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Coding metamaterials, digital metamaterials and
programmable metamaterials

Tie Jun Cui**, Mei Qing Qi"*, Xiang Wan"¥, Jie Zhao' and Qiang Chengl’2

Metamaterials are artificial structures that are usually described by effective medium parameters on the macroscopic scale, and these
metamaterials are referred to as ‘analog metamaterials’. Here, we propose ‘digital metamaterials’ through two steps. First, we present
‘coding metamaterials’ that are composed of only two types of unit cells, with O and = phase responses, which we name ‘0O’ and ‘1’
elements, respectively. By coding ‘O’ and ‘1’ elements with controlled sequences (i.e., 1-bit coding), we can manipulate
electromagnetic (EM) waves and realize different functionalities. The concept of coding metamaterials can be extended from 1-bit
coding to 2-bit coding or higher. In 2-bit coding, four types of unit cells, with phase responses of 0, #/2, =, and 37/2, are required to
mimic the ‘00’, ‘01’, ‘10’ and ‘11’ elements, respectively. The 2-bit coding has greater freedom than 1-bit coding for controlling EM
waves. Second, we propose a unique metamaterial particle that has either a ‘O’ or ‘1’ response controlled by a biased diode. Based on
this particle, we present ‘digital metamaterials’ with unit cells that possess either a ‘O’ or ‘1’ state. Using a field-programmable gate
array, we realize digital control over the digital metamaterial. By programming different coding sequences, a single digital metamaterial
has the ability to manipulate EM waves in different manners, thereby realizing ‘programmable metamaterials’. The above concepts and

physical phenomena are confirmed through numerical simulations and experiments using metasurfaces.
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INTRODUCTION

Metamaterials are artificial structures that are engineered to obtain
unusual properties,' such as negative refraction,> perfect lensing or
superlensing,® and invisibility cloaking.”™' The current metamaterials
are generally classified into two types on the basis of their structural
arrangements: homogeneous (with periodic structures) and inhomo-
geneous (with non-periodic structures)." The primary studies on meta-
materials focus on periodic structures with subwavelength scales, which
are described by uniform macroscopic medium parameters. Using spe-
cial designs of unit structures, electromagnetic (EM) waves can be con-
trolled either by extreme values of effective permittivity and permeability
(e.g., negative refraction and perfect lensing owing to a negative index of
refraction”* and high-directive emission and tunneling effects owing to
a zero index of refraction'®™**) or by anisotropic effective medium pro-
perties.”>™” For the periodic structures that cannot be described by the
effective medium theory, such as photonic crystals, the allowed and
forbidden energy bands are used to manipulate EM waves.'"®'® In con-
trast, special designs of non-periodic structures with subwavelength
geometries that change over a gradient, which normally behave as mac-
roscopic inhomogeneous metamaterials, have considerably more free-
dom to control EM fields. Transformation optics™ provides a powerful
tool for designing ideal anisotropic and inhomogeneous metamaterials
to arbitrarily control wave propagations, polarizations, and scattering
properties to realize unusual physical phenomena and novel devices,
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including invisibility cloaks, concentrators,” optical illusions

and novel lenses.>** The conventional geometrical optics method and
Fermat principle provide an alternative approach for designing gradient
refractive index metamaterials> for generating high-performance anten-
nas,”*® high-resolution imaging lenses,* low scattering cross-sections>’
and even for performing mathematical operations.”’ Recently, metasur-
faces, either periodic or gradient metasurfaces, have also been investi-
gated to manipulate EM waves.**

