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Abstract: Sampled fiber grating is a special superstructure fiber Bragg grating with a wide range of
applications in many fields. In this work, based on drawing tower in-line fabrication system, a new
preparation method of the sampled fiber grating is proposed and experimentally demonstrated.
Experimental result shows that the obtained sampled fiber gratings possess dense reflection spectra,
with a minimum reflection peak interval of only 0.09nm. This method exhibits promising application
prospect in the fabrication of the high-quality sampled fiber grating. On the other hand, the spectral
characteristics of the sampled fiber grating are analyzed when the sub-grating is affected by the
external physical quantities such as, in this paper, strain. Wavelength shift and intensity change in the
reflection peak of the spectra indicate that the grating is affected differently by micro strains, due to
the different spatial positions along the axis of the sampled fiber grating. This work is aimed at
exploring the potential applications of the sampled fiber grating in quasi-distributed micro-area
sensing with the millimeter level.
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1. Introduction

Sampled fiber gratings (SFGs), known as special
superstructure fiber Bragg gratings, have been
field of
filters, and

widely researched and used in the

multi-parameter  sensing, optical
multi-wavelength laser [1-6]. The SFG possesses
special superstructure refractive index distribution,
which is formed by multiple sub-gratings in a
regular arrangement [1]. Sampled grating has a wide

reflection spectrum and a narrow reflection peak,
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which has the advantages of high reflectivity,
uniform reflection peak, and stable peak interval
[3, 4]. Currently, the main preparation methods of
the sampled grating include the amplitude mask
template method (a traditional method) and the
For the
amplitude mask template method, the SFGs can be

point-by-point scanning method [6].
fabricated by using an amplitude mask on the basis
of a uniform mask and have the high quality [7]. In
this way, the sub-gratings can be inscribed by single
laser exposure and have great consistency. However,
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this method is limited by the length and period of
the amplitude mask and phase mask, then the
preparation operation is not flexible. When writing
different types of sampled gratings, the phase mask
and the amplitude mask need to be replaced
frequently. In contrast, by using the point-by-point
scanning method, the sampled gratings with
different parameters can be flexibly prepared by
controlling the displacement distance and slit width
[8]. In this way, only one sub-grating can be
inscribed by each laser source, leading to that the
SFGs of almost all parameters can be fabricated. So
the point-by-point scanning method has a great
significance in expanding the application area of the
SFGs.

At present, the fiber Bragg grating (FBG)
drawing tower in-line fabrication technology is
capable of preparing a long array multiplexed with a
large number of identical gratings [9-11]. In the
process of the FBG in-line fabrication, the fiber
keeps moving when the gratings are inscribed
continuously, which is similar to the process of the
SFGs fabrication by the point-by-point scanning
method. Therefore, it is possible to fabricate the
SFGs
technology. This technique can avoid the fiber

by drawing tower in-line fabrication
decoating/recoating processes and the existence of

splicing joint, which are unavoidable in the
traditional FBG fabrication process. Therefore, the
in-line fabrication system contributes to higher
tensile strength and better applicability of the
fabricated gratings [12]. However, to the best of our
knowledge, no work about the in-line fabrication on
drawing tower of the sampled fiber grating has been
reported. In this work, we combine the
point-by-point scanning method and the FBG in-line
fabrication technology, then try to fabricate the
sampled fiber gratings with high quality and very
short peak interval by using our customized drawing
tower. Furthermore, the spectral characteristics of
the sampled fiber grating are analyzed in order
to explore the

potential  applications  of

micro-area

the SFG in
sensing.

