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A Multifunctional Array System Based on Adjustable-Phase Antenna for
Wireless Communications

Guangwei Yang, Member, IEEE, Qiao Cheng, Member, IEEE, Jianying Li, Member, [EEE, Shuai Zhang, Senior Member,
Steven Gao, Fellow IEEFE, and Xiaodong Chen, Fellow IEEE

Abstract—In this work, an innovative method for controlling the
current distribution of the radiating patch by adjusting the input phase is
investigated to achieve both pattern and polarization reconfigurable
characteristics for the multifunction. A compact and low-profile antenna
with four fed ports is designed to implement the proposed method, which
can operate linear, right-hand circular polarization (RHCP) and left-hand
circular polarization (LHCP) with different beam directions in the operating
band from 4.0 to 5.0 GHz. Even more, a four-by-four passive planar array is
designed and fabricated based on this antenna element, which can scan the
coverage of +70° with low gain fluctuation and low sidelobe with
dual-polarization. Meanwhile, it can realize the wide-angle scanning
capability up to £60° with low sidelobe with RHCP and LHCP. More
important, the dual- and triple-beam with different directions can be
obtained by the proposed array. Good agreement has been shown between
measured and simulated results. Therefore, the proposed antenna is a good
solution for wireless communication systems because of its
simple-configuration, multifunction, and beamforming capability.

Index Terms— Tunable antenna, beamforming, phased array,
dual-polarization, beam scanning, multi-beam.

I. INTRODUCTION

Due to the rapid and successive technological development of
wireless communication systems, the antennas, as a key component
for modern wireless communications, need to meet higher and higher
performance requirements to satisfy complex communication
environments such as multi-path effects, polarization mismatch, etc.
Hence, designing multifunctional and intelligent array antenna is
really important. As one of the solutions, reconfigurable antennas have
been used to achieve this goal because of the flexibility and versatility.

Reconfigurable antennas have been the subject of much attention
and research in recent years, and fruitful results have been achieved.
Reconfigurable antennas are mainly divided into four types: pattern
[1], polarization [2], frequency [3], and hybrid (including polarization
and pattern [4], polarization and frequency [5], pattern and frequency
[6], and all three [7]) reconfigurable characteristics. The above
reconfigurable antennas are typically implemented using electronic
switches such as diodes, capacitors, etc., and mechanical operations
like liquid metal, rotating structures, filling water, etc. However, there
are some design bottlenecks for some reconfigurable antennas,
including compactness, simplicity, and efficiency. Additionally, most
reconfigurable antennas are not suitable for array applications.
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For array antennas, pattern reconfigurable technology is applied to
enhance beam steering capability or multi-beam to improve the
signal-to-noise ratio of the system. A microstrip Yagi reconfigurable
antenna element is designed and used in the array for broadening its
scanning range [8]. Based on the O-slot patch element with p-i-n
diodes, a 4-by-4 array with multi-beam is designed in [9]. A
reconfigurable one-to-four power divider is used into an array for the
multi-beam with the CP [10]. Besides, other pattern-reconfigurable
technologies such as the parasitic antenna element with p-i-n diodes
[11], radio frequency microelectromechanical systems switch the
phase shifter [12], and digital coding characteristics [13] are used in
the array to improve its performance. Also, frequency-reconfigurable
technologies such as the frequency-reconfigurable slot-ring antenna
with 16 p-i-n diodes [14] and a compact reconfigurable antenna
element [15] are implemented in the array to realize beam-steering
capability with dual-band. These designs enhance the range of
applications for array antennas by implementing reconfigurable
characteristics in the array, but the intricacy of the design and the
array’s radiation efficiency are both impacted by the rise of active
devices. In [16], combining a dielectric resonator antenna (DRA) and a
patch antenna, a phase-controlled pattern reconfigurable antenna is
designed and used to realize wide-angle scanning capability, which
realizes a passive pattern-reconfigurable characteristic without any
active device. Additionally, reconfigurable radiating modes are used to
change the phase center of the antenna for adjusting the pattern of the
array [17][18]. The four-arm curl antenna is used to a phased array
with high-tilt switching beam capability [19]. A multiple mode dipole
array based on four elements is designed to realize beam steering
capability in [20]. However, these designs either sacrifice some other
performance such as the operating bandwidth, as well as the profile or
some application defects. The dual-port phase antenna [21] is
presented to realize multi-beam capability for improving the scanning
capability. However, when facing complex communication scenarios,
the above designs are difficult to meet requirements.

