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Abstract

In the last decades of the twentieth century, the use of the evolutionary algorithms has been
widely spread in the field of phased antenna arrays design. These algorithms such as genetic
algorithms (GA), simulated annealing (SA), particle-swarm optimization (PSO) and differential

evolution (DE) have been successfully used in the pattern synthesis applications.

This thesis introduces methods of designing reconfigurable phased arrays using a novel
hybrid Differential Evolution (DE) and Enhanced Particle Swarm Optimization (EPSO)
technique. The proposed technique combines DE and enhanced version of standard PSO with
improved mechanism that updates velocity and global best solutions. In the hybrid algorithm, DE
and EPSO are executed in parallel with frequent information sharing to enhance the newly

generated population.

To demonstrate the effectiveness of the proposed algorithm over each separate algorithm,
many examples were simulated using MATLAB program. The first application was multiple null
steering for linear and circular antenna arrays using DE, EPSO and the newly proposed hybrid
DE/EPSO. Nulls are controlled using position control method by perturbing the position values
of the selected arrays’ elements that affect forming the specified nulls locations in the radiation
pattern. Also, the numbers of selected elements are optimized to have a minimum number of

mobilized elements.

On the Second application, the hybrid algorithm is used in designing different configurations of
concentric circular arrays (CCA) and concentric hexagonal arrays (CHA) with low sidelobe level
(SLL) in the azimuth plane of the radiation pattern. Comparisons of different configurations
having the same number of elements: two-ring, three-ring and four-ring are presented. The outer
rings of these configurations are rotated with optimized angles to minimize SLL. Both amplitude
and phase (complex excitations) are set or optimized in an adequate way using the hybrid
technique to achieve the design of the configuration with minimum SLL. Also, the effect of
adding a central element to these configurations is studied Amplitude dynamic range ratio and

directivity are also studied for each configuration.




On the third application, the hybrid algorithm is used in designing time modulated linear and
planar arrays. The amplitude excitations of time modulated array only require a low dynamic
range ratios or even a uniform distribution while designing low/ultra-low sidelobe patterns,
which are much easier for hardware implementation. The inherent drawback of time modulated
arrays is that there are many sideband signals spaced at multiples of the modulation frequency,
which implies that part of the radiated or received power is shifted to the sidebands. The hybrid
algorithm is used to optimize the switch-on times of the arrays elements in order to minimize the
SLL and the sideband level (SBL) that accompanied the radiation pattern of the time modulated

antenna arrays.

All results obtained using the hybrid methods are compared with the results of individual DE and
EPSO methods. Simulation results show the refined global search ability and effectiveness of the

proposed algorithm over each separate algorithm.
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Chapter 1

Introduction

The rapid growth in the wireless communication systems gave the antenna designers the
motivation to develop new design tools that improve these systems performance. Most of these
systems contain an antenna array combined with a suitable signal processor [1-2], i.e., the
antenna elements are working in conformity to control array element phasing, which is processed
through appropriate hardware. In these systems, the designers pay a special attention to the
performance of antenna array over a specific steering range. Most of the antenna array design
problems concentrate on finding weights that shape the radiation pattern to meet the designer’s
requirement for that desirable pattern like maximum gain, minimum sidelobe level, etc. However,
the objective function of the design problem is modeled as an optimization problem. The design
of antenna arrays has a nonlinear and non-convex reliance of array elements parameters [3].
Therefore, different types of techniques were presented to solve the nonlinear problems of the

antenna array designs as it will be illustrated in the forthcoming sections.

1.1 Overview of Phased Antenna Array Research

Antennas with a certain radiation pattern may be arranged in an array (line, circle, plane, etc.) to
yield a different radiation pattern. The most popular antenna arrays are as follow:

Linear array - antenna elements arranged along a straight line.

Circular array - antenna elements arranged around a circular ring.

Hexagonal array - antenna elements arranged in a hexagon shape.




Planar array - antenna elements arranged over some planar surface (example - rectangular
array).
Conformal array - antenna elements arranged to conform to some non-planar surface (such as

an aircraft skin).

Many analytical and numerical techniques have been used over the past years for the pattern
synthesis of antenna arrays. These techniques have several limitations like time consumption and
some complexity constraints. Evolutionary algorithms can overcome these limitations by

searching the design space and find the best solutions.

Researchers have been investigating evolutionary algorithms for antenna design and
optimization since early 1990s [3-10], and the field has grown rapidly in last decades as computer
speed has increased and electromagnetic simulators have became more sophisticated.
Evolutionary algorithms automate trial and error engineering substituting automated search
through millions of potential solutions for sophisticated search by engineers through a much
smaller number of designs. For evolutionary design, the engineer chooses the evolutionary
technique, parameters and the basic form of the antenna, e.g., linear and circular antenna arrays.
Evolutionary algorithms then search for optimal configurations in the space defined by the

engineer.

In the antenna array designs, there are many topics of interest like imposing nulls in certain
directions. Sidelobe level reduction also considered one of the most important topics of the
antenna array designs, as well as the main lobe beam steering. Many controlling parameters can
be used to accomplish these designs. Amplitude and phase excitations of the array elements could

be used as control keys, as well as the inter-element distances between array elements.

1.2 Evolutionary Algorithms for Antenna Design Applications

In recent years, evolutionary algorithms have shown great results in finding practical solutions in
multi dimension design problems. Evolutionary algorithms such as genetic algorithms (GAs),

simulated annealing (SA), particle swarm optimizers (PSO) and differential evolution (DE) have




been widely used in pattern synthesis applications [6]. Many researches used different types of

these algorithms in antenna design.

In [7] the authors presented how to optimally thin an array using genetic algorithms. The
genetic algorithm determines which elements are turned off in an array to find the lowest
sidelobe level. The arrays are thinned to obtain sidelobe levels of less than -20 dB. In [8] genetic
algorithm optimization was applied to adjust the subarray separation to reduce the sidelobe of the
antenna beam pattern of satellite reflector antenna. Simulation results show that the sidelobe of

the low profile phased array antenna is suppressed to a low radiation level.

In [9] simulated annealing SA is applied to the synthesis of arrays in order to reduce the
peaks of side lobes by optimizing the elements' inter-element distance and weight coefficients.
While m [10] the simulated annealing was used to optimize the length and space between

elements of Yagi-Uda antennas to achieve excellent gain and impedance properties.

Particle swarm optimization algorithm PSO and differential evolution algorithm DE are a
novel optimization tools, because they are easy to implement with a small number of controlling
parameters compared to GA and SA. Poor convergence and trapping in local minima of the GA,
and the need to set the initial parameter that satisfy the constraints, for each variable of SA and
long computation time forced many researchers to use DE and PSO in their antenna array

designs.

Particle swarm optimization algorithm was used in [11] to design non-uniform circular
antenna arrays with optimum side lobe level (SLL) reduction. PSO was used to determine an
optimized set of complex weights and antenna element separations that provide a radiation
pattern with lowest side lobe level with the constraint of a fixed major lobe beamwidth. The
results show that the design of non-uniform circular antenna arrays using PSO method provides a
side lobe level reduction better than that obtained using GA. In [12] the authors used a modified
type of PSO to design three-ring concentric circular antenna arrays (CCAA) without and with

central element feeding. Each design was optimizing complex weights and radii to get low SLL.




The interest has been focused on differential evolution (DE) algorithm in [13] as optimization
tool to synthesize radiation pattemn in conformal antenna arrays in the presence of platform. DE
was applied to optimize the amplitude weights of elements to reduce the sidelobe with the desired
phase weights found by the scan angle and array geometry. In [14] an adaptive differential
evolution (DE) algorithm has been used to optimize the distance between the elements of the

linear array to synthesize a radiation pattern with minimum SLL and null placement control.

1.3 Contributions of This Work

The thesis contributions could be classified into two parts. The first part is developing a novel
evolutionary optimization technique which is the hybrid differential evolution and enhanced
particle swarm optimization (Hybrid DE/EPSO). The second part is applying the novel hybrid
DE/EPSO to the designs of phased antenna arrays. The first design problem was null steering by
position perturbation of selected elements to the linear and circular arrays. By this nulling
method, up to five deep nulls imposed simultaneously in the initial radiation pattern with

minimum number of perturbed elements and acceptable increase in the side lobe level (SLL).

The second design problem was redesigning of a circular array with fixed number of elements
into different concentric hexagonal and concentric circular configurations arrays. Many
advantages were achieved by the rearrangement of the circular array elements like the reduction
in the SLL, increasing in the directivity and increasing in the inter-element distance which has a
direct impact in mitigating the mutual coupling effect between elements. Finally the third design
problem presented the time modulated arrays to achieve ultra low SLL for both linear and planar
arrays. The use of the time as control parameter in the unequally spaced linear array, yields to
obtain better SLL than using the excitation phase as a control parameter for the same array. For
the planar array, the time modulated concentric hexagonal array achieved better gain and almost

same SLL of the time modulated circular array using same number of elements.




1.4 Outline of Thesis

In this thesis, the objective is to develop an enhanced optimization algorithm, and then apply it as

a tool for antenna array design.

In chapter 2, a hybrid algorithm containing differential evolution and enhanced particle
swarm optimization algorithms is developed. This novel algorithm enhanced the ability to find
the global solution of a given objective problem. This algorithm is used in the rest of the thesis

for different applications of phased antenna arrays design as follow.

In chapter 3, hybrid DE/EPSO algorithm used in multi-null steering in both linear and
circular array, using the position perturbation method of minimum selected elements of the array.
By this method the algorithm could impose up to five nulls in the radiation pattern. This is

obtained with preserving certain sidelobe level of the initial chebyshev pattern.

In chapter 4, hybrid DE/EPSO is used in designing different configurations of concentric
circular and concentric hexagonal arrays, having the same number of element with different
number of rings, to achieve the lowest sidelobe level radiation pattern. The algorithm is used to
optimize the complex weight (amplitude and phase) of the elements current, to minimize the

sidelobe level of the concentric configuration arrays in the azimuth plane.

In chapter 5, the hybrid algorithm is used to optimize switch-on times and inter-element
distances of unequally spaced linear array to minimize the sidelobe level, with minimum
sideband level of the harmonic frequencies. For the concentric circular and concentric hexagonal
arrays the hybrid algorithm used to optimize both of complex weights and the switch-on times of
the array elements, to achieve ultra low sidelobe level of the radiation pattern with minimum
sideband radiation in the harmonics and sufficient directivity in the main lobe of the center

frequency pattern.

Chapter 6 concludes the thesis and suggests some of topic which could be useful for the

future work in the phased antenna array design using the optimization algorithm.




Chapter 2

Hybrid Differential Evolution / Enhanced
Particle Swarm Optimization Algorithm

2.1 Introduction

Recently evolutionary algorithms have been widely used as a robust technique to design phased
antenna arrays [15]. Evolutionary algorithms such as genetic algorithms (GAs), simulated
annealing (SA), particle-swarm optimizers (PSO) and differential evolution (DE) have been
broadly used in pattern synthesis applications [6]. Several methods for improving global
optimization performance are previously proposed. These methods can be classified into three
categories. First, performing the same optimization scheme successively with different
initializations. Although this method increases the chance of finding the optimum solution, it has
high computational cost. Second, improving the optimization algorithm itself by introducing a
modified version with enhanced searching capability [16]. Finally, is to introduce hybrid

techniques of different evolutionary algorithms with collaborative usage of population.

A hybrid technique that includes the essence and merits of GA and gradient-descent methods
was introduced in [17]. The idea is to embed a gradient-descent algorithm into the evolution
concept of the GA in order to provide a structured random search. Later on, improved genetic
algorithm - extremism disturbed simple particle swarm optimization (IGA-EDSPSO) hybrid
technique has been presented in [18]. The algorithm is executed such that best solutions are

exchanged between improved version of GA and a simplified version of PSO in an iterative way.

Other robust hybrid methods applying combination of more than two different meta-heuristic
optimizers have been developed in [19]. Recently, the idea of hybridization DE and PSO has

6




been emerged to inherit advantages of both techniques [20-22]. In [20] a combination of DE and
PSO has been presented in sequential procedures. In [21] the mutation operation of DE is
embedded in the PSO algorithm to improve its diversity exploration. The mutation operators are
activated if velocity value of PSO is near to zero or violated from the boundaries. Another hybrid
version of differential evolution named as HDE is introduced in [22]. HDE starts with the
classical DE algorithm and then switch to PSO when the DE procedure starts to slow down.

In this chapter, a hybrid DE and enhanced version of PSO (EPSO) is proposed to increase the
search space. The main idea is to execute the two techniques simultaneously. The evolved
generations are obtained by merging and interchanging individuals produced from both
techniques. The proposed evolutionary algorithm is developed and then applied for optimizing
different antenna array configurations. In the forthcoming sections the differential evolution, the
classical particle swarm, the enhanced particle swarm and the hybrid version of DE/EPSO will be
presented, to have an idea about their performance in searching the global minimum solution for

any given objective function.

2.2 Differential Evolution (DE)

Difterential Evolution (DE) [23] is a parallel direct search meta-heuristic approach for global
optimization. The initial vector population is chosen randomly. Each population vector is set as a
target vector. Mutation operation is performed by adding the weighted difference between two
population vectors to a third one. The parameters of mutated vector are then mixed with the
parameters of the target vector, to produce the so-called trial vector. Parameter mixing is often
referred to as “crossover”. If the trial vector yields a lower cost function value than the target
vector, then the trial vector replaces the target vector in the following generation. Each
population vector has to serve once as the target vector so that competitions happened in one
generation. The DE algorithm is summarized schematically in Figure 2.1. Stepwise, it is defined

as:

Step 1. Initialize N-dimensional population vectors with P individuals, all randomly chosen from

lower and upper bound interval [/b, ub].




