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210096, China Over the past 5 years, digital coding and programmable metamaterials have been

developed rapidly since their first exhibition in 2014. The iconic feature of the digital
coding metamaterial is using digital codes like “0” and “1” to represent the distinct
electromagnetic (EM) responses. This seemingly trivial progress has successfully
reform the design theory from the effective medium to coding patterns, bridging
the physical world and digital information world. More interestingly, beyond the
simple coding on the parameters or patterns, the digital coding metamaterials are
more intend to introduce the concept of direct interactions and operations of digital
information within EM fields, to realize information processing, transmission or
recognition. To accurately exhibit the informational specialties, we classify the coding
metamaterials, digital metamaterials and programmable metamaterials, as well as
other information-operating metamaterials, as information metamaterials. In this
review article, we firstly introduce the digital coding concept, working mechanism,
and related design methods. Then, three important theories including the scattering
pattern calculation, convolution operation, and entropy of digital coding metamaterials, are
discussed in details. Finally we introduce several system-level works based on the
information metamaterials, such as the new-architecture wireless communication systems
and reprogrammable imaging systems, to show the powerful manipulation capabilities of
information metamaterials. As the next generation of information metamaterials, two proof-
of-concept smart metamaterials and their advanced architectures are discussed. In the
summary, the development track of information metamaterials and future trends are
presented.
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Introduction

Metamaterials are artificial materials, which are usually composed of periodic or quasi-
periodic structures with subwavelength dimensions. Here, the affix “meta” is referred
from the Greek word “petd”, to represent the artificial materials with unique properties
that do not exist or are difficult to realize in nature. The original idea of metamaterial
dates back to 1968, Veselago first proposed the concept of “left-handed material or
negative-index material” [1]. However, due to the lack of experimental verification,
metamaterials have not been put into reality until 20 years ago, when Pendry, Smith
and co-workers presented the negative-index metamaterials and successfully realized
the metamaterials in microwave frequencies [2—4]. This opened a long-term research
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boom from microwave to optical domains. One significant phenomenon realized by
metamaterials is double-negative materials, or negative-index materials [2—8]. Another
popular characteristic is near-zero refractive index [9-11], further extending the index
range from negative to zero and positive. Benefited from the above peculiar capabilities,
metamaterials have brought fascinating applications like invisibility cloaking [12-17],
EM black holes [18, 19], perfect lens [3], perfect imaging [20, 21], and special lenses
[15, 22-27].

However, metamaterials in three-dimensional structures still face high processing diffi-
culty, as well as high resonant losses, which impeded the further development and appli-
cation of metamaterials. To overcome these drawbacks, the two-dimensional version of
metamaterials, metasurfaces (or metafilms) were proposed [28] in 2009. Different from
the bulk metamaterials, metasurfaces are almost planar structures with deep subwave-
length thickness, which can be implemented by the printed circuit board technology in
most ranges of microwave. Such low profile reduces not only the fabrication complexity
but also the cost apparently. Besides, ultrathin profile provides lower insertion loss and
more potential applications. Most importantly, metasurfaces with specific structures are
able to interact in the electromagnetic (EM) wave fields, and thus generating the muta-
tional phase and amplitude in ultrathin surface. Owing to the above merits, metasurfaces
have received great attention on the realization of many functional devices, including per-
fect absorbers [29-33], polarization converters [34—37], vector-beam generator [38—41],
holograms [42—44], and diverse EM wave manipulators [45—48]. The operating frequency
of metasurfaces has been extended from microwave [35, 36] to terahertz wave [46, 47,
49], visible light [29, 30], and even for acoustic wave [49-54]. In addition, metasurfaces in
flexible forms like polydimethylsiloxane [49] and flexible printed circuit [55] have been re-
alized as potential wearable applications.

Among suc multitudinous researches, digital coding and programmable metamateri-
als have become an important direction, since the initial idea was introduced by Cui
et al. [56, 57]. Inspired by the binary expression of digital circuits, the coding metama-
terials firstly offer a perspective from digital world to design metamaterials. By encod-
ing the phase responses of meta-atom as “0” and “1”, the EM parameter is briefly
connected with the digital expression [56]. Consequently, the conventional metasurface
pattern configuration is totally digitized into coding pattern, which has introduced di-
verse ideas from information science, to simplify the design process and create more
functionalities. One important theory is convolution method based on digital coding
metamaterials [58], which have established a flexible operation between the coding pat-
terns and far-field scattering patterns. Another basic theory is the information entropy
for digital coding metamaterials [59], providing an estimation of the information car-
ried by the scattering beams. Moreover, the additional theorem has presented the
transform between low-bit and high-bit coding [60]. In addition to the digital coding
on the phase responses, the concept is applicative to the other EM parameters like
amplitude [61-63], polarization [64—66], and even the orthogonal parameters like or-
bital angular momentum (OAM) modes [64, 67-69].

The coding modulation on the EM scattering fields is not limited in the reflected
fields [58-62, 64], but also is applied on transmitted fields [63, 70-75], and even on the
acoustic fields [51]. To explore the coding modulations on more dimensions,
programmable metamaterials with active components have been proposed [56].
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Different from the tunable and reconfigurable metamaterials, the programmable meta-
materials yield a more powerful ability on EM wave manipulations and more function-
alities controlled in real time. For 1-bit phase-programmable metasurfaces [56, 76],
abundant single- or multi-beam fields can be obtained with pre-designed specific cod-
ing patterns. Crucially, the programmable trait provides a new dimension in time
domain, bringing space-time coding applications [77-80]. Harmonic beam steering is
achieved with the time-varying coding patterns of information metamaterials [77, 78].
Such digital coding methods are logically developed into digital communication sys-
tems, and two communication systems have been realized based on the programmable
metasurfaces [79, 80], from the spatial-beam coding and harmonic-frequency coding di-
rections, proposed by Cui and Zhao et al,, respectively [79, 80]. Another popular appli-
cation for the programmable metamaterials is imaging [81-83]. With reprogrammable
metasurface patterns, imaging information is no longer fixed but editable as desired
[81]. In the frame of information metamaterials, digital machine-learning algorithm has
been easily implemented on the reprogrammable metamaterials for dynamical imaging
[82]. Corresponding to the phase-coding, reprogrammable functionalities for amplitude
modulations and non-reciprocal transmissions are also realized [84, 85]. For informa-
tion devices, intelligence is an inevitable trend, and this is the same for the information
metamaterials. For the aforementioned information metamaterials, no matter passive or
active, the human instructions are necessary. To break through this limitation, the con-
cept of smart metamaterials is presented [86], with a new architecture for independent
decision-making. Besides, by integrating artificial intelligence, the smart imager and
recognizer are realized [87].

