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Introduction

In order to meet the diversified communication needs of modern society, and build a more
efficient communication network, the continuously growing number of connected devices has
prompted researchers to explore methods for achieving higher transmission rates and greater
network capacity [1]. The fifth-generation wireless communication system (5G) matches the
current trend of communication networks, while mainly using 3.3-3.6 GHz and 4.8-5.0 GHz
as its communication frequency bands. However, 5G has severe multiple reflections, scatter-
ing, and uncertain communication coverage, especially for indoor and multi-obstacle scenarios.
Meanwhile, it is essential to improve the existing issues of communication systems such as sig-
nal fading and multipath propagation. It has been reported that the above problems can be
effectively solved by utilizing diversity technique and multipath combining technique. Antenna
diversity techniques involve methods such as polarization diversity [2], frequency diversity
[3], and pattern diversity [4, 5]. Pattern diversity is one of these specific implementations,
focusing on the use of antenna radiation direction information to enhance signal reception
performance. The utilization of pattern reconfigurable antennas, which can redirect the main
beam to a specific direction, offers a number of benefits, such as better spatial multiplexing,
interference reduction and suppression, counteracting multipath fading, and improved cover-
age [6]. Researchers have proposed several methods to implement the feature of reconfigurable
radiation pattern. These methods can be generally categorized into two types according to the
implementation principle. The first way is to obtain various radiation patterns by altering the
structure of the antenna radiating element. In reference [7], a pattern reconfigurable antenna
with two radiation patterns is designed by connecting two symmetrically distributed helical
monopoles via switches. A multifunctional pattern reconfigurable antenna for 5G and higher
applications is presented in reference [8]. The main beam direction of the antenna is tuned to
+35°,0°, and —35° by using diodes in a quarter-wavelength T-shaped director slot.

The second method is to load diodes on the feed network to obtain different types of feed-
ing modes to realize multiple radiation patterns. A convenient fixed-frequency beam steering
method is proposed in reference [9]. The researchers vary the feeding modes by controlling the
voltage across the varactor diodes loaded on the feeding network. In reference [10], by switch-
ing two kinds of PIN diodes in the feeding network, three orthogonal characteristic modes
are obtained, and then a multiple-input-multiple-output antenna with reconfigurable modes
is fabricated out to verify its performance. Besides, a broadband reconfigurable feeding net-
CAMBRIDGE work is proposed in reference [11] to excite four idgntical arc dipoles and the. experilr.ler}tal
UNIVERSITY PRESS results show that the designed antenna can operate in four different modes with a radiation

efficiency up to 60%. However, all of the above literatures have focused on implementing pattern
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reconfigurable in single frequency band. The dual-band resonant
characteristics of multiband antennas contribute to frequency mul-
tiplexing and higher transmission rates, which are needed for the
5G communications market. Therefore it is essential to realize
the pattern reconfigurable in dual frequency bands. In references
[12-15], researchers have achieved pattern reconfigurable in mul-
tiple frequency bands by using complementary antenna technique
and loading parasitic structure technique. It is worth mention-
ing that, in reference [16], an arc-shaped strip which serves as
a near-field resonant parasitic (NFRP) element is printed around
a coplanar-waveguide-fed semiloop antenna to produce a peak
gain and front-to-back ratio (FBR) values equal to 5.76 dBi and
12.67 dB, respectively. In reference [17], Yu et al. adopted a stacked
structure scheme to enable the antenna operate in dual bands. The
top and bottom patches are etched with rectangular slots of dif-
ferent lengths to allow the antenna to resonate in its two frequency
bands. The turnstile-shaped patch works like a magnetic dipole and
an electric dipole is introduced by etching rectangle slot on the top
patch. Then, the combination of a magnetic dipole and an electric
dipole achieves unilateral radiation. Meanwhile, the installation of
diodes in the rectangular slots of the top patch makes the radiation
pattern reconfigurable in low frequency band. Based on previous
research, Zhou et al. have made the radiation patterns reconfig-
urable in both high and low frequency bands by etching slots on
both top and bottom circular patch in reference [18].

