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Broadband and High-Filtering-Efficiency
Band-Rejection Filters Fabricated Using

Femtosecond Laser Line-by-Line Technology
Yu Fan , Weijia Bao , Cailing Fu , Changrui Liao , and Yiping Wang

Abstract—We have proposed and experimentally demonstrated
a broadband-adjustable band-rejection filter based on a chirped
and tilted fiber Bragg grating (CTFBG). The CTFBG is fabricated
using femtosecond laser line-by-line technology. By precisely con-
trolling the tilt angle, chirp rate, and pitch of the CTFBG, the filter’s
parameters such as wavelength, bandwidth, and efficiency can be
flexibly customized. Through increasing the length of CTFBG, the
large bandwidth and ultra-high filtering efficiency at the specific
wavelength can be realized simultaneously. The proposed filter
exhibits adjustable bandwidth ranging from 51 nm to 112 nm, low
insertion loss (<1 dB), high filtering efficiency (up to >99.99%),
and negligible back-reflection (<−30 dB). Moreover, the filters
are insensitive to temperature, axial strain, and bending variations,
which demonstrates their excellent spectral stability and robustness
against disturbances.

Index Terms—Band-rejection filter, chirped and tilted fiber
bragg grating, femtosecond laser, line-by-line.

I. INTRODUCTION

F IBER Bragg grating (FBG) has been widely used in com-
munication, sensing, laser technology and other applica-

tions as a band-rejection filter in recent years. In previously
reported works, the commonly used fiber band-rejection fil-
ters were mainly focused on uniform FBG (UFBG) [1], [2],
chirped FBG (CFBG) [3], [4], tilted FBG (TFBG) [5], [6]
and long-period fiber grating (LPFG) [7], [8]. However, the
UFBG and CFBG are difficult to match the filtering application
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requirements of large bandwidth (hundred-nanometer level) due
to their limited filtering bandwidth [1], [4]. And, although TFBG
and LPFG have broadband filtering capabilities, the TFBG is
limited by its non-smooth comb-like spectrum, which leads to
a low filtering slope-efficiency [6], and the LPFG is limited by
its over-sensitivity to the external environment, resulting in its
unstable filtering characteristics [7]. Therefore, the above de-
vices are difficult to achieve high-quality band-rejection filtering
applications. Chirped and tilted fiber Bragg grating (CTFBG)
could offer another interesting choice for such applications.
The CTFBGs have the advantages of large filtering bandwidth
(up to more than 100 nm), high filtering slope efficiency and
exceptional broadband tunability, which makes them increas-
ingly used in high-quality band-rejection filtering, edge filtering,
and gain equalizers [9], [10], [11]. At present, the mainly used
fabrication technology of CTFBG is ultraviolet (UV) laser phase
mask technology [12], [13], which has the advantages of mature
fabrication process and relatively low cost. However, hydrogen
loading, which is a time-consuming and high-risk procedure of
this technology, is an inevitable process before the fabrication of
FBG [14], [15]. In addition, due to the opacity of the fiber coating
to the UV laser, the coating must be stripped before fabrication,
resulting in a decrease in the mechanical strength and toughness
of the fiber device, which is not conducive to the practical appli-
cation in a variety of complex environment filtering applications
[12], [13], [14], [15], [16]. Moreover, the use of a phase mask
makes most of the parameters of the CTFBG usually fixed and
cannot be changed [10], [13]. Femtosecond laser direct writing
technology is regarded as a promising alternative to the UV
laser phase mask technology. It is such a flexible and adjustable
technology, which can directly fabricate fiber devices through
the coating. In recent years, it has been widely used in the
fabrication of FBG devices [17], [18]. Femtosecond laser direct
writing technology mainly includes three methods, i.e., point-
by-point [19], line-by-line (LBL) [20] and plane-by-plane [21].
Duan et al. demonstrated the plane-by-plane inscription of CTF-
BGs using a femtosecond laser slit-shaping technology, but the
non-uniform modulation resulted in relatively high insertion loss
in the fabricated devices [22]. Among other methods, the LBL
technology is considered a promising method for fabricating
high-quality CTFBGs due to its precision and flexibility in tilt
angle control, as well as its ability to maintain low insertion loss.

