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Computational imaging with meta-optics
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Sub-wavelength diffractive meta-optics have emerged as a versatile platform to manipulate light fields at will, due to
their ultra-small form factor and flexible multifunctionalities. However, miniaturization and multimodality are typi-
cally compromised by a reduction in imaging performance; thus, meta-optics often yield lower resolution and stronger
aberration compared to traditional refractive optics. Concurrently, computational approaches have become popular
to improve the image quality of traditional cameras and exceed limitations posed by refractive lenses. This in turn often
comes at the expense of higher power and latency, and such systems are typically limited by the availability of certain
refractive optics. Limitations in both fields have thus sparked cross-disciplinary efforts to not only overcome these
roadblocks but also to go beyond and provide synergistic meta-optical-digital solutions that surpass the potential of
the individual components. For instance, an application-specific meta-optical frontend can preprocess the light field
of a scene and focus it onto the sensor with a desired encoding, which can either ease the computational load on the
digital backend or can intentionally alleviate certain meta-optical aberrations. In this review, we introduce the fun-
damentals, summarize the development of meta-optical computational imaging, focus on latest advancements that
redefine the current state of the art, and give a perspective on research directions that leverage the full potential of sub-
wavelength photonic platforms in imaging and sensing applications. The current advancement of meta-optics and
recent investments by foundries and technology partners have the potential to provide synergistic future solutions for
highly efficient, compact, and low-power imaging systems. © 2025 Optica Publishing Group under the terms of the Optica
Open Access Publishing Agreement
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1. INTRODUCTION

The rapid advent of the Internet of Things, wearable technolo-
gies, and autonomous navigation systems has accelerated the

substantial attention within the research community over recent
years [5]. These are sub-wavelength diffractive components, which
ensure that all diffracted light is concentrated in the zeroth order,
while higher-order diffracted beams are evanescent. Meta-optics
are composed of nano- to micron-scale scatterers, which impart
different phase shifts on the incident wavefront depending on
their geometry and orientation. This enables fabrication with a

demand for low-power, low-latency imagers with ultra-compact
form factors [1]. A similar need exists for biomedical instruments,
where reductions in system volume are critical to reach clinically
significant targets inside the body [2,3]. Despite the demand for

compact cameras in next-generation technologies, current solu- single lithography stage, significantly reducing the number of

tions still rely on century-old optical designs based on refractive masks in the fabrication process. The sub-wavelength periodicity

components. However, these are often insufficient for emerging
applications. While reductions in size, weight, and volume are pos-
sible using Fresnel lenses, multilevel diffractive, or binary optics,
these concepts exhibit significant aberrations and/or generate
multiple diffracted orders, decreasing their overall efficiency. These
limitations have fortified a sentiment in the photonics community
that diffractive optics are essentially nonimaging optics and limited
their udility to niche applications, such as aberration correction
in conjunction with refractive optics [4]. By countering these
shortcomings of diffractive optics, meta-optics have garnered
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also provides an extremely large space-bandwidth product, and
consequently, an extremely large number of degrees of freedom for
designing optics. Hence, researchers tout the benefit of meta-optics
to achieve multifunctionality, including controlling the polariza-
tion and spectrum of light. Finally, the small volume of meta-optics
and enhanced light—matter interaction via resonant effects offer an
important opportunity to create reconfigurable optics with low-
power and higher-speed operation compared to existing free-space
reconfigurable optics. While the benefits were known for a long
time, and several works existed at least two decades ago [6,7], the
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interest in meta-optics has reemerged in recent years for two pri-
mary reasons: 1) the availability of sophisticated nanofabrication
facilities, including semiconductor foundries, and 2) the ubiquity
of computational resources and electromagnetic simulators to
design meta-optics. Despite this burgeoning interest and numer-
ous demonstrations of their versatility, their performance remains
inferior to state-of-the-art imaging systems that use refractive
lenses, even after a decade of renewed research.

While meta-optic concepts have largely been spearheaded by
optical scientists and engineers, a parallel effort to reduce the size of
imaging systems is happening in the computer science community.
With the ubiquity of image sensors in consumer electronics, along
with the availability of powerful computing resources in almost all
imaging devices, there is a unique opportunity to enhance image
quality via computation [8]. By using computational imaging
[9], researchers have drastically miniaturized complex imaging
systems by replacing sophisticated compound optics with sim-
ple lenses [10,11] and leveraged software to mitigate aberrations
[12-15]. Although this started with simple linear deconvolution
and denoising routines, in recent years, there has been a growth in
learned reconstruction techniques and artificial neural networks
(ANNs) to enhance imaging performance. Unfortunately, com-
putational reconstruction algorithms typically increase power
consumption and latency, which may render them unsuitable for
power-constrained, real-time applications. Additionally, many
tasks in machine vision applications only require specific features
or subregions of a frame for inference [16]; thus, only a section or
a downsampled version of the full image is necessary to support
digital feature extraction [17]. Beyond that, many applications
require information embedded in other light-field parameters
(e.g., polarization, spectrum, and incidence angle), which may
require significant computation or can only be applied within
specific scenarios [18-23].

While a large body of research exists on both meta-optics and
computational imaging [24], these two fields have remained largely
separated, and only very recently, their synergistic effects become
apparent. Largely fueled by the desire to exceed limitations in both
domains, researchers have devised architectures for partition-
ing the imaging process into both the optical and digital realms
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(Fig. 1). In this mini review, we first provide a brief tutorial on both
meta-optics and computational imaging. We then discuss the cur-
rent state of meta-optics-based computational imaging. Although
still in its infancy, the combination of meta-optics with compu-
tational imaging has already resulted in imaging performance
surpassing expectations of image quality with diffractive optics.
Finally, we discuss several promising future research directions,
where the advantages of meta-optics and computational imaging
can be further exploited. As such, in our opinion, the exploration
of multifunctionality and hardware-software co-optimization
will constitute two key future research directions in the field of
meta-optics.

