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Femtosecond laser direct-writing of high quality
first-order Bragg gratings with arbitrary complex
apodization by phase modulation
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JEAN-SÉBASTIEN BOISVERT,1 FRÉDÉRIC MONET,1 AND RAMAN
KASHYAP1,2

1Department of Engineering Physics, Polytechnique Montreal, 2500 Chemin de Polytechnique, Montréal
H3T 1J4, Canada
2Department of Electrical Engineering, Polytechnique Montreal, 2500 Chemin de Polytechnique, Montréal
H3T 1J4, Canada
*anthony.roberge@polymtl.ca

Abstract: Femtosecond laser direct-writing is an attractive technique to fabricate fiber Bragg
gratings and to achieve through-the-coating inscription. In this article, we report the direct
inscription of high-quality first-order gratings in optical fiber, without the use of an index-matching
medium. A new alignment technique based on the inscription of weak probe gratings is used to
track the relative position between the focal spot and fiber core. A simple and flexible method to
precisely control the position of each grating plane is also presented. With this method, periodic
phase modulation of grating structures is achieved and used to inscribe arbitrary apodization
and phase profiles. It is shown that a burst of multiple laser pulses used to inscribe each grating
plane leads to a significant increase in the grating strength, while maintaining low insertion loss,
critical for many applications.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

With their abilities to photo-induce strong refractive index modification (RIM) in a wide variety of
materials and through the coating of fibers, femtosecond (FS) lasers have enabled the fabrication
of fiber Bragg grating (FBG) with an extensive number of functionalities [1–3]. The phase mask
[4] and direct-writing method [5] are the two most widespread techniques to inscribe FBG using
FS lasers. While the phase mask technique is excellent for its simplicity, stability, reproducibility,
spectral quality, and for mass production, it does not provide the same flexibility attributed to
direct-writing methods [1,6]. In particular, the requirement of a custom apodized phase mask
[7,8] severely limits the potential to quickly prototypes various complex grating design, as they
can be expensive, difficult to make and are limited in length.

Instead of being imprinted in the phase mask, the grating parameters such as the Bragg
wavelength, chirp, length, apodization profile or cladding mode coupling can be adjusted and
reconfigured easily using direct inscription. However, several improvements are still needed
to enhance the performance of the current fabrication methods. For instance, due to the small
size of the laser focal cross-section, a highly accurate alignment between the focal spot and
the fiber core is of crucial important to ensure a good overlap between the RIM and the mode
field [6,9]. Deviation from the core center can significantly reduce the coupling coefficient (κ),
increase coupling to higher order modes and increase photo-induced birefringence [6,9–12].
Alignment methods based on imaging the fiber core [13] can achieve good results, but often
require some extra calibration steps for different types of fiber, which can yield variable result.
Another attractive feature of direct-writing methods is their potential to fabricate any user defined
structure. Even though many apodization [14–16] and phase control [14,17,18] schemes have
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been demonstrated, the ability to control amplitude and phase is not trivial, making it difficult to
achieve high quality FBGs with true arbitrary complex profiles. Furthermore, despite the fact
that FS direct-writing of first-order gratings have been demonstrated [6,19–21], achieving high κ
together with low insertion loss, low polarization dependency and low coupling to cladding mode
has been difficult because of the tradeoff between pulse energy, grating visibility and scatter loss.
To overcome these difficulties and the requirement of a sub-micrometer RIM, many have resorted
to writing high-order gratings [14,16,19,22] with larger periods.

The aim of this article is to present a different approach that can be implemented with FS
direct-writing techniques to improve the ability to fabricate high-quality first-order gratings with
arbitrary complex apodization and phase profile. First, a novel alignment technique is proposed
and demonstrated with the inscription of multiple weak probe gratings to map the position of the
fiber core with respect to the laser focus. Then, we show that a burst of multiples pulses can be
used to significantly increase the grating strength while maintaining low insertion loss and high
spectral quality. Finally, we present how apodization by periodic phase modulation [23] can be
used to control the amplitude of the grating with high precision and with a spatial resolution
down to a few grating periods. To precisely control the position of each grating plane, a simple
and efficient phase control strategy based on position synchronized output (PSO) tracking [24] is
demonstrated.