To confront these issues, in this work, an approach based on adjusting
the input phase is investigated to achieve both pattern and polarization
reconfigurable characteristics and applied to design a multifunctional
array antenna. The highlights of this work include:

a) A wide-band (22.2%) and low-profile (0.11X) antenna is developed
to realize to two reconfigurable characteristics using a new passive
technique, which differs from the above works [1]-[7], not only with
high efficiency but also for array applications.

b) The antenna can realize pattern and polarization reconfigurable
characteristics: 7) it realizes the pattern reconfigurable capability
including the wide-beam, dual-beam, +50° beams with wide and narrow
beam-width for each linear polarization; i) the pattern can be directed in
different directions with RHCP and LHCP, respectively.

¢) For the array application, the proposed work can achieve
polarization reconfigurable characteristics including dual linear
polarization, RHCP, LHCP with wide-angle scanning capability. In the
dual-polarization state, the array can achieve a scanning coverage of
+70°. Also, the pattern reconfigurability extends the wide-angle
scanning capability and improves the sidelobe of the scanning beam.

d) The multi-beam capability of the array based on the proposed
method is also obtained, which can be symmetrical/asymmetrical
dual-beam, triple-beam etc.



II. GUIDELINES FOR ANTENNA DESIGN AND PRINCIPLE

A. Principle and antenna design

Fig. 1. Diagram of the design principle: (a) Single port; (b) Dual ports; and (c)
Four ports.

To briefly explain the design mechanism, as shown in Fig. 1(a), the
current density on the traditional patch is J, which a classic radiating
field of the patch antenna. For controlling the current distribution of
the patch, two ports are used in the antenna for the two excited currents
on the patch, as shown in Fig. 1 (b), which can control the current
distribution of the antenna through the different input phases. Hence,
the current density of the patch is given as

ILh=1L+1I (1)

If the current density of every port in the proposed antenna has the

same amplitude and different phase, so it can be

Jo=Ji+].=]J1—-eY) 2

Where 4 is the phase difference between two input ports of the antenna.

Therefore, the proposed radiation field is the function of the input
phase difference (4). And the radiation pattern is written as: [22]
F, = F,(6,4) (3)
Which can be changed by the input phase difference (4). Also, the
proposed method can be used to the circular polarization antenna, as
shown in Fig. 1(c), four ports are set to excite the patch antenna. To
realize the circular polarization pattern, the phase difference between
port 1(2) and port 3(4) should be f (f=around +90°). Hence, the
current density of every port is Ji (=1, 2, 3 and 4) and the current of the
antenna is given as

Je=Ji+1+]s+]a=].(1—e ) +] e P (1—e™/%)

)
Hence, the CP pattern is
F(,':FC(HrﬁrA) (5)

And the polarization state is up to . Hence, the pattern
reconfigurable characteristic of the CP antenna can be realized by this
method. More importantly, this method can also be applied to array
antennas to improve beam scanning performance for polarization
reconfigurable array and multi-beam radiating capability.

However, to implement the above mechanism, a high-quality
antenna should be designed, which should not only have four ports, but
good isolation among each port. More importantly, the wide beam
capability should be considered. As shown in Fig. 2, the proposed
antenna design process is presented. The antenna is developed from a
patch antenna which has wide beam capability [22] but poor
impedance matching. So a coupling feeding way is applied in Fig. 2
(b). In Fig. 2 (c), two-port way is designed, but the antenna’s
impedance deteriorates due to the addition of the port as shown in Fig.
3. Then a slot is used to improve the impedance matching as shown in
Fig. 2 (d). Therefore, the four-port patch antenna is designed and
optimized as shown in Fig. 2 (e).

=

Fig. 2. The antenna design evolution process.
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Fig. 3. S-parameters of the antennas (Ant.1 to pro.).

