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Abstract. In this paper, a novel wideband high-gain and 
low scattering antenna using shared-aperture metamaterial 
superstrate (SAMS) is designed, fabricated and measured. 
The superstrate unit cell consisting of two frequency selec-
tive surface (FSS) layers with a positive reflection phase 
gradient is designed to enhance the antenna gain. Then, 
three different sizes of single units are arranged as 
a shared-aperture configuration to form the metamaterial 
superstrate, which is loaded onto the antenna. By utilizing 
the phase compensation property along different units, the 
antenna gain enhancement bandwidth is effectively broad-
ened. By adjusting the SAMS loading height, the antenna 
radar cross section (RCS) is also reduced obviously owing 
to the different reflective wave phases of PRS and antenna 
ground. After loading SAMS, the antenna possesses an 
impedance bandwidth of 44.7% from 7.8 GHz to 12.3 GHz, 
covering the whole X band. From 7.9 GHz to 12.1 GHz, the 
antenna has an obvious gain enhancement, with a peak of 
7 dB, meanwhile, the antenna RCS is effectively reduced 
from 4 GHz to 12 GHz and the maximum RCS reduction 
reaches 25.4 dB at 8.6 GHz for x-polarized incident wave 
and 15.8 dB for y-polarized incident wave. The results are 
validated by both numerical simulation and experimental 
measurements. 
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1. Introduction 
In recent years, with the development of antenna tech-

nology, the requirements of antenna properties are becom-
ing more and more strictly. To be specific, there are two 
main parts, radiation performance and scattering perfor-
mance. On one hand, such as satellite communication and 
navigation systems demand, antennas should have wide-
band and high directivity [1], on the other hand, the radar 
cross section (RCS) should be reduced owing to military 
requirements [2], [3]. Traditional ways to enhance the an-
tenna gain are mainly divided into two ways, changing the 

antenna structure and adopting antenna arrays [4], [5], 
which would suffer from design complexity, high cost, 
power losses in the feeding network and such similar prob-
lems, and these will also result in the raise of the target 
RCS which is harmful to their stealth properties. Therefore, 
the realization of wideband high gain and low scattering 
antenna has been a major problem [6]. 

Metamaterial usually refers to a kind of artificial peri-
odic structures [7], it has physical properties that are not 
possessed by natural material. In recent years, metamaterial 
has received extensive attention owing to its exotic electro-
magnetic properties [8]. For instance, [9] designed a horn 
antenna with metamaterial lens to enhance the antenna gain. 
[10] proposed broadband aperture antennas using intrinsic 
dispersion properties of metamaterial. Placing one or more 
layers of metamaterial superstrate in front of a simple an-
tenna will achieve high gain Fabry-Perot (FP) resonator 
antenna (FPRA), at present, the superstrate is at a proper 
distance from a ground plane, creating an air-filled cavity 
between the partially reflective surface (PRS) and the 
ground plane. After one or more reflections in the cavity, 
the electromagnetic wave of antenna radiation will stack up 
with the direct transmission wave, thus, the gain of the 
antenna is improved [11]. When meeting the following 
formula, the directivity of the antenna achieves the 
maximum [12],  

 
r PRS GND( 2 ) ,    0 , 1 , 2 ,

4

c
h N N

f
  


      (1) 

where φPRS and φGND are the reflection phases of PRS and 
the ground plane, f is the operating frequency of the 
antenna and hr is the distance between the PRS and the 
ground plane. Meanwhile, when antenna is irradiated as 
a scatterer, the electromagnetic waves reflected by PRS and 
metal ground will cancel with each other owing to the 
phase difference and RCS will decrease obviously.  

