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	 An	optical	fiber	 sensor	based	on	a	 second-order	 superstructure	fiber	Bragg	grating	 (SFBG)	 is	
experimentally	 investigated.	 	 In	 general,	 a	 first-order	 SFBG	 has	 been	 available	 for	 many	 years	
and	 has	 been	widely	 applied	 in	 optical	 fiber	 communication	 systems	 and	 fiber	 sensing	 systems.		
An	 SFBG	 is	 composed	 of	 a	 fiber	 Bragg	 grating	 (FBG)	 and	 a	 long-period	 grating	 (LPG),	 so	 it	
can be regarded as a periodically modulated FBG.  In this study, to the best of our knowledge, 
a	 second-order	 SFBG	 is	 successfully	 fabricated	 for	 the	 first	 time.	 	Moreover,	we	 are	 the	 first	 to	
experimentally demonstrate that the refractive index sensitivities of a second-order SFBG sensor 
are	larger	than	those	of	the	first-order	SFBG.		This	configuration	and	technique	can	provide	simple-
structure, low-cost, and high-sensitivity innovative devices for application to refractive index 
measurement systems.  

1. Introduction

	 Since	 the	 first	 fabrication	 of	 a	 fiber	 grating	 by	 transverse	 holographic	 technology	 in	 1989,(1) 
the	 fiber	 grating	 has	 been	 developed	 for	 various	 applications	 such	 as	 telecommunications	 and	
fiber	sensor	systems.(2–4)	 	Optical	fiber	sensors	are	currently	attracting	significant	 interest	 for	civil	
engineering applications and biosensors.  The sensors have the potential to be used to measure 
pressure and deformations in numerous environments, such as smart structures or composite 
materials in bridges or dams.(5,6)	 	 For	 these	 applications,	 different	 types	 of	 fiber	 gratings	 can	 be	
designed and fabricated according to the index modulation distribution and grating period design.(2)  
In	general,	a	single	channel	fiber	grating	is	more	often	used	for	sensing	only	one	physical	parameter	
by	 measuring	 the	 Bragg	 wavelength	 shift.	 	 For	 fiber	 sensing	 measurement,(3–5) the variation of 
light signal intensity in the sensing head can be used to detect changes in external physical or 
chemical	parameters.	 	For	a	multichannel	grating,	a	superstructure	fiber	Bragg	grating	(SFBG)	of	
multireflection	 channels	 has	 been	 used	 to	 simultaneously	measure	 different	 physical	 parameters.		
An SFBG is composed of a Bragg grating and a long-period grating, and it can be regarded as a 
periodically	modulated	fiber	Bragg	grating	(FBG).		Thus,	counterdirectional	guided	mode	coupling	
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is introduced in regularly separated wavelength channels, resulting in a comblike reflection 
spectrum.(3)  On the basis of the codirectionality and the counterdirectional coupling of an SFBG, 
a	 fiber	 sensor	 with	 a	 single	 sensing	 component	 has	 been	 used	 to	 measure	 multiple	 parameters	
simultaneously, such as axial strain, pressure, temperature, and curvature.(4–6)

	 In	 this	 study,	 a	 second-order	 SFBG	was	 successfully	 fabricated	 for	 the	 first	 time.	 	Then,	we	
experimentally demonstrated that the refractive index (RI) sensitivity of this sensor is larger than 
that	of	the	first-order	SFBG.

2. Second-Order SFBG Fabrication

	 According	 to	 the	 grating	 period,	 fiber	 gratings	 can	 be	 divided	 into	 short-period	 gratings	 (or	
FBGs) and long-period gratings (LPGs).  In general, the period ΛFBG of an FBG is about 1 µm, and 
the range of an LPG pitch is between several tens of to several hundred micrometers.  FBGs are 
based on the grating phase-matching condition to create a forward-propagating core mode that can 
be coupled into a reverse-propagating core mode.  The Bragg wavelength λB (= 2ncoΛFBG) can be 
derived from the grating period ΛFBG and the refractive index of the core mode, nco.  LPGs exist only 
for codirectional coupling owing to the smaller grating wave vector.  The resonant wavelengths λLPG 
depend on the difference between the refractive indices of the core mode, nco, and the nth cladding 
mode, ncl(n), as well as the grating period ΛLBG.  The relationship can be expressed as λLPG = (2nco	−	
ncl(n))ΛLBG.
 When an FBG is fabricated under a large modulated index change by continuous UV exposure, 
the	 reflecting	grating	becomes	 saturated	and	 the	 spectrum	broadens	because	 the	 incident	wave	 is	
completely	reflected	and	reaches	the	end	of	the	grating.		The	strongly	saturated	grating	is	no	longer	
sinusoidal,	and	the	peak	index	regions	are	flattened,	whereas	the	valleys	in	the	perturbation	index	
distribution	are	sharpened.		As	a	result,	a	second-order	Bragg	reflection	wavelength	is	observed	at	
about one-half the value of the fundamental Bragg wavelength and at other shorter wavelengths 
for high-order modes.(8)  Figure 1 shows a second-order FBG wavelength at 1533 nm and another 
reflective	wavelength	at	1532.5	nm	for	a	high-order	mode.
	 An	SFBG	comprises	a	fiber	Bragg	grating	and	a	 long-period	grating	as	a	special	kind	of	fiber	
grating fabricated by the periodically modulated exposure of the FBG, as shown in Fig. 2.
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Fig. 1. (Color online) Optical spectrum of a second-
order FBG.

