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Fig. 1. We designed a collaborative metasurface array imager of 2 X 3 metalenses (left) positioned 3.6 mm from the sensor plane that enables broadband
focusing (see 1-D PSF sections alongside spectrum in the middle) across the full 50°x50° field of view, including both axial and off-axis incident angles. The
design collaboratively optimizes 100 million nanophotonic parameters through a neural structure-to-phase proxy and a distributed meta-optics training
framework incorporating a parallax-aware spatially-varying method for accurate, hallucination-free image reconstruction (right). In reconstructing a book
containing ‘86” and portrait, our collaborative metalens array accurately captures both elements, while existing flat metalens arrays [Chakravarthula et al.

2023] produces hallucinated reconstructions that more closely resemble ‘65’.

Modern nanofabrication techniques have enabled us to manipulate the wave-
front of light with sub-wavelength-scale structures, offering the potential to
replace bulky refractive surfaces in conventional optics with ultrathin meta-
surfaces. In theory, arrays of nanoposts provide unprecedented control over
manipulating the wavefront in terms of phase, polarization, and amplitude at
the nanometer resolution. A line of recent work successfully investigates flat
computational cameras that replace compound lenses with a single metalens
or an array of metasurfaces a few millimeters from the sensor. However,
due to the inherent wavelength dependence of metalenses, in practice, these
cameras do not match their refractive counterparts in image quality for
broadband imaging, and may even suffer from hallucinations when relying
on generative reconstruction methods.

In this work, we investigate a collaborative array of metasurface elements
that are jointly learned to perform broadband imaging. To this end, we learn
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a nanophotonics array with 100-million nanoposts that is end-to-end jointly
optimized over the full visible spectrum—a design task that existing inverse
design methods or learning approaches cannot support due to memory
and compute limitations. We introduce a distributed meta-optics learning
method to tackle this challenge. This allows us to optimize a large parameter
array along with a learned metaatom proxy and a non-generative reconstruc-
tion method that is parallax-aware and noise-aware. The proposed camera
performs favorably in simulation and in all experimental tests irrespective
of the scene illumination spectrum.
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1 INTRODUCTION

The aperture of an optical system fundamentally limits its optical
resolution. As such, large aperture optics are essential for appli-
cations across diverse domains, including photography, robotics,
remote sensing, mobile smartphones, health, and scientific imaging.
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Large optics generally result in large weight; for example, the weight
of the lenses in the Hubble space telescope (aperture Bfm) is
on the order of 1000 kg Enabled by modern nanofabrication tech-
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complementary segments of the color spectrum. To design the ar-
ray we develop a distributed, large-scale meta-optics optimization
framework. We learn the array optics with a novel learned nano-

niques, metaoptics [Khorasaninejad and Capasso 2017] have beenstructure-to-broadband-phase neural proxy. To recover images, we

proposed as a potential alternative to refractive surfaces. Metaoptics
consist of quasi-periodic arrays of sub-wavelength scatterers that
0 er access to a design space that is six orders of magnitude larger
than conventional spherical optics. These degrees of freedom o er
unprecedented control over the modulation of the incoming wave-
front, with the potential to drastically reduce the size and weight of
conventional large-aperture optics.

However, traversing this larger design space to nd large-aperture
optics that o er substantially smaller footprint without compro-
mising image quality has proven challenging, even with recent
learned [Chakravarthula et aR023; Froch et a025; Tseng et al
2021a] design approaches. This is because di ractive optical ele-
ments (DOEs) and metasurfaces are fundamentally wavelength-
dependent chromatic optics, which makes it challenging to min-
imize chromatic aberration while achieving high resolution and
large eld of view (FOV). Although techniques like dispersion engi-
neering have been explored to address chromatic aberrations [Chen
et al. 2018; Wang et aR018], the limited optical bandwidth and the
aperture size lead to poor imaging performance under broadband
illumination [Presutti and Monticone 2020]. A recent line of work
has explored learning methods for optimizing metalenses or arrays
of metasurfaces using proxy forward models [Chakravarthula et al
2023; Tseng et &2021a]. To date, the most successful meta-optics im-
ager for broadband imaging is inverse designed via a di erentiable
broadband image formation model [Chakravarthula et2023]. De-
spite the improvements in image quality, the design limitations of
the heuristic wedge phase superimposition results in compromised
color delity and severe distortions in spatial frequencies, requiring
a generative model for image recovery with the risk of hallucina-
tions. As a direct result of the large size of the parameter space, only
the center lens pro le could be learned while the peripheral lenses
were directly made by superimposing the center lens pro le with
a certain wedge phase to heuristically expand FOV. Consequently,
measurements from this existing camera (especially the peripheral
lenses) su er from severe degradations in spatial frequencies and
color delity. Although signi cant strides in meta-optics imaging
have been made in both optics and computational imaging commu-
nities, the image quality of ultra-thin metalens cameras is still far
from being competitive with traditional refractive optics.

