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Abstract: A novel technique applying bacterial foraging optimisation (BFO) in conjunction with the method of moments (MOM)
is developed to calculate accurately the resonant frequency and bandwidth of rectangular microstrip antenna of any dimension and
of any substrate thickness. The resonant frequency results obtained by using (BFO/MOM) algorithm are in very good agreement
with the experimental results available in the literature. The computation time is greatly reduced as compared with the classical
MOM. Furthermore, the idea of this paper can be used for calculating the various parameters of microstrip antennas of different

structures and geometries.

1 Introduction

Owing to their many attractive features and excellent
advantages, microstrip antennas have attracted attention in
both theoretical research and engineering applications over
the past decades. Microstrip antennas are used in an
increasing number of applications, ranging from biomedical
diagnosis to wireless communication. Recent research on
microstrip antennas is aimed at size reduction, high gain,
resonant frequency, wide bandwidth, multiple functionality
and system-level integration [1]. Several methods are
available in the literature for computing the resonant
frequency of patch antennas. These methods can generally
be divided into two groups: simple analytical methods and
rigorous numerical methods. The analytical methods, based
on some fundamental simplifying physical assumptions
regarding the radiation mechanism of antennas, are the most
useful for practical design as well as providing a good
intuitive explanation of the operation of microstrip
antennas. However, these methods are not suitable and
robust for many structures, in particular, if this antenna has
a thick substrate. For rigorous methods such as the method
of moments (MOM) the exact mathematical formulations
involve extensive numerical procedures, thus requiring
extensive computational time. Evolutionary algorithms, in
particular the genetic algorithms (GA), have been widely
used in electromagnetic applications in recent years [2, 3].
A new stochastic optimisation technique, particle swarm
optimisation (PSO) has now gained popularity in the
electromagnetic community. PSO can be understood as a
modelling via an analogy similar to the social activities of a
flock of birds, or a swarm of bees. PSO is a powerful
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technique that greatly simplifies the optimisation process
compared with artificial neural networks and GA [4-6].
More recently, central force optimisation was introduced as
a new deterministic metaheuristic for multi-dimensional
search and optimisation based on the metaphor of
gravitational kinematics; this algorithm was wused for
antenna optimisation in [7] and good results were obtained.
Following the invention of bacterial foraging algorithm
(BFOA) by Passino in 2002 [8], BFOA has gained
increasing use. Bacterial foraging optimisation (BFO) is
probabilistic based search and is free from derivatives [9].

In this paper, the combination of BFO and MOM is
presented for the calculation of the resonant frequency and
bandwidth of microstrip antennas. This combination leads
to an important reduction of the computation time, and at
the same time maintains the quality of the results obtained
by the MOM. The same algorithm can be also beneficial
for antenna designers for the optimisation of the
geometrical parameters of a microstrip patch.

2 Analysis method

The problem to be solved is illustrated in Fig. 1. We have a
rectangular microstrip patch of length ‘@’ along the ‘X’
direction and width ‘b’ along the ‘)’ direction over a
ground plane. The metallic patch and the ground plane are
assumed to be perfect electric conductors, with negligible
thickness. The patch, is printed on an isotropic dielectric
substrate of thickness ‘d’, which is characterised by the free
space permeability ‘uy’ and a permittivity ‘e’. The ambient
medium is air with constitutive parameters ‘i’ and ‘gp’.
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Fig. 1 Geometrical structure of a rectangular microstrip patch

Assuming an e’ time variation and starting from Maxwell’s
equations in the Fourier transform domain, we can show that
the transverse fields inside the jth layer (Z,_; < Z < Z;) can be
written in terms of the longitudinal components £, and H, as

[10, 11]
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E(ks’ Z) = F(ks) : e(ks! Z)
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il(ks’ Z) = F(ks) . h(ks’ Z)
where e and A denote, respectively, the transverse electric and
magnetic fields in the (TM, TE) representation, and
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X

with k2 = k2 + k..
Substltutlng the expressions of E and H [10, 11] into (1)
and (2), we obtain

E . =A e%Z B.¢kiZ (4

z

~

=g(k,) - [A.e™ — B. 7] (5)

In (4) and (5), A and B are two-component unknown vectors
and

_ . |we Kk
&(k) = diag [k—, } ©
. op
Writing (4) and (5) in the planes z=z;_; and z=z; and by

eliminating the unknowns A4 and B, we obtaln the matrix form
e(k,, >] | etk i)
[h(k ) ! h(kss Zj;l)
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with

2l %12
T o_ J J
Tj - |:T21 —22i|
J J
7 _[ cos(hyd)  —ig ' .sin(k;. J)}

a —i.g.sin(k;.d;) cos(k;.d;)

®)

which combines e and & on both sides of the jth layer
as input and output quantities. The matrix T ; is the matrix
representation of the jth layer in the (TM, TE) representation.