B. Pattern-reconfigurable dual-polarization antenna
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Substrate

Gl’O“n‘d-V?{h-‘rrr‘

Port 1 ﬁl’on 3 th
> o W
Port 2 (@

Fig. 4. Geometry of the proposed dual-polarization antenna: (a) 3D exploded
view; (b) Plan view; (c) Side view; L0=18, L1=14, L2=6, Ls=26, S0=16,
DO0=1.5, DI=2, g=2, h0=7.5, (unit: mm).

TABLE |
DUAL-POLARIZATION RECONFIGURABLE ANTENNA OPERATION
No. A4 Pattern model HPBW

a 0° Dual-beam /
b 45° Direct to -50° with narrow beam 85°
c 90° Direct to -50° 96°
d 135° Direct to -45° with wide beam 94°
¢ 180° Wide beam 228°
f 225° Direct to 45° with wide beam 95°
g 270° Direct to 50° 96°
h 315° Direct to 50° with narrow beam 86°

04— 0 ‘ ‘ ‘ :

Reflection coefficients/dB
Port isolation/dB

-30 Sim. —a— 0°—e— 45° —4— 90° —v— 135° —+— 180°

Mea. -~~~ 0° 45°- - - 90° 135°- - 180° 5
<354 . . T . | 45 P . T
35 4.0 4.5 5.0 55 6.0 3.5 4.0 4.5 5.0 55 6.0
Frequency/GHz Frequency/GHz
(a) (b)

Fig. 5. S-parameters of the proposed dual-polarization pattern-reconfigurable
antenna: (a) Reflection coefficients; and (b) Port isolation.

As shown in Fig. 4. The proposed antenna comprised of four special
bended metallic plates (SBMP), a substrate with the thickness of 0.762
mm and permittivity (¢) of 2.2, and the ground plane. One part of the
SBMP is printed on the substrate and the other part is bended to
connect to the ground plane. As shown in Fig. 4 (a), four SBMPs are
fed by four copper probes, respectively. The key design parameters and
stack diagram of the proposed reconfigurable antenna are given in Fig. 4
(b) and (c). Based on the above principle, the feeding-mechanism of the
proposed dual-polarization antenna is depicted. The input power is
equally divided by a power divider and feeds into two separate ports
(Port 1 and Port 2) of the proposed antenna. A phase shifter is added to
Port 2, resulting in phase difference (4) between the two ports. Other
ports (Port 3 and Port 4) connect to matching loads. Combined with Eq.
(2), note that the phase difference 4 decides the phase distribution of the



antenna, which radiates different radiation patterns. Hence, the
relationship between the pattern-reconfigurable modes and the phase

difference is shown in Table I. The phase variation ranges from 0 to 360°.

Similarly, the pattern reconfigurable characteristic is also achieved by
the proposed antenna with another polarization in another plane.

As given in Fig. 5, the operating frequency band of the proposed
dual-polarization antenna is given. Note that there are still some
differences in the frequency bands of the different operating modes as
the input phase changed. However, their same operating band is from
4.0 to 5.15 GHz (25.1%). The measurements can cover this operating
band and are wider than the simulated frequency band due to the
interference in the feeding network causing a wider resonant impedance.
Besides, the phase shifter and power divider are used to measure, and the
transmitted line for the phase difference and power division network are
used to simulate. The simulated and measured port isolations are also
drawn in Fig. 5. Noted that the port isolation of the antenna is affected by
the phase difference between the two ports, which is worse when the two
ports are in phase and gradually improves as the phase difference
increases. To explore how this method is implemented by the antenna,
the current distributions with different phase differences (4) are depicted
in Fig. 6. It is obviously observed that the antenna has different current
distribution since the different input phase difference between two ports.
From Fig. 6 (a) to (d), it can radiate a monopole-like pattern, a wide
beam pattern, and different directional patterns. Therefore, the current
distribution of the proposed radiating structure is controlled by the
input phase of the two excited ports, thus enabling reconfigurable
radiation performance. In addition, the input amplitude of each port
also affects the radiating characteristics, but this has a slight effect and
can worsen cross-polarization if the port input is severely unequal.
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Fig. 6. Currents distributions of the dual-polarization pattern-reconfigurable
antenna at 4.5 GHz: (a) 4=0°; (b) 4=180°; (c) 4=-90° (270°); (d) 4=90°.
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Fig. 7. (a) Normalized radiation patterns and (b) Realized gain and efficiency of
the proposed dual-polarization pattern-reconfigurable antenna.