Step 2.

Step 3.

Step 4.

Step 5.

Step 6.

For each target vector x'(k) for individual i at time k, wherei €{ 1, 2,...,P}, select another
3 random individuals (¥, ¥ and x”) from the population. r;,r; and rs are random
integers with mutually different indices €{/, 2,..,P}. One of these selected individuals
x"") will serve as the base vector, and the other two (" and x”) will produce the
differentiation vector (x”* — x™).

Create a mutant vector Xmu(k+1)= x’ + F (x> — ¥) | where F is a constant of

differentiation that is a randomly selected real number from the [0, 2] set.

Crossover is introduced between target vector x'(k) and mutant vector Xmu(k+1) 1n order
g

to increase the diversity of the perturbed vector and create a trial vector as:

X ma(k +1) ifrand(j) < C,
x"/(k)  otherwise 2.1

X" triat (k +1) = {
where x"/(k) is the j element in the x'(k) target vector, rand(j) is a random number

taken from the interval [0, 1],j €{ 1, 2, ...., N} and C, is preset crossover probability.

When all the target vectors x'(k), i €{ I, 2, ..., P}, have been processed this way,
evaluate the objective function with the new trail vectors. If the objective function value
of any trial vector is less than that of the corresponding target vector, replace the target

vector with the new trial vector.

Repeat from step 2 until convergence criterion is met.

Where /b and ub are also N-dimensional vectors. Thus, DE has only 2 control parameters, the

constant of differentiation F,, and the probability of crossover Cr.
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Fig. 2.1 Schematic of the full evolution cycle of Differential Evolution. (courtesy:
[24])




2.3 Classical Particle Swarm Optimization (PSO)

Particle Swarm Optimization is a swarm intelligence method for global optimization [25]. For
classical PSO, consider an optimization problem that requires the optimization of a certain
objective function which consists of N variables. A group or swarm of particles is defined, where
each particle is designated a random position in the N-dimensional problem space so that each
particle position represents a potential solution to the optimization problem. Each of these
particle positions is aimed to achieve a cost based on how it enhances the problem solution.
These particles then swim through the problem space subject to set of update rules to new

positions, which are subsequently gained.

As the particles navigate the problem space, each particle remembers its own personal best
position that it has ever found, called its local best and each particle also knows the best position
found by any particle in the swarm, called the global best. On consecutive iterations, particles are
pulled toward these best solutions. Overshoot and undershoot accompanied with random

adjustment discover areas through the problem space, finally reach the best solution.

This process can be visualized as a swarm of bees in a field [26] as it shown in fig.2.2. Their
goal 1s to find the location with the highest density of flowers. Without any knowledge of the
field in advance, the bees start in random locations with random velocities looking for flowers.
Each bee can recall the locations where it found the most flowers density, and with swarm
communication it knows the locations where the other bees found the flowers. Divided between
going back to the location where it had personally discover the most flowers, or finding the
location by others to have the m(;st flowers, the infirm bee navigate in both directions changing
its trajectory to fly somewhere between the two location. In its trajectory, a bee might find a
place with a higher flowers density than it had found before. Then it will drift to this new
location as well as the location of the higher flowers density found by the whole swarm.
Sometimes, one bee may fly over a place with higher flowers density than had been discovered
by any bee in the swarm. The whole swarm would then be directed to that location in additional
to their own personal discovery. In this way, the bees sweep the field. Always, they are checking
the field they fly over against previously discovered locations of highest density hoping to find
the highest density of flowers. Finally, the bees' flight leads them to the only place in the field
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with the highest flowers density. When the whole swarm of the bees could not desperately find
any location of higher flower densities, they are eventually drawn back to the highest flower
density.

The following steps are accomplished on each particle individually (see Fig. 2.3):

Step 1. The positions, x'(k) and velocities, v'(k) of the initial population of particles are
randomly generated for the /" particle at time k. Where i is the current particle number in

the swarm,7 €{ 1, 2, ...., P} and P is the swarm size.

Step 2. According to fitness function values for each particle, locate particle with the local best

position value p’(k) over the current swarm, and also update the global best position

pé(k) for the current and all the previous swarm moves.

Step 3. Update the velocities, according to

Vi(k+1)= wy' (k) +c. 7. (p' (k) — x (k) + ¢y 1. (PO () — X (K)) (2.2)

where, r; and r; are uniformly distributed random variables in [0, 1], w is an inertia

factor, c; is a self confidence factor, ¢, is a swarm confidence factor.

Step 4. Update the position of each particle #, by the procedure

X' (k+1)=v'(k+1)+x'(k) 2.3)

Step 5. If any x'(k+ 1) exceeds the boundaries set by /b or ub, the particle will “bounce” back

from the boundary, and thus always be inside the allowed search space.

Step 6. Repeat from step 2 until convergence is attained.

11




Fig. 2.2 Particle Swarm Optimization as modeled by a swarm of bees searching for flowers
(courtesy: Robinson [26]).
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2.4 Enhanced Particle Swarm Optimization (EPSO)

Enhanced Practical Swarm Optimization (EPSO) algorithm [16] is similar to classical PSO with

improved global search ability. This is achieved by introducing an updating formula for global

best particle position and adding two new terms in the velocity updating formula of classical

PSO. EPSO algorithm can be summarized in steps as follows:

Step 1.

Step 2.

Step 3.

Step 4.

The positions, x'(k) and velocities, v'(k) of the initial population of particles are
randomly generated for the i particle at time k. Where i is the current particle number in

the swarm, 7 €{ 1, 2, ...., P} and P is the swarm size.

According to fitness function values for each particle, locate particle with the best

position value p'(k) over the current swarm, and also update the global best position

pEé(k) for the current and all the previous swarm moves

Update the position of the global best particle with zero velocity according to the

following equation:

pek+1)=[1+4.U] p9k) (2.4)

where U is a Gaussian random number with zero mean and unit variance, 4 is a

convergence acceleration parameter.

Update velocities of all particles at time k +1 as follows:
Vi(k+1) = wy' (k) +c;. 1. (p' (k) — X' (K)) + ¢y 1. (pO (K) — %' ()

+e3.1. (Pl (B~ X (W) 4 cary (P () -X (R)  (2.5)

where, r,, r,, r; and r, are uniformly distributed random variables in [0, 1], w is an inertia

factor, c; is a self confidence factor, ¢, is a swarm confidence factor, c¢; and ¢, are

acceleration constants, p}dr(k) and p?dr(k) are local and global candidate positions
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that are selected by locating the individual with minimum fitness to distance ratio (FDR)
over all particles in the swarm

The local and global FDR for each particle at time k is defined as:

FDR._, = Jitness (p® (k)) - fimess (x' (k)) (2.6)
dist(p’ (k),x'(k))
FDR ;low _ Jimess( {)g (kg) - ﬁt:zess(x‘ (k) 2.7)
dist(p® (k),x"'(k))

where fimess(.) is the cost function to be minimized and dist(p?® (k),x'(k))is a measure

related to the distance between the particle global best position and all other particles on
the swarm defined as:

N |
dist(p (k),x' (k) = |3\ p™ (k) - x" (k)? 2.8)

J=1

where p°(k) is either the local best p'(k) or global best Pi(k) position vectors,
p™/(k) is the j* component of the p*(k) vector. x™/(k) is the 7" components of the i
particle position vector x'(k) that is represented as x'(k)=(x", x*2,...,x*") in the N-

dimensional search space (particle size).

Step S. The position of each particle is updated using its velocity vector at time k +1 as:

Xe+1)=x' (k) +v'(k +1) (2.9)

Step 6. Repeat from step 2 until convergence criterion is met.
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2.5 Hybrid DE/EPSO Algorithm

In the mtroduction of this chapter, some of hybrid techniques combining two algorithms were
introduced. In this section, the hybrid technique of the two robust meta-heuristic global
optimizers DE and EPSO is presented. The hybridization purpose is to include the essence and
merits of both techniques. Generally, a Hybrid DE/EPSO procedure is aimed to give a fairly
accurate optimum solution by increasing the solution space. For each generated population from
both optimizers that are simultaneously executed, a new generation is produced to form
DE/EPSO population. By interchanging individuals between the two parallel optimizers, better
solutions could be achieved.

Also, it decreases the chance of trapping in local minima. The proposed hybridization works as

follows (see Fig. 2.4):

Step 1. Initialize N-dimensional population of vectors with P individuals and apply DE to

create a new generation.

Step 2. Initialize another N-dimensional population of vectors with P individuals and apply

EPSO to create new generation.

Step 3. Merge the two new generations (2P individuals) and locate the individual with the

minimum fitness function value (best individual).

Step 4. Randomly select P individuals from the merged generation and insure that the selected
individuals contain the best individual located in step 3. If not, sort the selected
individuals according to their fitness function values and replace the individual with the

highest fitness function value by the best individual.

Step S. Apply EPSO to the generation that contains the best individual which is produced in
step 4. This is to ensure that the EPSO will perform properly since the global best

solution is needed in the updating equations.
Step 6. Apply DE to the remaining P individuals from the merged 2P population of step 3.

Step 7. Go to step 3 until a convergence criterion is met.
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Fig. 2.4 Flowchart of the Hybrid DE/EPSO algorithm.
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2.6 Optimization Example

The proposed hybrid EPSO/DE algorithm has been developed, and in this section it is desired to
test the robustness of this hybrid algorithm. So, to show the capability of the proposed hybrid
EPSO/DE algorithm, an evaluation example was conducted using three algorithms (DE, EPSO
and hybrid EPSO/DE). This example is found in [27] (Wysota et al), and its objective is to
minimize the sidelobe level (SLL) of the radiation pattern by element displacement of 16-

elements linear array.

2.6.1 Design of unequally spaced linear array.

Consider a linear array placed along x-axis as shown in Fig.2.5. The Linear array consists of an
even number of isotropic elements distributed symmetrically with respect to the y-axis. The array

factor (AF) can be written as:

AF(0) = 2% a,.coslkx, cosf] (2.10)

n=1

Where a,, is the amplitude excitation of the n” element, k=2a/A, 1 is the wavelength, x, is the
position of the n” element measured from the origin along x axis and € angle in x-y plane.
Assuming a vector d = [d}, d,, ... d\] of spacing where d,, is a spacing between adjacent elements,

then x,, can be described by follow:

x, =3d. (2.11)
=1
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Fig. 2.5 Linear array geometry (courtesy: Wysota et al [27]).

2.6.2 Objective function formulation

The objective of this example is minimizing SLL of the linear array which could be achieved by

optimizing the following fitness function [27]:
Jf =SLL = max {20.log|AF(8)|} 2.12)

Where c represents SLL region.

2.6.3 Numerical Results and Discussion

In this section numerical result of 16-elements non-uniform array of isotropic elements is
considered. The array is assumed to be uniformly excited (i.e. a,—=I where n=1I, 2, .M ) and
symmetric about x-axis, therefore the dimension of the problem is a half number of array
elements. So there are eight elements locations to be optimized. The element spacing d, is

allowed to vary from 0.25A to 2A except d;, which varying from 0.125A tolA.
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All simulation examples in this thesis were performed using MATLAB® software version
R2009b and all the used algorithms (DE, EPSO and Hybrid DE/EPSO) are M-files written in
MATLAB® codes. The DE algorithm uses the following parameters: population size = 20,
number of generations = 300000, constant of differentiation F in range of [0, 2] and probability
of crossover C, = 0.9. Meanwhile, EPSO algorithm uses the following parameters: swarm size =
20, number of generations = 300000, inertia weight factor w = 0.5, acceleration constants ¢; = ¢,
=2,¢3=0.5,¢4=0.55. These values of the algorithms parameters are applied to all optimization

problems in the forthcoming chapters.

The DE, EPSO and the Hybrid EPSO/DE algorithms were applied to optimize the fitness
function. Each algorithm was implemented to find the elements location of the linear array with
lowest SLL. Table 2.1 presents the resulted SLL optimized using the three different algorithms
and the SLL optimized in [27] using Hybrid Particle Swarm Optimization (HPSO), which is
combination of standard PSO and gradients technique. It is obvious that the Hybnd EPSO/DE
algorithm case gives the lowest SLL (-26 dB). Which is better than the SLL (-25.3 dB) that
presented in [27]. Fig. 2.6 depicts the radiation pattern of the unequally spaced linear array
optimized with the different algorithms including the results in [27].

Fig. 2.7 plots the convergence curves for the three algorithms used to design unequally

spaced linear array. It is clear in this figure that the Hybrid EPSO/DE curve is converging better
than DE and EPSO.
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Table 2.1 SLL of unequally spaced 16-elements linear array using DE,EPSO and hybrid

EPSO/DE algorithms versus the results in reference [27].

Algorithm

SLL[dB]

Inter-Eleﬁnent
distance d

HPSO
Ref. [27]

-25.3

[0.1270 & 0.2500A
0.2880% 0.2950%
0.25101 0.4240%
038101 0.63401]

-19.5

[0.1350 4 0.2600A
0.2800A 0.30001
022201 0.4568A
03508\ 0.67681]

[0.1220 & 0.23501
0.29201 0.29700
0.2120A 0.4555\
0.3400A 0.6478A]

-26

[0.1250 A 0.2389A
0.2915A 0.2989A
0.2033% 0.4554)
0.34001 0.64811]
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AF [dB]

Fig. 2.6 The radiation pattern of the unequally spaced linear array optimized with the
three algorithms versus the results in(Wysota et al [27]).

