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Abstract 

The thesis designed time modulated antenna arrays using optimization techniques. Conventional 

antenna arrays use complex feed network with expensive phase shifters to meet the demand of 

radiation pattern with specific requirements. Time modulation in antenna arrays produces 

asymmetric radiation pattern with low or ultra-low side lobe level without the use of phase 

shifters. Time modulated antenna arrays (TMAAs) provides an additional control parameter 

“time” to achieve the desired amplitude and phase excitation. TMAAs equipped with RF 

switches are turned on/off using predetermined switching sequences. The switching sequence of 

RF switches can easily and accurately be calculated and tuned to produce pattern with desired 

radiation characteristics. Due to ON/OFF switching harmonics or sidebands are generated in 

TMAAs causing power wastage.  

The dissertation studied different optimization techniques to design time modulated antenna 

arrays. It discussed various radiation parameters followed by the mathematical analysis of the 

TMAA. 

The thesis simulated TMAAs of half wave dipoles to obtain desired radiation performances. It 

designed TMAAs using artificial bee colony (ABC) and particle swarm optimization (PSO) and 

obtained broad side radiation pattern with fixed sidelobe level (SLL) and first null beam width 

(FNBW) constraining side band level (SBL). It simulated scanned beam pattern with fixed SLL 

and FNBW using progressive phase shift between array elements. 

The dissertation designed a TMAA where each element of the array was controlled by radio 

frequency (RF) switches and excited with a common complex time exponential signal with unit 

amplitude at the switching frequency resulting in relative amplitude weight and phase difference 

between the elements at the central frequency without phase shifters. The design applied ABC to 

compute the switching intervals and produced cosecant squared and scanned beam patterns at the 

fundamental frequency with reduced side band radiations. 

Owing to the beneficial properties of printed antennas, the thesis discussed TMAA designs 

consisted of printed dipoles for achieving patterns with different radiation characteristics. It 

simulated a printed dipole with microstrip balun in Computer simulation technology (CST). 
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After investigating the parametric optimization of ground plane of printed dipole, the thesis 

designed a single band TMAA and a dual band TMAA of two printed dipoles with different 

ground planes to demonstrate beam steering without using phase shifters. It designed single band 

and wide dual band printed power dividers to feed the TMAAs. The elements of TMAAs, 

coupled with PIN diode RF switches, used a common complex exponential excitation signal and 

modified the timing sequences of RF switches to create phase and amplitude variations. The 

timings of RF switches were controlled by a micro-controller based circuit. The phase difference 

among the antenna elements steered the beam in different directions. In dual band TMAA, SLL 

and SBL at both the resonating frequencies were reduced to increase the dynamic efficiency of 

the array using differential evolution (DE). 

The thesis also designed an 8-element TMAA of printed dipoles to obtain a radiation pattern 

with a specified SLL and SBL for a fixed half power beam width (HPBW). The design used 1:8 

printed power divider to feed the array. Enhanced charged system search (ECSS) optimization 

was used to compute the timing sequence of the array and desired radiation pattern was obtained 

with increase in directivity. 

The optimization programs were written in matlab. The printed TMAA designs were simulated 

in CST and measured using network analyzer and spectrum analyzer and radiation pattern was 

characterized in anechoic chamber. 
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Chapter1 

Introduction 

1.1 Overview 

The rapid advancement in the field of mobile and wireless communication demands growth 

in many technical areas. In modern communication systems antennas are very important 

components.  Antennas are the devices capable of transferring a signal to waves which 

propagate through space and can be received by another antenna. Conventional antenna 

element emits signal in every direction and suffers from low directivity. Antenna arrays are 

widely used in communication systems for producing electronically controlled highly 

directive radiation pattern. The antenna arrays are widely used for conventional beam 

scanning, beam steering, and adaptive beam forming applications by adapting the excitation 

amplitude and phase distribution. The limitations associated with the array antenna to 

produce radiation patterns with diverse stringent designing constraints are cost, size, power 

consumption and high complexity. Time modulation applied to linear antenna array is a 

technique to modify the excitations of the individual array element by periodically 

modulating the switching sequences of the RF switches coupled to each antenna. A variety 

of optimization techniques have been applied to synthesize desired radiation pattern using 

time modulated antenna arrays (TMAA). Printed antenna owing to variety of beneficial 

properties including light weight, low profile, and low cost has become explosively popular 

and widely investigated in recent articles. Design of various beam forming networks using 

printed dipoles are the current research interest for generating patterns with stringent 

radiation requirements.  

1.2 Antenna Array 

A single-element antenna has a broad radiation pattern with low directivity but to fulfill the 

demand of long distance communication antenna pattern must be highly directive. It can be 

accomplished by increasing the electrical size of the antenna. Forming an assembly of 

radiating elements in an electrical and geometrical configuration may increase the size of 

the antenna. Fields from multiple radiating elements add constructively or in phases in the 

desired direction and null in the remaining space. This gives directive patterns and the new 

antenna created by multi-elements is referred as an antenna array [1]. Antenna elements 
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have practical application when used singly but to fulfill some specific demands of 

radiation pattern, antenna arrays are widely used. The antenna array can be used to: 

 boost the overall gain 

 offer diversity reception 

 cancel out interference from a specific set of directions 

 "steer" the array so that it is most responsive in a particular direction 

 find out the direction of arrival of the received signals 

 to increase the Signal to Interference Plus Noise Ratio (SINR) 

The importance and effectiveness of an antenna array lies in its capability to find out or 

modify the received or transmitted power as a function of the arrival angle. The shape of 

the radiation pattern of an array can be controlled by changing  

 the relative physical positioning of the  elements 

 the relative electrical excitation amplitudes 

 the relative electrical excitation phases  

This provides us a freedom to select (or design) a certain desired array pattern from an 

array, without altering its physical dimensions.  Different types of antenna array are: 

 Conventional Antenna Array 

  Switching Antenna Array 

  Time Modulated Antenna Array 

Conventional arrays use the large dynamic range ratio of their amplitude excitations for 

achieving certain patterns with some particular necessities, such as low side lobe level 

(SLL), high directive gain, null placement etc. The excitations are calculated using 

conventional techniques like Dolph-chebyshev and Taylor [2-3]. Higher insertion loss and 

quantization errors are the main limitations of the phase shifters used in phased arrays to 

manage phase excitations of each element. Non-Uniformly placed arrays show excellent 

performance with respect to gain and SLL, but contain many elements to achieve this. With 

larger aperture lengths the complexity of the feed networks rapidly grows. 

Problem of large dynamic range ratio of amplitude excitations of conventional antennas is 

overcome by thinning of periodic arrays to achieve a desired amplitude density across the 

aperture. Antenna elements are excited through a set of radio frequency (RF) switches. 
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Thinning of array means switching off some elements to produce desired pattern which is 

much simpler than the conventional arrays and thereby reduces the complexity of the beam 

forming network. Pattern reconfiguration is achieved by just changing the on-off sequence 

of the RF switches.  

Time Modulated Antenna Arrays consists of simple on-off switching of antenna elements 

in a preset sequence to produce radiation pattern with very low SLL. As compared to 

conventional antenna arrays, a fourth dimension “time” is introduced into the design of 

TMAA, and this time factor used for tapering the amplitude excitation distribution can be 

adjusted very easily and precisely. Although having more flexibility for the design, TMAAs 

produce undesired harmonics spaced at multiples of the time modulation frequency causing 

energy losses. In some applications side bands may not be desirable and needs to be 

suppressed to enhance array efficiency. However, sidebands are not always harmful to the 

TMAA. Harmonic patterns may be exploited to configure simple direction finding system 

with active null scanning capabilities. A simultaneous scan operation can be achieved 

where the beams at different sidebands are used to point at different directions. Such 

strategies allow generating and shaping of harmonic patterns and thereby utilizing the 

sideband radiations (SBR). 

1.3 Printed Antennas 

There has been huge advancement in the field of antenna after the invention of microwave 

components during the World War II which lead to the design of waveguide horn, slot, 

reflector, open ended waveguide and lens antenna [1]. However, those antennas were high 

profile, less reliable, costly, difficult to integrate with transmitter and receiver, large in size. 

The limitations were overcome with the introduction of planar antennas in 1960s. In 1969 

Gallergo [4] proposed printed dipole antenna on high dielectric substrate. Microstrip 

antennas (MPA) got popular in the era of 1970-1980 and used for wide range of 

applications like satellite, mobile communication, aircraft antenna etc. MPAs dominate the 

conventional wire antennas due to various advantages like small size, conformal nature, 

ease of integration as well as fabrication [5]. However MPA suffers from the problem of 

less bandwidth and surface wave excitation [6]. Various method are discussed in literature 

to achieve the wideband with MPA by applying different techniques like slot cut in the 

patch[7-10], multilayer structure [11-12] , aperture coupled feed[13-15] , fractal shaped 

patch[16] , shaped and reduced ground plane [17-19]. In article [17] the V shaped ground 
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printed dipole antenna with microstrip balun is presented. Coupling between the dipole and 

balun is reduced to broaden the impedance bandwidth by extending the ground plane in V 

shape. 

1.4 Objectives of Thesis  

The main objective of the thesis is to synthesize antenna arrays using time modulation and 

different optimization techniques. It provides an overview of various optimization 

algorithms and time modulated antenna array. Dissertation presents TMAAs consisting of 

actual sources like wired and printed dipoles for different applications. The main objectives 

of the thesis are outlined as follows: 

 Synthesis of TMAAs with improved performance by reducing the shift of the radiated 

power in the sidebands and enhancement of the directivity at the centre frequency. 

16-element TMAAs of half wave dipoles are designed to generate broadside and scanned 

beam pattern. The timing sequences controlling the RF switches are optimized using PSO 

and ABC to reduce the SLL and SBL. Also an 8-element printed TMAA consisted of 

printed dipole array, power divider, PIN diode RF switches and CPLD is fabricated and 

tested. To get the desired radiation pattern ECSS optimization technique is used to get 

optimum timing sequences for RF switches. 

 Synthesis of shaped or multiple beams in presence of interference signal 

16-element TMAA of half wave dipoles is designed and simulated to generate cosecant 

squared beam pattern for radar application. Each element of the array is excited with the 

continuous complex exponential signal to achieve relative phase variation between the 

elements. 

 Designing appropriate time sequences to synthesize sideband radiation for some 

specific applications like electronic beam steering, direction of arrival finding, null 

placement etc.  

Two TMAAs of printed dipoles with V and U shapes grounds are fabricated for beam 

steering application. The timing sequence of the TMAA with U shaped ground is optimized 

using DE algorithm to increase the dynamic efficiency of the array. Beam steering is 

realized at both the central frequencies as well as at their sidebands in dual band TMAA. 
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1.5 Analysis Tools 

Time modulated antenna arrays are designed and simulated using EM simulation software 

CST Microwave studio. The thesis also introduces the application of several optimization 

techniques like Particle swarm optimization (PSO), Artificial Bee Colony (ABC) algorithm, 

Differential Evolution (DE) and Enhanced charged system search (ECSS) optimization to 

synthesize the radiation characteristics of the designed TMAAs. The optimization program 

is written in MATLAB 7 and runs on a computer with windows operating system.  The 

hardware of the fabricated TMAA is measured using network analyzer and spectrum 

analyzer in anechoic chamber. 

1.6 Organization of Thesis  

Based on the objectives defined above, the aim of the thesis is synthesis and optimization of 

TMAAs. TMAAs of different sizes are considered for synthesizing problems. Different 

Optimization techniques have been implemented to achieve the desired radiation pattern. 

TMAAs have been designed using various optimization techniques for different 

applications like sideband suppression, beam steering and beam shaping etc. The 

comparison between simulated and fabricated results is presented for different designs of 

TMAAs. The TMAAs consist of printed antennas are also covered in the thesis. The 

contents of each chapter are briefly described as under: 

Chapter1 

The Chapter 1 provides a brief overview of the antenna, different antenna arrays and 

evolution of printed antennas. It comprises of the objectives of the thesis and analysis tools. 

Remainder of the discussion includes the organization of the thesis. This chapter is 

concluded with the publication details.  

Chapter2 

In Chapter 2, study of different optimization techniques have been included. Literature 

survey and algorithms of conventional optimization strategies like particle swarm 

optimization (PSO), differential evolution (DE), artificial bee colony (ABC) and Enhanced 

charged system search (ECSS) algorithms have been included in the chapter. All these 

algorithms will be applied to solve various electromagnetic examples considered in the 

dissertation. 
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Chapter3 

Starting with the basic antenna parameters, the analysis of TMAA has been described in 

detail in chapter 3. It calculates the directivity, sideband power and dynamic efficiency of 

the TMAA. The literature survey covers TMAA of isotropic elements, wired antenna 

elements, printed antenna elements. It studies the effect of different dimensions on antennae 

design and motivates the study of different methods to enhance the bandwidth of printed 

antennas. It also includes the different optimization algorithms used for optimization of 

TMAAs for different applications like SLL reduction, sideband suppression, beam steering, 

beam shaping, direction finding etc. The literature survey of TMAA with different 

geometrical configurations and different time schemes has also been included. 

Chapter 4 

Chapter 4 includes the synthesis of TMAA for beam forming using optimization 

techniques. This chapter elaborates five designing examples to achieve the desired radiation 

characteristics. First example synthesizes broad side radiation pattern with fixed SLL and 

first null beam width (FNBW) while in the second one, by applying progressive phase 

shifts between array elements, the scanned beam pattern is generated with fixed SLL and 

FNBW using ABC optimization approach. A method based on the PSO algorithm is used to 

decrease the SBR losses while SLL is suppressed significantly at the centre frequency in a 

TMAA of wired dipole antennas. A common complex time exponential signal is utilized in 

the next examples to generate shaped and scanned beam patterns at central frequency 

without phase shifters. The designed cosecant squared pattern antenna finds application in 

Radars. 

