RADIOENGINEERING, VOL. 26, NO. 4, DECEMBER 2017

1041

Ultra-wideband RCS Reduction and Gain Enhancement
of Aperture-Coupled Antenna Based on Hybrid-FSS

Lili CONG, Xiangyu CAO, Tao SONG

Information and Navigation College, Air Force Engineering University, Xi’an 710077, China

1183068955@qq.com, xiangyucaokdy@163.com, 475559422@qq.com

Submitted March 9, 2017 / Accepted July 15,2017

Abstract. A novel design of aperture-coupled microstrip
antenna with ultra-wideband low radar cross section
(RCS) is proposed. Hybrid frequency selective surface
(FSS) structures consisting of two kinds of polarization-
dependent folded split ring resonators (PDFSRRs) and
square patches are utilized to replace the conventional
metallic ground. By orthogonally arranging the PDFSRRs
in a chessboard-like configuration, the band-stop charac-
teristic contributes to the gain enhancement, while the zero
degree reflection phase points and wave-transmission
characteristic are utilized to achieve RCS reduction both
in-band and out-of-band. Furthermore, with square
patches periodically etched on the bottom of FSS struc-
tures, a new zero degree reflection phase is introduced to
enhance the effect of RCS reduction. Full wave simulations
and measurements demonstrate that the proposed antenna
achieves RCS reduction from 1 GHz to 18 GHz and gain

enhancement compared with traditional microstrip

antenna.
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1. Introduction

With the rapid development of stealth and detection
technology, antenna radar cross section reduction (RCSR),
which contributes significantly to the total RCS of airborne
platforms, has sparked an increasingly growing concern.
So far many methods have been brought up to reduce an-
tenna RCS, such as geometrical shaping [1], [2] and radar
absorbing material (RAM) [3-8]. In the former case, the
antenna can deflect the electromagnetic (EM) waves away
from the detective direction, thus reducing RCS in specular
directions. However, it would inevitably give rise to reflec-
tion in some other directions. In the latter case, the RAM
would transform the incident wave energy into heat, conse-
quently achieving RCSR. Nevertheless, the degradation of
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radiation performance would be inevitable as a result. Con-
sequently, it is a severe challenge to reduce RCS without
degrading the radiation performance, let alone achieving
in-band and out-of-band RCSR and high gain simultane-
ously. So this paper is presented to provide a feasible ap-
proach to address the problem.

Frequency selective surface (FSS), as a typical artifi-
cial composite structure, has been extensively applied in
antenna RCSR [9-16]. In [17], a Fabry-Perot cavity an-
tenna based on partially reflecting surface (PRS) technol-
ogy is proposed. It can achieve RCSR both in and out of
the operation frequencies while maintaining a high gain.
However, the profile of the antenna resulting from the
loading height of the PRS superstrate limits its application.
Meanwhile, the antenna performance is sensitive to the
loading height, which increases fabrication flexibility. In
[18], a low profile mushroom antenna with wideband low
RCS is proposed by combing mushroom cells, FSS and
artificial magnetic conductor (AMC) in a shared aperture.
However, the narrow in-phase reflection bandwidth of
AMC restricts the RCSR frequency range, and the in-band
RCSR is not well designed.

In this paper, hybrid-FSS structures consisting of two
kinds of polarization-dependent folded split ring resonators
(PDFSRRs) and periodic square patches are proposed and
utilized to achieve ultra-wideband RCSR. With the two
kinds of PDFSRRs orthogonally arranged around the
ground plane, gain enhancement is achieved due to band-
stop characteristic, while ultra-wideband RCSR for in-band
and out-of-band is achieved because of the introduction of
zero degree reflection phase points and wave-transmission
characteristic. The periodic square patches are utilized to
introduce another new zero degree reflection phase point to
further reduce antenna RCS in the high frequency band.
Thus, ultra-wideband RCSR and gain enhancement can be
achieved in one single step, which makes the whole an-
tenna structure simple and easy to be manufactured. The
prototype is fabricated and measured. The results show that
compared with [18] the proposed antenna RCS is reduced
in an ultra-wideband extending from 1 GHz to 18 GHz
with maximum gain enhancement of 2.4 dBi. The in-band
and out-of-band RCSR can reach up to 5 dB and 32 dB,
respectively.