In this letter, high-filtering-efficiency and broadband-
adjustable band-rejection filters based on CTFBG were directly
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Fig. 1. Schematic diagram for fabricating CTFBG in SMF using femtosecond
laser LBL technology. Inset: Top-view and side-view microscope images of a
fabricated CTFBG in SMF.

fabricated using femtosecond laser LBL technology without
any additional processing. The obtained CTFBGs exhibit low
insertion loss (<1 dB), large and adjustable filtering bandwidth
(51 nm–112 nm), high filtering efficiency (up to>99.99%) and a
negligible back-reflection (<−30 dB). We experimentally veri-
fied that the fabrication parameters of CTFBGs such as pitch, tilt
angle and chirp rate could be flexibly controlled based on LBL
technology, so as to achieve the customization of spectral pa-
rameters such as wavelength, bandwidth, and filtering efficiency.
Moreover, the experimental results show that this filter is insen-
sitive to temperature, axial strain and bending. The CTFBGs
fabricated by LBL technology show significant improvements
in spectral tailoring and coating maintaining, making it a great
candidate for high-quality band-rejection filtering, edge filters
and gain equalizers.

II. EXPERIMENTAL SETUP AND PRINCIPLE

As shown in Fig. 1, the CTFBGs were fabricated by using a
femtosecond laser (Pharos, Light-Conversion) with a pulse du-
ration of 290 fs, a central wavelength of 514 nm, and a repetition
rate of 200 kHz in a single-mode fiber (SMF, YOFC, G652D)
with a core diameter of 9 μm through a 100x oil-immersion
objective (NA = 1.25). The SMF was fixed on an assem-
bled 3D high-precision air-bearing translation stage (Aerotech
ABL1500-100, ABL1500-100, and ANT130V-5) which can
move the fiber towards x, y and z-axis. Here, by precisely con-
trolling the 3D translation stage and femtosecond laser through
programming, the LBL technology was realized to fabricate
CTFBGs. The process of fabricating a CTFBG is as follows:
First, the femtosecond laser is focused 2.5 μm outside the core
boundary and inscribes a tilted line with a tilt angle of θ along
the positive directions of the x-axis and y-axis, where the line
has a component of 14 μm in the y-axis direction. Subsequently,
the translation stage moves back to the origin and then shifts a
distance of Λ1 along the x-axis to inscribe the next line with the
same parameters. After that, the translation stage moves back
again and shifts a distance of Λ2 along the x-axis to inscribe
the following line. By repeating the above-mentioned process,
a CTFBG composed of n modulation lines could be finally
obtained, where the intervals between each line, Λ1, Λ2, …,

Λn-1, are increased linearly. The grating parameters, including
pitch of Λ, tilt angle of θ, chirp rate of δ, track length and total
length were all precisely controlled via 3D translation stage.
Moreover, by further controlling the scanning velocity and laser
pulse energy, a customized CTFBG spectrum could be realized.

The linearly changed pitch Λc of CTFBG at position z could
be given by:

Λc (z) =
Λm(

1− δ · z
L

)
cos θ

(
−L

2
≤ z ≤ L

2

)
(1)

where the Λm, δ and L are the middle pitch, chirp rate and
total length of CTFBG, the tilt angle θ is the angle between the
modulation line and the radial direction of fiber. For the FBG,
the central reflection wavelength of the core mode λcore and the
nth order cladding mode λclad, n at the position z could be given
by:

λcore (z) = 2ncoreΛ (z) (2)

λclad, n (z) = (ncore + nclad, n) Λ (z) (3)

where the ncore and nclad, n represent the effective refractive
index of the core mode and the nth order cladding mode, respec-
tively.

