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Abstract — This study proposes a patch antenna with an
irregular shape on a radiating metal patch for 2.4 GHz
WLAN applications. The proposed antenna is optimized
using our in-house designed particle swarm optimization
(PSO) method. By optimizing the coordinates of each
vertex of the hexagon radiating metal patch, the PSO
algorithm successfully extends the impedance bandwidth
and antenna gain without increasing the size, cost, and
complexity of the antenna. The optimized antenna has a
unique and irregular shape. Measured impedance band-
width of 7.71% (2.37-2.56 GHz) and peak gain of 2.84
dBi of the proposed irregular-shaped patch antenna are
obtained. The simulated and measured results of reflec-
tion coefficient, gain, and far-field radiation are found
to be in good agreement with each other, hence evi-
dently confirming the validity of the proposed method.
The proposed irregular shaped hexagon patch antenna
demonstrates superior performance of impedance band-
width and antenna gain compared to those of the regular-
shaped hexagon patch antenna.

Index Terms — antennas, optimization methods, PSO,
and wireless LAN.

L. INTRODUCTION

Patch antennas have been widely applied for wire-
less communication systems. Patch antennas have
advantages of light weight, low profile, and easy fabrica-
tion. However, one of the drawbacks of patch antennas is
their narrow impedance bandwidth (typically 3-5%). To
overcome this drawback, broadening band techniques,
such as stacking layers, adding parasitic elements, using
slots and short pins, and increasing the thickness of the
substrate, can be used. However, these broadening band
techniques will complicate the antenna configuration.

The shape of the radiating element on conventional
patch antennas is usually regular, such as square, rect-
angle, circle, triangle, and polygon, on a radiating metal
patch. However, irregular shapes and curve shapes can
provide more flexibility to achieve wide band specifica-
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tions. To date, irregular shapes have been less applied to
radiators since they are difficult to design.

Transmission-line and cavity models [1] have been
commonly used to analyze and design conventional
patch antennas. An alternative method is to apply an
optimization algorithm in conjunction with a full-wave
electromagnetic (EM) simulator to design patch anten-
nas. Using this method, complicated configuration and
satisfactory performance of an antenna can be achieved.
Many optimization algorithms have been applied to
design antennas. In [2]] and [3], the numerical electro
magnetics code (NEC) was used as the EM simulator
for the genetic algorithm (GA) [4] 5] for the design and
optimization of a planar monopole antenna and an elec-
trically small wire antenna. In [6], Taguchi’s method [7]
in conjunction with a method of moments (MoM)-based
EM simulator, IE3D, was applied to optimize CPW-
fed slot antennas. Particle swarm optimization (PSO)
method [8]] is another popular and effective algorithm to
optimize patch antennas [8H12]]. Recently, invasive weed
optimization (IWO) algorithm was also applied to opti-
mize a U-slot patch antenna [[13]] and a meander-shaped
MIMO antenna [14]].

In this design, we employed our in-house designed
PSO method in conjunction with the finite element
method (FEM) based EM simulator, HFSS, to design
and optimize a regular-shaped hexagon patch antenna.
The focus of the proposed approach is to apply the
PSO optimizing the coordinates of six vertices of the
hexagon radiating patch to extend the impedance band-
width (BW) and increase gain of the regular-shaped
hexagon patch antenna for 2.4 GHz WLAN applications
without using any broadening band techniques. In con-
trast to other optimization works that optimize dimen-
sions of the antenna, the proposed approach, which
optimizes the coordinates of vertices, provides more
flexibility to design the antenna, since the dimensions
and shape of the radiating structure are simultaneously
changed by the PSO. This approach does not constrain
the shape of the antenna during optimization, and the
PSO algorithm is free to produce the optimized antenna.
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The optimized antenna will have the characteristics of
low cost, compact size, and simple configuration. There-
fore, this design can be considered a challenging task.
After optimization, the optimized patch antenna will
have a unique and irregular shape on the radiating metal
patch. The proposed design method successfully extends
the impedance bandwidth and antenna gain. Com-
pared with the regular-shaped hexagon patch antenna,
the optimized irregular-shaped patch antenna has wider
impedance bandwidth and higher antenna gain. There-
fore, the proposed irregular hexagon patch antenna can
be considered as a novel patch antenna. The optimiza-
tion settings of the PSO method and characteristics of
the proposed irregular-shaped hexagon patch antenna are
presented and discussed. Moreover, this study could
serve as a helpful example to design a new patch antenna
with satisfactory performance using an optimization
method.

