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Metamaterials, artificially structured electromagnetic (EM) materials, have
enabled the realization of many unconventional EM properties not found

in nature, such as negative refractive index, magnetic response, invisibility
cloaking, and so on. Based on these man-made materials with novel EM
properties, various devices are designed and realized. However, quantum
analog devices based on metamaterials have not been achieved so far. Here,
metamaterials are designed and printed to perform quantum search algo-
rithm. The structures, comprising of an array of 2D subwavelength air holes
with different radii perforated on the dielectric layer, are fabricated using a
3D-printing technique. When an incident wave enters in the designed meta-
materials, the profile of beam wavefront is processed iteratively as it propa-
gates through the metamaterial periodically. After ~ /N roundtrips, precisely
the same as the efficiency of quantum search algorithm, searched items will
be found with the incident wave all focusing on the marked positions. Such
a metamaterial-based quantum searching simulator may lead to remarkable
achievements in wave-based signal processors.

In recent years, many efforts have been devoted to the design and Grovey
and realization of metamaterials since the experimental importa

demonstration of negative refraction in 2001.1 After nearly ally
20 years of research, different types of metamaterials from  prag

search algorithm.
oth from a fundamental standpoint, as it is usu-
g% cfficient than the best classical algorithm, and from a
al standpoint, because fast searching is central to solving

metamaterials,l'”  quantum metamate-
rials, 829 and so on.?'?/I Recently, the
concept of “computational metamaterials”
has been proposed.?#33] Mathematical
operations, such as spatial differentia-
tion, integration, and convolution, can
performed by using designed metagfffte-
rial blocks. The dimension at wagffength
scale of such kind of computingghachines
offers the possibility of mingfurized full-
wave computing systemsgffiat are several
orders of magnitude thgffner than conven-
tional bulky lens-bagd optical processors.
On the otherdffind, quantum compu-
tation has begff the focus of numerous
studies andgf expected to play an impor-
tant roled future information processing
sincedl outperforms classical computa-
tiggflat many tasks.?*! The excitement
Fer quantum computation is based on
just a few algorithms, the best known
being Shor’s factorization algorithm
301 The latter is extremely

microwave to visible frequencies have been fabricated, such as  g#fficult problems. Up to now, Grover’s search algorithm has

negative index metamaterials,! artificial magnetism meta-
erials 78] transformation optics metamaterials,®>~'! hypg
ive metamaterials,['* 1 nonljg#far

een implemented under many standard circuit models, such
as optical experiments,
and so on. The problem is whether Grover’s search algorithm

(37,38] 41

NMR systems,3%4% trapped ion,!

can be performed by using designed metamaterials. In this
go numerically and experimentally demonstrate the

garch aloorithm through dielectric
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designed metascreen like the oracle sub-
a) block, except for the items with 0.5z phase

transition being moved to the positions

around y = 0 (blue arrow). Similarly, dy and
&(y) are the length and effective permittivity
of the phase plate subblock, respectively.
When two reflectors (R, and R,) are fixed at
both ends of the structure, the incident pulse
will travel back and forth within the cavity,
each roundtrip representing one iteration of
the search algorithm. After a few iterations,
the optical fields are completely concentrated
on the searched positions and the marked
items are proven to be found.

The above designed cascaded subblocks
can be realized by drilling 2D subwavelength
holes array with different radii on a single
piece of dielectric layer based on the effective
medium theory (see the Supporting Infor-
mation). In this condition, the specific dis-
tribution of air holes on each subblock can
be engineered to implement its particular
function. It is worth noting that our design
principle is consistent with ref. [37] where the
Grover’s search algorithm has been realized
in lens-based optical systems. The important
difference is that all optical elements used in
our design are integrated on a single meta-
material, which provides the possibility of
highly compact, potentially integrable archi-
tectures within much smaller volume.