Therefore, the reflection bandwidth of the core mode and the
nth order cladding mode after the expansion of the chirp effect
could be given by:

Δλcore ≈ 2ncore (Λmax − Λmin) (4)

Δλclad, n ≈ (ncore + nclad, n) (Λmax − Λmin) (5)

where the Λmax and Λmin correspond to the longest and shortest
pitch of the grating. Based on (1), (4) and (5), it could be known
that the reflection bandwidth of the core mode and the cladding
mode depend on the pitch Λ, chirp rate δ, tilt angle θ and total
length L. In addition, the tilt angle θ further determines the
overall envelope of the cladding mode transmission spectrum,
because the coupling efficiency between the core mode and each
cladding mode is related to it [6]. These will be reflected in the
subsequent discussion. Moreover, existing simulation results on
CTFBGs [12], [23], [24], [25] provide additional support for the
analysis presented below.

III. EXPERIMENTAL RESULTS AND DISCUSSION

As shown in Fig. 2(a), it can be observed that the CFBG
(δ = 30 nm/cm, θ = 0) exhibits a narrow reflection band-
width of 15 nm. In contrast, the TFBG (δ = 0, θ = 15°)
has a broadband, comb-like transmission spectrum with a wide
bandwidth of 70 nm, characterized by numerous narrow-band
discrete resonances. Meanwhile, the CTFBG (δ = 30 nm/cm,
θ= 15°) presents a smooth and continuous transmission spectral
envelope with a wide bandwidth of 75 nm, which is attributed
to the broadening and overlap of the discrete narrow-band res-
onances. Here, CFBG, TFBG, and CTFBG were all fabricated
by femtosecond laser LBL technology with the same scanning
velocity (0.3 mm/s), pulse energy (20 nJ) and total length (5 mm).
Fig. 2(b)–(d) show the microscope images of these grating
structures, respectively.
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Fig. 2. (a) Transmission and reflection spectra and (b)–(d) top-view micro-
scope images of the obtained CFBG (θ = 0, δ = 30 nm/cm), TFBG (θ = 15°,
δ = 0) and CTFBG (θ = 15°, δ = 30 nm/cm) fabricated by using femtosecond
laser LBL technology. BW@3dB: 3dB-bandwidth (based on the insertion loss
level).

Fig. 3. Transmission and reflection spectra of the CTFBGs with different Λ1

of 1.001 μm, 1.035 μm, 1.070 μm and 1.104 μm, respectively. λB: Bragg
wavelength.

Benefiting from the flexibility of femtosecond laser LBL
technology, the spectra of CTFBGs with different initial pitch
(Λ1) were investigated. As shown in Fig. 3, when Λ1 increased
linearly from 1.001 μm to 1.035 μm, 1.070 μm and 1.104 μm,
not only the Bragg wavelength of core mode increased linearly
in long-wave direction (i.e., 1450 nm, 1500 nm, 1550 nm and
1600 nm), but also the central wavelength of the cladding
mode coupling envelope (i.e., 1421 nm, 1468 nm, 1515 nm and
1561 nm), which meant that the central wavelength of such a
filter could be easily and accurately customized via changing the
initial pitch of the CTFBG. Here, except for Λ1, these CTFBGs
were all fabricated with the same parameters, i.e., scanning
velocity of 0.3 mm/s, pulse energy of 20 nJ, chirp rate δ of
30 nm/cm, tilt angle θ of 8°, and total length of 1 mm.

