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ABSTRACT A novel method to engineer high-gain and polarization-insensitive Fabry-Perot (FP) antenna 

with low scattering is presented by combining a polarization-insensitive broadband frequency selective 

rasorber with partially reflective surface (FSRP) and a reflective metasurface. The FSRP element consists of 

an upper indium tin oxide layer printed on polyethylene glycol terephthalate substrate, a metallic loop, and a 

metallic patch in the middle and bottom layer, respectively, which is designed to absorb most of out-of-band 

incidence while achieving in-band reflection. The bottom metallic patch is a partially reflected surface which 

is utilized to construct an FP resonant cavity with the reflective metasurface to ensure in-band radiation. The 

excellent performance of proposed FP antenna is demonstrated by simulations and measurements, revealing 

that the antenna exhibits an in-band peak measured gain of 21.8 dBiC at 12 GHz. Besides, a significant out-

of-band scattering reduction is achieved within 9.9-11.3 GHz and 13.3-20 GHz under normal detection. Our 

paradigm setups a new avenue for low radar cross section of a high-gain antenna, promising great potential 

in practical applications. 

INDEX TERMS Radar Cross Section, High-Gain, Frequency Selective Rasorber, FP Antenna 

 

I. INTRODUCTION 

Antenna, as the core of wireless communication systems, is 

rapidly developed in the past decades. However, as a strong 

scattering source, the antenna would contribute considerably 

to the overall radar cross section (RCS) of the entire system 

[1]. It is imperative to achieve an effective way to balance the 

contradiction between antenna radiation and scattering. 

Recently, metasurfaces have attracted enormously interest due 

to unique electromagnetic (EM) properties that are not 

normally found in nature materials [2]-[9]. And it is 

considered as an effective way to solve above contradiction. 

To date, some architectures have been widely applied for 

antenna design based on EM band-gap (EBG) [10] and 

frequency selective surface (FSS) [11]. Therein, EBG 

structure achieves low RCS out of or in the operating band by 

absorbing EM waves, while FSS achieves this target by 

transmitting out-of-band signature. However, these methods 

are unable to simultaneously improve radiation and suppress 

scattering of the antenna, which is of great application value 

in the field of weaponry and national defense. 

As a typical artificial reflectarray, the Fabry-Perot (FP) 

antenna has been proposed to achieve high radiation by 

constructing an FP resonant cavity with partially reflecting 

surface (PRS) and reflected ground and differs from 

Cassegrain antenna in obtaining an inherent high gain with 

better compactness [12]-[14]. Many stealth FP antennas have 

been reported so far [15]-[26]. Some are designed to absorb 

incident EM wave by using amplitude-modulated 

metasurfaces constructed from lossy materials, such as 

lumped resistors [15]-[17]. However, the absorption 

performance located at the operating band would deteriorate 

the gain to some extent in Ref. [16]. Besides, it is incompatible 

with high integration due to utilized lossy lumped resistors. 

Others are engineered to achieve low RCS by using phase-

modulated metasurfaces, such as random surfaces and 

polarization conversion surfaces [18]-[26]. In Ref. [25], the FP 

antenna designed using a checkerboard distribution surface 

achieves low scattering and high gain. However, the antenna 

operates in single polarization and thus would limit its 

application. Therefore, it is of high value to design an FP 

antenna for real-world applications 
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with simple structure, excellent radiation, and polarization-

insensitive stealth performance. 

Recently, a rasorber has attracted broad interest from 

researchers in both physics and engineering communities 

[27]-[29]. It manifests different EM behaviors from traditional 

FSS, which presents a reflection band with two-edged 

absorption bands. Here, inspired by rasorber, it is possible to 

align the operation band of FP antenna within the reflection 

region, which avoids the degradation of in-band radiation 

while simultaneously achieves the reduction of out-of-band 

RCS in broadband. However, to the best of our knowledge, the 

low RCS FP antenna based on rasorber has yet been rarely 

reported. To fill the gap, here a novel FP antenna with 

wideband low RCS and high gain is firstly proposed by 

combining frequency selective rasorber with PRS (FSRP) and 

reflective metasurface. In addition, the antenna is polarization 

insensitive and highly integrated due to simple and 

symmetrical structure of the adopted meta-atom. 

