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	 A π phase-shifted fiber Bragg grating (PS-FBG) with reduced diameter is proposed for 
sensing applications.  To achieve high sensitivity, etching and side polishing are used to 
decrease the diameter of the PS-FBG.  The transmission peak undergoes a clear redshift with 
refractive index increase, and the sensitivity is 3815 pm/RIU when the surrounding refractive 
index ranges from 1.41514 to 1.45450.  The structure is also sensitive to ambient temperature 
from 25 to 55 °C.  Experimental results show that the temperature sensitivities are 12.26, 12.54, 
and 19.51 pm/℃ for PS-FBGs with diameters of 125, 87, and 52 μm, respectively.  The effect of 
the pump power on the sensing performance is also studied.

1.	 Introduction

	 A phase-shifted fiber Bragg grating (PS-FBG) is obtained by introducing a certain phase 
shift at a specific position of a normal Bragg grating, which changes the spectral distribution 
and forms a very narrow transmission peak in the transmission spectrum.(1,2)  PS-FBGs have 
been intensively investigated owing to their many desirable advantages, such as the very narrow 
transmission window and the flexible position of the resonance peak.(3)  PS-FBGs are widely 
used in the fields of distributed feedback lasers(4–6) and narrowband filters.(7,8)  A PS-FBG 
has the characteristics of a Bragg grating, which can be used for high-precision sensing.(9–11)  
The transmission peak undergoes a certain amount of shift with a change in the external 
environment, which is utilized to measure temperature, strain, and magnetic field.(12–16)  
Because of its very narrow transmission peak, a PS-FBG has a high resolution.  To improve the 
sensing performance, the diameter of a PS-FBG needs to be decreased to expose the evanescent 
field to the surrounding environment.(17,18)

	 Usually, two techniques (etching and side polishing) are employed to decrease the diameter 
of PS-FBGs to achieve high sensitivity.  When using the etching technique, the mechanical 
strength of the as-fabricated grating will be relatively low.  On the other hand, when using the 
side-polishing technique, it is difficult to control the polishing depth and the lateral surface 
is not uniform enough.  In this work, a PS-FBG is side-polished before further etching.  The 
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combination of the two techniques can not only make the mechanical strength of PS-FBGs 
larger than that of PS-FBGs fabricated only by the etching technique, but also make the fiber 
core closer to the surrounding environment.  Thus, the grating can be more sensitive to changes 
in the external environment.

2.	 Experiment

	 The length of the utilized π PS-FBGs (provided by Puyang Institute of Opto-electrics 
Industrial Technology) is 15 mm and the center wavelength is 1550 nm.  The bandwidth is 
0.3 nm.  Figure 1 shows a schematic of the laboratory-made side-polishing system.  A PS-FBG 
is placed on the side-polishing platform; one end of the fiber is fixed and the other end is hung 
with a weight of around 15 g to keep the grating straight.  The side-polishing time is 20 min.
	 Figure 2(a) shows a typical microscopy image of a side-polished PS-FBG.  The diameter 
of the narrowest part is about 87 μm.   Then, the side-polished PS-FBG is fixed in a plastic 
U-shaped groove for hydrofluoric acid (HF 40%) etching for 15 min to further reduce the 
diameter.  To control the diameter of the grating precisely, it is further etched with low-
concentration HF (5%) for another 5 min.  A microscopy image of the side-polished FBG after 
twofold chemical etching is shown in Fig. 2(b).  The thinnest part is only 52 μm.  The thickness 
profiles of the side-polished and HF-etched fibers are shown in the bottom panels of Figs. 2(a) 
and 2(b), respectively.  The profiles of the thinned gratings are roughly parabolic.

Fig. 1.	 (Color online) Schematic of the side-polishing system.

Fig. 2.	 (Color online) Microscopy images and profiles of side-polished and chemically etched PS-FBG with 
diameters of (a) 87 and (b) 52 µm.

(a) (b)
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	 The experimental setup for investigating the sensing properties is shown in Fig. 3.  Light 
is emitted from an amplified spontaneous emission (ASE) source and the transmitted light is 
detected by an optical spectrum analyzer (OSA).  The ASE light source has a broadband range 
of 1500–1600 nm and the maximum output power is 10.2 mW.

3.	 Results and Discussion

	 To investigate the effect of the surrounding refractive index on the PS-FBG spectrum, 
the structure is coated with glycerin solutions of different refractive indexes.  The ambient 
temperature is controlled at about 20 ℃.  After each measurement, the device is rinsed with 
water until the original spectrum in air is restored, indicating that no residual liquid is left.  
The transmission spectra are monitored in real time with an OSA with a resolution of 0.02 nm.  
Figure 4 gives the transmission spectra of the device with the index increasing from 1.41514 
to 1.45450.  The diameter of the PS-FBG is 52 μm.  Figure 4 shows that the transmission peak 
shifts to a longer wavelength with increasing refractive index.  When the external refractive 
index is larger than that of the fiber core (1.447), the transmission markedly decreases, as can 
be seen from the spectrum when the surrounding index is 1.45450.  The relationship between 
the wavelength of the transmission peak and the refractive index is given in Fig. 5.  An almost 

Fig. 3.	 (Color online) Experimental setup for investigating the sensing properties.