2. BASICS OF META-OPTICS AND
COMPUTATIONAL IMAGING

We will start with a brief tutorial on the fundamentals of meta-
optics design and computational imaging. A primer on the
fabrication and characterization of meta-optics is in Supplement 1.
While in recent years, there are several papers highlighting the
difference between meta-optics and traditional diffractive optics
[25,26]; in our opinion, meta-optics is just a special class of
sub-wavelength diffractive optics. In practice, by going to sub-
wavelength features, a meta-optic can implement a higher phase
gradient and thus offers a more diverse platform for various phase
functions compared to their coarser-pitch, super-wavelength
diffractive counterparts. The sub-wavelength periodicity also
allows controlling the phase via lateral geometry of the scatterers,
allowing single-stage lithography to fabricate the meta-optics.
Finally, the small periodicity mitigates higher-order diffraction
compared to traditional diffractive optics and can potentially pro-
vide higher efficiency and less spurious light when multiple optics
are cascaded [27].

A. Computational Design of Meta-Optics

Meta-optics pose a tremendous multiscale electromagnetic design
challenge. Due to their sub-wavelength feature size, capturing
their response accurately requires a full-wave simulation, such
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A synergistic combination of meta-optics (hardware) and digital computational backend (software) can result in imaging performance,

not achievable with pure optics and computational imaging alone. Current research in this field has primarily been focused on high-quality imaging,

multimodal imaging (depth and spectral sensing), and object detection.
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Fig.2. Design paradigm of meta-optical computational imaging systems: via full-wave simulation of the sub-wavelength meta-atoms, we can abstract
out the scatterers as a phase mask. This allows simulating a large aperture meta-optics and calculate the PSE which is then passed to a computational block.
At different abstraction levels (either scatterers or phase mask or after computational block), we can perform inverse design of the meta-optical computa-

tional imaging system.

as a finite-difference time-domain (FDTD) method or rigorous
coupled-wave analysis (RCWA) [28]. However, their large aperture
size on the order of ~103—10%\ (A is the optical wavelength)
makes such methods impractical. Thus, ray or wave optical meth-
ods are typically employed. In Fig. 2, we outline typical design
approaches to illustrate common challenges, starting at the left end
with the elemental scatterers (meta-atoms), which impart a com-
plex phase on the impinging wavefront. By arranging scatterers
of various sizes and shapes, a global phase profile is implemented,
which generates a point spread function (PSF) for the transmitted
(reflected) light. The absolute Fourier transform of the PSF pro-
vides the modulation transfer function (MTF), which indicates
that the contrast at certain spatial frequencies is preserved as the
scene is captured with the optical system and sensor. At the other
end of this design framework, we can consider the sensor and a
computational backend, which allow us to leverage computational
postprocessing algorithms to reconstruct a final image or extract
databeyond simple image captures.

In forward design, the phase and amplitude response of the scat-
terer are first calculated and then mapped to a global phase profile
that is given by a closed-form expression or based on intuition. The
most common analytical functions for lenses are those of a hyper-
boloid [29-32], square [33-35], extended depth of focus (EDOF)
[36,37], and vortex profiles [38—40]. Up to a certain degree, the
functionality of the system can be expanded by combining multi-
ple phase masks, enabling spectroscopy [41-43], polarization
imaging [44,45], Moiré lenses [46—48], Alvarez lenses [49,50],
and depth-sensitive imaging [51-53]. A common assumption
made is the locally periodic (phase) approximate (LPA), whereas
coupling between neighboring dissimilar scatterers is considered
negligible [54]. Empirically, this approximation works well for
smoothly varying, low-gradient phase profiles, while for structural
discontinuities and rapid variation, strong wavefront distortion
and undesired scattering may occur [55-58]. This is primarily
because, with a rapidly varying phase, the neighboring scatterers
are more dissimilar, weakening the locally periodic approximation.
Another aspect that should be considered is the sampling rate
for the implementation of the phase profile, which can limit the
implementable phase gradient among neighboring scatterers or

even lead to undesired aliasing effects [59,60]. A caveat of forward
design approaches is their limitation to a single or few wavelengths
[61,62], as phase wrapping induces chromatic aberrations [61,63].
To counteract this, dispersion engineering approaches have been
developed, where an essentially larger variation in the scatterer
geometry yields a larger phase diversity to satisfy the phase condi-
tions for multiple wavelengths simultaneously [64—71]. However,
this approach is fundamentally limited to small Fresnel numbers
(small numerical aperture and/or small aperture) [72].

To expand the landscape of device functionalities, the design
methodology can be reversed, which allows functionalities that
are not intuitively known. We can define a custom figure of merit,
or an intensity distribution/PSE, and then obtain the scatterer
distribution that will generate this response [73]. Somewhere in
between forward and inverse design methods fall approaches where
a global phase profile is derived inversely (e.g., through ray-tracing
or phase-retrieval algorithms, such as the Gerchberg—Saxton
method [74]), and scatterers are mapped to that global phase pro-
file, as often used for meta-optic holography. These approaches are
particularly powerful for single-wavelength applications, where in
a subsequent step, a scatterer library can be readily mapped onto
that specific derived phase profile. However, for broadband or
polychromatic applications, this methodology suffers from the
same limitations as forward design approaches.

The crux of inverse design approaches for broadband and
polychromatic operation is the requirement of a differentiable
relation between the structural parameters of scatterers and the
corresponding phase shift, which accurately incorporates the
scatterer dispersion. There are several other methods, such as
genetic algorithms, which do not require differentiability; how-
ever, differentiability helps with efficient optimization and is also
more amenable to end-to-end design. Due to the sub-wavelength
size, the optical response of the meta-atoms is often governed by
resonances, and an analytical or differentiable relation between
meta-atoms and the phase cannot be readily established. This
problem becomes more severe with complex scatterer shapes,
which are expected to provide better functionality. Recent works
have overcome this problem by implementing proxy functions or
neural networks to make this relationship differentiable [75,76].
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Once this function is established, one can consider a full end-to-
end design pipeline, where the computational backend and the
meta-optics are optimized concurrently. From a system level, this
allows to fully leverage and complement strengths and weaknesses
of constituent parts.