Based on the effective medium theory, existing metamaterials,
either periodic or non-periodic structures, are usually characterized
by continuously macroscopic media with effective permittivity and
permeability, either homogeneous or inhomogeneous. The ‘continu-
ous’ feature results in the existing metamaterials being classified as
’analog metamaterials’. Della Giovampaola and Engheta recently pre-
sented a method for constructing ‘metamaterial bytes’ through proper
spatial mixtures of ‘digital metamaterial bits’,*® in which the “digital
metamaterial bits’ are some material particles that possess distinct
material properties (e.g., Si with a positive permittivity and Ag with
a negative permittivity). However, the resulting metamaterial bytes are
still described by the effective medium parameters.®® Here, we propose
the general concepts of ‘coding metamaterial’, ‘digital metamaterial’
and ‘programmable metamaterial’. Here, digital metamaterial means
that a single metamaterial can be digitally controlled to obtain
distinctly different functionalities. To realize the coding metamaterial,
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we shall introduce two types of unit cells with 0 and 7 phase responses
to mimic the ‘0’ and ‘1’ elements for 1-bit digital such that they can be
controlled using existing digital technology. These ‘0’ and ‘1’ elements
do not need to be described by macroscopic medium parameters. By
designing coding sequences of ‘0’ and ‘1’ elements in coding metama-
terials, we can manipulate EM waves to obtain different functionali-
ties. This concept can be extended to 2-bit or more.

In fact, the opposite-phase methods have been widely used in the
antenna and optical communities. By designing a thin, artificial per-
fect magnetic conductor (with 0 phase) and combining the perfect
magnetic conductor cells with perfect electric conductor (with 7
phase) cells in a chessboard-like configuration,*® the reflections of
any normally incident EM plane waves will cancel out, resulting in
the reduction of radar cross-sections (RCSs). Similarly, the binary-
phase (or multi-phase) grating has been intensively studied in diffrac-
tive optics, which are generated by multi-layered dielectric masks with
designed etching patterns.*"** For example, for a phase shift of 7, the
etching depth has to be approximately equal to the wavelength of
light,*' which is electrically large for microwaves. The related area also
includes spatial light modulators,* which impose certain forms of
spatially varying modulations on the light beams. By combining with
metamaterial particles, metamaterial absorber spatial light modula-
tors were realized in the terahertz frequencies.***’

In this article, we propose coding metamaterials and demonstrate
their ability to manipulate EM waves by using different coding

sequences of ‘0" and ‘1’ metamaterial particles. We further propose a
unique metamaterial particle that can realize either a ‘0’ or ‘I’ element
controlled by a biased diode. Then, we construct a digital metamaterial,
which is composed of the unique particles with either the ‘0’ or ‘1’ state.
By using field-programmable gate array (FPGA) hardware, we realize
digital control over the digital metamaterial. Through numerical simu-
lations and experiments, we demonstrate that a single digital metama-
terial has distinct abilities for manipulating EM waves controlled by the
FPGA program, thereby realizing a ‘programmable metamaterial’.

MATERIALS AND METHODS

1-bit coding metamaterials

All results in this article are based on the concept of coding metamater-
ials. We start with 1-bit coding metamaterials. As shown in Figure 1a,
we consider a special metasurface that is composed of binary digital
elements of ‘0’ or ‘1’. The physical realization of digital elements is not
unique, but it requires distinct responses to obtain significant phase
changes in order to have considerable freedom to control EM waves. In
the binary case, the maximum phase difference is 7 (or 180°). Hence, we
design the ‘0’ element as a metamaterial particle with a 0 phase response
and the ‘I’ element as a metamaterial particle with a 7 phase response.
In this way, the phase responses of the ‘0’ and ‘1’ elements are simply
defined as ¢, =nmn, (n=0, 1). The simplest ‘0’ and ‘1’ elements can be
chosen as perfectly magnetic and electric conductors. However, to reach
a broad frequency band, we utilize a subwavelength square metallic
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Figure 1 The 1-bit digital metasurface and coding metasurface. (a) The 1-bit digital metasurface is composed of only two types of elements: ‘0" and ‘1'. (b) A square
metallic patch unit structure (inset) to realize the ‘0’ and ‘1’ elements and the corresponding phase responses in a range of frequencies. (¢, d) Two 1-bit periodic coding
metasurfaces to control the scattering of beams by designing the coding sequences of ‘0" and ‘1’ elements: (c¢) the 010101.../010101... code and (d) 010101.../
101010... code.
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Figure 2 Full-wave simulation results of 1-bit periodic coding metasurfaces to demonstrate their ability to control scattering patterns by different coding sequences
under the normal incidence of EM waves. (a—¢) The 1-bit metasurface structures with periodic coding sequences: (a) 000000.../000000..., (b) 010101.../010101...,
(c)010101.../101010... and their corresponding near-field distributions on the observation planes vertical to the metasurfaces. (d—f) The analytical results calculated
by Equation (1) of the coding metasurfaces with coding sequences: (d) 000000.../000000..., (e) 010101.../010101... and (f) 010101.../101010..., from which a
single main scattering beam, two main beams, and four main beams are generated by using different coding sequences. (g—i) The full-wave simulation results of
coding metasurfaces with the coding sequences of (g) 000000.../000000..., (h) 010101.../010101... and (i) 010101.../101010..., which are in good agreement with

