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Metasurface designed with quantitative field
distributions
Shuai Wang1 and Yuanmu Yang 1✉

Abstract
A new method for designing metasurfaces has been proposed and demonstrated, which allows for the generation of
precise quantitative field distributions. This unique approach involves combining a tandem neural network with an
iterative algorithm to optimize the metasurface design, enabling accurate control over the intensity and polarization of
the resulting field. This strategy is both efficient and robust and has the potential to accelerate the development of
metasurface devices with complex functionalities.

Metasurface, a new class of planar diffractive elements
composed of an array of subwavelength meta-atoms, has
been demonstrated to be extremely versatile in manip-
ulating the vectorial electromagnetic fields, including the
wavefront1–4 and polarization5–8. The conventional
strategy for designing a metasurface is based on the
independent assembly of a series of meta-atoms with
different shapes and orientations. Such an approach
requires constructing a map connecting the required
electromagnetic response with the meta-atom geometry
by sweeping over a wide structural parameter space,
resulting in time-consuming simulations.
Artificial neural networks (ANNs) are complex systems

with numerous interconnections between multiple layers.
It can be trained to establish the relationship between the
electromagnetic response and the geometry of the meta-
atom in an efficient manner9,10. ANNs can be broadly
divided into two categories, forward neural networks and
inverse neural networks, based on their function in the
metasurface design. Forward neural networks predict the
electromagnetic response of input meta-atoms with
varying materials and shapes11, replacing time-consuming
full-wave electromagnetic simulations. Inverse neural
networks are trained to directly identify the metasurface
design with a targeted electromagnetic response12.
Despite much recent progress, it remains challenging to

identify ANN-assisted metasurface design approaches for
the automated generation of an electromagnetic field with
precisely determined, quantitative field distributions. For
instance, for polarization-splitting metalens, the intensity
ratio between two orthogonal polarization states needs to
be manually controlled.
In a recent work13 published in Light: Advanced Man-

ufacturing, Prof. Xiaofei Zang, Prof. Yiming Zhu, and
collaborators from the University of Shanghai for Science
and Technology and Tongji University have proposed a
new metasurface design approach, which combines a
bidirectional deep neural network and an iterative algo-
rithm, to generate a more quantitative field distribution.
In the first step, the bidirectional deep neural network
consisting of a predicting neural network and a pre-
trained forward neural network is designed to generate a
qualitative field distribution. Subsequently, to enable
precise and automated manipulation of the spatial dis-
tribution of the vectorial electromagnetic field, including
the amplitude, phase, and polarization, an iterative algo-
rithm is added to the tandem neural network to predict
metasurface devices with more precisely controlled field
distributions, as schematically shown in Fig. 1.
To validate the proposed approach, a series of metasur-

face devices have been designed, including metalenses that
generate two foci with intensity ratios varying from 1:1 to
0.6:1 and with either identical or orthogonal polarization
states and vortex generators for generating position- and
polarization-dependent converged vortices. The designed
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The marriage of coherent Raman scattering
imaging and advanced computational tools
Walker Peterson 1, Kotaro Hiramatsu1,2 and Keisuke Goda 1,3,4,5✉

Abstract
Coherent Raman scattering microscopy can provide high-contrast tissue and single-cell images based on the inherent
molecular vibrations of the sample. However, conventional techniques face a three-way trade-off between Raman
spectral bandwidth, imaging speed, and image fidelity. Although currently challenging to address via optical design,
this trade-off can be overcome via emerging computational tools such as compressive sensing and machine learning.

Coherent Raman scattering (CRS) spectroscopy can
provide label-free, chemically-specific molecular vibra-
tional information of targets, making it valuable for che-
mical analysis and discrimination1–13. Extended to an
imaging framework, Raman content can be used for
molecular contrast across spatial dimensions, a potential
boon to research in fields such as cell biology, where
samples of interest are chemospatially diverse7,14–30.
Although CRS-based imaging methods provide stronger
signals than their conventional spontaneous Raman
counterparts, reported CRS methods are far from satis-
factory for certain applications, especially for tracking the
complicated dynamics of live cells and tissues. Photon
generation via CRS processes is fixed by nature, and basic
spectroscopy research tends to tweak photon statistics
along different axes of a given problem space. A con-
sequence for CRS imaging is a three-way trade-off (Fig. 1)
between the detected Raman spectral bandwidth, the
imaging frame rate, and the image fidelity.
For example, hyperspectral stimulated Raman scattering

(SRS) spectra were obtained in as short as 5 µs31, but only
over a narrow Raman spectral bandwidth of 200 cm-1. SRS
imaging was demonstrated at a high imaging frame rate of
2 kHz, but images were limited to only four vibrational
frequencies16. On the other hand, hyperspectral coherent

anti-Stokes Raman scattering (CARS) imaging was shown
over a much broader Raman spectral bandwidth of
3000 cm-1, but with a long pixel dwell time of 3.5 ms19.
Likewise, Fourier-transform coherent anti-Stokes Raman
scattering (FT-CARS) imaging was reported over a broad
Raman spectral bandwidth of 800 cm-1 with a short pixel
dwell time of 42 µs22. Although CARS imaging and FT-
CARS imaging offer broader Raman spectral bandwidths
than SRS imaging, it comes at the expense of speed. In a
similar vein, in CRS imaging, higher-fidelity images gen-
erally require more pixels and take longer to obtain, which
reduces the imaging frame rate. While careful optical
design can be leveraged to maximize a technique’s per-
formance by a particular metric, this tends to come at the
expense of performance in one or both of the other two
areas; the three-way trade-off in CRS imaging represents a
physical limitation that is very difficult to overcome via
optical design alone.
In a review article32 by Lin et al., the authors present a

broad, well-informed summary of the emerging field of
computational CRS imaging, where advanced computa-
tional techniques are applied to break through the three-
way trade-off of conventional CRS imaging (Fig. 1). After
an in-depth introduction of several techniques for CRS
imaging and their physical limitations, Lin et al. provide
clear explanations of how the various hurdles of the three-
way trade-off can be addressed by appropriate computa-
tional methods. Specifically, the authors describe possible
computation-based solutions to challenges of CARS
spectral unmixing, CARS non-resonant background
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metasurfaces have been fabricated and experimentally
measured in the terahertz frequency regime, showing close
agreement with the numerical predictions.
The method proposed in the presented work further

extended the capability of ANNs to identify proper meta-
surface designs with stringently tailored responses in a
straightforward and efficient manner. It provides a platform
for globally optimizing complex vectorial electromagnetic
responses of metasurfaces, which may be useful for appli-
cations including parallel laser direct writing, polarization
imaging, and spatially multiplexed optical communication.
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Fig. 1 The metasurface with quantitative field distribution predicted by tandem neural networks and iterative algorithms. Combining a
bidirectional deep neural network and an iterative algorithm to design a metasurface with a quantitative field distribution. The input parameters
include amplitude, phase, and polarization, as shown on the left panel. The schematic on the right panel illustrates the predicted metasurface for
generating focal spots with customized polarization and intensity ratio
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