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We report the observation of second order Bragg resonance (2nd-OBG) produced by tilted fiber gratings (TFGs) fabricated

using phase mask UV inscription. The theoretical analysis has revealed that the generation of high order Bragg resonance

of gratings is induced by a square-shape refractive index profile, which is caused by over-saturated UV exposure. In the

experiment, we have studied the TFGs with different tilt angles under over-saturated UV exposure, in which all gratings

have showed the 2nd-OBR, and the larger tilt angle of the grating has the stronger 2nd-OBR. When the tilt angle of

the grating is ∼45°, the Bragg resonance exhibits very strong polarization dependence, because the 2nd-OBR wave-

length is located within the polarizing bandwidth of 45° TFG. Finally, we have demonstrated an erbium-doped fiber laser

with > 99.9% degree of polarization, and, by applying mechanical stretching on the grating, a wavelength tunable

laser output has been achieved. The output laser shows ∼0.2 dB amplitude variation within 1 h continuous monitoring

of the laser.
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1. Introduction

UV-inscribed fiber Bragg gratings (FBGs) are ideal optical devi-

ces in telecom, lasers, and sensing systems. The phase mask

scanning technique offers high quality FBG fabrication with

high reproducibility and ease of design. So far, most of the

FBGs reported using a phase mask scanning method are based

on the first order Bragg diffraction of the fiber grating structure.

It is well known that due to the saturation effect of the UV

irradiation, high order Bragg resonance can be observed in a

non-tilted uniform FBG[1]. It has been reported that the first

and second order Bragg resonances (2nd-OBR) of the same

FBG can be used for temperature and strain sensing at the same

time[2,3]. Furthermore, an all-fiber spectroscope with a second

order FBG for a rotational Raman lidar is reported, in which

an all-fiber spectroscopic filter with several second order

FBGs and optical fiber couplers is designed based on the nar-

rower reflectivity bandwidth of a second order FBG[4]. So far,

all of these reports about high order Bragg resonance are based

on a non-tilted uniform FBG. In more recent years, fiber

gratings with tilted fringes have attracted a lot of attention.

Various tilted structures with small[5], Brewster[6,7], and large[8]

angles have been studied. They exhibit excellent performance

in sensors[9–11] and in fiber lasers[12–14]. Recently, Zhang et al.

have reported a high order tilted FBGwith superposed refractive

index modulation, in which the grating shows two kinds of

high order Bragg resonance and cladding mode resonances[15].

Mou et al. have observed the 2nd-OBR of a tilted fiber grating

(TFG)[16], however, in that Letter, they did not give an explan-

ation of the 2nd-OBR. In this Letter, we systematically analyzed

the generation principle of 2nd-OBR of TFGs fabricated and

experimentally observed the 2nd-OBR of TFGs with various tilt

angles from 0° to 45° fabricated by using UV inscription via a

phase mask, in which 2nd-OBR of the 45° TFG has shown very

strong polarization dependence. Finally, we have employed the

2nd-OBR of 45° TFG to achieve an all-fiber polarized laser sys-

tem. In the second part, the application of 2nd-OBR is demon-

strated for generating polarized output from a standard ring

cavity fiber laser.
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2. Theoretical and Experimental Analysis

The Bragg diffraction of a uniform FBG is defined as
λm = 2neff · Λaxis=m, where λm is the mth Bragg resonance
wavelength of FBG,m is the diffraction order, neff is the effective
index of the propagating mode, and Λaxis is the axial period of
the fiber grating. In general, the grating fringes induced by UV
inscription through phase mask have a quasi-ideal sinusoidal
refractive index distribution along the fiber axis. However, when

the refractive index changes to saturation, which means the fiber
has a large UV-exposure dose, the refractive index distribution
tends to be square. According to Fourier series analysis, high
order frequency components will be generated in the frequency
domain, and a series of high order Bragg resonance peaks will
appear in the spectrum. For TFGs, the tilted fringes destroy
the sinusoidal refractive index distribution along the fiber axis
to a greater extent, and the higher order Bragg resonance is
easier to obtain.
According to the Kramers–Kronig relationship[17], the refrac-

tive index change is generally linearly related to the number
of absorption photons and is expressed as
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where P is the incident optical power, t is the exposure time, ν is
the fringe visibility, and θ is the tilted angle of grating. Λ repre-

sents the period of the grating. δns and Es represent the satura-
tion index variation and the saturation energy, respectively,
which are connected with the core dopant concentration of
the photorefractive fiber.
Figure 1(a) shows the simulation result of the normalized

index change curve at different UV-exposure time. When the

index change gets saturated, the refractive index profile tends
to be a square shape, which results in high order Fourier com-
ponents. The refractive index change can be expanded as a
Fourier series, which expressed as
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where δn0 is the average refractive index change, m is the order

number, and φm is the phase of the mth order refractive index

profile. δnm is the Fourier series term of themth order, and it can
be expressed as
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According to the coupled mode theory, the maximum reflec-
tivity of the mth order can be expressed as

