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All‑fiber few‑mode interference 
for complex azimuthal pattern 
generation
Josué I. Gómez‑Méndez 1, Rodolfo A. Carrillo‑Betancourt 2, Daniel A. May‑Arrioja 3, 
Amado M. Velázquez‑Benítez 4, Natanael Cuando‑Espitia 5* & Juan Hernández‑Cordero 2

We report on an all-fiber setup capable of generating complex intensity patterns using interference 
of few guided modes. Comprised by a few-mode fiber (FMF) spliced to a multimodal interference 
(MMI) fiber device, the setup allows for obtaining different output patterns upon adjusting the phases 
and intensities of the modes propagating in the FMF. We analyze the output patterns obtained 
when exciting two family modes in the MMI device using different phase and intensity conditions for 
the FMF modal base. Using this simple experimental arrangement we are able to produce complex 
intensity patterns with radial and azimuthal symmetry. Moreover, our results suggest that this 
approach provides a means to generate beams with orbital angular momentum (OAM).

Structured light with complex intensity patterns can be generated upon adjusting in a controlled manner the 
phase, amplitude and polarization of an optical wave. These unconventional light beams are of interest for 
applications ranging from imaging, microscopy, communications, quantum information processing, and light-
matter interactions1–3. Although a wide diversity of patterns showing distinct interesting features have been 
demonstrated, light with orbital angular momentum (OAM) is arguably the most familiar example of a structured 
optical beam4. Given the broad scientific and technological impact foreseen for structured light, the conception 
and realization of alternative tools for creating, manipulating and detecting structured beams is highly relevant 
and remains as an open challenge in this field for its practical application for different purposes5,6. Optical com-
munications for instance, require compact on-chip technologies capable of tailoring and analyzing the quantum 
features of structured light1–3,5,6.

Interference of beams with unconventional modal structure is known to play an important role in the gen-
eration of structured light2. As an example, the superposition of Laguerre-Gaussian (LG) modes using a Mach-
Zehnder interferometer (MZI) has shown to generate higher order mode beams with flower-like structures7. 
Waveguides have also shown to be a suitable platform to fabricate on-chip devices providing adequate modal 
interaction to generate twisted light6,8. Optical fibers in particular provide several means for shaping non-Gauss-
ian optical beams (see9 and references therein). All-fiber arrangements typically rely on the modal transformation 
occurring when the light is coupled from a single-mode fiber (SMF) to fibers supporting higher order modes 
(e.g., multi-mode or few-mode). Under this approach, the fundamental LP01 mode guided by the SMF excites 
superior radial LP0n modes (i.e., modes of order n) in the multi-mode fiber (MMF), and interference amongst 
these during propagation produces non-Gaussian beams (e.g., Bessel-like, Airy and LG beams)9. Because the 
number of modes supported and propagated along a MMF depend on its core diameter, length, material refrac-
tive index and the wavelength, any of these parameters may be adjusted to obtain a specific light pattern at the 
output10–12. The advent of compact all-fiber devices with adjustable modal features thus promises a means to 
generate light beams with tunable structure.

Photonic lanterns (PLs) mode multiplexers offer an efficient means to produce different modal patterns and 
have been used to generate beams with OAM13,14. Given their modal selectivity, these devices offer increased 
flexibility for exploring interference effects of degenerate modes (e.g., LPa11 and LPb11 ) to produce structured optical 
beams. Although spatial filtering techniques can provide a means to generate these modes15,16, a simpler strategy 
is operating a SMF at wavelengths below the cut-off, thus exciting higher order modes which can then interfere 
during propagation. In this approach, the standard SMF acts as a few-mode fiber (FMF) and optical vortex 
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beams with OAM can be generated upon adjusting the phase difference between the LPa11 and LPb11 modes17,18. 
Similarly, specially tailored optical fibers favoring modal interference have shown to provide a means to generate 
OAM19. Herein we report on the generation of azimuthal intensity patterns obtained through the interaction of 
the degenerate LPa,b11  in a multi-mode interference (MMI) fiber device. In contrast to previous reports in which 
only the fundamental Gaussian mode is coupled to the MMI device10–13, we explore the interference of different 
modal patterns obtained through adjusting the coupling conditions among the propagating modes in a FMF. 
Through simulations and experiments, we show that this simple all-fiber arrangement allows for generating 
complex intensity patterns with both, radial and azimuthal symmetry. Adjustments on the mode coupling con-
ditions lead to changes in the phase and intensity features of the generated patterns, and for some specific cases, 
beams with features resembling OAM can be readily obtained.

