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High-Quality Fiber Bragg Grating Array for
Quasi-Distributed High-Temperature Sensing
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Abstract—The wavelength-division-multiplexed (WDM)
fiber Bragg grating (FBG) array inscribed by using
femtosecond laser is a promising quasi-distributed
temperature sensors due to its excellent thermal resistance.
We developed the femtosecond laser point-by-point (PbP)
inscription method to create the high-quality WDM FBG
array featuring with uniform reflectivity, low polarization
dependent loss (PDL), and high side-mode suppression
ratio (SMSR). The shutter and the slit were inserted into the
inscription system, which can be used to decrease the PDL
and increase the uniformity in reflection of FBG. Moreover,
the precise control over the position of refractive index
modulations (RIMs) is used to realize apodized profiles,
increasing the SMSR of FBG. By using these approaches, a high-quality WDM FBG array consisting of ten gratings
was fabricated successfully. In addition, the FBG arrays packaged by stainless steel microtube were welded on the
steel plate. High-temperature tests were carried out. The results show that the temperature distributions of the plate
can be measured by using such WDM FBG arrays. Moreover, a 40-h, 700 ◦C test and a cycling temperatures test were
performed. These arrays exhibited excellent high thermal stability and good repeatability in temperature measurements.
Furthermore, a thermal shock test was carried out by using the flame projector, and the maximum temperature of
1000 ◦C was achieved. During the test, the sensors can measure the temperature stably. Hence, the proposed WDM FBG
array is a promising quasi-distributed high-temperature sensor, which can be applied in many fields, for example, power
plants, gas turbines, and hypersonic vehicles.

Index Terms— Femtosecond laser materials processing, high-temperature sensor, optical fiber Bragg grating (FBG).
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I. INTRODUCTION

D ISTRIBUTED high-temperature sensing (DTS) is signif-
icant in various application fields, such as metallurgy,

aviation, and power plants [1], [2], [3], [4]. For example,
when hypersonic vehicles travel at high speeds, its temperature
would rise rapidly due to the aerodynamic heating. The surface
of aircraft would suffer the large thermal loading, posing a
threat to the structural safety [4]. This calls the distributed
temperature monitoring on the thermal resistance materials.
Thermocouples are typical high-temperature sensors, but they
are single-point sensors, which are not suitable for distributed
sensing. Temperature-sensitive paint and infrared thermal
imagers can be employed to solve this issue. However, these
two methods struggle to accurately measure and record the
surface temperature of a high-speed flying aircraft.

DTS based on optical fibers is more attractive due to its
compact size, capability of multiplexing, and immunity to
electromagnetic interference. Raman- or Brillouin-based meth-
ods have been proposed to achieve distributed temperature
monitoring, but these methods have a low spatial resolution
(on the order of 1 m), which are merely suitable for measuring
the temperature in a long sensing range (more than tens of
kilometers) [5], [6]. The Rayleigh-based or the ultraweak fiber
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Bragg grating (UWFBG)-based with optical frequency-domain
reflectometer (OFDR) demodulation exhibits a higher spatial
resolution (on the order of millimeters) [7], [8], [9]. However,
such an OFDR system is expensive.

To achieve the distributed temperature monitoring with high
spatial resolution and short sensing range, the wavelength-
division-multiplexed (WDM) FBG array demodulated with
multichannel FBG interrogator is a more promising method,
due to its better cost-effectiveness. Such a system can realize
a quasi-distributed temperature sensing with tens or hundreds
measuring points [10], [11], [12]. Note that Mihailov et al. [13]
reported the fabrication of FBGs by using femtosecond laser.
It has been found that these FBGs can withstand temperatures
of up to 1000 ◦C [14], [15], and then, the emergence of
the point-by-point (PbP) inscription method has efficiently
enhanced the preparation capacity of WDM FBG array [16].
The sensing performance depends on the spectral charac-
teristics of FBG. Hence, researchers have made significant
efforts to develop the PbP method to fabricate high-quality
FBG [17], [18], [19], [20]. For example, the slit beam shaping
method was proposed to decrease the polarization dependent
loss (PDL) of FBG [17], [18], [19]. The precise control over
the position of PbP refractive index modulations (RIMs) is
used to create apodized FBG, enhancing the high side-mode
suppression ratio (SMSR) [20]. In addition, Ioannou and
Kalli [21] proposed the plane-by-plane method to create
apodized FBGs with an impressive SMSR of 31.5 dB. These
results demonstrate that SMSR and PDL have been optimized
sufficiently, benefiting for improving precise and stability of
sensing. However, the PbP WDM FBG array still has a main
problem, i.e., the low uniformity of each reflection peak,
which increases the difficulty in demodulation or even makes
it impossible to identify the reflection peaks [19], [22]. This
phenomenon mainly results from the insertion loss of each
grating and the deviation between the PbP RIM and the
core center (i.e., fluctuation in reflectivity). Therefore, it is
necessary to propose an efficient method for preparing the
high-quality WDM FBG array.

