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Abstract: A compact reconfigurable antenna with an omnidirectional mode and four directional
modes is proposed. The antenna has a main radiator and four parasitic elements printed on a dielectric
substrate. By changing the status of diodes soldered on the parasitic elements, the proposed antenna
can generate four directional radiation patterns and one omnidirectional radiation pattern. The main
beam directions of the four directional modes are almost orthogonal and the four directional beams
can jointly cover a 360˝ range in the horizontal plane, i.e., the main radiation plane of omnidirectional
mode. The whole volume of the antenna and the control network is approximately 0.70 λ ˆ 0.53 λ ˆ

0.02 λ, where λ is the wavelength corresponding to the center frequency. The proposed antenna has a
simple structure and small dimensions under the requirement that the directional radiation patterns
can jointly cover the main radiation plane of the omnidirectional mode, therefore, it can be used in
smart wireless sensor systems for different application scenarios.

Keywords: compact antenna; omnidirectional and directional patterns; reconfigurable antenna;
wireless sensor system

1. Introduction

In a variety of modern systems with sensors, such as temperature detection systems [1], power
transmission systems [2], microwave imaging systems [3], and microwave positioning systems [4],
antennas play an important role. With the development of cognitive radio in recent years [5,6],
multifunctional and smart sensor networks are desired. Recently, configurable antennas, as a part
of smart wireless sensor networks (WSNs), have been extensively researched [7–9] and widely
used in mobile devices [10], cancer detection sensors [11], self-healing sensors [12], and wearable
sensors [13,14]. The configurable antennas used in smart sensor systems can be divided into two kinds,
frequency-reconfigurable antennas (FRA) [15–19] and pattern-reconfigurable antennas (PRA) [20–24].
FRA can be applied to telemetry [16], motion detection [17], temperature monitoring [18,19], and so
on. PRA can be applied to dynamic spectrum access [21], secondary user transmission [22], direction
of arrival (DoA) and received signal strength (RSS) estimation [23,24], and so on.

PRA can provide smart WSNs with several different radiation patterns, as a result, more degrees
of freedom can be obtained. If the positions of the sink nodes in a WSN system are known, a
directional pattern with higher gain and better spatial discrimination is a priority for a specific
sink nodes [25]. There are two basic kinds of methods to switch different PRA patterns: mechanical
control (MC) [26] and electrical control (EC) [27]. By contrast with MC, EC is faster and also has
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a smaller size for sensor nodes. In recent years, several methods with EC have been proposed to
design PRA with multiple directional patterns, such as switching different main radiators [28–31],
changing the status of parasitic elements [32–35], using switchable pixel layers [36,37], and using
active frequency selective surfaces [38]. If the positions of the sink nodes in a WSN system are
unknown, omnidirectional radiation patterns are generally required [39–41], especially in distributed
systems or complex multipath environments. Therefore, the concept of PRA with both directional
and omnidirectional patterns was proposed. To realize the concept, some design schemes have
been presented.

References [42–44] proposed the monopole-dipole scheme (MDS) to generate both directional and
omnidirectional patterns. By controlling the switches, an antenna with the MDS can act as a monopole
antenna, which has an omnidirectional pattern, or a dipole antenna with a reflector, which has a
directional pattern. However, the PRA with MDS can only generate one directional pattern [42–44]
and can only be used to communicate with the sink nodes in a particular direction when directional
mode is used.

Different from the MDS, the radiator array scheme (RAS) [45–48] can generate several directional
patterns and an omnidirectional pattern by using different radiators. References [45,46] proposed a
PRA with four Yagi radiators, which can generate an omnidirectional pattern by exciting all radiators
and generate four directional patterns by exciting one of the radiators. Reference [47] presented a PRA
based on a two-element dipole array model. The phase of the dipoles can be adjusted by the loaded
diodes, and the antenna can generate an omnidirectional pattern and five directional patterns. The
directional modes of the antennas in [45–47] have insufficient beamwidths in the scanning plane and
cannot jointly cover the main radiation plane of the omnidirectional mode. In other word, a blindness
range exists. Reference [48] introduced a PRA composed of four sector elements and each element
can generate a unidirectional radiation. With a reconfigurable 1 ˆ 4 power divider, unidirectional,
bi-directional and omnidirectional radiation patterns can be obtained. The directional modes in [48]
can jointly cover the main radiation plane of the omnidirectional mode and blindness range does
not exist. However, this multi-element antenna in [48] has a complex structure and large dimensions
because four independent antenna elements and a complex power divider network are necessary.