Experiments and computer simulations
Experimental setup
The experimental setup used to obtain the azimuthal multimodal interference patterns is shown schematically in 
Fig. 1. A 980nm laser diode (LD, QPhotonics, QFBGLD-980-350) is connected to the input port of a polarization 
synthesizer/analyzer (PSY 101, General Photonics). The PSY uses a series of in-line piezoelectric fiber squeezers 
to generate and maintain any state of polarization (SOP) specified by its Stokes parameters, as depicted in the 
left inset of Fig. 1 (see20). Thus, changes on the settings for these parameters can readily modify the SOP of the 
signal at the output of the PSY. The output of the analyzer is connected to a standard SMF-28 fiber (Corning), 
and as depicted in the inset of Fig. 1, the MMI devices are simply made upon splicing a segment of no-core 
fiber of 125µ m diameter (NCF, Thorlabs, FG125LA) at the output end of the SMF. The lengths of the NCF seg-
ment in the MMI devices were adjusted using a home-made cleaving station as previously reported21. Finally, 
the setup incorporates an infinity-corrected microscope objective (OBJ) coupled to a CCD camera (Thorlabs, 
DCC1545M) for recording the output patterns from the MMI. It is worthwhile mentioning that MMIs are bend-
ing and temperature sensitive, and therefore care should be taken to control these parameters in order to obtain 
stable output patterns. For our experiments, the fibers were maintained as straight as possible and the setup was 
kept at controlled room temperature.

Initial modal structure
The modal structure of the beam launched at the input of the MMI device was obtained with a laser diode 
operating at 980nm propagating through a standard SMF-28 fiber. Since the wavelength of the LD is below the 
cutoff wavelength of the fiber (1250nm), light propagates in a few-mode regime. To determine the number of 
propagating modes we calculated the normalized frequency (V), evaluating first the refractive indices of the core 
and the cladding at 980nm using Sellmeier’s equation:

In Eq. (1), � is in microns; the coefficients for the core and the cladding used for the calculations were extracted 
from previous reports22,23 and are listed in Table 1. The normalized frequency at �=980nm can thus be calculated 
as V = 3.7 and accordingly, the supported linearly polarized (LP) fiber modes are the fundamental mode ( LP01 ) 
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Figure 1.   Experimental setup for complex azimuthal pattern generation: a standard SMF-28 fiber (SMF) is used 
to launch light from a laser diode (LD, 980nm) and it propagates in a few-mode regime. Interference among the 
excited modes ( LP01 and LPa,b11  ) is achieved using a multi-mode interference (MMI) device formed upon splicing 
a segment of no-core fiber (NCF, length=L) to the SMF (see inset on the right). The energy distribution and 
relative phases of the excited modes are adjusted by means of a polarization synthesizer (PSY). A microscope 
objective (OBJ) and a camera (CAM) are used for recording the patterns at the MMI output end (see text for 
further details). Polarization and energy distribution of the propagated modes are modified by piezoelectric 
actuators inside the PSY inducing controlled stress on the fiber indicated in the left side inset by orange arrows.
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as well as the two degenerate modes LPa11 and LPb11 (in short, LPa,b11  ). The latter exhibit azimuthal dependence and, 
as we will show in the next section, they may couple to higher order modes of the MMI device.

Because light from the LD propagates in a few-mode regime, the modal content at the output of the FMF 
will depend on the coupling conditions among the supported modes24–27. Experimentally, these were adjusted 
by means of the PSY, which relies on the controlled birefringence induced by the piezoelectric squeezers located 
along different positions of an internal fiber segment. Under single-mode propagation, the SOP of the light 
can be adjusted upon setting the proper Stokes parameters in the PSY. However, in the few-mode regime, the 
induced birefringence leads also to an energy redistribution of the modal content in the propagating beam via 
a local modification of the coupling coefficients27–30. Hence, the intensity patterns at the output of the FMF can 
be readily modified upon adjustments in the Stokes parameters.

Figure 2a–f shows experimental intensity profiles at the output of the FMF for different SOPs set in the 
PSY (the corresponding Stokes parameters are included in the figure). Notice that changes in the settings yield 
slightly different intensity patterns owing to the phase differences among the modes resulting from the induced 
birefringence. In particular, Fig. 2a–f shows the outputs when the PSY is set to yield a linear horizontal polariza-
tion, linear vertical polarization, ±45◦ linear polarization, and right and left circular polarization, respectively. In 
addition to the experimental observations, Fig. 2g, h includes simulated intensity patterns for two different phase 
conditions: a null phase shift among the three supported modes with equal amplitude (Fig. 2g), and a phase shift 
of 0.5 radians between the fundamental mode and the LPa,b11  modes (Fig. 2h). Notice that the phase difference 
indeed yields a change in the calculated output pattern. The PSY has been used previously as a modal controller 
in the context of Yb-doped fiber amplifiers31,32, fiber transmission links at 850 nm33, and optical communica-
tion encoding34. In our experiments, it is a convenient tool to redistribute the modal content launched into the 
MMI fiber device in a controlled manner. Although an exact modal decomposition for each polarization setting 
is not attainable with the PSY, we will show in the following sections that small variations in modal content are 
adequate to generate significantly different intensity patterns at the output of the MMI device.

