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ABSTRACT Autonomous navigation systems rely on the collection and processing of large datasets with
advanced and memory-intensive algorithms. The requirements in terms of computing power and energy
consumption can be significant. In this work, we propose a passive electromagnetic structure that can reduce
the computational load by detecting edges (obstacles) in the far field. This is accomplished by probing the
scene and processing its scattering on the physical layer, at the speed of light in the medium. By using a
recently developed inverse design method, we present an edge detector able to detect obstacles at 15 different
locations with an average efficiency of 97% and minimal crosstalk. We call this class of devices that can
integrate a vast number of distinct optical functions with high efficiency symphotic.

INDEX TERMS Autonomous automobiles, electromagnetic metamaterials, inverse problems.

I. INTRODUCTION
The last decade has seen an enormous amount of interest
and resources devoted to autonomous vehicles. In particular,
the public and the scientific community have concentrated on
autonomous ground vehicles, which have been undergoing
on-road testing in the last three years, and UAVs (umanned
aerial vehicles, or drones). While there are varying degrees
of automation that these vehicles can attain [1] (ranging
from relatively commonplace driver assistance, to conditional
automation with driver oversight, all the way to full automa-
tion, where a driver is not involved), all autonomous vehicles
require additional instrumentation to gather the necessary
information to replace a human driver, partially or com-
pletely. In particular, higher levels of automation require the
vehicle to construct an internal model of its surroundings in
order to navigate them successfully and safely. This goal,
in general, cannot be attained with any one single technol-
ogy, but typically requires the synergy of multiple sensing
mechanisms [2]. Sensing technologies that are widely used in
autonomous vehicles include, for example, odometry, inertial
measurements, GPS, sonar, radar, and lidar [3].

Many of the sensing technologies deployed on autonomous
vehicles collect large amounts of data, which are then post-
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processed on board with algorithms such as simultaneous
localization and mapping (SLAM) [4], [5] and deep neural
networks for autonomous decision-making [6]. While these
approaches have showed viable results, they are computation-
ally intensive and power-hungry, often requiring the comput-
ing power of graphics processing units (GPUs). To alleviate
the computational and energetic load, it may be useful to
introduce systems that cheaply pre-process the collected
data or that assist the main detection systems in collect-
ing a smaller amount of significant data, e.g., by flagging
potentially relevant features in the environment for the main
sensors to concentrate on.

In this work, we propose an edge detector based on a recent
design method for artificial electromagnetic media [7]. The
design method yields designs for complex electromagnetic
media that we call “‘symphotic” materials. These devices are
able to simultaneously perform multiple operations (multi-
plexing) at extremely high efficiencies. In particular, the sym-
photic edge detector design presented in this work operates by
remotely detecting the presence of geometrical edges, which
can be markers for obstacles or road hazards, as depicted
conceptually in Fig. 1. We demonstrate a symphotic edge-
detection design that can scatter 30 incident beams to 30 other
scattered beams (15 angles of detection) with efficien-
cies exceeding 95% and low crosstalk between the beams.
In this context, the term “‘crosstalk’ refers to the unwanted
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FIGURE 1. Representation of a symphotic edge detector deployed on a car. The device is mounted on the front and it detects the presence of obstacles
ahead on the road.

scattering of energy from an input beam into a different output
beam than was intended in the design process. As opposed to
a camera- or lidar-based detection system, a symphotic edge
detector performs the computation on its physical layer, at the
speed of light in the medium. This reduces the need for large
post-processing power dramatically, with a vast potential for
increasing detection speed and reducing cost, complexity, and
space/weight requirements.

This article is structured as follows. In Sec. II, we briefly
describe the mechanism of edge detection we encode in the
symphotic devices. In Sec. III, we summarize the symphotic
design method, as it appeared in [7]. In Sec. IV, we describe
the architecture of the symphotic edge detector and provide
further details on the design specifications and on the prac-
tical implementation of the design algorithm. In Sec. V we
present the computed results, including the designed prop-
erties of several edge detectors, their efficiencies, and other
performance metrics. Finally, in Sec. VI we draw conclusions
and outline further avenues of research on the topic.

