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الرسالة ملخص

الدراسة: عنوان الاسم:

الرسالة عنوان

العلمية: الدرجة تاريخ التخصص:

والسنة الشهر ادٔخل

اتجاهات في اقٔصى حد اؤ فارغة قيمة تحقيق نحو التكيفي الهوائي صفيف معلمات تحسين يستهلك انٔ يمكن ، الإلكترونية الحرب انٔظمة في

تقنية تقديم يتم ، الاطٔروحة هذه في المكاني. الوضع تغير قبل مطلوبًا السريع الفعل رد يكون عندما خاصةً مهمًا امٔرًا هذا يكون قد طويلاً. وقتًا محددة

عامل في الخالية القيم هذه ادٕخال خلال من انٔه توضيح يتم الصفيف. عامل تعبير في الخالية القيم لدمج Schelkunoff نظرية الٕى تستند جديدة

90٪ بحوالي كبير حد الٕى التحسين معالجة وقت انخفض ، وبالتالي تحسينها. المطلوب المعروفة غير الصفيف معاملات عدد تقليل يتم ، الصفيف

تسُتخدم الجانبية. الفصوص مستوى اؤ الحزمة عرض مثل الاخٔرى الإشعاع مخطط بخصائص الإضرار دون ، التقليدية المعلمات جميع بتقنية مقارنةً

الخوارزمية. لإظهار المختلفة التكوينات ذات الدائرية والهوائيات والمستوية الخطية الهوائي مصفوفات
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CHAPTER 1

INTRODUCTION

This chapter introduces the motivation behind the proposed work. It starts with the

evolution of antenna arrays and the optimization techniques applied to these antenna

arrays. Also, this chapter presents a highlight of where the proposed work will advance

existing knowledge. The chapter concludes by listing the proposed objectives.

1.1 Antenna array concept

1.1.1 Introduction

Any metallic device used for receiving and radiating radio waves is termed as an an-

tenna. Propagating electromagnetic waves are being incorporated by an antenna using

apertures or wires. An antenna can then be defined as a device specifically used for

electromagnetic energy transmission and reception. In some conditions, an antenna

consisting of a single component can well serve these purposes, this antenna can be

of different kinds depending on the range of operating frequencies, climate, economy,

and many other variables. The single-component can be as easy as a dipole, loop or

1



as complicated as an antenna with a parabolic reflector. If a particular application

requires higher gain, more directive pattern, main beam steer-ability, or other perfor-

mance that a single element antenna cannot provide, then an antenna made up of a

range of discrete elements can be a better alternative. This is termed as antenna array.

The total electric field from the array elements is the addition of the specific field of the

single elements. Ideally, the directive pattern of the arrays requires the electric field of

individual elements to add up in the desired direction constructively and destructively

in the undesired directions. The antenna array was first introduced in many applica-

tions that include electronic warfare systems and other military application systems in

1940 [3]. This advancement was important in wireless communication systems which

further improves the quality of the transmission and reception processes. Moreover,

the array allowed electronic steering of the antenna pattern by receiving or transmit-

ting data mainly from a specific direction without shifting the structure mechanically

[4].

1.1.2 Antenna radiation pattern

This explains the extent to which the power radiated from an antenna varies when it

is away from the antenna [5]. The radiation property of most antennas is the spatial

distribution of radiated energy in two or three dimensions as a function of the position

from an observer along a steady radius route or surface. In Fig. 1.1 the coordinate

system is depicted in combination with a spherical coordinate. The angle θ is taken

from an interval of 0 to π, similarly, the angle ϕ also known as the azimuth angle is

measured along x axis and ranges from 0 to 2π.

2
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Figure 1.1: The coordinate system.

The radiation pattern of an antenna can be viewed in different regions depending

on the distance between the problem space and the antenna. These regions are often

referred to as the reactive near-field area, the near-field radiation region, and the

far-field region [5]. There are requirements that lead to the formation of the farfield

region. These requirements are represented in the equation below [5]:

R >> λ (1.1)

R >
2L

λ
(1.2)

Where L is the maximum length, λ is the free wavelength and R is the radius.

1.1.3 Directivity

Directivity is an important parameter of the antenna which describes the radiation

intensity obtained from the farfield of an antenna in a certain direction as related to

the average of the radiation intensity in all directions. An antenna with directivity of

3



1 (or 0 dB) would be an isotropic source. The higher the directivity of an antenna,

the more visible and directional the antenna pattern will be. The equation below [5]

measures directivity:

D(θ, ϕ) = 4π
I(θ, ϕ)∫ 2π

0

∫ π

0
I(θ, ϕ) sin θdθdϕ

(1.3)

Where I(θ, ϕ) is the radiation intensity.

1.1.4 Polarization

The polarization of an antenna is a term which specifies the orientation of the waves

geometrically. Both the polarization of the antenna and that of the radiated field

are the same. The radiated field polarization is the figure described as a function of

moment by the electric field at a specified room place. Linear, elliptical and circular

polarization are commonly used polarizations. In general, a dipole’s polarization is

linear. If an antenna obtains a signal from an electromagnetic wave, the polarization

of the antenna must match the polarization of the incoming wave. If the wave does

not match the antenna, the antenna will not accurately detect the portion or all of

the energy.

1.1.5 Gain

The gain of the antenna reflects the performance of the antenna. The gain and the

directivity of an antenna are closely related. The difference is that the gain takes

into account the directionality and the efficiency, which includes all losses, while the

4



directivity only explains the directional attributes of an antenna. Gain can, therefore,

be interpreted as in the equation below [5]:

G(θ, ϕ) = 4π
I(θ, ϕ)

P 0
(1.4)

Where I(θ, ϕ) is the radiation intensity, P0 is the input power to the antenna.

1.1.6 Efficiency

Efficiency accounts for the losses within the antenna structure and at the input of the

antenna. The losses may be from different factors which include the reflection due

to mismatch between the antenna and the transmission line. Moreover, a loss may

be achieved due to the dielectric or conductive material. The total efficiency can be

expressed as follows:

eT = edecem (1.5)

Where eT is the total efficiency, em is the mismatch efficiency, ed and ec are the

dielectric and conductive efficiencies respectively.

5
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Figure 1.2: Two horizontal dipoles.

1.2 Electric field

An electric field is a force per unit charge that is applied to a small positive charge at

rest; it is mathematically defined as:

E =
F

Q
(1.6)

Assuming two horizontal dipoles as depicted in Fig.1.2, the electric field is the

result of the product between the electric field of a single antenna at origin and the

array factor. Thus, electric field can be related to the array factor in the expressions

below:

ET = Esingle × ArrayFactor (1.7)

6



1.3 Array Factor (AF)

Array factor is a complex farfield radiation pattern that is formed as a result of an

array of antennas arranged isotropically at coordinates. Considering Fig. 1.2, the

total electric field of the two dipole antennas is given as [5]:

ET = aθjη
kw0le

-jkr

4πr
cos θ[2 cos 0.5(kd cos θ + β)] (1.8)

Where the array factor is the term in the square bracket, and the other term is the

electric field of a single antenna. The array factor in this regard can now be expressed

as [5]:

AF = 0.5(kd cos θ + β) (1.9)

Generally, for N isotropic antennas, the array factor can then be expressed as [6]:

AF =
N∑

n=1

ej(n−1)σ (1.10)

where σ = (kd cos θ + β).

