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Abstract

In this paper Genetic Algorithm has been integrated with Fouquet modal anal-
ysis to optimize radiation pattern of coupled periodic antenna. Floquet analysis
is used with MoM-GEC (Moment-Generalized Equivalent Circuit) method to
study a finite periodic array with uniform amplitude and linear phase distri-
bution. This method is very advantageous for studying large antenna array
since it considerably reduces the computation time and the number of opera-
tions. In this way, Genetic algorithm is introduced and combined with Flo-
quet analysis to optimize the radiation pattern distribution of this coupled
periodic antenna. The goal of the optimization is to provide a better radiation
characteristic for the coupled periodic antenna with maximum side lobe level
reduction.
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1. Introduction

Genetic algorithms calculation and optimization of the radiation pattern for pe-
riodic structure have recently been developed in multiple searches [1] [2] [3].
This paper presents a new optimization method based on Floquet modal analysis
with Genetic algorithm to optimize the radiation of coupled periodic antenna [4].
This algorithm simulates biological evolutions, and it is based on the principle of
genetic and natural selection. The coupling between the radiating elements in-
creases with the dimension of the antenna arrays, making it one of the most im-
portant factors in the choice of the analysis method. This approach forces us to

do a parametric study to provide an optimum radiation pattern for the coupled
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antenna. In this work, Floquet modal analysis is used and combined with MoM-
GEC method. Floquet analysis [5] is used to reduce the formulation of the global
periodic structure to one reference cell with periodic walls.

Moment MoM-GEC can be applied to this reference cell used to formulate the
electric and the magnetic fields. This Floquet approach [6] [7] shows that the
electromagnetic field distribution in periodic structures changes only by multip-
lication of a complex constant for a translation by one period in the global struc-
ture. The electromagnetic compilation of antenna arrays with an N pattern is
then reduced to a calculation on one reference cell with periodic walls in a new
modal base. The Floquet modal analysis introduces all possible Floquet states [8]
[9] [10] and groups the coupling information of the overall structure.

This new method is applied to improve the formulation of high-density an-
tennas. To obtain the optimized radiation pattern of coupled cell the Genetic al-
gorithm must be adapted and applied with Floquet analysis.

This paper is organized as follows. In section two, the analytical details of the
Floquet analysis formulation for periodic structure are described and 1-D an-
tenna array example is given. In section three, the Genetic algorithm process is
described and adapted to optimize radiation pattern based on Floquet phases
and amplitudes. In section four, numerical tests are performed to assess the ac-
curacy of proposed formulas. Finally in section five, conclusions have presented

the results of this paper.

2. Problem Formulation: Periodic Antenna Array

This section presents the formulation of electromagnetic problem for the pe-
riodic antenna. A Floquet theory is proposed to reduce the periodic domain to a
single cell with periodic walls. The Floquet approach announces that electro-
magnetic field distribution in periodic structure changes only by multiplication
of complex constant for a translation by one period in the global structure. Then
the electromagnetic compilation of N periodic antenna is reduced to a one ref-
erence cell with periodic wall in a new modal base. These periodic walls are an
artificial wall, and they are implemented to group all phases coming from other
cells. Floquet modal analysis is to bring back all spatial calculation to a new
modal calculation. An electrical field is then formulated and solved through a
MoM-GEC approach [11] [12] [13] in a spectral domain [14].

The structure under analysis is shown in Figure 1. The excitation is given by
an £ voltage source [15] [16] placed in the middle of a metallic patch. The width
and the length of patches are wand L. The spatial period along the x direction is
d,. The height of dielectric substance is A, and its relative permittivity er is
mounted on aground plane.

Periodic antenna arrays presentation using Floquet theory and MoM-GEC
method. This structure is taken as finite in +X and periodic with a period d.
Floquet theorem can be used with this geometric periodicity, so the study of

global structure is reduced to one cell with Floquet phases. The distribution of
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Figure 1. Periodic antenna arrays presentation using Floquet theory and MoM-GEC method.

the electric field differs only by one phase term compared to the adjacent cell.
For details, see [17]. E (x) represents an electric field reacting with this peri-
odicity.
E(x+dx):exp(jadx)*E(x)
E(x+2d,)=exp(ja2d )*E(x) (1)
E(x+Nd_)=exp(jaNd )*E(x)
Each Floquet phase corresponds to a Floquet state, and the function F,,

characterizes all possible states.

