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Abstrat

In this dissertation, onvex programming (CP ) as applied to antenna array

synthesis is proposed as a methodology for the optimal synthesis of phased array

antennas, and timed/pulsed array antenna as well. In partiular, array antenna

synthesis in frequeny and time domain is formulated as an optimization problem

for di�erent types of arhitetures, systems, and appliations in the CP paradigm.

In addition, the CP -based optimization has shown great performane with e�-

ient omputation for a variety of anonial array synthesis problems due to its

onvexity property. Furthermore, the jointly satisfying geometrial and operation

onstraints are also presented beause nowadays appliations require unonven-

tional array antennas able to guarantee high performane requirements. There-

fore, the introdution of optimal synthesis methodologies for the unonventional

array is shown for di�erent appliations. In this framework, the thesis is aimed

to study and develop innovative CP -based methodologies for the optimal synthesis
of the unonventional array antennas (e.g., sub-arrayed, wideband, reon�gure,

timed arrays) for next-generation radar and wireless ommuniation systems. A

number of examples, inluding some requirements/onstraints and realisti se-

narios will be taken into aount in order to numerially validate the proposed

methodologies when onsidering both ideal and realisti antenna models.

Keywords
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synthesis, array synthesis, phased array antenna, ultra-wideband (UWB) an-

tenna, beam sanning, power synthesis, monopulse antenna, reon�gurable array
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Chapter 1

Introdution

In this Chapter, the main motivations of hoosing this topi are brie�y de-

sribed. Moreover, the main objetives and ontributions of this thesis are also

listed.
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1.1. MOTIVATIONS

1.1 Motivations

The rapid usage of wireless servies, next generation ommuniations (i.g., 5G),
and radar systems are inreasing the need for bandwidth. In this regard, the

array antenna synthesis in frequeny or time domain is a key solution to meet

the demand on high apaity for the evolution of the advaned ommuniation

systems. In addition, by synthesizing the antenna array, the resolution of antenna

systems are enhaned dramatially when steering a beam to desired target.

So far, the synthesis of the array antenna systems in the framework of onvex

programming (CP ) has reeived huge interest beause it provides aurate and

e�ient omputation ompared to other framework suh as: geneti algorithm

(GA) or partile swarm optimization (PSO). Furthermore, low sidelobe level

(SLL) and suppression region an help to prevent interferene or outliers from

entering the ommuniations. In addition, wideband array antenna meet the

demand for high throughput in the era of wireless ommuniations and radar

systems.

2



CHAPTER 1. INTRODUCTION

1.2 Objetives

The main objetives of this thesis are listed as follows:

1. study and development of CP -based innovative strategies for antenna array
synthesis purpose;

2. adapt and apply the developed approahes to frequeny domain:

• appliations: radars, and 5G;

• harateristis of the soures: wide band;

• systems: linear array, planar array;

3. adapt and apply the developed approahes to time domain:

• appliations: radars, and 5G;

• harateristis of the soures: narrow band, and wide band

• systems: linear array.

3



1.3. CONTRIBUTIONS

1.3 Contributions

The main ontributions of this thesis are listed as follows:

1. theoretial - formulations of CP -based synthesis problem for UWB antenna

array systems;

2. methodologial - development of di�erent CP−based strategies for di�erent
senarioes;

3. resoure - implementation of the developed strategies;

4. analytial - extensive numerial analysis of the behaviour of the proposed

approahes.

4



CHAPTER 1. INTRODUCTION

1.4 Outline

The outline of this thesis is listed as follows:

• Chapter 2 - the state-of-the-art CP−based antenna array synthesis prob-

lem is reviewed in details;

• Chapter 3 - the general CP synthesis problem is formulated mathematially

for an array antenna system, and analyzed extensively.

• Chapter 4 - the general CP synthesis problem is formulated mathematially

for an mono-pulse traking system, and analyzed extensively.;

• Chapter 5 - the general CP synthesis problem is formulated mathematially

for shaped-beam array antenna and analyzed extensively;

• Chapter 6 - the general CP synthesis problem is formulated mathematially

for pulsed array antenna and analyzed extensively;

• Chapter 7 - some onluding remarks are summarized and some sopes of

future researh are listed.
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Chapter 2

Literature Review

In this Chapter, the state-of-the-art literature of CP−based antenna array syn-

thesis is reviewed fousing on the methodologial advanement in the ontext of

di�erent innovative systems and appliations.
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CHAPTER 2. LITERATURE REVIEW

2.1 The state-of-the-art Survey and Analysis

For the last deades, antenna array synthesis has been a very popular area that

attrats many researhers. There are many thorough studies in various �elds and

suessfully applied to many disiplines of realisti senarios inluding radar,

loalization, sonar, navigation, and smart antennas. Many methods for array

antenna synthesis were proposed in the state-of-the-art literature. A large num-

ber of dediated books [1℄[2℄[3℄ addressing array synthesis problem are published

by many well known researhers. In addition, the unonventional phased ar-

ray synthesis have been published reently with di�erent design methodologies

inluding sub-arrayed or lustered, sparse, thinned, and time-modulated arrays

[4℄[5℄[6℄ [7℄[8℄[9℄.

Although the area is extensively studied, it has gained the great interest nowa-

days from many researhers whih is obvious from a number of PhD [10℄[11℄ from

well-known institutions and a high number of publiations. The advanements

of the di�erent lassial and modern array synthesis methods, and reent highly

growing development of the wireless tehnologies are paving the way for huge

potentialities for many innovative appliations in next generation ellular om-

muniations, vehiular tehnology, radar system and so on [12℄[13℄[14℄[15℄.

Array antenna, is omprised of many radiators, gives an e�ient solution

to detet and proess the eletromagneti (EM) signals inoming from various

arrival of angle. Unlike a single radiating element that has poor performane

on radiation patterns, an array of radiators outperform and provide an larger

bandwidth, diretivity, very low SLL, smaller beamwidth, higher resolution,

and apability of beam-steering by only hanging the orresponding ontrol units

(e.g., amplitude and phase exitations) [1℄[2℄[3℄[16℄.

The goal of the antenna array synthesis is to provide a set of the exitations

(e.g., weights/amplitudes and phases) that ful�ll some requirements on the ra-

diation patterns, the EM waves in the far-�eld, near-�eld, and the geometry

of the array. The optimal synthesis of the array antenna is play an important

role in many wireless and ommuniation appliations. Indeed, optimal design

ould help to adjust the EM waves to the realisti senarios, whih e�iently

transmits the radio power along the desired diretion and suppresses the EM
energy at the same time towards the unwanted interferene [17℄[22℄[19℄[20℄.

In radar and surveillane systems, the optimal synthesis provides several the

far-�eld radiation patterns (e.g., fous beams, di�erene beam) to enable system

to detet the �ying targets (e.g., monopulse radar). Furthermore, the optimal de-

sign results in very low SLL, narrow beamwidth, and high diretivity to improve

the resolution in order to orretly reognize, trak, and distinguish multiple

losed objets [21℄. In wireless power transmission system, there is strit require-

ment for very high overall e�ieny from a transmitter to a reeiver in order

7



2.1. THE STATE-OF-THE-ART SURVEY AND ANALYSIS

to fous almost transmitted EM energy to the desired area where the reeiver

loated and eliminating transmitting power in the sensitive area (e.g., residential

area) to redue unwanted damage [22℄[23℄.

Furthermore, in the next generation of wireless ommuniation (e.g., 5G),
the inreasing number of wireless servies is promoting the development of an

e�ient design tehnique to deal with the strit and ompliated onstraints on

the demanding requirements. For example, [24℄ the number of portable eletroni

devies is surging leading to the huge data transmitting over the air. The old

system seems to be not enough for that huge amount of data. Therefore, the

new generation ommuniation operating at �so alled� the millimeter-wave band

spanning from 30 [GHz℄ to 300 [GHz℄ is required to meet that demand. Phased

array antenna transmits and reeives the high gain in the desired diretion and

the design of phased array antenna is hallenging, espeially when a broadband of

operation is needed to meet the high throughput. Indeed, beam squinting redues

and limits bandwidth in phased array antenna [1℄, for example the hanging of

the radiation pattern diretion when operational frequeny hanges.

In order to synthesize antenna array operating at wideband, in general, there

are two ways. The �rst method is phased array antenna operating over multiple

frequenies in the band of interest. The seond method is to synthesize input

pulses for array system in time domain. In the �rst approah, the phased array

depends on the phased shifter that is narrow band. Therefore, in order to fore

the phased array to operate at wideband, the bandwidth of interest is sampling

into multiple frequenies that are onstraints the synthesis methodology must

ful�ll. In the latter, pulse array depends on the time delay that is independent

from frequeny, so the time array antenna is able to work at wideband [25℄.

Phased array (or timed array) an be used for advaned ommuniations

and radar systems with the apability of operating at a wide rang of frequeny.

Operating bandwidths of phased array antennas are basially limited at the high

frequeny when the maximum inner-spaing between losest elements is beyond a

ertain wavelength. A unwanted phenomena (e.g., grating lobes) appears when

the main beam is steered far away from the broadside diretion if the inter-

element spaing is not valid. At the lower frequeny, the array an operate as

low as possible, as long as the radiation patterns ful�ll some onditions given by

appliations [1℄.

The antenna array synthesis has been studied extensively for over several

deades. The analytial methods were deployed to synthesize di�erent patterns

inluding sum patterns, di�erene patterns, and arbitrary patterns (e.g., shape

beam pattern, oseant pattern, �attop pattern). More spei�ally, the authors

in [26℄[27℄ proposed analytial method to generate fous pattern with uniform

sidelobes. However, those uniform sidelobes will redue the super gain of the

array in ase of large number of elements are used. Therefore, Taylor in [28℄

provided a new way to avoid this drawbak by tailoring the sidelobes. In [29℄,

the di�erene pattern where a deep null is plaed in the boresight diretion, whih
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CHAPTER 2. LITERATURE REVIEW

is useful in detetion and trak moving objets. Furthermore, the arbitrary shape

patterns an be synthesized using many orthogonal p−sinc funtions [30℄[31℄[32℄.
Another method an be used to synthesize sum, di�erene, or shape patterns

using polynomial method in [33℄.

Although, the aforementioned lassial or analytial methods are simple, fast,

and easy to implement, they still have many drawbaks in the modern demand-

ing requirements for antenna array. To name a few, they are designed in narrow

bandwidth at single frequeny, the analytial methods do not provide optimal

design beause there are many possibilities for ahieving the appropriate solu-

tion, the analyti shaped pattern synthesis requires uniformly λ/2 inter-element

loations, and simple onstraints on the SLL.

The numerial methods have also studied extensively in array synthesis (e.g.,

deterministi method [34℄[35℄, stohasti strategy [36℄[37℄[38℄[39℄). In the stohas-

ti method, the optimal design is often not guaranteed if the initialization is not

wisely hosen. In addition, stohasti optimization is meta-heuristi optimiza-

tion, so the omplexity of the optimization problem inreases exponentially with

the problem size (e.g., the number of array elements). Therefore, the overall per-

formane of the far-�eld radiation pattern from the antenna array is a�eted or

even not satis�ed the requirements from the antenna design. Furthermore, those

array antenna designed by deterministi and stohasti strategies often operating

in the narrow bandwidth.

Convex optimization have reently beome popular in antenna array design

due to its �exibility and e�ieny. Spei�ally, the optimization has shown the

great performane, although the unonventional arhitetures are used. In addi-

tion, the time omputation for eah optimization is linear time, beause the loal

optimal is also the global optimal solution. As a onsequenes of these bene�ts in

using onvex optimization, several �elds of engineering have deployed CP−based
methodology to solve their problem, suh as ontrols systems [40℄, mehanial

engineering [41℄, signal and image proessing [42℄[43℄, eletronis design [44℄[45℄,

and optimal real senario design [46℄.

A large number of EM appliations and array antenna have been deployed

CP−based strategies to obtain the optimal design. For instane, to ful�ll the

adaptive beam-forming requirements, the ontrol units (e.g., weights and phases)

must be optimized by using CP−based synthesis proedure. Indeed, array sys-

tem with the optimal exitations are likely to produe the radiated power en-

haned at the desirable diretions and suppressed along the unwanted angles

[47℄[48℄[49℄[50℄[51℄. However, to provide an antenna array that satisfy the high

demand of the next generation of wireless ommuniation era (e.g., 5G), the
adaptive beam-former needs to operate at wide bandwidth and avoids using

many ontrol units at di�erent frequenies. For example in [52℄[53℄[54℄, the

authors used an innovative strategy based on iterative−CP to maximize the

bandwidth of the operating antenna array.

In the appliation of radar suh as monopulse radar where moving objet
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are deteted and traked by using the short-time observation of the ehoes from

target based on the proessing of the sum and di�erene reeived signals. The

fabriation ost of ontrol units for the monopulse inreases dramatially if sum

and di�erene patterns are treated independently. Therefore, in order to re-

due the ost, the joint CP−based synthesis proedure is taken into aount

[69℄[56℄[57℄.

In some appliations (e.g., satellite), the transmitters and reeivers have to

math the polarization if the reeiver side wants to reeive the signals from

transmitter end. Therefore, to guarantee the EM waves sent suessfully sent

to the reeiver, the CP−based strategy an be used to promote the adaptive

beam-forming [58℄. In radar or remote sensing, the antennas are required to

produe the far-�eld radiated power following some pre-de�ned shape (e.g., �at-

top, oseant, or iso�ux) depending on the geographial area or orbit of the

targets/radars. In those irumstane, the sequential CP−based optimization

an be used to generate the required shaped-beam with high performane and

e�ieny [60℄[101℄.

However, the antenna array synthesis is not always onvex. For example,

phased-only array where amplitudes are �xed and known values, only phases

are unknown. In addition, shaped-beam synthesis where the radiated power are

bounded between the required upper and lower bounds. Furthermore, reon�g-

urable array in whih many patterns are generated with ommon exitations.

Therefore, those non-onvex original problems an not be solved by using CP .
An innovative method is used to onvert those non-onvex problems to new form

of onvex problem with some relaxation assumptions [61℄[62℄.

The problem being addressed in the dissertation is the optimal synthesis of

wideband/ultra- wideband array antennas through an innovative Convex Opti-

mization strategy. The synthesis is aimed at determining the exitations of the

array elements suh that the radiation pattern satis�es an user-de�ned power

mask over the largest possible operation bandwidth. The addressed problem

is important to the next-generation ommuniations beause wideband/ultra-

wideband arrays are a key enabling tehnology for a wide number of nowadays

appliations related to radar and eletromagneti sensing and imaging, and will

be more and more important for next-generation 5G and small-satellites om-

muniations.

The novelty of the dissertation over the existing synthesis methods:

1. A theoretial formulation exploiting �at best� the degrees of freedom of the

synthesis;

2. The apability of ensuring the bandwidth maximization by exploiting noth-

ing but Convex Programming routines guaranteeing both the uniqueness

and the optimality of the retrieved solution;

3. The appliability of the introdued design tool to any kind of �xed-geometry
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array whenever the ful�llment of a given power mask and the maximization

of bandwidth must be jointly pursued.

This thesis work aims at addressing the following issues of antenna array synthesis

in CP framework:

1. developing innovative strategies to design array operate at wide bandwidth;

2. developing innovative strategies to design monopulse operate at wide band-

width;

3. developing innovative strategies to design shaped-beam operate at wide

bandwidth;

4. developing innovative strategies to design pulse/timed array.

All the aforementioned issues are addressed suessfully in this thesis. The out-

omes have already been published [53℄[54℄ [64℄[65℄in the state-of-the-art litera-

ture and some are in under review proess.

2.2 Fundamental of Convex Optimization

The onvex optimization problem, in general, an be de�ned in the form [102℄

minimize
x

χ(x) (2.1)

subject to χi(x) ≤ νi i = 1, ..., m (2.2)

χj(x) = νj j = 1, ..., n, (2.3)

in whih the objetive funtion in Eq. 2.1, the inequality onstraint funtions in

Eq. 2.2, and the equality onstraint funtions in Eq. 2.3 are onvex.