In this paper, an antenna with reconfigurable radiation patterns
in two frequency bands is researched and designed. The design
provides a structurally optimized design for the stacked dual-
band pattern reconfigurable antenna, which significantly reduces
the complexity of the three-dimensional structure of this type of
antenna. The designed antenna introduces only one excitation port,
which is directly connected to a turnstile-shaped patch located in
the middle layer through the center feed. Compared to references
[17] and [18], the upper substrate structure is eliminated and a
discontinuous ring patch is introduced around the ground plane
as an NFRP unit. A set of rectangular slots are etched along the
inside of the circular ground patch to improve impedance match-
ing at the resonance points. Another set of rectangular slots are
etched along the outside of the circular ground patch to change the
current distribution and introduce electric dipoles to the antenna.
In addition, two electric dipoles are introduced when the antenna
resonates in the low and high frequency bands. Due to the prin-
ciple of electromagnetic complementarity, unilateral radiation can
be obtained in both bands. Then, eight bias circuits are assembled
in eight rectangular slots to switch the electrical state of the rectan-
gular slots. Finally, the radiation pattern of the slotted antenna can
be reconstructed simultaneously in both high and low bands. The
measurement results show that the impedance bandwidth of the
antenna is 7.5% in the low frequency band and 5.1% in the high
frequency band. Moreover, by switching the state of the PIN diode,
eight radiation patterns are obtained in both bands, where the main
beam radiates in the 0°, 45°, 90°, 135°, 180°, 225°, 270°, and 315°
directions, respectively.

Antenna design and parametric analysis
Antenna geometry

The structure of the proposed pattern reconfigurable antenna is
depicted in Fig. 1, and the dimensional parameters of the opti-
mized antenna are shown in Table 1. As shown in Figs. 1(a) and (b),
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Figure 1. Configuration of the proposed pattern reconfigurable antenna.
(a) 3-D view; (b) top view of the substrate; (c) bottom view of the substrate.

the proposed antenna consists of five main elements: a turnstile-
shaped patch, a slotted ground structure, an NFRP unit, a substrate
made of FR4-epoxy material (tand = 0.02) with a thickness of
1.6 mm and an SMA connector. A circular patch is printed on the
underside of the substrate, and eight rectangular slots are period-
ically arranged at intervals of 45° in the circular patch to achieve
directional radiation in low frequency band and another eight rect-
angular slots are etched on the inner side of the circular patch in
an arrangement as described above. Similarly, a ring-shaped patch
truncated into eight segments is printed around the slotted circu-
lar patch, a turnstile-shaped patch is printed on the top surface
of the substrate. It is worth mentioning that the turnstile-shaped
patch consists of two sets of cross-shaped metal branches and eight
arc-shaped branches with a radian of 24°.

The proposed pattern reconfigurable antenna is classified into
four stages and analyzed by simulation using commercial electro-
magnetic simulation software HFSS. The dimensional parameters
of the antenna are used as variables in the simulation analysis to
clarify the antenna’s operating mechanism. Initially, a turnstile-
shaped patch antenna with a complete circular ground plane is
proposed to act as an equivalent magnetic dipole with omni-
directional radiation characteristics. As described in the design
guidelines in reference [19], the appropriate radius R1 is selected
for the antenna to enable the proposed initial antenna to operate
in the desired band, and the relationship between the radius R1 of
the turnstile-shaped patch and the operating wavelength A, of the
antenna satisfies Eq. (1). In addition, the authors have analyzed the
number of antenna arms as a significant variable in the paper, and
the results have shown that the number of antenna arms has a rela-
tively weak effect on the FBR of the antenna, and the FBR value
reaches its maximum at the resonance point when the number
of antenna arms is four. Nevertheless, it is worth mentioning that
when the number of antenna arms increases, the operating band-
width of the antenna becomes wider and the reflection coefficient
in the passband becomes better. Consequently, in order to make the
antenna obtain a broad enough bandwidth to cover more 5G NR
bands, the scheme of eight antenna arms is adopted in this paper.
Next, according to the complementary concept, an electric dipole
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Table 1. Optimized dimensions of the proposed pattern reconfigurable antenna
Parameters Ry Ly Wy Ry Rg Wi Lg a b d
Values 2 mm 24 mm 1.5 mm 1.3 mm 24 mm 18 mm 1.5 mm 8 mm 24° 22.5° 45°
C=015¢F

AN Y'Y
R=12Q L, =06cH
R =5kQ

(a) (b)

Figure 2. Equivalent circuit diagram for PIN diodes. (a) diode off-state;
(b) diode on-state.