B. Computational Imaging

Computational imaging encompasses techniques that exploit
attributes of the imaging system itself to enhance, augment, or
extract additional information from the captured sensor data
[9]. The breadth of approaches has enabled various modalities,
which utilize various optical elements (or no optical element at
all [77-79]), such as common refractive lenses [15,80], diffus-
ers [81], and designed coded phase masks [82]. These optical
systems work in tandem with software that can either manipu-
late/enhance/reconstruct or extract more information. While this
field has developed steadily over the last two to three decades, in
recent years, there has been significant growth with the devel-
opment of improved and ubiquitous smartphone cameras,
better graphics processing units (GPUs), and the advancement
of machine learning (ML)/artificial intelligence (AI). Some exam-
ples include the advanced imaging capabilities/modalities available
in smartphones, which enable on-the-fly high-quality imaging
with ~10 to 100 megapixel images with low noise, imaging at
extremely low light conditions, depth-sensing capabilities, and
other exciting developments [8,83].

To give readers intuition regarding this approach, we illustrate a
simple strategy to improve image quality using a standard nonblind
deconvolution method, Wiener deconvolution, which considers
a known PSE As outlined in Equation 1, an image y is formed as
a convolution of a shift-invariant PSF with a ground truth x and
additive sensor noise 7:

y=PSF®x + n.

One approach to deconvolve the image is given using an
inverse filter in the Fourier domain, where F describes the Fourier
transform, * denotes the complex conjugate, and SNR is the signal-

to-noise ratio in the measurement: ¥ = F~! ‘Fﬁ%}m% }
While this approach has been successful, the breadth of deconvolu-
tion approaches has increased in recent years, significantly covering
inverse filters [15], iterative approaches [81], neural networks
[75,84,85], and optics with spatially varying PSFs [86].

Smartphone-based imaging and significant developments in
biomedical imaging applications have driven this field to a point
where computational imaging has been successfully used for
super-resolution microscopy [87,88], depth-sensitive microscopy
[89-91], and gigapixel imaging [80,92]. We note that this field is
far too extensive to be covered in this section and refer the reader to
various extensive reviews from recent years [9].

3. CURRENT STATE OF THE ART OF
META-OPTICS-BASED COMPUTATIONAL
IMAGING

The field of meta-optical computational imaging is less than a
decade old, and its full potential is yet to be explored, as we will dis-
cuss later. Current works on meta-optical computational imaging
can be broadly classified into three categories: achromatic, large

Vol. 12, No. 6 / June 2025 / Optica 777

field-of-view imaging; multimodal imaging; and meta-optical
encoding to aid computer vision tasks.

A. Achromatic Large Field-of-View Imaging System

The most ubiquitous use of optics is to capture high-quality
images. In fact, almost all current consumer electronic devices
come with a visible camera, which relies on multiple optical
elements to capture high-quality images. A similar need for surveil-
lance, defense, and national security applications necessitates
capturing high-quality images in the infrared range. Almost all
these applications require broadband imaging with a large field of
view and often with large apertures to maximize light collection.
The size of the aperture can range from ~2 mm (for consumer
electronics) to ~50 cm (for defense applications). A common
desire is to reduce the size, weight, power, and cost (SWaP-C) of
these systems. Given their thinness and the ability to implement
high-phase gradients, meta-optics can potentially reduce the thick-
ness of imaging systems. Additionally, their weight does not scale
with volume like refractive optics, providing an advantage for large
aperture optics. However, it is imperative that the SWaP-C benefit
does not come at the cost of degraded imaging performance.
Unfortunately, meta-optics suffer from strong chromatic
aberrations. While several works have tried to solve this problem
using dispersion engineering [64—66,69,93-95], it is limited to
small aperture sizes on the order of 10’s of microns for even mod-
erate numerical apertures. This problem can be alleviated using
computational imaging. In fact, computational imaging was first
used in conjunction with EDOF cubic meta-optics for full-color
visible imaging [37]. A traditional hyperboloid metalens focuses
light on a diffraction-limited spot for a single wavelength, but the
focal length fiens of the lens changes with the optical wavelength
A following A X fiens being constant. Thus, for a fixed lens-sensor
distance, one wavelength is well focused, while all other wave-
lengths are strongly defocused. With an EDOF meta-optic, the
depth of focus is increased such that even with the associated chro-
matic focal shit, all wavelengths in the target band reach the sensor
in an identical fashion. If the response of the optics is “invertible”
(as governed by their MTF), then we can reconstruct the image
computationally from the captured scene. An “invertible” response
essentially means that the signal-to-noise contrast is large enough
that its reciprocal is finite. As such, any optical response will be
invertible up to a certain spatial frequency, as the signal contrast
will decrease with larger spatial frequencies. Initial works involved
cubic phase masks to achieve an EDOF, while later works explored
the utility of radially symmetric meta-optics, such as log-asphere
phase profiles [36,96]. Limitations, in terms of image quality, ulti-
mately led to the use of inverse design to enable EDOF meta-optics
and full-color imaging [97]. While EDOF meta-optics correct
for chromatic aberrations, their overall image quality remains
relatively poor, with distortions, such as background noise, residual
deconvolution artifacts, and uncorrected aberrations at higher field
angles [37]. The image quality of single meta-optics improved dra-
matically with a co-optimized computational backend, which also
considered larger field angles [75]. Here, a differentiable pipeline
was used to optimize the image quality after considering a compu-
tational backend. This work reported high-quality imaging with
2 0.5 mm aperture f'/2 meta-optics [Figs. 3(a) and 3(b)] [75]. A
key innovation was a differentiable mapping between meta-atoms
and their phase response. While initial works relied on a poly-
nomial mapping, recently deep learning-based approaches have
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Fig. 3.

