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Abstract: A high-quality π-phase-shifted fiber Bragg grating (PSFBG) was inscribed in
conventional single-mode fiber by use of femtosecond laser direct writing technology to
demonstrate a high-precision temperature sensor. During grating inscription, the slit beam
shaping technique was employed to reduce the 3 dB bandwidth of the grating’s phase-shifted
peak from 12.0 pm to 4.8 pm, thereby significantly enhancing the wavelength resolution of the
fiber Bragg grating. Such a PSFBG exhibited a temperature sensitivity of 10.71 pm/°C, with an
average standard deviation range of 0.005–0.016 °C for temperature measurements. This PSFBG
represents a highly promising temperature sensor, featuring a minimum temperature resolution
of 0.01 °C and a maximum temperature uncertainty of 0.016 °C. This outstanding performance
is primarily attributed to the reduction of the PSFBG’s birefringence from 5.607× 10−5 to
2.247× 10−6 using the slit beam shaping technique, which substantially enhances the stability of
the resonant wavelength of the grating’s phase-shifted peak and the measurement accuracy of the
fiber Bragg grating temperature sensor.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Environmental temperature is a critical parameter in real-time health monitoring of intelligent
engineering structures, as subtle temperature changes can induce significant measurement
errors in other parameters. In addition, high-precision temperature measurement and control
are key factors in ensuring product quality and process stability in fields such as industrial
manufacturing, electronics and semiconductors, biomedicine, environmental monitoring, and oil
well exploration. Therefore, it is urgent to achieve high-resolution and high-precision temperature
measurement. Conventional electrical temperature sensors offer relatively high precision but
suffer from large size and vulnerability to electromagnetic interference, limiting their use in
complex electromagnetic environments. Fiber optic sensors, characterized by small size, light
weight, and electromagnetic interference immunity, have been widely adopted in precision
measurement applications [1–4]. Among them, fiber Bragg gratings (FBGs) are typical fiber
optic temperature sensors. However, conventional FBGs exhibit relatively large 3 dB bandwidths,
leading to low wavelength resolution and thus limited temperature measurement precision. While
increasing the grating length (number of periods) can narrow the 3 dB bandwidth, long FBGs
may introduce chirp effects in practical use, degrading measurement accuracy [5].

Phase-shifted fiber Bragg gratings (PSFBGs), with their unique refractive index modulation
profiles, feature ultra-narrow phase-shifted peaks in transmission spectra [6–11]. The 3 dB
bandwidth of these peaks is typically one to two orders of magnitude smaller than the reflection
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peaks of conventional FBGs with the same length, enabling temperature sensors with higher wave-
length resolution and significantly improved temperature measurement precision [12–18]. For
example, Chen [13] demonstrated high-resolution simultaneous measurement of temperature and
strain using a π-phase-shifted FBG in a polarization-maintaining fiber, achieving a temperature
resolution (standard deviation) of 0.0014 °C over a stable data segment. However, using the
standard deviation of the most stable data segment as the sensor resolution is inappropriate for
practical engineering applications. Sun [19] reported that the average temperature precision of an
FBG and PSFBG integrated into an optical frequency domain reflectometry, is 0.13 and 0.05 °C,
respectively. And the minimal temperature precision achieved by the PSFBG is 0.01 °C 0.105
pm, which is approximately one-eighth of the precision of FBG.

In this work, a π-phase-shifted FBG was written in a conventional single-mode fiber using
femtosecond laser point-by-point technology. Slit beam shaping was employed to reduce the
maximum polarization independence loss (PDL) from 25.6 to 2.9 dB and narrow the 3 dB
bandwidth of the phase-shifted peak from 12.0 to 4.8 pm, significantly enhancing the wavelength
resolution in temperature measurement. Moreover, a polarization analysis system with picometer-
level wavelength resolution and a thermostatic water bath were used to accurately characterize
the temperature response of the PSFBG, achieving a temperature sensitivity of 10.71 pm/°C.
High-resolution temperature measurement was demonstrated with a minimum temperature
resolution of 0.01°C and a maximum temperature uncertainty of 0.016°C.