quasi-distributed

2. SFGs fabrication and results

SFG can be regarded as a series of ultra-short
FBGs arranged continuously in certain spatial
intervals. Among several kinds of sampled gratings,
the rectangular sampled fiber grating (RSFG) is the
focus of our work, which possesses the merits of
easy fabrication and high uniformity. The structure
of the RSFG can be regarded as an alternate
arrangement between identical sub-gratings and
blank fibers. A section of blank fiber and a
sub-grating form a repetitive unit, then a certain
number of repetitive units combine together to form
the sampled grating. Furthermore, a series of SFGs
are prepared on our customized drawing tower
in-line fabrication system with large capacity,
uniform quality, and high production efficiency.
Figure 1(a) shows the schematic diagram of this
system. The in-line fabrication system writes
gratings simultaneously during the fiber drawing
process. Under stable drawing speed, the distance
between two adjacent gratings can be precisely
controlled. By adopting the point-by-point scanning
method into the grating writing platform [Fig. 1(b)],
an in-line preparation system for the SFG is
established. An ultraviolet (UV) excimer laser
(ATLEX-500-1, ATL Lasertechnik) with an initial
spot size of 6 mm x 12 mm is used to provide
single-pulse laser. After being contracted by three
cylindrical mirrors and focusing onto the phase
mask, the spot size is 0.7mm *x 6 mm eventually.
A slit is installed near before the phase mask, which
can freely change the beam length to accurately
control the SFG length (with error <0.1 mm). The
period of the phase mask is 1073.31 nm, and the
maximum writing frequency that can be realized by
the UV excimer laser is up to 500 Hz.

Using the in-line fabrication system, three SFGs
with different structural parameters are successfully
fabricated. Figure 2(a) shows the experimental
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reflection spectrum of an SFG with a length of
50mm, a sampling period of 5Smm, and a duty ratio
of 0.1. The laser energy is 4.5mlJ, and the slit width
is 0.5 mm. It can be seen from the reflection
spectrum that the interval between two reflective
peaks is only 0.16 nm. This interval is much
narrower than that of the sampled grating prepared
by the traditional method (> 0.4nm). By using the
transfer matrix method based on the coupled-mode
theory, the relationship between the reflection
spectra and structure of the sampled gratings is
analyzed [13-15]. Figure2(b) shows the simulated
reflection spectrum of the sampled grating with the
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same parameters. The experimental spectrum is
basically consistent with the simulation results,
proving that this system can prepare the designed
sampled gratings. We further design and fabricate
two sampled gratings with different parameters, and
the corresponding reflection spectra are shown in
Fig. 3. The sampled grating shown in Fig. 3(a)
possesses the grating length of 100 mm and duty
cycle of 0.06, while Fig. 3(b) shows the grating
length of 80mm and duty cycle of 0.05. A narrower
peak interval of 0.09 nm is obtained, which is in
accord with the design, proving the reliability of
our system.
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Fig. 1 Schematic diagram of (a) the FBG drawing tower in-line writing system and (b) the writing platform.
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Fig.2 Reflection spectrum (a) and the simulation spectrum (b) of the SFG prepared by the scanning method.

Moreover, two kinds of 30-meter-long SFGs
arrays without any splicing joint are produced, and

the interval between two adjacent SFGs is 5 meters.
The fabricated arrays are then demodulated by a
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grating interrogator (LGI-100B, Sentek Instrument,
U.S.A.). This grating interrogator adopting the
wavelength scanning time division multiplexing
(WSTDM) technique is able to demodulate SFGs
with reflectivity as low as —40 dB. Figures4(a) and
4(b) show the spectra of the SFGs with the duty
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cycles of 0.1 and 0.04, respectively. The results
demonstrate that fabricating SFGs array by the
drawing tower is possible and executable. Therefore,
based on the drawing tower in-line fabrication
system, the SFGs and SFG array can be fabricated
with the adjustable parameters.
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Fig. 3 Reflection spectra of SFGs prepared by the point-by-point scanning method with different parameters: (a) ¢ = 0.6 mm,
p=10mm, and L =100 mm; (b) a = 0.4 mm, p = 8 mm, and L = 80 mm.
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Fig.4 Reflection spectra of SFGs array with different parameters: (a) ¢ = 0.4mm, p = 4mm, and L = 40mm; (b) ¢ = 0.4 mm,

p =10mm, and L = 100 mm.
3.Simulation calculation of SFGs sensing

For the SFGs, the change of each sub-grating
will affect the spectra shape of the whole sampled
grating. More importantly, when external influence
causes wavelength-shift of sub-grating spectra,
different spatial positions along the axis of the
sub-grating will have different effects on the spectra
shape of the SFG. Therefore, the positions of the
affected by
environment, can be judged by observing the change

sub-gratings which are external
in the spectra shape.

