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Abstract: In this paper, leveraging the resonant phase and the geometry phase simultane-
ously, we demonstrated a low scattering lens antenna, which can work at both transmission
and reflection mode. Different from the traditional microwave lens which only realizes wave-
front shaping in half-space, the proposed metasurface lens not only squeezes the transmitted
divergent beam to improve the gain of the conventional circular-polarized antenna, but also
scatters the electromagnetic wave to maintain a low reflection property in broadband. The
proposed lens antenna working in full space may provide a new approach for an integrated
communication system.

Index Terms: Lens antenna, low scattering, gain enhancement, metasurface.

1. Introduction

Antenna, as the terminal of the communication systems, plays an irreplaceable role in signal
transmitting and receiving. However, it is also a main contributing source to the overall RCS of the
communication systems. Thus, reducing the RCS while maintaining the gain of the antenna is crucial
to some military communication platform. Traditional methods to reduce the RCS are focusing on
the shaping of target surface [1] and applying the absorbing materials. [2] The properly designed
geometry shaping can redirect the backward scattering wave to non-threatening direction that the
radar cannot receive. The absorbing materials are capable of absorbing the incident wave and
converting it to heat. Nevertheless, both the two methods will degrade the radiation performance of
the antenna. Hence, some researchers have proposed various low-scattering antennas to eliminate
the contradiction between the scattering and radiation, including electromagnetic(EM) band-gap [3]-
[5] and frequency selective surface. [6], [7] However, most of them pay less attention to enhancing
the radiation performance of the antennas.

A microwave lens is an effective method to enhance the directivity of the antennas. [8] Inspired
by the optical lens, the microwave lens is expected to shape the emitting wave from the an-
tenna, leading to gain enhancement of the antennas. Recently, metamaterials-based EM devices
have been presented by many researchers. [9]-{11] Metamaterial is an artificial material made of
sub-wavelength resonant elements, which can tailor the EM wave as desired. Consequently, some
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Fig. 1. (a) Schematic model of the proposed metasurface-based lens antenna and (b) unit cell of the
lens.

lens antennas emerged, such as the high-directivity antenna based on a gradient refractive index
or near-zero-index, [12]-[14] they can morph the incoming wave excited by the primary source to
generate the parallel emitting wave. Although the metamaterial-based lens antennas can enhance
the radiation performance of the antennas significantly, the bulky size and complex design hinder its
further development. As a planer vision of metamaterials, metasurface paves an easier way to ma-
nipulate EM wave casually. [15]-[21] So far, several microwave lenses based on have been reported
to realize good beam shaping performance by phase compensation. [22]-[30] As expected, these
lenses can squeeze the divergent beam excited by the source antenna into a narrow beam, hence
improve their radiation performance considerably. Recently, some researchers [31]-[33] have ex-
plored to improve the capacity of the microwave lens by introducing bi-functional s. In our previous
work, [33] we have experimentally demonstrated a bidirectional beam deflector which can manip-
ulate circular-polarized (CP) transmitted wave and linear-polarized reflected wave simultaneously.
Inspired by this design method, we propose a novel metasurface lens to construct a high-gain
and low-scattering antenna. The proposed metasurface lens can work in both transmission and
reflection modes independently with the aid of a filter layer. In the transmission mode, the phase
of transmitted wave excited by the CP antenna can be properly compensated by the metasurface
lens, resulting in the enhancement of the antenna directivity. In the reflection mode, we mainly
focus on the RCS reduction at X-band since many types of radar are strategically deployed. The
metasurface lens can diffuse the back-scattering wave into non-threaten directions through phase
cancellation.