Chapter 5 

Design and fabrication of TMAAs for achieving patterns with different radiation 

characteristics are presented in this chapter. TMAAs are designed and tested to demonstrate 

the beam steering without phase shifters. At first instance TMAA consisting of two printed 

dipoles with V shaped ground using quarter wavelength microstrip balun is designed at 

2.45 GHz. Further the U-shaped ground structure is proposed to design TMAA with 

improved bandwidth characteristics at 2.45GHz and 5.8GHz. In all the fabricated TMAAs, 

each dipole is connected to the power divider and a RF switch. Three power dividers have 

also been designed and fabricated. A 1:2 power divider is designed for TMAA operating at 

2.45GHz. A wide band power divider ranging from 2.1 GHz to 7GHz is designed to cover 

both the resonating frequencies of TMAA operated at 2.45 GHz and 5.8 GHz. For eight- 
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element TMAA 1:8 power divider is designed at 2.45 GHz operating frequency. The time 

sequences controlling the RF switches connected to the elements of TMAA with U-shaped 

ground are optimized using DE to increase the dynamic efficiency of the array. An eight 

element TMAA of printed dipoles with microstrip balun is designed and reported to get the 

radiation performance with desired SLL and HPBW using ECSS optimization. Comparison 

of measured and simulated results is presented here. 

Chapter 6 

A summary of the research works analysis to achieve all the objectives is presented in 

Chapter 6.  The chapter discusses the contribution and limitations of the current work and 

suggests ideas and directions for future research.  

1.7 Catalogue of Definitions 

The definitions of phrases most frequently used in the literature are enlisted in this section. 

The phrases are used in order to characterize the radiation patterns using different antenna 

arrays. 

Isotropic Antenna 

An isotropic antenna is a hypothetical lossless antenna which radiates and receives equally 

well in all direction. However it is ideal and not physically realizable. 

Antenna Array 

Arrangement of multiple antennas in some geometrical configuration to obtain a given 

radiation pattern 

Linear Array 

A configuration of antenna elements placed along a straight line 

Time Modulated Antenna Array 

A configuration of antenna elements equipped with RF switches to time modulate the 

excitation distribution 

Radiation Pattern 

A graphical representation of distribution of antenna radiation in space 

Half power beam width 

Angle between two directions in which the radiation intensity is one half of the maximum 

value (or 3dB below the maximum on the decibel plot) of the beam 

First null beam width 

Angular width between the first nulls on either side of the main beam 
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Side lobe level 

A radiation lobe in any direction other than the direction of intended radiation 

Directivity 

The ratio of the radiation intensity in a given direction from the antenna to the radiation 

intensity averaged over all the directions.  

1.8 Published work 

Work published during the duration of the doctoral program follows: 

1.8.1 Journal Article 

1. Ruchi, Arnab Nandi and Banani Basu, “Design Of Beam Forming Network For Time 

Modulated Linear Array With Artificial Bees Colony Algorithm”, International Journal of 

Numerical Modelling: Electronic Networks, Devices and Fields, vol. 28, no.5, pp. 508-521, 

2015. 

2. Ruchi Gahley, Banani Basu, “A Time Modulated Printed Dipole Antenna Array for 

Beam Steering Application”, International Journal of Antennas and Propagation, DOI: 

10.1155/2017/3687293, 2017. 

 

1.8.2  Conference Proceeding 

1. Ruchi, Arnab Nandi and Banani Basu, “Synthesis Of Broadside And Scanned Beam 

Pattern With Time Modulated Antenna Array Using Artificial Bees Colony Algorithm”, 

Microwave and RF Conference, 2013 IEEE MTT-S International,  14-16 December 2013, 

DOI: 10.1109/IMaRC.2013.6777745  
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Chapter2 

Study of Optimization Algorithms 

2.1 Introduction 

Optimization process finds the optimum solution from a range of choices which fulfills the 

desired objective. Optimization techniques play a vital role in the field of engineering, 

operational research, information science, management and related areas. Optimization of 

complex real world problems is a challenging task owing to its stringent mathematical 

characteristics. As a result, extensive researches have been conducted over last few decades 

to develop optimization approaches for finding solution of the various engineering and real 

world problems. 

The chapter provides overview of the various optimization algorithms that have been applied to 

electromagnetic problems considered in the dissertation. 

2.2 Review of Optimization Techniques 

Over the last few decades, the use of various optimization techniques is on rise to find the 

solution of different engineering problems with diverse constrains. A numerical 

optimization algorithm based on the annealing process of metallurgy is known as simulated 

annealing [20-24]. Simulated annealing is a metaheuristic approach that prevents 

converging in weak local minima. Annealing permits an uphill move and relaxes the greedy 

criterion. These moves potentially allow a parameter vector to reach out of a local 

minimum. These methods use the concept of improvement in overall exploration by 

learning from the single exploring experiences of a population of agents. Through this way 

Holland [25] pioneered a new idea on evolutionary search algorithm and gave a new 

solution to the nonlinear optimization problem. Encouraged by the natural adaptations of 

the biological species Holland reproduced the Darwinian theory of evolution in the most 

popular and well known algorithm known as Genetic Algorithm (GA). Realization of 

biological crossovers and mutations of chromosomes is used in the algorithm [26] is 

presented by Goldberg and Dejong to improve the quality of the solutions over iterations.  

To solve the non linear optimization issues; Eberhart and Kennedy [27-30] proposed a 

novel optimization approach known as Particle Swarm Optimization (PSO) inspired by the 

cooperative conduct of mass of birds, seeds and boids method of Craig Reynolds and socio-

cognition.  
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In literature [31] with some improvement in the conventional PSO a new algorithm known 

as multi-grouped particle swarm optimization (MGPSO) is proposed for solving 

optimization issues of multi-modal electromagnetic problems to achieve convergence more 

easily as compared to the conventional PSO. Whereas to increase the convergence rate and 

to prevent premature convergence [32] a mixed global optimization approach combining 

PSO with a modified Broyden-Fletcher-Goldfarb-Shanno (BFGS) method is presented for 

optimization of multimodal functions. In article [33] the authors proposed an orthogonal 

learning (OL) technique for PSO which finds much important information. This OL 

technique converges very fastly to global optima with higher solution quality, and more 

robustness.  The general PSO algorithm is not so much suitable for optimization problems 

that are time sensitive and software-based applications like smart beam forming of thinned 

array antennas. So to overcome these problems a new algorithm based on the alterations in 

the velocity computation of PSO algorithm is proposed [34]. 

A novel two-subpopulation particle swarm organization (TSPSO) to get better performance 

in terms of the best possible solution within a realistic number of generations is presented in 

article [35]. The ratio of individual knowledge and group knowledge is different in every 

subpopulation swarm. If the proportion of individual knowledge is greater than the group 

knowledge, the particle swarm searches globally, whereas, if the proportion of group 

knowledge is greater than individual knowledge, the particle swarm searches the local area 

fully. In literature [36] robust particle swarm optimization (RPSO) is proposed and applied 

to mathematical function and a realistic electromagnetic problem.  

Article [37] presented PSO based on Fission Bootstrap Particle Filter algorithm with the 

advantage that it avoids particle degradation caused by premature of the PSO. A new 

optimization algorithm called multi frequency vibration PSO [38] is presented for 

optimization of six standard trial functions and direct shape optimization of an airfoil in 

transonic flow. In literature [39] PSO with multiple adaptive methods (PSO-MAM) was 

proposed, which was verified to be successful for diverse functions with different 

properties.  In a group of social animal, the older leader gives chance to the other members 

to become leader as the older member are no longer capable to handle leadership due to 

age. So in article [40] a new algorithm called Aging leader and challengers-PSO (ALC-

PSO) is proposed which transplanted the aging mechanism to PSO .The algorithm is 

experimentally validated on 17 benchmark functions. In [41] global convergence Kalman 

PSO (GKPSO) algorithm is proposed and verified for various standard problems. This 
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proposed algorithm finds out the best possible point by the PSO algorithm and at each 

iteration kalman correction mechanism is applied to correct the optimum location till 

searched. To improve the performance of existing PSO technique a new PSO algorithm 

facilitated with some new parameters known as neighborhood re-dispatch (NR) technique is 

presented to design an ultra wideband antenna [42].  

 In article [43] particle swarm optimization-expectation maximization (PSO-EM) algorithm 

is proposed to solve the parameter estimation problem. The proposed algorithm is based on 

the normal compositional model (NCM). To prevent premature convergence and produce 

competitive solutions the authors in [44] proposed scatter learning PSO algorithm 

(SLPSOA) specially used for multi-modal issues. The effectiveness of the proposed 

algorithm is verified by testing this algorithm on a set of 16 benchmark functions. After 

comparing with the six different PSO algorithms, the SLPSOA is found more efficient. In 

[45] PSO is applied in space application and implemented to solve multiple dipole 

modeling (MDM) problems in spacecrafts. 

During the same time, Price and Storn [46-47] proposed a new algorithm called differential 

evolution (DE) based on the differential operator which replaced the conventional crossover 

and mutation operators in GA. During the last few years, various differential evolution 

motivated strategies have been introduced to solve optimization problems. Using new base 

vector selection during the mutation process in conventional DE, a new algorithm named as 

multi-guiders non-dominated ranking differential evolution algorithm (MG-NRDE) is 

developed for multi objective electromagnetic optimization problems [48]. 

 Article [49] presents a new improved self-adaptive multi-operators differential evolution 

SAMODE .This new DE algorithm makes use of mixing of various mutation operators and 

is able to converge faster to save the computational time. The proposed algorithm is 

verified by taking a variety of complex real world problems. For global optimization of 

electromagnetic devices the authors proposed another improved DE algorithm by 

implementing a new mutation criterion DE/Ȝ-best/1 which increases the performance of 

global optimization [50]. A bi-objective approach based on the DE algorithm named as 

MOBiDE is used to solve various multi-modal optimization issues [51]. Literature [52] 

proposed a novel hybrid algorithm based on artificial bee colony (ABC) algorithm and 

differential evolution (DE) algorithm called ABC-DE for pattern synthesis in antennas. 

Also for the pattern optimization of the linear aperiodic arrays, a modified differential 
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evolution (DE) based on harmony search algorithm is proposed in [53]. Article [54] 

proposed ranking-based mutation operators for the DE algorithm. The algorithm is 

experimentally verified through the benchmark functions and five real-world problems. 

Literature [55] discussed a multi-population-based adaptive DE with Brownian and 

Quantum individuals (DDEBQ) to solve dynamic optimization problems. Article [56] 

shows the application of DE to resolve port selection problem in multi-beam antenna 

satellite communication system. In [57] authors  proposed an adaptive parameter 

controlling non-dominated ranking differential evolution (A-NRDE) algorithm for multi-

objective optimal design of electromagnetic problems while  in [58] a  newly dynamic 

Taylor Kriging (DTK) is developed and combined with a multi-objective DE algorithm to 

acquire a numerically competent multi-objective optimization approach. The success of the 

proposed DTK and multi-objective optimization approach is demonstrated through 

applications to analytic examples. DE and GA have been successfully implemented for the 

synthesis of linear arrays in articles [59-61]. Firefly Algorithm (FFA) optimization and 

collective Animal Behavior (CAB) are used in the synthesis of linear arrays to obtain hyper 

beam [62-63]. 

A preliminary study of ABC was intended to assess the performance of ABC on the 

commonly used set of numerical standard test functions and to compare it with that of other 

state-of-the-art evolutionary algorithms [64-65]. The ABC algorithm is so successful and 

encouraged researchers to expand the utility of the algorithm in other areas. For example, 

Akay et al. [66] used ABC to solve problems of integer programming while in [67] Ho et 

al. applied an ABC algorithm in an inverse electromagnetic problem. A novel approach 

based on ABC [68] is applied to solve a routing and wavelength assignment problem. 

Literature [69] studied the usage of ABC in electronic circuit design and tested its 

performance on the design of a complementary metal–oxide– semiconductor inverter 

considering transient performance. Akdagli et al. [70] obtained a novel expression for 

resonant length to compute the resonant frequency of C-shaped compact microstrip 

antennas using ABC. Furthermore, ABC is used to obtain simple formulas for calculating 

resonant frequencies of C and H-shaped compact microstrip antennas by Toktas et al. [71]. 

Rao and Pawar presented a new idea for edge enhancement using hybridized smoothening 

filters and introduced a promising technique of obtaining the best hybrid filter using ABC 

[72]. Taspinar et al. [73] proposed a partial transmit sequence (PTS) based on ABC to 

reduce the computational complexity of PTS in the multicarrier code division multiple 
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access systems. Article [74] discussed a method for the synthesis of a scanned and 

broadside linear array antenna based on ABC. 

A meta-heuristic algorithm, named Enhanced charged system Search (ECSS) optimization 

algorithm, is proposed in 2010 by Kaveh and Talatahari [75]. ECSS algorithm is based on 

two principles: Coulombs law from physics and Newtonian law from mechanics.  ECSS 

has been efficiently applied to find configurations of optimum design structures [76] with 

advantages that it neither needs the gradient information nor the continuity of the search 

space. Application of charged system search (CSS) method in many benchmarks and 

engineering functions are presented in [76]. ECSS differs from Charged System Search 

CSS on utilizing the continuous space- time search which increases the speed of 

convergence. 

2.3 Particle Swarm Optimization 

In PSO terminology, each member of the swarm is called “particle” or “agent” and the total 

number of the particles S composing the swarm is termed as “population size”. It is 

observed from the experience that for most of the problems the sufficient size of population 

lies between 24 and 50. The act of particles is same as bees i.e. all the particles in the 

swarm move in search of best solution in D-dimensional search space. During the search 

process they update their velocities according to the already found their own best positions 

and that of their neighboring particles that are in search of better positions. In the D-

dimension search space, every particle of population is taken as a point. The position of 

each particle is represented as ai = (ai1, ai2, .... , aiD) where i = 1, . . . , S. The value of “cost 

function” f, a mathematical function related to the problem determines the performance of 

each particle, depends on the position coordinates f = f (ai ) = f(ai1, ai2, . . . , aiN). The 

minimization of value of cost function indicates improvement in the particle position. The 

determined best previous position (pbest position) is denoted by pi = (pi1, pi2, . . . , piN). The 

change of ai is ∆ai = vi ∆t, where ∆t is the time interval, vi = (vi1, vi2, . . . , viN) is the 

velocity of the i-th particle and vin (n = 1, . . . , N) are the velocity coordinates. The new 

velocity is calculated as follows. Assuming ∆t = 1, the position change becomes ∆ai = vi. 

