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In recent years, the advancements in wireless communications imposed the need of an 

intelligent Wireless system conscious of its environment and capable of changing its 

operating frequency, modulation, waveform and transmitting power. Such 

advancements are accompanied by an imbalance use of the spectrum where some 

frequency bands are overloaded while others often remain idle. As a solution to the 

spectrum imbalance, cognitive radio enables sensing the spectrum, learning its activities 

and identifying the suitable frequencies for communication. Once such frequencies are 

identified, antennas are ordered to reconfigure their topology through software in order 

to achieve a successful communication across the desired bands. 

 

Cognitive radio becomes a necessity in the era of Internet of things (IoT), as millions of 

devices must be connected and able to communicate on demand. Enabling such devices 

to communicate requires the integration of agile reconfigurable antennas within their 

communication systems. Hence, such antenas must be miniature in size, reconfigurable 

and easily software controlled. At the same time these antenas must be able to preserve 

aceptable radiation efficiencies, stable radiation patterns and constant gains. 

 

In this tesis the challenge of proposing a new antena design that is miniature in size and 

exhibit an aceptable radiation performance is tackled. Furthermore, machine learning 

techniques come at the core of such design requirements by providing optimization 

tools that allow the successful miniaturization of the antena structure while satisfying all 

the required constraints. In fact, techniques such as genetic algorithm and quantum 

genetic algorithm can be employed to generate three dimensional and volumetric antena 

structures that can be integrated in compact IoT devices within a Dynamic cognitive 

radio setting. This tesis also addresses the integration of switching components within 

the antena topology in order to reconfigure its operation. Such integration benefits as 

well from artificial intelligence and machine learning techniques to estimate with great 

accuracy the predicted performance and optimal antena integration. Finally the tesis 

concludes with a full implementation of IoT integrated, machine learning defined, 

reconfigurable antena components that can be optimally integrated within the future 

millions of connected devices. 
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CHAPTER I 

INTRODUCTION 

 

A. Background and Motivation 

 

  The Internet of Things (IoT) platform requires the continuous connection 

between numerous compact devices. That connection is ensured by antennas that are 

integrated within the different devices. Such integration necessitates the miniaturization 

of the various antennas to satisfy size constraints. Different techniques are implemented 

to achieve miniaturization such ashigh dielectric constant materials, three-dimensional 

structural folding [1], slots and slits incorporation [2], in addition to resistive loading 

[3].  

  Many miniaturized antenna designs, proposed for IoT devices, are investigated 

in literature [2-5].  For example, in [2] slits and slots are introduced into the antenna 

structure for miniaturization purposes. The proposed miniaturized antenna reaches a 

size reduction of 37.73% by relying on slits that are added on both sides of the slot 

antenna. Furthermore, a reduction of 42.33% is achieved when the slits are on one side 

of the slot. Another miniaturized UHF monopole zigbee antenna is discussed in [4] and 

proposed for IoT devices’ integration. The antenna relies on meandering techniques and 

shorting pins in order to achieve miniaturization. The combination of these techniques 

results in a non-uniform topology of the radiating element. The design achieves 50% 

size reduction in comparison to a simple monopole antenna that operates at 915 MHz. 

Furthermore, a compact printed antenna is discussed in [5] and proposed for 

WLAN/Zigbee/Bluetooth applications. The antenna is miniaturized by relying on 
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folding techniques. Such folding is done along the vertical axis (z-axis) of the structure.  

Further miniaturization of the antenna is also accomplished by resorting to folding 

along one of the horizontal axes (y-axis). As a result, the antenna reaches an 85% size 

reduction in comparison to a typical patch antenna. 

  On the other hand, several algorithms are used in antenna designs in order to 

further improve the antenna functionality such as particle swarm algorithm, genetic 

algorithm (GA), and quantum genetic algorithm (QGA). For example in [6], GA is used 

to determine the best configuration of the metal cells on the antenna structure in order to 

miniaturize the antenna. A miniaturization of 42% is achieved. Another design that 

resorts to GA in order to locate pixilated slots is discussed in paper [7] where a 

miniaturization of 37% is achieved. For example, in [8] particle-swarm optimization 

(PSO) algorithm is used in order to achieve an excellent performance for its tapered slot 

antenna. This PSO optimization reduces return loss, side lobes, and cross polarization 

below −18 dB and enables a symmetric circular beam. A VSWR < 1.6 and side lobes 

below −16 dB are also obtained. 

  QGA is characterized by high convergence rate, high accuracy and robustness. 

QGA can be employed to achieve many objectives. It is used for reconfigurable antenna 

optimization as discussed in [9], for antenna selection in massive MIMO systems as 

shown in [10], for broadband impedance and antenna tuning for multi-standard wireless 

communications as presented in [11], and to predict antenna radiation patterns from 

near-field measurements in a screened room. [12] 

  Merging the different techniques of miniaturization and different optimization 

algorithms is done in this thesis in order to determine the best and optimal miniaturized 

antenna designs. GA and QGA in addition to folding, slit, and slot loading are applied 
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on antenna structures in order to miniaturize them as well as to reconfigure their 

operation. The antennas are proposed to be integrated in IoT devices which govern their 

operational frequency to be centered at 868 MHz. In addition, these antennas must be 

able to provide Wi-Fi connectivity to the various devices, hence reconfiguration of 

frequency operation is proposed to enable a second operational mode at 2.4 GHz. Such 

frequency reconfiguration is accompanied by extreme miniaturization folds that reduce 

the size of the antenna without compromising its required radiation characteristics. 

 

B. Thesis structure 

 

  The thesis is divided into 6 chapters. The first chapter is an introduction that 

identifies the general scope of this thesis report. Chapter II represents a general 

overview of antennas proposed for IoT integration. This chapter includes discussions 

about small antennas, miniaturization techniques, reconfigurable antennas and 

reconfiguration techniques. Chapter III discusses Machine Learning Algorithms applied 

on antenna structures. Chapter IV details the new antenna designs for IoT including the 

novel antenna structures, the different techniques used to create these designs, and the 

software tool as well as the fitness function developed in this thesis. Chapter V 

discusses small antenna measurement techniques, and displays the various measurement 

setups and results for the novel antennas (FMIoT and FoMiP antennas hereafter) 

proposed in chapter IV. Finally, chapter VI concludes this report and proposes potential 

future directions. 
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CHAPTER II 

OVERVIEW OF ANTENNAS FOR IOT 

A. Introduction 

 

  IoT is the interconnection of multiple devices allowing them to sense and to 

communicate. An important component used in IoT is the antennas. These antennas are 

used to ensure communication between the different devices. To be integrated in the 

IoT platform, the antennas should be miniaturized; in addition, they must be able to 

communicate at multiple frequencies, hence they should be reconfigurable. So, this 

chapter will start with an overview of electrically small antennas, then a discussion of 

miniaturization techniques will be done; in fact, many techniques can be used to achieve 

this miniaturization. In addition, an overview on different reconfiguration techniques 

and reconfiguration elements will be discussed.  

 

B. Electrical small antennas 

 

  An electrical small antenna is an antenna that can be included in a sphere of 

radius a as shown in (Eq.1) [13]: 

                                k*a<0.5, where k=2*π/λ (Eq.1) [13] 

 

  This sphere is called the “Shu sphere” [13]. Small antennas present a challenge 

for antenna designers. In order to take advantage of the maximum possible space of the 

“Shu sphere” the use of volumetric form can be applied. Figure 1 shows the “Shu 

sphere” including an antenna [13]. 
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  In addition, the bandwidth of the antenna must fit the maximum bandwidth 

requirements engulfed by Geyi's formulas [14]. This formula is used to calculate the 

minimum quality factor (Eq.2) of the antenna design and the maximum acceptable 

bandwidth (Eq.3) where; 

𝑄𝑚𝑖𝑛 =
1

𝑘𝑎
+

1

2(𝑘𝑎)3
 (𝐸𝑞. 2)[14] 

And  

𝐵𝑚𝑎𝑥 =
𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 [𝑀𝐻𝑧]

𝑄𝑚𝑖𝑛
(𝐸𝑞. 3)[14] 

 

 

Figure 1: Biconical small Antenna [13] 

 

C. Miniaturization techniques 

 

1. Overview 

 

  In order to achieve electrical small antenna topologies, miniaturization 

techniques must be applied into the physical structure of the antenna. According to 

Wheeler [15], a small antenna in the TEl0 mode corresponds to the RLC combination of 

Figure 2(a). The series capacitor is the ideal tuning element that takes the antenna to 
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resonance. Equally, a small antenna in the TM10 mode can be represented by the parallel 

RLC combination as in Figure 2b, where the shunt inductor is the tuning element that 

brings the antenna to resonance [15]. 

 

Figure 2: Series and parallel RLC circuits. (a) Series RLC, (b) Parallel RLC [15] 

 

  So applying both serial inductance and capacitance treatment maintains 

impedance matching and bandwidth. [13] 

  Such inductance and capacitance can be achieved by relying on lumped 

elements or by resorting to microstrip line technology. Ideally, lump components 

achieve miniaturization, but in reality they suffer from parasitic resistance. As a result 

of the accumulated resistance, the antenna’s efficiency is significantly reduced. So the 

best way to increase the series inductance and shunt capacitance as well as achieve 

miniaturization is by relying on microstrip line technology and avoiding lump 

components to eliminate undesired parasitic effects. 