Numerical simulations
Calculations of the output intensity patterns from the MMI devices were carried out considering the mode-
coupling conditions at the FMF-NCF interface. Coupling into each of the ν modes of the NCF can be calculated 
as10–12:

Table 1.   Sellmeier’s coefficients for core and cladding.

Material a b c d e

Cladding 1.30956 0.79618 0.01093 0.98716 100

Core 1.31809 0.80709 0.01056 0.98599 100

Figure 2.   Experimental images of the mode profiles obtained at the output of a standard SMF-28 fiber when 
launching a 980nm LD. Each pattern corresponds to a SOP defined by the Stokes parameters set in the PSY 
as shown in the upper left corner: (a) linear horizontal polarization, (b) linear vertical polarization, (c,d) ±
45◦ linear polarization, (e,f) right and left circular polarization. The output pattern can be slightly modified 
through adjustments on the birefringence of the SMF fiber owing to few-mode propagation (see text for details). 
Simulated intensity patterns with different phase conditions for the propagating modes: (g) three modes with 
the same phase, (h) LPa,b11  modes with 0.5 radians phase shift with respect to the fundamental mode. The white 
bar at the bottom left of the figure is 10 µm.
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These excitation coefficients ην consider the spatial overlap (coordinate r ) between the field at the end face of 
the FMF ( E(r) ) and the field of each mode of the NCF ( Fν(r) ). In general, ην quantifies the degree of similarity 
between the ν propagating mode and the light entering the NCF. If the optical axes of both fibers are perfectly 
aligned, the LP01 mode of the SMF can only couple to LP0n modes of the FMF, and the excitation coefficients 
can be denoted as η0n . Meanwhile, the LPa,b11  modes of the SMF couple to the LPa,b1m NCF modes with associated 
coefficients η1m . Given the rotational invariance of Eq. (2) and assuming negligible birefringence in the NCF, 
the excitation coefficients for the degenerate modes are expected to be equal. Under these considerations, the 
complex field amplitude Uout(r) at the output end of the MMI ( z = L ) can be expressed as:

In this expression, the factors LP0n and the LPa,b1m include the spatial distribution of each of the modal families. 
The propagation constants for each family of modes excited in the NCF are denoted as β0n and β1m , and α, γ , δ 
represent the initial phases of the modes at z = 0 . In addition, we consider a weighted contribution from each 
mode family through the constants A, G, and D. These constants define the modal content at the end face of 
the FMF and can be experimentally adjusted by means of the PSY. The pattern at the output of the MMI is thus 
formed by the superposition of the LP0n and the LPa,b1m modes guided by the NCF, which in turn are excited by 
the modal superposition at the output of the FMF.

Results
Let us first explore the output of the MMI for each of the three modes used in our experiments. To obtain each 
mode at the output of the FMF, we used the mandrel wrapping technique and the light from the LD was coupled 
directly to the MMI. It is known that the length of the NCF in a MMI device plays a critical role on the generated 
output pattern10–12. For instance, the length of NCF required to obtain self-images of the input beam (for a given 
wavelength, � ) at the output end face can be estimated as10:

where n and d are the refractive index and the diameter of the NCF, respectively. The value of p defines the num-
ber of the self-image; for p = 4 the output yields almost an exact replica of the field at the FMF-NCF interface 
because the propagating modes in the MMI are almost in-phase10–12. Meanwhile, for p =1,2, and 3, we obtain a 
lossy self-image due to a larger phase mismatch among the propagating modes. Using p = 4 and for our experi-
mental conditions ( � =980nm, n =1.457 and d =125µm), the self-images of the input modes are expected at 
L=92.9mm. The upper row of Fig. 3 shows the intensity profiles for the LP01 and the LPa11 modes launched into 
a MMI device with L=93mm (measured within experimental error). As seen in the intensity profile images 
included in the lower row of the figure, the self-image of each mode can be readily obtained. In other words, the 
output of the MMI device (lower row images) yields an intensity profile that resembles the initial input field. 
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Figure 3.   Intensity profiles for the LP01 (left) and the LPa11 (right) modes obtained at the output of the FMF 
(upper row) launched into the MMI devices. The self images of these modes are obtained at the output of a MMI 
device with L=93 mm (lower row). See text for further details.
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Notice that these output patterns arise from the ongoing interference of the LP0n modes and the LP1m modes for 
the radial and azimuthal case, respectively.

