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ABSTRACT 

 

In this thesis, the performance, modelling and application of a planar electromagnetic 

coil are discussed. Due to the small size profiles and their non‐contact nature, planar 

coils are widely used due to their simple and basic design. The uncertain parameters 

have been identified and simulated using ANSYS that has been run utilising a newly 

developed MATLAB code. This code has made it possible to run thousands of trials 

without the need to manually input the various parameters for each run. This has 

facilitated the process of obtaining all the probable solutions within the defined range 

of properties. The optimum and robust design properties were then determined. The 

thesis discusses the experimentation and the finite element modelling (FEM) 

performed for developing the design of planar coils and used in wireless chargers. In 

addition, the thesis investigates the performance of various topologies of planar coils 

when they are used in wireless chargers. The ANSYS Maxwell FEM package has been 

used to analyse the models while varying the topologies of the coils. For this purpose, 

different models in FEM were constructed and then tested with topologies such as 

circular, square and hexagon coil configurations. The described methodology is 

considered as an effective way for obtaining maximum Power transfer efficiency (PTE) 

with a certain distance on planar coils with better performance. The explored designs 

studies are, namely: (1) Optimization of Planar Coil Using Multi-core, (2) planar coil 

with an Orthogonal Flux Guide, (3) Using the Variable Geometry in a Planar coil for an 

Optimised Performance by using the robust design method, (4) Design and Integration 

of Planar coil on wireless charger. In the first design study, the aim is to present the 

behaviour of a newly developed planar coil, built from a Mu-metal, via simulation. The 

structure consists of an excitation coil, sensing coils and three ferromagnetic cores 
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located on the top, middle and bottom sections of the coil in order to concentrate the 

field using the iterative optimisation technique. Magnetic materials have characteristics 

which allows them to influence the magnetic field in its environment.  

The second design study presents the optimal geometry and material selection for      

the planar with an Orthogonal Flux Guide. The study demonstrates the optimising of 

the materials and geometry of the coil that provides savings in terms of material usage 

as well as the employed electric current to produce an equivalent magnetic field. 

The third design study presents the variable geometry in a planar inductor to obtain      

the optimised performance. The study has provided the optimum and robust design 

parameters in terms of different topologies such as circular, square and hexagon coil 

configurations and then tested, Once the best topology is chosen based on 

performance. The originality of the work is evident through the randomisation of the 

parameters using the developed MATLAB code and the optimisation of the joint 

performance under defined conditions. 

Finally, the fourth design study presents the development of the planar coil 

applications. Three shapes of coils are designed and experimented to calculate the 

inductance and the maximum power transfer efficiency (PTW) over various spacing 

distances and frequency. 
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CHAPTER 1 

 INTRODUCTION 

 

 

1.1 Introduction  
 

Electricity has become the heart of today’s modern societies, where the consumption 

of electricity has increased immensely [1]. It is therefore tough to survive without 

electrical power; many appliances and devices are dependent on this electrical power 

to operate. such as, kitchen appliances, ventilators, entertainment, heating systems, 

washing machines and others[1]. Conventionally, the use of wires for transmitting 

electricity has been adopted for many applications but in recent years, technological 

advancements have resulted in the onset of the Wireless Power Transmission 

(WPT)[1]. The fundamental idea that is driving WPT is to avoid the harmful use of wires 

while also removing the complexity of managing power cords[1-2]. For example, 

portable electronic gadgets such as mobile phones, tablets, computers, domestic 

robots, drones, and so on are typically powered by batteries[2]. With the advancement 

of wireless power transmission, the market is expanding beyond smartphones to 

include a broader range of applications in computing, wearable, hearables, small 

appliances, smart homes, medical, industrial, robotics, automotive, 5G telecom, and 

retail[2]. Because of their quick growth and numerous applications, portable 

electronics are increasingly becoming a part of our daily lives[2]. Furthermore, there 

will always be an increased demand for smart products that can charge without being 

plugged in, thus demonstrating the end of cable use[2]. As a result, there is a need to 

develop new technologies to eliminate the need for cumbersome wires or adapters [1-

3]. As part of their proposed project, the research team at MIT invented the word 
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WiTricity, whereby WiTricity is nothing more than Wireless Electricity, which offers the 

transfer of electricity to a distant location without the need for cables. Essentially, 

WiTricity nullifies the need to have a separate charger for each electronic device we 

use. This is the primary benefit that can be derived from this technology. It is necessary 

to determine a position where portable gadgets are placed while they are automatically 

charged. WiTricity guarantees that all electronic gadgets may charge themselves 

without the need to plug into a power socket or use chargers. Safety aside since no 

cords are required, WiTricity has proven to be convenient because there is no 

prerequisite for effective manual recharge or battery replacement, and it appears to be 

more dependable because the devices never will run out of battery power. 

Furthermore, WiTricity aids in achieving sustainability goals by being environmentally 

friendly through the reduction of the usage of throwaway batteries. Even though 

WiTricity offers automatic wireless charging, it only works over limited distances. As a 

result, WiTricity is currently in the development phase with several research projects 

underway to better its potential uses, such as charging larger cars or machinery and 

operating over greater distances. Therefore, the goal of this study is to provide a 

revolutionary technique for charging mobile phones utilising WiTricity without the 

usage of cable chargers. The relevance of this effort is to provide an effective low 

voltage power transmission over a relatively short distance. The proposed work 

guarantees that mobile users will be able to carry their phones wherever, even if there 

are no charging facilities. Often when electronic gadgets are used in daily activities, 

regardless of the device, it is necessary to recharge the gadgets on a regular basis 

using wired chargers. However, there may be times when there is a power shortage 

due to natural disasters such as cyclones, earthquakes, and so on. In such an 

instance, is it possible to wirelessly transfer power from one phone to another?[1-2] 
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Keerthana and Pragadeshwar solved this issue in their research by eradicating the 

requirement for physical electrical supply to portable devices, by allowing for the simple 

transfer of electrical charge from one cellular telephone to another via inductive 

coupling[1-2]. This is incredibly handy in an emergency. There could be areas where 

integrated wiring systems are inaccessible or impossible to reach. Therefore, 

developing practical means to transfer electricity between two systems without 

requiring wires is the next big technological advancement. Power can be transported 

using one of three methods: inductive coupling (short-range), resonant induction (mid-

range), or electromagnetic radiation transmission (long-range). The intention behind 

the efforts was to charge a low voltage gadget rapidly and effectively utilising inductive 

coupling. Similarly, it may not always be practical to bring Smartphone chargers with 

us wherever we go. It is difficult to always have mobile phone chargers on hand and 

in all places. In their study, Vithyaa and Marthandan aimed to address the 

implementation challenges of WPT usage for smart phones and cars [1-3]. Zaman et 

al. stressed the importance of developing a simpler model for transferring electrical 

energy from one mobile phone to another utilising series-series technology for 

inductive charging [1-2]. 

1.2  Research Aims and Objectives   

 

The aims and objectives of the various design studies will investigate the current work 

alongside the outcomes and the originality of the work in each corresponding study. 

