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Abstract: Mode division multiplexing (MDM) is currently one of the most attractive multiplexing
techniques in optical communications, as it allows for an increase in the number of channels available
for data transmission. Optical modal converters are one of the main devices used in this technique.
Therefore, the characterization and improvement of these devices are of great current interest. In this
work, we present a dataset of 49,736 near-field intensity images of a modal converter based on a long-
period fiber grating (LPFG) written on a few-mode fiber (FMF). This characterization was performed
experimentally at various wavelengths, polarizations, and temperature conditions when the device
converted from LPy; mode to LP; mode. The results show that the modal converter can be tuned by
adjusting these parameters, and that its operation is optimal under specific circumstances which have
a great impact on its performance. Additionally, the potential application of the database is validated
in this work. A modal decomposition technique based on the particle swarm algorithm (PSO) was
employed as a tool for determining the most effective combinations of modal weights and relative
phases from the spatial distributions collected in the dataset. The proposed dataset can open up new
opportunities for researchers working on image segmentation, detection, and classification problems
related to MDM technology. In addition, we implement novel artificial intelligence techniques that
can help in finding the optimal operating conditions for this type of device.

Keywords: optical mode conversion; long-period fiber grating; mode division multiplexing; optical
fiber; few-mode fiber

1. Introduction

The demand for data transmission over optical links continues to grow, and requires
the development of new optical communication technologies to overcome the capacity
limit that is about to be reached worldwide. Different techniques, such as time division
multiplexing (TDM), wavelength division multiplexing (WDM), and polarization division
multiplexing (PDM), have been implemented in modern single-mode fiber-based communi-
cation systems. Currently, WDM coherent optical communication systems have maximized
the utilization of degrees of freedom, specifically frequency, quadrature, and polarization.
As a result, the spatial dimension emerges as the only additional parameter that can be used
in optical fiber communication systems, giving rise to the technology of spatial division
multiplexing (SDM), with which independent data streams can be transmitted in parallel
spatial channels in SDM systems. SDM can be implemented in one of two ways. The
first uses Multi-Core Fibers (MCF), with each core acting as an independent channel for
information transmission [1-4]. It is worth saying that we generally distinguish between
weakly coupled MCFs, where signal interactions between cores are usually undesirable,
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and coupled-core MCFs, where a smaller core pitch leads to a stronger intentional random
coupling of signals in different cores. The second technique is Modal Division Multiplexing
(MDM), in which the spatial modes in few-mode fiber are exploited as independent trans-
mission channels; in this case, the capacity of a fiber increases with the number of spatial
modes available for multiplexing.

Mode multiplexers (MUX) and demultiplexers (DEMUX) play key roles in switching
single-mode parallel fibers (SMFs) signals to SDM signals with an overlap of distinct
modes for effective SDM transmission. Each MUX consists of two parts: a mode converter
and a combiner. As a result, the design of mode converters to assist in the conversion
and control of the propagating modes in an optical fiber becomes critical for the proper
implementation of this technology. Modal converters are devices that convert a particular
spatial mode in a fiber into another spatial mode. These devices are now important parts
of transmission systems, and need to be carefully designed to have the right number of
modes, low crosstalk between modes, high mode-conversion efficiency, or wide operating
bandwidth, depending on the method [5,6]. Because of this, numerous research efforts have
been directed toward the development of high-performance mode converters, and several
types of mode converters have been demonstrated with bulk-optic components [7-10],
optical fibers [11-17], and optical waveguides [18-20]. Bulk-optic mode converters require
critical alignment and have a large insertion loss. To overcome these problems, several
fiber mode converters (using mode-selective directional couplers [1-3,21] and long-period
gratings (LPGs) [22-24]) and waveguide mode converters (using Y-junctions [25], Mach-
Zehnder interferometers [26,27], LPGs [18,19], etc.) have been proposed. Among these,
LPFEGs are particularly simple and flexible structures for the design and implementation of
mode converters [28].