In this work, we propose a at camera composed of an array
of metalenses which are jointly and collaboratively designed for
broadband imaging. To achieve this, we learn a nanophotonic array
with 100-million-nanoposts that is end-to-end optimized over the
full visible spectrum a design task existing inverse design methods
or learning approaches cannot support due to memory and compute
limitations. Our design is motivated by the observations that 1) a
single metalens can possess favorable focusing properties within a
narrow band, and 2) a sequence of measurements that are optically
encoded in distinct ways can be collaboratively merged to generate
high-quality results. We nd that the collaborative array features
per-lens optical encodings, each of which is tailored to distinct yet
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introduce a collaborative parallax-aware joint reconstruction model
that does not rely on generative priors. We fabricate the designed
metasurface array and build a prototype camera system to exper-
imentally validate the proposed design method. We con rm that
the collaborative metalens array camera consistently outperforms
the existing meta-optics in terms of image quality across the entire
visible spectrum, while maintaining a at optical system on the
sensor cover glass.

Our contributions are as follows:

We introduce a collaborative on-sensor array camera, where
each lens learns to capture complementary portions of the
spectrum. When combined, these measurements enable high-
delity reconstruction across the full visible spectrum range.
We propose a learned nano-structure-to-broadband-phase
neural proxy for accurate forward simulation, and a dis-
tributed large-scale meta-optics optimization method.

We devise a parallax-aware, spatially-variant reconstruction
algorithm tailored to our jointly designed lens array, deliber-
ately avoiding reliance on generative priors.

We evaluate our approach in simulations and in real indoor
and outdoor scenes with a camera prototype, con rming
favorable broadband imaging performance.

Limitations. Compared to conventional cameras that employ larger
refractive lens assemblies to record high-quality images without
computationally heavy reconstruction, the proposed at-camera
does require computational recovery to produce an image. More-
over, as a research prototype rather than a commercial product,
the current camera prototype retains the thick sensor cover glass
that limits inner-ba e height, precludes further focal-length reduc-
tion, and mandates a non-contiguous sublens arrangement to avoid
crosstalk. These compromises enlarge the required sensor size and
limit the overall light-collection e ciency.

2 RELATED WORK

Flat Computational CameraBesigning a at camera system with
high imaging quality and low cost has been an open challenge that a
large body of work in computational imaging addresses. As optical
aberrations inherently limit the quality of at optical systems, exist-
ing approaches share the same philosophy that trades o camera
form factor with image quality and computational complexity [An-
tipa et al 2018; Asif et al2016; Boominathan et a2016, 2020;
Heide et al2016, 2013; Khan et &020; Peng et 82015, 2016, 2019;
Venkataraman et al013]. Early attempts at at computational cam-
era designs compress the compound camera optics into a single
refractive elementé.g, plano-convex or biconvex lenses [Kingslake
and Johnson 2009]), and they correct the geometric and chromatic
aberrations post-capture using variational optimization [Heide et al
2013; Schuler et aR011]. To further shrink the form factor, re-
searchers have explored DOEs building atop di raction manipu-
lation of light beyond refraction, including single DOE elements



(e.g, Fresnel lens [Heide et.€2016; Peng et a2015, 2016]), lens-
less coded apertures [Asif et.&2016; Boominathan et a2020],

di users [Kuo et al 2017; Monakhova et 22020], and Fresnel zone
apertures [Wu et al2020]. The compound cameras can achieve
aberration-corrected high-quality imaging under broadband illu-
mination, but still entails a long back-focal distance of more than
10 mmwhich has maderuly compactcamera design challenging.
The DOE cameras, albeit allowing for ultra-thin cameras of a few
millimeters in height, achieve moderate imaging quality due to the
highly ill-posed nature of image reconstruction from coded mea-
surements with global support. As such, unfortunately, no existing
methods achieve at form factors with high imaging quality.

Flat Metasurface Opticnlike conventional optical elements
that rely on gradual phase shifts accumulated during light propaga-
tion to shape light beams, metasurfaces imparting abrupt phase
changes with subwavelength nanostructures have recently been
investigated for imaging [Arbabi and Faraon 2023; Dorrah and Ca-
passo 2022; Khorasaninejad et2016; Kildishev et aR013; Lin et al
2014; Yu and Capasso 2014; Yu €2@11]. Existing metasurfaces
o er atoptics, however, but su er from severe monochromatic and
chromatic aberrations when acting as imager( metalens) [Kho-
rasaninejad and Capasso 2017]. Although dispersion-engineere
achromatic metalenses have been reported [Khorasaninejad et al
2017; Shrestha et.&1018; Wang et aR018], they are fundamentally
limited to aperture sizes of tens of microns [Presutti and Monticone
2020]. To enable larger aperture size while suppressing aberrations,

researchers have designed meta-optic systems together with con-

ventional deconvolution methods [Colburn et.&1018] and learned
recovery methods [Tseng et.&021a] for multi-wavelength color

imaging. Recent metalens camera designs have explored deep neural

network reconstruction for analytical hyperbolic metalenses [Dong
et al 2024], aperture-stop optimization for three discrete wave-
lengths [Park et al2025], and folded metalens to reduce system
thickness [Kim et al2024]. While achieving high-quality imaging