The PRA with multiple parasitic elements scheme (MPES) [49–51] may have the potential to
realize a small footprint under the requirement that the directional radiation patterns can jointly cover
the main radiation plane of the omnidirectional mode, because the only one main radiator of MPES
may occupy a very small space and the multiple parasitic elements may generate several patterns.
Based on the MPES, small dimension PRAs with two directional patterns and an omnidirectional
pattern were designed in [50,51]. However, the directional patterns of these designed examples cannot
jointly cover a 360˝ range and have a blindness area in the covering plane because of insufficient
directional modes.

In this study, a compact MPES reconfigurable antenna with an omnidirectional mode and four
directional modes for DoA sensor applications in the C-band is proposed. This frequency band
has been chosen for its specific low absorption propagative characteristics [52–54]. The operation
frequencies are designed in a wide band because a wide band can improve the accuracy of direction
estimation. The whole dimension of the antenna and the control network is 0.70 λ ˆ 0.53 λ ˆ 0.02 λ,
where λ is the wavelength corresponding to the center frequency. The four directional patterns can
jointly cover a 360˝ range in the horizontal (H) plane. The proposed antenna can meet the requirement
that the directional radiation patterns can jointly cover the main radiation plane of the omnidirectional
mode and also has a simple structure and small dimensions. Therefore, it can be used in smart wireless
sensor systems for different application scenarios, especially DoA estimation systems.

This paper is organized as follows: firstly, the geometry and operating mechanism of the
reconfigurable antenna are introduced and some key parameters are analyzed. Afterwards, the
simulated and measured results of the proposed antenna are demonstrated and analyzed. Finally,
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a summary of some reconfigurable antennas with the capacity to generate both directional and
omnidirectional patterns is made.

2. Antenna Design and Analysis

The proposed antenna is composed of a dielectric substrate and two layers of copper patches
printed on the substrate, as shown in Figure 1. The whole dimension of the antenna and the control
network is 0.70 λ ˆ 0.53 λ ˆ 0.02 λ, where λ is the wavelength corresponding to the center frequency.
The substrate has a thickness of 1 mm and a relative dielectric constant of 2.2.
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The top side of the antenna is shown in Figure 1a. Three rectangular strips are printed on the 
top side. The middle strip is the main radiator fed with a 50-Ω coaxial probe and the two parasitic 
elements with four PIN diodes are printed on two sides of the main radiator. A feed cable has been 
considered attached on the SMA connector to reduce the difference between the numerical results 
and the experimental measurements. On each parasitic element, there are two control lines 
connected to the negative terminal and one control line connected to the positive terminal of the 
direct current (DC) control source. The line connected to the positive terminal has a length of about 
0.25 λ. For the convenience of soldering, a 1 × 1 mm2 pad is printed at the end of each control line.  
In the positive terminal, inductors are soldered to isolate the RF signal. In the negative terminal, 
inductors are omitted because RF currents are very weak in the end of parasitic elements and the 
fine DC lines have a high impedance to RF signals. A similar biasing method was proposed in [32]. 

Figure 1. Geometry of the proposed antenna: (a) top view and (b) bottom view. The unit of the
numbers is mm. S1~S8 represent PIN diodes and L represents the value of inductances. The color
brown represents copper material. The dimensions are optimized by CST Microwave Studio.

