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Abstract. In this paper, a novel circularly polarized (CP)
array antenna based on metasurface (MS) is designed to
realize wideband radar cross section (RCS) reduction,
wideband operation and high gain. The MS is composed of
compact polarization-dependent artificial magnetic conductors (PDAMCs), by regularly arranging the PDAMCs
like chessboard directly on the top of the patch antenna,
the MS can significantly bring RCS down. On the other
hand, due to the compact structure of MS and the driven
array patches, surface wave propagates on the MS and
generates additional resonances to achieve wide operation
band and high gain. Both the simulated and measured
results indicate that the RCS at bore-sight is reduced more
than 6 dB from 5.08 GHz to 11.46 GHz (77.15%) except
for some frequency points. The antenna yielded a good
broadside left-hand CP radiation, the ǀS11ǀ < –10 dB impedance bandwidth is from 5.03 GHz to 7.4 GHz (38.13%)
and the 1-dB axial ratio bandwidth is from 4 GHz to
8 GHz. Both the radiating and scattering performances
have been obviously improved.
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1. Introduction
Circularly polarized patch antennas [1–3] have been
widely applied in modern communication due to their
excellent advantages of low profile, easy fabrication, stability and reliability against multipath/fading communication environment. However, traditional designs of CP
antennas mainly suffer the problems of narrow operation
band and low gain. In order to solve these problems, many
alternative engineering methods have been researched and
applied. In [4], a novel CP antenna composed of 2 × 2
H-shaped patches is designed to realize the ǀS11ǀ < –10 dB
impedance bandwidth of 85% and the 3-dB axial-ratio
bandwidth of 89% for employing metamaterial transmis-
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sion-lines as feeding network. In [5], a cost-effective solution for the performance enhancement of circularly polarized array antennas by using a thin metasurface is proposed. Son Xuat Ta and Ikmo Park have designed a 2 × 2
element array based on circularly polarized metasurfacebased antennas fed by a sequential phase network, which
can realize the ǀS11ǀ < –10 dB impedance bandwidth from
7.5 to 11 GHz and the 3-dB AR bandwidth from 8.4 to
10.7 GHz [6].
However, with the urgent demand of stealth technology applied in military communication, RCS-reduction has
been an important research subject. It is well known that
antennas play an important role in transmitting and receiving message, but also are one of the main contributors to
the overall RCS of platforms. The radiating apertures of
the above works make a contribution to RCS-improvement
of the whole platform. Conventional ways can significantly
bring RCS down but deteriorate radiating performance. It
has been a long period for researchers to solve the problem
of reducing RCS while maintaining or enhancing the radiation performance. Recently, MS has received popular
attention for light weight, low profile, ease of fabrication,
extraordinary electromagnetic behavior, such as frequency
selective surface (FSS) [7], [8], artificial magnetic conductors (AMC) [9–11], electromagnetic band-gap (EBG) [12],
[13], polarization rotation metasurface (PRMS) [14] and
perfect metamaterial absorber [15], [16]. In [7], the MS
composed of new FSS units is applied as a superstrate on
the original microstrip antenna to realize wideband RCS
reduction and gain enhancement, but the operation-band is
from 10.74–12.33 GHz (about 13.8%). In [8], a novel FSS
superstrate is put on a new circularly polarized patch
antenna to achieve low RCS and high gain, but the operation band of the circularly polarized antenna is from
12.32–13.08 GHz and 12.31–13.22 GHz (7.3%) and the
profile is much high. In [10], different sizes of unit cells
are arranged on a microstrip antenna array for ultrawideband RCS reduction while the radiation performance
is preserved not enhanced. In [17], a broadband low-RCS
circularly polarized array using metasurface is designed,
the antenna achieves –10dB impedance bandwidth of 17%
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with a high profile. According to the previous analysis of
the mentioned works, the low-profile MS applied on the
wideband circularly polarized antennas to reduce RCS
while enhance radiating performance is barely studied for
the structure of low-RCS MS will influence the propagation of radiating waves.
In this paper, a novel low profile, low RCS, wideband
operation CP patch array based on MS is designed. The
array is composed of 2 × 2 elements, each element contains
a truncated corner driven patch which sandwiches between
the MS and ground with a coaxial feed of 0°, 90°, 180° and
270°, respectively. Each MS element consists of a lattice of
4 × 4 periodic PDAMCs units, by arranging PDAMCs like
a chessboard directly on the top of the patch array. When
illuminated by the radar detecting wave, the MS produces
broadband reflection cancellation in order to reduce RCS at
the bore-sight. On the other hand, the compact structure of
MS allows the radiating electromagnetic waves propagate
on the MS to generate additional resonances to widen the
operation band. Both the simulated and measured results
indicate that the radar cross section (RCS) at the bore-sight
is reduced more than 6 dB from 5.08 GHz to 11.46 GHz
except for some frequency points. The array antenna has
a good broadside left-hand CP radiation, with the
ǀS11ǀ < –10 dB impedance bandwidth from 5.03 to 7.4 GHz
and the 1-dB axial ratio bandwidth of 4–8 GHz. Both the
radiating and scattering performances are improved well.