Collaborative On-Sensor Array Cameras 3

depth of eld [Sitzmann et al2018; Tan et ak021], time-of- ight
imaging [Chugunov et al2021; Marco et aR017; Su et aR018],
high-dynamic range imaging [Martel et a2020; Metzler et ak020;
Shi et al 2024a; Sun et a2020], compressive sensing [lliadis et al
2020; Yoshida et &2018], active-stereo imaging [Baek and Heide
2021], hyperspectral imaging [Baek et 2D21; Fu et ak020; Shi
et al 2024b], and computer vision tasks [Souza et28124; Tseng
et al 2021b; Wei et aR024]. Our approach models di erentiable
optics for metasurfaces and jointly optimizes the metasurface design
and the reconstruction algorithm end-to-end for general broadband
imaging.

3 COLLABORATIVE NANOPHOTONIC ARRAY IMAGING

Our collaborative metalens camera is described in design and re-
construction phase. We rst describe the design hinging on a dif-
ferentiable spatially-varying image formation model with neural
metasurface proxy (Section 3.1), and a joint optimization of metalens
array phase pro les and PSFs for multi-image deconvolution (Sec-
tion 3.2) through distributed metasurface learning (Section 3.4). For
experimental reconstruction, we devise an array image alignment
approach, followed by the same multi-image deconvolution method

¢ combined with a learned denoiser (Section 3.3). Implementation and

training details are provided in Section 3.5. Figure 2 illustrates our
collaborative nanophotonic imaging system design and reconstruc-
tion architecture.

In what follows, continuous variables (such as wavelengjtare
denoted in subscript, while discrete (categorical) variables (such as
the metalens index and color channe®) are denoted in superscript.

3.1 Spatially-varying Image Formation Model

Overview of Image Formation Modéfe start by deriving the
formation model of an image by a single meta-optical element. We
target broadband imaging in the visible range with wavelength
from 400 nmto 700 nm The optical imaging process at a certain

results, these metasurface cameras are not collaborative designs forwavelength can be generally modeled as the locally-varying con-

broadband imaging, and the number of optimized spectral bands is
two orders of magnitude smaller than ours. The work most related
to ours is [Chakravarthula et a023], which utilizes an inverse-
designed on-sensor metasurface array camera with a learned opti-
mization algorithm for large FOV broadband imaging. While previ-
ous work used metalens arrays to expand the eld of view at the
cost of image quality, our approach jointly designs six complemen-
tary metalenses that collaborate for high- delity imaging, with a
compact 3.6 mm height.

Di erentiable OpticsWhile conventional camera design hand-
engineers the optics in isolation for compartmentalized metrics
(e.g, root-mean-square spot size), a body of work in computational
imaging leverages the modern di erentiable framework to jointly
optimize optics and reconstruction algorithms for downstream tasks.
Successful methods that follow this paradigm learn optics and/or
sensors for color imaging [Chakrabarti 2016; Na et24; Sun et al
2021; Wang et a022; Yang et a2024a,b], microscopy [Horstmeyer
et al 2017; Kellman et aP019; Nehme et 82020; Shechtman et.al
2016], depth imaging [Chang and Wetzstein 2019; Ghanekar. et al
2024; Haim etaR018; Wu et aR019], super-resolution and extended

volution of the focal scene image with a point spread function
(PSFP . This PSF kernel is a function of the wavelength-dependent
phase proles _inthe lens plané

? o

)
which can be derived by a free-space wave propagation of a wave-
front (plane wave modulated by the optical phase delay) propagated
to the sensor plane [Goodman 2005]. Our design leverages 8
array of = 6metalenses, and thus has as many PBFand related

phases ‘. We chose the number of lenses to align with the sensor
aspect ratio; however, the method itself is agnostic to lens number
and can accommodate any array con guration.

The: -th imageE"2° at a certain color channe? 2 f's » g
focused by the optics onto the sensor plane is formed by integrating
PSFs over the visible spectrum weighted by the spectral sensitivities
of the on-sensor coloy lters
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INote we omit the spatial/angle dependency of the PSF in the formula here for simplicity.
The spatial/angle-dependent PSF computation will be detailed later.
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