In the spectral domain, the boundary conditions for the
structure shown in Fig. 1 are

e(ky, z5) =0 ©)

e (kg, z D15 e, (k,, z5) 0
|:h2(k zl+ }_Tl [ 1k ZQ"):|_|:J(21):| 10)
hy(k,, z) = go(k,)-e,(k,, z1) (11

The transformed components of the tangential electric field
are expressed as a function of the transformed current
density components on the patch, as

E G, G ] [] ]
X — XX X) . X (1 2)
l=le @l
The Galerkin moment method is implemented in the Fourier
transform domain to reduce the integral equation to a matrix

equation. The surface current J on the patch is expanded into
a finite series of known basis functions J,, and J,,,,

J= ZN:a,,[J{)”} +§:

0
bm|: ] (13)
n=1 m=1 Jym

where a, and b,, are the mode expansion coefficients to be
sought. Substituting the vector Fourier transforms of (13)
into the integral equation. Next, the resulting equation is
tested by the same set of basis functions that was used in
the expansion of the patch current. Thus, the integral
equation is decomposed into the following matrix equation

=1 =2 _
(Z0)y (Bn)yn | @] T
73 74 (bu)urx 0
(Zlm)MxN (Zln)MxM Ml
+00 400

Z, = Tk, —k)- Gk, k)dkdk,
Fo0 00

Zi, = JuCke —k)-GyJ,, (k. k)dkdk,  (14)
+00 00

Zl?;n = jyl(_kx k) yx xm( ky)dkxdky
Foo 00

7} = T~k —k)-G,.J,, (k. k)dkdk,
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The system of linear equations given in (14) has non-trivial
solutions when

det[Z(w)] = 0 (15)

Equation (15) is an eigenequation for @, from which the
characteristics of the planar structure of Fig. 1 can be
obtained. In fact, let w=2xz(fr+i fi) be the complex root of
(15). In that case, the quantity fr stands for the resonant
frequency, and the quantity BW =2fi/ft stands for the
bandwidth. In our case (15) represents the function that will
be optimised by using BFO algorithm.

3 Bacterial foraging optimisation

BFO is a new evolutionary computation technique which has
been proposed by Passino [8, 12, 13]. It is inspired by the
pattern exhibited by bacterial foraging behaviour. Bacteria
have the tendency to gather to the nutrient-rich areas by an
activity called chemotaxis. It is known that bacteria swim
by rotating whip such as flagella driven by a reversible
motor embedded in the cell wall. Escherichia coli has 8-10
flagella placed randomly on a cell body. When all flagella
rotate counterclockwise, they form a compact, helix
propelling the cell along a trajectory, which is called run.
When the flagella rotate clockwise, they pull on the
bacterium in different directions and cause the bacteria to
tumble. The bacterial foraging system primarily consists of
four sequential mechanisms, namely chemotaxis, swarming,
reproduction and elimination-dispersal. A brief outline of
each of these processes is given in this section.

3.1 Chemotaxis

An E. coli bacterium can move in two different ways: it can
run (swim for a period of time) or it can tumble, and
alternate between these two modes of operation in the entire
lifetime. In the BFO, a unit walk with random direction
represents a tumble and a unit walk in the same direction
indicates a run. In computational chemotaxis, the movement
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of the ith bacterium after one step is represented as

OG+1, k )=0G, k, D+COH+ o) (16)

where 6/(j, k, 1) denotes the location of ith bacterium at jth
chemotactic, kth reproductive and /th elimination and
dispersal step. C(i) is the length of unit walk, which is a
constant in basic BFO and ¢(j) is the direction angle of
the jth step. When its activity is run, ¢(;) is the same as
#(j — 1), otherwise, ¢(j) is a random angle directed within
a range of [0,2p]. If the cost at hi(j + 1, k, [) is better than
the cost at 6'(J, k, I) then the bacterium takes another step
of size C(i) in that direction otherwise it is allowed to
tumble. This process is continued until the number of steps
taken is greater than the number of chemotactic loop, N..