1.4 Antenna Optimization

Optimization is a process of determining the most productive or appreciative situations

or results. The main aim of performing optimization is to arrive at the best solution

or design with respect to some specific situations. The process is either maximizing or

7



minimizing some particular factors. Efficiency, utilization, strength, reliability, pro-

ductivity and many more are such factors that can be maximized in some situations.

Antenna arrays are a class of problems in electromagnetics that need a solution to

be obtained for some particular cases. The optimization process is now being applied

to such cases [7]. The huge amount of computational power and time consumed by

some problems led to advancement in optimization in order to simplify and solve the

problems within a shorter time with less amount of resources. Optimization methods

applied to antennas are divided into two classes; first is the deterministic methods

which include convex optimization and linear programming, and also stochastic meth-

ods which include genetic algorithm (GA), Particle Swarm Optimization (PSO), firefly

algorithm and many more [7].

1.5 Antenna synthesis

It is possible to design an antenna that fulfils radiation characteristics such as low

sidelobes, having nulls at some specified direction, shallow minor lobes, maximum

beam at some specific direction and many more. The process affects both configu-

rations of the antenna, distributions of the excitations and also the dimension of the

geometry. Attaining such will lead to having a perfect or an approximate pattern that

satisfies other objectives and constraints. This design process is termed as Antenna

synthesis [6]. Initially, the process of the pattern synthesis starts with the design of an

analytical model of the desired pattern, and the design is then compared to a real an-

tenna model. Many methods are used in the synthesis of antenna pattern such as the

8



Schelkunoff method [8], Fourier transforms method [9], Woodward-Lawson methods

[10], Dolph-Tschebyscheff method [11] and many more.

1.6 Work motivation

The numerical analysis required in solving problems related to antenna synthesis re-

quires much time and substantial computational resources. This analysis may be

critical in various applications, especially when a quick reaction is required before

changes occur in the spatial situation. The purpose of this research is to reduce the

simulation time by incorporating the Schelkunoff nulling technique [8] with genetic

algorithm in order to mitigate the number of unknowns and reduce complexity in an

adaptive antenna array. Details of linear, planar and circular cases is considered in

this thesis.

1.7 Thesis contributions

There are several contributions accomplished by this work:

a. A comprehensive literature review of antenna array synthesis is conducted.

b. The synthesis of linear and planar antenna array is performed. A new tech-

nique utilizing the Schelkunoff theory is developed to reduce the processing time for

optimizing the elements excitations of an adaptive antenna array.

c. The synthesis of circular antenna array is performed. A novel technique is

proposed here that incorporates genetic algorithm and Schelkunoff nulling theory to

achieve fast steering of the main beam and nulls in the desired directions. The pro-

9



posed computational process allows the genetic algorithm to perform the beam steering

and null placement within a considerably reduced processing time compared to the

standard optimization technique.

d. The optimization and design of a microstrip patch antenna array with super

directive excitations for wireless communications applications is performed. An opti-

mum technique is presented to formulate and solve for superdirective array excitations

function with a considerably reduced solver time. The excitation function for a 2λ

array aperture is derived using Schelkunoff method. The design requires exciting the

antenna aperture with increased number of closely packed radiating patches. Genetic

Algorithm (GA) is used to solve the antenna properties with considerably reduced

solution time compared to algorithms used in a professional simulator.

10



CHAPTER 2

LITERATURE REVIEW

2.1 Theoretical Background

Antenna array was initially employed in military applications in 1940 [3]. This is a

great achievement in wireless communications, such that changes are achieved in the

process of receiving and transmitting signals. The array arrangement also allows elec-

tronic beam steering from one direction to another without mechanical rotation of the

device. In the early 1960s, [4] considered the geometry of linear arrays with arbitrary

distributed elements, in which it was concluded that the efficiency of the array could

be achieved by fixing the weightings and simultaneously varying the position of the

components. Within the same year, [12] suggested a technique of arranging the array

elements such that grating lobes will be removed. Moreover, in 1961, [13] considered a

method of synthesizing the antenna array through achieving sidelobe level reduction,

where a little element perturbation was achieved.

In a very wide antenna array, it was observed that removing some of the elements

within the array does not affect the performance of the system. With this observa-

11



tion, an idea of the thinned array was introduced where [14] developed a technique.

The technique suggested that the structural geometry of the array can be altered by

only evaluating the fewer number of elements to reduce processing time. The problem

used in the [14] was a solution to the question raised in [15] on the approach used to

reduce the high amount of computational time for synthesizing of the thinned array.

Moreover, an approach was suggested in [16] and [17] that uses linear, circular and

spherical antenna array with some specified amplitudes and excitations. The method

calculated the array geometry with an approximate excitation value that mimics the

ideal pattern. The main approach does not vividly give the standard symmetry of

the elements. Hence, the ideal pattern is not closely impersonated. Recently, the

optimization of the antenna array geometry has been under investigation by some bi-

ologically motivated algorithms due to the excessive increase in computational time.

This algorithm includes the genetic algorithm (GA) [18]-[22], invasive weed optimiza-

tion (IWO) [23]-[29], the memetic algorithm [30]-[36], the ant colony algorithm [37]-

[41], the tabu search algorithm [42][43], and the particle swarm optimization (PSO)

[44]-[54].

2.2 Phased antenna array

A group of antenna elements whose radiation pattern of each element combined con-

structively to form a single main lobe is known as the phased antenna array. The

main lobe is transmitting the radiated energy. The antenna rejects signal from an

undesired direction through the formation of nulls. The antenna array is intended to

12



 

Figure 2.1: Phased antenna array. [1]

maximize the radiated power in the primary lobe while decreasing the radiated energy

in the side lobes. It is possible to manipulate the direction of radiation by altering

the signal stage fed into each antenna component. Fig. 2.1 shows how adjusting the

phase of the signal in each antenna can steer the main beam in the desired direction

for a linear array. With no mechanically moving parts, the attribute of quick steering

of the beam in a phased array is readily recognized. Phased antenna arrays exist in

different ways. However, in this thesis, the synthesis of a linear, planar and circular

array are to be considered in detail.

2.3 Linear Antenna Array

One of the methods of obtaining directive antennas is to increase the size of single

elements. An alternative way is to use multiple individual elements that attach their

contributions to preferred directions and cancel them in other directions. The linear
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array is the most practical array composed of a variety of equal or parallel components

connected to a straight line [6]. Fig. 2.2 shows the configuration of a linear antenna

array. A linear antenna array is classified into uniform and non-uniform linear ar-

rays. The non-uniform linear array can be classified into Chebyshev linear arrays and

binomial linear arrays.

2.3.1 Uniform Linear Antenna Array

Uniform linear array occurs when the elements are identical in magnitude and sep-

arated equally, each with a progressive phase shift. The total vector summation of

the field radiated by each single element gives the total electric field. For N elements

arranged linearly, the AF can be given by:

AFl = 1 + ej(kd cos θ+β) + e2j(kd cos θ+β) + . . .+ e3j(kd cos θ+β) (2.1)

Where equation 2.1 above can be summarized as:

AFl =
N∑

n=1

ej(n−1)(kd cos θ+β) (2.2)

Where AFl is the array factor of the linear antenna, Z = ej(kd cos θ+β) with k as the

wave number for free space (k = 2π/λ) and λ is the free space wavelength, β is the

progressive phase shift.
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Figure 2.2: Linear antenna array configuration.