the analytical predictions. EM, electromagnetic.

patch printed on a dielectric substrate to realize the binary elements (see
the inset of Figure 1b). The substrate has a thickness of /=1.964 mm
with a dielectric constant of 2.65 and loss tangent of 0.001; the metallic
patch has a thickness of +=0.018 mm with a width of w; and the
periodicity of the unit cell is a=5 mm. When the patch widths are
designed as 4.8 and 3.75 mm, the phase difference is approximately
180° in a broad band. In particular, from 8.1 GHz to 12.7 GHz, the
phase difference ranges from 135° to 200° (it is exactly 180°at 8.7 and
11.5 GHz). Hence, we use the patch particle with w=4.8 mm as the ‘0’
element and that with w=3.75 mm as the ‘1’ element, which are easily
fabricated in a single-layered dielectric board to construct metasurfaces.
Note that the absolute phase response of the ‘0’ element may not be 0 at
a specific frequency, but this case does not affect any physics because the
phase can be normalized to 0.

In contrast to the existing analog metamaterials that utilize effective
medium parameters or special dispersion relations to control EM
fields, the coding metamaterials simply manipulate EM waves through
different coding sequences of ‘0’ and ‘1’ elements. For example, under
the periodic coding sequence of 010101.../010101..., the normally
incident beam will mainly be reflected to two symmetrically oriented
directions by the metasurface, whereas under the periodic coding
sequence of 010101.../101010.../010101.../101010...,*" the normally
incident beam will mainly be reflected to four symmetrically oriented
directions, as illustrated in Figure 1c and 1d. To quantitatively illus-
trate the above physical phenomena, we consider a general square
metasurface that contains NX N equal-sized lattices with dimension
Din which each lattice is occupied by a sub-array of ‘0’ or ‘1’ elements,
as shown in Supplementary Fig. S1. The distribution of ‘0> and ‘1’
lattices can be arbitrary. The scattering phase of each lattice is assumed
to be p(m,n), which is either 0°or 180°. Under the normal incidence of

doi:10.1038/Isa.2014.99

plane waves, the far-field function scattered by the metasurface is
expressed as:

f(0.9)=1(0.9)

N N 1
Z Z exp{— i{®(m,n)+kD sin 0[(m—1/) cos® +(n—15) sin®] }% )
m=1n=1
where 0 and ¢ are the elevation and azimuth angles of an arbitrary
direction, respectively, and f,(0,p) is the pattern function of a lattice.
Note that the absolute phase response of the ‘0’ element can be placed
in f,(0,p) to ensure that its relative phase is 0. Hence, the directivity
function Dir(0,p) of the metasurface can be given as

Dir(0,0) = 4x(f (0.0) / J: J:/Z (00)Psin0dode (2

Table 1 The optimized codes for different lattice numbers N

N Code sequence RCS reduction (dB)
6 001011 —12.08
7 0011010 —14.64
8 00110101 -15.82
10 0001010110 -18.39
12 001001110101 —-19.75
14 00111110110101 -2141
16 0011110110101010 -22.37
20 01000100110000110101 —23.58

