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Integrated optical sensor based on a FBG in parallel with a LPG
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Abstract; In order to improve the performance of the fiber optic sensors and further reduce the size of them, a
new integrated optical sensor based on a fiber Bragg grating (FBG) in parallel with a long-period grating
(LPG) in a single mode fiber is reported in this paper. The FBG and the LPG are fabricated by femtosecond
laser using direct inscription process. The variations of temperature and refractive index will cause the varia-
tions of resonant wavelengths of FBG and LPG. The experimental results show that the refractive index sensi-
tivities of the FBG and the LPG respectively are 0 nm/RIU and 196. 46 nm/RIU, and the temperature sensi-
tivities of them are 12. 98 pm/°C and 10. 93 pm/°C respectively. Therefore, this sensor can be used for meas-
uring temperature and refractive index simultaneously according to the dual parameters sensing matrix.
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1 Introduction

Since the first fiber grating was fabricated by
the standing wave method in 1978'"" | the fiber grat-
ing has attracted considerable attention for applica-
tions in telecommunications and fiber sensor sys-

tems >* .

In-fiber gratings, including fiber Bragg
eratings ( FBGs) and long-period gratings ( LPGs ) ,
have been used to measure various physical parame-
ters. In the FBGs the forward-propagating core mode
is coupled to the backward-propagating core mode,
while in the LPGs the core mode is coupled to the
cladding mode with its evanescent fields extending to
the surrounding environment. As a result, FBGs are
sensitive to the temperature and strain, while LPGs
are sensitive to the surrounding refractive-index

%) Because

(SRI) besides temperature and strain
FBGs and LPGs have different optical properties,
there is a great interest in combination of the FBG
and the LPG as a novel sensor. Recently, Ming Han
et al. have demonstrated an optical fiber refractome-
ter based on a cladding-mode Bragg grating, which
consists of a LPG followed by a FBG'.

Ming Yue-Fu has suggested that one may achieve

Similarly,

measurement of SRI using a concatenation of a FBG
and a LPG'""',

publication have used concatenation of the FBG and

To our knowledge, most previous

the LPG to measure physical parameters. However,
the size of these sensors based on concatenation of
the FBG and the LPG(2-gratings-length) are larger
than the single LPG or FBG, thus, it is not conven-
ient to utilize them in the integrated optical system.
Femtosecond laser direct inscription technology can
be used to inscribe vavious sizes of gratings in any
position of the optical fiber, and the RI modulation
intensity of gratings can be controled through the

regulation of the laser power. Thus, the difficulty of

W LR B L F A M (FBG) ; KA &84 (LPG) ; K AV#0k
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the optical integration in fiber is greatly reduced with
this technology.

In this article, we propose a simple and novel
integrated optical sensor based on a FBG in parallel
with a LPG by femtosecond direct inscription tech-
nology. The sensor consists of a FBG and a LPG, in
which the FBG is inscribed in the center position of
the fiber core, while LPG is in the off-center posi-
tion. Thus, this integration of the FBG and the LPG
is much smaller ( 1-grating-length ). The FBG and
the LPG in this sensor have maintained their respec-
tive optical properties: the FBG is sensitive to tem-
perature, but not to SRI, while the LPG is sensitive
to temperature and SRI. Therefore, the working
principle of the sensor is that the changes of temper-
ature and SRI result in the different wavelength
changes of the FBGS resonant peak and the LPG's.
According to the dual parameters matrix, we can use
these different wavelength changes to measure tem-

perature and refractive index simultaneously.

2 Experiments

The FBG and the LPG in this integrated optical
sensor were inscribed in the SMF-28e by femtosec-
ond direct inscription process. The schematic dia-
gram of the sensor is shown in Fig. 1. In our experi-
ments, a Ti: sapphire regenerative amplifier laser
system ( Spectra Physics) operating at 800 nm was a-
dopted. The laser beam was focused into the fiber
core via an oil-immersed 60 Olympus objective ( N.
A.,1.42). We mounted the fiber on a computer-
controlled three-axis translation stage with a motion
spatial resolution of 20 nm. The transmission spectra
of the sensor were monitored by a broadband light
source ( Superk Compact, NKT Photonics) and an
optical spectrum analyzer ( OSA, AQ6370D, Yok-

ogawa) with a resolution of 0. 02 nm.
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Fig. 1 Schematic diagram of the integrated optical

sensor

First of all, the laser frequency and the laser
100 Hz and
70 nJ/pulse, and the translation speed of the fiber

power were respectively set at

was set at 0.107 1 mm/s. Using point-by-point

(PbP) direct inscription process "

, a2.4-mm-long
FBG was written in the center of the fiber core, and
the period of which was 1.07 pm. Thus it is the
second order FBG with a Bragg wavelength around
1 550 nm. Then we set the laser frequency at
1 000 Hz and the translation speed at 0. 01 mm/s,
and the laser power was maintained at 70 nJ/pulse
to write the LPG. The 2. 4-mm-long LPG was written
at the position deviated from the center of the core of
about 1. 8 wm, which was in parallel with the FBG
as shown in Fig.2. The period of the LPG is
60 wm. We can observe that the fabrication process
of LPG did not damage the RI modulation region of
the FBG. In Fig. 3, we can note that in the fabrica-
tion process, the inscription of the LPG did not vary
the wavelength of the FBG resonant peak, however,
just reduced the overall power of the transmission.
Fig. 4 shows the experimental transmission spectrum
of the sensor in the air. We can observe that there
are seven loss peaks of the LPG and one Bragg reso-
nant peak from 1 100 nm to 1 700 nm. The reason
why we inscribe this short period compact LPG is
that it has a high surrounding refractive-index ( SRI)
sensitivity "'*'. According to the previous report' ' |
we can infer that the seven loss peaks of the LPG
correspond to seven different cladding modes ( HE1 ,

