IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received November 1, 2018, accepted November 27, 2018, date of publication December 7, 2018,

date of current version December 31, 2018.

Digital Object Identifier 10.1109/ACCESS.2018.2885356

Planar Phase Gradient Metasurface

Antenna With Low RCS

BO LI7, XIAOBO LIU“2, HONGYU SHI2, (Member, IEEE), CHUN YANG',

QI CHEN', AND ANXUE ZHANG?

Hnstitute of Electronic Engineering, China Academy of Engineering Physics, Mianyang 621999, China
2School of Electronics and Information Engineering, Xi’an Jiaotong University, Xi’an 710049, China

Corresponding author: Hongyu Shi (hongyushi @xjtu.edu.cn)

This work was supported in part by the National Natural Science Foundation of China under Grant 61501365 and Grant 61302047, and in

part by the China Postdoctoral Science Foundation under Grant 2015M580849.

ABSTRACT A low radar cross section (RCS) planar antenna using phase gradient metasurface is proposed in
this paper. The proposed antenna works in the X-band and is fed by a parallel plate waveguide power divider.
The designed phase gradient metasurface is coplanar with the feeding structure and couples guided waves in
the parallel plate waveguide power divider to radiation waves. According to the generalized reflection law,
the proposed metasurface is a frequency scanning antenna and the beam direction can be steered slightly from
16.6° to 13°. The proposed antenna is linearly polarized, and however, the RCS is reduced significantly for
arbitrary polarized incident waves. The antenna was simulated, fabricated, and measured. The measurement

results confirm well with the simulation results.

INDEX TERMS Phase gradient metasurface, low profile, frequency scanning, RCS reduction.

I. INTRODUCTION

Metasurfaces are 2D planar metamaterials consisting of sub-
wavelength artificial structures, which could realize some
unusual characteristics including asymmetric transmission,
beam steering, absorbing, abnormal reflections and so on.
Metasurfaces have been applied in stealth devices [1]-[4],
cloaking [5], [6], reduction of mutual coupling in antenna
arrays [7], [8], polarization steering [9], planar antennas [10],
beam controlling [11]-[14], spoof surface plasmon polaritons
(SPPs) coupling [15]-[18], etc.

Phase gradient metasurfaces (PGMs) can provide an addi-
tional pre-defined wave vector along the phase gradient direc-
tion. Such additional pre-defined wave vector is achieved
by the non-uniform reflection/transmission phase of each
unit cell which is composed of several sub-elements with
a gradient phase response to the incident wave. Due to the
additional pre-defined wave vector, wave fronts of the reflec-
tive/refractive waves can be controlled by the designed phase
gradient, for example the anomalous reflections/refractions
[19]-[22]. Recently, theoretical and application researchs
based on such characteristic of PGMs have been reported.
A theoretical polarization insensitive analysis is given in [23].
A planar lens based on a multi-layered PGM was designed
for antenna design [24], [25]. This lens transforms a quasi-
spherical wave to a plane wave, and the aperture efficiency
is greatly improved. In [26], an ultra-thin polarization beam

splitter was realized by a tri-layered PGM, which can manipu-
late two orthonormal linearly polarized waves independently.
In addition, spatial propagation waves can be converted to
surface waves or spoof SPPs with high efficiency when the
additional wave vector supported by PGM is bigger than the
one of the incidence. Thus, PGMs can play a role of bridge
link between propagating waves and surface waves [27].
This property has been applied for frequency scanning planar
metasurface antennas [10], where the feed horn is not co-
planared with the PGM which may cause some difficulty for
manufacture and integration.

In certain occasions, researchers would pay attentions to
the RCS performance. Some works acquire RCS reduction
through different ways. The mushroom-like electromag-
netic band-gap (EBG) structure is used to reduce the in-
band RCS while keep the compact size as the conventional
patch antenna [28]. In [29]-[31], the Frequency Selective
Surface(FSS) and microstrip resonator are designed in the
microstrip antenna to reduce RCS both in and out of the
working band. In [32], the superstrate consisting of a polariza-
tion rotation reflective surface (PRRS) is designed as a cover
of the slot antenna to obtain in-band and out-of-band RCS
reduction. Aforementioned PGMs, as well, can be used for
significant RCS reduction [1], [3], [4] by guiding, convert-
ing or reflecting the incident wave. It could be very attractive
to design the PGM antennas with certain properties while the
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FIGURE 1. (a) anomalous reflection and (b) surface wave coupling of PGMs.

FIGURE 2. (a) top-view and (b) side-view of the unit cell; (c) the reflection phase and (d) the power flow

distributions under x-polarized incidence.

RCS reduction be obtained by the antenna itself without any
additional structures purposely designed.