2. Design Principle and Unit Cell

Fig. 1(a) shows the schematic model of our metasurface-based lens antenna. The lens is made of
the cascaded metasurfaces, which could simultaneously manipulate the transmitted and reflected
wavefront. When it is adopted as a superstrate placed in front of an exciting patch antenna, it could
be used to not only reshape the EM wave emitted from the patch source into a quasi-plane wave,
but also disperse the incoming wave for reducing the backward scattering wave. Therefore, the
gain improvement and RCS reduction could be expected. As Fig. 1(b) shows, the meta-atom of
this lens is composed of three functional metasurface layers, corresponding to the reflection layer,
filtering layer and transmission layer, respectively. The top layer composed of 4 x 4 square loop
array serves as the reflection layer. The period and width of the square loops are set to be p; =
p/4 = 3.75 mm and wy = 0.15 mm, and the length a would be tuned for obtaining the desired
reflection phase coverage. The two layers of the identical split rings at the bottom of the meta-atom
operate in the transmitted mode under CP incident wave. By altering the orientations of the split
rings, the transmission phase can be continuously tuned based on the Pancharatnam-Berry (PB)
phase. [34] The radius R of the split ring is 7.35 mm, and its width w, is 1.8 mm, the split angle
ag is 10°. The middle filtering layer is applied to suppress the cross-talk between the reflection and
transmission layers. It is composed of a notch structure with the length of the inner and outer square
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Fig. 2. Reflection and transmission characteristics of the resonant reflected unit cell, the geometry
phase unit cell and the cascaded unit cell. (a) The reflection and transmission amplitude of the reflected
unit cell in 3—-13 GHz. (b, ¢) The transmission amplitude of the co-polarization and cross-polarization
of the geometry phase unit cell in 3.3-4.2 GHz, (b) with and (c) without the filtering layer, in this case,
B=120° a=2.3 mm.
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Fig. 3. Reflection and transmission characteristics of the unit cell of the lens. (a) Reflection phase and
amplitude of the unit cell under x-polarized wave illumination along the -z direction. The length a of the
square loop is respectively, set as 2.3 mm and 3.5 mm, and the orientation angle of g is fixed as 120°
for the split ring. (b) Transmission phase and amplitude of the unit cell under an LCP wave along the
+z direction (B is varied from 0° to 180° and a = 2.3 mm).

patch setting as /1 = 13.3 mm and kL = 13.7 mm. All the metallic patterns are printed on the F4B
(dielectric constant ¢, = 2.65 and loss tangent § = 0.003) substrates with the thicknesses of hy =
5 mm and hs = 3 mm, which is spaced by a foam layer in the middle (ho = 5 mm).

To characterize the transmission and reflection performance of the proposed unit cell, numerical
simulation is performed by using the commercial software CST microwave studio software 2014.
In the simulation process, the periodic boundary condition is applied at both x and y directions
to emulate the infinite array. Here, the meta-atom of the lens can simultaneously operate in both
the transmitted and reflected modes for different frequency bands. The transmitted and reflected
frequency bands of interest are respectively set at 3.3—4.2 GHz and 8—13 GHz covering the X-band.

As mentioned above, the meta-atom combines the resonant unit cell and the geometry phase
elements together. As seen in Fig. 2(a), the resonant unit cell is composed of the square loops and
the backed filtering layer, which reveals a broadband reflection at 8-13 GHz. In the meanwhile,
it has a transparent window at about 3.75 GHz to let the EM wave pass through. The geometry
phase element is made of two identical split rings, as shown in Fig. 2(b), and it can control the
phase of the transmitted EM wave. This transmitted meta-atom works at the transparent window of
the reflected layer, and it has a cross-polarized ratio exceeding 10 dB between 3.6 and 3.9 GHz.
Consequently, the two distinct single-layer structures are adhered together, and spaced by a foam
layer to realize full-space control by using one cascaded metasurface. In Fig. 2(c), the transmission
conversion efficiency of the combined meta-atom is not deteriorative compared with the single-layer
split ring structure. It is noted that the working band has shifted to high frequency, which is due to
the inevitable coupling between the two structures.

