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Abstract: The binary particle swarm optimisation (BPSO) in conjunction with the time-domain discrete Green’s function
(DGF) method is proposed for designing of printed ultra wideband (UWB) antennas. In the DGF method, on one hand,
a three-dimensional problem is reduced to a two-dimensional one, and on the other hand, the broadband frequency
characteristics of the antenna are achieved with a single simulation run. Furthermore, the spatial discrete
representation of the current on the antenna, in the DGF method, facilitates implementation of its combination with the
BPSO algorithm. Two different UWB antennas are designed using the proposed approach. First, an antenna is
designed to minimise voltage standing wave ratio (VSWR). The experimental result shows that the antenna has a
VSWR about <1.5 over the UWB range. Second, an antenna is designed to have not only low VSWR, but also stable
radiation pattern over the UWB range. The experimental results show a good impedance matching and stable
omnidirectional pattern over the UWB range.

On the other hand, computations are performed only on the
antenna regardless of the free space nodes around it, such as MoM
simulator [4]. Furthermore, the proposed algorithm is found to be

1 Introduction

The dyadic finite-difference time-domain (FDTD) compatible
Green’s functions, referred to as the discrete Green’s functions
(DGFs), were proposed in infinite free space initially [1]. The
DGFs were then applied to analysis of antennas with the aim of
avoiding the need for absorbing boundary conditions and
calculation of free space nodes around them [2-5]. Recently, the
DGFs in multilayered media have been derived based on the
finite-difference scheme of time-domain mixed-potential equations
[6]. The DGFs, which are in the time-domain, are different from
the discretised version of continuous Green’s functions and
reflect the attributes of the discrete solution such as dispersion
and stability [7]. The multilayered DGFs have potential
applications in printed antenna modelling especially broadband
printed antennas. In the DGF method, the current distributions
on an antenna have the same discrete scheme as the fields in the
Yee grid of the FDTD method and are computed at time
successive steps regardless of the white space around the
antenna [3, 6].

During the last decades, with the advancement of computer
resources, various optimisation techniques have been combined
with proper electromagnetic (EM) simulation tools to discover new
structures for antennas with superior performance [8—12]. The aim
of this paper is to apply DGF method as an EM simulation tool in
optimisation process of printed ultra wideband (UWB) antennas.
The binary particle swarm optimisation (BPSO) is used to
determine the optimal shape of antennas according to a desired
performance. Compared with other binary optimisation algorithms, ¥
the advantages of BPSO are that BPSO is easy to implement and
there are few parameters to adjust [9, 13]. So far, the particle -0x FT: ]‘
swarm optimisation (PSO) algorithm in combination with different Ty Electric fields excitation N
EM simulators, such as method of moment (MoM) or FDTD b
simulators, has been used to design wideband antennas [13-16].
The combination of the PSO algorithm and the DGF simulator has
the advantages of the both FDTD and MoM simulators. In other
words, on one hand, since the DGF simulation is in the
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Fig. 1 Schematic of the mesh on the antenna and the distribution of the
discrete currents

a Schematic of the mesh on the antenna in the DGF method and the distribution of the
discrete currents (J; and J,) of one cell

time-domain such as FDTD method, the broadband frequency
characteristics are obtained through a single simulation run [3, 5].
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b Portion of the mesh grid with representation of the excitation and current distribution at
the feed location
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Fig. 2 Flowchart of the parallel BPSO/DGF algorithm

highly efficient in terms of programming because of the discrete
nature of the DGF method and the BPSO algorithm. This
procedure also offers an automatic shape design of UWB antennas
to which little attention has been paid [17-19].

In this paper, in addition to the minimum return loss, the stable
radiation pattern is considered in the design procedure. Up to now,
various techniques have been introduced to enhance pattern
stability of the UWB antenna [20-24]. These techniques are based
on the previous knowledge of the pre-defined structures. However,
in the proposed design the proper geometric shape of a UWB
antenna is constructed.
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h 4

End

2 Formulation
2.1 Antenna analysis using the DGF method

This paper is focused on shaping of a coplanar waveguide (CPW)-fed
planar monopole antenna printed on a dielectric substrate. For the
analysis of the antenna using the DGF method, first, the medium is
meshed and a space point in a uniform rectangular lattice is
demonstrated as (i, j, k) = (iAx, jAy, kAz), where Ax, Ay, and Az are,
respectively, the lattice space increments in the x-, y-, and
z-coordinate directions. The DGF of a three-layered medium
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Fig. 3 Geometry of the monopole antenna with the pixelised patch (L, =16 mm and W, = 19.2 mm) and its fixed ground plane and feed line (w = 3.2 mm, d =
1.2mm, g=0.4, Wy =8 mm, Ly =4.8 mm). The distribution of the current of a pixel, in the DGF method, is also enlarged
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Fig.4 Convergence curve of the global best fitness by using 32 particles for
100 iterations in the design of a UWB antenna with minimum return loss

(air-dielectric-air) are calculated according to [6] and those that are on
the surface of the antenna are saved. Then, the induced currents of the
antenna at the time step (nAt) can be formulated as (1) in terms of the
incident field in the future and the currents induced on the structure
previously in an iterative fashion [2-3, 6].