2.3.2 Binomial Linear Antenna Array

Binomial linear array is an array with all its roots equal. The AF of a binomial linear

array can be in the form of an even or odd number of an isotropic elements. For even

number of isotropic elements 2M, the AF is given by:

AFeven =
N∑

n=1

an cos [(2n− 1)
πd

λ
cos θ] (2.3)

Similarly, For odd number of isotropic elements 2N+1, the AF is given by:

AFodd =
N+1∑
n=1

an cos [(2n− 1)
πd

λ
cos θ] (2.4)

where N is the total number of elements arranged along z-axis, and an are the excita-

tion coefficients.
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2.3.3 Chebyshev Linear Antenna Array

Uniformly spaced linear arrays with non-uniform excitations are known as the Cheby-

shev (Tschebyscheff) arrays [11]. It compromises between uniform and binomial arrays.

The excitation coefficients of the Chebyshev are derived from the Chebyshev polyno-

mials. Fig. 2.3 shows the Chebyshev polynomial of the second kind. The Chebyshev

polynomial Tm(x) is generally given by:

Tm(x) = 2zTm-1(x)− Tm-2(x) (2.5)

when Tm contains equal ripples in the region −1 ≤x≤+1 and the amplitude varies

between +1 and −1. For −1 ≤x≤+1 the polynomial is computed as:

Tm(x) = cos[m cos−1(x)] (2.6)

For x < -1, x > +1 the polynomial is computed as:

Tm(x) = cosh[m cosh−1(x)] (2.7)

2.4 Genetic Algorithm Optimization

They are optimization techniques that are based on natural genetic selection. They

are based on the principle of survival of the fittest among a population of individual

solutions. The solutions are generated randomly within the problem space. Within
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Figure 2.3: Chebyshev polynomial of second kind [2]

each generation, a new set of strings (individuals) are generated using parts of the

fittest individuals of the previous solution. GA is different from the simple random

walk in the sense that they use new search points based on the expected improved

performance. Generally, GA consist of three basic operations, which are: Reproduc-

tion, crossover and mutation. Reproduction is a process in which individual strings

are copied according to their objective function values, also called fitness function.

The higher the objective function value of a particular string (individual), the higher

the probability of selecting it for reproduction and contributing one or more offspring

in the next generation. GA has more advantages compared to other optimization

methods:

a. It searches in parallel and not from a single point.

b. It does not require derivative information or auxiliary knowledge.

c. It works using only objective function and corresponding fitness levels.

d. It uses probabilistic transition rules, not deterministic ones.

17



start

Objective 
function

Convergence 
occurs?

Compute 
the 

parameters

Generate 
initial 

population

Evaluate 
the fitness 

of each 
individuals

         

SelectionCrossover

   

Mutation

   

Evaluate 
the fitness 

of each 
individuals

   

   

   

startYes

No

Figure 2.4: The flow chart of GA

e. It works based on parameter encoding set (except when real-valued individuals

are used). [7]

Fig. 2.4 shows the flow chart or the working principle of a typical GA. The process

starts by getting the objective function and then moves to the process of parameter

coding. From there, the GA generates an initial population, and it then evaluates

the fitness of the individuals in the initial population. Furthermore, the selection,

crossover and mutation processes are then performed. The fitness function is then

evaluated, and finally, the process converges. If the convergence criteria are met, the

process stops, else the process is repeated from the selection point.
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2.5 Schelkunoff Nulling Theory

The pattern synthesis of an antenna can be performed by first choosing the desired

pattern through an approximate analytical model. Then, the analytical model to a

physical model of the antenna is matched. In general, a group of an antenna synthesis

is to place nulls in an undesired direction within the pattern. This method is first

introduced by Schelkunoff [8]. It is a method that is used to synthesize antenna

arrays (Linear, planar and circular) whose radiation pattern possesses nulls in the

desired directions. To further illustrate the method, consider the array factor of an N

element linearly arranged:

AF =
N−1∑
n=0

ane
−jπn cos θ (2.8)

Then in a polynomial format, (2.8) can be written as:

AF (z) =
N−1∑
n=0

anz
n (2.9)

where z = e−jπn cos θ. Considering the product of the roots of (2.10), then the AF

becomes:

AF (z) =
N−1∑
n=0

anz
n (2.10)

taking the polynomial in 2.10 as the product of its roots, then:

AF (z) = aN-1(z − z1)(z − z2)(z − z3)...(z − zN−2) (2.11)
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where the zn is the zeros of the array factor, the excitations can be found by

selecting the specific zeros and equating equal power of 2.11 to 2.10.The magnitude

of 2.11 can then be written as:

| AF (z) |=| aN-1 || (z − z1) || (z − z2) || (z − z3) | ... | (z − zN−2) | (2.12)

It has been deduced that for any value d, θ or β the magnitude of z lies always on

a unit circle; however its phase depends upon d,θ and β. Fig.2.5 shows the plot of the

visible and invisible region boundaries for complex variable z when β= 0.

It is observed that for d = λ/8 the values of z, for all the physically observable

angles of θ, only exist over the part of the circle shown in Fig.2.5a. Any values of z

outside that arc are not realizable by any physical observation angle θ for the spacing

d = λ/8. Its also observed in Fig.2.5a the path of the z values as θ changes from 0o

to 180o.
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Figure 2.5: Visible Region (VR) and Invisible Region (IR) boundaries for complex
variable z when β= 0
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CHAPTER 3

OPTIMIZATION OF LINEAR

AND PLANAR ANTENNA

ARRAYS

3.1 Introduction

Applications that involves electronic warfare systems usually suffer from interference

from external sources radiating at some intended angles. To solve this issue, the array

factor (AF) can be adjusted such that it nulls such angles while keeping the maximum

radiation at the intended angle θmax . Therefore, most of the techniques available in

literature [55]-[61] usually attempts to force the AF to fulfill both the nulling and the

maximum angle conditions. These technique include the genetic algorithm (GA) [62]-

[63], the particle swarm optimization (PSO) [64], the memetic algorithm [65], the tabu

search algorithm [66], the ant colony algorithm [67], the invasive weed optimization
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(IWO) [68], and the spatial optimization of the array factor [69]. The synthesis of

antenna arrays using schelkunoff nulling theory has been considered by some authors

[70]-[72]. Although these techniques produce satisfactory results in placing nulls and

maxima at the sought angles with various degrees of closeness to the targeted value,

the numerical analysis involved in finding the solution requires long running time and

extensive computing resources. This may be crucial in many applications especially

when a quick reaction is required before the spatial situation changes. Moreover, such

numerical methods commonly suffer from a finite deviation from the nulling point.

In this thesis, the Schelkunoff nulling theory [8] to synthesize arrays whose patterns

inherently possesses nulls in desired directions, is employed to calculate the antenna

array excitations such that the problem is reduced to optimizing a fewer number of

array elements for the search of both the required nulls and the maxima. GA is

employed to perform the optimization of the array parameters. The choice of the GA

to calculate the array excitations is only employed for illustration, any other numerical

optimization algorithm would produce similar results since the time reduction is due

to the fewer number of unknowns and not the optimizing algorithm. The GA is used

in this context to optimize a fewer number of array elements for the search of both the

required nulls and the maxima in the specified directions. This modifies the population

of individual chromosomes (excitations), each with an associated fitness function into

a new generation of the population using the Darwinian principle of reproduction and

survival of the fittest, and analogues of naturally occurring genetic operations such as

crossover and mutation [73]. It is shown that using the proposed method, the run-

time for the same problem could be reduced by a significant factor depending on the
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number of nulls specified. Furthermore, the sought nulling points are satisfied which

helps in reducing unavoidable interference. Moreover, the optimized array excitations

will be verified by a comparison with commercial numerical software (HFSS).

