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ABSTRACT
Holographic metasurfaces, tailored to exhibit a precise electromagnetic response from a low profile, are a powerful platform for wavefront manipulation and present the possibility to substantially simplify the architecture of increasingly popular (and increasingly complex) digital phased
arrays. This article describes the work a Johns Hopkins University Applied Physics Laboratory (APL)
team is doing in this area.

Electromagnetic manipulation is a focus area for APL’s
Research and Exploratory Development Department. A
natural contribution to this area is the development of a
novel antenna platform. A key asset in the electromagnetic manipulation toolbox, metasurfaces have proven
to be of interest for antenna design because of their ability to shape wavefronts.1 Large-array antennas with high
directivity and a steerable beam are a particularly ripe
target for the application of metasurfaces.
Most often, highly directive and steerable antennas are implemented through phased arrays and digital beamforming because of the flexibility of these
techniques; however, these technologies are complex,
power hungry, and expensive. These unfavorable cost,
size, weight, and power characteristics are acceptable
in some applications, but these traditional approaches
are often overengineered solutions and may not always
be necessary. A dexterous platform based on a metasurface antenna may be able to perform comparably with a
reduced cost and form factor, thereby enabling enhanced
capabilities in previously unforeseen use cases. Our APL
team has targeted the development of a design model,

optimization routines, and a fabrication process flow
toward this goal.
The multifunctional metasurface aperture under
development has a form factor based on simple printed
circuit board (PCB) processing and, therefore, is low
profile and inexpensive. A waveguide structure is baked
into the PCB layers and distributes energy to a collection of resonant metamaterial elements embedded in
the top layer. Signals can be injected directly into this
waveguide at a series of locations along the back of the
PCB, and each feed excites the entire collection of elements. In this way, the various feeds can share the entire
aperture and each will enjoy the benefits necessary to
create a highly directive beam. For example, if a collection of eight distinct radiation patterns is required for
the application, only eight feeds must be used. This is
in contrast to phased arrays where the most common
approach is to provide enough independent antennas,
phase shifters, and amplifiers to fill the entire aperture
at the Nyquist limit. The high cost and complexity associated with the components of digital arrays makes the
metasurface aperture an enticing alternative.
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Figure 1. The modeling, optimization, and targeted behavior of our design flow. The backbone of the design process is the analytic
model that represents the resonating elements and allows for fast/efficient optimization. A rapid analytic model allows for a vast design
space to be explored to achieve the synthesis metrics—mean directivity and mean worst side lobe level (SLL)—across numerous complex patterns.

with a phase shift of 90°. In this sense, we applied the
multi-objective optimization procedure to design the
two functional patterns. As shown in Figure 2, a fullwave simulation was completed to confirm the analytic
model, and a metasurface antenna was subsequently
fabricated and characterized. Anechoic chamber measurements confirmed the entire design procedure and
showed promising performance for navigating the complex multifunctional optimization space.
The results to date have shown that the complex
infrastructure of a digital array can be reproduced from
significantly simpler metasurface apertures, where the
complexity has been shifted to the modeling/design
procedure rather than allowed to burden the hardware
development. While the robust flexibility of the phased
array is not likely to be entirely captured by such a multifunctional metasurface, the vast cost, size, weight, and
power advantages make our platform preferable in many
application spaces. Satellite communications and the
highly anticipated 5G framework can both take advantage of the multifunctional metasurface platform. Multifunctional metasurface apertures are poised to play a
tremendous role in a host of antenna applications and
may find broad use in the continuing challenge to establish electromagnetic spectrum dominance.

When targeting the synthesis of multiple patterns
produced from a shared aperture, a multi-objective
optimization problem must be addressed. With a vast
design space (including the many degrees of freedom
made available by the usage of metamaterial elements
and the aperture) and a series of metrics (sidelobe
level, gain, etc.), an intensive optimization procedure
must be completed. A central focus has therefore been
to generate a high-fidelity analytic model to estimate
the behavior of the aperture. Implementing a coupled
dipole model allows for simulations to be run on the
order of seconds, enabling a rigorous optimization process that can be completed in minutes or hours.2 This is
in contrast to the more common approach of full-wave
simulations, which would be prohibitively expensive for
such an optimization problem. Figure 1 shows the modeling, optimization, and targeted behavior of our design
flow where a metasurface can generate three distinct
beams from the same aperture when fed at three different locations.
To validate the proposed analytic model and design
procedure, a circularly polarized antenna was fabricated
and characterized. Circularly polarized patterns, being
composed of two linear polarizations, can effectively
be considered two beams pointed at the same direction
Analytic model
Horizontal
Vertical

Computationally expensive simulation
0
–5

0

Experiment

90

30

–10

60
Chamber
Full wave

60

30

–15
0

5

10 15

180

0

5

10

15

0

Figure 2. Confirmation of the analytic model. A complete design flow involves optimization through a rapid analytic model, validation
through a computationally intensive full-wave simulation, and ultimately an experimental demonstration. As a first study, we designed
a circularly polarized beam from a single feed and validated excellent agreement throughout the design process.