In this study, we developed the high-quality WDM FBG
array created by using femtosecond laser PbP inscription
method. Such a WDM FBG array features with uniform
reflectivity, low PDL, and high SMSR. The slit beam shaping
method is employed to reduce the birefringence of FBG,
decreasing the PDL of array. The precise control over the
position of PbP RIMs is used to achieve apodized profiles,
increasing the SMSR of array. The shutter controlled by the
FBG interrogator can be employed to create the WDM array
with uniform reflection. A high-quality WDM FBG array
consisting of ten gratings can be achieved by using the above-
mentioned methods. Moreover, eight arrays were packaged
by stainless steel micro tube, serving as high-temperature
sensors, which were fixed on a stainless-steel plate by means of
welding. High-temperature tests by using the furnace and the
flame projector were carried out. The temperature distributions
of the plate can be measured. These results show that such
a WDM FBG array is suitable for quasi-DTS in a short
range.

Fig. 1. Schematic of the high-quality WDM FBG array by using
femtosecond laser point-by-point technique. HWP, half-wave plate; GP,
Glan-Thompson prism; CCD, charge coupled device; and PC, personal
computer.

II. DEVICE FABRICATION AND CHARACTERIZATION

The principle and experimental setup used for fabricating
high-quality WDM FBG array by using femtosecond laser
PbP technology were exhibited in Fig. 1. A femtosecond
laser with a central wavelength of 515 nm, a pulsewidth
of 245 fs, a repetition rate of 1 kHz, and a laser spot
diameter of 3 mm was employed as the laser source. The
pulse energy was adjusted using a half-wave plate (HWP) and
a Glan-Thompson prism (GP). A 100× Leica oil-immersion
objective with a numerical aperture (N.A.) of 1.25 served as
the focusing element. Note that the index-matching oil was
applied to eliminate the distortion to the focus of the laser
induced by the cylindrical geometry of the fiber. An adjustable
mechanical slit (Thorlabs, VA100) was inserted in front of the
objective. The slit position and inclination were set to ensure
the normal incidence of beam center, and the slit orientation
was set to parallel to the fiber axis. The circular cross-sectional
patterns of RIM can be achieved, leading to low birefringence
and low PDL of PbP FBG. Moreover, the shutter controlled
by FBG interrogator (MOI Si255) was inserted in front of
the output of the femtosecond laser. The reflection spectrum
of FBG is measured by the interrogator. This device has
a wavelength range of 1510–1590 nm, i.e., the bandwidth
of 80 nm. The wavelength demodulation accuracy and the
demodulation speed are 2 pm and 5 kHz, respectively. During
the inscription process, when the reflectivity achieves the set
value, the shutter is closed immediately. The laser beam is cut
off. By using this method, the reflectivity of each grating can
be consistent. The single-mode fibers (SMFs, Corning SMF-
28e) were moved precisely using a 3-D air-bearing translation
stage (Aus-precision, QFL-100XY for the x- and y-axes and
RBN-Z-5 for the z-axis). The period of FBG depends on
the repetition rate and the velocity of translation stage. It is
flexible to fabricate WDM FBG array. Moreover, the apodized
modulation profiles can be realized precisely via control over
the transverse position of each laser-inscribed RIM, as shown
in Fig. 1, improving the SMSR of FBG.