Our metamaterial is fabricated with a res-

Figure 1. Schematic qf the metamaterials implementir?g quahtunj search algori'thm. a) The olution at 0.016 mm, i.e., ~one-thousand of
general protocol of simulating quantum searching arithmetic with metamaterial. b,c) The . . .
photographs of the first and second metamaterial samples fabricated by using 3D-printing operational Wav.elength, b}.] usimg 3.D-p.r1ntlr.1g
technology. The two amplifying images plot the marked pggons of oracle blocks. In order to technology, which has wide applications in
reduce the influence of the optical diffraction, a gradual ed phase profile is used between ~ many domains, such as biomedical appli-
the positions of the targeted items (0.57 phase) and g ding areas (07 phase). cations and engineering.*”l Through the
reasonable design based on the effective
€ on the inci- medium theory, the air holes can be fabricated precisely with
ere Ay is the  3D-printing technology, which plays a key role in implementing
d dy, and €,(y)  the searching process with quantum efficiency. The modeling
subblock, respec-  material considered here is veroclear810, which is a kind of
in the narrow area  transparent material with the relative permittivity being 3.0 at
sition elsewhere. A the operating wavelength A, = 1.55 cm. The basic idea disclosed
blocks and the phase  in the present paper can also be applied, in principle, to any
fference marked by the = wavelength of interest, depending on the material parameters
ation by the sequences and the dimensions. Hence, in optical and near-infrared fre-
sion-about-average” opera-  quencies, metamaterials with chip-scale are possible to be fabri-
search algorithm.l®l Here,  cated to complete Grover’s search algorithm.

is replaced by the Fourier The main purpose of the paper is to perform the most basic
sform subblocks, which per-  verification of implementing Grover’s search algorithm with
bn the optical wavefront, can be  metamaterials. Consequently, the practical metamated
implementeg e-index (GRIN) metamaterials.?®l  designed to perform the simplest quaniyzzss
The correg tivities of the GRIN subblocks can  with only 1.5-iterations. Lhg
be exprg 1 — (7/2)%?], [yl < W, where W and  which can pe

by imprinting a spatially dependent pha
dent beam, E(y)—E(y)exp(i27/€n(y)d
wavelength of the incident beam in
are the length and effective permiti
tively. Here, 0.57 phase transitig
around the tagged items and
combination of two Fourier
plate subblock can conver
oracle subblock into a
=~FU,F, which is similg
tion (IAA) of the orj
the Walsh—Hadaryg
transform.’”] Ty
form the Fouyg
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Figure 1b presents the photograph of the printed metamate-
rial (3 cm thick) with the corresponding parameters being
&.=3.0,d,=dy=3a, W=51a and | = 574, respectively. Here, a
(=0.4 cm) is the size of the unit cell that divides our metamate-
rial system into a series of small square grids. The designed
GRIN block consists of 51 x 57 holes, and each hole occupies a
0.4 X 0.4 cm? square cell. The largest radius at the position of
y =210 cm is 0.1904 cm, and the smallest radius at y = 0.4 cm
is 0.0076 cm (0 cm at y = 0). In the case of the Uy, block, it
is composed of 51 x 3 holes, and each hole occupies the same
square cell as the GRIN block. The radius at the position with
0.57 phase transition (from —5a to —3a, blue arrow) is 0.1 cm,
and the radius at the position with On phase transition is
0.1841 cm. In order to reduce the influence of the optical dif-
fraction, the gradually varied radius (0.118, 0.134, 0.148, 0.161,
and 0.173 cm) is used between the positions of the targeted
items and surrounding areas. Moreover, the designed meta-
material can also perform multiitems search, when the oracle
subblock possesses more than one marked positions. In this
regard, we designed the second metamaterial with the tagged
items lying at two different locations (blue arrows), as shown in
Figure 1c. When the searching process is completed, the inci-
dent microwaves will focus on these two tagged positions.