The top side of the antenna is shown in Figure 1a. Three rectangular strips are printed on the
top side. The middle strip is the main radiator fed with a 50-Ω coaxial probe and the two parasitic
elements with four PIN diodes are printed on two sides of the main radiator. A feed cable has been
considered attached on the SMA connector to reduce the difference between the numerical results
and the experimental measurements. On each parasitic element, there are two control lines connected
to the negative terminal and one control line connected to the positive terminal of the direct current
(DC) control source. The line connected to the positive terminal has a length of about 0.25 λ. For the
convenience of soldering, a 1 ˆ 1 mm2 pad is printed at the end of each control line. In the positive
terminal, inductors are soldered to isolate the RF signal. In the negative terminal, inductors are omitted
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because RF currents are very weak in the end of parasitic elements and the fine DC lines have a high
impedance to RF signals. A similar biasing method was proposed in [32]. The back side of the antenna
is shown in Figure 1b. A rectangular patch and two parasitic elements are printed on the back side. The
back-side rectangle patch is connected to the top-side main radiator with a copper via and the distance
d1 between the via and the feeding point has a significant influence to the impedance matching. The
distance between two back-side parasitic elements is a little larger than that between two top-side
parasitic elements to obtain a better impedance matching. The impacts of key parameters will be
analyzed next.

To be applied for different scenarios in smart WSN systems, the proposed antenna is designed to
generate four directional modes (Mode-1~Mode-4) and one omnidirectional radiation mode (Mode-5)
by changing the statuses of PIN switches. In the numerical simulations, the PIN diodes are modelled
as resistors and capacitors in the ON and OFF status [33,44], whose values are obtained from the
corresponding data sheets. The PIN diodes used on the proposed antenna are MA4AGBLP912 diodes
and they are represented by means of a capacitor of 0.02 pF in the OFF status, and a resistor of 4 Ω in
the ON status, according to the MA4AGBLP912 PIN diode data sheet [55]. Table 1 shows the switch
status corresponding to different reconfigurable modes. When the switches on two of the four elements
are at the ON status and others are in the OFF status, a directional radiation mode is generated, while
when all the switches are in the OFF status, the omnidirectional radiation mode is obtained.

Table 1. Switch statuses and the corresponding reconfigurable modes.

Mode-1 Mode-2 Mode-3 Mode-4 Mode-5

S1&S2 OFF ON ON OFF OFF
S3&S4 OFF OFF ON ON OFF
S5&S6 ON ON OFF OFF OFF
S7&S8 ON OFF OFF ON OFF
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Figure 2. Surface current distribution at 5.5 GHz of the proposed reconfigurable antenna: (a) without 
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distributions [56], the surface current distributions at different modes of the proposed reconfigurable 
antenna are shown in Figure 2 to describe its radiation mechanisms. From these figures, we can see 
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Because the antenna radiation mechanism can be identified by analyzing the surface currents
distributions [56], the surface current distributions at different modes of the proposed reconfigurable
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antenna are shown in Figure 2 to describe its radiation mechanisms. From these figures, we can see
that the current distributions at a specific mode are similar whether the bias network exists or not.
In different operation modes, the current intensity on each parasitic element is different. When the
antenna operates at Mode-1, the currents mainly distribute on the main radiator, Element 1 (E1), and
Element 2 (E2), the currents on Element 3 (E3) and Element 4 (E4) are weak. Based on the Yagi antenna
mechanism [57], E1 and E2 act as directors, E3 and E4 act as reflectors in this case, therefore, the
antenna will generate a directional radiation pattern and the maximum radiation is directed to the +z
axis. When the antenna operates at Mode-2, the currents is mainly distributed on the main radiator, E2,
and E4, the currents on E1 and E3 are weak. In this case, E2 and E4 act as directors, E1 and E3 act as
reflectors, thus, the antenna will generate a directional radiation pattern and the maximum radiation
is directed to the –y axis. When the antenna operates at Mode-3, the currents are mainly distributed
on the main radiator, E3, and E4, the currents on E1 and E2 are weak. In this case, E3 and E4 act as
directors, E1 and E2 act as reflectors, thus, the antenna will generate a directional radiation pattern and
the maximum radiation is directed to the –z axis. When the antenna operates at Mode-4, the radiation
direction is opposite to Mode-2 because of the structure symmetry. When the antenna operates at
Mode-5, the currents are mainly distributed on the main radiator, and the currents on E1, E2, E3, and
E4 are weak. In this case, the antenna radiates similar to a dipole, which has an almost omnidirectional
radiation pattern. To gain some physical insight, the operating mechanisms of each radiative mode are
shown in Figure 3.
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Figure 4. Simulated reflection coefficients of the proposed antenna with and without bias network. 
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Figure 3. Operating mechanism of the proposed reconfigurable antenna.