402

Johns Hopkins APL Technical Digest, Volume 35, Number 4 (2021), www.jhuapl.edu/techdigest

Simplifying Digital Array Architectures with Multifunctional Metasurface Apertures
2L.

REFERENCES
1M.

F. Imani, J. N. Gollub, O. Yurduseven, A. V. Diebold, M. Boyarsky,
et al., “Review of metasurface antennas for computational microwave
imaging,” IEEE Trans. Antennas Propagat., vol. 68, no. 3, pp. 1860–
1875, 2020, https://doi.org/10.1109/TAP.2020.2968795.

Timothy A. Sleasman, Research and
Exploratory Development Department,
Johns Hopkins University Applied Physics
Laboratory, Laurel, MD
Timothy A. Sleasman is a member of the
Senior Professional Staff in APL’s Research
and Exploratory Development Department. He has a BS in physics and a BS in
mathematics from Boston College and a PhD in electrical and
computer engineering from Duke University. His interests primarily focus on the study of electromagnetic waves and how
they interact with matter, including novel devices for controlling waves holographically and the design of dynamic aperture
antennas. Of particular interest are the application of electromagnetic manipulation in communications platforms, computational imaging and inverse problems, and synthetic aperture
radar and radar absorbing material. He has extensively studied
holographic metasurface apertures across these various contexts with the goal to enhance size, weight, and power characteristics and has provided a framework to design and optimize such devices. He is a member of the IEEE Antenna and
Propagation Society. His email address is timothy.sleasman@
jhuapl.edu.

David B. Shrekenhamer, Research and
Exploratory Development Department,
Johns Hopkins University Applied Physics
Laboratory, Laurel, MD
David B. Shrekenhamer is a project manager in APL’s Research and Exploratory
Development Department. He has a BS
in physics from the University of California San Diego and a PhD in physics from Boston College.
Dr. Shrekenhamer’s research interests span numerous areas of
electromagnetics, and he has expertise in and has published
on developing concepts that utilize metamaterials for use from
DC to light. At APL, he specializes in leading interdisciplinary
teams designing custom electromagnetic solutions for a range
of complex problem spaces (e.g., communications, signature
science, sensing, and imaging). While his work largely focuses
on electromagnetic-based problems, he also has substantial
expertise in developing novel materials (e.g., optical phasechange materials), fabrication techniques (e.g., nanofabrication

Pulido-Mancera, P. T. Bowen, M. F. Imani, N. Kundtz, and
D. Smith, “Polarizability extraction of complementary metamaterial
elements in waveguides for aperture modeling,” Phys. Rev. B, vol. 96,
no. 23, pp. 235402-1–235402-14, 2017, https://doi.org/10.1103/PhysRevB.96.235402

and incorporation within novel substrates), electronic circuitry
and signal processing, and incorporating and accounting for
multi-physics effects such as electromagnetic heating, structural heating, and more exotic behavior like nonlinear effects,
chirality, and bi-anisotropy. His email address is david.shrekenhamer@jhuapl.edu.

Paul A. Vichot, Asymmetric Operations
Sector, Johns Hopkins University Applied
Physics Laboratory, Laurel, MD
Paul A. Vichot is a program manager in
APL’s Asymmetric Operations Sector. He
has a BS in physics from Duke University
and an MS and a PhD in electrical engineering from the University of Colorado
Boulder. Paul has extensive experience in radio frequency and
antenna systems design. He has led the development of lowpower ASIC receivers, as well as SATCOM L- and S-band
radio solutions. He has worked on the development and evaluation of geolocation and direction finding systems. Currently,
he is developing phased-array solutions with low size, weight,
and power for communications applications. His educational
background is in low-temperature superconductor integrated
circuit design. His email address is paul.vichot@jhuapl.edu.

Stephanie D. Lashley, Asymmetric Operations Sector, Johns
Hopkins University Applied Physics Laboratory, Laurel, MD
Stephanie D. Lashley is an electrical engineer in APL’s Asymmetric Operations Sector. She has a BS in electrical engineering from the Georgia Institute of Technology with a focus on
electromagnetics and physics and is currently pursuing an MS
in electrical engineering with a focus on electrophysics and
optics at the University of Maryland, College Park. Stephanie currently works on electronic warfare systems to develop,
test, and evaluate radio frequency and digital signal processing techniques for electronic countermeasures. Stephanie has
experience in antenna design, fabrication, and testing for a
variety of frequency bands and use conditions; digital signal
processing; C++; MATLAB; Python; C# application development; and web development. Her email address is stephanie.
lashley@jhuapl.edu.

Johns Hopkins APL Technical Digest, Volume 35, Number 4 (2021), www.jhuapl.edu/techdigest

403

