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Abstract: A deep-residual-network-based algorithm is proposed for fast orbital angular
momentum complex spectrum analysis with large range and variable intensity. © 2024 The
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Orbital Angular Momentum (OAM) [1], characterized by helical wavefronts, offers a new degree of freedom for
laser beams. This feature suggests that one beam can carry multiple, different OAM modes simultaneously,
enabling a broad range of applications ranging from classical to quantum physics [2,3]. Analyzing OAM complex
spectrum is essential for designing optical elements, particularly high-dimensional multiplexed modulator, such as
the OAM comb [4]. However, common methods, like the Helical Harmonic Expansion (HHE) [5], require time-
consuming iterations, constraining the utility in real-time applications. In response, we present a novel scheme that
leverages a Deep Residual Network (DRN) to expedite the analysis of OAM complex spectrum [6]. Our method
significantly reduces computation time and enables high-precision, real-time analysis across a wide range of OAM
modes with varying intensities, phase ratios, and mode intervals. This is achieved without additional modulation, by
simply inputting the multiplexed OAM beam's intensity and phase information.

To address the issue of time consumption, we transform the process of iteration into a classification task. This
transformation involves mapping the intensity and phase characteristics to different OAM orders within the channel
dimension. Consequently, we model the relationship between the features derived from the intensity and phase
pattern of the superposed OAM beams and their complex spectrum.

As illustrated in Fig. 1(a), the intensity pattern and phase distribution of the multiplexed OAM beam are
processed through the designed DRN to extract feature maps. Multiple rounds of feature extraction yield deep
representations. By flattening these representations along the channel dimension, we obtain the confidence vector.
This vector demonstrates the probabilities for each individual OAM mode, representing the complex OAM
spectrum. As sketched in Fig. 1(b), the proposed DRN consists of four residual blocks [7]. Each of these blocks
incorporates a multiple conception structure designed to capture features at different levels. Specifically, the input
optical field data is first converted from spatial domain to feature dimensions through a down-sample layer. It then
proceeds into the residual block to generate feature map using the designed multiple conception structure. This
structure comprises a convolutional layer, a rectified linear unit, and another convolutional layer. To avoid the
vanishing of gradients and facilitate training, we have added residual connections before and after the multiple
conception structure. As shown in Fig. 1(c), the multiplexed OAM beam, comprising thirteen OAM states with topological
charges [ =[-99, -82, -65, 48, -31, -14, 3, 20, 37, 54, 71, 88, 105], corresponding intensity ratios [0.066: 0.045: 0.121: 0.088:
0.040: 0.042: 0.079: 0.024: 0.105: 0.070: 0.114: 0.094: 0.106], and relative phases [1.6x, 1.3x, 0.1=, 1.87, 0.6x, 137, 1.7x, 1.97,
097, 1.9, 1.6m, mt, 0.97], is analyzed using the proposed DRN, resulting in an RMSE of 0.002 for intensity spectrum and 0.022
for phase spectrum, with processing times of 0.013 s. Conversely, the HHE results in a higher RMSE of 0.204 and a longer
processing time of 14.277 s for the intensity spectrum. As for the phase term, the RMSE is 0.456 and the response time is 16.790
s. A comprehensive evaluation is conducted between HHE and DRN. The results showed that DRN achieved an RMSE of
0.002 for intensity and 0.016 for phase spectrum, with a response time of 0.020 seconds. In comparison, HHE recorded a longer
response time of 16.906 seconds for intensity and approximately 350 seconds for phase, with RMSE of 0.006 and 0.225,
respectively. In other words, DRN demonstrated a 68.75% improvement in precision for intensity and a 92.89% increase for
phase, alongside a 1000-fold and over 10,000-fold acceleration in computation speed, respectively.