After a time step the new position of i-th particle is given by Eq. (2.1) 

)1()()1(  tvtata iii         (2.1)                      

nini LtaorUtaIf  )1(      )1(     
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Un and Ln are the upper and lower boundary limitation for each solution ai in their 

respective (n-th) dimension so that Ln ≤ ain ≤ Un (n =1, . . . , N). The difference between 

upper and lower bounds known as “dynamic range” of the n-th dimension is denoted as Rn 

= Un − Ln. 

There are two types of neighborhoods studied in Particle swarms, namely “Gbest” and 

“Lbest”. In the Gbest type of neighborhood, the best position searched by any particle is 

called “Gbest position” and each particle attracts towards this “Gbest position” represented 

as G= (G1, G2, . . . , GN) and corresponds to the minimum value of cost function found by 

the swarm so far  fmin = f(G) =f(G1, G2, . . , GN ). Every particle does the comparison of 

performance with that of other particles of the population and tries to be very best. In the 

Lbest neighborhood, each (i-th) particle is attracted towards the best position searched by 

its Ji neighbors. This position is called as “Lbest position” represented as Li = (Li1, Li2, . . . , 

LiN) and corresponds to the minimum value  of cost function found so far by the Ji  

neighbors of the i-th particle fmin,i = f(Li ) = f(Li1, li2, . . . , liN).Converging on optimum 

solution is more rapid in case of Gbest neighborhood but it suffers from the convergence of 

local optima. 

As discussed above, each particle in the swarm gets affected by its own conduct and by the 

acts of their neighbors. 

As per the Gbest neighborhood model , the velocity of the i-th particle after a time step  is 

given by 

   ))()((*)(*)(*)(*)(*)1( 21 tatGtrandctatptrandctvtv iiiii       (2.3) 

According to the Lbest model, the velocity of the i-th particle after a time step is given by 

 
   ))()((*)(*)(*)(*)(*)1( 21 tatLtrandctatptrandctvtv iiiiii          (2.4) 

)))(,max(,()1( minmax tVVVMintV i

dd

i                     (2.5) 

Here ω is the called “inertia weight”, c1 and c2 are positive acceleration coefficients called 

respectively “cognitive coefficient” and “social coefficient”, and rand (t) generates random 

numbers between 0 and 1. The value of the inertia weight ω usually set between 0 and 1 

controls the influence of previous velocity on the current velocity. The ω with bigger value 

enables global exploration whereas a smaller value of ω makes it for local exploration. 



15 

 

Thus the number of iterations to find the optimum depends on the right choice of ω. It is 

easy to understand that the changes in the velocity are stochastic and an unwanted 

consequence is that the particle’s trajectory can spread out into wider and wider cycles 

through the problem space, finally approaching infinity. Eq. (2.5) has been introduced to 

clamp the velocity along each dimension to ),( minmax

dd
VV  if they attempt to cross the desired 

area of concern. These clipping techniques are sometimes required to prevent particles from 

explosion. The selection of a value for d
Vmax

depends on the problem. For example, the 

particle will be trapped if a step bigger than d
Vmax

 is required to escape a local optimum. 

However, in approaching an optimum it is better to take smaller steps. In our problem the 

maximum velocity is set to half the upper limit of the dynamic range of the search ( d
Vmax

= 

0.5 d
X max

) and the minimum velocity is set to – 0.5 d
X max

.  

Using the theory described above, the steps involved with standard PSO (Lbest model) are 

as follows. 

Initialization 

Step-1: Three counters are initialized. Counter t is initialized for time steps, counter 

D is initialized for dimensions, and counter i  is initialized to count the 

particles. 

Step-2:   random numbers are set. 

Step-3:  values of D, S, Ji , ω, c1,c2, tmax (total number of iterations) and the values of 

Ln, Un, Vmax,,d for d = 1, . . . , D are set. 

Step-4:  the particle positions ai (i =1, . . . , S) within the search space are randomly 

initialized, so that Ln ≤ain ≤ Un (n = 1, . . . , N). 

Step-5: within the specified bound, the particle velocities vi for i =1, . . . , S  are 

initialized. 

 Step-6:  value of cost function f(ai)  for  i = 1, . . . , S. is evaluated. 

Step-7:  Set pi = ai and   f(pi) = f(ai) for i = 1, . . . , S (the first position of each 

particle is considered as pbest position). 

Step-8:  Find fmin among   f(pi) (i = 1, . . . , S). The position that corresponds to fmin is 

the Gbest position, so that fmin = f(G). 
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Optimization 

Step-1:  Find randomly Ji   neighbors of each i-th particle. 

Step-2:  Find the particle that gives the minimum cost value fmin,i among the Ji  

neighbors of each (i-th) particle. The position of this particle is the Lbest 

position Li in the neighborhood of the i-th particle, so that fmin,i = f(Li). 

Step-3:  according to above expression, particle velocities vi (i = 1, . . . , S) are 

updated. 

Step-4:  particle positions ai (i = 1, . . . , S) are updated and are checked whether it is 

within the specified range or not.  

Step-5:   cost value f(xi ) (i = 1, . . . , S) for all the particles is calculated. 

Step-6:  For each (i-th) particle, if f(ai ) < f(pi ) (i =1, . . . S) then pi = ai  (the new 

position becomes pbest position of the i-th particle). 

Step-7:  For each (i-th) particle, if f(pi ) < f(g) (i =1, . . . , S) then G = pi (the pbest 

position with the minimum cost value in the swarm becomes Gbest 

position). 

Step-8:   the counter t is incremented by 1. 

Step-9:  If t < tmax and f(G) was improved then go to Step-2. If t < tmax and f(G) was 

not improved then go to Step-1 of initialization part . 

2.4 Differential Evolution 

DE algorithm consists of following basic steps- Initialization, mutation, crossover, selection 

and termination. 

1. Initialization of Population:  DE searches for a global optimum within a continuous 

search space of dimension D. Generate K D–dimensional population of target vectors 

for each generation G. 

 

 D

GiGiGiGiGi aaaaA ,

3

,

2

,

1

,, ,,,, 



            

Where i=1,2,3,…….K      (2.6) 

Target vectors with better results may be found in a definite region of search space with 

maximum and minimum bounds in each dimension as 

 D
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1

maxmax ,,, 
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1
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

     (2.7) 
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The j
th

 component of the i
th 

vector is initialized as 

 Djaarandaa
jjj

i

jj

i ..,.........3,2,1),).(1,0( minmaxmin0, 
    (2.8) 

Where )1,0(j

irand  is a uniformly distributed random number lying between 0 and 1. 

2. Mutation: After initialization, s a donor vector 
GiM ,


corresponding to best population 

member
GbestA ,


in the current generation is created through mutation.  






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      (2.9) 

The indices i
r1

 and  i
r2

  are mutually exclusive integers randomly chosen from the range 

(1,2,…..K).. The F is called scaling factor which will be tuned by the value of fitness 

function generated by each vector.  
GbestA ,



 
is the best individual vector with minimum 

fitness value in the population at generation G. 

3. Crossover: In crossover operation the donor vector mixes its components with the target 

vector
GiA ,


 to obtain the trial vector of the same index denoted as 

 D

GiGiGiGiGi ttttT ,

3

,

2

,

1

,, ,,,, 


 .The trial vector created is: 

 

                                 

     

   (2.10) 

where CR is the crossover rate in the range (0,1) and jrand  [1,2,……,D ]is a randomly 

chosen index which differentiate trial vector 
GiT ,


from its corresponding target vector

GiA ,


. 

4. Selection: Selection is introduced to find out which of the target or trial vectors survives 

to the next generation. If the fitness value of the trial vector is equal to or less than that of 

the corresponding target vector then the trial vector is selected for next generation 

otherwise the target vector is selected for next generation. 

5. Termination: If termination condition is not satisfied go to mutation Step, otherwise 

terminate. 
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2.5 Artificial Bee Colony Optimization 

Karaboga et al. developed ABC to be a stochastic class of optimization algorithm that is 

successfully used to resolve various real-world problems.  

ABC is basically aimed at producing computational intelligence by exploiting the natural 

behavior of real honey bees in food foraging. 

Following are the control parameters in the ABC:  

1. Number of food sources which is equal to the number of employed or onlooker bees 

(SN)  

2. Limit. Limit is a predetermined number of cycles. If a position cannot be improved 

further, the food source is assumed to be abandoned.  

3. Maximum cycle number (MCN)  

STEP1. Initialize SN number of possible solutions randomly, where each solution is a D 

(dimensions of optimization parameters) dimensional vector 

))(1,0(
minmaxmin xxx
jjjj

i randx         (2.11) 

Where x
j

min
  and x

j

max
 are the lower and upper bound of the parameter j.  

STEP2.  Evaluate the population. 

Probability value pi   associated with the source is calculated using the expression 





SN

n

n

i

i
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          (2.12) 

Fit is the fitness value associated with every solution, which is determined using 
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Where Ji  is the cost value of the corresponding cost function. The solution with minimum 

cost has greater probability value. 

STEP3.  Produce new solutions in the neighborhood of the older one using 

  vij = xij+φij (xij-xkj)         (2.14) 

Where k {1, 2,..., SN}, j {1, 2,...,D} and k ≠ i , φij is a random number between -1 to 1. 
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STEP4. Compute the fitness values related with that solution.  

STEP5.  Apply the greedy selection process between old and candidate one.  

STEP6.  Find out the abandoned solution for the scout and replace it with a new randomly 

produced solution using the same 

))(1,0( minmaxmin

jjjj

i xxrandxx        (2.15) 

 Where j
xmin   and j

xmax
 are the lower and upper bound of the parameter j. 

STEP7.  Memorize the best solution obtained so far. 

STEP8.  Repeat the process until cycle=MCN 

2.6 Enhanced Charged System Search Algorithm 

In ECSS terminology every agent is called a Charge Particle (CP). The amount of charge 

on each CP depends on its fitness value. The effect of electric field of CPs on other CPs is 

based on their fitness value and their separation. The amount of resultant force on each CP 

is determined by coulombs law while the quality of movement of each CP due to applied 

force is determined by Newtonian law. A storage device called as charged memory (CM) is 

used to save the best CP vectors with their related fitness values. Following the continuous 

space-time search, the new positions of each CP are used to find the movement of other 

CPs before an iteration is completed. 

In ECSS each solution candidate
 
containing a number of decision variables  

jii cC ,


is 

considered as a CP. The main steps of the algorithm are: 

Level1. Initialization 

(a) Initialize the array of the N number of CPs with random positions and their 

associative velocities. The magnitude of charge on i-th CP depends on  its fitness value and 

described in Eq. (2.16) 

worstbest

worsti

i
fitfit

fitfit
q




  for  i =1,2,……N      (2.16) 

 

ifit
 
is fitness value of the i-th CP ; bestfit  and  worstfit  are the best and worst  fitness values 

found  so far for all the CPs. The separation distance between the two CPs is- 
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iC  
and jC  are positions of i-th and j-th CP respectively ; bestC  is Position of the best CP 

found so far ; is small positive number to avoid singularities. 

 

(b) The initial positions of CPs are determined randomly in the search space as 

).( min,max,min,

)0(

, iiiji ccrandcc    for  i=1,2,……..n            (2.18) 

)0(

, jic   determines initial value of the i-th variable for the j-th CP ; ci,min and ci,max are the 

minimum and maximum allowable values for the i-th variable; n is the number of variables. 

 

(c)   Initial velocity of CPs are  
njiv ji ,..2,1,00

,         

(d) 
   

Generate the CM to save the CPs with best Fitness. 

Level 2. Search 

(a) Each CP acts as a source of the field. A CP can attract another CP if its fitness value 

is better than the other CP. The probability of moving each CP towards the other CP is  
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Considering each CP as a charged sphere of radius ‘a’ having uniform volume charge 

density the resultant force acting on a CP is calculated using coulombs law as 
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New position and new velocity of each CP is determined using Newtonian law utilizing 

recent location of the previous CPs as- 
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randj1 and randj,2 are two random numbers uniformly distributed in the range (0,1) ;mj is 

mass of the j-th CP and equals to qj; t is time step;
 ak  and vk  are  acceleration coefficient 

and  velocity coefficient to control the influence of recent velocity defined as- 

ka=0.5(1+iter/iter(max)) ; kv=0.5(1-iter/ iter(max)) where iter and iter(max) are the actual 

and maximum  number of iterations.  

The new fitness value is calculated using new position and velocity of each CP. 

Level3.Source Updating 

CM is updated by including better CP vectors and excluding the worst CP vectors. 

Level4.Terminating Criterion Control 

Steps in level 2 and level 3 are repeated until a terminating criterion is satisfied. 

2.7 Conclusion 

The conventional optimization strategies like particle swarm optimization (PSO), 

differential evolution (DE), artificial bee colony (ABC) and Enhanced charged system 

search (ECSS) are described in this chapter. All these algorithms will be applied to solve 

various electromagnetic examples considered in the thesis.  
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Chapter-3 

Study of Time Modulated Antenna Arrays  

3.1 Introduction  

Modern wireless communication systems demand antenna array with improved radiation 

characteristics. It is a challenging task to calculate the large dynamic ranges of amplitude 

excitations and the phase differences between each element of array to meet the radiation 

requirement. By applying a suitable optimization algorithm the amplitude and phase 

excitations for achieving a particular radiation pattern of predefined specifications can be 

achieved. In conventional arrays a complicated electronic circuit is required to achieve the 

amplitude excitations of large dynamic range ratio and these excitations are influenced by 

systematic and random errors. Moreover the phase shifters used in the conventional arrays 

have the limitations of cost, size, power consumption and high complexity. Thus hardware 

of the conventional arrays is costly and complex to implement the amplitude excitations 

distribution in practice. To overcome the problem of hardware complexity of conventional 

arrays the concept of time modulation in antenna array is introduced to produce pattern 

with low or ultra low side lobe level.  

This chapter presents the overview of the various researches done in the field of TMAA 

followed by the mathematical analysis of the TMAA in detail. 

