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Numerical and Experimental Characterization of
Radiation Mode of 45° Tilted Fiber Grating

Huabao Qin, Qinyun He, Zhikun Xing, Xi Guo, Zhijun Yan, Qizhen Sun, Kaiming Zhou, Hushan
Wang, Deming Liu and Lin Zhang

Abstract—In  this paper, we have numerically and
experimentally investigated the radiation mode of 45° tilted fiber
grating (45° TFG). By introducing the axial distributions into the
volume current method, we have established a three-dimension
theoretical model to analyze spatial distributions of the radiation
mode of 45° TFG, and measured the radiation mode spatial
distributions in experiment. Both numerical and experimental
results show that the radiation mode of 45° TFG exhibits an
exponential reduction along the fiber axial direction, and a quasi-
Gaussian profile along the radial direction of fiber. Additionally,
we have also measured the detailed polarization dependent
azimuthal intensity distributions of radiation modes of both s- and
p-polarized core modes. The degree of polarization (DOP) of
radiation mode is around 99.886%, which is independent of the
length and the polarization extinction ratio (PER) of the grating.
Moreover, for the first time, we have experimentally observed a
very weak p-polarized component existing in the radiation mode,
which has matched well with the simulation results.

Index Terms—Fiber optics, Fiber
Polarization, Exponential distribution.

gratings, Radiation,

[. INTRODUCTION

INCE the first fiber grating was proposed by K. Hill in 1978

[1], the properties of fiber grating have been systemically
investigated and the theories have been well established after
decades of development. Among the various fiber gratings,
there is a special kind of grating with blazed grating structure
firstly reported by Meltz [2], called tilted fiber grating (TFG).
Due to its unique mode conversion characteristics, the TFGs
have attracted much deserved attention in recent years and have
been widely applied in fiber sensing and communication areas.
According to the different mode coupling behaviors, TFGs can
be classified into three different types, including the backward
cladding mode coupling tilted fiber Bragg grating (TFBG),
forward cladding mode coupling excessively tilted fiber grating
(Ex-TFG) and radiation mode coupling 45° tilted fiber grating
(45°TFG). Due to the asymmetric grating structure, the TFBG
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and Ex-TFG indicate excellent polarization related cladding
mode coupling behaviors, which have been used as in-fiber
twist sensor, fiber based surface plasma resonance sensor,
refractive index sensor, liquid surface tension sensor, magnetic
field sensor, electrochemical and biochemical sensor [3]-[12].
And the TFGs with the tilt angle between 23.1° and 66.9° with
respect to the normal direction of fiber axis can radiate the light
out of fiber core with very strong polarization correlation.
However, only the grating with a tilt angle of 45° can directly
and effectively tap the s-polarized light out of fiber core and
leave the p-polarized light traveling through the grating. Due to
such unique polarization characteristics, 45° TFGs have been
applied as ideal in-fiber linear polarizers and integrated
polarizer [13]-[15]. On the other hand, the radiation mode has
also attracted much attention. So far, 45° TFG has been
successfully applied as a key element to separate polychromatic
light into monochromatic components in optical spectrum
analyzer, wireless optical communication system, spectrally
encoded imaging system, ultrafast photonic time-stretch
imaging system and Fourier-domain optical coherence
tomography (OCT) spectrometer [16]-[19]. However, different
from the traditional volume diffraction gratings, the spatial
distributions of the radiation mode of a uniform 45° TFG have
several inherent flaws, such as the asymmetrical energy
distributions and the large divergence angle. So, the
complicated optical modules are needed to compensate the
performance degradation, which have limited the further
improvements of the systems. To overcome these drawbacks, it
is necessary to analyze the characteristics of the radiation mode
of 45° TFG. There are several theories that have been proposed
to analyze the mode coupling properties of TFGs. T. Erdogan
has used the coupled mode theory (CMT) to analyze the
radiation mode coupling behaviors of the TFGs [20],[21]. R.
Kashyap has proposed a model to analyze the properties of the
sidetap grating filters based on antenna theory [22]. However,
these two models are not focused on the radiation field of TFG
and they haven’t explained the distribution characteristics of the

and Technology, Wuhan 430074, Hubei, P. R. China
yanzhijun@gmail.com;).

K. Zhou and L. Zhang are with the Aston Institute of Photonic Technologies,
Aston University, Birmingham, B4 7ET, UK., and K. Zhou is also with the
State Key Laboratory of Transient Optics and Photonics.