F, = diexp(jax)*exp[j 2me] (2)

x x

where a and m correspond respectively to Floquet mode and spectral domain

mode. The a values are in Brillouin domain:

T VY
{‘Z’d—j ®

And for Ndiscrete values of a, a, are given by:

2np
o, == (4)
where L=N=#*d_ and: —%Spﬁ%

The electric field of the central cell in spatial domain is £, . The electric field

E, was associated in spectral domain, which models all waves emitted from

other cells of periodic structure.

E,., =E, exp(jad,) (5

Then

E, :j—;jiﬁa exp(jamd,)da (6)

d

X
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In the spectral domain, MoM-GEC technique [10] [18] [19] can be applied for
this single cell with periodic walls to extract the electromagnetic parameter. The
pertinent problem of the use an electric field integral equation can be solved by
applying the GEC method. It can replace the integral equation by a simple
equivalent circuit in the discontinuity surface and applies the laws of tension and
current to extract the relation between electric and current field by using an ad-
mittance operator [20] [21]. The discontinuity surface contains metallic and di-
electric parties. The equivalent circuit of the unit cell is shown in Figure 2.

The virtual electric field is defined on the metallic surface and is null on the
dielectric part (E,, is its dual). Similar examples are found in [22]. From this
circuit, this system was deduced:

Juu =,
L )

The equivalent admittance [23] operator is:
}’};q — }'};pper + )’}:()wn (8)

Y s the upper admittance operator of the infinite empty wave guide with
periodic walls, and ?:"W" is the down admittance operator of the short-circuited

dielectric wave guide of height A with periodic walls.
= 3| S Vit S
Y = 3] S Yo Lo

&)

£, are the base propagation mode functions.
Next, the Galerkin method [24] was applied, where we project the excitation

mode £,, and the test function g, on the previous equation. The following system

13

ea| | / ea
~ >down / A eq

" Y, / yerer / Y,
ea || ”

W

a

Figure 2. Equivalent circuit in spectral domain with MoM-CEM method of unit cell.
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was deduced:

/ 0 (fog) = (o) Yn,
12Jo I’Ye;(lz’ 1 1
0| | (&) (2 g>. | x o)
0 [{g:/0) .. : X,
0 <g3’f;)> <gn’YE(_1zlz’gn> x3

The matrix form of the former equation can be developed as following:

(S )
0 -4 B)\ X

where A is the excitation vector and B is the coupling matrix. The test courant
functions in metallic part are g,,. The resolution of the previous system conse-
quently helps to calculate the virtual electric field E,, and the electric far field

Ej,, of the coupled structure.

3. Genetic Algorithm Principles

The fact of system optimization function is to search some parameters to inhabit
optimal result. The resolution of optimization problems is based necessarily on
optimization algorithm. For example, genetic algorithm, gradient method, net-
work method and quasi-Newton method [25] [26] [27] are used in various re-
search. In this study, the Genetic algorithm has been selected. It simulates the
genetic evolution. The change of the system parameters follows an evolution
process based on the genetic rules that modify chromosomes. In the optimiza-
tion context, the variables define each chromosomes gene. These chromosomes
evolve with genetic law to an optimal chromosome. In the reproduction phase,
the individuals are selected and then their structures are modified to generate
new individuals for the next generation. The optimization process using genetic
algorithm is clarified in Figure 3.

The initial population present a set of chromosomes that includes all the va-

riables of this problem X,,---,X, . The research area is defined between

Fitness function Yes
Evaluation

Initial
population

No
Selection
Floquet Analysis i
. Production
Crossing —
loop
Mutation

Figure 3. Optimization process of radiation pattern for coupled periodic antenna using Genetic algorithm.
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imin > “* imax

[Ximin> Ximax | » 1 €[1,N], where X; is the variable to optimize and Nis the num-
ber of system parameter. The coding choice of chromosomes depends on the
length of search area. In our case, the binary coding has been chosen. In the re-
production loop, selection function allows to choose the individuals on which
ones apply the algorithm to create the next generation. Many selections method
have been found such as proportional method, tournament method and ranking
method.