Regardless of the early passive coding metamaterials or the later active programmable
metamaterials, their digital forms enable the analysis, design and application from an
informational perspective. Consequently, we would like to summarize a definition for
information metamaterial with three features: (1) informational design: the metamater-
ial configuration can be designed with the digital characterization method or coding
method; (2) informational analysis: the metamaterial performance can be analyzed from
information or digital perspective; (3) informational processing: the metamaterials are
able to process information operations or interactions in the physical wave fields. It
should be mentioned that the above features are not necessarily all matched. We will
further illustrate these features detailedly in the following sections.

This paper aims to review the development of information metamaterials, from the
early original concepts to various powerful systems so far. In recent 6 years, the infor-
mation metamaterials have gradually grown up to an important subject branch of
metamaterials, including abundant functionalities, principles, and application systems.
Different from the previous review papers on coding metmaterials, here we focus on
the informational representation, interaction and operations based on the coding and
programmable metasurfaces. We start the introduction from the basic concept and de-
sign ideas of digital coding metamaterials in Section 2, as well as their multitudinous
functionalities on EM wave manipulations. In Section 3, we introduce several important
principles and operations of the information metamaterials, such as the convolution
theorem, information entropy and so on, which combined the conventional physical
properties and digital states and established the theory system of information metama-
terials. From Sections 4 to 6, we introduce three kinds of significant systems of
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information metamaterials, to exhibit the application directions in wireless communica-
tion and imaging. In Section 4, we discuss the space-time systems based on reprogram-
mable metamaterials, including three representative works on communications and
EM-wave manipulators. In Section 5, we focus on the reprogrammable imaging systems
using the information metamaterials, showing the performance on the metasurface
hologram and real-time imaging. In Section 6, as the important developing directions
of information metamaterials, two smart systems are presented, to respectively realize
intelligent EM-wave manipulator, imager and recognizer. Finally, we summarize the de-
velopment track and achievements of the information metamaterials, as well as the dis-
cussion on the future research spots.

Concept and design of information metamaterials

The most iconic character of information metamaterials is digitizing and discretization
on meta-element, which produces a totally digital pattern on metamaterial configur-
ation, namely coding patterns. This method offers us a new perspective to design meta-
material with multifarious functions. In this section, we start from the initial idea in the
first presentation of coding metamaterial, to introduce the basic concept and design
strategy, as well as various functionalities realized by the information metamaterial.

The concept and design of the coding and programmable metamaterials
The development of information metamaterials starts from the coding metamaterials
proposed by Cui et al. [56]. The initial idea of coding metamaterials aims to design the
metamaterials structure pattern within digital way, in which the design process is to-
tally represented with digital coding pattern, as shown in Fig. la. To combine the
digital coding pattern and EM wave fields, the first work we need is encoding the EM
phase responses of unit-cell with “0/1” digits. For example, as shown in Fig. 1b, a cod-
ing element with patch structure is proposed, with the substrate of F4B (a dielectric
constant of 2.65 and loss tangent of 0.001). In Fig. 1b, the reflected phase of the elem-
ent is given from 7 to 14 GHz, where the phase difference is marked in the red dotted
line. The reflected phase responses of the coding elements 0° and 180° are encoded into
digits “0” and “1”. Therefore, for a metasurface with 8*8 elements, the metasurface con-
figuration is totally converted into a digital pattern as presented in Fig. 1a. In this cod-
ing method, reconsidering the previous metamaterials configuration, the design process
is simplified into the “0/1” coding pattern design. In Fig. 1c and d, two coding patterns
are provided with distinct scattering fields. Different from the conventional metamateri-
als, in the coding metamaterials, the functionality of the reflected- or transmission-
fields can be edited by such digital patterns. The specific reflected fields are exhibited
in Fig. le, where single-, dual- and quad-beam scattering fields are realized. Most im-
portantly, the coding metamaterials offer us an information viewpoint to consider the
EM scattering fields, implying that the EM fields are able to be expressed in digital way.
For passive structures, the EM responses are generously fixed, thereby their functions
are also unalterable. To further extend the flexibility of the coding metamaterials, a
programmable coding element, as well as a programmable metasurface, are presented
[56], as shown in Fig. 2a and b. The metasurface element is composed of a single-layer
substrate and two metal structure layers (the top and bottom), as illustrated in Fig. 2c.
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Fig. 1 The 1-bit digital coding metamaterials. a The 1-bit digital coding pattern of metamaterials. (from Fig.
1 of Ref. [56]). b A typical patch coding element with “0°" and “180%" phase responses, encoded as bits “0"
and “1". (from Fig. 1 of Ref. [56]). ¢ and d The two designed coding patterns. (from Fig. 1 of Ref. [56]). e The
simulated scattering fields for different patterns. (from Fig. 2 of Ref. [56]). Reproduced with permission from
Ref. [56] under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0 Unported License. Copyright
2014, Springer Nature

A PIN diode (Skyworks, SMP-1320) is embedded on the top metal structure of the
coding element, to change the electric structure. To implement the bias voltage for
PIN diodes, the metal structure on the top surface is connected to background,
which also acts the direct current (DC) electrodes, with the via holes. Such alter-
ation results in different phase responses, which have 180° difference as shown in
Fig. 2d. It is obvious that the phase difference at 8.6 GHz is 180°, which can be
exactly encoded as digital codes “0” and “1”. The “0/1” states can be modulated
with bias voltages from the field-programmable gate array (FPGA), as depicted in
Fig. 2e. By arranging different coding sequences like “000000”, “111,111”, “010101”,
and “001011”, various scattering patterns can be obtained, as shown in Fig. le. Be-
sides, except for the beam-deflection and multi-beam fields, other functions like
radar-cross-section (RCS) reduction is achieved [56].
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Fig. 2 The programmable metamaterials. a The fabricated sample of programmable metamaterials. (from Fig. S6
of Ref. [56]). b The designed programmable element. (from Fig. S4 of Ref. [56]). ¢ The designed structure of
programmable element. (from Fig. 6 of Ref. [56]). d The simulated phase responses of the programmable element.
(from Fig. 6 of Ref. [56]). e The operation process of the programmable metamaterials. (from Fig. 7 of Ref. [56]).
Reproduced with permission from Ref. [56] under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0
Unported License. Copyright 2014, Springer Nature