Furthermore, we compare the performance between our DRN and HHE across a wide range of multiple OAM
modes. Notably, the DRN demonstrates superior accuracy and speed over the HHE in analyzing hybrid OAM
modes. Specifically, improvements in Root Mean Square Error (RMSE) for the intensity spectrum are observed at
0.0107, 0.0102, 0.0079, 0.0066, 0.0066, 0.0057, 0.0027 and 0.0022 for the 6, 13, 21, 27, 32, 38, 45, and 50 numbers
of hybrid OAM modes, respectively. For the phase term, the enhancements in RMSE are notable at 0.4658, 0.4312,
0.7011, 0.4947, 0.3949, 0.4832, 0.6791 and 0.5963, showcasing the DRN's capability to achieve high precision.
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Abstract

Tailoring multiple degrees-of-freedom (DoFs) to achieve high-dimensional laser field is crucial for advancing optical
technologies. While recent advancements have demonstrated the ability to manipulate a limited number of DoFs,
most existing methods rely on bulky optical components or intricate systems that employ time-consuming iterative
methods and, most critically, the on-demand tailoring of multiple DoFs simultaneously through a compact, single
element—remains underexplored. In this study, we propose an intelligent hybrid strategy that enables the
simultaneous and customizable manipulation of six DoFs: wave vector, initial phase, spatial mode, amplitude, orbital
angular momentum (OAM) and spin angular momentum (SAM). Our approach advances in phase-only property,
which facilitates tailoring strategy experimentally demonstrated on a compact metasurface. A fabricated sample is
tailored to realize arbitrary manipulation across six DoFs, constructing a 288-dimensional space. Notably, since the
OAM eigenstates constitute an infinite dimensional Hilbert space, this proposal can be further extended to even
higher dimensions. Proof-of-principle experiments confirm the effectiveness in manipulation capability and
dimensionality. We envision that this powerful tailoring ability offers immense potential for multifunctional photonic
devices across both classical and quantum scenarios and such compactness extending the dimensional capabilities for
integration on-chip requirements.

Introduction polarization'*'¢, amplitude'”, and initial phase'®, they still

Recent decades have witnessed the rapid development
of laser field manipulation, where on-demand tailoring of
multiple degrees-of-freedom (DoFs) emerging as a leading
area of research' ™. The ability to tailor a greater number
of DoFs determines the creation of complex optical fields
with high dimensionality, which is critical for various
applications, including next-generation laser®, optical
tweezers’, quantum computing'®™'?, and holography'*.
Despite that previous techniques have made substantial
progress in tailoring limited DoFs, such as
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face inherent limitations in dimensionality that hinder the
achievement of high-dimensional and multiple DoFs
manipulation simultaneously. Orbital angular momentum
(OAM), a new DoF, has been considered to enhance tai-
loring dimensionality due to its unbounded orthogon-
ality'’”™**. However, the phase-only modulation for
multiple OAM modes lead to unpredictable overlaps®,
which complicates the integration in single elements and
poses challenges to cope with other DoFs. As additional
DoFs are introduced, the cost and complexity rapidly
grow, leading to higher computational demands and
reduced tailoring precision. To overcome these chal-
lenges, current schemes for manipulating multiple DoFs
often rely on bulky optical components or intricate sys-
tems that employ time-consuming iterative methods,
sacrificing system simplicity or speed to compensate for