At first, we investigated the effect of the use of the slit on the
PDL of the FBG. A PbP FBG S1 was inscribed without slit,
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Fig. 2. Corresponding transmission spectra of two orthogonal linear
polarization modes (TE and TM) and PDL spectra. (a) FBG S1 inscribed
without slit beam shaping and (b) FBG S2 inscribed using slit beam
shaping with a slit width of 2 mm.

and a PbP FBG S2 was inscribed by using the slit with a width
of 2 mm. Note that two FBGs have the same grating pitch of
1.070 µm and the same grating length of 2 mm. The on-target
pulse energy of 39 nJ was used to create these two samples.
The corresponding polarization-resolved transmission spectra
and PDL spectra were measured by using a Muller-matrix-
based commercial polarization analysis system, consisting of
a tunable laser (Keysight, 81940A), a polarization synthesizer
(Keysight, N7786B), and an optical power meter (Keysight,
N7744A). As shown in Fig. 2(a) and (b), these two FBGs
have the same Bragg wavelength of 1550 nm, similar dip
attenuation of about −4 dB. Note that the difference between
the Bragg wavelength of dip, and the birefringence, and
the maximum of PDL of S2 are 3 pm, 2.81 × 10−6, and
0.14 dB, which are much lower than that of S1 (i.e., 60 pm,
5.59 × 10−5, and 1.91 dB). This result demonstrates that the
PDL can be reduced efficiently since the RIM with circular
cross-sectional pattern can be achieved by using slit beam
shaping method [15].

Subsequently, we fabricated two FBGs (i.e., S3 and S4) by
using femtosecond laser PbP technology, and these samples
have the same grating pitch of 1.070 µm and the same grating
length of 2 mm. Note that S3 is a nominal PbP FBG, and S4
is an apodized FBG, in which the offset of the RIM from the
center of the core varies as Gaussian functions of the position
of the fiber axis. As shown in Fig. 3(a) and (b), the reflection
spectra of S4 exhibit the SMSR of 20.04 dB, which is higher
than that of S3 (i.e., 13.28 dB). As a result, by using slit beam
shaping method and the apodized method, the high-quality
reflection spectrum of PbP FBG can be realized, which is
beneficial to enhance the precise and stability in wavelength
demodulation.

Moreover, we fabricated WDM FBG arrays consisting of
ten FBGs (i.e., FBG1-FBG10) by using the slit beam shaping
method and the Gaussian-apodized approach. The distance
between adjacent gratings is 2 cm, and the on-target single
pulse energy used for fabricating these FBGs was 39 nJ. All of
them are type II gratings. The reflection intensity of each FBG

Fig. 3. Reflection spectra of (a) uniform FBG S3 and (b) Gaussian-
apodized FBG S4.

TABLE I
PARAMETER COMPARISON OF WDM FBGs ARRAY (FBG1–FBG10 )

Fig. 4. Corresponding reflection spectrum of WDM FBG array including
ten FBGs.

was controlled by the shutter. As shown in Fig. 4, the reflection
spectrum of array exhibits uniform intensity and high SMSR.
As displayed in Table I, the Bragg wavelength of these FBGs
is ranging from 1522 to 1585 nm. The 3-dB bandwidth and
the reflection intensity are about ∼0.40 nm and −21 dBm,
respectively. Note that the difference in reflection intensity is
less than 0.34 dB.

Subsequently, torsion and vibration are two most
widespread external perturbations in application environments,
which would hamper the stability of spectrum of FBG. Hence,
we further evaluated the effect of torsion and vibration on
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Fig. 5. Reflection spectra of the WDM FBG array (a) twisted with a
range of 0◦–180◦ or (b) vibrated with a frequency range of 0–90 Hz and
a random acceleration of 1–13 g.