Fig. 3 illustrates the simulated reflection and transmission characteristics of the cascaded unit
cell. Fig. 3(a) displays the simulated reflection characteristic of the unit cell under the illumination of
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Fig. 4. Phase contributions of the metasurface for transmission (a) and (b) reflection. (c) Calculated
transmitted focusing spot at z = 40 mm. (d) Calculated reflected far field pattern.

the x-polarized wave along the —z direction. It is obvious that the two designed loops with different
sizes have almost full-reflection properties over the whole band, and the reflection phase difference
of 180° + 37° is obtained in 8.3—12.6 GHz to satisfy the scattering cancellation. [35] Due to the
geometric symmetry, the unit cell behaves polarization-insensitive in the reflected mode. For the
transmitted mode, the incident left-handed CP (LCP) wave along the +z direction is converted to
the right-handed CP (RCP) outgoing wave. As shown in Fig. 3(b), when the orientation angle of
B varies from 0° to 180°, the transmission magnitude is kept to be about —1.1 dB in average at
3.75 GHz and the transmission phase tuning range covers the whole 360°, as most of the EM wave
passes through and reshaped by the lens.

3. Simulation Results

Based on the proposed unit cell, an metasurface-based lens consisting of 20 x 20 unit cells is
constructed to verify its ability to tailor EM waves in both reflection and transmission modes. As
seen in Fig. 4(a), in the transmission mode, the phase distribution is designed to focus the EM
wave with a focal length of 40 mm. The beam focusing performance is examined by the vector
diffraction method as seen in Fig. 4(c), the bright spot at the plane of the focal length proves that
transmission phase distribution is able to help the metasurface lens to converge all the outgoing
wave energy into the position of z =40 mm. In the reflection mode, we divide the whole reflection
into 8 x 8 super unit, and each super unit is a sub-array consisted of 10 x 10 identical square-loop
structure. Fig. 4(b) shows the phase distribution that utilizes the 0-180°chess-board configuration.
To predict its scattering performance in the far field region, the planar array theory is adopted and
the calculated far field pattern is exhibited in Fig. 4(d). It is apparent that the beam is divided into
four directions, resulting in a low back-scattering energy [36].

In order to further verify the radiation and scattering performance of the metasurface-based lens
antenna, the above full-wave simulation model is designed as shown in Fig. 5. The whole dimension
of the designed lens is 300 mm x 300 mm, and its total thickness is 13 mm. In the design of the
metasurface-based lens, the phase distribution can be achieved based on the reciprocity of EM
wave. Here, we apply a CP patch antenna working at 3.77 GHz as the feed. In Fig. 5(a), it is seen
that the metasurface-based lens is placed at a height of 40 mm above the patch antenna as the
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Fig. 5. (a) The view of the proposed metasurface-based lens antenna. (b) The structure patterns of the
reflected layer and (c) the transmitted layer.

superstrate, and the inset shows the geometry parameters of the patch antenna. The substrate
for the patch antenna is F4B with a thickness of 2 mm. Fig. 5(b) illustrates that the transmission
layer is discretized into 20 x 20 phase cells, and the phase compensation is completed by the
ingenious design of each phase cell. To realize a good scattering cancellation performance in the
reflection mode, two types of the square loop with anti-reflection phase difference are employed
to construct the whole reflection layer. As illustrated in Fig. 5c, there are 8 x 8 super units placed
in a chessboard distribution, and each of the super units consists of 10 x 10 square loops. When
light impinges onto such lens surface, the backward scattering field is split into four main beams as
expected.

Figs. 6(a) and 6(b) reveal the gain of the metasurface-based lens antenna and the conventional
patch antenna. Generally, the traditional patch antenna generates the sphere wavefront, and the
apparent phase lag is observed at its two sides. When introducing the metasurface-based lens
above the patch antenna, its radiation wavefront should be altered as expected. Indeed, there
appears a quasi-parallel wave in the radiation area of the metasurface-based lens. Consequently,
the gain-enhancement of the patch antenna could be expected through the phase modulation of
the metasurface-based lens. The 3D scattering pattern of the proposed lens antenna under the
normal incidence is displayed in Fig. 6(c), and Fig. 6(d) reveals that the result of a PEC slab with the
same size as a comparison. It is seen that the backward scattering wave is strong for the PEC slab.
However, the employing metasurface-based lens can effectively disperse the scattering wave into
four directions at 11 GHz, and thus sharply reduce the monostatic RCS of the antenna. In addition,
it needs to be noted that RCS-reduction performance can be realized under any polarizations
because of the use of the symmetry geometry in the reflection layer of the lens.