II. ANTENNA TOPOLOGY AND DESIGN 

A. Fundamental Principal 

As shown in Fig. 1, the proposed FP antenna is composed of 

an FSRP, a reflective metasurface, and a feed source. The 

FSRP achieves small in-band transmission at f0 and two high 

out-of-band absorption bands at f0-Δf1 and f0+Δf2. The 

reflective metasurface has been used to provide an arbitrary 

constant phase for modulating the height H of air cavity, 

instead of the conventional metallic ground which has a 

constant reflective phase of 180°. The feed source is located at 

the heart of reflective metasurface to excite the entire antenna 

system. The resonance condition can be described as  

1 2 2 2 2H N    + −  = −    1,2,3N =        (1) 

Here, φ1 and φ2 are reflection phases of the PRS and reflective 

metasurface, respectively. λ is the wavelength at the working 

frequency f0 and N represents the resonance mode number. 

 

FIGURE 1.  Schematic illustration of FP antenna with low RCS 
and high gain. 

B.  DESIGN OF FSRP 

The key to an FSRP design lies in an effective integration of 

out-of-band absorption and in-band high reflection and low 

transmission. To address this key, an FSRP paradigm is 

smartly designed, as shown in Fig. 2. The top layer is a 

symmetrical four-open annular indium tin oxide (ITO) etched 

on polyethylene glycol terephthalate (PET) substrate (ε=3, 

tangent loss tan θ=0.003 and thickness=0.1 mm). The outer 

and inner radii are R1=4.8 mm and R2=4.2 mm and the opening 

width is a=0.5 mm. Although the lossy printing materials 

conductive ink can be utilized instead of ITO film, its 

manufacture is limited by high temperature or vacuum and 

requires surface treatment in film forming [30]. The middle 

layer is a metallic loop with a width of b = 0.1 mm and an inner 

radius of R3 = 2.5 mm. The bottom layer is a square patch with 

a width of c=9.8 mm, which is used as the PRS. The dielectric 

spacers are two F4B substrates with a dielectric constant of 

2.65 and two thicknesses of h1=2 mm and h2=1 mm. The 

period of meta-atom is P=10 mm which is targeted to the 

operating frequency.  

 

FIGURE 2.  Configuration and geometric parameters of the meta-
atom. (a) The perspective meta-atom. (b) ITO layer. (c) metallic 
loop. (d) partially reflecting surface. 

The full-wave simulation is carried out to optimize meta-

atom in CST Microwave 2015. The unit cell boundary 

condition is set in x and y directions while open (add space) 

boundary condition is utilized along z direction. In simulations, 

the EM responses of meta-atom differ when EM wave is 

incident along +z and -z directions, as shown in Fig. 3. 

Specifically, the FSRP exhibits absorption–reflection–

absorption response and an in-band reflection redshift as 

radius of metallic loop R3 increases while the absorption on 

both sides is still maintained, as shown in Fig. 3(a). A sharp 

selectivity occurs at 12 GHz where the reflection coefficient 

rises and then falls sharply when R3=2.5 mm. The reflection 

coefficient (S11) is less than -10 dB within 10-11.4 GHz and 

12.9-19.4 GHz. The corresponding transmission (S21) is 

always below 0.2 in 10-19.4 GHz. Based on above results, the 

minimum absorption calculated as 1-S11
2- S21

2 is 87% (10-11.4 

GHz) and 88% (12.9-19.4 GHz), respectively. Nevertheless, 

the meta-atom serves as the PRS when EM wave is normally 

incident along +z-direction. The reflection amplitude is over 

0.95 from 10 to 20 GHz while the phase shows a negative 

gradient and is -375° at 12 GHz, as shown in Fig. 3(b). 
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FIGURE 3.  Characterizations of the FSRP. (a) Effect of different 
radii of metallic loop on reflection and transmission coefficients 
of FSRP when EM wave is incident along -z-direction. (b) 
Reflection amplitude and phase spectrum when EM wave is 
incident along +z-direction with R3=2.5mm. 

