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In this paper, on the basis of multifunctional reconfigurable pixel antenna (RPA) elements, a novel linear sparse array with an
attractive compound reconfigurability is presented. It has the potential advantages of its beam scanning with low gain fluctuation,
low sidelobe in two orthogonal planes, and polarization reconfigurable performance. Specifically, an RPA with simultaneous
polarization and pattern reconstruction capabilities, consisting of the driven patch and the parasitic pixels on the same layer of
dielectric substrate, is firstly designed, which can work in several operation modes corresponding to steerable beam directions
(θ � 0° ; θxoz � 25°, 45°; θyoz � 15°) with two circular polarizations in X-band. Cross-slot coupling feed is used to improve
polarization reconstruction capability and reduce the complexity of hybrid reconstruction topology optimization. &en, those
RPAs are integrated into the 1 × 8 linear sparse array to realize the reconfiguration of two circular polarizations and beam steering
in xoz- and yoz-plane. Simulation results show that the gain fluctuation and sidelobe level of the array during beam scanning have
significant advantages over the previous phased array, and the generation of antenna grating lobes is avoided.Moreover, both RPA
element and RPA array prototypes have been fabricated and measured to testify the efficiency. &e measured results agree well
with the simulated ones, which indicates the application potential in the field of modern wireless communication system of the
proposed linear sparse array.

1. Introduction

With the fast development of wireless technology rising the
demand of the communication capacity, strict requirements
have been raised and attached on the modern wireless
communication system. As one of the most important
components, antennas in the wireless communication sys-
tems are desired not only to integrate multifunction but also
to have low size to save space and cost [1, 2]. Specifically, to
cope with the ever-increasing demand of capacity, a high-
gain intelligent antenna array is always expected, which is
capable of steering its beam toward desired directions, while
simultaneously placing nulls toward undesired directions of
interferes, thereby enhancing the signal-to-noise ratio of the
desired signal [3].

Reconfigurable antenna, that can achieve multiple an-
tenna functions by modifying the physical structure or size
in real-time, has recently gained considerable interests of
researchers due to this intrinsic merit. Hence, reconfigurable
antenna has become one promising candidate for high-gain,
low-profile, and low-cost antennas [4]. Currently, some
reconfigurable phased array antennas that can achieve high
gain and beam scanning have been put forward [5, 6].
However, their reconfigurable performance has not been
fully explored. In addition, due to the limitation of element
factors, high sidelobe or even grating lobe is resulted for the
reconfigurable phased array antenna when scanning at a
large angle. To deal with this problem, the reconfigurable
antenna element provides an effective solution. By its def-
inition, we know that reconfigurable antennas can be
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implemented either in the frequency, pattern, and polari-
zation way or their combinations [7, 8]. Since frequency
reconfigurable antennas allow frequency hopping and dy-
namically allocating spectrum, while radiation pattern and
polarization reconfiguration can filter the in-band inter-
ference to increase the channel capacity, we think the
compound reconfigurable antenna can be the right choice to
address the drawbacks mentioned above existing in current
reconfigurable phased array antennas. &en, the key prob-
lem becomes how to design reconfigurable antennas with
individually tuning frequency, radiation pattern, and po-
larization [9–12].

To achieve compound reconfigurations, there are several
issues to be considered. One tough issue is the compound or
multiparameter reconfiguration that their strong inter-
connected relationship makes the reconfigurable antenna
design becomes challenging. Currently, the extensively used
approach of compound reconfiguration is to integrate dif-
ferent single-parameter reconfiguration techniques, which
enables frequency-pattern reconfiguration [13], frequency-
polarization reconfiguration [14], and pattern-polarization
reconfiguration [15]. However, this method leads to a low
reconfigurability and enables several operational modes with
similar characteristics. To deal with this problem, another
efficient candidate, i.e., pixel antenna has been put forward,
which is considered to be one of the most flexible recon-
figurable structures [16–23]. Pixel antenna divides the ra-
diating surface into several small metal patches, namely,
pixels, and interconnects them by means of RF-switches.
&en, a patch is excited by coupling between the adjacent
patches. By activating different switch configurations, the
antenna surface is reshaped, thus reconfiguring its frequency
and radiation characteristics.