RCS, radar cross-sections.
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Figure 3 Full-wave simulation and measurement results of a non-periodic 1-bit coding metasurface to suppress the main scattering beams under the normal
incidence of EM waves. (a) The metasurface structure with an optimized 1-bit coding sequence given in Table 1. (b) The fabricated sample in an F4B dielectric
substrate of the optimized 1-bit coding metasurface. (¢) The simulation and measurement results of monostatic RCS reductions over a wide frequency range from 7.5
to 13 GHz. (d—f) The simulation results of 3D bistatic RCS patterns at (d) 8 GHz, (e) 10 GHz and (f) 11.5 GHz. Itis observed that the coding metasurface redirects the
incident EM energy to all directions, and the EM energy in each direction is very small, making significant reductions in both monostatic and bistatic RCSs. 3D, three-
dimensional; EM, electromagnetic; RCS, radar cross-section.
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Figure 4 The 2-bit coding metasurface elements and their phase responses. (a) The ‘00’, ‘01’, ‘10" and ‘11’ elements (from left to right) realized by square metallic
patches with different sizes. (b) The phase responses of the ‘007, ‘01", ‘10" and ‘11" elements.
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Here, the f,(0,p) term has been eliminated. From the above equa-
tions, we clearly observe control over the scattered fields through
coding of the metasurface lattices.

For example, when all lattices are set as ‘0’ elements, we easily derive that
[/1(0,0)| = Cy|cos Y, +cos ,|; when the coding sequence is chosen as that
in Figure 1c or 1d, we have |5(0,p)|=GCsiny;+sinyy,| or |f(0,0)|=
Cs|cos iy cos |, in which C,, G, and Cs are constants, , =1/kD
(sin O cos® + sin Osin®) and ), =1/4kD(— sin 6 cos® + sin 0 cos®).
The analyses of the above expressions in the Supplementary Infor-
mation show that the normally incident waves will be scattered as a
single main beam, two main beams and four main beams, respectively,
using different coding patterns, as confirmed by the full-wave simula-
tions presented in Figure 2. Note that the analytical predictions
(Figure 2d-2f) are in good agreement with the full-wave simulations
(Figure 2g—21i) in all cases. Hence, we can use Equations (1) and (2) to
design complicated coding sequences to realize advanced functional-
ities of coding metasurfaces.

As an application, we aim to reduce the RCSs of metallic surfaces by
appropriately coding ‘0’ and ‘1’ elements. In fact, the invisibility cloak
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is one approach to reduce RCSs by forcing EM waves to bend around
the target,”® and the perfect absorber is another approach for reducing
RCSs by absorbing all incident EM waves.*®*® Here, we propose a new
mechanism for reducing the monostatic and bistatic RCSs by redir-
ecting EM energies to all directions through the use of a special ‘0" and
‘1’ coding. Relative to a metallic plate with the same size, the RCS
reduction caused by the coding metasurface is obtained as

12

) J .
RCS reduction = NDE hg%x[Dlr(O,w)} (3)