2. RCS-reduction Mechanism and
Design of PDAMC Unit

j
EAMC1  E1 e 1  Eunit1 ,

j
EAMC2  E2 e 2  Eunit2 .

(2)

When illuminated by the plane wave, it can be concluded that F1 = F2 = 1. In order to simplify the equation,
we assume that E1Eunit1 = E2Eunit2 = A, equation (1) can be
replaced by:

Er  A e j1 (1  e j(2 1 ) )

(3)

where 1 is the reflection phase of x-polarized PDAMC
while 2 is the reflection phase of y-pol. When
1 – 2 = 180°, the reflection wave can be totally
canceled out. Usually a 10-dB RCS-reduction is set of the
standard whether the antenna can effectively reduce RCS.
Here comes another equation:

 E 2 
log10  r 2   10dB
 Epec 



(4)

where Epec is the reflection of the same size PEC unit under
the same environment. It can be calculated that:

The RCS reduction mechanism of AMC is reflected
energy cancellation by controlling the reflection phases to
achieve the low reflected magnitude at bore-sight, which
results in the dispersion of the backscattering energy.
Traditional RCS-reduction methods are the combination of
periodic perfect electric conductor (PEC) and AMC, but
suffer from narrow RCS-reduction band. After that, different sizes or structures of AMC units have been designed to
expand the bandwidth of RCS-reduction [10].
In 2009, Fan Yang [19], [20] put forward a new structure of EBG, which is sensitive to polarized wave called
polarization-dependent electromagnetic band gap (PDEBG).
After that, polarization-dependent artificial magnetic conductors (PDAMCs) have been widely researched [21],
[22]. According to the concept of standard array theory
[17], [11], by regularly arranging PDAMC units and the
identical ones with a rotating phase of 90° like a chessboard as shown in Fig. 1, the RCS at bore-sight can be
significantly reduced. The total reflection can be represented by:

E r  E AMC1  F1  E AMC1  F2 .

Fig. 1. The RCS reduction mechanism of energy cancellation.

143°  D-value = 2 – 1  217°.

For further simplification, D-value between
150°~210° was set as an effective phase difference.

Fig. 2. Geometry of the proposed PDAMC unit.

(1)

F1, F2 are the array factors. EAMC1, EAMC2 are the reflection
fields of x-oriented and y-oriented PDAMCs respectively,
which can also be replaced by:

(5)

