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Abstract. To reduce the radar cross section (RCS) of
a circularly polarized (CP) tilted beam antenna, a double-
layer perfect metamaterial absorber (DLPMA) in the
microwave frequency is proposed. The DLPMA exhibits
a wider band by reducing the distance between the three
absorption peaks. Absorbing characteristics are analyzed
and the experimental results demonstrate that the proposed
absorber works well from 5.95 GHz to 6.86 GHz (relative
bandwidth 14.1%) with the thickness of 0.5 mm. Then, the
main part of perfect electric conductor ground plane of the
CP tilted beam antenna is covered by the DLPMA. Simu-
lated and experimental results reveal that the novel
antenna performs well from 5.5 GHz to 7 GHz, and its
monostatic RCS is reduced significantly from 5.8 GHz to
7 GHz. The agreement between measured and simulated
data validates the present design.
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1. Introduction

Nowadays, it has been a topic of immense strategic
interest to reduce radar cross section (RCS) of an antenna
without compromising its radiation characteristics. For out-
of-band frequencies, it is well known that the RCS of an-
tenna/array can be significantly reduced by placing a suita-
bly shaped bandpass radome, such as frequency selective
surfaces (FSS) in front of it [1]-[3]. However, when the
radome is transparent, no significant RCS reduction of the
antenna will take place for in-band frequencies. As
an excellent candidate, the metamaterial absorber has been
paid attention for in-band RCS reduction. In [4], to reduce
the in-band RCS of ridged waveguide slot antenna array,
the electromagnetic band-gap (EBG) loaded with lumped
resistances has been investigated, in which the lumped
resistive elements are used to better match to 377 Q (the
impedance of free space). A hybrid surface combined
artificial magnetic conductor (AMC) with perfect electric
conductor (PEC) for in-band RCS reduction of waveguide
slot antenna has been reported in [5] based on the principle

of passive cancellation. Then in [6], two different AMCs
are analyzed for ultrathin and broadband radar absorbing
material design. In [7], the reflection characteristics of
a composite planar AMC surface has been investigated and
fabricated for broadband RCS reduction. However, it is
obvious that the RCS is reduced in boresight direction but
increased in other directions. Recently, the perfect meta-
material absorber with near-unity absorptivity has been
investigated and has become an important aspect in the
research of metamaterials in [8], [9]. In 2013, a perfect
metamaterial absorber with polarization-insensitive and
wide-angle absorption has been presented for RCS reduc-
tion of waveguide slot antenna in [10]. The maximum
absorptivity of this absorber is 99.8% with a full-width at
half-maximum (FWHM) of 220 MHz. However, the band-
width is narrow for RCS reduction of broadband antenna.

In this paper, a bandwidth-enhanced double-layer per-
fect metamaterial absorber (DLPMA) is designed to reduce
the RCS of a circularly polarized (CP) tilted beam broad-
band antenna. Three responses have been produced by the
DLPMA, and the bandwidth is enhanced by reducing the
distance between the three absorption peaks. The experi-
mental results reveal that the proposed absorber exhibits
a FWHM of 14.1% with the thickness of 0.5 mm. And then,
its application on the in-band RCS reduction of broadband
CP antenna has been investigated. The simulated and
experimental results report that the DLPMA can absorb the
incident wave effectively, and the monostatic RCS of the
antenna is significantly reduced. Meanwhile, the gain of
the proposed antenna is remained. The measured results
show that the RCS reduction of the antenna is above 3 dB
within the operation band from 5.5 GHz to 7 GHz and the
most reduction values exceed 15.8 dBsm, 8.1dBsm, and
9.8 dBsm at the resonances.

