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Guest Editorial:
Programmable Metamaterials for Software-Defined

Electromagnetic Control

I. INTRODUCTION

THIS Special Issue of the IEEE JOURNAL ON EMERGING

AND SELECTED TOPICS IN CIRCUITS AND SYSTEMS

(JETCAS) is dedicated to novel contributions to the field
of programmable metamaterials. Recent years have witnessed
the emergence of this paradigm, whereby the electromagnetic
response of the metamaterial can be encoded into a string
of bits. This allows to control electromagnetic waves using
well-defined software directives and, further, to incorporate
and combine them within systems to give rise to a plethora of
new applications in fields such as sensing, wireless communi-
cations, or holography.

In this Special Issue, we aim to provide a comprehensive
perspective on the state of research in the field of pro-
grammable metamaterials through a selection of high-quality
contributions. We start with “Programmable metamaterials
for software-defined electromagnetic control: circuits, systems,
and architectures,” where the guest editors of this issue deliver
a brief tutorial on programmable metamaterials, as well as an
overview of the main research lines from the metamaterial
architecture, circuits, and technology standpoints. The authors
discuss the recent explosion of works that attempt to not
only explore the theoretical possibilities of programmable
metasurfaces across the spectrum, but also implement func-
tional prototypes and devise new systems and applications that
build upon this concept. In this article, we also discuss the
potential challenges that lie ahead towards the cyber-physical
system vision of software-driven, intelligent, autonomous yet
interconnectable metamaterials.

The 11 selected articles are novel technical contributions
that cover a wide variety of aspects related to programmable
metamaterials. We briefly describe them in the next sections,
distinguishing between works that include experimental pro-
totypes, articles dealing with cross-cutting issues, and efforts
dedicated to improve the modeling of metamaterials.

II. EXPERIMENTAL PROTOTYPES

The research area of programmable metamaterials is matur-
ing at a fast pace and, consequently, has recently seen a surge
of experimental works that demonstrate various functionalities
mainly at microwave frequencies. In this direction, the Spe-
cial Issue includes four contributions with proof-of-concept
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implementations and experimental measurements of advanced
functionalities.

The first article by Feng et al. “Programmable coding meta-
surface for dual-band independent real-time beam control”
presents a metasurface prototype whose unit cells consist of
two stacked layers. Each layer is designed to serve a different
band (6 and 10 GHz) and contains pin diodes to provide
independent reconfigurability. The authors avoid crosstalk
through careful design of the structure and, through extensive
simulation and measurements, demonstrate that independent
control of beams is achieved at the designed frequencies.

The second article by Shuang et al. is titled “Programmable
high-order OAM-carrying beams for direct-modulation wire-
less communications.” This article evaluates a programmable
metasurface design for the creation of beams with arbitrary
orbital angular momentum (OAM) and their use for wireless
communications. The metasurface allows to realize multiple
topological charges, modify the vortex center of the beam,
and also collimate the OAM-augmented beam. The work also
experimentally demonstrates data transmission through the
direct-modulation of beams with OAM, which may be of great
impact due to the high multiplexing potential of the OAM
technique.

The third article by Li et al. “SoftCharge: Software defined
multi-device wireless charging over large surfaces” presents
a metamaterial-inspired method that has the potential to turn
any non-metallic surface into a large-area wireless charger for
multiple devices located in close proximity to the surface.
SoftCharge is based on the wireless interconnection of mul-
tiple tiles, where each tile contains a coil and a controller.
Through the tuning of the capacitances at each tile, energy
paths are dynamically created from the energy source to the
tiles that are most appropriate for charging the device. This
boosts the efficiency of wireless charging while rendering the
scheme flexible to changes of position.

The fourth article by Han et al. “Millimeter-wave imaging
using 1-bit programmable metasurface: Simulation model,
design and experiment” starts off with a theoretical study,
with simulations, of the use of programmable metasurfaces for
imaging far-field and near-field objects. For far-field imaging,
a feed antenna works in conjunction with the adaptive meta-
surface tunable reflector to create a scanning high-gain pencil
beam to bounce electromagnetic pulses off a far-field object.
A receiving antenna collects the scattered field information
and is used to reconstruct to object. For near-field imaging,
random complex beams are used to sample the target objects
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in the time domain. Last, but not least, the hardware for a
suitable programmable metasurface is presented.

III. CROSS-CUTTING ISSUES

The realization of the cyber-physical vision of program-
mable metamaterials across the spectrum requires addressing
many questions related to their implementation. How will
failures affect the behavior of deployed metasurfaces and how
should they be reprogrammed to minimize the impact of
faults? How can spatiotemporal programming be implemented
in the terahertz band? Can we use energy harvesting to power
up metasurfaces once deployed? How are we going to inter-
connect the different unit cells of a monolithic programmable
metasurface?