A funtion χζ to be onsidered onvex if and only if, for all x, y ∈ Rn
and

there exist two numbers ι, κ ∈ R suh that

χζ(ιx+ κy) ≤ ιχζ(x) + κzζ(y),

is satis�ed with ι + κ = 1, ι ≥ 0, κ ≥ 0, Rn
denotes the any real number in n

dimensional spae. There are many ommon funtions an easily proved to be

onvex as: a�ne funtion ρTx+ b form where ρ, x are n dimensional vetors and

b is salar, quadrati funtion xTRx form in whih R is a symmetri positive

semi-de�nite matrix, and norms of vetors ||x|| (whih inlude the Eulidean

norm, the absolute value, and the maximum value of a set of elements).

A set Υ is onvex if the line onneting between any two points in Υ belongs

to Υ. Mathematially, for any x1, x2 ∈ Υ, and for any ι, κ, ι + κ = 1, ι ≥ 0,
κ ≥ 0, this following property
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ιx1 + κx2 ∈ Υ,

should ful�ll.

Linear programming problem is a speial ase of onvex optimization when

the objetive funtions and onstraint funtions are having the a�ne form. In

general, a onvex optimization problem is the minimization of a onvex funtion

over a onvex set and any loal minimum of a onvex funtion is also a global

minimum.

In order to say an optimization problem is a onvex optimization problem,

�rst all the funtions in the optimization problem must be onvex, and all on-

straints in the optimization must be onvex over onvex set. Indeed, in [102℄, the

intersetion of all the onvex sets still a onvex set, therefore the whole problem

in Eq. 2.1, Eq. 2.2, and Eq. 2.3 is equivalent to minimization of onvex funtion

over a onvex set, whih is onvex programming problem.

The goal of this thesis is to identify and reformulate the array synthesis suh

that the onvex programming an be deployed to solve the array synthesis in

frequeny or time domain. The beauty of onvex programming applied to the

array synthesis is the optimal solution that an be found in e�ient omputation

time.
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Chapter 3

Wideband Array Synthesis

The method presented in this hapter related to a strategy for the synthesis of

an array antenna that is able to operate at multiple frequenies by using the

only optimal set of exitation. By exploiting the EM property, for a �xed array

geometry, there is a operating maximum frequeny for that array. If the antenna

operates at a frequeny higher than ertain maximum frequeny, then grating

lobes is likely to appear and degrade the antenna performane. Towards this

end, an iterative CP strategy is proposed to �nd out the maximum operating

bandwidth. Finally, a set of numerial examples, inluding full-wave synthesis

of linear realisti array antennas, were arried out and their results presented

in order to assess the array antenna's apability of ahieving ultra-wideband

performanes.
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3.1. INTRODUCTION

3.1 Introdution

The bandwidth (BW ) and the SLL are the most important parameters for array

performane [2℄. The bandwidth is onsidered as a range of frequenies over

whih the antenna operate orretly. Frational bandwidth (FBW ) is often

used to desribe for BW [66℄[67℄[48℄ and FBW limits in the range from 0 and 2

and, for a system whih operates between the minimum frequeny fmin and the

maximum frequeny fmax, it is given by:

FBW =
fmax − fmin

fc
= 2

fmax − fmin

fmax + fmin

, (3.1)

wherein, fc =
fmax+fmin

2
denotes the enter frequeny.

An antenna is onsideredWB, only if 0.2 < FBW < 0.5 and UWB on ondi-

tion FBW ≥ 0.5 [48℄. Several bene�ts of WB devies ompared to narrowband

systems, suh as high preision in distane, shorter broadast time, low EM
radiation , and low energy spending [66℄. There are many UWB array applia-

tions, suh as medial imaging, personal area networks, traking and real-time

loalization systems, through-the-wall imaging, and time-of-arrival-based loal-

ization approahes [67℄. Strategies for e�etive antenna array synthesis an be

found in[48℄[68℄[69℄[70℄[71℄[72℄.

The SLL in [2℄ an be de�ned as the relative maximum value of sidelobes

to the maximum value of the radiation pattern. The SLL an be expressed as

follows:

SLL = max
θ∈Ω

∣

∣

∣

AF (θ0)
AF (θ)

∣

∣

∣
,2 (3.2)

wherein, θ is the angular diretion, θ0 is the target diretion, AF (.) represents
for the radiated �eld, and Ω is the angular region outside of the main beam region

or the sidelobes regions [69℄.

Many appliations requires very low SLL to inrease the performane, suh

as transmission of wireless power, radar and satellite appliations, hyperthermia

treatments, and synthesis of high-beam-e�ieny antennas [69℄[73℄[74℄[50℄[76℄.

Many methods have been used e�etively to synthesize single beam [74℄-[79℄ and

reon�gurable [80℄-[84℄ pattern arrays as well.

However, almost all SLL minimization optimization problems have a ruial

restrition that is using either a single-frequeny or a narrow-band assumption

[48℄. Clearly, this restrition strongly limits the appliability range of the ob-

tained results while making the synthesis algorithm simpler. As a onsequenes,

it is required to propose a new synthesis strategy that enables for the optimiza-

tion of both SLL and FBW indiators at the same time. It is similar to the

idea that minimizing the SLL for a given �xed FBW using PSO algorithm to

determine the array-element loations and exitations [48℄.

By exploiting the available strategies available for the single-frequeny/narrow

bandwidth optimal array synthesis and onsidering the approahes presented in
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[48℄, a new and e�etive approah is proposed here for designing array anten-

nas. The new approah an be stated as: the FBW is maximized subjet to

the minimum �xed SLL performane. Spei�ally, a new method is proposed

to determine the maximum possible FBW while an array of given geometry

arhiteture and size is able to obtain a �xed SLL performane.

For any �xed-geometry arrays, the proposed approahes enable the fast and

e�ient synthesis of sum beams. If the �eld an be expressed in terms of the array

fator, shaped patterns synthesis based on the mask-onstrained power an be

ahieved by deploying the proposed strategy. In all the ases, the overall synthesis

problem is ast as an iterative−CP optimization, with solutions optimality and

e�ient omputational time.

3.2 Mathematial Formulation

Let us assume an array omprised of N antenna elements positioned at loation

~rn = (xn, yn, zn) with n = 1, 2, .., N . Every array element of antenna system radi-

ates a far-�eld radiation pattern En(f, θ, φ), n = 1, 2, ..., N at spei� frequeny

f , along the diretion (θ, φ) and is weighted with weights wn, n = 1, 2, ..., N ,

respetively. Therefore, the total far-�eld radiation pattern at the outputs of

the array is simply the linear ombination of �elds generated by all the single

antenna and expressed in far-�eld as follows:

AF (f, θ, φ;w) =

N
∑

n=1

wnEn(f, θ, φ)e
j 2πf

c

[

~rn.r̂(θ, φ)
]

(3.3)

wherein, r̂(θ, φ) =
[

sinθcosφ, sinθsinφ, cosθ
]

is the unit vetor in the spherial

oordination, and c is the speed of light.

The Eq. (3.3) an be re-written in matrix form as follow:

AF (f, θ, φ;w) = b(θ, φ)Hw (3.4)

in whih, b(θ, φ) =
[

E1(f, θ, φ)e
j 2πf

c

[

~r1.r̂(θ, φ)
]

, · · · , EN(f, θ, φ)e
j 2πf

c

[

~rN .r̂(θ, φ)
]
]H

is the steering vetor, and w =
[

w1, w2, ..., wN

]T
is the omplex exitations, .H

denotes the Hermitian transposition.

From the Eq. (3.4),the power radiated by the array is de�ned as:

|AF (f, θ, φ;w)|2 = wTQw, with Q = bT b (3.5)

wherein, b ∈ C1×N , w ∈ CN×1, and .T is the transpose operator.

The approah in [79℄ address the optimal synthesis of array antenna for a

single frequeny, in whih for a �xed antenna geometry ~rn, a given null-to-null

beamwidth Ω, then the best possible SLL is optimized using CP−based strategy.
Finally, the optimal weights of the array an be found in following proedure:
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Maximize
w

ℜ
[

AF (f, θ0, φ0;w)
]

(3.6)

Subject to ℑ
[

AF (f, θ0, φ0;w)
]

= 0 (3.7)

ℜ
[

AF (f, θ0, φ0;w)
]

≥ 0 (3.8)

∣

∣AF (f, θ, φ;w)
∣

∣ ≤ UB(θ, φ) ∀(θ, φ) ∈ Ω, (3.9)

wherein, UB(θ) is the maximum allowed user-de�ned power pattern in the side-

lobes regions. The two onstraints (3.7), (3.8) aim at maximizing the radiation

power towards the boresight diretion. ℜ and ℑ are denote for the the real and

imaginary part of any omplex terms. As a onsequenes, the maximization of

the power is ast as the maximization of linear ombination of unknowns, whih

help to inrease the omputational time and obtain the optimal results.

If the interest is not minimizing the SLL, but keep SLL below a ertain

threshold. The optimization problem an be formulated and solved by determin-

ing the intersetion among all possible onstraints, suh as:







AF (f, θ0, φ0;w) = 1
∣

∣

∣AF (f, θ, φ;w)
∣

∣

∣

2

≤ UB(θ, φ) ∀(θ, φ) ∈ Ω
(3.10)

The eq. 3.10 gives us a guaranteed level for SLL, and makes room for inser-

tion of objetive funtion to maximize antenna parameters suh as: Gain (G),
Diretivity (D) [77℄.

The goal of the thesis is to �nd the array element's omplex exitation weights

in order to maximize the FBW while keeping the SLL below the given threshold

over the whole operating frequeny range. Beause the synthesized proedure is

for linear array and planar array, then ~rn is used in general. In ase of linear

array, ~rn = (0, 0, zn), n = 1, 2, ..., N , and for ases of planar array, ~rn = (xn, yn, 0),
n = 1, 2, ..., N , however ~rn is �xed.

Supposing that the maximum frequeny fmaxis �xed, and frequeny step

δf is the di�erene between two nearest frequenies, then the sampling set of

frequenies an be shown as f1, f2,..., fQ where f1 = fmax , fQ = fmin, and

fq = fmax − (q − 1)δf . Supposing that signals is independent from the fast os-

illating behaviour over the frequeny range [f1, fQ] when transmitted. Let's us

now assume that the the soure of radiation is isotropi, so the element radiation

pattern En(f, θ, φ) = 1, n = 1, 2, ..., N .

Under some simpli�ed assumptions, the optimization problem of maximiza-

tion of array's FBW with given threshold of SLL an be reast as follows:
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Maximize
w,Q

Q (3.11)

Subject to ℑ
[

AF (fq, θ0, φ0;w)
]

= 0 q = 1, 2, .., Q (3.12)

ℜ
[

AF (fq, θ0, φ0;w)
]

= 1 q = 1, 2, .., Q (3.13)

∣

∣AF (fq, θ, φ;w)
∣

∣

2 ≤ UB(θ, φ) ∀(θ, φ) ∈ Ω
q=1,2,..,Q

, (3.14)

As the matter of fat, determining the intersetion among the onstraints

in eq. (3.12),(3.13),(3.14) over the possible largest range of frequeny [f1, fQ] is
equivalent to the one in eq. (3.7),(3.8),(3.9). The eq. (3.11) aims to maximize

(FBW ) to �nally obtain the possible largest operating BW of the array.

However, in some appliations the diretivity an be more preferred to added

in the objetive funtion[77℄[57℄. The diretivity an be de�ned as follows [85℄:

D =
4π
∣

∣AF (fmax, θ0, φ0;w)
∣

∣

2

∫ π

0

∫ 2π

0

∣

∣AF (fmax, θ, φ;w)
∣

∣

2
sinθdθdφ

, (3.15)

here, if the boresight diretion is know, fmax is determined, array geometry is

�xed, then the nominator ofD is known. Therefore to maximizeD,the only thing
to do is minimize the denominator. In [85℄, the denominator an be written as:

∫ π

0

∫ 2π

0

∣

∣AF (fmax, θ, φ;w)
∣

∣

2
sinθdθdφ = JHBJ, (3.16)

wherein, J = w, and B is a matrix with eah entry is bαβ =
sin(kραβ)

kραβ
if α 6= β and

bαβ = 1 otherwise. The ραβ is the Eulidean distane between α − th element

and β − th element in the array. The α, β are the indies of number elements

array along eah dimension in 2−D array in general. As the matter of fat that,

B is positive semi-de�nite, then the denominator of D is onvex over onvex set.

Therefore, the CP strategy in eq. (3.11),(3.12),(3.13),(3.14) an be reast as

follows:

Minimize
w

∫ π

0

∫ 2π

0

∣

∣AF (fmax, θ, φ;w)
∣

∣

2
sinθdθdφ (3.17)

Subject to ℑ
[

AF (fq, θ0, φ0;w)
]

= 0 q = 1, 2, .., Q (3.18)

ℜ
[

AF (fq, θ0, φ0;w)
]

= 1 q = 1, 2, .., Q (3.19)

∣

∣AF (fq, θ, φ;w)
∣

∣

2 ≤ UB(θ, φ) ∀(θ, φ) ∈ Ω
q=1,2,..,Q

(3.20)

In eq. (3.17),(3.18),(3.19),(3.20), the optimal solution an be obtained by

the virtue of limited bandwidth [86℄. Constraints in eq. (3.18),(3.19),(3.20) an

be repliated with di�erent sampling frequeny and therefore an be seen as

a system of linear and quadrati equations/inequations in the unknowns. As
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a results, �nding the intersetion among them is the CP problem leading to

e�ient and fast omputation manner. Therefore, the solution of entire eq.

(3.17),(3.18),(3.19),(3.20) an be solved in two-step proedure as follows:

1. Computation of the maximum frequeny fmax of the FBW , beause the

frequeny beyond the fmax is likely to reate the grating lobes phenom-

ena and degrade the antenna array performane. Setting q = 1 and run

iteratively the eq. (3.17),(3.18),(3.19),(3.20) to �nd the fmax. Stop the

CP−based when grating lobes appearing in the visible range. From there,

fmax is determined.

2. In this step, the eq. (3.17),(3.18),(3.19),(3.20) are exeuted in a itera-

tive loop. Eah time the in the loop, the onstraints for lower sampling

frequeny is added to proedure to validate and �nd the possible min-

imum frequeny in the FBW . Spei�ally, a set of frequeny f1,f2,...,
fQ are sampling from the f1 = fmaxwith fq = fmax − (q − 1)δf , q =
2,3, ...,Q, δf is the di�erene between two onseutive frequenies. The

minimum frequeny fminwill be de�ned as the the lower value of fqq =
2, 3, ..., Q, whih admits a solution of the onvex programming problem in

eq. (3.17),(3.18),(3.19),(3.20).

3.3 Numerial Results

This setion is aimed at validating the e�etiveness of the proposed methodology

through a set of results in both linear array and planar array from several numer-

ial simulations, inluding linear array in full-wave simulation. The remaining of

this setion is organized as follows. Firstly, some results of the isotropi linear

array operating at wideband radiating in broadside diretion, inluding the full-

wave simulation are presented in sub-setion (Sub-set. 3.3.1) is presented and

aessed. Finally, some more results of isotropi array radiated in non-broadside.

3.3.1 Isotropi Soures-Broadside radiation

In this test, the entrosymmetri linear array layout is omposed of N = 20
elements with a onstant inter-element spaing d = 15 [m℄. All seven test ases,

with di�erent SLL from −25 [dB℄ to −50 [dB℄ with step −5 [dB℄, are arried out
by setting the boresight diretion θ0 = 90 [deg℄, Ω = {θ|0o ≤ θ ≤ 75o ∪ 105o ≤
θ ≤ 180o}, fmax = 2.5 [GHz℄ is found after using iterative CP−based. Beyond

this fmax the given array geometry will appear grating lobes that a�et the

performane of the array. The θ domain is sampling into 2000 samples and

all simulations for seven test ases are run in suh a way to ahieve the UWB
performanes.

For eah frequeny, fourteen examples are arried out by applying, with and

without the presene of objetive funtion in eq. (3.11), the threshold of SLL ≤
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CHAPTER 3. WIDEBAND ARRAY SYNTHESIS

{−20,−25,−30,−35,−40,−45,−50} [dB℄, and more than 80 radiation patterns

reated.

The whole synthesis proedure of the array, using the personal omputer

having 2.5 GHz CPU and a 8 GB RAM, needed average time of around one

minute. Eah single CP optimization requires a few seonds to �nish the job.

This short and e�ient in omputation time allows the CP proedure to quik

determine the δf suh that maximize the FBW for a �xed value of Q. All of the
experiments are arried out by following [54℄ in order to ahieve the maximum

FBW for Q = 6.