Il. PRINCIPLE OF EDGE DETECTION

From their inception, radars have been used to track targets.
Initially, a target was tracked by pointing the antenna so as
to maintain the maximum scattered power from the target.
As the target moves, however, the captured power decreases;
thus, the antenna must seek the direction to which the target
moved in order to restore the backscattered power. If multiple
feedpoints are placed at the focus of a radar [8] reflector dish,
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the feedpoints may be fed with signals of opposite phase.
When a target crosses between the beams formed by each of
the feedpoints, the target scatters back a signal such that the
sign of the return phase indicates the direction of travel of the
target. This return is a simple error signal that may be used, for
example, by a servo mechanism to keep the antenna pointed at
the target. By directly generating beams that encode the state
of the target motion as radar returns, the interpretation of the
data is made much simpler, and the system is able to respond
more quickly to a rapidly changing environment, because
a great deal of additional measurement and computation is
avoided.

The benefit of symphotic materials is that, among other
uses, they may be designed to project many structured beams
into the environment and capture scattered signals matching
other structured beams, without compromising efficiency sig-
nificantly as more beams are added. Therefore, unlike the
tracking radars, which mechanically or otherwise sequen-
tially point to targets, many targets may be simultaneously
illuminated. The target’s movement is not required for the
symphotic edge detector to work, but in a realistic setting
there would usually be relative movement between vehicle
and target.

In our symphotic realization, each target point is tracked
by two designed beams, one of which projects a pattern onto
the target, and a second that detects the signal scattered from
the target. As schematized in Fig. 2, the pattern projected on
the target is a zeroth order Gauss-Hermite beam. A target
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FIGURE 2. Principle of edge detection with a symphotic device. (top) The
device redirects a fundamental Gaussian radiation source to probe in a
given direction. If the beam reflects off a flat surface, its wavefront is not
altered significantly and the beam feeds back into the source. (bottom) If
the beam reflects off an edge, the reflected wave changes shape to a
Gaussian of first order, which has a node in its center. The symphotic edge
detector collects this different wave and concentrates it onto a sensor.

that is uniformly scattering over the beam reflects it back
with a phase shift. Therefore, by reciprocity, the scattered
power feeds back into the source that was used to synthesize
the probing beam. A target that has an edge centered on the
probing beam will scatter the zeroth-order Gauss-Hermite
beam into a superposition of Gauss-Hermite modes, with a
strong first-order Gauss-Hermite component. This first-order
Gauss-Hermite beam is the second pattern encoded in the
edge detector, which reroutes it onto a detector. The two
opposite-phase lobes of the first-order beam serve the same
purpose as the two feedpoints of the radar reflector antenna.
Therefore, this arrangement can be used to detect when an
edge moves into the beams as an increased signal is detected.
For applications such as autonomous vehicles, this may be
used to locate road curbs, obstructions, or other obstacles
and threats. As the signal processing required is minimal,
the navigation system may respond quickly to the situation.
In order to design a radar system to simultaneously mon-
itor and detect scatterers from multiple directions, one must
simultaneously project these beams and collect the backscat-
tered radiation. For millimeter-wave radiation, each beam
would require a more traditional two-dimensional aperture on
the order of hundreds of square centimeters, and therefore an
infeasible area would be required to accommodate all these
apertures if they were separated at the grille of an automobile.
Instead, a single three-dimensional structure that shares a
single aperture (entry face) for all the beams may be designed
that simultaneously projects the zeroth-order beams onto the
target and collects the scattered radiation with the first-order
beams. Using the specification of the pairs of incident and
scattered beams, the symphotic design method determines
a single distribution of polarizable elements that efficiently
scatters each incident beam to its respective scattered beam.
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Each ideal point dipole may be practically realized, for exam-
ple, by using a subwavelength dielectric structure with the
same polarizability.

Ill. SYMPHOTIC DESIGN METHOD

When considering electromagnetic devices, one often defines
the operation of those devices in terms of the rays or waves
that enter and exit it. For example, the imaging operation of a
lens may be specified as transforming plane waves to focused
points. Rarely, however, is one able to use a specification
of these incident and scattered fields to find the medium
of a device that achieves the desired operation. This is the
inverse scattering problem and is in general difficult to solve.
In particular, finding a single material that can—for example
with efficiencies approaching 100%—scatter several inci-
dent waves to their respective scattered waves is especially
difficult, with few general solutions known. The symphotic
method [7], which combines the coupled-dipole formalism
and a variational formulation of the inverse scattering prob-
lem, has proved an efficient way to simultaneously solve
multiple inverse scattering problems. “Symphotic” means
“light together” (from the Greek syn- “together” and phos
“light”) because of the large number of electromagnetic
devices that may be simultaneously incorporated into a single
volume using this method.