This issue features four articles that touch upon cross-
cutting aspects of programmable metasurface design and
development in an attempt to answer some of the questions
above. The first article by Taghvaee et al. “Error analysis of
programmable metasurfaces for beam steering” investigates
the impact of unit cell faults on the overall performance of
the programmable metasurfaces by making error analysis on a
beam-steering case. In fact, one of the challenges in realizing
the programmable metasurfaces is the reliability of the vast
number of unit cells or meta-atoms, which may break down
due to many practical issues such as mechanical vibrations
and electrical failure. In this article, the authors found that
the designed functionality is robust against uncorrelated errors
with random values, and could even survive when a quarter
of the unit cells fail; but the clustered error which sets all unit
cells to the same states has significant influence on the beam
shape and should generally be avoided.

The second article by Rajabalipanah et al. “Reprogram-
mable spatiotemporally modulated graphene-based functional
metasurfaces” presents a graphene-based programmable meta-
surface at the terahertz spectrum to realize different func-
tionalities in both space and frequency domains. The 2-bit
graphene-based meta-atom with optimized time sequence is
carefully designed to obtain equivalent multi-bit phases and
amplitudes at either the central frequency or a harmonic fre-
quency. Several illustrative examples, including airy beam gen-
eration and spatial power division, are numerically presented
to demonstrate that the graphene-based metasurface combined
with space-time-coding strategy can perform different electro-
magnetic modulations for some terahertz applications, such as
imaging and information systems.

Software-defined metasurfaces (SDMs) are expected to
automatically control the response of numerous unit cells by
building upon the unique properties of programmable meta-
surfaces. In the third article entitled “Idling energy modeling
and reduction in energy harvesting terahertz nanonetworks
for controlling software-defined metamaterials,” Lemic et al.
considered an SDM where the unit cells are controlled by a
nanonetwork whose nodes are powered by means of energy
harvesting. A realistic energy consumption model was pro-
posed by taking account of the idling energy consumption of
the nodes. Based on this, a new duty cycle with short wake-ups
for the receiving nanonodes was used, through optimizing the
wake-up time based on two algorithms, and consequently,

the tolerance of idling energy consumption can increase up
to three orders of magnitude.

Finally, the article by Pano et al. “TSV antennas for
multi-band wireless communication” presents the design of an
integrated on-chip antenna in the form of a vertical monopole.
The antenna is based on Through-Silicon Via (TSV) and aims
to enable wireless communication in multiple frequency bands
among nodes within integrated environments, such as unit
cells of a programmable metasurface. The article discusses
the prototyping of such antenna and delivers a comprehen-
sive simulation study of the antenna properties and potential
interference of nearby antennas. Further, the impact of having
multiple bands within an integrated network is evaluated in
terms of performance and efficiency.

IV. MODELING APPROACHES

The implementation of the myriad of functionalities of
programmable metasurfaces across the spectrum depends basi-
cally on the design of appropriate unit cells as well as the
correct programming of the unit cells at operation. These
processes hinge on the fast and accurate modeling of the
response of the individual unit cells and of the full meta-
surface. In this regard, the Special Issue features three novel
contributions.

The first article by Shao et al. “Coding programmable
metasurfaces based on deep learning techniques” presents a
design of programmable metasurfaces based on deep learning
techniques for beam pattern control. The authors propose a
scheme based on the application of a Convolutional Neural
Network (CNN) that derives, in real time, the best metasurface
code for delivering single and dual beams with various pattern
gains. The key takeaway is that, after being trained with a
relatively small set of coding patterns, the CNN can generalize
to any single and dual-beam radiation patterns.

The second article by Liu et al. “A hybrid strategy for
the discovery and design of photonic structures” presents a
methodology for the systematic design of photonic meta-
surfaces, although generalizable to other photonic structures,
that avoids tedious trial-and-error processes. The methodology
takes as input a desired transmittance spectrum and uses an
deep generative model to find a unit cell that provides the
desired transmittance with low loss of accuracy. To calculate
the fitness of each solution proposed by the generative model,
the methodology admits either a full-wave simulator or a
neural network trained beforehand that models the simulation.
With an appropriate training of the model, the proposed
methodology is capable of looking into a reduced space of
solutions instead of having to do a more exhaustive search,
thereby reducing the design time of the required structure
dramatically.

Last but not least, the article by Fathizade et al.
addresses the “analytical calculation of radiation character-
istics of metasurface-based solar antennas with uniform and
non-uniform cells.” Solar antennas are compact combinations
of antennas and solar cells that, for instance, can be found
in micro-satellites. The metasurface-like arrangement of solar
cells can completely distort the radiation pattern of the antenna
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and, thus, solar antennas need to be carefully designed. The
authors of this work develop an analytical model to study the
radiation pattern of solar antennas, showing close agreement
with full-wave simulations with a tiny fraction of the time and
memory cost. To validate its robustness, the method is tested
with different types of solar unit cells.
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