The proportional selection is the most used method. The crossing is applied
on two different individual and the result is a chromosome formed from his
parent genes.

The crossing can be done in one or many points. The mutation is applied on
one individual by the modification of one or many parent genes chosen ran-
domly. The percentage of mutation is fixed, and a single child is provided. From
generation to generation, the system will converge, and the population will in-
volve towards the optimum. The optimization of pattern radiation [28] [29] form
is done using Genetic algorithm and implemented over MATLAB software. The
evolution of each pattern radiation is calculated through fitness function. This
function represents the standard deviation between the antenna pattern and the
desired template. The usual fitness function is the sum of absolute errors be-
tween the calculated values and the reference radiation pattern template. The

expression of the fitness function is given by:

Fitness :| R (Xl-,e)_RTemplate (9)| (12)

where N is the iteration number of genetic algorithm. The calculation of the
radiation pattern for each iteration of the algorithm has been done based on the
formulation of Floquet analysis. However, at each iteration, new parameters are
produced by the Genetic algorithm. Finally, an evaluation of the function Fitness
will be applied to validate the optimization result. To achieve good optimization,
the fitness function tends to minimal value near to zero. This research of mini-
mum will be effected by generating a sequence of vectors X,,X,,-:,X,.Ina
convergent iterative process, an acceptable Fitness value can be reach after N
iterations. At this point, the X, value is used to generate a diagram that meets
the requirements. To simulate periodic antenna array, it is necessary to consider
a periodic structure with uniform spacing between elements and uniform excita-
tion to apply Floquet theory reduction. So, its radiation pattern can be described
by all Floquet mode in spectral domain.

In the context of optimization by the genetic algorithm, the parameters to be
optimized are the variables which characterize a coupled periodic antenna. First,
we start by encoding the system parameters. In our case the encoding binary
type is used. The production mechanism [30] [31] of the initial population must
be capable of producing non-homogeneous individuals of a population. In our
case, the randomly model have been chosen. At this stage, we will identify the
three phases of the Genetic algorithm. So, the tournament selection model have

been chosen a, a crossover model at a single point characterized by a cross rate c
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and a mutation model with a mutation rate m. Table 1 presents all the simula-

tion parameters of the Genetic algorithm.

4. Result and Observations

4.1. Performance Method

In this section, the performance of our method combined with Genetic algo-
rithm is evaluated. The computer code was implemented under MATLAB envi-
ronment for measuring this performance. The proposed simulation is applied to
a (4 * 1) elements array. The next step is to start studying digital complexity [32]
for the analysis method. The numerical complexity of a mathematical problem is
a measure of the number of resources required to solve that problem. In the
framework of this study, we are interested in calculating the temporal complexi-
ty of the MoM-GEC method combined with the Floquet analysis. Time com-
plexity is the time it takes to solve our electromagnetic problem. In computer
science, time is measured by the number of elementary calculation steps, it is the
number of operations used by the algorithm. The complexity depends on an in-
teger parameter n which defines the input of the calculation method. The nu-
merical complexity of an unspecified problem presents the preponderant term in
the equation which defines the number of operations necessary to resolve of this
problem. This preponderant term is the one that grows the fastest for large n.
The O(n) representation is used to define this complexity. The number of opera-
tions Ny, required to analyze a planar antenna using the Moments method can

be calculated using [26]:
Ny =0(n) (13)

With nis the number of discretization functions to describe the metallic part.
In general, the MoM-GEC method is based on the calculation of the input im-
pedance Z,, of the planar antenna structure.

However, the total time necessary to calculate this impedance Z,, is composed of:
e Time required for scalar product computation.

e Time required for multiplication/addition operations.

e Time required to invert a matrix of (x7* n) size.