3.2 Linear Antenna Array Synthesis

In this section, three different configurations of adaptive antenna array will be con-

sidered for the calculation of the optimum array excitations based on the Schelkunoff

nulling theory, these configurations are the non-symmetric array, odd-symmetric ar-

ray, and even-symmetric array. The number of array coefficients is selected based on

each configuration and then GA is used for the synthesis of the antenna parameters.

3.2.1 Non-Symmetric Array

For an N - elements antenna array of nonuniform amplitude and a progressive phase

excitation, that are uniformly spaced [5], the array factor is given by:

AF =
N∑

n=1

ane
j(n−1)(kd cos θ+β) (3.1)

For simplicity and assuming N + 1 isotropic radiating elements, the array factor

(AF) may be written as:

AF =
N∑

n=0

anZ
n (3.2)

where Z = ej(kd cos θ+β) with k as the wave number for free space (k = 2π/λ) and λ
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is the free space wavelength, β is the progressive phase shift which is to be considered

as zero. The angle θ is taken with respect to a plane normal to the array and the set an

are the elements excitations which may be complex. Following Schelkunoff procedure,

Eq. 3.2 may be expressed as:

N∑
n=0

anZ
n = a0 + a1Z + a2Z

2 + a3Z
3 + ...aNZ

N (3.3)

The above polynomial may be written using its roots as:

N∑
n=0

anZ
n = (Z − Z1)(Z − Z2)(Z − Z3)...(Z − ZN) (3.4)

Now, suppose L numbers of zeros is needed at some desired locations θ1,θ2,...θL,

then (3.4) may be written as:

N∑
n=0

anZ
n = aN(Z − Z1)(Z − Z2)...(Z − ZL)

[(Z − ZL+1)(Z − ZL+2)(Z − ZN)]

(3.5)

Considering (3.5) and multiplying out the terms between the square brackets, one

gets:

N∑
n=0

anZ
n = aN(Z − Z1)(Z − Z2) . . . (Z − ZL)[Z

N-L

+bN-L-1Z
N-L-1 + bN-L-2Z

N-L-22...+ b1Z + b0]

(3.6)
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where the elements set [b] = [b0, b1, b2, b3...bN-L-1] are the constants to be deter-

mined. Multiplying out the two brackets in (3.6), one may get an expression for the

AF in the form:

AF = f0(b) + f1(b)Z + f2(b)Z
2 + ...fN-1(b)Z

N-1 + ZN (3.7)

where each fn(b) is a distinct function of the set b for a particular n and where

without loss of generality we consider aN to be unity. The array function in (3.7) is

to be maximized for only the maximum radiation direction since it satisfies all the

required nulls. Furthermore, the number of parameters bn to be optimized is reduced

from N in the original expression into N − L in the expression given by (3.7). This

results in a major reduction of the numerical processing time in addition to an exact

nulling position of the array factor. Once the set b is obtained, the functions for all

n are obtained. The last step is to obtain the excitation coefficients which are readily

obtained by comparing coefficients of equal power of Z in (3.3) and (3.7).

To validate the practicality of the proposed approach, we consider a ten element

(i.e., N=9) array with two zeros to be set at Z1 and Z2. Let U1 = Z1 + Z2 and

U2 = Z1Z2 . Then, the coefficients of (3.6) can be related to the coefficients of (3.7)

as given in Table 3.1. In this case; the optimized parameters are the set b which are

N − L=7 parameters compared to the original 9 parameters of set a.
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Table 3.1: The relation between the excitations

f0(b) a0 U2bo
f1(b) a1 U2b1 − U1bo
f2(b) a2 U2b2 − U1b1 + b0
f3(b) a3 U2b3 − U1b2 + b1
f4(b) a4 U2b4 − U1b3 + b2
f5(b) a5 U2b5 − U1b4 + b3
f6(b) a6 U2b6 − U1b5 + b4
f7(b) a7 U2 − U1b6 + b5
f8(b) a8 −U1 + b6
f9(b) a9 1

3.2.2 Odd Symmetric Array

In the case of an antenna array with odd number of elements [5], the array factor of

2N + 1 linear array elements is given by:

AF = (a0 + 2a1 cosψ + 2a2 cos 2ψ + 2a3 cos 3ψ

...+ 2aN cosnψ
(3.8)

where, ψ = kd cos θ and the set [an] represents the excitations. Assuming that:

cosψ = Z ′ = T1(Z
′)

cos 2ψ = 2Z ′2 − 1 = T2(Z
′)

. . .

cosmψ = Tm(Z
′)

Where Tm(Z’) is known as the Tschebyscheff polynomial [74]. By substituting the
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Table 3.2: Relation between the excitations of sets a and b

b0 a0 − 2a2 + 2a4
b1 2a1 − 6a3 + 10a5
b2 4a2 − 16a4
b3 8a3 − 40a5
b4 16a4
b5 32a5

above expansion in (3.8) and following the same technique as outlined in the previous

section, the number of parameters to search will be reduced by the number of zeros

inserted in the AF. To elaborate more on this process, considering an array factor of 11

elements (N = 5) in the form given by (3.8) with two zeros at θ1 and θ2, corresponding

to Z’
1 and Z’

2. The AF given by (3.8) may then be represented in power of Z’ as

AF = b0 + b1Z
′ + b2Z

′2 + b3Z
′3 + b4Z

′4 + b5Z
′5 (3.9)

Where the excitation in set a is related to that of set b as depicted in Table 3.2.

Next, the AF of (3.9) is now expressed in the form of (3.3). Following the same

procedure, one will get an equation similar to (3.6). The final formula to be optimized

will then be as follows:

AF = (Z ′ − Z ′
1)(Z

′ − Z ′
2)[Z

′3 + c1Z
′2 + c2Z

′ + c3] (3.10)

Where the optimization will be carried out for the three parameters c1, c2 and c3

only. Once the set c is obtained, set b is related to the set c through equating the

coefficients of equal power of Z ′ in (3.9) and (3.10), which is summarized in table 3.3.

where U1 = Z ′
1 and U2 = Z ′

2. To complete the solution, parameters c are obtained
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through the optimization, then set [b] is obtained from Table 3.3, and are used to

obtain the excitation set [a] from Table 3.2.

Table 3.3: Relation between the set [b] and the optimized parameters [c]

b0 U1U2U3

b1 U1U2c2 − (U1 + U2)c3
b2 c3 − (U1 + U2)c2 + U1U2c1
b3 c2 − (U1 + U2)c1 + U1U2

b4 c1 − (U1 + U2)
b5 1

3.2.3 Even Symmetric Array

In the case of an antenna array with an even number of elements, the array factor is

given as:

AF =

N/2∑
n=1

an cos ((2n− 1)/2)(kd cos θ) (3.11)

where, Φ = (kd/2) cos θ and Z ′′ = cosΦ, and hence the array factor will then be

written as:

AF=a1T1(Z”)+a2T3(Z”)+a3T5(Z”)+…

After the expansion of each polynomial and simplifying the terms, the above equa-

tion gives:

AF = Z ′′(b0 + b1Z
′′2 + b2Z

′′4 + b3Z
′′6 + ...+ bN-1Z

′′2(n-1)) (3.12)

using (3.12), set (b) can be directly related the to the excitation of set (a). With

P zeros in the antenna pattern, the AF will then be in the form :
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AF = (Z ′′ − Z ′′
1 )(Z

′′ − Z ′′
2 ) . . . (Z

′′ − Z ′′
P )

[C0 + C1Z
′′ + C2Z

′′2 + ...]

