™ |

Check for
updates

Research Article

Optics EXPRESS

Flip-component metasurfaces for camouflaged
meta-domes

HONGCHEN CHU,' ® YE ZHANG,'! XIAOXUAN MA,’
XIANG XIONG,' ® RUWEN PENG,!:3 ® Mu WANG,':2:4
AND YUN LAI1-®

! National Laboratory of Solid State Microstructures, School of Physics, and Collaborative Innovation
Center of Advanced Microstructures, Nanjing University, Nanjing 210093, China

2 American Physical Society, 1 Research Road, Ridge, NY 11961, USA

3 rwpeng @nju.edu.cn

4muwang @nju.edu.cn

Jlaiyun@nju.edu.cn

Abstract: Allowing microwaves to transmit through without changing the wavefront is one
of the essential requirements of the dome structures of antenna arrays like radars. Here, we
demonstrate a microwave metasurface as an array of two types of meta-atoms, which are the flip
counterparts to each other. Due to the reciprocity and space-inversion symmetry, the wavefront
in the transmission is unchanged by the metasurface in a broad spectrum; while at the same time,
the wavefront in reflection can be manipulated independently by changing the arrangement of the
meta-atoms. Specifically, a random-flip metasurface that produces diffuse reflection is realized,
enabling a camouflaged meta-dome. The broadband, wide-angle, and polarization-independent
diffuse reflection and undistorted transmission are numerically and experimentally verified. Our
finding enables a unique meta-dome structure that has camouflage functionality.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In the past decades, as the two-dimensional (2D) counterpart of the bulky metamaterial [1,2],
metasurfaces [3,4] composed of subwavelength meta-atoms have shown tremendous power
in manipulating the intensity, wavefront, and polarization of electromagnetic waves, which
aroused great interest. To date, metasurfaces have been successfully employed in many intriguing
applications, including anomalous reflection and refraction [5-8], metalens [9—12], propagating-
to-evanescent wave conversion [13—17], high-efficiency holograms, and colorful holograms
[18-21], ultrathin invisibility cloaks [22—-26], antireflection coatings [26—29], structured light
generation [30-32] and polarization states converter [33-37], etc.

For most of the metasurfaces that allow both transmission and reflection, manipulated
transmission and manipulated reflection always appear in pairs [5,6,38—41], as schematically
shown in Fig. 1(a). This phenomenon usually applies to both the metasurfaces with resonant
phase shift [5—7] and geometric phase shift, i.e., Pancharatnam-Berry (PB) phase [38—42]. The
correlation between the manipulated reflection and transmission is understandable from the
properties of the interaction between light and meta-atoms. A resonance in the meta-atom usually
influences both the reflection and transmission. While for PB-phase-based metasurface, the
phase shifts of a PB meta-atom in transmission and reflection are equal [40,41]. Hence, the
wavefronts of both reflection and transmission are usually modified at the same time, leading to
the simultaneous existence of manipulated transmission and manipulated reflection.

However, in practice, there are many scenarios where only manipulated reflection is required.
The wavefront in transmission, on the contrary, is often preferred not to be influenced by the
metasurface, such that the information carried by the incident waves can be well conserved
and received by the device behind the metasurface. One typical case is the requirement of
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Fig. 1. Schematic diagram of the flip-component metasurface that controls reflection inde-
pendently. (a) Metasurface induces simultaneously manipulated reflection and manipulated
transmission. (b) The flip-component metasurface produces manipulated reflection and
ordinary transmission simultaneously.

transparency in optical systems, which demands that the wavefront of the transmitted light can
form a virtual image of the object. Very recently, a random-flip metasurface that realizes the
coalescence of diffuse reflection and undistorted transmission is demonstrated in the infrared and
visible frequency regime [43]. Such an intriguing phenomenon can eliminate the reflective image
and glare without sacrificing the transparency. Another important case is the dome structure of
antenna arrays like radars, which keeps the incident wavefront unchanged in transmission for
broadband microwave. On the other hand, configurable reflection is desired because it bestows
the precious functionality of camouflage. However, to date, such a dome structure that enables
camouflage has not been reported yet.