The symphotic method is an inverse design method for
metamaterial-based devices and has demonstrated its abil-
ity to generate high-efficiency multiplex devices. Compared
to more traditional methods such as holography, our tech-
nique allows the designed media to exhibit stronger, non-
perturbative scattering, which opens the way to a wider
solution space, where innovative designs may be found.
In [7], however, the highest multiplex number (the number
of input-output waves encoded in the device) was three. The
method shows promise for much higher multiplex numbers,
but massive multiplexing devices have not yet been demon-
strated with this method, in neither computation nor experi-
ment. In this work, we explore the capabilities of the design
method by designing high-multiplexing devices that are able
to encode tens of different input-output wave transformations
with high efficiency and low crosstalk.

The remainder of this section briefly summarizes the
symphotic design method. The method relies on three ele-
ments: the coupled-dipole model (CDM, a modeling tech-
nique particularly well-suited for metamaterials and artificial
media [9]-[15]), the variational principle, and the adjoint-
state method. These three techniques, combined, allow us to
tackle the inverse scattering problem as follows: using the
adjoint-state method, it is possible to re-formulate the prob-
lem of transforming N input waves into desired output waves
by splitting it into 2N sub-problems (primal and adjoint), all
sharing the same medium. By the variational principle, there
exists a functional F' at whose stationary points the 2N sub-
problems, together with the properties of the medium, satisfy
Maxwell’s equations [7], [16], [17]. In the symphotic method,
we find the variation of F with respect to the properties of the
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medium; we implement an iterative algorithm that alternates
updates of the medium to updates of the fields in the sub-
problems. The CDM equation is a particularly convenient
forward model (equation to solve to obtain the fields) in
the context of artificial media, such as metamaterials and
symphotic devices, because it reduces the complexity of a
continuously varying homogenized medium to a collection
of electromagnetic point dipoles, thus reducing Maxwell’s
equations from differential to algebraic. The CDM also has
very attractive computational properties, as it scales in man-
ageable way with the number of electromagnetic dipoles in
the problem [18].

The CDM states the Lippman-Schwinger equation for
electromagnetic point dipoles. For the case of electric dipoles,
to which we limit ourselves in this work, it reads

N
> MyEj = Einc; Vi€[l,Ng], with (1
=1

M,'j = 8,‘j — G,-jozj, (2)

where F is the total field and Ej, is the incident field in the
absence of a medium, Ny is the total number of dipoles, §;;
is Kronecker’s delta, o; is the polarizability of the j-th dipole,
and G is the Green’s function G;; = G (ri, ffj) of the medium
when o = 0 Vj (7; is the position in real space of the i-
th dipole). Polarizability relates dipole moment p and total
electric field at the dipole location:

pi = a;E;. 3)

The polarizability used in this definition is known as intrinsic
[7], [19]. It requires care in defining Green’s function at the
origin (i = j): its singular real part can be ignored or reduced
to a resonance frequency shift [10], [19], whereas its imagi-
nary part accounts for radiation reaction and must be included
[10], [11]. The only requirement the following places on the
Green’s function is the property of reciprocity [7].

Using the adjoint-state theory, the symphotic design
method solves the CDM equation separately for each inci-
dent and outgoing field (these are specified as time-reversed
“incident fields™”) for a given set of polarizabilities. Splitting
the problem thus, the variables solved for are primal total
electric fields E and their adjoints E. By the electromagnetic
variational principle, it can be shown that the solution(s) to
the design problem are to be found at the stationary points of
the functional

NW

F=Y i (L LED) = (B En) = (Bl Enine)) » ()
n=1

where L = G~'M, N,, is the multiplexing number (number
of input-output wave couples) and w,, are optional weight-
ing factors. Solution points in the generalized phase space
spanned by « and all E, E¢ will have the property E* = E¢
[7], [17]. In this work, we assume « values are temporally
nondispersive. The design process, then, consists of alternat-
ing the solutions of (1) with updates to polarizability values.

VOLUME 7, 2019

The latter can be found by computing how the functional F
varies with respect to the variation of « [7] and using a simple
gradient-descent update:

@t — @ _ y VQF(p), 5)

where y is a small step size and with

Ny
VoF == WiES* o Ey, (6)

n=1

where o is the element-wise (Hadamard) product. The effi-
ciency of each of the N,, encoded transformations can be
measured by [7]

JAER En)

Nn . 7
Similarly, crosstalk between transformation » and transfor-
mation m (with n # m) may be quantified as

HEq, En)

= R Ea)(EG ESy ®

with the understanding that the definition of Eq. (7) is equiv-
alent to 7,,.

