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An ultrathin reflection-type metamirror is proposed for
multi-focusing with any desired focusing fashion including
focal number and location. The metamirror is composed of
reflection-type Pancharatnam—Berry (P-B) phase elements,
which are able to provide full reflection phase of 2z, to-
gether with near-unity reflection efficiency by judiciously
engineering the rotation angle of each latter element. A
holographic algorithm is utilized to calculate the phase dis-
tribution at the interface of the metamirror to achieve the
desired multi-focus spots. Experimental demonstrations
performed in microwave region show good imaging quality
with high reflection efficiency and imaging efficiency. The
proposed metamirror provides a high-performance solution
for low-cost and lightweight beam-shaping and beam-
focusing devices. ~© 2019 Optical Society of America
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Metasurface, a new subcategory of metamaterial, has attracted
much attention due to its outstanding ability in manipulating
wavefronts by introducing abrupt phase discontinuities at the
interface. Compared to 3D multilayer metamaterial, metasur-
face offers the benefits of negligible thickness, reduced absorp-
tion losses, and low cost of fabrication. Generally, a metasurface
is constituted by a two-dimensional (2D) array of subwave-
length resonators with specifically designed geometry [1] and
orientation [2,3] to manipulate the local phase and amplitude
of a scattering wave. So far, phase discontinuities-based meta-
surfaces have been implemented for various optical function-
alities, such as optical vortices [4-6], beam deflection and
focusing [7,8], hologram imaging [9-15], and beam-shaping
[16,17], showing great potentials in wave front manipulation.
Pancharatnam—Berry (P-B) phase elements based metasurface
is a planar artificial structure with specific rotational orientation
and angle under circularly-polarized (CP) incidence [18-20].

One of the most striking applications of metasurfaces is
metalens or metamirror for miniaturization and multifunction
applications, holding promises for system integration. For
metalens operating in transmission mode, the performance is
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closely related to the transmission efficiency, which usually
remains to a fairly low value due to the fundamental limits
and intrinsic Ohmic losses. The maximum efficiency achieved
with single-layer ultrathin metasurface has been shown to be of
the order of only a few percent [1,2,17]. Different transmis-
sion-type metasurfaces, for example, dielectric metasurfaces
[21], Huygens metasurfaces [22], multilayered metascreens,
and meta-transmitarrays [23,24] have been proposed to im-
prove the efficiency. However, these designs require a finite
minimum thickness, together with significant fabrication
challenges and frequency dispersion. Metamirror [25,26], a
reflection-type metasurface composed of artificial meta-atoms
printed on a thin dielectric substrate backed by a metal ground
plane, is not only able to operate over a broad wavelength range
but also keeps a high manipulation efficiency. Therefore, meta-
mirrors have been validated as efficient reflectors [27], wave
plates [28-31], blazed gratings [16], and holograms [32-34].

Recently, we proposed a theoretical approach based on spa-
tial energy distribution manipulation to achieve multi-focus
pattern in one-dimensional (1D) space from a Huygens’ meta-
mirror [35], where the phase distribution is applied along only
one axis. In this Letter, we experimentally demonstrate the
convergence of a circularly-polarized incident wave to any
desired position using a reflection-type P-B phase elements
based metamirror with a relatively high efficiency. Based on
the proposed P-B phase elements, a multi-focus metamirror
for converging the incident beam to specific positions is
validated in both simulations and measurements. Here a holo-
graphic algorithm is utilized to calculate the phase distribution
across the metasurface. The simulated results of four-focus and
five-focus metamirrors show good qualitative agreements with
theoretical calculations, implying that the proposed holography
based metamirror can achieve arbitrary focusing point number
and location. To further validate the performance of the pro-
posed metamirror, a four-focus metamirror is fabricated and
measured. The experimental result agrees qualitatively with
theoretical and numerical simulation results, indicating the
high efficiency performance and feasibility of the proposed

metamirror.
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The building blocks used to construct the multi-focus meta-
mirror are a set of reflection-type P-B phase elements, as shown
in Fig. 1(b). Each elementary element is composed of a double-
split ring resonator (DSRR) placed on the metal ground with a
thin dielectric substrate in between. According to the P-B phase
principle [22,36], an abrupt phase change, which is twice of the
rotation angle of the unit cells, can be introduced to the cross-
polarized component defined as the electromagnetic wave hav-
ing its electric field rotated in an opposite direction with regard
to the incident wave. Thus, by appropriately designing the ro-
tation angle, any desired reflection phase can be introduced to
the cross-polarized component. The proposed unit cell is simu-
lated using the commercial software CST Microwave Studio by
applying unit cell boundary conditions in x- and y-directions
under right-hand circularly polarized (RHCP) incidence, and
the simulated results at 10 GHz are shown in Fig. 1(a). The
phase change can cover the whole range of 2z, while the am-
plitude of the reflection coefficient keeps near unity, indicating
that almost all the incident energy can be transformed to the
cross-polarized component, which is the left-hand circularly
polarized (LHCP) wave, by the proposed unit cells. The
near-unity reflection also enables super conversion efficiency
compared to the maximum conversion efficiency of 25% in
previous single-layer thin metasurface design [3]. Here, we
stress on the fact that the thickness of the proposed unit cell
structure is only 2 mm (4y/15 at the operating frequency of
10 GHz), and there is no need to change the shape or the geo-
metrical dimensions of the unit cell, which greatly simplifies the
design process.