(3.13)

By expanding (3.13) and equating its coefficients of equal power with (3.12), the

three sets of a, b and c can be related. As an example, considering the case of N = 10

with two nulls in the radiation pattern at θ1 and θ2 . Such a case will then change

(3.12) to be in the form:

AF = Z ′′(b0 + b1Z
′′2 + b2Z

′′4 + b3Z
′′6 + b4Z

′′8) (3.14)

with Z ′′
1 = cos θ1 and Z ′′

2 = cos θ2, and hence the new relation of the set a and set

b will be given by:



b0

b1

b2

b3

b4


=



a1 − 3a2 + 5a3 − 7a4 + 9a5

4a2 − 20a3 + 56a4 − 120a5

16a3 − 112a4 + 432a5

64a4 − 576a5

256a5


(3.15)

Hence, (3.13) can be written as:

AF = (Z ′′2 − V1Z
′′ + V2)(Z

′′6 + C1Z
′′5 + C2Z

′′4

+C3Z
′′3 + C4Z

′′2 + C5Z
′′ + C6)

(3.16)

with V1 = Z ′′
1 + Z ′′

2 and V2 = Z ′′
1Z

′′
2 . By equating (3.14) and (3.16) the following
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equation set will then be obtained:



b0

b1

b2

b3

b4


=



V2C6

C6 − V1C5 + V2C4

C4 − V1C3 + V2C2

C2 − V1C1 + V2

1


(3.17)

By eliminating the parameters bn in (3.17), the following equation set are obtained:



C1

C3 − V1C2 + V2C1

C5 − V1C4 + V2C3

V1C6 + V2C5


=



V1

0

0

0


(3.18)

The original array factor of (3.11) has 4 unknowns when N=10 (assuming a1 = 1).

Now, with two nulls, the proposed technique reduces the unknowns into two only.

The optimization process can be commenced by choosing two unknowns as given in

(3.18) (i.e., C5 and C3). The choice is judicious since other combinations may be

considered (with the exemption of C5 and C6 or C2 and C3 since they are related).

The optimization is conducted over the two chosen parameters, wherein each run the

set b is calculated from the set C using (3.17). This is followed by the calculation

of the set a using (3.15). The array factor is then fully determined from each run

concerning the choice of the parameters C.

The GA employed in the optimization process of this work starts by generating
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a population (and setting the number of elements) that contains individuals called

chromosomes. Each chromosome contains genes that has certain fitness value. The

algorithm proceeds to select a new population, which is a new generation from the

previous population by a process called crossover and mutation. In this process, the

fittest of the chromosomes (best fit of the excitations) survive and are able to produce

offspring (children) which in this case are the best fit among excitations. Furthermore,

the algorithm checks whether null is placed at desired location, if yes, it stopped, if no,

it checks whether the mutation criteria is met. Achieving the condition of the mutation

criteria will then allow the algorithm to rank the population according to the fittest

and then replace the least fit population with new ones, and repeats the process again.

Hence, the mutation probability in attaining optimal solution is larger in the proposed

technique compared to the standard GA technique, hence the convergence is faster.

The fitness function used in the optimization is:

Fitness = 20 log max | AFb(i, j) |
min(| AF (i, j) |)2

(3.19)

Where i and j are the population index and null position, respectively. | AFb | is

the array factor in the direction of the main beam, and | AF | is the array factor in

the direction where noise or interference occurs (i.e., null). The fitness function used

in both techniques minimizes the radiation in the null direction and maximizes the

main beam. Fig. 3.1 shows the convergence of the fitness (cost) function versus the

number of iteration of both the standard GA technique and the proposed technique.

The standard GA technique requires a higher number of iterations before convergence
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Figure 3.1: The convergence of the fitness function of the standard GA technique and
the proposed technique based on a 10 element linear array.

resulting in longer processing time. While the proposed technique converges easily

within a fewer number of iterations for the case of 10 elements linear antenna array

as depicted in Fig. 3.1.

In order to demonstrate the usefulness and novelty of the proposed technique,

several examples are presented here using both the conventional all-parameters op-

timization and the proposed reduced-parameters method using the GA in both ap-

proaches. In the presented examples, the element separation is chosen as d = λ/2, and

nulls are assumed to be at two different directions with the main beam chosen at 900.

Tables 3.4 - 3.9 present the excitations coefficients of the conventional all-parameters

technique and the proposed reduce-parameters method for four examples of 10, 11, 15

and 16 elements arrays.

Tables 3.5,3.7 and 3.9 summarizes the excitation parameters (i.e., sets a, b and c)
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Table 3.4: 10 elements even symmetric array design (conventional GA technique)

Excitations Design specifications
a1 = 1.0000 Maxima is achieved at 90o

a2 = 1.0000 Nulls are at 40o(−128dB) and at 115o(−110dB)
a3 = 0.7000 SLL = −22dB
a4 = 0.4000 Optimization Time = 22.22 minutes
a5 = 0.6000

Table 3.5: 10 elements even symmetric array design (proposed Technique)

set c set b set a (excitations)
c6 = 0.04760 b4 = 1.00000 a5 = 0.00390
c5 = 0.20000 b3 = −1.8402 a4 = 0.00640
c4 = −0.1009 b2 = 1.09360 a3 = 0.00770
c3 = −1.0990 b1 = −0.2313 a2 = 0.00820
c2 = −0.5864 b0 = 0.01410 a1 = 0.01000

of the proposed technique for the 10, 11 and 15 elements arrays, respectively. The

comparison of the radiation patterns of the conventional GA and that of the proposed

technique of 10 and 11 elements antenna array is demonstrated in Figs. 3.2 and 3.3,

respectively. As observed from these figures, nulls are chosen to be at 40o and 115o for

both the conventional GA and the proposed technique. Furthermore, there is a huge

time reduction from 22.22 minutes of the conventional technique to 1.31 minutes (i.e.,

94% reduction) of the proposed technique of 10 elements excitations. For the case of

11 elements array, the processing time is reduced from 26.05 minutes to 1.72 minutes.

Another case when the number of elements is 15 is considered here as depicted in

Table 3.6: 11 elements odd symmetric array design (conventional GA Technique)

Excitations Design specifications
a0 = 1.0000 Maxima is achieved at 90o

a1 = 0.7500 Nulls are at 40o(−120dB)
a2 = 0.7000 and at 115o(−115dB)
a3 = 0.5500 SLL = −22 dB
a4 = 0.4500 Optimization Time = 26.05 minutes
a5 = 0.1000
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Figure 3.2: Radiation patterns of conventional GA and proposed technique of 10
elements array

Figure 3.3: Radiation patterns of the conventional GA technique and the proposed
technique of 11 elements linear array
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Table 3.7: 11 elements odd symmetric array design (proposed technique)

set c set b set a (excitations)
c5 = 0.00000 b5 = 1.00000 a5 = 0.03130
c4 = 0.00000 b4 = −1.0652 a4 = 0.0666
c3 = −0.0990 b3 = −0.6686 a3 = 0.0727
c2 = −0.1884 b2 = −0.6674 a2 = 0.0994
c1 = −0.9801 b1 = 0.09780 a1 = 0.1107
c0 = 0.00000 b0 = 0.05580 a0 = 0.1215

Table 3.8: 15 elements odd symmetric array design (conventional GA Technique)

Excitations Design specifications
a0 = 1.8600 Maxima is achieved at 90o

a1 = 1.0500 Nulls are at 70o(−110dB)
a2 = 1.0200 and at 110o(−110dB)
a3 = 1.1100 SLL = −22dB
a4 = 0.2200 Optimization time = 36.06 minutes
a5 = 0.6800

Tables 3.8 and 3.9, nulls are achieved exactly at 70o and 110o, and maxima is achieved

at 90o. The processing time is reduced by about 94%. The resultant radiation patterns

for this case is depicted in Fig. 3.4. Similarly, a 16 elements array is also considered

with nulls at 70o and 110o; maxima is achieved at 90o as shown in Fig. 3.5. The

processing time of the proposed technique is only 2.62 minutes.