Fig. 3. Reflection response of the unit.
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According to the RCS-reduction mechanism, this paper designs a novel PDAMC unit as shown in Fig. 2. The
top layer is a square patch with a stripe slot on the x-direction, while the bottom layer is a whole metallic patch. The
substrate is made of F4B-2 (ɛr = 2.65, tanδ = 0.001) with
the size of a = 8 mm × a = 8 mm × t = 3 mm. Figure 3
gives the simulated reflection response of the unit under xpolarization and y-pol incidence wave. It can be concluded
that the magnitudes of both polarizations maintain upon
0.993 mm from 4 GHz to 10 GHz, which indicates that the
incident wave is almost reflected with nearly absorption.
For the structure of unit is unsymmetrical, the reflection
phase shows obvious dependence to the polarization of
incidence wave. The zero value of x-polarization appears at
5.61 GHz, while that of y-polarization appears at 9.49 GHz.
The D-value between 150°~210° is from 5.66 GHz to
9.45 GHz that the RCS can be reduced at least 10 dB.
To explain the phenomenon, it is well known that
PDAMC can be seemed as an equivalent LC circuit and the
resonating frequency point is mainly affected by the value
of 1 / (2 LC ) , while the reflective phase is zero. The
length of the patches is related to the inductive component
L while the gap between adjacent patches is related to the
capacitive element C. For the structure of the unit is unsymmetrical, the resonating frequency appears differently
under x-pol and y-pol incidence wave. Figure 4 shows the
E-field distribution at 5.61 GHz and 9.49 GHz under x-pol
and y-pol incidence wave. At 5.61 GHz, the patch resonates strongly under the x-pol plane wave. The E-field
mainly concentrates at the two ends along the x-axis while
that of y-axis is much less. Therefore, the zero value of xpolarization appears at 5.61 GHz. At 9.49 GHz, the patch
resonates strongly under the y-pol plane wave. The E-field
mainly concentrates at the two ends along the y-axis while
that of x-axis is much less. Therefore, the zero value of ypolarization appears at 9.49 GHz. The above analysis
proves the exactness of the equivalent LC circuit.
In order to verify the statement of equivalent LC circuit and observe the maximum bandwidth for phase cancellation, here we set w = 1.4 mm and change the value of l,
Figure 5(a) gives the reflection phases of the x-pol and
y-pol incidence. It can be concluded that the value of l
mainly influences the resonating points of the x-polarized
incidence. With the increasing of l, the zero points of both
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(a)

(b)
Fig. 5. Reflection response with change of l. (a) Reflection
phase of the unit. (b) D-value.

(a)

(b)
Fig. 6. Reflection response with change of w. (a) Reflection
phase of the unit. (b) D-value.

Fig. 4. E-field distribution of the PDAMC unit.

Fig. 7. Geometry of the proposed MS.
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RCS (dB)

In order to verify the analysis of PDAMC unit, the
MS is simulated in HFSS 14.0 which is composed of 4
squares as shown in Fig. 7. Each square of the MS consists
of 4 × 4 PDAMC units. The PDAMC units in the first and
third squares have a 90° rotation which are different from
the ones in the second and fourth squares. Figure 8 gives
the simulated RCS curves of the MS and the same size of
the metal plane for comparison under x-polarization wave.
The measured 6-dB reduction for the x-polarized of the MS
antenna occurs from 5.32 to 8.92 GHz and from 10.16 to
10.96 GHz, the maximum reductions of 27.78 dB and
26.52 dB appear at 6.72 GHz and 7.96 GHz respectively,
which are in agreement with the effective phase difference
band the PDAMC unit. It can be concluded that the RCS of
the MS is significantly reduced compared with the metal
plane.
0
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3. Design and Analysis of MS Antenna
Element and MS Antenna Array
Figure 9 shows the geometry of the proposed MS
antenna element which is composed of two substrates.
Both substrates are made of F4B-2. The radiating patch is
printed on the top surface of substrate 1 while the ground is
printed on the back. The MS is printed on the upper surface
of substrate 2 which is directly put on the top of substrate 1
without any gap. The MS is composed of 4 × 4 PDAMCs.
Figure 10 illustrates the S11 and gain curves comparison.
The ǀS11ǀ < –10 dB impedance bandwidth of the MS element is from 5.06 GHz to 7.74 GHz, while the reference
(RF) antenna is from 6.13 GHz to 6.43 GHz. The gain
curve of the MS antenna element is significantly improved
compared to the RF antenna. It can be concluded that the
compact structure of MS generates additional resonances
for widening operation band. At the same time, the radiated
electromagnetic wave spreads across the whole MS to
increase the aperture for improving the radiation performance as shown in Fig. 11.
0
-10
-20
-30