2. Design and Analysis of DLPMA

As shown in Fig. 1, the proposed absorber is com-
posed of three conductive layers with two substrates be-
tween them. Fig. 1(a) is the side view. Fig. 1(b) and 1(c)
are the top view and the middle layer view. As the conduc-
tive layers, the copper (with the thickness of 18 um and
a conductivity of ¢ =5.8x10"S/m) is designed upon the
lossy FR4 substrate along with dielectric constant (g;) of
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4.4, length of as and tangent of 0.02. On the top layer,
a single-square loop with four splits in the four sides and
a square metal patch in the center are designed on FR4 sub-
strate with height of #,. The loop copper (with inner-length
of a; and the outer-length of a,) and the metal patch (with
length of a;) both manipulate the electromagnetic reso-
nance at different frequencies and increase the coupling
losses, so that the transmitted wave can be reduced. a4 is
length of the four splits. On the second layer, a square
metal patch with the length of as is constructed on one side
of FR4 substrate with height of #. The bottom layer is of
a solid metal on the other side of the FR4 substrate. a; and
as for the two square metal patch depend on the resonance
at two different frequencies. a;, a,, and a4 manipulate the
resonance at another frequency. The heights of #, #, and
tangent depend on the absorption capability.

H(y)

E(x)

(b) (c)

Configuration of the DLPMA unit cell: (a) side view,
(b) top view, (c) middle layer view.

Fig. 1.

We performed computer simulations of an ideal-but
realizable-metamaterial absorber using the commercial
finite element method (FEM) solver by ANSOFT HFSS
12.0. The absorptivity before optimization is shown in
Fig. 2. The results reveal that the DLPMA doesn’t display
the great absorption capability and it is necessary to opti-
mize the parameters of DLPMA. In order to enhance the
bandwidth of DLPMA, the distance between the three
absorption peaks has been reduced. The optimized geome-
tries parameters are: a,= 14.88, a,=13.76, a;=10.36,
as=1,as=10.72, ag= 15, t;= 0.3, £,= 0.2 (units: mm).

The optimized simulated absorptivity and the effec-
tive impedance for the structure are reported in Fig. 2. We
can see that the three absorption peaks are respectively
99.6%, 78.2%, and 99.9% at 6.08 GHz, 6.42 GHz, and
6.76 GHz with a FWHM of 910 MHz (5.95 GHz to
6.86 GHz). In addition, we can find that the absorption
peaks will obtain 100%, when the real part approaches to
377 Q and the imaginary part approaches to zero. Owing to
the high coupling losses from the single-square loop and
the square metal patch, the double layer substrates can be
reduced to 0.01A (z=t, + £,= 0.5 mm).

Additionally, the simulated absorptivity as a function
of frequency for the DLPMA is reported in Fig. 3 for TE
and TM mode at various angles of incidence. Absorption
peaks remain stable absorptivity with wide incident angles
ranging from 0° to 60° for both TE and TM polarizations
From Fig. 3, we conclude that the structure shows a wide-
angle absorption and polarization-insensitive for TM mode
and TE mode for all angles of incidence due to its symmet-
ric structure in the XoY plane.
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Fig. 2. Simulated absorptivity before & after optimization and

the effective impedance of DLPMA cell.

The DLPMA displays a great absorption capability.
The designed idea of the DLPMA is to adjust the effective
&(®) and u(®) independently by varying the dimensions of
electric resonant component and magnetic resonant compo-
nent in the unit cell so as to match the surface impedance to
free space and achieve a large resonant dissipation at the
meantime. And while, the tangent for the absorber is de-
sign for absorbing the microwave at the electric and mag-
netic resonants. Thus, the wave transmission and reflection
are minimized simultaneously and absorption is maxi-
mized. As described in [8], [11], the absorptivity (4) is
defined as

A=1-|8,[ |8, =1-R-T. (1)

R is the reflectivity, which is defined as R =|S,,|* and T is
the transmission, whose definition is 7' = |521|2. Sy and Sy
are the S-parameters of the DLPMA. T=0 because the
bottom layer has a copper ground plate without patterning.
Therefore, the absorptivity is defined as

A=1-|s,[ =1-R. )

The free-space reflection coefficient of DLPMA cell at
normal incidence is given by [12], [13]