In the design method of information metamaterials, we summarize three key steps as
following: (1) encode EM parameters; (2) design coding patterns; (3) simulations and
experiments. For the first step, we usually define phase responses as the binary codes
“0” and “1” [56, 76]. Since the generalized Snell’ law was proposed [91], the phase ma-
nipulation has become very popular due to its varied compelling functions [56, 58—60,
62—-65]. Actually, not only the phase responses can be encoded, but also other factors
of EM fields are available for arrangement. From the perspective of information meta-
materials, we are more concerned with the information processing methods of metama-
terials. In other words, the EM field parameters (phase, amplitude, polarization, etc.),
like the numbers in the field of metamaterials, deal with the EM problems in an infor-
mational way. For instance, orthogonal factors like polarization and OAM modes are
encoded to express more information bits [64], offering extra channel capacities. More-

over, special transmission states like non-reciprocal transmission are encoded as well
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[84, 85]. Secondly, with available coding bits, we arrange the coding patterns of meta-
surfaces to obtain the specific functions. Taking phase-coding metamaterials as an ex-
ample, the phase pattern primarily determines the scattering directions of a reflective
or transmissive metasurface, according to the generalized Snell’s law [91]. By applying
basic scattering-pattern calculation and the convolution operations, various scattering
patterns are obtained. For more customized design, a fast pattern algorithm is proposed
recently [86], for arbitrary scattering direction in a single- or multi-beam field. Finally,
the simulations and experiments should be performed for verifications.

Various functionalities realized by information metamaterials

Thanks to the outstanding manipulation capacity and simple configuration, information
metamaterials have achieved luxuriant utilities from microwave to optics [56, 88, 90].
In Fig. 3, we list several typical works of information metamaterials, to exhibit their
excellent performance on tailoring the EM field. Figure 3a presents a THz coding meta-
material for RCS reduction [88]. A coding element is presented based on a Minkowski
closed-loop with two resonances at 0.8 and 1.6 THz, which helps smooth the phase re-
sponse in the frequency domain. Hence, by applying the appropriate coding patterns, a
broadband low reflection coding metasurface is realized. Figure 3b exhibits a new
modulation mechanism for information metamaterials [89], by using photodiodes and
varactors. The programmable element integrated with varactors generates multiple
phase states for reflected wave. To select these states, the light-controlled photodiodes
are employed to dominate these varactors. As a result, the metasurface pattern is able
to be totally modulated by visible light. Another popular topic of metasurfaces is the
design of anisotropic functions [90, 92]. In Fig. 3c and d, an anisotropic coding meta-
surface is realized in terahertz [90], as well as a coding unit for dual-polarizations. The
anisotropic design usually means multi-functions, since two or more degrees of free-
dom are utilized. In this work, the authors deployed different sizes in two orthogonal
directions (x- and y-axis) in one element, and achieved total 16 units (2-bits in two po-
larizations). Under the illumination of different-polarization incidences, the metasurface
scatters the energy into opposite angles. Also, as we mentioned above, non-reciprocal
phenomena were also realized recently with information metamaterials [84, 85]. In Fig.
3e, a nonreciprocity-reprogrammable metasurface is proposed [84]. With the integra-
tion of adjustable amplifying transistors, the transmission of the metasurface is con-
trolled by the supplying voltage, which is further controlled by FPGA. Thus, four
distinct transmission states are successfully actualized and encoded into digital codes.
In addition, the vector beams are realized on the metasurfaces [64, 93, 94]. In Fig. 3f,
we show a vector beam modulator to encode information on the orthogonal
polarization bit and OAM mode bit [64]. A special coding unit is applied in this work
for independent control of polarization and reflection-phase, due to the orthogonality
between x-, y-polarization and OAM modes. Comparing to the previous phase coding,
such coding methods provide extra information bits, having higher channel capacity.

Principle of information metamaterials
After the coding process, the underlying purpose of information metamaterials is to
perform digital interactions and operations directly based on the EM fields. For this
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Fig. 3 The various functions realized by information metamaterials. a A broadband THz coding metasurface
for RCS reduction. (from Fig. 1 of Ref. [88]). Reproduced with permission from Ref. [88] under a Creative
Commons Attribution-NonCommercial-NoDerivs 4.0 International License. Copyright 2015, Springer Nature.
b A light-controlled programmable metasurface. (from Fig. 1 of Ref. [89]). Reproduced with permission from
Ref. [89] under the terms of the Creative Commons Attribution License. Copyright 2018, WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. ¢ and d The anisotropic coding metasurface in THz. (from Fig. 1 of Ref. [90]).
Reproduced with permission from Ref. [90] under a Creative Commons Attribution-NonCommercial-NoDerivs
40 International License. Copyright 2016, Springer Nature. e A nonreciprocity-programmable metasurface. (from
Fig. 1 of Ref. [84]). Reproduced with permission from Ref. [84]. Copyright 2019, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. f A combination coding metasurface on orthogonal polarizations and OAM modes. (from Fig.
1 of Ref. [64]). Reproduced with permission from Ref. [64]. Copyright 2017, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim

purpose, several designs are proposed to establish the theoretical system. In this sec-
tion, we mainly introduce three theories: the scattering pattern calculation, the convo-
lution operation, and the information entropy, which occupy an important position in
this theoretical framework of information metamaterials.

The scattering pattern of information metamaterials

For information metamaterials, the scattered-field calculation is the basis for the further
functionality design. In Ref. [56, 76], the scattering pattern calculation for phase-coding
metamaterials is elaborately illustrated. In this section, we will introduce this process

Page 8 of 32
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briefly. In a generous situation, the information metamaterials are usually excited by a
plane wave, as shown in Fig. 4a. For an M*N metasurface, the functions of the scatter-
ing field in a spherical coordinate system can be written as [76],

M N exp{jlg,,, +koDx <m— ;) sinBcosp+
F(8,¢) = 1
(©¢) zm:zn: koDy (n— %)sin@cosgb]} W
where ¢,, , is the phase response of the element (m, n), D, and D, are the period
length along x- and y-axis. Once the coding pattern is determined, ¢,,, , is certain, so
the whole scattering field is calculated. In Fig. 4b and c, two typical chess-board pat-
terns are provided, in which the blue and yellow cells represent “0” and “1” codes, with
0° and 180° phase responses. The related scattering fields are shown in Fig. 4d and e,
where we can clearly observe the difference in the scattering directions of the four
beams when the coding period varies.

The convolution theorem of information metamaterials

The above principle offers us a method to analyze a certain coding pattern. However,
in most cases, the main demand is designing the pattern for a specific application, such
as beam deflection. For that purpose, the convolution theorem of the information
metamaterials is proposed [58]. Here, we use a 2-bit metamaterial as a proof of
principle to introduce this operation, where the greyscales represent the codes “0”, “1”,
“2”, and “3”. As shown in Fig. 5a-c, an addition operation on the coding patterns is pre-
sented, following the rules for quaternary numbers, but without carry-bit. Such a pat-
tern operation corresponds to the reflected-beam rotation, as depicted in Fig. 5d-f. As
we all known, a spectrum is moved by an impulse function in the frequency domain.

f(2) - &S £(0)x8(0-w0) = f(@0-wo) (2)

where 8(@ — @) is an impulse function, as illustrated in Fig. 5(g)-(i). Similar to the fre-
quency spectrum shift, this operation can be expressed as [58].

