In-fiber Single Polarization Diffraction Grating based
on Radiant Tilted Fiber Grating
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In this letter, we proposed an in-fiber single polarization
diffraction grating based on a radiant tilted fiber grating
(TFG), in which the s-polarization light could be
diffracted from the fiber core to free space with the
wavelength-dependent diffraction angle. For the first
time, we have presented the theoretical model of angular
dispersion of radiant TFG by employing Fourier optics
analysis method. The angular dispersion of radiant TFG
has been numerically characterized in terms of tilt angle,
period and wavelength. In the experiment, we have
measured the diffraction angles and angular dispersion
of the radiant TFGs with tilt angles of 41°, 45° and 47° UV-
inscribed into single mode fiber, where the experimental
results matched well with the simulation results. The
simulation and experimental results have indicated that
the diffraction light of radiant TFGs has a linear
polarization state with over 0.99 degree of polarization
at the tilt angle range from 41° to 47°. © 2018 Optical
Society of America
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Optical imaging technique is an important and powerful
technology for visually designing and fabricating the micro-
/nanostructure devices, exploring the components of the artificial
materials, investigating the internal structure and characteristics of
matter [1-3]. Most of the spectrum-based imaging systems employ
a diffraction grating to separate the polychromatic light and stretch
the laser pulse. Recently, due to its small size, high flexibility,
foldable light path features, optical fiber has been widely applied in
optical imaging systems as the transmission probe and the
imaging systems are gradually transforming from the volume
structure to the fiber-based structure [1-6]. So far, the traditional
diffraction gratings are mainly based on the bulk optical
component, and in the optical system the complex collimating

modules are demanded to align the light transmitting from fiber.
The structural difference and the complex collimating modules
would result in the inevitable defects of the systems, such as the
extra cost, energy loss, complicated structure and decreasing the
stability of the system, and have limited the further development
for system integrations. The desire of a new type of diffraction
grating with inherently compatible with the fiber-based system is
becoming more and more urgent.

Optical fiber grating is a special kind of in-fiber diffraction device,
which could diffract the light between fiber core mode and
cladding/radiation mode. So far, the fiber gratings have been
widely applied in fiber sensing, fiber laser and fiber
communication areas. In particular, the gratings with blazed
structure called tilted fiber gratings (TFGs) are attracting more and
more attentions [7-10]. In 2003, K. Feder et. al. have proposed the
TFGs with small tilt angle as dispersive elements to achieve
spectrum analyzing function [11-12], however, due to that the
diffracted light was still restrained in the fiber cladding, the index-
matching prism or oil need to be employed to eliminate the
reflection and tap the light out of fiber, which is not convenient for
packaging and the diffracted light is not strongly polarization
dependent. In the previous works, a 45° TFG based ideal polarizer
has been proposed, which could directly tap the s-polarization
light out of fiber [13-14]. Moreover, our recent works have
demonstrated that 45° TFG could be an in-fiber dispersive element
with high diffraction efficiency in the applications of spectrally
encoded imaging, OCT spectrometer and wireless optical
communication systems [15-17]. Plenty of papers about the
characteristics and applications of fiber gratings have been
published, but most of them were focused on the transmission
property of fiber gratings. Only a few papers have reported the
radiation property of TFGs [18-20], however, so far, there is not
any theoretical model to analyze the diffraction property of radiant
TFGs. In this letter, we have built the numerical model of the
diffraction property of radiant TFG by employing Fourier optics
method and measured the angular dispersion of TFGs in the



experiment. The theoretical and experimental results have shown
that the radiant TFGs with tilt angle from 41° to 47° could achieve
the single polarization diffraction (the grating tilted at 45° has the
strongest diffraction efficiency), which could be potentially applied
in polarization sensitive spectra analysis system.
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Fig. 1. Diagram for analyzing the diffraction characteristics of TFG.

The grating equation describes the dispersion characteristics of
the volume diffraction grating. However, it is not suitable to
analyze the in-fiber diffraction grating, due to its core/cladding/air
fiber structure and the longitudinally distributed grating structures.
In this letter, the Fourier optics analysis method [21] was
employed to derive the theoretical model and explain the
diffraction of radiant TFGs. As shown in Fig. 1, due to the slight
difference of refractive index in the grating pattern, the incident
light would be coupled and reflected at the interface of fiber
grating. The interactions between the reflected lights from the
same and different interfaces would result in the interference and
diverge the propagation direction of the light. If the position of the
incident light is assumed at x with an angle of «, the phase
difference between the lights from the same interface could be
written as:
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where n is the refractive index of the fiber core, 8 is the tilt angle of
the grating, f is the radiated angle of the light and A is the
wavelength of the incident light. The reflection function of the
grating could be expressed as:
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here, 7 is the attenuation coefficient introduced by the interface

reflection and d=/A/cos6 is the normal period of the grating. If the
incident light field is considered to be E =e'*™* | where
U, =nsina / A, the complex disturbance of the diffraction light
U'(x) would be the Fourier transform of the complex disturbance

at the grating planes, which is given by:

U'(x)=C-F {r(x)-E}=C-F {em(x)}*F {I’ect(z—);)}.

n=1

F {ié‘(x_(n—l)d)(l—n)nl}*F {eJZ’onX} (3)

_c sin2a(u—u, —&)) 1-(1—n)"e 17N
u _UO _é 1_(1_77)e—j27rd(u—u0)

According to Eq. 3, the maximum intensity is determined by
U-u,—¢&=0and u—u, =m/d, where m=+1, +2, ... For a
core-cladding structure of optical fiber, the light is not only
diffracted by the grating, but also refracted at the interface of
cladding and air, which would further enhance the dispersion of
radiant TFG. Based on that, the diffraction angle of the radiant TFG
could be given by:

n-A

n-(cotd———)
7 =arcsin A-Sin@ )
\/1+(cot6'— n-_A )2
A-sin@

Here, y is the angle that the light diffracted out of fiber. Eventually,
the angular dispersion for a radiant TFG can be written as:
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Fig. 2. Simulated results of angular dispersion versus (a) tilt angle at
different grating period, and (b) period at 1550nm and (c) working
wavelength of TFG; (d) the relationship between degree of polarization
(DOP) of the radiated light and the tilt angle.

Equation 5 expresses the angular dispersion of a radiant TFG
structure. Based on Eq. 5, we have investigated the angular
dispersion characteristics of the radiant TFGs in term of tilt angle,
grating period and working wavelength, respectively, and plotted
in Fig. 2a, b and c, respectively. As shown in Fig. 2a, the dispersion
exhibits a non-linear decrease with respect to the tilt angle at the
wavelength of 1550nm. The rapid fall is caused by the total
internal reflection of the fiber and the diffracted angle becomes
larger with smaller tilt angle, which results in the shifting of the
turning point of each curve. For the tilt angle above 40°, the grating
with a larger period always has a larger dispersion, see in Fig. 2a.

In addition to the tilt angle, the angle dispersion is also related to
the period of grating and working wavelength. Fig. 2b illustrates



the relationship between the dispersion and period with different
tilted angles at the wavelength of 1550nm. It is clearly showed that
the dispersion curve has a turning point and the corresponding
period of the point moves to smaller period with the increasing of
tilt angle, which are the results of the total reflection. The angular
dispersion curve is in proportion to the period, which is consistent
with our previous analysis. Therefore, the performance of the in-
fiber grating could be enhanced by increasing the grating period,
which is totally different from the traditional volume diffraction
grating (d@/dA ~1/d). Meanwhile, in Fig. 2c, we have analyzed
the dispersion of TFGs with 748nm period versus the wavelength
at tilt angle of 45° which exhibits a non-linear decrease with
respect to the wavelength, where the trend approaches to a small
linear change at the range from 1520nm to 1590nm (illustrated in
Fig. 2c). This characteristic implies that the linear dispersion of
grating is almost a constant at this range and the angle difference
for a fixed wavelength interval would be a constant as well, which
would benefit the design of the detection part of the spectrum
analysis system and other applications of the grating. Besides, we
have analyzed the degree of polarization (DOP) of diffracted light
of 748nm period radiant TFG with different tilt angle at 1550nm,
shown in Fig. 2d. It is clearly shown that the diffracted light of
grating at the tilt angle range from 41° to 50° has a DOP over 0.99,
which indicates the perfect single polarization characteristic of the
radiant TFGs with 41° to 50° tilt angle and it could be an ideal
polarization dependent in-fiber dispersive element. The simulation
results also show that, although the grating with smaller tilt angle
has a larger dispersion, there is a degradation of DOP with the
decrease of tilt angle. In addition, compared with the TFGs with
small tilt angle, the grating tilted at 45° could directly diffract the
light out of fiber and achieve the strongest diffraction efficiency.
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Fig. 3. Diagram and the photograph of the experimental setup for
measuring the diffraction angles of TFGs.

the polarization extinction ratios (PER) are 0.95, 6.33 and 2.3dB at
1550nm, respectively. The diffraction experimental setup is shown
in Fig. 3, which is configured with tunable laser (EXFO FLS-2600B),
fiber rotators, polarization controller (PC), beam profiler (Gentec-
EO Beamage-4M-IR), 3D-stage and powermeter. To effectively
capture the side-tapped light, the light was focused by a cylindrical
lens. In the experimental setup, the tunable laser has a 72nm
wavelength tuning range from 1520nm to 1592nm. The rotators
are used to adjust the radiation direction of the radiant TFGs and
the beam profiler is employed to capture the radiation patterns
and record the spatial position of different incident wavelength.
The PC and powermeter are used to control the polarization state
of incident light (the minimum value in powermeter shows that
the s-polarized light has been launched into the grating).
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Fig. 4. The measurement principle of the diffraction angle and the
captured diffracted patterns of 1520, 1562 and 1592nm light.