Fig. 2.7 Convergence curves for the three algorithms used to design unequally spaced

-10
-15
-20
25|
-30

-35

-20

1,
[

[ ! i
R R EEEE EER RS TP

0

L ]
R TR

T T T

——— HPS0O Ref [277]
DE

EPSO

~—* Hybrid EPSO/DE ||

20

Theta (Degree)

0 : :
— - EPSO |

—— DE
sl —— Hybrid EPSO/DE ||
10} 4

1
15

2

lterations

linear array.

21




2.7 Conclusion

In this chapter, a novel hybrid global optimization algorithm DE/EPSO combining differential
evolution (DE) and enhanced particle swarm optimization (EPSO) has been introduced. The
hybrid DE/EPSO procedure gave a fairly accurate optimum solution by mcreasing the solution
space. The Hybrid algorithm proved that it decreases the chance of trapping in local minima

which enhanced the optimization performance.

The proposed technique has been applied for SLL minimization by optimizing the elements
locations of 16-element linear array as a verifying example. Simulation results using MATLAB®
show that the hybrid DE/EPSO outperforms the classical DE, EPSO and HPSO [27] in obtaining
the desired pattem. It can be concluded that the hybrid DE/EPSO is an effective algorithm with
improved accuracy, and it could be a promising tool to be applied for the design of

reconfigurable antenna arrays, which is the objective of the following chapters.
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Chapter 3

Null Steering by Position Perturbation of Selected
Elements in Linear and Circular Antenna Arrays

3.1 Introduction

The intensive use of electromagnetic waves in our environment result in undesired radiation
sources which interfere with some communication systems radiations. This interference
decreases the signal-to-noise ratio and eventually degrades the performance of these systems.
This illustrates the necessity of giving a significant attention for the study of array pattern nulling
techniques. These techniques are aimed to suppress any radiation from specific direction in the
radiation pattern of the antenna array. The source of the undesired radiation could be generated
intentionally as in the case of the jammers, which used as one of the electronic warfare methods
in the mulitary field. The technique of null steering including controlling the excitation amplitude
only, the excitation phase only, the complex weights (the amplitude and phase) and the inter-

element distance only have been illustrated well in previous studies [28-3 2].

Null steering using complex weights as control parameter is the most efficient method since it
has greater degree of freedom for the solution space [28]. In this chapter, it will be focused on
the position perturbation of linear and circular antenna arrays to form pattern nulling. This
technique needs servomotor for each element to make elements mobilized. This technique set the
phase shifters to be used only for steering the main beam toward the desired direction determined
by the designer. However, when the number of mobilized elements in the array increases, the
complexity of the array implementation will be higher. Also, the process will require longer
computational time to find the new position for the perturbed array’s elements. So it is desired to

reduce the number of mobilized elements by perturbing only the position of selected elements
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dependmg on their contribution in the null forming. The selection process is introduced in [29] by
eliminating the elements with less contribution to control the nulls in the antenna pattern.

However, the solution is obtained using a semi-analytical technique.

It 1s desired to form deep nulls in the radiation pattern with minimum number of perturbed
elements, these elements were chosen according to their contribution in forming nulls. To
accomplish this, the elements positions are optimized in three different directions using a
numerical iterative procedure with powerful and efficient evolutionary algorithm. Both EPSO
and DE techniques are previously used for null steering by optimizing the amplitudes, phases or
positions of antenna array elements [16, 30]. The proposed hybrid EPSO/DE that is introduced
in chapter 2 is applied to both linear and circular antenna arrays in this chapter. This hybrid

technique iteratively selects the best solution obtained from the two optimization algorithms.

The rest of this chapter is organized as follows: Section 3.2 describes the null steering using
position perturbation for;
A Linear antenna arrays

B. Circular antenna arrays.

Finally, some conclusion remarks are noted in Section 3.3.

3.2 Null steering using position perturbation.

3.2.1 Linear array Case.

For a phased symmetrically placed 2N elements along x-axis with equal inter-element spacing of

d, the array factor can be written as:

AF(G)zZian.cos[dn(u-—us )] 3.1)

n=1

where a, is the n™ excitation amplitude, d, is the n” element position from array's center,

dy,=dp (n-0.5). u=k sin(6) where 0 is angle measured from the broadside direction. u,—k sin(;) is
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main beam steering angle and k=2x/A is the wave number. The geometry of the linear array is

shown in fig. 3.1.

Flevstion l‘\

perturbation Arbitrary
Perturbation -
Vi

Axial Perturbation

n

|
|
4, -2-1=12 N
!
i

Fig. 3.1 Geometry of the linear array, depicted the 3 different position perturbation: axial,
elevation and arbitrary perturbation.

The perturbed pattemns corresponding to the element positional perturbations can be written as
[31]:

For axial perturbation:

_o% (3-2)
AF(0) = ZZan .cos[dn (u—us)+xn(u—us)]
n=1
For elevation perturbation:
N
AF(6) =2 a, .cosd, (u—u))+h (kcosd —u,)| (33)
n=1 )
For arbitrary perturbation:
AF(6)=2 Jg a cos[d (u—u_)+v (kcos(B_ —6)—u )] (3.4)
- n n s’ 'n n s

n=1
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Each element is subjected to positional perturbations of either x,, along the array axis or 4,, normal

to the array axis or v,= |v,|”" along the both directions where:

[Vn, :(hnz +x”2)”2 (3.5)

B, =tan”'(h,/x,) (3.6)

Owing to the array symmetry, the perturbation vector v, can be defined for only half of the

elements number as v = [v,, v, ..., vyl

3.2.1.1 Objective function formulation

For null steering techniques it is always desired to get the prescribed null with very slight change
in the main beam width and minimum increase in the maximum side lobe level (MSL). This is
attained by solving minimax of the optimization problem that is subject to two constrains. The

problem can be described as:

min eC{maxgbgz__,gm IAF(G,,,Hydn)”

3.7
Subjectio  MSL<SLL, & SBW < ¢ G

Where AF{(a,0,d,) is the array factor of the linear antenna array. 6, 0,,...6,, are elevation angles
of the desired null locations, m is the total number of nulls, C is the set of all vectors and d, is the
element’s position to be optimized. MSL is the maximum side lobe level in the perturbed pattern.
SLL, is prescribed value of side lobe level. 6B and ¢ are the change and maximum allowed

change in the main beam width respectively.

This problem is optimized using the developed EPSO/DE technique and the fitness function that

is needed to be optimized can be written as:

6=90°

f= Y |AF,(6)~ W, (6).AF, (8)|+ «(6) (33)

6=-90"
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where AF(¥) 1s the mitial Chebyshev pattern, w,,; 1s weight function define the desired nulls
place. a(@) is factor to control MSL. In this section, the linear array is assumed to have 2N
symmetric elements. This means that the numbers of elements to be optimized are N elements.

The problem is then extended to iteratively minimize number of mobilized elements as follows:

Step 1: Optimize the position vector v for N elements noting that the array has symmetric
configuration.

Step 2: Eliminate two elements with lowest |v,,| by setting them to zero.

Step 3. Optimize v for N-2 elements and record the resultant v and corresponding ( f) value.
Step 4: Eliminate one more element with the lowest |v,,l )

Step 5: Optimize v and record the resultant v and the corresponding ( f) value.
Step 6: Go to Step 4 if there is no significant decreasing change (approximately 20%)
between current and previous iterations. Otherwise retrieve previous iteration and stop

eliminating elements.

3.2.1.2 Numerical results and Analysis

The main goal of this optimization problem is to achieve nulls depth less than -100dB with
minimum number of position perturbed elements for different configurations for uniform spacing
linear antenna arrays. An initial design with Chebyshev linear array is considered for the
optimization process. The array consist of 20-element, 0.5) inter-element spacing and MSL =-35
dB and main beam direction toward the broadside is used as initial pattern. The used parameters

in fitness function were chosen as:

© (0 ife=0,
w =
el 1 otherwise (39)
wherei=1, 2., m  and m is total nulls number.
MSL if MSL> SLL
6) = 4
() { 0 otherwise (3.10)
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¢ =1° that is the maximum allowable change in beamwidth. The boundaries for parameters x,, ,4,,

in axial and elevation are {-0.08, 0.08}, and for |v,| is {0,0.08}, for B, is {-n, m}in arbitrary,
parameters x, ,h, and |vn| are given in A. A comparison is performed between the three

configurations axial, elevation and arbitrary using the three algorithms DE, EPSO, Hybrid
EPSO/DE for each configuration on certain null locations. These locations are chosen to be two
maxima of the side lobes in the Chebyshev pattern, this comparison is shown in Table 3.1. Figure
3.2 shows the array factor pattern with nulls placed at angles 105° and 110°. It is obvious from
Table 3.1 that arbitrary configuration has the minimum number of position perturbed elements (6
elements only, better peak SSL and satisfying null depth) to form the nulls compared with axial
and elevation configurations. Also it is found that the proposed algorithm Hybrid EPSO/DE has
the maximum null depth and peak side lobe better than using each algorithm separately. The
same problem is optimized using a semi analytical method in [29], the solution is found to be 12
perturbed elements with MSL of -28dB and null depth value about -80dB. In comparing, the
results obtained using our developed optimization method are found to has less number of
minimum elements perturbed, and less MSL and deeper null value, besides achieving the nulls in

asymmetric locations by applying elevation and arbitrary perturbation.

Figure 3.3 shows the convergence curve for the three optimization techniques that are used to
achieve the imposed two nulls by arbitrary perturbing the elements of the considered linear
antenna array. As shown EPSO, DE and hybrid DE/EPSO achieve convergence after 3000, 6000
and 8000 iterations respectively, that are equivalent to 150, 300 and 400 generations. The figure
also indicates that the proposed hybrid DE/EPSO has the minimum value of fitness function. It
should be noted here that the fitness function is a weighted sum function of the null depth, SLL
change and the number of perturbed elements.

Another example is demonstrated with five nulls imposed at 18°, 32°, 123°, 130° and 138°
simultaneously as shown in Figure 3.4 with 10 perturbed elements only. From Table 3.2, the
arbitrary configuration optimized by the hybrid algorithm proved to be the best solution with only
ten perturbed elements and -212 dB null depth. The second best solution is found to be the axial
perturbation which is better than the elevation perturbation that has a higher MSL. Table 3.3
shows the values and locations of the perturbed elements of the 20 element linear antenna array

for arbitrary perturbation for the two and five nulls cases using Hybrid algorithm.
28




Table 3.1. Comparison between position perturbation types and
optimization algorithms for linear array and 2 nulls case

No. of Null
Sl Perturbation | Algorithm | Perturbed [SdI]J}Ii Depth
Elements [dB]
: DE 10 -30 86
G EPS 10 S05 [ 5o
HYBRID 10 -30.5 -127
> DE 10 -30 -335
i Elevation EPSO 14 -30 -239
W
= HYBRID 8 -30 -296
DE 6 -29 -80.5
Arbitrary EPSO 6 -30.5 -125
HYBRID 6 -32 -225
e
EPSO
—e— HYBRID M
Chebyshev Pattemn
& M
S, | 3
< i 1%
-100 L i: I 1 .I i ; j
o] 20 40 60 80 100 120 140 160 180
Theta (Degree)

Figure 3.2 The initial and the three algorithms perturbed pattern for
linear array with imposed nulls at 105° and 110°.
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Fig. 3.3 Convergence curves for the three algorithms used to design

perturbed linear array

Table 3.2. Comparison between position perturbation types and
optimization algorithms for linear array and 5 nulls case

: | No.of [ ¢ [ Null

Null | Perturbation | Algorithm | Perturbed Depth
Elements [dB] [dB]

DE 16 37 439

% Axial EPSO 16 i
N, HYBRID 16 -31 | -487
& DE 16 31| Bes
2N,,“ Elevation EPSO 16 3| 418
; HYBRID 16 3yl 4)ig
o DE 16 311 | -393
% | Arbitrary | EPSO 12 NP
HYBRID 10 31 o




AF [dB]

0 20 40 60 80 100 120 140 160 180
Theta (Degree)

Figure 3.4 The initial and the three algorithms perturbed pattern for linear
array with imposed nulls at 18°, 32°, 123°, 130° and 138°

Table 3.3 Values of the position vector for arbitrary
perturbation of linear array using hybrid DE/EPSO

Nulls Nulls
Elemgnt 105°, 110° 18°, 32°, 123°, 130°
Location ,138°
Vn Bn vy B
+1 0 0 0 0
+2 0 0 0 0
+3 0 0 0 0
+4 0 0 0.0137 29216
+5 0 0 0 0
+6 0 0.0261 205712
+7 0.0332 | 4.1457 0 0
+8 0 0 0.0292 2.5362
+9 00181 | 3.3935 | 0.0659 3.269
10 0.0678 | 09771 | 0. 646 1.3362




3.2.2 Circular Array Case

Recently, the circular array has gained an increased popularity in researches more than linear
array due its wide steering capability in the azimuth. In some communication systems it is
desirable to suppress the noise generated either intentionally by certain jammers or
unintentionally by other undesired communication systems. So many techniques were developed
to form nulls in the array pattem toward the directions of the interference which are called the

null steering techniques.

Similarly to linear array in previous section, in this section, it will be focused on the position

perturbation of circular antenna array to form nulls in the radiation pattern.

Consider a circular antenna array as shown in Fig. 3.5. The array consists of 2N isotropic

elements equally spaced by dy around the circumference of a circle of radius 7 on the x — y plane.