A Plane wave
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Fig. 4 The schematic of the scattering pattern calculation. a The field calculation schematic for the coding
pattern. (from Fig. 1 of Ref. [76]). b and ¢ Two typical chess-board coding patterns. (from Fig. 3 of Ref. [76)).
d and e The related scattering fields for the patterns in (b) and (c). (from Fig. 3 of Ref. [76]). Reproduced
with permission from Ref. [76] under a Creative Commons Attribution 4.0 International License
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Fig. 5 The convolution theorem for the information metamaterials. a-c The coding patterns operation on a
2-bit metasurface. (from Fig. 1 of Ref. [58]). d-f The related scattering fields. (from Fig. 1 of Ref. [58]). g-i The
expression in the frequency spectrum domain. (from Fig. 1 of Ref. [58)). j The calculated deflection angles
for the diverse coding sequence periods. (from Fig. 5 of Ref. [58]). k The possible scattering directions for 2-
bit information metamaterials. (from Fig. 5 of Ref. [58]). Reproduced with permission from Ref. [58] under
the terms of the Creative Commons Attribution License. Copyright 2016, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim

E(xy) - e/ sinbo PQTE(sinH)*S (sin6- sinby) = E(sin6- sinby) (3)

in which e/ "% describes the electric field generated by a gradient phase pattern.
Relative to the spectrum shift in the frequency domain, the above equation indicates
the spatial shift of the scattering beams, namely the coding convolution operation for
information metamaterials. More importantly, this coding sequence operation provides
more elaborate tailoring on the scattering angle, which overcome the discontinuity in-
duced by coding discretization. The desired angle calculation can be obtained following
the equation below,

— il ) )
0= sin <\/ sin“0, £ sin 62) (@)

¢ = tan ' ( sin6,/ sinf)

where 0 and ¢ are the desired scattering angles, 6, and 8, are the scattering angles of
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operator sequences. To show its manipulating range, the authors analyzed the manipu-
lating range with a 2-bit coding metasurface, as presented in Fig. 5j and k. In Fig. 5j,
the deflection angles of the scattering beams almost cover from 0° to 90°, when the
period (M and N) of the coding sequence varies from 0 to 40. Figure 5k further dis-
cusses the possible scattering directions in the upper-hemisphere, indicated by the x-
and y-axis. We can observe that the attainable angles cover the upper half space.

The entropy in the information metamaterials

To measure the amount of information from the material perspective, Cui et al. have
proposed definitions of entropy for coding metasurface [59]. In previous theory, the in-
formation system is composed of transmitters, receivers and channels, where the
Shannon entropy is used to estimate the information in such system [95]. Similar sys-
tem is also established on metasurfaces and horn antennas, as exhibited in Fig. 6a and
b. When considering a general 1-bit coding metasurface, we only have four selections
for adjacent codes G(0,1), G(0,1), G(0,1) and G(0,1), as shown in Fig. 6¢c. Referring to
the normalized Shannon entropy, the author proposed the geometrical entropy and
physical entropy to describe the information carried by the coding pattern and far-field
pattern respectively, as shown in Fig. 6d. The expressions of the geometrical entropy
(Hy) and physical entropy (H,) are defined as [59]

Hy =-N"">" P(x) log,P(x) (5)

2 2
Hz = - ZZP,J logzPij (6)
j=1

i=1

in which N is the number of coding units and P(x) represents the corresponding prob-
ability, P; is the joint probability of a group G(i, j) representing two adjacent coding el-
ements. To clearly distinguish the entropy variation, a random diffusion is applied on a
1-bit coding pattern, as shown in Fig. 6e-g. In Fig. 6h, as the diffusion process deepens,
the entropy value also increases, in which the geometrical entropy and physical entropy
approaches nearly the same in the end. More interestingly, such a transformation is
similar to the entropy definition in thermodynamics, suggesting some potential
relationships.

Space-time-coding modulation systems based on information metamaterials
In above illustrations, the digital coding and programmable metamaterials are focused
on the spatial arrangement of coding patterns. As another important dimension, the
temporal modulation has attracted great attention in metasurface researches [77, 85,
96, 97]. To extend the digital coding to temporal dimension, time-coding and more
general space-time-coding digital metamaterials have been presented. As an important
property of the information metamaterials, the programmable coding element not only
brings the editable functions but also enables modulation in the temporal dimension.
By integrating with FPGA, the coding unit can be operated with a periodical-varied sig-
nal, namely bias voltage for PIN diodes. In this section, we introduce three representa-
tive works of time-varying modulators based on the programmable metasurfaces.
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Space-time-coding metasurfaces

In Ref. [77], Zhang et al. firstly proposed a space-time-coding digital metasurface, by
combining a programmable metasurface and FPGA temporal-control, as depicted in
Fig. 7a. When illuminated by a plane-wave of frequency f,, for a pattern-fixed metasur-
face, the scattering energy still remains at f.. However, when the coding pattern varies
in the time domain periodically with a specific frequency fp, as illustrated in Fig. 7a, the
scattering beams have different responses in harmonic frequencies f, + m f,. For differ-
ent harmonic points, the scattering directions are distinct. The authors presented a
scattered field calculation for the space-time coding metasurface at the mth harmonic

frequency f. + m f,, which is written as [77]

N M
F,.(0,¢) = Z ZEM(H, ®) exp{ji—f [(p-1)d.sinBcosp + (q-1)d,sinBcosg) }a;';

(7)

where d, and d, are the element periods along the x and y directions, respectively, and
Ac is the central operational wavelength; ay is the Fourier series coefficients of the
time-domain periodic function, written as

L., mm —j2m(2n-1)
any = Zl% sinc (T) exp [f] (8)

With the above method, the space-time coding pattern is able to generate arbitrary
propagation directions. Figure 7b and c exhibit a space-time pattern for the beam-
deflection, producing a field listed in Fig. 7d. More interestingly, the 2-bit space-time
coding pattern can be equivalent to a 3-bit spatial coding pattern when employing the
time-varying modulation, as illustrated in Fig. 7e. With more bits, the scattering pat-
terns can be designed in higher precision. Except for the manipulation on beam-
deflection, the space-time coding metasurface is also capable of beam shaping, and
scattering-signature control. In Fig. 7f, an orbital angular momentum forming pattern
is presented. And Fig. 7g shows a calculated pattern of the OAM beam.