We now examine the effects of launching a combination of the three modes into the MMI. Numerically, this 
was done through adjustments in the coefficients G and D in Eq. (3), and experimentally, we adjusted the settings 
of the PSY. Examples of the types of patterns that can be attained are shown in the lower row of Fig. 4, obtained 
for two representative lengths for the NCF. These two lengths were selected because the outputs resemble intensity 
patterns observed in beam transformation experiments using MMFs11,12. The first length ( L =1.37 mm) yields 
a multiple-ring pattern with features such as those observed in Bessel-like beams; meanwhile, the second length 
( L = 23 mm) provides the first self-image at the output of the MMI device [i.e., p = 1 in Eq. (4)], showing a ring-
like pattern. Let us consider first the case in which only the fundamental LP01 mode is launched into the NCF. 
For the numerical simulations we set G = D = 0 in Eq. (3) and, in agreement with conventional MMI theory10, 
we obtain light patterns with circular shape, as shown in upper row of Fig. 4 in the columns labeled as “radial”. 
Upon comparing these two images, the effects of the length of the NCF are evident: while the shortest length 
(i.e., L = 1.37 mm) yields multiple concentric rings at the output, a ring-like (or doughnut-shaped) pattern is 
obtained for the larger length ( L = 23 mm). Notice that the intensity output patterns obtained experimentally are 
closely reproduced by the numerical results obtained with Eq. (3). The MMI therefore transforms the Gaussian 
beam from the LP01 during propagation along the NCF as described in previous reports11,12. A similar effect is 
observed when the LPa,b1m modes are launched into the NCF, although the patterns are no longer purely radially 
symmetric (see columns labeled as “azimuthal” in Fig. 4). The two patterns (ring-like and concentric rings) are 
clearly affected by the degenerate modes, as evidenced by the white lines tracing the intensity profiles of the 
patterns included in the figure. Experimentally, the intensity patterns were modified upon adjusting the SOP 
settings of the PSY.

Comparing the radial and azimuthal profiles included in Fig. 4, it is evident that launching a combination of 
modes (i.e., LP01 and LPa,b11  ) into the NCF breaks the radial symmetry in the generated patterns. As an example, 
the pattern with concentric rings obtained for L = 1.37 mm shows a higher intensity on the left side. Interestingly, 
the azimuthal profiles for L = 23 mm show a narrow external spiral-like light distribution around the broader 
central ring, suggesting that more elaborated patterns can be obtained with further adjustments in the mode 
phases. In fact, for this particular case (i.e., for L = 23 mm) the intensity in the central ring obtained experi-
mentally is not perfectly symmetric as one would expect from Eq. (3) for G = D = 0 (see Fig. 4). We attribute 
this to a possible misalignment between the optical axes of the SMF and the NCF, a condition that cannot be 
accounted for with Eq. (3). In order to asses the effect of this offset, we carried out beam propagation method 
(BPM) simulations using two different programs, OptiBPM and RSoft. Figure 5 includes the output patterns 
obtained with the BPM for a NCF with L = 23.3 mm using different modal configurations and offset launching 
conditions (0, 0.6 and 1.2 µ m) at the input. It is clear from these images that as the offset between the FMF and 