2. Writing scheme

2.1. Experimental setup

The experimental setup used to fabricate FBGs by our direct-writing method is shown in Fig. 1. A
plane-by-plane (Pl-b-Pl) writing scheme [6] was chosen, as it allows for a larger overlap between
the RIM and the mode field, which helps to achieve lower broadband losses, smaller coupling to
cladding modes and higher grating strength [6,9,25] compared to the point-by-point (PbP) [5] or
line-by-line (LbL) [26] techniques.

Fig. 1. Experimental setup for direct-writing of FS FBGs. The beam passes through a
beam expander to match the objective NA. A quarter waveplate (λ/4) and beam splitter
are used to adjust the power. A cylindrical lens with a focal length of 1 m is placed before
the objective (NA= 0.55) to shape the focal spot into a plane. The fiber is held onto a 1D
Aerotech stage with the help of clamps. The fabrication process is monitored using a Luna
4600 optical backscatter reflectometer (OBR). The polarization of the laser is perpendicular
to the longitudinal axis (x).

An 8 W Pharos laser from Light Conversion is used. The laser, operating at a wavelength of
1030 nm, has a pulse duration of 250 fs and repetition rate of 606 kHz which can be tuned with a
pulse picker. The beam is focused through a plano-convex aspheric lens (Newport, NA= 0.55)
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that is mounted on a 2D air-bearing Aerotech translation stage. The fiber is clamped on a
high-precision 1D air-bearing Aerotech stage which has a travel length of 1 m controlled by an
interferometric laser-based encoder [27]. The inscriptions are performed over free-standing fibers
and without index-matching oil. If needed, the coating can be removed using methylene chloride,
followed by cleaning the fiber. A small tension (∼150 g) is applied to the fiber to minimize its
sag. A 1 m focal length cylindrical lens is placed before the objective to shape the focal spot into
a planar stripe [6]. Much like the PbP approach, each plane is written in a single step, making the
scheme faster than the LbL method [21,26].

A multi-pulse approach is used, where each grating plane is formed with a burst of lower-energy
pulses instead of a single high-energy pulse [28–31]. The advantages of such method will be
described in section 4.2. The writing speed is adjusted relative to the repetition rate and number
of pulses per grating plane. It is set to keep the distance travelled by the stage during a single
burst to a fraction of the grating period. Speeds of 0.03-0.3 mm/s are normally used.

All the FBGs reported in this work are written in the first order.

2.2. Phase control strategy

In order to fabricate gratings with complex spectral profiles, a precise control of the grating phase
is required. For example, the method of apodization presented in this paper, i.e. phase modulation,
requires a precise control over the position of each grating plane. For FS direct-writing many
phase control methods have been proposed, each of them having their own limitations. For
instance, controlling the speed/acceleration profile of the stage [17,32] is limited to continuous and
slow-varying chirps, modulation of the laser repetition rate [6,14] requires additional electronics
and is also limited in terms of phase control, and the stop-and-go scheme used with LbL method
[18] is slow compared to PbP.

To address these limitations, the position synchronized output (PSO) feature of the motor
controller is used to synchronize the triggering of a laser pulse (or burst of pulses for a multi-pulse
approach) with the position of the stage, as it moves at constant speed [24]. The PSO functionality
is provided with most of Aerotech motion controllers. It uses direct feedback from the encoder
of the stage to track the position of multiple axis, and it sends trigger signals very precisely at
specified positions, allowing precise control of the phase which is critical for the apodization
method described in this work. This enables the fabrication of uniform or arbitrary complex
grating structures.

3. Fiber core position mapping

3.1. Alignment principle

A common technique for fiber alignment is to image the core of the fiber with a camera system
[6,9,13,33]. With proper calibration and optical alignment, both the camera and laser can share
the same optical path and focal point, but the ability to visualize the core ultimately depends
on the focusing conditions and the fiber properties such as the core-cladding refractive index
difference, the core size, the type of coating, etc. Using a V groove with a coverslip [17,34,35], a
drawing ferrule [3,14], and index-matching oil can help to maintain a proper alignment and to
visualize the core, but these methods require additional custom components, and oil immersion
can degrade the fiber and requires the fiber to be cleaned after the inscription.

