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Abstract

As a major approach for controlling electromagnetic (EM) waves, metamaterials have experienced an abundant
and rapid development in the 21st century. They have provided flexible and powerful techniques for controlling
EM waves and brought many unique applications that are difficult to realise with natural materials. With increasing
demands on dynamic controls of the EM waves, many innovations have been conducted in both three-dimensional
metamaterials and two-dimensional metasurfaces, in which the meta-atom has been gradually evolved from
passive to active. In 2014, coding and digital mechanisms were initially introduced to the metamaterials, further
advancing the appearance of digitally programmable metamaterials. The programmable metamaterials have shown
great potentials in not only real-time manipulations of the EM waves, but also direct information processing
on the EM wave level. In this article, we present an in-depth review of the programmable EM metamaterials
and metasurfaces, focusing on the programmable features including theoretical concepts, implementing methods
and applications in EM controls. We first give a short retrospect of traditional metamaterials and metasurfaces,
followed by the concepts and detailed discussions of digital coding and field-programmable metamaterials. Then,
we introduce space-domain, time-domain and space-time-domain programmable metamaterials and metasurfaces,
mainly focusing on their theories, functionalities, experimental implementations, and system-level applications.
Finally, we conclude the current advances of the programmable metamaterials and metasurfaces, and give a
prospect for the future developments.
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Introduction

Permittivity and permeability are two important properties of natural material for characterising their
electric and magnetic responses in electromagnetic (EM) waves. For natural materials, these two
parameters are usually larger than or equal to those in free space, thus the incident EM waves obey the
traditional Snell’s laws and show the ordinary EM reflections and refractions. Veselago (1968) proposed
theoretical analyses on the left-handed materials with negative permittivity and permeability, which
exhibit many exotic physical phenomena such as negative refraction, negative Doppler effect, and
backward Cherenkov diffraction. At the end of the 20th century, Sir John Pendry and co-workers have
successively proposed a series of physical models and experimental verification methods for realising
the first metamaterials (Pendry et al., 1996; Pendry, 2000; Smith et al., 2000, 2004; Shelby et al., 2001),
which later ignited the extensive researches on metamaterial.

Metamaterials are artificial EM materials and are composed of subwavelength-scale unit cells
(namely meta-atoms) periodically or aperiodically distributed in space. The early metamaterials are
usually designed in three-dimensional (3D) forms, in which the phases accumulate in the 3D space and
change in the space gradually. Figure 1a shows a classical meta-atom composed of a dielectric plate
with drilled hole (Ma and Cui, 2010). When different materials and height are selected, the effective
refractive index of such meta-atoms can be acquired via S-parameter retrieval method based on effective
medium theory (Smith et al., 2002; Chen et al., 2004; Liu et al., 2007; Ma and Cui, 2010). Such meta-
atoms with desired effective permittivity and permeability are periodically arranged in the 3D space to
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Figure 1. 3D broadband and broad-angle transformation-optics lens. Reproduced from Ma and Cui
(2010). (a) Meta-atom design and the relationship between refractive index and diameter of the drilled
hole. (b) Graph of the 3D transformation-optics lens. (c) Beam-scanning performances at 12.5, 15 and
18 GHz.
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Figure 2. (a) Refraction schematics of the generalised Snell's law. Reproduced from Yu et al. (2011). (b)
Gradient phase abrupt to achieve deflecting wave propagation. (c) Specific analysis of the generalised
Snell’s law for anomalous reflection and transmission. (d) Realisations of vortex beams using spiral
phase pattern.

realise different controls of EM wave. For example, the 3D broadband and broad-angle transformation-
optics lens in Figure 1b can achieve the beam scanning function in a wide frequency band from 12.5
to 18 GHz (Figure 1c). The emergence of metamaterials has brought many exotic physical phenomena
and engineering applications that cannot be realised with the naturally materials, such as perfect lenses,
invisibility cloaking, zero-refractive-index phenomena, and so on (Schurig et al., 2006; Liu et al., 2009;
Kundtz and Smith, 2010; Ma and Cui, 2010; Ramaccia et al., 2013).