In this paper, a low RCS planar antenna utilizing PGM
is proposed, which, to the best of our knowledge, has not
been studied in depth . A PGM composed of H-shaped sub-
elements was designed as an antenna to provide a bridge link
between the feeding wave and the radiation wave. A feed-
ing network mediated by a parallel plate waveguide power
divider is in the same plane with the PGM. For different
frequencies, the wave vectors are different. Thus, the total
wave vectors are also different for different frequencies and
the beam of the designed metasurface antenna is then con-
trolled by frequency. Because the unit cell of the PGM is non-
uniform, it can reflect the cross-polarized incident waves to
other directions like diffuse scattering. Thus, the RCS of the
metasurface antenna can be significantly reduced.

Il. ANTENNA DESIGN

Fig.1 illustrates the schematic diagram for the principle of
PGMs. £ is the phase gradient of the PGM. ko and 6; are
the wave number and incident angle of the incident wave.
kr = ko and 6, are the wave number and reflection angle
of the reflective wave. With a phase gradient £ along the
interface, the reflection will follow the generalized reflection
law and k" = & + ko * sin6,. Thus, k? = ki — k'?
and the reflection angle is not equal to the incident angle
[22], [23], [27]. When k”? is smaller than kg, k’ is real and
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FIGURE 3. Reflection phases of sub-elements with different L.

the incident wave will be reflected back to the space with
tan6, = k”/k’, as shown in Fig. 1(a). Otherwise, when the
phase gradient & is big enough to make k"% > kg, then
k' is imaginary and the incident wave will be coupled to
a surface wave evanescent in normal direction, as shown
in Fig. 1(b).

For a coplanar feeding antenna design, the wave number of
the reflective wave should satisfy k" = & + kg - sin6; > kg.
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FIGURE 4. (a) The simulation model with geometric parameters by mm and (b) the photograph of the antenna.

Thus, the phase gradient £ > kg - (1 — sin#6;) and the
feeding wave from the parallel plate waveguide power divider
can be coupled to radiation wave with a direction controlled
by &.

The overall structure of the PGM unit cell is shown
in Fig. 2(a)-(c). Assuming that the electromagnetic wave nor-
mally incident to the PGM. The phase gradient £ is defined
as d¢/dy, where d¢ is the phase difference over a distance
dy. Here, six H-shaped sub-elements with a metal ground are
used to compose a unit cell of the PGM, as shown in Fig. 2(a).
The period of each H-shaped sub-element along y direction
is Py. To couple the normal incident wave to surface waves,
E =do/dy = 62_;’1), > i—g, where )¢ is the wavelength in
the vacuum, should be satisfied. Thus, P, < 4¢/6. To realize
a linear phase gradient, the phase difference over each sub-
element period Py should be fixed to A¢ = 7/3, as shown
in Fig. 2(c).

The permittivity of the substrate is 4.5(1 + 0.025i). The
central frequency of the proposed antenna is 10 GHz, thus,
Py is selected as 4 mm which is smaller than A¢/6. The
other geometric parameters are given as P, = 8.1 mm,
w =04 mm,d = 1.8 mm, 2 = 2.5 mm. With differ-
ent L, the reflection phase of each sub-element can be tuned.
To obtain a /3 phase difference between each sub-element,
L of the six sub-elements are 0.6 mm, 3.4 mm, 4.2 mm,
4.8 mm, 5.5 mm and 7.6 mm respectively. The reflection
phases of each sub-element are shown in Fig.3. The phase
difference between two adjacent sub-elements is about 77 /3
around the central frequency. The unit cell is simulated by
a commercial software CST Microwave Studio using unit
cell boundary condition and Floquet ports. The simulated
power flow distribution is shown in Fig. 2(d), from which one
can see that the incident wave is coupled to a surface wave
propagating along the phase gradient efficiently. Notably,
according to Reciprocity Principle, the PGMs will couple
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FIGURE 5. The measured S;; parameter.

a surface wave propagating opposite to the phase gradient
direction to a spatial propagating wave like an antenna
radiation.

The proposed PGM is realized by the periodical arrange-
ment of 6 x 24 unit cells. As shown in Fig. 3, from 9.75 GHz to
10.25 GHz, the designed PGM retains a stable phase gradient
and can be used as a planar antenna. This PGM antenna
was obtained by connecting a typically designed 12 ports
parallel plate wave guide power divider to the edge of the
PGM, as shown in Fig. 4. Such parallel plate wave guide
structure has a good match with surface waves on PGMs and
can act as a feeding or receiving structure [10]. The geometric
parameters of the parallel plate wave guide power divider
is shown in Fig. 4(a). Fig. 4(b) depicts the photograph of
the fabricated PGM antenna. The measured S| parameter is
shown in Fig. 5.
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FIGURE 6. Radiation pattern in E-plane at (a) 9.75 GHz, (b) 10 GHz, (c) 10.25 GHz, (d) 10.5 GHz,

(e) 10.75 GHz, (f) 11 GHz.

