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ABSTRACT: Three methods to reduce the RCS of Fabry-Perot (FP) resonator antenna using diffuse scattering are verified and compared
in this paper. They are 1 bit random coding, 2 bit random coding, and 2 bit random phase gradient coding method. In order to realize
reflection phase coding, a receiver-transmitter type unit with adjustable reflection phase from top side is proposed. Metasurface (MS)
composed of this unit is the best choice to achieve the RCS reduction of FP resonator antenna, because it has the ability to independently
control the reflection phase on both sides. By changing the size of radiation patch, two units with 90◦ reflection phase difference and four
units with 90◦ reflection phase difference from top side can be obtained. They are used to compose MSs with different reflection phase
distributions. These MSs can form FP resonator antennas with RCS reduction characteristics. Subsequently, three antennas are fabricated
and tested, and the test results are compared. The results show that the FP resonator antenna using 2-bit random phase gradient coding
has the best performance. It achieves the wideband RCS reduction of antenna and has the least influence on radiation performance. The
proposed antenna A3 achieves an average RCS reduction of 12 dB over the bandwidth range of 7.7–13.7GHz while maintaining a peak
gain of 18 dB and good radiation patterns.

1. INTRODUCTION

Fabry-Perot (FP) resonator antenna is a very commonly used
high-gain antenna with a simple structure. It usually con-

sists of a feed antenna and a partial reflector plate. The dis-
tance between the above two is determined by the following
formula [1].

φ1 + φ2 −
4πh

λ0
= 2Nπ, N = 0, 1, 2... (1)

There are often many metal structures distributed on partial
reflector plate of the antenna. These metal structures are highly
reflective of incoming electromagnetic waves, which causes
the antenna to exhibit large radar cross-section (RCS) [2–4].
Therefore, it is necessary to take some measures to reduce the
RCS of FP resonator antenna. This can help the antenna achieve
radar stealth [5–8].
The common method to reduce the RCS of FP resonator an-

tenna is to change the reflection phase of the partial reflector
plate to the external incident electromagnetic wave. Through
the reflection phase control, the reflected electromagnetic wave
phases cancel each other, so that the reflected beam is divided
into several beams in different directions or generates diffuse
scattering. Thus, the intensity of the main reflected beam is re-
duced, and the RCS reduction is realized [9–14]. There are two
kinds of reflection phase distribution commonly used. One is
chessboard distribution [15–21], and the other is random cod-
ing distribution [22–27]. The chessboard distribution can di-
vide the reflected electromagnetic wave into several beams.
For example, a chessboard arranged metamaterial superstrate
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is constructed using two different frequency selective surface
(FSS) units for wideband gain enhancement and RCS reduc-
tion in [19]. The RCS was reduced from 8.0 to 18.0GHz for
arbitrary polarizations, including the operation band of antenna.
This designmethod provides a good strategy to address the con-
fliction between radiation and scattering performance of FP res-
onator antenna. In [20], an FP resonator antenna with RCS
reduction performance using receiver-transmitter metasurface
(MS) is presented. The antenna can realize wideband RCS re-
duction for both polarizations while maintaining good radiation
performance. The random coding distribution method can form
a diffuse reflection of the incident electromagnetic wave, i.e.,
the incident electromagnetic wave is reflected in many direc-
tions, so that the electromagnetic wave in each direction is very
small, and thus achieves the reduction of RCS. For example, a
strategy to realize a diffusion MS was proposed for RCS reduc-
tion in [24]. The designed MS effectively suppressed the back-
ward RCSwithin the frequency range of 7.2–15.6GHz. In [25],
a specially designed 2-bit codingMS is introduced to reduce the
scattering of FP antenna. Measured results indicated that it can
effectively reduce the monostatic and bistatic RCSs of the FP
resonator antenna. Comparing these two methods, diffuse scat-
tering method can achieve better RCS reduction effect. But it
also has a great effect on the radiation of the antenna.
In this paper, three methods to reduce the RCS of FP res-