The indirect alignment technique proposed here is based on optimizing the position where the
laser focal spot maximizes the coupling coefficient κ of a grating. To do so, a cascade of small
uniform FBGs, called alignment probes, are written at various transverse displacements around
the core of the fiber, as shown in Fig. 2-(A). The probes are evenly spaced along the x-axis,
within a characterization section which is assumed to be relatively uniform. The strength of the
probes is orders of magnitudes weaker than the final intended grating, hence they do not affect its
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spectral response nor degrade the fiber. The relative strength of each probe, proportional to κ, is
then measured using an optical frequency domain reflectometry (OFDR) system which can not
only detect very weak scatter events, but also discriminate their positions along the fiber [36].
As the exposure is equal for all probes, variation in probe signal is proportional to the overlap
between the focal spot and the mode field. Therefore, this signal should vary approximately as a
Gaussian function of the transverse displacement [37].

Fig. 2. A) Illustration of the alignment probes, consisting of several uniform FBGs. Each
probe has a length of 0.1 mm and are spaced 0.1 mm from each other. B) Grid that represent
the position of each probe in the transverse plane (y-z) of the fiber. The circle depicts the
mode field diameter of an SMF-28 fiber. The numbers represent the longitudinal order
(along x) in which they are inscribed. C) Spatial impulse response acquired by the OBR for
one iteration of the mapping process (25 probes). Each peak corresponds to one probe for
which the amplitude is proportional to κ. D) The same data can be rearranged into a 2D
map representing the normalized peak amplitude of each probe in the iteration, for which a
Gaussian fit can be applied to find the center point. Each iteration takes about 20 seconds,
repeated every 5 mm.

Inscription of alignment probes in a single characterization section is shown schematically in
Fig. 2-(A), where 25 alignment probes are written near what is thought to be the center of the
fiber. The probes are 100 µm long and are separated from each other by 100 µm, resulting in a
mapping resolution along the longitudinal axis of the fiber of 5 mm. To ensure uniform RIM and
avoid a slight effective index modulation, exposure is kept constant even between the probes.
Probes are switched ON/OFF by apodization, which is explained later in the article. The relative
position of each probe forms a 2D grid which cover the whole core of the fiber, as shown in
Fig. 2-(B). The spatial measurement of the strength of the probe FBGs by OFDR is shown in
Fig. 2-(C). The peak amplitude of each probe is then rearranged in 2D where a Gaussian curve
can be fitted to find the position of best alignment, as shown in Fig. 2-(D). This procedure is then
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repeated automatically with the help of an in-house software until the whole region of interest of
the fiber is mapped. Note that the initial position of the focal spot must be within ∼10 µm from
the core position to get a signal. It can be found by inscribing trial probes over a larger area than
the grid of Fig. 2-(B).

3.2. Mapping result

Using the alignment procedure and experimental setup presented in Fig. 2, the fiber core position
of both an uncoated and a polyimide coated SMF-28 fiber were mapped over a length of 500 mm.
Both fibers were free standing in air (no index-matching medium). Figure 3 shows the alignment
position, where a low-pass filter is used to remove the noise in the position signal.

Fig. 3. Mapping of the core position of two different fibers. The mapping is presented as a
relative deviation from the initial position of the focusing objective. The raw data is filtered
with a low-pass filter. A) Uncoated SMF-28. B) Polyimide coated SMF-28 fiber.

In the case of an uncoated fiber (Fig. 3-(A)), the geometry of the fiber is usually found to be
very uniform along its length, and the core position varies smoothly with respect to the laser focal
spot. The core can be tracked with sub-micrometer precision, as the residual standard deviation
of the signal noise is below 0.1 µm for both the Y and Z axis.

This high level of precision becomes critically useful with a coated fiber where strong
oscillations of a few µm can be observed (Fig. 3-(B)) as a function of the position. These are
attributed to the inhomogeneous nature of the polymer coating, which is prone to significant
thickness and curvature fluctuations along the fiber, thus creating optical aberrations of the focal
spot shape and position. This is especially true in an air-based system, where the refractive index
mismatch is large. Nevertheless, it is still possible to track the slow fluctuations of the core
position of coated fibers with high accuracy. However, it should be noted that this tracking does
not correct for focal spot shape distortion, which adds amplitude and phase noise to the grating
while writing through a polyimide coated fiber, making it more difficult to inscribe high-quality
grating over long lengths.

