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Abstract
This article proposes an unequivocal method of labeling and numbering the cladding modes propagating in
single-mode optical waveguides with tilted periodic structures. The unambiguous determination of individual
propagating modes in this type of optical fiber is crucial for their use in sensory systems. The selection of
the appropriate spectral range and mode determines the sensitivity and measuring range of tilted fiber Bragg
grating (TFBG) sensors. The measurement methods proposed by individual research teams using TFBGs
as transducers are usually based on the selection of specific modes. Unification of the labeling of modes
and their numbering enables comparison of the basic metrological parameters of individual measurement
methods and reproduction and verification of the proposed sensors and methods in the laboratories of other
scientific and research centers.
Keywords: optical fiber sensors, tilted fiber Bragg gratings, optical measurements.
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1. Introduction

The use of phenomena occurring during the propagation of an electromagnetic wave, par-
ticularly its diffraction or scattering [1], allows the measurement of many other phenomena and
physical quantities, even the size of particles [2,3]. Periodic disturbances of an optical medium in
the form of optical diffraction Bragg gratings are used as sensors that are modern, fast [4], insen-
sitive to electromagnetic interference [5], and small sized [6]. Consequently, they can be used in
𝑒.𝑔., explosive hazardous environments to detect many physical quantities and physical decom-
position [7]. Their 3D modifications in the form of tilted fiber Bragg grating (TFBG) structures
significantly expand the spectrum of their applications [8] and open up a range of possibilities for
new measurements, 𝑒.𝑔., measurement of the concentration of various substances in aqueous solu-
tions [9], refractometry [10], measurement of the light polarization plane [11,12] and many others.
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The analysis of the transmission properties of TFBG structures subjected to bending [13],
stretching [14], immersion in liquids [15] and solutions [16], temperature changes [15], rota-
tion [17], torsion [18] and many other factors is significantly facilitated if the numbering of
individual cladding modes propagating through such structures is introduced. Optical fibers often
have a step discontinuity in the refractive index at the core-cladding interface. Such fibers can
be treated as cylindrically symmetrical dielectric waveguides which can be used to model the
propagation of the introduced electromagnetic wave. Modes that can propagate in such fibers are
divided into several groups based on the electric and magnetic field strengths in relation to the
direction of propagation of the electromagnetic wave in the waveguide. The first group includes
modes whose electric field strength in the direction of propagation of the electromagnetic wave
is zero. They are labeled TE modes (electric field transverse to the propagation direction). The
second group includes modes whose magnetic field strength in the direction of propagation of
the electromagnetic wave is zero. These in turn are labeled TM modes (magnetic field transverse
to the propagation direction). The third group consists of hybrid modes labeled HE and EH in
which both the electric field strength and magnetic induction along the direction of propagation
of the electromagnetic wave are zero. For typical fibers used in telecommunications and data
transmission systems, the difference in the refractive index between the core and the cladding is
so small (𝑒.𝑔., 0.001-0.01) that most TE, TM and hybrid modes are degenerate, and use of only
one designation for all these modes is sufficient. The most common designation is then LP modes
(linearly polarized modes) [19]. Each LP mode is defined as LP𝑚𝑛, where the indices 𝑚 and 𝑛
are related to the number of radial and azimuthal zeros of the particular mode.

The basic mode is LP01. It is the only mode that can propagate in a single-mode fiber.
Nevertheless, the appearance of a periodic structure in the waveguide whose planes are at a certain
angle (\) in relation to the direction of propagation of the electromagnetic wave causes part of the
energy of the LP01 mode to be coupled to higher order modes, which propagate in the cladding over
a certain distance where they are strongly suppressed. Since in a single-mode fiber, these modes
quickly decay and only the LP01 mode remains, which propagates in the core of the waveguide,
adjacent minima are visible in the transmission spectrum for wavelengths corresponding to higher-
order modes. In the case of TFBG structures written in single-mode fibers, only the LP0𝑛 and
LP1𝑛 modes are excited among the whole range of LP𝑚𝑛 modes [20]. Linearly polarized modes
LP0𝑛 are also called zero-order modes or modes with azimuthal number 0, while modes LP1𝑛 are
called second-order modes or modes with azimuthal number 1 [21, 22]. This nomenclature will
also be used in a subsequent part of this study. Linearly polarized modes are treated as a set of
minima forming a comb in the transmission spectral characteristics. In specific applications of
TFBG structures, 𝑒.𝑔., sensor structures, an extremely important but also interesting issue is the
difference in the measured response values of individual modes. This article addresses a method
for unambiguous numbering of the modes in TFBG structures, which can be used to measure
bending, the polarization angle of input light and many other physical quantities.