The tilt angle θ affects the phase matching condition of
the grating as well as the coupling coefficient κ [6], thereby
influencing the central wavelength and efficiency of the filter. As
shown in Fig. 4(a), When the tilt angle θ was 4°, its 3 dB filtering

Fig. 4. (a) Transmission and reflection spectra and (b)–(f) top-view micro-
scope images of the obtained CTFBGs with tilt angle θ of 4°, 8°, 12°, 16°, and
20°, respectively. The inset in (a) shows an enlarged view illustrating the decrease
in Bragg reflection intensity with increasing tilt angle. Here, the bandwidths of
the CTFBGs refer to the 3dB-bandwidths (based on the insertion loss level, the
same below).

bandwidth could reach 51 nm, and the filtering efficiency could
achieve a very high level of −31.1 dB (99.92%). As the θ
gradually increased to 8°, 12°, 16°, and finally 20°, the 3 dB
filtering bandwidth broadened to 65 nm, 77 nm, 93 nm, and
112 nm, respectively, while the filtering efficiency decreased
to −23.0 dB (99.5%), −18.6 dB (98.6%), −14.5 dB (96.5%),
and −11.5 dB (92.9%), respectively. Therefore, by changing the
tilt angle θ, a high-efficiency broadband-adjustable filter with a
bandwidth ranging from 50 nm to over 110 nm and a filtering
efficiency from >90% to >99.9% could be achieved. Note that
the insertion loss of all CTFBGs was less than 1 dB. Additionally,
as observed from the reflection spectra and the corresponding
inset in Fig. 4(a), as the tilt angle θ increased, the Bragg reflection
intensity of the CTFBGs gradually weakened from −30 dB to
below −40 dB (close to the background noise), which could
be beneficial for reducing its echo signal in applications such
as communications. The reflection spectra exhibited a certain
degree of non-flatness, which was caused by fabrication-induced
modulation variations due to random stage jitter or local fiber
microbending. As a result, this phenomenon is difficult to avoid.
However, since the Bragg reflection is an unnecessary compo-
nent, the non-flatness would not significantly affect the filtering
performance of the CTFBG. Fig. 4(b)–(f) exhibit the top-view
microscopic images of the CTFBGs with different tilt angles θ
of 4°, 8°, 12°, 16°, and 20°, respectively. Here, the CTFBGs
had the same chirp rate of 10 nm/cm, total length of 5 mm, and
fabricating pulse energy of 20 nJ.

So far, by fixing the initial pitchΛ1 and changing the tilt angle
θ, the wavelength range of filtration could be flexibly selected.
On this basis, by further changing the Λ1, the interval between
the filtering wavelength and the Bragg reflection wavelength
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Fig. 5. Transmission and reflection spectra of the CTFBGs with different chirp
rates of 10 nm/cm, 20 nm/cm and 30 nm/cm, respectively.

could be flexibly controlled. This enables a “filter & echo
dual wavelength customization” to prevent extraneous Bragg
reflection from affecting the transmission of normal light in the
core.

Subsequently, to investigate the effects of different chirp
rates on CTFBG’s spectra, CTFBGs with different δ were also
prepared. As shown in Fig. 5, as the chirp rate increased from
10 nm/cm to 20 nm/cm and then to 30 nm/cm, the filtering
bandwidth of the CTFBGs expanded from 82 nm to 88 nm
and 100 nm, respectively. This implies that by adjusting the
chirp rate, the filtering bandwidth of CTFBG could be flexi-
bly controlled. Meanwhile, the filtering efficiency of CTFBGs
decreased from −23.8 dB (99.6%) to −19.5 dB (98.9%) and
then to −17.7 dB (98.3%), respectively. This is because a larger
chirp rate implies about fewer titled grating lines with close
pitch, which will degenerate the strength of coupling between
the forward-propagating core mode and each order backward-
propagating cladding modes. In addition, the central wavelength
of the CTFBG exhibited a red shift, changing from 1465.8 nm to
1475.8 nm and then to 1477.4 nm. Moreover, from the reflection
spectra shown in Fig. 5, it could be observed that as the chirp rate
increased linearly, the Bragg reflection bandwidth also exhibited
a linear increasing trend. Here, the initial pitch Λ1, tilt angle θ,
and total length of the CTFBGs were 1.07 μm, 12°, and 5 mm,
respectively.