H. Wang is with the State Key Laboratory of Transient Optics and Photonics,
Xi’an Institute of Optics and Precision Mechanics, Chinese Academy of
Sciences, Xi’an 710119, China

(e-mail:

0733-8724 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JLT.2019.2920680, Journal of

Lightwave Technology

>REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 2

radiation mode of a TFG. In 2001, Li et al. used volume current
method (VCM) to analyze the characteristics of the radiation
mode of TFG and compared the results with the CMT [23],[24].
Walker et al. have discussed the parametric dependencies of the
radiation patterns of TFBG based on VCM [25]. But they only
applied the transverse far-field approximation and their models
could not accurately describe the distribution of the radiation
mode in longitudinal dimension. In 2003, C. Jauregui proposed
anear-field theoretical model to analyze the radiated field of the
TFG with 34°tilt angle [26],[27]. S. Jian et al. proposed a
simplified CMT and a full vector complex CMT for the analysis
of radiation mode coupling of TFGs [28],[29]. In 2012, T.
Yoshino used beam tracing approach to investigate the
polarization properties of the TFG polarizer [30]. In 2014, J.
Albert et al. experimentally investigated the radiation pattern of
a 10° TFBG under a microscope [31]. However, there are few
papers that have systematically investigated the radiation mode
of 45° TFG in theory and experiment. In this paper, we have
proposed a comprehensive theoretical model to analyze the
properties of the radiation mode of 45° TFG. In addition, we
have characterized the radiation mode properties of 45° TFG in
the experiment. The spatial distributions and the polarization
characteristics of the radiation mode have been investigated.
Furthermore, we also have observed that the 45° TFG could
excite very weak p-polarized radiation mode comparing with
the s-polarized one, which shows a good match between the
proposed theoretical model and the experiment results.

II. THEORETICAL ANALYSIS OF RADIATION MODE

Among the various theoretical analysis methods, Li et al.
used VCM to analyze the characteristics of the radiation mode
of TFG and achieved good results. Compared with the other
methods, VCM can intuitively analyze and explain the
properties of the radiation mode of TFG. Based on VCM, the
grating structure of TFG is regarded as the period perturbations
of the refractive index, which would induce perturbed electric
and magnetic fields. By using the Maxwell’s equations, the
induced perturbations of grating can be derived. The power-
flow density vector of the field induced by the perturbations of
grating can indicate the intensity of the radiation pattern of TFG,
which can be expressed as [23]:
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where ny is the refractive index of the fiber core, dn is the
modulated refractive index induced by ultraviolet light
exposure, a is the radius of fiber core, ky=27/A9 is the wave
vector of the incident light, Fy is the intensity of the electric
field, g is the propagation constant, r is the radius of the fiber
core, A=f-K,, K,=2mcos6/A and K,=2msinf/A represent the
longitudinal and transverse wavenumbers of the grating,
respectively, where /4 is the period of grating and 8 is the tilted

angle, k, =./kin; —(ﬂ—Kg)2 is the projection of the wave

vector of emergent light in transverse direction, J and ¢ are the
polarization and azimuthal angle of the radiated light,

respectively, K, = \/ k' +K’ -2k K, sing is the mismatching

among the wave vectors of grating, incident light and emergent
light, and u is the waveguide parameter of fiber and J is the
Bessel function.

Here, Eq. 1 illustrates the azimuthal distributions of the
radiation mode, but lacks the axial distribution information. To
better analyze the radiation properties of TFG, the axial
information needs to be introduced into the VCM. In this paper,
we provide a simple but efficient method to analyze the
behaviors of radiation mode along the fiber axis and propose a
comprehensive theoretical model for describing the radiation

mode of TFG.
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Fig. 1. Schematic diagram for analyzing the distribution along the fiber.

Due to the irreversible radiation behavior of TFG, the grating
structure can be divided into sub-sections along the fiber axis
with the same structure, and the radiation pattern of the whole
grating is the sum of the patterns of each sub-section, as
illustrated in Fig. 1. The transverse distributions of radiation
mode for each sub-section can be figured out by using the VCM.
However, when the light of core mode transmits through each
sub-section, the radiation would cause energy attenuation of
light, resulting in the decrement of the electric field intensity of
incident light. When the sub-sections are small enough, the
intensity of the radiation mode can be expressed as:

I =% LT@Sd;zﬁ)dz = al, 2)

where « is the coupling coefficient between the core mode and
the radiation mode and Iy is the intensity of the incident light.
The intensity distribution of radiation mode along the fiber axis
can be written as:

() =a(-a)" 1, 3)
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where 6, is the emergent angle of the radiated light, which is
related to the wavelength of the incident light, and z is the axial
position of grating.
Therefore, the spatial distributions of the radiation mode of
TFG can be rewritten as:
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radiation mode would have a negative exponential distribution
along the fiber axis according to Eq. 5. The equation gives a
simplified but intuitional and comprehensive explanation for
describing the characteristics of the radiation mode of TFG, and
further discussions will be presented in the next section.