For example, Sakata et al. reported a tunable fiber mode converter utilizing an LPFG
(which is crucial for the device’s operation) induced by periodic microbends in the optical
fiber using an electromagnet [22]. The results showed that this device allows the conversion
of the fundamental mode to the LP1; mode according to the voltage provided to the
electromagnet. In 2016, Zhao et al. reported the fabrication of inclined LPFGs fabricated
in two-mode fiber (TMF) using the CO, laser method [23]. They demonstrated that the
coupling between LPj; mode and LP1; mode can be adjusted by changing the tilt angle.
Two years later, Liu and his colleagues showed a new way to change the polarization of
light to create orbital angular momentum (OAM) of £1-order in LPFGs [29]. The authors
utilized the superposition of the LP;; modes to generate the OAM modes. Furthermore,
they provided evidence that the OAM vortex phase of the produced modes remained
unchanged as the temperature rose from 23 °C to 50 °C. In 2021, Zheng et al. demonstrated
a wavelength-tunable mode converter based on an LPFG [30]. To do this, they first created
adiabatic tapers with cladding diameters of 113 pm and 121 um, then the LPFGs were
written in the optical fiber taper in such a way that modal conversion between LPy; and LP1;
modes was generated. Finally, they demonstrated that adjusting the operational wavelength
of the light source allowed the response of the modal converter to be tuned. They used
a CCD camera to demonstrate the presence of multiple modes at different wavelengths
based on changes in the spatial distribution of the intensity. Modal converters are sensitive
to changes in parameters such as temperature, strain, wavelength, and polarization, among
others. However, no study examining the fluctuation of two or more of these parameters
simultaneously has been performed. As a result, a database containing this information
would be needed in order to optimize this kind of device.

In addition to the requirement that the mode-selective devices used in an MDM system
should be able to operate the WDM signal over the entire (C + L) band (from 1530 nm to
1610 nm), there is a need to use sophisticated adaptive multiple-input multiple-output
(MIMO) processing schemes for spatial demultiplexing in order to exploit the full capability
of MDM. Approaches for mode demultiplexing with reduced complexity, even for few-
mode MDMV, are of great interest for both telecommunications and other applications [31].
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The growing interest in mode-selective devices stimulates the demand for efficient
mode characterization algorithms at the mode-selective device output. Several methods
have been proposed for this purpose. Numerical computing-based methods include the
classical Gerchberg—-Saxton technique [32], mode decomposition [31,33], the fractional
Fourier system [34], and machine learning methods [31,35,36]. However, previously pub-
lished results are very limited in terms of the number of modes, and are characterized
by a relatively long processing time. For example, Yan et al. proposed a method based
on a deep learning approach to characterize degenerate optical modes in FMF [33]. They
retrieved the modal coefficients using three polarization projection images, and a well-
trained deep convolutional neural network (CNN) demonstrated efficient learning of the
mapping relationship from a two-dimensional intensity distribution to a one-dimensional
coefficient space of eigenmodes. Evaluation criteria such as modal coefficient errors and
average image correlation showed encouraging results, with coefficient errors under 1%
and correlation over 95%. On the other hand, Manuilovich et al. presented a non-iterative
algorithmic method for MD in FMFs in the absence of a reference beam [31]. For three-,
five-, and eight-mode fibers, the proposed method reached decomposition speeds of up
to 100,000 frames per second, making it the fastest intensity-only MD method to date.
Likewise, the experiment demonstrated its applicability to MD in a 27-mode fiber, show-
casing the algorithm’s stability under various noise levels in the input signals. While
a few researchers have used experimental data [31,36], most authors of MD algorithms
have validated them using simulated data [33,37]. In many cases, these simulated datasets
lack challenges associated with noise or experimental difficulties, making it difficult to
optimize methods in real-world scenarios. As a result, databases that examine a variety
of experimental conditions and their possible impact on the propagation of optical modes
could substantially contribute to this research area.

In this work, we evaluate the response of an LPFG mode converter to various ex-
perimental situations, such as the impact of input polarization, output polarization, and
operating wavelength, as well as how the modal converter can be tuned by changing the
temperature. This dataset serves a multitude of purposes, including training, testing, and
validation of various computational models related to object detection, image segmentation
techniques, optimization techniques, modal prediction, etc. As a direct application, we have
leveraged this dataset, employing a modal decomposition technique using an optimization
algorithm to estimate modal amplitudes and phases, which are key elements for optimizing
modal conversion techniques that make use of LPFGs. These labels not only offer the
possibility to refine and improve modal conversion processes, they provide a solid basis
for integration with artificial intelligence models. This direct application underlines the
practical utility and relevance of the database, demonstrating its contribution to theoretical
advancement as well as to the effective implementation of modal decomposition techniques
in the field of fiber optics.