To further validate the analysis, the surface current 

distributions of designed FSRP are investigated at different 

frequencies in Fig. 4. Three frequencies are considered: the 

lower and higher absorption bands at 10.5 and 13 GHz, and 

the reflection band at 12 GHz. It is observed that the strong 

induced currents are generated on the four-open annular ITO 

layer at 10.5 and 13 GHz. The incident EM wave is absorbed 

due to ohmic losses. On the contrary, the metallic loop in the 

middle layer is excited at 12 GHz, while no significant current 

is observed in the ITO layer. The excited metallic loop acts as 

a perfect reflector, short-circuiting the ITO layer and 

achieving efficient reflection. 

 

FIGURE 4.  Simulated surface current distributions on different 
layers of FSRP at 10.5, 12 and 13 GHz. 

To elucidate the absorption and reflection mechanisms, Fig. 

5 illustrates the equivalent circuit model of FSRP based on the 

surface current distributions shown in Fig. 4. The equivalent 

impedance Zs of metallic loop is expressed as follows 

2

1
1s s s

s s s

j
Z j L j L

C L C
 

 

 
= − = − 

 

                (2) 

The equivalent impedance Zp of ITO is approximated by the 

following equation 
1

pZ R j L
j C




= + −                              (3) 

The input impedance Zin of FSRP is expressed as 

1

1 1 1

p d s

in

p d p s d s

p d s

Z Z Z
Z

Z Z Z Z Z Z

Z Z Z

 
= =

+ +
+ +

             (4) 

When the frequency of EM wave is aligned with the resonance 

of the metallic loop, f0=1/2π √LsCs , Zs and Zin are 

approximately zero and the incident EM wave is reflected. 

While Zin≠0, Zp and Zd play an important role in introducing 

resistive loss in circuit model at other frequencies beyond f0, 

enabling incident EM wave to be efficiently absorbed. The 

parametric values of each component in the equivalent circuit 

can be retrieved by the fitting technique in ADS to match 

reflection and transmission coefficients calculated from full-

wave simulation in CST. 

 

FIGURE 5.  Equivalent circuit model of FSRP. R, L, and C denote 
the equivalent resistance, inductance, and capacitance of ITO, 
respectively. Ls and Cs are modeled as the equivalent 
inductance and capacitance of metallic loop. Z0 and Zd represent 
equivalent impedance of air and dielectric medium.  

C.  DESIGN OF REFLECTIVE METASURFACE 

To satisfy the in-band FP resonance condition and reduce the 

cavity height, the reflective metasurface is designed to provide 

a flexible phase by etching a cross-shaped metal on the 

grounded F4B substrate with a thickness (h3) of 2 mm (λ/12.5 

at 12 GHz), as shown in Fig. 6(a). The parameters are 

optimized as d=2 mm and e=7.8 mm. Fig. 6(b) exhibits the 

reflection amplitude and phase of meta-atom simulated under 

normal plane waves incidence. It can be obviously seen that 

the reflection phase is -368° at 12 GHz. Besides, the meta-

atom is insensitive to polarization due to its fourfold rotational 

symmetry. 

 

FIGURE 6.  Structure and EM characteristics of the meta-atom for 
reflective metas-atom. (a) Geometric layout. (b) Amplitude and 
phase responses when EM wave is normally incident. 

To determine the final meta-atom layout and indicate 

polarization insensitive performance, we assemble the FSRP 

shown in the inset of Fig. 1 and reflective metasurface shown 

in Fig. 6(a) to construct the whole meta-atom of FP antenna, 

see Fig. 7(a). The theoretical calculation referred to (1) shows 

that the height of the air cavity is 11.7 mm. As shown in Fig. 