8
6

Gain (dBi)

x-pol and y-pol move to the low frequency for the increasing of the inductive components L. And as shown in
Fig. 5(b), when l = 7.6 mm, the bandwidth of the phase
difference between the 180°± 30° is broader than other
values. Next we set l = 7.6 mm and change the value of w.
As shown in Fig. 6(a), similar to what is analyzed before,
the value of w mainly influences the resonating points of
the y-pol incident wave. With the increasing of w, the zero
points of both x-pol and y-pol move to the low frequency
for the increasing of the capacitive elements C. And as
shown in Fig. 6(b), when w = 1.4 mm, the bandwidth of the
phase difference between the 180°± 30° is broader than
other values. According to the pervious parameters optimization, we get the optimal parameters for l = 7.6 mm,
w = 1.4 mm which satisfy the desired phase difference.

S11 (dB)
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Fig. 10. The S11 and gain curves of the MS and RF element
antennas.
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Fig. 8. Simulated RCS results of MS and metal plane.
Fig. 11. Current distribution of the MS element antenna at
6.2 GHz.

(a)

(b)

Fig. 9. Geometry of the proposed MS antenna element.
(a) Top view. (b) Side view.

Fig. 12. E-field vector of the MS antenna element and the
sketches of operating modes.
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The wideband operation of MS antenna element is
obtained by fusion of multiple order modes. Figure 12
gives the E-field vector of the MS antenna element and the
sketches of the operating modes. At 5.26 GHz, the MS
antenna element operates at TM10 mode which is like the
operation mode of traditional microstrip antenna. At
6.18 GHz, the MS antenna element operates at TM20 mode.
Therefore, the operation band is expanded for exciting the
additional operating mode and fusing TM10 and TM20
modes.

Since the parameters of the element are confined, to
realize the compact structure and better radiation performance, the distance d between the driven patches and the
gap between the elements should be further studied. As
shown in Fig. 14(a), with the increase of d, the impedance
bandwidth of ǀS11ǀ < –10 dB shifts to lower frequency while
the curves of gain are reduced a little in high frequency
region. From Fig. 14(b), it can be concluded that with the
increase of gap, the bandwidth of ǀS11ǀ < –10 dB shifts to
high frequency while the curves of gain increase a little in
the high frequency region. The values of d and gap cannot
be too large or small. At last, the optimal parameters value
are d = 18.5 mm, gap = 1.5 mm. Other parameters are
shown in Tab. 1.
To verify the scattering performance, the MS antenna
array is exposed under the plane wave to simulate that the
radar detecting wave impinges the antenna. Figure 15 gives
the RCS curves of the MS and reference antenna array
under x-polarization. Compared to the reference, 6-dB
RCS-reduction is obtained from 5.06 GHz to 11.46 GHz
except for some frequency points, the result agrees well with

(b)
Fig. 14. The S11 and gain curves with change of: (a) d, (b) gap.
Parameters
Dimensions (mm)

t
3

a
8

p
14

lc
7

xf
8

t1
1.5

t2
1.5

Tab. 1. The values of other parameters.
0

Monostatic RCS (dB)

Since the MS on the antenna element is asymmetrical
which destroys the axial ratio character of the patch
antenna, the MS element antenna is no longer circularly
polarized but linear polarized. In order to form the CP
radiation and reduce the RCS of the antenna, the designed
antenna array is designed of four elements, element , ,
 are obtained by rotating the element  with the angle of
90°, 180°, 270° as shown in Fig. 13. Port 1, 2, 3, 4 are fed
with phases of 0º, 90º, 180º, 270º respectively by using
a phase shifter as shown in Fig. 13, so that the magnitudes
radiating wave of E plane and H plane are equal but have
a phase difference of 90° to form the circularly polarized
radiation.