2. Methods
2.1. LPFG-Based Modal Converter Principle

LPFGs are made by introducing a periodic perturbation to the refractive index of
the fiber, allowing for energy exchange between different propagation modes. Coupled
Mode Theory (CMT) is the widely accepted approach to analyzing waveguides with small
perturbations [38]. It involves solving a system of coupled differential equations and
determining the coupling coefficients that govern the transfer of optical power between the
different modes supported by the optical fiber.

The electromagnetic field of the LPy; and LP1; modes can be expressed in the forms

?01(36,]/,2) = ap (z)fm(x,y)e*iﬁmz

i 1)
f11 (x/ Y, Z) = a1 (Z) fll (x, y)e_lﬁllzl
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where ;1 (z) are known as expansion coefficients and represent the electric field amplitude
of the propagation modes in the fiber core, while By; and 1 correspond to the propagation
constants of the modes LPy; and LP;, respectively. In a pristine optical fiber, these modes
are not coupled and the expansion coefficients a;1 (z) are constants that are independent
of the direction of propagation z. When there is a spatially dependent disturbance in the
optical fiber, the modes defined by the fiber are no longer orthogonal modes and can now
be coupled by the disturbance as they propagate along the fiber. As a result, the expansion
coefficients are no longer propagation constants, and vary with z as the fields propagate
through the fiber.

In the case of the LPFG studied in this work, the two guided modes propagate in
the same direction (+z); consequently, the propagation constants associated with the two
guided modes have positive values. Therefore, the equations describing the coupling
between the LPy; and LP;; modes are as follows:

da(:ilz(Z) = —ifo1ao1(z) — ixan (z)e (Por—Pr1+K)z
)
%z() = —if1a11(z) — ixan (z)gl(ﬁol 511+K)zl

where K = 271/ A is the wave vector of the grating, A is the LPFG period, and « is the
coupling coefficient between LPy; mode and the LP; mode, which is provided by

K(z) =5 [[ Bl y)te(y) B y)dxdy. ©)

Here, w is the angular frequency, while ?01 (x,y) and ?11 (x,y) are the electric field
distributions of the LPy; and LP;; modes, respectively. Likewise, Ae(x,y) denotes the
perturbation in the refractive index profile of the optical fiber. Equation (2) illustrates
the rate of change of the amplitude of the i* mode depends on the amplitudes of the
coupled modes within the LPFG and the phase difference between them. According
to the phase-matching condition, significant power exchange in the LPFG occurs when
Bo1 — B11 + K = 0, which can be expressed in terms of effective refractive indices and
wavelength, as follows:

A — Ares ,
Meff01 — Meff 11

(4)

where A, is the resonance wavelength of the LPFG. It is crucial to highlight that this
resonant wavelength can be tuned through strain or temperature effects [2,22,23,39].

2.2. Mode Converter Fabrication

Figure 1 illustrates the LPFG engraving system. The proposed system employs a CO;
laser (Iradion, Infinity Series: Model 155) with a maximal rated optical power of 160 W, a
beam diameter of 2.5 mm, a beam divergence of 5.2 mrad, and a laser pulse frequency of
5 kHz. The LPFG in this work was created using a laser power of 14.5 W and an irradiation
time of 600 ms. A ZnSe cylindrical lens with a focal length of 50 mm was used to focus the
laser beam to the optical fiber core (SM2000, Thorlabs, Newton, NJ, USA), obtaining a spot
size of 150 um. During the LPFG inscription process, one end of the few-mode fiber was
securely clamped in a translational stage fiber holder, while the other end was attached
to a small weight (~20.1 g) to provide a constant pre-tension in the optical fiber, greatly
improving the LPFG inscription efficiency [39].

The entire procedure, encompassing crucial grating characteristics such as pitch, the
number of grating periods, and the quantity of scanning cycles, was skillfully configured
using the user-friendly interface of a PC operating system, as detailed in our previous
research [39,40]. In this work, the CO; laser beam advanced along the fiber in steps
to repeat the transverse scanning process with a pitch A = 570 um. A scanning cycle
was completed when 50 periods had elapsed. Consequently, the laser beam induced an
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asymmetric refractive-index distribution across the fiber core, enabling energy coupling
between LPy; mode and LP;; mode.