Fig. 7(a) shows the radiation patterns of the dual-polarization
antenna. Based on the different phase differences, the antenna’s
pattern could be directed in different directions and have different
beam-widths. The detailed reconfigurable modes with varying phase
differences are given in Table 1. Similarly, in xoz-plane, the proposed
antenna can also implement the same pattern-reconfigure modes on
another polarization. The measured radiation patterns with varying
phase differences are shown in Fig. 8. Noted that the simulation results
agree very well with the test results. In addition, the cross-polarization
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of the patterns is below -10 dB, especially in the wide beam pattern,
which is below -30 dB. The realized gain and efficiency of the
proposed dual-polarization antenna with different input phases are
shown in Fig. 7 (b). Note that the gain is not very high due to the wide
beam, which is around 3 dBi. And the gain of the antenna decreases
when the beam directs to large angles. Meanwhile, the efficiency is
around 75% in the operating frequency band and drops when the beam
directs to large angles.
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Fig. 8. Comparing the simulated and measured normalized radiation patterns of
the proposed dual-polarization pattern-reconfigurable antenna.

C. Reconfigurable circular polarization antenna

Similarly, the pattern-reconfigurable CP antenna is realized by
exciting four ports based on the design theory. The input power is
equally divided by a power divider and feeds into four separate ports
of the proposed antenna. The phase shifters are added to Port 2, 3, and
4, resulting in phase differences among the four ports. To ensure the
antenna’s proposed circular polarization characteristics, the phase
difference (f) is around +90°, and the phase difference (4) is
adjustable to realize the pattern reconfiguration which is shown in
Table II. The S-parameters of the proposed CP antenna at different
modes are reported in Fig. 9, which can still operate in the bandwidth
from 4 to 5.0 GHz, both in polarization- and pattern-reconfigurable
modes. Since the LHCP characteristics are similar to the ones of
RHCP as seen in Fig. 9 (a), The RHCP axial ratio (AR) of the antenna
is only given as shown in Fig. 9 (b) for brevity. It can be found that in
the proposed operating band, the axial ratio of the antenna satisfies the
requirements of the CP antenna.

TABLE II
CIRCULAR POLARIZATION RECONFIGURABLE ANTENNA OPERATION
p Y| Pattern model HPBW/AR-HPBW
0° Broadside wide beam of RHCP 155°/114°
90°  45° Direct to -30° of RHCP (R.-M.) 138°/110°
-45° Direct to 30° of RHCP(L.-M.) 130°/102°
0° Broadside wide beam of LHCP 156°/116°
90°  45° Direct to -30° of LHCP (R.-M.) 138°/108°
-45° Direct to 30° of LHCP(L.-M.) 134°/102°
Sim. ‘ ‘
2 RHCP
@ - - = - RHCP with R.-M. i
£ RHCP with L.-M.
S - 6. Mea.
g - - RHCP .
S - RHCP with R-M. . 1
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Fig. 9. Measured and simulated (a) Reflection coefficients and (b) AR of the
proposed circular polarization pattern-reconfigurable antenna.
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Fig. 10. Normalized radiation patterns of the proposed circular polarization
antenna with RHCP at 4.5 GHz: (a) Radiation patterns; (b) different modes.

As shown in Fig. 10 (a), the radiation pattern of the proposed
antenna with the RHCP are reported. As obtained from the current
distribution, this antenna can radiate a wide beam pattern with the
3-dB beam-width of 155° and the AR pattern with the
3-dB-beam-width is also wide and up to 118°. Besides, the
cross-polarization is very low. Besides, the measured results are also
given. The measured results agree with the simulations. The
characteristics of the wide beam and low cross-polarization have been
verified. The measured realized gain is about 2.2 dBi in the operating
frequency band, and the efficiency is about 75%. The different
reconfigurable patterns based on Table II are shown in Fig. 10 (b),
which can be directed to around +30°. Despite the radiation patterns
pointing to the other direction, its cross-polarization is unaffected and
remains relatively good. Similarly, the good radiation characteristics
with LHCP are also realized.

