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Fig. 1. Visualization of the cell FDTD calculation from a (a) 3D view
and (b) 2D side-view. Field calculations are conducted on a grid of
points within the FDTD region. PML refers to “perfectly matched layers”
and PBC denotes periodic boundary conditions. We utilize the index of
refraction for SiO2 as the substrate and TiO2 for the nanofin.

S1. GENERATION OF THE CELL DATASET

The nanofin cell dataset utilized in this work was generated
by finite-difference time-domain (FDTD) field calculations
with the commercial software, Ansys Lumerical. We high-
light for the interested reader that there are several other
free code packages that could alternatively be used. Specifi-
cally, a different method to solve Maxwell’s equations while
assuming periodic boundary conditions that has gained
significant attention recently in the metasurface community
is the rigorous coupled wave analysis method (RCWA). Free
and heavily validated RCWA code packages include [1], [2],
[3].

A visualization of the FDTD calculations for a single cell
instantiation is displayed in Fig. (1). The FDTD simulation
region corresponds to a 3D (non-uniform) spatial grid of
points, over which the electromagnetic fields are computed
(displayed as the orange box in panels a-b). An ideal plane-
wave source consisting of two linear polarization states,
Ex and Ey , is injected from within the substrate. Notably,
periodic boundary conditions for the simulation region are
used transverse to the incident light while perfectly matched
layers are used at the top and bottom boundaries. The cell
width, as noted in the main paper, corresponds here to the
width of the FDTD simulation region.

While the fields are calculated throughout the simulation
region, we collect the Fourier-transformed complex fields at
the “monitor” (denoted by the yellow square in panels a-
b). It is positioned a few hundred nanometers above the
nanofin to avoid near-field effects. The 2D fields recorded

Fig. 2. Visualization of the nanofin optical response datasets for different
cell widths (rows) and viewed for different wavelength slices (columns).
The display is similar to Figure 1(b) of the main paper. Each point
corresponds to a particular instantiation of the nanofin widths wx and wy

but the point color (and transparency) map to the transmission percent.
Complete coverage in the scatterplot would indicate that the library of
cells can enable a decoupling of the ϕx and ϕy response.

at the monitor are then propagated to an axial point in the
far field (a few micrometers above). We define the field at
this centered, distant point to be the optical response of the
cell. The amplitude transmittance and phase is normalized
relative to the calculation with no nanostructure present.

In the main paper, we utilized a cell size of 350 nm;
however, we also investigated the optical response dataset
for other cell dimensions ranging from 200 nm to 400 nm.
The results of this test when conducting a coarse sweep
over nanofin widths are visualized in Figure 2. While the
different datasets are qualitatively similar, we empirically
observe that changing the cell size has an effect similar
to scaling the amount of phase-delay imparted by a given
nanofin. We chose the 350 nm cell width as it presented
sufficient decoupling of the two phases ϕx and ϕy in the
mid-visible near λ = 530 nm. A cell size of 400 nm could
also be effective, however, we prefer selection of the smallest



usable cell dimension to avoid the potential for non-zero
diffraction orders.

S2. VALIDATION OF THE CELL DESIGN THEORY

In Section 3.1 of the main paper, we reviewed the cell
design principle for metasurfaces. We consider the cells as
independent building blocks and pre-compute their optical
responses. By utilizing periodic boundary conditions in the
calculations, we obtain an approximation to the true local
optical response that is independent to the selection of
nanostructures at other locations on the composite metasur-
face. Here, we demonstrate that this approximation is rea-
sonable. We show that the PSFs computed for a metasurface
using the cell model is almost equivalent to that obtained
in the most general case where the field across the entire
metasurface is solved for without partitioning.

We note, however, that it is generally computationally
intractable to compute the fields across millimeter scale
devices using a nanometer scale grid discretization. For this
reason, we are only able to simulate the fields across 50 µm
diameter metasurfaces, using the same FDTD software as is
discussed in supplement Section S1. Because we reduce the
diameter of the metasurfaces relative to those considered
in the main paper, we also reduce the lens-to-photosensor
distances such that the designed f-number of each optic
remains the same. This enables a better generalization of
the findings.

For the FDTD calculations, we utilized 64 CPU cores and
each full lens simulation took approximately 8 hours on a
compute cluster. When calculating the fields across the full
metasurface, we utilize perfectly matched layers for all the
simulation boundaries (in contrast to the periodic boundary
conditions that are used for the cell simulations). As a
note, recent research on hardware and software acceleration
has been leading to the development of specialized field
solvers better suited to this task, a notable example is the
recently released commercial software Tidy3D. In the future,
simulations across millimeter or larger devices may become
accessible.

