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 A fiber optic methane sensing system based on the temperature-tunable distributed feedback 
(DFB)	laser	is	experimentally	demonstrated.		Two	laser	diodes	(LDs)	with	different	wavelengths	
are	used	in	the	system.		One	LD	operates	in	the	wavelength	scanning	mode,	and	the	other	LD	
is used as the reference beam to eliminate the fluctuation of light intensity.  By comparing the 
intensities	 of	 the	 two	 wavelengths	 during	 wavelength	 scanning,	 we	 can	 determine	 methane	
content.	 	Experimental	results	show	that	a	measurement	resolution	of	0.038%	can	be	reached.		
The	 obtained	 measuring	 system	 has	 good	 properties	 of	 high	 precision,	 low	 cost,	 and	 high	
reliability.

1. Introduction

 Methane detection has become increasingly important as the coal industry imposes greater 
demands on the methane measurement and monitoring system.  Fiber optic methane sensors 
have	 advantages	 compared	 with	 pellistors	 or	 catalytic	 detectors,	 which	 detect	 methane	 by	
the ignition of the gas on a heated filament, such as remote monitoring at a far distance, no 
poisoning, and safety in an explosive and flammable environment.(1,2)  Moreover, multiplexing 
techniques enable many fiber optic sensors to be integrated in one system.  Thus, the fiber optic 
methane monitoring system has attracted considerable interest in recent years.(3–6)  
	 The	spectrum-absorption-based	measurement	technique,	or	absorption	spectroscopy,	is	well	
suited	for	monitoring	methane	gas,	owing	to	its	ability	to	eliminate	the	perturbation	of	the	light	
source	and	the	transmission	loss	caused	by	dust,	water	vapor,	and	so	forth.		The	main	content	
of methane is CH4, and CH4	has	two	absorption	bands	at	ν2 + 2ν3 and 2ν3, corresponding to the 
absorption	wavelengths	of	1.33	and	1.65	µm,	respectively.		These	two	wavelengths	locate	within	
low-loss	bands	of	 the	optical	 fiber,	giving	 the	opportunity	 to	 the	optical	 fiber	 to	measure	 the	
methane content.  
 The differential absorption technique has been introduced to increase the performance of 
the methane sensors.(7–11)	 	 In	 the	 differential	 absorption	 technique,	 the	 two	wavelengths,	 one	
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coinciding	with	one	of	the	absorption	lines	of	methane	and	the	other	one	shifting	slightly	away	
from	the	absorption	line,	can	be	obtained	by	using	two	interference	filters,(7) a dual-electrode 
wavelength-tunable	 distributed	 feedback	 (DFB)	 laser	 diode	 (LD),(8)	 a	 wavelength-tunable	
Fabry–Perot filter,(8) fiber Bragg gratings (FBGs),(10) or a fiber loop.(11)  In this paper, a fiber 
optic	methane	 sensing	 system	 based	 on	 the	wavelength-scanning	DFB	 laser	 that	 is	 tuned	 by	
temperature is experimentally demonstrated.  The measuring system has some good properties 
of	high	precision,	low	cost,	and	high	reliability.

2. Operation Principle

	 The	schematic	diagram	of	the	measurement	setup	is	shown	in	Fig.	1.		One	DFB	LD	emitting	
light	at	 the	wavelength	of	1653	nm	is	used	as	 the	sensing	 light,	and	 the	operation	wavelength	
locates around an absorption line of CH4.	 	 Another	 DFB	 LD	 emits	 light	 at	 the	 wavelength	
of	1551	nm,	and	this	beam	is	used	as	the	reference	light.	 	Part	of	the	sensing	light	is	detected	
directly by PD1 to monitor the intensity fluctuation of the light source, and part of the reference 
light	 is	detected	by	PD4	for	 the	same	reason.	 	The	 two	beams	with	different	wavelengths	are	
combined	by	a	1551/1653	nm	wavelength	division	multiplexer	(WDM),	WDM1.		Then,	the	two-
beam	 light	 is	 injected	 into	 the	 gas	 cell	 along	 a	 long-distance	 leading	 fiber.	 	 The	 two	 beams	
with	different	wavelengths	go	through	the	same	transmission	line	and	gas	cell,	and	thus	suffer	
from the same loss caused by dust, bending loss, vapor, and so forth.  The transmitted light is 
then	demultiplexed	by	another	WDM,	WDM2,	which	separates	 the	 two	beams	with	different	
wavelengths	 by	 1551/1653	nm.	 	The	 two	beams	with	 different	wavelengths	 are	 then	 detected	
with	 two	 photodiodes,	 PD2	 and	 PD3,	 respectively.	 	 Four	 output	 light	 beams	 are	 all	 detected	
and	 sampled	 into	 a	 computer	 to	 calculate	 the	 methane	 content.	 	 At	 the	 sensing	 wavelength	
of	1653	nm,	the	wavelength	of	the	DFB	LD	scans	with	a	range	of	2.5	nm	when	the	operation	
temperature	 increases	 from	 15	 to	 40	 °C.	 	 However,	 the	 intensity	 of	 the	 sensing	 LD	 at	 the	

