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Design of a Single-Feed Dual-Band Dual-Polarized
Printed Microstrip Antenna Using a Boolean Particle
Swarm Optimization

Farzaneh Afshinmanesh, Student Member, IEEE, Alireza Marandi, Student Member, IEEE, and Mahmoud Shahabadi

Abstract—A novel dual-frequency dual-linear-polarization
printed antenna element benefiting from a single-feed single-layer
structure is introduced in this paper. The Boolean particle swarm
optimization algorithm in conjunction with the method of mo-
ments (MoM) is employed to optimize the geometry of the antenna
after considering three objectives: cross polarization, return loss,
and boresight direction in both bands. A fuzzy-logic based ordered
weighted averaging operator allows us to efficiently implement
the multi-objective optimization technique. Prototypes of the
optimized designs have been fabricated and tested. The measured
results show excellent performance with more than 15 dB of
return loss and 10 dB of cross polarization in both frequency
bands of operation, i.e., 12 and 14 GHz. A gain of 4.8 dBi has been
measured for both frequency bands.

Index Terms—Advanced optimization techniques in electromag-
netics, Boolean particle swarm optimization (BPSO), dual-band
dual-polarized printed antenna, fuzzy logic.

I. INTRODUCTION

RINTED antennas offer an attractive alternative to a
Pnumber of antennas used in communications systems
due to their lower profile, weight, and manufacturing costs, as
well as their compatibility with integrated circuit technologies.
An increasing need for enhancing the capabilities of wireless
systems has led to various antenna designs with multiple func-
tionalities among which one can refer to microstrip antennas
that operate in dual frequency bands, or radiate different polar-
izations in different bands. Evidently, the complexity of antenna
design increases with the number of operating frequency bands.

To realize dual frequency operation, a variety of methods has
been proposed so far. Using slots in the patch [1], [2], loading
the patch with shorting pins [3]-[5], using stacked patches
[6]-[9], or using two feeding ports [9] are the mostly exploited
ones. In addition, there are other planar antennas of special
geometries to achieve dual-band operation. On the one hand,
there are non-rectangular microstrip antennas loaded with
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Fig. 1. Polarizations of the proposed antenna in two bands.

non-canonical slots[11], [12], and on the other, there are special
layouts obtained by using evolutionary algorithms [13]-[15].

To realize dual-band dual-polarization operation, a number of
researchers have used stacked patches with two separate feeds
for each frequency band and polarization. In these structures,
a combination of two different feeds is observed. These feeds
are composed of two separate microstrip lines [16], two aper-
tures [17], one via and one microstrip [18], two separate probes
[19], and one microstrip and one aperture [20]. Other designs
with a single electromagnetically coupled feed are also avail-
able [21], [22]. In general, stacked patches suffer from disadvan-
tages such as thick substrate, difficult manufacturing, and high
cost. On the other hand, using single feed antennas can reduce
complexity and cost of the receiver front-end. Patch antennas
with switchable slots (PASS) are single-layer single-feed ver-
sions of dual-band dual-polarized antennas [23]; however, be-
cause of switches, they cannot operate at very high frequencies.

The main goal of this work is to design and realize a
dual-band and dual-polarized printed antenna that has a simple
metallic layout and benefits from a single-feed, single-layer
structure. In order to be applicable to a two-way satellite In-
ternet system, the antenna should radiate a linearly polarized
wave at f; = 12 GHz and a linearly polarized wave orthogonal
to it at fo = 14 GHz as depicted in Fig. 1.

Due to the large number of parameters involved in de-
signing the metallic layout of such an antenna, we utilize
an evolutionary computation technique called the Boolean
particle swarm optimization (BPSO). It allows us to design
the appropriate layout without any a priori knowledge of
possible configurations. Being recently introduced to the EM
community [24], the PSO algorithm has been found to be
an effective alternative in handling different antenna design
problems. Compared to other evolutionary algorithms like
genetic algorithm, the PSO algorithm is easier to implement
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Fig. 2. Configuration of the planar antenna used in Boolean PSO design.

and to apply to various design problems with real-valued or
discrete parameters. The Boolean PSO is a novel version of this
algorithm in binary spaces and has been shown to be effective
in dealing with antenna design problems [25].