The spectra shapes of the SFG are simulated
with one sub-grating under external tension. The

whole sub-gratings are divided into 10 regions: 1 to

10, depending on the position of the SFG as shown
in Fig.5. The length of the SFG is 40mm, and the
duty cycle is 0.25, then the reflection peak intensity
and period of grating are the same as the grating
shown in Fig.2. Further, 100 pe strain is applied to
the sub-gratings at each region, respectively, and the
reflection spectra of the SFG are calculated and
depicted in Fig. 6. Figure 6(a) shows the reflection
spectra when the SFG is not affected by strain, and
Figs. 6(b) to 6(k) show the SFG reflection spectra of
10 regions: 1 to 10, which are affected by the strain
at 100 pe separately. Due to this, a small peak is split
on the right side of each reflection peak and
gradually increase to the maximum, with the
affected region changing from Region 1 to Region 5.
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And then the small peak starts to decrease and
eventually disappears from Region 6 to Region 10.
It shows that the sub-gratings in different areas have
different influences on the reflection spectrum, and
it is mainly caused by the distance from the center of
the SFG. Therefore, if only considering Region 1 to
Region 5, it is possible to judge the position of a
sub-grating which is affected by observing the
characteristics of the reflection spectra. The effect of
a reflection peak on the spectral center is further
compared, as shown in Fig.7. It can be clearly seen
that with the position of the sub-grating moving to
the center, the original reflection peak moves to the
left while a new reflection peak appears and
gradually grows from the right side of the original

Photonic Sensors

peak. This pattern of the spectral change is similar to
the change rule of the phase shifted grating that
the phase shift position moves from the edge to
center [12]. Therefore, based on the study of the
phase shift grating, the position of the affected
sub-grating can be judged by the spectral change:
when the peak separation in the reflection spectrum
is more obvious, the position of the affected
sub-grating is closer to the center.
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Fig. 5 Structural diagram of the SFG with parameters
a=1mm, p=4mm, and L =40 mm.

(a) (b) (©
-10 -10 —
—no affect — Ist 1o
2 , - ~
< b ) g
E (I z z 20
= I R | | Y = Z
=1 O B =]
3 [ 3 i 3
L N O R R 5 -30 ! T -30
~ 1 i & i ~
i il i it
i i Il i
—40 448 Sl ) i | —404— i IEY U W RN R 40 i i H
1549.2 1549.6 1550.0 15504 1550.8 15492 1549.6 15500 1550.4 1550.8 1549.2 1549.6 1550.0 15504 1550.8
Wavelength (nm) Wavelength (nm) Wavelength (nm
(d) (e) %) gth (nm)
-10 -10 —
— 3 _ — 4t 10
g g
220 2 -20+
Z 2
51 ©
o i 2
E =30 #"i i ﬁ 3 —30+
I LT
Il I
g0l LU TN [IN]] _40
1549.2 1549.6 1550.0 15504 1550.8 1549.2 1549.6 1550.0 15504 1550.8
Wavelength (nm) Wavelength (nm)
(g (h) g
-10
— — 6th -10 ot
as] —~ ~ — &l
% 20 1 % | \ % \
s 7 N z 20 v I z =20 '
k5t | | 2 - I 3 | [ | | I
2 omomonm 3 A L 3 I n
S 30 S e | | = A L/ — = [ | N A AP L |
~ 5 —30 I 3]
MR ) m [N 2
_?2492 1549.6 1550.0 1550.4 1550.8 o B P e e L
: Navclongth (o - 1549.2 1549.6 1550.0 15504 1550.8  |s49, 15496 15500 15304 1550.8
G) (k) Wavelength (nm) Wavelength (nm)
-10
-10
& — 9th _ — 10th
= g
2z =20 > =20
= 5
g 30 5 30
-40
15492 1549.6 1550.0 15504 1550.8