3.3.1.1 Without Noth Filter

In the �rst step, the proposed strategy is exeuted with no maximization dire-

tivity (D) applied to the CP proedure, it is equivalent to �nd the intersetion

only for onstraints in eq. (3.12),(3.13),(3.14). In all experiments the results are

all ful�lled the onstraints. More spei�ally, in numerial evidene from Tab.

3.1 that shows the ahieved radiation performanes with respet to SLL, Dire-
tivity, and HPBW when the onstraints on sidelobes regions less than −30 [dB℄
applied. The Fig. 3.1 shows the ahieved FBW is a funtion of the enfored

SLL. From this �gure, it is obviously that there is a prie to pay when dereas-

ing the SLL from −20 [dB℄ to −50 [dB℄, the FBW also redues from 1.22 to ,

respetively. However, the array performanes are still guaranteed to operating

over an ultra-wide bandwidth.

D [dB℄ HPBW [dB℄ SLL [dB℄

No Max D Max D No Max D Maxi D No Max D Max D

f1 = fmax 14.46 14.60 3.93 3.79 −30.2 −30.0
f2 13.12 13.36 5.24 5.05 −30.2 −30.0
f3 12.25 12.40 6.56 6.31 −30.2 −30.0
f4 10.80 10.94 9.38 9.02 −30.2 −30.0
f5 10.21 10.37 10.65 10.25 −30.2 −30.0

f6 = fmin 9.70 9.86 11.94 11.49 −30.2 −30.0

Table 3.1: Performane for synthesis senario of SLL ≤ −30 [dB℄

In some appliations that require not only FBW but also Diretivity per-

formanes [87℄, there is a need for joint optimization of FBW and D to meet

the requirement. Therefore, all the previous experiments are repeated with the

objetive funtion D that is maximized over a full range of operating frequeny.

Towards this end, the objetive funtion in eq. (3.17) is minimized together with

a set of onstraints in eq. (3.18), (3.19), (3.20) are enfored. The Tab. (3.1) is

summarized about the ahieved results in terms of D, HPBW,and SLL for the

situation in whih the SLL is imposed to less than −30 [dB℄. Also, in the Fig.
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(3.2) illustrates the amplitude exitations and the far-�eld radiation patterns

obtained for fmax and fmin. Some notes that the phases is not shown here due to

its values are zeros when applying the simpli�ed assumption on the symmetri

geometry along broadside diretion, and those frequenies between fmin and fmax

also do not depit here for the sake of simpliity.

As an be seen from Tab. (3.1) solving the problem with maximizing D
learly gives a Diretivity inrease, a slightly inrease in SLL, and a slightly

drop inHPBW ompared to without maximizingD. The trade-o� urve between
FBW and SLL remain unhanged for the ase of maximizing D, then it is not

shown here.

Figure 3.1: Graph showing that the ahieved FBW is a funtion of the on-

strained SLL. The results are obtained by setting UB in the form of Ω = {θ|0o ≤
θ ≤ 75o ∪ 105o ≤ θ ≤ 180o}.For fmax = 2.5[GHz℄, reduing the SLL from −20
[dB℄ to −50 [dB℄ leading to the dereasing of FBW from 1.22 at fmin = 0.61
[GHz℄ to 0.68 at fmin = 1.23 [GHz℄. The array performanes are still guaranteed

operating over ultra-wide bandwidth.
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CHAPTER 3. WIDEBAND ARRAY SYNTHESIS

(a) (b)

Figure 3.2: (a) Real and positive exitations and (b) UWB power pattern ob-

tained by enforing SLL ≤ −30 [dB℄ for Ω = {θ|0o ≤ θ ≤ 75o∪105o ≤ θ ≤ 180o}
during the maximizing the Diretivity (D).

To evaluate the fault tolerane on the radiation patterns in this test ase

due to the manufature errors on the exitations, a Monte-Carlo simulation is

arried out to analyze the patterns parameters related to the far-�eld radiation

(e.g., SLL, D, and HPBW ). The simulation is arried out repeatedly 1000

times, in whih eah time is done by randomly adding noise to the amplitude

exitations with a bound (±5%) on eah element, and alulating the radiation

pattern parameters. Finally, the statistial analysis is reported in Tab. 3.2 for

SLL, Tab. 3.3 for D, and Tab. 3.4 for HPBW .

In the Tab. 3.2, the mean value of SLL is −28.3 [dB℄ for six frequenies with
standard deviation of 0.6 [dB℄. This is equivalent to maximum 7.8% di�erene

from the optimized pattern. In the Tab. 3.3, the mean value of D is very losed

to the optimized pattern with very small standard deviation of 0.02 [dB℄ for six

frequeny. This is equivalent to maximum 1% di�erene from the optimized pat-

tern. In the Tab. 3.4, the mean value of HPBW is very losed to the optimized

pattern with very small standard deviation of 0.02 [dB℄. This is equivalent to

maximum 1% di�erene from the optimized pattern.

min max mean std
f1 = fmax −29.48 −26.32 −28.21 0.56

f2 −29.46 −26.32 −28.21 0.56
f3 −29.47 −26.33 −28.22 0.56
f4 −29.83 −26.33 −28.26 0.63
f5 −29.87 −26.33 −28.37 0.64

fQ = fmin −30.03 −26.33 −28.37 0.64

Table 3.2: SLL [dB℄ - Statistial analysis of fault tolerane for Isotropi soure

broadside radiation
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min max mean std
f1 = fmax 14.54 14.64 14.59 0.02

f2 13.31 13.41 13.36 0.02
f3 12.34 12.45 12.40 0.02
f4 10.89 10.99 10.95 0.02
f5 10.31 10.42 10.37 0.02

fQ = fmin 9.80 9.91 9.86 0.02

Table 3.3: D [dB℄ - Statistial analysis of fault tolerane for Isotropi soure

broadside radiation

min max mean std
f1 = fmax 3.75 3.83 3.79 0.01

f2 4.99 5.11 5.05 0.02
f3 6.25 6.39 6.31 0.02
f4 8.93 9.13 9.02 0.03
f5 10.14 10.37 10.24 0.04

fQ = fmin 11.37 11.63 11.49 0.04

Table 3.4: HPBW [deg℄ - Statistial analysis of fault tolerane for Isotropi

soure broadside radiation

3.3.1.2 With Noth Filter

In the seond test, a noth �lter is added to the power pattern in the sidelobes

regions to assess the e�etiveness of the proposed method when dealing with

more hallenging demand from realisti senario.

In this ase, isotropi elements are deployed, and a noth �lter with depth of

10 [dB℄ and region Ξ = {θ|30o ≤ θ ≤ 50o ∪ 130o ≤ θ ≤ 150o} are added to the

sidelobe regions in the without noth test ase Ω = {θ|0o ≤ θ ≤ 75o∪105o ≤ θ ≤
180o}. This mask onstraint are often preferred in those pratial appliations

suh as, monopulse radar and ommuniations [69℄.

To reap the proess are done in previous test ase Setion 3.3.1.1, there are

seven SLL from−20 [dB℄ to −50 [dB℄ with step size of −5 [dB℄, and optimization

problem is arried out on without adding objetive funtion eq. (3.11) and with

adding objetive funtion eq. (3.17). Therefore in total, fourteen experiments

will be arried out. In this test, the same proess will be applied to �nd the

optimal solution over a possible largest BW.

Due to the non-uniform of the mask when adding the noth �lter, this time,

to see the e�etiveness of the optimization problem all radiation patterns of

operating fmin,fmax, and those intermediate frequenies between will be shown.
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However, There are more than 80 radiation patterns, then the only hardest

onstraints when SLL less than −50 [dB℄ are shown.

The obtained FBW for those disussed requirements are shown in the Fig.

(3.3) is a funtion of the onstrained SLL values. It an be evident that re-

duing the SLL from −20 [dB℄ ausing FBW to drop from 1.18 to 0.63. As a
onsequenes, adding a noth �lter to the sidelobes regions indue a small drop

in array performane ompared to those results reported in Setion 3.3.1.1. For

example, the maximum FBW derease from 1.22 to 1.18 and minimum FBW
drop from 0.68 to 0.63. Although the performane drops slightly, the UWB array

is still guaranteed (FBW ≥ 0.5) even in ase of SLL = −50 [dB℄ with noth.

The Fig. 3.4(b) shows the radiation pattern perfetly satis�ed the enfored

SLL = −50 with noth depth of 10 [dB℄, while Fig. 3.4(a) provides the optimized

amplitudes for the array operating over a wide bandwidth. More spei�ally in

numerial evidene, the Tab. 3.5 shows the ahieved results in terms of SLL,
HPBW, and Diretivity.

Figure 3.3: The ahieved FBW in Setion 3.3.1.2 is a funtion of the enfored

SLL plus nothes �lter onstraints. The results are obtained by setting UB in the

form of Ω = {θ|0o ≤ θ ≤ 75o∪105o ≤ θ ≤ 180o} added to noth depth of 10 [dB℄
at Ξ = {θ|30o ≤ θ ≤ 50o ∪ 130o ≤ θ ≤ 150o}. For fmax = 2.5[GHz℄, dereasing
the SLL from −20 [dB℄ to −50 [dB℄ results in the dereasing of FBW from 1.18
at fmin = 0.64 [GHz℄ to 0.63 at fmin = 1.30 [GHz℄. The array performanes are

still guaranteed operating over ultra-wide bandwidth.
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D [dB℄ HPBW [dB℄ SLL [dB℄

No Max D Max D No Max D Maxi D No Max D Max D

f1 = fmax 13.42 13.54 4.85 4.78 −50.1 −50.0
f2 12.17 12.28 6.47 6.37 −50.1 −50.0
f3 11.66 11.77 7.36 7.20 −50.1 −50.0
f4 11.19 11.32 8.10 7.97 −50.1 −50.0
f5 10.78 10.90 9.00 8.86 −50.1 −50.0

f6 = fmin 10.59 10.70 9.34 9.22 −50.1 −50.0

Table 3.5: Performane for synthesis senario of SLL ≤ −50 [dB℄

(a) (b)

Figure 3.4: (a) Real and positive exitations and (b) UWB power pattern ob-

tained by enforing SLL ≤ −50 [dB℄ for Ω = {θ|0o ≤ θ ≤ 75o ∪ 105o ≤ θ ≤
180o}and noth �lter of depth 10 [dB℄ at Ξ = {θ|30o ≤ θ ≤ 50o∪130o ≤ θ ≤ 150o}
during the maximizing the Diretivity (D).

3.3.2 Full-Wave Test Case

In this test, a full-wave synthesis using UWB mirostrip path antennas arrays

is onduted. More in detail, the antenna struture and the spei�ations used

in this test is the same with that of previous setion (Setion 3.3.1.1), suh as

SLL ≤ −30 [dB℄, Q = 6, fmin = 0.8 [GHz℄, fmax = 2.5 [GHz℄, and the array

desribed in Fig. 3.5 and Tab. 3.6. The isotropi radiating system now is

onverted to the path radiating systems in CST TM
simulations. In order to

make it more loser to the pratial implementation, the substrate below eah

element and between elements (or neighboring elements) are extended to a single

substrate layer Fig. 3.5(b).

In this ase, the designed realisti radiators are utilized to verify the robust-

ness of the proposed synthesis methodology. In addition, the radiating element

array are fed by the exitations shown in Fig. 3.2(a). Towards this end, an

mirostrip path array is deployed (see Fig. 3.5), and haraterized by a list
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of parameters in Tab. 3.6. Then, the CST TM
full-wave simulation are used to

ompute the radiated power patterns for the ases with Q = 6, and the far-�eld

radiation patterns are shown in Fig. 3.6. It is very notieable that the far-

�eld radiation pattern behaviour here is likely to similar to that of the isotropi

broadside radiation pattern in Fig. 3.2(b). More in detail, the realisti path

antenna array guaranteed the UWB performane (e.g., fmin = 0.8 [GHz℄ and

FBW = 1.03 > 0.5) while the SLL is enfored to be less than −30 [dB℄.

(a)

(b)

Figure 3.5: Mirostrip array simulated using the CST TM
full-wave software: (a)

front, bottom, and side views from single radiating element, and (b) overall array

of the radiating elements view
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Acronym Meaning Value

Sl Substrate length 70 mm

Sw Substrate width 50 mm

St Substrate thikness 1.6 mm

Pl Path length 38.4 mm

Pw Path width 30 mm

Cr Cutting radius 19.2 mm

Wl Feeding line length 22 mm

Wf Feeding line width 3 mm

Gl Ground plane length 22mm

Gw Ground plane width 50mm

Mt Metal thikness 0.035mm

εr Relative permitivity 4.3 F/m

µr Relative permeability 1 H/m

tanδ Dieletri loss tangent 0.025
d inter-element spaing 15× 10−2

m

Table 3.6: Geometrial and Eletrial Parameters of the Mirostrip Antenna

Depited in Fig. 3.5

Figure 3.6: The UWB radiation pattern, alulated by CST TM
full-wave sim-

ulations, generated by the array antenna in Fig. 3.5(b) when fed by the am-

plitudes shown in Fig. 3.2(a). The antenna ful�lled the SLL ≤ −30 [dB℄ and

the UWB performanes as well (e..g., fmin = 0.8 [Ghz℄, fmax = 2.5 [GHz℄, and

FBW = 1.03 > 0.5)
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3.3.3 Isotropi Soures - Non Broadside Radiation

The last set of numerial experiments is arried out to verify the reliability and

the e�etiveness of the proposed synthesis tehnique in ahieving the UWB
performanes in the ase of non-broadside radiation. Therefore, the example

is set up with target radiation diretion θ0 = 60o[deg℄, maximum frequeny

�xed fmax = 10 [GHz℄, δf = 365 [MHz℄, and required the proposed iterative

CP−based methodology in eq. (3.17,3.18,3.19,3.20) to determine the optimized

exitations guaranteeing SLL ≤ −25 [dB℄ for Ω = {θ|0o ≤ θ ≤ 400 ∪ 80o ≤ θ ≤
180o}, and Q = 6, wideband performanes with FBW = 0.201.

(a) (b)

Figure 3.7: Complex exitations generating a non-broadside radiation for on-

straints and requirements listed in setion 3.3.3: (a) amplitudes, (b) phases dis-

tribution.

Figure 3.8: Wideband power pattern aording to the amplitude and phase ex-

itations in Fig. 3.7. The obtained diretivity values are between 7.9 [dB℄ for

f = fmin and 8.8 [dB℄ for f = fmax.
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An array omprised of N = 25 isotropi elements with unhanged inter-

element spaing d = 0.5c/fmin (follows the rules in the Appendix [54℄) is seleted

as the radiating antenna system.

The obtained omplex exitations for amplitudes and phases are shown in

the Fig. 3.7 (a) and 3.7 (b) , respetively, generate the radiation pattern from

Fig. 3.8 that are perfetly �t the unsymmetrial mask.

It is learly that the propose approah results in ful�llment of all enfored re-

quirements. In addition, beause a unique set of ommon exitations are reated

for all radiation patterns at di�erent frequenies, there are a slightly, but un-

avoidable, misalignment of the beams at the target diretion. However, the ost

and omplexity of the beam forming network for the wideband array antenna

is redued dramatially with the frequeny-independent set of exitations gen-

erating from the iterative CP−based strategy, and the �exibility of the system

on�guration among the di�erent frequenies are introdued as well.