The basic antenna configuration is a grid structure of metallic
segments printed on the grounded substrate as shown in Fig. 2.
The optimal layout will be obtained by removing some of the
metallic segments. An electromagnetic solver based on the
method of moments is used to predict the performance of each
antenna designed by the Boolean PSO. In our approach, we
take into account three objectives: cross polarization, return
loss, and boresight direction in both frequency bands. In con-
junction with the BPSO, a fuzzy-logic based ordered weighted
averaging (OWA) operator is also used to facilitate designing
the layout by implementing a transformation from the three-di-
mensional objective space to the one-dimensional cost function.
To achieve a satisfactory result from the optimization process,
different sets of BPSO parameters are explored. The optimized
layout is obtained by applying the best found set of parameters.
Lastly, the final design is obtained by trimming the optimized
layout. This is then fabricated and tested.

The paper is organized as follows. In Section II, the details of
the Boolean PSO approach is described. Section III describes
the antenna parameters along with the objectives and the fuzzy
OWA operator. Section IV describes the Boolean PSO design
and its modifications as well as experimental verification of the
results. Section V provides some concluding remarks.

II. THE BOOLEAN PSO

The Boolean particle swarm optimization is a new evolu-
tionary computation technique implemented by means of the
Boolean algebra to meet the requirements of a real-valued par-
ticle swarm optimization [25]. The real-valued PSO, introduced
by Kennedy and Eberhart in 1995 [30], is initialized with a
population of random solutions, called particles. Each particle
moves through the search space with a velocity that is dynami-
cally adjusted according to its own and its companion’s previous
behavior. Updating the particle velocity is based on three terms,
namely the “social,” the “cognitive,” and the “inertia” terms. The
“social” part is the term guiding the particle to the best posi-
tion achieved by the whole swarm of particles so far (gpest ), the
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“cognitive” term conducts it to the best position achieved by it-
self so far (ppest), and the “inertia” part is the memory of its
previous velocity (w - vy, ). The following formulae demonstrate
the updating process of a particle position (x,,) and its velocity
(vn,) in the nth dimension in an N-dimensional optimization:

Up =W Uy +C1 - (bl : (pbcst,n - ln)
+ Co - ¢2 - (gbest,n - xn) (1)
Ty =Ty + Up. 2)

w1 and @9 are random numbers uniformly distributed be-
tween 0 and 1, ¢; and ¢y are acceleration constants and w is the
inertia weight. These three parameters determine the tendency
of the particles to the related terms. Moreover, by allowing a
limit on the maximum velocity (Vinax ), the convergence rate of
the optimization process can be controlled.

In the Boolean PSO, distance and velocity are defined based
on the difference between corresponding bits of two binary
strings. The “AND” (-), “OR” (4), and “XOR” (&) operators are
used to model movement of the particles. Main formulae for
updating the dth bit of position and velocity of each particle are

Va4 =w - Vg + €1 - (Pbest,d D Ta) + 2(gbest,d B za) (3)
Tq=%q P vg. (@)

The distance between two bits is another bit whose value rep-
resents their difference. Consequently, the velocity bit, vg, de-
termines whether the dth bit of the position of the particle, =4,
should change in the next step, according to (4). In (3), the second
and third terms calculate the distance between (Z 4, Prest,¢) and
(@d, gbest,a), respectively. The three terms are then combined
using “OR” operators. c1, c2 as the acceleration coefficients and w
as the inertia coefficient are binary bits stochastically set from the
system parameters C, Cs, (2, acceleration constants and inertia
weight, which are real numbers between 0 and 1. The probabili-
ties for being “1” of c1, ¢2, w are C1, Cy, and (2. The procedure
used to specify the velocity for each bit of a particle is depicted
in the schematic diagram of Fig. 3. In this procedure, V. is the
number of allowed “1” bits in the calculated velocity array. To
prevent the particles from moving faster than this value, each cal-
culated velocity array is examined for the number of “1.” If this
number exceeds the desired value, one bit with a value of “1” is
set to zero randomly, and this process continues until the satis-
faction of the criterion.

The simplicity in implementation of the Boolean PSO and
also the straightforward influence of its parameters on the opti-
mization process are from its key benefits over the first version
of the binary PSO introduced by Kennedy [33] and also genetic
algorithm. Its superior performance over those methods in some
cases has been shown in [25], [26].