Full-color imaging exploiting co-designed meta-optics and computational backend: (a) design framework to co-optimize the meta-optic and

reconstruction algorithm via a differentiable pipeline. Reproduced with permission from Springer Nature [75]; (b) images captured using a single 500 pim,

f/2 meta-optics. Reproduced with permission from Springer Nature [75];

(c) same images captured using a six-element compound optic [75]. (d) Similar

design method is used to create 1 cm aperture meta-optics, which can be directly integrated with an image sensor (without relying on a relay optics).
Reproduced with permission from Springer Nature [100]. (¢) The large aperture allows capturing video rate full-color images using a single end-to-end
designed meta-optics with comparable image quality of a refractive optics. Reproduced with permission from Springer Nature [100].

enabled modeling complex scatterer shapes with resonances, which
provide larger phase diversity [98,99]. For image reconstruction,
several methods, including Wiener deconvolution and neural
networks, were employed. For neural network-based approaches,
a feature propagator was used to ensure high-quality reconstruc-
tion while maintaining generalizability. The feature propagator
network was based roughly on a U-Net structure, the early layers
of which extracted features at multiple resolution scales. These
features were then passed through a filtering step akin to Wiener
deconvolution, but rather than acting on the image, the features
themselves were filtered, hence the name “Feature Propagator” as
the blurred and noisy features were propagated through a filtering
operation. The final stages of the network then mirrored the early
layers, mapping the filtered features back into a high-resolution
image that is deconvolved and denoised. Compared to traditional
U-Nets, this architecture is more general, leveraging aspects of
more traditional filtering approaches like Wiener deconvolution,
while maintaining many of the denoising advantages of a neural
network approach, wherein the introduction of nonlinear opera-
tions helps to mitigate noise. Recently, a similar end-to-end design
framework has been extended to report full-color imaging in the
visible using a 1 cm aperture f/2 meta-optic with a ~ 30° field
of view [Figs. 3(c) and 3(d)] [100]. An extensive characterization
of the meta-optic revealed that the end-to-end design preserves
high spatial frequency information by trading off the low spatial
frequency contrast. Such a trade-off maintains a similar MTF over
the full wavelength range of interest, and the reduced contrast can

be retrieved computationally. Such a trade-off is similar to what is
seen in diffraction-free beam propagation, where the optical beam
maintains its shape over an extended depth but at the cost of being
more spatially delocalized compared to a diffraction-limited spot.
While Wiener deconvolution-based approaches already preserve
color information, diffusion neural networks produce image qual-
ity comparable to that of a state-of-the-art smartphone camera
[100]. Of course, the caveat is that the diffusion network’s latency
precludes real-time processing at video rates. While end-to-end
design demonstrated the efficacy of a co-designed meta-optic with
a computational backend, several recent works reported full-color
imaging using a hyperboloid metalens (i.e., an analytical phase
profile and the lens were not optimized for broadband operation)
and a deep learning backend [84,101]. While most broadband
meta-optics works primarily focused on the visible wavelength
range, recently broadband imaging has been reported in the
long-wave infrared regime (8-12 pm) using an all-silicon single
meta-optic [98]. Here, only the optics is optimized to increase the
volume under the MTF curve, and the computational backend was
separately designed.

We emphasize that while computational meta-optics enhance
the performance, the image quality remains inferior to that of a
compound refractive lens. However, current smartphone lenses
consist of ~8-10 refractive optics, and it is expected that a single
surface may not be able to achieve the functionalities of all these. A
more promising route would be to use meta-optics as a corrector
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Multimodal imaging using meta-optics: (a) computational spectroscopy using meta-optics exhibiting wavelength-dependent PSE Reprinted

with permission from Ref. [42]. Copyright 2023 American Chemical Society; (b) using two meta-optics (one with depth-invariant PSF and one with
depth-varying PSF) placed on a single surface and computational reconstruction, researchers demonstrated depth sensing. Reprinted with permission from
Ref. [51]. Copyright 2020 American Chemical Society; (c) by multiplexing different meta-optics exploiting polarization depth and polarization imaging
has been reported. Reprinted with permission from Ref. [52] under a Creative Commons Attribution 4.0 International License [113]; (d) by using two
meta-optics (depending on polarization) with different focal lengths, researchers demonstrated depth sensing. Reproduced with permission from Ref.

[112]. Copyright 2019 National Academy of Science.

[102] and to combine these with refractive lenses to achieve broad-
band performance and alleviate aberrations. To that end, a 6 mm
hybrid refractive/meta-optic was reported for broadband imaging
[103]. Nevertheless, achieving all performance criteria, in terms of
field of view, achromatic operation, aberration-free imaging, image
size, and pixels per degree, remains elusive thus far. We believe that
new innovations and engineering approaches will be required to
solve this problem, and as such, more future work will be needed.

B. Multimodal Imaging System

Among other imaging modalities, meta-optics have been used
to measure various light-field parameters, such as polarization,
spectra, and phase. Several of these works, such as polarimetric
imaging with meta-optics [44], however, did not involve a com-
putational approach, and we therefore did not further discuss
them in this review. Exploiting the chromaticity of meta-optics,
researchers have also reported spectroscopy and hyperspectral
imaging [41,104,105]. Notably, with a computational imaging
approach, the complexity of the optics can be reduced [106].
For instance, researchers recently demonstrated dual-band spec-
troscopy, exploiting an engineered, wavelength-dependent PSF
[90,91] [Fig. 4(a)]. Rather than having a separate refractive lens
or relay in conjunction with a phase mask or spatial light modu-
lator (SLM) that imparts a wavefront coding term, by including
a power term in the meta-optic itself, the chromatic focal shift
induces a misfocus that in turn rotates two lobes of the PSE While
a phase mask and a separate focusing optic may exhibit similar
behavior (this has been used extensively for depth sensing [90,91,
107-110]), the effect is more pronounced in a meta-optic owing to
its severe chromatic aberration, which can be exploited to improve
the sensitivity of a spectrometer design. For an unknown spectrum,
a captured image will have the information encoded as a weighted

average of different PSFs for each wavelength. By precalibrating
the PSFs, the unknown spectrum can then be computationally
extracted using techniques, such as Tikhonov regularization [42]
or learning-based methods. By using SiN on silicon meta-optics
and computational reconstruction, researchers demonstrated
spectroscopy with a spectral resolution of ~3 nm at two different
bands centered at 1550 and 1310 nm.