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://creativecommons.org/licenses/by/4.0/.
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Tailoring multiple degrees-of-freedom (DoFs) to achieve high-dimensional laser field is crucial for advancing
optical technologies. While recent advancements have demonstrated the ability to manipulate a limited number
of DoFs, most existing methods rely on bulky optical components or intricate systems that employ time-
consuming iterative methods and, most critically, the on-demand tailoring of multiple DoFs simultaneously
through a compact, single element-remains underexplored. In this study, we propose an intelligent hybrid
strategy that enables the simultaneous and customizable manipulation of six DoFs: wave vector, initial phase,
spatial mode, amplitude, orbital angular momentum (OAM) and spin angular momentum (SAM). Our approach
advances in phase-only property, which facilitates tailoring strategy experimentally demonstrated on a compact
metasurface. A fabricated sample is tailored to realize arbitrary manipulation across six DoFs, constructing a
288-dimensional space. Notably, since the OAM eigenstates constitute an infinite dimensional Hilbert space, this
proposal can be further extended to even higher dimensions. Proof-of-principle experiments confirm the
effectiveness in manipulation capability and dimensionality. We envision that this powerful tailoring ability
offers immense potential for multifunctional photonic devices across both classical and quantum scenarios and
such compactness extending the dimensional capabilities for integration on-chip requirements.
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Analyzing the orbital angular momentum (OAM) distribu-
tion of a vortex beam is critical for OAM-based applications.
Here, we propose a deep residual network (DRN) to model
the relationship between characteristics of the multiplexed
OAM beam and their complex spectrum. The favorable
experimental results show that our proposal can obtain
both the intensity and phase terms of multiplexed OAM
beams, dubbed complex spectrum, with a wide range of
OAM modes, varying in intensity, phase ratio, and mode
intervals at high accuracy and real-time speed. Specifically,
the root mean square error (RMSE) of intensity and phase
spectrum is evaluated as 0.002 and 0.016, respectively, with
a response time of only 0.020 s. To the best of our knowledge,
this work opens a new sight for fast OAM complex spectrum
analysis and paves the way for numerous advanced domains
that need real-time OAM complex spectrum diagnostic like
ultrahigh-dimensional OAM tailoring. © 2023 Optica Pub-
lishing Group

https://doi.org/10.1364/0OL.512147

Orbital angular momentum (OAM) offers a new degree of free-
dom for laser beams. An OAM carried beam, known as an
OAM beam, has received considerable attention in recent years
due to its helical wavefront and doughnut shape intensity pro-
file. Previous studies have proved that the complex amplitude
of an OAM beam comprises the helical term exp(ily), with [ as
the topological charge and ¢ the azimuthal angle [1,2]. [ is the
eigenvalue of OAM and also known as the OAM state. Due to
the orthogonality of an OAM, different photons from a single
beam can carry various distinct OAMs. Such feature suggests
that one beam can carry multiple different OAM modes simulta-
neously, constituting an infinite-dimensional Hilbert space. This
introduces an entirely new realm of high-dimensional degrees
of freedom for laser beams. The utilization of multiple OAM
modes offers numerous applications ranging from classical to
quantum physics [3-7].

The OAM complex spectrum characterizes the intensity and
phase distribution of various OAM channels in one beam, pro-
viding insights into the intensity patterns and wavefront structure
of multiplexed OAM beams. The analysis of the OAM complex

0146-9592/24/010173-04 Journal ©2024 Optica Publishing Group

spectrum is critical for numerical computations, particularly in
designing phase-only diffraction optical elements toward high-
dimensional multiplexed OAM beams, namely, OAM combs [8].
For example, the self-optimized iterative algorithm [9], and also
the pattern search assisted iterative (PSI) algorithm [10], are
demonstrated to compute phase-only diffraction grating to gen-
erate a multiplexed OAM beam. During the above computing,
the OAM spectrum needs to be calculated round after round,
since the OAM spectrum disparity between the grating diffrac-
tion field and the desired one needs to be continuously evaluated
for ongoing adjustments to the grating parameters. The OAM
spectrum analysis in the above iteration is usually accomplished
through helical harmonic expansion (HHE) [1 1] where arbitrary
beams can be decomposed through helical harmonic as

I «
E(ra @, Z) = — a,(r, Z) CXp(ll(p), (1)
with the complex coefficient a,(r, z)

a(r,z) = \/% /0 E(r, ¢, z) exp(ilp)de. (2)

Thus, the computation of both the intensity and the phase of
the [-th order helical harmonic, as given in Eq. (2), involves
two integrations. First, perform integration over ¢ (azimuthal
angle) after multiplying by each conjugate helical phase in the
beam. Subsequently, integration is carried out over r (radial dis-
tance). Since the values of intensity and phase are independent
of the parameter z, the multiple OAM mode complex spectrum
can be obtained through hundreds of such iterations. Clearly,
as the range of OAM modes increases, the computational time
escalates dramatically. Such large computation time brings trou-
bles for high-dimensional multiplexed OAM mode tailoring as
mentioned in Refs. [9,10] and finally limits the performances of
scenarios which need fast or even real-time high-dimensional
OAM tailoring like an OAM encryption [12] and a multi-state
OAM shift keying [13].