To verify our theoretical model, we have experimentally
measured the diffraction angles of radiant TFGs with 5mm length
at the tilt angles of 41°, 45° and 47°, which were UV-inscribed in
the single mode fiber by a 1800nm phase mask under the same
inscription condition. The gratings with the tilt angles of 41°, 45°
and 47° have the period of 792, 748 and 728nm, respectively, and

The measuring principle is illustrated in Fig. 4. By measuring the
deviation Al =1, -1, and Ad, the diffraction angle could be

figured out by the arctan function & = arctan(Al / Ad). In the

experiment, we firstly captured the diffracted light from a 45° TFG
with 748nm period at the wavelength of 1520nm, 1562nm and
1592nm, respectively. The normal distance between grating and
the CCD was 60mm. The entire space separation between the
wavelengths from 1520nm to 1592nm is around 4.53mm (see in
Fig. 4b), which has preliminarily verified the dispersion function of
radiant TFG. Furthermore, we have measured the diffraction light
from 1520nm to 1592nm with 4nm increment and the results are
plotted in Fig. 5a. The black dots are the deviations of the
diffraction light measured at different pixel positions, which are
perfectly fitted by a linear curve with R?=0.9994. And the normal
diffracted wavelength is calculated to be 1554.7nm. The
relationship between the diffraction angle and wavelength is
plotted in blue dots. As shown in Fig. 53, the diffraction angles are
linearly shifted with the shifting of wavelength and give an angular
dispersion coefficient around 0.054°/nm, which is in excellent
accord with the simulated value of 0.053°/nm. This value is lower
than that of the volume grating (0.1083°/nm with the period of
748nm), however, it has met the requirements for the most of
applications in the spectral imaging and fiber communication
systems [15-17]. Furthermore, we have compared the diffraction
angles of radiant TFGs with different tilt angles (41°, 45° and 47°),
as illustrated in Fig. 5b. The measured angular dispersions are
0.0640, 0.0535 and 0.0496°/nm, respectively, where the
simulation results are 0.0638, 0.0534 and 0.0500°/nm,
respectively. The agreement between measurement and
simulation results has further verified the applicability of the



proposed model for describing the dispersion characteristics of
radiant TFGs. The experimental results shown in Fig. 5b have also

indicated that the perpendicularly radiated wavelength of gratings

fabricated by the same phase mask is shifted with the changing of
the tilt angle. In addition, we have measured the polarization

distributions of the diffracted light from these three TFGs, see in

Fig. 5c. As shown in the figure, the perfect “8” letter distributions

indicate that the diffracted lights are linearly polarized. The

diffracted lights from the TFGs with the tilt angle of 41°,45° and 47°
have the DOPs of about 0.9908, 0.9968 and 0.9962, respectively.

By monitoring the transmitted and radiated light intensity, we

have also calculated the diffraction efficiency (DE) of the radiant

TFG, which showed a dependency on the PER of grating. The TFGs

with the tilt angle of 41°, 45° and 47° have around XX, XX, XX DE at

1550nm and the 45°TFG has a higher diffracting efficiency

compared with other tilt angle. The larger of the PER indicates the

stronger ability to diffracted the light out of fiber. As shown in Fig.

5c, the 45° TFG has a higher DE compared with other tilt angle,

which is around 36.60% at 1550nm. Finally, the experimental

results have verified the theoretical model and demonstrated that

the radiant TFGs could act as the single polarization in-fiber

diffraction devices.
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Fig. 5. (a) the simulated and experimental results of diffraction angles;
(b) the measured diffraction angles of TFGs with different tilt angles; (c)
the measured polarization distributions of the diffracted light.

In conclusion, we have proposed an ideal in-fiber single
polarization diffraction grating based on radiant TFGs, which
would be potentially applied in polarization sensitive spectral
imaging field. Based on Fourier optics analysis, we have firstly
derived the diffraction theoretical model of radiant TFGs and
experimentally investigated the dispersion characteristics of
radiant TFGs with different tilt angles. The simulation results show
that the angular dispersion of radiant TFGs is related with the
parameters of the grating and the incident light. In the experiment,
we have measured the diffraction characteristics of the radiant
TFGs with 41°, 45° and 47° tilt angles, which have the angular
dispersions of 0.0640, 0.0535 and 0.0496°/nm, respectively. All
the simulation and experiment results are in good agreement,
which has further verified the validity of the proposed diffraction

theoretical model. Finally, we have measured the polarization
distributions of the diffraction light, which showed that the in-fiber
grating could achieve the perfect polarization characteristics in a
certain tilt angle range.
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