We first review the analysis conducted for the task of
steerable filters (similar to Figure 6 in the main paper).
Utilizing the same optimization algorithm and target filter,
we designed a 50 µm metasurface for infinity focus and
monochromatic incident light of λ = 532 nm. The optimized
arrangement of nanofins can be seen in supplemental Figure
3a. In panel (b), we show the computed, modulated fields
that are transmitted through the full metasurface in re-
sponse to a normally-incident, linear polarized plane-wave,
whose polarization angle is orientated at 45� with respect
to the x-axis. The FDTD calculations are computed for the
full metasurface without partitioning while the cell-based
treatment stitches together the predicted, spatial modulation
pattern based on the pre-computed dataset of cell optical
responses. Notably, we observe excellent agreement in the
phase predictions for the metasurface when assuming the
cell-based treatment vs the more general but expensive
full model. Qualitatively, the transmittance also has strong
agreement although we observe more variations.

We now compare the predicted PSFs for both cases. The
PSF calculations for the cell-based approach is done in the

Fig. 3. A comparison of full-field FDTD calculations to the cell-based
calculations presented in the main paper for a reduced size metasurface
that implements the steerable Gaussian derivatives (similar to Figure
6 of the main paper). (a) The optimized 50 µm diameter metasurface
loaded into the FDTD software. Details of the calculation are shown
in the right-most panel. (b) The phase and transmittance just after
the metasurface, in response to a normally incident plane wave of
wavelength λ = 532 nm. We refer to the mapping from the nanofin cell to
the predicted optical response when utilizing the pre-trained MLP as the
”neural cell” prediction. FDTD full refers to the direct calculation of the
field when simulating the entire device. (c) Predicted intensity PSFs from
the cell-based treatment and Fresnel propagation vs directly from FDTD.
The relative absolute error is computed and shown only for pixels with
an intensity of at least 5% the peak intensity. (d) The phase distribution
at the output plane computed by both methods.

same manner as in the main paper. We first utilize the pre-
trained MLP to map the metasurface cells to their local
optical response. We then propagate the field defined by
the collection of per-cell responses to the photosensor plane
using the Fresnel integral. We do this calculation directly for



Fig. 4. Similar to supplemental Figure 3, we compare the cell-based approach (and the Fresnel propagated PSFs) to the equivalent calculation
utilizing FDTD for the 50 µm metasurface shown in supplemental Figure 5.

h0◦ and h90◦ and then obtain h45◦ and h135◦ by computing
the interference. This set of PSFs are shown in supplemental
Figure 3c-d.

For the full FDTD case, we first directly solve for the
field after the metasurface. We then use the FDTD soft-
ware itself to propagate this field to the output plane; in
doing so, a rigorous treatment of propagation is used which
differs from the Fresnel integral and does not assume the
paraxial approximation. This comparison thus also provides
validation for our differential propagator and treatment of
interference. The FDTD predicted PSFs are also displayed in
panel c-d, and we find excellent agreement between the cell
based calculations and the more rigorous FDTD treatment.

Fig. 5. Visualization of the optimized metasurface to be used in a broad-
band setting. This metasurface corresponds to the analyzed profiles in
supplemental Figure 4.

We now explore the full-field analysis applied to a broad-
band case, shown in supplemental Figure 4. The technical
details of the cell model and FDTD calculations mirror the
above discussion, so we focus here on the results. Similar
to Section 4.3 of the main paper, we consider the design of
a metasurface that is used to approximate the Laplacian of
Gaussian kernel for a wide range of incident wavelengths.
For this design task, however, we find that it is suitable to

apply the filter-based objective given by Equation (10) in
the main paper. We define the target filter kernel to have
a width that increases with wavelength which matches the
natural broadening of the PSF. The optimized nanofin meta-
surface is shown in Figure 5. Again, we compare the FDTD
calculation (left panel of supplemental Figure 4) to the cell-
based approach (right panel) and find strong agreement
for the predicted transmittance, phase, and PSFs across the
wavelength range.

S3. NEURAL OPTICAL MODEL EVALUATION

For gradient-based optimization of the metasurface, we
require an efficient and differentiable approximation for
the mapping between the nanostructure shape parameters
and the optical response of the cell. As an alternative to
the MLP, we also considered for this work elliptic radial
basis function networks (ERBFs) and simple multivariate
polynomial functions as applied in [4]. For all cases, we
consider the input-output mapping depicted in Figure 2a of
the main paper. To the best of our knowledge, ERBFs have
not previously been explored in the context of this problem.
First we review the performance of these alternative rep-
resentations and after, we discuss auto-differentiable field
solvers as a benchmark.

ERBF networks are reviewed in [5], [6] and may be
considered as a particular class of neural networks consist-
ing of a single hidden layer. Each neuron in the hidden
layer parameterizes a radial basis function, which in this
case corresponds to a three-dimensional elliptic Gaussian
potential (assuming the set of three inputs wx, wy , and λ).
The neurons then compute the Euclidean distance of the
inputs and its weights followed by the activation, in contrast
to neurons in a typical MLP which utilize the dot-product
between inputs and weights. The number of neurons in the