3.4 Conlusion

In this hapter, the innovative approah to ast the synthesis of �xed-geometry

array antennas as a sequene of onvex optimization, ensuring the maximum

possible bandwidth for a �xed SLL mask onstraint, has been introdued. A

set of examples (e.g., isotropi soures broadside array, isotropi soures non-

broadside array, and full-wave simulation) have been arried out in order to assess

the apability of designing a optimal wideband array with low SLL values and

high diretivity array. The ahieved results of the array synthesis are not only

optimal, but also in e�iently omputational time exeutions. In addition, to

evaluate the manufature errors on the exitations, the Monte Carlo simulation

is deployed to do statistial analysis on the radiation patterns results whih are

quite similar to the optimized performane.
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Chapter 4

Wideband Monopulse Synthesis

In this hapter, an e�ient and innovative strategy for the synthesis of opti-

mal monopulse array operating simultaneously at multiple frequenies in the

band of interest is presented. In addition, the �xed-geometry array is able to

produe an optimal sum pattern and a ompromised optimal di�erene pattern

with arbitrary upper-bound onstraints enforing on the patterns and a number

of ommon/sharing amplitudes between two patterns. Moreover, the proposed

strategy is formulated to maximize the diretivity of the sum pattern and the

slope of the di�erene beam along the bore-sight diretion to possibly inrease

the performane of the monopulse. The onvex programming is progressively

utilized in the proposed proedure in order to determine the optimal weights,

inluding sharing amplitude weights and possibly largest operating bandwidth

ful�lling user-de�ned mask onstraints on far-�eld radiation of the sum and dif-

ferene patterns.
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4.1. INTRODUCTION

4.1 Introdution

The synthesis of fous and di�erene patterns from an array antenna aperture is

one of the important approahes in traking radar systems, suh as monopulse

tehnique (see in [1℄[56℄[69℄[88℄[89℄). The best sensitivity of the traking radar

(e.g., the smallest angular errors) an be obtained if some onstraints and require-

ments are enfored on the radiation patterns, suh as the maximum diretivity

for the penil pattern, and the possibly highest di�erene slope.

If sum and di�erene patterns are synthesized independently, the ost for

fabriation the array and omplexity of the beam forming network are likely to

inrease dramatially. Therefore in many senarios, a few approahes together

with joint synthesis of sum and di�erene patterns were deployed in literature to

overome the above-mentioned limitations. Firstly, in [90℄, the author exploited

the grouping strategy to gather the array elements into many lusters to sim-

plify the iruit omplexity. To this end, one of the beam patterns is synthesized,

and then the other beam pattern is realized by properly seleting the exitations

from eah subarray in the partition array. Furthermore, in [91℄, sum and di�er-

ene beams are jointly synthesized by using di�erential evolution optimization

with subarray strategy while enforing some onstraints on the far-�eld radiation

patterns. Seondly, ompromised synthesis of sum and di�erene patterns was

onduted (see [56℄[69℄[92℄) to produe an optimal sum and sub-optimal di�er-

ene while partially sharing the amplitude exitations at the tails of the array.

More in detail, the optimal fous beam is ahieved by maximizing the diretivity

(D) along the boresight diretion while the sub-optimal di�erene beam is ob-

tained by iteratively tuning the rate of di�erene slope along the target diretion

to the possible largest value.

Despite of e�etiveness in simplifying the beam-forming network of the monopulse

radar, all the aforementioned works designed the monopulse antenna array op-

erating at single frequeny. This implies that the monopulse traking system

is likely to degrade the performane and operate improperly when dealing with

many di�erent frequenies.

Extending the spirit in the work [56℄ for the simpli�ation of array arhi-

teture, this hapter aims at overoming the limitations in narrow bandwidth

operation by proposing an innovative strategy based on onvex optimization

CP for synthesizing monopulse arrays operating over multiple frequenies. The

proposed approah overomes the issue by �nding an optimal array exitations

ful�lling the user-de�ned upper-bound masks on the sum and di�erene pat-

terns simultaneously at di�erent frequenies. The possible largest bandwidth

is obtained by progressively applying the CP−based array optimization in an

iterative loop.
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CHAPTER 4. WIDEBAND MONOPULSE SYNTHESIS

4.2 Mathematial Formulation

Considering an array of all isotropi antenna elements (N = 2P , p = 1, 2, ..., P )
is loated along z−axis with equal spaing between adjaent pairs d. The array
is also entro-symmetri that means if there is an element positioned at (0, 0, zp),
there is always another element loated at (0, 0, z−p), m = 1, 2, ..., P being the

index of element in the onsidering array.

Under the assumption, the array fator of the sum pattern 4.1 and di�erene

pattern 4.2 at onsidering frequeny f an be de�ned as follows:

F
∑

(θ, f) =

P
∑

p=−P,p 6=0

a
∑

p e
2π
c
fzpcos(θ)

(4.1)

F∆(θ, f) =

P
∑

p=−P,p 6=0

a∆p e
2π
c
fzpcos(θ), (4.2)

wherein, f is the operating frequeny of the onsidering array, c is speed of

light in vauum, θ is the angular diretion between the z−axis and any point in

spae, zp (p = −P, ...,−1, 1, ..., P ) is the loation of p− th element in the array,

a
∑

= {a
∑

p , p = −P, ...,−1, 1, ..., P} represents the vetors of weights in order to

generate sum pattern, and a∆ = {a∆p , p = −P, ...,−1, 1, ..., P} denotes for the

exitations for produing the di�erene pattern.

In [97℄, the main idea is that the enter distribution of the amplitude ex-

itations of sum and di�erene radiation patterns is likely to be huge di�erent.

Therefore, the amplitude exitations of array elements at the tail of the array are

shared between sum and di�erene patterns in order to derease the omplex-

ity of the beam-forming network and fabriation ost Fig. 4.1. The number of

shared elements between two patterns is de�ned by nearby peripheral elements

with indies |p| no less than a threshold ηs (0 < ηs ≤ P ).
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4.2. MATHEMATICAL FORMULATION

Figure 4.1: Geometry array showing the enter elements shifted to generate sum

and di�erene patterns

The goal of the joint synthesis of the fous and di�erene patterns is to de�ne

the a set of exitations a
∑

and a∆under several onstraints on far-�eld radiation

patterns. For example, the shared amplitudes of the peripheral elements in

order to make the beam-forming network simpler to fabriate. Furthermore, the

diretivity of the fous pattern 4.10 is maximized while imposing the sidelobe

level (SLL) to be less than the arbitrary level of the upper mask. In addition,

the slope of di�erene pattern

(

∂F∆(θ0,f)
∂θ0

)

, along the boresight diretion θ0, is

ompromised optimal while region outside of the main lobe is subjet to the

user-de�ned upper bound. To guarantee the generation of di�erene pattern,

the sign of the left half of the exitations is hanged to opposite with respet to

the right half suh that: a∆ = {a∆p = −a∆−p, p = 1, 2, ..., P}. Last but not least,
the monopulse systems is designed in a way suh that it is able to operate over

multiple frequenies in the band of interest BW = [fmin : fmax].

Extended the ahieved results in the [56℄, the Convex programming CP -based
proedure an be reast to multiple frequenies as follows:
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CHAPTER 4. WIDEBAND MONOPULSE SYNTHESIS

Maximize Υ(θ0, f1) (4.3)

Subject to δF∆(θ0,fq)
δθ0

≥ A θ = θ0 , q = 1, 2, ..., Q (4.4)

I
∑

p (fq) = I∆p (fq) |p| ≥ ηs , ηs > 0 , q = 1, 2, ..., Q (4.5)

|F
∑

(θi, fq)|2 ≤ UB
∑

(θi) i = 1, 2, ..., K , q = 1, 2, ..., Q (4.6)

|F
∑

(θj , fq)|2 ≤ UB∆(θj) j = 1, 2, ..., K , q = 1, 2, ..., Q (4.7)

a
∑

−p(fq) = a
∑

p (fq) p = 1, 2, ..., P , q = 1, 2, ..., Q (4.8)

a∆p (fq) = −a∆−p(fq) p = 1, 2, ...P , q = 1, 2, ..., Q, (4.9)

wherein, the objetive funtion in 4.3 is de�ned as:

Υ(θ, f0) =
4π
∣

∣G
∑

(θ0, f1)
∣

∣

2

2π
∫ π

θ=0
|G

∑

(θ, f1)|2 sin(θ)dθ
, (4.10)

and f1is the maximum frequeny in the band of interest, Ip = ap, K is the total

sampling samples in the angular domain, Q is the total number of frequenies,

A is the variant value to ontrol the slope of the di�erene pattern, and UB
∑

(θ)
and UB∆(θ) represent for the upper-bound onstraints imposing on the sum and

di�erene pattern, respetively.

In order to de�ne BW or frational bandwidth (FBN) [48℄, two extreme fre-

quenies must be de�ned through the proess de�ned in [54℄. The right extreme

frequeny (fmax) is ahieved by progressively arrying out the onvex program-

ming based (CP -based) proedure with single frequeny f until the grating lobe

appear [1℄. After omputation of fmax, to determine where is the minimum fre-

queny (fmin), the CP -based proedure is iteratively applied within a loop with

starting at fq = fmax with q = 1 and keep adding lower frequeny fq = fq − δf
with q = q + 1 in the next iteration into CP -based proedure, wherein δf is

user-de�ned frequeny step. The iterative proedure ends when the onstraints

in the loop is not valid. Let assume that q = Q + 1 is the index in whih the

proedure halts, then the minimum frequeny an be de�ned as fmin = fQ.
Aording to [56℄, the Eq. 4.4, 4.5, 4.6, 4.7, 4.8, 4.9 are onvex over the

onvex set. In addition, the objetive funtion in Eq. 4.3 is also the onvex in.

Therefore, the whole CP-based proedure is maximization of a onvex objetive

funtion over a onvex set and this proedure an be solved by using any onvex

programming.
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4.3 Numerial Results

The maximization of the CP-based proedure from eq. (4.3) to (4.9) are arried

out by using the available CVX software [93℄ to solve optimally for the exita-

tions for the monopulse antenna. This setion arried out two isotropi example

and report one test example using full-wave CST TM
simulation to on�rm the

proposed synthesis. A number of test ases has been performed for isotropi for

an array of N = 10 elements and extended to larger array of N = 20 elements.

4.3.1 Isotropi Soures

In the �rst example, a joint synthesis of two patterns involves with a isotropi

linear array of N = 10 elements used in [56℄, (the inter-element spaing between

any two adjaent elements are �xed to d = 0.025 [m℄) with total of six shared

amplitude exitations aounting for 60% of total number of elements in sum

and di�erene patterns (ηs = 3). The upper-bound mask imposing on the sum

pattern has null-to-null width of 30.4 [deg℄ (or main beamwidth equal to 30.4
[deg℄) and the enforing SLL value of −24 [dB℄ outside of the mainlobe region or

(SLL = −24 [dB℄). In the similar way, the setting parameters for the di�erene

pattern are provided as null-to-null width value of 52 [deg℄ and SLL = −18.8
[dB℄. In [56℄, the linear array produes sum and di�erene pattern operating at

single frequeny aording to λ0 = c × f0. Therefore, to improve the �exibility

of the array in terms of bandwidth, this experiment uses the iterative CP -based
proedure proposed in eq. (4.3) to eq. (4.7). As a results, the Fig. 4.2 shows

the amplitude and phase exitations of the onsidering sum and di�erene arrays

when using the proposed CP−based strategy. These set of exitations are used

to generate the sum patterns of six frequenies in the Fig. 4.3(a) and di�erene

patterns of six frequenies in Fig. 4.3(b). As it an be seen, the sidelobe regions

of sum and di�erene patterns for over six frequenies are ful�lled the enforing

SLL. More spei�ally, SLL
∑

is below −30 [dB℄, and the SLL∆
is under 20

[dB℄.

More in numerial detail, maximum frequeny f1 = fmax = 8.9 [GHz℄ is

found to avoid the appearane of gratings lobes in the visible domain, the min-

imum fmin = fQ = 6 [GHz℄ is determined in the iterative loop, and sampling

(intermediate) frequenies fp = fmax − (q − 1)δf , q = 2, ..., Q with Q = 6 are

also optimally found. In addition, two sets of exitations for sum and di�erene

pattern also presented in Tab. 4.1 (for the sake of simpliity, only a half of exi-

tations are reported due to its symmetri behaviour). As shown in the Tab. 4.2,

the sum pattern has the highest diretivity value of 11.14 [dB℄ at f1 = fmaxand

minimum diretivity 9.22 [dB℄ at fQ = fmin, while the di�erene pattern has the

highest bore-sight slope of 1.04 [1/rad℄ at the f1 = fmax and the lowest bore-sight

slope of 0.85 [1/rad℄ at the fQ = fmin .
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CHAPTER 4. WIDEBAND MONOPULSE SYNTHESIS

Figure 4.2: Weight oe�ients resulted from synthesis for an array of total num-

ber of N = 10 elements with equal inter-element spaing (ds = 0.025 [m℄). The

dot-blue and dot-green points represent for the amplitude of eah element in the

array, whih are partially shared by elements in the peripheral elements. The

irle-yan and the ross-pink represent for the phases of eah element in the

array.

(a) (b)

Figure 4.3: Sum pattern (a) and di�erene pattern (b) generated by the distri-

bution urrents in Fig. 4.2 fed into an linear array omprised of N = 10 elements

with equally spaed elements. As in Fig. 4.3, the dashed urve represents for

the maximum allowed sidelobe level (SLL)
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m a
∑

a∆

1 1.000 0.252
2 0.874 0.716
3 0.658 0.658
4 0.415 0.415
5 0.236 0.236

Table 4.1: Exitation oe�ients for ηs = 3 orresponding to the radiation per-

formanes shown in Fig. 3

f SLL
∑

[dB℄ SLL∆
[dB℄ D

∑

max [dB℄ Kbs[1/rad]
f1 = fmax −31.06 −20.82 11.14 1.04

f2 −31.06 −20.82 10.82 1.01
f3 −31.06 −20.82 10.47 0.98
f4 −31.06 −20.82 10.10 0.94
f5 −31.06 −20.82 9.68 0.90

fQ = fmin −31.06 −20.82 9.22 0.85

Table 4.2: Patterns parameters when N = 10, ds = 0.025 [m℄,ηs = 3, and Q = 6

To validate the performane of the linear array when applied the proposed

method dealing with the hange of degree of freedom (DoF ) (e.g., the total

number of the ommon amplitude exitations at the peripheral of the array

varied to 40% (ηs = 2) and 80% (ηs = 4)), the onstraints on the patterns

and geometry struture in the �rst test is kept unhanged in this example (e.g.

N = 10, ds = 0.025 [m℄). The proposed method in eq. (4.3) to eq. (4.9), provides

the new variable is bandwidth BW (or FBW ), then inreases the hoie between

the overall number of elements, the number of ommon exitations, the SLL, and
the bandwidth B. As shown in Tab. 4.3, the values of SLL

∑

is around −30 [dB℄,
SLL∆

is in range of −20 [dB℄ when ηs is varied from 2, 3, 4. On the other hand,

the FBW is redued from 0.401 to 0.295 when ηs inreases from 2 to 4.

ηs SLL
∑

[dB℄ SLL∆
[dB℄ FBW BW

ηs = 2 −30.03 −20.80 0.401 [6.0, 8.9] [GHz℄
ηs = 3 −31.06 −20.82 0.345 [6.0, 8.5] [GHz℄
ηs = 4 −30.18 −20.40 0.295 [6.6, 8.0] [GHz℄

Table 4.3: Patterns parameters when N = 10, ds = 0.025 [m℄, and ηs = 2, 3, 4

For the sake of simpliity, the test ase of isotropi with N = 20 elements

are not shown here. However, there is an interesting note about the FBW when
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CHAPTER 4. WIDEBAND MONOPULSE SYNTHESIS

the number of elements are inreasing. The Fig. 4.4 shows that, when the total

number of the array inrease, the FBW also improves.

Figure 4.4: The graph shows the relation between the frational bandwidth

(FBW ) and the overall number of ommon exitations of sum and di�erene

pattern in two test ases N = 10 and N = 20. The solid-red line shows the fra-

tional bandwidth versus the perentage of the ommon exitation in the array of

N = 10 elements, while the solid-green line depits the perentage of bandwidth

versus the ratio of ommon exitations.

In the �nal test of isotropi soures, to evaluate the e�etiveness of the pro-

posed method, the array geometry is used the same as in [56℄ with N = 20,
ηs = 6, d = 0.025 [m℄. Moreover, two noth �lters are added to the user-de�ned

upper bound at position entered at θ = 53 [deg℄ and θ = 127 [deg℄ with the

noth depth value of 14 [deg℄ and noth width value of 20 [dB℄. The synthesis is
onduted and the results are presented in the Fig. 4.5 and Fig. 4.6. The Fig.