L,=0.6nH

is provided to the antenna by etching radial slots on the ground
plane based on the magnetic dipole that has already been intro-
duced as shown in Fig. 3. Moreover, changing the length and width
of the etched radial slot can regulate the resonant frequency of the
antenna, and the specific quantitative relationship between them
satisfies Eq. (2). Combining a turnstile-shaped patch that operates
as an equivalent magnetic dipole and an etched radial slot ground
plate that operates as an equivalent electric dipole, an antenna with
a unilateral radiation pattern characteristic can be obtained.

2nLy = 2), (1)

1
2g+ 8w ™ g)\h (2)

For the electrical reconfiguration of the antenna, a total of
eight bias circuits are installed in the rectangular slots. As shown
in Fig. 1(c), every bias circuit includes a 47-nH inductance for the
purpose of obstructing the RF signal, a 100-pF capacitor to block
DC signal and prevent the DC signal affecting the network analyzer
and the antenna, a PIN diode of type Bar50-02 V from Infineon
Technologies, and two metal pads for convenient connection to the
DC power supply. Furthermore, the equivalent circuit diagram of
the PIN diode is also given in Fig. 2, when the diode is forward
biased to realize ON state with 1.5 V DC voltage, and the rectangle
slot in which it is placed constitutes a closed state. On the contrary,
the slot is in the open state, when the diode left unbiased. The bias
circuits on the circular patch are arranged in a counterclockwise
order from SW; to SWj.

These eight rectangular slots are the key point to achieve the
simultaneous reconfiguration of the radiation patterns in low fre-
quency band. As shown in Table 2, when SW, to SWy are turned on
one at a time in sequence, the antenna operates respectively on the
state I to state VIII. Moreover, the proposed pattern reconfigurable
antenna is excited by the port placed at the center of substrate, and
a coaxial probe is directly connected to the turnstile-shaped patch.
Then, the ring-shaped patch is coupling excited through the sub-
strate with a thickness of 1.6 mm. The ring-shaped patch that is
excited up can be regarded as a kind of NFRP unit, which is the
key point to achieve the reconfiguration of radiation pattern in the
high frequency band.

Design and corresponding analysis

The process of antenna structure evolution has been divided
into two parts to illustrate the operating principle of the pro-
posed antenna. The first part analyses the beneficial effects of
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Figure 3. Evolution progress of antenna element structure.

structural evolution on the reflection coeflicient and impedance
of the antenna, and the second part focuses on the impact of the
ring-shaped patch added to the antenna on dual-band radiation
patterns.

As shown in Fig. 3, in order to clearly explain the function and
working principle of the rectangular slot etched on the ground
plane, the evolution of the antenna ground structure is divided
into four stages, and the influence curves of the four stages on
the reflection coefficient and peak gain of the antenna are sum-
marized respectively. By using this method, the effects of different
slots on the ground can be distinctly distinguished. For Ant. 1, it
is worth noting that the initial ground is a circular patch structure
without any slots loaded. At this stage, the proposed antenna pos-
sesses a complete ground structure and the current distribution on
the turnstile-shaped patch is depicted in Fig. 4. It can be clearly
seen that the current is mainly concentrated on the eight arc arms
of the patch, while the current intensity on the cross-lines is rel-
atively weak. In the meantime the direction of the current is the
same on all eight arc arms, and they have formed a quasi-current-
loop, which is equivalent to a z-directional magnetic dipole [19].
The perimeter of the equivalent current loop, which is also the
perimeter of the turnstile-shaped patch, is closely correlated to the
initial operating frequency of the antenna. The principle is that as
the perimeter of the turnstile-shaped patch increases, the effective
current path length in the quasi-current-loop increases. As a result,
the increasing effective current path causes the antenna to operate
at a lower frequency. The specific quantitative relationship is given
in the previously described Eq. (1).