Recently, pixel surfaces have already demonstrated its
reconfigurable ability when used as the parasitic structures of
the antenna, leading to significant advantages in the switch
biasing, power handling, and integration possibilities
[6, 24–26]. Nevertheless, the parasitic pixel layer is employed
to realize single reconfiguration, without any further ex-
ploration in compound reconfigurable performance.
Moreover, research on reconfigurable antenna arrays based
on compound reconfigurable antenna elements has been less
reported [27, 28].

In this paper, a novel linear sparse array with compound
reconfigurability is presented. In order to realize the
reconfiguration of array, the polarization and radiation
pattern reconfigurable pixel antenna (RPA) is designed and
optimized as the array element. &e RPA consists of two
layers, in which the parasitic layer with a grid of multisize
patches is adopted as the top layer, and ametal ground with a
cross gap is located between the upper and lower substrates.
By controlling the topology of parasitic pixel layer and
selecting different excitation ports, reconfigurability in beam
steering and polarization of the proposed antenna can be
achieved. Besides, the designed RPA element can produce
varied modes of operation corresponding to steerable beam
directions with two circular polarizations in X-band.

On the basis of RPA elements, a 1 × 8 linear array
along the x-axis is presented. In order to realize the low

sidelobe scanning and suppress the generation of grating
lobe, nonuniform spacing is designed in the array
structure and furthered optimized to reduce the coupling
between array elements. &en, the low sidelobe beam
scanning in xoz-plane and the beam deflection in the yoz-
plane is realized due to the flexible performance of the
pixel antenna element. In addition, the polarization
reconfigurable performance of RPA is also retained in
the array. Due to the advantages of the pattern and
polarization compound reconfigurable, the proposed
antenna can find broad applications in wireless
communication.

2. RPA Structure and Optimization Design

2.1. Basic Structure Design. With the merit of flexible
structure and high reconfiguration capability, pixel antenna
divides the radiating surface into several small metal patches,
called pixels. As shown in Figure 1, since the pixel patches
closer to the feed port have a stronger influence over the
input impedance of the antenna, it becomes important to
balance the contribution of these pixels and switches to the
reconfigurable performance. It also can be seen the larger
patches are introduced with the increase of the distance from
the port, which not only balances the influence of distance
but also significantly reduces the number of switches and
complexity.

In the pixel antenna design, the ultimate goal is to de-
termine a clear relationship between the antenna geometry
and its reconfigurable capability. Generally, the total size of
the pixel surface(Lt) and the size of the pixel patch(Lp) can
be estimated roughly by comparing with the wavelength
[7, 8, 28]:

Since the length of the resonant paths has to be half the
effective wavelength for the most restrictive frequency, we
have

Lt >
λlow

2 ����εeff

⎛⎝ ⎞⎠, (1)

where λlow is the free-space wavelength at the lowest fre-
quency of operation and εeff is the effective permittivity of
the pixel antenna.

To meet radiation pattern and frequency requirements,
the total size has to be large enough while the individual pixel
size has to be small enough to be able to finely tune the
antenna properties. In addition, the pixel size is usually
smaller than a tenth of a wavelength for the operation
frequency, i.e.,

Lp >
λup

10 ���εeff
√ , (2)

where λup is the free-space wavelength at the highest fre-
quency of operation.

&e nonuniform size RPA proposed in this paper is
shown in Figure 2, in which a double-layer substrate with
different thickness is employed. &e substrate selected is
Rogers 5880 with εr � 2.2. Notably, we take the symmetry
axis of the two-port feedlines as the x-axis of the coordinate
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system. &is ensures the symmetry of the antenna when
changing the port feed. However, the direction of the
feedlines is inclined 45° relative to the beam direction of the
antenna (x-axis or y-axis), hence the substrate is set as a
diamond to facilitate the installation of the SMA connector
during testing.