The main four common topics that will share amongst all designs studies are the 

involvement of composite materials, the multi-core of planar coil, the application of 

uncertainty models to simulate the uncertain parameters in the structure and Three 

shapes of coils will designed to calculate the maximum power transfer efficiency (PTW) 
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over various spacing distances and frequency and inductance. These four main 

subjects will be discussed in more detail in the following chapters. Generally, these 

types of applications suffer from various uncertainties that originate from the material 

itself alongside or from structure and low power transfer efficiency   PTE. This makes 

the study of uncertainties in such structures very crucial from the design point of view. 

The study of uncertainties provides a set of optimum design parameters related to size, 

weight, safety and cost of such structures. The thesis will investigate four different 

designs study, namely: multi core planar coil (chapter 3), A Novel Planar Design Using 

Orthogonal Flux Guide (chapter 4), Determining the Optimal Geometry in Planar 

inductor Using Robust Design Method (chapter 5) and Design and Integration 

of Planar Inductances on wireless charger (chapter 6). 

 

1.3  Research Questions  

 

More research is necessary to create a low-cost, more efficient, and simple WPT that 

is compatible with every phone model. Because of their environmentally beneficial 

characteristics, electric cars are gaining traction over traditional equivalents (that rely 

on natural resources). On et al reported an experimental WPT technique for charging 

electric automobiles via inductive coupling [2]. In addition, Sultana et al. suggested 

designing a WPT-based system for charging electric cars by incorporating WPT 

circuitry within automobiles [1-3]. This circuitry was triggered when the electrical cars 

arrived at the charging station, mostly to address battery concerns with electrical 

vehicles. Mou examines the benefits and drawbacks of each WPT technology, the 

research aims of WPT such as enhancing transmission efficiency and distance, current 

state-of-the-art WPT technologies, and the open research difficulties of WPT in his 
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study. In addition, the prospect of charging numerous devices via WPT in the 

foreseeable future is highlighted in [1-4]. 

 

1.4  Motivation and Research Hypothesis  

 

The Research Hypothesis of this study shows the investigation and the performance 

of various topologies of planar coils when they are used in wireless chargers. For this 

purpose, different models in the FEM and ANSYS Maxwell FEM package have been 

used to analyse the models while varying the topologies of the coils were constructed 

and then tested with topologies such as circular, square and hexagon coil 

configurations. The described methodology is considered an effective way for 

obtaining maximum PTE with a certain distance on planar coils with better 

performance. The hypothesis of this work was mainly named  

 

  

●  Optimisation of Planar Coil Using Multi-core. 

 

This part of the work studying the schematic of the micro planar structure realised for 

the triple cores planar. to concentrate the field using the iterative optimisation 

technique. In other words, better performances can be obtained by using magnetic top 

and bottom shields. Magnetic shielding involves the use of high magnetic permeability 

material panels that provide a preferential path for the magnetic flux line materials such 

as the mu-metal. This material has a greater permeability to magnetic fields (H) than 

the air surrounding them and therefore concentrates the magnetic field lines. By a 

strategic placement of the ferrite materials, it was possible to concentrate this magnetic 
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field and therefore influence the intensity and the shape of a field. This design study 

has investigated the followings: 

⮚ The magnetic field will be easily passed through the material (i.e., the upper and 

lower cores), it will wrap around the coils instead of going further away from the coil 

and this will allow the magnetic field to stay altogether within the top and bottom 

core.  

⮚ The second benefit of having the top and bottom cores is that the magnetic flux will 

not be able to pollute the environment.  

⮚ The third advantage of the multiple cores is that the coils will intensify the field 

within the sensor which means that less current is consumed to obtain the desired 

results. 

 

●  A Novel Planar Design Using Orthogonal Flux Guide 

 

The work presented provides a novel planar design that has the ability to concentrate 

and guide the field in a highly efficient manner by employing orthogonally cylindrical 

ferromagnetic tube and set of ferromagnetic cubes in order to deflect and emit the field 

in the desired path. A micro-fluxgate sensor has been developed during the current 

study utilising ANSYS. In other words, an optimised study of the geometry of the 

magnetometer provides savings in terms of material 

Also, this design study examined the developed ANSYS model to test advanced 

materials, i.e. amorphous and metaglas, as well as to optimise the geometry of the 

magnetic planar. In other words, the current design study presents an optimised design 

of the materials and geometry of the magnetometer which provides savings in terms 
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of material usage as well as the employed electric current to produce an equivalent 

magnetic field. 

Also, this design discussed the evolution and the results of the model planar that has 

been designed by ANSYS software, this work allows to define a design way for the 

development of the magnetic planar. The results of the model have been simulated 

using different coil characteristics that are given below. 

 

●      The excitation current value that ensures the saturation for ferromagnetic 

material and how the current is affecting the (BH) curve which in turn will affect the 

sensitivity of the sensor. 

● Different number of turns and analyse the BH curves of each case. 

● The output voltage with different thickness ferromagnetic materials.  

● Different ferromagnetic wire width. 

● Different ferromagnetic core width.  

 

The design stages involved in the current project started with finding the amount of the 

excitation current value that ensures that the ferromagnetic material is saturated. This 

has been achieved using magnetostatic simulations to evaluate the excitation peak 

current necessary to saturate the ferromagnetic material. 

● Determining the Optimal Geometry in Planar inductor Using Robust 

Design Method 

 

This design study introduces a novel of using the Meta‐model‐based design 

optimisation to develop the electromagnetic sensors by analysing the behaviour of 

different planar coils topologies: circular, square and hexagon coils for the application 
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such as wireless charger, tracking and location identification, etc. for the smart cities 

by using Meta‐model‐based design optimisation. The Meta‐model‐based design 

optimisation is becoming increasingly popular in the industrial practice for the 

optimisation of complex engineering problems, especially to reduce the burden of 

computationally expensive simulations. The idea behind the Meta‐model‐based design 

optimisation is to build a surrogate model (or a meta‐model) from a reduced number 

of simulations runs and subsequently use the model for optimisation purposes. 

Moreover, this design study has provided the optimum and robust design parameters 

in terms of coil shapes, number of turns and the spacing between the coils on the 

output inductance. This means that the combined effects of these variables on the 

output inductance was studied to obtain the optimum values for the number of turns 

and the spacing between the coils that provided the highest level of inductance from 

the coils. The originality of the work is evident through the randomisation of the 

parameters using the developed MATLAB code and the optimisation of the joint 

performance under defined conditions. The ANSYS Maxwell 3D FEM software 

package has been used for the evaluation of the different coil topologies: circular, 

square and hexagon coils. Then, an impedance analyser was used for characterising 

the manufactured versions. A comparison of both the measured and simulated 

performance of coils with different topologies (circular, square and hexagon)l is 

presented in this case study. 

The study has considered the following: 

1. Study of various shapes of coils(Circular, Square and Hexagon) coils has been 

presented, using Meta‐model‐based design optimisation, Ansys Maxwell simulation 
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and experimentation when they are used in inductive sensing. The topology of the 

coil has also an effect on the performance of the sensor.  

2. In total, three shapes of coils were designed, simulated and experimented to 

calculate the inductance and the magnetic flux density over various spacing 

distances. The different coil geometries generated different magnetic fluxes. The 

higher the magnetic flux the better the inductance. 