3.2 Swarming

The bacteria in times of stress release attractants to signal
bacteria to swarm together. Each bacterium also releases a
repellent to signal others to be at a minimum distance from
it. Thus all of them will have a cell to cell attraction via
attractant and cell to cell repulsion via repellent. The cell to
cell signalling in E. coli swarm may be mathematically
represented as

N
Jee(0, PG, i, D) =) " J (6, 6, i, ])

i=1

where J..(0, P(j, k, 1)) represents the objective function value
to be added to the actual objective function, N is the total
number of bacteria, p is the number of variables to be
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Fig. 2 Flowchart of the BFO/MOM algorithm
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Table 1 Resonant frequency and bandwidth of rectangular
microstrip antenna through multiple runs of the BFO/MOM code

Number of run

Resonant frequency, GHz

Bandwidth, %

4.496 932 496

1.091 076 910

2 4.496 900 295 1.089 652 592
10 4.496 925 697 1.090 776 181
11 4.496 904 242 1.089 827 161
20 4.496 935 154 1.091 194 475
21 4.496 937 398 1.091 293 727
30 4.496 900 985 1.089 683 087
31 4.496 900 244 1.089 650 334
40 4.496 904 371 1.089 832 870
41 4.496 904 339 1.089 831 458
50 4.496 905 884 1.089 899 778
51 4.496 903 676 1.089 802 130
60 4.496 911738 1.090 158 753
61 4.496 912 159 1.090 177 375
70 4.496 911 331 1.090 140723
Al 4.496 914 646 1.090 287 359
80 4.496 908 786 1.090 028 136
81 4.496 905 622 1.089 888 207
90 4.496 912 167 1.090 177 714
91 4.496 919 235 1.090 490 352
98 4.496 900 283 1.089 652 044
99 4.496 900 613 1.089 666 660
100 4.496 915 523 1.090 326 131

optimised and 6 =6, 02,...,0p]T is a point in the

p-dimensional search domain.

coefficients to be chosen properly.

3.3 Reproduction

d,, w, h, and w, are

After all N_. chemotactic steps have been covered, a
reproduction step takes place. The fitness values of the
bacteria are sorted in ascending order. The lower half of the
bacteria having higher fitness die and the remaining Nr=N/
2 bacteria are allowed to split into two identical ones. Thus
the population size after reproduction is maintained constant.

3.4 Elimination and dispersal

Since bacteria may stuck around the initial or local optimal
positions, it is required to diversify the bacteria either
gradually or suddenly so that the possibility of being
trapped into local minima is eliminated. The dispersion
operation takes place after a certain number of reproduction
process. A Dbacterium is chosen, according to a pre-set
probability P, to be dispersed and moved to another
position within the environment. These events may help to
prevent the local minima trapping effectively, but
unexpectedly disturb the optimisation process. The detailed
of this concept is presented in [§].

The basic program flow of BFO/MOM is depicted in a
flowchart as shown in Fig. 2. As mentioned, the objective
of the optimisation in this work is the optimisation of the
matrix impedance (Z) in (15).

P =1: dimension of the search space

N=50: the number of bacteria in the population

N, =50: chemotactic steps

N =10: the number of reproduction steps

Neq=2: the number of elimination-dispersal events
P.q4=0.25: elimination-dispersal with probability
C(i)=0.05: the size of the step taken in the random direction
specified by the tumble.
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4 Results

In [14], it is shown that application of BFO is suitable for any
complicated antenna structure including an antenna array.
Keeping this in mind, we hybridised BFO with the MOM
for the calculation of the resonant frequency and bandwidth.
For stochastic optimisations methods, the final solution can
only be considered optimal by repetition of the results [15].
For a rectangular microstrip antenna with a=1.9 cm, b=
229 cm, d=1.59 mm and &=3.32, we have estimated the
resonant frequency and bandwidth of this antenna by
running the BFO/MOM code 100 times. In the interest of
brevity, we show in Table 1 only some of them. It is clear
from Table 1 that our BFO/MOM code gives almost the
same results through multiple runs.