2. Fabrication of phase-shifted fiber Bragg gratings

The experimental setup for writing PSFBGs using femtosecond laser point-by-point technology
is shown in Fig. 1. A femtosecond laser (Pharos PH1-10, Light Conversion) with a wavelength
of 513 nm, pulse width of 290 fs, single-pulse energy of 30 nJ, and repetition rate of 20 kHz
was employed. Femtosecond laser beam is focused onto the core of an unstripped optical
fiber, through a mechanical slit and a shutter. A mechanical slit with a width adjustment range
from 0 to 5 mm was used for beam shaping to adjust the refractive index modulation area
[20]. A Corning SMF-28 fiber was clamped on a high-precision 3D translation stage (Aerotech
ABL15010, ANT130LZS, and ANT130V-5), which moved the fiber at a constant speed of 0.1
mm/s to ensure uniform grating periods. The fiber core was observed using an oil-immersion
microscope objective (Leica 100×, NA= 1.25), in which both the microscope objective and
fiber were immersed in refractive-index-matching oil to minimize distortion caused by the fiber
curvature.

The femtosecond laser point-by-point method offers flexibility in adjusting grating parameters
such as period, number of periods, resonant wavelength, and reflectivity, making it suitable for
fabricating high-quality PSFBGs [21–24]. The grating period was controlled by the shutter
frequency and fiber translation speed, while the refractive index modulation in the fiber core
was determined by the laser repetition rate, single-pulse energy, and shutter open time. The
fabrication process involved three steps:

(1) Writing 20,000 grating periods with a pitch of 0.534 µm in the fiber core, as shown in
Fig. 1(b);

(2) Achieving a π-phase shifted by moving the fiber 0.267 µm axially with the laser shutter
closed (corresponding to 0.5 grating periods);

(3) Writing another 20,000 grating periods with the shutter open.

During inscription, the transmission spectrum of the PSFBG was monitored using an ASE
broadband light source (FiberLake YS1909) and an optical spectrum analyzer (Yokogawa
AQ6370C, wavelength resolution: 0.02 nm).
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Fig. 1. (a) Experiment setup for PSFBG fabrication by the femtosecond laser point-by-
point and slit beam shaping technology, (b) refractive index modulation area induced by
a femtosecond laser with slit beam shaping technology, (c) RIM cross-section schematic
diagram of two PSFBG samples written without/with slit beam shaping technology, inset: a
mechanical silt applied.

A polarization analysis system with higher wavelength resolution (0.1 pm) was used to
characterize the PSFBG transmission spectrum and phase-shifted peak bandwidth. This system
comprised a tunable laser source (Keysight N7776C), a polarization analyzer (Keysight N7788C),
and an optical power meter (Agilent N7744A), enabling measurement of the transmission spectra
of two orthogonal linear polarization modes (TE and TM) and PDL. As shown in Fig. 2(a), the
initial PSFBG exhibited a distinct phase-shifted peak at 1548.33 nm with a 3 dB bandwidth
of 12.0 pm, an insertion loss of 0.25 dB at 1555.00 nm, and a Bragg wavelength separation of
40.3 pm between TE and TM modes, indicating significant birefringence in the grating. The
birefringence was calculated as 5.607× 10−5 using the formula:

∆nB = ∆λ/Λ (1)

where Λ is the grating pitch and ∆λ is the Bragg wavelength difference between TE and TM
modes [10,20]. The large birefringence in point-by-point written FBGs arises from the elliptical
RIM [25], induced by focused femtosecond laser pulses, in the fiber core cross-section, as shown
Fig. 1(c). As described in Refs. [20,25], the birefringence calculation result in the grating with
an elliptical or asymmetric RIM via easy formula (1) is highly consistent with the complicated
full-vector simulation result. Hence, the formula (1), rather than the full-vector simulation, is
employed to calculate the birefringence in the PSFBGs.