Figure 4.   Output patterns from the MMI fiber device obtained upon adjusting the coupling conditions among 
the modes entering two different lengths (L) of the NCF (see text for details). The upper row shows numerical 
results obtained with Eq. (3) and the lower row includes the intensity patterns obtained experimentally. The 
white lines at the top of the images are the intensity profiles across the center of each pattern. A series of 
concentric rings are observed for L=1.37mm. The rings in the radial column exhibit constant energy for a given 
radius (radial symmetry) (a,b), while the patterns in the azimuthal column exhibit higher energy on the left side 
of the images thus breaking the radial symmetry (i.e., they show azimuthal symmetry) (c,d). A single annular 
feature with high radial symmetry is observed for L = 23 mm. In this case, the azimuthal column shows a 
similar annular feature with an external and narrow spiral. The columns labeled as radial are obtained launching 
only the fundamental mode (e,f), and those labeled as azimuthal are obtained with a combination of the three 
modes propagating in the FMF (g,h).
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the NCF increases, the intensity asymmetries become more evident. Notice that the spiral around the central 
ring is readily obtained when using the single LP01 mode excitation with offset launch (first row), as well as for 
a combined input including the LPa,b11  modes (last row). Off-axis launching of a Gaussian mode has been used 
previously as a means to excite annular radially polarized modes (i.e., ring-like) supported by a multi-mode 
fiber35. In our case, off-axis excitation arises from the changes in the SOP of the three modes propagating in the 
FMF. Indeed, adjustments in the PSY not only lead to a phase change among these modes, but also produce a 
slight off-axis displacement of the field entering the NCF originated from the superposition of the LP modes. The 
combination of the three modes launched into the NCF thus leads to the propagation and interference of higher 
order modes, yielding output patterns with more elaborated structures. The supplemental material includes the 
evolution of the patterns during propagation along the NCF obtained with BPM simulations (OptiBPM). While 
visualization 1 depicts the patterns obtained when launching each mode independently, visualization 2 shows 
the patterns obtained when using a combination of modes to excite the NCF.

The phase relation among the LP01 and the LPa,b11  modes entering the NCF affects the intensity patterns 
obtained at the output of the MMI device. Further evidence of this is shown in Fig. 6, obtained with a MMI device 
with L = 23.7 mm. As seen in the figure, changes in the Stokes parameters of the PSY yield different intensity 
patterns at the output of the FMF. In all cases, the output from the MMI device exhibits an external ring with 
a diameter close to 80µ m and a central pattern that varies with the settings of the PSY. It is thus clear that the 
central intensity distribution strongly depends on the modal content at the input of the NCF. Notice that the 
output patterns are larger than those used as inputs (see the different scale bars in the images), and that seemingly 
small variations in the input profile generate remarkable differences in the MMI output. In general, the resulting 
patterns do not resemble the input modal structure, but rather show features that can be attributed to modal 
interference within the NCF. As an example, the central features of the images shown in Fig. 6a, c exhibit circular 
symmetry with a small region with minimum intensity exactly at the center of the profile. These images may 
indicate certain content of orbital angular momentum, or the development of a fractional vortex beam, which 
has been obtained through interference of Gaussian beams (such as the LP01 mode) and the LPa,b11  modes2,9,13,36. 
Further evidence of the structured-like features of the resulting patterns can be observed in the third row of 
Fig. 5, where helical phase fronts are obtained for a combination of LPa11 and LPb11 modes with phase shift of π/2 
at the input of the MMI. These types of phase fronts are barely noticeable when launching the modes indepen-
dently and off the center. For some cases, the phase maps are similar to those obtained from the interference of 
pure LPa,b11  modes that are known to yield OAM beams12,13. Notice that the output of the MMI yields directly the 
interference pattern of the modes launched into the NCF. Evidently, the phase relations among the modes and 
their relative intensities are not fully controllable with the PSY. Nonetheless, the modal interference obtained 
within the NCF yields complex intensity patterns that can be modified through changes in the SOP set in the PSY.

Figure 5.   Output patterns and phase maps obtained with BPM simulations (RSoft) for a NCF with L = 23.3 
mm and for different offset conditions (0, 0.6 and 1.2 µ m) between the optical axes of the FMF-NCF. The first 
and second rows show the results obtained for a single field distribution at the input of the NCF ( LP01 and LP11 
modes, respectively). The patterns included in the last two rows show the results for inputs comprised by a 
combination of modes with a π /2 phase difference ( LPa,b11  third row, LP01 and LPa,b11  fourth row). The white lines 
represent the horizontal intensity profiles across the center of each pattern.
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Discussion
It is clear that the three modes go through transformations during propagation along the NCF. A single Gauss-
ian mode has been shown to transform into different patterns through multi-mode interference10–12. In fact, 
the Bessel-like (concentric rings) and doughnut-shaped (ring-like) patterns obtained in our experiments when 
using only the fundamental LP01 mode to excite the NCF, are in agreement with the results reported in12. How-
ever, launching a combination of modes leads to more elaborated output patterns that are not attainable with 
the LP01 alone. It is also clear that, as demonstrated previously11,12, the length of the MMI fiber device plays a 
critical role on the generated output pattern (see Fig. 4). Evidently, the degenerate LPa,b11  modes launched into 
the NCF will also have an effect in the multimodal interference. This is illustrated in the animation included 
in visualization 1, which depicts the intensity patterns obtained when the LP01 and the LP11 modes propagate 
along different lengths of the NCF. The animation was obtained using OptiBPM from Optiwave, considering 
the nominal parameters for the SMF and the NCF used in our experiments. Clearly, the length of the NCF will 
define the type of pattern obtained at the output of the device.