the stability of the WDM FBG array. At first, the array
was twisted in a range of 0◦–180◦. As shown in Fig. 5(a),
compared with the blue curve (i.e., fiber without twisting),
the black curve (i.e., fiber twisted by 90◦) and the red curve
(i.e., fiber twisted by 180◦) exhibit no obvious change in the
intensity of the peak or the shift in the Bragg wavelength.
Some fluctuations in the intensity of the bottom of spectrum
can be observed, which has no effect on the SMSR of FBG.
The reflection peak of FBG10 was zoomed in and shown in the
inset of Fig. 5(a). Three curves were completely overlapping.
This means that the spectrum exhibits excellent stability when
the FBG array was twisted with various angles. This benefits
from the low PDL of array. In addition, the vibration test was
carried out by employing the system consisting of a signal
generator, charge amplifier, accelerometer, vibration stage,
and oscilloscope. The array was fixed to the vibration stage.
The range of vibration frequency was set as 0–90 Hz. The
vibration acceleration was varied randomly ranging from 1 to
13 g (g ≈ 9.8 m/s2). As shown in Fig. 5(b), the intensity of
these reflection peaks at various vibration frequencies (i.e.,
60 and 90 Hz) exhibits no obvious change. The fluctuations
merely exist at the bottom of spectrum, but the reflection
peak has a red shift of 86 pm, as displayed in the inset of
Fig. 5(b). The reason for this phenomenon is that the FBG
fixed on the stage would be stretched slightly when it is
subjected to vibration. This problem can be solved by using
a stress-free packaging structure.

III. HIGH-TEMPERATURE CHARACTERISTICS

The bare WDM FBG array is fragile in actual environment.
A 316l stainless steel tube can suffer 800 ◦C for long term
and even temporarily endure temperatures of up to 1200 ◦C.
Moreover, this tube exhibits high ductility for easy installation,
while it maintains high mechanical strength, ensuring reliable
protection, and hence, we used this tube with a diameter of
0.8 mm to package array, serving as quasi-distributed temper-
ature sensors. Note that the FBG array was not connected to

TABLE II
FITTING COEFFICIENTS OF THE FBG ARRAY SENSOR

USING A CUBIC FUNCTION

the inner surface of the tube by using adhesive or welding,
eliminating the influence of external stress. To improve the
stability of the sensors, the annealing process at 800 ◦C for
30 h was implemented, and then, the temperature response was
tested by placing the arrays into a tube furnace (Panran, Gero
EST12/300). In order to achieve accurate in situ temperature
measurement, ten K-type thermocouples were placed along
each FBG to record the temperature as a reference. The
accuracy of such a thermometer is ±0.25%T , where T is
the measured temperature. The temperature in the furnace
varied from 20 ◦C to 700 ◦C and was maintained for 30 min
at each measurement point. During the calibration process,
we recorded the Bragg wavelength of array and corresponding
temperature. The complete high-temperature response of the
FBG array is displayed in Fig. 6(a). The temperature sensi-
tivity of FBG can be expressed as 1λB /1T = λB(α + ξ),
where λB is the Bragg wavelength and α and ξ are the thermal
expansion coefficient and the thermal optical coefficient of the
fiber material, respectively [23]. The temperature sensitivity of
FBG is not the constant. When the temperature increases, the
Bragg wavelength exhibits a red shift and the slope increases.
Hence, a third-order polynomial curve: λB = A + B × T +

C × T 2
+ D × T 3 was employed to evaluate the temperature

response. Note that the fit curve of FBG10 only reached
400 ◦C, since the reflection peak of FBG10 shifted out of
the wavelength range of the interrogator. The curve with high
fitness (R2

= 0.999) was realized. The fitting parameters (i.e.,
A–D) of the various curves of the FBG array are demonstrated
in Table II. For each FBG with the same Bragg wavelength in
the different array, we use the same fitting curve. As shown in
Fig. 6(b), ten arrays, including 80 FBGs, exhibit the slightly
large temperature uncertainty of ±5 ◦C. This results mainly
from the dispersion of the Bragg wavelength, even if the same
fabrication parameters are used. The temperature uncertainty
can be reduced, when each FBG has its own dedicated fitting
curve. However, this method would hinder the widespread
adoption of FBG sensors. The fundamental solution to this
problem lies in overcoming the challenge of improving Bragg
wavelength consistency during the fabrication process of FBG.