The spectral characteristics of the TFBG structure produced in the core of a single-mode fiber
are shown in Fig. 1. The grating has a diffraction plane tilt angle equal to 2◦, and the input light
is polarized according to the P state [11]. The entire structure has a length of 15 mm.

In the measured spectral characteristics presented in Fig. 1, characteristic minima related to
the coupling of the input light to individual modes of the structure can be observed. By the time
of writing this article, no work presenting a method for determining all the modes of TFBG
structures had been published; therefore, this article presents a short analysis that allows the
proposal of such a method. Although there are works in which the authors present changes in
the power of individual modes or groups of modes [23, 24], there is no study in which all the
modes are numbered and counted. Such numbering is possible for each TFBG structure, and
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its representation is definitely facilitated by dividing the entire spectrum into 4 characteristic
spectral regions, as shown in Fig. 1. The first region from the right, the Bragg mode area, is
associated with the so-called Bragg reflection and corresponds to the Bragg mode with azimuthal
number 𝑚 = 0. The only excited mode has a radial number equal to 1. Therefore, this mode
is labeled LP01. The ghost mode area in Fig. 1 includes the so-called ghost mode. This mode
is the result of accumulated cladding modes. The spectral overlap of these modes results from
similar wavelengths corresponding to these modes. In many papers, the ghost mode in a TFBG
is labeled by the sum of low-order modes with azimuthal number equal to 1. However, this is not
a precise label and results in ambiguities in the numbering of the modes, which is why publications
simply give the azimuthal and radial number mode without indicating the spectral characteristics,
𝑒.𝑔., [21]. The abovementioned simplification of labeling the ghost mode as LP1𝑛 results from
the fact that this region (second region from the right in Fig. 1) consists of several modes with
azimuthal number𝑚 = 0. Only in Tuan Guo et al., published in 2016 in the journalOptics & Laser
Technology [20], were numerical calculations of individual modes of propagating light carried
out. Calculations were made separately for each mode, and the entire spectral characteristics of
a TFBG (4◦), which they obtained, resulted from the combination of all component modes. [20]
is crucial in understanding the appropriate numbering of modes in TFBG structures, although
the authors, despite having such important results, did not present a full characterization of all
the modes of the TFBG structure. Only by combining the knowledge from this publication with
consideration of the method of numbering higher-order modes (alternately with azimuthal number
0 or 1) in work [21] – Figs. 15, 17, and 19 – or, 𝑒.𝑔., article [22] – Fig. 4 – and conclusions from
observations of TFBG structure characteristics under different light input conditions can all the
linearly polarized modes be fully determined based on the transmission spectral characteristics.

Fig. 1. Spectral characteristics of the TFBG with four modal regions highlighted.

2. Modeling of light intensity distribution of propagating modes in TFBG structures

The appearance of a disturbance in the form of a tilted Bragg grating in a single-mode fiber
results in the coupling of light introduced into the optical fiber propagating in the core to a series
of cladding modes. These modes have a strictly defined power distribution, which means that
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the intensity of light propagating in individual modes is strictly defined. These intensities can be
determined by numerically solving the eigenvalue equation for the LP modes [25]. The easiest
way to begin this task is to start with Maxwell’s equation, which can be written as a wave equation
in the form:

∇2𝐸 𝑧 + 𝑛2 (𝜔)𝑘2
0𝐸 𝑧 = 0

∇2𝐻𝑧 + 𝑛2 (𝜔)𝑘2
0𝐻𝑧 = 0

, (1)

where∇2 is the Laplace operator,𝜔 is the angular frequency, 𝑘0 is the wavenumber, with 𝑘0 = 𝜔/𝑐,
and the refractive index 𝑛 is written as a function of the angular frequency 𝑛(𝜔). Note that 𝑛 = 𝑛1
inside the core, but it takes a value equal to 𝑛2 in the cladding. After writing the independent
components 𝐸𝑧 and 𝐻𝑧 in cylindrical coordinates 𝜌, 𝜑, and 𝑧 and separating the variables, the
general solution for 𝐸𝑧 and 𝐻𝑧 is:

𝐸𝑧 =

{
𝐶1𝐽𝑚 (𝑝𝜚)𝑒𝑖𝑚𝜑𝑒𝑖𝛽𝑧 ; 𝜚 ≤ 𝑎,
𝐶2𝐾𝑚 (𝑞𝜚)𝑒𝑖𝑚𝜑𝑒𝑖𝛽𝑧 ; 𝜚 > 𝑎,

𝐻𝑧 =

{
𝐶3𝐽𝑚 (𝑝𝜚)𝑒𝑖𝑚𝜑𝑒𝑖𝛽𝑧 ; 𝜚 ≤ 𝑎,
𝐶4𝐾𝑚 (𝑞𝜚)𝑒𝑖𝑚𝜑𝑒𝑖𝛽𝑧 ; 𝜚 > 𝑎,

(2)

wherein:
𝑝2 = 𝑛2

1𝑘
2
0 − 𝛽

2, (3)

and:
𝑞2 = 𝛽2 − 𝑛2

2𝑘
2
0 . (4)

𝐶1, 𝐶2, 𝐶3, and 𝐶4 are constants determined by the boundary conditions, and 𝛽 is the phase
constant or so-called propagation constant. The function 𝐽𝑚 is a Bessel function of the first kind
and 𝑚 order, while the function 𝐾𝑚 is a Bessel function of the second kind and 𝑚 order, and 𝑎
is the core radius. After writing down the remaining quantities as functions of 𝐸𝑧 and 𝐻𝑧 and
considering the boundary conditions that assume continuity of the magnetic field and the electric
field at the core-cladding boundary, the eigenvalue equation can be formulated in the form:(

𝐽 ′𝑚 (𝑝𝑎)
𝑝𝐽𝑚 (𝑝𝑎)

+ 𝐾 ′
𝑚 (𝑞𝑎)

𝑞𝐾𝑚 (𝑞𝑎)

)
·
(
𝐽 ′𝑚 (𝑝𝑎)
𝑝𝐽 (𝑝𝑎) +

𝑛2
2

𝑛2
1

𝐾 ′
𝑚 (𝑞𝑎)

𝑞𝐾𝑚 (𝑞𝑎)

)
=
𝑚2

𝑎2

(
1
𝑝2 + 1

𝑞2

)
·
(

1
𝑝2 +

𝑛2
2

𝑛2
1

1
𝑞2

)
. (5)

The eigenvalue equation contains Bessel functions and their derivatives, which allows its
numerical solution.

We also introduce a dimensionless parameter 𝑉 in terms of the normalized frequency, which
is equal to:

𝑉 = 𝑘0𝑎
√︃
𝑛2

1 − 𝑛
2
2 . (6)

Therefore, there are many solutions 𝛽 for a given value of𝑉 . Each of these solutions represents
an optical mode. The number of modes strongly depends on the value of 𝑉 . The effective mode
refractive index can be defined as:

𝑛eff =
𝛽

𝑘0
. (7)

Its value is between 𝑛1 and 𝑛2 for all cladding modes. At this point, it is useful to introduce
a normalized quantity 𝑏 in the form:

𝑏 =
𝑛eff − 𝑛2
𝑛1 − 𝑛2

, (8)
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with 0 < 𝑏 < 1. There are many solutions to (5) for each quantity 𝑚. The modes are designated
HE𝑚𝑛 or EH𝑚𝑛 (𝑛 = 1, 2, . . .) depending on whether 𝐻𝑧 or 𝐸𝑧 is dominant. TE and TM modes
exist for𝑚 = 0 and are called TE0𝑛 and TM0𝑛 modes. Assuming𝑚 = 0 in eigenvalue equation (5),
two equations are obtained:(

𝐽 ′𝑚 (𝑝𝑎)
𝑝𝐽𝑚 (𝑝𝑎)