where / is the wavelength in free space. The best RCS reduction can be
achieved through optimizing the coding sequences of ‘0’ and ‘1’ lat-
tices, and the optimized codes for different numbers of lattices (N) are
listed in Table 1 when Dis fixed to /, in which the code sequences along
the horizontal and vertical directions are the same. In fact, the opti-
mized codes can operate in the broadband. Although such codes are
obtained at the fixed D=1, the RCS reduction remains nearly invariant
when D// changes from 0.6 to 3.0, as shown in Supplementary Fig. S2a.
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Figure 5 The 2-bit coding metasurfaces and their control over EM waves under different coding sequences. (a) A periodic 2-bit coding metasurface with the coding
sequence 0001101100011011... and the near-field distribution on an observation plane vertical to the metasurface. (b) The 3D far-field scattering pattern of the
periodic 2-bit coding metasurface. From near- and far-field results, we observe that the normally incident plane waves are reflected to an oblique angle, which is
consistent with the generalized Snell’s law due to the gradient phase change of the ‘007, ‘01", ‘10" and ‘11’ elements. (c) A non-periodic metasurface constructed using
an optimized 2-bit coding sequence. (d) The simulation results of monostatic RCS reductions over a wide frequency range from 7 to 16 GHz. (e-h) The simulation
results of 3D bistatic RCS patterns at 8 GHz (e), 10 GHz (f), 13 GHz (g) and 15 GHz (h). The 2-bit coding metasurface can provide a significant RCS reduction over a
wider frequency band than the 1-bit coding metasurface. 3D, three-dimensional; EM, electromagnetic; RCS, radar cross-section.
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Note that better RCS reduction is achieved for larger N. When N=20,
the RCS reduction is as great as —23 dB in a wide frequency band. To
further guarantee broadband performance, we show that the opti-
mized codes are approximately valid when the phase diffe-

rence between the ‘0’ and ‘1’ elements is in the vicinity of 180°

(Supplementary Fig. S2b). For all cases, when the phase difference varies
from 145°to 215% a RCS reduction of at least 10 dB is guaranteed.

To verify the above physical phenomena, we design and fabricate a
metasurface based on the optimized coding sequences, as shown in
Figure 3a and 3b, which contains 8 X8 lattices. The edge length of the
metasurface is 280 mm, the width of each lattice is 35 mm and each
lattice is composed of 7X7 ‘0’ or ‘1’ elements. The patterns in Figure
3a and 3b are designed symmetrically from the optimized coding
sequence 00110101 for N=8 in both the horizontal and vertical direc-
tions. During the fabrication, a commercial dielectric board (F4B) is
used, which has exactly the same parameters as those in the simula-
tions. The simulation results of monostatic RCS reductions obtained
using the commercial software CST Microwave Studio are presented
in Figure 3¢ for a wide frequency range under the normal incidence
(dashed line). Note that the 10-dB bandwidth of the RCS reduction in
the backward direction ranges from 7.8 to 12 GHz, which is consistent
with that for the phase difference. The experimental results (solid line in
Figure 3c) obtained from a measurement system, which are shown in
Supplementary Fig. S3, confirm the significant reduction of monostatic
RCSs in the broadband. To observe bistatic scattering features, three-
dimensional (3D) scattering patterns of the metasurface are presented
in Figure 3d-3f at three representative frequencies of 8, 10 and
11.5 GHz. As shown, the scattered fields are suppressed in low levels
in all directions, and the normalized bistatic RCSs are always less than
—10 dB. This is because the coding metasurface has been designed to
redirect the incident EM energies to all directions, and in each dir-
ection, the energy is small based on the energy conservation principle.
At 10 GHz, the small peak (below —10 dB) in the direction of the
incident wave is caused by the relatively large phase difference
(approximately 203°) (Figure 1b).

2-bit coding metamaterials

The concept of the coding metamaterial can be extended from 1-bit
coding to 2-bit coding or higher. In 2-bit coding, four types of unit
cells with distinct responses are required to mimic the ‘00’, ‘01’, ‘10’
and ‘11” elements. The 2-bit coding has greater freedom to manipulate
EM waves than 1-bit coding, but requires more complex technology
for digital control. Similar to the 1-bit case, the four types of unit cells
in 2-bit coding metamaterials should have phase responses of 0, 7/2, ©
and 37/2, corresponding to the ‘00’, ‘01°, ‘10’ and ‘11’ elements,
respectively. Hence, the phase responses ¢, are simply defined as
p,=nn/2, (n =0, 1, 2, 3).