Here, we employed the eight packaged FBG arrays to
measure the temperature distribution of the 316l steel plate
with a width of 10 cm and a length of 20 cm. Eight FBG
arrays can serve as 80 measuring points [i.e., red circular
plotted in Fig. 7(a)]. The layout of the FBG sensors on the
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Fig. 6. Study of temperature calibration of the WDM FBG array
at elevated temperatures ranging from room temperature to 700 ◦C.
(a) Temperature response with polynomial fit curves of ten FBGs.
(b) Temperature error of ten FBGs at 25 ◦C, 300 ◦C, 500 ◦C, and 700 ◦C.

Fig. 7. (a) Schematic and (b) image of the 316l plate with eight
packaged WDM FBG array sensors fixed on the surface.

front plate of the 316l plate is shown in Fig. 7(b). By covering
a slender 316l steel onto the sensor and welding it to the plate,
the sensor can be attached to the plate. The slender with the
width of 8 mm was placed between two adjacent gratings,
but it did not cover the gratings. This method can prevent
the sensors from being damaged by the welding process.
Moreover, the tight connection ensures that the heat of the
plate is quickly transferred to the sensor, thereby improving
the response speed. The interrogator (MOI Si255) and the 1 ×

8 optical switch module were employed for demodulation of
eight FBG arrays.

The 316l plate was placed in the Muffle furnace. Temper-
ature varies from room temperature to 700 ◦C. By using the
fitting curves of sensors, temperatures of eighty measurement
points can be obtained. The 2-D interpolation algorithm was
employed to compute the temperature gradients, and the con-
tour points were taken into account for boundary conditions at
this algorithm. Then, by using the temperature data measured
by FBGs, the temperature distribution of the plate can be
achieved. When the plate was placed at various temperatures
of 26 ◦C, 350 ◦C, 550 ◦C, and 700 ◦C, the temperature
distributions represented by a relative colormap were shown in

Fig. 8. Temperature distribution of the 316l steel plate. Maximum
temperatures of around (a) 26 ◦C, (b) 350 ◦C, (c) 550 ◦C, and (d) 700 ◦C.

Fig. 9. Stability of the FBG1, FBG5, and FBG9 of array5 at a
temperature above 700 ◦C over 40 h.

Fig. 8(a)–(d). In case of 26 ◦C, the maximum of temperature
different is merely 4 ◦C, resulting from the measurement error
of the FBG sensors. When the furnace temperature increases
to 350 ◦C, the maximum of temperature difference exhibits
a significant increase (i.e., ∼40 ◦C). This reason for this
phenomenon is that the heating zone of the furnace is not
uniformity. When the temperature further increases to 550 ◦C
and 700 ◦C, the different of temperature distribution exhibits
a decrease of 35 ◦C and 30 ◦C, respectively, resulting from
the more uniform temperature field of the furnace at high
temperatures of up to 500 ◦C. These results demonstrated that
the proposed WDM FBG array is fully capable of measuring
the temperature distribution of a plate.
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Fig. 10. Cycling temperatures test between 400 ◦C and 700 ◦C of
FBG1, FBG5, and FBG9 of array5. (Insets) Temperature fluctuations
recorded by FBG5 at (a) 700 ◦C and (b) 400 ◦C.

Fig. 11. (a) 316l plate with eight packaged WDM FBG array sensors
fixed on the surface was heated by using the flame projector. Images of
(b) front surface and (c) back surface of the plate burned by the flame.

A 40-h, 700 ◦C stability test was carried out by using the
316l plate with FBG array. The evolutions of temperature
measured by FBG1, FBG5, and FBG9 of array5 were shown
in Fig. 9. The means of temperatures measured by these FBGs
are 698 ◦C, 693 ◦C, and 688 ◦C, respectively. The deviations
of the measured temperatures are 1.4 ◦C, 2.2 ◦C, and 2.3 ◦C,
resulting from the fluctuations in temperature field of muffle
furnace. Hence, the proposed FBG array exhibits an excellent
long-term high thermal stability. Moreover, the repeatability
of FBG array was investigated via cycling temperatures test.
At first, the temperature increased to 700 ◦C and was main-
tained for 20 min, and then, it decreased to 400 ◦C. Five cycles
were performed. The temperatures recorded by FBG1, FBG5,
and FBG9 of array5 have been displayed in Fig. 10. To further