4.6 illustrates that the di�erene between the lowest and highest level among the

side lobes in the suppression region is lower than 20 [dB℄, whih on�rms the

e�etiveness and robustness of the proposed method.
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Figure 4.5: Weight oe�ients resulted from synthesis for an array of total num-

ber of N = 20 elements with equal inter-element spaing (ds = 0.025 [m℄)

(a) (b)

Figure 4.6: Sum pattern (a) and di�erene pattern (b) generated by the distri-

bution urrents in Fig. 4.5 fed into an linear array omprised of N = 20 elements

with equally spaed elements. As in Fig. 4.6, the dashed urve represents for

the maximum allowed sidelobe level (SLL) with two depression regions entered

at θ = 53 [deg℄ and θ = 127 [deg℄
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4.3.2 Full-Wave CST TM
simulation

In this part, in order to verify the results from the UWB synthesis using CP−based
proedure proposed in Setion 4.2, a full-wave CST TM

simulation is arried out

on the realisti path array antenna operating at wideband instead of using

isotropi array antenna that is not really exist in the real senario. Indeed, for

the isotropi element, the radiated power is equal in all diretions, however the

path element used in Fig. 4.7 the radiation is more ompliated and fous on

preferred diretions.

(a)

(b)

Figure 4.7: Mirostrip array simulated using the CST TM
full-wave software: (a)

front, bottom, and side views from single radiating element, and (b) overall array

of the radiating elements view

More spei�, starting from the antenna struture and spei�ations men-

tioned in the setion 4.3.1. For example, for

∑

−pattern the null-to-null beamwidth
30.4 [deg℄, the enfored SLL is less than −24 [dB℄, for the ∆−pattern the null-to-
null beamwidth 52 [deg℄, and the imposed SLL is lower than −18.8 [dB℄, Q = 6,
fmax = 8.9 [GHz℄, fmin = 6 [GHz℄, and the array desribed in Fig. 4.7, Tab.

4.4. One more notie that the substrate below the metal part for eah antenna is

extended to onneted to eah other to make it more pratial implementation.
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Acronym Meaning Value

Ls Substrate length 30 mm

Ws Substrate width 25 mm

Lf Feedline length 10.5 mm

Wf Feedline width 3.08 mm

Lp Pentagon side length 10.5 mm

Lg Ground length 9.5 mm

Wg Ground width 25 mm

Mt Metal thikness 1.5 mm

St Substrate thikness 0.8mm

εr Relative permitivity 4.4 F/m

µr Relative permeability 1 H/m

tanδ Dieletri loss tangent 0.025
d inter-element spaing 25× 10−2

m

Table 4.4: Geometrial and Eletrial Parameters of the Mirostrip Antenna

Depited in Fig. 4.7(a)

Finally, the path array in Fig. 4.7(b) is fed by the exitations obtained in

Fig. 4.2. As a onsequene, the result shown in Fig. 4.8 satisfying for SLL and

null-to-null width for sum and di�erene patterns.

4.4 Conlusions

An innovative method for synthesis of the sum and di�erene pattern used in

monopulse radar systems operating at multiple frequenies with sharing a number

of elements at the tail of the array has been presented and analyzed. The onvex

optimization is used in CP-based proedure to provide the optimal exitations

inluding ommon parts for both patterns. The strategy enables the monopulse

systems to operate over a wide bandwidth and manage user-de�ned bounds on

sum and di�erene pattern. A set of numerial results are shown to prove the

e�etiveness of the proposed method.
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(a)

(b)

Figure 4.8: The UWB radiation pattern, alulated by CST TM
full-wave sim-

ulations, generated by the array antenna in Fig. 4.7(b) when fed by the am-

plitudes shown in Fig. 4.2(a). The antenna ful�lled the SLL
∑

≤ −24 [dB℄,

SLL∆ ≤ −18.8, and the WB performanes as well (e..g., fmin = 6 [Ghz℄,

fmax = 8.9 [GHz℄, and FBW = 0.4)

41



Chapter 5

Wideband Shape Beam Synthesis

In this hapter, given the array layout, the objetive is optimization of exitations

(amplitudes and phases) in order to �t a set of requirements and onstraints on

the radiated �eld in order to generate a desired shaped beam inluding �at-top

beam, oseant beam and Iso-�ux. The synthesis is performed over the square

array fator or radiation power using tehnique in [86℄ and the synthesized array

is able to generate shaped-beam operating over multi-frequenies using the two-

step method in [54℄. Finally, some examples on Flattop shaped-beam pattern and

Coseant shaped-radiation pattern has been presented to show the e�etiveness

and reliability of the proposed method.
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5.1 Introdution

The synthesis of shaped-patterns is very popular problem [3℄ and its appliation

is applied to many �elds suh as radar systems, remote sensing, ommuniations

systems. The shaped-beam synthesis are often related to the power pattern syn-

thesis where the phases are arbitrary. In addition, the synthesis also requires

onstraints to simultaneously impose the upper and lower bounds of the main-

lobe. Therefore, the shaped-beam problem is often non-onvex and may have

many solutions.

To deal with non-linearity and non-onvex problem in shaped-beam synthesis,

a �exible way was proposed, using so alled �global� optimummethod suh as GA
in [94℄, to suessfully synthesize the shaped-pattern. However, this method is

very ine�ient in omputation and slow due to its stohasti property. Unlike the

stohasti methods, there are also many other deterministi approahes that have

suessfully synthesized the shaped-beam patterns suh as Iterative projetion

method in[95℄, the least square methods in[96℄, the deterministi strategies[97℄.

The shaped-beam synthesis based on onvex optimization problem has only

a few works in researh literature. For example, in [60℄, the author used the on-

jugate symmetri beam-forming weights method to anel out the non-onvex

lower bound onstraints on the radiation patterns. By doing this, an omplex-

valued array fator an be reast as a real-valued array fator that is just a

linear ombination of weights in a�ne form that an be applied the lower bound

onstraints and the synthesis problem now onvex over onvex set. In [98℄[99℄

the authors overome the non-onvex lower bound onstraints by using the ar-

ray weight auto-orrelation sequene. However, this method is restrited to the

uniformly linear array. Furthermore, in [101℄, the sequential onvex optimization

method was suessfully applied to the shaped-beam pattern for arbitrary mask

imposing on the shaped radiation patterns.

To overome the non-onvex set when applying the lower bound on the square

array fator, in [85℄ the the e�ient two-step method are proposed. In the �rst

step the author onverted the square array fator into another form of represen-

tation in whih the power pattern is just a linear ombination of new weights in

new domain and {sin(.), cosine(.)}. Beause the power pattern now just a linear

funtions in new domain, therefore the onvex programming an be applied in

the new domain. In the seond step, the weights in new domain is onverted

bak to the exitations (e.g., that is amplitudes and phases using polynomial

method) that fed to the antenna for generating shaped-beam pattern.

However, all of these mentioned onvex optimization methods are synthe-

sizing the shaped-beam pattern in narrow bandwidth domain. In this hapter,

extending the method in [100℄ to synthesize an shaped-beam pattern to be able

to operate in many frequenies by using another two-step approah in [54℄.
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5.2 Mathematial Formulation

The array fator of an uniform linear array is de�ned as, with referene to the

Fig. 5.1:

F (f, θ) =

N−1
∑

n=0

Ine
j 2π

c
fndcos(θ)

(5.1)

where In, n = 0, ..., N − 1, is the omplex exitation of the n-th element of

the array, c being the speed of light in the vauum spae, f is the operating

frequeny of the array, d is the inter-element spaing along z -axis, and θ is the

angle measured from the array axis.

Figure 5.1: Sketh of the array antenna

The goal of synthesis of Shaped Beams is to de�ne the set of element exita-

tions {In} ={In; n = 0, ..., N − 1} suh that

{

LB (u(fq)) ≤ |F (u(fq))|2 ≤ UB (u(fq)) k = 1, 2, ..., K, (5.2)

where u(fq) =
2π
c
fqdcos (θ), and q is sampling frequeny in the wideband.

However, in the eq. (5.2), the lower bound inequalities are not onvex over a

onvex set. Then, in this hapter, this ondition is onverted to another form

in whih the onverted form beome onvex over onvex set and the onvex

programming an be applied. Towards the end, the synthesis of shaped beam

antennas is done by means of a two-step proedure:

1) Firstly, the feasibility of the UWB power synthesis problem is

ensured by means of a Convex Programming (CP ) proedure;

2) Seondly, the exitation oe�ients are de�ned.
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5.2.1 Solve Convex Programming CP

5.2.1.1 Simpli�ation Power pattern

Using some mathematial manipulations to make equivalene, in whih the orig-

inal power pattern depending on In,n = 0, 1, ..., N − 1 to the new representation

power pattern depending on Dp, p = 0,±1, ..,±N − 1, then,

|F (u(f))|2 =
∣

∣

∣

∣

∣

N−1
∑

n=0

Ine
jnu(f)

∣

∣

∣

∣

∣

2

=
N−1
∑

p=−N+1

Dpe
jpu(f). (5.3)

The onverted form of |F (u(f))|2 in eq. 5.3 is now linear ombination of real

value Dp, then onvex program is used to enfore for multiple frequenies on

the shaped-beam power pattern for ommon set of the exitations (Dp p =
0,±1, ..,±N − 1).

The eq. 5.3 an be obtained by applying some following manipulation oper-

ations. Power pattern of the linear array an be expressed as:

|F (u(f))|2 =

∣

∣

∣

∣

∣

N−1
∑

n=0

Ine
jnu(f)

∣

∣

∣

∣

∣

2

=

(

N−1
∑

n=0

Ine
jnu(f)

)(

N−1
∑

m=0

Ime
jmu(f)

)∗

=

(

N−1
∑

n=0

Ine
jnu(f)

)(

N−1
∑

m=0

I∗me
−jmu(f)

)

. (5.4)

Expanding the summations in eq. (5.4) it follows that

|F (u(f))|2 = Io
[

I∗N−1e
−j(N−1)u(f) + ...+ I∗1e

−ju(f) + I∗o
]

+

+I1e
ju(f)

[

I∗N−1e
−j(N−1)u(f) + ... + I∗1e

−ju(f) + I∗o
]

+

+...+

+I1e
j(N−1)u(f)

[

I∗N−1e
−j(N−1)u(f) + ...+ I∗1e

−ju(f) + I∗o
]

.(5.5)

Thus, it is simple to observe from eq. (5.5) that eq. (5.4) an be rewritten

as the summation of 2N − 1 terms as

|F (u(f))|2 =
N−1
∑

p=−N+1

Dpe
jpu(f), (5.6)

where the Hermitian ondition Dp = D∗
−p, p = 0,±1, ..,±N − 1 holds true, and

Dp = F ({In}), F being a generi funtion.
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Finally, eq. (5.6) an be expressed in series of sine and osine funtions as

|F (u(f))|2 = D0 +
N−1
∑

p=1

D
′

pcos (pu(f))−
N−1
∑

p=1

D
′′

psin (pu(f)) (5.7)

where D
′

p = 2Re{Dp} and D
′′

p = 2Im{Dp} , p = 1, ..., N − 1, Re{.} and

Im{.}representing the real and the imaginary part, respetively.

Clearly, in eq. (5.7), the power pattern (square of the array fator) |F (u(f))|2
is just a linear ombination of {sin(.), cos(.)} and the real-valued unknowns {D′

p,

D
′′

p}, therefore the lower bound onstraints on the eq. (5.7) are learly onvex

over a onvex set.

5.2.1.2 Solving CP problem

A neessary (not su�ient) ondition whih must be satis�ed for the existene

of the exitation set In, n = 0, ..., N − 1 is

LB (u(f)) ≤
N−1
∑

p=−N+1

Dpe
jpu(f) ≤ UB (u(f)) ∀u(f), (5.8)

where the funtions LB (u(f)) and UB (u(f)) identify the user-de�ned mask on

the power pattern.

Numerially, the ondition (5.8) need to be veri�ed on a set of M points at

eah frequeny fq, q = 1, ..., Q















































































LB (u1(f1)) ≤
∑N−1

p=−N+1Dpe
jpu1(f1) ≤ UB (u1(f1))

.

.

.

LB (uM(f1)) ≤
∑N−1

p=−N+1Dpe
jpuM (f1) ≤ UB (uM(f1))

LB (u1(f2)) ≤
∑N−1

p=−N+1Dpe
jpu1(f2) ≤ UB (u1(f2))

.

.

.

LB (uM(f2)) ≤
∑N−1

p=−N+1Dpe
jpuM (f2) ≤ UB (uM(f2))

.

.

.

LB (u1(fQ)) ≤
∑N−1

p=−N+1Dpe
jpu1(fQ) ≤ UB (u1(fQ))

.

.

.

LB (uM(fQ)) ≤
∑N−1

p=−N+1Dpe
jpuM(fQ) ≤ UB (uM(fQ)) ,

(5.9)

where a su�ient disretization of these funtions required that M ≃ 10NQ.
The system (5.9) ontains 2MQ linear inequalities, and the solution Dp, p =

−N +1, ..., N −1, an be omputed by means of a Linear programming problem

(e. g., linprog solver in Matlab, or CVX).

The LP problem onludes with two possible alternatives. Firstly, system

(5.9) does not admit any solution, the onstraints on the mask (i.e., LB (u(f)),UB (u(f)))
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should be relaxed, the number of element N should be inreased, the inter-

element distane d should be modi�ed, or the number of frequenies K should

be hosen properly. Seondly, the system admits solution {Dp}.

5.2.2 Conversion Dp to In

However, our interest is the exitations In that are being fed to the antenna

system to generate radiation patterns, not the variable Dp that has meaningless

in the antenna systems. Therefore, based on some mathematial manipulations,

In an easily obtained if Dp exists.

In ase the problem in the system Eq. (5.9) results solution {Dp}, we ask

whether it is possible to obtain the set of element exitations {In} with the given
{Dp}. To solve this problem, let us proeed as follows:

Let us �rst manipulate Eq. (5.6) by extrating the term ej(1−N)u = e−j(N−1)u

outside the summation. More spei�ally,

|F (u(f))|2 =

N−1
∑

p=−N+1

Dpe
jpu(f)

= e−j(N−1)u(f)

2N−2
∑

p=0

D̂pe
jpu(f)

= e−j(N−1)u(f)
2N−2
∑

p=0

D̂pz
P , (5.10)

where z(f) = z = eju(f) (|z(f)| = 1). (Dpand D̂pin general are the same, only

di�erent from index oe�ient).

By virtue of the fundamental theorem of arithmeti, Eq. (5.10) an be ex-

pressed as produt of 2N − 2 terms given by

|F (u(f))|2 = e−j(N−1)uD̂2N−2

2N−2
∏

i=1

(z − zi) . (5.11)

It is possible to demonstrate that sine (a) |F (u)|2 is a positive funtion and

(b) Dp = D∗
−p, p = ±0, ..,±N − 1, if the polynomial |F (u)|2 has a root of value

equal to zi, then also

1
z∗i

is root of |F (u)|2 (Fig. 5.2).
Therefore, (5.11) an be written as

|F (u(f))|2 = e−j(N−1)uD̂2N−2

N−1
∏

i=1

(z − zi)
N−1
∏

i=1

(

z − 1

z∗i

)

. (5.12)
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Re

Im

zi = aejξ

1

z∗
i

=
1

a
ejξ

ξ

Figure 5.2: Complementary root

Let us onsider the following mathematial steps starting from a general term

(

z − 1
z∗i

)

. More in detail:

z − 1

z∗i
= eju − 1

z∗i

=
1

z∗i

(

z∗i e
ju − 1

)

=
eju

z∗i

(

z∗i − e−ju
)

= (−1)
eju

z∗i

(

e−ju − z∗i
)

= (−1)
eju

z∗i

(

eju − zi
)∗
. (5.13)

Thanks to (5.13), the seond produt of Eq. (5.12) an be written as

N−1
∏

i=1

(

z − 1

z∗i

)

= ej(N−1)u (−1)N−1
N−1
∏

i=1

1

z∗i

N−1
∏

i=1

(

eju − zi
)

,∗ (5.14)

and substituting (5.14) into (5.12) it turns out that

|F (u)|2 = (−1)N−1

∏N−1
i=1 z∗i

D̂2N−2

N−1
∏

i=1

(z − zi)

N−1
∏

i=1

(z − zi)
∗ . (5.15)

Now, by onsidering

(−1)N−1

∏N−1
i=1 z∗i

D̂2N−2 = K2
, then eq. (5.15) an be written as
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|F (u(f))|2 =
[

K

N−1
∏

i=1

(z − zi)

][

K

N−1
∏

i=1

(z − zi)
∗

]

(5.16)

It is very interesting that the eq. (5.16) has the same pattern as the eq. (5.4),

that is:

|F (u(f))|2 =
(

N−1
∑

n=0

ane
jnu(f)

)(

N−1
∑

m=0

ame
jmu(f)

)

,∗ (5.17)

where In = an, n = 0, ..., N − 1 (5.4). Therefore, to �nd In from Dp, the roots of

|F (u(f))|2 need to be found, then oe�ients of the polynomialK
∏N−1

i=1 (z − zi)
result in In.

