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In this paper, a multi-band metasurface (MS) antenna array with low radar cross section (RCS) performance is pro-
posed and measured. Firstly, a 4× 4 antenna array is composed of four 2× 2 Jerusalem cross structure antenna arrays
working at different frequency bands, which is aimed at enhancing the bandwidth effectively. Then, each antenna can be
seen as a unit of MS in spite of adding the feeding structure. Based on phase cancellation principle, the MS is arranged
into a chessboard configuration in order to realize wideband RCS reduction. Thus, excellent radiation and scattering char-
acteristics are obtained simultaneously. Simulated and measured results indicate that this work provides a novel method to
achieve bandwidth expansion as well as wideband RCS reduction of the antenna array.

Keywords: multi-band, metasurface (MS) antenna array, radar cross section (RCS) reduction, radiation
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1. Introduction
Metasurface antenna, a new form of the combination of

metamaterials and radiator, has experienced an unparalleled
development in recent years. Because of its distinct advan-
tages, such as low-profile, light weight and feasibility to re-
alize the control of some exotic electromagnetic properties,
plenty of excellent researches have been conducted.[1–4]

Nowadays, the application of metasurface (MS) has de-
veloped to a certain extent. Various MSs have been proposed,
such as artificial magnetic conductor (AMC),[5,6] frequency
selective surface (FSS),[7] polarization conversion metasur-
face (PCM),[8] etc, providing multiple potential for enhancing
the radiation and reflection suppression performance. Among
them, the AMC was employed as the magnetic ground plane
to realize the bandwidth expansion and gain improvement of
the patch antenna.[9] In Ref. [10], the concept of ‘coding meta-
material’ to manipulate electromagnetic waves and realize dif-
ferent functionalities was first put forward. By coding MS on
the antenna array, the reflection was diffused in more direc-
tions to realize both monostatic and bistatic radar cross sec-
tion (RCS) reduction.[11] Besides the scattering performance,
in Refs. [12] and [13], the gain enhancement has also been
achieved by employing a Fabry–Perot cavity, which was com-
prised of the PCM and the perfect electric conductor (PEC)
ground. Meanwhile, chessboard PCM was printed on the up
side of substrate in order to reduce RCS in band and out of
band. In the researches mentioned above, the antennas and the
MS were designed separately. Thus, the advantage of the MS,
which has a planar structure so it is convenient to integrate

with antenna to retain their inherent properties, has not been
reflected sufficiently. In Ref. [14], a 2×2 MS-based circularly
polarized high gain patch antenna array was proposed. In spite
of its integration design, the two-layer structure increased the
difficulty in being fabricated, and the scattering performance
has not been mentioned. In Ref. [15] put forward was a multi-
functional artificial electromagnetic surface (AEMS) in which
the radiation and scattering properties both are taken into con-
sideration. However, only two antennas working at differ-
ent frequency bands were utilized, thus its working frequency
band was restricted.

Inspired by the researches mentioned above, a novel de-
sign of multi-band MS antenna array with low RCS perfor-
mance is proposed in this work. The 4×4 antenna array, com-
posed of four 2× 2 Jerusalem cross structure antenna arrays
working at different frequency bands, is aimed at obtaining
multi-band radiation characteristics. Then, based on phase
cancellation principle, the MS is arranged into a chessboard
configuration to achieve RCS reduction. Meanwhile the in-
herent essence of MS elements is retained well by adding the
feeding structure. Thus, the design of multi-band MS antenna
array with low RCS performance comes into reality.

The rest of this paper is organized as follows. In Sec-
tion 2, the design of MS unit cell is proposed, and its radiation
and scattering performance are verified. The multi-band and
wideband RCS reduction properties of MS antenna array are
introduced in Section 3. The experimental results and their
comparison with the simulation results are described in Sec-
tion 4. Finally, some conclusions are drawn from the present
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study in Section 5.