CO, laser
beam

Fiber optic
clamp

3-Axis Stages

Mirror

ZnSe cylindrical
lens

Microscope

Motorized
Linear Stage

Mass

Figure 1. Experimental setup employed for the fabrication of LPFG-based modal converters written
in few-mode optical fibers using the CO; laser technique.

After fabrication of the LPFG, its transmission spectrum was thoroughly evaluated
using OptiGUI DataCollector software (v1.0) [40]. The characterization method includes
a semiconductor tunable laser (APEX Technologies, AP3350A, Jacksonville, FL, USA)
connected to one end of the LPFG, which allows the wavelength to be adjusted from
1526 nm to 1567 nm. This semiconductor optical source features a spectral width of only
300 kHz and a power stability of 0.05 dB @ 1 h, and guarantees a stable light polarization
state in the tunable operating range. The other end of the LPFG was connected to a power
meter (EXFO, PM-1600, Tokyo, Japan) in order to reconstruct the optical transmission
spectrum; see Figure 2. As can be seen in the figure, the fabricated LPFG has a resonance
around 1533.5 nm.

-6

_10.

—-121

—14 A

Optical power [dB]

—181

_20 4

1530 1535 1540 1545 1550 1555 1560 1565
Wavelength [nm]

Figure 2. Transmission spectrum of the manufactured LPFG.

2.3. Setup for Mode Converter Characterization

To evaluate the potential of the LPFG inscribed in few-mode fiber as a platform for
creating a mode converter device, the experimental setup depicted in Figure 3 was proposed,
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which includes the semiconductor tunable laser described above. The laser emission was
directed to the linear polarizer P1 in order to study how the modes responded when the
light polarization was injected into the input of the modal converter with P1 at 0° or 90°. To
ensure that the input mode was the fundamental mode, the laser was connected to a 0.5 m
single-mode telecommunication optical fiber pigtail (SMF-28e, Corning, NY, USA). This
optical fiber had a cutoff wavelength of 1260 nm and served the function of a mode filter,
preventing higher-order modes at wavelengths near 1550 nm from being excited. This
ensured that the mode at the input end of the fiber under test was LPy;. To preserve the
polarization of the light after passing through the P1 polarizer, a lens focused the light beam
on a 0.2 m section of PANDA fiber. Subsequently, this fiber section was spliced with the
LPFG inscribed in the SM2000 optical fiber, as detailed in the previous section. It is worth
noting that the proposed modal converter has a total length of 50 cm, and does not have
the primary polymer coating because it was removed during the manufacturing process.

Tunable laser

source
o
L]
——

=i

oaf =

SMF-28¢
Mode converter ————

P1

PANDA
T fiber Yy
FMF -
Arduino X

Heater
Thermistor Mega

P2

Figure 3. Experimental setup employed for characterization of the LPFG-based modal converters.

Next, a 20x objective lens was used at the output to collect the light emitted from the
fiber core and produce a uniform wavefront. The light was transmitted through a second
polarizer, known as the analyzer, which was placed in a motorized precision rotation stage
(PRM1Z8, Thorlabs). This configuration allowed for incremental adjustment of the polarizer
angle from 0° to 360° to assess the impact of the output polarization on the modal converter.
Finally, a CCD camera (WiDy SWIR 640V-5S, New Imaging Technologies, Paris, France)
was employed to capture the image of the generated mode. To ensure the reliability and
consistency of our tests, rigorous control over the laboratory environment was maintained.
The temperature was kept constant at 20.62 °C, while the humidity remained stable at 65%.

The configuration included a thermal control module specifically designed to ensure
accurate temperature regulation. This module consisted of the hardware components
required for closed-loop temperature control. The module employed an Arduino Mega
2560 (Aduino LLC, NY, USA), connected to a 12 V ceramic cartridge heater with a power
rating of 40 W. The heater was responsible for heating the mode converter device using the
RAMPS 1.4 power control board. A 100K NTC thermistor (Osensa Innovations Corp., BC,
Canada), was used to obtain precise temperature measurements. The ceramic cartridge
heater is housed in an aluminum block that surrounds the optical fiber, ensuring uniform
heat distribution. On the other hand, an additional thermistor is placed inside the same
block to enable real-time temperature monitoring. The monitoring process was facilitated
using OptiGUI DataCollector software [40].