120

III. PLANAR ARRAY

As described in Section II-A, the proposed method can be used to
array antenna to realize polarization-reconfigurable wide-scanning
capability and multi-beam patterns. Hence, a four-by-four planar array
is implemented for these applications based on the above antenna
element. Thanks to the compact element size, the inter-element distance
of the array is 30 mm (0.5k at 5.0 GHz). To explore the proposed
array’s polarization-reconfigurable beam scanning capability, a simple
analysis with this planar array is presented in this section. As all we
know, the ideal array field pattern is calculated as

M—1N-1
Ftotal(g) — Z Z an(g)e—jamnejk(mdxcosgo+ndysingp)sin6‘
m=0n=0
= Em=i Znzo Fun
Where the input phase difference of the array element is
@n = Ma, + na,, which, usually, could decide the beam direction.

(g)e7j(ma,,+nay)ejk(mdxmsgo+ndysimp)sim9 (6)

However, the scanning gain fluctuation is up to F,,,,(8). It can be
equivalent to

Frota1(6) = F(6) - AF () (7)
Where AF(#, @) is the planar array factor. Noted that the beam
direction of the array is up to the phase difference in the array factor,
but the array pattern can be optimized by the phase difference (4)
based on the different scanning direction. Meanwhile, the phase S
(f = +90°) is up to the polarization of the array. Therefore, in this
array, we combine the control of the radiation performance of the
antenna element with the phased array to achieve the optimization of
the array polarization-reconfigurable beam scanning capability.

A. Dual-polarization planar array

Due to the limitations of our test conditions, two different feeding
ways are available for each of the two polarization states. For
demonstration, as shown in Fig. 11 (a), a four-by-four planar array is
manufactured and connected to eight one-to-four feed networks, eight
mechanical phase shifters, and a one-to-eight power driver. The

First Author et al.: Title

passive planar array system is realized and tested in the anechoic
chamber to verify the beam scanning capability. To show the array
excited method clearly, eight different colored lines are used in Fig. 11,
with the remaining ports connected to matching loads. Similarly, the
scanning capability of the other polarization is measured. Fig. 12
shows the measured S-parameters of the proposed array at different
scanning angles. The array operates with a bandwidth of 4 to 5.1 GHz
over most scan angle ranges. But the impedance matching of the array
becomes poor when scanning to around 70°. This is because the
relatively large input phase leads to stronger induced currents between
the array elements in the array, resulting in poorer impedance
matching of the array elements. Overall, the reflection coefficients at
large scanning angles up to 70° is lower than -6 dB in the proposed
bandwidth and the ones at other scanning angles are lower than -10 dB.
Besides, the post isolation and mutual coupling in the array are also
presented, which are lower than -18 dB and -15 dB to guarantee the
good scanning performance, respectively. To demonstrate the effect of
the phase difference (4) on the performance of the array radiation
pattern, the array patterns with and without optimized phase difference
(4) when the beam is scanned to 60° are given in Fig. 12 (b).
Comparing these patterns shows a significantly improved gain (up to 3
dB) and sidelobe levels (lower than -11 dB) for the proposed approach
when the array is scanned at large angles. This is because that the
scanning pattern can be optimized by changing the antenna element’s
radiation pattern in the array to achieve a better scanning pattern.

Second stage

o =

Fig. 11. Photograph of the proposed array and measurement: (a) Passive array
system and linear polarization excitation; (b) Plan view of the array; (c) Side
view of the array; (d) CP array excitation.
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Fig. 12. (a) Measured S-parameters of the proposed dual-polarization antenna at
different scanning angles and (b) Normalized radiation patterns with and
without optimized phase difference (4) at directing to -60°.
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Fig. 13. Scanning performance of the array antenna: (a) scanning capability in
the bandwidth; (b) scanning normalized pattern at 4.5 GHz.



The measured and simulated scanning characteristics are depicted in
Fig. 13. Note that the proposed design can realize the scanning
capability from -70° to 70° and the gain reduction is lower than 3 dB in
the range from -60° to 60° in the proposed bandwidth. To verify the
scanning performance, the pattern at the center frequency is just shown
in Fig. 13 (b). It is found that the proposed array has good scanning
capability with low sidelobe and wide-angle scanning range. The
measured results are also given, which are in general agreement with
the simulation results.