Ze[f(w) -1
Zeyr (0)+7n,

R= 3)

where 7, represents the impedance of free space and is
approximately 377 Q. z.4(w) is the effective impedance of
the DLPMA cell, which includes the surface impedance
which is to achieve a large resonant dissipation and the
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substrate impedance due to the high tangent. By substitu-
tion of (3) in (2), A4 can be written by

21,
e 4
Re[zeﬁ.(a))]+i~lm[zeﬂ-(a)):|+770 @

where Re[z4(w)] and Im[z,(w)] are respectively the real
part and the imaginary part of z,(w). When the DLPMA is
at the resonant modes, the absorptivity 4 = 1. From the
expression of (4), we know that when 4 =1, Re[z.4(w)]
and Im[z.4()] can be calculated as

Re(z,,(0)) =377Q
Im(z,, () =0

It is found that the absorptivity of PMA is close to 100%,
when the real part and imaginary part of the effective
impedance are respectively close to 377 Q and zero. The
absorptivity is enhanced because of the different resonant
modes.
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Fig. 3. Simulated absorptivity results of DLPMA at various
angles of incidence for (a) TE and (b)TM mode.

3. RCS Reduction of CP Tilted Beam
Antenna Using DLPMA

The antenna radiating titled beam has been widely
used in many applications such as satellite communica-
tions, radars and global navigation satellite systems due to
its advantages. The configurations of CP tilted beam an-
tenna with the PEC and DLPMA ground planes are shown
in Fig. 4. The antenna consists of a flower structure (FS),
a helix feed line, a dielectric hollow cylinder, and a ground
plane. The conventional antenna is loaded by PEC ground
plane [14], [15]. Differently, the novel antenna is loaded by
DLPMA and PEC ground plane. As shown in Fig. 4(a), the
FS structure and helix feed line are printed on the dielectric
(Taconic TLY, thickness is 1 mm, &= 2.2, tand = 9x10%)
hollow cylinder, which has a radius(r) of 13.6 mm and
atotal height of 13.6 mm. The length (@) of the PEC
ground plane is 120 mm 2.50 (A is the wavelength at
6.25 GHz). The thickness of the ground plane below the

dielectric hollow cylinder is 0.5 mm. The antenna is ex-
cited by a 50 Q feed line. The FS structure is designed
based on the single Archimedean spiral and its inner and
outer equations are defined by

ro=r+cp+d, P Puan_gjn (me)
(Dcnd wstart (6)

7

out

where 7; is original radius of spiral line, ¢; is the spiral
constant, d; and n; are the amplitude and the angular fre-
quency of the sine wave, respectively. /=1 and 2 denote
the inner and outer of the FS structure. n,=n,=40. The
optimized parameters are: H=13.6, D =120, h =1.56,
h,=2.06, h3=5.6, r=0.5, r=0.55, ¢;=0.55, ¢,=0.66,
dy=d,=0.5(units: mm). Fig. 4(b) shows the novel tilted
beam antenna which load three turns DLPMA in four sides
of the small PEC ground plane. The whole ground size is
the same size for one of conventional antenna. d = 30 mm.

BE= DLPMA

Fig. 4. Configuration of CP tilted beam antenna with (a) PEC
ground plane, (b) DLPMA and small PEC ground
plane. (novel antenna is CP tilted beam antenna with
DLPMA and small PEC ground plane, conventional
antenna is one with PEC ground plane).

The characters of the antenna radiation, (such as volt-
age standing wave ratio (VSWR), axial ratio (AR), and the
radiation patterns) and scattering are simulated. The
VSWR and AR results are shown in Fig. 5. The VSWR
results are slightly shifted while the ground plane changed.
The AR results of the novel and conventional antenna are
hardly shifted. These indicate that the DLPMA and PEC
ground plane negligibly affect the VSWR and AR for the
antenna, when the feed location and the area of the ground
plane are invariant. However, the AR will deteriorate as the
ground plane reduces. So the large ground plane is neces-
sary for the CP tilted beam antenna.

