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Broadband and High-Aperture Eﬃciency Fabry-Perot Antenna with
Low RCS Based on Nonuniform Metamaterial Superstrate
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Abstract—Due to the nonuniform Electromagnetic (EM) ﬁeld distribution over the superstrate, a
Fabry-Perot Resonant Antenna is normally with high directivity but relatively low aperture eﬃciency
when its aperture size is electrically large. In this paper, a Fabry-Perot resonator cavity antenna (FPCA)
with a nonuniform metamaterial superstrate is proposed. The nonuniform metamaterial superstrate is
a nonuniform double-sided printed dielectric, in which the upper surface is used for wideband RCS
reduction, and the bottom surface is the nonuniform partially reﬂective surface (PRS) of FPRA for
wideband and high aperture eﬃciency performances. Wideband RCS reduction is realized by designing
the phase diﬀerences 90◦ in turn among three adjacent frequency-selective surfaces. The wideband 3 dB
gain bandwidth and high aperture eﬃciency performances are obtained by designing the PRS with a
positive reﬂection phase gradient vs frequency and a negative transverse-reﬂection magnitude gradient,
respectively. The measured results show that the gain of the proposed antenna is 11.5 dBi greater than
that of the primary source antenna with a peak value 15.5 dBi at 9.2 GHz. The aperture eﬃciency is
73.3%. The 3-dB gain bandwidth is from 8.75 to 11.47 GHz (26.9%), and the RCS reduction can be
obtained eﬀectively from 8.2 to 20 GHz (83.7%).

1. INTRODUCTION
Fabry-Perot cavity antennas (FPCAs) have recently attracted broad interests from research in both
physics and engineering communities, due to their interesting features of high gain and planar
conﬁguration [1]. FPCA usually consists of a primary radiator embedded inside a cavity formed by
locating a nearly half a wavelength metasurface above a metal ground plate. Recently, radar crosssection (RCS) reduction has received extensive attentions. As a special scatterer for communication
and radar systems, antennas on the stealth platforms make great contribution to the overall RCS [2].
The idea of achieving a high-gain and low-RCS Fabry-Perot antenna was ﬁrst proposed in [3]. Many
low-RCS Fabry-Perot antennas have been proposed [3–5]. In these Fabry-Perot resonance structures,
the superstrate of the FPCA is double-sided printed dielectric; the upper surface is for RCS reduction,
and the bottom surface is PRS of FPRA. However, all of these F-P antennas do not realize wideband
gain bandwidth. Hence, many attempts have been made to overcome the shortcoming of such antennas.
A superstrate, which consists of multilayer same or diﬀerent dielectrics, is employed to create multiple
resonances [6]. However, the antenna proﬁle was increased, and the mechanical stability of the antenna
was disturbed. Novel all-dielectric PRS was studied to enhance the gain bandwidth obviously, which is
composed of diﬀerent dielectric materials and possesses the property of eﬀective gradient permittivity
in the transverse direction [7, 8]. However, the manufacturing process was a little complex. In addition,
frequency selection surfaces (FSSs) have also been proposed as a class of wideband PRS [9]. To realize a
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wideband 3 dB gain bandwidth, the reﬂection phase of the PRS layer was designed to possess a positive
slope vs frequency in a wide frequency band [10–13].
Meanwhile, research on achieving high aperture eﬃciency has also been conducted. The electric ﬁeld
magnitude decreases from inner to outer areas throughout the cavity for conventional FPCA, which bring
out poor aperture eﬃciency and worse peak gain. This led to the assumption that an unconventional
PRS with negative transverse-reﬂection magnitude gradient to realizes the equal amplitude and
cophasal distributions respectively for its aperture electromagnetic ﬁeld, and thus enhance its aperture
eﬃciency [10, 14]. Although these approaches obtain good wideband gain enhancement performance
and high aperture eﬃciency, they cannot achieve broadband RCS reduction. It may be a challenge to
realize wideband 3-dB gain bandwidth and RCS reduction.
In this paper, wideband and high aperture eﬃciency techniques are utilized to realize an FPCA
having multiple advantages of wideband |S11 | bandwidth, high gain, low RCS, and high aperture
eﬃciency. Wideband 3 dB gain bandwidth and high aperture eﬃciency are realized by utilizing a
nonuniform PRS (NPRS) which has both positive reﬂection phase gradient and negative transversereﬂection magnitude properties. The wideband RCS reduction is realized by designing the phase
diﬀerences 90◦ in turn among four adjacent frequency-selective surfaces. The rest of the paper is
organized as follows. Section 2 shows the theory and antenna design. The antenna performance analysis
is in Section 3. Experimental results are provided in Section 4, and Section 5 is conclusion.
2. THEORY AND ANTENNA DESIGN
2.1. Design Theory
As we all know, by combining two diﬀerent kinds of artiﬁcial magnetic conductors with 180◦ ± 30◦ phase
diﬀerence in a checkerboard arrangement, the reﬂected waves will produce destructive interference under
a normal incident plane wave for reducing the monostatic RCS in the normal direction [15, 16]. For
the case of more kinds of artiﬁcial magnetic conductors, the RCS reduction may be a challenge. So
in order to achieve a wideband RCS reduction, four diﬀerent kinds of artiﬁcial magnetic conductors
are employed, whose reﬂected phase diﬀerences between adjacent units are nearly 90◦ in turn, and
the reﬂected waves will be canceled with each other, thus the monostatic RCS can be reduced by at
least 6 dB [17]. In this paper, four kinds of frequency-selective surfaces with adjacent reﬂection phase
diﬀerence 90◦ in turn are used to design the low RCS reduction surface.