3. Data Description

The experimental setup illustrated in Figure 3 was employed to characterize a mode
converter based on LPFG engraved in SM2000 optical fiber. The investigation of this mode
converter was conducted at room temperature (Tyo0 = 20.62 °C) and a fixed wavelength
(A = 1534 nm) to validate the mode conversion possibilities that this kind of device can
offer. Then, the LP1; mode was injected into the mode converter under test along the
horizontal axis (x-polarization). The light was captured by the CCD camera after passing
through the mode converter, while the analyzer (P2) mounted on the rotational stage was
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turned from 0° to 360° in increments of 1°. Figure 4a displays the recorded images. These
results clearly demonstrate a mode conversion occurring at the output end, where the LP1;
mode transforms into the LPy; mode at an angle of 87°. Furthermore, the results indicate
that this device exhibits cyclic behavior as the analyzer completes 0° and 360° rotations.
Similarly, the experiment was repeated with the input light polarized along the vertical
axis (y-polarization) using the P1 polarizer. Figure 4b shows the images obtained in this
case. At the input of the mode converter, the LP1; mode was again launched to the LPFG
mode converter. In this case, as expected, the mode distribution is perpendicular to that
obtained in the previous case. Moreover, it is evident again that rotating analyzer P2 at the
output of the mode converter resulted in conversion from LP;; mode to LPy; mode.

0° 19° 42° 64° 87° 109° 132° 154°

Polarizer
orientation

@ 180° 199° 222° 267° 289° 312° 334° 360°
(@

0° 19° 42° 64° 87° 109° 132° 154°

Polarizer
orientation

@ 180° 199° 222° 267° 289° 312° 334° 360°
(b)

Figure 4. Modal converter operation. Intensity recorded by varying the angles of the analyzer (P2):
(a) 0° and (b) 90°. Images were taken at room temperature and using a fixed wavelength of 1534 nm.

On the other hand, the wavelength of the optical source can influence the mode
conversion of this type of device. For this reason, the experiment was repeated when
this optical parameter was varied from 1527 nm to 1566 nm with 3 nm steps. Then, a
folder with all recorded images was created. To simplify the identification of the CCD
images, they were labeled according to the example provided in Figure 5. This label
allows the three criteria of interest to be highlighted. The first parameter is the input
polarization, which is limited to two options: 0 for horizontal polarization and 90 for
vertical polarization. The second property of the label is the wavelength, which, as noted
above, can range from 1527 nm to 1566 nm. Ultimately, the final component of the label
denotes the polarization angle of the analyzer. Note that this parameter ranges from 0
(representing 0°) to 360 (representing 360°). For example, an image with the following label
ModeLP-input_0deg-1555.0nm-output_120deg.tiff corresponds to an image recorded
with an input polarization of 0°, a wavelength equal to 1550.0 nm and an output polarization
of 120°. On the other hand, it is important to note that all images were recorded in .tiff
format to ensure the highest quality and to facilitate post-processing and analysis.

Input polarization <—I Wavelength«—l Analyzer angle :‘_

ModeLP-input_XXdeg-XXXX.0nm-output_XXXdeg.tiff

Figure 5. Nomenclature of the tiff images in the dataset. Note that the red text corresponds to the only
elements that change in the file names (input polarization, wavelength, and output polarization).
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Finally, the tunability of this mode converter was evaluated when an external tem-
perature was applied. In this experiment, a heating system was employed to regulate
temperature values. To accomplish this, an Arduino Mega was used for precise control,
as explained in Section 2.3. This setup allowed us to maintain the desired temperature
conditions throughout the experiment, ensuring the reliability and consistency of our re-
sults. More specifically, the analysis was performed at five distinct temperatures: 20.62 °C
(room temperature), 35 °C, 50 °C, 65 °C, and 80 °C. Consequently, the investigation of
the impact of changes in input polarization, output polarization, and wavelength was
performed separately for each of the five temperatures. Figure 6 presents an example of the
recordings acquired at a constant wavelength of 1527 nm. Figure 6a shows the behavior
when the input mode is polarized at 0°. From these recordings, it is possible to observe that
the mode conversion has a strong dependency on the output polarization and the applied
temperature (the wavelength has an impact on the optical response as well, as evidenced
in the dataset).