Rm = tan h2�κm · L�, (4)

where L is the grating length. κm is the AC coupling coefficient
of the mth order, and it can be expressed as

κm = Γ · δns · δnm, �5�

where Γ is the core power confinement factor for the guided
mode. In Fig. 1(b), the simulation result shows the reflectivity
variation of the first, second, and third orders with the UV-
exposure time. The saturation index variation δns = 0.001[18],

and the saturation-exposure energy density Es = 140 J=cm2[4].
The first order resonance tends to be saturated at 150 s, corre-
sponding to the rapid increase of the second order resonance.
Moreover, the second order resonance tends to be saturated
at 1500 s, corresponding to a square refractive index profile.
Besides, the third order resonance remains weak over the expo-
sure time. The simulation result clearly shows that with the

increase of exposure time, the refractive index distortions of
the first and second orders are generated and increased, and that
of the third order is hard to observe.
A set of TFGs were UV-inscribed in B/Ge co-doped commer-

cial photosensitive fiber (Fibercore PS1200/1500) using the
scanning phase mask technique and a 244 nm UV source from

a CW frequency doubled Ar� laser (Coherent Sabre Fred). The
B/Ge fibers were hydrogen-loaded at 150 bar (1 bar= 1× 105 Pa)
at 80°C for two days prior to the UV inscription to further
enhance the photosensitivity. The phase mask (IBSEN
Photonics) has a uniform period of 1800 nm. The fabrication
process of the TFG is given by Ref. [7]. By adjusting the goni-
ometer, we fabricated six TFGs whose angles are 0°, 12.3°, 22°,
30.6°, 36.9°, and 45°, in which the axis periods of the TFG are
900 nm, 908 nm, 932 nm, 967 nm, 1006 nm, and 1080 nm,
and the corresponding the wavelengths of 2nd-OBR are
1305 nm, 1318 nm, 1350 nm, 1400 nm, 1460 nm, and 1568 nm,
respectively. The grating length is 24 mm. A broadband light
source (Agilent 83437 A, range from 1200 nm to 1700 nm)

and an optical spectrum analyzer (OSA) were used to monitor
the transmission spectra during the grating fabrication. All of
the gratings were fabricated under the same UV illumination
condition. During the UV-inscription process, the UV laser
outputs a 100 mW CW laser with around 500 μm diameter
Gaussian beams. For inscription of 45° TFG, the beam size
of the laser after the cylindrical lens should be larger than
84 μm[7], which is set around 100 μm at the normal of the fiber
axis and 500 μm along the fiber axis. The grating scanning speed
is 0.08 mm/s, which corresponds to the exposure time of 1.2 s.

Fig. 1. (a) Simulation of normalized index change at different exposure time;

(b) simulation of second order reflectivity against exposure time.
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The UV dose is defined as EUV = IUV · t, where EUV is the UV
dose, IUV is the UV intensity, and t is the exposure time. The
total UV-exposure dose of TFG in the PS1250/1500 single mode

fiber is around 240 J=cm2. Under such a highUV-exposure dose,
the refractive index of the grating would have a square profile.
In Fig. 2(a), the plot depicts the measured 2nd-OBR wave-

length of each TFG against the tilt angle. The results show very
good accordance with the theoretical simulation. As the angle
increases, the resonance wavelength has a corresponding red
shift. We also analyzed the grating strength against the tilt angle,
which is shown in Fig. 2(b). Under the same UV illumination
power and exposure time, it is found that the larger the tilt
angle is, the stronger the 2nd-OBR is. At certain angles, espe-
cially small angles, multiple scanning may have to be employed
to make the 2nd-OBR effect more pronounced. This is because
when the grating is slightly tilted, the grating refractive index
profile tends to be more sinusoidal, and hence the higher order
resonance will not be strong enough to observe.
Previously, it was reported that when the grating tilted angle

is 45° during the UV-inscription procedure, the TFG exhibits
stronger polarization dependent loss (PDL) over a wide range
than other tilted angles[6]. In such a TFG, the p-polarization light
is almost lossless, while s-polarization light suffers significant
loss, functioning as an in-fiber polarizer. The PDL range of
the 45° TFG is around 1400–1700 nm, and only the 2nd-OBR
is in this range. We further examined the polarization properties
of the 2nd-OBR of the TFG at this particular angle using a set of
commercial PDL characterization kits (LUNA Technologies)
incorporating an external tunable laser with 20 pm resolution.
As expected, we found that the 2nd-OBR of 45° TFG also exhib-
its large polarization dependency. Figure 3 shows the transmis-
sion spectra of the 2nd-OBR generated at 1566.9 nm with a
bandwidth of ∼0.1 nm. In order to produce a strong 2nd-OBR,
we further increase the UV illumination power. The resultant
loss of 2nd-OBR is ∼12 dB, corresponding to a reflectivity
of ∼93.7%. This is comparable to the reflectivity of a standard
FBG that can be used as reflector in an erbium-doped fiber laser.
The PDL resolved spectrum of the 45° TFG shows that the
s polarization has a significant loss with a pronounced 2nd–
OBR, while p polarization shows only ∼0.2 dB insertion loss
with a stronger 2nd-OBR. The two 2nd-OBRs locate around
slightly different wavelengths (when zoomed in, ∼0.02 nm

difference in wavelength can be measured) due to the polariza-
tion mode dispersion. In addition, typical cladding modes
resulting from a standard FBG can be clearly observed on the
left side of the Bragg resonance. This further proved the effective
generation of a 2nd-OBR.

