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Abstract

This paper proposes a new radar cross section (RCS) reduced microstrip antenna incorporat-
ing 475 square slots on the patch. The proposed antenna achieves wideband RCS reduction
with radiation performance sustained. The modified and reference antenna are simulated
and analyzed in radiating and scattering mode, respectively. Prototypes of two antennas are
fabricated and measured. Compared with the reference antenna, the simulated result shows
the modified antenna RCS reduced in the frequency range 1.1-2.6 GHz, which contains
the in-band and out-of-band frequency band simultaneously. And the maximum RCS reduc-
tion is 7.6dB at the frequency of 1.19GHz. Besides, the modified antenna can achieve the
antenna RCS reduction in the case of oblique incidence. The prototypes of two antennas
are fabricated and measured, and the accuracy of the simulation is proved by the measured
result. Due to its advantages of simplicity, wideband RCS reduced, broad-angle RCS reduced,
the method in this paper is suitable for wideband antenna RCS reduction in space-limited
environment.

Introduction

In recent years, the development of military equipment with high-performance stealth tech-
nology has increased significantly. The term “radar cross section (RCS)” represents the detect-
able ability of an object [1]. Especially in the military application, the lower RCS, the higher
stealth performance. Since the antenna is an essential element of the military equipment,
reducing the antenna RCS is vital to the stealth of the military equipment [2, 3].

Several methods to reduce the antenna RCS have been proposed in the last decade, which
can be divided into three categories according to the principle for reducing RCS.

« Reducing antenna RCS with metamaterials. There has been extensive interest in metamater-
ials and their applications recently. Commonly used metamaterials for antenna RCS reduc-
tion are electromagnetic band gap (EBG) [1], frequency selective surface (FSS) [2-4],
partially reflecting surface (PRS) [5, 6], metasurface [7-9], absorber [10-12] and other meta-
materials [13]. Mushroom-like EBG structures [1] were integrated on the patch of a conven-
tional microstrip antenna, providing low in-band RCS. ESS is often used in combination
with other elements and replaces the conventional antenna ground plane [14]. For example,
PRS and FSS were used simultaneously to reduce antenna RCS in [2], and out-of-band
antenna RCS was reduced by 12.6 dB using FSS ground plane. PRS is often used as the
superstrata above the antenna [6], and a PRS layer has been used as the superstrata of a slot-
coupled microstrip antenna to reduce antenna RCS in the range 8-14 GHz [5], with gain
enhancement of approximately 7 dB. However, metamaterials operate in limited bandwidth,
which hampers their application to some degree. The profile and volume of metamaterial-
based antennas are also significantly increased, which is not suitable for conformal
technology or portable equipment with limited space for the antenna.

o Shaping or structural-design of the antenna. For example, octagonal-shaped ultra-wideband
antenna [15], double-sided axe-shaped ultra-wideband antenna [16], and Vivaldi antenna
with subtraction [17, 18]. In order to use shaping method to reduce antenna RCS, the cur-
rent distribution should be investigated at first. Then the weak distribution areas can be
removed according to the current distribution. Modifications are usually distributed on
the patch and ground planes simultaneously. In [16], five weak distribution areas were sub-
tracted, significantly reducing the antenna RCS in the working frequency band. However,
RCS reduction using this method sacrifices backward radiation and it is difficult to achieve
RCS reduction for a broad angle range of the incident wave.

o The third category contains the uncommonly used methods, such as rotating antenna elem-
ent [19], substrate integrated waveguide technology [20], frequency selective reflector [21],
characteristic mode method [22]. In [19], antenna elements are distributed and rotated ran-
domly, significantly reducing the in-band antenna RCS. However, reducing antenna RCS
over a wide frequency band is a challenge for this category of modifications.
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Fig. 1. Simulation results of the reference antenna. (a) Geometry of reference antenna. (b) Reflection coefficient. (c) Maximum gain. (d) Radiation patterns.

Therefore, it is imperative and important to study a new
method to reduce antenna RCS across a wide frequency band
and broad-angle range of incident wave with no sacrifice of radi-
ation performances.

This paper introduces a new microstrip antenna with wide-
band RCS reduction. To accomplish antenna RCS reduction
with radiation performance sustained, the only modification is
subtracting an array of 475 square slots from the patch, and the
substrate and ground plane remain unmodified. The proposed
method differs from the method that reducing antenna RCS
with the use of periodic structures. The geometric construction
of the periodic structure must be considered when the periodic
structure method is used to reduce antenna RCS, whereas the pro-
posed method does not require geometric construction of the
slots. Square slots are only used for simulation convenience, as
the HFSS software finite element method was employed, which
leads to a very large calculation overhead if other geometric con-
structions, such as polygons, circular, or irregular shapes are used.