Analizer

orientation 1-20.62°C T=35°C T=50°C T=65°C T=80°C

10°

167°

180° )

OO0
Plojojele
®[olo[ol®
elojojele
lojolels
©lojofs]e

~
&
-

Analizer

orientation 1-20.62°C T=35°C T=50°C T=65°C T=80°C

(=]
o

oJolSIvlo
|o[o|om]an
mlojojo]|m
oloo|o]o
2/o[o|s]e
@/o[0[o]0

10°

167°

180°

(b)

Figure 6. Near-field experimental patterns are obtained at the output end of the LPFG-based mode
converter as a function of the applied temperature and analyzer angle when the polarization of the
laser light at the input end of the device is aligned along the horizontal axis and the vertical axis.
These results were obtained for a wavelength of 1527 nm while light was fed into the mode converter:
(a) at 0° and (b) at 90°.
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Similarly, Figure 6b shows the results obtained when the laser light polarization was
along the horizontal axis, i.e., the input polarization was equal to 90°. The results show
that when the temperature increases from 20.62 °C to 80 °C while holding the analyzer P2
at an angle of 10°, the modal conversion improves. It can be seen that the LP1; mode is
transformed into the LPy; mode. The same happens when the analyzer is set to 0° and 180°.
The transformation of the initial mode into a distinct intensity distribution is demonstrated.
These results illustrate the accuracy of the results and show that the device is capable of
modal conversion. It is important to note that having this database and evaluating the
behavior of the modal converter allow the response of this type of device to be optimized
using artificial intelligence techniques. As previously stated, the conversion is provided
for specific experimental conditions; evaluating these manually is a complex and difficult
task. Based on the above, the database reported in this work has a total of 49,736 images.
As mentioned, this dataset shows the dependence of the LPFG-based mode converter
on parameters such as input polarization, wavelength, output polarization, and applied
temperature. Furthermore, the results provided in this work show that the modes at the
output of the converter can be modified using the evaluated parameters, particularly when
the temperature varies. This is mainly due to the thermo-optic effect, which causes changes
in the refractive index, leading to variations in the resonance wavelength of the LPFG, as
demonstrated above.

Figure 7 illustrates the structure of the repository. The root directory contains the file
modal_decomposition_label.xlsx, which lists the labels of all images accompanied by
the calculated parameters (the modal weight and phase of each obtained optical mode
(LPg1, LPq1,, and LPqy,)). We created a folder for each of the studied cases as well;
thus, the root directory has five folders called ModesLP_temp_20.62C, ModesLP_temp_35C,
ModesLP_temp_50C, ModesLP_temp_65C, and ModesLP_temp_80C. The database is accessible
through the following link: https:/ /osf.io/3zk86/ (accessed on 29 December 2023).

¥ Experimental Dataset of Tunable Mode Converter based on Long...

- &% OSF Storage (United States)

B modal_decomposition_labels.xIsx 2023-11-03 09:21 AM
ModesLP_temp_20.62C.zip 2023-11-02 08:30 AM
ModesLP_temp_35C.zip 2023-11-02 08:30 AM

I ModesLP_temp_50C.zip 2023-11-02 08:35 AM
ModesLP_temp_65C.zip 2023-11-02 08:37 AM
ModesLP_temp_80C.zip 2023-11-02 08:38 AM

+ B Wiki images
Figure 7. Summary of file location.

4. Modal Decomposition

One of the key applications of our imaging dataset lies in its fundamental contribution
to modal decomposition. In this work, we propose an optimization algorithm for modal
decomposition, supported by the obtained experimental data, that plays a crucial role in
the extraction and analysis of propagation modes in FMF.