5.3 Numerial Results

In this setion, two examples of shaped-pattern synthesis (e.g., Flattop and

Coseant) are presented to show the e�etiveness and e�ieny of the proposed

method in setion 5.2. To make it more lear, the �attop and oseant mask

used in eq. (5.8), and eq. (5.9) are introdued as follows:
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(a)

(b)

Figure 5.3: Flattop (a) and Coseant (b) mask used in shaped-beam patterns in

setion 5.2

In the �g. 5.3(a) and 5.3(b) show the �attop mask and oseant, respetively.

There are some de�nitions about those masks. In the mainbeam region where

the shaped-beam is de�ned, the Γripple is ripple level and de�ned as the di�erene

between the upper bound and the lower bound. This value is usually small to

keep the pattern in this region smooth, but it depends on the DoFs of the

problem. The ∆Bw shows the region in the sidelobe regions. The θlBW and θuBW

are the two ends of the lower bound.
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5.3.1 Flattop Pattern

The test for �attop patterns is on�gured as, the number of the linear array is

N = 18 element, the ripple in the shaped-beam region Γripple = 0.5 [dB℄, the

sidelobes level SLL = −25 enforing to all the sidelobes, the slope region ∆Bw =
16 [deg] in the sidelobes; the shaped-beam width of interest BW = 28 [deg]
loated from θlBW = 76 [deg] to θuBW = 104 [deg] in the visible domain.

CP Solution:

In the �rst step is to solve the onvex programming (CP), the optimized solution

{

D
′

p, D
′′

p

}

, p = 0, 1, ..., N − 1 of the synthesis problem with given user-de�ned

mask in eq. (5.9) and the two-step method in [54℄ with Q = 5 are used to obtain

the shaped-beam pattern operating at multiple frequenies, as shown in the �g.

5.4.
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Figure 5.4: The power pattern at multi-frequeny fi, i = 1, 2, 3, 4, 5.

Roots:

In the next step, beause {Dp} , p = 0,±1, ...,±N − 1 are not of our interest.

The only omplex-valued In, n = 1, 2, .., N omprised of amplitudes and phases

exitations are our interest. Then, to onvert from {Dp} , p = 0,±1, ...,±N − 1
into Inn = 1, 2, .., N . The Roots zi, i = 1, 2, ..., 2N − 2 of polynomial |F (u)|2 in
eq. (5.10) is found as in �g. 5.5:
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Figure 5.5: Roots zi, i = 1, 2, ..., 2N − 2

One interested point here, the array only need N − 1 roots to reover the In.
However in the �g. 5.5 there are more than N − 1 roots due to the polynomial

|F (u)|2 in eq. (5.10) is the polynomial of 2N − 2 order.

Indeed, the number of roots inside (outside) the unitary irle is equal to

N0 = 5. Therefore, there are K = 2N0 = 32 di�erent set of exitations {In}k =
{Ikn , n = 0, 1, ..., N − 1},k = 1, 2, ..., K, generating the power pattern operating

over multiple frequenies de�ned by the solution of the CP problem.

Exitation Amplitudes: {|In|;n = 0, 1, .., N − 1}

Conversion from optimized {Dp} , p = 0,±1, ...,±N − 1 to the exitations in

the eq. (5.3), indeed results in a set of K = 32 of {Ikn},n = 0, 1, .., N − 1, k =
1, 2, ..., K. That means that onversion from one optimized solution using CP
in new domain to the original domain gives 32 omplex-valued solutions as in

�g. 5.7 and �g. 5.8. And very important note that, eah solution generates

shaped-beam pattern operating at multiple frequenies.

Patterns:

Obtained by means of the ombinations of all roots outside of the unitary irle

for Q = 5 frequenies. The �g. 5.6 shows the all possible K = 32 patterns for

the 32 set of ahieved {In}k = {Ikn, n = 0, 1, ..., N − 1},k = 1, 2, ..., K for eah

frequeny q = 1, 2, 3, 4, and Q = 5 in �g. 5.6(a),(b),(),(d), and (e), respetively.
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Figure 5.6: Pattern reonstrution from Power to Array at di�erent frequenies -

(a) f1 = fmin, (b) f2, () f3, (d) f4, and (d) fQ = fmax. Eah amplitude and phase

among 32 possible amplitudes and phases (solutions) in 5.7 and 5.8, respetively,

generate patterns for Q frequenies. And at eah frequeny, beause 32 possible
solutions (amplitude + phase) generate the same pattern, so they overlap and

just appear here one olor (yan).
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Dynami range ratio (DRR)

The DRR is important value for fabriation, this is the ratio of the maximum

absolute and minimum absolute value of exitations. The smaller DRR is, the

easier to fabriate the array. In the previous disuss, the ahieved �attop synthe-

sis have 32 solutions, and the DRR for eah solution is omputed and reported

in Tab. 5.1. The solutions 6,11, 22,and 27 have good DRR, and an be used to

fabriate.

q DRRQ min{DDRq} q DRRq min{DDRq} q DRRQ min{DDRq} q DRRq min{DDRq}

1 41.06 9 90.61 17 81.64 25 10.94

2 14.77 10 29.65 18 13.13 26 29.65

3 14.77 11 8.18 X 19 13.13 27 8.18 X

4 2898 12 10.94 20 28.42 28 90.61

5 90.61 13 28.42 21 10.94 29 2898

6 8.18 X 14 13.13 22 8.18 X 30 14.77

7 29.65 15 13.13 23 29.65 31 14.77

8 10.94 16 81.64 24 90.62 32 41.06

Table 5.1: Dynami range of all solutions obtained

Frational Bandwidth (FBW )

The array operates in the bandwidth BW = [4.8 : 7.44] [GHz℄, whih is equiva-

lent to FBW = 0.42. The array operates in WB.

5.3.2 Cose

2
Pattern

The example for Cose

2
�attop patterns is de�ned as, the number of the linear

array is N = 18 element, the ripple in the shaped-beam ose

2
region Γripple = 0.5

[dB℄, the sidelobes level SLL = −25 enforing to all the sidelobes, the slope

region∆Bw = 16 [deg] in the sidelobes; the shaped-beam width of interest BW =
40 [deg] loated from θlBW = 70 [deg] to θuBW = 110 [deg] in the visible domain.

CP Solution:

In the �rst step is to solve the onvex programming (CP), the optimized solution

{

D
′

p, D
′′

p

}

, p = 0, 1, ..., N − 1 of the synthesis problem with given user-de�ned

mask in eq. (5.9) and the two-step method in [54℄ with Q = 5 are used to obtain

the shaped-beam pattern operating at multiple frequenies, as shown in the �g.

5.9.
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Figure 5.9: The power pattern at multi-frequeny fi, i = 1, 2, 3, 4, 5.

Roots:

In the following step, beause {Dp} , p = 0,±1, ...,±N − 1 are not our �nal goal.
The only omplex-valued In, n = 1, 2, .., N omprised of amplitudes and phases

exitations are our main goal. Then, to move from {Dp} , p = 0,±1, ...,±N − 1
into Inn = 1, 2, .., N , the Roots zi, i = 1, 2, ..., 2N − 2 of polynomial |F (u)|2 in
eq. (5.10) is found as in �g. 5.10:
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Figure 5.10: Roots zi, i = 1, 2, ..., 2N − 2

One important point here, the array only need N − 1 roots to reover the In.
However in the �g. 5.10 there are more than N − 1 roots due to the polynomial

|F (u)|2 in eq. (5.10) is the polynomial of 2N − 2 order.

The number of roots inside (outside) the unitary irle is equal to N0 = 6.
Therefore, there are K = 2N0 = 64 di�erent set of exitations {In}k = {Ikn , n =
0, 1, ..., N − 1},k = 1, 2, ..., K, generating the power pattern de�ned operating

over multiple frequenies by the solution of the CP problem.
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Patterns:

Obtained by means of the ombinations of all roots outside of the unitary irle

for Q = 5 frequenies. The �g. 5.11 shows the all possible K = 64 patterns for

the 64 set of ahieved {In}k = {Ikn, n = 0, 1, ..., N − 1},k = 1, 2, ..., K for eah

frequeny q = 1, 2, 3, 4, andQ = 5 in �g. 5.11(a),(b),(),(d), and (e), respetively.
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Figure 5.11: Pattern reonstrution from Power to Array at di�erent frequenies

- (a) f1 = fmin, (b) f2, () f3, (d) f4, and (e) fL = fmax. All K = 64 patterns

are ompletely the same at eah frequeny, therefore only red pattern displays

at eah frequeny due to overlap among all K = 64 patterns.
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Exitation Amplitudes: {|In|;n = 0, 1, .., N − 1}

Conversion from optimized {Dp} , p = 0,±1, ...,±N − 1 to the exitations in

the eq. (5.3), indeed results in a set of K = 64 of {Ikn},n = 0, 1, .., N − 1, k =
1, 2, ..., K. That means that onversion from one optimized solution using CP in

new domain to the original domain gives 64 omplex-valued solutions as in �g.

5.12 and �g. 5.13. And eah solution produes shaped-beam pattern operating

at multiple frequenies.
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Figure 5.12: Exitation Amplitudes: |In|;n = 1, 2, .., N
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Exitation Phases: {φq
n,n = 0, 1, ..., N − 1}, q = 1, 2, ..., Q
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Figure 5.13: Exitation Phases: {φq
n,n = 1, 2, ..., N}, q = 1, 2, ..., Q

Dynami range ratio (DRR)

The DRR is important value for fabriation, this is the ratio of the maximum

absolute and minimum absolute value of exitations. The smaller DRR is, the

easier to fabriate the array. In the previous disussion, the ahieved �attop

synthesis have 32 solutions, and the DRR for eah solution is omputed and

reported in Tab. 5.2. The solutions 15 and 50 have good DRR, and an be used

to fabriate.

59



5.4. CONCLUSION

q DRRQ min{DDRq} q DRRQ min{DDRq} q DRRQ min{DDRq} q DRRQ min{DDRq}

1 32.49 17 64.98 33 7.08 49 11.51

2 47.21 18 54.35 34 8.13 50 3.45 X

3 28.64 19 55.69 35 18.25 51 6.09

4 18.48 20 21.96 36 12.47 52 27.48

5 41.98 21 4.84 37 5.23 53 8.73

6 39.32 22 12.24 38 10.91 54 8.11

7 10.27 23 4.95 39 12.13 55 8.66

8 4.55 24 7.41 40 18.22 56 34.90

9 39.91 25 18.22 41 7.43 57 4.55

10 8.67 26 12.13 42 4.95 58 10.27

11 8.11 27 10.91 43 12.24 59 39.32

12 8.74 28 5.23 44 4.84 60 41.97

13 27.48 29 12.47 45 21.95 61 18.48

14 6.09 30 18.25 46 55.90 62 28.63

15 3.45 X 31 8.13 47 54.35 63 47.21

16 11.52 32 7.04 48 64.97 64 32.50

Table 5.2: Dynami range of all solutions obtained

Frational Bandwidth (FBW )

The array operates in the bandwidth BW = [4.80 : 6.72] [GHz℄, whih is equiv-

alent to FBW = 0.32. The array operates in WB.

5.4 Conlusion

In this hapter, CP−based strategy is proposed based on two steps. In the �rst

step, the power pattern formulation with old weights in non-onvex formulation

has been onverted into the onvex form that is simply the linear ombination

of new weights and sine, osine funtions. In the seond step, the optimized old

weights are obtained by onverting new weights through some manipulations.

Toward this end, the two-step CP−based proedure suessfully synthesized the

shaped-beam pattern by using only one ommon set of exitation, guaranteeing

an equal inter-element spaing linear array operating over multiple frequenies .

A set of examples on shaped-beam (e.g., �attop and ose

2
) are arried out to

prove the e�etiveness of the proposed CP−based strategy.
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Chapter 6

Timed Array Synthesis

In the synthesis methods used in previous hapters, Chapter 3, 4, and 5 refer

to phased array synthesis beause the domain arried out the synthesis is in the

frequeny domain, in whih the array fator depending on the phased delay that

is narrow bandwidth. In order to make the phased array antenna operate over

wideband, the iterative CP−based approah introdued in [54℄ was applied to the
onstraints over multiple frequenies. However, there is still a misalignment of

the beam in the target diretion when beam-steering is involved in setion 3.3.3.

To overome this drawbak, the phase ompensation for eah frequeny an be

used, therefore it is not �exible and e�ient. In this hapter, the time array

synthesis is done beause timed array in the ase of beam-steering is dependent

on the time delay that are independent-frequeny.

6.1 Introdution

When the antenna arrays is onsidered, usually it refers to phased arrays that

are steady-state systems, in whih eah radiator element is weighted by an am-

plitude, delayed by a phase shifter using narrowband signals, suh as ontinuous

sinusoidal signals operating at a partiular frequeny of interest.

The term �phased� is related to the apability of using phase shifters to ele-

tronially san the main beam pattern to the diretion where the target is loated,

instead of mehanially moving the antenna. The idea of phase is useful only if

the phased arrays is onsidered in the frequeny domain. Although the phased

array is e�ient when takling with narrowband signals, its behavior is very poor

when dealing with wideband or time-variant signals beause distintive frequeny

omponents show di�erent phase. Indeed, the relation between time and phase

is φ = 2πft, then time an be onverted to phase easily. However, the reiproal

is not valid due to phase period of 2π while time is linear property [112℄[25℄.

Therefore, to deal with wideband signals, time delay units are required to avoid

problems, suh as beam squint, and pulse dispersion.

Timed arrays are beoming popular beause the inreasing number of ap-
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pliations require the wideband and ultra-wideband signals, [105℄[106℄[107℄. By

inspiring the spirit of the phased array, in timed arrays, similarly, the eah radiat-

ing element are exited by eah input pulse instead of a narrowband signal [103℄.

In addition, eah input waveform is saled/weighted by a real-valued weight and

delayed in order to produe a frequeny-independent beam steering [108℄. Fur-

thermore, unlike the narrowband signals, performing the time array analysis in

the temporal-spaing dimension enables to add a new degree of freedom DoF to

the array exitation design: the signals' waveform [104℄.

By weighting the input pulses in order to shape the transmitted or reeived

pulses, the unonventional performane of the UWB arrays an be obtained.

However, over last deades, there are very few optimization tehniques applied

to the timed array synthesis. For example, in [104℄, the author proposed a

strategy based on the iterative projetion method to synthesize timed array for

arbitrary time-angle mask onstraints on the TD radiated �eld. However, the

results shown in the test paper ases are not optimum solution, whih is evident

from the synthesized �eld is not ompletely lying between upper bound and lower

bound imposing on the TD radiated �eld.

In this hapter, a CP−based synthesis are introdued for the timed array

synthesis to overome the drawbak of tehnique mentioned in [104℄. That means

the solution of an arbitrary time-angular mask imposing on the TD radiated �eld

is optimum.

6.2 Mathematial Formulation

6.2.1 Eletri Field De�nition

TD Radiated Field obtained from frequeny domain

In order to obtain eletri �eld expression in time domain, an e�ient and simple

way starts from �eld expression in frequeny domain (the most familiar and

popular) and then using inverse Fourier transform to onvert the frequeny-

dependent �eld expression into the time-dependent �eld expression. Below is

the brief onversion summary:

In the frequeny, let us assume that the eletri �eld in free spae of any

single antenna an be easily obtain in [103℄

E(f ; θ, φ) = jη
IL

2λr
exp−jkr = η0

i2πfIL

4πrc
exp−j 2πfr

c , (6.1)

wherein, E(f ; θ, φ) is the radiated eletri �eld in the spherial oordinated sys-

tem (r, θ, φ), I = I(f) is the antenna input urrent, L = L(f ; θ, φ) is the e�etive
length of the antenna, λ = c/f is the wavelength, k = ω/c = 2π/λ is the wave

number, η0 the intrinsi impedane of free spae and c is the speed of light in

vauum.
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The transition from frequeny domain to time domain is arried out by im-

plementing inverse Fourier transform of the eq. (6.1). The lower ase symbols

orresponding to the inverse Fourier transform are referred to the same time-

dependent quantities

e(t; θ, φ) =
η0

4πrc
i(t− r

c
)⊗ ∂ℓ(t− r

c
; θ, φ)

∂t
, (6.2)

wherein, ℓ is the Fourier transform of the antenna e�etive length L and the

symbol ⊗ denotes the onvolution operator.