4. Grating fabrication

4.1. Uniform grating

To demonstrate the performance of our writing scheme, we start by showing the reflection and
transmission spectra of uniform FBGs in Fig. 4. Two first-order gratings were inscribed in both
an uncoated SMF-28 (Fig. 4-(A)) and a polyimide coated SMF-28 fiber (Fig. 4-(B)). They had a
length of 10 mm and a central wavelength of 1572 nm. The grating fabricated in the uncoated
SMF-28 was written at a speed of 60 µm/s, using a laser repetition rate of 606 kHz, a pulse
energy of 270 nJ (measured before the objective) and with a burst of 150 pulses/plane. The
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grating made through the polyimide coating was written at a speed of 15 µm/s, a laser repetition
rate of 60.6 kHz, a pulse energy of 290 nJ and with a burst of 50 pulses/plane. When writing
through the coating, a slower repetition rate is used to prevent heat accumulation effects, which
degrade the coating and spectral response. The dashed lines show the theoretical response for a
uniform grating, fitted to the data.

Fig. 4. Experimental (Exp.) and theoretical (dashed lines) spectra of the transmission
and reflection of 10 mm long FBGs made in an uncoated (bare) SMF-28 fiber (A) and a
polyimide coated fiber (B), the latter being written at the maximum energy without damage
to the coating.

The FBG spectra shown in Fig. 4 are strong (κL>3), with a very symmetric and high-quality
spectral response, as can be seen from the excellent agreement between the experimental data
and the theoretical fits to the spectra. The resulting coupling coefficients κ for both FBGs,
calculated from their peak reflectivity [38], are respectively, 575 m−1 and 308 m−1. Out-of-band
insertion loss of < 0.1 dB is measured for both the uncoated and coated grating. A more detailed
characterization of the insertion loss is given in the next section. As seen from Fig. 4, strong
coupling to cladding modes can be observed. This is expected as the laser focusing condition
used in this work produces an asymmetrical RIM that does not cover the entire core cross section
[9]. However, we believe coupling to cladding mode can be further decreased by modifying the
focal spot geometry with additional beam shaping techniques [9,22,39–41].

Figure 5 shows the polarization dependence of a 10 mm FBG with a transmission dip of
-25 dB, made under similar conditions. The birefringence (∆nB) is measured at 6.2 x10−6 RIU,
which is near the intrinsic birefringence of SMF-28 (10−6 RIU), and therefore at the limit of our
measuring capability. This confirms low polarization dependency of the Pl-b-Pl scheme.

4.2. Single-pulse vs. multi-pulse approach

Multi-pulse approach has been widely used in the fabrication of Bragg gratings, waveguides, and
the combination the two [28–31]. It provides control over the physical size and the overlap of
the RIM, the deposited energy, and cumulative effect allows for a smoother RIM, with stronger
refractive index change and lower loss, while keeping the pulse energy well below the damage
threshold.

To understand how the multi-pulse approach affects the refractive index change, κ was measured
as a function of the pulse energy and for different number of laser pulses per grating plane. This
was done by writing several FBGs in both an uncoated SMF-28 fiber and a polyimide coated
fiber, the results of which are shown in Fig. 6-(A) and Fig. 6-(B). In all cases, κ grows with the
pulse energy up to a certain threshold (indicated with dashed lines) where a local maximum can
be observed. This is followed by a local minimum (or small plateau as shown in the inset of



Research Article Vol. 30, No. 17 / 15 Aug 2022 / Optics Express 30411

Fig. 5. Polarization dependency for a uniform FBG made with the Pl-b-Pl scheme and a
burst of 150 pulses/plane.

Fig. 6-(A)). This type of transition was also observed in [30], but the exact mechanism responsible
for it is still being investigated. When writing with pulse energies below the transition, high
spectral quality and low insertion loss are observed, while writing above this transition yields
lossy grating (several dB/cm), as shown in Fig. 6-(C)-D, with a deterioration of the spectral
response (See Fig. S1 in the supplementary material). We believe this threshold could be caused
by a transition from type-I to type-II structures, usually associated with optical damage and high
scattering loss of the sample [30].

To arrive at a better understanding of the losses induced by this writing scheme, Fig. 6-(C)
and Fig. 6-(D) show the out-of-band insertion loss measured for FBGs written at pulse energies
above and below the transition and for different number of laser pulses per grating plane. This
was measured by subtracting a reference transmission spectrum from the sample spectrum and
by evaluating the average loss for wavelengths above the Bragg wavelength. In both types of
fiber, low insertion losses < 0.1 dB/cm were measured for pulse energies below the transition,
which is in good agreement with the loss measured in [6], even for high κ value.