Finally, in order to verify the accuracy of the proposed reduced-parameter op-

timization technique, the commercial EM simulator (HFSS) has been employed to

calculate the AF of a 10 half-wavelength dipole antennas even symmetric array placed

Table 3.9: 15 elements odd symmetric array design (proposed technique)

set c set b set a (excitations)
c5 = 0.0000 b5 = 1.00000 a5 = 1.0230
c4 = 0.0000 b4 = −1.1242 a4 = 0.1986
c3 = −1.990 b3 = −0.1676 a3 = 0.7513
c2 = −1.069 b2 = −1.0764 a2 = 0.0994
c1 = −1.695 b1 = 0.88941 a1 = 1.2901
c0 = 0.0000 b0 = 0.71582 a0 = 1.0051
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Figure 3.4: Radiation patterns of conventional GA technique and proposed technique
of 15 elements linear array

Figure 3.5: Radiation patterns of the conventional GA technique and the proposed
technique of 16 elements linear array
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Figure 3.6: Radiation pattern calculated using HFSS and the proposed method of 10
elements array placed along z-axis and spaced λ/2 with unsymmetrical excitation of
set a as given in Table 4.2.

along z-axis and spaced λ/2 with unsymmetrical excitation of set a as given in Table

4.2. Figure 3.6 shows that the AF calculated by the proposed technique agrees well

with the numerical results obtained from HFSS. Moreover, the results of the proposed

technique provide more reduced sidelobes level compared to that of HFSS simulations;

this is because HFSS takes into consideration the mutual coupling [75]-[79] between

the elements.

3.3 Planar Antenna Array Synthesis

In many aircraft radars, the antennas employed are usually in the form of planar

arrays with controlled sidelobes. In this section, a rectangular planar array as shown

in Fig. 3.7 , is assumed to lie in the xz plane. In this case, the AF of the planar array
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Figure 3.7: Planar array configuration in the xz plane.

uses the product of two linear AFs; one is along x-axis and the other along z-axis

forming an xz plane. For M elements placed along x-axis, the AFx is given by:

AFx =
M∑

m=1

axe
j(m−1)(kdx sin θ cosϕ+βx) (3.20)

Similarly, For N elements placed along z-axis, the array factor is given by:

AFz =
N∑

n=1

aze
j(n−1)(kdz cos θ+βz) (3.21)

So, the AF of a two dimensional planar array arranged in the xz plane is given as:

AF =
M∑

m=1

axe
j(m−1)(kdx sin θ cosϕ+βx)

N∑
n=1

aze
j(n−1)(kdz cos θ+βz) (3.22)

where ax and az are the excitation coefficient of each element along x and z axes,
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respectively, dx and dz are the spacing between the elements along x and z axes,

respectively. βx and βz are the progressive phase shift between the elements along x

and z axes, respectively. For simplicity and assuming the excitations coefficients of

the array elements in x-direction are proportional to that of those in z-direction, and

without loss of generality, once can assume axz = ax az. Therefore, for a planar array

with uniform amplitude and progressive phase excitation axz = a0, the array factor in

3.22 becomes:

AF = a0

M∑
m=0

Zm
x

N∑
n=0

Zn
z (3.23)

Rectangular arrays of m×n elements may have the form of odd×odd, odd× even,

even × odd, and even × even number of elements. In this section, all these cases

are considered, and the same procedure of employing the schelkunoff nulling theory is

applied to each configuration, hence, obtaining the desired objectives. For even×even

element array configuration, there are 2M elements along x-axis and 2N elements

along z-axis. The excitation matrix of such configuration after applying the schelkunoff

procedure to have the reduced parameters is given as
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A =

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

a-M,-N . a-M,-1 a-M,1 . a-M,N

. . . . . .

a-1,-N . a-1,-1 a-1,1 . a-1,N

a1,-N . a1,-1 a1,1 . a1,N

. . . . . .

aM,-N . aM,-1 aM,1 . aM,N

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

(3.24)

Moreover, the array factor of the even×even element array is given by 3.25. Similar

procedure is considered in all other cases of odd × even, even × odd and odd × odd

elements configuration.

AF =
−N∑

n=−1

[
−M∑

m=−1

am,n exp (−j 2m+ 1

2
Φx)

M∑
m=1

am,n exp (−j 2m− 1

2
Φx)]× exp (−j 2n+ 1

2
Φz)

+
N∑

n=1

[
−M∑

m=−1

am,n exp (−j 2m+ 1

2
Φx)

+
M∑

m=1

am,n exp (−j 2m− 1

2
Φx)]× exp (−j 2n− 1

2
Φz)

(3.25)

Where Φx = (kdx cos γx + βx), Φz = (kdz cos γz + βz), cos γx = sin θ cosϕ and

cos γz = cos θ. To emphasize more on the usefulness and novelty of the proposed tech-

nique, several examples are presented here using both the conventional all-parameters

optimization technique and the proposed reduced-parameters method using the GA

in both approaches. In the presented examples, the element separation is chosen as

d = λ/2 and nulls are assumed to be at two different positions with the main beam
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Figure 3.8: Radiation pattern calculated using HFSS and the proposed method of 10
elements array placed along z-axis and spaced λ/2 with unsymmetrical excitation of
set a as given in Table 4.2.

chosen at 900.

Table 3.10: Comparison of the time taken by the proposed and standard techniques
for the optimization of planar array pattern.

Antenna configuration Standard GA Proposed technique Nulls position (θ )
(time in minutes) (time in minutes)

9 × 9 12.42 1.30 55◦, 125◦

8 × 8 11.56 1.24 50◦, 105◦

6 × 7 11.39 1.23 60◦, 75◦

7 × 6 11.42 1.41 50◦, 110◦

Table 3.10 presents the summary of the parameters achieved by each of the four

examples of 9 × 9, 8 × 8, 6 × 7 and 7 × 6 configurations. The comparison of the

radiation patterns of the conventional GA and that of the proposed technique of all

the cases is demonstrated in Fig. 3.8 - 3.11. As observed from these figures, nulls

are chosen to be at two particular positions, simultaneously keeping the maximum at
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Figure 3.9: Radiation pattern calculated using HFSS and the proposed method of 10
elements array placed along z-axis and spaced λ/2 with unsymmetrical excitation of
set a as given in Table 4.2.