If we deal with broadband, non-dispersive antenna system, its frequeny do-

main e�etive length an be assumed frequeny independent: L(f ; θ, φ) = L(θ, φ)
and its time-domain ounterpart is ℓ(t; θ, φ) = ℓ(θ, φ)δt where δt is the Dira

funtion. Then, performing the onvolution in eq. (6.2), we obtain simpli�ed

form of single element �eld in the time domain

e(t; r; θ, φ) = −η0
L(θ, φ)

4πrc

∂i(t− r
c
)

∂t
. (6.3)

Assuming that if array antenna omprised of N elements loated at oordi-

nation rn = (xn, yn, zn), n = 1, 2, ..., N , then the total �eld will be summation of

eah �eld from eq. (6.3):

Etot(t; r; θ, φ) =
N
∑

n=1

en(t−
r

c
− tn(θ, φ)) = −η0

L(θ, φ)

4πrc

N
∑

n=1

∂in(t− r
c
− tn(θ, φ))

∂t

(6.4)

wherein tn(θ, φ) = r̂•rn
c

is the time delay due to array position in the ar-

ray, r̂ = (sinθcosφ, sinθsinφ, cosθ) unit angle and array element positions rn =
(xn, yn, zn), n = 1, 2, ..., N . In addition, in(t), n = 1, 2, ..., N are input pulse

urrents for elements in the array. The eq. (6.4) will beome

Etot(t; r; θ, φ) =
N
∑

n=1

en(t−
r

c
− tn(θ, φ)) = −η0

L(θ, φ)

4πrc

N
∑

n=1

∂in(t− r
c
− tn(θ, φ))

∂t

(6.5)

To simpli�ed the Eq. (6.5), we assign:

A = −η0 L(θ,φ)
4πrc

fn(t− r
c
− tn(θ, φ)) =

∂in(t−
r
c
−tn(θ,φ))

∂t

Then Eq. (6.5) will beome:

Etot(t; r; θ, φ) = A

N
∑

n=1

fn(t−
r

c
− tn(θ, φ)), (6.6)
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wherein, fn(t− r
c
− tn(θ, φ)), n = 1, 2, ..., N are the derivative of the input pulse

urrents for eah antenna in the array, tn(θ, φ) = r̂•rn
c

+ tn is the relative time

delay due to either the physial displaement of element in the array

r̂•rn
c

or to

wanted sanning angle (tn).

TD Radiated Field obtained in time domain

In [104℄ an given linear array of N elements plaed along z − axis fed by a set

of input urrents {in, n = 1, ..., N}, the time-domain array fator is de�ned as

AF (θ, t) =
N
∑

n=1

in (t− tn (θ)) , (6.7)

where N is the number of elements, in is the input urrent into the nth
element

and tn (θ) is the time delay along diretion θ of the nth
element, whih also

depends on d that is the inter-element spaing.

Let us assume that all the array elements radiates the same radiation pattern,

the total radiated �eld of the array is obtained as (see in [104℄)

E(θ, t) = − η0
4πrc

hT
(

θ, t− r

c

)

⊗ AF
(

θ, t− r

c

)

, (6.8)

wherein, hT
(

θ, t− r
c

)

is the transmitting e�etive length of ommon isotropi

radiating antenna, η0 the intrinsi impedane of free spae and c is the speed of

light in vauum, and ⊗ is the onvolution operation.

In[104℄ the e�etive height (or another name is the e�etive length) is de�ned

for isotropi array element as follows:

hT (θ, t) = δ(q) (τ) cosp (θ) , (6.9)

where δ(q) stands for the qthderivative of the input signals, and p modulates the

antenna's angular beamwidth.

Finally, by bringing those equations, eq. (6.7), eq. (6.8), and eq. (6.9)

together, the total radiated �eld an be simpli�ed and re-written as follows:

E (θ, t) = − η0
4πrc

N
∑

n=1

∂i
(q)
n

(

t− r
c
− tn (θ)

)

∂t
cosp (θ) (6.10)

To simpli�ed the eq. (6.10), we assign:

A′ = − η0
4πrc

f
(q)
n (t− r

c
− tn(θ)) =

∂(q)in(t−
r
c
−tn(θ))

∂(q)t

Then, the eq. (6.10) an be written in simpli�ed form as follows:
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E (θ, t) = A′
N
∑

n=1

f (q)
(

t− r

c
− tn (θ)

)

cosp (θ) (6.11)

As it an be seen that, if neglet the term φ (e.g., onsidered the linear array)

in the eq. (6.6) and if we set q = 1, and neglet the term cospθ in eq. (6.11),

those two equation are very similar. In general, the total �eld is the summation

of the derivative of the input pulse applied to eah element array. Although going

in two di�erent approahes to obtain the total eletri �eld of the array in time

domain, they are quite similar.

6.2.2 TD Radiated Field with Weights

Let us assume that, an array of N isotropi elements is onsidered. Therefore,

in the eq. (6.11), the TD radiated �eld is simpli�ed the summation of the q-th
derivative of the input pulse for eah array element. There are no any degree of

freedom (DoF ) to fous or shape the radiation pattern along the desired dire-

tion. Then, taking the spirit in the phased array, when eah phased shifter having

amplitudes and phases to ontrol the far-�eld radiation pattern. In this hapter,

assuming that eah input pulse is weighted di�erent values α = [α1, α2, ..., αN ]
that need to be optimized to have the desired �eld in far-�eld radiation. There-

fore the eq. (6.11) then an be reast as:

E (θ, t) = A′
N
∑

n=1

αnf
(q)
(

t− r

c
− tn (θ)

)

cosp (θ) , (6.12)

wherein αn,n = 1, 2, ..., N is assoiated weights that is the DoF .
In our synthesis the term

r
c
is negleted by setting the distane r (r/c = 0)

sine it is onstant for all the radiating elements and does not in�uene the

results. If the steering diretion θs of the main beam is onerned, tn (θ) is

de�ned as following

tn (θ) =

(

n− N + 1

2

)

d

c
(sin (θ)− sin (θs)) , (6.13)

the total radiated �eld an be re-written as

E (θ, t) = A′

N
∑

n=1

αnf
(q)

(

t−
(

n− N + 1

2

)

d

c
(sin (θ)− sin (θs))

)

cosp (θ) ,

(6.14)

6.2.3 TD Beam Forming Network

As an be seen from eq. (6.10), in the array design, the TD pulsed radiation

is dependent on the new DoFs that are the input signal's waveform in(t), n =
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1, ..., N and the waveform saling fator αn, n = 1, ..., N for eah waveform.

By exploiting the spaing-time beamforming tehnique in [104℄,[109℄, in whih

eah antenna or soure is fed by a linear ombination of real-valued weights

and ultra-wideband pulses. The ultra-wideband pulses an be deployed suh as

Hermite waveforms in [110℄[111℄. It an be more learly to visualize the spae-

time beamforming in �g. 6.1.

Figure 6.1: Spaing-time beamforming network using Hermite waveforms

The spae-time beamforming depited in the �g. 6.1 an be mathematially

represented aording to the Hermite funtions in [104℄ as

ψk (t) =
1√
2kk!

Hk

(

t

σ

)

1√
πσ

e−t2/σ2

, (6.15)

where σ is a sale parameter proportional to the pulse duration T , and Hk (t) is
the Hermite polynomial of order k expressed as

Hk (t) = (−1)k et
2 dk

dtk
e−t2 . (6.16)
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In eq. (6.15), ψk(t) are the suessive derivative of a Gaussian pulse. There-

fore, the eq. (6.14) an be re-written as

E (θ, t) = A′
N
∑

n=1

K
∑

k=0

αn,kψ
(q)
k

(

t−
(

n− N + 1

2

)

d

c
(sin (θ)− sin (θs))

)

cosp (θ) ,

(6.17)

The weights αn in eq. (6.14) to αn,k in eq. (6.17) due to beamforming network

added.

6.2.4 CP−based Synthesis Proedure

In the frequeny domain, the synthesis optimization an applied on the array fa-

tor beause the array fator and the radiated �eld is linear relation if negleting

the mutual oupling. However, in the time domain, the array fator an not be

used to synthesis, instead the radiated �eld should be used beause the radiated

�eld is obtained by an angular-temporal �ltering of the array fator due to an-

tenna e�etive' height, and the array fator's time dependene is muh di�erent

from the radiated �eld.

In eq. (6.17), let us assume that q that is q − th derivative of the input

pulse is known, p the antenna's angular beamwidth modulation is �xed, the

order K of the beamforming network is given. Then, the TD radiated �eld is

the linear ombination of the weights αn,k, n = 1, .., N , k = 0, 1, ..., K and the

known ultra-wideband input pulses ψk(t). Hene, the radiated �eld is onvex, if

the lower bound or upper bound are applied on the radiated �eld to shape the

desired radiated �eld, the inequities beome onvex over onvex set. The CP
optimization an be used to solve.

{

E (θ, t) ≤ UB(θ, t)

E (θ, t) ≥ LB(θ, t)
(6.18)

The UB(θ, t) and LB(θ, t) introdued in eq. (6.18) are alled mask onstraints

and are de�ned in �g. 6.2.
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(a)

(b)

Figure 6.2: Upper Bound (a), and Lower Bound (b) mask onstraints on the

time domain that imposing on the TD radiated �elds
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In the �g. 6.2(a) represented for the mask along the time (t) domain of the

radiated �eld , in whih T is the pulse duration of input pulse from Hermite

funtions eq. (6.15), ∆T and δt are the time transition. In the �g. 6.2(b)

depited the mask along the angular diretion θ, in whih ∆BW is the angular

transition, and BW is the main beamwidth.

The formal expression of the array beamwidth in [104℄, and [103℄ the array

geometry

Nd =
2cT

BW
(6.19)

It is also suggested to have d < cT to avoid grating lobes and also to hoose

d < cT/2 to redue the strength of the side lobes.

6.3 Numerial Results

(a)

(b)

Figure 6.3: The time-angular mask onstraints in two dimensions θ and t, (a)
lower mask, (b) upper mask. Where θ ∈ [−90 : 90] [deg℄ and t ∈ [0 : 3] [ns℄
generated from the time mask in �g. 6.2(a) and the angular mask in �g. 6.2(b)

given θ0 = 0 [deg℄

In all the test ases, the linear array omprised of N elements with equal inter-

element spaing d is deployed. Towards this end, the timed array synthesis is

arried out by optimizing the CP−based proedure on eq. (6.18) in order to

determine the weights αn.k n = 1, ..., N k = 0, ..., K for eah Hermite waveforms

ψk(t) in eq. (6.15), the number of Hermite waves is deided by K that is hosen

to form the beamforming network at the beginning of the optimization. Finally,

the TD radiated �eld de�ned in eq. (6.17) must ful�ll the time-angular arbitrary

mask de�ned in 6.3.
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6.3.1 Broadside radiation

In the �rst example, the broadside radiation is arried out where the main radi-

ated �eld onentrated on the θs = 0 [deg℄. The linear array of N = 10 elements

with equal inter-element spaing d = 10 [m℄ are used in the synthesis proposed

in the eq. (6.18). The value d is piked suh that meet the requirements in the

eq. (6.19) to avoid grating lobes that an arise.

The time and angular mask ut introdued in �g. 6.2, for building the �g. 6.3

with �xed parameters. For the diretion along time dimension, the optimized TD
radiated �eld has duration time T = 1 [ns℄ where almost the energy lying inside

while the visible range of time is 3 [ns℄, the maximum level of the time-angular

mask is normalized to M0 = 1, and the lower upper bound of the time-angular

mask is M1 = 0.7 while the sidelobe level is set to be less than Msl = 0.1. The
value t0 along the time diretion is set to 1.5 [ns℄. Regarding to the angular

mask, the beamwidth of the mask BW = 30 [deg℄ from θ ∈ [−15, 15] [deg℄, the
optimized TD radiated �eld is expeted less than Msl = 0.1 in sidelobe regions.

Regards to the Hermite waveforms in the beamforming networks, the value

of K = 4 is hosen with �ve input Hermite waveforms indexed k = 0, 1, 2, 3, 4 for
eah antenna array. In �g. 6.1 Before reahing to antenna array, �ve input Her-

mite waveforms are weighted at n− th antenna with weights αnk, k = 0, 1, 2, 3, 4.
The width saling fator of the Hermite funtion σ is set to �xed value σ = 0.4T
for this example. In the eq. (6.9), the assumption on the e�etive height hT (θ, t)
of single radiator is the q − th di�erentiation hT (θ, t) = δ(q) (τ) cosp (θ), q = 1,
and p = 1 are set in this example.

The �g. 6.4(a) shows the optimized exitations αn,k , n = 1, .., 10, and
k = 0, ..., 4, and the �g. 6.4(b) is the optimized TD radiated �eld generated

from the exitations αn.k in �g. 6.4(a).

Although laiming that the optimized results is perfetly �t the time-angular

mask pattern onstraints proposed in �g. 6.3, 2D pattern in �g. 6.4(b) is hard

to view. Therefore, �g. 6.4(d) is the ut at θ = 0 [deg℄ where the white stripe

represented in �g. 6.4(). Indeed, as it an be seen, the solid red line represented

for the radiated �eld at θ = 0 is perfetly �t the upper and lower mask spei�ed

in this example.

Furthermore, in �g. 6.4(f) and �g. 6.4(g) show the TD radiated uts at

t = 1.25 [ns℄ and t = 1.75 [ns℄ where two stripes illustrated in the �g. 6.4(e). As

it is learly that the radiated �elds along two uts ompletely math the angular

masks at t = 1.25 [ns℄ and t = 1.75 [ns℄. Therefore, the CP−based approah is

suessfully synthesizing the radiated �eld lying between the upper angular-time

mask and the lower angular-time mask.

In the last �g. 6.4(h), the energy radiation omputed and shown by average

sum square of the optimized TD radiated �eld along time dimension. The results

show that, all the energy fous at the broadside θ = 0, the highest sidelobes are
around 0.2. Although it is higher than the value Msl = 0.1, it is not our interest
here beause the angular-time mask applied on the TD radiated �eld, not on the
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energy radiation and the DoF number of elements here is just N = 10 elements

is quite small. For example, in �g. 6.10, when N = 65 the energy is totally

�t the angular mask while we are not intended to optimized to �t only angular

mask.

(a) (b)

() (d)

(e) (f)

(g) (h)

Figure 6.4: Broadside monoyle (BW, t)=(30 [deg℄, 1 [ns℄) - Synthesis setup:

d = 10 [m℄, N = 10, K = 4, q = 1, p = 1,θs = 0 - (a) Weights applied on eah

input pulse, (b) TD radiated �eld, () TD radiated �eld with white stripe along

θ = 0 [deg℄, (d) A ut at θ = 0 [deg℄ from 6.4(), TD radiated �eld with two

white stripes along t = 1.25 [ns℄, and t = 1.75 [ns℄, (f) A ut at t = 1.25 [ns℄

from 6.4(e), (g) A ut at t = 1.25 [ns℄ from 6.4(e), and (h) Total energy obtained

from 6.4(b)

71



6.3. NUMERICAL RESULTS

6.3.2 Steering Radiation

(a)

(b)

Figure 6.5: The time-angular mask onstraints in two dimensions θ and t, (a)
lower mask, (b) upper mask. Where θ ∈ [−90 : 90] [deg℄ and t ∈ [0 : 3] [ns℄
generated from the time mask in �g. 6.2(a) and the angular mask in �g. 6.2(b)

given θ0 = 30 [deg℄

In the seond example, to prove the e�etiveness of CP−based synthesis in the

eq. (6.18), the steering radiation is arried out where the main radiated �eld

onentrated on the θs = 30 [deg℄. The linear array of N = 10 elements is kept

the same in previous example with equal inter-element spaing d = 10 [m℄. The

value d is hosen suh that meet the requirements in the eq. (6.19) to avoid

grating lobes that an appear.