7 (b), the whole meta-atom exhibits similar EM response to 

incident waves of arbitrary polarization states. The reflection 

coefficient of meta-atom is still less than -10 dB within 10.1-

11.9 GHz and 13.7-19.4 GHz. Moreover, the resonance of the 

whole meta-atom is slightly shifted to higher frequency 
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compared to that of individual FSRP, since the FSRP and 

bottom reflective metasurface are individually designed. 

 

FIGURE 7.  Structure and EM characteristics of the whole basic 
meta-atom for FP antenna. (a) Geometric layout. (b) Simulated 
reflection coefficient under x-polarized, y-polarized, left-handed 
circularly polarized (LCP) and right-handed circularly polarized 
(RCP) waves. 

III. ANTENNA PERFORMANCE 

Figs. 8(a) and 8(b) depict the layout and fabrication prototype 

of proposed FP antenna. An LCP helical antenna with a radius 

of 10 mm is located in the central of reflective metasurface to 

excite the entire FP antenna system. Four foam blocks are used 

to support two substrates, as shown in Fig 8(b). Fig. 8(c) 

illustrates the experimental setup for radiation performance. 

The FP antenna and receiver are placed on two foam cylinders. 

By rotating the foam cylinder on which the FP antenna is 

placed, the far-field radiation performance can be accurately 

recorded. Furthermore, the whole experiment is done in 

anechoic chamber to decrease influence of surrounding 

environment. 

 
FIGURE 8.  Layout and measurement setup of the FP antenna. (a) 

Perspective view. (b) Photograph of the fabricated sample. The 

inset of (b) shows the feed source. (c) Experimental setup. 

A.  RADIATION PERFORMANCE 

In Fig. 9(a), the proposed FP antenna exhibits a 3 dB axial ratio 

(AR) from 11 to 13 GHz, with a minimum AR of 0.6 dB at 

11.9 GHz. Fig. 9(b) shows the simulated and measured gain 

of the FP antenna, which reaches a maximum of 21.8 dBiC at 

12 GHz. Nevertheless, the antenna gains decrease rapidly out 

of band where the FP resonance condition is not satisfied. The 

maximum aperture efficiency is calculated to be 52.3%, which 

is calculated by using the following equation η=Gλ2/4πS, 

where G is the gain of FP antenna and S represents the physical 

area. The measured 3 dB gain bandwidth is 11.8-12.2 GHz 

with a fractional bandwidth of 3.3%. Despite above good 

performances, there are still slight discrepancies between 

simulated and measured gains especially out of the operation 

band, which are mainly caused by tolerances inherent in 

fabrications and experiments.  

Figs. 9(c) and (d) show the simulated and measured 2-D far-

field radiation properties in xoz-and yoz-planes with different 

polarizations. It can be clearly seen that the FP antenna 

achieves high gain and polarization purity for primary 

polarization (LCP) component while weak radiation for cross-

polarization (RCP) one at designed band. Meanwhile, the side 

lobe of less than -10 dB can be obtained. The antenna also 

possesses a 3 dB beamwidth of only 11° in xoz-and yoz-planes, 

which proves that the antenna radiates a highly directional 

beam.  

 
FIGURE 9.  Radiation performance of the FP antennas excited by 

an LCP helical antenna. (a) Simulated AR. (b) Simulated and 

measured (b) gain and far-field radiation patterns on (c) xoz and 

(d) yoz-planes at operating frequency 12 GHz. 

Moreover, we found that the maximum gain (21.8 dBiC) is 

achieved at 12 GHz in simulations when the height of air 

cavity is 12.8 mm instead of the theoretically calculated 11.7 

mm. The reason for this tolerance can be interpreted as that the 

simulated reflection phases are not exactly the same in above 

two cases, which may result in the discrepancy. In full-wave 

simulations, the meta-atoms are impinged by ideal plane wave, 

while the whole FP antenna is excited by a spherical wave of 

a helical antenna.  

