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ABSTRACT In this paper, a multifunctional scattering antenna array has been proposed to generate orbital
angular momentum (OAM) vortex scattering wave andmeanwhile reduce antenna radar cross section (RCS).
Theoretical analysis for integration of the RCS reduction and the OAMwave is given, and a circular antenna
array composed of a dual polarized microstrip antenna and a tunable connection line network is designed.
By adjusting the ON/OFF state of the PIN diodes embedded in the connection line network, the OAM
scattering waves with the modes of l = 1 and l = 2 are independently generated, and accordingly in-
band RCS reduction of a circular patch antenna with an increase of the antenna gain over 2 dB is achieved.
A multifunctional prototype antenna array is fabricated and measured. Simulated and measured results
demonstrate−10dB RCS reduction and the OAM scattering waves with the tunable modes in the frequency
band of 9.37∼9.8 GHz.

INDEX TERMS Multifunctional scattering antenna array, orbital angular momentum (OAM), in-band RCS
reduction, tunable modes.

I. INTRODUCTION
Orbital angular momentum (OAM) vortex waves character-
ized by an azimuthal phase dependence of exp(ilϕ), in which
ϕ is the azimuthal angle and l is an integer known as the
mode number, have caused tremendous research interests in
scientific communities due to its promising ability in wireless
communication. Theoretically, the OAM vortex waves have
unlimited range of orthogonal eigenstates. When associating
the information with these eigenstates, the OAM multiplex-
ing has the potential to increase the channel capacity in the
optical range [1], [2] and at RF [3], [4]. Various approaches
including antenna array [5], [6], spiral phase plate [7], [8],
holographic plate [9], [10] etc., have been developed to
generate the OAM vortex waves from microwave to optical
frequencies. Besides, the metamaterial/metasurface inspired
reconfigurable antennas and arrays have been proposed to
design the OAM vortex waves with tunable beams [11], [12]
and tunable modes [13]–[16] for dynamic communication
environment.

The associate editor coordinating the review of this manuscript and
approving it for publication was Kuang Zhang.

On the other hand, a great variety of coexisting applications
in communication systems have triggered the demand of
highly efficientmultifunctional devices. Especially in the safe
communication field, for instance low-observable platforms,
how to reduce the radar cross section (RCS) characteristic of
the antennas mounted on the platform becomes vital. Some
metamaterial-based absorbing structures [17]–[20] have been
designed to reduce the antenna RCS. By making the equiva-
lent impedance of the absorbing structure equal to the wave
impedance in free space, the incoming wave can penetrate
into the absorbing structure without reflection. The use of
the lossy materials including lossy dielectric material [17],
thin conductivity sheet [18], [19] and lumped resistor [20]
converts the incoming energy to the heat. However, applica-
tion of the absorbing structure into the antenna easily results
in deterioration of the radiation performance. In addition,
some metasurface-based structures have been developed to
accomplish low RCS property by redirecting the scattered
wave away from the backscatter direction. The chessboard
patterned configurations consisting of twometasurface arrays
with 180◦ reflection phase difference have the low RCS
characteristic [21], [22]. Except with the reflection phase
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FIGURE 1. Operating mechanism of a multifunctional antenna array.

cancellation based designs, a characteristicmode cancellation
method was proposed to achieve the antenna RCS reduction
in a wide band [23]. However, a large space is required to
arrange the metasurface structures. In order to achieve a com-
pact size, an antenna array based design has been developed
to reduce the in-band RCS of the antenna [24] according to
the polarization rotation characteristic. However, all reported
designs only have a single function of the RCS reduction.

In this paper, a multifunctional antenna array has been
designed for the first time to simultaneously generate the
OAM vortex scattering wave and reduce antenna RCS.
By adjusting ON/OFF state of the PIN diodes in the con-
nection network, the proposed antenna array can convert the
incident plane wave to the scattering OAM wave with the
modes of l = 1 and l = 2, respectively, thus achieving an
OAM-based communication. Moreover, when the proposed
scattering antenna array is integrated with the reference circu-
lar antenna, the RCS reduction of the reference antenna can be
realized due to the far field property of the OAMwave, which
distinguishes the proposed design from previously reported
RCS reduction schemes. Simulation and measured results
are given to demonstrate the good performance including the
scattering OAM wave with tunable modes, the in-band RCS
reduction of the reference antenna, and the increase of the
reference antenna in the operating band of 9.37∼9.8 GHz.