In this work, we demonstrate an ultrathin and freestanding microwave metasurface, which
supports ordinary transmission with unchanged wavefront and configurable reflection at the
same time. The metasurface is composed of two types of meta-atoms (components), which are
the flipped counterparts to each other. Such meta-atoms have exactly the same transmittance
and transmission phase under the protection of the reciprocity and space-inversion symmetry.
Therefore, the wavefront in the transmission is unchanged no matter what the arrangement of the
meta-atoms is. The reflection, on the contrary, can be independently manipulated by altering
the arrangement of the meta-atoms. As an example, we designed a metasurface that supports
diffuse reflection and undistorted transmission in a broad microwave spectrum for arbitrary
polarization. This remarkable property enables the realization of camouflaged meta-domes. The
polarization-independent and broadband performance of the metasurface is verified by numerical
simulations and both near-field and far-field measurements. Our work opens a metasurface route
towards camouflaged meta-domes.

2. Principle of independently manipulated reflection

To achieve the independently manipulated reflection and ordinary transmission simultaneously,
as schematically shown in Fig. 1(b), the phase shift distributions ®,(x, y) should be introduced
to the reflection without affecting the constant phase shift distributions of the transmission, i.e.
®,(x,y) = C. These two requirements can be simultaneously achieved by arranging two types of
meta-atoms with distinctly different reflection and identical transmission. To achieve this goal,
we consider a pair of meta-atoms, which are asymmetric in the normal direction and are the flip
counterparts to each other. In analogy with the two sides of a coin (heads and tails), such two
types of meta-atoms are referred to as “heads meta-atom” (HMA) and “tails meta-atom” (TMA).
The transmission and reflection coefficients of the HMA are ¢ and r, respectively, as schematically
shown in case I in Fig. 2(a). The reciprocity theorem ensures that when the incidence channel
and the transmission channel are exchanged (case II in Fig. 2(a)), the transmission coefficient
remains unchanged, i.e., t = ¢’. By carrying out space-inversion (flip) operation on case II, case
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III in Fig. 2(a) is obtained, where both the reflection and transmission coefficients are equal to
those of case II, i.e., ¥’ =t and ' = r”’. At the same time, the HMA (TMA) changes into the
flip counterpart, i.e. the TMA (HMA) in case I. Here, we note that to avoid the complication
of polarization change, the HMA and TMA are both designed to be symmetric in the x and
y-directions. By comparing case I and case III, it is found that HMA and TMA have exactly
the same transmission coefficients under any incident angle, i.e. ¢ = ¢”’. On the contrary, the
reflection coefficients of the HMA and TMA can be distinctly different, i.e., r # r’’. Hence, this
is a universal approach to designing two types of meta-atoms with identical transmission and
distinctly different reflection.

By using this method, we designed two types of meta-atoms represented in Fig. 2(b) as a proof
of concept in the microwave regime. The two types of meta-atoms are the flip counterparts to each
other. They are composed of two metallic layers of a Minkowski loop and a square frame separated
by a dielectric spacer with a thickness of 4 = 2mm and a relative permittivity of &, = 2.65. The
lattice constant of the meta-atoms is p = 10.2mm. The other detailed structural parameters of the
metallic patterns depicted in Fig. 2(b) are specified in the figure caption. Numerical simulations
based on the finite-element method are carried out to investigate the designed meta-atoms. The
calculated amplitude and phase in transmission and reflection for the two types of meta-atoms
under incidence with both transverse electric (TE) and transverse magnetic (TM) polarizations at
the incident angles of 0°, 30° and 60° are shown in Fig. 2(c-f), respectively, where the solid lines
depict HMA and symbols depict TMA. From Figs. 2(c) and 2(d), it is seen that the transmission
amplitude and phase of HMA and TMA are the same regardless of the incident angle and
polarization, which is coincident with the theoretical prediction. Figure 2(e) illustrates that
the reflection amplitude of HMA and TMA are also identical, because of the negligible loss
in the meta-atoms and the principle of energy conservation. However, the reflection phases of
the two types of meta-atoms depicted by ™4 and ¢4 are distinctly different, as shown in
Fig. 2(f). The reflection phase difference between HMA and TMA under normal incidence
reaches the maximum value of 180° at 11.16 GHz. Such a phase difference changes from 160° to
200° within the frequency range from 10.77 GHz to 11.57 GHz, as depicted by the gray shadow.
Bandwidth of such phase difference can be further extended by engineering the resonant modes
in the meta-atoms by optimizing the geometric parameters of the metallic patterns, the thickness
and permittivity of the dielectric spacer, etc. Moreover, since the meta-atoms have C4v symmetry
in the x-y plane, the reflection phase differences are the same for both TE and TM polarizations.
This phase difference varies slowly with the incident angle within +60°.