2. Design and analysis of MS antenna unit
In this work, we choose Jerusalem cross structure as the

basic unit cell to constitute the MS antenna array for its wide
in-phase reflection band and facility for fabrication. As fig-
ure 1 shows, the Jerusalem cross structure is patched on a
metal-backed substrate with thickness h = 3 mm, dielectric
constant ε = 2.65, and loss tangent tanδ = 0.001. The side
length Lp of the unit is 20 mm. Then, as a source antenna,
each MS antenna unit is fed directly with 50-Ω SMA coax-
ial feed probe piercing through the PEC ground and substrate.
The four different Jerusalem cross units are denoted as M1,
M2, M3, and M4 for distinction when they are seen as MS
units, while as A1, A2, A3 and A4 when they are seen as an-
tenna units. For M1(A1), the designed parameters are as fol-
lows: a1 = 11 mm, b1 = 6.8 mm, c1 = 7.5 mm, d1 = 2.1 mm
and fx1 = 2.8 mm. The MS unit cells are simulated in An-
sys HFSS by using periodic boundary condition and floquet
port excitation to obtain their reflection properties. In addition,
full-wave numerical analysis is also conducted when studying
the radiation performance of MS antenna units under radiation
boundary condition and lumped port excitation.

According to previous experience, changing parameter
value of an MS unit can lead to different reflection charac-
teristics. However, in this work, the MS unit is also seen as
a radiator with energy emitting. So when analyzing the MS
antenna with adding a feeding structure, it is necessary to in-

vestigate the influence of the feeding position on the scattering
performance. Because the four MS antenna units have similar
geometric patterns, only the simulated results of M1 are given.
As shown in Fig. 2(a), when fx1 is no more than 3.5 mm, the
relative reflection phases have little difference. But feeding
position has an obvious effect on reflection phase when fx1 is
greater than 3.5 mm under x polarization. In Fig. 2(b), the low
reflection magnitudes indicate the evident wave absorbed by
the 50-Ω impedance matching, which conduces to the achiev-
ing of good scattering performance. Because the antenna is fed
at the place on the x axis, it is obvious that the patch is shorted
at the feed point for y polarization. Thus for y-polarized inci-
dence, feeding position has little influence on both reflection
phase and magnitude as depicted in Figs. 2(c) and 2(d). What
is more, the reflection magnitude is above 0.98 so the total
reflection property is revealed under y polarization.
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Fig. 1. (color online) Geometry of MS antenna unit M1(A1).
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Fig. 2. (color online) Reflection characteristics of MS unit M1 for different feeding positions. (a) Phases and (b) magnitudes under x polarization, (c) phases
and (d) magnitudes under y polarization.
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In order to further explain the wave absorbing property
for x-polarized incidence, the current distribution of M1 when
fx1 = 2.8 mm is presented in Fig. 3 (at reflection frequency
6.0 GHz). Apparently, the current direction on the upper sur-
face of the substrate is different from that on its bottom sur-
face, which implies that there is an interaction between them.
Under x polarization, the induced surface current changes its
path slightly when flowing through the feeding structure both
on the top surface and on the bottom surface. What is more,
the current flowing into feeding structure is stronger than that
flowing out, which is shown in Fig. 3(a) and also in Fig. 3(b).
Therefore, compared with the case under y polarization, the
scenario under x polarization shows strong absorption of in-
duced current around the feeding structure.

After being optimized, four MS antenna unit dimensions
are confirmed. The specific parameters are exhibited in Ta-
ble 1, and the relative reflection and radiation performance
are shown in Fig. 4. They can be considered as strong ab-
sorption of x-polarized incident waves, and total reflection
of y-polarized incidence, respectively, as shown in Fig. 4(a).
And for x polarization, the four absorption ranges of MS units
cover wide bandwidth, which leads to the broadband RCS re-
duction. Based on the phase cancellation principle, four phase
states of MS at 5.52 GHz are well distributed to achieve a de-
sired 2-bit phase resolution under y polarization in Fig. 4(b).

Jsurf[A_per_m]

20.000
16.147
13.037
10.525
8.4978
6.8608
5.5392
4.4721
3.6106
2.9151
2.3535
1.9002
1.5341
1.2386
1.0000

(b)(a)

(c) (d)

Fig. 3. (color online) Current distributions of M1 at 6.0 GHz on (a) top
and (b) bottom surface under x polarization, (c) top and (d) bottom surface
under y polarization.

Table 1. Optimized dimensions for MS antenna array.