Furthermore, we have investigated the spectral characteristics
of CTFBGs with different grating lengths. As shown in Fig. 6,
when the length of the CTFBG was increased from 1 mm to
10 mm, the filtering depth improved from −5.4 dB (71.2%)
to an exceptional −42.6 dB (99.995%). Meanwhile, the 3 dB
bandwidth expanded from 35 nm to 104 nm. These results

Fig. 6. Transmission spectra of the CTFBGs with different grating lengths
of 1 mm, 2 mm, 5 mm and 10 mm, respectively. CW: Central wavelength; IL:
insertion loss; BW@3dB: 3dB-bandwidth.

Fig. 7. Polarization dependence of CTFBG transmission spectrum. PDL:
polarization dependent loss.

demonstrated that increasing the length could significantly en-
hance both the filtering efficiency and bandwidth of the CTFBG.
In addition, a gradual increase in insertion loss was also observed
with longer gratings. Moreover, the central wavelength exhibited
a red shift from 1501.3 nm to 1514.6 nm. Here, the CTFBGs had
the same tilt angle of 8° and a chirp rate of 10 nm/cm.

Subsequently, we have conducted polarization-dependent
measurements of the CTFBG. In the experiment, a tunable
laser source (N7776C, Keysight), an optical component analyzer
(N7788C, Keysight), and an optical power meter (N7744A,
Agilent Technologies) were used to characterize a CTFBG
with a tilt angle of 8°, a length of 5 mm, and a chirp rate
of 10 nm/cm. As shown in Fig. 7, when light with two or-
thogonal polarization states (TE and TM) was launched into
the CTFBG, the transmission spectra exhibited certain distinc-
tions. The central wavelengths of the cladding mode coupling
envelopes were 1510.3 nm and 1503.3 nm for the TE and
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Fig. 8. Spectral stability test of the obtained CTFBG. (a) Temperature response from 40 °C to 100 °C. (b) Axial strain response from 0 to 2000 με. (c) Bending
response: bending radius from infinity (no bending) to 1.25 cm, corresponding to the curvature from 0 to 4/5 cm−1.

TM polarizations, respectively, and the corresponding filtering
depths were –22.3 dB and –24.0 dB. This spectral discrepancy
arose primarily because the modulation plane, which was tilted
relative to the fiber axis, excited cladding modes with different
polarization characteristics depending on the input polarization
state [6]. Additionally, the measured polarization dependent loss
(PDL) of the CTFBG reached a maximum value of 6.2 dB at a
wavelength of 1505.3 nm.

The stability tests on the obtained CTFBGs, including tem-
perature response, axial strain response and bending response,
were also performed. The total length, tilt angle, and chirp rate of
the tested CTFBG were 5 mm, 8°, and 30 nm/cm, respectively.
Firstly, the temperature response was measured by placing the
sample in a high-precision column oven (LCO 102) with an
accuracy of 0.1 °C. The temperature range was set from 40 to
100 °C, with a holding time of 10 minutes at each measurement
point, and three sets of measurements were conducted. Fig. 8(a1)
illustrates the spectral changes for one set of measurement data,
while Fig. 8(a2) provides a magnified view of the local spectra.
As shown in Fig. 8(a3), the average wavelength shift and slope
obtained from the three sets of measurements were 0.71 nm
and 11.9 pm/°C, respectively. The error bars indicate that the