IV. DESIGN SPECIFICATIONS FOR SYMPHOTIC EDGE
DETECTORS

We design symphotic edge detectors, based on the principles
outlined in Sec. II. The symphotic devices are constructed out
of electric point dipoles. For the sake of clarity of presentation
and economy of computation, we present a scalar 2D version
of the problem, in which the edge detectors are 2D in the x—y
plane and electric fields and point dipoles are oriented out of
plane, along z. The device architecture is presented in Fig. 3:
the edge detector collects zeroth-order Gaussian beams in the
angular interval Agy and redirects them to probe a scene in
the angular interval Ag,. To represent the scattering due to
an edge, first-order Gaussian beams impinging in the same
angular range A, are transformed into zeroth-order Gaus-
sian beams that exit the device in the angular range Agy,
where in practice they would be focused onto specialized
detectors. Each angular range is divided into N,,/2 directions
for multiplexing.

We demonstrate four versions of symphotic edge detec-
tor, building up in complexity by increasing the number of
directions probed for edges N, /2. This requires progres-
sively larger devices, although we want to emphasize that
these symphotic devices achieve remarkable efficiency while
remaining relatively small optically (linear dimensions of a
few tens of wavelengths). All devices consist of a square array
of electric dipoles, spaced A/7, enveloped in a square shape.
The dimensions of each designed device, together with the
total number of dipoles, are reported in Table 1. The lower
and upper limits {&'min, ®max} of the range of allowed polariz-
abilities correspond, in an infinite medium made of identical
polarizable elements, to effective electric susceptibilities of
{0.08, 1.98} [7], [20], [21].
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TABLE 1. Parameters and efficiencies for designed symphotic edge detectors.

#det. angles ~ Multiplex # Dimensions  #dipoles wo/A (1) (%) st.dev. (n) (%)
3 6 15X X 15X 11025 4 99.45 0.05
5 10 20X x 20X 19600 4 99.18 0.17
10 20 20\ x 20X 19600 5 98.43 0.55
15 30 35X X 35\ 60025 9 97.07 0.63
@’ ; and where H,, is the n-th order Hermite polynomial (physicist
' N convention). The values of wy for each designed symphotic
edge detector are reported in Table 1.
We evaluate the orthogonality of input and output waves by
computing the eigenvalues of their Gram matrix G [23] (not
to be confused with the matrix form of Green’s function G)
Gij = (EilEj). (11
Agp _ _ .
P ¢’ The waves are perfectly orthogonal if all eigenvalues of G

//Agﬂd
/

/
0
- P,

FIGURE 3. Architecture of symphotic edge detector. The device is
represented by the square blue box. The first kind of operation consists of
Gauss-Hermite zeroth-order “feed” waves, impinging from the angular
range Agy, that are redirected into the range Agp to probe for edges.

In the second kind of operation, probed edges reflect Gauss-Hermite
first-order waves in the same range Agp; these waves are converted to
Gauss-Hermite zeroth-order “detect” waves and focused onto detectors
in the range Agq4. Each angular range is centered about a central angle
0. In this work, ¢ = 27/3, 9J = 0, and 9§ = 4x/3; moreover,

Apf = Agp = Apq = /2.

The incident and outgoing beams are defined as Gauss-
Hermite modes [22], labeled by a single index, since we
operate in a 2D geometry. Letting x; be the coordinate along
which the beam propagates and x; the one perpendicular to it,
the modes are