(a)

MS antenna
RF antenna

-5

-10
-15
-20
-25
-30
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6

7 8 9 10 11 12
Freq (GHz)

Fig. 15. The simulated monostatic RCS of the MS and RF
antenna.

(a)

(b)

Fig. 16. RCS reduction results. (a) The 3D plot scattering
pattern. (b) The bistatic RCS of the MS and RF
antenna at 7.4 and 8.76 GHz.

Fig. 13. Geometry of the proposed MS antenna array.

the effective phase difference band obtained by the unit
simulation. At 8.76 GHz, it achieves a maximum reduction
of 18.6 dB and there exists deterioration around 8.06 GHz
due to the strong coupling between the adjacent units.
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Freq (GHz)

5.24

6.28

7.36

Theta range (deg)

–53.6 to 53.4

–29.2 to 29.4

–33.2 to 33.1

Maximum (dB)

7.52

6.7

13.73

Freq (GHz)

8.8

9.88

11.2

Theta range (deg)

–22.66 to 22.98

–23.2 to 23

–20.8 to 20.8

Maximum (dB)

18.38

21.18

9.18

Tab. 2. RCS reduction at different frequencies.

Figure 16(a) gives the 3D plot scattering pattern of
MS antenna array under the x-pol wave at 8.76 GHz. The
scattering field is distributed into four directions, and forms
a low back-scattering space, that is the reason why the MS
antenna has low RCS performance. Figure 16(b) gives the
bistatic RCS curves of both antennas with variable thetas
under x-polarized incidence at 7.4 and 8.76 GHz. It can be
concluded that the RCS of MS antenna array is significantly reduced from –28° to 28° at 7.4 GHz and from –60°
to 60° at 8.76 GHz, respectively. With the increasing of
incident angle, the reduction becomes worse for that the
MS is sensitive to the angle. Table 2 gives the RCS-reduction angle and reduction maximum at different frequencies,
it indicates that the MS antenna array has a stable character
of low RCS at bore-sight from 5.06 GHz to 11.46 GHz
with the comparison of the reference antenna.

(a)

(b)

Fig. 17. Photographs of the fabricated antennas. (a) The MS
and RF element antennas. (b) The MS and RF array
antennas.

Fig. 18. The measured and simulated S11 curves of the RF and
MS element antenna.

4. Fabrication and Measurement
For further verification, the final designed MS and RF
antennas element and the MS and RF array antennas have
been fabricated as shown in Fig. 17. In order to eliminate
noise interference, the antennas are measured in microwave
anechoic chamber using the vector network analyzer
Agilent N5230C.
Figure 18 gives the simulated and measured S11
curves of the two antennas element. The measured
ǀS11ǀ < –10 dB impedance bandwidth of the MS element is
from 5.21 GHz to 8 GHz while the simulated result is from
5.06 GHz to 7.76 GHz. The measured impedance bandwidth of the RF element is from 6.2 GHz to 6.53 GHz
while the simulated result is from 6.12 GHz to 6.46 GHz.
Both the measured and simulated results proved that the
designed MS significantly expands the impedance bandwidth. Compared with the simulated results, the measured
curves shift to the higher frequency for the fabrication and
measurement tolerance.
Figure 19 gives the gain-total radiation patterns of the
two element antennas at 6 GHz and 6.5 GHz. At 6 GHz,
the gain of the MS element is improved by 1.77 dBi. At
6.5 GHz, the gain of the MS element is improved by
0.98 dBi. It can be explained that the gain of the MS element antenna is improved for that the radiation electromagnetic wave spreads across the whole MS. The radiation
aperture is significantly expanded.
As shown in Fig. 20(a), the measured impedance band-

Fig. 19. Radiation patterns of the MS and RF element antennas.