+ 𝐾 ′
𝑚 (𝑞𝑎)

𝑞𝐾𝑚 (𝑞𝑎)

)
= 0,

(
𝐽 ′𝑚 (𝑝𝑎)
𝑝𝐽𝑚 (𝑝𝑎)

+
𝑛2

2

𝑛2
1

𝐾 ′
𝑚 (𝑞𝑎)

𝑞𝐾𝑚 (𝑞𝑎)

)
= 0. (9)

These equations therefore describe the fiber modes TE0𝑛 and TM0𝑛. For weakly conduct-
ing fibers, where 𝑛1 − 𝑛2 � 1, the eigenvalue equation can be significantly simplified to the
following form: (

𝐽 ′𝑚 (𝑝𝑎)
𝑝𝐽𝑚 (𝑝𝑎)

+ 𝐾 ′
𝑚 (𝑞𝑎)

𝑞𝐾𝑚 (𝑞𝑎)

)2
=
𝑚2

𝑎2

(
1
𝑝2 + 1

𝑞2

)2
. (10)

Using the properties of the Bessel function, eigenvalue equation (5) can be written in a sim-
plified form:

𝑝
𝐽𝑙−1 (𝑝𝑎)
𝐽𝑙 (𝑝𝑎)

= −𝑞𝐾𝑙−1 (𝑞𝑎)
𝐾𝑙 (𝑞𝑎)

, (11)

with 𝑙 = 1 for TE and TM modes, 𝑙 = 𝑚 − 1 for HE modes and 𝑙 = 𝑚 + 1 for EH modes.
The modes TE0,𝑛 and TM0,𝑛 are so-called degenerate modes. Additionally, modes HE𝑚+1,𝑛 and
EH𝑚+1,𝑛 are degenerate modes. Degenerate modes travel at the same speed through the fiber. Any
linear combination of degenerate modes will propagate through the fiber without changing shape.
Some linearly polarized combinations give rise to LP𝑚𝑛 modes. For example, LP0𝑛 modes are
composed of HE1𝑛 modes, LP1𝑛 modes are composed of TE0𝑛+ TM0𝑛+ HE2𝑛 modes, and LP𝑚𝑛

modes are composed of HE𝑚+1,𝑛+ EH𝑚−1,𝑛 modes.
Equation (11) can be numerically solved. The results of light intensity calculations corre-

sponding to selected LP modes are presented in the subsequent part of this article. All results
were obtained for the core diameter 𝑎 = 8 μm and for the core and cladding refractive indices
𝑛1 = 1.4624 and 𝑛2 = 1.4574, respectively.

3. Identification of individual LP modes based on TFBG spectral characteristics

Returning to the analysis of the Bragg mode area in Fig. 1, we are dealing with one clear
minimum here. This is the LP01 mode which propagates mainly in the core of the optical fiber. In
the second spectral region in Fig. 1, 𝑖.𝑒., the ghost mode area, we are also dealing with one clear
minimum corresponding to the modes that make up the ghost peak. The shapes of the minima
coming from the Bragg mode and the ghost mode are shown in Fig. 2.

The spectral characteristics presented in Fig. 2 in the spectral ranges corresponding to the
Bragg mode and the ghost mode were measured for the TFBG structure with a tilt angle of 2◦ and
a length of 15 mm. Analyzing the results presented in [20], the largest contribution to the power
transmission in this wavelength region is made by the LP11, LP12, LP13, and LP14 modes with
azimuthal number𝑚 = 1. There are also modes with azimuthal numbers𝑚 = 2 (LP21, LP22, LP23,
LP24) and𝑚 = 3 (LP31, LP32, LP33, LP34); however, their contributions to the transmission of the
light wave in the waveguide are negligible. The existence of modes with azimuthal number 𝑚 = 0
corresponding to the Bragg mode but with higher radial numbers 𝑛 = 2 − 4 is also characteristic.
These are the LP02, LP03, and LP04 modes and they are also part of the entire ghost mode peak,
making up its left part, being the most advanced ghost modes on the shorter wavelength side.