According to the complementary theory [19], it is still required
to introduce a horizontally polarized electric dipole for the
proposed antenna to achieve the unilateral radiation pattern.
Compared to Ant. 1, the improvement of Ant. 2 for the ground
structure is only the regular rectangular slots loaded along the
edge of the ground and it introduces a set of electric dipoles for
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Table 2. States of the proposed antenna
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States SW, SW, SW, SW, SWs SWg SWy SWyg Resonating freq. (Ghz) Beam-direction Gain (dBi)
| OFF ON ON ON ON ON ON ON 3.5and 4.9 45° 4.1and 3
1l ON OFF ON ON ON ON ON ON 90°
1] ON ON OFF ON ON ON ON ON 135°
IV ON ON ON OFF ON ON ON ON 180°
Vv ON ON ON ON OFF ON ON ON 225°
Vi ON ON ON ON ON OFF ON ON 270°
Vil ON ON ON ON ON ON OFF ON 315°
Vil ON ON ON ON ON ON ON OFF 0°
Jsurf [Afm] 0
100, peoa
. a4, 7368 I -5
88, 4211 X
82,1053 104
fogibsed Equiyhlent 2 .15
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Figure 4. Simulated current distribution on the turnstile-shaped patch.

the antenna. The rectangular slot etched at the edge of the ground
can not only introduce an electric dipole to the antenna, but also
regulate the resonance point of the antenna.

Both the length and width of the rectangular slot are factors
that affect the resonance point of the antenna, and they can be
approximately calculated by the previously described Eq. (2) to reg-
ulate the antenna’s high frequency resonance point to 4.9 GHz.
It has been verified by simulation that after etching the rectan-
gular slot, the high-frequency resonance point of the antenna is
reduced from 4.95 to 4.9 GHz, while the amplitude of the reflec-
tion coefficient is reduced by 14 dB as shown in Fig. 5. On the basis
of Ant. 2, Ant. 3 significantly improves the impedance matching
of the antenna by loading a set of rectangular slots on the inner
side of the ground with a deviation of 22.5° from the slot in Ant.
2. As shown in Fig. 6(a), the Z-parameter at the 3.5 GHz reso-
nance point is much higher than 50 €2, while the Z-parameter at the
4.9 GHz resonance point is lower than 50 Q2. Therefore, the process
of Ant.2 to Ant.3 was produced. As known from reference [17], the
impedance matching at the resonance point can be improved by the
slotting method. The operation mechanism is that the surface cur-
rent path on the ground is blocked by slots etched on the inner side
of the ground. The comparison verification by simulation reveals
that the impedance matching at the low frequency resonance point
of Ant. 3 has been significantly improved shown in Fig. 6(b) and
it is worth mentioning that the reflection coefficient of Ant. 3 is
weakly affected by the slots shown in Fig. 5.

In Ant. 4, the innovative introduction of a discontinuous circu-
lar ring structure around the ground has been made to enhance the
unidirectionality of the radiation pattern at the resonance point of
the antenna and synchronize the pointing angles of the radiation
pattern at the two resonance points. The discontinuous circular
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Figure 5. S;; of evolution progress of antenna element structure.

ring structure is treated as a NFRP unit and utilizes a near-field
parasitic coupling excitation. In other words, the main body of the
antenna is fed by a coaxial cable, while the near-field resonant unit
is coupled to the antenna through the FR4-epoxy substrate. The
NERP unit is printed around the antenna ground structure. In this
case, the NFRP unit couples to the electric dipole introduced in
Ant. 3 and absorbs a small fraction of the current. The NFRP unit
part near the ground slot is more powerfully coupled and absorbs
more current, and they are coupled to each other thus a more uni-
lateral radiation pattern is produced. As shown in Fig. 7(a), before
the introduction of the NFRP unit, the radiation pattern of the
antenna is weakly directional and the maximum radiation direc-
tions at 3.5 GHz and 4.9 GHz are deviated by about 70°. As shown
in Fig. 7(b), it can be clearly seen that after the introduction of the
NFRP unit, the radiation pattern of the antenna exhibits obvious
directionality and the maximum radiation directions at 3.5 GHz
and 4.9 GHz are almost keep in the same direction.