In addition to the beam-steering, time-varying approaches are applied for breaking
the reciprocity [85, 97]. As presented in Fig. 8a, a non-reciprocal transmission is real-
ized on 2-bit programmable metasurface, validating the method through space-time
coding. For a reciprocal reflective metasurface, the relative angle does not change
whether it is in the forward or reverse incidence. In contrast, once the pattern is imple-
mented with a time-varying modulation, the forward incidence of f; at the angle 9; is
reflected to at f5. According to the symmetry, when a reverse incidence of f, comes at
the angle 6, the reflected wave does not return to f; at the angle 6,, but to a new angle
0 at a new frequency f;, which obviously breaks the time-reversed symmetry. Such
kind of system is classified as a non-reciprocal system. Figure 8b and c exhibit the fabri-
cated metasurface and experimental environments, where the metasurface is excited
and received with linear-polarized horn antenna, and the phase pattern is fully con-
trolled by FPGA. The measured results are listed in Fig. 8d and e, from which the non-
reciprocal transmission is clearly observed.
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Fig. 7 The space-time coding metasurface. a The illustration of the space-time coding metasurface. (from
Fig. 1 of Ref. [77]). b and ¢ The space-time coding pattern for beam-deflection. (from Fig. 4 of Ref. [77]).

d The calculated scattering pattern of the configuration in b and c. (from Fig. 4 of Ref. [77]). e The designed
equivalent pattern for a 3-bit modulation. (from Fig. 2 of Ref. [77]). f and g The equivalent pattern and
scattering pattern for an OAM beam. (from Fig. 4 of Ref. [77]). Reproduced with permission from Ref. [77]
under a Creative Commons Attribution 4.0 International License

Time-domain manipulator on harmonics

The independent phase-amplitude control is a challenge for ultrathin metasurface. The
integration of active devices in such a thin structure can easily cause mutual interaction
between reflected amplitude and phase, as well as extra losses. But for time-modulating
digital coding metasurfaces, the harmonic offers another important method to tailor on
amplitude and phase responses. In Ref. [78], Dai et al. presented an independent con-
trol on both parameters with space-time coding metasurfaces, as presented in Fig. 9a.
To realize the programmable property, a reflected element embedded with four varac-
tors (SMV-2019, Skyworks) is designed in Fig. 9b, providing a phase range of more
than 270°. The bias voltage is implemented through the transverse metal belt, which is
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Fig. 8 The non-reciprocal transmission achieved by space-time coding metasurface. a The schematic of the
non-reciprocal transmission obtained by a time-varying coding pattern. (from Fig. 1 of Ref. [85]). b and ¢
The fabricated metasurface sample and the measurement environment. (from Fig. 6 of Ref. [85]). d and e
The measured scattering fields at different harmonic frequencies. (from Fig. 6 of Ref. [85]). Reproduced with
permission from Ref. [85]. Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

connected with the top patch via holes. As the varactor capacitance alters, the phase
and magnitude are dependent on each other. To achieve independent control, a new
degree of freedom needs to be induced. Before the final deviation, the authors firstly se-
lected two phase responses ¢ and ¢. Then the spectral expression for the reflected

wave is written as
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Fig. 9 The time-domain modulator on harmonics. a The schematic of the time-domain information metamaterials.
(from Fig. 1 of Ref. [78]). b The designed programmable element. (from Fig. 2 of Ref. [78]). ¢ The configuration of the
metasurface. (from Fig. 3 of Ref. [78]). d The fabricated sample and the measurements. (from Fig. 3 of Ref. [78]). e and f
The simulated and measured results for the independent control on phase and amplitude. (from Fig. 5 of Ref. [78]).
Reproduced with permission from Ref. [78] under a Creative Commons Attribution 4.0 International License. Copyright

2018, Springer Nature
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Furthermore, the amplitude and phase of the k”*-order harmonic are summarized as
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Within the above calculation, the extra phase shift is obtained as another dimension,
which is totally independent of the element features. Hence, the synthetic manipulation
has independent manipulation on both phase and amplitude. Figure 9c gives the config-
uration of the designed metasurface, where a digital-analog conversion (DAC) module
and an analog amplifier module are employed for varactor control. The fabricated
metasurface and the measurement arrangement are shown in Fig. 9d. The simulated
and measured results are listed in Fig. 9e and f, respectively, showing good agreements
on the modulation performance.

Wireless communication systems based on information metamaterials

One fascinating application of the information metamaterials is communication, which
has been actualized on the programmable metasurfaces with two distinct architectures.
In the traditional communication systems, the digital data is successively processed by
DAC, mixer, amplifier, filter, and finally transmitted by antenna. In the receiving sys-
tem, a similar process is executed again to obtain the original data. Such a communica-
tion system requires the integration of multiple components and high system-
complexity. To reform the traditional transceiving mechanism, Cui et al. proposed a
direct transmission architecture based on the programmable coding metasurface [79],
which significantly simplifies the system complexity. As shown in Fig. 10a, the proof-
of-principle system is composed of the programmable metasurface, FPGA and feed
source. By arranging the specific codes from FPGA, the metasurface reflects the energy
to the specific directions, where several receivers are located at several fixed locations.
The energy detected by the specific receiver represents the distinct information data,
which directly establishes the communication mechanism. On the basis of this system,
the authors designed a series of coding sequences such as “01010101”, to produce the
scattering pattern, encoding as the transmitting codes. The manufactured prototype is
shown in Fig. 10b, as well as a customized FPGA is given in Fig. 10c.

The main challenge of this communication system is channel noise restraining, since
some scattering patterns are difficult to distinguish. A self-optimization is firstly per-
formed to select appropriate radiation patterns, namely transmitting codes. To main-
tain the system bit error ratio under an acceptable range, the authors applied the order
maximum modulation of the quadrature phase shift keying modulation [98]. In Fig. 10d
and e, the measured results are given, in which a binary image of Lena is transferred
from transmitter to receiving horns. It is clearly observed that the image is almost per-
fectly recovered, verifying its performance. Moreover, communication systems with
such distributed receivers are also practicable for secret communications.