Table 2 Comparison of the calculated resonant frequency with
measured and calculated data, for a rectangular microstrip
antenna

a,cm b, cm d, cm & Resonant frequencies,
GHz
Measured BFO /MOM
5.700 3.800 0.3175 2.33 2.310° 2.3208
1.080 3.400 1.281 2.55 3.150° 3.1927
1.265 3.500 1.281 2.55 2.980° 2.9871
0.920 3.130 1.200 2.55 3.470° 3.4902
1.170 1.280 0.300 2.50 6.570° 6.6209
1.530 1.630 0.300 2.50 5.270° 5.3164
0.910 1.000 0.127 10.2 4.600° 4.7119
5.700 3.800 0.3175 2.33 2.310° 2.3208
4,550 3.050 0.3175 2.33 2.890° 2.8225
2.950 1.950  0.3175 2.33 4.240° 4.1179
1.950 1.300 0.3175 2.33 5.840° 5.7534
1.700 1.100 0.1375 2.33 6.800° 6.6877
1.400 0.900 0.3175 2.33 7.700° 7.6360
1.200 0.800 0.3175 2.33 8.270° 8.1060
1.050 0.700 0.3175 2.33 9.140° 9.1870
1.700 1.100 0.9525 2.33 4.730° 4.5026
1.700 1.100 0.1524 2.33 7.870° 7.7110
4.100 4.140 0.1524 2.50 2.228° 2.2014
6.858 4.140 0.1524 2.50 2.200° 2.1148
10.80 4.140 0.1524 2.50 2.181° 2.1173
2.000 2.500 0.0790 2.22 3.970¢ 3.7141
1.120 1.200 0.2420 2.55 7.050¢ 7.0224
0.790 1.255 0.4000 2.55 7.1344 7.1287

®These frequencies calculated by Gollapudi et al. [9] using
VMBFO Technique.

PThese frequencies measured by Chang et al. [16].
°These frequencies measured by Carver [17].

9Measured by Kara [18, 19].

Table 3 Comparison of the calculated bandwidth with
measured and calculated data, for a rectangular microstrip
antenna

alcm) b(cm) d(mm) & Bandwidth, %

Measured Curve BFO/
fitting MOM

5.7 3.8 3.175 233 3.117° 4.988 4.601
4.55 3.05 3.175 233 4.083% 6.143 5.758
1.05 0.7 3.175 233  23.850° — 26.557
1.7 1.1 15624 233 6.607° 8.212 7.863
1.9 2.29 1.59 2.32 2.17° — 2.714

#These bandwidths measured by Chang et al. [16].
PThis bandwidth measured by Bahl et al. [20].
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The resonant frequencies and bandwidths calculated by
using the BFO/MOM algorithm presented in this paper for
electrically thin and thick rectangular MSAs are listed and
compared with measured results in Tables 2 and 3,
respectively. In Table 3, we have also presented calculated
bandwidths obtained via the curve fitting formulae of Chew
[21, 22]. The results of this method are in very good
agreement with measurements. It can be very useful for the
development of fast CAD algorithms.

Figs. 3 and 4 show the resonant frequency and bandwidth
as a function of substrate thickness for different values of

www.ietdl.org

dielectric constant &=2.32, 2.6 and 3 of a rectangular
patch antenna with dimensions a¢=19cm, b= 2.29 cm.
From these graphs we see that the results obtained by BFO/
MOM algorithms have the same behaviour as those
obtained by the MOM. It is evident from Fig. 3 that the
resonant frequency decreases as the antennas become
electrically thicker as has been shown in previously
published results [16].

To show the time-efficiency of the proposed methodology,
we compare in Table 4 the time necessary for estimating the
resonant frequency and bandwidth of the antenna by BFO/
MOM with the one of the traditional MOM. The
comparison is done for five different structures. The
comparison in Table 4 shows that the CPU time required by
the traditional moment method is higher approximately six
times than that of the BFO/MOM.

Although we have presented in Section 4 only results for
the TMy; mode, the BFO/MOM code developed in this
paper can also give results for higher order modes. If we
compare our BFO/MOM code with the electromagnetic
simulator ‘Ensemble’, which is also based on the full-wave
moment method, we can say that our code has the best
speed (the setup time required to input the problem
geometry and parameters for ‘ensemble’ takes few
minutes). Another disadvantage of ‘ensemble’ is that it is
much slower in computing the resonant frequencies of
higher order modes than the resonant frequency of the
fundamental mode [23]. This not the case of the BFO/
MOM code since the number of basic functions used in the
approximation of the current in the fundamental mode is
similar to that used in higher order modes.

5 Conclusions

An efficient method for the integration of BFO with the MOM
for microstrip antenna modelling has been presented. BFO/
MOM was applied successfully for the determination of
resonant frequency and bandwidth of a rectangular patch
antenna. The calculated results have been compared with
measured ones available in the literature and excellent
agreement has been found. In addition, the improvement in
the processing time compared with the conventional
moment method is demonstrated. The proposed algorithm
seems to be robust and effective soft computing tool for
engineering design antennas problems.
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