In order to test the efficiency of the searching scheme, we
perform full-wave numerical simulations using the finite-
element method (COMSOL Multiphysics). Figure 2a shows
the snapshot of the electric field intensity throughout the first
metamaterial with the input function being E(y) = exp(—y?/20).
In this case, the FWHM value of the incident intensity equals
D =5.26 cm. In Figure 2b, we also plot the distribution of the
wave intensity |E(y)|? at the output plane with 0.5-iteration. It is
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found that the incident wave is mainly focused on the position
around the marked holes. However, there are still a few of the
electric fields not concentrated on the searched positions. With
the increase of the iterations, the concentration of electric fields
will become more significant. This is equivalent to the condi-
tion that the probability of the searched state increases continu-
ously (approaches to unity) with the increment of the searching
time serially. Figure 2c presents the distribution of the output
intensity with the beam propagating 1.5-roundtrips within the
metamaterial. It is clearly shown that the output microwaves
are nearly all concentrated on the marked positions with the
corresponding FWHM being d = 1.4 cm. We need to empha-
size that the FWHM value of the output intensity is not equal
to the real size of the marked space due to the inhomogeneous
distribution of the incident beam. Several little side peaks
are result of the diffraction effect in the process of iterations.
The corresponding snapshot of the field intensity is plotted in
Figure 2d. The ratio D/d can be interpreted as the size of the
database (N) for a single item search. A straightforward calcula-
tion demonstrates that the number of iterations performed on
the metamaterial is precisely consistent with the efficiency of
the quantum search algorithm 7./D/d/4~1.5,%% when the
marked items are located. It indicates that the designed meta-
material is capable of implementing the quantum search algo-
rithm. The phenomenon originates from wave interference
properties, entanglement is not necessary for the efficiency of
quantum searching arithmetic, as noted in refs. [37,38].

The snapshot of the electric field intensity throughout the
second metamaterial (with two marked items) is shown in
Figure 2e. The output profile is presented in Figure 2f. We
can see that only after 0.5-iteration, the incident electric fields
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Figure 2. Theoretical simulation of the quantum search algorithm. a,d) The snapshots for the intensity of the incident microwave throughout the first
metamaterial functioning as quantum searching simulator with 0.5- and 1.5-iterations, respectively. b,c) Simulation results for the output intensity of
the first metamaterial with the incident wave propagating 0.5- and 1.5-roundtrips within the metamaterial, respectively. ) The snapshot for the intensity
of the incident wave throughout the second metamaterial with 0.5-iteration. f) Simulation results for the output intensity of the second metamaterial
with the incident wave propagating 0.5-roundtrip within the metamaterial.
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Fj . Experimental measurements of the quantum search algorithm. a) The conceptual drawing of the experimental setup. b) Photograph of
t amic reflector. ¢,d) Time traces of the output intensities for the first metamaterial at positions of y = —1.4 cm and y = 1.4 c¢m, respectively.

perimental results for the profiles of the output intensity of the first metamaterial with 0.5- and 1.5-iterations, respectively. g) Experimental result
profile of the output intensity of the second metamaterial with 0.5-iteration.

nearly all concentrated on the two marked spaces. In fact,
ltiiterations searching processes (such as 2.0-iterations) can

o be realized in such a case, which will exhibit =+/N scaling

haviors as expected from Grover’s algorithm. The detailed

sults are provided in the Supporting Information.