FP resonator was initially used in the field of optics, 
in 1956, G. V. Trentini firstly placed the superstrate struc-
ture possessing partially reflective property in front of 
a waveguide horn and the antenna gain enhancement was 
realized [13]. Later, FPRA was widely studied, FPRA is 
a kind of highly directive antenna with high radiation effi-
ciency and low complexity compared to conventional 
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antennas, however, there are few reports about the scatter-
ing performance of FPRA. In 2015, Zheng utilized two 
180° phase difference artificial magnetic conductor (AMC) 
cells to combine a chessboard configuration superstrate 
[14]. In 2017, Zhang combined the coding metasurface and 
FPRA together to reduce the antenna RCS and keep high 
gain [15]. More high-gain and low-RCS FPRA can be 
found in [16]. Nevertheless, these FPRAs can only worked 
in narrow bandwidths and is not suitable for many wide-
band antenna applications. 

In this paper, a wideband high-gain and low scattering 
antenna using shared-aperture metamaterial superstrate 
(SAMS) is designed and fabricated. The PRS is combined 
of three different sizes of two-layer frequency selective 
surfaces (FSSs). For radiation performance, the shared-
aperture configuration utilizes the phase compensation 
property along different FSSs, broadening the gain en-
hancement bandwidth effectively. For scattering perfor-
mance, antenna RCS is obviously reduced owing to the 
phase cancellation of different reflected waves. After load-
ing SAMS, the antenna possesses an impedance bandwidth 
of 44.7% for the reflection coefficient S11 below –10 dB 
from 7.8 GHz to 12.3 GHz. From 7.9 GHz to 12.1 GHz, the 
antenna has an obvious gain enhancement, with a peak of 
7 dB, meanwhile, the antenna RCS is effectively reduced 
from 4 GHz to 12 GHz. Simulated and measured results 
verify the correctness of this antenna design method. 

2. Analysis and Design of FPRA 

2.1 Design of SAMS 

The geometry of the superstrate unit cell is illustrated 
in Fig. 1. We present the structure with two different FSS 
layers. Two different patches are printed on the substrate 
with a relative permittivity of 2.65. The metal pattern on 
the top of the unit is a square patch, and on the bottom the 
metal pattern is a cross patch. The square FSS has the prop-
erty of low-pass filter and the cross FSS has the property of 
high-pass filter, therefore, this two-layer FSSs should reso-
nate in a wide frequency range. The parameters of the unit 
are as follows: a = 4.9 mm, t = 1 mm, P = 5.9 mm and 
w = 0.9 mm. In order to explain the wideband property 
more clearly, equivalent circuit is used, as shown in Fig. 2. 
For the metal pattern on the top of the unit, each horizontal 
gap between two square patches acts as a capacitor, whose 
capacitance C2 can be easily controlled by changing the 
width and length of the gap, namely, changing the size of 
the patch. In addition, the patch itself also provides an in-
ductance with a small value L2, connected in series with the 
capacitor. For the metal pattern on the bottom of the unit, 
the cross patch can act as an inductance L1, the large sepa-
ration between each cross patch acts as a small capacitance 
C1, which is parallel with the inductors. Owing to the small 
value of C1 and L2, it is worth nothing that neither the 
square patch nor the cross patch can produce a resonance, 
therefore, in a wideband frequency range, the superstrate 
unit can behave good impedance characteristic. 

t

P
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w

square

cross

 
Fig. 1.  Geometry of the superstrate unit cell. 
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Fig. 2.  Equivalent circuit of the unit cell. 
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Fig. 3.  Reflection phase and amplitude of the superstrate unit 

cell when a changes. 

Figure 3 shows the simulated results of the reflection 
phase and amplitude of the superstrate unit when the square 
patch size a changes. When a = 4.9 mm, the corresponding 
reflection phase of the unit increases at the frequency from 
8.3 GHz to 11.8 GHz, having the positive phase gradient. 
The reflection magnitude in the whole frequency band is 
above 0.56. According to (1), the proposed structure should 
have the potential to enhance the antenna gain in a wide 
frequency range. 