However, the 3D metamaterials have some drawbacks such as complicated design, bulky size
and difficult integration with other devices. To address these disadvantages, two-dimensional (2D)
metamaterials, namely metasurfaces, have been proposed with a low-profile property (Holloway
et al., 2012; Ding et al., 2017). As the thickness of metasurface is typically less than a tenth of a
wavelength, traditional approaches for analysing 3D metamaterials are no longer valid for metasurfaces.
Yu et al. (2011) proposed the generalised Snell’s law as a rapid while efficient approach for designing
metasurfaces, which utilises the abrupt phase changes at the metasurface to control the shape and
direction of EM wavefront, realising excellent beam deflecting and vortex-beam radiations (Figure 2).
By elaborately designing phase profiles on metasurfaces, the reflected or transmitted waves can be
tailored at will to achieve designed EM functions such as beamforming, beam steering, random
refraction, and imaging (Sun et al., 2012; Pfeiffer and Grbic, 2013; Zheng et al., 2015; Chen et al.,
2017; Kim et al., 2021; Zheng et al., 2021; Luo et al., 2022). Besides phase control, many other
attributes of EM waves such as amplitude, polarisation state and frequency have also been controlled
to implement multi-dimensional EM controls (Liu et al., 2014; Wan et al., 2016a; Xu et al., 2018, 2021;
Xu et al.,(2019a, 2019b); Wu et al.,(2020b) Li et al., 2022), realising more complicated and multi-
functional devices and systems.
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Figure 3. (a) Schematic of coding and digital metamaterials/metasurfaces and a typi-
cal 1-bit meta-atom. (b) Three coding patterns ‘000000.../000000...", ‘010101.../010101...",
‘010101.../101010. .., and corresponding single-beam, dual-beam, four-beam radiations. (c) Meta-
atom of 1-bit programmable metamaterial. (d) Real-time control by programmable metamaterial.
Reproduced from Cui et al. (2014).

With the vast designs of metamaterial having different structures and exotic EM properties, many
attempts have also been devoted to achieve reconfigurable metamaterial with multiple functionalities
integrated in a single metasurface. In the early times, researchers could adjust EM coefficients in a small
range by loading varactors (Zhao et al., 2013). Then, more complicated active components and control
approaches allow the EM manipulations to be reconfigurable among several functions (Oliveri et al.,
2015; Bang et al., 2018). But the controlling approaches are still analog, and the types and number of
functions are still limited.

Cui et al. (2014) proposed the concept of coding and digital metamaterials/metasurfaces. Distin-
guished from the traditionally continuous phase representations, discrete digits are adopted here to
represent the reflected or transmitted phases. Figure 3a shows a 1-bit coding metamaterial, in which
the phase difference of the meta-atoms with digital states ‘0’ and ‘1’ is around 180°. Herein, these
binary meta-atoms are arranged in a 2D plane with pre-designed coding patterns to achieve desired EM
functionalities. Figure 3b shows three coding patterns ‘000000. . ./000000. . .’, ‘010101.../010101.. .,
‘010101.../101010. . .>, and the realised single-beam, dual-beam, four-beam radiations. Due to the
Fourier transform relationship between the far-field radiation pattern and the coding pattern of coding
metamaterials, digital information embedded in coding patterns is directly manifested in the radiation
patterns. In addition, some researches have also focused on the fundamental problems about the
influence of digital and discrete properties in practical engineering. Shuang et al. (2022) demonstrated
that the 1-bit coding can satisfy the requirements in most practical scenarios compared to continuous
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phase control. One can even adopt optimised ways or extend 1-bit to multi-bit states for more precise
manipulations and better performances (Cui et al.,, 2014; Yang et al., 2017). Combined with the
information science, some methods in signal processing such as convolution and addition theorems
have been introduced to assist coding pattern design to achieve more flexible EM information
manipulations (Liu et al., 2016b; Wu et al., 2018). The concept of information entropy has also been
introduced to measure the information capacity of coding metamaterials (Cui et al., 2016). Further, fast
algorithm was adopted to optimise the coding pattern and achieve automatic pattern design (Moccia
etal.,2017; Jing etal., 2018; Zhang et al., 2019c¢). Besides phase coding, other important EM properties
such as amplitude (Bao et al., 2018; Wu et al.,(2020b)), polarisation (Liu et al., 2016a; Ma et al., 2017)
and frequency (Liu et al. (2016c¢); Wu et al., 2017) have been jointly controlled to realise many other
interesting functionalities, including novel multi-functional, power-controllable, broadband or multi-
band coding metamaterials (Cui et al., 2017b; Wu et al., 2020a). Due to the strong connection with
information science, coding and digital metamaterials are also referred to as information metamaterials
(Cui et al., 2017a; Liu and Cui, 2017; Zhang et al., 2017; Cui, 2018; Ma and Cui, 2020; Wu and Cui,
2020).