To show the effect of the bias network, reflection coefficients and radiation patterns of the proposed
antenna with and without bias network are shown in Figures 4 and 5 respectively. BN represents bias
network in the figures. From these figures, we can see that there are few differences between the two
situations, with and without bias network, both in the reflection coefficient and radiation pattern. The
current distributions at a specific mode in Figure 2 are similar whether the bias network exists or not,
which verifies the reasonability of Figures 4 and 5. In other words, the bias network is practical and
the isolation method is efficient.
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Figure 5. Simulated radiation patterns at 5.5 GHz of the proposed antenna with and without bias network: 
(a) Mode-1, (b) Mode-2, (c) Mode-3, and (d) Mode-5. 

Because the proposed antenna is designed to provide reconfigurable patterns in an operation 
band, all the modes should have the similar operation bands. In other word, the overlapped 
operation band of all the five modes is the operation band of the configurable antenna. Therefore, we 
aim to enlarge the overlapped band of the five modes by adjusting the structure parameters. As 
described previously, some key parameters have important effects on the impedance matching and 
they are analyzed below.  

The reflection coefficients corresponding to different values of d1, the distance between the 
feeding point and the via, are shown in Figure 6. Except the value of d1, other structure parameters 
all correspond to the values in Figure 1. Considering the symmetry, Mode-2 and Mode-4 may have 
the same simulated reflection coefficients, thus, only the results of Mode-2 are drawn in these 
figures. Two lines representing −6 dB and −10 dB are marked in the figures. From Figure 6, we can 
see that when d1 = 2 mm, the overlapped frequency band below −6 dB is from 5.25 GHz to 5.8 GHz 
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Because the proposed antenna is designed to provide reconfigurable patterns in an operation
band, all the modes should have the similar operation bands. In other word, the overlapped operation
band of all the five modes is the operation band of the configurable antenna. Therefore, we aim to
enlarge the overlapped band of the five modes by adjusting the structure parameters. As described
previously, some key parameters have important effects on the impedance matching and they are
analyzed below.

The reflection coefficients corresponding to different values of d1, the distance between the
feeding point and the via, are shown in Figure 6. Except the value of d1, other structure parameters
all correspond to the values in Figure 1. Considering the symmetry, Mode-2 and Mode-4 may have
the same simulated reflection coefficients, thus, only the results of Mode-2 are drawn in these figures.
Two lines representing ´6 dB and ´10 dB are marked in the figures. From Figure 6, we can see that
when d1 = 2 mm, the overlapped frequency band below ´6 dB is from 5.25 GHz to 5.8 GHz and no
overlapped band is below ´10 dB. When d1 = 4 mm, the overlapped frequency band below ´6 dB is
from 4.4 GHz to 6.0 GHz and that below ´10 dB is from 4.7 GHz to 5.9 GHz. When there is no via
connecting the back-side rectangle patch and the top-side main radiator, the reflection coefficients of
all the modes are very high, greater than ´2 dB between 4 GHz and 6.5 GHz, which demonstrates the
importance of the via. Therefore, d1 = 4 mm is chosen for the proposed antenna.

The reflection coefficients corresponding to different values of d2, the distance between the two
back parasitic elements, are shown in Figure 7. Except the value of d2, all other structure parameters,
including the distance between the two top parasitic elements and d1, correspond to the values in
Figure 1. In this context, we can easily know that the case of d2 = 10 mm and the case of d1 = 4 mm in
Figure 6 are the same. From Figure 7, we can see that when d2 = 8 mm, the overlapped frequency band
below ´6 dB is from 4.6 GHz to 5.9 GHz and no overlapped band is below ´10 dB. When d2 = 12 mm,
the overlapped frequency band below ´6 dB is from 4.6 GHz to 5.4 GHz and 5.7 GHz to 5.9 GHz, and
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no overlapped band is below ´10 dB. The case of d2 = 10 mm is better than the cases of d2 = 8 mm and
d2 = 12 mm. Therefore, d2 = 10 mm is chosen for the proposed antenna.
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3. Results and Discussions