III. ANTENNA DESIGN

In our approach, the Boolean PSO is used to facilitate de-
signing the layout of a single-feed antenna that radiates two or-
thogonal linear polarizations at two different frequencies. For
this purpose, the optimizer should search in the space of binary
strings in which an antenna layout is represented by a string
whose bits specify whether the corresponding metallic segments
on the layout should be removed. In each step, after evaluating
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Fig. 3. Process of updating the velocity in the Boolean PSO.
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Fig. 4. Grid with possible feed positions (a, b, ¢). Also shown is the order of
segments in the coded array.

the characteristics of the antenna by a MoM engine, its corre-
sponding string receives a real number fitness which is calcu-
lated by an OWA according to three objectives derived from the
antenna pattern, return loss, and gain.

For this work, the desired operation frequencies are 12 GHz
and 14 GHz. Fig. 4 shows the metallic grid from which the de-
sired layout should be generated. Also shown in Fig. 4 is the
coding order in the 40-bit coded array; the grid size is deter-
mined with respect to the working frequencies. As depicted in
Fig. 4, due to the symmetry in the grid structure, there are three
possible positions for placing the feed: a, b, and c. For deter-
mining the best feed position and because of the complexity of
the multidimensional multi-objective problem, the optimization
process is performed three times for these three possible posi-
tions, so the feed position is not included in the optimization
vector. The metallic conductor is copper with a conductivity

of 5.7x107 S /m, and the antenna substrate is RT/Duroid 5880
(e, = 2.2) with a thickness of 62 mil. The antenna is designed
to match to 50 €2, and an infinite conducting ground plane is as-
sumed in the simulation carried out by the MoM solver. More-
over, the resolution of the MoM mesh is one-third of the segment
size.

A. Evaluation of Objectives

Calculating the fitness of an antenna to the desired specifi-
cations is based on three design goals: orthogonal linear po-
larization at two different frequencies f; and fo, small return
loss, and high gain around # = 0° in both bands. The three
objectives associated with these design goals are: polarization
objective (obj ), return loss objective (objg;; ), and gain ob-
jective (0bjgain)- The real number assigned to a particle is cal-
culated with an OWA operator equipped with a Mamdani fuzzy
inference system, which is a transformation from three-dimen-
sional objective space to the one-dimensional fitness space. An
antenna with a smaller fitness value has a better performance and
zero fitness means that the antenna fulfills all the design goals.

B. Polarization Objective

Here, the polarization objective, obj ,;, stands for the amount
of orthogonality of the polarizations at the two working frequen-
cies. obj,,; = 0 shows that the antenna has two orthogonal
linear polarizations at two frequencies of f; and f». To evaluate
this objective, the criterion is the ratio of the magnitude of Ey
to E,, or vice versa, at all angles within —¢; < 6 < 6, in both
@ = 0° and ¢ = 90° planes. (Note that the above angles are
defined in a spherical coordinate system superimposed on the
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coordinate system shown in Fig. 4.) This ratio must be less than
a certain value MINP, to fulfill dual-linear-polarization design
goal.

At each frequency and for an antenna, Fy and F, are com-
puted in both ¢ = 0° and ¢ = 90° planes for —§; < 0 < 6;
with 7 = 10°. Then the axial ratio (AR) is computed at each
angle according to

AR (0) = | 57| d1=0"plane  f1=12GHa (3)
AR, () = Z—: $o = 90° plane  f1 = 12 GHz  (6)
AR3 () = g—i ¢1 =0° plane  fo =14 GHz (7)
ARy (0) = g—: ¢s = 90° plane  fo = 14 GHz. (8)

It is necessary to have orthogonal polarizations at the
working frequencies; however, the sense of polarization at
each frequency is not important. The following process is done
to specify the type of polarization which results in a better
objective value:

01
Ave,, (6) :2—21 / (AR, (8)df) n=1,...,4
9=—6,
if Ave; + Avey > AU€3 + Avey
AR, = (AR, ) n=12 9)
else AR, = (ARn) n=3,4.

The g,,(¢) function is defined to assign zero to the obj,, for
axial ratios less than or equal to MINP with MINP = —15dB,
and a positive number for other values

gn (0) = {dB[AR, ()] — MINP}

-u{dB[AR, ()] — MINP}
n=1,...,4. (10)
In (10), “u” refers to the Heaviside step function.
Thus
6,
O0bjper = Z 291 / gn (0) df (11)

6=—6,

Moreover, because of the fuzzification layer used in the OWA
operator, an upper limit is needed for obj,,;, which is set to 15.
Therefore, if the calculated obj,,,; > 15, then we set it to 15.
It is worth to mention that to calculate the integrals in (9) and
(11), they are discretized with Af = 1° discretization step.