—1

- Savg - +1/2 savgn N -

e = Bl + 5 2 D WO el "
=

i,j, k,i,j, k' on the antenna.

where [G] is the three-layered discrete Green’s functions, [f ] is the
density of the electric current, and &,,, is the effective dielectric
constant which is assigned to the cells on the interface and is the
average value of the dielectric constants. Fig. la shows the

Return Loss (dB)

—=— Optimised antenna
— Staircase monopole antenna

2 4 6 8 10 12 14
Frequency (GHz)

Fig. 6 Comparison between the return loss of the optimised antenna and
the staircase monopole antenna

schematic of the mesh on the antenna and the distribution of the
discrete currents (J, and J,) of one cell (the antenna thickness has
been considered zero). A portion of the mesh grid showing the
excitation and current distribution at the feed location is shown in
the Fig. 1b. The x-directed incident electric fields are between the
central strip and the ground planes and are 180° out of phase in
the two slots from which the CPW is excited in the even mode.
After launching the excitation, the transient currents are computed
at successive time steps by using (1). The voltage and the current at

Fig. 5 Optimum topology of the monopole antenna and its fabricated prototype

a Optimum topology of the UWB antenna with minimum return loss
b Photograph of the fabricated antenna

¢ Staircase monopole antenna which is the initial solution and is considered as a reference to compare the results
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Fig. 7 Simulated and measured VSWR of the optimised antenna

the feed location are defined as follows

/2 | pn=1/2
V"= Ax M yslot W (2)

I'" =Ax Az ZJ;’i =15 i on the centre conductor 3)
7

where 7., is the number of nodes in the slot. Then, the input
impedance of the antenna can be determined by using the Fourier
transform of (2) and (3).

The far-field radiation patterns are obtained by applying fast
Fourier transform (FFT) to the time-domain current distribution of
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Fig. 8 Simulated 3D radiation patterns of the first antenna at

a 3.5 GHz
b 6 GHz

¢ 9 GHz

d 10.5 GHz
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(1) and by using the following equations

Ny, @, mAf) =Y {JF!'(i, j)cos 6 cos g™
g ' “
+ JF}'(i, j) cos 6 sin e 1 AxAy

Ny(0, @, mAf) =Y {—JF!'(i, j)sin g™
g ' (5)
+ JF}'(i, j) cos e Y AxAy

where

r, = (i + 0.5)Axsinf cos ¢ + (j)Aysin6 sin ¢
7, = ()Ax sin6 cos ¢ + (j + 0.5)Ay sin6 sin ¢

JF ;"’y is FFT of the current with frequency steps of mAf where Af=
1/(AtN;) and N, is the total number of time steps in DGF simulation.

2.2 Binary PSO algorithm

PSO, developed in 1995 by Kennedy and Eberhart [25], is a robust
stochastic optimisation technique inspired by the movement of
animal swarms. It uses a number of agents (particles) moving in
the search space to look for the best solution. Each particle adjusts
its flying according to its personal best flying experience as well
as the swarm’s best flying experience. A discrete binary version of
PSO was also proposed by Kennedy and Eberhart [26] in which
each particle has to take a binary decision. The details of PSO and
BPSO theory are introduced well and will not be repeated here.

2.3 BPSO/DGF algorithm

In optimising process the design space is divided into N pixels and
the optimal design has to be explored in a solution domain. Each
candidate design (particle) is represented by a binary string
consisting of a series of ‘0’s and ‘1’s. The antenna topology of the

dBi
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08.923
0.308
-3.33
=9.99
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dBi
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3