[ 3
Radial perturbation
do
/ Ar, Angular
perturbation
A¢n
N+1 ¢ 1 > x
r 2N

Fig. 3.5 Geometry of circular array with illustration of the different types of
elements position perturbation
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So the radiation pattern of this array can be described by its array factor which is given by [34]

as:

2N
- ikt cos(¢—¢y ) —cos(dy—4,))
AF()=3 I, ¢ G.11)

n=1
where I, is the amplitude excitation of the n”" element, r = (2Nd,) / 2z, k is the wave number, ¢,
is the angular position of the #” element on the x-y plane where ¢, = 2z (n-1/2N) forne {1,2, ...,
2N}, ¢ is the direction of the main beam. Each element in the array is subjected to one of three
types of perturbation. Radial perturbation (Ar,) along the radius r, angular perturbation (Ad, )
along the circumference of the circle or arbitrary perturbation that can be represented in by
(Ar,,e’M’)‘ The arbitrary perturbation can also be presented by the displacement vector v with
respect to elements initial positions, where v,=lv,le”” | §, in the range between {-m, m}. Noting
that the array has even number 2N with equal inter-elements spacing e and ¢,y = @, + & then
the overall position vector v can be reduced to N dimensions vector as v = [ v, v,, ..,vy |. The

array factor patterns in this case can be written as:

N
AF(¢,v) =2 1, cos{k(r +[v,|)cos(g— (¢ + B,))—cos(@, — (8, + B, )]} (.12)

3.2.2.1 Objective function formulation

As in linear array, to get nulling pattermn in a certain radiation pattern, one or more of its
properties will be changed like main beam width BW (directivity), sidelobe level SLL and peak
sidelobes location. In this section it will be focused to get the desired null depth with very slight
change in the main beam width and acceptable increase in the side lobe level SLL. This is
attained by solving minimax of the optimization problem that is subject to two constrains. The

objective function can be described as:

m=] i

M 1 ¢
Fv)=ay |4F(4, v)| +bY — [|4F (4, v)|d¢ |
Ad, ¢{ (3.13)
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where AF (¢, , v) is the array factor for circular phased array. v is the perturbation position
vector that needs to be optimized, ¢, is the angle of the prescribed null locations, M is the total
number of nulls, [, , 42 ] are the i spatial region boundaries of the array pattern excluding the
main beam in which average peak SLL need to be constrained, Ag, =¢;; — ¢, . a and b are
weighting coefficient. In (3.13), the first term represents the fitness function that need to be
optimized for nulls control purpose, while the second term is used for constraining the average
SLL. The null steering technique is developed by optimizing (3.13) for a given prescribed nulls to
obtain the array geometry. The problem is then extended to iteratively minimize number of
mobilized elements in accordance with the procedure of the linear array case which is described

earlier.

3.2.2.2 Analysis and numerical results

Similarly to linear array case, the goal of this section is to achieve nulls depth in the radiation
pattern as deep as -100dB with minimum number of position perturbed elements for different
configurations of the position perturbation for uniform spacing circular antenna arrays. A circular
array with 36-element and 0.25) inter-element arc spacing is used. To get Chebyshev-like for a
circular array, the amplitude and phase excitation values in [35] are used which result in pattern
with SLL= -31.4dB. The optimized parameter in each configuration is: for radial and arbitrary
Ar,, in range of {-0.1, 0.1}, for angular and arbitrary Ad, in range of {-2.5, 2.5}, where Ar, in A
and Ag, in degrees.

A comparison 1s accomplished between the three configurations angular, radial and arbitrary
using the three algorithms DE, EPSO, HYBRID EPSO/DE for each configuration on certain null
locations. These locations are chosen to be two maxima of the sidelobes in the Chebyshev-like
pattern at angles 54° and 110° as shown in figure 3.6, the comparison is shown in Table 3.4
which verified that the arbitrary configuration is the best of null forming (-332 dB) with 18
elements perturbed (half number of array), then the radial (-324 dB) with 18 elements perturbed,
then the angular configuration, all with MSL not more than -30 dB. Figure 3.6 shows the array
factor pattern with nulls placed at angles 54° and 110° optimized with the three different
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algorithms. While Fig. 3.7 presents the convergence curves for imposing two nulls using arbitrary

perturbation of circular array.

Another comparison is demonstrated with five nulls imposed at 54°, 73°, 94° 110° and 152°

simultaneously as shown in Table 3.5, which proved that the arbitrary configuration with hybrid

algorithm is the best with -177 dB nulls formed by 22 elements perturbed as we can see in Table

3.5. The second best solution is the radial perturbation with 26 elements perturbed and -223 dB

null depth, all with MSL not more than -27 dB. Figure 3.8 shows the array factor pattern with
nulls placed at 54°, 73°, 94°, 110° and 152°.Table 3.6 shows the values and locations of the

perturbed elements of the 36 element circular antenna array for arbitrary perturbation for the two

and five nulls cases using Hybrid algorithm.

Table 3.4. Comparison between position perturbation types and optimization
algorithms for circular array and 2 nulls case

Angle Perturb. Algorithm perltil(;)ed SLL (?Ie;gl
type Element [dB] [dB]

DE 36 30 | -333

Angular | EPSO 36 30 | -349
HYBRID 36 30 | -344

& DE 28 30 | -166.5
= | Radial | EPSO 28 | 30 | -208

@ HYBRID 18 30 | -3249
DE 36 30 34

Arbitrary | EPSO 18 30 | 2217

HYBRID 18 30 | -3325
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Figure 3.6 The initial and the three algorithms perturbed pattern for circular
array with imposed nulls at 54°, 110°
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Table 3.5. Comparison between position perturbation types and optimization

algorithms for circular array and 5 nulls case

Angle S Algorithm perlt\llx?'i)ed S (E;gl
wpe Hloment | 0 | B

DE 36 Do B

2y | Angular EPSO 36 =27 -34.5
- HYBRID | 36 Ty T
°§ DE 36 97 | 305
o | Radial | EPSO 26 i,
;« HYBRID | 26 o7 |t aiga
;;, DE 24 27, 2172
‘| Arbitrary | EPSO 24 a3 D017
HYBRID 22 o7 7o

AF [dB]

Chebyshewlike Pattem : : | i |
-100 T I I | | L |

-150  -100 50 0 50 150
Phi [Deg]

Figure 3.8 The initial and the three algorithms perturbed pattern for circular
array with imposed nulls at 54°, 73°, 94°, 110° and 152°.




Table 3.6 Values of the position vector for arbitrary
perturbation of circular array using hybrid DE/EPSO

Nulls Nulls
Element's 54°, 110° 54°,73° 94°, 110°,
Location 152°
Ara() | Ade | Ara(d) | Ads
1,19 -0.02 0412 0 0
2,18.2036 0 0 0 0
3,1721,35 0.0046 0272 00169 | -0.097
4,16,22 34 0 0 0.023 -0.0657
5,15.23.33 0 -0.0495 | -0.02 -0.186
6,14,24,32 -0.02 -0.042 -0.053 | -0.2211
7,13,2531 0 0 -0.025 -0277
8,12,26,30 0 0 0 0
9,11,27,29 0.007 -0.168 0 0
10,28 0 0 -0.005 0.261

3.3 Conclusion

A novel null steering method depending on position perturbation of selected elements of linear
and circular arrays using newly developed Hybrid EPSO/DE optimization algorithm was
presented. The new method of null steering succeeded to place deep nulls in the initial pattern, up
to five nulls simultaneously with acceptable increase in the MSL and main beamwidth. This null
control method 1s proved to eliminate the elements with less contribution to the null forming. The
remaining array elements will be selected to be perturbed to form the desired prescribed nulls.
This method was applied successfully with different perturbation directions in axial direction
(array line), elevation direction (normal to the array line) or arbitrary directions for the linear
array and radial, angular and arbitrary directions for the circular array. To conclude, Hybrid
EPSO/DE was found to be an excellent optimization tool for the problem of null steering using
selected position perturbed array elements, and the arbitrary case was the most efficient in null

forming, with less elements of both linear and circular array to be perturbed.
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Chapter 4

Design of Concentric Circular and Concentric
Hexagonal Antenna Array Using Hybrid
EPSO/DE Algorithm

4.1 Introduction

A very low sidelobe level radiation pattern of a linear array could be synthesized with a high gain
main lobe and narrow beam width in any given direction for the elevation plane, but it does not
work equally well in the azimuth plane. The two dimensional antenna arrays have the capability
to transmit and receive data in elevation and azimuth angles as well, thus two dimensional

antenna arrays configurations have been widely used in the field of 3D beamforming.

One of the best configuration of two dimensional antenna arrays is the circular antenna array,
since its main lobe could be steered an all azimuth angles without changing its beam width [36-
38], Nevertheless, a circular array is a high sidelobe geometry. If the inter-element distance is
decreased to minimize the sidelobes level, the mutual coupling effect becomes more severe. For
reducing the high sidelobe levels, concentric arrays could be used which have some other
advantages like smaller array size compared to the circular array. Furthermore, the hexagonal
array could overcome the problem of high sidelobes [38-39]. It is proved that the hexagonal array
has better steerability and higher gain properties than circular array for both hexagonal and
concentric hexagonal arrays [40]. The circular array has a high sidelobe level pattern so the inter-
element distance of array antenna should be small to minimize the SLL [38]. But the small

distance between elements increase the mutual coupling effect. To overcome this, the multi-ring
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antenna arrays with adequate inter-element distance are utilized in synthesizing radiation pattern

with low SLL in the azimuth plane.

4.2 The objective and organization of chapter 4

In this chapter it will be focused on studying and designing the circular, concentric circular,
hexagonal and concentric hexagonal arrays, with same number of elements (36 elements) in each
case to minimize the SLL in the azimuth plane, while preserving the main lobe beamwidth. The
minimum distance between adjacent elements is intended to be not less than 0.5\ for the

concentric configurations, to mitigate the effect of mutual coupling between elements.

After designing these arrays, the outer ring(s) in the case of multi-ring arrays will be rotated to
get the low sidelobe level SLL. Furthermore, the complex weights excitations (amplitude and
phase) will be optimized to get the lowest SLL and will be compared to a reference pattern
utilized circular array. Also the effect of including central element in the array will be studied in

the case of concentric arrays.
The rest of this chapter will be organized as follow:

Section 4.3 describes the design of circular array CA; section 4.4 presents design of hexagonal
array HA. In section 4.5 a design example of 36 isotopic elements uniform CA and HA is
presented and section 4.6 introduces the design of concentric circular and concentric hexagonal
array. Section 4.7 illustrates a design example of 36 isotropic elements uniform amplitude

concentric circular array UCCA and uniform concentric hexagonal array UCHA.

The first optimization problem in this chapter is in section 4.8 by rotating the outer ring(s) of the
UCCA and UCHA. The second optimization problem is found in section 4.9 by optimizing the
complex weights of CA, HA, then two-ring, three-ring and four-ring of CCA and CHA, the effect
of adding the central element to the configurations is illustrated in this section. Finally this

chapter is concluded in section 4.10.
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4.3 Design of Circular Array

Consider a circular array (CA) as shown in Fig.4.1. The array consists of 2N isotropic elements
equally spaced by d around the circumference of a circle of radius r on the x — y plane. So the

radiation pattern of this array can be described by its array factor which is given by [34] as:

2N ) )
AF(9a¢)=Zln eJ(kr siné cos( g—¢, )+or, ) @
n=1
2Nd,
¥ = 4.2)
27

Where 7, is Amplitude excitation of n™ element, r is the radius of the circular array in A, k is the

wave number, a, is the phase excitation of n™ element and 4, is the angular position of the n”

2N U ( .

To direct the peak of the main beam in a certain directiong,, the phase excitation of the n”

element can be chosen to be [34]:
@, = —krcos(¢y —¢,) (4.4)

Since the circular array has even number of elements 2N with equal spacing between elements,

which means:

Py =0, +7 4.5)
Then equation (4.1) can be rewritten as for the uniform amplitude excitation:

N
AF ($) =2 _cos {kr[ cos(¢ —¢,) —cos(d, — ,)]} 46)
n=1

4.4 Design of Hexagonal Array

The hexagonal array (HA) as depicted in Fig. 4.2 is considered a multi-ring array, since its
elements placed with different distances (radii) from the center of array. The radii of adjacent
elements either the same or have slight difference. To form a hexagonal geometry, the number of

elements in it should be six or its multiples. The array factor of the hexagonal array will be:
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M Ny
AF(¢) = Z zlmnexp {krm COS(¢_¢mn) + amn} “.7)

m=1 n=l1

Where M is the total number of rings in the hexagonal array, V,, is the total number of elements in

the m™ ring, #,., 1s the predetermined angular position, /,,, and @, are the amplitude and phase

. . . o
excitation of mn" element and 7., is the radius of the m" ring.

Similarly to [40], the radii and the angular positions of hexagonal elements in this chapter will be
calculated according to the number of elements and inter-element distance in the geometry. The
maximum radius (#;) in the hexagonal ring which measured from the array center to the vertices

will be used to define the geometry size.

4.5 Design example: 36 elements, uniform amplitude, equally spaced CA and
HA

It 1s assumed here for comparison purpose, a uniform amplitude (i.e. I, = 1) equally spaced
circular array (UCA) and uniform amplitude equally spaced hexagonal array (UHA) with 36
1sotropic elements for each. The elements spaced with d, = 0.25A, therefore the radius 7 will be

1.43A for the circular and 1.5A as maximum radius r; for the hexagonal array.

The radiation pattern of both geometries in the x-y azimuth plane (6=90°) is depicted in Fig.
4.3. From this figure it is clear that both patterns almost have the same beam width, with slight
reduction in SLL for the hexagonal array by -0.25 dB. The values of beamwidths and SLL for the

hexagonal and circular array are summarized in table 4.1
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Fig 4.2 Geometry of Hexagonal Array with 36 elements.
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Fig. 4.3 Radiation pattern of uniform Hexagonal and Circular Arrays with 36 elements and 0.25A
inter-element spacing at 6=90°.