Fig. 1. Schematic diagram of the proposed methane gas sensing system.
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wavelength	of	1653	nm	varies	with	the	wavelength	scanning	when	heating	or	cooling	the	LD.		
At	the	reference	wavelength	of	1551	nm,	the	intensity	and	wavelength	of	the	DFB	LD	are	kept	
constant.		However,	a	LD	will	decay	during	its	lifetime;	thus,	we	also	monitor	the	intensity	of	
the reference LD during the measurement.
	 According	 to	 the	Beer–Lambert	 law,	when	 a	 light	 beam	 transmits	 through	 a	 gas	 cell,	 the	
intensity of transmission light is expressed as(4,12)

 [ ]0( ) ( )exp ( )I I cl= −λ λ α λ , (1)

where	I(λ) is the intensity of transmission light, I0(λ) is the intensity of incident light, α(λ) is the 
absorption	coefficient	of	the	gas	at	wavelength	λ in unit concentration and unit length, l is the 
length	of	the	gas	cell	in	which	the	light	interacts	with	the	gas,	and	c is the concentration of the 
gas	that	we	are	concerned	with.
	 However,	 the	 intensity	 loss	 alone	 in	 the	 transmission	 fiber	 link	 can	 be	 changed	 by	many	
other causes aside from the absorption of methane, for example, the loss of connectors, bending 
loss, and loss in the gas cavity introduced by dust and vapor.  Thus, the transmission light is in 
fact described as

 [ ]0( ) ( )exp ( ) ( )I I cL= − +λ λ α λ β λ , (2)

where	β(λ) describes the intensity fluctuation.  To monitor the intensity fluctuation of the light 
source, part of the light emitted from the light source, Id(λ) , is detected, and the ratio is 

 [ ]( )( ) ( )exp ( ) ( )( )d

IR K cLI= = − +λλ λ α λ β λλ , (3)

where	k(λ)	is	the	split	ratio,	which	is	a	fixed	value	at	a	fixed	wavelength.		
 To remove the intensity influence β(λ),	which	 is	 induced	 in	 the	 leading	 fiber	 and	 the	 gas	
cell,	another	reference	light	with	a	different	wavelength	is	introduced	in	the	measuring	system.		
The	wavelength	of	the	reference	light	is	fixed	and	is	not	on	the	absorption	band.		The	reference	
wavelength	 is	 close	 to	 the	 measurement	 wavelength,	 so	 the	 losses	 at	 the	 two	 wavelengths	
caused	by	bending	fiber,	dust,	and	vapor	are	regarded	as	the	same.		Thus,	the	ratios	at	the	two	
wavelengths	are	described	as

 [ ]1
1 1 1 1

d 1

( )( ) ( )exp ( ) ( )( )
IR K cLI= = − +λλ λ α λ β λλ , (4)

 [ ]2
2 2 2 2

d 2

( )( ) ( )exp ( ) ( )( )
IR K cLI= = − +λλ λ α λ β λλ ,	 (5)

where	λ1 is on the absorption line of the Q branch (2ν3) combination band of methane, and λ2 is 
a	reference	wavelength	shifting	from	λ1,	at	which	there	is	no	absorption.
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 The concentration of methane can be deduced as(13,14)

 ( ) ( ){ }1 1
2 1

1 2 2 2

( ) ( )1 ln ln[ ( ) ( )] ( ) ( )
K Rc L K R

 = − − − −
λ λ β λ β λα λ α λ λ λ , (6)

where	β(λ)	is	the	common	loss	for	the	two	beams	caused	by	dust,	transmission	loss,	connector	
loss,	bending,	and	so	forth.		We	assume	that	these	losses	are	the	same	with	the	two	wavelengths	
when	the	two	beams	go	through	the	same	optical	path,	so	we	have	β(λ1) = β(λ2).  Equation (6) 
can be simplified as

 1 1
1 2 2 2

( ) ( )1 ln ln[ ( ) ( )] ( ) ( )
K Rc L K R

 
= − −   

λ λ
α λ α λ λ λ . (7)