In order to provide a more detailed explanation of the func-
tion of the NFRP units, a parametric analysis is conducted on the
angle c between the NFRP unit and ground slot. The variation of
the deflection angle c in the Ant. 4 stage with respect to the FBR at
3.5 GHz and 4.9 GHz, respectively, is shown in Fig. 8. The results
show that the FBR value at 3.5 GHz reaches its peak at —8° and
13°. However the FBR value at 4.9 GHz at this point is not sharp
enough to emphasize its unilateral characteristic. At the same time
the deflection angle ¢ can have a significant effect on the reflec-
tion coefficient of the antenna as shown in Fig. 10(d). Therefore,
the deflection angle c is chosen as a value of 0° as an intermediate
value to balance the FBR values at 3.5 GHz and 4.9 GHz. At this
point the FBR for both of them takes on decent values to reflect
their unilateral radiation patterns.
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Figure 8. Effect of c on FBR.

As shown in Fig. 5, the simulated S;; shows that all four
ground structures have two resonance points at 3.5 GHz and
4.9 GHz, which is something that we would expect. The only
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difference is the amplitude of the reflection coefficient at the res-
onance point and the wider bandwidth of the high frequency
resonance point of Ant. 4. It can be analyzed that the four evo-
lutionary stages of the ground have a very weak effect on the
reflection coeflicient of the antenna. Actually the first three stages
of structural evolution are designed to make the antenna radia-
tion pattern obtain the characteristic of unilateral radiation. As to
the fourth stage, which is the most important stage, the structural
improvement of the antenna allows the deflection angle of maxi-
mum radiation direction at the two resonance points almost the
same. Thus, the dual-band radiation patterns are synchronously
adjustable.

The surface current on an antenna plays a significant role
in determining its performance and characteristics. This current,
which flows along the outer surface of the antenna structure,
affects various aspects of the antennas behavior. The magni-
tude and direction of the surface current directly influence
the shape and orientation of the radiation pattern. By control-
ling the surface current distribution, it is possible to shape the
radiation pattern to achieve desired coverage or beamforming
effects.
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Figure 9. Simulated vector current distributions on the ground plane. (a) 3.5 GHz; (b) 4.9 GHz.

To explain the operating principle and radiation mechanism of
the four antennas in a visual way, the surface current distributions
of the four antennas are also given in Fig. 9. Ant. 1 in both Fig. 9(a)
and Fig. 9(b) have shown that there are only regular current dis-
tributions generated by coupling with the turnstile-shaped patch
on the ground plane. It can be seen from Ant. 2 in Fig. 9(a) and
Fig. 9(b), after the rectangular slot is etched on the circular patch,
more current is concentrated on the sides of the rectangular slot,
which contrasts with the current distribution of Ant. 1. Since the
radiation of current components on the two sides of the slot can
cancel each other out, the slotted ground plane can be regarded as
an electric dipole. In Ant. 3, slotting on the inner side of the ground
plane extends the path of the concentrated current and as a result
the impedance matching at the high frequency resonance point is
well improved. Ant .4 is the key to realize the reconstruction of
the radiation pattern of the dual-frequency point, and the princi-
ple can be clearly observed on the current distribution graphs. In
Ant. 4 of the Fig. 9(a), the 3.5 GHz current is distributed mainly on
the edges of the open slot, therefore a unilateral radiation pattern
is formed. The currents of different frequencies are supposed to be
distributed at different locations of the antenna, however as shown
in Ant. 4 of the Fig. 9(b), the 4.9 GHz current is mainly concen-
trated on the edges of the open slots and the NFRP units close to the
slots owing to the regulation of the NFRP units. It can be observed
that the 4.9 GHz current is approximately concentrated on one
side of the antenna, and it is also noticeable that it is on the same
side as the 3.5 GHz current. As a result, the target of simultaneous
reconfigurable radiation pattern in dual-band is achieved.