It has been demonstrated that beams with tunable OAM can be generated upon controlling the polarization 
in FMFs17,18. This is because the phase difference and the coupling conditions between the LPa,b11  modes can be 
readily adjusted with the SOP. Hence, under some stress birefringence conditions in a FMF, the input SOPs (such 
as those included in Fig. 6) can be mapped to an orbital polarization state at the output37. For example, compare 
the individual patterns of visualization 1 (sec 41) to those shown in Fig. 6. In our experiments, the PSY allows 
for realizing these adjustments upon setting the appropriate Stokes parameters. Furthermore, offset launching 
of modes, and phase adjustments within fibers have shown to produce light with OAM35,38. All of these effects 
are readily generated in our devices upon adjusting the SOP in the FMF, yielding intensity patterns that closely 
resemble the features of structured beams. It is important to note that, when the three modes are launched, the 
output pattern of the MMI readily yields the interference among all the modes. Hence, for some cases, the inten-
sity patterns will resemble those obtained from the interference between a structured beam and a Gaussian beam; 
in our setup, the latter is obtained from the fundamental LP01 mode, while an OAM beam might result from the 
combination of the LPa,b11  modes. To illustrate this, Fig. 7 includes an output pattern whose central part shows 
similar features to those obtained from the interference of a beam with OAM of order 2 and a Gaussian beam (see 
Fig. 5 in13). Thus, albeit limited by the purity of the modes generated in the FMF, MMI devices offer versatility to 
produce a wide variety of complex intensity patterns with a compact all-fiber arrangement (the lengths of NCFs 
used in our devices were less than 30 mm). The visualizations included in the supplemental material provide an 

Figure 6.   Experimental output patterns obtained under different excitation conditions using a MMI fiber 
device (NCF length L = 23.7 mm). Each image was generated upon modifying the SOP in the PSY (the 
corresponding Stokes parameters are included in the transposed vector on top of each image pair). Each image 
pair corresponds to an input/output for a given SOP setting. Notice that the main differences among the patterns 
are within the center region of the fiber tip. The scale bar for the images on the right for each image pair is 50 
µ m, while the scale bar for the images on left is 10 µ m. Some of these patterns, as well as others, can be obtained 
through BPM simulations (see visualization 2).
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overview of the variety of outputs that would be available using an input with a reconfigurable modal structure 
(visualization 2 was obtained from simulations and visualization 3 from experiments).

Conclusions
Multimode interference devices coupled to few-mode fibers provide a promising platform for generating complex 
intensity patterns. In particular, our results show that the phase relation among the LP01 and the LPa,b11  modes 
entering the NCF plays an important role in intensity patterns obtained at the output of the MMI device. Since 
the output also depends on the length of the NCF and on the wavelength, adjustments on the physical features of 
the MMIs provide another means to modify the output of these devices. Our results show that the three modes 
propagating in the FMF can produce different output patterns through adjustments of the SOP using the PSY. 
Improved control of these patterns might be obtained using mode selective devices such as PLs, allowing for 
adjusting each individual mode and thus tailor the input field to the NCF. MMI devices may thus provide a simple 
means to produce structured light upon combining several modes with adjustable phase relations. We should also 
highlight that the radial dimensions of the generated patterns could be easily scaled by changing the diameter 
of the NCF, which is a straightforward approach compared to the use specially made waveguides. Additionally, 
since the response of MMI devices based on NCF can be easily tuned39, this could provide a simple way to adjust 
the patterns using the same length for the NCF. It is important to note that the patterns are obtained in the NCF 
facet for potential near-field applications. Future work will include the analysis of the free space propagation of 
such patterns, which could provide even more exciting patterns. An all-fiber device with such capabilities might 
be of interest for a wide range of applications such as microscopy, microparticle manipulation, and for generation 
of unconventional light beams such as those with OAM.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 10 January 2024; Accepted: 16 April 2024

References
	 1.	 Rubinsztein-Dunlop, H. et al. Roadmap on structured light. J. Opt. 19, 013001 (2016).
	 2.	 Forbes, A., de Oliveira, M. & Dennis, M. R. Structured light. Nat. Photon. 15, 253–262 (2021).
	 3.	 Angelsky, O. V. et al. Structured light: Ideas and concepts. Front. Phys. 8, 114 (2020).
	 4.	 He, C., Shen, Y. & Forbes, A. Towards higher-dimensional structured light. Light Sci. Appl. 11, 205 (2022).
	 5.	 Bai, Y., Lv, H., Fu, X. & Yang, Y. Vortex beam: Generation and detection of orbital angular momentum. Chin. Opt. Lett. 20, 012601 