3.2 Review of Time Modulated Antenna Arrays 

A lot of work is presented by the various authors for synthesizing the time modulated 

antenna arrays. In this context many optimization techniques are also adopted by the 

various researchers 

Shanks and bickmore in late 1950s proposed the concept of time modulation in antenna 

array to produce pattern with low or ultra low side lobe level [77]. Kummer et al. applied 

time modulation concept in antenna arrays and realized a radiation pattern with ultralow 

SLL in an 8-element linear array of slotted waveguides [78]. In article [79] the sideband 

level in 32-element TMAA is appreciably reduced by computing amplitude excitations and 

the switching time sequence of individual array element using DE. The achieved SLL is ≤ -

50 dB at centre frequency, and the maximum SBL is approximately -32 dB.  

Yang et al. implemented the time modulation concept in planar antenna arrays in square 

and circular geometrical configuration to obtain radiation pattern with extremely low SLL 
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[80]. The article applies combination of Tseng-Cheng approach and discrete Taylor 

distribution in TMAA for obtaining low SLL radiation pattern with reduction in SBR while 

reducing the dynamic range ratio with DE algorithm. Yang in the same year [81] presented 

a strategy for synthesizing the radiation performance of linear antenna arrays with two 

types of bi-directional phase centre motion (BPCM). In 2007, Tenant et al. [82] presented 

the direction finding application of TMAA. In this work the time modulation technique is 

applied to the signal received by the each element of the array to obtain a phase modulated 

output signal. The modulation index of the output signal is dependent on the angle of 

received signal direction. The angular response at the first sideband of the switching 

frequency exhibits a null at broadside and the beam is scanned in different angle. Therefore 

electronic null steering is obtained without the use of phase shifters.  

In 2008 Yang presented another time scheme Variable aperture Size (VAS) time scheme 

[83] to simulate TM printed dipole linear arrays at central frequency and sideband 

frequency. Some of the applications require suppression of sideband radiations to increase 

the effectiveness of the antenna array. Power wasted due to SBR is examined carefully in 

article [84]. A dynamic efficiency coefficient is also proposed in this work which can be 

used as an optimization function for the optimization of TMAA. Yang proposed Finite 

Difference Time domain (FDTD) method of simulation of TMAAs and analyzed TMAAs 

using this method with two switching schemes namely, the variable aperture sizes (VAS) 

and C-scheme BPCM [85]. 

TMLAs with VAS timing scheme are applied into airborne pulse Doppler (PD) radar to 

reduce average power losses using DE. The observations show that unlike the conventional 

arrays the waveform of the transmitted and received signal by proposed TMLA is no longer 

a rectangular pulse train. Also the average transmitted power loss is less than 3 dB at SLL 

equals to-40 dB [86]. 

In the same year Li et al. proposed an electronic beam steering technique without using 

phase shifters based on BPSK modulated signals arriving from different directions [87]. DE 

algorithm has been used to boost up the gain and reduce the SLLs at both the centre 

frequency and the first harmonic simultaneously. The author proposed another additional 

control “switch –on instants” in synthesis of the time-modulated linear arrays [88]. Shaped 

beam patterns are desired in many applications like in radars and wireless communications. 

Li and Yang presented flat-top beam and cosecant-squared beam patterns in TMAA with 
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semicircular boundary using DE [89]. In the same year the author [90] used PSO to 

minimize the power losses associated to the SBR while synthesizing a fixed SLL pattern at 

the carrier frequency. Basu and Mahanti proposed a TMLA for beam reconfiguration with 

modified PSO to generate two different beam pairs, one pencil-pencil beam pair and 

another pencil-flat-top beam pair in the horizontal plane having a prefixed SLL [91].  For 

achieving a comparative evaluation various metaheuristic approaches like DE, gravitational 

search algorithm (GSA) and ABC are also employed.  

The various optimization algorithms presented above by various authors are applied for the 

single objective. In article [92] the author proposes a new optimization strategy named as 

Multi-Objective (MO) MOEA/D-DE (Decomposition based MOEA with Differential 

Evolution operator) for designing TMLAs with ultra low maximum SLL, maximum SBL 

and FNBW. It is concluded that MO approach is more flexible as compared to single-

objective techniques. Another multi-objective problem is presented in [93] where 

optimization used is adaptive that is to manage beam steering as well as SLL at the first 

sideband. For multi-objective designing problem Basu and Mahanti proposed two 

optimization techniques, namely Fire fly algorithm (FFA) and ABC for broad side arrays 

and steerable linear arrays. The work was aimed to achieve radiation pattern with minimum 

SLL for particular HPBW and FNBW [94]. Proposed optimization technique is applied to 

six sets of antenna configurations to verify the usefulness of the proposed algorithms in the 

field of antenna and it is seen that the angular widths of the main beams are inversely 

related to the length of the array and for a given length array, HPBW and FNBW both 

increase as the SLL decreases. So there is always a tradeoff between these conflicting 

design specifications. It is also seen that the performance of FFA is better than ABC in 

terms of convergence and cost minimization. 

 In 2011 a lot of work is done to minimize sideband radiations. Dependency of SBR on the 

shifting of time pulses is fully exploited using PSO [95]. Both SLL reduction and SR 

minimization issues have been addressed. It is concluded that the pulse-shift methodology 

works effectively. In [96] sidebands levels and power losses in harmonics is reduced by 

tapering the array using power divider and  the development of efficient TMAAs demands 

appropriate power dividers [97-98]. 

However, sidebands are not always harmful to the TMAA. Harmonic patterns may be 

utilized to construct a direction finding system. In [99] multi beams are achieved by means 
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of harmonics using PSO and synthesis of broadside sum and difference patterns, flat-top 

and narrow beam patterns, and steered multi-beams have been done. The multiple beams 

can be used in multiband applications to handle different communications from different 

directions. The designed shaped patterns can be used in adaptive systems to sustain 

trustworthy wireless links in the presence of jammers or interference signals or to properly 

tackle different needs of service. The total power radiated in sidebands is examined in 

literature [100] and it is observed that the total sideband power depends on pulse durations 

and pulse positions. 

Another practical approach of reducing SLL and SBR in TMLA is proposed in [101]. In the 

proposed technique the time modulation period is divided into many time steps with uneven 

lengths.  DE algorithm is applied to compute the switch-on/off times of each time steps of 

16 elements linear array of printed dipoles to achieve the designing goals. Each element is 

coupled to a high speed single pole single throw (SPST) RF switch and the switches are 

controlled by CPLD. But the TMLA based on SPST usually have lesser gain due to SBR 

and power absorption of the off-state SPST switches. So to improve the gain with stable 

directivity ZHU et. Al presented a novel topology of TMLA using single pole double throw 

(SPDT) switches [102] and it is observed that, the proposed TMLA has improved gain and 

a more stable instantaneous directivity with fewer switches.  In article [103] author 

presented RF characterization of Microwave devices 

The radiation performance of TMLA has been reconfigured by changing the pulse timing 

sequence of RF switches used to modify the static excitations of the element of arrays 

[104]. A two-channel 16-element TMLA configured for use in an adaptive beam forming 

system is presented by Tong and Tennant [105]. Adaptive beam forming is achieved by 

TMLA consisting of switching network of multi-throw switches to provide several 

independent array output channels. In another work Tong and Tennant proposed another 

technique to suppress the sidebands without using any optimization algorithm. The 

technique uses fixed bandwidth of the array elements as band pass filters to minimize the 

out-of-band sidebands [106].  

Sometimes the received signal cannot be retrieved so correctly due to the variation in the 

gain of antenna. The desired radiation pattern is obtained at impinging signal frequency by 

optimizing the switching sequence used to obtain the main beam with stable instantaneous 

directivity [107]. The proposed work overcomes the problem of spreading desired signal 
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power into the sidebands generated as a consequence of time modulation. In literature [108] 

Contiguous partition method (CPM) is used to optimize the mono pulse antennas used in 

TMLA to generate the patterns required to approximate the target position and movement. 

Independent sets of static excitations have been applied to produce the sum beam.  Array 

elements are grouped into sub-arrays that are time modulated using RF switches to get the 

difference beams have.  

A new DE optimization algorithm, sub populated differential evolution (sub DE), is used 

with time modulation technique in circular antenna array for null synthesis. This new 

approach is compared with DE on embedded microprocessor in terms of power, time 

consumption and memory requirement. It is observed that sub DE can converge to better 

solutions more speedily than conventional DE and also it can capably work on a Raspberry 

Pi (RP) embedded system having restricted resources [109].  

Further for synthesis of TMAA Yang et al. proposed a new hybrid optimization algorithm 

ABC-DE. This novel ABC-DE algorithm overcomes the limitation of easily falling into the 

local most favorable solution and possesses a better convergence rate. The author verified 

the effectiveness of the proposed ABC-DE optimization algorithm by designing TMAs with 

different arrays structures to realize low equal-ripple SLL pattern, deep null level pattern, 

multiple-beams patterns and satellite footprint pattern [110]. 

DIRECTION finding systems are widely used in wireless communication, sensor network 

and military applications. The authors proposed a simple and low cost S-band direction 

finding TMAA using discrete fourier transform technique [111]. It has been proven [112-

113] that at the central frequency, the power content of the beam obtained in a TMAA does 

not depend upon the shapes of the pulses; rather it is related to the area of the timing pulses 

[84]. So pulse shaping has been used as an additional degree of choice in TMAAs design. 

Trapezoidal and time-domain raised cosine (TDRC) pulses shapes of the modulating 

waveform have been used to check the radiation performance of the TMAA.  The pulse 

shaping technique makes the use of TMAAs in various applications within communications 

and radar [114]. 

Masotti et al. presented a technique to simulate electromagnetic problems using full-wave 

description of the linear radiating sub-network, on the circuit-level description of the 

nonlinearities, and of their combination [115]. A lot of new pioneering work in the field of 

TMAA is done by the various authors in the year 2014.  In [116] the TMAA is used to 
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implement sidelobe blanking (SLB). Typical SLB techniques use two beams but this 

technique permits SLB uses a single beam former which is simpler, less complex and less 

costly than conventional methods. Authors presented and simulated an optimized TMAA of 

32 elements to verify the proposed technique. 

EUZIÈRE et al. presented the use of sparse time-modulated arrays (STMAs) in radar 

applications in article [117]. STMA is proposed using improved version of Schelkunoff 

Multi Diagrams (SMD) and Genetic Algorithm (GA) optimization. SMD does not depend 

on a switching method, but on a continuous weighting of the array elements and permits 

modification of the coefficients along the length of array.  Many examples are presented by 

the authors  which  shows the application  of STMA in  radars to achieve  low SLL, 

constant main lobe  or interference rejection  with a 1-bit coding of the element weighting 

coefficients. 

The total power radiated in harmonics in TMAAs and time-modulated volumetric arrays 

was studied in [118-119]. A closed form equation is presented and the total SBR 

formulation is extended to conformal arrays. An example of tetrahedron array is presented 

to verify the proposed equation. A general representation is also presented to calculate 

sideband power.  

In article [118] an inequality is derived based on DE to suppress all SBLs at the same time 

to a SBL bound while a failure correction approach is presented in [119] for retaining the 

original pattern features at the time of failure at the array elements characterized by short 

on-times. TMAAs for beam forming, null synthesis, direction finding are presented in 

articles [120-125] TMAA also finds application in cognitive radio [121] and for secure 

communication [125]. 

3.3 Antenna Theory 

Half -wavelength dipole antenna is the most widely used antenna owing to its simplicity, 

high gain and reasonable length [1]. A dipole antenna consists of a conductive wire rod 

split in the middle, and the two sections are separated by an insulator. RF signal is applied 

to dipole at the center, between the two conductors to obtain a sinusoidal current 

distribution with its maxima at the middle. A simple half-wavelength wired dipole fed at 

the center is shown with its current distribution in figure 3.1. 
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The fields from the half-wave dipole antenna are given by [1]: 
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Where   is the intrinsic impedance of the medium, k =2π/Ȝ is wave number where Ȝ is the 

wavelength.  

 
Figure 3.1 Half –wavelength dipole with current distribution 

 
 

The average power density of the half-wave dipole is given by: 
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The radiation intensity of half-wave dipole is given as: 
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Total power radiated by the dipole is given as: 
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The maximum directivity of half wave dipole is: 
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The radiation pattern of half-wave dipole with unity excitation is shown in figure.3.2. As 

shown in figure 3.2 the radiation pattern of a single element is relatively wide with low 

value of directivity.  Antenna elements have practical application when used singly but they 

are widely used as array to fulfill some specific demands of radiation pattern. The relative 

physical positioning of the elements and their relative electrical excitations are two 

parameters that can be used to exercise control over the shape of the radiation pattern of an 

array. 

 

Figure 3.2 Radiation pattern of half wave dipole  

 

To differentiate the radiation of a single dipole with that of an array, an N-element linear 

array of equally spaced parallel dipoles with element spacing d as shown in figure3.3 is 

considered. All the elements have identical amplitudes In with a progressive phase shift of β 

between the elements.  

The corresponding field pattern of the array is given by – 
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Where k=2 π/λ is the wave number and θ is the angle measured from axis of the array. 

For very small values of β, the Eq. (3.6) reduces to Eq. (3.7) considering unity excitation 
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Figure 3.3 Array of N-element half wave dipoles 

  

The radiation intensity of the array is- 
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For broadside array, Umax=1 at θ=90°. The average intensity Uo is defined as- 
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The directivity of the array of N elements is given by- 
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If the number of elements are eight then the directivity of the array for the element spacing 

d=λ/2 according to Eq. (3.10) becomes very large as compared to the directivity of the 

single dipole. The radiation pattern of a uniformly excited array is shown in figure 3.4. The 

different lobes of a radiation pattern are shown in figure 3.5. 

 

Figure 3.4 Radiation pattern of the 8-element uniformly excited array   

 

Figure 3.5 Radiation pattern with different lobes 
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Due to the rapid development of the modern wireless technology, demand of high 

performance antenna arrays with stringent requirements, such as broadband, higher 

directivity, low or ultra-low SLL, etc. has been increasing day by day.