3. Good correlation between the Finite element (FE) modelling simulation and the 

experimental measurements for developing the design of planar coils. The obtained 

results from the Ordinary and the Blind Kriging models for the optimum configuration 

(square) design (the best configuration). The ‘Mean Squared Error’ of the Leave‐

out cross validation was chosen to evaluate the quality of the fit as well as the 

predictive capability of the technique. These optimisation methods have both 

interpolated and extrapolated the data based on the short‐term measurements from 

lab experiments. This is a very good way to predict the long‐term behaviour based 

on short‐term measurements. This saves time and cost associated with long 

experimental time and hence, it is favourable. In these plots, the response surface 

is constructed based on the equations of the Ordinary and Blind Kriging approaches 

whereas the dots are those simulated by the MATLAB code that randomly assigns 

the data points and runs the analysis through ANSYS. The described methodology 

is considered an effective way for the development of sensors based on planar coils 

with better performance. Moreover, it also confirms a good correlation between the 

experimental data and the FEM models. Once the best topology is chosen based 

on performance, an optimisation exercise was then carried out using uncertainty 

models. That is, the influence of variables such as number of turns and the spacing 

between the coils on the output inductance has been investigated. This means that 
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the combined effects of these two variables on the output inductance was studied 

to obtain the optimum values for the number of turns and the spacing between the 

coils that provided the highest level of inductance from the coils. 

 

● Design and Integration of Planar Inductances on Wireless Charging 

Systems. 

 

The novelty of this design study is the application of a newly developed model to 

constrain the uncertain parameters while simulating others to keep the original shape. 

Fully planar WPT of circular, square and Hexagon are made on FR4 circuit boards and 

experimented. The significance of these designs is to achieve maximum power 

transfer efficiency  (PTE) with high power delivered to the load (PDL). This is fabricated 

to determine the accuracy of power transfer efficiency PTE, power delivered to the 

load (PDL) and the inductance values over various spacing distances and frequency. 

It is desirable to achieve the highest possible inductance and quality factor for the 

targeted 10 MHz application considering the level of specific absorption rate (SAR) in 

the human body. This design study presents a study which uses a wireless power 

transfer(WPT) system based on a magnetically coupled fully printed spiral. This design 

study introduces a novel solution of developing the efficiency and unfavourable effect 

of low coupling magnetically coupled fully planar coil printed spiral resonator-based 

wireless power-transfer systems. Three shapes of coils were designed and 

experimented to calculate the inductance and the power transfer efficiency (PTW) over 

various spacing distances and frequency; they obtained results that showed that the 

inductance decreases with the frequency and this was found to apply to all inductors. 

The study has considered: 
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● PTE values against the spacing distance between the coils in circular, square and 

hexagon coils. 

● PTE values against frequency. 

● Inductance as a against the frequency for all the different realised integrated coils. 

 
 

The possibility of both circular and square architecture is explored, and their 

performance is optimised to generate maximum efficiency at specific operating 

distance. The performance of these architectures is analysed based on efficiency of 

power-transfer and power delivered. It is found that the square coils generate high 

power-transfer efficiency (80%) compared to circular coils (79%) at 10 mm distance 

between receiver and transmitter with air medium and at a frequency of 10 MHz. 

Contrarily, the circular resonators can generate higher power (430 mW) than square 

resonators (290 mW) under the same conditions and medium. Overall, the square coil 

design provided the highest inductance and power transfer efficiency followed by the 

hexagonal and then the circular geometry. This was also the case while changing the 

spacing distance between the coils.as a conclusion, the experimental measurements 

concluded that the square mutual inductor in comparison with the circular and 

hexagonal can transfer the energy better. Overall, the square coil design provided the 

highest inductance and power transfer efficiency followed by the hexagonal and then 

the circular geometry. This was also the case while changing the spacing distance 

between the coils. 
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1.5  Outline of the thesis 

 

Chapter 2: presents background that discusses the various aspects of uncertainty 

models related to composite structures, also discusses the magnetometers, materials 

of that magnetometers and its applications. This is essential in order to understand the 

various parameters and variables involved in the four design studies which makes it 

easier for the reader to make judgements and draw conclusions based on the obtained 

results. 

Chapter 3: chapter 3 employs the built up ANSYS model to simulate the behaviour of 

a newly developed planar coil. This part of the work studying the schematic of the 

micro planar structure realised for the triple cores planar. to concentrate the field using 

the iterative optimisation technique. In other words, better performances can be 

obtained by using magnetic top and bottom shields as it is the case in the current 

design.  

Chapter 4: was examining the developed ANSYS model as well as present a novel 

planar design that has the ability to concentrate and guide the field in a highly efficient 

manner by employing orthogonally cylindrical ferromagnetic tube and set of 

ferromagnetic cubes in order to deflect and emit the field in the desired path. In addition 

to 1) evaluate the excitation current value that ensures the saturation for ferromagnetic 

material and how the current is affecting the (BH) curve which in turn will affect the 

sensitivity of the sensor. 2)Different number of turns and analyse the BH curves of 

each case. 3)Compare the output voltage with different thickness ferromagnetic 

materials. 4)Different ferromagnetic wire width. 5)Different ferromagnetic core width.  
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Chapter 5 :Describes the novelty of the two methods: Ordinary and the Blind Kriging 

,which was considered an effective way to  develop , investigates the performance of 

various topologies of planar sensors when they are used in inductive sensing as well 

as to simplify the design diversity despite the distinct geometric designs, this includes 

the number of wire turns, the metal wire gap, the cross‐sectional area of the metal 

wire, the coil resistance, the coil inductance and the dimensions of the ferromagnetic 

core. Moreover, three shapes of coils were designed, simulated and experimented to 

calculate the inductance and the magnetic flux density over various spacing distances. 

Chapter 6: The novelty of this chapter was the application of a newly developed model 

to constrain the uncertain parameters while simulating others to keep the original 

shape. Fully planar WPT of circular, square and Hexagon are made. The significance 

of these designs is to achieve PTE values against the spacing distance between the 

coils in circular, square and hexagon coils as well as PTE values against frequency 

and Inductance as a against the frequency for all the different realised integrated coils, 

in addition to the maximum PTE values with high PDL. This is fabricated to determine 

the accuracy of power transfer efficiency PTE, PDL and the inductance values over 

various spacing distances and frequency. It is desirable to achieve the highest possible 

inductance and quality factor for the targeted 10 MHz application considering the level 

of specific absorption rate (SAR) in the human body. 
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CHAPTER 2 

 LITERATURE REVIEW 

 

 

 

2.1 Introduction  

 

This thesis investigates the various aspects related to composite structures that 

contain uncertain parameters. In order to provide a strong background to the current 

thesis, it is essential to discuss the various aspects of uncertainty models related to 

composite structures in an effort to provide the reader with a short summary of all the 

relevant models involved in such analysis. This is why a large space has been devoted 

to manufacturing of composites from which most uncertainties evolve in such 

structures. The current chapter also discusses the magnetometers, materials of that 

magnetometers and its applications. This is essential in order to understand the 

various parameters and variables involved in the four design studies which makes it 

easier for the reader to make judgements and draw conclusions based on the obtained 

results. A magnetic sensor is a device that is capable of measuring the magnetism of 

a magnetic material as well as the direction, strength or the change of a magnetic field 

at a given location. An example is the Compass which works based on the principle of 

measuring the direction of the ambient magnetic field. In this context, the first 

magnetometer was invented by Carl Friedrich Gauss in 1833 followed by many 

attempts to develop its working function such as the addition of the Hall Effect which 

is still widely used [4]. This type of magnetometers is extensively used in measuring 

the earth’s magnetic field as well as the use for geophysical applications to detect the 



28 

 

magnetic anomalies of various types. Moreover, such magnetometers are widely used 

in military applications to detect submarines [4-5]. In the current years, significant 

efforts are placed towards the development of micro-sensors in terms of reducing the 

fabrications costs while increasing the resolution of the device as well as the dynamic 

range of the sensor. The integration of such applications with electronics not only 

improves the development of such devices but also results in more compact and 

portable solutions which increase the areas of applications of such inventions [6].  