Table 4.1 The SLL and Beam width for both 36 elements Geometries.

- Configuration Beamwidth SLL [dB]
[Deg]
Hexagonal Array 39 215
Circular Array 31 i




4.6 Design of concentric circular and concentric hexagonal antenna array

If several ring arrays sharing the same center point but with different radii, then the formed
configuration is a concentric circular/hexagonal array. Recently, the antenna designers have been
exerted a lot time in enhancing the performance of mobile and wireless communication systems
through increasing channel capacity, customizing antenna beams and increasing coverage area as
possible. However, the unstudied well array synthesis could result in many problems like the
appearance of undesired radiations which interfere with other communication systems, beside
wastage of the radiated power, which consider a distressing problem for power-limited battery-
driven wireless devices [41].

Among different types of planar antenna arrays concentric circular array (CCA) was studied in
[42-52] gained more popularnity in mobile and wireless communications. These arrays have
various advantages like steerablity, high gain and their compact size compared to the circular

arrays. The array factor for the CCA will be as in the hexagonal array in equation (4.7), but with

angular position ¢, as follow:

¢mn=zn(’; 1] m=1,2,.. M n=12, ..., Ny @8)

m

If the amplitude excitation are taken to be Iy = Inn+ nmv2 then,

M N,/2
AF($)=2>" D1, cos {kr,, cos(p ~ $m) + Xy} 4.9)
m=1 »n=1

To direct the peak of the main beam in the ¢, direction, the phase excitation of the mn™ element

can be chosen to be:
Xn = ~Xmpin,, = —krm COS(¢0 - ¢mn) (4.10)

The array factor for the concentric hexagonal array (CHA) will be the same as in equation
(4.9). Similarly to [40], the radii and the angular positions of the CHA elements will be

calculated according to the assumed geometry.
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4.7 Design Examples: 36 Isotropic Elements, Uniform Amplitude Concentric
Circular and Concentric Hexagonal Antenna Array

CA and HA arrays obtained SLL=-8.15dB as low result in previous section with 36 element
equally spaced with 0.25A. This section presents a comparative study of different types of multi-
rings arrays. The uniform concentric circular arrays (UCCA), and uniform concentric hexagonal
arrays (UCHA), are designed with fixed number of elements (36 elements). The UCCAs and
UCHAs are designed with uniform inter-element distance 0.5\ at least in the same ring. The
resulted radiation pattern of each case will be compared to the other, from the aspects of sidelobe

level SLL and main lobe beam width BW.

Starting with 36 isotopic elements that are needed to be arranged in two-rings, three-rings and
four-rings, many configurations can be assumed according to the number of elements in each
ring. One ring at least should have 0.5 inter-element spacing in the array. This depends on the
configuration and the number of ring's elements N,,. Two cases in each configuration for UCCA

and UCHA are chosen.

Table 4.2 depicted the definition of these configurations. The table also shows the number of
elements Ny, the inter-element distance do. and the radius of circular ring or the maximum radius
r» of hexagonal ring. Fig. 4.4 shows the geometries of UCCA and UCHA with different

configurations for the two, three and four rings arrays.
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Table 4.2 The configurations details: number of elements and the dimensions of each ring for

UCCA and UCHA.
| 1" Ring | 2“Ring | 3™Ring | 4" Ring
Configuration [Al [Al [A] M
S S ¥ do; r; dp T3 dos Fy doq
UCCA 143] 05 | 191 |0. - - - -
Config.2.1 cc 67
U818y | ycua | 15|05 2 |o67] - | - | - | -
HA (095} 05 {191 05 - - - -
Config.2.2 uc
12,24
112,243 UCHA 1.0} 05 2 05 - - - -
UCHA [048| 05 |095| 1 191 05 - -
Config.3.1
6, 6, 24
6,6,24} UCHA 05| 05 1 1 2 05 - -
048] 05 1095 05 43 ] 0.5 - -
Config.3.2 UCHA !
6,12,18
6,12, 18} UCHA 05| 05 1 05115105 - -
UCHA |048| 05 | 095 1 143 1075|191 1
Config.4.1 ¢
6,6,12,12
{6,6,12,12} UCHA 05 1] 05 1 1 1.5 (1075 2 1
UCHA |048)| 05 [ 095 1 143 | 15 | 191 0.67
Config.4.2
6,6,6,18
{6,6,6,18} UCHA 05 | 05 1 1 1.5 15 2 |0.67
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Fig.4.4 Geometries of UCCA and UCHA for different configurations: (a) two-rings, (b) three-
rings, and (c) four-rings.
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The radiation pattern's characteristics of the designed configurations are shown in table 4.3. It is
obvious that the beamwidths of these configurations are close to the beamwidths of the uniform
circular and hexagonal array illustrated in table 4.1 earlier. The SLL of most configurations are
better than the SLL of the uniform circular and hexagonal array, except the case of config.4.1 {6,

6, 12,12} UCHA which gave -7 dB.

The best case was for config.3.2 {6, 12, 18} UCHA with SLL= -14.3 dB, by a reduction of -
6.15 dB than the uniform hexagonal array with 4 degrees wider beamwidth. It can be seen that
the UCHA configurations are better in SLL than the UCCA configurations according to these

results on the mentioned table.

It could be said that, for the same number of elements (36 elements) with 0.5) at least as
inter-element distance, many configurations UCCA and UCHA have lower SLL than the uniform
circular and hexagonal array with 0.25A inter-element distance and almost have the same
beamwidth. The 0.5\ have been chosen to be the minimum distance between any two adjacent
elements in the UCCA and UCHA , to mitigate the effects of the mutual coupling between
elements, which will be severe in the case of 0.25A inter-element distance in the uniform circular

and hexagonal array.

Fig. 4.5 illustrates the radiation pattern of Config.3.2 {6, 12, 18} UCHA and UCCA in the

azimuth plane at 6=90°.

49




Table 4.3 The Beam Width and SLL of different configurations of UCCA and UCHA.

Configuration Beam Width SLL
[Deg] [dB]
Config.2.1 UCCA 27 -85
{18, 18} UCHA 28 e
Config.2.2 UCCA 29 10
{12, 24} UCHA 30 T
Config.3.1 UCCA aL -115
{6.6,24} | ycHA 32 e
Config.3.2 UCCA 35 -118
VAT e - e
Config.4.1 UCCA 31 -109
661212} [ Uena - -
Config.4.2 UCCA 30 Sl
{6,6,6,18} | UCHA = o

AF [dB]

QO f-pem b beb-s----d--o) e Concentric Hexagonal H
s 5 | P — - Concentric Circular
-100 I | 1 i T T T
-150 -100 -50 0 50 100 150
Phi (Degree)

Fig.4.5 The radiation pattern of Config.3.2 {6, 12, 18} UCHA and UCCA at 6=90°.




4.8 First optimization problem: Rotating the Outer Ring(s) of UCCA and
UCHA

1t 1s found in (Mahmoud et al [40]) that the rotation of outer ring of UCCA had improved the
gain and the null depth. In this section, it is desired to rotate the outer ring(s) in UCCA and
UCHA configurations to minimize SLL, without any change in the beamwidth. To achieve this,
the inner ring should be fixed, and the angle between the outer ring(s) and the x-axis of the inner
ring, should be optimized using the three optimization algorithms EPSO, DE and Hybnd
EPSO/DE to get lower SLL.

Fig. 4.6 (a, b) illustrate the rotated angles of the outer rings with respect to the inner ring x-axis,
for the UCCA and UCHA respectively.

4.8.1 Objective Function Formulation of the Design Problem.

To minimize the SLL by rotating the outer ring(s) of the UCCA and UCHA, it is required to
define the objective function of the problem to solve the minimax of the optimization problem

under one constrain.

The problem can be defined as follow:

min, € c{maxMMBW |4F (4., )!} Subjected to 6BW=0 (41D

The angular positions ¢,,,, of the outer rings will be as follow:

n-1
- :275[7\7“

m

)+am m=23.. M n=12, .. Np (4.12)

Where AF (@, a,) is the array factor of the multi-ring array. a,, is the optimized angle which will
shift all elements in the m"” ring. M is the total number of rings in the array, C is the set of all

vectors, Agpyy and OBW are main lobe beamwidth and the change in the main beamwidth

respectively.
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Fig. 4.6 The geometries with rotated outer rings with respect to the inner ring x-axis, for the:
(a)UCCA and (b)UCHA.
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This problem is optimized using the three algorithms EPSO, DE and the Hybrid EPSO/DE

techniques according to the following fitness function:

$=180"
f= 2 |wew(@)AF($)| (4.13)
$=—180
‘Where,
0ifgeA
wa(¢)={ 79 < Apw (4.14)
1 otherwise.

4.8.2 Analysis and numerical results

The goal of this optimization problem is to minimize SLL of the designed configurations in table
4.3. This optimization will be performed by rotating the outer ring(s) of the arrays with certain
angle(s), without affecting the main lobe beamwidths 1.e. dBW=0. These angles are optimized
using the three algorithms. The boundary of the optimized parameter will be {0 — 60} degrees.
Table 4.4 illustrates the values of the optimized rotating angles of the outer rings of the arrays,
and the resulting SLL. In this table, it is clear that the three-ring and four-ring case are better than
the two-ring case in the SLL. So it will be focused on the three-ring and four-ring configurations

in the analysis.

In the case of config.4.1 {6,6,12,12} UCHA which is the best, the SLL dropped from -7 dB to
-15.8 dB after rotating the outer rings with the values mentioned in the table. This reduction in
SLL is considerable, since the SLL is more than the double of its original value before the
rotation. The second best rotated configuration is config.3.2 {6, 12, 18} UCHA with SLL=-154
dB, and -1.1 dB drop of its original SLL. Figure 4.7 and figure 4.8 illustrate the radiation pattern
of the rotated geometries of config.4.1 {6, 6, 12, 12} UCHA and config.3.2 {6, 12, 18} UCHA

respectively, using the three algorithms versus the radiation pattern of the unrotated geometries.
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4.8.3 Conclusion of Rotating the OQuter Ring(s) of UCCA and UCHA

A successful method to suppress the SLL without affecting the beam width, by rotating the outer
ring(s) of the UCCA and UCHA has been presented. The three algorithms DE, EPSO and Hybnd
EPSO/DE showed the same results in this optimization problem. To conclude, redesigning arrays
by rotating the outer ring(s), the UCHA arrays has been proved to give better SLL of the

radiation pattern than the UCCA arrays of the designed configurations earlier.

Table 4.4 The values of rotated angles in each ring and SLL of all configurations of UCCA and
UCHA without affecting the main lobe beam width.

S ' | Rotated Angle(s) | SLL
] Conﬁguratxop [Deg-] | [4B]
e e e _
Config 2.1 veea 10 ] i >3
{18, 18} UCHA 0 - - -10.1
Config.2.2 veea o7 ] i 102
{12, 24} UCHA 30 - - -10.3
Config3.1 UCCA 564 | 128 | - -11.7
6624 | ycHA |s81| 55| - | -117
Config.3.2 veea i i -
©1218 1 yema [ 30 | 0 | - | -154
A _ . T -14
Config1 ucc 159 | 125 | 13.7 | -145
6
1061212} | yepa 42 166|573 | -158
Config.2 UCCA 343 | 115 | 132 | -142
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Fig.4.7 The radiation pattern of rotated Config.4.1 {6, 6, 12, 12} UCHA using the three
optimization algorithms, versus unrotated geometry pattern at 6=90°.
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Fig.4.8 The radiation pattern of Rotated Config.3.2 {6, 12, 18} UCHA using the three
optimization algorithms, versus unrotated geometry pattern at 6=90°.
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4.9 Second optimization problem: Optimizing Complex weights in hexagonal,
Concentric Circular and Concentric Hexagonal Antenna Arrays

A low sidelobes radiation pattern can be synthesized in the azimuth angles by modeling the
concentric ring array for invariant ring spacing as a Fourier-Bessel series and optimizing the
weights for each ring using a suitable low sidelobe synthesis method [51]. Another method
describes a circular Taylor amplitude taper projected onto a line in the azimuth angles to the
element distribution in the concentric configuration [52]. In [41 ,45] the authors used the
evolutionary algorithm PSO to achieve the maximum SLL reduction in the azimuth plane, by
optimizing the excitation amplitude of the elements with and without central feeding in various

designs of three-ring concentric circular antenna array CCAA.

In this section the complex weights (Amplitude and Phase) of the elements in the hexagonal,
concentric circular antenna array (CCAA) and concentric hexagonal antenna array
(CHAA) will be optimized. For the case of CCAA and CHAA, the effect of adding a central
feeding element to the array will be studied. At the same time we will compare the resulted
radiation patterns with chebyshev-like radiation pattern of a circular array [35], which used the
same number (36 elements) of the isotropic elements, from aspects of the SLL, beam width and

directivity.

The configurations to be optimized are Config.2.2 {12, 24}, Config.3.2 {6, 12, 18} and
Config.4.1 {6,6,12,12}, since they achieved the lowest SLL in the two-ring, three-ring and four-
ring of rotated CCAA and CHAA configurations as in table 4.5. In this section the excitation
amplitude of the array's elements will not be uniform any more, as well as the excitation phase of
the elements. This complex weight of the array's elements will be optimized with three
algorithms DE, EPSO and Hybrid EPSO/DE, to get the lowest SLL with acceptable change in
main lobe beam width compared to the reference pattern in [35], which use the same number of

elements with 0.25\ inter-element distance.
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4.9.1 Objective Function Formulation of the Design Problem.