	 As	 the	 tuning	 wavelength	 is	 a	 few	 nanometers	 and	 the	 reference	 wavelength	 is	 fixed,	
K(λ1)/K(λ2) can be regarded as a constant.  Detectors 1 and 2 have the same characteristics 
at	wavelengths	λ1 and λ2, so it is reasonable that K(λ1)/K(λ2) = 1.  Hence, the concentration of 
methane can be simplified as

 2
1 2 1

( )1 ln[ ( ) ( )] ( )
Rc L R

 
=  −   

λ
α λ α λ λ . (8)

Here, there is no absorption at λ2, so α(λ2) = 0.  The concentration of methane can be deduced as

 
1

1 1ln( )c L Sα λ= , (9)

 1 21
2 1 2

( ) ( )( )
( ) ( ) ( )

d
d

I IRS R I I= = λ λλ
λ λ λ . (10)

Thus,	 by	 using	 Eqs.	 (9)	 and	 (10),	 we	 obtain	 the	 concentration	 of	 methane	 by	 detecting	 four	
output ports.  

3. Experiment

	 We	have	developed	the	methane	measuring	system	on	the	basis	of	the	operation	principle,	as	
shown	in	Fig.	2.		
 Under atmospheric pressure and room temperature conditions, a bottle of standard methane 
gas	of	3.04%	content	with	the	mixture	of	methane	and	air	is	used	as	the	measured	gas,	and	the	
methane	gas	is	connected	to	the	gas	cell	with	a	plastic	pipe	line.		The	light	beam	transmits	to	
the	gas	cell	with	a	Corning	SMF-28	single-mode	fiber	of	900	µm	loose	tube	and	1.0	m	length,	
and	the	operation	distance	of	the	gas	cell	is	100	mm	with	a	loss	of	0.55	dB.		The	1551	nm	LD	
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has	a	power	of	6.2	dBm	and	a	line	band	of	0.01	nm.		The	1653	nm	LD	has	a	power	of	4.2	dBm	
and	a	 line	band	of	0.01	nm.	 	The	spectra	of	 the	 two	LDs	are	shown	in	Fig.	3.	 	The	operation	
temperature	of	the	1551	nm	LD	is	fixed	at	25	°C.		The	operation	temperature	of	the	1653	nm	LD	
is	scanned	from	15	to	40	°C,	inducing	a	wavelength	shift	of	2.5	nm.
	 We	experimentally	measured	the	methane	gas	of	3.04%	content.		Figure	4	shows	the	power	
change	 at	 the	measuring-wavelength	 channel	 during	one	measurement	 period.	 	 Figure	 4(a)	 is	
the	measuring	 signal,	which	goes	 through	 the	gas	 cell,	 I(1653	nm).	 	Figure	4(b)	 is	 the	power	
change	of	the	1653	nm	LD,	Id (1653	nm).		I(1653	nm)	is	divided	by	Id (1653	nm)	to	remove	the	
power	 fluctuation	caused	by	 temperature	 scanning,	 and	 the	 result	 is	 shown	 in	Fig.	4(c).	 	The	
background	 of	 the	 result	 is	 almost	 unchanged	 with	 temperature	 scanning.	 	 To	 remove	 the	
common	loss	in	the	leading	fiber	and	the	gas	cell,	another	light	of	1551	nm	wavelength	is	used	
as	the	reference	beam.		During	the	period	of	temperature	scanning	at	the	1653	nm	channel,	the	
power	change	of	the	1551	nm	channel	is	as	shown	in	Fig.	5.		This	light	is	also	divided	into	two	
beams.	 	One	beam	 is	 detected	directly	 by	PD4	 to	monitor	 the	 power	 change	of	 the	 1551	nm	
light source, Id (1551	nm).		The	other	beam,	I(1551	nm),	transmits	to	the	gas	cell,	and	is	detected	
by PD3.  Id (1551	nm)	 is	divided	by	 I(1551	nm),	 and	 the	 result	 is	 shown	 in	Fig.	5(c).	 	Finally,	

Fig. 2. (Color online) Methane measuring system.

Computer

Measurement instrument Gas cell
Standard 

gas



2044 Sensors and Materials, Vol. 30, No. 9 (2018)

we	obtained	 the	value	of	S	 in	Eq.	 (10),	 as	 shown	 in	Fig.	6.	 	The	depth	of	 the	notch	 in	Fig.	6	
reflects the content of the methane gas, and the depth is not affected by the loss change of the 
transmission link fiber, dust, vapor, and so forth.
	 In	another	experiment,	we	investigated	the	value	of	R(λ1) = I(λ1)/Id(λ1),	which	changed	with	
increasing scanning temperature.  The LD chip is mounted on a thermal electric cooler (TEC), 

(a) (b)

Fig.	3.	 Spectra	of	(a)	1551	nm	LD	and	(b)	1653	nm	LD.