However, the gain enhancement bandwidth still could 
not cover the whole X band, it should be further extended. 
In recent years, shared aperture technique has become more 
and more mature in antenna array domain. This technique 
is usually applied to extend the array bandwidth, inspired 
by this, we hope the superstrate bandwidth could also be 
extended in this way. Simulated results indicate that when 
parameter a changes, the superstrate unit cell has different 
reflection phases but the same coefficient, therefore, if 
these three different sizes of units combine as a shared-
aperture structure, utilizing the phase compensation prop-
erty,  the  configuration  should  broaden  the gain  enhance- 
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Fig. 4.  Geometry of SAMS. 

ment bandwidth effectively. To verify the feasibility of this 
method, three units are numbered as ‘1’ ‘2’ and ‘3’ when 
parameter a = 4.5 mm, 4.9 mm and 5.3 mm, respectively. 
Considering the periodicity properties of each unit, super-
strate unit block arrays have been designed, each block is 
formed by 9 ‘1’, ‘2’ or ‘3’ elements. The final SAMS con-
sists of 3 × 3 block arrays as a chessboard configuration, 
shown in Fig. 4. 

2.2 Design of FPRA Using SAMS 

As an integral part of FP resonator antenna, the feed-
ing antenna also plays an important role. In this design, 
a novel magneto-electric antenna is chosen for its low pro-
file and wide bandwidth. The whole antenna uses a dielec-
tric slab with a thickness of 3 mm, εr = 4.4 and tanδ = 0.02. 
Electric dipole metal patches and magnetic dipole metal 
vias are excited by a T-shaped feeding line. The dimen-
sions of the antenna are listed as follows: b = 5.6 mm, 
c = 2 mm, d = 5 mm, L = 7 mm, m = 2.3 mm, n = 3.8 mm 
and s = 2.2 mm. The geometry of the whole FPRA is 
shown in Fig. 5. 

3. Analysis of FPRA Using SAMS 

3.1 Radiation Properties 

Figure 6 shows the comparisons of simulated 
reflection coefficient S11 and gain with and without SAMS. 

rh

 
                           (a)                                                           (b) 

Fig. 5.  Geometry of (a) the whole FP resonator antenna and  
(b) the feeding antenna.  
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Fig. 6.  Comparisons of simulated results with and without 
SAMS: (a) reflection coefficient S11, (b) antenna gain, 
(c) radiation patterns at 10 GHz. 

It can be seen the original antenna working bandwidth 
ranges from 7.3 GHz to 12.5 GHz, after loading SAMS, the 
bandwidth only decreases a little, ranging from 7.8 GHz to 
12.3 GHz; For the antenna gain, a relative gain enhance-
ment bandwidth has reached to 42% from 7.9 GHz to 
12.1 GHz with a maximum gain enhancement of 7 dB. The 
superstrate unit with a positive phase gradient is only rang-
ing from 8.3 GHz to 11.8 GHz, after adopting SAMS, the 
gain enhancement bandwidth is effectively broadened, cov-
ering the whole X band. Figure 6(c) shows the radiation 
pattern at 10 GHz. It can be seen that comparing with the 
original antenna, after loading SAMS, the HPBW in xoz 
plane has been decreased from 72° to 41°, and from 115° to 
37° in yoz plane. The directivity of antenna has been well 
enhanced and the antenna has a low side-lobe level. The 
beam peak direction is towards the front side direction and 
the maximum gain has increased 5 dB around. By compari-
son, we can see the SAMS converges the radiated electro-
magnetic wave to the normal direction and the gain en-
hancement effect is achieved. The efficiency of the antenna 
with SAMS is also calculated, at 10 GHz, the directivity of 
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the whole antenna is 8.88 dBi around, for an antenna with 
a certain directivity, the structure efficiency can be esti-
mated by the following equation [18] 

 
/10 2

2

10D

A
E








   (2) 

where A is the size of the square surface of the antenna, λ is 
the wavelength, E is the efficiency and D is the directivity 
of the antenna. By calculation, the efficiency in normal 
direction is 26% around, due to the widebeam property, the 
efficiency is not very high. 

Generally, there are several other types of SAMS con-
figurations by using three different sizes of units, for exam-
ple, helix configuration and fence-like configuration, as 
shown in Fig. 7(a) and 7(b). These two configurations are 
selected in our consideration for comparing their gain en-
hancement abilities, they are simulated and analyzed 
respectively. 