To further validate our design, experimental measurements
are carried out. The conceptual drawing of the experimental
setup is illustrated in Figure 3a. In experiments, it is possible
to reduce the microwave scattering to two dimensions by con-
fining electromagnetic waves between two parallel conducting
planes. The microwave cavity is surrounded by the absorbing
materials to reduce the experimental errors induced by the
optical scatterings. A beam with a near-Gaussian distribution
in wavefront can be generated by a standard horn antenna at
Ku band. The pulse signals, whose carrier frequency and period
are 19.3 GHz and 100 ns, are generated by the arbitrary wave-
form generator (Keysight M9502A AxleChassis) with the pulse
width, 1 ns, being short compared to the roundtrip time (about
2.87 ns), and so that the pulse signals belonging to different
iterative times can be resolved by the oscilloscope (Keysight
DS0-Z 254A) with the sampling frequency being 80 GHz. And
a microwave amplifier (Keysight 830174) is also used to ensure
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a big enough signal input for detection. In addition, in order to
perform the searching process iteratively, we install two ceramic
(Al,O3) sheets on both ends of the metamaterial to make the
incident pulse travel back and forth within the cavity. Figure 3b
presents the photograph of the ceramic sheet. The reflectivity
of the ceramic sheet is about 55% with the corresponding
thickness being 1 mm (see the Supporting Information). In
Figures 3c,d, we plot two typical time traces with the probing
pin (monopole antenna fixed on the 3D scanner) locating at
y=-1.4 cm and y = 1.4 cm, respectively. Three discrete pulses
in time domain, each with a width of about 1 ns, are clearly
presented, which correspond to the searching signals for 0.5-,
1.5- and 2.5-iterations, respectively. The interval of the adjacent
signals is both nearly 2.87 ns equaling to the time of the pulse
travelling back and forth between the cavity mirrors. We can
see that the intensities at y = —1.4 cm (marked position) are
always larger than that at y = 1.4 cm. This is consistent with the
fact that the incident microwaves are focused at the searched
position and accumulated in time. We measured the entire
beam profile by recording traces, just as in Figure 3c,d, at dif-
ferent positions. It is noted that the bandwidth of the 1 ns pulse
signal is about 1 GHz. Consequently, the Fourier spectral

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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analysis (FSA) is needed to get the intensity of a specific fre-
quency. Combining intensities on different positions, the trans-
verse beam profile of the output signal can be drawn. The evo-
lution of such profiles of different roundtrips shows how the
algorithm proceeds.

As shown in Figure 3e,f, the experimental measured output
profiles with 0.5- and 1.5-iterations are nearly consistent with
the corresponding numerical simulations. The wider peak com-
pared to the numerical solution is the result of the imperfect
sample fabrication and minor variation for the incident wave
profile compared to the ideal condition. For example, it is very
difficult to print perfect air holes with small radii on the ver-
oclear810 layer. On the other hand, the multiitems searching
process with the other sample is also measured. As shown in
Figure 3g, the incident microwaves are almost concentrated
on the two marked positions with 0.5-iteration. The results of
multiple tests are consistent. The experimental demonstration
indicates that the quantum search algorithm can be simulated
successfully using the designed metamaterials, both for cases
with single and two marked items.

In summary, we have proposed and designed metamate-
rials to perform wave-based quantum search algorithm. To the
best of our knowledge, no studies have dedicated on this topic
before. Our numerical simulations and experiments clearly con-
firm that the searching efficiency, on such metamaterials fabri-
cated by 3D-printing technology, is the same as quantum com-
puting. Moreover, the general design principle in our device can
be applied, in principle, to any wavelength. Apart from imple-
menting Grover’s search algorithm, other quantum algorithms
can also be simulated based on the similar methods, such as
Deutsch-Jozsa algorithm. Our metamaterial approach for an
all-optical quantum searching simulator provides a new way
to shed light on quantum analog behaviors, which may lead to
remarkable achievements in wave-based signal processors.

Experimental Section

3D printing was utilized for the rapid prototyping of 3D models
originally generated by a computer-aided design program. The 3D
printer (Objet 1000 plus) was controlled with the computer program
(Objet studio) in this work. The printing temperature and humidity
were 20 ° C and 54%, respectively. The temperature of the printing head
was 67 °C. The support materials 249g sup705 and modeling materials
3578g veroclear810 were used. The printing time was 13.27 h. After the
completion of the printing process, the support materials were needed
to be clear away (water cannons flush tiny support materials) and the
modeling materials were needed to be baked. The baking temperature
and baking time were 50 °C and 10 h, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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