Beyond spectroscopy, meta-optics have also been used for depth
sensing. One of the first works in this domain used a meta-optic
with a depth-dependent, rotating PSF [51]. In this demonstration,
two metasurfaces were used [Fig. 4(b)], one producing a depth-
variant PSE whereas the second meta-optic was depth invariant,
enabling reconstruction of both spatial and depth information in
an image. A set of corrections to compensate for off-axis aberra-
tions, such as field curvature, was included such that a fractional
ranging error close to 1% was maintained over the full field of
view. Subsequently, a recent work combined two apertures into a
single one, exploiting polarization-dependent scatterers [111]. In
another work, a similar polarized scatterer approach was used to
multiplex two lenses with different focal lengths in one aperture
[Fig. 4(d)], where images at two different depths are captured
with a different defocus, enabling computational depth measure-
ment. The combination of polarized multiplexing and a DH-PSF
was further used to demonstrate a compact monocular camera
equipped with a single-layer metalens that captures 4D images,
including 2D all-in-focus intensity, depth, and polarization of
a target scene [Fig. 4(c)]. The metalens is optimized to have a
conjugate pair of polarization-decoupled rotating single-helix
PSFs that are strongly dependent on the depth of the target object.
Combined with an image retrieval algorithm, the camera can
simultaneously perform high-accuracy depth sensing and high-
fidelity polarization imaging over an extended depth of field [52].
The chromatic aberration inherent in a hyperboloid metalens was
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also employed for depth sensing, exploiting focusing at different
depths for different wavelengths. By collecting images over a large
spectral range, one can thus obtain sufficient information to recon-
struct depth. This concept, coupled with the transport of intensity
equation, has been used to quantitatively estimate phase in an
endoscope [114].

Meta-optic arrays have also been used for light-field imaging
applications [115]. Holsteen and co-authors utilized an inter-
leaved design to perform single-particle tracking [116]. In that
work, laterally separated views of the same scene enable spatial
localization of a fluorescent bead. Separately, a 60 x 60 array of
dispersion-engineered meta-optic has also been used to demon-
strate depth imaging [115]. While most current works essentially
replicate refractive lenslet arrays (and thus suffer from the typical
low resolution associated with light-field imaging), metalenses can
potentially enable lenslets with overlapping apertures, providing
new opportunities.

Computational imaging has been used for varifocal imaging
systems, where conventional tuning mechanisms entail moving
parts or complex control circuitry. In one example, a cubic meta-
surface was utilized in combination with a deconvolution routine
for depth-invariant imaging exceeding 1 c¢m at a high numerical
aperture [117]. The cubic metasurface provides a depth-invariant
PSE which allows imaging at different object and image distances
ina finite conjugate system. Due to the sub-wavelength periodicity,
such varifocal imaging can be performed while maintaining a large
numerical aperture.

C. Meta-Optical Encoder

In the photonics community, there has been significant interest
in optical neural networks in the past decade, while one of the
most important and challenging problems in computer vision is
detecting and identifying objects within a scene. Although these
systems have shown promising results [118—120], they have been
severely limited from a system’s perspective in terms of practicality
for low-power, low-latency processing of data from real-world
scenes under ambient illumination.

An alternative approach to most photonic neural networks
relies on using a meta-optic as a preprocessing component, an
optical frontend, that performs computation before converting
intensity signals into the electronic domain for subsequent process-
ing [120,121]. This approach by contrast has the potential to
provide a true photonic advantage for optical neural networks
from a system’s perspective when considering latency and power.
Current efforts in designing meta-optical frontends can be broadly
classified in two categories: arbitrary vector—matrix multiplication
using multiple optics and PSF engineering to perform convolution
using a single optic. In both cases, the performance benefit at a
system level remains questionable, as benchmarking with existing
GPU-based inference shows little benefit in terms of latency and
power to implement only the first layer [121]. One possible avenue
to improve this is to implement multiple linear layers with optics
by taking the information back and forth between the optics (for
linear operation) and the digital domain (for nonlinear opera-
tion). However, the large latency and power associated with signal
transduction (in display and image sensors) render such a hybrid
approach sub-optimal. Transferring a large number of linear oper-
ations to the frontend by implementing them in optics and then
performing digital operations can provide a benefit, though. We

emphasize that pure linear operations can also provide some classi-
fication in simple systems, e.g., the handwritten dataset in MNIST
is linearly separable, and researchers have demonstrated classi-
fication with only linear operations using multilayer diffractive
optics [122].

To understand the efficacy of a meta-optical frontend,
a recent work performed an end-to-end design of a hybrid
meta-optics/digital neural network [123]. Their experimental
framework quantified the energy and latency of the network by the
input dimension being passed to the digital backend [Fig. 5(a)].
An empirical finding from this work is that an optical frontend can
be beneficial for computer vision when the latency and power are
both highly constrained. However, such an advantage is achieved
when the overall accuracy is lower than what can be obtained using
the best-trained digital ANN. By using an end-to-end designed
meta-optical frontend, researchers recently demonstrated high
classification accuracy with the CIFAR-10 dataset [124]. While a
purely digital version needs 57M parameters (with a classification
accuracy of ~72.64%), a hybrid optical-digital version requires
only 2K parameters while maintaining a similar classification accu-
racy (~73.80%). Here, the end-to-end design exploits the spatially
varying PSF of the meta-optics, which is considered a limitation of
meta-optics for imaging.