Parameters
Value

Parameters
Value

Parameters
Value

Parameters
Value

/mm /mm /mm /mm

a1 11.0 a2 12.5 a3 9.0 a4 9.0
b1 7.5 b2 8.4 b3 7.0 b4 7.0
c1 6.8 c2 5.2 c3 5.0 c4 5.0
d1 2.1 d2 2.0 d3 2.2 d4 2.2
fx1 2.8 fx2 2.0 fx3 2.3 fx4 2.3
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Fig. 4. (color online) Reflection and radiation characteristics of MS antenna unit. (a) Reflection magnitudes, (b) reflection phases, (c) reflection coefficients
S11, (d) two-dimensional(2D) radiation patterns.
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The fluctuation in phase resolution is less than 15◦ within a
wide bandwidth from 5.30 GHz to 5.75 GHz. For x-polarized
incidence, the wide frequency range of 180◦±30◦ effective
phase difference is also obtained. The reflection coefficients
of four antenna units simulated by using radiation boundary
are shown in Fig. 4(c). For the four antenna units working at
different frequency bands, the multi-band radiation character-
istics come true. So the broadening of working bandwidth is
realized now. And the radiation patterns of A1–A4, respec-
tively, at 5.95 GHz, 4.95 GHz, 6.35 GHz, and 5.40 GHz, are
depicted in Fig. 4(d) From Fig. 4(d) we can see that the peak
radiations all happen in the broadside direction under both x
and y polarization. In summary, the simulated results indicate
that the proposed MS antenna can integrate radiation and scat-
tering performance simultaneously. As a result, the multi-band
properties and good scattering performance can be achieved at
the same time.

3. Simulation and analysis of MS antenna array
Based on the passive cancellation technology, four MS

antenna units are designed into a chessboard configuration to
attenuate the scattering energy as shown in Fig. 5.

The magnitudes of S parameter of the antenna array are
presented in Fig. 6(a). In the figure, it is clearly revealed
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Fig. 5. (color online) Schematic geometry of MS antenna array.
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Fig. 6. (color online) Radiation properties of MS antenna array. (a) Reflection and transmission coefficients. 2D radiation patterns at (b) 5.0 GHz, (c)
5.4 GHz, (d) 6.0 GHz, and (e) 6.4 GHz.
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that better impedance matching of antennas is obtained after
they have been arranged. And for each antenna, the four re-
flection coefficients have little difference between each other
on account of interaction effect among antennas. Therefore,
the multi-band property is obtained. The resonant frequen-
cies of array are 5.0 GHz, 5.4 GHz, 6.0 GHz, and 6.3 GHz,
respectively, which basically match the results before forma-
tion. Moreover, the transmission coefficients in Fig. 6(a) re-
flect the simulated mutual coupling between different structure
units under open boundary condition. The isolation between
antenna elements is less than −20 dB in the entire impedance
band. In general, the proposed antenna array is able to pro-
duce multi-band radiation characteristic and low mutual cou-
pling over a wide frequency range. The corresponding 2D
radiation patterns above resonant frequencies are depicted in
Figs. 6(b)–6(e). As shown in the figure, the desirable broad-
side radiation patterns can be observed and the co-polarized
fields are 20 dB stronger than the cross-polarized counterparts
in the boresight direction. In addition, the side lobe levels are
lower bigger-than-10 dB than main lobe levels. In order to
visualize the radiation performance at the resonant frequency
more intuitively, three-dimensional (3D) radiation patterns are
shown in Fig. 7, from which, the MS antenna array exhibits
directional radiation patterns with low side lobe levels for all
investigated frequencies, so it is evident that good radiation
performance is achieved.
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Fig. 7. (color online) 3D radiation patterns of MS antenna array at (a)
5 GHz, (b) 5.4 GHz, (c) 6.0 GHz, and (d) 6.3 GHz.