onator antenna by diffuse scattering are compared. They are
1 bit random coding, 2 bit random coding, and 2 bit random
phase gradient coding. The 1 bit random coding is a random
arrangement of two types units whose reflection phases from
top side differ by 180◦. There are not many cell types required
for this approach, and it is easy to implement. Therefore, it is a
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common method to achieve RCS reduction. The 2-bit random
coding is random arrangement of four types units whose reflec-
tion phases from top side are 90◦ different in turn, while the ran-
dom phase gradient coding forms a 4× 4 array with phase gra-
dient firstly using these four types of units, and then the phase
gradient direction of each array is arranged randomly to make
up theMS. The 2-bit method requires four cell types and is diffi-
cult to implement. Random coding arrangements are relatively
simple. The phase gradient coding method requires a detailed
design of the unit arrangement. All three methods can achieve
RCS reduction of antenna. However, the performance of RCS
reduction and its effect on antenna radiation need further study.
The RCS reduced FP resonator antenna realized by these three
methods is simulated and tested, and their radiation and scat-
tering characteristics are compared. The rest of this paper is
arranged in the following order. The design process of the unit
used to achieve reflection phase control is given in Section 2.
Then, Section 3 mainly introduces the design process of three
kinds of MS and the composition of FP resonator antenna. The
simulation and test results of three antennas and the analysis of
the results are presented in Section 4. Finally, Section 5 gives
the conclusion of this paper.

2. DESIGN OF THE UNIT

In order to realize the RCS reduction of the FP resonator an-
tenna, the partially reflective surface (PRS) of the antenna
should present constant reflection coefficients from bottom
side and adjustable reflection coefficients from top side. So
a receiver-transmitter unit is designed to compose the PRS be-
cause it is easy to realize independent control of reflection co-
efficients from different sides. The configuration of the unit is
shown in Figure 1. The unit consists of two identical substrates
stacked up and down. The material of the substrate is F4B with
relative permittivity of 2.65 and thickness of 1.6mm. Three
layers of metal structures are printed on the surfaces of two
substrates. The top and bottom layers are both square patches.
Bottom layer patch is the receiver, and top layer patch is the
radiator. Two patches are separated by an all-metal surface on
the middle layer, which acts as a ground plane. A rectangular
slot is etched on the ground plane to realize the energy trans-
mission from receiver to radiator. When the unit is working,
the electromagnetic wave is received by the bottom layer patch
and coupled to the top layer patch through the slot on the ground
plane. Then the top layer patch radiates electromagnetic wave
into free space. The unit is simulated by the CST, and the sim-
ulation model is presented in Figure 1(b). The reflection co-
efficients from port 1 and port 2 represent the reflection coef-
ficients of unit from bottom and top sides, respectively. The
transmissivity of the unit is related to the length of the slot. The
longer the slot is, the smaller the impedance is, resulting in a
larger transmissivity of the unit, while the size of the patch can
not only influence the operating frequency but also affect the
reflection phase of the unit. The dimensions of each part of the
unit are determined in the following order. Firstly, the receiver
and transmitter patches are set to the same size, and the operat-
ing frequency of the unit is adjusted to 10GHz through tuning

(a) (b)

FIGURE 1. (a) Configuration of the proposed unit, and (b) the simula-
tion model of the unit.

the width of patches. After simulation, the widths of patches
are set to w1 = w2 = 6.2mm.
Secondly, the transmissivity and reflectivity of the unit are

adjusted by changing the length of the coupling slot. The length
of the slot manipulates the transmission amplitude mainly by
affecting the coupling impedance. When the length of the slot
l = 3mm and width s = 0.8mm, the reflectivity of the unit
reaches above 0.9. The high reflectivity meets the requirements
of the FP resonator antenna. Then, in order to realize the RCS
reduction of the antenna, the reflection phase of the unit from
top side must be tunable to obtain phase difference between dif-
ferent units. The width of the radiator patch can affect the re-
flection phase from the top side but not influence the reflection
phase from bottom side. The increase of the width makes the
transmission path of the reflected electromagnetic wave longer,
resulting in the reflection phase lag, and vice versa. So, reflec-
tion phase of the unit from top side can be tuned by changing
the width of the radiator patch w2.
Figure 2 and Figure 3 show the reflection coefficients of unit