&e drive layer, the pixel parasitic layer, and the specific
structure are shown in Figure 3. &e thickness of the upper
and the lower substrates is 1.524mm and 0.508mm, re-
spectively. A metal ground with a cross gap is arranged
between the two layers of substrates, and the aperture-
coupled feed mechanism is introduced to improve the
impedancematching and increase the impedance bandwidth
of the antenna. &e main components of the RPA archi-
tecture, the parasitic patch, is printed on the upper substrate
with a symmetrical structure of nonuniform size. &e width
and length of the center patch can be calculated according to
the basic theory of the pixel antenna. According to equation
(2), Lp is 3.53mm at 8.5 GHz and the pixel patch size of RPA
in this paper is selected as 3.5mm. Two loops of the pixel
patch connected by the rectangular perfect electric con-
ductor (PEC) are placed around the central patch. &e
geometric structure of the antenna can be changed by
controlling the presence or absence of the PEC patch, which
in turn changes the current distribution on the antenna,
realizing the reconfiguration of the pattern. Two perpen-
dicular microstrip feedlines are printed at the bottom of the
drive layer and connected to two excitation ports respec-
tively. By selecting different excitation port and switching

states, the polarization reconfiguration under the same beam
direction can be obtained. For convenience, the optimized
geometrical parameters of the pixel antenna are provided in
Table 1.

2.2.TopologyOptimization. In this paper, due to its powerful
searching ability and simple in the concept and imple-
mentation, the genetic algorithm (GA) in conjunction with
HFSS is employed to determine the surface configurations of
parasitic patches, i.e., switching states of the interconnec-
tions between adjacent pixel patches. For ease of analysis, the
presence and absence of PEC patches are represented as 1
and 0, respectively, a binary array with a length of 24 is used
as the variable to control the topological structure of the
parasitic surface in the optimization process. When the
optimization objective, i.e., the beam direction and the
polarization performance of the RPA are satisfied, GA
outputs the best binary array, and the final topological
structure of RPA is obtained. &e optimization method is
detailed in [7], while the specific process is shown in
Figure 4.

&e optimized geometries and surface current distri-
bution of the parasitic pixel surface with different feed ports
are shown in Figure 5. Obviously, four steerable beam di-
rections (θ � 0°; θxoz � 25°, 45°; θyoz � 15°) with different
polarizations are obtained.

When the topological structure in Figure 5(a) is selected
and port 1 is excited, a 0∘ beam steering direction of the RPA
with left-handed circular polarization (LHCP) mode is
obtained. When exciting port 2, the structure and beam
steering direction of the RPA do not change, while the main
polarization mode of the antenna becomes right-handed
circular polarization (RHCP). &e beam steering directions
of the topological structure of the RPA in Figure 5(b) and
Figure 5(c) are 25∘ and45∘ in the xoz-plane, respectively. In
that case, the main polarization mode of the RPA changes
from LHCP to RHCP when the excited port is changed.
Moreover, the beam steering direction of the topological
structure of the RPA in Figure 5(d) is 15∘ in yoz-plane, and

Port Lp

Lt

(a)

Port

(b)

Figure 1: Schematic diagram of pixel antenna: (a) uniform pixel antenna; (b) multisize pixel antenna.

Figure 2: Configuration of the proposed RPA structure.
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the main polarization mode of the RPA changes from LHCP
to RHCP when changing the excited port from 1 to 2.

Figure 6 shows the corresponding simulated result of the
RPAs shown in Figure 5. From Figure 6(a), it can be seen
that with different parasitic layer topologies, the RPAs have
an impedance bandwidth of 345.0MHz covering the op-
erating frequency of 8.5GHz. It should be noted that, if extra
switches are added between the driving patch and the pixel
patches, the frequency reconfiguration performance can be
achieved and the bandwidth can be further extended. Be-
sides, it also can be seen from Figures 6(b), 6(c), and 6(d)
that four modes of beam pointing and two modes of po-
larization can be obtained by choosing the different exci-
tation port and topological structure.
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Figure 3: Multilayer structure of the RPA. (a) 3D structure. (b) Pixel parasitic layer (top view). (c) Driver layer (down view).