(2022).
	 6.	 Yang, H., Xie, Z., He, H., Zhang, Q. & Yuan, X. A perspective on twisted light from on-chip devices. APL Photon. 6, 110901 (2021).
	 7.	 Lu, T., Huang, T., Wang, J., Wang, L. & Alfano, R. R. Generation of flower high-order Poincaré sphere laser beams from a spatial 

light modulator. Sci. Rep. 6, 1–6 (2016).
	 8.	 Chen, Y. et al. Vector vortex beam emitter embedded in a photonic chip. Phys. Rev. Lett. 124, 153601 (2020).
	 9.	 Lee, H., Park, J. & Oh, K. Recent progress in all-fiber non-gaussian optical beam shaping technologies. J. Lightwave Technol. 37, 

2590–2597 (2019).
	10.	 Wang, Q., Farrell, G. & Yan, W. Investigation on single-mode-multimode-single-mode fiber structure. J. Lightwave Technol. 26, 

512–519 (2008).
	11.	 Zhu, X., Schülzgen, A., Li, L. & Peyghambarian, N. Generation of controllable nondiffracting beams using multimode optical 

fibers. Appl. Phys. Lett. 94, 201102 (2009).
	12.	 Zhu, X. et al. Coherent beam transformations using multimode waveguides. Opt. Exp. 18, 7506–7520 (2010).

Figure 7.   Experimental output pattern from a MMI fiber device using a 23.7 mm long NCF and for a given 
SOP setting in the PSY (the Stokes parameters are included in the column vector). The image on the right 
correspond to the region delimited by the dashed line on the left. Some other patterns for this specific NCF 
length under different PSY settings can be observed in visualization 3.



9

Vol.:(0123456789)

Scientific Reports |         (2024) 14:9261  | https://doi.org/10.1038/s41598-024-59843-5

www.nature.com/scientificreports/

	13.	 Eznaveh, Z. S. et al. Photonic lantern broadband orbital angular momentum mode multiplexer. Opt. Exp. 26, 30042–30051 (2018).
	14.	 Chen, L., Guo, H., Chen, S., Wang, Z. & Liu, Y.-G. Mode-group selective photonic lanterns for multiplexing multi-order orbital 

angular momentum modes. Opt. Exp. 31, 25128–25142 (2023).
	15.	 Berdagué, S. & Facq, P. Mode division multiplexing in optical fibers. Appl. Opt. 21, 1950–1955 (1982).
	16.	 Garitchev, V. et al. Experimental investigation of mode coupling in a multimode graded-index fiber caused by periodic microbends 

using computer-generated spatial filters. Opt. Commun. 55, 403–405 (1985).
	17.	 Niederriter, R. D., Siemens, M. E. & Gopinath, J. T. Continuously tunable orbital angular momentum generation using a polari-

zation-maintaining fiber. Opt. Lett. 41, 3213–3216 (2016).
	18.	 Wu, S. et al. Continuously tunable orbital angular momentum generation controlled by input linear polarization. Opt. Lett. 43, 

2130–2133 (2018).
	19.	 Yin, G. et al. Orbital angular momentum generation in two-mode fiber, based on the modal interference principle. Opt. Lett. 44, 

999–1002 (2019).
	20.	 Technologies, L. Psy-201 Polarization Synthesizer (2024). Accessed 20 Mar 2024.
	21.	 Marrujo-García, S., Hernández-Romano, I., May-Arrioja, D. A., Minkovich, V. P. & Torres-Cisneros, M. In-line Mach–Zehnder 

interferometers based on a capillary hollow-core fiber using Vernier effect for a highly sensitive temperature sensor. Sensors 21, 
5471 (2021).

	22.	 Van Newkirk, A. Sensing using Specialty Optical Fibers. PhD thesis, University of Central Florida (2016).
	23.	 Medhat, M., El-Zaiat, S., Radi, A. & Omar, M. Application of fringes of equal chromatic order for investigating the effect of tem-

perature on optical parameters of a grin optical fibre. J. Opt. A Pure Appl. Opt. 4, 174 (2002).
	24.	 Liu, R. et al. Coupling condition analysis of Bessel–Gaussian beam to few mode fibers. Mod. Phys. Lett. B 2350054 (2023).
	25.	 Fan, X., Wang, D., Cheng, J., Yang, J. & Ma, J. Few-mode fiber coupling efficiency for free-space optical communication. J. Lightwave 