Fig. 2. Structure of SFBG.
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	 By	 using	 a	 Fourier	 transform,	 the	 spatial	 frequency	 contents	 of	 the	 superstructure	 can	 be	
approximated	by	a	comb	of	delta	functions	centered	on	the	Bragg	frequency.		Based	on	the	coupled	
mode	theory,	each	Fourier	component	contributes	a	reflectivity	peak	to	the	reflection	spectrum	of	an	
SFBG.		Its	channel	spacing	and	reflectivity	depend	on	the	period	grating	and	index	intensity	of	the	
fiber	Bragg	grating,	respectively.		Figure	3	shows	the	reflective	spectrum	of	a	first-order	SFBG.		By	
the same method as for the fabrication of a second-order FBG, a second-order SFBG is fabricated 
under	a	large	modulated	index	change	by	UV	exposure.		Every	second-order	reflective	wavelength	
is	neighbored	by	a	shorter	reflective	wavelength	for	high-order	modes	as	shown	Fig.	4.		When	the	
refractive	index	surrounding	the	grating	is	changed,	the	reflective	wavelength	is	changed	due	to	the	
RI change of the cladding mode.  In this way, the RI can be detected based on the gratings.

3. Experimental Setup and Results

	 The	FBG	used	for	 this	study	was	fabricated	on	a	hydrogen-loaded	single-mode	fiber-type	PS-
1500 from Fiber-Core Corporation using a writing technology based on the superposition of a phase 
mask	(1.071	μm	for	first	order,	2.0611	μm	for	second	order)	illuminated	with	a	KrF	excimer	laser	at	
248	nm.		For	the	SFBG,	the	writing	setup	involved	placing	the	amplitude	mask	(400	μm)	in	front	of	
the phase mask.  The length of a grating was varied by adjusting the gap in the slit located in front 
of	the	amplitude	mask.		The	spectral	measurements	were	performed	using	an	amplified	spontaneous	
emission (ASE) source over a range from 1500 to 1600 nm, and an optical spectrum analyzer 
(OSA).		The	first-order	SFBG	and	second-order	SFBG	refractive	spectra	are	shown	in	Figs.	3	and	4,	
respectively.
	 To	prevent	 temperature	cross-sensitivity,	 the	experiment	 temperature	was	controlled	 to	28	°C.		
The	 reflective	 wavelength	 shift	 was	 investigated	 using	 various	 RI	 oils	 to	 surround	 the	 cladding	
region to monitor the variation in the grating spectrum.  When the RI of the oil increases from 1.30 
to	1.38	for	a	first-order	SFBG,	the	reflective	wavelength	shift	can	be	observed	using	an	OSA.		In	
this experiment, we selected the wavelength of 1536.4 nm to demonstrate the sensing scheme.  The 
experimental	results	for	the	different	refractive	indices	at	1.3,	1.32,	1.34,	1.36,	and	1.38	are	shown	
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Fig.	3.	 Optical	spectrum	of	a	first-order	SFBG. Fig. 4. (Color online) Optical spectrum of a second-
order SFBG.
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in Fig. 5.  From Fig. 5, we can clearly observe that the wavelength peaks shift toward the larger 
wavelength side as the refractive index increases.  This phenomenon is due to the effective cladding 
index	being	increased	by	the	increase	in	the	index	surrounding	the	fiber	grating.		Figure	6	indicates	
the	relationship	of	the	peak	wavelengths	of	a	first-order	SFBG	versus	the	range	of	variation	in	the	
index.  The RI sensitivities are 0.125 nm/unit index.  
	 For	 a	 second-order	 SFBG	within	 a	 refractive	 index	 variation	 ranging	 from	 1.30	 to	 1.38,	 the	
wavelengh	peak	 shifted	 from	1532.846	 to	1532.894	nm,	as	 shown	Fig.	7.	 	The	peak	wavelength	
shift	is	proportional	to	the	RI,	as	shown	Fig.	8,	which	corresonds	to	a	sensitivity	of	0.605	nm/unit	
index.  From these experimental results, we demonstrated that the RI sensitivity of a second-order 
SFBG	is	larger	than	that	of	a	first-order	SFBG.
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Fig. 5. Reflection spectra for measuring the 
different	 refractive	 indices	 surrounding	 a	 first-order	
SFBG. 

Fig. 6. (Color online) Relationship between the 
refractive	index	and	the	reflective	wavelength	shift	of	
a	first-order	SFBG.

Fig. 7. Reflection spectra for measuring the 
different refractive indices surrounding a second-
order SFBG.

	Fig.	8.	 (Color	 online)	 Relationship	 between	 the	
refractive	index	and	the	reflective	wavelength	shift	of	
a second-order SFBG.

1535.6 1535.8 1536.0 1536.2 1536.4

−95

−90

−85

−80

−75

−70

−65

R
ef

le
ct

io
n 

po
w

er
 (d

Bm
)

Wavelength (nm)

 1.30
 1.32
 1.34
 1.36
 1.38

1532.2 1532.4 1532.6 1532.8 1533.0 1533.2 1533.4

−95

−90

−85

−80

−75

−70

−65

R
ef

le
ct

io
n 

po
w

er
 (d

Bm
)

Wavelength (nm)

 1.30
 1.32
 1.34
 1.36
 1.38



Sensors and Materials,	Vol.	28,	No.	5	(2016)	 425

4. Conclusions

	 In	this	study,	we	have	successfully	fabricated	for	the	first	time	a	second-order	SFBG.		Moreover,	
we	demonstrated	that	the	RI	sensitivity	of	a	second-order	SFBG	is	larger	that	of	a	first-order	SFBG.		
The	sensitivity	of	a	second-order	SFBG	is	about	5	times	that	of	a	first-order	SFBG.		The	sensitivity	
is	improved	by	increasing	the	order	of	the	fiber	gratings.
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