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Fig. 1. Digitization of effective-medium metamateriall®l: (a) Discretizing and digitizing processes of effective-medium metamaterial;

(b) sampling, discretizing, and digitizing a required permittivity function using two metamaterial bits as building blocks.

158101-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 15 (2020)

158101

W AZ YT S AR AR A B 20 LA R OR i g BT A
BTG 1) SR B MUE A AIER. 17 [ — e [a]
Be, AT dahsr R i T R AR A
5 Engheta fF 58240 19 RAETT A AR, ABETEA P2
MAG BRI TSR, B3 T S
FTAETTIE, 12 RO AT SR R AR A BB 457
REL, 8 e AR K ) BTG ) 2 ) A A A i L
W, PEMSEBL T AT g B AL RL. 2SR E S
B, i BT 3 AR ik, b
)R TR AR SRR B304

N T GG ARSI SR BB R AR TT 30, A
HIFFEA B2 3t LA R S AR 22 180° HY) M1
FERRRL TR 1 HR 7 S B B AR O 1 1 B
JC, LA O A1 G A% BT A 25 18] HE 51 A 45 ] oL
B, VISRAT s A B R, S B Rk 2 80y
feicit (& 2). B, £ i e EASTTE BT,
40 s 4 1 BOURUT g PR RE P AR R A
9 BALIBE AR SIS 0 1 1 BT —HESZ 0 A (50
TR ARE AT 7 A AT L T P LB SR S o

P2 SRR Y BT o B SR AR B BT O B A ) 2

(b) 360

(c), (d) AN o7 B 7 510 T A B B 5, R 5 4 A [ Y D)

Fig. 2. Digital coding representation of metamaterials®: (a) Digital coding metamaterial; (b) the physical implementations of
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digital units 0 and 1 and their phase responses; (c), (d) electromagnetic responses under different digital coding sequences, showing

different functions.
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Fig. 3. Digital metamaterial and programmable metamaterial®: (a) An active digital meta-atom; (b) the phase responses of the act-

ive digital meta-atom under the 0 and 1 states; (¢) a programmable metamaterial controlled by FPGA; (d) the measured program-

mable functions under different digital coding sequences.
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Fig. 4. Information entropy of information metamaterials [: (a) The random 0 and 1 coding pattern; (b), (c) the far-field radiation

patterns of the random 0 and 1 digital coding metamaterial; (d) the geometric information entropy and physical information en-

tropy of the digital coding sequences from order to disorder.
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Fig. 5. Digital convolution theorem based on the information metamaterialsl®): (a)—(c) Three different digital coding patterns,

where (c) is obtained by adding (a) and (b); (d)—(f) the far field patterns of the corresponding digital coding patterns, showing the

shift property of radiation beam; (g)—(i) the spectrum shift property in the digital signal processing.
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Fig. 7. Real-time digital-metasurface imager®®: (a) The machine-learning metasurface imager can be optimized for different kinds of

scenes; (b) the illustration of training the reprogrammable imager; (c) the map of 2-bit coding digital metasurface, and the illustra-

tion of real-time imaging a moving person behind a wall, as well as measurement results.
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Fig. 8. Schematic description of the new-architecture QPSK wireless communication system based on the time-domain digital cod-

ing metasurface, which can transmit movies in real timel™!.
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Abstract

Metamaterials are artificial structures composed of subwavelength unit cells in periodic or non-periodic
arrays, which are regarded as one of the most important tops in today’s physics and information engineering.
Traditional metamaterials are characterized by effective medium theory, in which the array of differently-
shaped subwavelength particles can be described as an effective medium with effective permittivity and
permeability. The metamaterials allow us to engineer the medium parameters with unusual values, such as
negative permittivity and permeability, zero index of refraction, etc. In 2014, Cui et al. (Cui T J, Qi M Q, Wan
X, Zhao J, Cheng Q 2014 Light-Sci. Appl. 3 e218) proposed the concept of information metamaterial, which is a
digital version of the metamaterial with each unit cell described by digital codes representing different
reflection /refraction phases. The direct connection between information metamaterials and digital logic devices
allows the dynamic controlling of the electromagnetic (EM) waves by real-time programming the digital states
of each unit cell in the information metamaterials with preloaded digital coding sequences. As information
metamaterials build up a digital world (digital coding information) directly in the physical world, digital
information can be processed on the information metamaterials directly without any intermediate conversion
process, thus realizing the unification of microwave engineering and digital processing.

In this paper, we review the recent developments of digital coding metamaterials, programmable
metamaterials, and information metamaterials, mainly focusing on their basic concepts, working mechanisms,
experimental realizations, and system-level applications. Firstly, we introduce the concepts of digital coding and
programmable metamaterials and present their advantages to realize the dynamic controlling of EM waves at
low cost. The working mechanisms of isotropic, anisotropic, and tensor digital coding metamaterials are
described, following the first prototype of the programmable metamaterial. Then we introduce the concept of
information entropy for the information metamaterial and reveal the connection between the amount of
information carried by the coding pattern and the radiated field of the information metamaterial. Convolution
operation and addition theorem are further presented to show their powerful manipulations of EM wave in
generating arbitrary beam patterns pointing to arbitrary directions. Finally, we introduce three representative
system-level applications of information metamaterials, including a reprogrammable hologram imaging system
which can dynamically project different microwave images at the imaging plane through the preloaded coding
sequences stored in field programmable gate array (FPGA), a machine-learning reprogrammable metasurface
imager that can be trained in-situ to produce high-quality images and high-accuracy object recognition in the
real case at low cost, and directly digital wireless communication systems, in which the digital information is
directly processed and radiated to free space by using the information metamaterial and FPGA. The
information metamaterials are currently advancing towards higher frequencies (millimeter waves, terahertz, and
infrared) to have higher capacity of information, and are becoming more “intelligent” with the combination of
many advanced algorithms in computer science. We believe that the future information metamaterials possess
signatures of self-sensing, self-learning, self-adaptive, and self-decision.
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