 
The pattern with desired performance can be obtained by modifying the excitation and 

inter-element separation of the elements of the array .The conventional arrays using phase 

shifters are used to get the required excitation distribution but it is very complex to realize 

in practice.  Moreover the obtained pattern has fixed performance characteristics. To 

change the radiation pattern of the array dynamically, switching ON-OFF the array 

elements is a good option providing  control on amplitude excitation but it is less efficient 

as compared to excitation modification. 

The introduction of an additional parameter “time” into the conventional antenna arrays 

makes it possible to exercise more control on the radiation performance of the array with 

simple feed network and the array is known as time modulated antenna arrays. 

3.4 Analysis of Time Modulated Antenna Array 

Let us consider an N-element linear array of equally spaced parallel dipoles with element 

spacing d as shown in figure 3.6. The corresponding array factor is given by  
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Where f0 is the central frequency, 



cos
2

0

dk  , λ0 is the corresponding wavelength, θ is 

the angle measured from the axis of the array. Each element of TMAA is fed by a common 

excitation signal from the power divider through RF switches. The ON-OFF sequences of 

RF all the RF switches are controlled using a CPLD. The structure of TMAA with feed 

network is shown in figure 3.7. 

The time modulated excitation for n-th element is given by 

1,....1,0     )()(  NntSEtI nnn         (3.12) 

En is the static excitation of n-th element, the time switching function Sn(t) for n-th element 

(shown in figure 3.8) is given by 
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Where ton is the switch on time instance and τn is the duration of switch on time of n-th 

element. Due to the periodicity of Sn(t), the space and frequency response of Eq.(3.11) can 

be obtained by decomposing it into Fourier series given in Eq.(3.14) shown in figure 3.9.  

 

Figure 3.6 Geometry of equally spaced N-element linear array 

 

Figure 3.7 TMAA with feed network 
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Figure 3.8 Time switching function 

 

Figure 3.9 Frequency response after time modulation 

It is seen from the frequency bands that signal is not only radiated at the fundamental 

frequency but also at the harmonics of modulating frequency m*fp=m/Tp (m=0,

 ,.....,2,1 ), where Tp is the total time modulation period.  
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The complex amplitude coefficients centre frequency f0 (m=0), at first sideband frequency 

fo+fp (m=1) and the second sideband frequency fo+2fp (m=2) are given as follows: 

npnn fE  0                         (3.16)  
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The array factor in Eq. (3.14) can be re-written in frequency domain as- 
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At centre frequency and first two sidebands the Eq. (3.19) become as-  
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The Esq. (3.16), (3.17) and (3.18) show the expressions for complex amplitudes at centre 

frequency as well as at sidebands and these can be used to synthesize the desired radiation 

pattern. 

The directivity of the array is given as- 

D=Radiation Intensity in Direction (θ0, ϕ0) / Average Radiation intensity 

The directivity of the TMAA becomes- 
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The power radiated by the TMAA at the centre frequency is given by the following 

equation- 
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The power radiated by the TMAA at the sideband frequency is given by the following 

equation 
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Dynamic efficiency ( d ) of the array is defined as- 
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(3.26) 

 

d = P0 / (P0+ PSR)         (3.27) 

 

Thus, the dynamic efficiency of the TMAA is as - 

 

3.5 Conclusion 

The chapter discusses the analysis of TMAA to provide a more flexible and accurate way of 

obtaining the desired beam patterns with low or ultra-low sidelobe level. It calculates the 

switch ON-time duration of each antenna element for obtaining the desired current 

excitation distribution like conventional antenna array. Since we are using On-OFF 

switching the system excites sideband power radiation causing sideband power losses. The 

chapter efficiently calculates the directivity, sideband power losses and dynamic efficiency 

of the array. In the following chapters we will apply the optimization techniques to obtain 

the desired radiation pattern minimizing the sideband radiations. 
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Chapter - 4 

Beam-Forming with Sideband Suppression using Time 

Modulated Antenna Arrays 

4.1 Introduction 

TMAAs are widely used in military and commercial applications including radar systems 

and wireless communication for convenient beam scanning, beam shaping and adaptive 

beam forming. As compared to conventional antenna arrays, TMAAs controlled by on-off 

timings of RF switches are used to taper the excitation distribution of array elements but 

suffer from high sideband radiation losses at multiples of the modulation frequency. The 

sideband signals need to be suppressed to improve the efficiency of the array. The chapter 

focuses on beam formation with and without using phase shifters in TMAA. 

 4.2 Review 

The TMAA faces an inherent challenge because of the radiation at unwanted harmonics at 

multiples of the switching frequency [77] [84] [90]. Different stochastic optimization 

algorithms are proposed to suppress the sideband radiation while synthesizing desired 

patterns is reported in [79] [90] [92] [101]. Existing literatures present various innovative 

approaches for synthesis of TMAA using Artificial bee colony algorithm (ABC) [94], 

particle swarm optimization (PSO)  [90], multi-objective optimization approach [92] and 

differential evolution (DE) algorithm [79][101]. Li and Yang applied DE to obtain flat-top 

beam and cosecant-squared beam patterns in time-modulated semicircular arrays [89].  

In the chapter five designing instances have been investigated. First example synthesizes 

broad side radiation pattern with fixed SLL and FNBW while in second one by applying 

progressive phase shifts between array elements, the scanned beam pattern is generated 

with fixed SLL and FNBW.  A common complex time exponential signal is utilized in the 

next examples to generate shaped and scanned beam patterns without phase shifters. 

4.3 Design of TMAA for Broadside and Scanned Beam Pattern Using 

ABC 

 The thesis considered time modulated linear array consisted of 16 half wavelength (λ/2) 

dipole antennas with λ/2 spacing at 3GHz operating frequency (f0). The array is excited 

with the rectangular pulses having 1MHz pulse repetition frequency (fp). The problem will 
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synthesize radiation pattern with desired SLL and SBL. According to the design objective 

we form fitness function as given in Eq. 4.1. 
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    (4.1) 

Where SLLo - Obtained SLL, SLLd -Desired SLL, FNBWo -  Obtained FNBW and FNBWd 

–Desired FNBW. 

4.3.1 Design of broadside beam pattern 

ABC is applied to find the ON/OFF time duration of the switching pulses in order to 

achieve the designing goal. ABC algorithm is written in matlab. While optimization of τn 

using ABC, 20 independent runs are carried out and best optimal calculated time sequence 

is shown in figure 4.1.   

 

 

Figure 4.1 Optimized switch-on time duration (τn) of 16-element TMAA for broadside 

pattern 

The radiation pattern obtained with the calculated timing sequences is shown in figure 4.2. 

It is observed that the obtained SLL= -28dB and FNBW=22°at fo. The obtained sideband 

level at frequency f0+fp and f0-fp is -34.78dB which is approximately -7 dB lower than that 

of the pattern obtained at centre frequency f0. The simulation is done in matlab and the 
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results in terms of desired and obtained values of SLL, FNBW at centre frequency and 

relative level of sidebands respectively are shown in Table4.1. 

 

Figure 4.2 Radiation pattern of 16-element TMAA for broadside pattern 

Table 4.1 Desired and obtained results for 16-element TMAA for broadside beam pattern 

Design Parameters 

Side Lobe Level (dB) FNBW (degrees) 

Desired Obtained Desired Obtained 

fo=3GHz -28 -27.68 22 22 

fo+fp=3.001GHz -35 -34.78 NA 

fo-fp=2.999GHz -35 -34.78 NA 

 

4.3.2 Design of Scanned beam pattern 

ABC optimization technique is used here to compute the time sequence n  of all the 

elements of the TMAA to generate scanned pattern at f0 with specific SLL and FNBW 

using progressive phase difference between elements as well as to keep maximum SBR 

below a predefined level. Figure 4.3 shows the calculated time sequences in order to obtain 

the desired scanned beam radiation pattern. 1.57 radian phase difference between two 

consecutive elements is applied to steer the beam at 60⁰. 
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Figure 4.3 Optimized switch-on time duration (τn) for scanned beam pattern 

 

Figure 4.4 Radiation pattern of TMAA for scanned beam pattern 

 

The radiation pattern obtained is shown in figure 4.4 which shows that the main beam is 

steered at 60⁰. It is observed that the obtained SLL= -28dB and FNBW=25°at fo. The 

obtained Sideband level at frequency f0+fp and f0-fp is -34.68dB which is approximately -7 

dB lower than that of the pattern obtained at centre frequency f0. The simulated results in 

terms of desired and obtained values of SLL, FNBW at centre frequency and relative SBL 

respectively are shown in Table4.2. 
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Table 4.2 Desired and obtained results for 16-element TMAA for scanned beam Pattern 

Design Parameters 

Side Lobe Level (dB) FNBW (degrees) 

Desired Obtained Desired Obtained 

fo=3GHz -28 -27.62 25 25 

fo+fp=3.001GHz -35 -34.68 NA 

fo-fp=2.999GHz -35 -34.68 NA 

 

4.4 Design of TMAA of Wired Dipoles for Beam Forming with Sideband 

Suppression using PSO 

  A TMAA of 16-element wired dipoles is designed and simulated to achieve the desired 

radiation pattern of   low SLL and SBR. 

4.4.1 16-elements Wired Dipole Array design 

 A half wavelength wired dipole considered as the array element in the problem is designed 

and simulated in CST. The  total length of dipole is 50mm with gap of 0.25 mm between 

two arms of dipole. The design of  wired dipole with its simulated radiation pattern is 

shown in figure 4.5 .  

 

(a)                                                                 (b) 

Figure 4.5  (a) Geometry of wired dipole  (d) Radiation pattern of wired dipole 
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Linear array consists of 16 half wavelength wired dipole antennas with Ȝ/2 spacing (d) 

between the elements at 3GHz operating frequency (fo) is shown in figure 4.6. 

 

Figure 4.6 Geometry of an equally spaced 16-element linear array of wired dipoles 

 

4.4.2 Design of 16-elements TMAA of Wired Dipoles for beam forming  

Each element of the array is excited by a common excitation signal controlled  by  high 

speed PIN diode RF switches with 1MHz pulse repetition frequency fp(=1/Tp). The 

problem will synthesize radiation pattern with desired SLL and SBL. The fitness function is 

formed according to the design objective and is given as- 
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SLLd is the desired SLL while SLLo is the obtained SLL. 

PSO optimization technique is used to calculate the time sequences ton and n  of all the 

elements of the TMAA to generate desired pattern at f0 with specific SLL and FNBW.  The 

PSO uses swarm size of 30 and parameters w= 0.5, c1 = 2.0, and c2 = 2.0.  Each run of the 

algorithm is executed for 500 iterations where dynamic range of search space is bounded 

within (0,1). PSO fulfils the synthesis constraints on SLL at the convergence. The 

calculated time sequence of ton and τn for the desired fitness function is shown in the figure 

4.7.  The designed TMAA is simulated using CST microwave studio to obtain the radiation 

patterns at centre frequency f0 and first side bands f0 ± fp using calculated time sequence. 

Figure 4.8 (a) shows the normalized radiation pattern at centre frequency. The SLL 

achieved is -23.8dB at 3GHz. Figure 4.8(b) is showing sideband levels of the designed 

TMAA. The maximum SBL at f0+fp and f0-fp is -31.72 dB and -29.59 dB respectively.  
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Figure 4.9 is showing the combined pattern at centre and sideband frequencies from where 

it is clear that sideband level is approximately -5dB lower than that of the power pattern 

obtained at centre frequency.  

 

 

Figure 4.7 Optimized Switch-on time instant (ton) and switch-on time duration (τn) 

Table 4.3 shows the simulated results in terms of desired and obtained values of SLL, 

FNBW at centre frequency and relative level of sidebands respectively.  

 

 

(a) Pattern at fo = 3GHz 
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(b) Patterns at fo ± fp. 

Figure 4.8 Simulated patterns (a) Pattern at fo = 3GHz. (b) Patterns at fo ± fp. 

 

Figure 4.9 Combined Simulated patterns at fo = 3GHz and at fo ± fp 

The same observations are also obtained by analytical method using MatLab 7 simulation 

software, which validates the correctness of the CST microwave studio model in this study. 

However, there is little disagreement between some simulated relative levels of sideband 

beams and analytical data due to the mutual coupling effect and errors of amplitude and 

phase excitations.  
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Table 4.3 Desired and obtained results for 16-element wired dipole TMAA 

Design Parameters 

Side Lobe Level (dB) FNBW (degrees) 

Desired Obtained Desired Obtained 

fo=3GHz -25 -23.8 ≤ 20⁰ 19⁰ 

fo+fp=3.001GHz -30 -31.72 NA 

fo-fp=2.999GHz -30 -29.59 NA 

 

4.5 Design of TMAA for Beam Scanning and Beam Shaping Without 

Phase Shifters Using ABC 

To obtain shaped beam and scanned beam without applying external phase shifts between 

the elements, Linear array consists of 16 half wavelength printed dipole antennas  with 

central frequency(fo) 3GHz  is considered with Ȝ/2 spacing (d) between the elements. The 

elements of the array are controlled using high speed RF switches having 1MHz pulse 

repetition frequency fp.  

The problem will synthesize for obtaining the cosecant squared and scanned beam pattern 

with specified SLL for a given FNBW at the centre frequency and minimization of SBR as 

well. The fitness function is formed according to the design objective as- 

Fit(to,τ)=c1F1+c2F2        (4.3) 

 

where c1 and c2 are the corresponding weighing factor of each term 
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Where   
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The switching time sequences {τn : n = 1, 2,....,N} and {ton  : n = 1; 2,….., N} are 

considered as optimization parameters that are improved in iterations in order to minimize 

the fitness function. 

To create the phase variation, each element in the array is uniformly excited by the complex 

continuous time exponential signal e
-j2πfpt

 coupled with the RF switches as shown in figure 

4.10.  

 

Figure 4.10 Design of TMAA with complex exponential input 
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The switching function of Eq. (3.13) becomes as: 
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According to the switching function as in Eq. (4.9), the complex amplitude coefficient of 

each element is modified. Thus the Eq. (3.15) becomes- 
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At centre frequency i.e at m=0 
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        (4.11)
 

Thus, Eq. (4.10) results in amplitude and phase distribution to the array elements that 

provide the desired beam pattern without phase shifters. It is clear from the Eq. (4.11) that 

there exists some phase difference at the centre frequency by using complex exponential 

signal at the input.  