According to the structure parameters marked in Figure 1, a prototype of the proposed
reconfigurable antenna was fabricated. Two photographs of the antenna are shown in Figure 8. The
copper signal lines with polythene insulation layers are soldered on the soldering pads of the proposed
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antenna and connected to the DC control source with a voltage of 3 V to switch the PIN diodes
(MA4AGBLP912, Macom Inc., Lowell, MA, USA [55]).Sensors 2016, 16, 552 8 of 14 
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the -z direction, where a coaxial cable exists to feed the antenna. Even though the feeding cable has 
been modeled on the practically SMA connector in the simulation, the coaxial cable connected to the 
measurement equipment may have serious effects on the radiation pattern if the antenna is installed 
vertically to the whole cable. To reduce the effect of the cable, the antenna is connected to a soft 
coaxial cable and the soft cable is turned to be parallel to the antenna when it extends away. 
Therefore, the most of the cable are along the null radiation directions of the antenna and the part 
near the antenna has been considered in the simulation. As a result, the effect of feeding cable can be 
reduced. In addition, the DC control lines are turned to be parallel to the antenna when it extends 
away, similarly to the feeding cable, to reduce the effect. The control system, including DC lines, 
FPGA chip (Core EP4CE6E22C8N, Waveshare Inc., Lowell, MA, USA), FPGA bias circuit, and 
keyboard, is arranged away from the antenna and along the null radiation directions.  

Figure 8. Photographs of the proposed antenna: (a) top view and (b) bottom view.

The simulated and measured voltage standing wave ratios (VSWR) of the proposed antenna are
shown in Figure 9. From this figure, it appears that the operative band of the proposed reconfigurable
antenna, i.e., the overlapped frequency band, extends from 4.6 GHz up to 5.9 GHz. Moreover, a good
agreement between numerical results and measurements can be observed in the figure.
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The far-field patterns are measured in a microwave anechoic chamber with a SATIMO Antenna
Measurement System, as shown in Figure 10. Regarding the pattern of Mode-3, it radiates towards
the -z direction, where a coaxial cable exists to feed the antenna. Even though the feeding cable
has been modeled on the practically SMA connector in the simulation, the coaxial cable connected
to the measurement equipment may have serious effects on the radiation pattern if the antenna is
installed vertically to the whole cable. To reduce the effect of the cable, the antenna is connected to
a soft coaxial cable and the soft cable is turned to be parallel to the antenna when it extends away.
Therefore, the most of the cable are along the null radiation directions of the antenna and the part
near the antenna has been considered in the simulation. As a result, the effect of feeding cable can be
reduced. In addition, the DC control lines are turned to be parallel to the antenna when it extends
away, similarly to the feeding cable, to reduce the effect. The control system, including DC lines, FPGA
chip (Core EP4CE6E22C8N, Waveshare Inc., Lowell, MA, USA), FPGA bias circuit, and keyboard, is
arranged away from the antenna and along the null radiation directions.
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Figure 10. Scene layout of the antenna with SATIMO Antenna Measurement System.

The simulated and measured radiation patterns of the proposed antenna corresponding to each
mode are shown in Figure 11. Considering the symmetry, patterns of Mode-4 are not drawn in these
figures. Detailed information on the radiation patterns corresponding to Figure 11 is shown in Table 2.
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Figure 11. Simulated and measured far-field radiation patterns at 5.5 GHz of the proposed antenna:
(a) Mode-1, (b) Mode-2, (c) Mode-3, and (d) Mode-5. The H-plane patterns of Modes1~Mode-3 are
directional and that of Mode-5 is omnidirectional.
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Table 2. Detailed information about the radiation patterns corresponding to Figure 11.