It is worthwhile mentioning that the current thesis attempts to develop, fabricate and 

characterise the fluxgate suitable for operation within a wide linear range. The 

fabrication process of the proposed fluxgate should be in agreement with the existing 

CMOS technology wherein the sensor is fabricated as a post process on CMOS 

wafers. The fabrication process should be of low cost with the sensor structure being 

operable with low power while maintaining a high resolution. The main challenge is the 

miniaturisation process of the sensor’s dimensions where it is known that the reduction 

in the sensor’s dimensions lead to an increase in the resulting noise which is 

undesirable [6-7].  
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2.2 Magnetic Sensor Types  
 

Today, with the rapid advances in sensor technology, there are a handful of sensors 

that can be used to monitor and capture various physical aspects of the external 

environment, such as light, temperature, humidity, magnetic fields, and sound  

Magnetic sensors can be classified into three groups as given below: 

● Ambient Fluid Properties 

The ambient fluid in both the air and water includes particulates, chemical substances, 

and biological molecules. The ambient air use cases are most relevant to City Scanner, 

as it uses land vehicles hence Table II is limited to these use cases. The most common 

application in this category is air quality monitoring [8]. 

● Electromagnetic Properties  

Urban areas include an increasing number of electronic devices which emit an 

agglomeration of radio waves and electromagnetic fields. These radio waves, similar 

to visible light and infrared radiations, are part of the electromagnetic spectrum and 

have wavelengths longer than infrared light [9]. 

● Magnetic sensors 

● Light (Photonic Properties)  

Multispectral light sensors are used to capture the infrared and the visible regions of 

the electromagnetic spectrum. In the case of autonomous vehicles, multispectral 

imaging has applications in navigating through the built environment. Infrared imaging 

has also been helpful for some use cases beyond thermal efficiency, for instance, the 

detection of methane gas leak [10]. 

An overview of typical sensor types and their corresponding urban applications are 

provided per property type in Table 1. This table shows the basic sensor structure, 
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nature of output signal, advantages and disadvantages in addition to the applications 

of such sensors [6].  

 

Table 2.1: Features of sensor types and their applications [7]. 

Type Sensor Applications 

Ambient fluid 

  

Particulate matter 1.Monitoring the distribution of fine 2. particulates 
(e.g. PM2.5, PM10). 

  Chemical pollutants 

Monitoring the distribution of various pollutants. 

  

Methane sensor 

Detecting methane leaks. 

  

Nano sensors  1.Detecting explosive material.  

2. Detecting chemical substances. 

  Temperature, Humidity, 
Air pressure 

Monitoring the airborne particulate radioactivity.   

  

Particle radiation  Monitoring the airborne particulate 
radioactivity 

Electromagnetic WiFi, Bluetooth Crowd and station mapping by scanning WiFi 

               GPS 

1. Localization and annotating sensor data. 

2. Inferring mobility aspect of vehicles (mobility 
mode of people or traffic status). 
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RFID scanner 

  

1. Tracking and managing assets in urban areas. 

2. Sensing of spatial information by implanted 
beacons. 

  

  Isotropic sensors, 
magnetometers 

Monitoring the electromagnetic field level 

Photonic visual camera 

1. real time imaging of urban areas 

2.monitoring of crowd and vehicles for event 
managements and security purpose  
3.Monitoring  of traffic 

  

  

Thermal camera 

  

1.Monitoring energy efficiency of built environment  

2.Monitoring  crowd  
3.detecting  natural gas and CO2 emission  
4.Monitoring infrastructure(power lines, stress 
surface) 

  

photo sensor 

  

monitoring stress lightning infrastructure quality 

 

 

 

2.3 Magnetic Sensors 

 

In literature, most of the magnetic sensors are utilised to measure different properties 

in different applications hence they have been implemented as either direct or indirect 

measurement techniques. These types of magnetic measurement sensors are called 

magnetometers. In “direct measurement techniques”, two essential parameters are the 

most important elements to be considered as tuning parameters which are the strength 
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and the direction of the magnetic field. Examples of direct measurement techniques 

include [11-15]: 

 

● Earth’s magnetic field measurement for navigation purposes; 

● Controlling the magnetic apparatus ; 

● Magnetic  field measurements to be used in medical area, i.e. mapping the heart 

or brain’s function. 

● It could be used to measure displacement and velocity, or linear and angular 

positions of moving parts which are considered as a mechanical quantity. This can be 

archived by monitoring the change of magnetic that is obtained by a permanent 

magnet; 

● Monitoring of the electrical current carried in a conductor, by measuring the 

generated magnetic field around the conductor [15-16].  

 

Certain performance requirements are required in order to fulfil the above applications, 

and this includes, but not limited to, the linearity, magnetic field resolution, offset, 

sensitivity, power consumption, spatial resolution, size, temperature coefficients and 

noise. Generally speaking, there are two distinct application areas for magnetic 

sensors; first area requires high resolution and accurate sensing techniques, where 

cost is not weighed, whilst the second area involves huge scale applications, where 

batch-fabricated and inexpensive magnetic field sensors are desired. Of the virtues of 

modern and advanced magnetic sensors, one can mention sensitivity, low noise, 

stability and small footprint, where new trends in customer products drive the demand 

for operation from low-voltage batteries, as well as lower power consumption [16]. 
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2.4 Applications of Sensors  

 
2.4.1 Smart Transport and Mobility Tracking 

 

With the rapid growth in the number of cars over recent years, there is an increasing 

need for efficient transport management, in order to avoid traffic jams and optimise 

traffic flows, especially at intersections. As smart cities prevail with an increasing 

capability to be instrumented with a diverse range of mobile and fixed sensors, 

connected via wireless and wired networks, these in turn enable a richer set of smart 

city Intelligent Transport System (ITS) services. Such services include adaptive 

personalised maps, adaptive vehicle navigation, smart fleet management and traffic 

monitoring, road incident detection, congestion avoidance, speed control via smart 

interaction with roadside controls, context based vehicle maintenance, car parking 

aids, human driver monitoring and better driving safety [11-16]. A conventional way to 

regulate traffic flow is by the use of traffic lights. These typically have fixed switch 

interval times, which are not adjustable to traffic conditions. Traffic jams have 

significant impacts on fuel consumption due to the frequent starts and stops, as well 

as increased carbon emissions. An adaptive scheme, dependent on traffic conditions, 

is more desirable. In this context, a method to estimate the number of cars approaching 

an intersection could generate information for switch interval times to be dynamically 

adjusted based on traffic conditions. For such an intelligent system to be realised, 

efficient methods to detect traffic (i.e., count the number of cars) are required. There 

have also been proposed smart intersections without traffic lights and stop signs. In 

that approach, wirelessly interconnected vehicles can communicate with each other 

and use decision-making for collision avoidance. Cheap methods of sensing cars 

involve induction loop detectors which are buried in roads. Loops detectors can be 
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used to detect the presence of metals, which is interpreted as a vehicle. Moreover, 

they can enable an estimate of the kind of vehicle which has been sensed, its speed 

or other parameters, which can be useful for traffic flow management. To estimate a 

vehicle’s weight, other methods such as weight in motion (WIM) can be used, whose 

sensors (e.g. piezoelectric systems, capacitive mats, bending plates, load cells, and 

optical WIM) are mounted on road surfaces. These highlighted methods usually carry 

high installation and maintenance costs. Less intrusive (but not as accurate) and more 

sophisticated methods involve video cameras [11]. These approaches are more 

attractive mainly because cameras can be easily installed and the level of required 

maintenance is low, compared to previously described approaches. Furthermore, in 

the instances where surveillance cameras are already installed, these can be used for 

intelligent transportation applications. The system which consists of multiple standard 