In order to design the modified antenna, a conventional
microstrip antenna should be introduced as the reference antenna
at first. According to the principle of reducing antenna metal area
to reduce antenna RCS, as well as the strong distributed area
should be maintained to keep the radiation performance, the
RCS reduced modified antenna with radiation performance main-
tained can be obtained. And the validity of the proposed antenna
can be proved by the analysis of distribution, fabrication and
measurement. Therefore, this paper is organized as follows. The
section ‘Design of reference antenna’ put forward the reference
antenna of this work. And the section ‘Design of modified
antenna’ discusses the principle of the RCS reduction with the
modified antenna proposed. A further study of distributions is
carried out in the section ‘Distribution of two antennas’. And
the RCS reduction for oblique incidence is compared in the sec-
tion ‘RCS reduction for oblique incidence’. The prototypes of two
antennas are measured and exhibited in the section ‘Fabrication
and measurement’. Finally, this work is summarized in the sec-
tion ‘Conclusions’.

Design of reference antenna

Firstly, a conventional microstrip antenna is designed as the ref-
erence antenna, and depicted in Fig. 1(a) with the size marked.
The substrate material is FR4, with relative dielectric constant
4.4 and loss tangent 0.02. The size of substrate is 182 x 143 x
2mm?, and the patch is 90 x 60mm?®. The reference antenna is
fed by coaxial cables, and the feed point is 27 mm away from
the origin of the coordinate system along the direction of the
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Fig. 2. The monostatic RCS of reference antenna.

x-axis. The origin of the coordinate system is the same with the
center of the reference antenna.

In this paper, all the simulation is carried out with the use of
HFSS 13.0 software. The radiation performance of the reference
antenna is demonstrated in Fig. 1. The reflection coefficient is
shown in Fig. 1(b), and it can be seen that the working frequency
of reference antenna is 1.19 GHz. The three dimensional of gain
diagram is exhibited in Fig. 1(c), which shows that the maximum
gain of the reference antenna is 3.2 dB. In addition, the radiation
patterns are shown in Fig. 1(d). The monostatic RCS of the refer-
ence antenna is shown in Fig. 2. During the process of simulating
scattering mode, the boundary is set to the perfectly matched
layer. And the incident wave is vertical with theta polarized.

The RCS result and the radiation performance of the reference
antenna are proposed as a comparison with the modified antenna
in the subsequent sections. Therefore, the simulated result of the
reference antenna is proposed here without any analysis.

Design of modified antenna

Antenna RCS (o) is consist of structural mode RCS (o,) and
anteonna mode RCS (o0,), as shown in equation (1) [23], where
¢ is the phase difference between the two mode. The structural
mode RCS depends on the configuration of the antenna, and
the antenna mode RCS relies on the load condition of the
antenna. [24]

2

o=|/o+ 7|, (1)

In this paper, RCS of the proposed antenna is reduced for the
diminution of the structural mode. As the antenna RCS is related
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Fig. 3. Geometry of four compared antenna. (a) 33 slots antenna. (b) 57 slots antenna. (c) 79 slots antenna. (d) 103 slots antenna.
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Fig. 5. Geometry of four compared antenna. (a) antenna 2 with two-row slots. (b) antenna 3 with three-row slots. (c) antenna 5 with five-row slots. (d) antenna 8

with eight-row slots.

to the shape size of the antenna, the smaller size of the antenna,
the lower antenna RCS. Therefore, the modified antenna RCS
would be reduced through the reducing metal area on the patch
plane. As the metal area on the patch plane reduced, the scattering
caused by the patch would be reduced. Whereas, the radiation
performance is closely related to the size of the antenna, especially
the working frequency of the antenna. In this paper, in order to
realize reducing the area of the patch with radiation performance
maintained, many square slots are subtracted from the edge of the
patch. So the working principle of the modified antenna in the
radiating mode is the same with that of the reference antenna.
As the reference antenna and modified antenna was designed
working within the L-band, and the length of each slot must be
far less than the wavelength of the working frequency for keeping
the radiation performance maintained, so each slot would be set
to be a square with 1 mm length. Since the vacancy introduced
by the subtracted slots, the antenna RCS can be reduced with
the radiation performance maintained. In this paper, the modifi-
cation processed on the patch plane only, for the sake of
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sustaining the backward-radiation characteristics of the reference
antenna.