B.  SCATTERING PERFORMANCE 

The experimental setup for far-field scattering characteristics 

of proposed FP antenna is shown in Fig. 10(a). Two dual CP 

horns set at the same horizontal plane as the FP antenna are 

used to transmit and receive EM waves and are connected to 

the AV3672B Agilent Vector Network Analyzer to record the 
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static EM signals. The distance between the FP antenna and 

two dual CP horns is arranged to more than D2/λ to eliminate 

the near-field influence, where D is the diameter of CP horn’s 

aperture. To reduce system tolerances and effect of the 

experimental environment, the Vector Network Analyzer is 

calibrated and a time domain gate method is utilized. Due to 

limitations of available horns in use, we only measured 

scattering characteristics from 8 to 18 GHz.  

 

FIGURE 10.  Measurement setup and scattering performance of 
the FP antenna. (a) Experimental setup of far-field scattering. (b) 
Simulated and measured RCS reduction. 

The backward RCS reduction of FP antenna compared to a 

metal plate of the same size is presented in Fig. 10(b). In 

simulations, the FP antenna achieves more than 10 dB RCS 

reduction from 9.9 to 11.3 GHz (13.2%) and more than 8 dB 

RCS reduction from 13.3 to 20 GHz (40.2%). There are some 

discrepancies between the simulated and measured results, yet 

they are generally in agreement. Specifically, the resonance 

moves towards lower frequencies, and is significantly 

enhanced at higher frequencies. The discrepancies are mainly 

caused by the inaccurate fabrication between the FSRP and 

reflective metasurface. What’s more, according to reciprocity 

principle, the antenna could receive EM wave at the operating 

band. Therefore, our proposed FP antenna intrinsically 

exhibits an inherent low scattering at 12 GHz. 

Finally, Table I compares the performance of our design 

with that of previous works. It can be highlighted that our FP 

antenna exhibits full polarization behavior while achieves 

superior advantages of good aperture efficiency, broadband 

RCS reduction and high gain. 

Table I. Comparisons of performance between this work and 
available FP antennas. 

Refs. 
Ba

nd 
Pol. 

Gain

(dBi

C) 

Apertu

re 

efficien

cy 

RCS 

(GHz)  

Area(λ2

) 

Profil

e  

[16] X LP 18.4  40.2% 8-17 3.7×3.7 0.42λ 

[18] X LP 7  9-20  1.2×1.2 0.54λ 

[20] X CP 3.2 11.6% 4-13  1.2×1.2  

[21] X LP 19.8 55.5% 8-12 3.7×3.7  

[22] X LP 4.9  8-18 2.2×2.2  

[24] X LP 17.1  8.6-14 2.8×2.8  

[25] C LP 12 11.7% 4-13 2.7×2.7 0.33λ 

[26] X LP 16.6 51% 8-19 2.6×2.0 0.9λ 

This 

work 
X All  21.8  52.3% 

9.9-11.3, 

13.3-20  
4.8×4.8 0.51λ 

IV. CONCLUSION 

A novel strategy for low-RCS, high-gain and polarization-

insensitive FP antenna is proposed by smartly combining a 

FSRP and a reflective metasurface. For verification, an FP 

antenna excited by a LCP planar helical antenna is numerically 

studied, fabricated, and experimentally measured. Numerical 

and experimental results coincide well and show that the 

antenna achieves high gain of 21.8 dBiC at 12 GHz and 

broadband RCS reduction within 9.9-11.3 GHz and 13.3-20 

GHz. The 3 dB AR is achieved within 11-13 GHz and the 

minimum AR is 0.6 dB at 11.9 GHz. Furthermore, according 

to reciprocity theory, the antenna also exhibits low scattering 

characteristics at the operation band. Due to the above 

advantages, we believe that the proposed FP antenna will find 

potential applications in communication and stealth discipline 

for complex EM environments. 
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