While end-to-end design can potentially provide the best
possible performance and an optimal load distribution between
an optical frontend and a digital backend, such a design requires
significant computational resources to model the meta-optic. A
simpler solution would be to train the network using a traditional
digital pipeline and then implement specific digital operations
using optics. By identifying that under incoherent illumination,
the formed image is a convolution between the object and the
incoherent PSF of the optics; we can pose the convolution as a
PSF engineering problem. However, an incoherent PSF is always
positive, but a convolution in an ANN generally has both positive
and negative values in the associated kernels. We can mitigate this
problem by separating the convolution kernel into positive and
negative parts and then digitally subtracting the separate convo-
lutions. Such a dual-pupil synthesis approach had been employed
in the past [125], but the noise from the two separate apertures
is additive when the convolutions are subtracted, complicating
already existing challenges with the overall signal-to-noise ratio.
Fortunately, by exploiting a digital backend more robust to noise,
such a dual-pupil synthesis approach can work for meta-optical
encoding. However, translating a single convolution layer from
the digital to the optical domain does not provide enough benefit
in terms of power and latency. To circumvent that, researchers
reported a knowledge distillation-inspired training algorithm,
which allows effectively removing some of the nonlinear layers
to create a single linear convolution operation that effectively
implements multiple linear layers of an ANN [126]. Using such a
method, researchers recently reported a compressed meta-optical
frontend that allowed at least four orders of magnitude reduction
in the operations while suffering a classification accuracy reduction
of only 3% for the MNIST dataset [Figs. 5(b) and 5(c)]. While this
work implements only one color, exploiting the chromaticity of the
meta-optics, one can implement three different kernels for three
different meta-optics to further increase the information process-
ing capability of the meta-optics [Fig. 5(d)] [129]. Another way
to perform convolution is to employ two meta-optics [Fig. 5(e)]
[120,131]: one of them acts as a lenslet array (implemented using
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Fig.5. Meta-optical encoder: (a) by end-to-end designing a single meta-optic and computational backend, a regime for photonic advantage has been
identified. While photonic frontend can provide higher classification accuracy as we pass less data to the computational backend (which lowers the latency
and power), the overall classification accuracy in this advantageous regime turned out to be lower. Reprinted with permission from Ref. [123] under a
Creative Commons Attribution 4.0 International License ([113]). (b) By knowledge distillation, multiple convolutional layers can be collapsed into one
convolutional layer, which can be implemented using meta-optics. The meta-optics is designed (via holographic technique) to have a PSF that matches
the spatial shape of the desired kernel. Reproduced with permission from Ref. [127] under a Creative Commons Attribution 4.0 International License
([113]). (c) Multiple convolution operations can be performed in parallel using spatially separated meta-optics. The use of only single metasurface drasti-
cally reduces the complexity of the optical frontend. Reprinted with permission from Ref. [128]. (d) Exploiting inherent chromaticity of the meta-optics,
different convolution operations can be realized for different colors using a single meta-optics. Such capability can implement multichannel convolution
and perfectly suited for real-world imaging. Reproduced from Ref. [130]. (e) Instead of a single meta-optics, the convolution operation can be realized using

two meta-optics: one creating multiple copies of the image and one implementing the matrix. Reproduced with permission from Ref. [131].

multiplexed meta-atoms, such as polarization-selective meta-
atoms), which creates multiple copies of an image. The second
meta-optics has the necessary matrix element. When the second
meta-optic is placed at the image plane of the first meta-optic, one
can perform the necessary vector—matrix multiplication. While
such an approach can potentially provide more accurate convo-
lutional operations, the use of two meta-optics may increase the
alignmentand packaging complexity.

4. CHALLENGES AND OPPORTUNITIES: FUTURE
RESEARCH DIRECTIONS

A. Programmable Meta-Optics

Reconfigurable meta-optics can offer complex functionalities
unachievable with static optics, overcoming some of the trade-offs
in multimodal imaging. For example, instead of achieving both a
large field of view and full-color imaging in a single static aperture,
an achromatic lens could scan across the whole field of view. Such
reconfiguration could also help to collect different parameterized
images at different times and yield high-resolution multimodal
images. Even for encoding, a reconfigurable frontend can increase
the information processing density. Especially, more complex
ANN architectures, such as vision transformers [132], will require
adynamic frontend.

Given the high potential and need, various works on tun-
able meta-optics have already demonstrated their large potential
[133,134]. High-speed free-space modulation has been reported
using free-carrier effects in degenerately doped semiconduc-
tors [135,136] and organic electro-optic polymers [137]. Many of
these works touted the possibility of creating a large space-temporal