Except for the spatial energy redistribution, another communication framework is re-
lied on the time-domain coding metasurface, proposed by Zhao et al. [80]. As we intro-
duced above, the temporal modulation promises desirable control on both phase and
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amplitude of harmonics, which is naturally applied for information representing. Bene-
fited from the programmable metasurface, such a communication mechanism similarly
demands low system complexity and cost. As presented in Fig. 11a, a reflective meta-
surface embedded with varactor diodes (SMV2019) is designed. The elements in each
column are driven with the same voltage, through via holes and transverse belts. When
illuminated by an incidence of f,, the metasurface with time-varying pattern reflects a
field of E,(f), which is written as

E,(f) = aoEi(f) + Y _[aEif-kfo) + aEi(f + kfo)] (11)

k=1
where f; is the modulation frequency of varactor diode, as well as the coding pattern.
In the traditional communication system, these +k”_order harmonics are the serious

Bit Generating
stream control signals

control
signals

- R
receiver =" ° : L

Fig. 11 The harmonic communication system based on a space-time coding metasurface. a The
programmable metasurface embedded with varactors. (from Fig. 3 of Ref. [80]). b The configuration of the
communication system. (from Fig. 4 of Ref. [80]). ¢ The measurement environment for communication test.
(from Fig. 4 of Ref. [80]). Reproduced with permission from Ref. [80] under the terms of the Creative
Commons CC BY license
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interference for channels, which need to be suppressed as much as possible. On the
contrary, the authors used these “interference” to transmit the coding information and
explore implementation of a binary frequency-shift keying (BFSK) coding method, by
synthesizing two basic carrier frequencies. Four 2-bit coding sequences are designed as
“02020202”, “01010101”, “01230123”, “32,103,210”, having distinct amplitude responses
on the and order harmonics. The configuration of the binary phase shift keying trans-
mitter is exhibited in Fig. 11b, only composed of a programmable metasurface and
FPGA for the data process. Comparing to the traditional heterodyne architecture, the
metasurface and FPGA in the present system replace the complicated DAC, analog-
digital conversion and a series of RF components, suggesting better simplicity and effi-
ciency. In measurements, as shown in Fig. 11c, the transmitter fixed on a rotatable table
emits a picture, while a receiver composed of a soft-defined radio receiver (NI USRP
RIO 2943R) and an omnidirectional antenna demodulates the information.

Programmable imaging systems

Relative to the wireless communications, imaging is another popular application, which
has been realized from microwave to visible regime [99-102]. Among the plentiful
methods, metasurfaces yield more advantages because of its unprecedented capability
on phase and amplitude control of propagation wave. Besides, the subwavelength di-
mension offers a higher resolution and efficiency than the traditional holograms, which
are restricted by the disturbing Floquet modes. Moreover, the simplified structure and
ultrathin profile bring the metasurfaces with more application potentials. However,
most previous metasurfaces were designed with static images or functions, which mani-
festly hinders its development. To solve that defect, imagers and holograms based on
the programmable metasurfaces have been proposed with customizable features [81—
83]. In this section, we discuss three imagers made of information metamaterials, to
realize the single-sensor single-frequency imaging, reprogrammable holograms, and
machine-learning imaging, respectively.

Single-sensor single-frequency imager

The conventional imaging system usually requires a sensor array to detect discrepant
scattering information, to sequentially resolve the matrix. To simplify the system frame-
work, the concept of single-sensor imaging is proposed in 2008 [103]. But this kind of
imager requires reconfigurable patterns or radiation modes for solving the coefficient
equation. This requirement can be exactly satisfied with programmable metasurfaces.
Li et al. presented a single-sensor single-frequency imager using a transmissive
programmable metasurface [83], as shown in Fig. 12a. Two PIN diode is integrated on
each unit cell, leading to four different response states as “00”, “01”, “10”, and “11”. The
relationship between objects and measured data can be described with the following

coefficient matrix

v G G ... Giv|| o1
v _|Gu Gn (o)) (12)
ViP ) Gp1 Gpn | | on

where 0, G, and V are object-area vector, system response matrix and measurement
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Fig. 12 The single-sensor single-frequency imager based on a 2-bit programmable metasurface. a The fabricated
metasurface and the measurement configuration. (from Fig. 4 of Ref. [83]). b The sampled information of the
generalized system response matrix. (from Fig. 4 of Ref. [83]). ¢ Three metallic objects for imaging. (from Fig. 4 of Ref.
[83]). d The measured imaging results for the objects in (C). (from Fig. 4 of Ref. [83]). Reproduced with permission from
Ref. [83] under a Creative Commons Attribution 4.0 International License

results respectively. Since the metasurface is composed of 25*25-unit array, P and N
are set as 25, and the matrix is composed of 25*25 = 625 units. Logically, the above
matrix operation is expressed as V= Gg, and 6= G™'V, which means the sub-object
area number determines the measurement time. Fortunately, a diverse radiation pattern
is switched easily with the programmable metasurface and FPGA. By applying the scat-
tering field calculation, the final results of imaging are easily obtained.

Figure 12a illustrates the measurement environment of the presented imager, which
is illuminated by a single horn antenna. The coding pattern on the metasurface is con-
trolled by FPGA and computer. By varying the on-off patterns of diodes, the relative
amplitude of Green function is changed distinctively, as shown in Fig. 12b. Three
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imaging objects, made from thin copper layers, are presented in Fig. 12c. And the final
measured results are showed in Fig. 12d, suggesting good consistency with objects.

Reprogrammable metasurface hologram

Hologram is one of the fascinating technologies to encode the image information on
the specific media. Some metasurface holograms have been proposed with full-color
[104], high efficiency and resolution [105]. Although metasurfaces yield many advan-
tages on the holograms, most works on metasurfaces are passive and immutable, im-
peding its function extension. Before the presented work, alterable hologram still
encounters the challenges of active device integration and regulation circuit design. To
promote this situation, Li et al. presented a programmable hologram based on the in-
formation metasurface [81]. As illustrated in Fig. 13a, a coding element (6*6*2 mm® ~
0.156*0.156*0.05 \?) inserted with a PIN diode is applied [56] to build up a phase-
modulating pattern. Similar to the phase-programmable metasurfaces we discussed
above, when the DC bias voltage controlled by FPGA changes, the phase pattern on the
metasurface is altered as well. Profit from such architecture, the hologram design is
simplified into the optimization on the coding patterns. Inspired by the continuous
Gerchberg-Saxton (GS) algorithm, the authors proposed a modified GS algorithm for a
digital coding pattern. All these patterns calculated on the computer are able to be
switched in real-time with digital control, as we showed in Fig. 13a.

In experiment demonstration, a metasurface with 20*20 supercells (each supercell
contains 5*5 elements, the total dimension is 600*600 mmz) is fabricated and measured.
A broadband horn antenna (from 6 to 14 GHz) is employed as a feed source, while a
standard waveguide probe is used for scanning the image. To fully validate its perform-
ance, the authors design 16 letters as “LOVE PKU! SEU! NUS!”, related to 16 distinct
coding patterns. The measurement results are listed in Fig. 13b, where the text is
clearly observed, further validating its feasibility.