Wavelength (nm)

—-40
1549.2 1549.6 1550.0 15504 1550.8
Wavelength (nm)

Fig. 6 Reflection spectra of the SFG with different regions of the sub-grating: (a) no affect and (b)—(k) Regions 1-10.
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Fig. 7 Change of the reflection spectrum of the SFG with
different positions of the sub-grating.

The influence of strain on the SFG reflection
spectrum is further studied. A series of adjustable
micro strains, rising from 100 pe to 400 pe with an
interval of 50 pe, are applied to the sub-grating
located at Region 5, and the results are shown in
Fig. 8. Within this range, in the two division peaks of
each original reflection peak of the SFG, the left
peak keeps decreasing while the right peak keeps
increasing with an increase in the strain. Figure9

shows the variation of the central wavelength and
intensity of the central reflection peak in this process.
It can be seen that the two reflective peaks gradually
move to the left, and the left peak gradually
decreases while the right peak increases. With an
increase in the applied strain, the wavelengths of the
two peaks experience blue-shift linearly with the
rate at 6.53x 10~ nm/pe and 6.89% 10~ nm/pe as
shown in Fig. 10(a). Meanwhile, the relative
reflectivity of the left peak decreases linearly at
0.0265 dB/pe, and the right peak increases at a
two-order function as shown in Fig. 10(b). This
study shows that by comparing the relative variation
of the separation peaks, it is possible to determine
the degree of strain in a sub-grating. Therefore, by
using the sub-gratings on the left or right side of the
SFG, the position and influence degree of the
affected sub-grating can be judged by observing the

variation of the reflection spectrum.
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Fig. 8 Reflection spectra with different strains: (a)—(g): 100 pe — 400 pe.
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Fig.9 Change of the central reflection peaks with different
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1550.08
» Leftpeak

* Right peak
1550.06

.
-
e

e
1550.04 1=1550.06-6.89 X 1077 = -

Central wavelength (nm)

R=0.99% .
e
1550.02 e
1=1550.03-6.53 X 107 %a__
R=0.999 -
1550.00 L, —
100 150 200 250 300 350 400
Strain (pe)
(a)
-12
» Left peak
* Right peak
_16
~ -
e T 1= 21711840063 1
201 I -9.19*107°%

. = R=0.999
-
-

Relative reflrctivity (dB)

.
1=—14 0868-0.0265x ™,
R=0.999

100 150 200 230 300 3350 400
Strain (ue)

(b)

Fig. 10 Change of the reflection peaks with different strains:
(a) corresponding curve of the central wavelength of two peaks
to strain and (b) corresponding curve of the relative reflectivity
of two peaks to strain.

4. Conclusions

In this paper, a new preparation method of

the sampled fiber grating is proposed and
experimentally demonstrated. Theoretical analysis
shows that free from the grating length limitation,
the sampled gratings prepared by the point-by-point
scanning method possess the denser reflection peak
than that of the traditionally fabricated sampled
gratings. Practical fabrication is carried out by the
and three

in-line fabrication system, sampled

Photonic Sensors

gratings with much denser reflection peaks are
obtained. The fabricated sampled gratings have
undamaged coating layer and no splicing joint,
which can enhance the applicability of the fabricated
sampled grating. This method is applied to the
SFG array with different
parameters, and the reflection spectra can be

fabrication of the

measured efficiently by the grating interrogator. The
simulation results show that the position and
magnitude of strain in the millimeter level can be
determined by the reflection spectra of the SFG.
Therefore, the SFG and array can be used in the
quasi-distributed micro-area sensing applications.
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