C. Return Loss Objective

The return loss objective, objg;, represents the amount of
impedance matching at the two working frequencies. Similar to
the polarization objective, this real number is between 0 and 15,
and its zero value shows the satisfied goal, that is to say a return
loss of at least —15 dB at both frequencies. In a mathematical
expression

l\DI»—t

objg1 =

i{dB Sy, +15 bu{aB (sul, +15}.012)
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Fig. 6. Boolean PSO-designed antenna element fabricated on RT-Durroid
5880.
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Fig. 7. Measured and simulated return loss of the Boolean-PSO designed
antenna.

D. Gain Objective

This objective is defined to place the boresight around § = 0°.
The gain objective, objgain, is the average of differences be-
tween the maximum gain and the average gain in all planes at
both frequencies, minus unity. obja,;, = 0 means that in all
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Fig. 8. Measured and simulated radiation patterns of the Boolean PSO designed antenna in different planes at operation frequencies, (a) -z plane at 12 GHz,
(b) y-z plane at 12 GHz, (c) z-z plane at 14 GHz, (d) y-z plane at 14 GHz.
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Fig. 9. Current distribution on the Boolean PSO designed layout at operation
frequencies.

planes and at both frequencies the difference between the max-
imum and average gain is less than 1 dB. Like other objectives,
this objective has an upper limit which is equal to 3. This objec-
tive is given by

GMAX (¢;, f;) = max {gain (¢;, f;,0)}

i,7=1,2, —=90<46 <90 (13) 0
hn (1, 1) =GMAX (g, ;) TN
2 o O - ‘\‘:' R o !
1 . "‘ .0.
o (X2 [ st 0@ B
Jj=1 i=1_91 a \ /
R
(14) = -30
1 ? Simulati
. **=** Simulation
0bjGain = 1 Z Z hn (@i, f3) | — 1. (15) =40 ' = Measurement
7j=1::=1
-50
E. Fuzzy OWA Operator for Multiobjective Optimization sok
The transformation from three-dimensional objective space 1 12 13 14 15

. . . . Frequenc
to a one-dimensional fitness space is performed with an OWA a Y

operator [27], a transformation of the objectives to be aggre- Fig. 11. Measured and simulated return loss of the final antenna.
gated by their relative importance with an associated weighting

vector
wy The [b1, b2, bs] is the ordered form of [0bj 51, 0Dj 511, 0bjGainl
W= | w, (16) in which b; is the maximum, and b3 is the minimum of the objec-
ws tives. In addition to the mentioned characteristics, this operator
should be commutative, monotonic, and idempotent.
in which As it is shown in (18), this operator calculates a linear
3 weighted summation of all objective values, however, in this
[0,1] Z w; =1 (17) method the weights for a set of objectives are determined dy-
= namically by a fuzzy inference system. All three objectives are

normalized according to their ranges and the worst objective

3
F(0bjpo1,0bjs11,0bjgain) = ijbj. (18) has the highest effect on the fimess. The fuzzification layer
=1 of the fuzzy inference system specifies how bad an objective
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Fig. 12. Measured and simulated radiation patterns of the final antenna in different planes at operation frequencies, (a) 2-z plane at 12 GHz, (b) y-z plane at 12

GHz, (c) x-z plane at 14 GHz, (d) y-z plane at 14 GHz.

is in regard to other objectives, and the defuzzification layer
calculates the weights based on that.

A Mamdani fuzzy inference system [28] which has three
Gaussian membership functions for fuzzification layer is ap-
plied to the normalized objectives. The defuzzification layer
contains similar membership functions and creates W vector
with specified characteristics. More details about combination
of OWA and fuzzy logic can be found in [29].

IV. RESULTS

A. Boolean PSO-Designed Antenna

For implementing the optimization process, the MATLAB
[32] is used as the programming environment and an electro-
magnetic solver based on the method of moments as the an-
tenna simulator. Because each antenna simulation takes about
30 seconds on a Pentium IV computer with 512 MB of RAM,
the whole process is very time consuming. Therefore, only three
different sets of parameters ({2, C1, C2, Vmax) are used for run-
ning the algorithm for each possible feed position. Fig. 5 shows
the best obtained result for each feed position in 50 iterations
with the population size of 400. Consequently, feed c, depicted
in Fig. 4, is chosen as the feed position that its corresponding
parameters are 2 = 0.1, C'1 = C2 = 0.5, Vmax = 15. More
details on how to determine the ideal parameters for PSO im-
plementation can be found in [34], [35].