To realize these metamaterial particles, we still make use of square
metallic patches with different sizes printed on a dielectric substrate to
design the ‘00, ‘01°, ‘10’ and ‘11’ elements in the broadband, as shown
in Figure 4. With 2-bit coding metamaterials or metasurfaces, we have
greater flexibility in controlling the coding sequences to reach wider
applications. For example, we design a simply periodic coding
sequence 0001101100011011..., as depicted in Figure 5a. Because
the adjacent four elements ‘00’, ‘01°, ‘10” and ‘11" have a gradient phase
change, based on the generalized Snell’s law,’*>* the normally incident
waves will be reflected at oblique angles, as confirmed by the simu-
lation results of near fields and by the 3D far-field scattering patterns
illustrated in Figure 5a and 5b. As an application, we optimize the 2-bit
codes on the same-size metasurface as that in the 1-bit coding to
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reduce the RCSs of a metallic surface. The optimized 2-bit codes for
this purpose are shown in Figure 5c. The simulation results of the
monostatic RCSs demonstrate the better performance of the 2-bit
coding metasurface (Figure 5d), in which the RCS reduction is below
—10 dB over a much wider frequency band from 7.5 to 15 GHz. The
3D scattering patterns at 8, 10, 13 and 15 GHz shown in Figure 5e—5h
further confirm the strong ability of 2-bit coding metasurface to sup-
press the bistatic RCSs.

RESULTS AND DISCUSSION

Based on the concept of coding metamaterials, we are able to not only
control EM waves by changing the coding sequences of ‘0’ and ‘1’ (or
00°, ‘01’, ‘10’ and ‘11°) elements but also create actual digital meta-
materials and programmable metamaterials.

Digital metamaterials

In the above section, two unit cells are used to realize the ‘0’ and ‘1’
elements in the 1-bit coding metasurfaces. To digitally control the ‘0’
and ‘1’ responses, we propose a unique metamaterial particle, as
shown in Figure 6a. Two planar symmetrical metallic structures
(Supplementary Fig. S4) are printed on the top surface of the F4B
substrate with a dielectric constant of 2.65 and loss tangent of 0.001,
and the structures are connected by a biased diode. Two metallic via
holes are drilled to connect the metamaterial structures with two
pieces of ground, which are used to input the biased direct current
(DC) voltage. The total size of the particle is 6X6X2 mm?®, which is
approximately 0.172X0.172X0.0572> at the central frequency. The
biased diode can be controlled by DC voltage. When the biased voltage
is 3.3 V, the diode is ‘ON’ and the corresponding effective circuit is
illustrated in Supplementary Fig. S5a; when there is no biased voltage,
the diode is ‘OFF’, and the corresponding circuit model is given in
Supplementary Fig. S5b. The numerical results obtained by inserting
the circuit models into CST Microwave Studio demonstrate that the
metamaterial particle behaves as a ‘1’ element when the diode is on and
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Figure 6 The metamaterial particle for realizing the digital metasurface and the
corresponding phase responses. (a) The structure of the metamaterial particle,
which behaves as ‘0’ and ‘1’ elements when the biased diode is ‘OFF" and ‘ON’,
respectively. (b) The corresponding phase responses of the metamaterial particle
as the biased diode is ‘OFF" and ‘ON’ over a range of frequencies.
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asa ‘0’ element when the diode is off. As clearly shown in Figure 6b, the
phase difference is approximately 180°in the frequency band from 8.3
to 8.9 GHz. At 8.6 GHz, the phase difference is exactly 180°.

Based on the metamaterial particle, we design and fabricate a sam-
ple of a 1-bit digital metasurface, as shown in Supplementary Fig. S6a,
6¢ and 6d. The digital metasurface contains 30X30 identical unit cells,
and each unit cell includes a biased diode (Supplementary Fig. S6d).
Every five adjacent columns of the unit cells share a control voltage,
which corresponds to a single bit of the control words. Hence, this is a
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one-dimensional (1D) digital metasurface, and the coding sequence
has six control words. As examples, we choose four coding sequences
to validate the concepts: 000000, 111111, 010101 and 001011. The
simulation results of 3D scattering patterns from the 1D digital meta-
surfaces are presented in Figure 7a—7d, respectively. As shown in
Figure 7a and 7b, the normally incident beams are directly reflected
back with the coding sequences 000000 and 111111 because they
mimic perfectly electric and magnetic conductors. Under the periodic
coding sequence of 010101, the normally incident beam is primarily