Figure 1. The working principle diagram of FPCA.
The working principle diagram of FPCA is shown in Fig. 1. The relationship between the frequency
resonance of an FP resonator antenna and the reﬂection phase can be deﬁned as
4πh
f − ϕG + 2nπ, n = 0, 1, 2...
(1)
c
where ϕPRS and ϕG represent the reﬂection phases of the PRS layer and ground plane, respectively,
and h is the height of the FP cavity. The phase diﬀerence between any two adjacent rays, RayN +1 and
ϕPRS =

Progress In Electromagnetics Research M, Vol. 101, 2021

61

RayN , is

K · 2h
+ K · 2h tan θ sin θ
(2)
cos θ
where K is the wave number, and θ is marked in Fig. 1. The “in phase” condition between any two
adjacent rays, RayN +1 and RayN , for any N satisﬁes:
φN +1 = φRN + φG(N +1) + φT (N +1) − φT N −

φN +1 = 2nπ

(3)

where n is an integer. The relation between the directivity (D) of the FP resonator antenna and the
reﬂection magnitude (|Γ|) of the PRS layer is as follows.
D = 10 log

1 + |Γ|
1 − |Γ|

(4)

From Eqs. (1) and (4), the reﬂection phase increases when frequency goes up, and larger reﬂection
magnitude leads to higher directivity. Hence, to achieve a broadband high-gain FP resonator antenna,
the reﬂection phase of the PRS layer on the bottom surface of the superstrate should be designed to
have a positive gradient, and the reﬂection magnitude should not be small in the desired frequency
band [18]. In addition, an unconventional PRS with negative transverse-reﬂection magnitude gradient
realizes the equal amplitude and cophasal distributions respectively for its aperture electromagnetic
ﬁeld, and thus enhances its aperture eﬃciency. The ﬁeld amplitude on the FPRA aperture against the
number of reﬂections N (N is noted in Fig. 1) can be expressed as [19]:

(5)
|EN | = EP · |Γ|N −1 1 − |Γ|2
where EP represents the ﬁeld of the feed antenna, and |Γ| is the reﬂection magnitude of the superstrate.
The amplitude of EN decreases exponentially with the increase in the number of reﬂections. This
means that a nonuniform EM ﬁeld amplitude distribution forms over the FPRA’s aperture. According
to Eq. (5), to produce a uniform ﬁeld amplitude distribution, the reﬂection magnitude of the superstrate
should be nonuniform and decrease with the increase in the number N of reﬂections, thereby providing
compensation for the exponentially decreased amplitude. Therefore, to obtain FPCA with wideband
high aperture eﬃciency and high gain, the PRS is designed to satisfy following conditions: (a) Negative
transverse-reﬂection magnitude gradient; (b) a positive phase gradient vs frequency; (c) the reﬂection
magnitude should not be small; (d) the rays are in phase.
2.2. FPCA Superstrate Structure Analysis
Figures 2(a), (b), (c), (d) are the schematic diagram, overall, top and bottom views of the superstrate,
respectively. The superstrate is made in a F4B dielectric substrate with the thickness of 3 mm and
relative permittivity of 2.65. The superstrate consists of four kinds of FSS units with diﬀerent sizes
marked in FSS (1–4) as in Fig. 2(b), and these FSS units are arranged in a conﬁguration of four
concentric square frames, respectively. Such a design can cover a larger area with fewer parameters.
The upper surface of the superstrate is for RCS reduction, and the bottom surface is nonuniform PRS
(NPRS) of FPCA.
The units forming the FSS are two square metallic patches with diﬀerent sizes printed on each side
of the F4B dielectric substrate as in Fig. 3(a). All the geometry parameters are marked in Fig. 2. As an
example, here θ is assumed to be zero, and the optimized sizes are as follows: P = 8 mm, L1 = 4 mm,
L2 = 5.6 mm, L3 = 4 mm, L4 = 1.6 mm. Fig. 2(d) bottom view shows W1 = 7.8 mm, W2 = 7.8 mm,
W3 = 7 mm, W4 = 5.8 mm. Fig. 3(b) shows that the unit cell is simulated by applying Floquet ports
and Master/Slaver boundary conditions. And integration lines are also deﬁned.
For RCS reduction surface, Fig. 4 shows the reﬂection coeﬃcients (S11 ) of the units. As shown in
Fig. 4(a), the reﬂection magnitudes of FSSs are all above 0.65 from 8.76 to 11.44 GHz. Fig. 4(b) shows
that the reﬂection phase diﬀerences among adjacent FSSs are nearly 90◦ in turn, which indicates that
the reﬂected waves will be cancelled with each other. Therefore, a wideband RCS reduction can be
achieved [17].
For PRS, Fig. 5 shows the reﬂection coeﬃcients (S22 ) of the FSSs. The reﬂection magnitudes of
the unit cells decrease from inner to outer regions on the substrate, which indicate that FSS units own

62

Huang and Fan

(a)

(b)

(c)

(d)

Figure 2. (a) The schematic diagram of the superstrate. (b) The superstrate consisted of four kinds
of FSS units. (c) Top view. (d) Bottom view.

(a)

(b)

Figure 3. (a) Geometry of the unit. (b) Simulation Floquet ports model of the unit.

(a)

(b)

Figure 4. Reﬂection coeﬃcients (S11 ) of FSS units. (a) Magnitude. (b) Phase.
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Figure 5. Reﬂection coeﬃcients (S22 ) of FSS units. (a) Magnitude. (b) Phase.
negative transverse-reﬂection magnitude gradient properties. In the meantime, FSS2 and FSS3 possess
positive phase gradient properties as shown in Fig. 5(b). As a result, the wideband gain enhancement
can be obtained [10, 12].
2.3. Antenna Performance
The geometry of the proposed F-P antenna is given in Fig. 6. The double-sided printed dielectric
superstrate with the overall dimension of 64 mm × 64 mm is placed at a height h above a metallic
ground plane, and the optimized h = 18 mm. The primary source patch antenna is placed at the center
of the ground plane to excite the F-P cavity. The primary source patch antenna with the dimension of
5.5 mm×8.4 mm is printed on an F4B substrate with thickness of 3 mm and lateral size of 20 mm×20 mm.
The operation frequency bandwidth is from 8.92 to 12.4 GHz, and the center frequency is 10 GHz.

Figure 6. Geometry of the proposed antenna.
Figure 7 shows the electric ﬁeld of the primary antenna and the FPCA at 9.3 GHz, respectively.
The spherical wave of primary antenna is transformed to quasi-plane wave for the antenna loaded with
the superstrate. Furthermore, the electric ﬁeld of the FPCA is almost uniform throughout the cavity
due to the application of negative transverse-reﬂection magnitude gradient reﬂection magnitudes.
Figure 8 shows the realized gain and monostatic RCS of FPCA and the primary source antenna
without superstrate. The gain is above 13.22 dBi in the frequency range from 8.76 to 11.44 GHz (3 dB
gain bandwidth 26.53%), and the maximum gain is 16.22 dBi at 9.3 GHz, which is 12.2 dBi larger than
that of the primary source antenna. The 3 dB gain bandwidth of the FPCA is 26.53%. The eﬃciency
of the FPCA is also shown. It remains greater than 86% from 8.92 to 12.4 GHz. The proposed antenna
can realize RCS reduction from 8.2 GHz to 18.5 GHz, and the maximum RCS reduction value is 31.6 dB
at 15 GHz.
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(a)

(b)

Figure 7. Electric ﬁeld distributions on the cross section of the antennas at 9.3 GHz. (a) Primary
antenna. (b) FPCA.