GH,, (x, x;)
2\* —j@n+1 172
_ <;> {exp[ Jzinr!lw(x,))w(m]} x?—ln[ﬁx,/w(xl)]
L —[ al ]2 ©)
P12k T T v [
where
¥ (x) = tan™! (x/xg) (10a)
xg = wik/2 (10b)
w(x) = woy/ 1 + (x/xg)? (10c)
1 X
Ko =i (100
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are equal to one. We choose to tolerate a moderate amount
of deviation from this value, understanding that this places a
limit on efficiency (upper limit) and crosstalk (lower limit).
The CDM equations are solved using a precondi-
tioned form of the bi-conjugate gradient stabilized method
(BiCGSTAB) [24]. Leveraging the placement of dipoles on
a regular grid, we implement fast-Fourier-transform (FFT)
acceleration [18], which speeds up calculations consider-
ably [7], [18]. In order to better avoid local minima in the
functional, we introduce a stochastic aspect to the design
cycle, solving for a randomly picked set of N,,/2 field cou-
ples (both E and E¢) at each iteration and using this par-
tial information to update polarizabilities. We also include
a small annealing factor to the gradient-descent step y to
help convergence. Furthermore, we make use of parallel
coding techniques and implement the code in MATLAB on
a machine with 128 GB of RAM, mounting 12 Intel Core
17-5930K @ 3.50 GHz processors and four NVIDIA GeForce
GTX 1080/PCle/SSE2 graphics-processing units. This makes
it possible to design high-N,, devices comprised of several
tens of thousands of dipoles in reliably less than three hours.

V. RESULTS
We design symphotic edge detectors for N = 3, 5, 10,
and 15 angles of detection (corresponding to 6, 10, 20, and
30 multiplexing numbers N,, = 2 N). The average and
standard deviations of efficiencies are reported in Table 1.
The polarizabilities of each design are depicted in Fig. 4.

Examples of electric field maps and radiation patterns for
each device are depicted in Fig. 5, 6, 7, and 8.1

Having measured the efficiency of each encoded function
in the edge detectors, we further test the devices by evaluating
their ability to correctly identify the presence and position
of an edge in their far field. To this end, we follow this
procedure:

IThis paper has supplementary downloadable material, available at
http://ieeexplore.ieee.org/. The material includes animated versions of these
figures, displaying all functions of each device, as well as values for the
individual efficiency for each function of each device.

VOLUME 7, 2019



R. Zecca et

al.: Symphotic Design of an Edge Detector for Autonomous Navigation

IEEE Access

-10

0 10
x/A
(©

2.0
L5
<
S 1.0
0.5
0.0
-10 0 10

/A

(b)
2.0

15
15
<
5 0 1.0
0.5
-15
0.0
-15 0 15
z/A
(d

FIGURE 4. Designed edge detectors for (a) 3, (b) 5, (c) 10, and (d)

15 angles of detection. Each panel shows the values of polarizability « as
a function of spatial position in the device. The values of polarizability
are scaled «/¢y AA to units of susceptibility (dimensionless).
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FIGURE 5. Example of electric fields (a,c) and radiation patterns (b,d) for
N =3 symphotic edge detector. The top row (a,b) represents a feed-probe
function, whereas the bottom row (c,d) represents an edge-detect
function. In electric field plots, the square black outline corresponds to
the device boundary. In the radiation patterns, the orange lines represent
fields that are incident on the device, whereas the blue lines represent
fields that are outgoing from the device. Each line is normalized to 0 dB.

1) Select one of the N probing directions ¢; in the range
Agp;

2) Place an edge in the far field at ¢;. The edge is modeled
as a reflective boundary with reflection coefficient
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FIGURE 6. Example of electric fields (a,c) and radiation patterns (b,d) for
N = 5 symphotic edge detector. The top row (a,b) represents a feed-probe
function, whereas the bottom row (c,d) represents an edge-detect
function. In electric field plots, the square black outline corresponds to
the device boundary. In the radiation patterns, the orange lines represent
fields that are incident on the device, whereas the blue lines represent
fields that are outgoing from the device. Each line is normalized to 0 dB.
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FIGURE 7. Example of electric fields (a,c) and radiation patterns (b,d) for
N = 10 symphotic edge detector. The top row (a,b) represents a
feed-probe function, whereas the bottom row (c,d) represents an
edge-detect function. In electric field plots, the square black outline
corresponds to the device boundary. In the radiation patterns, the orange
lines represent fields that are incident on the device, whereas the blue
lines represent fields that are outgoing from the device. Each line is

normalized to 0 dB.

3) Select one of the probing waves (outgoing GHy beams),
propagate it to the far field, and compute the field

reflected at the edge;
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FIGURE 8. Example of electric fields (a,c) and radiation patterns (b,d) for
N = 15 symphotic edge detector. The top row (a,b) represents a
feed-probe function, whereas the bottom row (c,d) represents an
edge-detect function. In electric field plots, the square black outline
corresponds to the device boundary. In the radiation patterns, the orange
lines represent fields that are incident on the device, whereas the blue
lines represent fields that are outgoing from the device. Each line is
normalized to 0 dB.