For the helix configuration, the spiral center is ele-
ment ‘1’, expanding from inside to outside, each different 
size consists of 27 elements. Comparing with the original 
SAMS analyzed above, this configuration will result in 
degradation of gain enhancement bandwidth, the gain of 
the antenna is enhanced only from 8.1 GHz to 9.6 GHz, not 
covering the whole X band, shown in Fig. 8. According to 
analysis, in this configuration, only elements ‘1’ possess 
periodic property, the other two sizes of units arrange dis-
persedly and do not behave it, therefore, this kind of SAMS 
cannot broaden the antenna gain enhancement bandwidth. 

For the fence-like configuration, using this kind of 
SAMS will broaden the antenna gain enhancement band-
width comparing with using single units superstrate. From 
8.1 GHz to 12.1 GHz, the antenna gain is enhanced, but 
this configuration will result in severe antenna beam de-
flection, the antenna main beam is not in the normal direc-
tion. This is because the fence-like SAMS configuration 
resulted in the inhomogeneous phase distribution. As 
shown in Fig. 9, the antenna beam in H plane deflects 
severely. 

Through the above analysis, designing SAMS config-
uration to broaden antenna gain enhancement should meet 
the following two conditions. One is because single super-
strate unit does not have the corresponding reflection char-
acteristic in application, at least 3 × 3 units combined to-
gether can satisfy the condition. The other is that the three 
sizes of unit block arrays should be arranged as uniformly 
as possible. Therefore, the original SAMS configuration is 
a relatively ideal arrangement. 

 
Fig. 7.  Other two SAMS: (a) helix configuration, (b) fence-

like configuration. 
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Fig. 8.  Simulated antenna gain with and without SAMS. 
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Fig. 9.  Fence-like SAMS antenna radiation pattern at 10 GHz. 

 

 [17] [18] [19] This paper

Antenna size (λ) 4.5λ × 4.5λ 2.4λ × 2.4λ 6λ × 6λ 1.8λ × 1.8λ

Antenna bandwidth 
(%) 

15.6 28 13.2 44.7 

Peak gain (dBi) 16.2 13.8 22.7 12.2 

Maximum gain 
enhancement (dB) 

 7.8 5.5 7 

Tab. 1.  Comparison among four antennas. 

Table 1 shows a comparison between the proposed 
design and existing designs in antenna radiation perfor-
mance. It can be seen that comparing with traditional FP 
antenna, the superiority in this paper is the SAMS gain 
enhancement bandwidth which is relatively wider provid-
ing a new way to broaden the antenna gain enhancement 
bandwidth. Certainly, there are also some shortcomings to 
be solved, compared with [18], the antenna efficiency in 
normal direction is not very high, this is because the an-
tenna itself is a kind of widebeam antenna and the antenna 
aperture is relative small, besides, the antenna structure in 
this paper is more complex compared with [17]. These are 
problems that need to be improved in the future. 

3.2 Scattering Properties 

In order to realize the low scattering properties, the 
loading height of the superstrate has an important impact 
on the FPRA. The principle of reducing the antenna RCS is 
shown in the following figure. When electromagnetic wave 
irradiate FPRA, the reflected wave of PRS and the antenna 
will have a phase difference, through phase cancellation 
principle, the antenna RCS will have an obvious reduction. 
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Fig. 10.  Scattering schematic model of FPRA. 

In the figure above, E(z), Er(z), and Et(z) are ampli-
tudes of incident wave, reflected waves of PRS and antenna, 
their expressions are: 

  r r r( ) exp j( )z E kz   E ,  (3) 

  t t t( ) exp j( )z E kz  E  (4) 

where φr and φt are phases of the waves, the whole 
scattering field of FPRA is 

      r t .z z z E E E    (5) 

Through the above analysis, when adjusting loading 
height hr, the antenna RCS will be reduced, meanwhile, 
according to (1), hr has an important impact on the gain 
enhancement of FPRA, therefore, if hr takes a suitable 
value, both antenna radiation and scattering performance 
will be improved. After optimizing the parameter, the 
height is finally selected as hr = 15.5 mm. 