  Many miniaturization techniques are discussed in the literature. These 

techniques include the use of short-circuit elements [16], high dielectric constant 

material [17], slot incorporation [18], or resistive loading [19]. Although the most direct 

method for miniaturization is the use of high dielectric constant material, it can have a 

negative effect on the radiation efficiency [20] and results in a narrow bandwidth.   
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  The use of a shorting wall can be applied to diminish the size of the antenna to 

λ0/4 [21]. In addition, papers [22-23] discuss the use of shorting pins near the feed in 

order to diminish the size beyond λ0/4. In paper [24], shorted pins are positioned 

between the upper patch and the ground plane in order to achieve a miniaturization.  

  Structural folding is another technique for antenna miniaturization. Modifying 

and optimizing the antenna’s topology by bending certain parts, meandering integrated 

lines, or even incorporating volumetric curvatures, or fractal patterns contributes to the 

size reduction aspect of an antenna element. According to [25], a folded rectangular 

patch can decrease the resonant frequency by 50%.  

  Since folding the rectangular patch does not change its electrical length, the 

resonant frequency does not change, and the physical dimensions of the antenna 

decrease. As a result, miniaturization can be achieved by conserving the frequency of 

operation and decreasing the physical length of the antenna [26] 

  Slot loaded [13] patches can be represented by equivalent LC circuits as shown 

in Figure 3. When a slot is introduced, the surface currents in its vicinity are disturbed, 

resulting in an alteration of the inductance and capacitance values of the equivalent 

antenna impedance.  

 

Figure 3: Equivalence of some loaded antennas [13] 

  Some of the miniaturization techniques with their advantages and disadvantages 

are summarized in the Table 2.1 [13]. 
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Table 2.1: Some miniaturizations techniques with their advantages and disadvantages 

[13] 

 

Miniaturization 

Use of Advantages Disadvantages 

Miniaturized 

antenna 

High dielectric 

substrate 

Magneto 

dielectric 

substrate 

Easy to design 

 

Limited bandwidth 

Expensive  

Shorted antenna Folding 

Shortening wall 

Shortening pins 

Four-time 

miniaturization 

Effective solution 

Non planer 

Complex geometry 

Low gain  

Low directivity 

No specific design steps 

Slot loading Fractal 

Slots in the patch 

Eight-time 

miniaturization 

Wider bandwidth 

Complex geometry 

No specific design steps 

Affects radiation 

characteristics 

 

The radiation efficiency η is equal to the radiated power over the power delivered to the 

input as can be seen in Eq. 4, where Rloss denotes the loss resistance and Rrad denotes the 

radiation resistance. When the antenna size decreases the resistance loss Rloss increases, 

and the efficiency deteriorates. 
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                                              η=
𝑃 𝑟𝑎𝑑

𝑃 𝑖𝑛
 =

𝑅 𝑟𝑎𝑑

𝑅 𝑟𝑎𝑑+𝑅 𝑙𝑜𝑠𝑠
 (Eq.4) [15] 

 

2. Miniaturized antenna 

 

  In paper [28] a compact single-substrate planar multiband 5-element multiple 

input multiple output (MIMO) antenna system is presented. It is shown in figure 4. The 

antenna size is equal to 0.125λ0 by 0.046λ0. At the frequency of 0.8GHz, it gives a gain 

of -3.68 dB. 

 

Figure 4: 5-element MIMO antenna system for IOT and CR, (a) top view and (b) 

bottom view [28] 

An antenna for IoT having a size of 0.117 λ0*0.057 λ0 is presented in [29].This antenna  

is shown in figure 5, it operates at a frequency of 880MHz with a gain of -4.64 dB 
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Figure 5: Antenna for paper [29] 

 

D. Reconfiguration 

1. Overview  

 

  The reconfiguration of an antenna is obtained by changing the radiated fields of 

the antenna’s effective aperture. [30] The reconfiguration is reached by introducing 

switches in the radiating surfaces of the antenna or in the feeding networks. 

  Many techniques can be used to create reconfigurable antennas. These 

techniques can be divided into four major categories: electrical, optical, mechanical, and 

material change. As shown in figure 6, the electrically reconfigurable antennas are 

based on RF-MEMS, PIN diodes, or varactors. In addition, optically reconfigurable 

antennas use photoconductive switching elements. On the other hand, physically 

reconfigurable antennas are created by mechanically changing the structure of the 

antenna. Reconfigurable antennas can also be created using smart materials such as 

ferrites and liquid crystals.[31]  
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Figure 6: Various techniques adopted to achieve reconfigurable antennas[31] 

  Antennas can be divided into four groups as shown in figure 7. The first group 

includes frequency reconfigurable antennas. The second group includes radiation 

pattern reconfigurable antennas. The third group includes reconfigurable polarization 

antennas. And the fourth group includes reconfigurable antennas with hybrid 

reconfiguration techniques. [32] 

 

Figure 7: Categorization of Reconfigurable Antennas [32] 

  Different type of switches can be used to achieve reconfigurable antennas. Some 

of these switches include RF MEMS, pin diodes, and varactors. RF MEMS create a 

short or open circuit in the surface current paths of the antenna structure. PIN Diodes 

have two different states; the “ON” and the “OFF” state. The diode is forward biased in 

the “ON” state, the diode is not biased or is reverse biased in the “OFF” state. Varactors 

consist of a p-n junction diode; when the biased voltage on the diode changes, the 

capacitance of the varactor changes and thus tunes the antenna operation[31]. 
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  In addition, each switch is characterized by some properties [30]; RF MEMS are 

characterized by their high isolation and low power. Pin diodes necessitate a constant 

DC current, and they are characterized by their fast switching characteristic. Varactors 

necessitate a direct supply of a DC voltage; they are characterized by their fast 

switching characteristic and their tunable response. Optical switches do not require 

biasing and they are characterized by their high isolation. 

  Alternative (non-switch) based techniques can be used to achieve 

reconfiguration. These techniques use some tools to move some parts in the antenna 

structure or change the electrical properties of the antenna’s substrate. Reconfiguration 

properties and techniques must be specified at the beginning of each design process. 

 

2. Reconfigurable antenna 

 

  Many challenges can be faced while designing reconfigurable antennas; in fact, 

many factors must be considered. Reconfigurable antennas must achieve a good gain, 

stable radiation, and a good impedance matching on the various operating states of the 

antenna. [30] 

  A reconfigurable antenna using pin diodes is discussed in paper [33]. The 

antenna is composed of two monopoles at an angle of 30 degrees from each other.  A 

reflector is allocated in the middle of the two monopoles in order to achieve pattern 

diversity. The two monopole arms are connected to a tapered feeding line by two pin 

diodes. When one of the two switches are activated, the antenna resonates at the 

frequency of 3.24 GHz. Two additional pin diodes are added on the monopoles in order 
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to increase its length. That increase in the length results in a decrease in the resonant 

frequency to 2.96 GHz. The antenna is shown in figure 8. 

 

Figure 8: Pin diode-based frequency and radiation pattern reconfigurable antenna with 

the appropriate pin diode biasing network [33] 

  Another reconfigurable design [34] is a varactor based reconfigurable filtenna 

shown in figure 9.  

 

Figure 9: Front and back of the reconfigurable ‘‘Filtenna’’[34] 

  In fact, a “Filtenna” describes a filter combined in the feeding line of an antenna.  

A varactor tunable filter is introduced in the feeding line of a printed antipodal 

wideband dipole antenna. This merging results in a frequency tuning without altering 
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the radiation characteristics of the antenna. The tuning of the reflection coefficient of 

the ‘‘Filtenna’’ for different voltage levels is shown in figure 10. [34] 

 

Figure 10: Tuning of the reflection coefficient of the ‘‘Filtenna’’ for different voltage 

levels[34] 

  A reconfigurable rectangular spiral antenna is shown in figure 11, where RF-

MEMs switches are integrated in the antenna structure. The antenna is composed of five 

sections. These sections are connected through four RF-MEMS switches. According to 

the status of the RF-MEMS, the antenna can change its radiation beam direction.[35] 

 

Figure 11: A radiation pattern reconfigurable antenna [35] 
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  Paper [36] describes two reconfigurable antennas using PIN diodes, these 

antennas form a MIMO system operating over a wide-bandwidth with notch frequency 

reconfiguration. The antennas are shown in figure 12. 

 

Figure 12: MIMO systems based on PIN diode switch activated reconfigurable 

antennas[36].(a)Top layer,(b) Bottom layer. 

 

E. Conclusion 

 

  This chapter introduces IoT concepts, it presents a background on small 

antennas, and on antenna miniaturization; in fact, many techniques can be applied to 

reach this miniaturization. Some of these techniques are based on folding the antenna 

structure, relying on material with high dielectric constants, integrating shorting walls, 

incorporating shorting pins, as well as loading the patch with slots. In fact, 

miniaturization affects the radiation efficiency, the bandwidth and the gain. As a result, 

the design of an antenna must be a compromise between its size and its performance.  