Efficient demultiplexing is crucial when transmitting light over a few-mode optical
fiber to separate multiple signals sent through the same cable. Demultiplexing is achieved
by two different methods. The first method involves physically separating modes using
spatial light modulators, waveguides, low-coherence interferometry, or digital holography.
These techniques require a substantial investment of resources to carry out experiments
and perform intricate analysis of the collected data. The second technique relies on the
utilization of numerical algorithms such as optimization procedures, Gerchberg—Saxton,
and stochastic parallel gradient descent. The latter approach mainly involves the technique
called Modal Decomposition (MD) [31,33,36,41]. This approach involves examining the
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near-field intensity distributions of signals that have various modes. This is accomplished
through an iterative update procedure that determines the intensities and phases of each
individual eigenmode contained in the transmitted optical signal. To achieve this objective,
the mathematical representation of the linear combination of all the eigenmodes can be
defined as

N
u(r,0) = Z Pn exp(ipn)Pn(r,0) ®)
n=1

where ¢, (r,0) is the normalized field of the i eigenmode, N is the total number of
eigenmodes, ¢, is the phase angle of the i eigenmode, and p, is the amplitude (also
known as the modal weight) of the i*" eigenmode. As shown in Figure 3, the modal
intensity distribution can be recorded by the CCD camera, which is represented by I(r, 6)
and is related to the near field through Equation (6).

I(r,0) o |U(r,0)[? (6)

Here, it is important to emphasize that the phase of the fundamental mode can be
considered as the reference, i.e., ¢; = 0. Furthermore, the phases are provided in the range
of [—7, 7], and the fields are normalized. This results in

al 2
;(Pn) =1 (7)

Therefore, the fundamental concept of the numerical MD method lies in determining
the mode coefficient, which is essentially a combination of ¢, and p,. At each iteration
step, the modal weights and phases of the reconstructed mode are gradually adjusted
until the shape similarity between the reconstructed beams and the measured beams
reaches an acceptable level. To evaluate the agreement between the measured field and the
reconstructed field, the use of the cross-correlation function from [33] is proposed:

| T e iy
\/ff Alrzec(x/]/)dxdy\/ff Alrzned(x/y)dx‘i}/

where Al;(x,y) = Li(x,y) — Ii(x,y) y Ij(x,y) represents the mean value of the near-field
intensity profile, with j = r referring to the reconstructed profiles and j = m to the measured
profiles. The value of C is a parameter that varies between 0 and 1. When the reconstructed
intensity profile perfectly matches the measured profile, as would be the case in a perfect
modal decomposition, C equals 1. Conversely, when the images are entirely uncorrelated,
C approaches a value near 0. To confront this issue, a particle swarm optimization (PSO)
algorithm was used to assist in finding the best combinations of modal weights and relative
phases that best matched the observed beam intensity.

To evaluate the potential usefulness of the produced database, the modal decomposi-
tion technique was used. Figure 8a shows an example of experimental intensity profiles
with light is injected into the modal converter at 0°, the polarizer at the output set with
angles corresponding to 0°, and a wavelength of 1534 nm. Along with the experimental
intensity patterns, the patterns reconstructed by the DM algorithm are shown. Figure 8a
shows the residual intensity profiles derived as AI = |Ipr; — Irpc| along with the cor-
responding correlation value. The results show a high degree of similarity between the
reconstructed and experimental beam patterns with only minor residual intensity patterns,
indicating that the suggested model is very accurate. It is worth noting that these results
are remarkable considering that the images were obtained experimentally, whereas most
works accomplish this type of analysis with computer-generated images [31,33,36,41].
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Figure 8. (a) Experimental (ORI) and reconstructed (REC) intensity profiles; (b) modal weights and
relative phases for the intensity profiles.

The analysis was repeated by introducing light into the modal converter at a 90° angle
while keeping the other variables fixed. The results are summarized in Figure 8b. It is
important to note that the correlation coefficients for these two examples exceed 0.9930.
As a complement, the consistently high correlation coefficients (above 0.9930) observed
in both experiments reinforce the robustness and reliability of the modal decomposition
technique across different injection angles. This level of correlation attests to the consistency
and accuracy of the reconstructed beam patterns, affirming the versatility of the proposed
model for various experimental configurations.