Most interestingly, this experiment suggests that the multi-pulse approach can increase the
maximum κ value at which low-loss gratings can be inscribed compared to what is possible
with a single pulse. With lower energy pulses, the focal region where the light intensity is just
above threshold for RIM is reduced. Unfortunately, this also reduces the Fourier component
of the fundamental period. With each additional pulse, the RIM region expands through
nonlinear multiphoton absorption, as well as from the total fluence, increasing the κ value. This
improvement emerges from the cumulative effect of multiple pulses. On the other hand, a single
high intensity pulse being closer to the damage threshold of the fiber is more likely to lead to
Type-II grating very quickly. Further studies are in progress to clarify the physical mechanisms
contributing to this improvement and will be reported on in a future publication.

When writing through a polyimide coating, we note that it was not possible to obtain a κ value
as strong as for the uncoated fiber before observing a degradation of the spectral response and
higher losses. A different focusing arrangement may of course, be used to optimize the RIM
cross-section or make a better overlap to begin with using a single pulse, and hence increase
the kappa values even more. This could be achieved with advanced beam shaping techniques
[9,22,39–41].
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Fig. 6. A) and B) Coupling coefficient for FBGs inscribed as a function of the pulse energy
and the number of pulses per grating plane (N). The dashed lines indicate the pulse energy
threshold where a transition between two writing regimes can be observed. C) and D)
Out-of-band insertion loss for FBGs inscribed above and below the transition pulse energy
threshold as indicated by the dashed lines. The study was made using both an uncoated
SMF-28 fiber (A and C), and a polyimide coated SMF-28 fiber (B and D).

5. Apodization by phase modulation

5.1. Apodization

For FS direct-writing, various amplitude apodization techniques were previously proposed. For
instance, κ(x) can be controlled by varying the transverse position of the RIM [37,42] or by pulse
energy regulation [15,43]. These ideas were also implemented with the LbL method [16,18],
where apodization is achieved by adjusting the writing velocity, length, or transverse position of
each line. Despite the progress, all these techniques induce a spatial variation in the average RIM
which causes asymmetric non-linear chirp. Ideally, apodization should be performed by keeping
the average RIM constant. This can be achieved by controlling the grating visibility instead of
the exposure or RIM position.

Towards that end, the technique of apodization by phase modulation [23,44,45] is proposed
and applied to our direct-writing scheme. By simply modulating the phase of the grating, this
technique enables apodization with constant laser power and exposure, hence maintaining a
constant average RIM and mitigating the challenge of handling highly non-linear induced RIM vs
laser power [15,18]. Apodization by phase modulation is achieved by incorporating an additional
periodic function with a slowly varying amplitude to the grating phase. Any periodic function can
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be used [23], but in this article, a sinusoidal function is chosen. The refractive index modulation
of the grating can be expressed as:

∆n(x) = ∆n(x)
(︃
1 + v(x) cos

(︃
2πx
Λg
+ ϕg(x) + A(x) sin

(︃
2πx
Λφ

)︃)︃)︃
, (1)

where x is the position along the fiber, Λg is the grating period, ∆n is the average refractive index
change over Λg, v is the visibility, ϕg is the grating phase and A(x) sin(2πx/Λφ) is the additional
phase modulation function of period Λφ and amplitude profile, A(x). Traditionally, apodization
is achieved by controlling ∆n(x) or v(x) to modify the grating envelope. In a phase modulation
scheme, both are kept constant, and the profile of A(x) determines the grating apodization. By
expanding Eq. (1) in a Fourier series, the refractive index modulation becomes [45]:

∆n(x) = ∆n

(︄
1 + v

∞∑︂
m=−∞

Jm(A(x)) cos
(︃
2πx
Λg
+ ϕg(x) + m

2πx
Λφ

)︃)︄
, (2)

where Jm is the mth Fourier component, defined by a Bessel function of the same order. The 0th

Fourier component (m = 0) is related to the main Bragg resonance, and the ±mth are optical
superlattice sidebands due to the periodic modulation. To ensure that these sidebands are outside
of the optical operation band of the FBG, a sufficiently small period Λφ should be chosen [23].
Considering only the 0th component of Eq. (2) J0(A(x)) acts as the envelope function of the
grating, i.e. similar to the visibility. Hence, A(x) is related to the normalized target apodization
profile |κn(x)| by an inverse Bessel function:

A(x) = J−1
0 (|κn(x)|). (3)

Note that for the following demonstration, the grating profile is represented with a complex
coupling coefficient κn(x), where the amplitude specifies the normalized apodization profile and
where ϕg is incorporated as the phase.