3. Application of Single Polarization Fiber Laser

Erbium-doped fiber lasers are useful light sources in telecom and
sensing systems where single polarization and single wavelength
operation is desirable. There are numerous ways to produce
polarized output laser. However, they use either expensive spe-
cialty fibers[19–21] or high birefringence FBGs[22,23]. Mou has
reported the high degree of polarization (DOP) fiber laser sys-
tem by using an FBG and a 45° TFG, in which the FBG was used
for wavelength selection and the 45° TFG introduced a high
polarization dependence loss in the laser cavity[24]. In this
Letter, we have used the polarization dependent Bragg reso-
nance of the 2nd-OBR of the 45° TFG to achieve a polarized fiber

laser system.

Fig. 2. (a) Experimental and theoretical relationship between the 2nd-OBR

wavelength and the grating tilt angle; (b) 2nd-OBR strength against the tilt

angle.

Fig. 3. Measured PDL spectra of the corresponding grating within 30 nm

spectrum range showing 2nd-OBR in both p polarization and s polarization.

Fig. 4. Schematic of the demonstrated fiber laser using the 2nd-OBR gener-

ated by a 45° TFG.
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The fiber laser construction is shown in Fig. 4, which consists
of an ∼6m erbium-doped fiber (Lucent Technologies), a
980 nm/1500 nm wavelength division multiplexer (WDM), a
975 nm laser diode (LD) with up to 300mWpump power, a fiber
polarization controller (PC1) used for cavity optimization, a
10:90 fused coupler for laser output, and a 2nd-OBR grating
connected through an optical circulator to provide single wave-
length operation. The output spectrum of the fiber laser is mea-
sured through an OSA (AQ6370D). Moreover, the polarization
extinction ratio (PER) measuring system is constructed by using
a fiber PC2, a polarizer, and an OSA. Through adjusting PC2,
the spectra of maximal power and minimal power can be
obtained, which represent the oscillating p-polarization and
s-polarization states, respectively.
The experiment results show that the laser has output a single

wavelength laser at ∼1566.3 nm with 0.1 nm 3 dB bandwidth
and > 50 dB optical signal to noise ratio (OSNR), seen in
Fig. 5(a), in which the threshold power and slope efficiency
of laser system are ∼12mW and 14%, respectively, seen in
Fig. 5(b). Due to the high PDL of Bragg resonance of the
2nd-OBR of 45° TFG, the output laser shows a 33 dB polariza-
tion dependent output, which is around 99.9% DOP, seen in
Fig. 6(a). By employing strain on the 2nd-OBR, the laser could
achieve ∼0.4 nm continuous tuning range from 1566.26 nm

to 1566.66 nm. The strain sensitivity of the 2nd-OBR is around
1.2 pm/με. Based on the 2000 με strain range of the optical fiber,
we could achieve around 2.4 nm wavelength tuning, as shown in
Fig. 6(b). The temperature sensitivity of the laser is measured as
0.008 nm/°C, as shown in Fig. 6(c). The experimental results
of strain and temperature show that the laser has a good tuna-
bility and stability. Furthermore, we also examined the stability
of the laser at laboratory conditions for 1 h with 5 min intervals
by recording the laser output. The experiment results show
∼0.02 nm wavelength variation and only ∼0.2 dB output inten-
sity fluence, seen in Fig. 6(d). To obtain a stable laser, temper-
ature and feedback control may be implemented. Here, we
would like to show the proof of principle for such a device
achieving polarizing light in a fiber laser.

4. Conclusions

In conclusion, we have theoretically and experimentally inves-
tigated the 2nd-OBRs of the TFG. Simulation results revealed
that the square-shape index modulation profile could enhance
the second Bragg resonance of TFG. In the experiment, we have
observed the 2nd-OBR of TFG with the tilt angles of 0°, 12.3°,
22°, 30.6°, 36.9°, and 45°. The wavelength of 2nd-OBR of 45°
TFG is located just inside of the polarizing bandwidth of 45°
TFG, which induces very strong polarization dependent reso-
nance. The 2nd-OBR of 45° TFG would be an ideal polarizing
FBG. Based on this, we have achieved a polarized fiber laser sys-
tem, in which the laser output shows high DOP (> 99.9%), high
OSNR (> 50 dB), and capability of continuous tuning with a
comparable slope efficiency. The laser showed very stable wave-
length and intensity output with∼0.02 nm wavelength variation
and ∼0.2 dB output intensity fluence. The 2nd-OBR in a TFG
would be a simple and effective way to produce a single polari-
zation fiber distributed feedback (DFB) laser.
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