Table 1: Geometrical parameters of the RPA.

Parameter L1 L2 L3 L4 W1 W2 n m
Value (mm) 9 3.5 23.85 7.6 2.5 0.7 2.0 1.1

Population Initialization

Start the iteration

Write the HFSS input file

Calculate the fitness

Select, cross, and mutate

Full wave simulation

No

Convergence or not

Yes

Read the HFSS output file Export result file

Get the optimal 
topology

Figure 4: &e topology optimization process of the RPA.
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(a)

(b)

(c)

Figure 5: Continued.
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(d)

Figure 5: &e optimized geometries and surface current distribution of the parasitic pixel surface with different feed ports. Beam steering
direction. (a)θ � 0° . (b)θyoz � 25°. (c)θyoz � 45°. (d)θxoz � 15°.
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Figure 6:&e simulated radiation patterns of different beam steering directions of the RPA. (a) S11. (b) xoz-plane, port 1. (c) xoz-plane, port
2. (d) yoz-plane.
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3. RPA Array Design

3.1. Element Spacing Optimization. To further testify the
superiority of RPA, a typical linear antenna array consisting
of a number of RPA antenna elements is considered, where
each element may be individually controlled in phase and
amplitude, as shown in Figure 7.

At the far observation point P, the total field strength can
be expressed as follows:

En � f(θ, φ) 
N

n�1
ane

j (2π/λ)dn cos θ sinφ−△ϕB( ), (3)

ΔϕB �
2π
λ
dn sin θB, (4)

where an represents the amplitude weighting coefficient of
each array element, △ϕBis the phase difference between
adjacent elements, and θB indicates the beam steering di-
rection of the antenna.

From equation (3), we know the pattern of antenna array
consists of two parts, element factorfe(θ,φ) and array
factorfa(θ, φ). Once the amplitude, phase, and spacing of
elements are determined, the array factor is determined:

f(θ, φ) � fe(θ, φ) × fa(θ, φ). (5)

When the number of elements, excitations, and spacing
of elements are determined, the array factor is determined.
In that case, a different element factor pattern will affect the
array radiation properties. For the conventional phased
array, monopole, waveguide gap, and microstrip patch are
always used as the elements. However, these antennas have
the drawback of single beam pointing, and a degradation in
the gain can be caused with the increase of the angle. &is
correspondingly results in a large gain fluctuation in the
beam scanning, and it is easy to generate a grating lobe in the
scanning of the large angle.

In this paper, the RPA is designed to realize the
reconfiguration of polarization and radiation pattern. &e
pattern reconfigurable performance enables the antenna to
cover a wide range of angles with a high and stable gain by
changing beam pointing, as seen in Figures 6(b) and 6(c),
verifying that RPA can achieve the beam scanning with a
small gain fluctuation.

Unfortunately, the problem of grating lobe suppression
is not solved yet. To deal with this problem, the sparse
distribution technology provides an efficient candidate to
reduce the sidelobe level of the array. Nonetheless, instead of
using the sparse array with the isotropic element, the an-
tenna array designed in this paper adopts RPA as the array
element, and the coupling between the array elements is
considered in the calculation process of the array pattern. To
optimize array spacing, the active element pattern and
improved fruit-fly optimization algorithm (FOA) are in-
troduced [29]. &e optimization steps are briefly provided as
follows:

(1) Builds the RPA array model and extracts the active
pattern of each element

(2) Initializes the optimization parameters and starts the
iterative process

(3) Calculates the array pattern and determines whether
it satisfies the terminal criterion

(4) If satisfied, outputs the final solution; otherwise
continues to iterate.