II. THE PROPOSED OAM WATER ANTENNA DESIGN OF
MULTIFUNCTIONAL ANTENNA ARRAY
A. INTEGRATION OF RCS REDUCTION AND OAM WAVE
In order to elaborate the operation mechanism of the integra-
tion of the RCS reduction and the OAM wave, consider that
the field component f (ρ′, ϕ′) on the aperture located in xoy
plane has the helix phase dependence, as shown in Fig. 1.
With a multipole series expansion [25], [26], we have

f (ρ′, ϕ′) =
∑
l

fl(ρ′)ejlϕ
′

, (1)

in which

fl(ρ′) =
1
2π

∫ 2π

0
f (ρ′, ϕ′)e−jlϕ

′

dϕ′. (2)

The Fourier transform of the f (ρ′, ϕ′) can be expressed in
terms of the radial and azimuth coordinates in the spectral

FIGURE 2. Configuration of multifunctional antenna array for RCS
reduction and OAM vortex wave.

domain k and ϕ as

F(k, ϕ)

=
1
2π

∫
∞

0

∫ 2π

0
f (ρ′, ϕ′)e−jkρ

′ cos(ϕ−ϕ′)ρ′dϕ′dρ′

=

∑
l

1
2π

∫
∞

0

∫ 2π

0
fl(ρ′)e−j[kρ

′ cos(ϕ−ϕ′)−lϕ′]ρ′dϕ′dρ′. (3)

Using the integral identity for Bessel functions Jn, i.e.,

Jn(kρ′) =
jn

2π

∫ 2π

0
e−j(kρ

′ cos ξ−nξ )dξ, (4)

(3) can be rewritten as

F(k, ϕ) =
∑
l

Fl(k)ejlϕ, (5)

where

Fl(k) =
1
jn

∫
∞

0
fl(ρ′)Jl(kρ′)ρ′dρ′. (6)

It can be seen from (5) that the fl(ρ′) and its corresponding
spectrum known as far-field power pattern Fl(k) are related
by the Hankel transform [25], [26]. Therefore, for any fixed
l, the fl(ρ′) determines the Fl(k), and vice versa. For l 6= 0,
we have Jl(kρ′) = 0 at ρ′ = 0, meaning that the far field has
a null amplitude along z direction. Therefore, a helical phase
distribution will lead to the RCS reduction in the broadside
direction.

B. MULTIFUNCTIONAL ANTENNA ARRAY DESIGN
With the above operation mechanism, a multifunctional scat-
tering antenna array has been developed to simultaneously
achieve the OAM vortex wave and the RCS reduction,
as shown in Fig. 2. The multifunctional antenna array is
composed of a circular antenna array and a connection line
network. The circular array consists of a dual polarized
microstrip antenna fabricated on two substrates, as shown
in Fig. 3. The bottom substrate is Rogers 6010 with relative
permittivity of 10.2 and loss tangent of 0.0023, and the top
one is F4B with relative permittivity of 2.2 and loss tangent
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FIGURE 3. Dual polarized antenna element.

TABLE 1. Parameters of the antenna element (unit: mm).

of 0.001. The square patch is fabricated on the top substrate
and the feeding line is fabricated on the bottom one. The
metallic ground with two orthogonally placed I-shaped slots
is located between two substrates. A stub is placed at the
end of the feeding line for impedance matching. With two
orthogonal ports, the proposed microstrip antenna can radiate
EMwaves with two orthogonal polarizations. The parameters
of the antenna element are listed in Table 1. The S parameters
and the radiation pattern at 9.6 GHz are given in Fig. 4. The
operating band of the antenna element for S11 ≤ −10 dB is
9.36∼9.95 GHz. The realized gain of the element is 7.45 dBi
and the 3dB beamwidths in XOZ and YOZ planes cover
−37◦ ∼ 41◦ at 9.6 GHz.
The antenna element is arranged into a circular array,

as shown in Fig. 5(a). The dimensions of the array are given
in Table 2. The connection line network with PIN diodes
(MA4GP907 fromMacom) and DC bias circuit including the
RF choking inductor of 3.9 nH (LQW15AN from Murata)
and DC blocking capacitor of 30 pF (GRM1555C from
Murata), is used to connect the antenna elements, as shown
in Fig. 5 (b). Each line connects one polarization port of an
antenna to the orthogonal polarization port of its adjacent
antenna. When a plane wave is incident, a wave with an
orthogonal polarization is scattered by the proposed scatter-
ing array. Hence the proposed array has polarization rotation
characteristic. Moreover, except with the line m1 of 0.99
λg (11.88 mm), each line has two lengths, i.e., mk and
mk’ (k = 2∼8), which are selectively controlled by four PIN
diodes. For instance, the line m2 has the length of 1.12 λg

FIGURE 4. S parameters and pattern of the antenna element. (a)
S parameters. (b) Pattern.