Main Beam Direction Half-Power Beamwidth Front-to-Back Ratio

E plane H plane E plane H plane E plane H plane

Mode-1
Sim. 8˝ 0˝ 84˝ 220˝ 5.5 dB 6 dB

Meas. 15˝ 1˝ 90˝ 192˝ 8 dB 9 dB

Mode-2
Sim. ´90˝ ´90˝ 61˝ 110˝ 13 dB 12 dB

Meas. ´89˝ ´90˝ 59˝ 107˝ 7 dB 7 dB

Mode-3
Sim. ´187 ´180˝ 75˝ 215˝ 6.5 dB 6.5 dB

Meas. ´190˝ ´179˝ 80˝ 217˝ 5.5 dB 5.5 dB

Mode-5
Sim. – – – 360˝ – –

Meas. – – – 360˝ – –

From Figure 11, in the case of Mode-1, the simulated and measured main beams in the H plane of
the proposed antenna direct to θ = 0˝ and θ = 1˝, respectively. In the case of Mode-2, the simulated
and measured main beams in the H plane both direct to θ = ´90˝. In the case of Mode-3, the simulated
and measured main beams in the H plane direct to θ = ´180˝ and θ = ´179˝, respectively. The
directions of the directional modes are almost orthogonal. The simulated and measured half-power
beamwidths (HPBW) in the H plane of the directional modes are from 110˝ and 220˝ and from 107˝

and 217˝, respectively. Therefore, the four directional radiation modes can jointly cover a 360˝ range in
the H plane. When the proposed antenna operates at Mode-5, the simulated and measured HPBW
in the H plane are both 360˝ and omnidirectional radiations are obtained. Thus, by switching the
PIN diodes, the proposed reconfigurable antenna can generate an omnidirectional pattern and four
directional patterns and the directional radiation patterns can jointly cover the main radiation plane of
the omnidirectional mode.

In addition, the simulated and measured patterns have evident differences, especially in the E
plane. In Figure 11a,c,d an obvious pattern-tilting phenomenon occurs in the E plane of the measured
patterns. In Figure 11b, large back lobes appear in both the E plane and H plane of the measured
patterns, compared with the simulated patterns. The pattern-tilting and back lobe phenomena may
result from the DC control wires. Fortunately, the effect of wires are not too serious because of our
measurement setups in Figure 10.

The measured efficiencies and peak gains corresponding to different radiation modes are shown
in Figure 12. When the proposed reconfigurable antenna operates at all five modes, the measured
efficiencies are more than 60% in the 4.6 GHz-5.9 GHz operation frequency band. The peak gains at
Modes-2/4, Modes-1/3, and Mode-5 are from 5 dB to 6 dB, from 3.5 dB to 4.5 dB, and from 2.5 dB
to 3 dB, respectively, in the operation band. It is notable that Mode-1 has a lower gain compared to
Mode-2, even though they are both directional patterns. From Figure 11 and Table 2, we can see that
the beamwidths of Mode-1 are much wider than those of Mode-2, especially in the H plane, which
results to a lower gain of Mode-1. Considering the geometry in Figure 1 and the operating mechanism
in Figure 3, the radiation mechanism of Mode-2 is very similar to the Yagi antenna, a typical directional
antenna. When the antenna operates at Mode-1, the distance between directors and reflectors is very
small, thus, the directionality will be weakened and the gain will decline [57].

As mentioned in the Introduction, three basic methods to design reconfigurable antennas
with both directional and omnidirectional patterns have been proposed. To compare the detailed
characteristics, some design examples are summarized in Table 3. The impedance bandwidth section is
calculated with the overlapped frequency band of all the modes of the corresponding antenna. The
blindness range section is to display whether the directional radiation patterns of the antenna can
jointly cover a particular plane, i.e., main radiation plane of the omnidirectional mode. The peak gain
section shows the maximum gain among all the modes of the corresponding antenna. The beamwidth
section shows the minimum (before “/”) and maximum (after “/”) beamwidths of the directional
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radiation patterns in the scanning plane, and the symbol “~” represents that the beamwidth value
is estimated from the patterns in the corresponding paper which does not show the beamwidth.
The volume section with the unit of λ3 is the product of length, width, and height, where λ is the
wavelength corresponding to the center operation frequency. The area section with the unit of λ2 is the
product of length and width. The structure complexity section depends on the available processing
method. If an antenna needs to be assembled with several printed circuit boards or metal plates, it is
considered complex.
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Table 3. Summary of some reconfigurable antennas with the capacity to generate both directional 
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Reference Basic 
Method 