To optimize the complex weights of the array's elements, the optimized parameters will be the
Amplitude I,,, and the Phase a,, of the array's elements. It is needed to solve the mini-max of the
optimization problem under one constraint, according to the following objective function of the

problem:

min; ., € C{InaxéeA¢BW |AF(¢, 1,,.%n )|}
Subject to OBW <¢. (4.15)

Where AF (P, Iun, 0mn) is the array factor of the multi-ring array. Inn @mn are the excitation
amplitude and phase of the mn" element, C is the set of all vectors, AQgw and SBW are main
lobe beam width and the change in the main lobe beam width respectively. Finally ¢ is the

maximum allowable change in the main lobe beam width.

This problem is optimized using the three algorithms EPSO, DE and the Hybrid EPSO/DE

techniques according to the following fitness function:

7="3 oo B AF@)|+w, 10y) @16)

=—180

Where
() = |AF (¢,) — max{4F ()} @17)

w1, W, are weighting factors in the fitness function, wgw will be the same as in equation 4.14. The

directivity will be calculated according to following equation [34]:

£ .4,

2n 7
L [|E@.¢) sin0.do.dg
A 00

D= (4.18)
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4.9.2 Analysis and numerical results.

It is desired to optimize the complex weights of the arrays with different configurations, to
suppress the sidelobe of the radiation pattern according to the previous fitness function. First the
hexagonal array as in figure 4.1 will be optimized using the three algorithms, and compare it to
an optimized circular array [35], from aspects of SLL, beam width (BW) and directivity. It is
found by trial and error concept, that the best value of w;=0.1and w,=1. The boundaries of the

optimized parameters are: the amplitude I,,, = {0.1-1}, for the phase om—= {-n—7}, and & =7

49.2.1 CA and HA case

Table 4.5 illustrates a comparison between the hexagonal and circular array, with 0.25A inter-
element distance for both of them, using the three algorithms. This table shows that the
hexagonal array optimized by Hybrid EPSO/DE with SLL=-32.1dB is better than the reference
circular pattern by -0.7dB. Also the directivity of the hexagonal array using the hybrid algorithm
is better as well by 2 dBi, but with beam width wider by € than the reference pattern of the
circular array. Both of hexagonal and circular array has the same dynamic range ratio Zne/Zmin=2.
The radiation pattern of the hexagonal array optimized using the three algorithms, versus the
reference pattern for the circular array are depicted in figure 4.9, while the optimized amplitude
and phase values of hexagonal array elements using Hybrid EPSO/DE algorithm are illustrated in
figure 4.10.

4.9.2.2 Two-ring case

Second for the two-ring arrays, configuration Config.2.2 {12,224} CCAA and CHAA are chosen
to be optimized using the three algorithms. This configuration will be optimized with and without
additional central element, to study the effect of this central element on the radiation pattern
features like SLL, BW and I,,zT.:n. From table 4.6, it is clear that neither SLL of config.2.2 {12,
24} CCAA nor CHAA are close to the SLL of the reference pattern, since the best SLL was -19.4
dB for the CCAA case using the Hybnd algorithm, this case for the arrays without central
element. While for the case of adding central element, the CCAA array has SLL=-28.2 dB using
Hybrid algorithm, which is close to the SLL=-31.4 dB of the reference pattern. The directivity of
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this case was 9.7 dB1 with increase of 1.8 dB1 compared to the reference pattern's directivity. The

increase of the beam width for this case was 1.8 and the dynamic range ratio Znu/7mn=4 which

consider a low ratio. Table 4.6 illustrates a comparison between Config.2.2 {12, 24} CCAA and

CHAA with and without central element in SLL, BW, directivity and 7o/ Zin.

Table 4.5 Comparison between optimized Hexagonal array and optimized circular array Ref.

[35] in SLL, BW and directivity.

AF (dB)

. SLL 0BW | Directivity
Geomet Algorithm 1./
e [@B] | Deg]| [aB] |’
Chebyshev-like Ref.[35] | -31.4 0 79 2
DE 287 7 9.1 4
Hexagonal EPSO 25 A 12.8 2
Array )
HYBRID | -32.1 6 9.9 2
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Fig. 4.9 The radiation pattern of the hexagonal array optimized using the three algorithms, versus
the reference pattern of the circular array.
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Fig.4.10 Optimized amplitude and phase values of hexagonal array elements using Hybrid
EPSO/DE algorithm.

Table 4.6 Comparison between Config.2-2 {12, 24} CCAA and CHAA with and w/o central
element n SLL, 0BW,, directivity and Lnav/Tnin.
 pps | 9TOR n | Beg) | Bl | e e
Chebyshev-like [35] -31.4 0 S 2
DE -15.6 -12.8 10.8 8

CCAA
without central EPSO -175 -11.9 10.8 8

element
HYBRID | -19.4 44 105 74

DE -18.5 -7.8 104 2.8
CCAA
with central EPSO -22.8 -3 10.5 =)

element
HYBRID | -28.2 1.8 97 4

DE -15.7 -13.4 10.9 51

CHAA
without central EPSO -16.8 -9 103 7

element
HYBRID | -176 8.2 10.3 (oD

DE -18.7 75 10.7 46

CHAA
with central EPSO -19.2 -7 104 5

element
HYBRID 22 -35 97 39




Figures 4.11 and 4.12 illustrate the radiation pattern of optimized Config.2.2 {12, 24} CCAA
using the 3 optimization algorithms compared to Chebyshev-like pattern, without and with
central element respectively, while figures 4.13 and 4.14 depict the values of the complex
weights of the array elements using the hybrid algorithm, for the same configuration without and

with central element respectively.

4.9.2.3 Three-ring case

Third for the three-ring arrays, config.3.2 {6, 12, 18} CCAA and CHAA are chosen to be
optimized using the three algorithms. As in two-ring arrays, an additional central element will be
added to this configuration to study its effect on the radiation pattern. Table 4.7 illustrates a
comparison between config.3.2 {6, 12, 18} CCAA and CHAA with and without central element
in SLL, BW, directivity and I,/ According to the result in this table, the CCAA arrays
couldn't reach the SLL of the reference pattern. While the CHAA array without central element
using Hybrid algorithm, succeeded to have lower SLL=-35 dB than the reference pattern SLL=-
31.4 dB. This low SLL was achieved with slight change (1.8) in the beam width. The obtained
directivity = 8.85 dBi, with an increase of 0.95 dBi compared to the reference pattern's
directivity. These required a little high dynamic range ratio Jya/Zn»—8.2. Figure 4.15 depict the
radiation pattern of optimized config.3.2 {6, 12, 18} CHAA without additional central element,
using the three optimization algorithms versus chebyshev-like pattern. While figure 4.17 shows
the values of the complex weights of the array elements, using the hybrid algorithm, for this

configuration.

For the CHAA with central element feeding, the achieved SLL =-37 dB, was better than all other
configurations. The beam width of this configuration's pattern increased by 1.4 only, with respect
to the reference beam width. Also it has high directivity =10 dBi1, and low range ratio
Lo/ Tmi=4.4, compared to the same array without central element. Figure 4.16 depict the
radiation pattern of optimized config.3.2 {6, 12, 18} CHAA with additional central element,
using the three optimization algorithms versus chebyshev-like pattern. Figure 4.18 shows the
values of the complex weights of the array elements, using the hybrid algorithm, for this

configuration.
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Fig4.11 The radiation pattern of optimized Config.2.2{12, 24} CCAA without central element

using the 3 optimization algorithms compared to chebyshev-like pattern.

AF [dB]

« | — Epso

: -1 : : oo DE
| i | ——— Chebyshewlike
ool | I i I T :
-150 -100 50 0 50 100 150

Phi (Degree)

Fig4.12 The radiation pattern of optimized Config.2.2 {12, 24} CCAA with central element
using the 3 optimization algorithms compared to chebyshev-like pattern.
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Fig.4.13 Optimized Amplitude and Phase of Config 2.2 {12, 24} CCAA elements, without
central element using Hybrid EPSO/DE algorithm.
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Fig.4.14 Optimized Amplitude and Phase of Config.2.2 {12, 24} CCAA elements, with central
element using Hybrid EPSO/DE algorithm.
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. Configd2 |, .o | SLL | 6BW |Directivity |
1218 (AT pp | Deg] | B | Telme
Chebyshev-like [35] 314 0 7.9 2
DE 222 2 747 5
CCAA
without central EPSO 242 58 722 6.2
element
HYBRID | -254 6 8.03 84
DE -18 0 8.19 3
CCAA
with central EPSO -235 43 9.02 45
element
HYBRID -26.8 6.7 9.29 4.2
DE -15.2 22 6.67 54
CHAA
without central EPSO -23.1 4.4 8.9 6.3
element
HYBRID -35 1.8 8.85 8.2
DE -12.7 34 9.66 4.9
CHAA
with central EPSO -27 1 -36 8.2 52
element
HYBRID 37 1.4 10.06 4.4

Table 4.7 Comparison between Config.3.2 {6,12 ,18} CCAA and CHAA with and without central
element in SLL, BW and Directivity.
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Fig4.15 The radiation pattern of optimized Config.3.2 {6, 12, 18} CHAA without central element
using the 3 optimization algorithms compared to chebyshev-like pattern.
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Fig4.16 The radiation pattern of optimized Config.3.2 {6, 12, 18} CHAA with central element
using the 3 optimization algorithms compared to chebyshev-like pattern.
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Fig.4.17 Optimized Amplitude and Phase of Config.3.2 {6, 12, 18} CHAA elements without
central element using Hybrid EPSO/DE algorithm
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Fig.4.18 Optimized Amplitude and Phase of Config.3.2 {6, 12, 18} CHAA elements with central

element using Hybrid EPSO/DE algorithm.

66




4.9.2.4 Four-ring case

Finally for the four-ring arrays, config.4.1 {6, 6, 12, 12} CCAA and CHAA are chosen to be
optimized using the three algorithms. Table 4.8 summarized the results of optimizing these
configurations with and without central element. Similar to the CCAA configurations of two-
ring and three-ring, the CCAA in the four-ring array couldn’t reach the SLL of the reference
pattern. However, it was the closer to it with SLL= -29.9 dB, optimized with the Hybrid

algorithm in the case of adding central element.

For the case of config.4.1 {6, 6,12, 12} CHAA, the obtained SLL = -33.4 dB optimized with the
Hybrid algorithm. This low SLL achieved with a little increase in the BW with SBW= 1.6
compared to the reference BW. Obviously the directivity = 10.2 dBi is high with respect to the
reference's directivity. Figure 4.19 depict the radiation pattern of optimized config.4.1 {6, 6, 12,
12} CHAA without additional central element, using the three optimization algorithms versus the
reference pattern. While figure 4.21 shows the values of the complex weights of the array

elements, using the hybrid algorithm, for this configuration.

Config.4.1 {6, 6, 12, 12} CHAA with central element, obtained SLL=-34 dB in the case of using
the Hybrid algorithm. With decrease of -2.6 dB compared to the reference pattern and directivity
=9.8 dBi. The dynamic range ratio Ipa/T,»=6, is lower than the ratio of the same configuration
without central element. Figure 4.20 illustrate the radiation pattern of optimized config.4.1 {6, 6,
12,12} CHAA with central element, using the three optimization algorithms versus the reference
pattern. While figure 4.22 depict the values of the complex weights of the array elements, using
the hybnd algorithm, for this configuration

4.9.3 Conclusion of Optimizing Complex weights in hexagonal, Concentric Circular and
Concentric Hexagonal Antenna Arrays

It can be conclude that, for certain radiation pattern synthesized by a circular array with certain
number of elements, spaced with uniform 0.25 inter-element distance, this radiation pattern
could be synthesized with better features using reconfigurable arrays. These different

configuration arrays utilized the same number of elements with 0.5\ inter-element distance at
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least, to mitigate the effect of mutual coupling between elements. The presented concentric
hexagonal antenna array CHAA for the three-ring and four-ring succeeded to synthesize lower
SLL pattern, than the circular reference pattern. The synthesized patterns have higher directivity
up to 10.2 dBi with minor change in the BW. With adding a central element to the previous
configurations, lower SLL and lower l,./T.» ratio are achieved compared to the original
configuration. The Hybrid algorithm in this optimization gave the best result in the SLL of the

radiation pattern.

Table 4.8 Comparison between Config.4.1 {6, 6, 12, 12} CCAA and CHAA with and without
central element in SLL, BW and Directivity.

Conficdl | a4 W penaly |
6o 212 [TV 4B} gy | Bl | Teele
Chebyshev-like [35] -31.4 0 79 2
DE -19.2 -12.2 10.95 33
CCAA
without central EPSO -23.5 42 10.77 6.6
element
HYBRID | -27.8 2.4 10.48 79
DE 222 37 10.7 49
CCAA
with central EPSO -25.8 2.8 10.52 5
element
HYBRID -29.9 2 10.34 44
DE 22 9.1 10.87 3
CHAA
without central EPSO 274 12 10.38 7.8
element
HYBRID -334 16 10.2 6.5
DE 213 -2 10.12 8.4
CHAA
with central EPSO -28.3 45 10.59 94
element
HYBRID -34 33 9.81 6
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Fig.4.19 The radiation pattern of Config.4.1 {6, 6, 12, 12} CHAA without central element using
the 3 optimization algorithms compared to chebyshev-like pattern.
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Fig.4.20 The radiation pattern of optimized Config.4.1 {6, 6, 12, 12} CHAA with central element
using the 3 optimization algorithms compared to chebyshev-like pattern.
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Fig.4.21 Optimized Amplitude and Phase of Config.4.1 CHAA elements w/o central element
using Hybrid EPSO/DE algorithm.
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Fig.4.22 Optimized Amplitude and Phase of Config.4.1 CHAA elements with central element
using Hybrid EPSO/DE algorithm.
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4.10 Conclusion

A study compares between different configurations of antenna arrays utilizing the same number
of elements were presented. The patterns of circular and hexagonal arrays with 36 elements
spaced with 0.25), versus the concentric circular and concentric hexagonal arrays with 36
elements spaced with 0.5A. The 0.5\ was chosen to be the minimum distance between any two

adjacent elements, to mitigate the effect of mutual coupling between elements.