To apply this phase modulation to our FS writing scheme, the total grating phase is mapped to
the physical distance between every laser-induced modification by:

∆xn = Λg

(︃
1 −
ϕtot(nΛg) − ϕtot((n − 1)Λg)

2π

)︃
, (4)

ϕtot(x) =
2πx
Λg
+ ϕg(x) + J−1

0 (|κn(x)|) sin
(︃
2πx
Λφ

)︃
, (5)

where ∆xn is the nth spacing between the grating planes. A more visual interpretation of
the process described above is presented in Fig. 7. which shows an example for a Gaussian
apodization and an exaggerated linear chirp of 75 nm/mm. The modulation period was fixed at
Λφ = 10 µm. The target apodization |κn(x)| and phase ϕg(x) profiles are presented in Fig. 7-A.
|κn(x)| is used to compute A(x) using Eq. (3), and the modulation signal is shown in Fig. 7-(B).
The distance between each grating planes is computed from Eq. (4) and (5), and is illustrated in
Fig. 7-(C).

5.2. Arbitrary complex apodization profile

Combined with our high precision phase control strategy, the phase modulation apodization
technique presented above allows the fabrication of arbitrary complex grating structures at very
high spatial resolution, i.e. with very sharp phase and/or apodization change. To demonstrate
our ability to write challenging apodized FBGs, we designed a structure that combines three
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Fig. 7. A) Example of a Gaussian apodization profile and quadratic phase profile that
produces a linear chirp. B) To achieve apodization, a phase modulated signal, represented
by the blue curve, is added to the total phase of the grating. The black curve represents the
modulation amplitude. The sinusoidal function has a modulation period Λφ = 10 µm. C)
Corresponding prescribed distance between each laser-inscribed modification as calculated
by Eq. (4).

non-uniform FBGs typically used as a benchmark to show apodization performance, but all in a
single structure written in a single pass. This includes a square-top FBG (sinc apodization), a
linearly chirped Gaussian apodized (LCGA) FBG and a π phase-shifted distributed feedback
(DFB) FBG, each centered at different Bragg wavelengths. The LCGA FBG is centered at
λB = 1568.7 nm and has a chirp rate of 1 nm/mm. The DFB and sinc apodized FBGs are
shifted by ±20 nm, respectively. The maximum strength of the DFB was intentionally lowered to
present a reflectivity spectrum with similar maximum reflectivity for the three sub-structures.
Equation (6) and (7) represent the total apodization profile of this design and Eq. (8–10) are the
apodization and phase functions of each sub-structure.

κn (x) = exp (iK0x)
{︂∑︂3

m=1

|︁|︁κn,m (x)
|︁|︁ exp

(︁
i
(︁
∆Kmx + ϕg, m (x)

)︁ )︁}︂
(6)

∆Km = −
4πneff

λ2
B
∆λm (7)

S = sinc
(︃
2πN0

L
(x − L/2)

)︃
, |κn,1(x)| = |S|, ϕg,1(x) = π

(︃
sign(S) + 1

2

)︃
(8)

|κn,2(x)| = exp

(︄
−

1
2

(︃
x − L/2
σL/2

)︃2
)︄

, ϕg,2(x) =
c
2

x2 (9)

|︁|︁κn,3 (x)
|︁|︁ = 0.12, ϕg,3 (x) =

⎧⎪⎪⎨⎪⎪⎩
0 ; x < L/2

π ; x ≥ L/2
(10)

where m is the sub-structure number, K0 is the central wavevector given by 2π/Λg, ∆Km and ∆λm
are the wavevector or wavelength offset, |κn,m(x)| is the normalized apodization profile amplitude,
ϕg,m is the grating phase, and L is the length. In the case of the LCGA structure, σ = 0.3,
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c = (KΛf − KΛi )/L. The parameter N0 for the sinc apodized structure is N0 = 6. The DFB has a
π phase shift located in the middle of the grating.

Figure 8 shows the resulting complex normalized coupling coefficient κn(x), calculated using
Eq. (6) (6). Designing the FBG with a large bandwidth yields a structure with some high
frequency features, where the amplitude and phase profile oscillate with a period as small as
20 µm. The design proposed in Fig. 8 was inscribed at first order in an uncoated SMF-28 fiber
using the methods described above. The FBG had a length of 10 mm, was written at 50 µm/s
and a burst of 175 pulses per grating plane was chosen. The laser pulse energy was 275 nJ which
corresponded to a maximum κ of about 525 m−1. To resolve the small features, the period of the
sinusoidal phase function was set to Λφ = 2.5 µm.