In order to achieve the desired multi-focus pattern, phase
distribution across the metasurface is calculated by the pro-
posed holographic algorithm. The method to realize multdi-
focus pattern consists in selecting ideal point sources as virtual
sources at the positions of the pre-designed focal positions, as
illustrated in Fig. 2 [35,37]. By superposing radiated field gen-
erated by all virtual sources, which can be described by Green
function, the virtual electric field distribution can be obtained.
Then the virtual electric field can be mapped onto the record-
ing plane where the metamirror is located and the phase delay
(p(x‘,yj, 0) j =1 to M) for each meta-atom at the position
of (x;,,0) can be calculated. Since the calculation of phase
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Fig. 1. Numerical characterization results of reflection-type P-B
phase elements. (a) P-B geometric phase variation (blue line) and
reflection coefficient (black line) of cross-polarized reflected wave.
(b) Schematic of unit cell composed of copper double-split ring
resonator (DSRR) (r = 2.4 mm, R = 2.6 mm, gap = 0.5 mm,
p = 6 mm) printed on a copper-backed dielectric substrate having
relative permittivity €, = 3.5 and thickness of 2 mm.
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Fig. 2. Schematic principle of the proposed holographic imaging
process. (a) Virtual and (b) reconstructed electric field for multi-focus
metamirror.

conjugation is equivalent to the time reversal for the
incident monochromatic wave, the phase delay of each
meta-atom should be set as -¢(x;, 7;>0) to achieve the desired
focusing imaging. In order to keep uniform focal intensity of
focal points, the weight factor w; is introduced to modify the
phase distribution on the metamirror. An iterative procedure is
proposed to obtain the modified phase distribution -¢(x;, Vps 0)
(j =1 to M), as follows:

B ef’e’/z> )

_qj;,) = -arg (Z |Ef71| r—

i=1 J?

where 7;; = \/(xj -x;)? + v -9,)? + (2;)? is the distance be-

tween jth meta-atom located at (x;,,,0) (j = 1 to M) and ith
focal point at (x;,7;,2;) (i = 1 to N), k is the phase constant,

and the superscript p represents the pth iterative step. |Ef_1|
denotes the electric field intensity of the ith focal point in
the (p - 1)th iterative step.

As the phase delay of each meta-atom located at (x;, ;, 0) is
determined to be -¢(x;, Vps 0), the reconstructed field can be
calculated by superposing the field component emitted by each
meta-atom. Since the radiation of the meta-atom also obeys the
Greens’ function, the reconstructed electric field at the position
of each focal point can be retrieved as

M e—i/er]v,-+i(/)‘]‘.7
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To demonstrate our proposed theory, four-focus and five-focus
metamirrors with uniform focal intensity distribution are
designed. In the near field imaging simulations, metamirrors
are characterized with open boundary conditions along
x- and y-axes and illuminated by a normally incident RHCP
wave at 10 GHz. For consideration of high resolution, the im-
aging (xoy) plane is designed to be 3.331 and 54 away from the
metamirror, respectively, for the four-focus and five-focus holo-
gram. According to the definition of the far-field region
r ~ 2D? /A, where D is the diagonal dimension of the metamir-
rors. The considered focal distances 3.3 and 51 are located
within the near-field region. The electric field intensity distri-
bution in both x0y and xoz planes for the two cases are shown
in Fig. 3. Figures 3(a) and 3(d) show the theoretical calculation
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Fig. 3. Results of the centered multi-focus metamirrors. (a) and
(d) Theoretical result, (b) and () simulated result in imaging (xoy)
plane, (c) and (f) simulated result in the y = 1.54 and y = 0 planes,

respectively.

results, and Figs. 3(b) and 3(e) present the simulated results in
the imaging plane. Figures 3(c) and 3(f) depict the simulated
results in the y = 1.54 and y = 0 planes for the four-focus and
five-focus hologram, respectively. The positions of the focus
points for the four-focus metamirror along y-axis are designed
to be -4.51, -1.54, 1.54, and 4.54, and the simulated focus
points are found to be -4.44, -1.54, 1.54, and 4.44. In the
same manner, the positions of the focus points for the five-focus
metamirror are designed to be -44, -24, 0, 24, and 44 along
y-axis, and simulation results show focusing at -3.94, -1.934,
0, 1.934, and 3.91. It can be clearly observed from the simu-
lation results that the incident wave is successfully converged
to the pre-designed focal points. The conversion efficiency is
simulated to be 81.59% and 81.34%, respectively, for the
four-focus and five-focus metamirrors.