  In addition, this chapter presents an overview on reconfigurable antennas with 

the different techniques of reconfiguration and different types of switches used. It 

details some examples of reconfigurable antennas done in the literature. 
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CHAPTER III 

MACHINE LEARNING ALGORITHMS APPLIED ON 

ANTENNA STRUCTURES 

 

A. Introduction 

   

  Machine learning can be used as an optimization tool in antenna design when a 

certain degree of complexity is required in the structure. In fact, many algorithms can be 

used for such an optimization. GA is one of the most popular and widely used 

evolutionary algorithms (EA). QGA is an improvement of GA with better performance 

because it introduces some thoughts of quantum computing into GA which greatly 

improves the parallelism of genetic manipulation, and accelerates the convergence 

process; in addition, QGA is characterized by high convergence rate, high accuracy and 

robustness [37]. 

This chapter starts with an introduction on GA and gives some examples on the 

implementation of GA for antenna designs. Then it discusses QGA with some of the 

relevant literature review about this topic. 

 

B. Genetic Algorithm 

 

1. Overview 
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  GA is described as a search algorithm. It works on a set of elements, called 

population. This population will progress through crossover and mutation, towards a 

maximum of the fitness function. [38] 

  GA is a method based on the principles of natural [39] selection and evolution. It 

is a stochastic pursuit algorithm. GA employs biological concepts like chromosomes, 

genes, alleles, mating, and mutation. In GA the fitness function plays a crucial role in 

optimization. This fitness function must be designed in a way to find the optimized 

solution with the best efficiency, bandwidth and gain. 

  The most important steps in the GA algorithm beyond the fitness function are 

the 1)  Initialization where the GA generates an initial population of random population, 

2)  Selection where the parents producing the next generation are selected [40]. The 

probability of a parent being selected depends on its fitness value. Some types of 

selection are tournament and roulette wheel selection. Crossover exchanges segment of 

bits between pairs of chromosomes. Crossover is specified by the developer and can be 

at single or multiple locations.  Finally, Mutation randomly changes one or more bits. 

 

2. Antenna design using GA 

 

  GA optimization is used for in antenna design optimization. According to [41], a 

simple rectangular patch antenna is divided into 63 cells. Each of these cells represents 

a conducting or non-conducting element. To represent these cells in the GA algorithm a 

binary coding is done with 63 bits. Five genes indicate the feed position, and five more 

genes are added for the shorting pin. The fitness function was determined as the 
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summation of reflection coefficients in each of three bandwidths divided by ten times 

the total number of samples. 

  In each generation the number of chromosomes in each population is 20. The 

mutation rate is taken to be 60%. And the method used for selection is the tournament 

selection method. According to [41], if all possible solutions were generated, 263 

possible geometries will be achieved.  

  In [42], a dual-band antenna is designed and used for ground based and airborne 

based systems. The parameters used for training were extracted from AED and then 

evaluated by the fitness function. Patch surface was divided into 46 binary cells. Half of 

the patch was designed, so a symmetric condition beside the E-plane was reached for 

the purpose of reducing the cross-polarization component. 200 generations are specified 

with 260 chromosomes with the tournament selection method. Difference between the 

simulated results and the measured ones was caused due to imprecision during 

manufacturing.  

  An electromagnetic GA optimization (EGO) is proposed in [42]: it combines the 

robustness of GA with the precision of AED and the quickness of parallel calculating. 

The designed antenna displayed acceptable dual-band operation at the frequencies of 

1.9 and 2.4 GHz, while keeping a cross-polarization level of 11 dB below the cross-

polarization maximum. Furthermore, some designs necessitate binary and non-binary 

inputs. The real part represents the dimensions, and the binary part represents the slots, 

as can be seen in the figure 13. [42] uses the hybrid PSO for the optimization. While 

designing the antenna, the designer should be able to choose the geometry of the 

antenna in addition to tuning the parameters in order to achieve the desired goal. A 

binary GA and binary PSO strings are generated. However, since using continuous 
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values and mapping them to binary is very costly, a solution would be to crossbreed 

both the real and binary elements into one chromosome. This hybrid technique gave 

high quality performance. The results display that 40% bandwidths are attained at 

required frequencies ranges, in addition to S11 value of -20dB at the frequency of 

1.8GHz and S11 value of -13 dB at the frequency of 2.4GHZ. However, these results 

needed a minimum of 200 iterations.[43] 

 

Figure 13: An antenna with rectangular slots based on GA algorithm [43] 

   

  Furthermore, an important problem that we can face while applying this 

conducting and non-conducting element process [41] is the presence of infinitesimal 

connections that ruins the simulation. A solution that can be applied is the use 

overlapping cells. So, a robust manufacturing can be reached. This technique is shown 

in figure 14. 

 

Figure 14: Infinitesimal connections and overlaps [41] 
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  In addition, a GA optimization can be used to minimize the resonant frequency 

of a rectangular patch antenna without changing its size [44]. In paper [44] and after the 

optimization, the resonant frequency is reduced from 3 to 1.8 GHz. The patch was 

divided into 9 by 9 squares cells. This patch antenna is fed by a probe, so all cells can be 

0 or 1 except the cell of the probe which must always be 0. Chromosomes are selected 

randomly. The method used for selection is tournament and the cross over is a single 

point cross over. The cycle repeats itself for a certain determined number of iterations. 

A start and end frequency in addition to the number of frequencies are selected for each 

iteration. For each frequency predefined S11 is measured. The frequency having the 

lowest S11 is selected. Then the cost function is the difference between the desired 

frequency and the obtained frequency. A reduction of 42 % is achieved in resonant 

frequency.  

  Another example of using GA for antenna optimization is presented in [45], 

where a microstrip patch antenna is designed; the GA is used to regulate the ideal 

dimensions of the antenna for its best performance as shown in figure 15. 

 

Figure 15: Antenna with dimensions chosen by GA  [45] 
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  The dimensions of the antenna are chosen randomly, and a certain range of 

allowed values is defined for each dimension. Since this antenna operates at 3 

frequencies, they are included in the fitness function with three different weights. 

  The population is formed of 64 chromosomes and the number of generations is 

set to 20. The probability of mutation is defined as 0.06. The best possible configuration 

is reached where at frequency 2.4 GHz the reflection coefficient is -25 dB, at 3.6 GHz 

the reflection coefficient is -37 dB and at 5.5 GHz the reflection coefficient is -14 dB. 

  Furthermore, paper [40] presents the design of a single and dual polarization 

PIFA antenna optimized by the GA algorithm. When changing the length of the patch 

and the position of the shorting pin the antenna configuration changes. The S11 is taken 

in consideration for the evaluation of the design. Choosing the frequency of operation 

for the best reflection coefficient in each band of frequency is a hard task. So the 

optimization techniques are the best solution for this problem. 

  The initial population is randomly generated; this population is formed of the 

length of the microstrip, the position of the port, and the position of shorting pin. The 

fitness used is the minimum of S11. After optimization the reflection coefficient at the 

frequency of 2.4 GHz reached approximately -35 dB which is a very good matching. 

The fabricated antenna gives slightly different values and that is due to error in 

fabrication. 

  To achieve the optimization, the combination of the GA algorithm and AED can 

be applied [46]. The technique is realized using MATLAB. The goal is to design a 

broadband E-shaped microstrip antenna. The dimensions of the patch (including its 

length, width, and the height of the substrate), the coordinates of the position of the 
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probe, and the dimensions of the two parallel slots etched in the patch must be 

optimized. The population size is 50, with 200 iterations.  

N is the number of frequencies to be considered, S11 the reflection coefficient. After 

approximately 24 iterations the best fitness improves to reach 1, so the goal was 

reached.  

  Sometime the goal is not to reach the optimal value but an acceptable one. Paper 

[47] presents a microstrip antenna used in medical implants. GA algorithm is used for 

the design of this antenna. Each chromosome was formed of 320 bits, the first 300 bits 

represents the cells of the patch and the last 20 bits represents the location of the feed 

and the location of the ground. The simulation of each model takes more than 30 

minutes. When the requirement is met the process is terminated. The convergence of a 

larger antenna is faster than that of a smaller antenna. Good designs were reached after 

approximately 20 generations. These results were not the optimal ones, but they met the 

requirement conditions.   

  Finally, some designs are very complex to evaluate. For example, the design of 

an Elliptical microstrip patch antenna is very complex. So, the proportions of the 

elliptical microstrip patch antenna are designed using GA. GA algorithm is a better 

approach than ANN because no training of the data is necessary. The unknown 

parameter is the semi major axis. 20 individuals form the population, 200 generations 

are formed, the crossover probability is fixed to be 0.2, and the mutation probability is 

0.01. The obtained reflection coefficient for the frequency of 1 GHz was -19 dB. By 

using GA in optimizing the designs, the difficulty of the design of the elliptical antenna 

was eliminated. [48] 
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  GA is one important method for miniaturization; it can search for the best 

position for the slot on a patch. The fitness function is the most important part in the 

GA. This fitness function helps in the convergence of the algorithm on the best possible 

solution. 