The influence of slots amount on the antenna radiation per-
formance and RCS reduction is analyzed firstly. The four com-
pared antennas are shown in Figs. 3(a) -3(d), and each of them
are subtracted for 33 slots, 57 slots, 79 slots, 103 slots, respectively.
The dark part on the patch in Fig. 3 represents for the subtracted
slots. The compared return loss result is depicted in Fig. 4(a), and
the RCS result is compared in Fig. 4(b). It can be seen that the
working frequencies and the matching condition of different
antennas are almost the same, which infers that the subtracted
slots almost have no effect on the antenna radiation performance.
In Fig. 4(b), it shows that the antenna with 103 slots exhibits best
RCS reduction in the L-band, and the maximum RCS reduction is
obtained by this antenna either. It can be inferred that the more
area subtracted on the patch, the more RCS reduced.

Secondly, the array of slot is proposed to have more slots sub-
tracted from the patch. The array with different row of slots is
analyzed and compared for their return loss and RCS reduction.
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The antenna with 103 slots in Fig. 3(d) is the fundamental
antenna, termed as antenna 1. The antenna 2 consists of two
rows of slots, as shown in Fig. 5(a). According to this subtracting
regular, antenna 3, antenna 4, antenna 5, antenna 6, antenna 7,
and antenna 8 can be proposed, respectively. And only antenna
2, antenna 3, antenna 5, and antenna 8 is demonstrated in Figs.
5(a)-5(d). The return loss and RCS of eight antennas with differ-
ent slots are compared and shown in Fig. 6. It can be seen that the
working frequencies have a slight change. As to the antenna RCS
reduction, it can be obtained that the RCS curves of antenna 6,
antenna 7, and antenna 8 are almost coincided. As a result, the
maximum RCS reduction is obtained by antenna 5, and the max-
imum in-band RCS reduction is obtained by this antenna either.
The RCS reduction performance of antenna 6, antenna 7, and
antenna 8 is inferior to that of antenna 5. It is attributed to the
modified length on the patch of three antennas is approximating
to the wave length, which has no effect on the antenna RCS
reduction in the low-frequency band.
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According to the analysis above, the modified antenna can be
proposed. In order to keep the radiation directivity, especially the
back-forward radiated, there is no modification introduced on the
ground plane of the antenna. The modified antenna is shown in
Fig. 7(a), and it has consistent dimension to the reference
antenna. The only modification is the subtraction of the 475
square slots on the patch, shown as dark points in Fig. 7(a).
A 5x45 unit array is dug from the top of the patch, and two
30 x5 unit arrays are dug from the left and right side of the
patch. Part of the modification is shown in Fig. 7(b), and the
square slots presented as blank slots in Fig. 7(b). The square
slots are 1x Imm?, and the distance between adjacent slot is
1 mm, either along the X or Y-axis. The distance from the edge
of the slot to the edge of the patch is 0.5 mm. There are no further
modifications to the reference antenna other than these square
slots on the patch.

It is worth noting that the length of each slot should be far less
than the wavelength of the working frequency to maintain the
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radiation performance of the antenna. In addition, the antenna
RCS reduction is obtained through subtracting the slots near
the edge of the patch in this paper. It is different from the trad-
itional shaping method for subtracting the weak distribution
area of the patch or ground plane [16, 18]. Because the subtracted
slots in this paper distributed both in the strong distribution area
and the weak distribution area. If according to the traditional
shaping method, the subtracted slots should distributed in the
top and the bottom of the patch, whereas the subtracted slots in
this paper distributed along the edge of the patch actually.

The radiation performance of the modified antenna is demon-
strated in Figs. 8 and 9. Each performance of the modified
antenna is compared with that of the reference antenna.
Figure 8(a) shows that the working frequency of the modified
antenna is 1.19 GHz, as well as the working frequency of the ref-
erence antenna is 1.19 GHz. The curves of the reflection coeffi-
cient for two antenna almost coincide. In Fig. 8(b), it shows
that the maximum gain of the modified antenna is 3.3 dB,
which is 0.1 dB bigger than that of the reference antenna shown
in Fig. 1(c). The radiation patterns of the modified antenna are
demonstrated in Figs. 9(a) and 9(b). It can be seen that the
gain of backlobe increased slightly, it is due to the subtracted
slots along the edges of the patch. Generally, the radiation per-
formance of the reference antenna is maintained with the modi-
fication in this paper. So the modification of subtracted slots has
no effect on the radiation performance of the antenna.

