Xê.

l (10) ª�±�Ñ� a = 1 �, T�{�ÓuDÚ
�^K�{, 
U?^K�¼ê3D(Ú&Ò�m
�3��²wLÞ�«�, U¢y�Ð��D�J.

�
ØyÙk�5, é�ÿ� 2f &Ò?1ØÓ�
D¿é(J?1©Û.

Xã 4 ¤«, Ù¥ (a)��ÿ£Å&Ò²£�
)N�� 2f &Ò, O�d��&D'� 12.3 dB,

(b) �MK��D(J, (c) �^K��D(J, (d)

�U?^K��D(J. ©O�IO 2f &Ò?1
�'5©Û, ��n«�{?n���'5©O�:

86.51%, 59.62%, 97.86%. ÏL&D'O���n«
�{�&D'©O�: 19.78 dB, 24.59 dB, 52.41 dB.

��, MK�{?n��&Ò1wÝ�, �´&Ò
/G��ÿÐ; ^K�{?n�, &Ò�1wÝ�
JØ�, �k����ý; 
U?^K�{�D(
J�\²w�Ð/³�
D(, ��é^K��D
{, &D'Jp
 2 �õ, Ó�ék^&E��3
�'�Ð.

5 5UÿÁ¢�(J�©Û

5.1 ^̂̂===×××£££555UUUÿÿÿÁÁÁ¢¢¢���

�ÄS�Ï�, ^=×£ÿÁ¢�´3�[
�¹e?1�, ÿÁ/:À3Ü�½��Æ�.

ã 5 ´	|��, U,í�¦uÿ¤Ú�U£Ä
����3�k�þ, Ì��)U,í�¦©Û
¤���Ü©!£Äª�����ü�!�ÿ

Âu"�º!£Ä���; �ÿ8I´´>ål
k� 30 m �?��p, 3�pþ/¤�1��
»��� 0.3 m, �[U,í�¦^�k: 1) æ
^ 5%�`�Ií���[�¦�; 2) íN6þ�
�3 20 kg/h; 3) ÿÁ�À�º 1—2 ?.

ã 6 ´��Ä��Ý^=�ÿÁ(J. £Ä
����Ý©O^=: 3◦, 7◦, 13◦, 15◦, 13◦, ?1�
ÿ. Ï�ÿ���Cz��1Æ´»þ�íNß
Ýu)Cz, 3£Ä����Cz��ÿ(J¥y
�FCz. �-1�é�¦��, 1Æ´»þ�`
�íNÈ©ßÝ������ 1750 ppm/m. �X
�Ý^=Cz, -1å l
üí�, 	.�í�
6Ä�^���¦íN*Ñ, 1Æ´»þ�íNÈ
©ßÝ�X�ÝC�
ü$, �£Ä���é�¦
 �^=� 15◦ �, �ÿ1Æ´»È©ßÝÄ��
C 1000 ppm/m. Ó�, �£Ä���é�¦ �ü
g^=� 13◦ �, �ü���1Æ´»íNÈ©ß

ã 6 ^=×£¢�(J
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ã 7 ØÓ�Ýe�ÿ�½í�(J

ã 8 (a) �Ý�XÚ&ÿ��'X; (b) ��­½�Ýe��ÿ(J

Ý�Ä�´���, ��, �XÚäk^=ª½þ
�ÿU,í�¦õU.

5.2 £££ÄÄÄ×××£££555UUUÿÿÿÁÁÁ¢¢¢���

£Ä×£5UÿÁ´3 30 m �ÿåle�
Ñ, �ÿ"�º��3�k�þéO8IÔ±Ø
Ó£Ä�Ý�ÿ, Ì�8�´�	£Ä�Ýé�
ÿ(J�K�. Äk �»� 1 m þÝ� 0.4 m �
ß²í�SÀ\ 140156 ppm �½ßÝ�`�í

N, ÙÈ©ßÝ� 56062.4 ppm/m, ¢�¥�k�
©O± 10 km/h, 20 km/h, 40 km/h ��Ý?1B
�. Xã 7 ¤«� 3 «ØÓ�ÝB����ÿ(
J, �±wÑ, �X8I�é�Ý�O\, �ÿí
NÈ©ßÝ�~�. 3�$��e, ��Ï"È©
ßÝ��±�uÿ�, �´�U�� 2 Hz �êâ
:, �Ï´�8I± 10 km/h £Ä�, �» 0.3 m �
1�£ÄBL�» 1 m �í�I��u 0.57 s �
�m, �±�� 3 � 4 �æ�:, d��m©EÇ
� 0.25 m �m, Ïdþ�±��:�&ÒßÝ��
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Ò´ 5580 ppm/m.