Parameter analysis

The radiation pattern of the total field also depends on the rela-
tive amplitudes of the magnetic and electric dipoles. As mentioned
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above, the two dipoles are entirely integrated in a single antenna
in our design. Therefore, the fields radiated by them are correlated
and they both depend on the dimensions of the turnstile-shaped
patch and the slotted ground plane. A parameter analysis has been
carried out to investigate this in detail.

Firstly, the effects of the turnstile-shaped patch are discussed. Its
radius L1 is a key parameter to consider. Although the equation for
calculating the turnstile-shaped patch radius is given in “Antenna
geometry” section, the radius L1 calculated using the equation is
just an approximate range. Therefore a parametric analysis of the
radius L1 is conducted. It is clearly seen from Fig. 10(a) that the
high-frequency resonance point decreases with increasing radius
L1, and the effect on the low-frequency resonance point is only
a weak change in the amplitude of the reflection coeflicient. The
antenna high frequency resonance point operates at 4.9 GHz when
L1 is chosen to be 19.6 mm and the reflection coefficient amplitude
drops to —18.3 dB.

Next, the radius Rg of the antenna ground is parameter analyzed
after determining the radius L1 value of the turnstile-shaped patch.
Changing the ground radius Rg will also only affect the high fre-
quency resonance point of the antenna. As the radius increases, the
high-frequency bandwidth in which the antenna operates becomes
gradually narrower from 502 to 230 MHz and the high-frequency
operating bandwidth is shifted to the left shown in Fig. 10(b). At
the same time, changing the radius Rg of the ground has no effect
on the bandwidth and the amplitude of the reflection coefficient
at the low-frequency resonance point. Therefore the value of the
radius is determined to be 18.2 mm.

Next, the effects of the NFRP unit are investigated. The NFRP
unit serves as a key point for reconfigurable radiation pattern
and there are a few important parameters on it. The NFRP unit
radius R2 was parametrically analyzed and the results are plot-
ted in Fig. 10(c). It is obvious that the radius R2 has a significant
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Figure 10. Effect of different parameters on simulated S,; of the proposed antenna. (a) L1; (b) Rg; (c) R2; (d) c.

effect on the reflection coefficient of the antenna. From Fig. 1(b),
it can be seen that when R2 becomes larger, it means that the dis-
tance between the NFRP unit and the antenna ground increases.
The coupling between the NFRP unit and the ground is gradually
weakening, which means that the NFRP unit is losing its func-
tion. The antenna operates at the desired bandwidth when the
radius R2 is 18.3 mm. The deflection angle c has been analyzed in
“Antenna geometry” section. From Fig. 10(d), it can be concluded
that the high frequency resonance point of the antenna increases
from 4.31 to 5.08 GHz when deflection angle c increases from —15°
to 15°. Combining the considerations of Fig. 8 and Fig. 10(d), the
deflection angle c is taken to be a value of 0°.

