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Short Broadband Fiber Gratings with Low
Group Delay
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Abstract—Fiber Bragg gratings (FBGs) are essential
optical components, which due to their design flex-
ibility offer numerous prospects for a wide range
of applications in fiber laser, sensor, and telecom-
munication technologies. Here we demonstrate that
a phase mask interferometer driven by a deep-
ultraviolet femtosecond laser enables inscription of
FBGs with top-hat spectral reflection bandwidth.
FBGs with the bandwidth of 2 nm have been
achieved with inscription of several superimposed
narrow FBGs with bandwidth less than 0.2 nm. The
induced refractive index modulation profile of the su-
perimposed gratings has been investigated with two
measurement methods, namely, optical frequency
domain reflectometry and the layer-peeling method.
The analysis has shown that the spatial modulation
index profile follows a sinc profile and has a very
narrow central peak of less than 0.4 mm. Impor-
tantly, the FBGs provide low group delay values in
comparison to their chirped counterparts. Addition-
ally, the small center structure makes such gratings
ideal for fiber sensing with high local resolution. The
demonstrated FBG inscription method, developed
initially to fabricate optical reflectors for infrared
laser systems, can be translated to other applications,
such as biophotonics, telecommunications, sensing
and astrophysics.

Index Terms—Bragg filter, optical fiber filters,
two-beam interferometry, femtosecond laser

I. INTRODUCTION

BROADBAND FILTERS IN OPTICAL
FIBERS have widespread applications in

telecommunications, sensing, laser applications,
in multi-core fiber devices and are an important
element in spectroscopic applications, e.g. in
life sciences and astronomy for the suppression
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of atmospheric fingerprints in the infrared
wavelength region [1]. In telecommunications,
broad reflection filters are desired for channel
filtering, where particular dispersion properties
are also desired to mitigate broadening of the
pulse [2].

In fiber lasers, broadband reflecting fiber filters
are required, naturally, to maintain wavelength
matching during laser operation and achieve-
ment of highly-customised generation regimes,
such as operation at ultrahigh repetition rates [3]
or square-pulse generation [4], [5]. Further-
more, they can suppress self-mode-locking in
continuous-wave lasers [6] and eliminate nonlin-
ear effects, as stimulated-Raman-scattering [7].
Another splendid example of the application of
broadband fibre filters in laser physics is the real-
isation of dispersive Fourier transform for single-
shot spectral characterisation [8].

Typically, fibre Bragg gratings (FBGs) present
the most compact, robust and flexible solution for
the in-fibre filters, which bandwidth can be tai-
lored by optimization of their fabrication method.
Femtosecond laser inscription is proven approach
to produce FBGs into a broad range of vari-
ous types of fibers, including non-photosensitive
fibers [9], [10]. Several methods for broadband
FBG inscription with femtosecond lasers have
been presented. Most of them target chirped Bragg
grating structures fabrication. The most straight-
forward approach is the direct phase mask in-
scription with a chirped phase mask, which allows
fabrication of chirped fiber Bragg gratings [11],
[12]. Another phase mask approach uses a ho-
mogeneous phase mask to write short gratings
exploiting the transverse walk off effect [13].
These methods require a well-tailored phase mask
for every specific operational wavelength. The
phase mask is located in close proximity to the
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fiber during the inscription process, which might
damage the phase mask during inscription due to
strong focusing closely behind the phase mask.
Secondly, the inscription with phase mask inter-
ferometer with non-homogeneous phase mask [14]
allows flexible FBG inscription within a particular
wavelength region. Alternatively, FBG inscription
can be done by using a homogeneous phase
mask and distorted wavefronts [15], [16]. Here
one has to take care to achieve homogeneous
illumination conditions over the grating length.
The long-term inscription presents one of the
solutions to enhance the photoinduced refractive
index modulation and, therefore, expand the FBG
bandwidth [17]. In practice, the grating bandwidth
is limited due to non-linear glass photosensitivity
and experimental conditions like beam point sta-
bility or coherence properties [18], [19]. Lastly,
the point-by-point (plane-by-plane or line-by-line)
inscription allows fabricating chirped FBGs with
flexible parameters [20]. The main disadvantage of
this method is that it requires advanced positioning
systems to avoid stitching errors.