 

C.  Quantum Genetic Algorithm 

1. Overview 

 

  GA has a slow convergence speed, and it is subjected to a local optimal solution. 

QGA introduced some thoughts of quantum computing into GA, which greatly 

improved the parallelism of genetic manipulation and accelerated the convergence 

process [49]. In addition, QGA is characterized by high convergence rate, high accuracy 

and robustness.  

  Every bit of gene in the chromosomes of each population is encoded in the form 

of Q-bit[50]. The Q-bit illustration for the chromosomes of the population is a necessary 

point for applying the quantum algorithm.  By implementing a Q-bit chromosome 

representation, a classical population can be produced by continually measuring the 

quantum population. The best elements of each population are used to update the 

quantum population [51]  

  A Q-bit is the simplest quantum system. It is the fundamental unit. Q-bit has 2 

special states, these states are |0> and |1> (Eq.5). Upon measurement, a Q-bit loses its 

quantum character and reduces effectively to a bit. [52] 

  The Bloch sphere is a geometrical representation of the Q-bit shown in figure 

16. With: 
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   |ψ⟩=a|0⟩+b|1⟩(Eq.5) [52] 

Where  

|𝑎|2 + |𝑏|2 = 1 (Eq.6) 

 

  The north and south poles of the Bloch sphere are typically chosen to correspond 

to the standard basis vectors | 0 ⟩ and | 1 ⟩. 

 

Figure 16: Bloch sphere [52] 

  Each quantum individual XQ in the quantum population, Q-pop, is generally 

represented as a quantum register. Figure 17 represents a typical representation of a 

quantum population. 

 

Figure 17:  A typical representation of a quantum population [52] 
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  QGA includes the initialization part, the selection, quantum crossover, quantum 

mutation, and quantum interference, quantum measurement, evaluation and 

replacement. 

  In QGA, during the population initialization, all the probability amplitudes of 

chromosomes are initialized with 1/ 2. That means each chromosome has the same 

probability in all possible linear superposition states. 

 

2. Quantum gate 

 

  In the quantum interference part, a perturbation mechanism called Q-gate is 

used. It is applied to each produced quantum offspring and parent. It amplifies the 

amplitudes of having the best solution and consequently decreases the amplitudes of 

having other solutions. So, the quantum interference encourages better search for the 

best solutions. [52]   

  The quantum gate is an operation mechanism to complete the evolution. It is 

chosen following specific problems. Many kinds of quantum gates exist. Population can 

be updated through quantum gate as shows the equation below. The quantum gate used 

in (Eq.7) is the rotation gate, where ϴi   is the rotation angle, its size and corresponding 

symbols are determined by the original design adjustment strategy shown in table 3.1. 

The probability amplitudes are [ αi βi] and [αi βi]’ [53] 

   (Eq.7)        [53] 
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Table 3.1: Strategy of direction and size of rotation angle [53] 

 

  Several Q-gates are used in the literature. These Q-gates are represented as 

matrices, where the number of input Q-bits is equal to the number of outputs Q-bits. 

The rotation gate acting on a single Q-bit is the basic Q-gate in quantum-inspired 

algorithms. Figure 18 represents a lookup table of the rotation angle in the rotation Q-

gate.[52] 

  Other gates include the Pauli-X gate, Pauli-Y gate, Pau-Z gate, Square root of 

NOT gate, Phase shift gates, swap gate, Square root of Swap gate, Controlled gates 

(CNOT), Toffoli (CCNOT) gate, Fredkin (CSWAP) gate, and Ising gate. 

 

 

Figure 18: Lookup table of the rotation angle [52] 

3. QGA applications 
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  Applications of quantum computation are used in multiple areas.QGA are used 

for feature selection [54], for handling probabilistic, interval, and fuzzy uncertainty 

[55]. In addition, QGA can be employed to achieve many objectives. It is used to 

design reconfigurable antennas, by optimizing the position of the switches [9]. QGA is 

also used for antenna selection in massive MIMO systems as shown in [10]. QGA is 

applied for broadband impedance and antenna tuning for multi-standard wireless 

communications as presented in paper [11]. QGA is used to predict the antenna 

radiation patterns from near-field measurements. [12] 

   

D. Conclusion 

 

  This chapter gives an overview about GA and QGA which is an improvement of 

GA with better performance. In fact, this chapter discussed some application done in  

literature using both algorithms. 
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CHAPTER IV 

              NEW ANTENNA DESIGNS FOR IOT 

 

A. Introduction 

 

  In this thesis, various software codes are written to assist in the design of 

antennas specific for IoT integration. MATLAB [56], Ansys Electronics Desktop 

(AED) [57] and VBScript [58] are used simultaneously to generate automated codes. 

This chapter introduces the automation codes using GA and QGA. Two fitness 

functions are created; one is used to design miniaturized antennas, and the other one is 

used to reconfigure such miniaturized structures. These fitness functions are also be 

discussed in this chapter. The different designs created in this thesis are detailed in the 

final part of this chapter. 

 

B. Automation part 

 

  AED uses a scripting language called VBScript which is a Microsoft® Visual 

Basic® Scripting Edition in order to record macros. Since scripts are known to be fast 

and effective, they present suitable solutions to complete repetitive tasks. The script is 

formed of multiple commands, which will be executed simultaneously throughout the 

execution of the code. The script can be written as a code on a text editor and then can 

be run in AED, or the script can be recorded from AED into a text editor, where it can 

be modified and then run in AED. The text editor can later be accessed, and the code 

modified whenever necessary. [59] 
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C. MATLAB code for automation 

 

  As a first step, a folded antenna is designed. A VBSCRIPT code of the created 

folded antenna is written. The next step is based on miniaturizing the folded antenna. 

Optimization techniques are used for that purpose.  

 

1. GA automation code 

 

A GA is applied to the folded antenna structure. The GA is written as a MATLAB code. 

A population of 20 chromosomes is generated. For the initialization part of the GA, a 

random population of chromosomes is generated. Selection, crossover and mutation are 

applied to the chromosomes. The mutation rate used is 20% in order to decrease the 

probability of convergence to a local optima. A MATLAB code maps the different 

chromosomes of the population into different VBSCRIPT codes. The different bits of 

the chromosomes represent the position of the slots on the antenna patch in addition to 

the location of the coax fed. For the reconfigurable antennas, more bits are added to the 

chromosome to represent the location of the switch. 

  The different VBSCRIPT codes create different antenna designs. These designs 

are run in AED. At the end of simulations, the results (Frequency, gain, and S11) are 

extracted into excel files.  

  The MATLAB code reads the results of all the chromosomes in the population 

from the excel files. A fitness function evaluates these results. The best 50% of the 

chromosomes are kept. Parts of the chromosomes will be discarded, and others will be 
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conserved. The GA algorithm is rerun based on the new results. These steps are 

repeated until convergence is achieved.   

  The complementary use of MATLAB, VBScript, and AED for optimization 

economizes time and is very advantageous. It transforms the process into an automated 

and efficient one. The different steps of this automation are presented in figure 19. 

 

Figure 19: Automation diagram for the GA 

2. QGA automation code  

 

  A QGA algorithm is applied to the folded antenna structure. The QGA algorithm 

is also written as a MATLAB code.   
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  A population of 20 chromosomes is generated. For the initialization part of the 

QGA a quantum population of value of chromosomes is generated. The quantum 

population is mapped into a binary population using a random pick. Then a quantum 

rotation gate is used. 

  A MATLAB code maps the different chromosomes of the population into 

different VBSCRIPT codes. The different bits of the chromosomes represent the 

position of the slots on the antenna patch in addition to the location of the coax fed. For 

reconfigurable antennas, more bits are added to the chromosome to represent the 

location of the switch. 

  The different VBSCRIPT codes create different antenna designs. These designs 

are run in AED. At the end of the simulations, the results (Frequency, gain, and S11) are 

extracted to excel files.  

  The MATLAB code reads the results of all the chromosomes in the population 

from the excel files. A fitness function evaluates these results. The best chromosome is 

saved. 

  The complementary use of MATLAB, VBScript, and AED for optimization is 

very useful and saves time. It transforms the process into an automated and efficient 

one. The different steps of this automation are presented in figure 20. 
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Figure 20: Automation part for the QGA 

 

D. Fitness function 

 

  The fitness function is an important element in the process of convergence of the 

algorithm.  

  Some of the parameters that must be taken in consideration to ensure good 

antenna design are the frequency of operation, the gain and the S-parameter of the 
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antenna. The fitness function must include these three main factors in order to be 

optimized. 

  In this report we develop two different fitness functions; one for the simple 

design and the other for the reconfigurable one. 

 

1. Simple fitness 

 

  As shown in equation 8, the cost function must increase with the increase of the 

difference between the frequency of operation and the desired frequency (0.868 GHz). 

In order not to obtain a cost value of zero when we reach the desired frequency of 0.868 

GHz, a value of 1is added to the numerator. 

 cost =
1

fitness
=

(10*(abs(Frequency)-0.868)+1)

((exp(
Gain

4
))*abs(S11))

   (Eq. 8) 

 

  In addition, the cost must increase with the decrease of the absolute value of 

S11; so the absolute value of reflection coefficient is inversely proportional to the cost 

and must be included in the denominator. 