Experimental results

To validate the accuracy of the simulated results, an experimen-
tal prototype of the proposed pattern reconfigurable antenna is
fabricated. An Agilent E5080A network analyzer and a Satimo
Starlab near-field measurement system are used to test the perfor-
mance characteristics of the proposed antenna. Figure 11(a) and
Fig. 11(b) provide the photograph of the antenna prototype and
measurement environment. Photographs of the front and back of
the experimental prototype are shown respectively in the Fig. 11(c)
and Fig. 11(d).
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In this part, four of the eight states of the antenna are analyzed
due to the geometric symmetry of the antenna structure. During
the measurement, for the eight groups of switches described above,
SW, is off as the first group of switches and the remaining switches
are all on. Then the switch in the off state was successively changed
to SW3, SW5 and SW, and four sets of measurements were carried
out respectively. Figure 12 illustrates the result of the compari-
son of measured and simulated reflection coefficient. Meanwhile,
Fig. 12 also gives 3-D radiation patterns at the resonance point
for each state of the antenna. As can be seen from Fig. 12, the
S-parameter measurements for all four states are below —10 dB
in the low band from 3.35 to 3.57 GHz, which is basically sim-
ilar to the simulation results. However, the measured bandwidth
of high band is from 4.83 to 5.03 GHz, which is slightly differ-
ent from simulation results. The measured S-parameter curves are
not stable enough in dual bands, which may be caused by the
unavoidable scuff during the production and welding processes of
the experimental prototype and the parasitic effect of the bias cir-
cuit. In general, the measured S-parameter results show that the
proposed antenna has favorable bandwidth and can be used for 5G
NR communication.

Antenna peak gain and radiation efficiency are essential param-
eters that determine the effectiveness of an antenna. On the one
hand the peak gain refers to the maximum power radiated by an
antenna in a specific direction compared to an isotropic radiator.
On the other hand, the radiation efficiency represents the ability
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(a)

(b)

Figure 11. Prototype of the pattern reconfigurable antenna. (a) measurement environment of the prototype; (b) measurement including antenna with VNA; (c) top surface;

(d) bottom surface.
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Figure 12. Comparison between simulated and measured results of S;; for the four of the eight states. (a) state | and state II; (b) state Ill and state IV; (c) state V and state

VI; (d) state VII and state VIII.

of the antenna to convert input power into radiated energy effec-
tively. Figure 13 has provided the simulation and measurement of
peak gain and radiation efficiency results of the proposed pattern
reconfigurable antenna. The efficiency curves in Fig. 13(a) indi-
cate that the proposed antenna has the ability to radiate most of
its energy within the operating frequency band. Simulated and
measured radiation efficiency at the resonance point has reached
80%. Similarly, the simulated peak gain varies from 2.5 to 4.1 dBi
over the entire operating frequency range. However, the measured
peak gain deviates slightly from the simulated peak in the operat-
ing band which may be caused by errors in the placement of the
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antenna during measurement. In general, the proposed antenna
possesses an acceptable peak gain and radiation efficiency.

The measured results of the radiation patterns of the four states
are depicted in Fig. 14 and Fig. 15. When the above four groups
of switches are closed in sequence and the remaining switches
are open, the measured radiation patterns on xoy-plane and yoz-
plane at 3.5 GHz are shown in Fig. 14. It can be concluded
from Fig. 14 that the main beam directions of the four states on
the xoy-plane are separately point at 45°, 90°, 135°, 180°, 225°,
270°, 315°, and 0°, which are basically consistent with the simu-
lated results. Moreover, the measured results also show that the
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Figure 13. Simulated and measured peak gain and efficiency of the proposed antenna. (a) peak gain; (b) radiation efficiency.
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Figure 14. Simulated and measured results of radiation pattern for the pattern reconfigurable antenna in yoz-plane and xoy-plane at 3.5 GHz. (a) state I; (b) state II;

(c) state Ill; (d) state IV; (e) state V; (f) state VI; (g) state VII; (h) state VIII.

entire azimuthal plane of the proposed antenna can be covered
essentially completely by the radiation pattern in the xoy plane.
Meanwhile, the measured patterns on the yoz-plane at 3.5 GHz
remain directional radiation with the main beam pointing at 90°
and 270°.

