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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 l = [-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 [1.6π, 1.3π, 0.1π, 1.8π, 0.6π, 1.3π, 1.7π, 1.9π, 
0.9π, 1.9π, 1.6π, π, 0.9π], 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
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 research1–7. 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 laser8, optical
tweezers9, quantum computing10–13, and holography14.
Despite that previous techniques have made substantial
progress in tailoring limited DoFs, such as

polarization15,16, amplitude17, and initial phase18, they still
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-
ality19–22. However, the phase-only modulation for
multiple OAM modes lead to unpredictable overlaps23,
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
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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
(OAM), have captivated researchers for several decades.
Pioneering work by Allen et al. in 1992 demonstrated that
these beams [1] are characterized by an azimuthal phase term
exp�ilφ� with l the topological charge and φ 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

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 OAMmodes 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
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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    同时，申请人应当在补正书或意见陈述书中标明修改涉及的权项、段号、图、页。

审 查 员：自动审查

联系电话：010-62356655

审查部门：初审及流程管理部



国 家 知 识 产 权 局

 
210307 纸件申请，回函请寄：100088 北京市海淀区蓟门桥西土城路 6 号  国家知识产权局专利局受理处收
2023.03 电子申请，应当通过专利业务办理系统以电子文件形式提交相关文件。除另有规定外，以纸件等其他形式提交的

文件视为未提交。

100081
北京市海淀区中关村南大街 5 号

付时尧(010-68911130)

发文日：

2024 年 06 月 28 日

申请号或专利号：202410333250.0 发文序号：2024062800848180  

申请人或专利权人：北京理工大学 

发明创造名称：一种可实现高维多自由度光场调控的纯相位衍射光学器件

发 明 专 利 申 请 进 入 实 质 审 查 阶 段 通 知 书

上述专利申请，根据申请人提出的实质审查请求，经审查，符合专利法第 35 条及实施细则第 113 条的规

定，该专利申请进入实质审查阶段。

  

提示：

    1.根据专利法实施细则第 57 条第 1 款的规定，发明专利申请人自收到本通知书之日起 3 个月内，可以对发明专利申请主动

提出修改。

    2.申请文件修改格式要求：

    对权利要求修改的应当提交相应的权利要求替换项，涉及权利要求引用关系时，则需要将相应权项一起替换补正。如果申

请人需要删除部分权项，申请人应该提交整理后连续编号的部分权利要求书。

    对说明书修改的应当提交相应的说明书替换段，不得增加和删除段号，仅只能对有修改部分段进行整段替换。如果要增加

内容，则只能增加在某一段中；如果需要删除一个整段内容，应该保留该段号，并在此段号后注明：“此段删除”字样。段号

以国家知识产权局回传的或公布/授权公告的说明书段号为准。

    对说明书附图修改的应当以图为单位提交相应的替换附图。

    对说明书摘要文字部分修改的应当提交相应的替换页。对摘要附图修改的应当重新指定。

    同时，申请人应当在补正书或意见陈述书中标明修改涉及的权项、段号、图、页。

审 查 员：自动审查

联系电话：010-62356655

审查部门：初审及流程管理部



/

申请号/专利号：2023113663793

 同族案件信息

 申请信息

申请信息 收起 

申请号/专利号 2023113663793 发明名称 基于深度残差网络的光束轨道角动量复振幅谱测量方法

申请日 2023-10-20 主分类号 G01J1/00

案件状态 等待实审提案 分案提交日

主分类版本号 2006.01 副分类号 G06V10/82,G06V10/44,G06N3/0464,G06N3/045,G01

副分类版本号 2022.01,2022.01,2023.01,2023.01,2006.01 分类日期 2023-12-27

申请人 收起 

发明人 收起 

发明人姓名 付时尧,周诗韵,李浪,高春清

联系人 收起 

中国专利审查信息查询 国内案件信息详情

  申请信息

  审查信息

  费用信息

  发文信息

  公告信息

  专利权质押

  实施许可备案

  开放许可声明







姓名或名称 国籍或总部所在地 邮政编码 详细地址

北京理工大学 中国 -- --

姓名 邮政编码 详细地址

付时尧 100081 --

国家知识产权局 中国及多国专利审查信息查询 中国专利审查信息查询 多国发明专利审查信息查询    欢迎您，周诗韵 

https://cpquery.cponline.cnipa.gov.cn/chinesepatent/index


主办单位：国家知识产权局 版权所有：国家知识产权局

京ICP备05069085号-14 京公网安备 11040102700058号 网站标识码：bm38000007

https://zfwzgl.www.gov.cn/exposure/jiucuo.html?site_code=bm38000007&url=https%3A%2F%2Fpss-system.cponline.cnipa.gov.cn%2FDisclaimer
http://bszs.conac.cn/sitename?method=show&id=0831549A79CE5B0FE053012819AC77FB
http://beian.miit.gov.cn/
http://www.beian.gov.cn/portal/registerSystemInfo?recordcode=11040102700058


/

申请号/专利号：2024103332500

 同族案件信息

 申请信息

申请信息 收起 

申请号/专利号 2024103332500 发明名称 一种可实现高维多自由度光场调控的纯相位衍射光学器

申请日 2024-03-22 主分类号 G02B5/18

案件状态 等待实审提案 分案提交日

主分类版本号 2006.01 副分类号 G02B27/00,G02B27/42,G02B27/28

副分类版本号 2006.01,2006.01,2006.01 分类日期 2024-04-12

申请人 收起 

发明人 收起 

发明人姓名 付时尧,周诗韵,李浪,高李梁,高春清

联系人 收起 

中国专利审查信息查询 国内案件信息详情

  申请信息

  审查信息

  费用信息

  发文信息

  公告信息

  专利权质押

  实施许可备案

  开放许可声明







姓名或名称 国籍或总部所在地 邮政编码 详细地址

北京理工大学 中国 -- --

姓名 邮政编码 详细地址

付时尧 100081 --

国家知识产权局 中国及多国专利审查信息查询 中国专利审查信息查询 多国发明专利审查信息查询    欢迎您，周诗韵 

https://cpquery.cponline.cnipa.gov.cn/chinesepatent/index


主办单位：国家知识产权局 版权所有：国家知识产权局

京ICP备05069085号-14 京公网安备 11040102700058号 网站标识码：bm38000007

https://zfwzgl.www.gov.cn/exposure/jiucuo.html?site_code=bm38000007&url=https%3A%2F%2Fpss-system.cponline.cnipa.gov.cn%2FDisclaimer
http://bszs.conac.cn/sitename?method=show&id=0831549A79CE5B0FE053012819AC77FB
http://beian.miit.gov.cn/
http://www.beian.gov.cn/portal/registerSystemInfo?recordcode=11040102700058