4) Propagate the reflected field back to the positions of
the dipoles comprising the edge detector. The field
reflected by the edge will be a mix of Gauss-Hermite
modes, with a relatively strong GH; component;

5) Solve the CDM equation for the field reflected by the
edge;

6) Project the resulting total field E; onto each of the N
“detect” output waves (in the range Ag,), obtaining
the total power reaching each detector as

(E}, Er)

————| Vkell,N]. (13)
(E. E¢)

7) Repeat the procedure for every combination of edge
location, probing wave, and detect wave, storing the
results in the elements By of a matrix B, where the
indices i,j, and k enumerate the probing wave, the edge
position, and the detect wave, respectively.

Matrix B captures all the relevant quantities in the process
of testing the performance of a symphotic edge detector. The
element B;j is proportional to the power received by the k-th
detector, when an edge at the j-th position is illuminated by
the i-th probe wave. Matrix B has dimensions N x N x N, and
as such itis a fairly large dataset to examine. In order to isolate
the positive identification capabilities of an edge detector,
subsets of B can be extracted as two types of “confusion
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FIGURE 9. Confusion matrices for designed symphotic edge detectors.
The matrix entries are plotted on the same color scale device-wise (for
each row of panels).

matrices,” By and By, defined as

(B1)jj = Bijj
(B2);j = Bijjs

where no Einstein summation convention is implied. Fig. 9
reports the two matrices for each designed symphotic edge
detector. Each row of B; measures how reliably the ““detect”
function correctly identifies the position of an edge in the
case where the edge is illuminated by its corresponding probe
beam, i.e., the one pointing directly at the location of the edge.
Each row of B, conversely, measures the power scattered by
an edge to its corresponding detector, i.e., whether the power
at the detector really originated from the beam pointed at
the edge or not. The results of Fig. 9 suggest unambiguous
performance in the designed edge detectors. A more fully
engineered device, which resolves power measurements into
binary detection hypotheses, may also employ a form of sig-
nal thresholding, which would further reduce the probability
of faulty readings.

In Fig. 10, we further show that the symphotic edge detec-
tor is able to enact multiple edge-detecting operations at the

(14a)
(14b)
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FIGURE 10. Test of N = 15 symphotic edge detector enacting two
edge-detecting operations concurrently. (left) probing of two angles;
(right) detection of the corresponding edges. The radiation patterns are
summed incoherently.

same time. In the figure, individual radiation patterns are
combined incoherently.

As the results in this section show, the symphotic design
method makes it possible to design passive dielectric struc-
tures that can multiplex a large number of waves at extremely
high efficiencies. Furthermore, as highlighted by Fig. 9,
the designed symphotic edge detectors are not only efficient
in each of the implemented functions, but are also able to give
unambiguous results in the detection of edge positions. Such
results would not be possible using more traditional methods
such as volume holography, in which large multiplexing num-
bers come at the expense of significant crosstalk [25]-[27].

VI. CONCLUSION

A symphotic device that projects and receives signals to
combine fifteen distinct edge detectors has been designed and
simulated. All these operations are performed by the same
structure with minimal crosstalk and an average efficiency
of 97%. The design method can simultaneously solve for the
medium and the thirty fields that satisfy the boundary condi-
tions that generate the beams. To our knowledge, no other
inverse-scattering design process can find a solution that
combines disparate operations with this efficiency; hence,
these devices truly achieve their goal of ““light together.”” The
symphotic method transcends the limitations of simplified
designs based on ray optics or weak scattering, enabling new
types of devices to be realized. This method is not limited
to the design of edge detectors for autonomous vehicles.
It seems particularly suited to the design of devices able to
implement a vast array of linear transformations on the physi-
cal layer [28], [29], such as convolutions and other operations
that otherwise may require large computational resources on
processors or GPUs.

The designs presented in this work are quasi-planar, which
makes them amenable to fabrication by addictive manufactur-
ing/3D printing (for longer wavelengths) or by lithographic
patterning techniques (for shorter wavelengths). Our research
group has obtained excellent results for devices at RF fre-
quencies with 3D printing, which will be presented in a forth-
coming work. Three-dimensional symphotic devices, while
potentially more versatile and efficient, may pose more of a
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manufacturing challenge, especially at shorter wavelengths.
We suggest that multilayer lithographic fabrication may be a
feasible strategy to begin exploring this territory.
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