ELECTROMAGNETICS
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2. Design Principles

The total RCS of an antenna can be described as [19]:
o= ‘\/ o” +yo" exp(jo)

where ¢* represents the structural mode RCS, dependent
on the structural characteristics of an antenna such as the
metal surface, corners, edges, etc. ¢ represents the
antenna mode RCS, mainly determined by antenna
radiation characteristics and port termination such as load
impedance. ¢ is the phase difference between the two
components.

2

(M

For normal incidence, the antenna mode RCS can be
defined as [20]:

ol =G’ A’ | Am (2)

where G is the antenna gain, A is the wavelength, I is the
reflection coefficient and x is polarization matching
between and among the transmitter, antenna and receiver.

Since ¢ is highly related to the radiation perfor-
mance, ¢"" should remain unchanged in the working fre-
quency range to guarantee highly-effective radiation of EM
waves. In the operation frequency band of the proposed
antenna, the PDFSRRs exhibit nearly-full-reflection fre-
quency response just like a perfect electric conductor so as
to maintain the antenna radiation performance. Meanwhile,
the PDFSRRs present band-pass characteristic out of the
operation band in such a way that ¢* can be reduced to
achieve low RCS out of band.

To clearly interpret the mechanism of in- and out-of-
band RCSR, a simplest metamaterial (MTM) array consist-
ing of 2 x 2 elements is depicted in Fig. 1(a) and the total
scattering field can be described as [14]:

E = EMTMl 'AFMTMI +EMTM2 'AFMTMZ (3)

(d)

Fig. 1. (a) Schematic of a 2 x 2 MTM array; (b) geometry of
the PDFSRR; (¢) FSS1 structure; (d) FSS2 structure.
The corresponding geometrical parameters are
designed as: a=6.4mm, b=2.1 mm, p=5.5mm,
L=0.6 mm, Wm= 1.4 mm, Wd=0.7 mm, tl =3 mm,
t2=0.5 mm.

where E and AF represent the scattered pattern and array
factor respectively.

EMTMI = El exp(j(ol)Eelementl > (4)
Eyn, = E, eXp(j(Pz)Eelememz > )
AFyp =exp| j(kx+ky)d /2] +exp| j(~kx—ky)d /2].(6)

AFyy, = exp| j(—kx+ky)d /2] +exp[ j(kx—ky)d /2] (7)

where E; and E, are the amplitude of scattering field,
Eement and Egepmene are polarized direction, ¢; and ¢, are
phase shift, d is the distance between adjacent elements,
kx =21 sin6 cos ¢ /A, ky = 2m sin @ singp /A.

For monostatic RCS with incident wave vertically
impinging on the MTM array, the scattered electronic field
would be the same with the incidence one, and then
Eementt = Eclementz-  Assuming that each element totally
reflects the incidence wave with no absorption, then E;
would be as same as FE,. For normal incidence with
(0, (0) = (0,0), there will be AFMTMI = AFMTMZ =2. Thus the
total scattering field can be simplified as

E :2El [exp(j¢l)+exp(j¢2):|Eelementl : (8)

As can be seen the total scattering field is closely re-
lated to the phase difference between ¢; and ¢,. And it can
be concluded that once the phase difference between ¢,
and ¢, varies in the range from 90° to 270°, the scattering
field can be canceled in the backward direction compared
with a perfect electric conductor. Hence, the antenna mode
RCSR is achieved.

3. Simulation and Discussion

3.1 Design and Analysis of the Unite Cell

The unite cell of the proposed FSS1 structure is
composed of two metallic layers separated by an epoxy
FR4 substrate with a dielectric constant of 4.4 and a loss
tangent of 0.02, as shown in Fig. 1(c). The top metallic
layer is PDFSRR structure and the bottom layer is four
square patches with exactly same size. By rotating FSS1
structure 90°counter-clockwise around z-axis, we can get
the unite cell of FSS2 structure as depicted in Fig. 1(d).

The operating frequency of the reference antenna is
set to be from 5.17 GHz to 5.76 GHz. We use Ansoft
HFSS v.14.0 to perform full-wave simulations. Figure 2
depicts the reflection and transmission coefficients of the
FSS1 and FSS2 structures. It can be seen that the stop band
from 4.5 GHz to 6.1 GHz of FSS1 with TM-polarized
incident wave is the same with that of FSS2 with TE-polar-
ized incidence. Both the FSS1 and FSS2 present nearly-full
reflection over the operation frequency band. Consequently,
the FSS1 and FSS2 can be combined to maintain effective
radiation performance.
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Fig. 2. Reflection and transmission coefficients: (a) FSS1
structure; (b) FSS2 structure.
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Fig. 3. Reflection phases of the FSS structures: (a) TE
polarization; (b) TM polarization.