from port 1 and port 2 with different values of w2. Figure 2
displays the reflection coefficients of the unit at 10GHz with
w2 = 5.37mm and 6.69mm, while Figure 3 shows that with
w2 = 4.15mm, 5.92mm, 6.45mm, and 7.28mm. Figure 2(a)
and Figure 3(a) are the reflection coefficients of the unit from
port 1. We can see that the change of w2 has very little influ-
ence on the reflection amplitude and phase from port 1. This is
because the reflection coefficients form port 1 mainly depends
on the size of receiver patch due to the existence of the ground
plane. The reflection phases of the unit from port 2 with dif-
ferent values of w2 are shown in Figure 2(b) and Figure 3(b).
From Figure 2(b), when w2 is equal to 5.37mm and 6.69mm,
respectively, the reflection phases of unit from port 2 present
180◦ phase difference. These two units can be used to make
up the MS with 1 bit coding of reflection phase. According
to Figure 3(b), the reflection phase of the unit differs by 90◦
in turn when w2 is equal to 4.15mm, 5.92mm, 6.45mm, and
7.28mm. Thus, these four units can be used to form the MS
with 2 bit coding of reflection phase. According to the simula-
tion results, the unit proposed in this paper can not only keep
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(a) (b)

FIGURE 2. Reflection coefficients of unit with different value of w2 from (a) port 1 and (b) port 2.

(a) (b)

FIGURE 3. Reflection coefficients of unit with different value of w2 from (a) port 1 and (b) port 2.

(a) (b) (c)

FIGURE 4. Detailed views of three layers of the MS. (a) Top layer, (b) middle layer, and (c) bottom layer.

the reflection coefficient from bottom side unchanged, but also
adjust the reflection phase from top side by changing the size
of the radiator patch, so as to realize the RCS reduction design
of the antenna. The test results of the units are also shown in
Figure 2 and Figure 3. Because a 16× 16 unit array is used for
testing, the test results of the unit are slightly different from the
simulation results. However, this does not affect the simulation
results as the actual reflection and transmission coefficients of
the unit.

3. THE FP RESONATOR ANTENNA
The proposed unit can be used to form the receiver-transmitter
MS, which can present constant reflection coefficient from bot-

tom side and tunable reflection phase from top side. This MS
is very conducive to form the FP resonator antenna. Figure 4
shows the three-layer structure of the MS consisting of the pro-
posed units. The MS consists 16 × 16 units, whose radiator
patches have the same size and are equal to the size of receiver
patch. ThisMS is used as a prototype to design the FP resonator
antenna. A slot coupled patch antenna is designed to act as the
feeder of the FP resonator antenna. The sketch model of the
patch antenna is shown in Figure 5. The antenna’s operating
frequency is adjusted to 10GHz. Then an FP resonator antenna
is formed by the MS and the feed antenna. The MS is placed
above the antenna with a distance of h, witch is the height of
the resonator cavity. Four units are removed from each corner
of the MS, and four through holes are opened to accommodate
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FIGURE 5. Sketch model of the feed antenna. FIGURE 6. 3D view of the FP resonator antenna.

(a) (b) (c)

FIGURE 7. Top layers of three kind MSs. (a) 1 bit random coding, (b) 2 bit random coding, and (c) 2 bit random phase gradient coding.

the support structure. Figure 6 shows a model of the formed
FP resonator antenna. The model of the formed FP resonator
antenna is simulated by CST. The value of h is set to 5.5mm
after being optimized. At this point, the antenna can work well
at 10GHz.
Next, the MS needs to present uneven reflection phase dis-

tribution from top side to obtain RCS reduction property. Ac-
cording to the simulation results of the unit, the reflection phase
from top side of each unit on the MS can be tuned by changing

FIGURE 8. Fabricated antennas and the test environment.