The slit beam technology involves modifying the beam prior to reaching the objective lens by
introducing a slit. The focused beam waist along each axis depends on the numerical aperture
(NA) along that axis, where the NA is determined by the objective focal length (f ) and the beam
diameter along each axis (Dx, Dy) [25]. The waist radius of the focused beam after passing
through the objective lens is:

ωoi =
λ

πNAi
≃
λ

π

f
Di

,∀i = {x, y} (2)

To increase the focused beam waist (ωoy) along the Y-axis, the beam diameter (Dy) along the
Y-axis has to be reduced. So, the mechanical width-adjustable slit was oriented along the X- axis
to change the beam diameter (Dy), as shown in Fig. 1, and the slit width defines the value of Dy.
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Fig. 2. Transmission spectrum and polarization dependence loss of two PSFBG samples
written by the femtosecond laser point-by-point technology (a) without a slit and (b) with a
0.85 mm width slit.

Moreover, to achieve a circular focused spot on the YZ plane after the objective lens, the incident
beam diameters, Dx and Dy along the X and Y-axis must meet the following formula [25],(︄

1 +
D4

x

D4
y

)︄
(1 + αD2

y) = 4, α =
ln(2)
2n2f 2 (3)

If the refractive index of n= 1.45 and the focal length of f = 8 mm are adopted, as shown in
Fig. 3, the relationship curve between Dx/Dy and Dx is simulated when a circular focused spot is
observed on the YZ plane.

Fig. 3. Numerical simulation of the relationship curve between Dx/Dy and Dx when a
circular focused spot is observed on the YZ plane.

Subsequently, we carried out further simulations on the light field distribution of the focused
laser spot on the YZ plane under different Dx/Dy ratios of 1, 4, 6.71, and 10 when the incident
laser beam diameter of Dx = 5.70 mm. It can be observed from Fig. 4 that as the Dx/Dy ratio
increases, the focused spot expands along the Y direction, while there is no significant change
along the Z direction. Obviously, while the Dx/Dy ratios is 6.71, a circular focused spot is
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observed on the YZ plane, as show in Fig. 4(c). In other words, the slit width, i.e. Dy, is required
to be adjusted to 0.85 mm in order to achieve a circular focused spot.

Fig. 4. Numerical simulation of the light field distribution of the focused laser spot on the
YZ plane, where Dx = 5.70 mm, and the ratio of Dx / Dy is (a) 1, (b) 4, (c) 6.71, and (d) 10,
respectively.

The spot radii along the y and z axes after focusing are given by:

ωy =
fλ
πWy

,ωz =
fλ
πWz

(4)

where Wy and Wz are the beam waists along the y and z axes, f is the objective focal length, and
λ is the laser wavelength [1]. So narrower beam waists lead to larger focal spot diameters. In
our experiments, using slit beam shaping (Fig. 1(a)), the focal spot size in the y-direction was
expanded to make the RIM cross-section nearly circular, reducing birefringence, as shown in
Fig. 1(c).

To verify the effectiveness of slit shaping technology in adjusting the refractive index
modulation region, the ends of two PSFBG samples were observed via an optical microscope
(Leica DM2700M). As shown in Fig. 5(a), the Y and Z dimensions of the RIM cross-section of a
PSFBG sample written by the femtosecond laser technology without a slit were measured to be
2.91 and 0.85 µm, respectively. In contrast, as shown in Fig. 5(b), the Y and Z dimensions of
the RIM cross-section of another PSFBG sample written by the femtosecond laser technology
with a 0.85 mm width slit were measured to be 1.56 and 1.45 µm, respectively. Obviously, the
RIM cross-section of the PSFBG sample after shaping was adjusted to an approximate circular
spot. As shown in Fig. 2(b), therefore, the Bragg wavelength separation between TE and TM
modes was reduced to 1.2 pm after shaping, with a maximum PDL of 2.9 dB and birefringence
of 2.247× 10−6 (calculated via (1)). The 3 dB bandwidth of the transmission spectrum narrowed
to 4.8 pm, enhancing the wavelength resolution for temperature sensing.