Fig. 4.	 (Color online) Transmission spectra of 
PS-FBG coated with solutions with refractive indexes 
in the range of 1.41514–1.45450. The diameter of the 
PS-FBG is 52 μm.

Fig. 5.	 (Color online) Peak wavelength of PS-FBG 
as a function of surrounding refractive index. The 
diameter of the PS-FBG is 52 μm.
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linear relationship is obtained and the sensitivity is 3815 pm/RIU.  The obtained sensitivities are 
much higher than that of a π PS-FBG fabricated on an etched side-hole fiber (−278.5 pm/RIU).(17)

	 To investigate the effect of temperature, PS-FBGs are placed into a temperature control 
chamber.  The temperature is gradually increased from 25 to 55 °C with a step of 5 °C.  
Figure 6 shows the transmission spectra of PF-FBGs with different diameters at different 
temperatures.  As the temperature increases, the redshift of the peak wavelength is clearly 
observed.  The relationship between the wavelength shift and temperature is given in Fig. 7; a 
linear relationship is found.  The temperature sensitivities are 12.26, 12.54, and 19.51 pm/℃ 
for thinned PS-FBGs with diameters of 125, 87, and 52 μm, respectively.  The structure with a 
thinner fiber diameter has a larger sensitivity, which may be assigned to the larger evanescent 
field for the thinner grating.  In addition, when the temperature is fixed, the peak shifts to a 
longer wavelength with decreasing diameter.
	 The resonance wavelength of an FBG is expressed as (16)

	 2 effnλ Λ= ,	 (1)

Fig. 6.	 (Color online) Transmission spectra at different temperatures for PS-FBGs with diameters of (a) 125, (b) 
87, and (c) 52 µm.

(a) (b)

(c)
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where Λ is the grating period and neff is the effective index.  Any change in either of these two 
parameters will cause the resonant wavelength to change.  The refractive index and grating 
period at any temperature T are given by

	 ( )0 01n n T Tα = + −  ,	 (2)

	 ( )0 01n T TΛ β = + −  ,	 (3)

where n0 and Λ0 are the effective refractive index and grating period at temperature T0, 
respectively.
	 Then, the resonant wavelength of a Bragg grating is expressed as

	 ( ) ( )0 0 0 02 1 1n T T T Tλ α Λ β   ′ = + − ⋅ ⋅ + −    .	 (4)

	 The thermo-optical coefficient of a fiber is α ≈ 1.1 × 10−5/°C and the thermal expansion 
coefficient is β ≈ 5.2 × 10−7/°C.(19)  Because 1α   and 1β  , Eq. (4) can be simplified to

	 ( )0 01 T Tλ λ γ ′ ≈ + −  ,	 (5)

where λ0 = 2n0Λ0 is the center wavelength of the Bragg grating when the temperature is T0. 
γ = α + β is the temperature coefficient including the thermo-optic and thermal expansion 
effects.  Therefore, the variation of the wavelength at temperature T is written as

	 ( )0 0 0T T∆λ λ λ λ γ′= − ≈ − .	 (6)

Fig. 7.	 (Color online) Wavelength shift as a function of temperature for PS-FBGs with different diameters.
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Thus, the shift of the central wavelength of the PS-FBG transmission peak is linear with the 
temperature change, which is in good agreement with the experimental results.
	 To investigate the effect of the incident power, a coupler and a pump source are inserted 
into the experimental setup, which is schematically shown in Fig. 8.  A 3 dB coupler is used to 
connect the broadband light source with a wavelength ranging from 1500 to 1600 nm, a 980 nm 
pump source, and a PS-FBG.  The incident power of the broadband light source is fixed at 
10.2 mW.  Figure 9(a) shows the transmission spectra of a 52-μm-diameter PS-FBG when the 
pump power increases from 0 to 100 mW with an interval of 10 mW.  The transmission spectrum 
redshifts with increasing incident pump power.  The relationship between the wavelength shift 
and pump power is given in Fig. 9(b).  The pump power responsivity is 4 pm/mW, which is 
relatively low compared with the refractive index and temperature sensitivities.  However, for 
high-precision measurement, it may be necessary to use a power-stabilized source.

Fig. 9.	 (Color online) (a) Transmission spectra of PS-FBG with diameter of 52 μm at different pump powers. (b) 
Wavelength shift as a function of pump power.

Fig. 8.	 (Color online) Experimental setup for investigating the effect of the incident pump power.

(a) (b)
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4.	 Conclusion

	 The diameter of a π PS-FBG was decreased using the side-polishing and etching techniques.  
When the residual diameter was 52 μm, the wavelength of the transmission peak clearly showed 
a redshift when the refractive index increased from 1.41514 to 1.44513.  When the refractive 
index was 1.45450, the transmission markedly decreased.  An almost linear relationship 
between the wavelength of the transmission peak and the refractive index was obtained 
and the sensitivity was 3815 pm/RIU when the refractive index was 1.41514–1.45450.  The 
transmission peak shifted to a longer wavelength with increasing temperature.  The temperature 
sensitivities were 12.26, 12.54, and 19.51 pm/℃ for PS-FBGs with diameters of 125, 87, and 
52 μm, respectively.  For the PS-FBG with a diameter of 52 μm, the pump power responsivity 
was 4 pm/mW.
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