III. RADIATION MODE CHARACTERISTICS OF 45° TFG AND
DISCUSSIONS

In this section, we have analyzed the characteristics of 45°
TFG with numerical simulation and experiment. A simulated
three-dimension distribution pattern of the radiation mode of 45°
TFG has been carried out for the first time. The radiation modes
have been captured and the distributions of the mode have been
measured in the experiment.

A. Simulation results

The spatial distributions of the radiation mode of 45° TFG
have been numerically simulated with the proposed model. In
the simulation, the refractive index of fiber core was set as
1.448, the wavelength was set as 1550nm and the magnitude of
E was considered to be 1. The radius of the core was set to be
4.5 um, the grating period and tilted angle were set as 748 nm
and 45°, respectively, and the induced index perturbation was
setas 0.001. The simulated results of the azimuthal distributions
with two orthogonal polarization states and the 3D distribution
pattern of the radiation mode are depicted in Fig. 2 a, b and c,
respectively.

As shown in Fig. 2a, the patterns of s-polarized radiation
mode have a Gaussian profile with several side lobes. The
energy is mainly distributed within around 20° azimuthal angles
ranging from 80° to 100°, where about 99.5% of the energy is
contained in this region, and the intensity reaches the maximum
at 90°. There are many side lobes that exhibit an attenuation of
periodic oscillation in logscale. The difference of the intensity
between the main lobe and the first side lobe is about 25dB, as
seen in Fig. 2b. For the p-polarized radiation mode, it shows the
same periodic oscillation attenuation as the p-polarized one.
However, in the azimuthal angle region between 80° and 100°,
there are two lobes instead of one main lobe. The intensity of
the p-polarized radiation mode is about 26dB weaker than the
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Fig. 2. Simulated azimuthal distributions of the radiation mode in (a) linescale
and (b) logscale; (c) the simulated 3D distribution pattern of the radiation
mode (s-polarized).

B. Spatial distributions of the radiation mode

To verify the simulation results, we have experimentally
measured the radiation mode of 45° TFG in terms of the
distribution profile and the intensity distributions along the
fiber axial and azimuthal directions.

45°TFG

rotator

FC rotator

Beam
profiler

Fig. 3. Experimental setup for capturing the radiated light by the radiation
mode of 45° TFG.
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The experimental setup is indicated in Fig. 3, which includes
a tunable laser, polarization controller (PC), beam profiler
(Gentec-EO Beamage-4M-IR), optical power meter and fiber
rotators. In the experimental setup, the wavelength of the laser
is set to be 1550nm, the PC is used to control the polarization
state of light launched into 45° TFG. By employing the power
meter, we can confirm which polarization state of light has
passed through the grating (the maximum value in power meter
shows that the p-polarized light has been launched into the
grating; conversely, the minimum value in power meter shows
that the s-polarized light has been launched into the grating).
Three 45° TFGs with different grating lengths (Smm, 10mm,
15mm) and polarization extinction ratios (PER) (3.24dB,
5.42dB, 9.77dB) have been investigated in the experiment.
These three grating are fabricated with the same phase mask
and they have the same period of 748nm, but the exposure
lengths have been controlled to be 5, 10 and 15mm, respectively.

L=5Smm

2

L=15mm

Fig. 4. The captured radiation patterns of the 45° TFGs with different grating
lengths.

With the proper adjustments of polarization state and the
collimation of the radiation direction, the radiation patterns of
45° TFGs have been captured and shown in Fig. 4. The captured
patterns present similar distribution profiles of radiated light
with the simulation results in Fig. 2c, in which the maximum
intensity appears at the beginning of the grating and
exponentially decreases along the fiber axis. Since the effective
length of the CCD is only about 11.26mm, the radiation pattern
of the 15mm-long grating is incompletely captured by the beam
profiler.