More importantly, the digital and discrete properties of information metamaterials allow us to
reach more effective and dynamic controls in the programmable manner. As shown in Figure 3c.d,
by controlling the bias voltage across the loaded active components on the meta-atom, their digital
state can be dynamically controlled. Coding patterns are loaded to the coding metamaterials via
field programmable gate arrays (FPGA) to achieve real-time and digital manipulations on the far-
field radiations (Cui et al., 2014). Hence, the term ‘programmable metamaterials’ also emerges in
some other contexts as ‘information metamaterials’ (Cui, 2017; Li and Cui, 2019; Bao and Cui,
2020; Cui et al., 2020). The proposal of information metamaterials facilitates the development of the
programmable metamaterials, which can provide more flexible and powerful EM manipulating abilities
and information processing capacities.

In this article, we focus on programmable metamaterials, including their theoretical concepts, imple-
menting methods, and applications in EM controls. First, we introduce the evolution of metamaterials
and metasurfaces from the passive designs to digital coding representations, leading to the information
and programmable metamaterials and metasurfaces. Then, space-domain, time-domain and space—time
programmable metamaterials and metasurfaces are discussed in details, including the corresponding
theories, functionalities, experimental implementations, and system-level applications. Several novel
programmable technologies of meta-atom design and driven methods are emphatically analysed.
Finally, we give a summary and a prospect of the programmable metamaterials and metasurfaces for
the future studies and application potentials.

Programmable metamaterials for EM manipulations

A brief introduction of programmable metamaterial has been given in first section. In this section, we
will explain the design methods and functionalities of the programmable metamaterials in the space
domain, time domain, and space—time domain.

Space-domain programmable metamaterials

Space-domain programmable metamaterials are the most common form of programmable metama-
terials, in which the coding pattern formed on the entire aperture is simultaneous in time, and
the EM responses of each meta-atom in different positions are controlled by FPGA. For example,
we can achieve real-time anomalous beam reflection through by loading coding patterns to pro-
grammable metamaterials based on the generalised Snell’s law (Cui et al., 2014). Various space-domain
programmable metamaterials have been designed that can realise many different EM manipulating
functionalities, as illustrated in the following.
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Figure 4. (a) Detailed structure of the binary programmable meta-atom. (b) Reflected amplitude
and phase responses of the binary meta-atom. (c,d) Different coding patterns and corresponding
radiation patterns. Reproduced from Wan et al. (2016a). (e) Transmission-type programmable meta-
atom. Reproduced from Bai et al. (2020).