Moreover, to validate the reproducibility of the PS-FBG inscription method above, five PS-
FBGs were successfully inscribed under identical fabrication parameters (grating pitch: 0.534 µm,
total period number: 40000, π-phase shift: 0.267 µm at 20000th period, laser wavelength: 513
nm, pulse width: 290 fs, single-pulse energy: of 30 nJ, and repetition rate: 20 kHz). As
summarized in Table 1, all five inscribed grating samples (S1-S5) exhibited nearly identical
characteristics, including resonant wavelength (λB), reflectivity (R), 3 dB bandwidth (BW), PDL,
and birefringence (∆nB). These results conclusively demonstrate the high repeatability of our
slit-beam-shaped femtosecond laser grating fabrication technique.
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Fig. 5. Cross-section microscope images of two PSFBG samples written by the femtosecond
laser point-by-point technology (a) without a slit and (b) with a 0.85 mm width slit.

Table 1. Characteristics of the five PSFBGs inscribed under identical fabrication parameters

PSFBG λB /nm BW/pm PDL/dB ∆nB/10−6

PSFBG1 1549.704 4.8 2.9 2.247

PSFBG2 1549.716 5.1 3.3 3.135

PSFBG3 1549.722 4.9 3.1 2.925

PSFBG4 1549.712 5.0 3.2 3.012

PSFBG5 1549.698 4.8 3.1 2.544

3. Temperature characteristics of phase-shifted fiber Bragg gratings

In order to verify that the PSFBG written by use of a femtosecond laser with the slit beam shaping
technique can bring higher precision sensing capability, we conducted temperature response
characteristic testing experiments on PSFBG. The temperature response of the PSFBG was
characterized by use of a polarization analysis system with a wavelength resolution of 0.1 pm.
The polarization analysis system consists of a tunable laser (Keysight N7776C), polarization
analyzer (Keysight N7788C), optical power meter (Agilent N7744A), as shown in Fig. 6. A
thermostatic water bath and a high-precision platinum thermometer (YET-720L) were employed
to adjust and measure the grating temperature. The PSFBG was placed inside the water bath, with
the high-precision platinum thermometer positioned nearby to monitor the actual temperature
at the grating location, compensating for differences between the set temperature and the true
temperature.

Fig. 6. Experimental setup of high-precision temperature sensing based on the PSFBG.

The water bath temperature was increased from 20 °C to 70 °C in 5 °C increments. At each
temperature, the resonant wavelength and transmission spectrum of the PSFBG were measured
using the polarization analysis system. To reduce measurement uncertainty, each wavelength
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was recorded five times at 1-minute intervals. Figure 7 shows the resonant wavelength shift with
temperature, yielding a temperature sensitivity of 10.12 pm/°C and a determination coefficient
R2 = 0.999, indicating a strong linear relationship.

Fig. 7. Temperature response characteristics of PSFBG resonant wavelength.

To evaluate accurately the PSFBG’s high-precision sensing capability, the water bath tem-
perature was varied from 55.0 °C to 55.5 °C in 0.05 °C increments. The true temperature was
measured using a high-precision platinum thermometer (accuracy: 0.001 °C). The polarization

Fig. 8. Transmission spectrum evolution of the PSFBG with the temperature increase from
55.00 ℃ to 55.50 ℃ with a step of 0.05 ℃ while the (a) first, (b) second, and (c) third
temperature experiment was done. The insets are the evolution of the phase shifted peak of
the PSFBG.
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analysis system with high wavelength resolution (0.1 pm) was used to characterize the trans-
mission spectrum of the PSFBG. At each temperature, the transmission spectrum and resonant
wavelength of the PSFBG were recorded five times at 1-minute intervals to reduce measurement
uncertainty. Three repeated tests were conducted to assess repeatability and reliability of the
PSFBG temperature response characteristics.