CCTV cameras and personal computers (PCs) was tested in different environments 

(e.g. airports and tunnels). The main drawback of computer vision-based methods is 

their performance dependency on environment conditions, such as lighting, occlusions 

and weather. For night-time scenarios, street lamps and traffic lights can be used for 

vehicle sensing, as vehicles can be detected by considering the distance between 

vehicle’s headlights [11][12]. Apart from vehicle detection, smart cities use mobility 

data recorded by integrated sensor systems. A system using such data is M-Atlas, 

which is focused on the concept of a trajectory, i.e., a sequence of time stamped 

locations, sampled from the itinerary of a moving object. Trajectories pertaining to 

human travel or movement can be reconstructed from the data sensed in various 

contexts, including Global Navigation Satellite System (GNSS) tracks from vehicular 

or hand-held navigation devices, call detail records from mobile phone (GSM) carriers 

and providers, time-stamped location records from online services or social networks, 
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and so on. GNSS technologies allow us to record individual mobility data across the 

entire urban network. In Italy, a sample of 3% of the whole vehicle population is 

monitored for insurance purposes, providing information on single trajectories with a 

spatial scale of 2 km and a time scale of 30 seconds scale 30 seconds. Moreover, one 

datum is always recorded when the vehicle engine starts or stops. Each datum 

includes position, speed, motion direction, and GNSS quality. Despite the relatively 

poor spatial resolution of such GNSS data, it is possible to perform a real time 

reconstruction of the individual trajectory dynamics on the road network. Analytical 

detection of patterns in spatiotemporal mobility can support planning and regulation of 

traffic flows [12]. 

2.4.2 Smart Grid 

 

The electricity demand is expected to increase globally for more than two-thirds by the 

year 2035 according to the International Energy Agency. Such increase in electricity 

demand will put a higher burden on the current outdated and overstressed power 

infrastructure. The existing power grid suffers from unreliability due to the lack of 

efficient monitoring, fault diagnostic, and automation techniques. These problems are 

not related only to electrical power infrastructure but to water, gas, heat and other city 

infrastructures as well. Yet, the solutions for electrical power infrastructure are leading 

in this field. Some of the specific electrical power infrastructure related problems are 

unidirectional flow from the generating stations to the customers, estimation and 

prediction of supply based on previous available data, mechanical switches causing 

slow response times, and centralised generation schemes. Smart grid has emerged to 

tackle these challenges, where the name suggests an intelligent power infrastructure. 

Smart grid technology promises to make the world power systems more secure, 

reliable, efficient, flexible, and sustainable. It can be defined as a modern infrastructure 
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with efficiency and reliability enhanced through automated control, modern 

communication infrastructure, monitoring and measuring technologies, and advanced 

energy management based on demand optimization, energy and grid availability etc. 

Some of the solutions to mentioned problems propose bi-directional flow and 

decentralised generation schemes. A bi-directional system is an improvement to the 

conventional distribution scheme in the sense that electricity flows from the utility to 

the client’s premises and vice versa. A more efficient use of energy is then possible, 

whereby electricity can flow back to the utility (to be stored for later use) in cases of 

low demand. The concept of distributed generation enables a scenario where, instead 

of having a centralised generation scheme, additional electricity generation points can 

be located closer to customers, reducing thus the impact of losses on electricity 

transportation over long distances. Additionally, this enables more innovative demand 

response programs to be put into action. Preferably, these distributed generation 

points could be ecological and use renewable sources like wind, sun and water energy. 

In a smartIn smart grid, reliable and real-time monitoring is highly required to provide 

solutions quickly when natural accidents or catastrophes occur to prevent power 

disturbance and outage. Hence, intelligent monitoring and sensing capabilities to 

ensure real-time response from the power grid are necessary. Wireless sensor 

networks can be used as compared to traditional communication technologies 

because of its low-cost, rapid deployment, flexibility, and aggregated intelligence via 

parallel processing. Data acquired by these networks can then be used as feedback 

information about performances and reliability of the grid for the authorised institutions. 

An important sensing application in smart grid, amongst others, is the monitoring of 

overhead transmission lines. By monitoring the lines, utilities ensure that power 

delivery occurs within safe limits. For instance, systems like STAMP sense the 
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temperature, sag and tension values of an overhead line in real time and determine 

the state, or health, of the line from these measurements. Apart from monitoring and 

controlling the grid, sensors can also be used for active monitoring of a household 

power consumption and thus provide savings and a more and more dynamic billing 

system [12]. 

 

2.4.3 Smart Environment 

 

If the city is not well organised and equipped to face the stress of rapidly growing 

urbanisation, chaos quickly takes place. The quality of life, the security, the 

effectiveness of citizens’ services, the economic development and attractiveness, and 

the quality of the environment may decrease quickly affecting the life of the community 

[13]. As a solution for preserving a smart city environment, a concept of smart 

environment is proposed, where air and water quality, temperature, humidity and other 

parameters would be continuously measured. In that way, the changes of environment 

could be tracked, and pollution could be kept at a reasonable level. Special attention 

is paid to the mitigation of emission which is a serious threat to our planet, and this is 

one of the main goals of smart cities. Monitoring of the environment requires a large 

number of various sensors to be placed, mostly outdoors at locations such as parks, 

rivers etc. In this regard, the placement of wireless sensors on vehicles or buildings is 

proposed, so that air pollution in a smart city can be monitored. With the development 

of the technology, the numbers of electromagnetic fields and the mechanisms, devices 

and systems working in the wave base, hence the intensity of the electromagnetic field 

that these systems spread as well, show a rapid increase. The use of 3G and 4G 

systems being the new-age communication and transmission systems have caused 

these changes to be increased rapidly in the recent years. The physical and biological 
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impacts of these fields on the plants and the living beings that have frequency 

spectrum varying generally from Hz to increments of GHz become frequently a current 

issue. Some other problems related to fast-growing cities are lighting systems that 

cause light pollution in the areas around big cities and big energy consumption, noise 

pollution that has negative effects on people living and working in cities, and waste 

management that will represent ever growing problems for cities in the future. In order 

to solve these problems, today’s technology should be used and smart solutions found 

[11][12]. Listed below is an overall comparison between the various types of 

magnetometers in terms of the detectable field as well as the various applications. It 

can be seen that some of these magnetometers are suitable solutions developed for 

the measurement of low range (i.e. micro Tesla and tens of micro Tesla) of magnetic 

flux densities with high accuracy and sensitivity for low magnetic fields, such as the 

magnetic field of Earth with a maximum intensity of about 50 μT [13]. 