For detailed analysis, the profiles of the radiation patterns
along x- (fiber axis) and y- (fiber cross-section) axes have been
extracted and compared with the simulation results. As shown
in Fig. 5a, the distributions of radiation mode along y-axis show
a Gaussian profile and are in good agreement with the
simulation results. The minor differences between the
simulation and experimental results are caused by the non-
uniform response of each pixel of the beam profiler.

In addition, as shown in Fig. 5b-d, the intensity distributions
ofthe radiation modes are reduced exponentially along the fiber

axial direction. The lengths of the profiles are in accord with the
actual lengths of gratings, and the calculated coupling
coefficients are around 9.973x10%, 6.591x10** and 1.073x1073,
respectively, for the three measured 45° TFGs. The larger the
coupling coefficients represent the stronger ability of the
grating to couple more s-polarized components of the incident
light into radiation mode, which is related to the correlation
between the PER and the length of the grating. Eventually, both
the results of the exponentially reducing distributions and the
different coupling coefficients have preliminarily verified that
the proposed model can well describe the axial distribution
characteristics of the radiation mode of 45° TFG.
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Fig. 5. The simulation (black curves) and experimental (red curves) results
of radiation mode distributions along (a) azimuthal direction and axial
direction with the grating lengths of (b) Smm, (¢) 10 mm and (d) 15 mm,
respectively.

Because of the sensitivity and background noise limitations
of CCD, the radiation patterns captured by the beam profile
only contain the intensity distribution information along fiber
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grating, and the detailed distributions along the azimuthal
direction could not be observed. For further analysis, we built
another experimental setup to observe the azimuthal
distributions of the radiation mode with a high-sensitivity
photodetector (PD), see in Fig. 6. The PD is fixed on a rotary
stage which can facilitate the fiber rotation from 0° to 360°, and
the grating is set at the center of the stage. Here, the PC and
power meter are used to confirm the polarization state of the
radiation mode. In this experiment, we have measured the
azimuthal distributions of the radiation mode of 45° TFG with
s- and p-polarization in detail, and the measurement results are
illustrated in Fig. 7.

|
£
=

powermeter

Fig. 6. Experimental setup for measuring the detailed azimuthal distribution
of the radiation mode.

Figure 7a shows the azimuthal distributions of the radiation
mode of 45° TFG with a 2° measuring step, and it is clear that
the distribution profiles are not similar to Gaussian profiles.
There are two “shoulders” on both sides of the main lobe, which
makes the profile different from the previous results in Fig. Sa.
It is worth mentioning that a small spindle tail with a shape
similar to the main lobe occurs in the opposite direction of the
radiation mode. The intensity of the tail is about 16.15dB
weaker than the main lobe. It is reasonable to regard it as the
results of the Fresnel reflection at the interface between fiber
and air. In addition, the effect of the polarization state of
radiation mode has also been considered. According to the
simulation results, the intensity of the p-polarized radiation
mode should be much weaker than the s-polarized one.
However, the radiated energy of the p-polarized radiation mode
could still be measured, and the results are illustrated in
Cartesian coordinate and polar coordinate system, respectively,
as shown in Fig. 7a and 7b. Compared with the radiation mode
of s-polarized component, the intensity of p-polarized radiation
mode is much lower, with a difference of about 26.23dB. The
distributions of p-polarized radiation mode show a profile
similar to the s-polarized radiation mode, as there is a main lobe
and two side lobes. However, according to the simulation
results, there should be two lobes instead of the main lobe.

In our theory, the difference is caused by the non-single
polarization state of the incident light. The incident light was
fully p-polarized during the simulation. However, during the

experiment, due to the limitations of the degree of polarization
of tunable laser and the adjustments of the PC, the polarization
state of the incident light is not completely p-polarized, and
there are still few s-polarized components in the excited
radiation mode. Because of the huge difference of the coupling
efficiency between these two polarized radiation modes, even a
very small s-polarized component in the incident light could
still excite the radiation mode with nearly equal strength to the
p-polarized component. So, we could not observe the
distinctive two lobes of the p-polarized radiation mode, which
have been submerged in the main lobe of the excited s-polarized
radiation mode profile. The measured results are considered to
be the combination intensity profile of p-polarized and s-
polarized radiation modes.
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Fig. 7. The azimuthal distributions of s-polarized and p-polarized radiation
modes in (a) Cartesian coordinate and (b) polar coordinate system.