Figure 10 shows the monostatic RCS of the reference and
modified antennas with the incident wave normally impinging
and 6 polarized. It can be obtained that the modified antenna
achieved a significant RCS reduction of 7.6 dB at 1.19 GHz. In
the frequency band 1.1-2.6 GHz, approximately 3 dB RCS reduc-
tion was achieved. Since the working frequency is 1.19 GHz, the
relative bandwidth of the RCS reduction is approximately 126%.
The maximum RCS reduction was 7.6 dB at 1.19 GHz, which
was also the maximum in-band RCS reduction. The maximum
out-of-band RCS reduction is 3.7 dB, and it occurred at the fre-
quency of 1.9 GHz. As the working frequency range of the modi-
fied antenna is 1.14-1.21 GHz, so the in-band and out-of-band
antenna RCS reduction can be obtained simultaneously through
the subtracting the slots near the patch.

Distribution of two antennas

Firstly, in order to compare the radiation performance and scat-
tered performance of two antennas, the distributions in both radi-
ating mode and scattering mode of the reference antenna are
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Fig. 9. The comparison of radiation patterns between
two antennas. (a) E-plane. (b) H-plane.
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Fig. 10. The monostatic RCS of modified and reference antennas.

studied. In the radiating mode, the distribution of the surface cur-
rent at the frequency of 1.19 GHz is demonstrated in Fig. 11(a). It
shows that the most of the surface current spread from the bottom
of the patch to the top, and the current with large intensity
located in the middle of the patch, and the weak current located
along the edge. The distribution of the electric field at the fre-
quency of 1.19 GHz is shown in Fig. 11(b). It can be seen that
the electric field at the top and bottom of the patch are stronger
than that in the middle of the patch.

In the scattering mode, the distribution of the surface current
at the frequency of 1.19 GHz is exhibited in Fig. 12(a). The surface
current spread from the bottom of the patch to the top, the dir-
ection is almost the same with the surface current in the radiating
mode. Whereas the amplitude of the two cases is different.
Besides, the intensity of the surface current in the scattering
mode is asymmetric. The amplitude distribution of the electric
field is shown in Fig. 12(b). It shows that the stronger electric
field located near the corners of the patch, and the distribution
of the electric field is asymmetric either.

As a comparison, the distribution of the modified antenna in
the radiating mode and scattering mode is analyzed, as shown
in Figs. 13 and 14, respectively. The distribution of surface current
in the radiating mode at the working frequency is demonstrated in
Fig. 13(a). The amplitude in Fig. 13(a) is the same as that in
Fig. 11(a). It can be seen that the two distributions are almost
the same, except the current in the edge of the modified antenna
is stronger than that of the reference antenna. And the distribu-
tion of electric field in Fig. 13(b) is similar to the distribution
in Fig. 11(b). Therefore, it can be obtained that the two antennas
show the similar radiation performance.
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Fig. 11. Distribution of reference antenna in the radiating mode at the frequency of 1.19 GHz. (a) Surface current distribution. (b) Electric field distribution.
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Fig. 13. Distribution of modified antenna in the radiating mode at the frequency of 1.19 GHz. (a) Surface current distribution. (b) Electric field distribution.

In the scattering mode, the distribution of surface current is
shown in Figs. 14(a) and 14(b) for the distribution of electric
field. It can be seen that the direction in Fig. 14(a) is the same
as that in Fig. 12(a). According to the different amplitudes of
two figures, it is easy to be obtained that the intensity of the sur-
face current on the modified antenna is stronger than the current
on the reference antenna. As for the case of the electric field, it
can be obtained that the intensity of electric field on the modified
antenna is stronger than the electric field on the reference antenna
by comparing Fig. 14(b) with Fig. 12(b).

Comparing the radiation field distribution of the modified
antenna with that of the reference antenna, it can be seen that
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the radiation field distribution of the two antennas almost the
same. So it can prove that the radiation performance is main-
tained by the modified antenna. As for the scattering field distri-
bution, the direction of scattering current of two antennas is the
same, whereas the intensity is different. The current of the modi-
fied antenna is stronger than the current of the reference antenna.
This is also suitable for the regulation between the scattering elec-
tric field distribution. It can be obtained that the scattering elec-
tric field of the modified antenna is stronger than that of the
reference antenna. The difference between the scattering field of
two antennas caused by the decrease of the metal area on the
patch plane.
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Fig. 16. The pictures of prototypes. (a) Top view of reference antenna. (b) Top view of modified antenna. (c) Bottom view of reference antenna. (d) Bottom view of

modified antenna.

RCS Reduction for oblique incidence

The antenna RCS reduction in different incident angles is
discussed in this section. The electromagnetic wave is vertical
incidence with theta polarized. And theeis fixed to 0, the 8 varies
from 0° to 75° with a step for 15°. The RCS curves of different
angles are depicted in Figs. 15(a)-15(f), which represent for
0=0,0=15,0=30,0=45, =60, 6=75, respectively.