 

Figure 3.10: Radiation pattern calculated using HFSS and the proposed method of
10 elements array placed along z-axis and spaced λ/2 with unsymmetrical excitation
of set a as given in Table 4.2.
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Figure 3.11: Radiation pattern calculated using HFSS and the proposed method of
10 elements array placed along z-axis and spaced λ/2 with unsymmetrical excitation
of set a as given in Table 4.2.

90o for all cases. The proposed technique reduced the processing time significantly

as depicted in Table 3.10 and also it provides the exact locations of the nulls, which

mitigates signal interference from neighbouring radiating systems.
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CHAPTER 4

OPTIMIZATION OF CIRCULAR

ANTENNA ARRAY

4.1 Introduction

Over recent years, many antenna researchers have focused their efforts into developing

radiating systems that meet the needs of electronic warfare equipment, space and air

navigation systems [80]. These needs include fast beam steering [81] –[82] and full

control of the nulls’ directions to detect and target different types of objects [83].

The antennas required to satisfy such requirements will normally be in the form of

an array, which is electrically and geometrically configured in different forms; linear,

circular, rectangular or hexagonal.

A lot of research for smart antennas have already been conducted. However, these

studies include mostly uniform linear arrays and uniform rectangular arrays and not

as much effort has been devoted to other configurations. The primary motivation for

this circular array selection is the symmetry it possess which provides it with a major
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advantage, its potential to scan a beam azimuthally through 360o with hardly any

change in beam-width or sidelobes magnitude [84]. Challenges normally take place

when the receiver is adversely influenced by nearby emitting sources at a particular

angle(s), causing interference or even damage to the receiver. A quick solution is

to redesign the antenna array factor (AF) to effectively control the null(s) at these

interference angles while maintaining the main beam at the sought direction θmax and

ϕmax. In [85], linear and planar array optimization have been considered to place two

nulls at certain directions while keeping the maximum beam at a fixed position.

A fast algorithm is introduced in this work that employs the Schelkunoff polyno-

mial technique [8] that introduces null(s) at such particular direction(s) within the

array factor (AF) and simultaneously steering the main beam at a chosen angle θmax.

This steers the main beam to any direction and also places multiple nulls at any

undesired directions. Many methods have been introduced in the literature for null

placement [86], [87], some of these methods make use of elements position perturba-

tions [88],phase only perturbation[89] and using external elements [90]. While these

methods result in aligning the nulls and main lobe as close as possible to the desired

directions, it takes a long time to process the algorithm involved in the implementa-

tion of the solution, thereby consuming vast computational resources. This could be

dangerous in several applications, including military air-defense systems, particularly

if a quick reaction is expected before the targeted objects change its locations. Fur-

thermore, such aforementioned algorithms experience a divergence from the desired

nulling point due to the long processing time taken.

In this section, the radiation patterns of circular antenna array are synthesized em-
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ploying the genetic algorithm (GA) combined with Schelkunoff null theory to steer the

nulls and main beam directions; such that it reduces the problem to use only smaller

number of array elements to look for the necessary nulls as well as steering the max-

imum. GA is used for optimizing the array excitation coefficients and directing the

main beam in the desired direction. The GA is employed for illustration, any other

optimization approach would produce similar results since the reduction in time is due

to the reduced complexity of the problem and fewer number of unknowns but not the

optimizing algorithm. The results throughout these sections are demonstrated in the

form of a comparison between the standard all-parameter technique (APT) and the

proposed reduced-parameter technique (RPT). The proposed beamforming technique

improves the performance of the radiating system by suppressing interference signals

in a very short computational time. Due to the fact that a uniform circular array

contains no edge elements and possesses inherent symmetry, an electronic rotation

of directional patterns is accomplished in the plane normal to the array plane with-

out impairing the beam shape. This makes a circular antenna array advantageous

compared with other geometries.

4.2 Circular Array Synthesis

A circularly arranged antenna array of radius a as shown in Fig. 4.1 is considered in

this section. An N identical radiating elements and an arc distance d between any

two adjacent elements is considered. The AF of the uniform circular array arranged

in the x − y plane with elements distributed over a circle of radius a is given by [5]
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Figure 4.1: The circular antenna array geometry of radius ”a” and comprising N
elements.

–[6]:

AF =
N∑

n=1

wne
j(ka(cosϕn sin θ cosϕ+sinϕn sin θ sinϕ)+βn) (4.1)

where wn is the amplitude excitation of the nth element which may be complex,

βn is the progressive phase shift of the nth element. ϕn is the angular position of the

nth element in the x− y plane (ϕn = 2π n
N

) and k is the free space wave number. For

convenience and taking into account N + 1 circularly distributed isotropic radiating

elements, considering that cosϕn cosϕ+ sinϕn sinϕ = cos (ϕ− ϕn), it is possible to

write the AF as:

AF =
N∑

n=0

wne
j(ka sin θ cos (ϕ−ϕn)+βn) (4.2)

The AF of the circular array is usually expressed in the form of a Bessel function.
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For a uniform excitation, then the AF in (2) is given by [6]:

AF = N

N∑
n=0

Y n(ka)X
n (4.3)

where Y n is the Bessel function of order n and X = ejN(π
2
−σ), the σ is given by:

σ = tan−1 p− pmax

q − qmax
(4.4)

where, p = sin θ sinϕ, pmax = sin θmax sinϕmax, q = sin θ cosϕ and qmax =

sin θmax cosϕmax. Assuming W n = NY n(ka), then equation (3) can be expressed

as:

AF =
N∑

n=0

W nX
n (4.5)

Applying the Schelkunoff polynomial approach [8], Eq. (5) can be as follows:

N∑
n=0

W nX
n = W 0 +W 1X +W 2X

2 +W 3X
3 + ...WNX

N (4.6)

Considering the roots of (6), it can then be written as:

N∑
n=0

W nX
n = (X −X0)(X −X1)(X −X2)...(X −XN) (4.7)

Where Xn represent the roots of the polynomial. Assuming L is the number of

nulls required at directions of (θ1, ϕ1), (θ2, ϕ2),...(θL, ϕL), then (7) may be expressed

as:
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N∑
n=0

WnX
n = WN(X −X1)(X −X2)...(X −XL)

[(X −XL+1)(X −XL+2)(X −XN)]

(4.8)

By expanding the square brackets in (8), the equation then becomes:

N∑
n=0

WnX
n = WN(X −X1)(X −X2) . . . (X −XL)[X

N-L

+cN-L-1X
N-L-1 + cN-L-2X

N-L-2...+ c1X + c0]

(4.9)

where [c] = [c0, c1, c2, c3...cN-L-1] are a set of parameters to be determined by expanding

out the square brackets in (9). Hence, the AF of (5) will be in the form:

AF = g0(c) + g1(c)X + g2(c)X
2 + ...gN-1(c)X

N-1 +XN (4.10)

where every gn(c) has a separate array c for a specific n. Where without loss of

generality WN is considered to be unity. All the required nulls are attained in (10),

therefore, optimization is to be performed for the main beam direction. Additionally,

the optimized variable cn will then be reduced by a value of L as given in (10). Hence

there will be a N-L number of excitations variables to be optimized and search for the

necessary nulling point. This results in a fast beam steering as well as null placement

at the required nulling direction. Determining the values of the set c leads to obtaining

the excitation coefficients by comparing similar power of X in (6) and (10).

The GA is employed here to steer the primary beam to a specific direction by

50



START

SET THE NUMBER 
OF ELEMENTS

GENERATE INITIAL 
POPULATION FOR THE 

UNIFORM CIRCULAR  ARRAY

EVALUATE OBJECTIVE 
FUNCTION FOR ALL 

POPULATION

IS NULL & MAIN BEAM  
PLACED AT DESIRED 

DIRECTION?