(a)

(b)

Fig. 20. The measured and simulated S11 and AR curves of the
MS and RF antenna.

width of the MS array antenna for ǀS11ǀ < –10 dB is from
5.04 GHz to 7.46 GHz, while the simulated result is from
5.04 GHz to 7.4 GHz. The measured ǀS11ǀ < –10 dB impedance bandwidth of the RF antenna is from 5.96 GHz to
6.21 GHz, while the simulated result is from 6.13 GHz to
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6.43 GHz. As for the AR character as shown in Fig. 20(b),
both the simulated and measured curves of the RF and MS
array antennas keep below the 3 dB, there are some points
around the 5.1 GHz and 7.6 GHz in the measured results of
MS antenna higher than the RF antenna for the asymmetrical structure of the MS unit. Compared with the simulated
results, the measured curves shift to the higher frequency
for the fabrication and measurement tolerance.

As for verifying the scattering performance, the fabricated antennas was placed vertically on a foam platform in
front of the two identical horn antennas with the measurement range of 1–18 GHz in the anechoic chamber as
shown in Fig. 22. One horn antenna is used as transmitter
while the other is for receiver to simulate the radar detecting devices. Figure 23 gives the measured RCS reduction
of the MS antenna compared to the simulation results. The
measured 6-dB reduction for the x-polarized of the MS
antenna occurs from 4.88 to 11.63 GHz, which is in good
agreement with the simulated results from 5.08 GHz to
11.46 GHz except for some frequency points. The difference mainly comes from the machining and measuring
errors, but the results still confirm the effectiveness of the
design.

Fig. 22. The RCS measurement setup.

0
RCS reduction (dB)

Figure 21 gives the radiation patterns compared with
the reference antenna at 6.5 GHz and 7.2 GHz. At 6.5 GHz,
the gain of the MS array antenna is improved by 4.94 dBi
compared to the RF array antenna, the measured result is
similar to the simulation. While compared with the RF
antenna at 7.2 GHz, the gain is improved about 4.24 dBi,
the side lobe of the measured left-hand radiation pattern
has a little difference for the fabrication and measurement
tolerance. Both antennas are left-hand CP radiating and the
MS antenna possesses the characters of low side-lobe level
and high radiation sufficiency.
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-20
-25
-30
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Simulated result
Measured result
6
8
Freq (dB)

10
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Fig. 23. The measured and simulated results of RCS-reduction.
Antenna

Radiation
mode

[7]

Circular

[8]

Linear

[17]

Circular

This
paper

Circular

Operation
bandwidth
10.74–12.33GHz
(13.8%)
10.74–12.33GHz
(13.8)
4.3–5.1GHz
(17%)
5.03–7.4GHz
(38.1%)

6dB RCSreduction
5–11.8GHz
(80.8%)
4.2–10.6GHz
(86.5%)
4.53–6.70GHz
(38.6%)
5.08–11.46GHz
(77.2%)

Tab. 3. Comparison of the proposed antenna with some similar
works.

In order to clarify the eﬀective design of the antenna
in this paper, some similar works reported in the references
are compared with the MS antenna array in Tab. 3. It can
be concluded that both of radiation and scattering performance of the proposed antenna array in this paper have
been significantly improved.

5. Conclusion

Fig. 21. Radiation patterns of the MS and RF array antennas.

In this paper, a novel low-RCS wideband circularly
polarized antenna array based on MS is designed. When
illuminated by the radar detecting wave, the MS composed
of the PDAMCs which are arranged like a chessboard can
significantly bring the RCS down. While the compact
structure of the MS and the driven patches allow the radiated electromagnetic wave propagate on the MS to generate additional resonances for widening the operation band
and improving gain. Both the simulated and measured
results indicate that the radar cross section (RCS) at boresight is reduced more than 6 dB from 5.08 GHz to
11.46 GHz except for some frequency points. The array
antenna has a good broadside left-hand CP radiation, with
the ǀS11ǀ < –10 dB impedance bandwidth from 5.03 to
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7.4 GHz and the 1-dB axial ratio bandwidth of 4–8 GHz.
The MS antenna has a promising application in wideband
wireless communication systems.
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