Figure 3 shows the reflection phase of FSS1 and
FSS2 with and without square patches, respectively. For
the case of FSS1 with no patches, when the incidence is TE
polarized with electric field perpendicular to the PDFSRR
gap, there are three zero points of the reflection phase at
4.66 GHz, 9.13 GHz and 15.20 GHz, respectively. In the
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Fig. 4. Effects on the reflection phase by tuning b: (a) TE
polarization; (b) TM polarization.
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Fig. 5. Reflection phase differences between FSS1 and FSS2.

other hand, there is only one zero reflection phase point at
8.6 GHz when the incidence is TM polarized with electric
field parallel to the PDFSRR gap. Similarly, for the case of
FSS2 without patches, there is only one zero reflection
phase point at 8.6 GHz with TE-polarized incidence, while
there are three zero points at 4.65 GHz, 9.10 GHz and
15.22 GHz with TM-polarized incidence. Thus, we can
infer that the combination of these two kinds of PDFSRRs
can reduce the in-band and out-of-band RCS for both TE
and TM polarizations.

Meanwhile, with square patches etched on the bottom
layer of FSS1, the zero points of reflection phase for TE
polarization are added to four at 4.54 GHz, 9.13 GHz,
15.14 GHz and 16.3 GHz, while two zero points are cre-
ated at 8.4 GHz and 16.3 GHz for TM polarization. The
case of FSS2 is similar to that of FSS1. Consequently, we
can infer that the utilization of square patches would
strengthen the effect of RCSR. Figure 4 shows that along
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with b increase, the new zero point of reflection phase
shifts to lower frequency, while the other reflection phases
remain nearly unchanged for both TE and TM polariza-
tions. It can be explained that the narrower gap between
adjacent patches leads to C increase. From above analysis
we can conclude that the reflection phase in the low and

13.6mm

l—»y top layer

X

perspective

Smm 0.8mm

5 g
36.2mm
middle layer bottom layer
(a)
L i e [ M
4t i s
Yy
L3 )
SRR1 S|
X

(b)

Fig. 6. (a) The schematic view and geometry of reference
antenna; (b) four kinds of arrangement of PDFSRRs
and square patches.
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Fig. 7. Radiation performances comparison: (a) S;;; (b) gain.

high frequency band can be adjusted independently, which
facilitates the procedure of finding the optimal phase dif-
ference for phase cancelation.

The reflection phase difference between FSSI1 and
FSS2 is also investigated. As clearly shown in Fig. 5, the
reflection phase difference between FSS1 and FSS2
remains in the range from 90° to 270° around 5 GHz and
15 GHz. According to the phase cancellation principle [12],
[17], the reflection waves from FSS1 and FSS2 will be
canceled out in the backward direction for both in- and out-
of-band.

3.2 Analysis of the Proposed Antenna

We use a traditional aperture-coupled microstrip an-
tenna resonant at 5.49 GHz as the reference antenna, as
depicted in Fig. 6(a). The reference antenna is fed by
a microstrip line through a slot cut in the ground plane. The
hybrid FSSs and metal plane is etched on a 3-mm-thick
substrate to replace the traditional metallic ground of the
reference antenna. The two kinds of PDFSRRs are orthog-
onally arranged with respect to its neighbor in a chess-
board-like configuration. The square patches and the mi-
crostrip line is printed on a 0.5-mm-thick substrate. Both
the substrates are with a relative permittivity of 4.4 and
a dielectric loss tangent of 0.02. The metal plane is kept to
support the quasi-TEM mode so as to maintain the radia-
tion performance [21].

Figure 7 shows the comparison of S;; and gain. The
Si1 parameters of the two antennas are nearly the same,
while the gain of the proposed antenna is slightly increased
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Fig.8. RCS versus frequency under normal incidence:
(a) TE polarization; (b) TM polarization.
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Fig. 9. The scattering field of the reference antenna and the
proposed antenna with and without patches at
14.9 GHz: (a) TE polarization; (b) TM polarization.
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Fig. 10.RCS versus angle under normal incidence at 14.9 GHz:
(a) xoz-plane; (b) yoz-plane.

with a maximum gain enhancement of 2 dBi. The simu-
lated results effectively indicate that the radiation perfor-
mance of the proposed antenna can be well maintained.