The radiation patterns of the antennas are reported in
Fig. 6 at the 5.93 GHz and 6.74 GHz. From Fig. 6, we can
see that the antenna patterns for both ¢ =0° and ¢ =90°
have a very small variation for the different ground plates.
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The gain remains steady due to the ground plane with same
size (constructed of small PEC and DLPMA). The back
lobe doesn’t reduce because the surface wave below the
antenna isn’t suppressed by DLPMA. Thus the DLPMA
ground plane is less sensitive to radiation characters.
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Fig.5. Simulated VSWR and AR results of novel and
conventional antennas (conventional antenna 2 is the
antenna with PEC ground of d).
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Fig. 6. (a).Simulated radiation patterns of the novel and

conventional antennas at 5.93 GHz and 6.74 GHz.
(b).Simulated antenna efficiency.

Fig. 7 gives the monostatic RCS results of novel and
conventional antennas. We can see that there is the obvious
in-band RCS reduction above 3 dBsm from 5.6 GHz to
6.9 GHz. The novel antenna has 16.6 dBsm, 8.5 dBsm, and
10.1 dBsm of RCS reduction peaks at 6.74 GHz, 6.34 GHz,
and 5.93 GHz for TM polarization and 16.4 dBsm,
7.9 dBsm and 10.7 dBsm of ones at the same frequency

points for TE polarization. Note that there is frequency
excursion between the RCS reduction peaks and the
absorptivity peaks. It is because the periodic boundary
conditions and Floquet port are utilized to simulate the
infinite periodic cell, but DLPMA ground plane is finite.

8
64
4
§ 2
3 04
8 2] H
74 &
2 4 g ;
©
% 6 I
2 8] —=—TE, novel antenna iI
o
= 01" TM, novel antenna il
" - -4- - TE, conventional antenna
-124 —v— TM, conventional antenna
5.0 55 6.0 6.5 7.0 75
Frequency(GHz)

Fig. 7. Simulated monostatic RCS of novel and conventional
antennas.

4. Fabrication and Measurement

The waveguide method [16], [17] was used for veri-
fying the absorption in measurements. We connected the
C-band standard waveguides (WR159, bandwidth is from
4.64 GHz -7.5 GHz) to a port of an Agilent N5230C net-
work analyzer and mounted the sample into the port of the
waveguide. The fabrication of the DLPMA (10x10 cells) is
shown in Fig. 8. The parameters of DLPMA are kept the
same with simulation. Fig. 9 gives the simulated and the
measured absorptivity of the DLPMA. We can see that the
three measured absorption peaks are respectively 98.2%,
76.5% and 99.1% at 6.02 GHz, 6.39 GHz and 6.73 GHz
with a FWHM of 920 MHz(5.92 GHz-6.85 GHz), and
simulated absorption peaks are 99.6%, 78.2% and 99.9% at
6.08 GHz, 6.42 GHz and 6.76 GHz with a FWHM of
910 MHz (5.95 GHz-6.86 GHz). In conclusion, the
DLPMA have been verified by the good agreement be-
tween the simulation and experiment.

Fig. 8. Photograph of the practical DLPMA.

Fig. 10 presents the practical CP tilted beam antennas
with different ground planes. The measured VSWR, AR
and antenna efficiency results are reported in Fig. 11. As it
is apparent, the novel antenna achieves an impedance
bandwidth of approximately 36.1% at the center frequency
of 6.1 GHz (5.0 GHz-7.2 GHz) and the measured AR
bandwidth for the novel antenna is about 28.6%. As shown
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Fig. 9. Simulated and measured absorptivity of DLPMA.