Table 2.2 : A Comparison of the available technologies of magnetic sensors in 

terms of the detectable field [14].  

Magnetic Sensor’s 
Technology  

 

 
Detectable Field (Tesla) 

10-14 10-10 10-6 10-2 102 

Search coil magnetometer            

Fluxgate magnetometer           

Optically pumped 
magnetometer 

          

Nuclear precession 
magnetometer 

          

SQUID magnetometer           

Hall magnetometer           

Magneto Diode           

Magnetotransistor           

Fibre optic magnetometer           

magneto optical sensor           

magnetoimpedance 
magnetometer 
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Table 2.3: A classification of the various magnetic materials based on the 
major applications [13-14]. 

 Definition:  Major  
application: 

Most common  
sensor: 

High 
Sensitivity 

Field gradient 
or differences 
measurement 
because of 
triggered (in the 
magnetic field 
of  Earth) or 
dipole moments 
which are 
constant. 

✔  1. Magnetic anomaly 
detection.  

 
2.Mapping of brain 
function 

1.Optically pumped  
magnetometer 

  
2.SQUID 

Medium 
Sensitivity 

Disruption 
measurement in 
direction and/or 
magnitudes of 
magnetic field 
of earth 
because of 
induced or 
permanent 
dipole moments 

 
 

1.Mineral prospecting 
 
2.Magnetic compass 

1.Fluxgate 
 

2.Magnetoresistance Search 
coil. 

Low 
Sensitivity 

Measurement 
of stronger 
fields than the 
magnetic field 
of Earth. 

 1.Current 
measurement 

 
2.Noncontact switching 

 

1.Hall sensor 
 

2.Search coil 

2.5 Measurements and Parameters in Magnetometers 
 

Magnetic measurements find applications over a wide range of disciplines. The direct 

and indirect measurements of magnetic parameters such as the magnetic field 

strength H, flux density B, permeability μ, susceptibility χ, or magnetostriction λ are 

commonly applied in science and technology works carried out in paleomagnetism, 

magneto archeology, mines detection, displacement or proximity testing, current 

measurement, non-destructive testing of materials, medicine diagnostics, and in many 

other applications. As a practical example, magnetostriction sensors are often used 

for measurement of exotic quantities such as acidity pH, blood coagulation, 

concentration of castor oil (ricin), or even presence of Salmonella bacteria [17]. 
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Although the basic operation of magnetometers is based on measurements of voltage 

and current signals, accurate measurements of magnetic fields are complex and often 

ambiguous. For a long, it was assumed by scientists that the magnetisation of 

magnetic materials could be reliably achieved through two main characteristic 

parameters; one being the magnetic field H, and the other being flux density B. Later 

on, following the emergence of international standards, it was concluded that the less-

popular polarisation term J (where J=B-μ0 H) provided a better definition for a materials 

magnetisation state than flux density did. Nowadays, it is suggested by specialists that 

adopting the parameter magnetisation, M, would provide an even better description of 

the magnetisation state. [18]. In literature, research on the direct measurement of 

magnetic field strength in magnetic materials divides between two main techniques; 

first adopting Ampere’s law by measuring the magnetising current, and second 

adopting Faraday’s law by using search coils. Even today, it is still debated whether 

certain magnetic field sensors measure the magnetic field strength H or magnetic flux 

density B. As opposed to electrical measurements, where fundamental parameters are 

well-established, magnetic measurements are still being studied today [18]. Electrical 

measurements are founded on a linear relationship between current and voltage 

known as Ohm’s law. As depicted in figure 2.1, due to the potential difference, V, 

across the sample, a current, I, will flow through it. The magnitude of the current flowing 

through the material depends on the resistivity of the material, known as ρ, which is 

directly related to the electrical resistance R, such that, R=ρl/A, where l is the length 

and A is the cross-sectional area of the sample. Subsequently, the current, I, flowing 

through the material can be calculated according to Ohm’s law which is given by [19]: 

     𝐼 =
𝑉

𝑅
                                                                                                     (2.1)   
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Figure 2.1. Analogy between electrical and magnetic measurements [20]. 

 

In magnetism, the term current density (J) is used to provide a more precise description 

of the response of a particular material with resistivity ρ, when subjected to an electric 

field, E [20]. It can also be seen in Figure 2.1 that the response of the magnetic material 

can also be represented by its permeability μ, under influence of the magnetic field 

strength H, which is generated by the current I flowing in the coil. The H-field, 

subsequently, gives rise to the magnetic flux Φ. Thus, the response of the material 

with permeability μ under the magnetic field strength H can be characterised by its flux 

density as B= Φ /A. 

The flux density, B, is often detected by the electric voltage induced in the secondary 

coil, which is composed of n turns. The magnitude of the induced voltage is highly 

dependent on the time derivative of B. Although the relationship between magnetic 

field strength H and flux density B can be described by a relatively simple equation 

given by [20]:  

     B = μH                                                                                                                  (2.2)                               
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Where µ is the permeability of the employed material. The tests involved in 

characterisation of magnetic materials are usually far more complex than those 

required for electrical measurements. This is due to the followings: 

●  Usually in a typical sample of current conducting material, e.g. cuboid or 

cylinder, the current distribution is uniform with some exceptions, i.e. due to skin 

effects for high-frequency currents). In the case of magnetic materials, this condition 

is almost completely opposite, where due to demagnetising fields, the sample under 

test is usually magnetised non-uniformly with few exceptions, e.g., in ellipsoidal-

shaped samples. 

●  The relationship between the current and voltage is normally linear for most 

conducting materials with some exceptions.  In other words, this allows the 

description of such materials using a single scalar value that is its resistance R. On 

the contrary, a non-linear relationship exists between the magnetic field strength H 

and the flux density B in most typical magnetic materials. This means that it is 

required to use the whole relation of𝐵 = 𝑓(𝐻), also known as the magnetisation 

curve. 

●  The currently used current-conducting materials are homogeneous which 

means that the distribution of the current along the material is uniform. However, due 

to the grain and domain structure of most magnetic materials, the samples are often 

magnetised non-uniformly. 

●  Additionally, most of the current-conducting materials are isotropic, with a few 

exceptions, where the tensor of resistivity is a necessity; oppositely, most magnetic 

materials exhibit anisotropy of their properties [20-21]. 
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When testing a sample of a particular magnetic material, it is difficult to on the 

hypothesise about the flux density of the sample, as this parameter largely depends  

shape of the sample under test, unless the sample shape is pre-selected to be, for 

example, a ring core, Epstein frame, or sheet/strips. Generally, closed magnetic 

circuits are recommended; thus, open samples need to be closed by use of an external 

yoke. The strength and the flux density are highly nonlinear. Therefore, generally it is 

necessary to use the whole relation 𝐵 = 𝑓(𝐻) known as the magnetisation curve. In 

the case of DC (static) magnetisation, as according to Faraday’s law, to induce voltage, 

the magnetic flux must be changed. As a result of these technical difficulties that 

accompany the testing of magnetic materials, almost all the tests are conducted in 

professional laboratory settings. The hysteresis loop is commonly recognised as a 

symbol of magnetism, which can be considered the most-frequently tested 

characteristic of magnetic materials. A typical method of testing the hysteresis loop is 

presented in figure 2.2. As can be noted, the flux density is represented by its time 

derivative, which often requires an integrating amplifier; though, modern oscilloscopes 

are capable of performing this operation. Now, according to Ampere’s law, and 

considering the voltage drop 𝑉𝐻 in figure 2.2, the exciting magnetic field strength can 

be determined as 𝐻 = 𝐼1𝑛1/𝑙, where 𝑙 is the length of magnetic path and 𝑛1 is the 

number of turns of magnetising winding. In case of a ring sample, the value of 𝑙 is close 

to the mean circumference of the ring. The flux density is usually derived from 

Faraday’s law, such that, 𝑑𝐵/𝑑𝑡 = −𝑉2/𝑛2𝐴  [20]. 
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Figure 2.2. Typical approach for determination of the hysteresis loop [20]. 