Here we present an inscription method to
achieve broadband reflection filters in single-mode
fibers in the telecom C-band, which uses a phase
mask interferometer with a homogeneous phase
mask and deep-UV femtosecond laser [21], [22].
We increased the spectral bandwidth of the re-
sulting gratings through the fabrication of series
of superimposed Bragg gratings [23]. The pro-
posed methodology yielded in the development of
FBGs with top-hat profile, short effective grating
length, and low dispersion profile. This method
has the potential to become an essential building
block for further translation of FBG technology to
special optical fibers, including rare-earth-doped
silica fibers [24], phosphate, polymer and other
fibers. The phase mask interferometer also allows
expanding the presented inscription method to par-
ticular target wavelengths within the range from
visible to infrared.

II. SUPERIMPOSED FBG INSCRIPTION

FBG inscription has been performed using a
motorized phase mask interferometer (Fig. 1) and
a frequency tripled femtosecond laser setup (Co-
herent Mantis with Legend Elite as an amplifier
and a tripler unit) operated in ultraviolet output

Fig. 1. Sketch of the phase mask interferometer

wavelength at 266 nm. Due to the short pulses
of the laser system, we focused on symmetry
of the inscription setup so that two rays corre-
sponding to the first diffraction orders departing
at phase mask position from the optical axis of
the interferometer arrive at the position of the
fiber without optical path length difference. The
FBG central wavelength of the interferometer λc

is defined by the period of the beam splitting
phase mask ΛPM (1075 nm, from Ibsen Photon-
ics), and the effective mode field index neff as
λc = neffΛPM. The tuning range is limited by the
temporal coherence properties of the inscription
laser [21], [14]. Thus, the interferometer used in
our experiments allows a FBG wavelength span
of several tens of nanometers for the applied
laser system. In our experiments, the target FBG
parameters were as following: central reflection
wavelength of 1555 nm, the reflection bandwidth
2 nm (top hat profile), and the reflection intensity
of 50%. These parameters were chosen to fit the
requirements for a distributed back reflector fiber
laser. The gratings under tests were inscribed in
standard single-mode fibers (ITU-T G652).

The Bragg wavelength inscribed with the phase
mask interferometer (Fig. 1) is determined by the
following equation:

λBragg =
neffλinscr

sin (2φ+ α)
, (1)

here λinscr is the inscription wavelength, α is
the diffraction angle behind the beam splitter
(sinα = λinscr/ΛPM), and φ is the rotation angle
of the mirrors compared to the parallel position
(see Fig. 1).
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The FBGs were inscribed in a recursive proce-
dure starting with the determination of broadband
FBG reflection intensity target, 50% in our case.
Additionally, we put a lower limit, between 10%
and 20% of the target value. Gratings below the
limit are considered as valleys. The starting an-
gular position of the interferometer mirrors φ was
determined via equation 1 according to the desired
1554 nm Bragg wavelength, corresponding to blue
edge of broadband FBG reflection spectrum. After
that, a standard narrowband FBG is produced. The
reflection spectrum of the grating is constantly
monitored during the inscription process of the
gratings. When the reflection intensity reaches a
target value the inscription process is stopped and
the next step is started, assisted by the moni-
toring of the intensity reflection until it reaches
the chosen target value. Once the inscription is
done, the femtosecond laser beam is blocked, and
the mirrors are rotated with an angular shift of
φ = 0.0011◦, representing a Bragg wavelength
shift of ∼0.22 nm). A new narrowband FBG is
inscribed, also assisted by the monitoring of the
intensity reflection.

Fig. 2 presents the reflection broadening of the
FBG during the inscription. There were 10 super-
imposed FBGs, spectrally separated by ≈0.22 nm.
A positive wavelength shift of the superimposed
fiber Bragg gratings reflection is observed during
inscription, which shifts to longer wavelengths.
Such behavior is attributed to the change of the
effective index of refraction, as proposed by Oth-
onos et al. [23]. It is possible to identify the
formation of two valleys in the FBG spectrum with
the final position at 1555 and 1555.6 nm, after the
6th and 9th FBGs, correspondingly.

To mitigate formation of the valleys and achieve
the flat top-hat spectral profile, the inscription
procedure was optimized. The reflection spectrum
intensity was carefully controlled after inscription
of each grating. If a valley is formed between
the peak reflection of two consecutive FBGs, the
laser is blocked, and the mirrors are rotated back
at the half value of the previous rotation step
(to the middle between the previous and the new
positions). Then a new FBG is inscribed until the
chosen target value is reached. If the intensity
of the previous FBG is reduced then the mirrors
are rotated back to its related angular position,

Fig. 2. Reflection evolution during the superimposed FBG
inscription

repeating the inscription until the reflection target
is reached again.