I1I. ANTENNA DESIGN AND PSO
OPTIMIZATION

Figure [I] shows a regular-shaped hexagon patch
antenna, which is denoted as the initial antenna here.
The initial antenna is to be fabricated on a cheap FR4
substrate with a thickness of 0.8 mm, a relative dielec-
tric constant of 4.4, and a loss tangent of 0.02. The
initial antenna consists of a ground plane printed on the
bottom side of the substrate and a metal hexagon patch
with six vertices or edges printed on the upper side of
the substrate. The center of the antenna structure is
located at the origin of the coordinates. The coordi-
nates of the six vertices are located on the x-y plane and
measured in millimeters (mm). The initial antenna was

Fig. 1. The geometry of initial antenna with a regular
hexagon patch.

WENG, CHANG: PARTICLE SWARM OPTIMIZATION OF IRREGULAR-SHAPED HEXAGON PATCH ANTENNA

Table 1: Coordinates of six vertices for the initial and
optimized hexagon patch antenna

Coordinates (x, y)| Initial (mm) |Optimized (mm)
(x1, y1) (-18.0, 0) (-22.81, 6.46)
(x2,y2) (-9.0, 15.59) | (-14.03, 10.65)
(x3,y3) (9.0, 15.59) | (1.86,13.69)
(x4, y4) (18.0, 0) (13.96, -3.14)
(x5, y5) (9.0,-15.59) | (9.07,-7.74)
(x6, y6) (-9.0, -15.59) | (-12.74, -23.67)

designed using the trial-and-error approach. Each edge
has a length of L (18 mm) so that the initial antenna
can operate in the 2.45 GHz WLAN band with a good
impedance matching less than —25 dB. The coordinates
of the six vertices for the initial antenna are shown in
Table [Tl

In our optimization approach, the coordinates of
six vertices are to be optimized by using our in-house
designed PSO method, which was performed using Mat-
lab version R2016b, to achieve the desired specifications.
The main reason of choosing a hexagon-shaped radiat-
ing patch instead of a rectangular-shaped radiating patch
for the initial antenna is that the hexagon-shaped shape
has six vertices, which are two vertices more than the
rectangular shape, and can offer more degrees of free-
dom for optimization. Although a greater number of
vertices for the patch shape, such as octagon or decagon,
can be utilized, the solution dimensions will also be
increased. And it will cause more complexity of the
problem. Hence, it is appropriate to use the hexagon
shape patch in this design. The optimization range of
each vertex is set to be 0.5 L, which can be considered
as the radius of the circle in solution space and hence for
searching the optimal antenna shape the center of the cir-
cle is located at each vertex. This arrangement prevents
the edges of the patch from overlapping. It is worth not-
ing that the initial values of the vertices are only applied
to easily create the geometry of the initial antenna in a
full-wave electromagnetic (EM) simulator and to set the
optimization range for each vertex. It is not necessary
to require the initial antenna to perform well. The PSO
method will try to find the optimal solution in the given
optimization range, since the PSO method is a global
optimizer. The interval between each vertex and the edge
of the substrate for clearance is set to be 5 mm as shown
in Figure [} This interval setting can ensure that the
location of each vertex will not exceed the edge of the
substrate. The metal patch is excited by an SMA con-
nector. The location of the SMA connector is fixed at the
coordinates (4, 0).

The desired specifications of the proposed hexagon
patch antenna are that the magnitude of reflection
coefficient of the antenna (|S1; (f)[|) should be less than

1536



1537

-10 dB, while the antenna gain (gain(f)) should be
at least 3 dBi at frequencies between 2.35 and 2.55
GHz. Therefore, based on the desired specifications,
the fitness function for the PSO method is described as
follows:

Fitness
=255 GHz 14sgn( IS —|Snd
=Y G ()~ fsuap BB )y
=235 GHz

1 +sgn( gaing — gain(f))
2

+2 ( gain, — gain(/f))[ | Afs,
(¢))
where, Af] and Af; are the frequency interval set to be
0.05 GHz and 0.1 GHz, respectively; |S1;d| is —10 dB;
is 3 dBi. sgn () equals 1 if the entry is positive, whereas
sgn () equals -1 if the entry is negative. The fitness value
is a parameter related to the antenna to be designed, such
as the reflection coefficient and the antenna gain of the
antenna. If [Sy;(f)| is higher than [S;;d| , computing the
fitness value is calculated at frequencies between 2.35
GHz and 2.55 GHz. However, computing the fitness
value is not performed when |S1;(f)]| is less than —10
dB. The same process is applied to the calculation of the
fitness value for the antenna gain. Therefore, a smaller
fitness value reflects better antenna performance. In the
PSO optimization process, the coordinates of each ver-
tex are varied on the basis of the fitness value in each
EM simulation performed by HFSS, and the final solu-
tion of the present simulation is then obtained after the
iterative operation is completed. In the PSO settings,
the maximum number of iterations is set to be 50. The
reflecting boundary condition [8] and 36 particles were
used.
This study focuses on the design and optimization
of the proposed hexagon patch antenna. Therefore, for
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Fig. 2. Fitness curve of the PSO optimization for the

hexagon patch antenna design. The embedded figure is
the geometry of the optimized patch antenna.
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a concise reason, other detailed concepts and procedures
of the PSO method are not shown here and they can be
found in [8]] and [[10].

III. RESULTS AND DISCUSSIONS

The antenna optimization was performed on a per-
sonal computer with a 2.9 GHz Intel i7 870 CPU and
8 GB of memory. Figure [2] shows the fitness curve
of the PSO optimization for the hexagon patch antenna
design. The PSO process was terminated after 39 iter-
ations since the fitness value was convergent. The
optimized antenna was then fabricated on the FR4 sub-
strate based on the optimized vertices coordinates pre-
sented in Table [T} Figure [2] also reveals the geometry
of the optimized hexagon patch antenna, which shows
that the shape of its metal radiating patch is irregular.
The overall antenna size with 5 mm clearance in each
direction of the optimized antenna is 46.7 mm (in the
x direction) by 47.4 mm (in the y direction). Mea-
sured |S11| and radiation patterns were obtained using
an Agilent N5230A vector network analyzer (VNA) and
an MVG SG-24 antenna measurement system, respec-
tively. Figure [3| exhibits the |Sj;| curves of the opti-
mized antenna and the initial antenna. The embed-
ded photograph shown in Figure [3| is the optimized
patch antenna. Good agreements between measured
and simulated |Sj;| of the two antennas are observed,
which demonstrates the validity of the proposed design.
The measured impedance bandwidth (below —10 dB) of
the optimized antenna is 0.19 GHz (7.71%, 2.37-2.56
GHz), which is 2.6 times wider than that of the initial
antenna.

To better understand the operating principle of the
optimized antenna, the input impedance Z;, and sur-
face currents of the optimized antenna were simulated.

S,,| (dB)
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L Initial sim.
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Fig. 3. Reflection coefficients |Sy; | of the initial and opti-
mized antennas. The embedded photograph is the opti-
mized patch antenna fabricated on the FR4 substrate.
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Fig. 4. Simulated input impedance of the optimized
antenna.
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Fig. 5. Simulated surface currents of the optimized
antenna at (a) 2.38 GHz, (b) 2.45 GHz, and (c) 2.55 GHz.

Figure [4] shows the input impedance Zj, of the antenna,
where Zj,= R, + j Xjn. Three resonant frequencies (at
Xin= 0) excite at 2.38, 2.42, and 2.52 GHz close to the
design frequency at 2.45 GHz, while the real parts (R;, )
of Z;, are near 50 ohms. Hence, the irregular radiating
patch excites multi-resonant frequencies around the cen-
ter frequency of 2.45 GHz resulting in a wide impedance
bandwidth.

Figure [3] reveals the simulated surface currents of
the optimized antenna at 2.38 GHz, 2.45 GHz, and 2.55
GHz, respectively. There are two modes in the operating
band. One mode exists at 2.38 GHz, which is the domi-
nant resonant frequency, and the other one exists around
2.45 GHz to 2.55 GHz. The directions of surface cur-
rents in each mode are almost orthogonal to each other.

Figure [6] exhibits the simulated three-dimensional
(3D) gain patterns of the initial antenna and the opti-
mized antenna at 2.45 GHz, respectively.  Three-
dimensional gain patterns of the two antennas are similar
to each other. Two antennas have a wide beamwidth and
a symmetric pattern in the boresight direction. Figure
(a), (b) reveals two-dimensional radiation patterns of the
optimized antenna in the x-z and y-z planes, respectively.

db(GainTotal)

5 BL AR
II J—
3. 6I21E-002

-1 512184000

B I T0EE

4. TIEGE 00

(a) (b)

Fig. 6. Simulated three-dimensional gain patterns of (a)
initial antenna and (b) optimized antenna at 2.45 GHz.