  Furthermore, the cost must decrease when the gain is positive and increasing, 

and the cost must increase when the gain is negative and increasing. As a result, the 

positive gain and the cost are inversely proportional, and the negative gain and the cost 

are proportional. As a result, the exponential of the gain is put in the denominator. 

 

2. Reconfigurable fitness 



 

   34 

  In addition, another fitness function was developed for the reconfigurable design 

(Eq.9). In fact, two entities are added in order to form the new cost function. One entity 

represents the ON state, and the other the OFF state. The cost function is as follows.  

𝑐𝑜𝑠𝑡 =
1

𝑓𝑖𝑡𝑛𝑒𝑠𝑠
= 

(10 ∗ (𝑎𝑏𝑠(𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦𝑂𝑁) − 0.868) + 1)

((exp (
𝑔𝑎𝑖𝑛𝑂𝑁

4
)) ∗ 𝑎𝑏𝑠(𝑆11𝑂𝑁))

+
(10 ∗ (𝑎𝑏𝑠(𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦𝑂𝐹𝐹) − 2.4) + 1)

((exp (
𝑔𝑎𝑖𝑛𝑂𝐹𝐹

4
)) ∗ 𝑎𝑏𝑠(𝑆11𝑂𝐹𝐹))

 

(Eq. 9) 

E. Antenna designs 

 

  Our thesis objective is divided in two parts. The first part defines the 

functionality of the antennas. The antennas are proposed to be integrated in IoT devices 

which govern their operational frequency to be centered at 868 MHz. In addition, these 

antennas must be able to provide Wi-Fi connectivity to the various devices; hence 

reconfiguration of frequency of operation is proposed to enable a second operational 

mode at 2.4 GHz.  

  The design objective is to then design the antennas according to the RF theory 

principles. Optimization algorithms will be later added in order to reach the best optimal 

design solution. 

 

1. Design one: Folded miniaturized antenna 
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  Our first antenna was designed by applying miniaturization techniques on a 

regular patch antenna. The first step consists of designing a typical patch antenna that 

exhibits total dimensions of 52x30 mm2; operating at 2 GHz. Folding is later applied on 

the antenna as shown in Figure 21 to decrease the overall dimensions of the design 

while maintaining the same frequency of operation [26]. As a result, the dimensions of 

the antenna are minimized to 30x31.84 mm2 with a height of 4.37mm. To reach the 

desired frequency band (805-835 MHz), slots, slits and shorting pins are inserted into 

the design. Four slits and three slots are etched from section 2 of the antenna and two 

slits with one slot are etched from section 3 as shown figure 21. The position of the slits 

and slots were determined were the current distribution is the highest on the patch of the 

antenna.  In addition, two shorting pins are incorporated in section 3 to ensure 

impedance matching at the desired frequency of 820 MHz. 

  As a result, a novel miniaturized antenna with a 95 % size reduction and a 

radiation efficiency 55% is designed to operate at 820 MHz [60]. The proposed design 

is a folded miniaturized antenna for IoT (hereafter FMIoT). This antenna is suitable for 

IoT devices’ integration [6] because it targets the IoT Europe band (805-835 MHz). As 

shown in Figure 21, this antenna is composed of seven components that constitute the 

complete antenna structure. The antenna forms a three dimensional (3D) folded patch 

structure. Three layers represent its structure. The first layer is the radiating patch, the 

second layer is the Rogers Duroid Substrate 5880 with a dielectric constant of 2.2 and a 

thickness of 0.79 mm. The third layer is the ground plane that is covering the bottom 

layer of all sections.   

  The different parts of the antenna are fabricated using a mechanical milling 

machine and the different parts are soldered together in order to form the 3D shape. 



 

   36 

Figure 22 shows the fabricated prototype of the antenna design. The parameters of the 

FMIoT are measured. The reflection coefficient is measured by relying on a vector 

network analyzer. The antenna is considered a miniaturized antenna by referring to the 

“Shu Sphere” theorem, [13]. The “Shu Sphere” theorem states that an antenna is 

considered miniaturized if it can be included in a sphere of radius a as shown in Eq. 1 

   𝑘 ∗ 𝑎 < 0.5 (Eq.1) 

  In this design, the antenna can be engulfed by a sphere of diameter equal to 

41.85 mm. As a result,  

𝑘 ∗ 𝑎 = 0.36 < 0.5 

 

   In addition, the bandwidth of the antenna (30 MHz) fits the maximum bandwidth 

requirements engulfed by Geyi's formulas [14]. This formula is used to calculate the 

minimum quality factor (Eq.2) of the antenna design and the maximum acceptable 

bandwidth (Eq.3) where; 

                                𝑄𝑚𝑖𝑛 =
1

𝑘𝑎
+

1

2(𝑘𝑎)3 = 13.5 (Eq.2) 

And  

𝐵𝑚𝑎𝑥 =
𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 [𝑀𝐻𝑧]

𝑄𝑚𝑖𝑛
= 60.7 𝑀𝐻𝑧 (Eq.3) 

 

As a result, our first objective was achieved; in fact, we were able to design a 

miniaturize antenna that can be integrated in an IoT platform. Our next objective is 

reconfigurable which will make this antenna able to operate on another frequency of 2.4 

GHz in order to provide WIFI connectivity. To achieve this reconfiguration, switches 

must be added in the radiating surfaces of the antenna, as a result the radiated fields of 

the antenna’s effective aperture will change. So in the following design one kind of 
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electrical switches called pin diode will be used to achieve reconfiguration. A problem 

that presents itself is how to find the optimal position of the pin diode on the antenna. In 

the following, GA and QGA algorithms will be used in order to find this optimal 

position.  

 

Figure 21: (a) 3D Folded antenna design (b) view of section2 (c) view of section 3 

 

Figure 22: The fabricated prototype of FMIoT  
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2. Design two: Reconfigurable folded miniaturized antenna  

 

  GA optimization is first employed in order to reconfigure the frequency 

operation of the FMIoT, by relying on a single PIN diode. The GA identifies through 

rigorous optimization, the best position for the placement of the pin diode as well as one 

of the shortening vias. The ground plane on the upper layer is extended in order to 

appropriately bias the PIN diode as shown in figure 23. 

   In the GA code, the upper layer of the antenna is divided into 300 bits. These 

bits represent the possible locations of the pin diode. In addition, the position of one of 

the vias must be optimized in order to ensure matching. 100 bits of the chromosome 

represent the possible location of the via. It is important to note that crossover is also 

applied to the chromosomes with a mutation rate of 20%. Selection is done by relying 

on a Roulette Wheel selection technique.  

 

Figure 23: Optimized position of the pin diode and the coax fed on the antenna 

 

  The GA converged after 10 iterations on a local optima. The resulting antenna 

structure is shown in figure 23.  

  For the ON state of the pin diode, a resonance at around 0.8775GHZ with a 

magnitude of the reflection coefficient of -21 dB and a realized gain of around -4.81259 
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dB is achieved. Figure 24 shows the simulated reflection coefficient at 0.8775 GHz, and 

figure 25 shows the realized gain of the antenna. For the OFF state of the pin diode the 

simulated reflection coefficient indicates a resonance at around 1.74 GHZ. In addition, 

the resulting realized gain is around -2.23747 dB. Figure 26 displays the simulated the 

reflection coefficient for the off state of the PIN diode, figure 27 displays the realized 

gain of the antenna. 

 

Figure 24: S-Parameter results of the ON state for FMIoT 

 

 

Figure 25: Realized gain of the ON state for FMIoT 
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Figure 26: S-Parameter results of the OFF state for FMIoT 

 

Figure 27: Realized gain for the OFF state for FMIoT  

  QGA is then reapplied on the antenna structure in the purpose of finding the best 

possible design. The code is not able to reach the frequency of 2.4 GHz as was our 

objective. As a result, the structure of our designed antenna is unable to reach that 

frequency. Our solution was to change in the physical structure of the antenna.  The 

fitness function is shown in figure 28 where we can see that the fitness function 

increases with each iteration until reaching a maximum value after iteration 33.  
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Figure 28:  Fitness of the QGA 

Table 4.1: Frequency values for the ON and OFF states of the pin diode 

Optimization technique GA QGA 

PIN diode state ON OFF ON OFF 

 

Frequencies (GHz) 

0.8775 1.74 0.89 1.71 

0.8925 1.71 0.9 1.74 

 

  Table 4.1 shows the different frequencies of operation obtained after applying 

GA and QGA on the FMIoT for the ON and OFF states of the PIN diode. As we can see 

we are able to reach a frequency value around 0.868 GHz for the ON state of the pin 

diode, but a frequency around 2.4 GHz is not reachable with this current design. In 

addition, the gain on both ON and OFF states is negative.  

  As a result, since using pin diodes and vias can degrade the efficiency and gain 

of the antenna, our next step was to eliminate the vias, and replace the pin diode by an 

RF MEM in the following antenna designs because RF MEMS prove to have less effect 

on the antenna efficiency and gain. 
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3. Design three: new folded structure 

 

  We restarted with a new antenna design and we did it by the conventional way. 