Ill. RESULTS
A. RADIATION PROPERTY
As shown in Fig.5, the measured results of radia-
tion patterns confirm with the simulated ones. From
9.75 GHz to 10.25 GHz, the return loss is lower than
—10 dB. The radiation direction of the antenna is
mainly determined by the phase gradient provided by the
metasurface.

According to the generalized reflection law, the direction
of radiated wave (6,) can be governed by [19]

. . 2w d¢
sin@, —sing; = — —= (D
A dy
For the proposed antenna, §; = —90° and the radiation

direction is thus controlled by the phase gradient (d¢/dy).
The phase gradient is designed as % = 1.25kgy at 10 GHz.
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Thus, according to Eq. (1) 6, = 14.5°. As shown in Fig. 3,
the phase gradient is almost invariant from 9.75 GHz to
10.25 GHz. And the calculated and measured radiation direc-
tions at different frequencies are listed in table 1. However, 6,
varies with ko at different frequencies. The radiation pattern
in E-plane and H-plane are shown in Fig. 6 and Fig. 7 respec-
tively. The simulated realized gain of the antenna at 9.75 GHz,
10 GHz, 10.25 GHz, 10.5 GHz, 10.75 GHz and 11 GHz
are 15.39 dB, 16.5 dB, 14.01 dB, 11.85 dB, 11.5 dB and
3.93 dB. The borders between each two super cells and edges
of the metasurface cause the side lobes. Form 9.75 GHz
to 10.25 GHz, the radiation efficiency is about 80% and
around 10 GHz the aperture efficiency is about 15% as shown
in Fig. 8. Taking the measurement and machining error into
account, the measurement results have a good agreement with
the theoretical results.
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FIGURE 7. Radiation pattern in H-plane at (a) 9.75 GHz, (b) 10 GHz, (c) 10.25 GHz, (d) 10.5 GHz,

(e) 10.75 GHz, (f) 11 GHz.

TABLE 1. Radiation directions.

Frequency 9.75 GHz 10 GHz 10.25 GHz
Theory 16.4° 14.5° 12.7°
Measurement | 16.6° 15° 13°

B. LOW RCS PROPERTY

As show in Fig. 3, outside the antenna operating band,
the sub-elements have an irregular reflective phase difference
to each other, which causes diffuse reflections and reduces the
monostatic RCS. The reflected phase of each sub-element is
listed in the Table. 2. The RCS measurement setup is shown
in Fig. 9. Compared to the PEC board in a same size with the
proposed PGM, the monostatic RCS is reduced by the PGM
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under both x-polarized and y-polarized incidences, as shown
in Fig. 10. The maximum RCS reduction is more than 22 dB
and 30 dB for y-polarized and x-polarized incidences respec-
tively. The phase gradient is along the y-direction under
x-polarized incidence. Thus, the proposed antenna has a
frequency beam scanning performance along y-direction
and the antenna is x-polarized. And the x-polarized inci-
dence in the working frequency band is received by the
antenna. For the metasurface alone, under an x-polarized
incidence, the scattered wave directs to other angles due to
the phase gradient. Notably, the RCS can even be reduced
within the antenna operating band with cross-polarization
to the antenna polarization. At frequencies (<9 GHz and
>11 GHz), the phase gradient vanished and become random.
Thus, the incident wave is diffuse scattered to the space,
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FIGURE 8. The simulated efficiency of the antenna. FIGURE 10. Measured monostatic RCS of the PGM and the PEC board.

IV. CONCLUSION

TABLE 2. The reflective phase of each element at different frequencies.

FIGURE 9. The measurement set-up.

In this paper a frequency scanning PGM antenna was

L (mm) |0.6 3.4 42 438 55 7.6 designed with significant RCS reduction. The PGM antenna
9GHz  1170° 1161°  1136°  199.5° [19.5° [102° is excited by a coplanar feeding and thus has a low profile.
10 GHz | 142° 82.7° 123.7° |-38.3° |-96.1° |-152° ‘o . .

11GHz 18850 |-144° |868° |-130° |-162° |161° From 9.75 GHz to 10.25 GHz, the antenna radiation direction

scans from 16.4° to 12.7°. The measured results confirm with
the simulated results. In addition, the measured maximum
RCS reduction is more than 22 dB and 30 dB for y-polarized
and x-polarized incidences respectively.
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