Fig. 6 shows the Boolean-PSO optimized design after being
fabricated. The dimension of the ground plane is 50 x 50 mm?.
The simulated and measured return loss (S11) of the antenna
is plotted in Fig. 7. The measurements have been carried out
with an Agilent 8510C network analyzer. Measured return loss
shows dual-band operation at the desired frequencies. More-
over, good agreement can be observed between the measure-
ment and simulation.

Dual-band dual-polarization operation can be seen obvi-
ously in the simulated and measured radiation pattern plots
in Fig. 8(a)—(d). In these figures, a commercial finite element
package [31] is used to obtain the simulation results. We
observe that at 12 GHz [Fig. 8(a) and (b)] F, is dominant in
@ = 0° plane and Fjy is dominant in ¢ = 90° plane, whereas at
14 GHz [Fig. 8(c) and (d)] a reverse condition exists. The an-
tenna is optimized from # = —10° to # = 10° and accordingly
the radiation patterns satisfy the requirements in this range.
Fig. 9(a) and (b) depicts the current distribution at 12 GHz and
14 GHz, respectively. At 12 GHz current flows predominantly

Jsurt (A/m)
1.1675e +3
3.6039 e +2
1.1240 e +2
3.5055e +1
1.0933 e +1

Jsurr (A/m)
1.1186 e +3

3.7957 e +2
1.6913 e +2
7.5358 e +1
3.3578 e +1

1.4961 e +1
6.6664
2.9704

4.6793 e -2

(a) =12 GHz (b) f=14 GHz

Fig. 13. Current distribution on the modified design at operation frequencies.

in the pin-hair structure, while at 14 GHz, current flows mostly
in the rotated E-shaped structure. The currents corresponding
to the two bands are nearly mutually perpendicular. Note that
without major mutual coupling, the mentioned two structures
of the layout are separately responsible for the vertical and
horizontal polarizations.

B. Final Design

Radiation patterns of the optimized element show better per-
formance at all theta angles and at lower frequencies. As shown
in the last section, the 12 GHz band is mainly radiated by the
horizontal pin-hair. Moreover, most of the antenna layouts ob-
tained at local optima during the optimization process have this
pin-hair as a part of their structure. Accordingly, we scale the
pin-hair sub-structure to 14 GHz and make use of it in place of
the 14 GHz E-shaped layout of Fig. 6. The new layout is shown
in Fig. 10 which illustrates the fabricated antenna on RT/Duroid
5880. Obviously, the layout obtained in this fashion cannot be a
member of the search space defined by the codes of Fig. 4. Re-
turn loss, radiation patterns, and current distribution of the mod-
ified element are shown in Figs. 11-13. In comparison with the
previous structure, this antenna has appropriate radiation pat-
terns in all theta angles in addition to a better return loss. The
measured gain of the element is 4.8 dBi. The cross-polarization
level is below —10 dB at 11.8-12.2 GHz and 13.6-14.1 GHz.

V. CONCLUSION

Realization of a single-feed dual-band and dual-polarized
printed antenna has been demonstrated in this paper. Benefiting
from a single-layer structure, the introduced antenna has a
matching with more than 15 dB return loss in both bands. The
cross polarization level is more than 10 dB, and the antenna gain
is about 4.8 dBi in both bands. Design of the proposed antenna



AFSHINMANESH et al.: DESIGN OF A SINGLE-FEED DUAL-BAND DUAL-POLARIZED ANTENNA

is carried out with the Boolean particle swarm optimization,
a novel representation of the PSO algorithm in the binary

space,

which facilitates the design of such an antenna with

many parameters involved. Recognizing the main radiating
substructures of the optimized antenna, we have obtained an
additional antenna layout which is not a member of the search

space.

The optimization procedure in this work is based on

three objectives: cross polarization, return loss, and boresight
direction in both bands, but more parameters can be added to
the optimization process. An array of the designed antenna can
be exploited in two-way satellite Internet systems.
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