bandwidth product (product of the number of pixels and refresh
rate of the phase plate signifying the number of optical beams being
tuned in unit time) over state-of-the-art SLMs based on liquid
crystal or micro-electro-mechanical systems (MEMS). While
LC and MEMS systems are indeed slow, the current limitation of
space-temporal bandwidth product (~ 107) primarily comes from
electronic control, and as such it is unlikely to improve without sig-
nificant progress in co-packaged electronics and photonics [138].
We emphasize that, while large-scale electronic control is routine
in display applications, to achieve ~ MHz — GHz modulation
per pixel will require fundamental innovations in co-packaging
electronic integrated circuits and photonics. This problem is exac-
erbated by the need to modulate a large number of pixels, posing a
serious problem for routing both electronic and photonic signals
[137]. Additionally, feeding in a large amount of data, as is impera-
tive for the large space-temporal bandwidth product SLM, will be
extremely power hungry. We believe that instead of a large modu-
lation speed, a large effective change in index is more desirable to
tune the meta-optical frontend in most emerging applications.
Especially for imaging or encoding applications under ambient
light, the speed of operations is often limited to ~kHz. However, in
each iteration, a completely new phase mask is needed, and simple
global tuning of meta-optics is not sufficient. To that end, in our
opinion, the conventional techniques of liquid crystal and MEMS
are still very powerful, and combining them with meta-optics
can provide the added advantage of energy efficiency and higher
speed due to the small feature size. For example, in current liquid
crystal-based SLMs, the speed is limited due to the large volume of
each pixel. We need a long propagation length to ensure the full 27
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phase shift. The lateral size of the pixels is then limited by the thick-
ness to minimize cross talk between pixels. By exploiting the local
resonances in meta-atoms, the required thickness can be signifi-
cantly reduced, which in turn helps reduce the lateral dimension
of the liquid crystal pixels. This increases the spatial-bandwidth
product (due to sub-wavelength periodicity) and the energy to
control each pixel. Similarly, the ultra-thin and lightweight nature
of the meta-optics is key to enabling mechanical tuning with
low energy. In fact, several groups have already reported tunable
meta-optics using liquid crystal [139] and MEMS [140-142].
Specifically, in recent work, researchers demonstrated independent
tuning of 96 meta-atoms integrated with liquid crystal [Fig. 6(a)]
[143]. For any practical applications, however, we need a much
larger number of control signals, and a tight collaboration between
electronics and optics will be needed. For MEMS, most of the
reported works have so far been limited to globally tunable varifo-
cal lenses and rudimentary independent control of 1D meta-optics
[Fig. 6(b)] [144]. While a 2D MEMS-based SLM is very similar
to grating light valve technology [145], the scaling of each element
to the sub-wavelength scale can provide higher energy efficiency,
albeit this will significantly increase the complexity of routing
and control circuits. Another promising direction for program-
mable meta-optics is to employ chalcogenide-based phase-change
materials (PCMs), which exhibit a large nonvolatile change in
refractive index (A7 ~ 0.7-1) under phase transition [146—148].
PCMs have also been integrated with meta-optics for free-space
modulation of light [149-151]. One intriguing aspect of PCMs is
their nonvolatile tuning, which has in-built memory in the recon-
figuration process and thus can significantly reduce the control
complexity for independent tuning of a large number of pixels

in a spatial light modulator. Recently, a primitive 1D SLM with
PCM Sb,S3 has been demonstrated with independent control of
17 meta-atoms [Fig. 6(c)] [152]. Here, a guided mode and bound
state in continuum resonance were used to enhance the effective
phase shift from Sb,S3, and a quasi-continuously tunable notch
filter has been reported. As such, scaling the number of pixels
and controlling a 2D array of meta-atoms remain an outstanding
challenge, solving which can dramatically enhance meta-optical
computational imaging systems. An additional challenge for a
PCM-based SLM is the reconfiguration mechanism which is
current driven, unlike MEMS or liquid crystals (which are field
driven), and requires high power consumption during switching.

B. Synthetic Aperture Imaging

Conventional lens-based imaging systems face stringent trade-offs
between light throughput, resolution, depth of field, and size
(volume/weight) primarily because all these variables are funda-
mentally directly related to the diameter of the lens. Synthetic
aperture imaging provides a way to break away from these con-
straints by using a collection of sub-apertures. In the optical
regime, these methods have not substantially impacted achievable
performance thus far, but meta-optics offer a path to exploit this
approach further.

The first examples of such synthetic aperture imaging using
meta-surfaces have been in lower-frequency radar systems [153],
utilizing dynamic metasurface antennas to generate tailored
electromagnetic waveforms, achieving stripmap and spotlight
synthetic aperture radar imaging. The use of metasurface antennas
eliminates the need for mechanical gimbals and phase shifters,



simplifying the hardware architecture of a synthetic aperture
system.

More recently, these techniques have been adapted to higher-
frequency visible, infrared, and thermal imaging scenarios. Xu
etal. [154] demonstrated a polarization-independent all-dielectric
multifoci metalens by spatially integrating single-foci optical
sparse-aperture sub-metalenses. Such a design allows the system
to attain multiple focal points while retaining spatial resolution
and other imaging characteristics comparable to a single-foci
system [Figs. 7(a)-7(c)]. Zhao et al. [155] demonstrated that a
synthetic aperture metalens composed of multiple metalenses
with a relatively small aperture size can achieve an imaging reso-
lution comparable to a conventional lens with an equivalent large
aperture [Fig. 7(d)], validated via outdoor imaging using natural
sunlight for target illumination.

These emerging approaches are only scratching the surface, and
the potential for positive disruption based on these emerging syn-
thetic aperture metalenses is quite encouraging. We would finally
be able to break free from some of Lohman’s scaling laws [156] for
optical systems, and that would be transformative. Additionally,
the synthetic aperture concept can potentially allow creating
extremely large aperture optics, applicable for long-range imaging
and laser-based space communications. Importantly, in such large
systems, meta-optics can provide a significant weight advantage
compared to bulky refractive optics.

C. Fourier Ptychography

Optical imaging systems are conventionally separated into inco-
herent and coherent systems. Incoherent systems form physical
images using lenses and assume that field points are uncorrelated.
Coherent systems use holography or phase retrieval and assume
that all field points can interfere. Fourier ptychography (FP)
may be viewed as an intermediary solution between these two
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extremes that combines focal processing to simplify and regular-
ize the computational problem, but that also enables coherent
wavefront reconstruction. FP has much less stringent coher-
ence requirements than holography, enabling interferometric
imaging with incoherent light-emitting diodes [157,158]. FP
achieves coded irradiance oversampling by shifting the passband
of imaging systems due to changes in the illumination pattern or
imager perspective. A common approach is to shift the position
of the capture lens in increments of A/4, where A is the aperture
diameter. Unfortunately, this approach requires scanning with
conventional optics, which makes snapshot imaging impossible.
Meta-optics uniquely enable phase-diverse measurement from
lenses with overlapping apertures, which enables snapshot Fourier
ptychography. Such overlapping meta-lenslet arrays are possible
due to the sub-wavelength periodicity of meta-optics, and as such
very difficult, if not impossible, to realize using refractive or tradi-
tional diffractive optics. While the overlapping region is expected
to suffer from lower transmission efficiency, the computational
backend can be modified to overcome this issue, as demonstrated
by others [116]. For coherent imaging applications, meta-optics
are well suited given their chromatic sensitivity. The design and
utility of meta-optics for coherent imaging are still preliminary, but
early results suggest that meta-optics may enable a new category
of imaging systems. For example, it is routine to make meta-optics
operating at f/1, and using an array, it is possible to create systems
operating with f/# well below 1, which enables high-resolution
thin imagers. The optimal coding strategy and appropriate array
design to enable such a thin camera will be a fascinating area of
research.