The proposed MD technique was implemented to quantify the weights (blue bars)
and relative phases (red bars) for the obtained intensity profiles. There, it is evident that
the produced modes contain components of the fundamental mode, the even LPy1, and the
odd LPj;. Thus, the dominant mode in each recorded image can be detected using these
levels, allowing for discrimination between the two LP;; modes, which can be difficult to
distinguish using only the collected intensity profile. For example, the images we examined
clearly demonstrate a higher component of the odd LPy;. When light is polarized 0°, the
weights of the LPy;, LP1; odd, and LPy; even modes are 0.487, 0.836, and 0.251, respectively.
Similarly, the relative phases of these modes are 0.0, 1.576, and 1.669 radians. It should
be noted that the absolute value of the relative phases was established by taking into
account the opposing phase differences, which are unavoidable due to phase ambiguity, as
discussed by Bruning et al. [42].

Finally, the MD method was employed to examine the changes in the amplitude of
the LPy; and LP;; modes with an input polarization of 0°, the wavelength of 1534 nm, the
temperature of 20.62°C, and the output polarization rotated from 0° to 360° as discussed
above; see Figure 4. Figure 9 illustrates that the rotation of the P2 analyzer at the output
of the mode converter causes a variation in the intensity of the mode, affecting the power
reaching the camera sensor. The results indicate that the LPy; mode exhibits a minimum
modal weight when P2 is at 0°. However, as the analyzer is rotated, the modal weight
of this mode gradually increases until a stable state is reached. In contrast, LP1; mode
exhibits the opposite behavior, starting with a maximum modal weight and gradually
decreasing in value. Furthermore, it is evident that the modal weights show the anticipated
cyclic pattern.
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Figure 9. Comparison of the modal weight of the LPy; and LP1; modes as a function of the P2
analyzer angle. This analysis was performed for an input polarization of 0°, a wavelength of 1534 nm,

and a temperature of 20.62 °C.

5. User Notes

Near-field intensity patterns are critical in the investigation of few-mode optical
fibers because they allow the estimation of amplitude and phase information of the fiber
eigenmodes at different wavelengths. This not only allows a complete study of the optical
field and beam parameters, it provides vital insights into optical fiber anisotropy and
polarization mode characterization. These aspects are critical for image processing in optical
communication as well as deep learning analysis. It is much better to use mode datasets
that were made experimentally from an all-fiber-optic-based modal converter than to use
simulated data. These datasets represent the variability and inherent imperfections of real
optical fibers obtained in real-world physical situations, such as temperature fluctuations,
among others. Deep learning algorithms can now better adapt to real-world settings and
solve problems that simulated data may ignore. Furthermore, the use of these datasets
increases the ability to generalize the model and serves as a significant tool for validating
and refining current theoretical models. In addition, depending on the specific objectives
of the study, this dataset has the potential to be used in the context of exploring alternative
neural network topologies, training approaches, and optimization methods. Among these
alternatives are:

1. Users could apply different digital image processing techniques to extract essential
information from the acquired images. The processed data could then be utilized
to calculate the power associated with the specific mode under consideration. The
quantification of mode power is crucial for assessing modal conversion efficiency, a
fundamental parameter in the analysis of these devices.

2. Convolutional Neural Networks (CNNs) could be implemented to discover local
patterns in images in order to classify optical modes according to the field distribution
and analyze the quality of the obtained modes.

3. Generative networks could be used to generate new optical fiber modes or for data
expansion. These techniques include the ability to generate additional modes that
are not present in the original dataset. In fact, they technique can generate modes
with patterns or characteristics comparable to real modes, increasing the variety of
data accessible for training and testing deep learning models. Data expansion can
contribute to improved generalization capacity of the model and help to improve the
robustness of applications in optical fiber modal analysis.
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4. Siamese networks can be used to compare optical fiber modes, as they are useful for
learning similarities or differences between pairs of images.

5. Vision transformers are a novel class of models originally designed for computer vision
tasks, but which have demonstrated remarkable adaptability in various domains,
including optical fiber modal analysis. By considering these innovative architectures,
we can harness the power of large datasets to further enhance the accuracy and
efficiency of modal prediction and address a broader range of applications in the field.

6.  Optimization algorithms can be implemented for modal decomposition.

All of these alternatives prove to be valuable tools for further improving the accuracy
and efficiency of modal prediction while enabling a variety of tasks and applications,
including classification, regression, and more.
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CNN Convolutional Neural Network
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DEMUX  Demultiplexers

TDM Time Division Multiplexing

PDM Polarization Division Multiplexing
MDM Mode Division Multiplexing
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