In addition to 2.45 GHz, two frequency points 2.38 and
2.55 GHz are chosen based on the —10 dB limit of |Sy].
Again, good agreements between simulated and mea-
sured gain patterns at 2.45 GHz are observed, as shown
in Figure [/| (a). The measured 3 dB beamwidth is 100
degrees in both the x-z and y-z planes. Meanwhile, the
radiation patterns of the optimized antenna do not change
much, with the frequencies at 2.38, 2.45, and 2.55 GHz
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Fig. 7. Radiation patterns of the optimized antenna in the
x-z and y-z planes, respectively. (a) Gain patterns with
different frequencies and (b) normalized co- and cross-
polarization radiation patterns at 2.45 GHz.
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Fig. 8. Measured and simulated peak gains of the initial
and optimized antennas.

Table 2: Measured results comparison between initial
and optimized hexagon patch antennas

Antenna | Bandwidth Peak gain | Size (mm)
(GHz) (dBi)
Initial 3.02 2.21 46.0 x 41.2
%,2.44-2.52
Optimized 7.71 2.84 46.7 x 47.4
%,2.37-2.56

showing stable patterns over the working band.

For the normalized co- and cross-polarization fields
of the optimized antenna at 2.45 GHz shown in Figure
(b), the level difference between co-polarization and
cross-polarization is around 5 dB in the bore sight direc-
tion. The cross polarization level in the x-z and y-z
planes is higher than that of the regular shape initial
antenna. The high level of cross-polarization fields is
mainly due to the irregular radiating structure of the
antenna [15 [16]. Meanwhile, the polarization condi-
tions are not included in the fitness function shown in
(1) when optimizing the proposed antenna. Ideally, the
level difference of the two orthogonal fields should be
maximal for linear polarization. However, these high
cross-polarization fields could be an advantage in
WLAN communications [[L6] and a potential property for
designing a circularly polarized antenna.

The measured peak gains of the optimized antenna
are 2.07 dBi at 2.45 GHz and 2.84 dBi at 2.55 GHz,
which are usually higher than those of the initial antenna,
as shown in Figure [§] Additionally, the bandwidth of
peak gain of the optimized antenna is also wider than that
of the initial antenna, while the optimized antenna almost
maintains the same antenna size. Comparisons of mea-
sured results, such as impedance bandwidth, peak gain,
and overall size of the two antennas at 2.45 GHz, are
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tabulated in Table[2] Apparently, the performance of the
optimized irregular-shaped hexagon patch antenna out-
performs the initial antenna in impedance bandwidth and
antenna gain. The proposed optimization approach suc-
cessfully achieves the desired specifications of the pro-
posed antenna. The optimized irregular-shaped hexagon
antenna is suitable for 2.4 GHz WLAN applications.

IV. CONCLUSION

This paper presents a novel irregular-shaped
hexagon patch antenna for 2.4 GHz WLAN applications.
The in-house designed PSO code has been combined
with the electromagnetic simulator, HFSS, to design and
optimize the proposed antenna. By optimizing the coor-
dinates of the vertices, the proposed irregular-shaped
hexagon patch antenna has been designed via the PSO
method on the unconstrained shape of the antenna. Opti-
mization settings for the PSO method have been pro-
vided. The proposed approach successfully extends the
impedance bandwidth and antenna gain without using
any other broadening band techniques, such as stack-
ing layers, adding parasitic elements, using slots and
shorting pins, and increasing the thickness of the sub-
strate. Therefore, the proposed approach has achieved
the characteristics of compact size, low profile, simple
structure, and low cost of the proposed antenna. The
proposed irregular hexagon patch antenna has exhib-
ited superior performance in impedance bandwidth and
antenna gain compared to those of the regular hexagon
patch antenna. Meanwhile, the fabrication process of
the proposed irregular-shaped patch antenna is the same
as that of regular-shaped patch antennas. Hence, there
are no extra costs or challenges in the antenna fabrica-
tion process. This study also shows that the irregular
shapes adopted for antenna designs can provide better
antenna performance in the case of the proposed antenna.
The proposed irregular-shaped hexagon patch antenna
can be a promising candidate for applications in 2.4 GHz
WLAN systems.
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