Fig. 8. Design of the apodization and phase profile used to demonstrate the ability to write
arbitrary complex grating. The smallest feature has a periodicity of 20 µm.

Figure 9 shows the reflection spectra of this FBG along with its numerical simulation. The
simulation was performed using a simple thin-film method [46]. The typical features of the
three FBG sub-structures, covering a bandwidth of 40 nm, are clearly distinguishable: The sinc
function FBG shows a square response with 6 obvious oscillations (associated with N0 = 6), the
group delay of the LCGA FBG has a slope of -10.15 ps/nm, matching the designed chirp of 1
nm/mm, and the DFB resonant mode is well centered with the main Bragg resonance. The first
side lobe levels of the sinc function and DFB gratings are respectively -16 dB and -12.5 dB,
slightly higher than the predicted level. However, considering the complexity of the design and
the good agreement between the numerical simulation and the fabricated FBG, this result proves
the ability of the phase modulation method to perform apodization with high precision and high
spatial resolution using a FS direct-writing method. It also shows that our phase control strategy
based on PSO tracking is well adapted to precisely control the position of individual grating
planes, even when their relative distance is aggressively modulated. The writing’s imperfections
are due to residual sources of noise such as high-frequency noise induced by the stage, vibrations,
slight deviation from the core center, and laser power fluctuations. The effects of these can be
observed as noisy and high-level side-bands straying from expected simulated profile.

It should be noted that this method of apodization is well adapted to any direct-writing scheme
(PbP, LbL or Pl-b-Pl) where it is possible to control the exact position of each laser induced
modification.
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Fig. 9. Simulated vs. experimental reflection spectra of the complex-apodized FBG written
in a single pass using the function described in Fig. 8. A) Broadband reflection spectrum.
B) Zoom of the sinc function apodization response. C) Group delay of the linearly chirped
and Gaussian apodized part. D) Zoom of the DFB response.

Fig. 10. A) Design of the grating apodization and phase profile of a 106 mm long FBG.B)
and C) Simulated vs. measured reflection and phase response of the filter.
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5.3. Complex ultra-long FBGs

To demonstrate the ability of our technique to maintain high quality over a longer distance, a
phase-only filter, which requires a long FBG (>100 mm) to ensure a narrow spectral phase
response, was designed [47] and successfully fabricated.

Figure 10-(A) shows the grating profile, which targets a square amplitude spectral response
with a peak reflectivity of 50% and a bandwidth of 50 GHz. It is designed to impart a rectangular
π phase shift to the central frequency of the main stopband, with a bandwidth of just 2 GHz. The
FBG was written in an uncoated SMF-28, with a length of 106 mm, a target κ of 362 m−1, and
a modulation period of Λφ = 10 µm. Figure 10-(B) and C shows the simulated and measured
spectral response (amplitude and phase) of this FBG. This result highlights the capacity of
maintaining an excellent amplitude and phase control over a long distance, which is an essential
requirement to achieve such narrow spectral phase response. The limitation toward even longer
FBG may ultimately depends on the amplitude and phase error that can be tolerated.

6. Conclusion

This article proposed and demonstrated four different refinements that may be used together to
enhance the capabilities for fabricating FBGs with direct-writing schemes based on FS lasers.
Based on weak probe gratings measured by OFDR, a novel alignment procedure was implemented
and successfully used to map the absolute core position of different types of fiber. This method is
precise, flexible, and is non-destructive, i.e. a final strong and high-quality first order FBG can
be written in the probed area. It can be seen as an alternative to the typical alignment method
relying on an imaging system but requires the availability of an OFDR system. For the writing
scheme itself, a phase control strategy based on PSO tracking was used to precisely control the
position of each of the grating planes. It was also demonstrated that a multi-pulse approach
provides a way to inscribe strong first-order grating with low insertion loss and high spectral
quality. These writing methods made it possible to implement an apodization method based
on phase modulation, allowing both phase and amplitude control within a few grating periods.
This method of FS direct-writing can be used to fabricate long FBGs, with arbitrarily complex
apodization and phase profiles, offering the potential for tailoring complex spectral functionalities
over a large bandwidth. Our work now focuses on challenging applications that could not have
been contemplated without our novel approach and which will be reported on in the future.
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