2.14
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=9.62

-16
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Fig. 9 Current distribution of the antenna at 10.5 GHz
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Fig. 10 Convergence curve of the global best fitness by using 32 particles
for 100 iterations in the design of a UWB antenna with minimum return loss
and stable radiation pattern

each particle is constructed in accordance with the binary string such
that the absence and presence of the metal correspond to ‘0’s and ‘1’s
from the binary string, respectively. The fitness function of each
particle is evaluated by the DGF method. Since the DGF
simulations for each particle within an iteration are independently
implemented, the optimisation process is performed on parallel
clusters. The parallel implementation allows less computational
time and better optimisation efficiency. The BPSO/DGF code has

a

Fig. 11 Optimum topology of the antenna and its fabricated prototype

a Optimum topology of the UWB antenna with low VSWR and stable radiation pattern
b photograph of the fabricated antenna
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Fig. 12  Simulated and measured VSWR of the optimised antenna

been written in FORTRAN in which parallelisation can be
implemented using the OpenMP application program interfaces
(API) [27]. Fig. 2 shows the flowchart of the parallel BPSO/DGF
algorithm. The OpenMP FORTRAN API follows the fork-join
model of parallel execution. In this model, the program starts with
a single thread called master thread to set the parameters of the
program and initialise the particles. Whenever an OpenMP parallel
construct is encountered, a team of threads (slave threads) is
created. They simultaneously execute the DGF method to evaluate
performance of each candidate design (particle). According to the
DGF results, velocity, position, and personal best of each particle
are updated. At the end of the parallel construct, team threads
synchronise and the master thread collects the results to determine
the global best position of the solution space.

3 Antenna design

Fig. 3 shows a CPW-fed planar monopole antenna printed on a
Rogers RT6002 substrate with thickness of 1.6 mm and relative
permittivity of 2.94. Its rectangular monopole patch with sides of
16 mmx19.2mm is defined as the design domain and is
discretised into square pixels with a side length of P, The
geometric dimensions of the ground plane and feed line are
supposed to be fixed and shown in Fig. 3. In the DGF analysis,
the spatial and time increments are set to Ax=Ay=Az=0.4 mm
and cAt=0.5Ax, respectively. The parameter P, is chosen such
that the Py/Ax (or Py/Ay) is an integer greater than one. With P, =
1.6 mm, Py/Ax (or Py/Ay) is equal to 4 and 4 x4 DGF cells
completely cover each pixel as shown in the enlarged view of a
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Fig. 13  Simulated 3D radiation patterns of the second antenna at

a 3.5 GHz
b 6 GHz

¢ 9 GHz

d 10.5 GHz

pixel in Fig. 3. With these choices and by considering the symmetric
shape of the antenna with respect to the y—z plane, the number of the
pixels or the length of the binary strings is 60. The geometry
refinement technique is also applied during optimisation to avoid
the point contact of the conductors resulting in an easy fabrication
[28].

3.1 UWB antenna design with minimum voltage
standing wave ratio (VSWR)

In this design, the fitness function is defined as
F= max(VSWR(f))| /€ [3.1GHz, 10.6 GHz] (©6)

to minimise VSWR of the antenna over the UWB band.

As observed from [10], in the 100-D binary optimisation problem,
a swarm with a number of 50 agents was adequate to obtain a
reasonably good convergence. In fact, in BPSO, the need for a
large number of agents is not as demanding as in Real PSO
probably due to the binary polarity of each dimension instead of
the infinite set in continuous spaces [29]. Our problem is
60-dimensional and we have selected 32 particles. In addition, the
optimisation process utilises eight parallel processors for parallel
implementation. Therefore, for a 32-particle swarm, DGF
simulation is repeated four times within each iteration of
optimisation to evaluate objective function of all particles. The
optimisation was stopped after 100 iterations. Fig. 4 plots the
convergence curve of the global best fitness value for 100
iterations which indicates a good convergence during 100 iterations.

Fig. Sa and b illustrates the optimum topology of the monopole
antenna and its fabricated prototype, respectively. Furthermore, the
initial solution which has been selected as a staircase monopole
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antenna is shown in Fig. 5c. It is similar to a beveled square
monopole antenna known as a wideband antenna [30].

The return loss of the optimised monopole antenna and the
staircase monopole antenna are compared in Fig. 6. The simulated
and measured results of the VSWR for the optimised antenna are

Fig. 14 Current distribution of the second antenna at 10.5 GHz
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shown in Fig. 7. It can be seen that the optimised antenna has very
good impedance matching over the UWB band.