D. High-Dynamic-Range Imaging

High-dynamic-range (HDR) imaging is essential for a wide range
of applications in uncontrolled environments, including autono-
mous driving, robotics, and mobile phone cameras. Currently, the
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dynamic range of a camera is limited by the sensor well capacity,
fundamentally limiting conventional CMOS image sensors to a
dynamic range of around ~ 60-70 dB. Conventional sensors are
unable to simultaneously capture a bright and a dark region outside
of the sensor dynamic range in a single image, resulting in saturated
bright regions or low SNR in dark regions. A large body of work
explores different computational approaches to tackle these chal-
lenges. Traditionally, multiple low-dynamic-range (LDR) images
are captured with different exposures to be combined intoan HDR
image [159,160]. Deep learning networks [161-163] have been
used to generate plausible HDR content from a single LDR image
based on imaging priors but are prone to hallucinating contentand
fail to recover saturated details faithfully.

Several works [164—166] proposed to distribute the otherwise
saturated information into unsaturated regions, aiming primarily
to recover small, saturated regions (3+ exposure value (EV)) in
night-time photography. Applying reconfigurable meta-optics
in this application could enable further improvements as well.
Additionally, arrays of meta-optics, as recently explored for wide
field-of-view broadband imaging [85], promise a new direction
for HDR imaging. An immediate extension of existing methods
[165] could employ an array of optical encodings tailored to several
luminance bands spanning the target dynamic range. Further, co-
designing these array elements along with temporal observations
might offer fundamentally new insights. Here, the array elements
could be learned to collaboratively cover the broadband spectrum
and dynamic range, combining the capabilities of existing meta-
surfaces for capturing narrow spectral regions along with optical
encodings that map saturated regions to unsaturated nearby spec-
tral or spatial regions. Relying on temporal observations further
increases the design space of this direction: in the form of a short or
long burst, or exposure-bracketed acquisition along with the opti-
cal array encoding, which potentially could also be reconfigured
per capture with reconfigurable metasurfaces.

E. Co-Optimized Meta-Optics with Sensors

Almost all existing computational cameras that rely on optical
encodings have to solve a challenging inverse reconstruction prob-
lem for image recovery—they have to recover scene information
that is encoded into the sensor measurements. Combining dual-
pixel sensors with optical encodings that split the aperture into
two halves could potentially allow us to simplify this problem
by capturing two images simultaneously: one which applies an
application-specific modulation to the incident light via a coded
optical element to produce a coded image capture, and one that
applies no modulation to produce a conventional image capture
[167,168]. With such an uncoded conventional image as privi-
leged information alongside the optically coded image in hand, we
could investigate image reconstruction methods that are condi-
tioned on the conventional image, making it possible to eliminate
artifacts and compute costs that existing methods struggle with.
Moreover, co-designing pixel circuitry on the sensor together with
optics is an exciting direction for research. Co-designed spectrally
sensitive dual-gain sensors with reconfigurable temporally switch-
able metasurfaces may offer insights into an exciting hybrid design
space. Specifically, designing the spectral sensitivity of individual
pixel sites jointly with metasurface optics, which are inherently
diffractive, may allow for novel ways of spatially multiplexed
measurements and hence improved spectral resolution [169] and
dynamic range without giving up substantial spatial resolution.

Together with temporal multiplexing, which switchable meta-
surfaces could enable, hybrid cameras allow for multispectral,
full-dynamic-range cameras without the loss of any resolution.
While traditional sensors can be employed for such appli-
cations, a more intriguing direction will be to co-design pixel
circuitry with the optics. Co-designed spectrally sensitive dual-gain
sensors with reconfigurable temporally switchable metasurfaces
may offer insights into an exciting hybrid design space. Recently,
researchers reported human vision-inspired sensors to perform
dual functionality: a cognition-oriented pathway for accurate
cognition and an action-oriented pathway for rapid response
[170]. Integrating such sensors with multifunctional meta-optics
for foveated imaging [171] could provide true human-like vision.
Integration of meta-optics with event cameras [172] can also
provide ultra-low-power sensing. For example, several works exist
on meta-optics-based edge detection [173,174]. However, from
a system level, such edge detection provides little benefit in terms
of power consumption, as we need to read out all the pixels in a
conventional sensor. An event camera, on the other hand, only
reads out changes in pixel intensities, substantially reducing energy
consumption. As such, end-to-end design of the meta-optics,
sensors, and computational backend will enable new sensing and
imaging modalities and constitute a fertile research direction.

5. DISCUSSION

Current research on meta-optical computational imaging is
primarily focused on full-color imaging, multimodal imaging
(spectral and depth), and optical encoding for computer vision.
While the field has progressed and the performance of the systems
has improved dramatically, almost all demonstrations still lack
the performance (in terms of resolution or accuracy) that can be
achieved using state-of-the-art systems. While meta-optics can
reduce size and weight, it remains unclear whether the perform-
ance degradation is acceptable. Hence, along with improving the
performance, it is imperative to find applications where the pros of
size reduction outweigh the cons of performance degradation. Two
such applications could be endoscopy/angioscopy and also space-
based imaging. While the first one requires an ultra-small aperture,
the second one requires an extremely large aperture. As the field
matures and advances in both computation and nanofabrication,
a number of startups have begun commercializing meta-optics.
Given the degrees of freedom offered by meta-optics, we anticipate
this field to continue to grow and expect computational imag-
ing to offer a pathway for mitigating some of the key challenges
encountered by existing meta-optics.
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