In order to validate the RCS reduction of the proposed 
FPRA, the monostatic RCS for both x-polarized and y-po-
larized incident waves impinging from normal direction 
have been simulated, shown in Fig. 11. 

To validate the broadband low RCS characteristic, 
a reference antenna without SAMS is used for comparison. 
The monostatic RCS of both the antennas for x-polarized 
and y-polarized incident waves impinging from normal 
direction have been simulated, shown in Fig. 11. As pre-
dicted, owing to phase cancellation, the proposed FPRA 
has a broadband RCS reduction from 4 GHz to 12 GHz, the 
maximum RCS reduction reaches 25.4 dB at 8.6 GHz for 
x-polarized incident wave and 15.8 dB for y-polarized inci-
dent wave. Also, the bistatic RCS at 8.6 GHz is simulated. 
Figure 12(a) and (b) shows the simulated 2-D bistatic RCS 
patterns for x-polarized wave at xoz and yoz planes. It can 
be seen that antenna RCS is significantly reduced at the 
elevation angles between –30° to +30°. Owing to phase 
cancellation of PRS and antenna, the reflected waves 
emerge diffuse scattering phenomenon. Therefore, com-
pared with the reference antenna, RCS is increased at other 
angle ranges and FPRA has two different 2-D bistatic RCS 
patterns. Figure 12(c) and (d) shows 3-D bistatic RCS pat-
terns for the proposed FPRA and the reference antenna, 
respectively. It is obvious that the RCS is reduced after 
loading SAMS. The simulated results certify the accuracy 
of the antenna design. 
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Fig. 11.  Simulated results of monostatic RCS. 
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Fig. 12.  Simulated bistatic RCS patterns: (a) xoz plane,  
(b) yoz plane, (c) 3-D pattern of the reference antenna, 
(d) 3-D pattern of the proposed FPRA. 

4. Fabrication and Measurement 
The photograph of the proposed antenna is shown in 

Fig. 13. It was tested in the anechoic to validate the simu-
lated results. The antenna radiation patterns at 10 GHz with 
and without SAMS are shown in Fig. 14. It can be seen that 
after loading the SAMS, the proposed antenna gain in-
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creases to 9.5 dBi while the original antenna gain is 
4.9 dBi. Figure 15 shows the measured monostatic RCS 
result of the proposed FPRA, from 4 GHz to 12 GHz, the 
RCS is reduced obviously, which is approximately the 
same as the simulated one. Through simulated and meas-
ured results, we can verify the proposed FPRA has gain 
enhancement and low scattering properties. 

 
Fig. 13.  Photograph of the proposed FPRA. 
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Fig. 14.  Simulated and measured radiation patterns at 10 GHz: 
(a) xoz plane, (b)  yoz plane. 
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Fig. 15.  Measured monostatic RCS of the proposed FPRA. 

5. Conclusion 
In this paper, a wideband high-gain and low scattering 

antenna using SAMS has been proposed. We presented 
a novel method to broaden the antenna gain enhancement 
bandwidth by a shared-aperture PRS, using phase compen-
sation properties of three different sizes of two-layer FSSs. 
After loading the SAMS, the gain enhancement bandwidth 
has reached to 42% from 7.9 GHz to 12.1 GHz with 
a maximum of 7 dB. Meanwhile, through adjusting the 
loading height of SAMS, the antenna RCS is reduced 
obviously owing to phase cancellation phenomenon. From 
4 GHz to 12 GHz, the RCS is reduced with a maximum of 
25.4 dB at 8.6 GHz for x-polarized incident wave and 
15.8 dB for y-polarized incident wave. Simulated and 
measured results are in a good agreement with each other, 
verifying the SAMS can improve the antenna radiation and 
scattering performances simultaneously. 
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