In Fig. 15, it can be seen that the antenna in-band RCS can be
dramatically reduced in all the cases. Thanks to the symmetry of
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the modification on the patch, the in-band RCS reduction can be
obtained within the scope of 0 <6<75. Whereas the
out-of-band RCS reduction cannot be obtained in all the cases.
For instance, in the case of §=15, the out-of-band RCS of the
modified antenna at a frequency of 2 GHz is increased than
that of reference antenna.

Therefore, the modified antenna proposed in this paper can real-
ize wideband and RCS reduction with radiation performance main-
tained, as well as the broad-angle in-band antenna RCS reduction.
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Fig. 17. (a) The experimental setup of reflection coef-
ficient. (b) Measured result.
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Fabrication and measurement

Prototypes of the reference and modified antenna are fabricated,
as shown in Fig. 16. The rule is placed next to the prototypes for
scale. An SMA connector is welded to each prototype. The proto-
type reflection coefficient is measured using Agilent E8363B vec-
tor network analyzer, with the prototype and vector network
analyzer connected by the feed line. The experiment arrangement
is shown in Fig. 17(a), and the measured result is shown in
Fig. 17(b). The measured results of the two antennas coincident
and the simulated results for the two antennas are almost coinci-
dent. The bandwidth of the two antennas and impedance matching
are also the same. Thus, the modifications have no significant influ-
ence on the reflection coefficient of the reference antenna.

Radiation patterns of the two prototypes are measured in a
microwave anechoic chamber, with the fabricated antennas con-
nected to an Anritsu MS4644A vector network analyzer by the
feed line. The experimental setup for radiation pattern measure-
ment is shown in Fig. 18(a). The prototype is placed on the work-
bench of the microwave anechoic chamber, using plastic foam to
fix the prototype, since the dielectric constant of the plastic foam
is similar to air. The measurement frequency is chosen as
1.19 GHz, which is the resonant frequency of the fabricated
antenna. The measured results are compared in Figs. 18(b) and
18(c), for the E-plane and H-plane, respectively. The two anten-
nas exhibit the same radiating direction and almost the same
back lobe. Thus, the modification almost has no influence on
the radiation patterns.
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Fig. 18. (a) The experimental setup of radiation patterns. (b) Measured radiation pattern for E-plane. (c) H-plane.
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Fig. 19. The measured monostatic RCS of modified and reference antennas.

Differences between the measured and simulated results are
attributed to the welding and feed line, as the differences are
mainly evident in the back lobe. Despite the measured result
being distinguishable from the simulated result in terms of accur-
ate values, the analytical expression from the measured result
agrees well with that from the simulation.
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Table 1. RCS reduction comparison of the proposed antenna and the antennas in references

Antenna RCS In-band or out-of-band RCS reduction for Maximum RCS

Reference reduction method RCS reduction oblique incidence reduction
[1] Metamaterial In-band No 8dB

[2] Metamaterial Out-of-band Yes 12.6 dB

[8] Metamaterial In-band No 5dB

[14] Metamaterial Out-of-band No 10 dB

[15] Shaping In-band No 25dB

[19] Rotating antenna element In-band No 10 dB

[25] Metamaterial In-band Yes 20 dB
This work Shaping In-band and out-of-band Yes 7.6 dB

The monostatic RCS of the two antenna prototypes are mea-
sured in the microwave anechoic chamber and the result is com-
pared in Fig. 19. The incident wave is a vertical incident with
Theta polarized. The measured result shows that the monostatic
RCS of the modified antenna is lower than that of the reference
antenna. The difference between the measured result and the
simulated result is caused by the idealized condition of the
simulation and the machining error while fabricating.

Although the RCS reduction of measured result is not as obvi-
ous as that of the simulated result, the conclusion can be drawn
that the modified antenna can reduce the antenna in-band and
out-of-band RCS simultaneously with the radiation performance
maintained.

Conclusions

This paper proposes a novel microstrip antenna which achieves
in-band and out-of-band RCS reduction simultaneously, and
the antenna RCS reduction can be achieved in the case of oblique
incidence. The RCS reduction performance of the novel antenna
in this paper is compared with the antennas in the references, as
shown in Table 1. It can be obtained that the advantages of the
modified antenna are simplicity, in-band and out-of-band RCS
reduction simultaneously, and serviceable for oblique incidence.
The prototypes of the proposed antenna and reference antenna
are fabricated and measured, and the simulated result is proved
by the measured result. Therefore, this study is meaningful and
useful for antenna RCS reduction technology.
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