Machine-learning imager

For microwave imagers, switching speed and quality have become a dilemma since the
time and resources cannot be duly handled simultaneously [99, 106]. To address that
problem, compressive sensing algorithm is proposed, but demands for greater source
consumptions [107]. Recently, such an obstacle has been efficiently tackled by
machine-learning techniques [108, 109]. However, before its direct implementation on
the metasurface imager, a rigorous physical configuration needs to be resolved. This
situation is mainly resulted from the lack of a fast-switchable, low-cost and high-
performance EM-wave manipulation device. Starting from this idea, Li et al. proposed a
programmable metasurface imager equipped with a machine-learning algorithm [82].
As illustrated in Fig. 14a, the presented digital metasurface system is trained with vari-
ous scene samples for producing high-quality images and realizing high-accuracy classi-
fication. In the machine-learning theory, the measurement modes are iteratively
learned from the training samples so as to collect information characteristics as much
as possible (M <« N), as shown in Fig. 14b. With the aim of dynamic modulations, a re-
programmable element with 2-bit phase states is presented in Fig. 14c. Three PIN di-
odes are embedded on a metal bar to alter the electric length for distinct phase
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Fig. 13 The programmable holograms based on the information metasurfaces. a The diagram of the programmable
holograms using metasurface. (from Fig. 1 of Ref. [81]). b The collected data of the design text images. (from Fig. 4 of
Ref. [81]). Reproduced with permission from Ref. [81] under a Creative Commons Attribution 4.0 International License

250 mm

responses, encoded as “00”, “01”7, “10”, and “11” states, corresponding to phases of 0,
90°, 180 °, and 270 °, respectively. Figure 14d introduces a demonstration for the real-

time programmable metasurface imager, where a moving person behind a wall is

displayed.
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In the measurement modes training, a two-step strategy is applied as follows: (1) the
radiation patterns are firstly trained with the machine-learning algorithm; (2) the cod-
ing patterns are then optimized for the target radiation patterns. For the coding pattern
optimization, GS algorithm is applied here to solve the discrete coding problem. Two
linear embedding techniques, the random projection [110] and principal component
analysis (PCA) [111] are applied here. In Fig. 14e, the experiment environment is
shown, in which a testing person is arranged in a microwave anechoic chamber with
different poses. After 400 measurements, the imaging results using the machine-
learning with PCA and random projection are listed in Fig. 14f and g. We observe that
the machine-learning with PCA has better performance and classification correctness
than with the random projection. The successful combination between the information
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Theme change
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Fig. 14 The machine-learning imager. a The illustration of the machine-learning metasurface imager for
different scenes. (from Fig. 1 of Ref. [82]). b The schematic of the training process using PCA method. (from
Fig. 1 of Ref. [82]). ¢ The designed 2-bit coding element. (from Fig. 1 of Ref. [82]). d The illustration of a real-
time imager for a moving person behind a wall. (from Fig. 2 of Ref. [82]). @ The images of the tested
person. (from Fig. 2 of Ref. [82]). f and g The reconstructed image using PCA and random projection. (from
Fig. 2 of Ref. [82]). Reproduced with permission from Ref. [82] under a Creative Commons Attribution 4.0
International License
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metamaterials and artificial intelligence not only improves the performance, but also of-

fers a new direction for smart devices.

Smart systems based on the information metamaterials

Looking back on decades of metamaterial developments, though showing multifarious
special natures, both traditional metamaterials and digital information metamaterials
require human instructions and design. Such architecture is hard to break through the
shackles of functions, to achieve intelligent modulation. For metamaterials, especially
information metamaterials, intelligence has become an inevitable issue. In our previous
articles [112, 113], we envisioned that software-defined metamaterials have been fully
established on the basis of the programmable units with various functions, while the
metamaterials are equipped with learning abilities on the present framework. However,
before the learning process, the sensing components need to be integrated with meta-
structure to collect enough datasets. Hence, in this section, we introduce two original
intelligent devices on information metamaterials with unprecedented processing archi-
tecture, in which a definition of smart metamaterials will be discussed in detail.

Self-adaptive smart metasurface

As we discussed above, the previous metamaterial functionalities are all based on the
human instructions and pre-designs. Without the pre-defined configuration, the meta-
materials are unable to make a decision by itself. Before the self-decision making, the
metamaterials should firstly be capable of sensing the surrounding variations. For better
understanding, we assume that there is an airborne metamaterial communicating with
a satellite, as shown in Fig. 15a. When the attitude and flying direction of airplane
change, the metamaterial can self-adaptively adjust its radiation beam to aim to the sat-
ellite. To accomplish such intelligence, the metamaterial demands a sensing and feed-
back channel for decision-making. From this idea, Ma et al. proposed a smart
metasurface equipped with a gyroscope sensor to monitor the moving states of the
metasurface. The gyroscope returns the angle data on a 3-axis coordinate, and FPGA
automatically calculates a coding pattern for desirable focusing directions. In this archi-
tecture, two important components, sensor and its micro-controlling unit, are added to
complete a processing loop, as illustrated in Fig. 15b. Hence, comparing to the previous
programmable metamaterials, smart metasurface no longer requires human instruc-
tions with the presented architecture. Most importantly, the authors offered a definition
for smart metamaterials as follows. Smart metamaterials are able to initiatively sense
the surrounding information, and react to the specific functions according to the pre-
designed algorithm. To establish such mechanism, a sensor for feedback is necessary to
fully close the sensing-feedback-reaction loop for the smart metamaterials.

To realize the aforementioned functions, a 2-bit phase-programmable metasurface is
designed and fabricated, as exhibited in Fig. 15b. Two PIN diodes (SMP1320 from SKY-
WORKS) are integrated on each meta-atom to obtain four distinct phase responses,
encoded as “00”, “01”, “10”, and “11”. Moreover, a fast feedback algorithm is developed
to acquire the coding patterns for arbitrary beam-deflection fields, according to the
data from the sensors. FPGA further executes the bias configuration on PIN diode

array. Diverse beam functionalities are designed and demonstrated, including single- or
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Fig. 15 The schematic of the smart metasurface. a The example situation for self-adaptive smart metasurface.
(from Fig. 1 of Ref. [8]). b The illustration of a closed-loop system for smart metasurface. (from Fig. 1 of Ref. [86]).
Reproduced with permission from Ref. [86] under a Creative Commons Attribution 4.0 International License.
Copyright 2019, Springer Nature

multi-beam deflection, beam scanning, RCS reduction and votex beam. In addition, the
presented smart metasurface is promised to extend other sensors on this platform, as
depicted in Fig. 16a, where the metasurface is supplemented with the sensors for light,
humidity, height and heat. Therefore, more dimensions on the sensing functions can be
developed as well. Take the light sensor for example (showed in Fig. 16b and c), when
the environment luminance alters, the metasurface switches the scattering pattern from
dual-beam to low-scattering, on the basis of the pre-defined algorithm. Figure 16d pro-
vides the photograph of the complete samples with multiple sensors, as well as their
status. The measured and simulated results in Fig. 16e and f have good consistency

with each other, verifying the performance.