The uniform concentric hexagonal arrays UCHA proved to give lower SLL in the azimuth plane,
than the uniform concentric circular arrays UCCA, the circular and the hexagonal arrays after
rotating the outer ring(s) of the arrays. After optimizing the complex weights of these concentric
arrays, a pattern with SLL= -35 dB and directivity =8.85 dBi was achieved with slight change in
BW compared to a circular reference pattern [35] used the same number of elements arranged in

circular array.

This study was extended to explore the effects of adding a central element to these
configurations. Lower SLL (-37dB) and lower 7,/7» ratio =4.4, compared to the SLL and
Lo/ Tmin Of the original configuration are the advantages of the additional central element. It could
be concluded, that the concentric hexagonal arrays with 0.5\ inter-element distance is a
promising alternative to the circular array with 0.25) inter-element distance in synthesizing low
SLL radiation pattern for the same number of elements in the azimuth plane. The Hybrid
ESPO/DE technique is expected to be very promising evolutionary optimization technique for the

global optimization of any antenna array problem.
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Chapter 5

Sidelobe Suppression in Time Modulated
Unequally Element Spaced Linear and Planar
Arrays Using Hybrid DE/EPSO

5.1 Introduction

Phased array antennas with low/ultra-low side lobe level radiation pattern are widely used in high
performance electronic systems, especially those operating in high electromagnetic pollution
environment. Theoretically, low/ultra-low side lobes can be achieved by tapering the excitation
amplitude of array elements. Several analytical and numerical techniques, such as the well-
known Chebyshev and Taylor distributions [53] have been utilized to locate the appropriate
weighting factors of the array element. However, for low/ultra-low side lobes, very high
dynamic-range ratios for the amplitude excitation are needed, which could result in random

errors, and eventually restricting the side lobe performance in practical arrays [54].

This motivates the antenna designers to realize low/ultra-low side lobes by other approaches.
One of the practical approaches is to present the time as the fourth degree of freedom in the
design [55-56]. Antenna arrays with the time parameter can be named as time modulated arrays
TMAs. The amplitude excitations of TMAs elements only need a low dynamic range ratios or a
uniform distribution for low/ultra-low sidelobe patterns, which result in more flexible hardware

realization.

The time modulation can be implemented by simple "on-off" switching of antenna elements
in a preset sequence. By filtering the antenna output, the pattern side lobes were minimized.
Compared to conventional antenna arrays, the realization of time modulated antenna arrays

increase the overall cost by adding RF switches or IF filters. However, these components are also
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required in radar systems. Thus, the time modulated antenna arrays are very convenient for radar

systems.

Time modulation is presented to minimize the influences of mechanical tolerances which lead
to degrade side-lobe levels from their desired values. The time-modulated arrays are very flexible
in controlling the array excitation since the time factor could be adjusted very easily using high-
speed RF switches. The RF power requires only two discrete states, on and off, instead of the
static amplitude control required in traditional arrays [57]. The collateral disadvantage of time
modulated arrays is that there are many harmonics separated at multiples of the modulation
frequency, which means that portion of the radiated or received power is moved to the sidebands.
These harmonics —sidebands— considered as a power wastage that affect the directivity and gain
of the antenna array at the center frequency. In this chapter we will demonstrate the time
modulated arrays TMAs linear and planar, to achieve low/ultra-low side-lobe level SLL, while

suppressing the sidebands level SBL using the hybrid EPSO/DE algorithm.

5.2 Sidelobe Suppression in Unequally Spaced Linear Arrays through Time
Modulation

The inherent drawback of the time modulation technique in antenna array design is the undesired
appearance of harmonics whose levels has direct relation to the Fourier coefficients used when
expanding the element array excitations. In previous works [58-59], the sideband radiation is
minimized through the use of the differential evolution DE algorithm applied to a linear array. In
[60] the suitable use of the simulated annealing SA algorithm is appiied to determine the time
sequences that control the antenna pattern radiated by a uniformly amplitude excited linear array
of equally spaced elements, while suppressing the sideband radiation. The approach in [61]
applied an optimization process of the time sequence of each array element using the well-known
genetic algorithm to minimize the sidelobe level at center frequency and the sideband levels of
uniformly amplitude excited time modulated linear array (TMLA). In [62] the authors studied
and analyzed the performance of the radiation pattern and used the particle swarm optimization
PSO algorithm to optimize the switch-on instants of each array element used for the synthesis of
time-modulated linear arrays TMLAs to reduce the SBLs, while in [63] the authors used PSO to

optimize switch-on instants to minimize the power losses in TMLAs.
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In this section we will optimize the switch-on instants and the values of inter-element
distances of the linear array to suppress the side-lobe level SLL, while suppressing the sideband
levels SBLs to the minimum as possible, and minimize the beam-width BW simultaneously,
using hybrid EPSO/DE algorithm. The comparison between numerical results of this section and
results in [3] which used position-phase synthesis, demonstrates the effectiveness of the proposed

approach on the SLL and SBL suppression.

5.2.1 Objective Function Formulation of the Design Problem

Consider a linear array with 2N isotropic and symmetrically placed along x-axis, each element is
connected with a high-speed RF switch that controls excitation time, as shown in Figure 5.1. It 1s
required to minimize the SLL and SBL of the TMLA through optimizing the switch-on times 7,
and the element positions x,. If a plane wave of frequency fj i1s incident at an angle 8 with respect

to the axis of the array, the array factor AF can be written by:

. N .
AF@,0="""" T 1U, 0™ 5.1)
n=—N

Where 1, is the n” static amplitude excitation, x, is the n” element position from array's center,
u=k cos(0) and k=2n/\ is the wave-number.

The time switching function U,(f) in a time modulation period 7}, is given by [57]:

1 0<¢t<1,

0 Otherwise (5.2)

Un(f)={

Where 7, is the pulse width of the n” element of the linear array as in Figure 5.2.

Due to the periodicity of U,(r), the space and frequency responses of equation (5.1) can be
achieved by expanding it into Fourier series, and each frequency component has a frequency of
m/Tp (m=0,+1, ..., +0).

The m™ order Fourier component can be written as:
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. N .
AR, 0,0 =" g, e (5.3)
n=-N

where f, = 1/T, and a,, is the complex amplitude and is given by:

_ [nTn sin(ﬂmfprn) e~j:r m fpty

mn °
T, Tmf,7,

a (5.4)

Since we consider a uniform amplitude excitation i.e. 1,=1, then, at the center frequency Jo,
equation (5.3) becomes as follow:
: N _
AFy (0,0 = "7 3 Do i (5.5)
n=—N T, 14
This equation represents the array factor AF of time modulated linear array (TMLA) at the
center frequency f, which model the side-lobe level SLL, equation (5.3) will be used in

minimizing the sideband levels SBLs of undesired harmonics.

The Hybrid EPSO/DE algorithm is used to find out the optimum values of the switch-on
times and elements positions to reduce the SLL and the SBL, and minimize the beam-width BW
to maximize the directivity and gain of the TMLA comparing to the results in [3].

To facilitate the optimization process, it will be focused to optimize the inter-element distance d,,

stead of x,, where:
n
Xy = 2.d; (5.6)
i=1

The optimization vector in this section is v = {1,, d,}, and the cost function to get the targeted

pattern 1s:

FO) = WL SLL g ()], + w2 Q% () + w3 0 ) 1, 57)
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Figure 5.1 Geometry of the Time Modulated Linear Array TMLA.

Figure 5.2. Scheme of the time switching function.
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Where

Q% (v) = max(SBLY () 11 1 - SBLD () 112, (5.8)

SLL e 1s the optimized maximum SLL at the center frequency, , SBL™”, SBL'? are the maximum
SBL at the first sideband and the second sideband respectively, 3 is the beam width of the
main lobe at the center frequency. wi, w,, and w; are the corresponding weighting factors of each

term 1n the cost function.

Similar to time-modulated linear arrays in [64], to calculate the directivity and gain of
TMLA, the total radiated power should include the center frequency and all the sideband

components. Therefore, the directivity is given by

D = [Eo G0, (5.9)

2xm

i 3 [[|E,.@.6)" sinaagdg

m=-w 0 0

In this chapter the numerical integration to calculate the directivity will be used. For time-

modulated linear arrays, the feed-network efficiency 7y is given by :

N 2 Tn
A T

n=—N 4

N
lenlz (5.10)

n=—N

ne=

The gain of the time-modulated linear array TMLA is obtained by:

Gy :DTM-ﬂf (5.11)
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5.2.2 Analysis and numerical results

For comparing purposes, it has been chosen unequally spaced 32 elements linear array with
position-phase case in [3] to be compared with position-time modulation in our case. The search
ranges for the normalized switch-on times 7,/T, = {0, 1}, and the values of inter-element d, =
{0.5 4, 1 4}. The proper values of w;, w,, and w3 were found by trial and error concept to be 1, 0.1

and 1 respectively.

Table 5.1 shows different results of radiation pattern features of 32-elements with position-
time modulation using the three algorithms versus the position-phase result in [3]. Tt can be
noticed that the lowest SLL (-36 dB) is the position-time modulation using hybrid algorithm with
first SBL™= -20dB and SBL®= -27.2dB, while the reference patter (position-phase case) has
SLL=-23.3dB. The DE and EPSO algorithm showed better SLL than the reference pattern in [3].
It 1s clear that the sidebands radiation affected the directivity since it was 18.8dBi and dropped to
15.5dB1 in the best cases. Figure 5.3 depicts the radiation pattern at center frequency and the first
and second side bands optimized with Hybrid EPSO/DE algorithm, while figure 5.4 illustrates

the related switch-on times sequence for the radiation pattern.

Figure 5.5 shows the element’s location in A of 32-elements TMLA synthesized using hybrid
EPSO/DE algorithm. Figure 5.6 demonstrates the three-dimensional (3D) space and frequency
response of the optimized array with time modulation if we consider the f,=IMHz. It is seen that

the radiated or received power is highly concentrated within the main beam at f,.
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Table 5.1 A comparison of 32-Elements TMLA features SLL, BW, Directivity and SBLs, using
the three algorithms versus the results in reference [3].

. BW | Directivity | SBL® | SBL®
Algorithm | SLL[4B] | ¥ "[ dBi}"‘y i o
Reference -23.34 6.5 18.8 — -

[3]
3118 79 1539 211 26707
35.58 82 1534 -20.0 -25.94
-36.06 g2 15.53 -20.0 2726

AF [dB]

i L |
0 20 40 60 80 100 120 140 160 180
Theta (Degree)

Fig.5.3 Normalized power patterns at the carrier frequency f, and the related to the sideband
radiations (fp+1,, fo+2f,) optimized with hybrid EPSO/DE algorithms.
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Fig.5.4 Switch-on time’s sequence of 32-Elements TMLA synthesized using hybrid EPSO/DE
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Fig.5.5 Element’s location in A of 32-Elements TMLA synthesized using hybrid EPSO/DE
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Fig. 5.  The 3-D spabe and frequency response of the time modulated linear array in
correspondence with the pulse sequence and element’s location in Fig.5.4 and Fig.5.5
respectively.

5.2.3 Conclusion of unequally spaced TMLA

It can be concluded that the position-time modulation could obtain a low SLL radiation pattern
with low SBL, compared to the position-phase technique for the same linear array. A draw back
of the position-time modulation technique could be noted in the decreasing of the directivity, due
to the power losses of sidebands. The novel hybrid EPSO/DE algorithm proved itself to be a

promising optimization tool.

5.3 Sidelobe Suppression in Planar Arrays through Time Modulation and
Complex Weights Optimization

As it is known from [54], that for synthesizing low/ultra-low side lobes, very high excitation
dynamic-range ratios are more likely required, which may result in random errors, and eventually
restricting the side lobe level in realizing the arrays. These very high excitation dynamic-range

ratios will complicate the realization of the arrays configuration. In chapter 4 earlier a low side-
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lobe levels SLL up to -35 dB was achieved in the azimuth plane by optimizing the complex
weights of the 36-elements with different configurations. To obtain ultra-low SLL in the azimuth
plane, the dynamic-range ratio of the amplitude excitation of the array's elements should be

increased, which will be difficult on the practical implementation of the arrays.

The challenge now is to synthesize a pattern with ultra-low SLL in the azimuth plane and low
dynamic-range ratio of the amplitude excitation for the same 36-elements configurations.
Because of that we will use the time modulation technique besides controlling the complex
weights — similar to the approach in [59] - to synthesize the ultra-low SLL in the azimuth plane.
Of course this will complicate building the amray structure since it needs three controls: phase
shifters, attenuators and RF switches at the same time, but this will synthesize ultra-low SLL to

enhance the performance of the array and suppress the power losses in the sidebands.

The ultra-low SLL in the azimuth plane synthesis and the sidebands suppression are the goal
to be fulfilled simultaneously using the Hybrid EPSO/DE algorithm. From chapter 4, we have
chosen the best optimized CCAA configuration on the SLL which is Config.4-1 CCAA with
Ineed/ I;min=1.9, and the best optimized CHAA configuration on the SLL is Config.3-2 CHAA with
Lna/Imin=8.2. It can be noticed that both of these dynamic-range ratios are high, and the use of the

time-modulation intend to mitigate them.