Phase programmable metamaterials

Phase is the most popular coefficient that is engineered in metamaterial designs. Figure 4a shows a
typical phase programmable meta-atom from Wan et al. (2016a), where a positive-intrinsic-negative
(PIN) diode is loaded between two metallic patches. The working states of PIN diode are dynamically
controlled by external voltages through the feeding lines. Equivalent circuits of the PIN diode at the
‘OFF’ and ‘ON’ state are shown in the inset of Figure 4a, which come from the datasheet of PIN
diode and are verified by the co-simulation of EM wave and circuit. The reflecting performances of the
meta-atom are shown in Figure 4b, showing that the meta-atom can perform digital state ‘0’ and ‘1’
with 180° phase difference with large reflection amplitude when the PIN diode is switched. The spatial
coding pattern on the metamaterial composed of 400 binary meta-atoms can be modulated in different
forms to achieve different radiation patterns with different deflecting angles (Figure 4c,d). Note that
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Figure 5. (a) Amplitude-coding programmable metamaterial with multifrequency modulations.
Reproduced from Hong et al. (2021). (b) Amplitude-phase-joint-coding programmable metamaterial.
Reproduced from Wang et al. (2022d). (c) Polarisation-controlled dual-programmable metamaterial.
Reproduced from Zhang et al. (2020b). (d) Programmable metamaterial for digital polarisation
conversion. Reproduced from Ma et al. (2020a).

space-domain phase programmable scheme is not restricted to reflection type, Bai et al. (2020) and
Chen et al. (2021) show a series designs of transmission-type programmable metamaterials, which
is achieved by stacking more layers to provide required phase changes for the transmitted wave. As
displayed in Figure 4e, the PIN diodes are loaded on the radiating layer to modulate the incidence
from the receiving layer with 1-bit phase difference. This type of meta-atom is more suitable for
array applications due to the relatively independent feed-line design, which effectively decreases the
complexity of the transmission-type programmable metamaterials.

Amplitude and polarisation programmable metamaterials

Besides phase programmable metamaterials, amplitude and polarisation of EM waves can provide
extra degree of freedom to EM manipulation. Hong et al. (2021) proposed an amplitude-programmable
metamaterial with multi-frequency modulations, as illustrated in Figure 5a. Two PIN diodes and chip
attenuators are integrated in the meta-atom. When the diodes are respectively in ‘On’ and ‘OFF’
states, the meta-atom is encoded as ‘11°, “10/01” and ‘00°, indicating the 1-bit amplitude modulations
(high amplitude as ‘1’ and low amplitude as ‘0’) at 2.98, 4.11 and 5.73 GHz, respectively. For
experimental verification, a metamaterial array with 10 X 10 elements is fabricated. By changing
different coding patterns in real-time, the powers of radiating beams at different frequencies can be
controlled independently. Further, a new wireless communication system is designed based on the
amplitude programmable metamaterial (Hong et al., 2021).
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Amplitude coding scheme is also able to join with phase coding to achieve more complicated
functionalities (Liao et al., 2022; Wang et al., 2022a). Figure 5b shows a novel amplitude-phase-joint-
coding programmable metamaterial using a PIN diode loaded on a single-layer reflection-type meta-
atom, which can be equivalent to a rheostat (Wang et al., 2022a). When the bias voltage changes from
0 V to 1V, the effective resistance changes from 1 Q to 10,000 Q, enabling the realisation of 1-bit
phase coding with continuous amplitude control in a wide frequency range of 8—13 GHz. With such
techniques, both the radiation patterns and power can be controlled simultaneously, allowing even more
complicated functionalities such as diffraction order control and side-lobe suppression.

For polarisation-programmable metamaterials, dynamic manipulations of EM waves can be per-
formed on differently polarised states (Yang et al., 2016; Ma et al., 2020b; Zhang et al., 2020b). Zhang
et al., 2020b demonstrate a polarisation-controlled dual-programmable metamaterial, which can be
applied in exclusive-OR operation, wide-angle dual-beam scanning and dual-polarised aperture sharing,
as shown in Figure 5c. Four PIN diodes are centrally arranged in the meta-atom to achieve independent
1-bit-phase controls of x- and y-polarizations. Ma et al. (2020b) give another design of the polarisation
programmable metamaterial to achieve polarisation conversion. Polarisation state of each meta-atom is
determined by the PIN diode, which can be represented as ‘0’ and ‘1’ for two orthogonal polarizations.
By changing the 1-bit coding sequence, namely, the percentage of x- or y-polarised meta-atoms, real-
time polarisation conversions are achieved, as shown in Figure 5d.