 

4.5.1 Generation of Cosecant square and scanned beam pattern  

ABC is applied to find the time duration of the switching pulses in order to achieve the 

designing objective. To obtain cosecant-squared beam with its peak at ș = 0° that extends 

up to ș = 30° with the maximum acceptable ripple = ±1 dB, ABC is applied to carry out the 

optimization process by setting maximum SBL=-25 dB and maximum SLL =-20 dB at 3 

GHz .The calculated time sequence is shown in figure 4.11 and the normalized excitation 

distribution for the array elements at centre frequency and first two sidebands are shown in 

figure 4.12.  
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Figure 4.11 Switching timing Sequence for Cosecant pattern 

 

Figure 4.12 Normalized excitation distributions for cosecant pattern 

In order to scan the main beam at -30°, ABC is used to carry out the optimization process 

by setting maximum SBL= -25 dB and maximum SLL = -17 dB at 3 GHz and the 

calculated time sequence providing the adequate phase difference between the each element 

is shown in figure 4.13 where as the figure 4.14 shows the normalized excitation 

distribution of each element at centre frequency and first two sidebands. 
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Figure 4.13 Switching timing Sequence for Scanned pattern 

 

Figure 4.14 Normalized excitation distribution for scanned pattern 

 

The convergence curves for both the cosecant and scanned pattern considering the best of 

20 independent runs are shown in figure 4.15 and figure 4.16. 
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Figure 4.15 Fitness function to generate cosecant pattern using ABC 

 

 

Figure 4.16 Fitness function to generate scanned pattern using ABC 

The obtained normalized cosecant beam power patterns at the centre frequency and first 

two sidebands simulated using matlab and CST is shown in figure 4.17. It is observed that 

the synthesized pattern has one half-power point at ș = -4.8°, and the other half-power point 

is shifted to ș = 3.8°, and both drop to the null at ș = -11° and ș = 40° respectively.  
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Figure 4.18 shows that the maximum SBL of the power pattern at different frequencies 

decreases as number of sidebands increases to maintain the signal to noise interference ratio 

smaller. The dynamic efficiency of the designed TMAA is calculated as 65% using Eq. 

(3.26). 

 

 

Figure 4.17 Normalized Cosecant beam pattern using TMAA 

Calculated time sequences of figure 4.13 are used to obtain the scanned beam pattern as 

shown in figure4.19. The achieved pattern has FNBW = 21° with the first null on either side 

of the main beam at -40.9° and -19.9° respectively. The pattern is useful to receive any 

signal arriving at -30° angle from broad side. 

As shown in figure 4.14 the maximum value of excitation distribution at sidebands is -10 

dB less than that corresponding to m = 0 that effectively reduces the unwanted radiation at 

harmonic frequencies. The maximum SBL of each power pattern decreases progressively as 

m increases, which is shown in figure 4.20. The experiment shows that the calculated 

dynamic efficiency offered by the scanned time modulated linear array is 39%, which 

indicates that the total power radiated at the sidebands is more than the power radiated at 
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central frequency. Desired and obtained pattern specifications for both the patterns are 

listed in table4.4. 

 

Figure 4.18 Maximum SBL for different harmonics for cosecant pattern 

 

 

Figure 4.19 Normalized scanned beam pattern using TMAA 
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This type of antenna having cosecant squared pattern is useful for ground-based radars 

observing aircraft targets as well as airborne search radars observing ground targets when 

the target moves at constant altitude with an elevation or depression angle of 30° 

respectively. 

 

Figure 4.20 Maximum SBL for different harmonics for scanned pattern  

 

 

         Table 4.4 Desired and obtained results for cosecant square and scanned beam 

 

Design Parameters 

Cosecant Square 

Beam Pattern 

Scanned Beam 

Pattern 

Desired Obtained Desired Obtained 

SLL in dB -20 -19.30 -17 -16.30 

Maximum SBL in dB -25 -24.65 -25 -24.15 

Maximum Ripples (dB) 

For 0 ≤ ș ≤ 30° 

1 1.20 NA  NA 

FNBW NA 51° 21° 21° 

Main Beam direction NA NA -30° -30° 
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4.6 Conclusion  

TMAAs have been simulated for desired radiation performance. It is seen that the 

amplitude excitations of the conventional arrays with similar size is analogues to the switch 

on time duration of the uniformly excited TMAA to produce equivalent pattern at centre 

frequency. Modulation of the switch on time instant of the array introduces relative phase 

difference only at sidebands. The use of progressive phase difference between the elements 

to steer the main beam from broadside keeps the feeding network relatively simple.  Scan 

beam offered broader FNBW compared to that of the broadside beam pattern with same 

SLL and similar number of array elements. Application of complex exponential excitation 

results in an unequal amplitude and phase distribution on the elements at the central 

frequency without phase shifters. It is found that the higher switching time duration 

enhances the dynamic efficiency of the system. The resulting beam-forming networks are 

very much useful in radar detection and information transmission at specific direction 

respectively. The suppression of the side bands at sidebands is adequate to reduce the side 

band radiation losses. ABC and PSO are found very effective to optimize the design 

problems. Simulation results are in well agreement with the theoretical results which 

confirms the proposed approach. 
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Chapter-5 

Design and Fabrication of TMAAs for Pattern Synthesis  

5.1 Introduction  

Inspired by the designing flexibility and variety of beneficial properties including light 

weight, low profile, and low cost of the printed dipole antennas, the chapter presents 

synthesis of  TMAAs consisted of  printed dipoles for achieving patterns with different 

radiation characteristics. Printed dipole with microstrip balun is considered as array element 

and the ground plane of the dipole has been rigorously studied to improve radiation 

performance of the array. Proposed design structures are simulated using CST microwave 

studio. Experimental testing of the fabricated TMAAs has been done and results are 

compared with the simulated results. 

5.2 Review 

Use of TMAA as a versatile adequate radiation system for modern wireless applications has 

increased over the past decade. TMAAs find application in cognitive radio [123], secure 

communication [127]. Literature [122-127] presents the synthesis of TMAAs for obtaining 

different formations of radiation pattern. Printed antenna owing to variety of beneficial 

properties became explosively popular and widely investigated in articles [5-17].  

Wideband printed antennas became popular in the modern wireless communication systems 

which utilize different communication technologies embedded in the same device, sharing 

the same antenna. 

The chapter designs printed dipole antenna with modified ground structures. Parametric 

optimization of antenna elements has been studied. Antenna array is designed using 

microstrip balun and wilkinson power divider for implementing time modulated beam 

forming network.  

5.3 Design of Printed Antenna with Microstrip Balun 

Dipole requires balanced feeding such as parallel transmission line but microstrip feed lines 

utilized in printed antennas are of unbalance type. So a microstrip balun (unbalanced to 

balanced transformer) is needed along with the printed dipole. The geometry of a standard 

microstrip balun is shown in figure 5.1(a). The top and bottom layers are conducting strips 

on both sides of a dielectric substrate and are connected with metalized via hole. The input 
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is applied to top layer of microstrip line having characteristic impedance Z(M).  The input 

signal reaches from point S of top layer to bottom layer through metalized via hole at point 

D. A quarter wavelength parallel dual line transmission line of characteristic impedance of 

Z(P) at the bottom layer is terminated to the balanced load of impedance Z(L). The current 

on the bottom transmission line and microstrip line are in opposite directions which 

produces balanced exciting to dipole. From point D, the equivalent circuit of the balun is 

observed as figure 5.1 (b) [126]. 

 

 

(a) 

 

(b) 

Figure 5.1 Printed microstrip Balun 

(a) Structure (b) Equivalent Circuit 
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The input impedance of balun is given as:  

)1.5(

)
2

tan()()(

)
2

tan()()(

)(
0

0

r

r

f

f
PjZLZ

f

f
PZLjZ

inZ







     

f0 is the operating frequency and fr is the resonating frequency. For Z(M)=Z(L) and  

(P)→∞,  Z(in)=Z(M) for any value of  f0. 

The standard configuration of printed dipole is shown in figure 5.2.  

 

Figure 5.2 Configuration of printed dipole 

The input impedance of the dipole is given by – 

































)2sin()2sinh()2sin()2sinh(
)2cos()2cosh(

)1ln8(ln120

)(

LLjLL
LL

WL

dipoleZ









   (5.2) 

Where  is the attenuation coefficient and  is the phase shifting coefficient of dipole 

surface current.  

The thesis has considered a printed dipole operating at 2.45 GHz. The dimensions (L and 

W) of the printed dipoles with microstrip balun are suitably chosen so that Z(dipole) equals 

to Z(in) to provide good input impedance matching at 2.45GHz . Geometry of printed 

dipole with microstrip balun operated at 2.45 GHz frequency is shown in figure 5.3. The 

dimensions of the dipole are listed in table 5.1. The microstrip line connects the unbalanced 
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coaxial line to the printed dipole via metalized hole. The ground plane of the microstrip line 

and the dipole strips are in the same plane. The via-hole connection creates 180
0 

phase shift 

between the two dipole strips. The dipole is fabricated on FR-4 laminated board with 

permittivity r  = 4.6 and height=1.6mm.  The minima of the return loss curve of the 

designed printed dipole appears at -18.86dB as shown in figure5.4. The surface current 

distribution and radiation pattern of the dipole are shown in figure5.5. 

 

Figure 5.3 Structure of Printed dipole with microstrip balun 

Table 5.1 Dimensions of printed dipole in Ȝ 

L W Lp Wp Lg Wg Wb via hole radius 

0.23 0.103 0.22 0.0086 0.17 0.25 0.05 0.005 

 

 

Figure 5.4 S11 of printed dipole with microstrip balun 
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(a) 

 

(b) 

Figure 5.5 (a) Current distribution of Printed dipole 

             (b) Radiation pattern of Printed dipole 

5.4 Design of TMAAs of Printed Dipole for Pattern synthesis 

To demonstrate beam steering in TMAA, two examples are studied in the thesis. In first 

example TMAA is designed to operate at 2.45 GHz while the second example is designed 

to be operated at dual band, 2.45GHz and 5.8 GHz. A TMAA consisted of eight printed 

dipoles is also designed to meet the designing requirements. 
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5.4.1 Design of Power dividers 

Antenna array is fed through a power divider. The Wilkinson power divider is considered in 

the thesis to feed the array. Figure 5.6 shows the equivalent transmission line circuit for a 

wilkinson power divider, where the power delivered to the two output ports is equal. The 

design of the wilkinson divider is composed of a transmission line that has been divided 

into a definite number of transmission lines, each one quarter-wavelength (Ȝ/4) in length 

and Ȝ is the operating wavelength. 

 

Figure 5.6 Two-way Wilkinson power divider 

 

The impedance Z0 of the power divider should match with the input impedance of the 

antenna elements. The printed Wilkinson power divider is designed to feed the 2-element 

antenna array. The geometry of printed power divider at 2.45 GHz is shown in figure 5.7. 

The dimensions of the power divider are listed in table 5.2. 

The power divider is fabricated on FR4 substrate and is shown in figure 5.8. The S- 

parameters of power divider are shown in figure 5.9. It is observed from figure5.9 that the 

S11 of power divider is -27.45 dB at 2.45 GHz showing power is emerging well in the 

power divider through input port1. S21 and S31 are both equals to -3db ensuring that power 

is equally divided in two halves. The phase curves of S21 and S31 is shown in Figure 5.7(b) 

and it is seen that power is equally splitting without any phase difference between two 

output ports. 
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Figure 5.7 Geometry of printed power divider operated at 2.45 GHz 

 

 

Table 5.2 Structural dimensions of power divider  

 

 

 

 

 

 

 

Figure 5.8 Fabricated 1:2 power divider  

 

PCB Substrate Dimensions 

Thickness 1.6 mm L1 8mm 

ɛr 4.6  L2 12.33mm 

tan δ 0.0018 L3 5mm 

  Wf 1mm 

  Ws 0.43mm 

  Wh 0.15mm 
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(a) Magnitude of S11,S21 and S31 

 

 

 
(b) Phase of S11and S21 

Figure 5.9  S-parameters of Power divider (a) Magnitude of S11,S21 and S31 

(b) Phase of S11and S21 

 

The configuration of designed two way power divider is extended as shown in figure 5.10 

for designing 1:8 power divider.   
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Figure 5.10 Layout of 1:8 Power divider 

 

The 1:8 power divider is simulated using CST microwave studio. Scattering parameters of 

power divider are shown in figure.5.11 .It is observed that S11 of power divider is -15.70dB 

at operating frequency as shown in figure 5.11(a).The magnitudes of S-parameters shown 

in figure 5.8(b) are marginally deviated from -9dB ensuring almost equal power division at 

2.45GHz. 

 

 

Figure 5.11(a) 
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5.11(b) 

Figure 5.11  Scattering parameter of Power divider   

(a)S11 of Power divider  

       (b) S-parameters of Power divider 

 

The dissertation has considered the design of wideband power divider to feed the dual band 

antenna array operating at 2.45GHz and 5.8 GHz. The layout of the wideband power 

divider is shown in figure 5.12. The size of the proposed power divider is 41mm x 30mm.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12 Layout of wideband power divider 
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The structure of front and the back side of the wideband power divider is taken identical 

which allows equal current distribution at both sides. Due to which this design of power 

divider can be used from both side. 100Ωresistors has been used to get all the ports matched 

to 50 Ω. The dimensions of the wideband power divider are shown in table 5.3. The 

fabricated wideband power divider is shown in figure 5.13. 

 Table 5.3 Dimensions of wideband power divider in mm 

Parameter L W L1 L2 L3 W1 W2 W3 W4 

Dimensions 41 30 12.56 19 4 4 3.05 3.83 2.95 

 

The S-parameters of the wideband power divider shown in figure5.14. It is seen that S11 is 

below -10dB from 2.1 GHz to 7GHz. figure 5.14 (b) shows that the magnitude of S21 and 

S31 are marginally deviated from -3dB ensuring almost equal power division at 2.45GHz. 