Fig.	4.	 Power	 changes	 at	 the	1653	nm	channel.	 (a)	Measuring	 signal,	 (b)	 power	 change	of	 light	 source,	 and	 (c)	
removal	of	power	fluctuation	caused	by	temperature	scanning.

(a) (b)

(c)
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and	 a	 thermistor	with	 a	 value	 of	 10	 kΩ	 is	 used	 to	measure	 the	 temperature.	 	When	 cooling	
or heating the LD chip using the TEC, the operation temperature of the LD chip is changed.  
Figure	7	shows	the	result	of	R(λ1)	when	heating	or	cooling.		As	temperature	increases,	there	is	
an	absorption	valley	at	36	°C.	 	As	 temperature	decreases,	 the	absorption	valley	occurs	again,	
and	 the	 depth	 is	 the	 same	 as	 that	 when	 temperature	 increases.	 	 Heating	 or	 cooling	 the	 LD	

(a) (b)

(c)

Fig.	5.	 Power	 changes	 at	 the	1551	nm	channel.	 (a)	Measuring	 signal,	 (b)	 power	 change	of	 light	 source,	 and	 (c)	
power	fluctuation	during	period	of	temperature	scanning.

Fig. 6. Value of S in Eq. (10).
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chip	in	fact	changes	the	output	wavelength	of	the	LD.		At	36	°C,	the	output	wavelength	of	the	
LD is aimed at an absorption line of the methane gas, resulting in an absorption valley at this 
temperature.
	 We	continually	measured	the	methane	gas	of	3.04%	content,	and	the	values	of	the	absorption	
valley	are	shown	in	Fig.	8.	 	We	can	determine	that	ΔS	≤	0.016677,	and	the	standard	error	σ is 
≈3.65286	×	10−3.  Thus, the measurement resolution 2σ	of	7.30571	×	10−3 can be obtained for 
measuring	methane	of	3.04%	content.		Thus,	we	can	determine	that	the	measurement	resolution	
for	methane	gas	is	0.038%.		Because	we	have	only	one	standard	gas	in	our	laboratory,	we	have	
no	 ability	 to	 measure	 the	 change	 in	 the	 absorption	 valley	 with	 different	 methane	 contents.		
However,	 a	 high	 measurement	 resolution	 of	 0.038%	 can	 be	 reached	 by	 using	 continuous	
measurements.
	 We	measured	 the	methane	 content	 in	 liquid	 natural	 gas	 (LNG),	 and	 the	 results	 of	R(1551	
nm), R(1653	nm),	and	S	are	shown	in	Fig.	9.		It	is	clear	that	methane	gas	concentration	in	LNG	is	
low.		By	comparing	the	values	of	S	for	the	LNG	and	standard	methane	gas	of	3.04%	content,	we	
determined	that	the	methane	content	in	LNG	is	0.63%.		This	is	consistent	with	the	actual	value,	
because the main component of LNG is butane.

(a) (b)

(c)

Fig. 7. R(λ1)	 changed	with	 the	 scanning	 temperature,	 (a)	 schematic	output	of	methane	measurement	 employing	
wavelength	scanning	based	on	temperature	control	techniques,	(b)	R(λ1), and (c) temperature change.
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4. Conclusion

	 In	 conclusion,	 we	 have	 demonstrated	 a	 fiber	 optic	 methane	 sensing	 system	 based	 on	 the	
temperature-tunable	DFB	laser.	 	Two	LDs	with	different	wavelengths	are	used	 in	 the	system.		
One	LD	operates	 in	 the	wavelength	 scanning	mode,	 and	 the	 scanning	wavelength	 covers	 the	
absorption	line	of	methane	gas.	 	The	wavelength	scanning	is	realized	by	tuning	the	operation	
temperature of the LD.  The other LD is used as the reference beam to eliminate the fluctuation 
of	 light	 intensity,	 the	wavelength	of	which	 is	not	fixed	on	 the	absorption	 line.	 	By	comparing	
the	intensities	of	 the	two	wavelengths	during	wavelength	scanning,	we	can	obtain	the	content	
of	the	methane	gas.		Experimental	results	show	that	a	measurement	resolution	of	0.038%	can	be	
reached.		The	above	measuring	system	has	the	advantages	of	high	precision,	low	cost,	and	high	
reliability.
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