the width of the radiator patch. In this paper, the diffuse scat-
tering method is used to achieve RCS reduction. The diffuse
scattering of incident electromagnetic wave is realized by three
methods, which are 1 bit random coding, 2 bit random coding,
and random phase gradient coding. The 1 bit random coding
method uses two units with 180◦ reflection phase difference
to compose the MS. According to the simulation results, the
width of the radiation patch of the unit is 5.37mm and 6.69mm,
respectively. Two units are arranged randomly on the MS to
achieve diffuse scattering of incident waves. Figure 7(a) shows
the top view of the 1 bit random coding MS. This method uses
only two types of units and is relatively simple to implement.
The method of 2-bit random coding is to make up the MS by
randomly arranging 4 units whose reflection phases are 90◦ dif-
ferent with each other. The widths of the radiation patch of four
units are 4.15mm, 5.92mm, 6.45mm, and 7.28mm. Top view
of the 2 bit random coding MS is presented in Figure 7(b). The
randomphase gradient codingmethod also uses 4 units with 90◦
reflection phase difference to form the MS. The whole MS is
divided into 16 parts, each containing 4 × 4 units. Inside each
part, the units are arranged in a gradient according to the re-
flection phase. There are four directions of the reflection phase
gradient, +x, −x, +y, and −y. Then, the phase gradients of
different parts are arranged randomly. Compared with random
coding, this method has both randomness and regularity in unit
arrangement. The top view of the random phase gradient cod-
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(a) (b)

(c) (d)

FIGURE 9. Simulated and measured results of the antennas. (a) Reflection coefficients, (b) gain of A1, (c) gain of A2, and (d) gain of A3.

ing MS is shown in Figure 7(c). The receiver patch and ground
planes of these three MSs are identical. So, the change of the
radiation patch onMS does not affect the reflection coefficients
of the MS.

4. COMPARISON OF THREE ANTENNAS
According to theoretical analysis, all three methods can make
the antenna realize RCS reduction. In order to compare the
performance of three methods to achieve RCS reduction, three
kinds of MS and feed antenna are machined and assembled to
three FP resonator antennas. They are named A1, A2, and A3.
Figure 8 shows the photographs of the fabricated antennas and
the test environment.
The reflection coefficients and realized gains of antennas are

displayed in Figure 9. Figure 9(a) shows the simulated and
measured reflection coefficients of the antennas. Because three
antennas have nearly the same reflection coefficient, the re-
sults of only one antenna are given in Figure 9(a). The test
results agree well with the simulation ones. The reflection co-
efficient of the antenna in the range of 9.88–10.12GHz is less
than−10 dB. The simulated and measured gains of three anten-
nas are presented in Figures 9(b), (c), and (d). The tested max-
imum gains of antenna A1, A2, and A3 are 18.9 dBi, 17.1 dBi,
and 18.0 dBi, respectively. Compared with the method of 1 bit
random coding, the gain of 2 bit random coding antenna de-
creases more seriously. This is because when the size of the ra-
diation patch is changed, the transmission phase of the unit also
changes. The increase of the unit types on the surface of MS
makes the transmission phase more uneven, which affects the
radiation characteristics of the antenna. Although the random
phase gradient coding is also composed of four types of units,

the unit arrangement on the random phase gradient coding MS
has a certain regularity, so its influence on the antenna radia-
tion characteristics is less than that of the 2 bit random coding
method. Therefore, the gain of antenna A3 is between those of
antennas A1 and A2.
The radiation patterns of the antennas are shown in Figure 10.

The simulation and test results maintain a good consistency. It
can be seen that antenna A1 presents the best radiation pattern.
Its side lobe level and cross-polarization level are all below
−15 dB. Radiation patterns of the antenna using 2 bit random
coding MS are relatively poor, which is manifested in that the
main beam of the antenna is deformed, and the back lobe of the
antenna is also larger. For antenna A3, the pattern of xoz plane
is deteriorated, and the side lobe level is larger, but the pat-
tern of yoz plane maintains good characteristics, and the side
lobe level and cross polarization electricity are below −13 dB
on average. In summary, the radiation pattern of A1 is the best,
and that of A2 is the worst, while that of A3 is between the first
two.
In order to verify the RCS reduction property of the antenna,

themonostatic RCS of the antennawasmeasured in an anechoic
chamber. The measurement results are given in Figure 11. Fig-
ures 11(a), (c), and (e) are the RCS reduction performance of
antennas A1, A2, and A3 under the incident condition of x-
polarized wave, while (b), (d), and (f) are the RCS reduction
performance under the incident condition of y-polarized wave.
It can be seen that the RCS reduction performance of each an-
tenna under the incident of x- and y-polarized waves is not dif-
ferent. Simulation and test results show that the RCS reduction
performance of 2 bit random coding is better than that of 1 bit
random coding, while random gradient phase coding is better
than that of 2 bit random coding. The specific performance is
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(a) (b)

(c) (d)

(e) (f)

FIGURE 10. Radiation patterns of three antennas. (a) A1 in xoz plane, (b) A1 in yoz plane, (c) A2 in xoz plane, (d) A2 in yoz plane, (e) A3 in xoz
plane, and (f) A3 in yoz plane.