- In this section it is aimed to optimize the switch-on instants and the complex weights of the
36-elements of the Concentric Hexagonal Antenna Array CHAA and Concentric Circular
Antenna Array CCAA to suppress the side-lobe level SLL and the sideband levels SBLs to the
minimum as possible, and minimize the main-lobe beam-width BW at center frequency f;
simultaneously using Hybrid EPSO/DE algorithm. A comparison between numerical results of
this section and results in [65] which used a 36-elements Circular array with 0.25) spacing
between elements. The reference pattern in [65] used the time modulation besides the phase
excitation optimization with fixed amplitude excitation — not uniform — to suppress the SLL and

SBLs.
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5.3.1 Objective Function Formulation of the Design Problem.

Consider Config.3.2 {6,12,18} CHAA and Config.4.1{6, 6, 12, 12} CCAA from chapter 4 with
the same dimensions for the rings diameter and the isotropic elements spacing that mentioned in

chapter 4 earlier, and each element is connected to a high-speed RF switch then the array factor is

given by
i & Y T ———
AF©@,4,0)=e""" > N '[,.U, (e (5.12)
h=l n=l1
w1 (5.13)
=27
pu =212

Where H is the total number of rings in the array, Ny is the total number of elements in the 4"

ning, I, is the amplitude excitation, ry, is the radius of the A" ring. oy, is the phase excitation.

The time switching function U,,,(7) in a time modulation period 7, is defined by equation 5.2

earlier.
Similar to TMLA and Due to the periodicity of Uy,(%), the array far-field pattern in equation

(5.12) can be expanded into a Fourier series, and given by

© H Nj . ) R
AF@,4,0)= {Z > a,,, (1) 0y ] }-eﬂ”‘f"*’”f”” (5.14)
m=—a0 h=]l n=l

At the center frequency (m=0), the dynamic amplitude of the Fourier component ay,; can be
simplified as

Appo = ihn.'rhn /Tp (515)

To facilitate the optimization process it will be divided into two-step fitness function using

the Hybrid EPSO/DE algorithm, this idea was proposed in [66] for TMLA and it will be used
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here in time modulated concentric circular array TMCCA and time modulated concentric
hexagonal array TMCHA. In the first step of the fitness function, it is aimed to find the desired
fundamental radiation having a prescribed main-lobe beam-width and the lowest SLL, and in the
second step of the fitness function, the SBL is tried to be suppressed as low as possible in
according with the results of the first step. In the first step of the optimization, a single
optimization vector v; = {am, am} is used, and the so-called dynamic amplitude apo here is

treated as one variable according to the following fitness function:

fi (vl) =W SLLmax (Vl ). fo TW2 -¢BW (Vl )(fo (5 16)

SLLpe 1s the optimized maximum SLL at the center frequency, @y is the beam-width of the
main-lobe at the center frequency, w; and w, are the corresponding weighting factors of each

term in the cost function.

For the second step of the optimization, the related vector will be v2 = {tw/Tp}, where 1/ T,
1s the normalized switch-on time for each element to be optimized to suppress the different SBLs

of the TMCCA and TMCHA, according to the following fitness function:

So(v) = max{ SBLY (v, )' forf ,SBL? (v2) for2f; ,SBL® (v2) for3fp } 5.17)

SBL™, SBL” and SBL® are the maximum SBL at the first sideband, the second sideband and
the third sideband respectively.

5.3.2 Analysis and Numerical Results

The search ranges for the first vector will be: the dynamic amplitude amo = {0.1, 2}, and the
excitation phase &, = {-n, }. The proper values of w1 and w, were found by trial and error to be
1 and 2 respectively. For the second vector the normalized switch-on times range will be 1p,,/T =
{0, 1}.

It 1s obvious from Table 5.2 that the time modulation technique in the case of TMCHA using
Hybrid EPSO/DE succeeded to achieve ultra-low SLL up to -43.1 dB in the azimuth plane, with a
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considerable gain up to 9 dBi compared to the pattern in reference [65] which has lower SLL =-
45 dB, but low gain = 6.2 dBi and high sideband level SBLs reached -20 dB in the first sideband
level, while in the case of TMCHA the highest SBL was -39.7 dB as shown in Fig.5.7. The first
null beamwidth FNBW=56 4 degrees, which is thinner than the beamwidth of the reference
pattern FNBW=60 degrees and with acceptable dynamic-range ratio 7,,./7,:=5.55. For the case
of TMCCA the SLL couldn’t exceed the -40dB with the use of time modulation technique, this
proved the role of the geometry in synthesizing the radiation pattern for the same number of
elements in the antenna array. The complex weights of the element arrays of TMCHA and the
corresponding switch-on times, optimized using the Hybrid EPSO/DE algorithm are depicted in
Fig.5.8 and Fig.5.9 respectively. Fig.5.10 illustrates the 3-D space and frequency response of
TMCHA using Hybrid EPSO/DE algorithm, while Fig. 5.11 shows the radiation pattern of
optimized TMCHA at f,, fy+£, fo+2f, and f4+3£,, on polar coordinates.

Table 5.2 A comparison of 36-elements TMCHA and TMCCA features SLL, SBL, BW, Gain
and Je/Imn using the three algorithms with the results in reference [65].

. SLL BW | SBL® | SBL® | Gain | I,./1,,,
Configuration | Alg0rithm [dB] | [Deg] | [dB] | [dB] | [dBi]
Circular DE -45 60 20 | 9315 | > 0
Ref. [65
DE 332 | 507 | 964 | 973 | g¢ 42

EPSO 3983 | 554 297 | 328 9.0 4.9

Hybrid
EPSO/DE -43.1 56.4 -39.7 -45 9.0 555
DE -30.3 502 -31.0 2738 13 32

EPSO -34.6 51.4 324 | 328 | 120 335

Hybrid

EPSO/DE -35.6 51.6 332 | 396 [ 1159 ]| 415
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Fig.5.9 The optimized Switch-on times sequence of TMCHA elements using hybrid EPSO/DE
algorithm of Fig.5.7.
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Fig. 5.10 The 3-D space and frequency response of TMCHA using hybrid EPSO/DE algorithm.
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Fig. 5.11 shows the radiation pattern of optimized TMCHA in polar coordinates at (a) fy, (b)fy+£,,
(c)fot+2f, and (d) fo+3f£;, using hybrid EPSO/DE algorithm at 6=0°.
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5.3.3 Conclusion of TMCCA and TMCHA

An ultra low SLL pattern could be synthesized using time modulation in parallel with complex
weights optimization of planar antenna array. The TMCHA has pattemn features SLL, SBL BW
and Gain better than the TMCCA and TMCA in reference [65], beside less mutual coupling

effect of the later geometry due to close distance between elements.

5.4 Conclusion

In this chapter, innovative approaches for the synthesis of time-modulated arrays have been
proposed for linear and planar array as well. This time modulation technique solved the problem
of the high dynamic-range ratio that required to synthesize low SLL pattern as discussed earlier
in unequally spaced TMLA with uniform amplitude excitation and SLL=-36 dB with excellent
gain up to 15.5 dBi. In the case of planar array the time modulation had been applied to TMCCA
and TMCHA in parallel with the complex weights optimization, and it achieved ultra-low SLL
reached -43.1 dB with excellent gain up to 9 dBi using the Hybrid EPSO/DE algorithm.

Moreover, the SBL can be suppressed to be less than —20dB for linear array and less than -
39.7 dB for planar array which means that the electromagnetic energy shifted to sidebands are
relatively small. The study presented in this chapter shows that the unequally spaced TMLA is a
promising approach which can be used to synthesize low side-lobe patterns with excellent gain
and can be easily applied to the synthesis other desired beams as well. Also this study proves the
applicability of synthesizing ultra-low SLL in the azimuth plane using TMCHA with excellent
gain and very low dynamic-range ratio compared to other works, which ease the practical

implementation.
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Chapter 6

Conclusions and Future work

This thesis examined design of phased antenna array using new optimization algorithms; hybrid
DE/EPSO. It is been focused in this thesis to cover many topics in the phased antenna array
design like; multiple null steering, SLL minimization and time modulation, applied into different

array geometries like linear, circular, concentric circular and concentric hexagonal array.

6.1 Conclusions

This research investigated a novel hybrid global optimization algorithm DE/EPSO combining
differential evolution (DE) and enhanced particle swarm optimization (EPSO). The hybridization
purpose is to include the essence and merits of both techniques. Hybrid DE/EPSO procedure
gave a fairly accurate optimum solution by increasing the solution space. This technique proved
to be efficient tool to decrease the chance of trapping in local minima if it compared to each

algorithm individually.

Numerical results show that the hybrid DE/EPSO outperforms the classical DE and EPSO in
obtaining the desired pattern. It can be concluded that the hybrid DE/EPSO is an effective
algorithm with improved accuracy, and it could be a promising tool to be applied for the design

of reconfigurable antenna arrays.
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In this thesis, a novel null steering method depending on position perturbation of selected
elements of linear and circular arrays using newly developed hybrid EPSO/DE optimization
algorithm was presented. The new method of null steering succeeded to place deep nulls (less
than -200dB) in the initial pattern, up to five nulls simultaneously with acceptable increase in the
MSL and main beamwidth. This null control method is proved to eliminate the elements with less
contribution to the null forming. The remaining array elements will be selected to be perturbed to
form the desired prescribed nulls. This method was applied successfully with different
perturbation directions in axial direction (array line), elevation direction (normal to the array line)
or arbitrary directions for the linear array and radial, angular and arbitrary directions for the
circular array. To conclude, the arbitrary case of both linear and circular array was the most
efficient case in null steering using selected position perturbed array elements, with fewer

elements to be perturbed

Also in this thesis, a study compares between different configurations of antenna arrays utilizing
the same number of elements were presented. The patterns of circular and hexagonal arrays with
36 elements spaced with 0.25), versus the concentric circular and concentric hexagonal arrays
with 36 elements spaced with 0.5, The 0.5) was chosen to be the minimum distance between

any two adjacent elements, to mitigate the effect of mutual coupling between elements.

The uniform concentric hexagonal arrays UCHA proved to give lower SLL in the azimuth plane,
than the uniform concentric circular arrays UCCA after rotating the outer ring(s) of the arrays.
After optimizing the complex weights of these concentric arrays, a pattern with SLL=-35 dB and
directivity =8.85 dBi was achieved with slight change in beamwidth compared to a circular
reference pattern [35] has SLL=-31.4dB and directivity =7.9 dBi used the same number of

elements.

This study was extended to explore the effects of adding a central element to these
configurations. Lower SLL (-37dB) and lower /,,/7,,5, tatio =4.4, compared to the SLL and
Ina/Imin of the original configuration are the advantages of the additional central element. It could
be concluded, for the same number of elements, the geometry redesign could obtain better feature

of radiation pattern than original design. The concentric hexagonal array with 0.5 inter-element
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distance is a promising alternative to the circular array with 0.25X inter-element distance in

synthesizing low SLL radiation pattern for the same number of elements in the azimuth plane.

In this thesis, innovative approaches for the synthesis of time-modulated arrays have been
proposed for linear and planar array as well. This time modulation technique solved the problem
of the high dynamic-range ratio that required to synthesize low SLL pattern. By this method, an
unequally spaced TMLA with uniform amplitude excitation obtained low SLL =-36 dB with
excellent gain up to 15.5 dBi. These results were compared to a linear array has the same number
of elements utilized the phase-position technique. By comparing the results it can be concluded
that the position-time modulation method, proved to be better than the position-phase method in

SLL minimization for the unequally spaced linear array

In the case of planar array the time modulation had been applied to concentric circular array CCA
and concentric hexagonal array CHA, in parallel with the complex weights optimization. Using
the time modulation, a pattern with ultra-low SLL reached -43 1 dB and excellent gain up to 9

dBi was achieved.

Moreover, the sideband level SBL can be suppressed to be less than —20dB for linear array and
less than -39.7 dB for planar array which means that the electromagnetic energy shifted to
sidebands are relatively small. The unequally spaced TMLA is a promising approach which can
be used to synthesize low side-lobe patterns with excellent gain and can be easily applied to the
synthesis other desired beams as well. Also this study proves the applicability of synthesizing
ultra-low SLL in the azimuth plane using TMCHA with excellent gain and very low dynamic-

range ratio compared to other works, which ease the practical implementation.
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6.2 Future work

The following topics could be taken in consideration in phased antenna design using optimization

algorithms for the future work:

1-

It may be useful to hybridize different algorithms together instead of EPSO and DE. The
researchers could chose different pair of algorithms like: Ant colony, Simulated
annealing, Bees algorithms, Genetic algorithm and Firefly algorithm and compare

between their performances and application in the phased antenna arrays design.

It 1s desirable to study the effect of mutual coupling between array’s elements in the
concentric circular and concentric hexagonal array, when calculating the nulls and SLL of

the radiation pattern.

In the time modulation, the switch on times for all elements started at the same instant
time, it may be possible to trigger the switch on times with different instant times 7y, (to
be optimized) i.e. with delays between elements excitation. The switch-on times 7, and

their related instants 75, will be the optimization parameters and new U,(t) will be:

U 0) = 1 t,<t<t, +1, 6.1)
n 0  Otherwise )

In the time modulation also, it has been focused in minimizing the SBL to reduce the
wasted power. For the future work, the sideband radiation power could be added to the
cost function to be minimized. This idea may take more time in the optimization process,

but it will give more accurate result in reducing power wastage.
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