Figs. 7(a) and 7(b) show the simulated gain versus frequency of the patch antenna with and
without an metasurface-based lens. It is seen that the gain of the traditional RCP patch antenna
is only about 7 dB. After introducing the lens to reshape the radiation beam, the antenna gain is
sharply improved by about 6.4 dB and the maximum gain (LCP) reaches as high as 13.4 dB around
3.87 GHz. Compared with the working frequency of the primary CP patch antenna, the combined
lens antenna has a frequency shift from 3.77 to 3.87 GHz, which is due to the coupling between the
metasurface and the patch antenna source. In addition, the aperture efficiency (AE) of the designed
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Fig. 6. (a), (b) 3D scattering patterns of the metasurface-based lens antenna and the PEC slab with the
same size under normal incidence at 11 GHz. (c), (d) 3D gain of the metasurface-based lens antenna
and the conventional patch antenna at 3.87 GHz.
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Fig. 7. Simulated gains of the patch antenna with/without the metasurface-based lens at (a) xoz-plane
and (b) yoz-plane. Left-polarized and right-polarized gains of the lens antenna at xoz-plane(c) and
yoz-plane(d).

metasurface lens antenna can be calculated by the following equation,
AE = (G x A2) /(4 x = x A)

where G is the gain of the antenna, A is the wavelength of the operate frequency, A is the geometry
area of the antenna. In our design, the AE of the proposed lens antenna is 11.26%. This efficiency
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Fig. 9. Full-wave simulated RCS of the metasurface-based lens antenna and the PEC slab with the
same size under normal incidence. (a) xoz-plane and (b) yoz-plane.

may be improved by further optimizing the transmissivity of the designed lens or the gain of the
feeding antenna source.

Figs. 7(c) and 7(d) present the radiation patterns of the metasurface-based lens antenna in the
xoz- and yoz-planes at 3.87 GHz, respectively. The directive beams are generated in both xoz
and yoz planes where the isolation between RCP and LCP beams is over 30 dB. That means the
proposed lens antenna has a good axial ratio (AR). The simulated reflection coefficients and AR
of the metasurface-based lens antenna are respectively displayed in Figs. 8(a) and 8(b). The S11
has a —10 dB bandwidth ranges from 3.6 to 3.95 GHz. The measured 3 dB AR bandwidth is from
3.8 to 4.2 GHz, and the minimum AR that is below 0.4 occurs at 3.87 GHz, which promises a good
CP wave produced by the metasurface lens.

To demonstrate the RCS reduction performance, the monostatic RCS of the proposed lens
antenna under normal incidence is verified. The frequency response curves of the RCS in both xoz
and yoz planes are respectively given in Figs. 9(a) and 9(b). It is obvious that the monostatic RCS
of the metasurface lens antenna is dramatically suppressed over a wide frequency band due to the
scattering cancellation effect of the anti-reflection phase design in the reflection layer of the lens.
The 8 dB RCS reduction bandwidth is between 9 and 13 GHz, and the 10-dB bandwidth reaches
from 9.2 to 12.2 GHz. A good agreement is obtained between the predicted and simulated results.

4. Conclusion

In this paper, we demonstrated a bi-functional metasurface lens antenna which can enhance the
gain and reduce the RCS of the lens antenna simultaneously. The full-wave simulation results
have verified that the metasurface lens not only enhances the gain of the traditional patch antenna
6.4 dB at 3.87 GHz, but also maintains the low-RCS performance from 9-13 GHz significantly. The
proposed lens antenna working in full space improves the ability to manipulate the EM wave of
the conventional microwave lens antenna. And the proposed metasurface also has the potentials
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to design the bifunctional radome in the microwave, which may maintain the low back-scattering
characteristic and reshape the beam of the antenna simultaneously.
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