Intelligent imager and recognizer

The development of the Internet of Things has promoted a series of intelligent devices,
especially for the in-door space, where the RF signal is a great medium for locating
[114], posture sensing and recognition [115-117]. However, these devices are specific-
ally designed into some fixed configuration, which can hardly be redefined for succes-
sive tasks. Besides, complex system setup and high-cost hardware further impede its
promotion and application. To tackle these challenges, Li et al. presented an artificial
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Fig. 16 The extensible integration of smart metasurface. a The sensors integrated with smart metasurfaces.
(from Fig. 6 of Ref. [86]). b and ¢ The light sensing and the specific reactions with different scattering patterns.
(from Fig. 6 of Ref. [86]). d The photograph of the smart metasurface integrated with multiple sensors. (from
Fig. 6 of Ref. [86]). e and f The comparison of the measured and simulated results. (from Fig. 6 of Ref. [86)).
Reproduced with permission from Ref. [86] under a Creative Commons Attribution 4.0 International License.
Copyright 2019, Springer Nature

neural network-driven intelligent metasurface for adaptive EM data collection and pro-
cessing. Three purposes are aimed to solve, as shown in Fig. 17a, (1) in situ high-
resolution imaging of multiple people in one scene; (2) fast focusing on the assigned
target spot with low interference; and (3) real-time monitoring on human postures and
vital signs. A programmable metasurface with 32*24 digital units (54*54 cm?) is realized
by integrating a PIN diode on a patch structure, as shown in Fig. 17b. the related elem-
ent responses are given in Fig. 17c, in which a 180° phase-difference is clearly observed.
The complete system configuration is illustrated in Fig. 17b, which is divided into active
and passive modes. In the active mode, two antennas act as the transmitter and receiver
respectively, while in the passive mode, both of them are receivers.

The data-flow chart of the intelligent metasurface is provided in Fig. 17d, composed
of metasurface manipulation and microwave data processing. The microwave data is
first operated by a convolutional neural network (CNN) (IM-CNN-1) for full-body im-
aging. Then it is further processed by a well-developed faster CNN (Faster R-CNN) to
locate the specific spot, such as chest for breath detection, and hands for gesture recog-
nition. After the collection, the desirable coding pattern is calculated by the modified
GS algorithm for the target scattering pattern. Hence the metasurface is able to reflect
the energy on the specified human body part. Within this method, the interference sig-
nal is obviously eliminated, while signal noise ratio of echoes is enhanced. In addition,
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Fig. 17 The intelligent metasurface for recognition and imaging. a The typical scenario of the human sensing
and gesture recognition. (from Fig. 1 of Ref. [87]). b The designed programmable metasurface with 1-bit phase
responses, as well as the architecture of intelligent system. (from Fig. 1 of Ref. [87]). ¢ The phase and amplitude
responses of coding element. (from Fig. 1 of Ref. [87]). d The data processing flow of the presented intelligent
metasurface. (from Fig. 2 of Ref. [87]). Reproduced with permission from Ref. [87] under a Creative Commons
Attribution 4.0 International License. Copyright 2019, Springer Nature

another CNN (IM-CNN-2) is arranged to deal with the microwave data to identify the
hand signs, as listed in Fig. 17d. In the frame of the cognitive metamaterials, the estab-
lishment of recognition and learning mechanisms presented in this work may pave the
farther blossom of the smart metamaterials.

Conclusions

In this paper, we review the recent five-year development of information metamaterials
from the original concept to the information systems. We focus on illustrating the basic
coding concept inspired by digital information theory, design methods and working
mechanisms, including three important theorems. Finally, we emphatically introduce
several system-level works based on the information metamaterials, from the
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programmable communication and imaging to the smart metasurfaces and recognizer.
Looking back at the development trend of information metamaterials since its first
presentation, we can summarize several important stages. The first stage, the initial idea
of coding metamaterial was to present a new design method from digital perspective,
successfully bridging the conventional physical world and digital world. This method
not only simplifies the design complexity, but also exhibits superior performance on
scattering pattern manipulation. The second stage, the theoretical system was further
completed since the convolution operation, coding information entropy, and addition
theorem were successively proposed. Besides, more functionalities like vector-beam,
and more coding dimensions like polarization-bit and OAM-bit were developed during
this time. The third stage, the information metamaterials evolved into programmable
configuration for real-time modulations of waves and information, namely the space-
time-coding metamaterials, which dramatically promoted the progress on applications,
especially on the communication and imaging systems. Several important systems were
proposed on tailoring the spatial scattering fields, harmonics and the equivalent phase
and amplitude responses, due to the easy reprogrammable and low-cost properties. In
the fourth stage, the information metamaterials have stepped into the adaptive and
smart age, with the recent works on the self-adaptively smart metasurface and intelli-
gent imager and recognizer. An important definition of smart information metamateri-
als was presented, as well as a proof-of-concept device integrated with sensors and
feedback channels. The smart metasurfaces can sense the surroundings and do not re-
quire human intervention anymore to decide a reaction. On the other hand, an artificial
intelligence algorithm was combined for sensing and recognition on human physio-
logical state and behaviors.

For the future stage, we envision that the information metamaterials should have cog-
nitive ability, which necessarily includes the sensing, processing, learning, and memory
abilities for the information from surroundings. In our recent works [86, 87], the pri-
mary sensing and recognition mechanisms have been explored by combining the sen-
sors and artificial-intelligence algorithms. Upon these groundworks, higher level of
integration of the metamaterial structure and system architecture deserves adequate
studies. To establish the cognitive system, the present programmable metamaterials re-
quire more technical equipment including the artificial intelligence, big data, cloud pro-
cessing, and so on. Except for software, the hardware framework requires evolution. On
the basis of the programmable metasurfaces and FPGA controller, other parts like sen-
sors, memory, and high-performance processors are indispensable. Moreover, all these
components are better modularized, miniaturized, and highly composite, which de-
mand long-term researches. In a word, the intelligence progress of the information
metamaterials will be bewitching but challenging. With the continuous development of
5G communication networks, in the scenario of the Internet of Things and even the
interconnection of everything, the application potentials of information metamaterials
will fully explore.
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