deviation at each measurement point was less than 0.1 nm.
Next, the axial strain response of the CTFBG was measured
by fixing one end of the CTFBG and stretching the other end
attached to a translation stage. Three sets of measurements
were performed, with the axial strain range from 0 to 2000 με.
Fig. 8(b1)–(b2) present the spectral data and a magnified view
of the local spectrum for one set of measurements. As shown in
Fig. 8(b3), the average wavelength shift and slope derived from
the three sets of measurements were 1.63 nm and 0.8 pm/με,
respectively. The deviation at each measurement point was also
less than 0.1 nm. Finally, the bending response of the CTFBG
was measured by placing it on a customized standard curvature
plate. Measurements were taken at bending radii of �, 15 cm,
7.5 cm, 2.5 cm, and 1.25 cm (corresponding to curvatures of 0,
1/15 cm−1, 1/7.5 cm−1, 1/2.5 cm−1, and 1/1.25 cm−1, respec-
tively), with three sets of measurements conducted for each con-
dition. Fig. 8(c1)–(c2) display the spectral data and a magnified
view of the local spectrum for one set of measurements. And as
shown in Fig. 8(c3), the maximum dip variation of the CTFBG
during the three measurements was 0.66 dB, with the deviation
at each measurement point being less than 0.5 dB. Therefore,
the experimental results demonstrate that the fabricated CTFBG
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TABLE I
COMPARISON OF TYPICAL PARAMETERS OF FIBER GRATING-BASED

BAND-REJECTION FILTERS

exhibits strong spectral stability and consistent filtering perfor-
mance under a wide range of temperature, axial strain, and
bending conditions. Combined with the maintaining of fiber
coating, it could be deduced that the obtained CTFBGs have
the ability to work stably under many complex environmental
conditions.

Table I compares the typical parameters of existing fiber
grating-based band-rejection filters. In terms of bandwidth,
FBG-based and CFBG-based band-rejection filters are suitable
for narrow-band (0.1 nm–10 nm) and moderate-band (1 nm–
50 nm) filtering applications, respectively. In contrast, TFBG
and LPFG are more appropriate for broadband filtering appli-
cations (>50 nm). Regarding filtering efficiency, CFBG typi-
cally has a relatively lower efficiency (<90%) due to the chirp
effect. On the other hand, TFBG and LPFG exhibit signifi-
cantly higher filtering efficiencies, up to >99.9%. Conventional
FBG, primarily influenced by its length, can readily achieve an
exceptionally high efficiency of >99.99%. Concerning device
length, FBG and TFBG exhibit relatively short lengths, ranging
from 0.1 mm to 20 mm and 5 mm to 20 mm, respectively.
Due to inherent design constraints, CFBG and LPFG typically
require longer lengths, ranging from 15 mm to 50 mm and
10 mm to 50 mm, respectively. Compared to these filters, the
CTFBG fabricated in this work demonstrates an exceptional
combination of large bandwidth (51 nm–112 nm), ultra-high
efficiency (up to>99.99%), and a relatively short length (5 mm).
Furthermore, compared to TFBG, the proposed CTFBG exhibits
a smooth transmission spectrum, resulting in an optimized slope
efficiency. Additionally, in contrast to LPFG, this CTFBG effec-
tively minimizes environmental disturbances, thereby achiev-
ing enhanced filtering stability. Owing to the above-mentioned
advantages, the proposed CTFBG has significant potential in
high-quality broadband filtering applications.

IV. CONCLUSION

In conclusion, we have proposed and demonstrated a CTFBG-
based band-rejection filter which is fabricated by femtosecond

laser line-by-line technology. The experimental results show that
CTFBGs combine the characteristics of wide bandwidth, high
transmission loss, and smooth spectral envelope. The spectral
characteristics, such as wavelength, bandwidth, and transmis-
sion loss, cloud be customized by CTFBG fabrication parame-
ters (initial pitches, tilt angles, and chirp rates). By increasing
the grating lengths of CTFBGs, large bandwidth and ultra-high
filtering efficiency could be simultaneous realized at selected
wavelengths. Furthermore, the spectral stability of the obtained
CTFBG under the change of temperature, axial strain and bend-
ing have been verified. Flexible wavelength adjustment capabil-
ity (filter & echo dual wavelength customization), coupled with
low insertion loss (<1 dB), broadband-adjustable bandwidth
(51 nm–112 nm), high filtering efficiency (up to>99.99%), neg-
ligible back-reflection (<−30 dB), and insensitivity to temper-
ature, axial strain and bending, the proposed CTFBGs have the
strong potential to be applied to high-quality fiber band-rejection
filters, edge filters and gain equalizers applications.
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