20 and HE1, 23 correspond to the first order diffrac-
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Fig.2  Side-view microscope image of RI modulation re-
gion of the FBG and the LPG in the fiber core
(the inset is the enlarged view of the grating

structure )
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Fig.3 Transmission spectra of the FBG and the FBG in
parallel with the LPG in the oil ( the inset is the

details of the Bragg resonant peak)
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Fig.4  Transmission spectrum of the integrated optical
sensor in the air and the high order cladding

modes corresponding to the loss peaks of the

LPG

tion, and HE1, 29-HE1, 33 correspond to the sec-
ond-order diffraction). Because of the high localiza-

tion of the PbP FBG, there are some cladding mode
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resonances in the shortwave direction of Bragg reso-
nant peak, but it does not affect the performance of
the sensor. In the FBG the forward-propagating core
mode is coupled to the backward-propagating core
mode, while in the LPG the core mode is coupled to
the cladding mode. In this integrated optical sensor,
the FBG and the LPG maintain their respective prop-

erties.

3 Sensing characteristics

After the fabrication process, we studied the
sensing characteristics of the integrated optical sen-
sor. The loss peak around 1 555 nm corresponding
to the HE1, 29 mode at the second-order diffraction
and the Bragg resonant peak at 1 550 nm were cho-
sen for sensing applications. We first measured the
SRI sensitivity of the sensor. The fiber sensor was
placed into a glass slot and kept it straight. After the
sensor was fixed, we injected RI solutions into the
glass slot so that the sensor was totally immersed.
After the spectrum was recorded, the sensor were
then cleaned using ethanol and deionized water. The
procedure was repeated to measure the other RI
solutions ( different volume ratio of glycerin and water
mixed solutions ). The RI of the solution was
measured by the Abbe refractometer at room temper-
ature. As shown in Fig. 5, in the RI range from
1.33 to 1.44, the wavelength of the resonant peak
of the FBG almost has no change, while the loss
peak of the LPG exhibits an obvious redshift. From
the function of the loss peak wavelength shift and the
SRI, we can achieve the RI
196. 46 nm/RIU and the linearity of 0.994 8, as
shown in Fig.6(a).

sensitivity  of

The temperature sensitivity of the sensor was al-
so measured. The sensor was placed in a digitally
controlled furnace. Later, the furnace was heated up
from 30 C to 90 °C with the increment of 10 °C for
one step. After one-step increment, we kept the

sensor at that temperature for 20 minutes and recor-
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Fig.5 Shifts of the loss peak wavelength of the sensor

with different RI solutions
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Fig.6 (a)Wavelengths of the Bragg resonant peak and
the LPG loss peak change with the SRI, (b)
wavelengths of the Bragg resonant peak and the

LPG loss peak change with temperature

ded the transmission spectrum at each step. We can
observe that the wavelengths of the chosen loss peak
and the Bragg resonant peak have redshift with the
increasement of temperature ( as shown in Fig. 6 (b)
). In this temperature range, we analysis the func-
tion of the FBG's and the LPG's resonant wave-
lengths and the temperature, and we obtain that the
temperature sensitivities of the FBG and the LPG are
12.98 pm/°C and 10.93 pm/°C, respectively, and
their linearities are 0.999 6 and 0.999 3. We can
observe that the temperature sensitivity of the LPG is
very small, even smaller than the FBG's. The rea-
son is that the LPG in this sensor was writen in the
off-center position and the period of the LPG is just
60 pum, which is much smaller than the general

LPGs( hundreds of micrometers). When the temper-
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ature changes, the changes of effective indice and
the period of the LPG are smaller than the other
LPGs. Therefore, this LPG has such small tempera-
ture sensitivity.

As mentioned above, the sensitivities of the
Bragg resonant peak to temperature and SRI are dif-
ferent with the sensitivities of the loss peak of LPG,
so this integrated optical sensor can be used to meas-
ure temperature and SRI simultaneously. The rela-
tionship between these variables can be expressed in
the form of matrix:

(A)\mc): (Al AZ)(Anm) ’ (0

Myl \BL B2\ar
where Al and A2 are the SRI sensitivity and temper-
ature sensitivity for the Bragg resonant peak respec-
tively, while Bl and B2 are the sensitivities for the
loss peak of LPG. Substituting the values obtained

from experiments into the matrix, the final expres-

S 3k

sion can be written as:
(A/\FBG) B ( 0 0.013)(Anm) (2)
Adye!  V196.49 0.011/\AT |

4 Conclusion

In conclusion, we have fabricated a small size
and novel integrated optical sensor based on a FBG
in parallel with a LPG in a common SMF using fs-la-
ser direct inscription process. The length of this in-
tegrated optical sensor is 2.4 mm. The Rl modula-
tion of the gratings can be controlled through chan-
ging laser pulses power, laser frequency and the
translation speed of the fiber. In addition, we have
demonstrated the measurement for temperature and
the SRI by this sensor and obtained the sensing ma-

trix to achieve dual parameters sensing.
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