By arranging the two types of meta-atoms shown in Fig. 2(b) to construct a metasurface, the
reflection can be engineered by designing the pattern of the meta-atoms to form binary phase
distributions of reflection, i.e., ®,(x, y), where x and y represent the location on the metasurface
and @, can be either /M4 or ™A The transmission of the metasurface is uninfluenced by this
arrangement and ®,(x,y) = C is maintained. Binary phase elements have been adopted to realize
numerous electromagnetic wave controlling including diffuse reflection and transmission, beam
splitting, focusing, vertex beam generation, etc. Therefore, all these functionalities in reflection
can be integrated with the ordinary transmission, respectively, in the flip-component metasurface.
We also note that for incidence from the other side of the flip-component metasurface, the same
transmission phase distribution ®;(x, y) = C and a complementary reflection phase distribution,
ie., ®/(x,y) = —@,(x,y) + p™MA + oTMA i5 obtained. Thus the flip-component metasurface
with specific functionality works for incidence from both sides. In the following, we utilize a
random configuration to combine diffuse reflection and undistorted transmission, which might
find application in dome structures for radars, i.e. radomes.
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Fig. 2. The design of meta-atoms with identical transmissions and distinguishing reflections.
(a) The reciprocity principle and space-inversion invariance jointly guarantee the unchanged
transmission under the flip operation for the same incidence while the reflections can be
distinctly different. (b) The two types of meta-atoms are related to each other by the
space-inversion (flip) operation. Each meta-atom is composed of two layers of metallic
pattern separated by a dielectric spacer with a height of 1 = 2mm and a relative permittivity of
&r = 2.65. Other geometric parameters of the metallic pattern are p = 10.2mm, t = 0.036mm,
w = 0.5mm, m = 0.5mm, d| = 4mm, d) = 2mm and g = 1.1mm, respectively. (c-f) The
calculated amplitude and phase in transmission and reflection of the two types of meta-atoms
under TE and TM polarized incident beam at the incident angles of 0°, 30° and 60°,
respectively. The solid lines represent heads meta-atom (HMA) and the symbols represent
tails meta-atom (TMA).
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3. Camouflaged meta-dome with diffuse reflection and undistorted
transmission

Radome protects the radar from the damage stemming from the environment. Recently,
metasurface-based radomes, also referred to as meta-domes, have been demonstrated to improve
the scan range of the radar [44]. Here, we propose that a random-flip metasurface (RFM)
constructed by arranging HMA and TMA randomly can function as a camouflaged meta-dome,
as schematically shown in Fig. 3(a). Since the meta-dome does not change the wavefront of
incident waves in a broad spectrum, the radar protected by the meta-dome (depicted by red
color) can function normally. On the other hand, the random binary reflection phase produces
diffuse reflection that significantly reduces the signature of the reflection from the dome structure,
making the meta-dome more difficult to be detected by other radar (depicted by blue color).

(@)

() prny

Metasurface ==

Radar Il B REME: X

Emitting horn
antenna

% Probe

YYYYYY

Radar | " * B

(b) Simulated E_Lfori-'HM 3(_Ty (e) Measured E for PHM
T e T R—

0GHZ o = , 10z =
R =
T ———————
- “PHM PHM e e = PHM —

e B

==t——g =

Incidence Incidence - Incidence Tnc}d'éﬁce
(c) Simulated Ey of RFM (f) Measured Ey of RFM
0O ITHICEr = (gZCHZ (TR
—~ - ————— | —
- — - — | — N — —
- - | —

SO
RFM- RFM_ RFM - FH!H
—

FoZUFST =3

~Incidence - Incidence. ~ luéiden@

Fig. 3. The design of RFMs and camouflaged meta-domes. (a) Schematic of the camouflaged
meta-dome based on a RFM (left panel) and the optimized distribution of the two types of
meta-atoms (right panel). (b,c) The simulated electric-field distributions of scattered waves
for a PHM (b) and a RFM (c) under the TE-polarized normal incident beam at 10.77 GHz
and 11.57 GHz. (d) Experimental setup for near-field measurements. (e,f) The measured
electric-field distributions of the scattered waves for a PHM (e) and a RFM (f) under the
TE-polarized normal incident beam at 10.77 GHz and 11.57 GHz