TABLE 1. Comparison of the RCS reduction FP resonator antenna.

Ref.
Frequency
(GHz)

Peak gain
(dBi)

RCS reduction
Band

Average RCS
reduction

Overall
Dimensions

Aperture
Efficiency

[19] 10.4 11 8–18GHz 10 dB 2.2λ× 2.2λ 20.0%
[20] 10 18.2 8–14GHz 10 dB 4.3λ× 4.3λ 28.9%
[25] 10 19.8 8–12GHz 8.76 dB 3.6λ× 3.6λ 55.5%
A3 in

this paper
10 18 7.7–13.7GHz 12 dB 4.3λ× 4.3λ 27.6%

that the bandwidth to achieve the RCS reduction effect is wider,
and the RCS reduction at each frequency point is also larger.
Therefore, considering the radiation characteristics and scatter-
ing characteristics of the antenna, antenna A3 achieves the best
RCS reduction effect and has less influence on antenna gain.
The RCS reduction of A3 is large than 12 dB in 7.7–13.7GHz,
and the in-band RCS reduction is greater than 15 dB.

The performance comparison between the proposed antenna
and former reported RCS reduction FP resonator antenna is
shown in Table 1. The RCS reduction property can be reflected
by RCS reduction band and average RCS reduction, while the
peak gain and aperture efficiency reflect the extent to which the
radiation performance of the antenna is affected. It can be seen
that the A3 proposed in this paper and other FP resonator an-
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(a) (b)

(c) (d)

(e) (f)

FIGURE 11. RCS reduction of three antennas. (a) A1 under x-polarized incident wave, (b) A1 under y-polarized incident wave, (c) A2 under x-
polarized incident wave, (d) A2 under y-polarized incident wave, (e) A3 under x-polarized incident wave, and (f) A3 under y-polarized incident
wave.

tennas in references can all realize wideband RCS reduction.
The average RCS reduction of A3 is larger than other antennas,
and the peak gain and aperture efficiency of A3 did not drop
very much. This shows that the radiation performance of A3 is
maintained well.

5. CONCLUSION
In this paper, three kinds of method to reduce the RCS of the
FP resonator antenna are proposed, and their performances are
compared. Firstly, a coupling type receiver-transmitter unit is
designed, whose reflection phase from top side can be adjusted
as needed. Then, two units with 180◦ reflection phase differ-
ence are used to compose the 1 bit random coding MS, and four
units with 90◦ reflection phase difference with each other are
used to form the 2 bit random coding MS and the 2 bit random
phase gradient coding MS. The 1 bit random coding requires
fewer types of units and is easy to implement. On the other

hand, the 2-bit method requires four cell types and is difficult
to implement. Random coding arrangements are relatively sim-
ple. The phase gradient coding method requires a detailed de-
sign of the unit arrangement. Three kinds of MSs can all realize
RCS reduction of the FP resonator antenna. However, the radi-
ation characteristics of the antenna are affected in different de-
grees. Then, through the comparison of simulation and test re-
sults, the radiation and scattering characteristics of the antenna
using threemethods are analyzed. Compared with 1-bit random
coding, 2-bit random coding can achieve better RCS reduction,
but it also has greater influence on antenna radiation character-
istics. This indicates that the more types of reflection phases of
MS units str, the better the reduction effect of RCS is. The 2-
bit random phase gradient coding method also uses 4 units with
different reflection phases, but different units are arranged ac-
cording to certain rules. Therefore, this method can achieve
better RCS reduction effect and less influence on antenna radi-
ation. Above all, the 2-bit random phase gradient coding is the
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best way to reduce the RCS of FP resonator antenna. It enables
FP resonator antenna to achieve an average RCS reduction of
12 dB over a wide bandwidth range.
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