However it becomes almost -4.5dB at 5.8GHz.  S21 and S31 are approximately at -3db 

which ensures that the power is equally divided in two halves. Figure 5.14(c) shows a small 

phase difference between port 2 and port 3 over the bandwidth and ensures almost equal 

power splitting. The designed wideband power divider operating for a wide range of 

frequencies from 2.1 GHz to 7 GHz will be used to feed the dual band antenna array in the 

thesis. 

 

 

 

Figure 5.13 Fabricated wideband power divider 
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Figure 5.14(a)  

 

 

 

 

 

Figure 5.14 (b)  
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Figure 5.14 (c)  

 

Figure 5.14  (a) Scattering parameters of wideband power divider 

  (b) Magnitude of simulated S21 and S31 

       (c) Phase of simulated S21 and S31 

 

5.4.2 Design of Antenna arrays 

At first, an antenna of two miniaturized microstrip fed printed dipoles with microstrip balun 

operating at 2.45 GHz is designed. The layout of the designed array is shown in figure 5.15.  

 

Figure 5.15 Schematic diagram of dipole array with V-shape ground 
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The shape of the ground is designed as V-shape which reflects the EM waves toward the 

feeding direction and broadens the antenna bandwidth performance. The dimensions of the 

antennas are listed in Table5.4. The array is fabricated on FR-4 laminated board of 

dimension 136mmX37mm with permittivity r  = 4.6 and height=1.6mm. The top view and 

bottom view of the fabricated printed dipole array with V-shape ground is shown in figure 

5.16. 

             
Bottom View                                             Top View 

             (a)                                               (b) 

Figure 5.16 Fabricated dipole array with V-shape ground 

           Table 5.4 Structural parameters of printed dipole antenna 

PCB Substrate 

Thickness 1.6 mm 

ɛr 4.4  

tan δ 0.0018  

Ground Plane 

D 5 mm 

Gh 18.65 mm 

Lg 10 mm 

Wg 15 mm 

Lp 16 mm 

Wp 5 mm 

Dipole Arm 
L 16.7 mm 

W 6 mm 

Microstrip Balun 
Wb 3 mm 

via hole radius 1 mm 

 

The array is fed through the 2:1 power divider shown figure 5.8. The simulated and 

measured S11 of the designed antenna array of V-shape ground are presented in figure 5.17 

which shows that the antenna’s configuration is matched at the 2.45 GHz. Measured 

S11value and the corresponding bandwidth are tabulated in Table 5.5 
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Figure 5.17 Return Loss (S11) of dipole antenna array 

The surface current distribution at 2.45 GHz on the microstrip line and the dipole strip is 

shown in figure5.18 which indicates biggest current density is on the arms of dipoles 

through microstrip via hole. 

 

 

 

Figure 5.18 Simulated current distribution on microstrip line and dipole strip 
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       Table 5.5 Results of printed dipole antenna array 

 

 

 

 

 

The V-shape of the ground structure is modified.  Through extending and shaping the 

ground in U –shape, the coupling between the balun and the dipole is reduced and the 

antenna’s impedance bandwidth and radiation are improved. The layout of the 2- elements 

printed dipole array with U-shape ground is shown in figure 5.19 utilizing the same FR4 

substrate of dielectric constant of 4.6 with 1.6mm height. As shown in figure.5.19 the 

various parts of the dipole are chosen as L=16mm, Lp=13mm, Lg=10mm, W=6mm, 

Wp=5mm and Wg=15mm. The array has been simulated using CST Microwave EM 

simulator to characterize the antenna array performances.  

The effects of the various dimensions of the ground plane i.e. the heights of the U shaped 

ground (d and Gh) and the gap (g) between the two arms of the bottom ground layer are 

investigated in order to obtain optimized design parameters at two frequencies  2.45GHz 

and 5.8GHz.   

 
Figure 5.19 Layout of 2-Elements printed dipole array with U-shape Ground 

 

At first Gh is fixed at 15mm and array is simulated for different values of g .The simulated 

return loss curves of the antenna array for different values of g is shown in figure 5.20.  

Parameter Simulated 

value 

Measured 

value 

  S11 -29dB -20dB 

Band width 990 MHz 954MHz 
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Figure 5.20 Return loss (S11) curves of the antenna array for different values of g 

The table 5.6 shows the S11 and bandwidth of the antenna array at both the resonance 

frequencies for different values of g. From figure 5.20 it is observed that as the g increases 

beyond 2mm the resonance frequencies decreases with increase in S11 and decrease in 

bandwidths at both the resonances. It is also observed that  g=1.5mm offers maximum 

bandwidth of 1.01GHz at 2.45GHz and 1.12 GHz at 5.8 GHz respectively.  

Table5.6 Effect of ‘g’ 

Dimensions 

of ‘g’ 
Resonance 

Frequency 

Return Loss 

(S11) 

Bandwidth 

g=1mm 2.5GHz -21.58dB 1.13GHz 

6.3GHz -15.93dB 602MHz 

g=1.5mm 2.45GHz -19.81dB 1.01GHz 

5.8GHz -16.57dB 1.12GHz 

g=2mm 2.44GHz -18.20dB  996MHz 

5.8GHz -47.35dB 683.34MHz 

g=2.5mm 2.4GHz -17.01dB 937.24MHz 

5.7GHz -17.94dB 561.67MHz 

g=3mm 2.38GHz -16.15dB 861.158MHz 

5.62GHz -13.38dB 455.88MHz 

 

we set g=1.5mm and Gh=15mm for studying the effects of other dimensions of ground. The 

smaller U-shape height d is varied to optimize the reflection coefficient and the bandwidth 

of the antenna. The simulated return loss curves of the antenna array for different values of 

d at g=1.5mm and Gh=15mm is shown in figure 5.21 and  it is observed that as d increases 

the return loss curve improves but the bandwidth reduces at both the frequencies. Table 5.7 
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shows the S11 and bandwidth of the antenna array at both the resonance frequencies for 

different values of d.  

 

Figure 5.21 Return loss (S11) of antenna array for different values of d 

Table 5.7 Effect of ‘d’ 

Dimensions 

of ‘d’ 
Resonance 

Frequency 

Return Loss 

(S11) 

Bandwidth 

d=2mm 2.45GHz -19.80dB 1.06GHz 

5.8GHz -16.578dB 1.12GHz 

d=3mm 2.45GHz -20.35dB 1.05GHz 

5.8GHz -14.89dB 1.11GHz 

d=4mm 2.43GHz -21.16dB  1.03GHz 

5.77GHz -13.68dB 594.59MHz 

d=5mm 2.43GHz -22.35dB 817.83MHz 

5.77GHz -12.30dB 472.18MHz 

d=6mm 2.4GHz -24.47dB 696.61MHz 

5.7GHz -11.09dB 315MHz 

 

From the table 5.7 it is observed that at as the d increases both the resonance frequencies 

decreases with decrease in bandwidths. It is also observed that as d increases the, S11 

improves at 2.45GHz and degrades at 5.8GHz.At d=2mm, a good trade off is obtained 

between return loss and frequency bandwidths at 2.45GHz and 5.8GHz frequencies. 

Thus, we chose d=2mm and again vary Gh to study the S11 curves. Gh is investigated to get 

the optimum dimensions of the antenna array to operate at 2.45GHz and 5.8GHz. The 

simulated return loss curves of the antenna array for different values of Gh keeping 
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g=1.5mm and d=2mm is shown in figure 5.22. The S11 and bandwidth of the antenna array 

at both the resonance frequencies for different values of Gh is listed in table 5.8. It is 

observed from Table 5.8 that Gh=6mm is the optimum ground plane dimension that ensures 

the best tradeoff between return loss and bandwidth at both the frequencies.  

Thus the optimum antenna dimensions achieved through rigorous simulation using CST 

microwave studio are listed in Table 5.9.  

 

Figure 5.22 Return loss (S11) of antenna array for different values of Gh 

 

The array is fabricated on FR-4 laminated board of dimension 136mmX37mm with 

permittivity r  = 4.6 and height=1.6mm. The top view and bottom view of the fabricated 

printed dipole array with U-shape ground is shown in figure 5.23. 

Table 5.8 Effect of ‘Gh’ 
Dimensions 

of ‘Gh’ 
Resonance 

Frequency 

Return Loss 

(S11) 

Bandwidth 

Gh=6mm 2.45GHz -25.28dB 1.21GHz 

5.8GHz -19.31dB 1.11GHz 

Gh=8mm 2.45GHz -23.05dB 1.07GHz 

5.76GHz -17.84dB 1.13GHz 

Gh=10mm 2.48GHz -22.16dB  1.06GHz 

5.8GHz -16.24dB 1.08GHz 

Gh=12mm 2.48GHz -20.70dB 1.06GHz 

5.8GHz -16.28dB 1.08GHz 

Gh=14mm 2.48GHz -19.38dB 1.07GHz 

5.8GHz -16.30dB 1.1GHz 
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           Table.5.9 Structural parameters of dipole antenna 

PCB Substrate 

Thickness 1.6 mm 

ɛr 4.6  

tan δ 0.0018  

Ground Plane 

d 2mm  

Gh 6 mm 

Lg 10 mm 

Wg 15 mm 

Lp 13 mm 

Wp 5 mm 

Dipole Arm 

L 16 mm 

W 6 mm 

G 1.5mm 

Microstrip Balun 
Wb 3 mm 

via hole radius 1 mm 

 

The designed array with U-shaped ground is excited by using wideband power divider 

shown in figure5.13.  The simulated and measured S11 of the designed antenna array is 

presented in figure 5.24 from which it is evident that the antenna’s configuration is matched 

at the 2.45GHz and 5.8GHz frequencies. Simulated and measured S11 value and the 

corresponding bandwidth are tabulated in Table 5.10. 

 

  

(a)  

 

(b) 

Figure 5.23   Printed Dipole Array with U-shape Ground 

(a) Bottom view  (b) Top view 
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Figure 5.24 Return Loss (S11) of dipole antenna array with U-shape ground 

 

 

          Table5.10 Simulated and measured S11and bandwidth 

 

 

 

 

 

 

 

 

The table5.10 shows that the measured return loss and bandwidths at both the frequencies 

are in good agreement with the simulated values. The current distribution of the designed 

array is shown in Figure. 5.25. In Figure. 5.25 (a) the current distribution at 2.45 GHz is 

shown which indicates biggest current density is on the arms of dipoles through microstrip 

via hole. As shown in Figure. 5.25 (b) lesser current density is at the arms of dipoles due to 

higher order resonance. 

   Frequency 

 

Parameter Simulated 

value 

Measured 

value 

2.45 GHz 
  S11 -25.28dB -20.02dB 

Band width 1.21GHz 1.09GHz 

5.8GHz 
  S11 -19.33dB -17.00dB 

Band width 1.11GHz 1.03GHz 
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Figure 5.25 (a) Simulated current distribution on microstrip line and dipole strip at 

2.45GHz 

 

 

Figure 5.25 (b) Simulated current distribution on microstrip line and dipole strip at 5.8GHz 

 

The thesis has also studied the antenna array of eight elements with integrated power 

divider on the same FR4 substrate is designed to operate at 2.45 GHz. The configuration of 

proposed 8-element array is shown in figure5.26 and the fabricated array is shown in 

figure5.27. 
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Figure 5.26 Layout of 8-element TMAA 

 

 

Figure 5.27 Fabricated 8-element TMAA 

 

For controlling the ON/OFF behaviour of  array elements, PIN diodes are inserted between 

the output of  power divider and input of each element of the array. Figure 5.28 is showing 

the simulated and measured return loss of the proposed array which shows that the array is 

matched at 2.45 GHz operating frequency.  
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Figure 5.28 Return loss (S11) of the 8-element TMAA  

 

5.4.3 Design of TMAA for Beam Steering at 2.45GHz 

At first, beam steering is presented at 2.45 GHz using TMAA of printed dipoles with V-

shape ground. The elements of array coupled with high-speed RF switches are excited 

through power divider (fig.5.8). The RF switch consisting of PIN diode (BAR-63) is shown 

in figure 5.29. 

 

   

   

 

 

 

 

 

Figure 5.29 PIN diode RF switch 

Both the antennas are excited with the common complex excitation signal using Eq. (4.11). 

It causes progressive phase differences between two elements. Relative phase difference 

between elements steers the beam at different angles. A CPLD used to generate the required 
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sequences to control the high-speed RF switches is shown in figure 5.30.Rectangular pulse 

train with amplitude 3V and repetition frequency 1MHz is applied for biasing through two 

bias ports of the PIN diode. Two capacitors of 10 nF are used on the balun to block the dc 

signal flowing back to the RF input. An inductor of 56 nH is connected between the dc bias 

source and PIN diode to block the RF leakage from it. A 100Ω resistor is used to limit the 

voltage across the diode as shown in figure 5.31.  

 

 

Figure 5.30 CPLD 

  

 

Figure 5.31 Dipole array with SPST PIN diode switch 
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The radiation pattern of the designed TMAA is measured and the measurement set-up is 

shown in figure 5.32. The radiation performance in E and H planes at two possible 

combinations of switches are shown in table 5.11. The radiation patterns are shown in 

figure 5.33. It is observed that the main lobe becomes sharper with improvement in gain 

when both the switches are ON i.e both the elements of TMAA are excited. The switches 

offer an isolation of 25 dB and an insertion loss of 0.6 dB.  

 

                           
Log periodic antenna  Feed Network          Dipole array as             

as transmitter                                                                                  Receiver 

Figure 5.32 Radiation measurements Setup 

 

Table 5.11 Measurement performance of proposed TMAA 

 

        

 

 

 

 

After setting 01 ot and    5.021 s   steering of beam in various directions is  

achieved by changing the t02  of RF switch as shown in table 5.12.  

Radiation patterns of the designed antenna for different values of to2 are shown in  

figure 5.34. 