511

https://doi.org/10.24425/mms.2023.146418


P. Kisała et al.: IDENTIFICATION OF CLADDING MODES IN SMF-28 FIBERS WITH TFBG STRUCTURES

Fig. 2. Spectral characteristics in the spectral ranges corresponding to the a) Bragg mode and b) ghost mode.

The information above enables determination of the modes of the measured TFBG characteristics
in the Bragg and ghost mode areas, 𝑖.𝑒., those constituting the spectral ranges corresponding to
the Bragg mode and ghost mode minima. Figure 3 shows the spectral characteristics of the TFBG
structure in the analyzed spectral range, measured at a temperature of 20◦C, in the free state and
the bent state, with the input light polarization consistent with the P state [11].

Fig. 3. Designation of modes with azimuthal numbers 𝑚 = 0−3 based on actual characteristics of the TFBG
in the regions of the Bragg mode and the ghost mode.

The two spectral regions not yet discussed include the high-order cladding mode and low-
order cladding mode areas. Figure 4 presents the measured spectral characteristics showing the
minima coming from low-order cladding modes.
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Fig. 4. Designation of TFBG cladding modes in the low-order cladding mode area.

As can be seen, the minima coming from individual modes have irregular amplitudes, which
does not prevent them from being labeled and counted. The low-order cladding mode area, on
the one hand, is characterized by the largest differences in the amplitudes and widths of peaks
originating from low-order cladding modes. At the same time, the sensitivity of shape changes
and shifts of these peaks to changes in light propagation conditions (caused, for example, by
bending) in the entire structure is the largest [13].

The high-order cladding mode area has regular minima amplitudes in the transmission charac-
teristics coming from individual cladding modes. In the case of a TFBG recorded in a single-mode
fiber, modes with azimuthal numbers of 0 and 1 are excited, and they alternate for successive
wavelengths [21]. The designation of these modes based on the spectral characteristics is shown in
Fig. 5. Figures 5–6 show the measured transmission characteristics of the TFBG in the high-order
cladding mode area.

Fig. 5. Designation of the TFBG cladding modes in the high-order cladding mode area for 𝑚 = 0−1 and 𝑛 = 10−16.
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Fig. 6. Designation of the TFBG cladding modes in the high-order cladding mode area
for 𝑚 = 0−1 and 𝑛 = 17−21.

Fig. 7. Designation of the TFBG cladding modes in the high-order cladding mode area
for 𝑚 = 0−1 and 𝑛 = 21−24.

The individual azimuthal and radial numbers of cladding modes are labeled in the figures.
For the TFBG structure with a tilt angle equal to 2◦, a length of 15 mm and the Bragg mode
for the wavelength of 1564.4 nm, the high-order cladding mode area is in the spectral range of
1540.5 nm–1560 nm. The spectral range from 1560 nm to 1562.25 nm belongs to the low-order
cladding mode area (Fig. 1) and is 10 times narrower than that corresponding to the high-order
cladding mode area. The modes in the spectral range corresponding to the high-order cladding
mode area are most often used as markers of changes in the factors acting on the TFBG [26].
Figure 8 shows the highest-order modes with radial numbers up to 27 and 28 and azimuthal
numbers of 1 and 0, respectively. The LP028 mode is the last visible mode in the transmission
characteristics of the TFBG with a tilt angle of 2◦.
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Fig. 8. Designation of the TFBG cladding modes in the high-order cladding mode area
for 𝑚 = 0−1 and 𝑛 = 25−28.

4. Conclusions

This paper presents a method for labeling all the significant propagating modes in TFBG
structures. Correct mode designation is important when using TFBGs in specific measurement
systems. The use of these structures to determine changes in quantities affecting their spectral
characteristics requires the measurement of the transmission losses, half-width or shift of a given
TFBG mode. This, in turn, requires the selection of the appropriate spectral range and the selection
of changes, most often of one specific mode. It is therefore important to properly determine the
modes of such structures. This also has a key impact on the possibility of explaining the phenomena
causing changes in transmission for specific wavelengths because knowledge of the azimuthal
and radial numbers of modes allows determination of spatial distribution of light intensity in the
TFBG optical waveguide. This, in turn, makes it possible to explain the phenomenon of changes
in radiation intensity due to disturbances caused in the waveguide, 𝑒.𝑔., bending and stretching.
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