 

2.6 PCP planar and its application 
 

2.6.1 Classification of ferromagnetic materials (Diamagnetic, 

Paramagnetic, Ferromagnetic Materials)  

 

Some common materials, based on their magnetic properties, are listed in Table 2.4 

[21]. The magnetic behaviour of different materials can be classified into several 

groups; the main three groups include ferromagnetic materials, diamagnetic materials, 

and paramagnetic materials. Paramagnetic materials produce a small magnetisation 

in the same direction as the applied field, with a positive susceptibility value of around 

10
−5

 to 10
−3

. On the contrary, diamagnetic materials have negative susceptibility 

values in the range of−10
−5

. On the other hand, ferromagnetic materials have 

susceptibility values well above one [21]. 

 

 

 



45 

 

Table 2.4: The classification of the various materials based on the magnetic 

properties and the relative permeability values [21]. 

Material Magnetic 
Classification 

Relative 
Permeability μr 

Copper Diamagnetic 0.999991 

Water Diamagnetic  

0.999991 

Vacuum Nonmagnetic                      1 

Air Paramagnetic 1.0000004 

Aluminium Paramagnetic 1.00002 

Cobalt Ferromagnetic                    250 

Nickel Ferromagnetic                   600 

Iron Ferromagnetic   5000 

78 Permalloy (78.5Ni) Ferromagnetic 100000 

Mumetal (75Ni, 5Cu,2Cr) Ferromagnetic 100000 

 

In addition to the three of mentioned magnetic materials, there are some other types 

of magnetic materials, which are all very closely related to ferromagnets. These 

materials include ferrimagnets, antiferromagnets, helimagnets and 

superparamagnetism, all of which were discovered many years after the emergence 

of the three classical groups of magnetic materials above. From a magnetic 

measurement perspective, the ferrimagnets are almost indistinguishable from 

ferromagnets, while the antiferromagnets and helimagnets were for many years 

mistaken for paramagnets [22]. 
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2.6.2 Susceptibilities of diamagnetic and paramagnetic materials  
 

The magnetic susceptibility of diamagnetic and paramagnets is considered to be 

constant at constant temperature and relatively low magnetic field𝐻. Linear 

relationship between 𝑀 and  𝐻 could be observed. Hence magnetisation can be 

defined as [23] from equation (2.3) 

 M = χ H                                                                                                                                 (2.3)  

B = μ0(1 + x)H                                                                                                            (2.4)    

                   

B = Hμ0μr                                                                                                                             (2.5)                 

B = Hμ                                                                                                                                  (2.6) 

 

 

In paramagnets, µ 𝑟 is slightly greater than that in the diamagnets, whilst 𝜒 is slightly 

greater than zero in paramagnets and slightly less than zero in diamagnets. While the 

susceptibilities for various materials in ferromagnets, neither susceptibility 𝜒 nor 

permeability µ 𝑟 has a constant value, instead, both parameters are functions of the 

prevailing magnetic field 𝐻 and the previous history of the material [23-24]. 

 

 

2.6.3 Classification of ferromagnetic materials 
 

Ferromagnetic materials can be easily classified to soft and hard magnetic material 

according to their coercivity, which is a structure-sensitive magnetic property. This 

implies that in such materials, the sample is subject to change characteristics under 

different thermal and mechanical treatments [25]. It has been found in the past that, 

mechanically hard samples of iron and steel had a high coercivity, whilst soft materials 
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had a low coercivity. Therefore, the term ‘soft’ was used to distinguish ferromagnets 

on the basis of the coercivity[26].  

 

 

 

 

 

 

Soft Magnetic Materials:  

In various crystalline, amorphous and nanocrystalline elements, and alloys and 

compounds, low coercivity and high permeability can be realised. General 

requirements for magnetic material design include low magnetocrystalline and strain 

anisotropy, or a number of easy directions and negligible inner stress [27]. Amorphous 

materials with zero magnetocrystalline anisotropy (𝐾𝑖 = 0), and nanocrystalline 

materials, in which the small grain size averages out the anisotropy, are usually 

desired. Anisotropic materials are often adopted for their parallel design of flux path 

that allows for easy directions, however, in fluxgate sensors, the easy direction is 

perpendicular in order to achieve low noise. In most cases, to preserve the intrinsic 

material parameters after mechanical deformation, stress-relief annealing is a 

necessity [27-28]. 

Crystalline Materials:  

Metallic crystals without imperfections, such as pure iron and nickel, are the classic 

types of soft magnetic materials. Some examples of widely used alloys include nickel-

iron (e.g. permalloy, supermalloy and mu-metal with very high permeability), cobalt-

iron (with highest saturation), silicon-iron (cheap material with increased resistivity for 

reduction of eddy currents), and silicon-aluminium iron (e.g. sendust, which is 

mechanically hard) [29]. 
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 Amorphous metals: 

Amorphous metals are alloys mainly based on iron and cobalt, with additions of boron 

and silicon. Usually, they are produced by the rapid solidification from melt spinning of 

thin wires and ribbons. The main advantages include high permeability and low losses, 

while drawbacks include relatively lower saturation magnetisation (0.75 to 1.6 T) when 

compared to crystalline iron alloy and limited magnetic core design options due to the 

low thickness of the tape [29][30].  

Hard Magnetic Materials:  

Permanent magnets are used to provide a magnetic field on their surface. The same 

hard magnetic materials that are used to make permanent magnets benefit from high 

coercivity and remanence magnetisation. They usually operate in the second quadrant 

of the hysteresis loop (i.e. the demagnetisation curve). Given that the knee of the 𝐵-𝐻 

curve sits well below the safe operation point, it is possible to achieve a high stability; 

otherwise, a changing air gap or a strong external field could partially demagnetise a 

magnet, especially at elevated temperatures [31]. The maximum energy product 

(𝐵𝐻)max is an important material property; magnets made of high (BH)max materials are 

usually small. In order to best utilise the properties of the magnetic material, the 

optimum operating point should be chosen as close to (BH)max as possible [32]. 

 

2.7 Magnetic properties of ferromagnetic material 
 

Ferromagnetic material is considered as the most significant magnetic material for 

adoption in a diverse set of engineering applications, due to their high permeability 

which enables for high magnetic inductions to be obtainable under modest magnetic 

fields and also their ability to retain magnetisation, and thus, act as a field source itself. 
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In addition, the torque generated by the ferromagnetic material on a magnetic dipole 

in a field can be used in electric motors. The ferromagnetic elements of interest in the 

periodic table include iron, cobalt, nickel and several of the lanthanides, which are all 

technologically vital. Thus far, it has been discussed that ferromagnets have, in 

general, a large relative permeability and susceptibility [33]. 