For MoM-GEC method, the n parameter characterizes the number of test

Table 1. Genetic algorithm parameters to calculate radiation pattern of coupled periodic

antenna.
Genetic algorithm parameter Value
Number of parameters N 20
Population size 10
Stop condition N=20
Crossing rate ¢ 0.1
Mutation rate m 0.1
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functions which discretize the metallic part of the antenna. The number of oper-

ations Nyon.gec €an be expressed by:
Nyiomcee = 0(”2) (14)

Based on the two Equations (13) and (14), we can notice that for a large an-
tenna structure, which require many test functions, Ny,.grc is much lower than
Nyom- We can conclude that the MoM-GEC method is much more advantageous
compared to the MoM method. Now we turn to the comparison of the MoM-
GEC method with the Floquet analysis. We will show the contribution of Flo-
quet’s analysis in computation time. In the approach of the MoM-GEC method
combined with the Floquet analysis, the formulation of the numerical complexi-
ty amounts to calculating the impedance Z;,, with the Floquet phases in the
spectral domain. For a finite array antenna structure of size N, the number of
Floquet phases is equal to the number of antenna elements. Indeed, the spatial
calculation of an antenna of N, elements requires N, * 17" elementary operations
with the MoM-MCEG method.

The spectral formulation of the impedance Z,,, for a structure with N, ele-
ments requires (V, * ') elementary operations. However, using Equation (14),
we can deduce the numerical complexity of the MoM-GEC method combined
with the Floquet analysis for an antenna structure with N, elements. The num-

ber of operations Mo crc-rloquer 1S defined by [32]:
2
NMOM-GEC-Floquet = Nxo(n ) (15)

The numerical complexity was simulated as a function of the number of ele-
ments for the MoM-GEC and MoM-GEC-Floquet methods. Figure 4 shows the
evolution of the number of operations as a function of N, for different analysis
methods.

From this simulation, we can notice that for a large antenna structure NMoM-
GEC-Floquet is much lower than $NMoM-MCEG. Therefore, the execution time
of the MoM-GEC method combined with the Floquet analysis is obviously less
than that of MoM-GEC. We can conclude that this Floquet analysis is very ad-
vantageous for studying large antenna structures since it considerably reduces
the computation time and the number of operations. The results of the compar-
ison in terms of calculation time and number of operations are shown in Table
2.

This table presents a comparison of the required time to calculate Z,, for a test
functions number equal to 100. In the previous calculation, an i5 processor is
used with 3.6 GHz speed. The measured computation time is approximately 2.5
ms for the MoM-GEC method and 0.0833 ms for the MoM-GEC method com-
bined with the Floquet analysis. At this point the CPU time used by our method
represent 3.33% of the CPU time used by the MoM-GEC method. This contri-
bution in computing time will be exploited in the optimization process used by
Genetic algorithm. Indeed, the integration of the Floquet analysis in the optimiza-

tion process with the genetic algorithm allows us to save 96.66% of computation
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Figure 4. Evolution of the number of operations as a function of NV,.

Table 2. Comparison of the required time for Z,, calculation of periodic antenna (V, =
30).

Method of analysis Number of operations Calculation time (ms)
MoM-GEC 9,000,000 2.5
MoM-GEC-Floquet 300,000 0.833

time for each iteration. This makes this method more useful and more beneficial

in the context of optimizing antenna arrays.

4.2. Optimisation of the Periodic Structure Dimension

First, we will highlight the influence of structure periodicity d, on the antenna
radiation. The goal of Genetic algorithm optimization is to approach the anten-
na radiation towards a predefined radiation model.

The desired radiation pattern is specified from a template centered around the
0°, having a maximum sidelobe level equal to —12 dB. Figure 5 shows the varia-
tion of the Fitness function as a function of the algorithm generations. The stop-
ping condition for this simulation is the number of generations which is chosen
at 20.

In this case, the optimization parameter is the periodicity d,. The search space
for this variable is the range [81,135] mm. The simulation result of the Fitness
function shows that this function converges towards the value 0 and its optimal

value is 0.72, which confirms the convergence of the Genetic algorithm. However,
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Optimal value: 0.725926 Average value: 0.813578
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Figure 5. Evolution of the Fitness value as a function of the generations number (optimization of d,).

it should take a periodicity value d, equal to 120 mm to ensure radiation pattern

convergence towards the chosen template.