��Ý� 20 km/h �, �±�� 1 � 2 �æ�
:, d��m©EÇ� 0.5 m �m, �ÿþ�¥Ø

��:Öê��¹":, Ø�\È�m�Ð�
u½ö�u-138IþÊ3��m, ÄKÒ�
Ø��((J. �8I± 40 km/h ��Ý£Ä�,

�» 1 m �8Ií�l?\&ÿì&ÿ«m�
lm&ÿì&ÿ«m��m�� 0.14 s, 
&ÿì
� A � m� 0.139 s, E ¤ ? Û � � 3 0.14 s

���ÿ��3 “k`�” � “Ã`�” �é':.

o�ÿþ��6u��1å�8I­U�m�X
Ú�A�m���§Ý.

Xã 8(a) ¤«, 3 30 m �ÿåle"�º�
Â��-1õÇ������ 8 nW, P¹õ|ê
â���&Ò>², �â�ZD(��, O�&ÿ
�, 3 10 g²þ��¹e, &ÿ�3$�^�eU
�� 80 ppm/m. ã 8(b) L«± 15 km/h �­�£Ä
BL�ÿíN��ÿ�(J, 8IÚ-11å�m
�AÛ'Xä£Ä�ÿU,í+��¦���5,

3k�éÄ�duËÄ��ÿþ(Ju)ãC, �
����� ¬é&ÿ(Jk���K�, ��5

3p�p�ÿþ¥�\J±¢y. ù«�¹�'
ý¢+��¦äk���]Ô5, �¦�ék�U
¿÷
-11å��, 3�Ä1å3�¦��Ê3
�m���¯Kþ, ù�¢�(JJø
ë�d�.

6 ( Ø

�©ÏL¢�©Û
Äu-1áÂ1ÌEâ
£Ä½þ�ÿU,í�¦¥�'�Eâ¯K. �
¢yp(¯3��ÿ, Ú\��Ú RAM ����
�&Ò, é �?1Ö�, JpXÚuÿ(¯Ý.

�é�ÿ£ÅáÂ1Ì&ÒA5, JÑ
U?.
^K��Å�D{é 2f &Ò?1êiÈÅ?n.

��, ÏL£Ä¢��±wÑ: -1åXÛéO�
¦«�´��'�¯K, Ï��������Ý�
Cz¬��K�uÿ(J; Ó�I�JpXÚ�
�A�m5`z£Äÿþ�­½5, Jpÿþ�
�m©EÇ. ¤±XÛ��£Ä�Ý!�ÿål9
-1åuÑ�´£Ä�ÿ�'�5¯K. ù
(J
�¢yÄuÅ1²��ÿU,í+��¦C½

Ä:.
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Abstract

Quantitative remote sensing of natural gas pipeline leakage based on laser absorption spectroscopy is reported. Key technical

issues of mobile laser remote sensing are discussed through simulating leak detection. For quantitative remote sensing of trace leakage,

the signals with counter-phase and isovalue of residual amplitude modulation are introduced. Then the offset is compensated, the

influence of harmonic signal is reduced and sensitivity is improved. The improved soft-threshold denoising method is proposed by

analyzing the characteristics of echo absorption spectrum. The results show that the signal-to-noise ratio is improved two times as

great as that by the traditional soft-threshold denoising method and the shape of second harmonic (2f) signal is well preserved. The

minimum remote sensitivity will be 80 ppm/m under the mobile remote sensing.

Keywords: laser absorption spectroscopy, natural gas pipeline leakage, residual amplitude modulation, improved
soft-threshold denoising method
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