(13.37 mm) when the PIN diodes 1 and 2 are in ON states
and the PIN diodes 3 and 4 are in OFF states, which is called
State I. Here λg = 11.99 mm is wavelength in dielectric at
9.6 GHz. In the State I, the length difference between the
m2 and the m1 is 0.13 λg, resulting in an approximate phase
difference of 45◦. With continuously changing the lengths of
the mk, a 2π phase distribution along the azimuthal direction
can be achieved. Note that the m3 has a length of 1.77 λg
(21.23 mm). The length difference between the m3 and the
m1 leads to a phase difference of about 270◦. Compared with
the m1, the layout of the m3 used to connect the antenna ports
results in a phase of −180◦. Hence the total phase difference
between the m3 and the m1 becomes 90◦. Similar case holds
for them7.When the PIN diodes 1 and 2 are in OFF states and
the PIN diodes 3 and 4 are in ON states, which is called State
II, the line m2’ has the length of 1.3 λg (15.54 mm), which
results in an approximate phase difference of 90◦ between
the m2’ and the m1. A phase distribution of 720◦ is obtained
along the azimuthal direction by continuously adjusting the
lengths of the mk’. The length of each line is listed in Table 3,
and the corresponding operating states are given in Table 4.
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FIGURE 5. The circular array with connection line network. (a) 3D view
and side view of the array. (b) Connection line network.

TABLE 2. Parameters of the array (unit: mm).

TABLE 3. Parameters of the connection line network (λg = 11.99 mm).

TABLE 4. States for the antenna array.

The finite-element method (FEM) based solver has been
implemented for full-wave simulation of the proposed scat-
tering antenna array. Fig. 6 shows the magnitude and phase
of S21 of each line in the States I and II. In the two
states, the magnitudes of the S21 are better than −1 dB in
the frequency band from 9 GHz to 10 GHz, which means
small transmission loss of each connection line. Phase dif-
ferences between two adjacent lines in the frequency band
of 9∼10 GHz are about 45◦ and 90◦, respectively, in States
I and II. In this scenario, when an x-polarization plane wave
illuminates the proposed array, a y-polarization wave with a

FIGURE 6. S parameters of the connection lines in the network. (a)
Magnitude of S21 in State I. (b) Phase of S21 in State I. (c) Magnitude of
S21 in State II. (d) Phase of S21 in State II.
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FIGURE 7. Simulated phase distribution of cross-polarized electric field
on the observation plane and 3D scattering field in far region at 9.6 GHz.

helix phase is scattered, and thus the OAM scattering wave
with the modes of l = 1 and l = 2 are generated in States
I and II, respectively. Fig. 7 shows the phase distribution of
the y-polarized scattering field on the observation plane at
z = 288mm at 9.6 GHz, when a x-polarized horn antenna
at z = 135 mm is used as a feed source to illuminate the
proposed structure. Here the size of the observation plane
is chosen as 600 mm×600 mm. We can clearly observe the
phase distributions of the OAM scattering wave with the
modes of l = 1 and l = 2. Similar conclusion holds for the
y-polarization incident case due to the symmetry of the dual-
polarized element. Furthermore, for the circular polarized
incident wave, the circular polarized scattering wave carrying
the OAM can also be generated. The 3D scattering fields
in far region at 9.6 GHz are also shown in Fig. 7. A null
amplitude of the electric field along z direction is observed in
the two states, which can be used for the RCS reduction. Fig. 8
demonstrates themode purity of the OAM scattering wave for
x-polarized incident wave in a band from 9.3GHz to 9.9 GHz.
Here the y-polarized scattering field is sampled on the circle
with a radius of 200 mm on the observation plane. The mode
purities better than 86% in the two states are obtained.

On the other hand, the generation of the OAM scatter-
ing wave can result in the RCS reduction. Hence the pro-
posed scattering antenna array is integrated with a circular
microstrip antenna which is called the reference antenna to
reduce the RCS of the reference antenna. The circular patch
of the reference antenna is fabricated on the top substrate and
fed by a coaxial line. As shown in Fig. 9(a), the operating
band of the sole reference antenna for S11 ≤ −10 dB covers
9.36∼9.9 GHz. With the proposed scattering antenna array
operating in the States 1 and 2, the frequency band of the
reference antenna nearly keeps unchanged. Figs. 9(b) and
(c) give the radiation patterns at 9.6 GHz in XOZ and YOZ
planes, respectively, when the proposed array is integrated
with the reference antenna. It can be found that when the
proposed array operates in the two states, the beamwidth of
the reference antenna becomes narrow, and thus its gain is