First folding is applied to the antenna structure in order to minimize its physical size and 

by that achieve miniaturization.  

  As a first step, a patch antenna operating at 2.38 GHz is designed as shown in 

figure 29. The maximum realized gain of this patch is 4 dB as represented in figure 30. 

The patch, the ground plane and the substrate are folded as shown in figure 31. The 

operating frequency of the resulting antenna is 2.34 GHz with a realized gain of 3.21 dB 

as shown in figure 32. Folding the antenna, a second time as shown in figure33, results 

in an antenna operating at 2.35 GHz with a realized gain of 2.64 dB as shown in figure 

34. After several folding stages the final prototype shape is shown in figure 35. Folding 

the antenna decreases its physical size while maintaining the same frequency of 

operation [26]. 

  The complete structure of the antenna forms a 3D folded patch topology with 

eight parts. In all parts of the antenna, three layers create its structure. The first layer is 

the radiating patch; the second layer is the Rogers Duroid Substrate 5880 with a 

dielectric constant of 2.2 and a thickness of 0.79 mm. The third layer is the ground 

plane that is covering the bottom layers of all sections. The final overall dimensions of 

the antenna are 40 mm x 52 mm x 5.16 mm. As shown in figure 36, this prototype 

operates at 2.36 GHz with a maximum realized gain of 2.21 dB. 
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Figure 29: Antenna and its current’s distribution  

 

 

Figure 30: S-parameter and realized gain 

 

 

Figure 31: Antenna and Current distribution on the antenna’s patch 
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Figure 32: S-Parameter and realized gain 

 

 

Figure 33:Antenna and Current distribution on the antenna’s patch 

 

Figure 34: S-Parameter and Realized gain 

 

Figure 35: Antenna and Current distribution on the folded antenna’s patch  

5.16 
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Figure 36: S-Parameter and realized gain of the folded antenna. 

 

  Our next step is to further miniaturize this folded antenna by adding slits and 

slots to the patch so that the antenna can operate at a frequency around 868 MHz. The 

design of the antenna in this case is achieved by solely relying on the electromagnetic 

principles, antenna theory and monitoring current distributions. In fact, the position of 

the slits and slots was determined relying on the current distribution on the patch. The 

position of the coax feed is optimized using parametric estimation in AED. The antenna 

is shown in figure 37. This antenna resonates at around 868 MHz with a maximum 

realized gain of -4 dB as shown in figure 38.  

 

Figure 37: Simple antenna design 
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Figure 38: S-Parameter and realized gain of the simple antenna design 

   

  Our first objective was reached; we were able to design a miniaturized antenna 

that can be integrated in an IoT platform. The next objective was to make this antenna 

operating at 2.4 GHz in order to provide WIFI connectivity. So, the next step is to 

transform the obtained antenna to be reconfigurable This time we are going to use RF 

MEMS in order to achieve this reconfiguration, since RF MEMS affect less the gain and 

the efficiency of the antenna. A parametric estimation for the best position of the RF 

MEMS was done. The resulting antenna design is shown in figure 39. 

 

Figure 39: Simple reconfigurable antenna design 
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For the OFF state we can see a matching at around 868 MHz (fig. 40) with a gain of -

4.14 dB (fig.41). In the ON state we can see a matching at 2.4 GHz (fig.42) with a gain 

of 2.47 dB (fig.43). 

 

Figure 40: Reflection coefficient of the OFF state 

 

Figure 41: Realized gain on the OFF state 

 

Figure 42: Reflection coefficient of the ON state 
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Figure 43: Realized gain of the ON state 

  As we can see the gain on the higher frequency improved and became positive 

in comparison with the previous design. In addition, we were able to reach a frequency 

around 2.4 GHz which was not the case for the previous design. But this design is not 

the best optimal design, because it does not give us the best optimal position of the slits 

and slots. So applying optimization algorithms is a must in order to reach the best 

optimal design. 

 

4. Design 4: new folded QGA structure 

 

  After minimizing the physical size of the antenna, the next step is to reduce the 

operating frequency in order to reach 868 MHz. The presented antenna targets the IoT 

band. In order to reach the desired frequency of 868 MHz slots, slits must be added to 

the design. QGA is used to optimize the best positions of the pixilated slots in order to 

miniaturize the antenna and reach the frequency of 868 MHz. In fact, QGA introduces 

some views of quantum computing into GA. As seen before QGA accelerates the 

convergence process and progresses the parallelism of the genetic manipulation. [49]. 

  QGA is used to reach the frequency 868 MHz and by that miniaturize the 

antenna by 87%. The obtained antenna is shown in figure 44, where the position of the 

pixilation is detailed. 
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Figure 44: Antenna design using QGA 

  First, the code written to trigger the QGA starts with a population of 20 

chromosomes; each chromosome represents a sequence of bits that will be mapped into 

an independent code for an independent antenna design. The total size of each 

chromosome is 1612 bits. The patch antenna is divided into 1612 cells. Each of these 

cells represents a conducting or non-conducting element. These binary bits represent the 

location of the pixilation on the antenna patch in addition to the location of the coax fed. 

  The first step of the code is the initialization of the Quantum chromosomes. The 

second step is the transformation of the quantum bits of each quantum chromosome into 

binary bits using a random pick. 

  The size of the lower layer of the patch is 16mm*52 mm as shown in figure 45. 

In the code we determine that 27% of the lower layer of the patch in the antenna must 

be slotted. So, we divide the first layer of the patch into 832 pads, each one of them 

having a size of 1 mm by 1 mm, an overlap of 0.1mm is added between the pads.  
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Figure 45: Pixilation in the lower layer of the antenna 

  The right and left vertical layers contain pixilated slots. The right vertical layer 

has dimensions of 3.58 mm x 52 mm as shown in figure 46. We divide this part into 293 

pads where 20 % of them are slots. The dimensions of the slots in this layer are 0.5 mm 

in the z-direction and 1 mm in the x-direction. An overlap of 0.1 mm is applied to the 

pixilated slots. 

 

Figure 46: Pixilation in the right layer of the antenna 

  The left vertical layer has dimension of 1.79 mm x 52 mm as shown in figure 

47. We divide this part into 125 pads where 24 % of them are slots. The dimensions of 

the slots in this layer ae 0.5 mm in the z-direction and 1 mm in the x-direction. An 

overlap of 0.1 mm is applied to the pixilated slots. 

Lower layer of the antenna

Pixilation
0.1 mm overlap

Right vertical layer 

3.58 mm
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Figure 47: Pixilation in the left layer of the antenna 

  In addition, the position of the coax feed must be optimized by the code. 360 bits 

are specified in the chromosomes to determine the position of the coax. These 360 bits 

represent a window in the lower layer of the antenna where the coax feed can be present 

as shown in figure 48. In addition, the reflection coefficient and realized gain of the 

QGA antenna are shown in figure 49. 

  To represent these cells in the algorithm a binary coding is done with 1612 bits. 

832 bits of the chromosomes are allocated to determine the position of the pixilation in 

the lower layer of the patch, 293 bits are allocated to determine the position of the 

pixilation in the right vertical layer, 125 bits are allocated to determine the position of 

the pixilation in the left vertical layer, and 360 bits are allocated to determine the 

position of the coax fed. The purpose of the code is to optimize the best positions of the 

different slots in the antenna.  
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Figure 48: Possible zone of the coax fed 

  The code transforms the chromosomes into VBSCRIPT files, MATLAB runs 

these VBSCRIPT files in AED. The frequency having the lowest S11 is selected. The 

parameters used for training, which are the S-Parameters, the frequency and the gain, 

are extracted from AED. The fitness function plays a crucial role in optimization, this 

fitness is compiled by MATLAB. This fitness function must be designed in a way to 

find the optimized solution with the best efficiency, bandwidth and gain. 

  The fitness of each chromosome is calculated. The chromosome with the best 

fitness, and the fitness of this chromosome are saved. The quantum population is 

entered to a quantum gate. These quantum bits are transformed into binary bits. These 

steps are repeated for 100 iterations. The code is run on a windows 7 computer, which is 

characterized by a 64-bit operating system with a 32 GB installed memory (RAM). Its 

processor is Intel® Core™ i7-4770 CPU @3.40 GHz. The code is run for 100 

iterations. The percentage of the fitness for each iteration is shown in figure 50. The 

maximum percentage reaches 97 % of the best possible fitness that we can reach. 100% 

of the fitness represent the best possible design that we can reach. As much as we 

approach from the 100% as must as we reach our best possible design. 

Allocated zone where the coax fed can be
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Figure 49: S-Parameter and realized gain of the QGA antenna 

 

Figure 50: Percentage of the fitness with respect to the number of iterations 

  The antenna is fabricated using a mechanical milling machine. The fabrication is 

completed layer by layer, and then soldering is executed in order to assemble the 

different parts into the 3D final design. The fabricated design is shown in figure 51. 