III. FBG CHARACTERISATION AND RESULTS

Fig. 3 shows the reflection spectrum of FBG
inscribed by an optimized procedure, fulfilling all
set requirements of the top-hat profile (≈2 nm
bandwidth, ≈50% reflectivity). The corresponding
group delay shows small ripples ±6 ps at the cen-
ter of the spectrum. Such fluctuations correspond
to a variation of the reproach plane (effective
reflection position) of ±600 µm inside of the
Bragg reflection band.

A series of broadband FBGs has been inscribed
with similar reflectivity, Bragg wavelength, and
bandwidth. Table I summarises the bandwidth of
four FBGs, showing good repeatability of the
experimental results.

Fig. 3. Reflection and group delay of grating number 1
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The investigation of the index profile distribu-
tion of the superimposed grating structures re-
quires the measurement of the complex reflection
spectrum of the FBGs. To obtain parameters of
the grating profile, we used Optical Frequency Do-
main Reflectometry (OFDR, RTS150 from 4DSP
LLC). The measurement system comprises a tun-
able laser system and a broadband fiber optic
mirror (Thorlabs) as a reference. The mirror and
the FBG form a Fabry-Pérot device, which is
measured in reflection. The modulation profile
is then derived by fast Fourier transformation of
the signal train measured during a single sweep.
The spatial resolution of the measurement system
can be estimated from the sampling depth of the
wavelength measurement (20 bit) and the wave-
length span (18 nm in the telecom C-band). The
resolution is around 46 µm.

As a control reference, we applied the layer
peeling method, performed according to the pro-
cedure described in [25]. To achieve the required
complex reflectivity, we used differential phase
shift measurement to obtain the reflection spec-
trum and the group delay simultaneously. The
measurement system is based on an optical net-
work analyzer (OptScope Q7750 from Advan-
test): a tunable modulated laser source (modu-
lation speed 3 GHz) together with a light phase
comparator. One measurement of a broad band
grating is shown in Fig. 3.

For layer peeling, the spatial grating distribution
is discretized into a sequence of alternating reflec-
tion and transmission layers, each one is defined
by a 2×2 matrix containing the local reflection and
phase transition respectively. The starting reflec-
tivity ρ1 can be found by the numerical averaging
of the measured complex reflectivities r1(m) of
superimposed FBGs, which includes information
on their phase, as:

ρ1 =
1

M

M∑
m=1

r1(m) , (2)

here M is the number of data points of the
discretized spectrum.

For the first layer outside of the grating the
reflected phase of the discretized reflection values
appears to be randomized, which leads equation 2
to be zero for the first element. Afterwards, the

Fig. 4. Reconstructed index modulation profile of grating
number 1

adjacent transmission layer is characterized by the
phase transition through the grating element, the
layer can be ‘peeled’ off, and the next layer can be
determined. As the calculation proceeds through
the layers and the numerical position approaches
the grating, the phase values of the discretized
reflection values approximate and equation 2 gives
non-zero results.

The results of the OFDR measurement system
and the layer peeling method for the grating with
the spectral profile presented in Fig. 3 can be
found in Fig. 4. Both methods indicate a local
modulation profile with a short sharp central peak
<0.4 mm and low-intensity side lobes.

IV. DISCUSSION

The grating reflection profile and the refractive
index modulation are related by the Fourier trans-
form for weak gratings [26], hence one might
expect that through the application of superim-
posed gratings it should be possible to generate
broadband reflection filters with low variation of
dispersion. Assuming that the symmetry of the
interferometer causes symmetry of the FBG index
modulation profile it is considered, that the sinc
function is to be a theoretical basis to explain
the top-hat Bragg reflection spectra [27], [28].
In this case, one can calculate the period of the
modulation index profile ∆z from the top-hat
reflection profile ∆λBragg via Fourier transform
through the relation

∆z =
λ2

Bragg

2neff∆λBragg
. (3)
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TABLE I
FBG PROFILE PERIODS AND SPECTRAL BANDWIDTHS

TOGETHER WITH CALCULATED VALUES

FBG spectral width peak width
measured estimated measured estimated

1 2.2 nm 2.3 nm 370 µm 387 µm
2 2.2 nm 2.3 nm 360 µm 380 µm
3 2.4 nm 2.4 nm 353 µm 348 µm
4 2.2 nm 2.3 nm 367 µm 381 µm