The measured results of the radiation pattern are also shown in
Fig. 15 when the antenna operates at 4.9 GHz Similar to the case of
3.5 GHz, with the switching of the four groups of switches, the main
beam of the radiation pattern in the xoy-plane radiates successively
along the directions of 45°, 90°, 135°, 180°, 225°, 270°, 315°, and 0°.
At the same time, the measured radiation pattern in the yoz-plane
remains the directional radiation with the main beam direction at
90° and 270°.
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Comparison with other already reported pattern
reconfigurable antenna

To demonstrate the superiority of the performance of the antenna
proposed in this paper, a comparison with some previous anten-
nas is summarized in Table 3. As shown in Table 3, the diverse
radiation modes of the antennas presented in references [16, 19]
are achieved through the integration of PIN diodes on either the
radiator or the feeding network. However, these antennas are con-
strained by a single resonance frequency band, restricting the
antenna’s applicability range. Next, antennas in refernces [14, 15,
and 20] adopt loading parasitic structure technique to extend
the frequency band of the pattern reconfigurable antennas, at the
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Figure 15. Simulated and measured results of radiation pattern for the pattern reconfigurable antenna in yoz-plane and xoy-plane at 4.9 GHz. (a) state I; (b) state II; (c)

state IlI; (d) state 1V; (e) state V; (f) state VI; (g) state VII; (h) state VIII.

Table 3. Comparison between reported and the proposed antenna

Dual bands’
Impedance pattern
Ref bandwidth(%) Peak gain (dBi) Efficiency (%) reconfigurable Type No. of modes No. of diodes
14 14 4.0 >80 N No-planar 2 0
16 4.5
15 0.8 1.98 >81 N planar 3 0
7.8 8.46
16 5.06 5.76 >85.3 N Planar 3 0
17 2.9 29 >81 N Stacked 4 8
2.0 4.8
18 2.8 3.2 >T4 Y Stacked 4 8
4.1 5.2
19 15 3.23 >83 N Planar 4 4
20 12.2 6 >73 N Stacked 2 0
9.8 7.5
21 4.05 3.5 >44 N No-planar 4 4
22 15 4.98 >93 N Stacked 4 0
This work 7.5 3.6 >T74 Y Planar 8 8
5.1 4.2

same time these antennas are characterized by high gain and high
radiation efficiency. However, these antennas are only capable of
realizing pattern reconfigurable in only one band and have few
reconfigurable modes. Similarly, in references [17 and 18], some
antennas with dual band characteristic and dual band’s pattern
reconfigurable characteristic are presented, but the complexity of
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the antenna structure increases. Antennas proposed in references
[21 and 22] have satisfactory amount of reconfigurable patterns
as well as efficiency, but none of them can realize dual-band pat-
tern reconfigurability. In this work, the authors simplified antenna
structure and combined the dual band and reconfigurable char-
acteristics of the pattern to design an antenna with impedance
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bandwidth up to 7.5% and eight radiation modes, which not only
improves the spectrum utilization, but also expands the antenna’s
application range.

Conclusion

In this paper, a dual-band patch antenna with reconfigurable pat-
tern characteristic is investigated. The turnstile-shaped patch is
printed on the top surface of the antenna. The circular patch etched
with 16 rectangular slots and the discontinuous ring patch are
printed on the bottom surface of the antenna. First, the introduced
rectangular slots change the current distribution on the circular
patch, making the low band’s radiation model of the proposed
antenna equivalent to a complementary mode between a magnetic
dipole and an electric dipole. As a result, the antenna obtains a
unilateral radiation pattern in the low frequency band. Next, the
discontinuous ring patch introduced as a NFRP unit brings high-
frequency response to the antenna. Besides, the NFRP unit also
enhances the FBR value of the radiation pattern in the high band.
Finally, the radiation patterns in both frequency bands exhibit
unilateral radiation due to the eight rectangular slots and discon-
tinuous ring patches on the periphery of the circular patch. Each
rectangular slot is equipped with a bias circuit to realize the recon-
struction of the directional radiation patterns in the two frequency
bands. Measurement results show that the proposed antenna has
favorable dual-band characteristics. The low band is from 3.39 to
3.62 GHz with an average gain of 3.6 dBi, and the high band is from
4.77 to 5.01 GHz with an average gain of 4.2 dBi. With the switching
of the state of the specific diode, the measured radiation pattern in
the xoy plane indicates that the antenna has eight radiation pattern
models. Also the proposed antenna has good radiation efficiency
and peak gain which make it suitable for 5G NR applications.
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