 

Figure 51: Fabricated prototype 
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5. Design 5: new folded reconfigurable QGA structure 

 

  After miniaturizing the antenna structure, frequency reconfiguration is sought in 

order to enable the antenna to operate at the frequencies 0.868 and 2.4 GHz for different 

configurations. A QGA code is employed in order to optimize the position of the slots 

in the three different layers of the antenna, the position of the coax feed, and the best 

position of the RF MEMS. 300 more bits are added to the different chromosomes of 

each population. These bits represent the possible positions of the RF MEMS. Each 

chromosome is now mapped to two different VBScripts, one of the VBS is for the ON 

state of the RF MEMS and the other is for the OFF state of the RF MEMS. After 

running these VBS files, and for each chromosome, we obtain a different S11, 

frequency and gain for the ON state and another set for the OFF state of the RF MEMS. 

These results are saved into an excel files and then they are imported to MATLAB 

where the fitness function (Eq.9) is calculated for each chromosome of the population. 

The new fitness function is the summation of two parts. One for the ON state and the 

other for the OFF state. 

Cost= 

(10 ∗ (𝑎𝑏𝑠(𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦𝑂𝑁) − 0.868) + 1)

((exp (
𝑔𝑎𝑖𝑛𝑂𝑁

4
)) ∗ 𝑎𝑏𝑠(𝑆11𝑂𝑁))

+
(10 ∗ (𝑎𝑏𝑠(𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦𝑂𝐹𝐹) − 2.4) + 1)

((exp (
𝑔𝑎𝑖𝑛𝑂𝐹𝐹

4
)) ∗ 𝑎𝑏𝑠(𝑆11𝑂𝐹𝐹))

 

   (Eq.9) 

The obtained reconfigurable design is shown in figure 52. 
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Figure 52: Reconfigurable QGA antenna design 

 

The code is run for 10 days and the following results are obtained after 100 iterations 

where a 92 % of the best target fitness is reached, as shown in figure 53. 

 

Figure 53: Percentage of the normalized fitness in function of the number of iterations 

  In the Off state we have a matching at 868 MHz (Fig.54) with a gain of -5.19 

dB.(fig.55). In the On state we have matching at 2.4 GHz as shown in figure 56. With a 

gain of 2.14 dB in figure 57. 
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Figure 54: S parameter in the OFF state 

 

Figure 55: Realized gain in the OFF state 

 

 

Figure 56: S-parameter of the ON state 
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Figure 57: Realized gain of the ON state 

 

F. Conclusion 

  Many objectives were targeted in our work. Our first objective was to design 

miniaturized antennas to be integrated in IoT platform. Different miniaturization 

techniques were used to achieve that including folding, slit and slots loading, shortening 

vias loading, in addition to using optimization algorithms. The miniaturized antennas 

target a frequency around 868 MHz. The second objective was to make these antennas 

reconfigurable in order to ensure Wifi connectivity. A frequency of 2.4 GHz was 

required. Two type of switches, pin diodes and RF MEMS, were used in our different 

designs to achieve miniaturization. Many techniques were used to find the best optimal 

position of the switch. GA and QGA algorithms were applied in some of the designs in 

order to reach the best optimal antennas configurations. 

Table 4.2 summarizes the different reconfigurable antennas designed in this thesis with 

the techniques used, in addition to the simulated S11, and gain for the higher and lower 

frequencies of operation.  
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Table 1.2: Comparison between different reconfigurable antenna designs of the thesis 

Reconfigur

able 

Antenna 

Optimizat

ion 

technique 

Lower 

frequen

cy (LF) 

S11_

LF 

Gain__

LF 

Upper 

frequen

cy (UF) 

S11_

UF 

Gain_

UF 

FMIoT GA 877 -21 -4.81 1.74 -14 -2.23 

Simple 

folded 

Traditional 

techniques 

890 -16 -4.5 2.42 -24 2.47 

FoMiP QGA 868 -17 -5.19 2.4 -18 2.14 

 

 

 

 

 

 

 

 

 

 

 

 



 

   59 

CHAPTER V 

                        SMALL ANTENNA MEASUREMENTS 

 

A. Introduction 

 

  Performance measurements of small antennas, whether reflection coefficient, or 

radiation efficiency are heavily affected by the measurement equipment as well as the 

environment. This is due to the miniature size of the radiating elements. In fact, small 

antennas are characterized by a low input resistance and a high input reactance. As a 

result, a traditional measurement of input impedance becomes not suitable. This chapter 

gives an overview of small antenna measurements; in addition, this chapter discusses 

the measurements done on the new designs proposed in this thesis.  

 

B. Small Antenna measurements overview 

  One of the most common problems with the measurements of a small antenna is 

resides in the cables that are required to connect the antenna to a signal generator or a 

network analyzer. In fact the RF feed cables cause significant changes to the input 

impedance measured at the antenna port [61]. The movement of the antenna cable can 

alter the observed signal level significantly with variations of up to 10 dB. This problem 

can vary between antenna elements as well as it is frequency dependent [62-63]. 

  An RF choke must always be used between the test cable and the antenna in 

order to suppress the cable currents [61]. It is also found that ferrite chokes on the 

exterior of the cables reduce the cable-related effect significantly. 
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  A sleeve-like balun choke, shown in figure 58, when placed on the feed cable 

prevents surface currents of the Antenna Under Test (AUT) from passing to the outer 

shield of the RF feed cable [64].  Balun chokes are band limited but they are very 

effective in minimizing the effect of the leakage of the currents on the radiation of the 

antenna. The balun puts an “open end” termination at the edge of the AUT by enforcing 

a short circuit on the shield of the coaxial RF feed cable at a distance λ/4 from the edge 

of the AUT. The balun does not produce losses to the radiating platform. In addition, 

cascading multiple quarter-wave baluns can virtually cut the RF cable into small pieces, 

too short to act as radiating dipoles.  

 

Figure 58: Cross section of the dual-band balun prototype [64] 

  Furthermore, placing lossy and absorbing material around the RF cable behind 

the balun can reduce the scattering effect to an acceptable level.  Another alternative 

consists of incorporating Ferrite beads along with the balun in order to suppress the 

currents as shown in figure 59[64]. 

 

Figure 59: Ferrite beads and balun placed between the AUT and the cable for small 

antenna measurements [64] 
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  In addition, small chambers (GTEM cells and small anechoic chambers) can be 

used for small antenna measurements. In fact, the gain, of a small antenna, measured in 

a GTEM cell has an average accuracy of +or- 1 dB. Reciprocation is also achieved; the 

antenna under test can be a transmitter or a receiver without a change in the results.[65] 

  Some ways for small antenna measurements include the use of a contact-less 

measurement setup [66]. Rather than cable chokes, another option altogether is the 

implementation of an optics-based system to eliminate the possibility of cable currents. 

This system uses electro-optic transducers to enable delivery of the RF signal to the 

antenna under test using an optical fiber rather than a traditional coaxial cable [61]. 

Table 5.1 details the different measurement methods of small antennas along with their 

accuracy [66]. 

Table 2.1: Measurement methods for small antennas with their accuracy [55] 

 

C. Measurements of the various proposed designs 

Measurement method Accuracy 

(%) 

Note 

Pattern integration <20 Suitable for most antennas. 3D radiation 

measurement required, time-consuming, and 

poor accuracy. 

Direction/gain <20 Suitable for a wide range of antennas, 

directional antennas. 

Wheeler cap <3 Suitable for electrically small antenna, cost 

effective, quick, accurate, and little data 

processing. 
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1. Design 1 FMIoT measurement 

 

Sliding wall cavity <5 Suitable for many small antennas, cost 

effective. A special cavity required. 

UWB Wheeler cap <10 Suitable for Wideband and small antennas, 

cost effective, quick, and simple data 

processing. 

Source-stirred 

cap/chamber 

<5 Suitable for a wide range of antennas, cost 

effective, quick, and little data processing. 

RC with a reference 

antenna 

<10 Suitable for both large and small antennas 

and systems. A reference antenna with 

known radiation efficiency required, time 

consuming, and the frequency >LUF 

RC without a 

reference antenna 

<10 Suitable for both large and small antennas 

and no reference antenna required. A lengthy 

chamber calibration required and the 

frequency >LUF 

Radiometric <10 Suitable for many antennas. Special 

equipment required. 

Q-factor <10 Suitable for electrically small antennas, not 

as simple as the Wheeler cap method. 

Calorimetric <5 Suitable for small antennas and systems. A 

special heat flow comparator required 
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  The FMIoT antenna satisfies the bandwidth upper limit constraint. It presents a 

95 % size reduction with respect to a conventional patch antenna. The antenna’s 

radiation efficiency is equal to 55.7% at the operating frequency. An overlap between 

the measured and simulated reflection coefficient is shown in figure 60, where good 

agreement is observed. 

 

Figure 60: Simulated and measured reflection coefficient of FMIoT 

 

Figure 61: The radiation pattern of FMIoT at 820 MHz in the (a) X-Z plane and (b) X-Y 

plane. 

  Such antennas constitute the basis of IoT components, where size reduction and 

performance requirements are maintained and satisfied. Figure 60 shows that the 

FMIoT antenna operates at 820 MHz with a bandwidth of 30 MHz. In addition, the 

(a) (b)
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radiation pattern of FMIoT at 820 MHz in the X-Z and X-Y planes are sown in figure 

61. 