To clarify this process, we construct an antenna array by
a linear combination of eight identical optimized RPA el-
ements arranged along the x-axis. &en, the optimization
variable can be denoted as d � [d1, d2, ..., di , ..., d7],
wheredi is the spacing between the i-th and the (i+1)-th
element. For convenience, the objective function is listed in
equation (5). &e optimization interval of the element
spacing is 0.8λ − 1.1λ at the resonant frequency of 8.5GHz:

min
d

max[maxHPBW(d), 15] + max[max SLL(d), −15],

s.t. d � [d1, d2, ..., di , ..., d7], di ∈ (0.8λ, 1.1λ),

(6)

where max SLL(d) and maxHPBW(d) are the maximum
sidelobe level and the maximum half power beam width of
the array pattern, respectively, with the specific scanning
angles. In this section, we assume that the optimal target of
the sidelobe level and beam width are −15 dB and 15°, re-
spectively. For convenience, the optimized element spacing
is provided in Table 2.

3.2. RPAArray Steering in the xoz-Plane. Figure 8 shows the
schematic of the 1 × 8 RPA array. Without loss of generality,
we assume the feeding network is scanned with a direction of
25° and 45° in the xoz-plane, respectively. In order to prevent
the distortion of the pattern, a parallel symmetrical feeding
network is designed, and the polarization reconfiguration
can be realized at the same angle by changing the feed port.
&e equal amplitude feeding network is located at the
driving layer of the antenna array, and the two assembled
arrays are simulated.

&e simulation results of the two arrays are shown in
Figure 9 and Figure 10.&e radiation performance of the two
arrays under different port excitation is shown in Table 3. As
can be seen, when port 1 is excited, the main beam directions
of the two arrays are 25° and45°, and LHCP polarization
mode is achieved.&e SLL of the two arrays are −15.9 dB and
−15.5 dB separately. By changing the feed port, the polari-
zation mode changes to RHCP correspondingly, and the
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Figure 7: Schematic diagram of the linear array antenna.
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SLLs are -16.5 dB and −15.8 dB, respectively. Compared with
the optimization objective, the sidelobe of the array with a
scanning angle of 45° was increased by 0.7 dB at port 2, but
this is acceptable because the loss of the feed network would
inevitably affect the radiation performance of the array.
Under different reconfigurability states, the gain of antenna
array fluctuates less than 0.5 dB. &erefore, the optimization
objective is well achieved on the whole.

In order to verify the advantages of RPA array in sup-
pressing grating lobe and reducing gain fluctuation, two
additional arrays, i.e., uniform array of RPA elements (array
(a)) and sparse array of non-reconfigurable element (array
(b)), are designed for comparison, respectively. Each ele-
ment spacing di is 33.14mm of array (a). In array (b), the
RPA with the beam steering angles of 0° is assumed. For fair
comparison, the apertures of arrays (a) and (b) are the same
as those of the designed array described above.

&e simulated results of uniform and sparse arrays are
shown in Figures 11 and 12, respectively. As shown in Figure 11,
it can be seen that compared with the nonuniform array, the
sidelobe level increases by about 3 to 5dB in uniform array
when scanning to 25° and 45°.&e grating lobe begins to appear
as shown in Figure 12. Figure 13 shows the gain fluctuation and
SLL contrast between the two arrays and the RPA array pro-
posed in this paper. We can see that the array presented in this
paper has obvious advantages in reducing gain fluctuation,
suppressing the sidelobe level, and avoiding the grating lobe.

Table 2: Element spacing of the RPA array.

Element no. d1 d2 d3 d4 d5 d6 d7
Spacing (mm) 31.83 32.41 29.98 29.98 29.98 29.98 47.77

Feeding network

Port 1

Port 2

(a)

No. 1 No. 2 No. 3 … … … … No. 7 No.8

… … … …d1 d2 d7

(b)

Figure 8: &e schematic of the 1 × 8 linear array with feeding network. (a) θxoz � 25°. (b) θxoz � 45°.
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Table 3: Radiation performance of the RPA array.