The radiated �eld �t in the angular-time mask presented in �g. 6.5 with spe-

i�ations. For the diretion along time dimension, the optimized TD radiated

�eld has duration time T = 1 [ns℄ where almost the energy lying inside while

the visible range of time is 3 [ns℄, the highest level of the time-angular mask is

normalized to M0 = 1, and the lower upper bound of the time-angular mask is

M1 = 0.7 while the sidelobe level is set to be less than Msl = 0.1. The value t0
along the time diretion is set to 1.5 [ns℄. Regarding to the angular mask, the

beamwidth of the mask BW = 30 [deg℄ from θ ∈ [15, 45] [deg℄, the optimized

TD radiated �eld is expeted less than Msl = 0.1 in sidelobe regions.

For the Hermite waveforms in the beamforming networks, the value of K = 8
is hosen with nine input Hermite waveforms indexed k = 0, ..., 8 for eah antenna
array. In �g. 6.1 Before reahing to antenna array, nine input Hermite waveforms

are weighted at n− th antenna with weights αnk, k = 0, ..., 8. The width saling

fator of the Hermite funtion σ is set to �xed value σ = 0.4T for this example.

In the eq. (6.9), the assumption on the e�etive height hT (θ, t) of single radiator
is the q − th di�erentiation hT (θ, t) = δ(q) (τ) cosp (θ), q = 1, and p = 1 are set

in this example.

The �g. 6.4(a) shows the optimized exitations αn,k , n = 1, .., 10, and
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k = 0, ..., 8, and the �g. 6.4(b) is the optimized TD radiated �eld generated

from the exitations αn.k in �g. 6.4(a).

The optimized results is perfetly ful�lled the time-angular mask pattern

onstraints proposed in �g. 6.5, 2D pattern in �g. 6.6(b) is hard to view.

Therefore, �g. 6.6(d) is the ut at θ = 30 [deg℄ where the white stripe represented
in �g. 6.6(). Indeed, as it an be seen, the solid red line represented for the

radiated �eld at θ = 30 is perfetly �t the upper and lower mask spei�ed in this

example.

Furthermore, in �g. 6.6(f) and �g. 6.6(g) show the TD radiated uts at

t = 1.25 [ns℄ and t = 1.75 [ns℄ where two stripes illustrated in the �g. 6.6(e). As

it is learly that the radiated �elds along two uts ompletely math the angular

masks at t = 1.25 [ns℄ and t = 1.75 [ns℄. Therefore, the CP−based approah is

suessfully synthesizing the radiated �eld lying between the upper angular-time

mask and the lower angular-time mask.

In the last �g. 6.6(h), the energy radiation omputed and shown by average

sum square of the optimized TD radiated �eld along time dimension. The results

show that, all the energy fous at the broadside θ = 0, the highest sidelobes are
around 0.2. Although it is higher than the value Msl = 0.1, it is not our interest
here beause the angular-time mask applied on the TD radiated �eld, not on the

energy radiation and the DoF number of elements here is just N = 10 elements

is quite small. For example, in �g. 6.10, when N = 65 the energy is totally

�t the angular mask while we are not intended to optimized to �t only angular

mask.

(a) (b)

() (d)
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(e) (f)

(g) (h)

Figure 6.6: Broadside monoyle (BW, t)=(30 [deg℄, 1 [ns℄) - Synthesis setup:

d = 10 [m℄, N = 10, K = 4, q = 1, p = 1,θs = 30 - (a) Weights applied on

eah input pulse, (b) TD radiated �eld, () TD radiated �eld with white stripe

along θ = 0 [deg℄, (d) A ut at θ = 30 [deg℄ from 6.6(), TD radiated �eld with

two white stripes along t = 1.25 [ns℄, and t = 1.75 [ns℄, (f) A ut at t = 1.25 [ns℄
from 6.6(e), (g) A ut at t = 1.25 [ns℄ from 6.6(e), and (h) Total energy obtained

from 6.6(b)

6.3.3 Comparison PSO with CP

In this setion, the two synthesis experiments is arried out on the PSO partile

swarm optimization that is the �global� optimization to ompare the e�etiveness

and the e�ieny between CP and PSO optimization when applied to the timed

array synthesis.

6.3.3.1 Broadside Single Monopulse

The �g. 6.7 show the results for the timed array synthesis using PSO optimiza-

tion with the array geometry, the time-angular mask onstraints, and the input

Hermite waveforms exatly the same with on�gurations in the setion 6.3.1. The

�g. 6.7(b) shows that the synthesized TD radiated �eld is �t the time-angular

mask imposing, however, the radiated �eld ut at θ = 0 shows the solid red line

is ut the blue dash-line a little bit, not perfetly math the mask. In addition,

6.7(f) and (g) illustrate the radiated �eld in the solid red not really ful�ll the

mask. Therefore, the CP−based synthesis is more e�etive when applied to the

timed array ompared to the PSO.
Indeed, the exeution of synthesis is done on the personal omputer with 10

GB RAM, and 2.5 GHz CPU, the CP−based proedure takes only less than 5

minutes to produe the optimal weights. However, the PSO optimization takes

more than 24 hours to �nish 500 iterations and returns the results for the linear
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array ofN = 10 elements. Then, of ourses we an on�rmed that the CP−based
is more not only e�ient but also reliable than PSO.

(a) (b)

() (d)

(e) (f)

(g) (h)

Figure 6.7: Broadside monoyle (BW, t)=(30 [deg℄, 1 [ns℄) - Synthesis setup:

d = 10 [m℄, N = 10, K = 4, q = 1, p = 1,θs = 0 - (a) Weights applied on eah

input pulse, (b) TD radiated �eld, () TD radiated �eld with white stripe along

θ = 0 [deg℄, (d) A ut at θ = 0 [deg℄ from 6.7(), TD radiated �eld with two

white stripes along t = 1.25 [ns℄, and t = 1.75 [ns℄, (f) A ut at t = 1.25 [ns℄

from 6.7(e), (g) A ut at t = 1.25 [ns℄ from 6.7(e), and (h) Total energy obtained

from 6.7(b)

6.3.3.2 Steering Monopulse

The �g. 6.8 show the results, inluding weights for eah input Hermite waveforms,

TD radiated �eld, and those ut at θ = 30 [deg℄, t = 1.25 [ns℄, t = 1.75 [ns℄ for

the timed array synthesis using PSO optimization with the array geometry, the

time-angular mask onstraints, and the input Hermite waveforms exatly the
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same with on�gurations in the setion 6.3.2. The �g. 6.8(b) depits that the

synthesized TD radiated �eld is �t the imposing time-angular mask, however,

the radiated �eld ut at θ = 30 shows the solid red line ut the blue solid-line

a large portion, very bad mathing for the mask. In addition, 6.8(f) and (g)

illustrate the radiated �eld in the solid red poorly ful�ll the imposing angular-

time mask. Therefore, the CP−based synthesis in the setion 6.3.2 produes the

results that is more e�etive when applied to the timed array ompared to the

PSO.

In terms of e�ieny, the exeution of synthesis is done on the personal om-

puter with 10 GB RAM, and 2.5 GHz CPU, the CP−based proedure �nishes

the experiment with no more than 5 minutes to produe the optimal weights for

the imposing shaped TD radiated �eld. However, the PSO optimization spends

more than 30 hours to �nish 1000 iterations and produes the results for the

linear array of N = 10 elements, beam-forming network order K = 9, whih are

still not really perfetly �t the onstraints angular-time mask. Then, of ourses

we an on�rmed that the CP−based is more not only e�ient but also reliable

than PSO.

(a) (b)

() (d)

(e) (f)
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(g) (h)

Figure 6.8: Broadside monoyle (BW, t)=(30 [deg℄, 1 [ns℄) - Synthesis setup:

d = 10 [m℄, N = 10, K = 4, q = 1, p = 1,θs = 30 - (a) Weights applied on

eah input pulse, (b) TD radiated �eld, () TD radiated �eld with white stripe

along θ = 0 [deg℄, (d) A ut at θ = 30 [deg℄ from 6.6(), TD radiated �eld with

two white stripes along t = 1.25 [ns℄, and t = 1.75 [ns℄, (f) A ut at t = 1.25 [ns℄
from 6.6(e), (g) A ut at t = 1.25 [ns℄ from 6.6(e), and (h) Total energy obtained

from 6.6(b)

6.3.4 Highly ollimated Monopulse

In this last example, to prove the e�etiveness and the e�ieny of the CP−based
synthesis applied to the TD radiated �eld. The larger of linear array omprised

of N = 65 elements are used. The steering radiation is arried out where the

main radiated �eld onentrated on the θs = 10 [deg℄. The inter-element spaing

d = 5 [m℄. The value d is hosen suh that meet the requirements in the eq.

(6.19).

The angular-time mask pattern onstraints are de�ned as, for the diretion

along time dimension, the optimized TD radiated �eld has duration time T = 1
[ns℄ out of the visible range of time is 3 [ns℄, the highest level of the time-angular

mask is normalized to M0 = 1, and the lower upper bound of the time-angular

mask is M1 = 0.7 while the sidelobe level is set to be less than Msl = 0.1. The
value t0 along the time diretion is �xed to 1.5 [ns℄. Regarding to the angular

mask, the beamwidth of the mask BW = 5 [deg℄ from θ ∈ [7.5, 12.5] [deg℄, the
optimized TD radiated �eld is expeted less than Msl = 0.1 in sidelobe regions.

For the Hermite waveforms in the beamforming networks, the value of K =
4 is hosen with �ve input Hermite waveforms indexed k = 0, ..., 4 for eah

antenna array. In �g. 6.1 before reahing to antenna array, �ve input Hermite

waveforms are weighted at n − th antenna with weights αnk, k = 0, ..., 4. The

Hermite parameter σ is set to �xed value σ = 0.7T for this example. In the

eq. (6.9), the assumption on the e�etive height hT (θ, t) of single radiator is the
q − th di�erentiation hT (θ, t) = δ(q) (τ) cosp (θ), q = 1, and p = 1 are set in this

example.

The �g. 6.9(a) shows the optimized exitations αn,k , n = 1, .., 65, and
k = 0, ..., 4, and the �g. 6.9(b) is the optimized TD radiated �eld generated

from the exitations αn.k in �g. 6.9(a).
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The optimized results is perfetly ful�lled the time-angular mask pattern

onstraints proposed the spei�ations. Indeed, �g. 6.9(d) is the ut at θ = 10
[deg℄ where the white stripe represented in �g. 6.9(). Indeed, as it an be seen,

the solid red line represented for the radiated �eld at θ = 10 is perfetly �t the

upper and lower mask spei�ed in this example.

Moreover, in �g. 6.9(f) and �g. 6.9(g) show the TD radiated uts at t = 1.25
[ns℄ and t = 1.75 [ns℄ where two stripes illustrated in the �g. 6.9(e). It is evident

from the radiated �elds along two uts that they ompletely math the angular

masks at t = 1.25 [ns℄ and t = 1.75 [ns℄. Therefore, the CP−based approah

sueeded in synthesizing the radiated �eld lying between the upper angular-time

mask and the lower angular-time mask.

In the last �g. 6.10(h), the energy radiation alulated and shown by average

sum square of the optimized TD radiated �eld along time dimension. The results

show that, all the energy fous at the steered angle θs = 10, the highest sidelobes
are around 0.0 whih is muh below from the onstraints Msl = 0.1.

(a)

(b) ()

(d) (e)
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(f) (g)

Figure 6.9: Broadside monoyle (BW, t)=(30 [deg℄, 1 [ns℄) - Synthesis setup:

d = 10 [m℄, N = 65, K = 4, q = 1, p = 1,θs = 10 - (a) Weights applied on

eah input pulse, (b) TD radiated �eld, () TD radiated �eld with white stripe

along θ = 0 [deg℄, (d) A ut at θ = 10 [deg℄ from 6.9(), TD radiated �eld with

two white stripes along t = 1.25 [ns℄, and t = 1.75 [ns℄, (f) A ut at t = 1.25 [ns℄
from 6.9(e), (g) A ut at t = 1.25 [ns℄ from 6.9(e).

Figure 6.10: The total energy obtained from 6.9(b)

6.4 Conlusion

In this hapter, the non-onvex form of TD radiated �eld has been onverted

into the onvex form by simplifying the properties of the e�etive length of the

antenna as isotropi soure. In addition, Hermite waveforms are hosen as input

waveforms due to its ompat and ultra-wideband properties for higher order

derivative. A set of examples are arried out to prove the e�etiveness and

e�ieny of the proposed method on synthesis of TD radiated �eld. In addition,

a stohasti optimization namely PSO has been deployed to prove that the

onvex programming is more e�ient and e�etive than PSO in terms of the

omputational time exeution.
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Chapter 7

Conlusions and Final Remarks

In this hapter, the important observations about the proposed methods and

their performanes for various appliations have been onluded. In addition of

onluding remarks, a sope of future researh has been listed.
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In this thesis, the outomes of this thesis are onluded as follows:

• Chapter 2 - the state-of-the-art CP−based synthesis proedures are re-

viewed;

• Chapter 3 - An innovative and e�etive strategy for the optimal synthesis of

linear arrays is proposed, ensuring the maximum possible bandwidth oper-

ation for a imposing �xed SLL power mask. The extremely low SLL values

and high diretivity are obtained thanks to the design of ultra-wideband

arrays. In addition, many numerial experiments are shown. Taking advan-

tages of the super fast exeution times and the optimal ahieved solution,

the ultra-wideband array synthesis an be ast as sequential onvex opti-

mization. The optimal results obtained an be used for many appliations,

suh radar and remote sensing as well as next-generation small satellites

and 5G ommuniations.

• Chapter 4 - An innovative CP method for synthesis of the sum and dif-

ferene pattern used in monopulse radar systems operating at multiple

frequenies with sharing a number of elements at the tail of the array has

been presented and analyzed. The CP -based strategy provided the opti-

mal exitations inluding imposing ommon parts for monopulse patterns.

The strategy allows the monopulse radar systems to operate over a wide

bandwidth and ontrol user-de�ned bounds on sum and di�erene patterns.

The examples provided has shown the optimal solutions and the reliability

of the onvex programming.

• Chapter 5 - The CP−based proedure provided in the hapter are suess-

fully synthesizing the shaped-beam pattern for an linear array with equal

inter-element spaing operating over multiple frequenies by using only one

ommon set of exitations. Two shaped-beam that are �attop and ose

2

are provided to on�rmed the e�etiveness and e�ieny of the proposed

CP−based strategy.

• Chapter 6 - In this hapter the proposed method have provided a �exible

and fully-ontrolled way of shaping the TD radiated �eld. The synthesis

sheme allows to build a beamforming networks that are depending on a

set of signals and related parameters for di�erent imposing masks. The TD
radiated �eld an be onstruted by using di�erent input waveforms other

than Hermite waveforms, then inreasing the DoF for synthesis problems.

The examples in the hapter also show that CP−based synthesis approah

is outperformed the PSO−based and the one mentioned in [104℄ by produ-

ing an optimal weights for eah di�erent input waveform. The CP−based
is really e�ient and reliable for eah example with less than few minutes

to �nish the exeution of the synthesis ompared to the PSO that took

more than 24 hours.
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The future researh an be listed as follows:

• Chapter 3 - The work in this hapter an be extended to planar array for

future work where an array should have elements loated on a plane instead

of linear array.

• Chapter 4 - In the future work, the analysis and the synthesis an extend

to the planar array for the monopulse system where the both azimuth and

elevation plane are onsidered. Therefore the detetion and traking are

more general and pratial. For the linear array, only azimuth plane is

onsidered.

• Chapter 5 - Future work an be done in planar array where more halleng-

ing when the number of elements are inreasing, the number of disretiz-

ing samples for the visible domain also inreasing dramatially. However,

thanks to the CP , this future work is able to arry out. Also, the example

should onsidered the iso-�ux shaped-beam pattern for the synthesis.

• Chapter 6 - Further work is able to extend the geometry of the array to

2D array instead of the linear array onsidered in this thesis. In this hap-

ter, the only weights are the parameters need to be optimized under CP
methodology, however, due to the onvex programming's e�ieny, e�e-

tiveness and reliability properties, one an extend the synthesis of weights

of the known input waveforms to synthesis of the unknowns of input wave-

forms, and that input waveforms are arbitrary and the problem now is try

to synthesize the input waveform as unknowns.
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