FIGURE 8. Mode purity of the OAM scattering wave in two states.
(a) 9.3 GHz. (b) 9.6 GHz. (c) 9.9 GH.

increased. This is because the backward radiation caused by
the surface wave of the reference antenna is suppressed by the
proposed array. The realized gain of the reference antenna
is increased by over 2 dB and 3 dB in the operating band
of 9.36 ∼9.9 GHz when the proposed antenna array operates

FIGURE 9. Radiation performance comparison between the reference
antenna with and without the proposed array. (a) S11. (b) Pattern at
9.6 GHz in XOZ plane. (c) Pattern at 9.6 GHz in YOZ plane. (d) Realized
gain.
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FIGURE 9. (Continued.) Radiation performance comparison between the
reference antenna with and without the proposed array. (a) S11. (b)
Pattern at 9.6 GHz in XOZ plane. (c) Pattern at 9.6 GHz in YOZ plane. (d)
Realized gain.

FIGURE 10. Backscattering performance comparison between the
reference antenna with and without the proposed array. (a) XOZ plane.
(b) YOZ plane.

in the States I and II, respectively, as shown in Fig. 9(d). At
9.6 GHz, the realized gain increases from 5.58 dB to 8.31 dB
and 9.25 dB in the States I and II, respectively.

Fig. 10 depicts the backscattering RCS comparison
between the reference antenna with and without the
proposed scattering array. It can be seen that −10dB
RCS reduction bandwidths in the States I and II cover
9.25∼9.8 GHz and 9.3∼9.85GHz, respectively in XOZ plane
and 9.35∼9.92 GHz and 9.35∼9.95 GHz, respectively in
YOZ plane. The in-band RCS reduction of the reference
antenna is achieved owing to the OAM scattering waves
generated by the proposed scattering antenna array.

III. MEASUREMNTS AND DISSCUSIONS
The proposedmultifunctional scattering array integrated with
the reference antenna is fabricated and measured, as shown
in Fig. 11. Two 1.5-V lithium batteries are applied for the
PIN diodes at the Feed 1 and Feed 2 of the connection network
shown in Fig. 5(b). The S11, the radiation patterns at 9.6 GHz,
and the gain of the reference antennas with and without
the proposed scattering array are measured and compared
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FIGURE 11. Photographs of the fabricated antenna array and the
measurement environments. (a) Front view and back view. (b) Near field
scanning and RCS measurement.

FIGURE 12. The measured phase distributions of the scattering wave on
the observation plane at different frequencies.

with the simulation ones, in good agreement between each
other, as shown in Fig. 9. The measured impedance band for
S11 < −10 dB in both States I and II covers 9.34∼9.92 GHz.
With the proposed array, the realized gain of the reference
antenna increases by more than 2.1 dB in the operating band.
At 9.6 GHz, the realized gains of the reference antenna with-
out and with the proposed scattering array operating in the
two states are 6.5 dBi, 8.9 dBi, and 9.7 dBi, respectively.

The scattering field measurement method for the RCS
and the near field planar scanning technique for the OAM
vortex wave were performed, respectively. In RCS measure-

ment, two standard horn antennas are used as transmitting
and receiving antennas at z = 2.67 m in the front of the
proposed multifunctional array in the anechoic chamber. As
shown in 10, the measured RCSs of the reference antennas
with and without the proposed scattering array in XOZ and
YOZ planes are in good agreement with simulated ones. The
overlapped measurement band for −10dB RCS reduction in
the States I and II is 9.37∼9.8 GHz, achieving the in-band
RCS reduction of the reference antenna.

In the OAM measurement, a standard horn antenna is
placed at z = 175 mm in front of the proposed multi-
functional array, and a probe with an orthogonal polariza-
tion at the observation plane of z = 400 mm samples the
phase of the electric field in a sampling space of 0.4 mm.
Here the overall size of the observation plane is chosen as
0.8 m×0.8 m. Fig. 12 gives the measured phase distributions
of the y-polarized scattering wave on the observation plane at
z = 288mm in the States I and II, when a x-polarized wave is
incident. It can be clearly observed that the OAM scattering
waves with the modes of l = 1 and l = 2 are generated in the
operating band.

IV. CONCLUSION
In this paper, a multifunctional scattering antenna array has
been presented. The design concept is based on the theoretical
analysis that the far field of the OAM vortex wave has a null
amplitude along broadside direction. By designing a dual-
polarized patch element and arranging it into a circular array
with a reconfigurable connection line network, the OAM
scattering waves with the tunable modes are generated and
in-band low RCS characteristic of the reference antenna is
obtained. Good agreement between the measurement results
and the simulation results verifies the proposed design, which
provides a feasible way for the OAM wave based safe com-
munication.
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