Fig. 10. Photograph of the conventional (left) and novel (right)
practical antenna (Ground planes of antennas are same

size).
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Fig. 11. (a) Measured VSWR and AR results of antennas;
(b)measured antenna efficiency.

in Fig. 11(b), the novel and conventional antenna efficien-
cies are all obtained above 68% from 5 GHz to 7 GHz. The
shift is neglectfully between the novel and conventional
antenna efficiency. It can be summarized that the agree-
ment of the simulated with the experimental results verifies
the proposed antenna. And DLPMA slightly affects the
radiation of the antenna.

The radiation patterns of the novel and conventional
antennas with the same size ground plane were measured
by Labvolt Antenna Measurement System and Anristu
MG3692B Signal Generators in a microwave anechoic
chamber. The measured radiation patterns with different
ground planes are shown in Fig. 12 at 5.5 GHz, 6.0 GHz,
6.5 GHz, and 7 GHz. We can see that the beam azimuth
angle is approximately 30° and the gain remains 8.5 dBi
within the designed frequency range. The DLPMA ground
plane does not remarkably affect the radiation pattern.
Measured results demonstrate that the radiation characteris-
tics of novel antenna are preserved basically. Summarily,
theoretical and experimental results are in good agreement.
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Fig. 12. Measured radiation patterns of novel and conventional
antennas at (a) 5.5 GHz, (b) 6 GHz, (c) 6.5 GHz and
(d) 7 GHz.

Two horn antennas method [18], [19] was used for
antenna measurement and the monostatic RCS was meas-
ured from 5 GHz to 7.5 GHz. Two C-band horn antennas
connected to a network analyzer were used, one for trans-
mitting and the other for receiving. Fig. 13 gives the
monostatic RCS of the novel and conventional antennas.
As it is apparent, the novel antenna is characterized by
a strong RCS reduction within the absorbing band of the
DLPMA. We can see that there is evident RCS reduction
above 3 dBsm from 5.8 GHz to 7 GHz. The peaks RCS in
front direction have 15.8 dBsm, 8.1 dBsm and 9.8 dBsm
(15.6dBsm, 8dBsm and 10.1 dBsm) reduction at
6.75 GHz, 6.35GHz and 594 GHz for TM (TE)
polarization.
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It is worthwhile to point out that the most relevant
RCS reduction for both TE and TM polarization occurs in
correspondence of the frequency band where the DLPMA
presents an absorptivity higher than 0.5. This simple design
criterion has a great practical value since it illustrates the
possibility to design the low-RCS CP tilted beam antenna.

1 —=—TE, conventional antenna
1 —2— TM, conventional antenna
-20 - TE, novel antenna
1 —+—TM, novel antenna

Monostatic RCS (dBsm)

T T T T T T T T T
5.0 5.5 6.0 6.5 7.0 7.5
Frequency(GHz)
Fig. 13 Measured monostatic RCS of novel and conventional
antennas for a normal incident TE and TM plane wave.

5. Conclusion

In this paper, a wideband-enhanced double-layer per-
fect metamaterial absorber has been introduced to reduce
the in-band RCS of circularly polarization tilted beam
antenna. By adjusting geometry parameters of the structure,
we can obtain a polarization-insensitive and wide -inci-
dent-angle ultra-thin absorber whose absorption peaks are
98.2 %, 76.5 %, and 99.1 %. Its thickness is only 0.01A and
a full-width at half-maximum is 14.4 %. The experimental
results show that the DLPMA can absorb the incident wave
effectively, the monostatic RCS of the CP tilted beam
antenna with the DLPMA is significantly reduced. Mean-
while, the radiation characters are remained. The measured
results show that the antenna obtains the antenna efficiency
of 68 % from 5 GHz to 7 GHz, an impedance bandwidth of
approximately 36.1 % at the center frequency of 6.1 GHz
and the measured AR bandwidth 28.6 %. Meanwhile, the
RCS reduction of the antenna is above 3 dB within the
operation band from 5.8 GHz to 7 GHz and the most
reduction values exceed 15.8dBsm, 8.1 dBsm and
9.8 dBsm at the resonances.
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