B. Circular polarization planar array

Based on the CP antenna element excitation way in Section in
Section II-C, as shown in Fig. 11 (d), four one-to-four feeding
networks are connected to a column of antenna elements in the array,
meanwhile, which are connected to the first stage phase shifters,
ensuring the CP characteristics and the deflection of the radiation
pattern of the array elements, respectively. Hence, the passive CP
array system is set up and measured in the anechoic chamber.
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Fig. 14. Measured total S-parameters of the proposed CP array at different
scanning angles and mutual coupling in the array.
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Fig. 15. Measured and simulated normalized radiation patterns and AR patterns
of RHCP with scanning different angles.

In Fig. 14, the measured S-parameters of the proposed CP array at
difference scanning angles are presented, which operates from 4 to 5.1
GHz in the scanning range and the mutual coupling between the
adjacent units in the array is lower than -15 dB. We also give the
S-parameters for the LHCP, showing that the impedance matching still
works in the polarization reconfigurable mode. Similarly, the far field
characteristics of the array are verified by the RHCP for the sake of
brevity. The measurements and simulations about the radiation
patterns and AR patterns of the RHCP are shown in Fig. 15. Note that
the array can still achieve beam scanning capability within £60° in its
operating frequency band. The sidelobe level of the beam is less than
-10 dB except for the sidelobe level below -7.5 dB at 60°. Besides, we
can see that the test results are in general agreement with the simulated
results. The AR of the beam is less than 3 dB regardless of the
scanning angle, and in particular, the AR of the scanning beam is
better when scanned to around -30°. This is because the optimization
of the phase difference within the array element results in excellent AR
performance in this direction. Again, as the pattern-reconfigurable
performance is not very good when scanning to larger angles, the AR
is worse than the beam at smaller angles but still less than 3 dB. In Fig.
16, the AR and the realized gain of the array in the frequency band are
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reported. Noted that the proposed array antenna has good far-field
characteristics, where’s AR is less than 3 dB in the frequency band and
the beam gain gradually decreases with increasing the scanning angle.
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Fig. 16. Far field performance of the proposed array: (a) AR and (b) Realized
gain of RHCP with frequency.

C. Multi-beam capability

To explore the proposed array’s multi-beam capability, a simple
analysis with this planar array is presented in this section. As all we
know, the ideal array field pattern is calculated as shown in Eq. (6).
Based on Eq. (5), we can find that the pattern of the antenna element
could be tilted by manipulating the phase difference (4), as shown in
Table I, which has many models (F,,,,(8) € (F,, F, --- F},)). Hence,
to enhance the scanning capability of the array, based on the beam
scanning direction, the pattern F,,, (&) of the element can be modified
by the phase difference (4), which is a new dimension to improve the
scanning capability. However, in an infinite array antenna, since the
pattern of the array elements tends to be the same, so the proposed
method will gradually weaken, and it is only suitable for small arrays.

In addition, no limited by the size of the array, F, (&) and F, (@) can
be implemented in the array, so F,,,(8) € (F,, F.), and we can use
the optimization algorithm [23] to optimize Eq. (6) to get the
multi-beam radiation.