Without loss of generality, here we design a random-flip metasurface that functions as a
camouflaged meta-dome by using the meta-atoms in Fig. 2(b). A supercell of square 3 x 3 HMA
or TMA is utilized as the metasurface block and referred to as the heads block or tails block,
respectively. The random-flip metasurface is composed of 8 x 8 metasurface blocks, i.e., 24 x 24
meta-atoms. The random pattern of the heads and tails block shown in Fig. 3(a) is optimized
by using the artificial bee colony algorithm, where the peak value of the scattering far-field is
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employed as the fitness value (see more details in Supplement 1). The scattered field distributions
of the designed RFM are simulated by full-wave simulations under the illumination of a normally
incident Gaussian beam. For comparison, a pure-head metasurface (PHM) composed of only
HMA is also investigated. Figure 3(b) shows the scattered electric fields of the PHM under a
TE-polarized incidence with the electric field along the z-direction at 10.77 GHz and 11.57 GHz.
It is seen that both the transmitted wave in —z half-space and the reflected wave in + z half-space
possess a plane wavefront. The scattered electric fields of the REM under the same incidence are
illustrated in Fig. 3(c), which shows that the transmitted wave is the same as the plane wave, just
like the case of PHM. While the wavefront of the reflected wave is disordered, in sharp contrast
to the case of PHM.

This phenomenon is also verified by microwave experiments. The RFM and PHM are fabricated
by printed circuit board technology. The experimental setup is shown in Fig. 3(d). An emitting
horn antenna 1.5 m away from the metasurface is used to generate a quasi-plane-wave incident
beam. The electric field is measured by a probing antenna mounted on a stepper motor. The
emitting horn antenna and the probing antenna are connected to a KEYSIGHT N5224B network
analyzer to acquire both the magnitude and phase of the microwave signal at the position of
the probing antenna. Considering that the width of the incident beam is broader than that of
the metasurface, microwave absorbers are placed surrounding the metasurface to prevent waves
from bypassing the metasurface. The measured scattered electric fields of the PHM and RFM at
10.77 GHz and 11.57 GHz in the y = O plane are, respectively, shown in Figs. 3(e) and 3(f). The
measured results are in good agreement with the simulation results, and this confirms that the
RFM simultaneously realizes diffuse reflection and undistorted transmission.

This phenomenon actually applies to a wide range of incident angles. Figures 4(a) and 4(b)
show, respectively, the simulated scattered electric fields of the PHM and RFM under a TE-
polarized beam at the incident angle of 30°. It is seen that PHM produces undistorted transmission
and specular reflection with an undistorted plane wavefront. Contrarily, in the case of RFM,
the specular reflection changes into diffuse reflection as manifested by the disordered wavefront
of the scattered waves. The measured scattered electric fields of the PHM and RFM under a
TE-polarized beam at the incident angle of 30° are shown in Figs. 4(c) and 4(d), respectively.
The measured results are coincident with the simulation results, verifying the diffuse reflection
and undistorted transmission of the RFM under oblique incidence.

We also investigated the far-field radiation pattern of the metasurface under the incidence with
different incident angles, frequencies, and polarizations. Figure 5(a) shows the far-field radiation
patterns of the PHM (left panel) and RFM (right panel) obtained by full-wave simulations under
TE-polarized normal incident beam from the z-direction at 11.16 GHz. In both cases, a strong
radiation lobe corresponding to the transmission appears in the same direction of the incidence,
indicating that the random configuration of the RFM has almost no influence on the transmission.
In the reflection, a large radiation lobe corresponding to the specular reflection occurs for the
PHM. However, many small lobes in different directions are observed in the reflection from the
RFM, indicating that the reflection is redistributed in various directions. The maximum intensity
of the radiation for all directions is much weaker than that of the specular reflection, which is the
hallmark of diffuse reflection. Figure 5(c) shows the simulated far-field radiation patterns of the
PHM (solid lines) and RFM (dashed lines) under TE-polarized incident beam with the incident
angles of ; = 10° and 6; = 30° at 10.57 GHz and 11.77 GHz in the y = 0 plane. From Fig. 5(c),
it is seen that the transmission lobes of the RFM and the PHM are almost identical and appear
in the direction of incidence. While the specular reflection lobes, as seen in the case of PHM,
changes into many small lobes in the case of RFM. Specifically, the intensity of the specular
reflection in the case of RFM is reduced by 11.69 dB and 10.55 dB by comparison with that in
the case of PHM for the incident angles of 6; = 10° and 6; = 30° at 10.77 GHz, respectively. At
11.57 GHz, such reductions are further reduced to 14.28 dB and 14.32 dB, respectively.
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Fig. 4. RFM under oblique incidence. (a,b) The simulated scattered electric field of a
PHM (a) and a RFM (b) under a TE-polarized beam at an incident angle of 8; = 30° at
10.77 GHz and 11.57 GHz. (c,d) The measured scattered electric field of a PHM (c¢) and a
RFM (d) under a TE-polarized incident beam at an incident angle of §; = 30° at 10.77 GHz
and 11.57 GHz.