Full-space programmable metamaterials

The abovementioned reflection- or transmission-type programmable metamaterials can only conduct
EM manipulations in half space. Hence, full-space controllable metasurfaces are proposed by consid-
ering the reflection and transmission spaces together (Li et al., 2018; Wu et al., 2019; Shang et al.,
2022), which are then promoted to the programmable cases. The first design is illustrated in Figure 6a,
which can realise the real-time switching of working space (i.e., radiation space). The meta-atom is
composed of multiple square-patch layers for phase manipulation, together with a slot layer with a
loaded PIN diode for space switching (Figure 6b). When the PIN diode is switched to the ‘ON’ and
‘OFF’ states with different equivalent circuits, the meta-atom performs as 1-bit reflection-type phase
coding and 2-bit transmission-type phase coding, respectively. By designing the corresponding phase-
coding patterns, the full-space programmable metamaterial can achieve real-time switching between
transmitting beam deflection and random reflection (Wu et al., 2019).

Inspired by this work (Wu et al., 2019), more novel programmable full-space metamaterials have
been proposed, such as anisotropic designs, absorbing-transmitting combining designs, and so on (Wu
et al., 2020d; Bao et al., 2021; Wang et al., 2021; Hu et al., 2022; Ma et al., 2022). In 2021, Bao et al.
(2021) proposed to combine the real-time manipulations on beam reflection and beam transmission. By
elaborately designing the feed-line network, a full-space phase programmable metamaterial is achieved
by controlling the coding patterns on reflection side and transmission side independently, leading to an
independent while real-time control of reflecting and transmitting waves (Figure 6¢,d). Hu et al. (2022)
proposed the novel concept of programmable omni-metasurface, which can integrate the reflection
mode, transmission mode, and duplex modes of simultaneous reflection and transmission. It can also
provide the full-space EM controls and indicate a multiuser wireless communication system for two
separate spaces.

Time-domain and space—time programmable metamaterials

Space-domain programmable metamaterials allow the dynamic manipulations on coding patterns and
corresponding EM functions, but stable in time domain. According to Fourier transform theory,
introduction of time-modulated signals with periodic variations can control EM waves in time domain
and thus generate responses in the frequency domain, even simultaneous controls of EM directions
in space domain and spectrum in frequency domain together. Hence, time-domain and space—time
programmable metamaterials are introduced to achieve multi-dimensional complicated manipulations
of the EM waves.
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Figure 6. (a,b) Illustration of full-space reflection-transmission amplitude programmable metamate-
rial and the structure of adopted meta-atom. Reproduced from Wu et al. (2019). (c,d) Illustration of
totally full-space programmable metamaterial and the structure of adopted meta-atom. Reproduced
from Bao et al. (2021).

Theory and examples of space—time programmable metamaterials
In Zhao et al. (2018), the theoretical analysis of time-domain programmable metamaterials is formu-
lated as:

E() =T (f=f)= ), PEXTE-5(/~/c k). v
k=—oo

where E.(f ) is the reflected waves, ¢ and f. are modulation frequency and incident frequency,
respectively, PF and TF represent pulse factor and time factor, respectively. In this case, spectrum of
the reflection coefficient is shifted to the frequency of the incident wave. Therefore, the spectrum of
the reflected wave can be controlled by designing different coding sequences in time-domain of the
time-domain programmable metamaterials.