Figure 8 shows the scattering patterns and mirror RCS re-
duction curves (they are compared under the condition of the
same sized metal ground) at x polarization and y polarization.
It can be observed that a remarkable RCS reduction for normal
incident wave covering the operation band is achieved. An ev-
ident bistatic specular RCS reduction occurs in a frequency
range from 4.3 GHz to 7 GHz when the incident angles (theta)
are 0◦, 15◦, 30◦, and 45◦. Moreover, 6dB RCS reduction is ob-
tained at frequencies ranging from 5.3 GHz to 6.1 GHz under
both x- and y-polarized incidence. In addition, 3D scattering
patterns are given in Fig. 9 to demonstrate that the reflection

is diffused in more directions intuitively. Therefore, wideband
and wide-angle RCS reduction of MS antenna array is real-
ized.

The comparison between the proposed MS antenna with
the existing ones is shown in Table 2. The multi-band char-
acteristic of proposed MS antenna array leads to wideband ra-
diation performance compared with that of previous MS an-
tenna array. And the integrated feature reduces the difficulty
in processing. Even though the RCS reduction bandwidth is
not particularly wide, it can cover the in-band working range.
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Table 2. Comparison between different MS antennas.

Absorber Frequency band number Fractional bandwidth Fabrication complexity Fractional RCS reduction bandwidth

Ref. [12] single band 8.8% Complex processing 37.9%
Ref. [15] dual band 14.1% Easy processing 46.2%
Ref. [16] single band 9.3% Complex processing 88.9%

This paper multi-band 22.3% Easy processing 47.8%

4. Fabrication and measurement
To further verify the radiation and scattering perfor-

mance, a prototype of the MS antenna array is fabricated and
measured as shown in Fig. 10.

absorbing

material

Horn

antennas

Fig. 10. (color online) Prototype and measurement setup.

The reflection coefficient is measured by a vector network

analyzer (VNA), named Agilent N5230C, whereas the gain

and the radiation pattern are obtained in the anechoic cham-

ber with two of the eight power dividers RS8W2080-S and

one of the two power dividers RS2W2080-S for feeding. The

scattering performance is also measured in the anechoic cham-

ber by using the two identical 1 GHz–18 GHz horn antennas

connected to the VNA N5230C as receiver and transmitter de-

picted as shown in Fig. 10.
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Fig. 11. (color online) Simulated and measured radiation properties and RCS reduction of MS antenna array. (a) Reflection coefficients S11. 2D radiation
patterns at (b) 5.0 GHz, (c) 5.4 GHz, (d) 6.0 GHz, and (e) 6.3 GHz. (f) RCS reduction with 0◦ for x- and y-polarized incidences.
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Figure 11 shows the simulated and measured results of
radiation and scattering performance. The reflection coeffi-
cients are shown in Fig. 11(a), presenting good impedance
matching of MS antenna array. And the resonant frequencies
approach to 5.0 GHz, 5.4 GHz, 6.0 GHz, and 6.3 GHz, re-
spectively. In contrast to the simulated results, the measured
10dB-bandwidth of A1 turns narrowed slightly. The corre-
sponding 2D radiation patterns at above resonant frequencies
are depicted in Figs. 11(b)–11(e). Broadside radiation patterns
are observed as expected. The measured side lobe levels are
almost 10 dB lower than main lobe levels. Figure 11(f) shows
the measured results of RCS reduction curves. On account of
the limitation of the testing condition, the measured bistatic
RCS cannot be obtained at present. From the results, wide-
band RCS reduction at 0◦ is obtained for both x and y polar-
ization, which agrees well with the simulated results. Consid-
ering the fabrication and measurement tolerance, the measured
results show good agreement with the simulated ones.

5. Conclusions
In this work, a multi-band MS antenna array with low

RCS performance is proposed and designed. The 4× 4 an-
tenna array is composed of four kinds of antennas working at
different frequency bands, which aims at realizing the multi-
band property, in order to broaden the bandwidth effectively.
Then, each antenna can be seen as a unit of MS. And the in-
herent characteristics of the MS are maintained well in spite of
adding the feeding structure. Based on the phase cancellation
principle, the MS is arranged into a chessboard configuration
in order to realize wideband RCS reduction of antenna array.
Simulation and measurement results verify the feasibility of

the proposed MS antenna array. The advantage of this design
method is that the MS and antennas are combined together
and the radiation and scattering performance are considered
simultaneously, which deserves academic concern and study.
Additionally, the flexibility of MS units replaced by other geo-
metric structures offers more potential applications in multiple
usage.
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