Angle θxoz � 25° θxoz � 45°

Port Port 1 Port 2 Port 1 Port 2
Gain (dB) 14.3 14.0 14.5 14.4
SLL (dB) −15.9 −16.5 −15.5 −15.8
HPBW (°) 7.6 7.7 9.8 9.8
Pol_Mode LHCP RHCP LHCP RHCP
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3.3. RPA Array Steering in the yoz-Plane. For the array
composed of RPA whose beam steering direction is fixed in

yoz-plane, the steering direction of the array pattern is only
related to the element factor since the beam steering in yoz-
plane is accomplished by the beam-steering capabilities of
the individual RPAs of the array. As a result, the phase front
always stays parallel to the x-axis and there is no need to
employ phase shifters. To demonstrate this fact, an array is
formed by the RPA designed in Section 2 with a 15° beam
deflection in yoz-plane.&e aperture of this array is the same
as the optimized aperture of the array mentioned in Figure 8.
Figure 14 show its simulation results.

From Figure 14, it can be seen that the main beam
direction of the RPA array is 15° in the xoz-plane.When port
1 is excited, LHCP main polarization mode with a gain of
13.7 dB is resulted. When the port 2 is excited, RHCP main
polarization mode is obtained, owing a gain of 13.1 dB.

4. Fabrication and Measurement

To verify the superiority, both RPAs and RPA arrays with
beam steering in the yoz-plane have been fabricated.
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Figure 11: Simulated radiation pattern of the array. (a) θxoz � 25°. (b) θxoz � 45°.
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Figure 15 and Figure 16 show the fabricated RPAs and arrays
prototype, respectively.

&e radiation pattern measurement setup is shown in
Figure 17. Figures 18, 19, and 20, respectively, show the
measured results of the reflection coefficient, radiation
pattern of the RPA, and the radiation pattern of the array. It
can be seen from Figures 18 and 19 that the impedance
bandwidth of the fabricated RPAs is greater than 200.0MHz
covering the operating frequency of 8.5GHz, and the exact

beam pointing is obtained. From Figure 20, due to the
amplitude and phase errors of the antenna feeding network
and production and test errors, the sidelobe level of the
fabricated arrays is slightly increased but maintained below
−11.5 dB. For the four reconstruction states in Figure 20,
antenna gains are 11.7 dB, 11.2 dB, 11.5 dB, and 11.0 dB,
respectively. &e gain fluctuation of antenna array is less
than 1.0 dB. On the whole, the simulated and measured
results are in good agreement.

(a) (b)

Figure 15: &e fabricated RPA prototype. (a) θxoz � 25°. (b) θxoz � 45°.

(a) (b)

Figure 16: &e fabricated 1 × 8 linear array prototype. (a) θxoz � 25°. (b) θxoz � 45°.

Figure 17: &e measured scene.
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Figure 19: &e normalized radiation pattern measured results of different ports of the RPA prototype. (a) Port 1. (b) Port 2.
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Figure 20: Continued.
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At the same time, Table 4 lists the comparison of the
linear sparse hybrid reconfigurable antenna array proposed
in this paper with other designs. It can be seen that the work
of this paper has obvious comprehensive advantages in
terms of antenna scanning angle and scanning dimension,
especially antenna gain fluctuation and sidelobe level in the
large-angle scanning state.

5. Conclusion

In this paper, a novel linear sparse array with compound
reconfigurability has been proposed. &e proposed antenna
array is constructed by the linear combination of identical
multifunctional reconfigurable pixel antenna elements, which is
motivated by the fascinating characteristic that each RPA
produces varied modes of operation corresponding to steerable
beam directions with two different circular polarizations in
X-band, thus an important additional degree of freedom has
been introduced into the array design. &en, with the help of
population intelligence optimization, the 1 × 8 nonuniform
linear array has been designed. Compared with the traditional
phased array, the designed array not only can achieve polari-
zation reconfiguration but also can significantly suppress the
appearance of grating lobe and greatly reduce the gain fluctu-
ation during beam scanning. Even without amplitude weighting,
the sidelobe level of the reconfigurable antenna array for large-

angle scanning is less than -15dB and the gain fluctuation is even
less than 1.0dB. Finally, the prototypes of RPA and RPA array
have been fabricated and measured. &e measured and simu-
lated results agree well, indicating that the designed antenna can
achieve the beam scanning with low gain fluctuation, low
sidelobe in two orthogonal planes, and good polarization
reconfigurable performance.
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