Moreover, multi-focus pattern deviating from the central
line of the imaging plane are designed from the proposed high
efficiency arbitrary focal positions metamirrors. Focal points
are designed to be located along the line of x = 2.64 for the
four-focus metamirror and x = 44 for the five-focus metamir-
ror. Figures 4(a) and 4(d) show the theoretical calculations, and
Figs. 4(b) and 4(e) present the simulated results. Figures 4(c)
and 4(f) depict the phase distribution at the interface of the
two metamirrors calculated by the proposed holographic algo-
rithm. For both metamirrors, the numerical simulations show
good agreement with the theoretical designs.
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Fig. 4. Results of the off-centered multi-focus metamirrors.
Theoretical and simulated results of the electric field intensity distri-
bution and phase distribution: (a)—(c) four-focus metamirror and
(d)—(f) five-focus metamirror.
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To further verify the performances of the proposed meta-
mirror, the off-centered four-focus metamirror with 46 x 46
meta-atoms is fabricated using conventional printed circuit
board (PCB) technique. Measurements are performed using
a near-field scanning system with a fiber-optic active antenna
fixed on two orthogonal translation stages controlled by a mo-
tion controller and connected to one port of the vector network
analyzer (VNA). A feeding RHCP horn antenna connected to
the other port of the VNA is placed about 204 away from the
metamirror to guarantee a quasi-plane wave illumination at
10 GHz. Since measuring transmission coefficient in the im-
aging plane of the metamirror involves collecting both incident
and reflected electric fields, another measurement without the
metamirror is performed to collect only the incident electric
field as reference. The reference data is then subtracted from
the first measurement (with metamirror) to obtain only the
reflected electric field. Electric field polarized along x- and
y-axes is measured respectively, and the LHCP and RHCP
components can be calculated as £y pycp = \% (E, - iE,) and

Erucp = %(Ex + iE,). Figure 5(a) presents the measured

electric field intensity distribution at 10 GHz and Fig. 5(b)
shows the normalized intensity profiles along x = 2.64. The
measured positions of the focal points are located at (2.734,
-4.532), (2.674, -1.44), (2.64, 2.074), and (2.934, 5.077).
The first and second focal points deviate only slightly away
from their respective predesigned positions of (2.64, -4.54)
and (2.64, -1.54), and the corresponding measured intensity
distribution of the first focal point is weaker. The third focal
point deviates only along the y-axis by 0.574. However, the
fourth focal point presents a higher deviation along both x-
and y-axes. The main reason for this discrepancy is presumably
related to the feeding horn antenna deviating slightly off the
central axis of the metamirror, causing consequent deviation
of the fourth focal point.

Three parameters are adopted here to evaluate the imaging
quality of the holographic metamirror [37]: imaging efficiency,
signal-to-noise ratio (SNR), and root-mean-square error
(RMSE). The imaging efficiency, describing the ability to trans-
form the incident energy to the preset focal points, is calculated
by the energy concentrated in the preset focal points referenced
to the total energy on the measured plane. The SNR is used to
describe the ratio between the peak intensity in the image to the
standard deviation of the background noise, which can be cal-
culated by

SNR = 10 Ig(P,/P,), 4)
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Fig. 5. Experimental results for the off-centered four-focus meta-
mirror. (a) Electric field intensity distribution. (b) Normalized inten-
sity profiles along x = 2.64.
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where P is the peak intensity in the reconstructed image and
P, is the standard deviation of the background noise. The
RMSE, defined as the deviations between the measured inten-
sity ratios and theoretical values, is used to evaluate the manipu-
lation ability of energy allocation of focal points. It can be
calculated as

2
1 N

|E}1| Sﬂ
O e e T

N
TAIEL X
n=1

n=1

The parameters to evaluate the manipulation ability are calcu-
lated from the experimental data. The radius of each focal point
is set to be 4/2, and the imaging efficiency reaches a high level
of 57.8%, indicating that more than half of the energy on the
measured plane is concentrated on the focal points. RMSE of
the off-centered four-focus metamirror is calculated to be
5.17%, indicating little deviation between theoretical design
and measurement when the incident energy is transformed
to the pre-designed focal points equally. The SNR is calculated
to be as high as 13.2. Consequently, the experimental results
validate the high efficiency and good imaging quality of our
proposed multi-focus metamirror.

In conclusion, high efficiency mult-focus metamirrors
based on reflection-type P-B phase eclements are designed
and validated. The simulated and measured images of multi-
focus metamirrors show good qualitative agreement with the
theoretical analysis, and the experimental measurement per-
formed on an off-centered four-focus metamirror achieves high
quality with an imaging efficiency of 57.8%, SNR of 13.22 and
RMSE of only 5.17%. The proposed concept of metamirror
holograms expands the route to microwave applications on
holographic technologies, including computer-generated holo-
grams, antennas, illusions, security, and data storage.
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