The simulated 3D radiation patterns of the antenna at different
frequencies are shown in Fig. 8. At 3.5 and 6 GHz, the radiation
patterns look such as a donut, similar to a monopole antenna. At
the 9 GHz, the pattern changes its shape to a pinched donut and
the maximum radiation tilts from the broadside direction. It can be

60
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a
60 60
20 20
120 120
c
¥ 0dB
30 o 30
60 60
90 90
120 120

A% | —— ANT 1, Simulation
"150| —=— ANT 2, Simulation

- === ANT 1, Measurement
—— ANT 2, Measurement

seen that, at 10.5 GHz, the antenna’s radiated fields become
destructive in the broadside direction and a null appears. In fact, at
the higher frequencies, the EM wave of the antenna operates in a
travelling wave mode and needs to travel down to the antenna
structure. If the travelling length of the current is big in terms of
the wavelength, a null appears in the broadside direction [20]. The
length of the current path is half the perimeter of the antenna

0 oae

120\, /4120

80
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Fig. 15 Measured and simulated radiation patterns of the first and second antenna at 3.5 GHz

a In the E-plane

b In the H-plane, at 6 GHz

¢ In the E-plane

d In the H-plane, and at 10.5 GHz
e In the E-plane

fIn the H-plane
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which is shown in Fig. 9. It is about 36.8 mm and greater than of the
wavelength at 10.6 GHz (28 mm). This problem is also seen in the
radiation pattern of the staircase monopole antenna at 10.5 GHz.

3.2 UWB antenna design with low VSWR and stable
radiation pattern

Because of the radiation pattern degradation of the previously
designed antenna at the higher frequencies, in this section, we
have designed an UWB antenna with low VSWR and stable
radiation pattern. The desired radiation pattern is monopole-like
radiation pattern producing a figure of eight radiation pattern in the
E-plane (y—z plane) and omnidirectional radiation pattern in the
H-plane (x—z plane). Therefore, the objective function is defined as

F=F +F+F (7

Fy= max(VSWR(f))| € [3.1GHz, 10.6 GHz] ®)

1
= ﬁ/;max(,(w(e, =0, f)
—E(0paxs =0, 1)) ©
1
:E;(le: 0, ¢=90, f)

= E(Opa: ¢ =90, /) (10)

where E(6, ¢, f;) is the normalised radiated electric field at frequency
J; in the angular direction of (6, @) according to the coordinate
system shown in Fig. 11a. The sampled frequencies fi(j=1, ...,
Ny Ny=4) for pattern optlmlsatlon are {3.5, 6,9, 10.5} GHz The
objective function F, minimises the maximum deviation of the
radiation pattern from its maximum value at frequency f; and in
the H-plane to attain an omnidirectional pattern which has equal
amplitude in all the directions. The objective function F;
minimises the deviation of the radiation pattern in the broadside
direction (@ =0) from its maximum value at frequency f; and in
the E-plane to achieve maximum radiation at broadside. The
number of particles and iterations are the same as previous section.
The convergence curve of the global best fitness value for 100
iterations is illustrated in Fig. 10. It has a good convergence
during 100 iterations. The optimum topology of the antenna and
its fabricated prototype are shown in Fig. 11. The simulated and
measured results of the VSWR are shown in Fig. 12. The
measured VSWR of the antenna is <2 in the frequency range
3.72-10.58 GHz.

The simulated 3D radiation patterns of the second antenna at
different frequencies are shown in Fig. 13. Stable boresight
radiation patterns are clearly observed at different frequencies in
this design in comparison with those of Fig. 8. The current
distribution on the antenna at 10.5 GHz is shown in Fig. 14. The
effective length of the current path is about 22.4 mm which is
shorter than the wavelength; therefore, no null appears in the
broadside direction.

The simulated and measured normalised radiation patterns of the
first and second antennas in the H- and E-planes at different
frequencies are shown in Fig. 15. At lower frequencies, the ripples
occur in the measured radiation patterns which are mainly caused
by the feeding cable used to connect the antennas with the small
ground plane to the measurement system. This effect can be
alleviated by using the cable enclosed by an EM interference
suppressant tube to absorb EM radiation [31]. In spite of this, the
radiation patterns of both designed antennas are similar at lower
frequencies. However, it is seen that the second antenna provides
more stable omnidirectional radiation pattern than that of the first
antenna at 10.5 GHz in the H-plane (Fig. 15/"). It is also clear that,
at 10.5 GHz, a null appears in the broadside radiation pattern of
the first antenna in the E-plane which leads a drop of more than 6
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dB in the radiated power of the first antenna compared with the
second antenna (Fig. 15e).

4 Conclusions

In this paper, integration of the BPSO algorithm and the DGF
method is presented in the design of the printed UWB antennas.
The discrete nature of both methods greatly simplifies the
implementation. The design procedure is a topology optimisation
which does not require any details of the antenna template. The
optimisation is carried out for two different designs. In the first
one, proper topology of the antenna for the minimum VSWR is
achieved. In the second one, an appropriate topology is explored
not only for the low VSWR but also for the stable radiation
pattern in the entire UWB range. The experimental results confirm
the validity of the design algorithm.
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