To overcome the above challenges, in this Letter, we demon-
strate a deep-learning assisted approach to accelerate the OAM
complex spectrum analysis. The rapid development of computer
vision enables the effectiveness of using deep-learning models
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Due to the high-dimensional characteristics of photon orbital angular momentum (OAM), a beam can carry
multiple OAMs simultaneously thus forming an OAM comb, which has been proved to show significant potential
in both classical and quantum photonics. Tailoring broadband OAM combs on demand in a fast and accurate
manner is a crucial basis for their application in advanced scenarios. However, obtaining phase-only gratings for
the generation of arbitrary desired OAM combs still poses challenges. In this paper, we propose a multi-scale
fusion learning U-shaped neural network that encodes a phase-only hologram for tailoring broadband OAM
combs on-demand. Proof-of-principle experiments demonstrate that our scheme achieves fast computational
speed, high modulation precision, and high manipulation dimensionality, with a mode range of -75 to +75,
an average root mean square error of 0.0037, and a fidelity of 85.01%, all achieved in about 30 ms.
Furthermore, we utilize the tailored broadband OAM combs in conducting optical convolution calculation,
enabling vector convolution for arbitrary discrete functions, showcasing the extended capability of our proposal.
This work opens, to our knowledge, new insight for on-demand tailoring of broadband OAM combs, paving the
way for further advancements in high-dimensional OAM-based applications. ~© 2025 Chinese Laser Press

https://doi.org/10.1364/PRJ.550470

1. INTRODUCTION

Vortex beams, endowed with orbital angular momentum

of multiplexed OAM modes increases, the cost and complexity
will rapidly grow and with the resultant required multiple
elements [22-24], it is highly desirable to generate a large num-
ber of OAM modes in a simple, scalable, and cost-efficient way,
leading to a consensus on the need for a phase-only modulation
of OAM combs’ on-demand tailoring [11,25,26]. Different
from generating single-mode OAM beams directly, creating
OAM combs solely through superposing spiral phases is not
feasible due to the inevitable mode intensity loss in phase-only
modulation [27]. Current schemes, such as mode iteration
[27], genetic algorithms [28], pattern-search strategies [29],
and adaptive modification [30], have been employed to address
this challenge. However, these schemes still face troubles such
as initial set dependency, long iteration time, and uncertain

(OAM), have captivated researchers for several decades.
Pioneering work by Allen ¢ 4l in 1992 demonstrated that
these beams [1] are characterized by an azimuthal phase term
exp(ilg) with / the topological charge and ¢ the azimuthal an-
gle, inspiring plenty of applications across diverse domains in
both classical and quantum physics [2-8]. Capitalizing on the
inherent high-dimensional orthogonality among OAM modes,
a beam can carry a series of discrete, selective interval and power
weight OAM modes, which are termed as OAM combs [9,10].
Such OAM comb offers significant potential for the transmis-
sion of vast amounts of information [11-14] and serves as a

flexible key for photonics computing [15-18].

Previous research has introduced various schemes for gen-
erating OAM modes, where a single element, such as spiral
phase plate or spatial light modulator, typically provides only
one OAM mode, limiting scalability [19-21]. As the number

2327-9125/25/051109-10 Journal © 2025 Chinese Laser Press

convergence.

Inspired by deep neural networks with powerful abilities in
extracting high-dimensional features [31-33], there is signifi-
cant potential to establish an intelligent, data-driven framework
for optimizing phase designs [34—36]. In this paper, we propose
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