Technol. 39, 1823–1829 (2021).
	26.	 Li, A., Wang, Y., Hu, Q. & Shieh, W. Few-mode fiber based optical sensors. Opt. Exp. 23, 1139–1150 (2015).
	27.	 Yin, G. et al. Multi-channel mode converter based on a modal interferometer in a two-mode fiber. Opt. Lett. 42, 3757–3760 (2017).
	28.	 Huang, L. et al. Real-time mode decomposition for few-mode fiber based on numerical method. Opt. Exp. 23, 4620–4629 (2015).
	29.	 Schulze, C., Flamm, D., Duparré, M. & Schröter, S. Influence of fiber bending and strain on the modal content. In Fiber Lasers IX: 

Technology, Systems, and Applications. Vol. 8237. 146–156 (SPIE, 2012).
	30.	 Ghorbani, F., Farman, F. & Bahrampour, A. All-fiber spatial profile and polarization controller. Opt. Continuum 2, 1561–1575 

(2023).
	31.	 Koyama, M., Hirose, T., Okida, M., Miyamoto, K. & Omatsu, T. Power scaling of a picosecond vortex laser based on a stressed 

Yb-doped fiber amplifier. Opt. Exp. 19, 994–999 (2011).
	32.	 Koyama, M., Shimomura, A., Miyamoto, K. & Omatsu, T. Frequency-doubling of an optical vortex output from a stressed Yb-doped 

fiber amplifier. Appl. Phys. B 116, 249–254 (2014).
	33.	 Tian, Z., Chen, C. & Plant, D. V. 850-nm VCSEL transmission over standard single-mode fiber using fiber mode filter. IEEE Photon. 

Technol. Lett. 24, 368–370 (2011).
	34.	 Almeida, Á. J. et al. Enabling quantum communications through accurate photons polarization control. In 8th Iberoamerican 

Optics Meeting and 11th Latin American Meeting on Optics, Lasers, and Applications. Vol. 8785. 1278–1285 (SPIE, 2013).
	35.	 Grosjean, T., Courjon, D. & Spajer, M. An all-fiber device for generating radially and other polarized light beams. Opt. Commun. 

203, 1–5 (2002).
	36.	 Alarcon, A., Argillander, J., Spegel-Lexne, D. & Xavier, G. B. Dynamic generation of photonic spatial quantum states with an all-

fiber platform. Opt. Exp. 31, 10673–10683 (2023).
	37.	 Li, Y. et al. Realization of linear-mapping between polarization Poincaré sphere and orbital Poincaré sphere based on stress bire-

fringence in the few-mode fiber. Opt. Exp. 27, 35537–35547 (2019).
	38.	 McGloin, D., Simpson, N. B. & Padgett, M. J. Transfer of orbital angular momentum from a stressed fiber-optic waveguide to a 

light beam. Appl. Opt. 37, 469–472 (1998).
	39.	 Antonio-Lopez, J., Sanchez-Mondragon, J., LiKamWa, P. & May-Arrioja, D. Wide range optofluidically tunable multimode inter-

ference fiber laser. Laser Phys. 24, 085108 (2014).

Acknowledgements
This work was supported in part by the Mexican National Council of Science, Humanities and Technology 
(CONAHCyT) through grant numbers CF2019-102963, and by DGAPA-UNAM (México) through PAPIIT, 
grants number IT100421 and TA101522. JHC acknowledges support from PASPA-DGAPA-UNAM during his 
sabbatical at McGill University. RACB (CVU 856629) acknowledges support from CONAHCyT.

Author contributions
J.I.G.M. fabricated the fiber devices and performed the experiments. J.I.G.M. and N.C.E. conceived the experi-
ments. A.M.V.B., R.A.C.B. and N.C.E. conducted the simulation work. D.M.A and J.H.C. analyzed the results and 
provided the equipment used in the experiments. All authors discussed the experimental data and contributed 
to the writing of the manuscript.

Competing interests. 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​024-​59843-5.

Correspondence and requests for materials should be addressed to N.C.-E.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-024-59843-5
https://doi.org/10.1038/s41598-024-59843-5
www.nature.com/reprints


10

Vol:.(1234567890)

Scientific Reports |         (2024) 14:9261  | https://doi.org/10.1038/s41598-024-59843-5

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

http://creativecommons.org/licenses/by/4.0/

	All-fiber few-mode interference for complex azimuthal pattern generation
	Experiments and computer simulations
	Experimental setup
	Initial modal structure
	Numerical simulations

	Results
	Discussion
	Conclusions
	References
	Acknowledgements