  In order to measure the reflection coefficient of the FMIoT antenna, a ferrite 

bead is placed on the cable and a balun is placed between the cable and the antenna as 

shown in figure 62. This is done in order to minimize the effect of the cable. 

 

Figure 62: FMIoT antenna measurement using ferrite bead and a balun 

Table 5.2 compares the FMIoT antenna with other antennas from literature, this antenna 

has a very high miniaturization with acceptable gain and efficiency. 

Table 5.2: Characteristics of some miniaturized antennas 

Dimension  Frequency Bandwidth Gain Efficiency Ref 

0.082 λ0by 0.082 

λ0 

820 MHz 30 MHz -2.5 dB 65% FMIoT 

0.41λ0 by 0.41λ0 

by 0.04λ0 

3.5 58 2.7  63%  [67] 

0.3λ0 by 0.26λ0 by 

0.02λ0 

From 

2.5GHzto11GHz 

8.5 GHz  4 dBi   [68] 
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0.8λgby0.67λg 2 GHz 190MHz  4.6 dBi 75% [69] 

0.13 λ0 by 0.13 λ0   3 GHz  50 MHz 3.06 42% [70] 

0.1λ0by0.1λ0 

by0.04λ0 

1.227 GHz  580MHz 3 dB 54%, [71] 

0.26 λ0 by 0.26 λ0   

by0.026 λ0. 

(1.563–1.623  

GHz) 

60 MHz  0.91dBic Not 

mentioned 

[72] 

0.18λ0by 0.18λ0by 

0.04λ0 

2.38 GHz 35 MHz −5.4 dBi 22% [73] 

π 0.30 λ0 by  0.30 

λ0  

by  0.045 λ0 

4.42 GHz 227.5 

MHz 

1.1dB Not 

mentioned 

[74] 

0.173λ0by 0.32λ0  

by 0.0042λ0 

0.8 GHz ≥ 20 MHz -4 dB Not 

mentioned 

[75] 

0.125λ0 by 0.046λ0 433MHz 

866 MHz 

 -5.3dBi 

- 0.7dBi 

Not 

mentioned 

[76] 

0.43 λ0 by 0.44 λ0 4.82 GHZ 2.20 2.8 dB 93 percent [77] 

 0.12 λ0 by 0.12 λ0 2.42 GHz Very 

narrow 

-5 dB. Not 

mentioned 

[78] 

0.117 λ0 by 0.057 

λ0 

880 MHz 30 MHz -4.64 

dBi 

21% [79] 

 

2. Design 3 FoMiP measurement 
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  The reflection coefficient in dB is measured using a vector network analyzer. To 

minimize the effect of the cable on the small antenna, a balun and ferrite beads are 

placed between the antenna and the cables (figure 63).An overlap of the simulated and 

measured reflection coefficient results is shown in figure 64 where good agreement is 

reached. The antenna is tested in the anechoic chamber. The radiation pattern of the 

antenna at 868 MHz in the X-Z plane and Y-Z plane are displayed in figure 65. An 

overlap of the simulated and fabricated results is done in Figure 65 where good 

agreement between the simulated and measurement results is obtained. 

 

Figure 63: The prototype under measurement using a ballun and a ferrite bead 

 

Figure 64: Simulation and measurement of S-Parameters 
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Figure 65: The radiation pattern of the antenna at 868 MHz in the (a) x-z plane and (b) 

y-z plane. 

  Table 5.3 compares the FoMiP antenna with different antennas in the literature. 

The FoMiP antenna present good result in comparison with the other antennas. 

Table 5.3: Characteristics of some miniaturized antennas 

Dimension  Frequency Bandwidth Gain Efficiency Ref 

0.11 λ0by 0.15 λ0 858 MHz 30 MHz -4.5 dB 75% FOMiP 

0.41λ0 by 0.41λ0 

by 0.04λ0 

3.5 58 2.7  63%  [67] 

0.3λ0 by 0.26λ0 

by 0.02λ0 

From 

2.5GHzto11GHz 

8.5 GHz 

(UWB) 

4 dBi   [68] 

0.8λgby0.67λg 2 GHz 190MHz  4.6 dBi 75% [69] 

0.13 λ0 by 0.13 λ0   3 GHz  50 MHz 3.06 42% [70] 

0.1λ0by0.1λ0 

by0.04λ0 

1.227 GHz  580MHz 3 dB 54%, [71] 

0.26 λ0 by 0.26 λ0   

by0.026 λ0. 

(1.563–1.623 

GHz) 

60 MHz  0.91dBic Not 

mentioned 

[72] 

(a) (b)

(a) (b)
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0.18λ0by 

0.18λ0by 0.04λ0 

2.38 GHz 35 MHz −5.4 dBi 22% [73] 

π 0.30 λ0 by  0.30 

λ0  

by  0.045 λ0 

4.42 GHz 227.5 MHz 1.1dB Not 

mentioned 

[74] 

0.173λ0by 0.32λ0  

by 0.0042λ0 

0.8 GHz ≥ 20 MHz -4 dB Not 

mentioned 

[75] 

0.125λ0 by 

0.046λ0 

433MHz- 866 

MHz 

 -5.3dBi 

- 0.7dBi 

Not 

mentioned 

[76] 

0.43 λ0 by 0.44 λ0 4.82 GHZ 2.20 2.8 dB 93 percent [77] 

 0.12 λ0 by 0.12 

λ0 

2.42 GHz Very 

narrow 

-5 dB. Not 

mentioned 

[78] 

0.117 λ0 by 0.057 

λ0 

880 MHz 30 MHz -4.64 

dBi 

21% [79] 

 

 

D. Conclusion 

 Conventional techniques cannot be used to measure small antennas. Reflection 

coefficient, radiation efficiency and other antenna parameters are deeply influenced by 

the measurement equipment as well as by the environment. This is due to the miniature 

size of the radiating elements. For example, RF feed cables cause significant changes to 

the input impedance measured at the antenna port. The movement of the antenna cable 

can alter the observed signal level significantly. 
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So an important parameter to account for when measuring small antennas is 

measurement small antenna techniques. This chapter introduced some techniques used 

for small antennas measurement. Two antennas which were developed in this thesis, the 

FMIoT and FoMiP, were measured using small measurement techniques. So, a balun 

was used between the small antenna under test and the RF cable, in addition ferrite bead 

was placed around the RF cable. This was done in order to minimize the effect of the 

cable. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

   70 

CHAPTER VI 

CONCLUSIONS AND FUTURE WORK 

 

  With the rise of the era of IoT, millions of devices are expected to interconnect 

on demand. Such pressing communication needs require dynamically reconfigurable 

miniaturized antennas to be present. The miniaturization aspect enables antennas to be 

integrated in compact IoT terminals, while the reconfiguration allows them to exhibit an 

agile communication scheme with diverse functionality.  

 Different techniques of miniaturization are presented in this thesis along a thorough 

analysis of their advantages and disadvantages. Some of the presented miniaturization 

techniques include folding, slits and slots loading, as well as shortening vias.  

  In addition, the designed antennas must be able to operate at 868 MHz to cater 

for IoT communication requirements and at the same must be able to connect to the 

internet on demand. Hence, another operational frequency of 2.4 GHz is needed. In 

order to achieve this reconfigurable operation, reconfiguration techniques are 

incorporated within antenna structures to redistribute their current for such agile 

behavior. Different reconfiguration mechanisms are investigated and analyzed, with the 

main focus residing on electrical switching tools. PIN diodes are replaced by RF MEMS 

in the proposed designs in order to preserve the radiation efficiency of the miniaturized 

elements. 

  The thesis also aims at wielding machine learning algorithms in order to result in 

optimal antenna designs. GA and QGA 

are utilized in order to optimize the antenna structure as well as the reconfiguration 

mechanism. Such optimization technique is completely automated through a novel code 
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that applies the various GA and QGA iterations onto the design space in AED. As a 

result, two different fitness functions are developed in this thesis. The first fitness is 

used for antenna miniaturization, and the other one focuses on adding reconfiguration 

into the miniaturized structures. 

  As a result, multiple antennas are proposed in this thesis. These antennas are 

miniaturized, reconfigurable and IoT suitable. The proposed antennas are measured by 

relying on small antenna measurement techniques and their realization is verified with 

predicted designs.  

  The work done in this thesis opens the door to implementing such antennas in 

more software controlled and aware environments such as in cognitive radio. Other 

future work involves including novel miniaturized antenna designs in a massive 

Multiple Input Multiple Output (MIMO) channels. Such channels and environments can 

mimic the IoT devices’ communication schemes. Digital switches for reconfiguration 

are potential for integration into agile antennas. These digitally controlled switches 

enable a faster, swifter and more efficient reconfigurable control of the IoT 

communication systems. Optimization algorithms beyond GA and QGA can also be 

integrated into the design process of future miniaturized IoT antennas. In addition such 

algorithms can also optimize the connectivity of the billions of device within this 

futuristic communication environment. 
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