Furthermore, time-domain coding scheme can be combined with space-domain coding scheme to
achieve more complex functionalities (Zhang et al., 2018). Now, each programmable meta-atom on
space—time programmable metamaterials has a unique time coding sequence with period T ¢, whose
digital state switches periodically in time domain. According to Fourier transform theory, a periodic
function in time domain produces a discrete harmonic spectrum distribution in frequency domain.
When a monochromatic plane wave with frequency f- is incident on the space—time programmable
metamaterials modulated by a signal with period T’ ¢ in the time domain, the reflected energy will be
distributed to the fundamental wave f. and the harmonic waves f, + mf, where fo = 1/T o. The spatial
distribution of the reflected waves at different harmonic frequencies can be manipulated independently
by combining the time-domain modulation signal with the space-domain coding patterns.
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Figure 7. (a) Conceptual illustration of space—time programmable metamaterials. (b) 3D space—time
coding matrix and corresponding 2D case, respectively. The red and green dots represent ‘1’ and
‘0’ states, respectively. (c) Harmonic beam scanning by amplitude modulation. (d) Harmonic beam
scanning by phase modulation. Reproduced from Zhang et al. (2018).

Figure 7a gives an example of an 8 X 8 space—time programmable metamaterial to illustrate the
working mechanism. The variation in space domain and time domain is represented by a 3D space—time
coding matrix whose dimension is set as (M, N, L). M and N represent the length of the metamaterial in
the spatial dimension, and L represents the length in the temporal dimension. A 3D space-time coding
matrix with dimension of (8, 8, 8) can be generated as desired, as shown in Figure 7b. Green and
red dots represent ‘0’ and ‘1’ digits, respectively, which correspond to 0° and 180° phase responses.
For any programmable metamaterials represented by a 3D space—time coding matrix, the scattering
pattern at any harmonic frequency can be calculated. Hence, we can achieve harmonic beam scanning
functionality by optimising the matrix as shown in Figure 7c.d.

To give a theoretical analysis, Wu et al. (2020c) studied two kinds of mechanisms of space—
time programmable metamaterials from the view of information theory and analysed their unique
advantages in processing EM information. The study also reveals the information conversion efficiency
of the space—time programmable metamaterials, which provides theoretical guidance for information
processing applications based on space—time coding programmable metamaterial, such as wireless
communication, computational imaging and mathematical operations.
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The structural design of meta-atom of space—time programmable metamaterials is basically similar
to that of the space domain programmable metamaterials, but the time-varying properties requires faster
switching speed of digital states of the meta-atom (Castaldi et al., 202 1; Zhang and Cui, 2021).

Harmonic amplitude and phase modulations

Harmonic manipulations have been deployed in many interesting regions such as the wireless commu-
nications, and biological monitoring. Traditional harmonic manipulations are achieved by additional
amplifiers and phase shifters to accurately control the harmonic amplitude and phase after the mixing
process, which leads to issues such as high costs and difficult system integration. Here, a method with
independent control of harmonic amplitudes and phases via a time-domain programmable metamaterial
is proposed by Dai et al. (2018, 2020). In this method, the frequency, amplitude and phase responses
of a specific harmonic wave are independently controlled, which allows us to manipulate the shape and
intensity of the harmonic spectrum of the reflected wave by controlling the bias voltages V1/F2 and
modulating periods 7, as schematically shown in Figure 8.

This method serves as a guidance for time-domain programmable metamaterial to accurately control
the spectrum distribution of EM waves, which extends the potential applications of time-domain
programmable metamaterial and lay the foundation of time-domain programmable metamaterials for
their future application in new wireless communication systems.

Multi-bit phase coding via time-domain programmable metamaterial
Generally, the higher the number of coding states of a programmable metamaterial, the smaller the
phase quantization error and the more precise the EM wave can be achieved. However, the design
of multi-bit (greater than 2-bit) programmable metamaterial based on active components (e.g., PIN
diodes) is very challenging because total number of » PIN diodes are needed to be integrated on a single
meta-atom to achieve 2" coding states, which inevitably result in complex design of structure, DC bias
circuit layout and control system. An alternate approach to realise multi-bit coding functionality is to
use varactor diodes, but it suffers from larger loss and larger reverse bias voltages. In 2019, a method of
multi-bit phase coding based on 2-bit time-domain programmable metamaterial was pr