To confirm that Eq. 3 is related to a series of
superimposed Bragg gratings, one can assume that
the superimposed grating structure comprises a
number of slightly different Bragg grating periods
with spacing ∆λstep. The superimposed grating
profile can be derived in a similar way to the the-
ory of multiple slit interference, with the refractive
index modulation of the grating expressed by

∆nmod(z) = ∆nmod(0)
sin
(

1
2N∆kz

)
sin
(

1
2∆kz

) · p(z) ,

(4)
where p(z) is the modulation envelope induced by
the laser beam profile with the center at the optical
axis of the interferometer (z=0). N is the number
of gratings and ∆k is the wavenumber spacing,
here approximated by ∆k ≈ −2πneff∆λstep/λ2

Bragg.
Looking for the zeros of Eq. 4 one gets directly
Eq. 3.

Table I summarises the spectral bandwidth and
the width (minima spacing) of the grating reflec-
tion profile peak along the length of the series of
developed superimposed FBGs. The spectral width
is taken from the reflection spectra measurements
and the width of the grating reflection profile peak
is taken from the OFDR measurement and layer
peeling. Both measurements are put in correlation
through equation 3, which describes the minimal
spacing of a sinc-shaped profile. Assuming an
uncertainty of 0.1 nm and 46 µm, the results from
the layer peeling and the OFDR measurement
are mutually in good agreement. Measurement
uncertainties arise due to measurement noise of
the OFDR measurement system and the network
analyzer as well as non-perfect side slopes of the
gratings.

Conventionally, to achieve a broadband reflec-
tion, chirped-FBGs [14] or short homogeneous
FBGs [29] are applied. In Table II we compared
the types of gratings with 1 cm in length and

TABLE II
THEORETICAL REFLECTIVITY, BANDWIDTH (BW), GROUP

DELAY VARIATION (GDLV) AND GDL-RIPPLES OF
BROADBAND GRATING TYPES

Type Refl. BW GDLV Ripples
rect. 100% 1.4 nm ≈ 10 ps none
chirp 100% 3.3 nm 100ps 40 ps
sinc 40% 2.3 nm none 0.6 ps

index modulation amplitude of ∆nmod = 1×10−3

with the transfer matrix method [30]. The chirped
grating has a chirp of 2.3 nm/cm and the sinc
grating has a period similar to Table I. The group
delay variation inside of the reflection band is
linear for the chirped grating and depends on the
grating length, it is U-shaped for the long exposure
grating and there is almost no dispersion for the
sinc grating.

According to the fiber Bragg grating length
there is no direct physical limit, but in comparison
with standard FBGs, the length of the peak of
the index modulation and the spectral width are
correlated. Using a value for the index modulation
of ∆nmod = 1 × 10−3 we get reflectivities
from 45% (2 nm bandwidth) down to 5% (7 nm
bandwidth).

In these regards, the presented superimposed
FBGs ensure both benefits of a spectral top-hat
reflection and quasi-constant group delay due to
their short-length with sinc refractive index profile.
Such short gratings are useful for fiber sensing
with high local resolution [29], [13].

V. SUMMARY AND OUTLOOK

We have shown the inscription of superim-
posed FBGs with a phase-mask interferometer
and UV femtosecond laser to achieve broadband
reflection. The suggested recursive methodology
allows achieving the desired bandwidth and top-
hat profile eliminating the risk of valleys formation
in the reflection spectrum. The top-hat reflection
spectrum profile with the bandwidth over 2 nm,
as well as a short <0.4 mm length of the re-
sulting FBGs, have been confirmed by OFDR
and layer-peeling approach, assisted with optical
network analyzer measurements. Remarkably, the
inscribed FBG demonstrate quasi-constant group
delay with a negligible ripple of ±6 ps, which can
be further decreased by improving the stability of

Maria Chernysheva
© 2021 IEEE.  Personal use of this material is permitted.  Permission from IEEE must be obtained for all other uses, in any current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in other works.



JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. XX, NO. YY, MARCH 12, 2021 6

the inscription setup (e.g. motor accuracy, beam
point stability). We believe that the demonstrated
approach paves the way to the development of
a new generation of advanced broadband fiber
Bragg gratings for applications in laser technology
as well as strain and temperature sensing with
enhanced local resolution.
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