To better interpret the effect of the PDFSRRs and
square patches on the RCS reduction, we set the other two
conditions as comparison as shown in Fig. 6(b). One is to
replace the metallic ground of the reference antenna by
FSS1 structure without patches, while the other is to re-
place the metallic ground by FSS2 structure with no
patches. For normal incidence, the simulated RCS of the
four conditions are depicted in Fig. 8. For the case of FSSI
with no patches, there is a significant RCS reduction
around 4.7 GHz for TE polarization, while no RCS reduc-
tion is achieved for TM polarization. The reason is that
a new zero degree point of the reflection phase at 4.66 GHz
is introduced for TE-polarized incident wave in contrast to
the case of TM polarization. On the contrary, there is
a considerable RCS reduction around 4.8 GHz for TM
polarization, while no RCS reduction is achieved for TE

polarization for the case of FSS2 without patches. The
difference results from the introduction of a new zero
reflection phase point at 4.65 GHz for TM polarization.
With the utilization of hybrid FSSs without patches, RCSR
is achieved around 5.49 GHz (the resonant frequency of
the reference antenna) for both TE and TM polarizations.
The in-band RCSR can reach up to 4.7 dB compared with
the reference antenna.

In addition, the effect of RCSR for the proposed
antenna is observably better than the antenna with no
patches. The reason is that the periodic square patches
introduce a new zero degree point of reflection phase at
15.2 GHz, which further reduces RCS in the high fre-
quency band. As clearly shown in Fig. 9, the reflective
energy is divided into several lobes with the introduction of
square patches, and then the RCS is significantly reduced
as expected.

The scattering patterns as a function of angle at
14.9 GHz under normal incidence for both TE and TM
polarizations are also investigated, as shown in Fig. 10. As
a result of phase cancellation and wave transmission, the
peak RCSR in xo0z-plane and yoz-plane for TE polarization
is 35.74dB and 16.95dB, respectively, while it is
13.83 dB and 20 dB for TM polarization. Meanwhile, the
strong reflection at other directions caused by phase can-
cellation is suppressed due to the transmission character-
istic of hybrid FSSs.

4. Fabrication and Measurement

To verify the effectiveness of our design, the proto-
type was fabricated and measured. Figure 11 shows the
photographs of the reference antenna and the proposed
antenna. Both the PDFSRRs and square patches are built
on a FR4 board through standard wet-etching technology.
The S;; parameter was obtained by vector network ana-
lyzer Agilent N5230C, as shown in Fig. 12. The measured
operating band of the proposed antenna is from 5.14 GHz
to 5.8 GHz, which agrees well with the simulated one.
Figure 13 depicts the comparison of the measured radiation

ERENNN
n

(b)

Fig. 11. Photograph of (a) the
(b) the proposed antenna.

reference antenna and
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Fig. 14. Measured RCS under normal incidence wave with TE
polarization and TM polarization.

patterns at 5.5 GHz. The half power beam-width (HPBW)
for xoz-plane and yoz-plane is suppressed from 155° to
108° and from 110° to 59°, respectively. The gain of the
proposed antenna increases 2.4 dB compared with that of
the reference antenna, which is in good agreement with the
simulated one.

To verify the scattering performance of the proposed
antenna, the measurement was conducted in an anechonic
chamber. Two pyramidal horn antennas are used as trans-

mitter and receiver, respectively. The time-domain gating
strategy was used to eliminate the undesirable signals. Both
antennas under measurement are terminated with
a matched load. Figure 14 shows the measured RCS com-
parison under normal incidence. An ultra-wideband RCSR
can be observed from 1 GHz to 18 GHz. The in-band
RCSR can reach up to 5 dB, while the out-of-band RCSR
over 10 dB is obtained from 1.58 GHz to 2.02 GHz (24.4%
bandwidth) and from 9.22 GHz to 16.22 GHz (55% band-
width). Considering fabrication and measurement errors,
satisfactory agreement can be found between measured and
simulated results, which confirms the effectiveness of our
design.

5. Conclusion

A hybrid-FSS composed of PDFSRR and square
patches is investigated. By replacing the metallic ground
with the hybrid-FSS in a chessboard-like configuration, the
proposed antenna achieves gain enhancement and ultra-
wideband low RCS in-band and out-of-band simultane-
ously. The proposed design provides a feasible approach to
broaden the RCSR bandwidth while achieving gain
enhancement. Moreover, it is worth noting that the hybrid-
FSS can be arranged in other configurations and applied to
other antennas.
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