(a)

(b)

Figure 8. (a) Realized gain of the primary source antenna and the FPCA. Eﬃciency of the FPCA is
also shown. (b) Monostatic RCS of the proposed antenna compared with the primary antenna.
3. EXPERIMENTAL RESULTS
The designed FPCA is fabricated and measured to verify its wide band, high gain, and high aperture
eﬃciency performance. The prototype of the whole structure is in Fig. 9(a). Four Nylon spacers are
used to support the cavity. The measurement environment is shown in Fig. 9(b). The measurements of
the fabricated antenna are completed in a microwave anechoic chamber. Fig. 10 shows the simulated
and measured S11 and realized gain of patch and proposed antennas. It can be observed that simulations
agree well with measurements. As shown in Fig. 10(a), the measured S11 < −10 dB bandwidth ranges
from 8.9 to 12.4 GHz (32.86%). Fig. 10(b) shows that the proposed antenna has a measured 3 dB gain

(a)

(b)

Figure 9. (a) Photograph of the prototype. (b) Measurement circumstance.
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(b)

Figure 10. Simulated and measured results of patch and proposed antennas. (a) S11 . (b) Realized
gain.
bandwidth of 26.9%, extending from 8.75 to 11.47 GHz with a peak gain of 15.5 dBi at 9.2 GHz. The
aperture eﬃciency is 73.3%. The simulated and measured radiation patterns in the E- and H-planes
at 9 GHz, 10 GHz, and 11 GHz are shown in Fig. 11. It can be observed that the main beam of the
proposed antenna is highly directive toward broadside throughout the band. However, the patterns in
the E-planes are asymmetric, because the unsymmetrical ﬁeld is radiated by the primary feed inside the
cavity. The average sidelobe levels (SLLs) remain a low level at 9 GHz and 10 GHz, but they increase
to −4 dB at 11 GHz. This phenomenon is common in broadband resonant cavity antennas that the SLL
in the E-plane usually increases to −5 dB. Meanwhile, the cross-polarization levels at the broadside
direction are all less than −35 dB in the E-plane. In the H-plane, the SLL remains under −10 dB and
the cross-polarization levels are under −15 dB from 9 GHz to 11 GHz.
The measured and simulated monostatic RCSs of the FPCA under normal incidence are shown in

(a)

(b)

(c)

(d)
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(e)

(f)

Figure 11. Radiation patterns of the proposed antenna. (a) E-plane and (b) H-plane at 9 GHz, (c)
E-plane and (d) H-plane at 10 GHz, (e) E-plane and (f) H-plane at 11 GHz.

Figure 12. Simulated and measured RCS reduction of the proposed antenna.
Table 1. Comparison of the proposed antenna with the similar designs in reference.
Impedance

3-dB Gain

Aperture

Peak

Area

RCS Reduction

BW (%)

BW (%)

Eﬃciency (%)

Gain (dBi)

(λ20 )

BW (%)

[20]

3.5

2

40.2

18.4

13.69

72

[21]

11.08

N/A

20.5

12.3

6.59

88.9

[5]

2.1

4.8

55.5

19.8

13.5

40

[22]

6.9

3.7

31.4

13.2

5.29

80

[13]

18.6

16.58

18.8

11.9

4.84

76.92

This work

32.86

26.9

73.3

15.5

3.85

83.7

References

Fig. 12. It can be observed that considerable RCS reduction is obtained from 8.2 to 20 GHz with a
relative bandwidth of 83.7%, covering the in-band and out-band. A comparison with some published
FPCAs with RCS reduction is made in Table 1, highlighting the functionality of the proposed structure.
It is obvious that the proposed antenna provides wider 3-dB gain bandwidth, impedance bandwidth,
smaller size, and high aperture eﬃciency. In addition, RCS reduction covers the operating band of the
FPCA, corresponding to an RCS reduction bandwidth of 83.7%.
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4. CONCLUSION
A broadband high-gain, high aperture eﬃciency, and low RCS FPCA is presented. The high aperture
eﬃciency and wideband are obtained by utilizing the PRS with the properties of positive reﬂection
phase gradient and negative transverse-reﬂection magnitude gradient. The 10-dB impedance bandwidth
is 32.86%, 3-dB gain bandwidth 26.9%, the aperture eﬃciency 73.3%, and the measured peak gain
15.5 dBi. The wideband RCS reduction is realized by designing the phase diﬀerences 90◦ in turn among
four frequency-selective surfaces. Wideband RCS reduction from 8.2 to 20 GHz (83.7%) is achieved. The
proposed FPCA has the following performances simultaneously: wideband |S11 | bandwidth, high gain,
high aperture eﬃciency, and low RCS. The proposed antenna shows excellent radiation performances
and scattering performances, which has potential application in the stealth technology.
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