4.3. Optimisation of the Excitation Source Dimension

After evaluating the effect of the periodicity on the antenna array radiation, in
this part we are interested in measuring the influence of the metallic structure
dimension on the radiation for the same periodic antenna. The optimization pa-
rameters are the length Z and the width wof the metal part. To start the optimi-
zation process, the search space for each parameter was specified. However, the
variable L belongs to the interval [26,46] mm and the variable w belongs to the
interval [1,3] mm. The stopping criteria of the algorithm is set at 20 generations.
Figure 6 shows the variation of the Fitness function as a function of the algo-
rithm generations. The result obtained shows that the Fitness function converges
towards an optimal value of 16.93, which confirms the convergence of the Ge-
netic algorithm in this study. We also notice that even at the convergence the
genetic algorithm does not give a good Fitness value. we can deduce that these
parameters L and w are not very important in the optimization process com-
pared to the periodicity d,. The optimal result of this simulation gives a value 45

mm for L parameter and a value 3 mm for w parameter.

4.4. Global Optimization

The two previous parts have approved the effectiveness of the periodicity and
the metal part dimension on the optimization process for periodic antennas. In
this part, a global optimization method is presented. This method all the para-
meters of the optimization algorithm. So, we will consider the periodicity of the
structure and the dimension of the metallic part as optimization variables in the

genetic algorithm.
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Otherwise, the periodicity d, the metal part length Z and the metal part width
ware used in the optimization process to minimize the Fitness function. To start
the optimization process, the search space for each parameter was specified.
However, the variable L belongs to the interval [26,46] mm, the variable w be-
longs to the interval [1,3] mm and the variable d, belongs to the interval [81,135]
mm.

Figure 7 shows the variation of the Fitness function as a function of the gen-
eration number for the Genetic algorithm. The simulation result of the Fitness
function approves its convergence, and its optimal value is 0.16, which validates

the convergence of the Genetic algorithm. In the optimal case, the periodicity d,

- Optimal value: 16.9383 Average value: 17.1662

» Optimal Fitness

307 * Average Fitness
28—

*
26—
3
©
>
324—
2 *
E
22— *
20—
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Figure 6. Evolution of the Fitness value as a function of the generations number (optimization of L et w).
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Figure 7. Evolution of the Fitness value as a function of the generations number (optimization of d,, L et w).
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Figure 8. Evolution of the antenna radiation pattern for the three optimization cases.

is equal to 120 mm, the length of the metal part L is equal to 45 mm, and the
width of the metal part wis equal to 3 mm. We now turn to the evaluation of the
radiation pattern of the optimized structure. The superposition of all the radia-
tion patterns for the three optimization cases is shown in Figure 8. This last fig-
ure shows a good convergence of the radiation pattern of the optimized struc-
ture towards the selected radiation model. We can also notice that better radia-
tion characteristics have been obtained especially for the reduction level of the
main lobe width. Finally, we can conclude that using the optimization by the
genetic algorithm integrated in the Floquet analysis we will be able to determine
the best parameters of a periodic antenna to benefit from a better radiation pat-

tern.

5. Conclusion

In this contribution, we have presented a theoretical analysis of 1-D coupled pe-
riodic antennas with Folquet theory and MoM-GEC method. Then we have op-
timized the gain and the directivity of coupled periodic structure with Genetic
algorithm. To enhance the radiation characteristics, we propose to choose the
optimum parameters generated by the optimization algorithm (the periodicity d,
= 120 mm, the length of the metal part Z = 45 mm, and the width of the metal
part w = 3 mm). Floquet analysis with MoM-GEC is more useful and more
beneficial and allows us to save 96.66% of computation time for each iteration of
the optimization process. For a future work, we suggest applying different opti-

mization techniques with Floquet analysis for a periodic structure to predict the
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optimal radiation pattern that can be adopted to decrease the side lobe level.
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