To eliminate the effects of the undesired polarization state in
the radiation mode, we put a polarizer at the front of PD as a
filter. The polarizer has been rotated in two orthogonal
directions corresponding to each polarization state. The
measured and the simulation results of the radiation modes are
plotted in Fig. 8a and b, respectively. With the employment of
the polarizer, the polarization crosstalk has been effectively
eliminated, and much clearer profiles of the radiation mode
have been observed. As shown in Fig. 8a, the divergence angle
of the s-polarized radiation mode is about 12°, showing that 45°
TFG has a good potential to act as a polarization-dependent
light source in fiber communication and OCT areas. As
illustrated in the figure, the two “shoulders” have expanded the
width of the pattern from 12° to 32°, where the main lobe
occupies around 95.05% energy of the whole radiation mode.
From the comparison between the simulation and experimental
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results, it is found that the “shoulders” are the first side lobes of
the radiation mode. Actually, they are the characteristic features
of the simulation results, which make the profile of the pattern
different from the traditional Gaussian distribution. More
importantly, the splitting lobes of the p-polarized radiation
mode have been successfully measured and illustrated in Fig.
8b. The dip of the p-polarized radiation mode occurs at 90° as
expected. There is a slight difference between the intensity of
two lobes, which might be caused by the mismatching between
the incident light and the grating structure. However, the most
significant features of both s- and p-polarized radiation modes
have been observed and the experimental results match well
with the simulated results, which have further verified the
reliability of the proposed theoretical model.
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C. Polarization distributions of the radiation mode

According to the simulation results, the radiation mode of 45°
TFG should mainly contain the s-polarized components and
very few p-polarized components of the light. We have also
measured the polarization distributions of the radiation mode of
45° TFG with different PERs (seen in Fig. 9a). The polarization
distributions of different radiation modes have the same letter
“8” distribution pattern and the degree of polarization (DOP) of
the modes is around 99.886%. The perfect letter “8” distribution
pattern indicates that the radiation mode is purely linearly
polarized, while the DOP of the radiation mode is independent
of the PER of the grating. In addition, we have launched the p-
polarized light into the grating and measured the polarization

distributions of the excited radiation mode, which are shown in
Fig. 9b. The profile of the distributions has a letter “8” shape
similar to the s-polarized, but the intensity is much lower and
the DOP drops to 91.044%. Besides, the polarization angle of
the excited radiation mode has diverged from the normal
direction for about 10° according to the experimental results.
This result has further proved that both s- and p-polarized
components are existed in the excited radiation mode and the
polarization state has been affected by the mixture of different
polarized components. So, the excited radiation mode for the p-
polarized incident light consists of a major s-polarized
component and a very little p-polarized component. According
to the experimental results, the radiation mode excited by p-
polarized incident light only has around 10 percent (or less) of
p-polarized component, in accord with the previous conclusion.
Overall, the experimental results also verify that the 45° TFGs
have a strong polarized property and a single polarization
radiation feature.
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Fig. 9. (a) the polarization distributions of the radiation mode with different
grating lengths and different PERs; (b) the polarization distributions of
different polarized radiation modes for a 5-mm long and 4dB PER 45° TFG.

IV. CONCLUSION

In conclusion, we have theoretically analyzed the
distributions of the radiation mode of 45° TFG along the fiber
axial direction and proposed a three-dimension model for
describing the spatial distributions of the radiation mode. The
simulation results of the model for a uniform 45° TFG show
that the radiation mode presents a quasi-Gaussian profile at the
azimuthal direction in linear scale, while in axial direction it is
an exponential reduction. Also, the reduction rate is related to
the coupling coefficient of 45° TFG. A simulated 3D radiation
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pattern of a 5-mm long 45° TFG has been obtained. The actual
patterns of the radiation modes for gratings with different
grating lengths have been captured and analyzed. The results
show that the energy is mainly distributed at the front of the
grating and gradually reduced in an exponential function along
the fiber axis. Despite of the different lengths of grating, the
reduction shows a similar trend. In addition, we have measured
the azimuthal intensity distributions of 45° TFG in logscale and
analyzed the characteristics of the radiation mode in detail. The
experimental results show a good agreement with the
simulation results, verifying the validity of the theoretical
model. The polarization distributions of the radiation mode
indicate that the radiated light is a perfect linear polarized light,
of which the DOP is about 99.886% and is independent of the
length and PER of the grating. In addition, we have
experimentally demonstrated that 45° TFG could excite the p-
polarized radiation mode, according to the measured intensity
distributions and the deviation of the polarization angle.
Together with its unique characteristics of the radiation mode,
45° TFG may be a desirable in-fiber device in polarization-
related spectroscopy analysis, optical wireless communication
and spectral imaging areas.
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