0
=30 30
%w
- 90
Coding Programming
sequence metasurface

010101

Figure 7 (a-d) Numerical simulation results of scattering patterns at 8.3 GHz for the 1D digital metasurface under different coding sequences: (a) 000000, (b)
111111, (c) 010101 and (d) 001011. (e—f) Experimental results of scattering patterns at 8.6 GHz for the 1D digital metasurface under different coding sequences: (e)
000000, (f) 111111, (g) 010101 and (h) 001011. (i) A flow diagram for realizing a programmable metasurface controlled by the FPGA hardware. 1D, one-dimensional;

FPGA, field-programmable gate.
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reflected in two directions by the metasurface, as illustrated in
Figure 7c. In the general coding sequence of 001011, the incident beam
is scattered as multiple beams with lower RCS values, as shown in
Figure 7d.

Programmable metamaterials

To digitally control the coding sequences, we design and realize FPGA
hardware,”® as shown in Supplementary Fig. S6b. Four switches are
used as triggers for different controls of coding sequences. When one
switch is toggled on, FPGA will output the corresponding coding
sequence. Consequently, we can digitally change the voltage distribu-
tions on the metasurface by toggling different triggers, which further
control the ‘ON’ and ‘OFF states of the biased diodes, thereby pro-
ducing the required ‘0’ and ‘1’ states of the digital metasurface. Hence,
the unique metasurface has different functions controlled by the FPGA
program, resulting in a programmable metasurface. A flow chart of
the programmable metasurface triggered by FPGA is presented in
Figure 7i. Experiments were conducted to verify the multiple abilities
of a single metasurface to manipulate EM waves. The measured scat-
tering patterns of the 1D digital metasurface obtained by triggering
coding sequences of 000000, 111111, 010101 and 001011 with FPGA
are presented in Figure 7e-7h. From these figures, we clearly observe
the multiple functionalities, which are in good agreement with the
numerical simulations shown in Figure 7a-7d.

CONCLUSIONS

We have proposed the concepts of coding metamaterials, digital meta-
materials and programmable metamaterials and presented designs
and realizations of these metamaterials, as well as experiments with
these metamaterials. The coding metamaterials are composed of only
two types of unit cells, with 0 and 7 phase responses, which we name
the ‘0’ and ‘1” elements. By coding ‘0’ and ‘1’ elements with controlled
sequences (i.e., 1-bit coding), we can manipulate EM waves and realize
different functionalities. The concept of the coding metamaterial can
be extended from 1-bit coding to 2-bit coding or higher. In 2-bit
coding, four types of unit cells, with phase responses of 0, /2, = and
37/2, are required to mimic ‘00, ‘01°, ‘10’ and ‘11’ elements, respect-
ively. The 2-bit coding metamaterials have greater freedom than 1-bit
coding metamaterials to control EM waves.

We also proposed a unique planar metamaterial particle in the
subwavelength scale that can realize either the ‘0’ or ‘1’ element con-
trolled by a biased diode. Based on this novel metamaterial particle, we
designed and realized a digital metamaterial, in which each element
has eithera ‘0’ or ‘1’ state controlled by the biased DC voltage. We have
constructed FPGA hardware to control the coding sequence, which is
the input for the the digital metamaterial. Hence, the single digital
metamaterial can be controlled by the FPGA program to obtain dif-
ferent abilities to manipulate EM waves, thereby realizing a program-
mable metamaterial.

The proposed coding metamaterials, digital metamaterials and pro-
grammable metamaterials are very attractive for a variety of applica-
tions, such as controlling the radiation beams of antennas (similarly to
phase-array antennas but using a different principle with a consi-
derably less expensive approach), reducing the scattering features of
targets and realizing other smart metamaterials. The proposed work
can be extended to the millimeter wave and terahertz frequencies.
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