Impedance 
Bandwidth 

Blindness 
Range 

Peak 
Gain 

Beamwidth Volume 
(λ3) 

Area 
(λ2) 

Structure 
Complexity 

[42] MDS 6.5% Yes 5.3 dB ~180° 0.002 0.24 No 
[44] MDS 3.7% Yes 6.6 dB ~90° 0.009 0.54 Yes 
[46] RAS 8.2% Yes 3.6 dB 65°/65° 0.006 0.45 No 
[47] RAS 6.6% Yes 4 dB 59°/65° 0.007 0.08 Yes 
[48] RAS 19% No 7.1 dB 140°/140° 3.648 2.16 Yes 
[50] MPES 16% Yes 6.4 dB ~120° 0.259 0.39 Yes 
[51] MPES 127% Yes 2.1 dB ~150° 0.015 0.45 No 

Proposed MPES 24% No 5.9 dB 107°/217° 0.007 0.37 No 
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Figure 12. Measured efficiencies and peak gains of the proposed antenna corresponding to
different modes.

Table 3. Summary of some reconfigurable antennas with the capacity to generate both directional and
omnidirectional patterns.

Reference Basic
Method

Impedance
Bandwidth

Blindness
Range

Peak
Gain Beamwidth Volume

(λ3) Area (λ2)
Structure

Complexity

[42] MDS 6.5% Yes 5.3 dB ~180˝ 0.002 0.24 No
[44] MDS 3.7% Yes 6.6 dB ~90˝ 0.009 0.54 Yes
[46] RAS 8.2% Yes 3.6 dB 65˝/65˝ 0.006 0.45 No
[47] RAS 6.6% Yes 4 dB 59˝/65˝ 0.007 0.08 Yes
[48] RAS 19% No 7.1 dB 140˝/140˝ 3.648 2.16 Yes
[50] MPES 16% Yes 6.4 dB ~120˝ 0.259 0.39 Yes
[51] MPES 127% Yes 2.1 dB ~150˝ 0.015 0.45 No

Proposed MPES 24% No 5.9 dB 107˝/217˝ 0.007 0.37 No

References [42,44] based on the MDS method only have one directional mode, thus, the directional
mode cannot jointly cover a radiation plane. References [46,47] based on RAS method have four
directional radiation modes in the main radiation plane of omnidirectional mode, but the beamwidths
in the scanning plane of all the four directional mode are less than 90˝, therefore, blindness range
exists. References [50,51] based on the MPES method have two directional radiation modes in the main
radiation plane of omnidirectional mode, the beamwidths in the scanning plane of all the directional
mode are more than 90˝ but less than 180˝ and blindness range exists. Reference [48] can generate
multiple modes by combining four antenna elements and a feeding network. Its directional modes
can jointly cover the main radiation plane of the omnidirectional mode and blindness range does
not exist. However, its dimension is large because of the multi-antenna and feeding network. As a
comparison, the proposed antenna in this paper has a small dimension under the requirement that
the directional radiation patterns can jointly cover the main radiation plane of the omnidirectional
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mode. In addition, the antennas in [48,50,51] and the proposed antenna have a relatively wide band;
the antennas in [42,44,48,50] and the proposed antenna have a relatively high gain; the antennas
in [42,46,51] and the proposed antenna have a simple structure. In a word, the two goals of the
proposed work, small dimension and no blindness range, are obtained and other important parameters
of the proposed antenna is not bad as a pattern reconfigurable antenna.

4. Conclusions

In this paper, a compact reconfigurable antenna with an omnidirectional mode and four directional
modes is proposed. The patterns of the four directional modes can jointly cover the main radiation
plane of the omnidirectional mode, which means that the main goal of the proposed work is achieved.
Compared to the radiator array scheme that can also achieve this goal, the proposed method with
multiple parasitic elements needs only one radiator and no power divider networks, thus, the
dimensions can be small. However, the messy DC control wires may affect the radiation pattern.
In practical applications, the DC control wires should be integrated with the antenna according to
the given situation. The proposed antenna can be used in smart wireless sensor systems of different
application scenarios, especially DoA estimation systems in the C-band.
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