Figure 8 shows the transmission spectra during the three tests, with the inset indicating a
consistent redshift of the phase-shifted peak with increasing temperature. Figure 9 plots the
resonant wavelength versus temperature for each test, yielding sensitivities of 10.53, 10.88, and
10.72 pm/°C, with R2= 0.9991, 0.9993, and 0.9997, respectively. Thus, the average temperature

Fig. 9. Resonant wavelength of the PSFBG with the temperature increase from 55.00 ℃
to 55.50 ℃ with a step of 0.05 ℃ while the (a) first, (b) second, and (c) third temperature
experiment was done.

Fig. 10. Measured temperature standard deviation of the PSFBG at each temperature from
55.00 ℃ to 55.50 ℃ with a step of 0.05 ℃ while the (a) first, (b) second, and (c) third
temperature experiment was done.



Research Article Vol. 33, No. 18 / 8 Sep 2025 / Optics Express 39115

sensitivity of the PSFBG was 10.71 pm/°C. The measured temperature values and their standard
deviations are shown in Fig. 10, with standard deviation ranges of 0.004–0.013 °C, 0.005–0.015
°C, and 0.006–0.020 °C for the three tests. Thus, the average standard deviation range was
0.005–0.016 °C, leading to a maximum temperature uncertainty of 0.016 °C. Moreover, the
phase-shifted peak of the PSFBG was measured by the polarization analysis system with a high
wavelength resolution of 0.1 pm. The temperature resolution of the PSFBG sensor is calculated by
use of the wavelength resolution (0.1 pm) of the polarization analysis system and the temperature
sensitivity (10.71 pm/℃) of the PSFBG, e.g. 0.1 pm ÷ 10.71 pm/℃= 0.0093 ℃ ≈ 0.01 ℃.
Thus, the temperature resolution of our proposed PSFBG sensor was achieved to be 0.01 °C,
which reflects the minimum distinguishable temperature change of the grating sensor.

The measurement accuracy of optical fiber grating temperature sensors mainly depends on the
wavelength resolution of the grating and the anti-interference ability of the resonant wavelength.
We utilized the femtosecond laser slit beam shaping technology to reduce the 3 dB bandwidth of
the phase-shifted peak of the PSFBG from 12.0 pm to 4.8 pm, thereby improving the wavelength
resolution by an order of magnitude. Moreover, the birefringence of the PSFBG was reduced
from 5.607× 10−5 to 2.247× 10−6, which significantly enhanced the anti-interference ability (i.e.,
wavelength stability) of the resonant wavelength during the temperature measurement process.
As a result, the maximum uncertainty of the PSFBG temperature measurement was reduced to
0.016 °C. It can be seen that the developed PSFBG temperature sensor has excellent temperature
resolution and measurement accuracy.

4. Conclusion

We demonstrated the inscription of a high-quality π-phase-shifted fiber Bragg grating using
femtosecond laser point-by-point technology with slit beam shaping, reducing PDL from 25.6
dB to 2.9 dB and narrowing the 3 dB bandwidth of the phase-shifted peak from 12.0 pm to
4.8 pm, thereby enhancing wavelength resolution. The temperature response of the PSFBG
was characterized using a polarization analysis system and thermostatic water bath, achieving
a sensitivity of 10.71 pm/°C and demonstrating high-precision measurement with a minimum
resolution of 0.01°C and maximum uncertainty of 0.016°C. This is primarily attributed to
the reduction of the PSFBG’s birefringence from 5.607× 10−5 to 2.247× 10−6 using the slit
beam shaping technique, which greatly enhances the stability of the resonant wavelength of the
phase-shifted peak and the measurement accuracy of the grating temperature sensor. Moreover,
the femtosecond-laser-inscribed grating sensor can withstand a high temperature and have
excellent long-term thermal stability and repeatability [26]. Therefore, these results highlight the
PSFBG’s potential for high-resolution and high-precision temperature sensing in applications
such as semiconductor manufacturing, biomedicine, and oil well exploration.
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