STOP

RANK THE 
POPULATION 

ACCORDING TO THE 
FITTEST

IS THE MUTATION 
CRITERIA MET?

RANK THE 
POPULATION 

ACCORDING TO THE 
FITTEST

PERFORM 
CROSSOVER

GENERATE NEW 
POPULATION

Yes

Yes

No

NO

STEER THE MAIN BEAM 
ACCORDING TO THE 
DESIRED DIRECTION

Figure 4.2: The GA optimization flow chart.

optimizing the reduced array elements and simultaneously achieving the required nulls.

The GA starts by forming a population of excitations, each with a specific fitness

function which are called chromosomes, as shown in Fig. 4.2. This process follows

the biological trend of Darwin’s evolution theory for the selection of the fittest to

reproduce and survive through crossover and mutation [73]. It can be deduced that the

complexity of the problem and time taken to perform the optimization is considerably

reduced when using the RPT compared to the APT, this is accomplished based on

the number of desired nulls with the ability to steer the main beam to any angle θmax.

The fitness function employed in the GA optimisation process is formulated as follows
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Fitness = 20 log max | AFm(x, y) |
Σ(| AFi(x, y) |)

(4.11)

where x and y are the indices that are responsible for determining the main beam angle

and the directions of nulls, respectively. The variables of x and y are chosen based on

the definition of the objective function, which will enable the GA to search through

the analytical formulation and classify all the parameters based on the aforementioned

two functions. The direction of the steered main beam is represented by the array

factor | AFm |, while that of the nulling position is represented by | AFi |. In both

techniques of APT and RPT, the employed fitness function of (11) maximizes the

radiation in the main beam direction, and minimizes the array radiation along the

undesired directions (i.e., nulls).

4.3 Results and Discussion

To elaborate on the usefulness and uniqueness of the RPT, two circular arrays of

different sizes are considered with nine and ten as the number elements. Each array

will exhibit two different nulls, these nulls are placed at X1 and X2. Consider a ten

element circular array exhibiting two zeros at X1 and X2. Assuming M1 = X1 +X2

and M2 = X1X2, then the coefficients of (7) and (10) can be related as shown in (12)
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

g0(c)

g1(c)

g2(c)

g3(c)

g4(c)

g5(c)

g6(c)

g7(c)

g8(c)

g9(c)



=



W0

W1

W2

W3

W4

W5

W6

W7

W8

W9



=



M2×co

M2×c1 −M1×co

M2×c2 −M1×c1 + c0

M2×c3 −M1×c2 + c1

M2×c4 −M1×c3 + c2

M2×c5 −M1×c4 + c3

M2×c6 −M1×c5 + c4

M2 −M1×c6 + c5

−M1 + c6

1



(4.12)

Note that (N −L) is the number of the optimized variables of set [c] (see Eq. (9)),

compared to the initial N variables of set [W ] (see Eq. (6)). Hence, the complexity of

the analysis will be reduced and the mathematical calculations in MATLAB will be

much faster as well when using the RPT compared with the APT.

The practicality of the RPT is demonstrated further by presenting several examples

that incorporate GA in both the APT and RPT. The separation between the elements

is selected as λ/2 with two different nulls considered, and with simultaneously steering

the main beam at different angles. The optimized elements’ excitations of the APT

and RPT are presented in Tables 4.1 - 4.4. Four cases are considered with 9 and 10

elements arranged circularly, and with each array to exhibit different main beam and

nulls directions.

The radiation patterns of the APT compared with the proposed RPT of 9 elements
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circular array (odd case) is shown in Figs. 4.3 and 4.4. In Fig. 4.3, the main beam is

at 45o with nulls chosen at 15o and 115o. The main beam is then steered to 120o with

nulls chosen at 45o and 90o as shown in Fig. 4.4.

There is a large simulation time reduction when using the RPT compared with

the APT. The simulation time for the 9 elements circular array is reduced from about

11.3 minutes of the APT to 1.06 minutes of the RPT. Furthermore, the optimized

patterns of the 10 elements array is demonstrated, using both the APT and RPT, as

shown in Figs. 4.5 and 4.6. In Fig. 4.5, the main beam is at 225o with nulls chosen

at 195o and 290o. The main beam is then steered to 330o with nulls chosen at 30o

and 300o, as depicted in Fig. 4.6. In resemblance with the 9 elements circular array

case; the simulation time for the 10 elements array is significantly reduced from about

12.95 minutes of the APT to 1.83 minutes when using the proposed RPT.

Table 4.1: Nine elements circular array design based on apt

Excitations Design specifications
w1 = −0.2518 Maximum is achieved at 450 & steered to 1200

w2 = 0.0650 Nulls are at 150, 1150 & steered to 900, 450

w3 = 0.7140
w4 = 1.0581 Optimization Time = 11.30 minutes

Table 4.2: Nine elements circular array design based on rpt

set c set w (excitations)
c3 = 0.22100 w4 = 0.0230
c2 = 0.2850 w3 = 0.0113
c1 = 1.1630 w2 = 0.0431
c0 = 1.3200 w1 = 0.0231
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Table 4.3: Ten element circular array design based on apt

Excitations Design specifications
w1 = −0.4761maximum is achieved at 225o & steered to 330o

w2 = 0.00100 Nulls are at 195o, 290o & steered to 300, 300o

w3 = 0.10280
w4 = 1.03890
w5 = 1.12200 Optimization Time = 12.95 minutes

Table 4.4: Ten elements circular array design based on rpt

set c set w (excitations)
c4 = 1.24100 w5 = 0.0164
c3 = 1.20600 w4 = 0.0340
c2 = 0.92100 w3 = 0.0512
c1 = −0.6103 w2 = 0.0725
c0 = 0.21300 w1 = 0.0321

][h!]

Figure 4.3: Radiation patterns of 9 elements array using the APT and RPT (maximum
at 45o with nulls at 15o and 115o).
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Figure 4.4: Radiation patterns of 9 elements array using the APT and RPT (maximum
at 120o with nulls at 45o and 90o).

Figure 4.5: Radiation patterns of 10 elements array using the APT and RPT (maxi-
mum at 225o with nulls at 195o and 290o).
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Figure 4.6: Radiation patterns of 10 elements array using the APT and RPT (maxi-
mum at 330o with nulls at 30o and 300o).
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CHAPTER 5

CONCLUSION AND FUTURE

WORK

5.1 Conclusion

A new technique utilizing the Schelkunoff theory is developed to reduce the processing

time for optimizing the elements excitations of an adaptive antenna array. Linear, pla-

nar and circular antenna array synthesis have been considered. Examples presented for

the conventional and the proposed optimization techniques show considerable process-

ing time reduction. A good agreement is observed between the theory and numerical

simulations. An additional advantage of the suggested method is achieving the ex-

act nulling locations, which help in reducing any possible interference from external

sources.
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5.2 Future Work

A. Optimization of array geometry is a very vast area. Since sidelobes level increases

with the number of array elements, the expected next steps would be to continue this

work by considering sidelobe level synthesis for larger elements, through modification

of the fitness function to account for the sidelobe level especially that of the circular

antenna array.

B. Generally, antenna arrays are considered to be of identical elements. Another

approach is to optimize antenna elements of non identical elements.
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