 

Switches 

Measuring 

plane 

Angular 

width 

Gain  

 

Both ON 

E-plane 51.7
°
 6.3dB 

H-plane 184.6
°
 9.1dB 

 

 

 

Only one ON 

E-plane 102.6
°
 4.4dB 

H-plane 197.4
°
 6.1dB 
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                                  (a)       (b) 

Figure 5.33 Radiation pattern  

(a) when both switches are ON     

(b) when only one switch is ON 

 

 

              Table 5.12 Switch on instant and main beam direction 

 

 

 

 

 

                      

 

          

(a)                  (b) 

To2 ( s ) Phase  

Difference 
Beam Steers 

0 0 0 

0.125 π/4 -15 

0.25 π/2 -25 

0.375 3 π/4 -30 

0.5 π -40 
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  (c)                                                                       (d)  

 

 

         (e) 

Figure 5.34 Radiation pattern at (a) to2=0 µsec (b) to2=0.125 µsec  

(c) to2=0.25 µsec (d) to2=0.375 µsec  (e) to2=0.5 µsec 

 

5.4.4 Synthesis of Dual Band TMAA 

In this design of TMAA, Antenna array of 2-printed dipoles with U-shape ground (fig.5.23) 

coupled with RF switches (fig.5.29) are excited by wideband power divider (fig. 5.13). 

TMAA is synthesized to increase the dynamic efficiency of the array as well as to achieve 

beam steering at two resonance frequencies i.e. 2.45GHz and 5.8 GHz and their sidebands 

without using phase shifters. 

The problem will find the switch-on time and switch-off time in each time step for each 

element in order to get the desired dynamic efficiency. To achieve the design goal the 

fitness function is formulated as 

 /121 kSLLkFitness          (5.3) 
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Where SLL and Ș are the SLL and dynamic efficiency of the array for optimized time 

sequences and k1 and k2 are two constants.  

DE algorithm is applied as the global optimization method. To achieve   ≥ 98%, the time 

sequences are calculated as τ1=0.6035,τ2=0.2548,t01=0,t02=0.1226. 

A continuous complex exponential signal is applied to excite the phase differences between 

dipoles. The radiation pattern is measured and the corresponding contour plots are shown in 

figure 5.35 and figure 5.36 at 2.45 GHz and 5.8 GHz respectively. The optimized radiation 

patterns are shown in figure 5.37 and figure 5.38 which show that the beam is steered at 30° 

at both the central frequencies as well as first positive sidebands. Though the sideband 

levels of harmonics of both the resonating frequencies have been  reduced to increase the 

dynamic efficiency of the array ,the beams steered in different directions at sidebands may 

be utilized for other applications as well .Table 5.13 shows the desired and obtained values 

of SLL at centre frequency as well as first sidebands. The modulation of the switch-on time 

instant of the rectangular pulses varies the relative phase differences between elements. The 

radiation pattern is measured at both the resonating frequencies at different values of t02 and 

the beam steering characteristics of the designed system is clearly observed in figure 5.39 

and figure 5.40. 

 

(a) 3-D Radiation Pattern Plot                                    (b) Contour plot 

Figure 5.35 Optimized radiation pattern at centre frequency 2.45 GHz  
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(a) 3-D Radiation Pattern Plot                                              (b) Contour plot 

 

Figure 5.36 Optimized radiation pattern at centre frequency 5.8 GHz  

 

 

 

Figure 5.37 Radiation pattern at centre frequency 2.45 GHz andsidebands. 
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Figure 5.38 Radiation Pattern at Centre Frequency 5.8 Ghz andSidebands. 

 

Table 5.13 Desired and obtained SLL 
 

 

 

 

 

 

 

 

 

    

               

 

                                                  (a)                                                                       (b) 

Design Parameter Side Lobe Level(dB) 

 

Desired Obtained 

 

2.45 GHz 

f0 (2.45GHz)  -8 -7.1 

f0+fp(2.451GHz) ≤ -25 -26.28 

f0-fp(2.449GHz) ≤ -45 -68.34 

 

5.8GHz 

f0 (5.8GHz)  -8 -7.68 

f0+fp(5.801GHz) ≤ -25 -24.53 

f0-fp(5.799GHz) ≤ -45 -48.142 
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(c)                                                                       (d) 
    

Figure 5.39  Simulated and measured radiation patterns for different values of t02 At 

2.45GHz (a) t02 =0 ȝ sec. (b) t02=0.125 ȝ sec. (c) t02 =0.25 ȝ sec. (d)t02 =0.375 ȝ sec. 

 

 

 

 

  

        

 (a)                                                          (b) 
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(c)                                                       (d) 
 

Figure 5.40 Simulated and measured radiation pattern for different values of t02 at 5.8 GHz 

(a) t02 =0 ȝ sec. (b) t02=0.125 ȝ sec. (c) t02 =0.25 ȝ sec. (d) t02 =0.375 ȝ sec. 

 

5.4.5 Synthesis of 8-Element TMAA 

The appropriate on time duration ( n ) of RF switches connected to each element of TMAA 

for synthesizing the desired radiation pattern at 2.45GHz with specified SLL for a given 

HPBW condition will be calculated. To achieve the designing goal, the following fitness 

function is formulated: 





 

 

otherwise

HPBWHPBWif
Fit

do

n

                                     1000

              )SLL - (SLL
)(

2

ffdo 0      (5.4) 

SLLd and SLLo are desired and obtained SLL respectively while HPBWd and HPBWo are 

desired and obtained HPBW respectively. The switching time sequence { n  : n = 1, 2,....,8} 

is considered as optimization parameter that is improved in iterations in order to minimize 

the fitness function.  

In order to achieve the desired radiation performance, The ECSS optimization is used to 

calculate the timing sequence which are shown in figure 5.41. A complex programmable 

logic device (CPLD) is used to generate the calculated timing pulses. 
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Figure 5.41 Optimized τn for each element for 8-element linear array 

 

 The optimized radiation patterns of the designed TMAA are shown in figure 5.42. The 

contour plot results in a plane with each point colored according to its field value. The 

contour plot is shown in figure 5.42(b) and it is observed that the proposed time modulated 

array provides coverage of circular geographical region marked by red color with 

maximum radiations while minimizing the radiations in other nearby regions.   
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(b) Polar Plot 

 

 

(c) Contour Plot 

 

Figure 5.42 Optimized radiation patterns of 8-element TMAA 

        (a) 3-D Radiation pattern (b) Polar plot (c) Contour plot 

 

Figure 5.43 shows the simulated and measured radiation pattern of the designed TMAA. 

The design specifications of TMAA and their corresponding simulated and measured 

results by using ECSS optimization technique are shown in table 5.14 
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Figure 5.43 Simulated and measured radiation pattern of 8-element TMAA 

 

 

 

          Table 5.14 Design specifications and results of 8-element printed TMAA 

Design parameter Desired Obtained 

Simulated Measured 

SLL -18dB -17.9dB -17 dB 

HPBW 12⁰ 12.5⁰ 11.7⁰ 

Return Loss NA -20.59dB -17.20dB 

Directivity NA 10.2dB 9.87 dB 

 

5.5 Conclusion 

In the chapter TMAAs using printed dipoles are discussed for various problems of pattern 

synthesis. The printed dipole design exhibits similar radiation performance as of wired 

dipoles. A power divider operating at 2.45GHz and a wideband power divider have been 

designed while discussing the scattering parameters. Parametric optimization of the array 

utilizing modified ground structure has been done to obtain wider impedance bandwidth at 

2.45GHz and 5.8GHz. Hardware configuration of TMAAs has been discussed.  Phase 

difference between the dipoles has been achieved without using phase shifters by exciting 



91 

 

the array with a complex exponential signal. DE has been successfully applied to increase 

the dynamic efficiency of the array pattern. The modulation of the switching sequences of 

the rectangular pulses controls the relative phase difference between elements and steers the 

beam in different directions at both the centre frequencies and their sidebands without 

phase shifter. Experimental validation confirms the effectiveness of the proposed technique 

over conventional phased array antenna. The implementation of ECSS in TMAA synthesis 

is found suitable. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



92 

 

Chapter-6 

Conclusions and Future Scope 

6.1 Conclusions 

In the dissertation TMAAs have been studied for pattern synthesis, beam shaping and 

electronic beam steering utilizing the various optimization techniques.  

The thesis begins with the discussion of antenna arrays. It is seen that the excitation 

distribution can be used to obtain different radiation patterns with various stringent 

radiation characteristics. However it is difficult to implement the precise excitation 

distribution. So TMAA is introduced to achieve the desired excitation distribution by 

controlling an additional parameter time of the RF switches connected to the array 

elements. PIN diode BAR-63 with additional biasing circuit is used as RF switch in the 

work. The switching timings of RF switches are easily and accurately controlled using 

micro-controller based circuit. 

The dissertation has studied the mathematical analysis of TMAA. It is seen that the desired 

current excitation is modified by changing switch ON-time duration of antenna array 

elements. Suppression of power radiated at first sideband reduces the sideband radiations 

and increases the efficiency of the array. 

Thesis simulates various examples of TMAAs for pattern synthesis using different 

optimization approaches. It designed 16-element TMAAs of half wave dipoles with fixed 

SLL and suppressed sidebands. ABC and PSO are used to compute the switching timings to 

obtain broadside and scanned beam pattern. The optimal selection of the switch on time 

sequence shapes the radiation pattern and application of progressive phase differences 

between the elements steers the main beam at different angle from broadside. It is seen that 

the scanned beam offers broader FNBW compared to that of the broadside beam pattern 

with same SLL. For both the cases SBL is approximately -7dB lower than that of the 

pattern at centre frequency. 

The thesis has designed a 16-element TMAA of half wave dipoles to generate cosecant 

squared and scanned beam patterns without using phase shifters. Application of complex 

exponential excitation results in an unequal amplitude and phase distribution on the 

elements at the central frequency without phase shifters. ABC computes the switching 
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sequences to produce the cosecant and scanned patterns at fundamental frequency and 

suppress the SBR losses. It is observed that the higher switching time duration enhances the 

dynamic efficiency of the system. The designed cosecant squared antenna is useful for 

ground-based radars observing aircraft targets as well as airborne search radars observing 

ground targets when the target moves at constant altitude with a fixed elevation angle. 

Simulation results are in reasonable agreement with the theoretical results. 

 

As the demand of printed antennas has been increasing due to the miniaturization of the 

communication devices, the thesis has designed TMAAs using printed dipoles.  The 

subsequent design instances considered in the thesis: designed and analysed a printed 

dipole with microstrip balun. Beam steering is achieved without using phase shifters in a 

single and dual band TMAA. A TMAA consisted of 2-printed dipoles with V-shape ground 

is designed to be operated at 2.45 GHz frequency. A Wilkinson 1:2printed power divider is 

designed to feed the elements of the array. Application of complex exponential signal 

provides the phase difference between the dipoles. The switching timings of the SPST PIN 

diode RF switches connected to the array elements are modulated to have phase and 

amplitude variations. The phase difference among the antenna elements steers the beam in 

different directions accordingly. 

The thesis investigated a 2-element dual band TMAA of printed dipoles operating at ISM 

bands: 2.45GHz and 5.8 GHz.  Parametric optimization of the shape of ground plane of 

printed dipole is done rigorously to enhance bandwidth at both the resonating frequencies. 

A wideband power divider is designed to feed the elements of array. The designed power 

divider operates at wide range of frequencies from 2.1 GHz to 7GHz covering both the ISM 

bands. A common complex signal is applied to the array through SPST PIN diode RF 

switches using a wideband power divider.  DE is used to calculate the switch on time to 

increase the dynamic efficiency of the array. Time sequence of RF switches is controlled 

using CPLD. The efficiency of the array achieved is quite satisfactory. The beam is steered 

in different direction at central frequencies as well as their sidebands. At both the 

frequencies, the beam steers at different angles for various instances of switch-on time of 

RF switch.  

The thesis has synthesised 8-element TMAA of printed dipoles operating at 2.45 GHZ to 

obtain a radiation pattern with a specified SLL and SBL for a fixed HPBW. ECSS 

optimization is used to compute the timing sequence of the array. The study calculated the 
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directivity of the array at designing frequency. The designed TMAA overcomes the side 

lobe level limitation of uniformly excited arrays and large dynamic range ratio of amplitude 

excitation of non-uniformly excited arrays using same number of elements. The 

implementation of ECSS is found very efficient for antenna array synthesis. 

The research work presented in the dissertation provides simple and low cost beam forming 

system using TMAA. The system produces radiation pattern with ultra-low SLL, cosecant 

beam and scanned beam with numerous design constraints. The radiation patterns are very 

much useful in the areas of radio broadcasting, space communication, radar, weather 

forecasting. 
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6.2 Future Scope 

The design and analysis of TMAA presented in this thesis is interesting and offers the scope 

of further study in the following possible areas: 

While designing TMAAs of large number of elements, it is very important to investigate 

the mutual coupling effects among the elements to approximate the performance of TMAA 

more accurately especially in radar applications. The mutual couping may be reduced  by 

using defected ground planes or electromagnetic band gap structures (EBG).  

Application of time modulation in antenna arrays to synthesize desired radiation 

characteristics excites the cross polarization components of the radiation pattern. A 

significant amount of   power can be wasted in cross-polarized radiations. For highly 

directive antenna arrays the cross polarized components should be sufficiently small. The 

work in the thesis may be further extended to reduce the cross-polarization radiations to 

improve the polarization purity of TMAAs. 

Unwanted side band maybe used for several other applications. Harmonic patterns may be 

exploited to configure a simple direction finding system with active null scanning 

capabilities. A simultaneous scan operation can be achieved where the beams at different 

sidebands are used to point at different directions. 

The work may be extended to multiband planar TMAAs for cognitive radio and 

commercial applications.  

Designing of more complex array geometries (square, rectangular, hexagonal, semicircular 

etc.) could be investigated for improved application.  

More powerful global search algorithm with multiple conflicting design objectives may be 

investigated for synthesis of antenna array. 

More complicated/complex beam shapes using other improved optimizing algorithms can 

be achieved. New pulse shaping schemes of time sequence may be investigated by dividing 

the entire time sequence into unequal steps to improve the radiation performance.  

RF micro electromechanical system (MEMS) switches may be used in place of PIN diode 

RF switches used in the thesis as MEMS RF switch gives better performance than PIN 

diode RF switch in terms of bandwidth ,power consumption, insertion loss and isolation. 
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