15 15
10 4 J- _ 10 #3150
- E—— I N [--J A — AN
= K =i »
3 AL Ui 3 5 AT IR W
C. fire- / I Al | SN £
= -10 / ) = -10 -
g 1o i e AU RN RN 3 AL
2 18 —a—sim. co-pot D1 [ |[[\[{—o— Sim. xcpot D1 | = 18 NamiraNIN|
$ -20- —— Sim. co-pol D2 —+— Sim. x-pol D2 1 § -20 22 TRV @R
& 25—+ Sim. co-pol D3 % —e— Sim. x-pol D3 § & .25 {—=— Sim. co-pol D4 / 1|/ |/ —+— Sim. x-pol D4
304+ Mea. co-pol DI __| Il o~ Mea.x-poID1] .30 {—e—Sim.co-poI D5 ¢l | —<— Sim. x-pol DS
.35+ Mea.co-pol D2 | | —— Mea. x-pol D2 .35 ] Mea. co-pol D4/ — — Mea. x-pol D4
40— — Mea. co-pol D3 —— Mea. x-pol D3 40 —v— Mea. co-pol D5 —e— Mea. x-pol D5
4180 120 60 0 60 120 180 180 -120 60 0 60 120 180
Theta/deg. Theta/deg.
15 ‘ @ 07~ (b)
10
] b & A0
/- =]
S R Ay /MR 3 N g.
3 S R
O 51 o PCINN £
3 |l £
S -0 PN AR A g
s VP R W 1
& 157 aSim. co-pol T1 | Sim. x-pol. T1 | A
20 {—*— Sim. co-pol T2 < Sim. x-pol. T2
—s— Mea. co-pol T1+ — — Mea. x-pol. T1
-25+—v— Mea. co-pol T2 —e— Mea. x-pol. T2 30

60 120 180 35 40 45 50 55 60
Frequency/GHz
(d)

-180 120 -60 0
Theta/deg.
(©)
Fig. 17. Far field performance of the proposed array with multi-beam capability:
(a) Dual-beam patterns (D1, 2, 3); (b) Dual-beam patterns (D4, 5); (c)

Triple-beam patterns (T1, 2); (d) Measured S-parameters.

Then, the particle swarm optimization (PSO) [24] algorithm is
employed to calculate the optimal solution. We can obtain the array
element model or phase excitation coding matrixes for different beam
radiation as shown in Table III. For the dual-beam, in Fig. 17 (a), the
symmetrical dual-beam patterns are obtained by the proposed
approach, which can get different array element model coding
matrixes based on the different beam pointing. Also, the dual-beam
pattern in H-plane and the asymmetrical dual-beam pattern are



obtained as given in Fig. 17 (b). For the triple-beam, the patterns are
shown in Fig. 17 (c). Different beam pointing of the patterns are up to
the different array element model coding matrixes. Therefore, if the
dimension of the proposed array is sufficiency large, arbitrary beams
can be obtained by the proposed design. The measured results are also
drawn in Fig. 17, noted that they are similar to the simulated results
and the operation bandwidth is always from 4 to 5.1 GHz. The
simulated 3D dual- and triple-beam patterns are shown in Fig. 18,
noted that the proposed array achieves a good multi-beam capability.
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Fig. 18. 3D far field performance of the array with multi-beam capability: (a)
Dual-beam asymmetrical pattern (D4); (b)Triple-beam pattern (T1).

TABLE III
MULTI-BEAM CHARACTERISTICS OF THE PROPOSED ARRAY

Type Beam pointing Coding matrix
DI -70° and 70° [Fy, -Fa, Fy, -Fu.]
D2 -25° and 25° [Fy, Fa, -Fy, -Fu.]
D3 -34° and 34° [Fa, -Fa, -Fa, Fa,]
o . [Fy, -Fo, -Fo, Fuol

D4 157 and 30 with o of 150°
D5 -30° and 30° [Fa, -Fa, -Fa, Fa,]"

Tl -45°,0°, 45° [-F,, E., F., F.]
T2 -65°, 0°, 65° [Fe, -Fa, Fe, -Fo]

IV. CONCLUSION

In this work, an innovative method based on controlling the current
distribution of the radiating patch by adjusting the input phase has been
presented to realize both pattern and polarization reconfigurable
characteristics of the antenna and multifunctional array. A compact and
low-profile antenna with four ports is designed to implement this
method, which can operate at a wide bandwidth from 4.0 to 5.0 GHz to
realize pattern and polarization reconfigurable characteristics. For the
dual-polarization state, the antenna realizes the pattern reconfigurable
capability including the wide-beam, dual-beam, +50° beams for each
polarization. For the CP state, the beam can direct to different directions
with wide beam for the RHCP and LHCP, respectively. A four-by-four
passive planar array can realize polarization-reconfigurable
characteristic with beam scanning capability including the beam
scanning over +70° for the dual-polarization and over +60° for the CP,
respectively. In particular, the proposed method can be used to realize
the multi-beam capability.
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