The far-field radiation patterns of the metasurface are also measured in microwave experiments.
The experimental setup is shown in Fig. 5(b). A receiving horn antenna, which can rotate around
the metasurface along a circular track, is used to measure the far-field radiation pattern at each
polar angle 6 in the x-z plane. We measured the far-field radiation patterns at the incident angles
of 6; = 10° and 6; = 30°. The measured radiation patterns of the PHM and RFM under a
TE- polarized incident beam at 10.77 GHz and 11.57 GHz are shown in Fig. 5(d). Clearly, the
measured results agree qualitatively with the simulation results in Fig. 5(c). Specifically, the
intensity of the specular reflection in the case of RFM is measured to be reduced by 12.01 dB and
16.02 dB by comparison with that in the case of PHM for incidence with 6; = 10° and 6; = 30° at
10.77 GHz, respectively. At 11.57 GHz, they are reduced by 11.61 dB and 6.38 dB, respectively.
The fluctuation in performance is probably induced by the fabrication error of the metasurfaces.
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Fig. 5. Far-field radiation patterns of the RFM under a TE-polarized incident beam. (a) Far-
field radiation patterns of a PHM (left panel) and a RFM (right panel) under a TE-polarized
normal incident beam. (b) Experimental setup for the far-field radiation measurements. (c,d)
The simulated (c) and measured (d) far-field radiation patterns of a PHM (solid lines) and
a RFM (dashed lines) under incident beam at incident angles of §; = 10° and 6; = 30° at
10.77 GHz and 11.57 GHz.
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4. Discussion and conclusion

We note that in order to independently control the transmission and reflection, the phase correlation
between reflection and transmission has to be broken and a lot of efforts have been devoted to
achieving this goal. One approach is to employ two channels with orthogonal polarizations,
but the functionality relies heavily on the polarization [45-48]. Another approach is to mix a
series of total-reflection and total-transmission meta-atoms adjacently, but the tradeoft is the
sacrifice of the spatial resolution [49,50]. Here, due to the C4v symmetry of the HMA and TMA,
the functionality of the meta-dome applies to both TE and TM polarizations (demonstrated and
shown in Supplement 1). Moreover, the optimal working bandwidth of manipulated reflection
from this meta-dome is roughly from 10.77 GHz to 11.57 GHz. While the bandwidth of ordinary
transmission through this meta-dome is very large, e.g. below 29.39 GHz, where the wavelength
is smaller than the lattice constant of the meta-atoms, i.e., p = 10.2mm and hence the grating
effect is suppressed. Therefore, our approach has the significant advantages of broad bandwidth
and insensitivity to the incident angle as well as the polarization. These remarkable features
attribute to the utilization of reciprocity and spatial-inversion symmetry in the design of the
metasurface.

It is important to note that although the previously demonstrated meta-domes are planar, our
theory also applies to meta-domes with small curvatures. An example of curved meta-domes is
shown in Supplement 1, where diffuse reflection is also realized, although the radiation patterns
are a little different from those of the planar one. Here, we focus on planar geometries or small
curvatures because they lead to the strong specular reflection that needs to be dealt with in
practice.

We also note that the manipulated reflection is not limited to the diffuse reflection shown here. In
fact, a range of functionalities, including focusing, beam splitting, and orbital-angular-momentum
beam generation can be realized in reflection, without influencing the ordinary transmission. Due
to the universality of the reciprocity principle and space-inversion symmetry, the functionality
of flip-component metasurface is also irrespective of the absorption and resonance. By using
similar principles, the coexistence of manipulated reflection and ordinary transmission can be
extended to other classical wave systems such as acoustic and elastic waves.

In summary, we introduced here the concept of flip-component metasurface that combines
manipulated reflection and ordinary transmission. This metasurface is composed of a pair
of meta-atoms, which are the flip counterparts to each other. The reciprocity principle and
space-inversion symmetry protect the identical transmission of the two types of meta-atoms,
while their reflection phases are distinctly different. By arranging the two types of meta-atoms
properly, the reflection can be manipulated. Meanwhile, the identical transmission guarantees
undistorted ordinary transmission that is immune to the arrangement of meta-atoms. Such a
remarkable feature enables the camouflaged meta-dome in the microwave frequency regime,
which is hereby demonstrated both numerically and experimentally.
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