Fig. 12. Temperature distribution of the plate was measured by using
eight FBG arrays when the flame burns (a1)–(a3) front surface and
(b1)–(b3) back surface of the plate by using the flame projector. Dis-
tances between the pate and the projector were set as 11, 12, and
13 cm, respectively.

observe the detail of the temperature curve, the fifth cycle
recorded by FBG5 of array5 is zoomed in, as shown in the
insets (a) and (b) of Fig. 10. The fluctuations in temperature
at high temperature point (i.e., 700 ◦C) and low temperature
point (i.e., 400 ◦C) is 0.67 ◦C and 0.79 ◦C, respectively. These
experimental results demonstrate that these FBGs have the
good repeatability in temperature measurements.

Moreover, the 316l plate was heated by using the flame
projector, as shown in Fig. 11(a). The local high-temperature
region can be achieved. At first, the flame burns the front
surface of the plate, where the sensor is installed, as displayed
in Fig. 11(b). The projector was placed at varying distances
(i.e., 11, 12, and 13 cm) from the plate. As shown in
Fig. 12(a1)–(a3), the maximum temperature exceeds 1050 ◦C,
and the maximum temperature gradient is up to 200 ◦C/cm in
these three colormaps, and the red region (i.e., its temperature
of up to 800 ◦C) exhibits obviously expansion with decreasing
distance of 13, 12, and 11 cm. This is because more heat is
transferred to the plate and the sensors, when the projector
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Fig. 13. Evolution of temperature was measured by the WDM FBG
array4, when (a) front surface and (b) back surface of the plate were
heated by using the flame projector. Distance between the projector and
the plate was set as 11 cm.

approaches the plate. Notably, in the heating process, the
temperature increased quickly, as shown in Fig. 13(a). The
temperature rises from room temperature to 1061 ◦C measured
by the FBG5 sensor of array4, which costs only 0.049 s, and
then, the projector was closed, the temperature dropped. The
heating and cooling process was completely recorded. These
results demonstrate that the proposed FBG array sensors can
suffer the thermal shock and measure temperature stably.

However, when the flame burns the front surface of the
plate (i.e., the surface installed with the sensors), both the
sensors and the plate were heated simultaneously by the flame.
In other words, the temperature of the flame and the plate was
measured by the sensors. Then, the temperature distribution
of the plate cannot be measured precisely. As displayed in
Fig. 11(c), the flame burns the back surface of the plate with
decreasing distance (13, 12, and 11 cm). As illustrated in
Fig. 12(b1)–(b3), the temperature regions exhibit “smoother.”
The maximum temperature and the gradient have shown a
significant decrease (i.e., 550 ◦C and 88 ◦C /cm), which
are half of the values demonstrated in Fig. 12(a1)–(a3). This
results from that the sensors will be heated slowly when
the flame burns the back surface of the plate. As shown in
Fig. 13(b), the heating process costs 0.19 s, which is indeed
slower than that observed in Fig. 13(a). In this test, without
interference from the flame, the temperature distribution of the
316l plate can be measured precisely.

IV. CONCLUSION

In this work, we have reported on the high-quality WDM
FBG array inscribed by using femtosecond laser PbP inscrip-
tion method for quasi-distributed temperature sensing. Such
a WDM FBG array, featuring with uniform reflectivity (i.e.,
difference of less than 0.34 dB), low PDL of 0.14 dB, and
high SMSR of more than 15 dB, was fabricated with the
shutter, the slit, and the precise control over the position
of RIMs. Moreover, these FBG arrays packaged by stainless
steel microtube serve as high-temperature sensors, which were
welded on the 316l steel plate. High-temperature tests were

carried out by using the furnace and the flame projector. The
experimental results show that such FBG arrays with excellent
long-term high thermal stability and good repeatability in
temperature measurements can be employed for measuring the
temperature distribution of plate. Moreover, it can survive and
work stably in rapid heating processes, such as a 1000 ◦C
temperature spike in just 0.049 s. Therefore, the packaged
WDM FBG array is a promising sensor, which can be used
for quasi-distributed high-temperature measurement in various
fields, such as power plants, gas turbines, and hypersonic
vehicles.
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