 

Permeability 

The relationship between the flux density,𝐵, and the magnetic field strength, 𝐻, a 

magnetised material is governed by the permeability of the material as shown in 

equation 2.7. However, this is not a practical approach for the characterisation of 

certain properties of a material [34]. This requires the determination of the relative 

permeability μr, which is the ratio of the permeability μ relative to the permeability of 

the free space μ0 i.e. 𝜇𝑟 = 𝜇/𝜇0. Subsequently, the flux density, B, can be expressed 

as:  

B = μrμ0H                                                                                                                     (2.7)       

                                               

Theoretically, permeability 𝜇 could be employed as an ideal merit for characterisation 

of the properties of magnetic materials as it conveys direct information on the 

relationship between two main material parameters, i.e. the flux density, 𝐵, and the 

magnetic field strength, 𝐻. However, in practice, certain complexities must be 

overcome as a result of the following: 

● The relationship between 𝐵 and 𝐻 is almost always nonlinear, and thus, the 

magnitude of permeability depends on the working point, i.e. the magnetic field 

strength; 
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● The shape of the material plays an important role in that the permeability of a 

magnetised body can be completely different to the permeability of a raw 

material. Moreover, the magnetisation is non-uniform along the whole body and 

only a mean value can be determined; 

● Most magnetic materials are polycrystalline, and therefore, they have different 

properties (including permeability) for various directions of magnetisation, in which 

case the material is said to be anisotropic.  

● Permeability depends on many other factors such as frequency, the presence 

of harmonics which cause deviation from sinusoidal shape of flux density, etc. 

[33][34].Therefore, although permeability is a very useful parameter from a physical 

perspective, in technical applications (e.g. in the design process), the magnetisation 

curve would serve a better tool in describing the magnetisation process. 

Nevertheless, in certain applications, permeability can still be the most important 

measurement factor, for example, in magnetic shielding design, where the higher the 

value of permeability, the more effective the shielding is, or in magnetic concentrator 

design, where a magnetic material with highest possible permeability is mostly 

preferred. Presently, it is possible to procure ferromagnetic materials with relative 

permeability as high as one million. Table  presents the typical values of maximum 

relative permeability for some commercial ferromagnetic materials [35]. 
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Table 2.5: Typical Values of Maximum Relative Amplitude Permeability of Some 

Ferromagnetic Materials [36]. 

Material  µmax 

Iron     6,000 

Pure 99.9 iron     350,000 

Silicon iron (non oriented)     8,000 

Silicon iron (oriented)     40,000 

Silicon iron (cubic texture)     100,000 

Permalloy 78Ni-22Fe     100,000 

Supermalloy 79Ni-16Fe-5Mo     1,000,000 

Permivar 43Ni-34Fe-23Co     400,000 

Amorphous Metglas Fe40-Ni38-Mo4-B18    800,000 

Amorphous Metglas Co66-Fe4-B14-Si15-Ni1    1,000,000 

Nanocrystalline Nanoperm Fe86-Zr7-Cu1-B6    50,000 at 1KHz 

 

Coercivity HC and Remanence BR 

When the field is reduced to zero after magnetising a magnetic material the remaining 

magnetic induction is called the BR. The remanence is used to describe the value of 

either the remaining induction or magnetisation when the field has been removed after 

the magnetic material has been magnetised to saturation. [37] On the other hand, the 

magnetic induction can be reduced to zero by applying a reverse magnetic field of 

strength HC which is normally known as the ‘coercivity’. It is strongly dependent on the 

condition of the sample, being affected by such factors as heat treatment or 

deformation. As with the remanence, a distinction is drawn by some authors between 

the coercivity field, which is the magnetic field is needed to reduce the magnetization 

to zero from an arbitrary level, and the coercivity which the magnetic field needed to 

reduce the magnetization to zero from saturation [38]. 
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Hysteresis and related properties  

The most common way to represent the main magnetic properties of ferromagnetic 

materials is by plotting their magnetic induction B through various field strengths H. 

Alternatively, plots of magnetisation M against H can be used to characterise the 

magnetic properties of ferromagnetic materials, which can provide the same 

information as using B versus H relationship; this is true due to the fact B=μ0=(H+M). 

The term ‘hysteresis’, meaning ‘to lag behind’, was introduced by Ewing, who was the 

first to systematically define this parameter in magnetism. An illustration of a typical 

magnetic hysteresis loop is shown in Figure 2.3 [39]. 

 

 

 

 

 

 

 

 

 

Figure 2.3. Typical hysteresis loop and its characteristic points Br and Hc [39]. 

 

Considering the hysteresis loop shown in Figure 2.3 , the start point is always from the 

demagnetised state. The first part of the path, between ‘0’ and ‘1’, poses similar 

behaviour to the primary magnetisation curve. However, it is clear that the return path 

from ‘1’ to ‘2’ is quite different to the ascending magnetising curve. For point ‘2’, where 

magnetic field strength is zero, the material remains magnetised. This magnetisation 
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is called the residual or remanence flux density B, also known as remanence 

magnetisation. In order to achieve zero flux density (i.e. point ‘3’), it is necessary to 

apply a magnetic field equal in magnitude but opposite in direction. This field is called 

coercivity HC [38][39]. The magnetic coercivity is a crucial parameter in 

characterisation of soft magnetic materials. This is due to the dependency of magnetic 

losses on the area of the hysteresis loop. From Figure 2.3, it is evident that the smaller 

the value of the coercivity, the smaller the power loss [40]. 

 Table 2.6 provides a list of typical coercivity (HC) and saturation flux density (Bs) 

values derived from hysteresis loops of various soft magnetic materials. Similarly, 

Table 2.7 presents the hysteresis aparameters as derived for some hard magnetic 

materials, i.e. the permanent magnets [41]. 

 

Table 2.6: Main Parameters of Hysteresis Loop of Various Soft Magnetic 

Materials[41]. 

Material  Hc (A/m) Bs (T) 

Iron 70 2.16 

Pure 99.9 iron 0.8 2.16 

Silicon-iron (non oriented) 40 1.95     

Silicon-iron (oriented) 12 2.01      

Silicon iron (cubic) 6 2.01      

Permalloy 78Ni-22Fe 4 1.05 

Supermalloy 79Ni-16Fe-5Mo 0.15 0.79 

Permendur 50Fe-50Co 160 2.46 

Amorphous Metglas Fe40-Ni38-Mo4-B18 8 0.88 

Amorphous Metglas Co66-Fe4-B14-Si15-Ni1 0.24 0.55 

Nanocrystalline Nanoperm Fe86-Zr7-Cu1-B6 3 1.52 
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Table 2.7: Typical Parameters of Hysteresis Loop for Various Hard Magnetic 

Materials [41]. 

Material BHc (kA/m) Br (T) (BH)max (kJ/m3) 

Ferrite BaFe12O19 144 0.35 26 

Alnico Fe—Co-Ni-Al 52 1.30 44 

SmCo5 690 0.92 200 

Sm(Co-Fe-Cu-Zr) 560 1.12 240 

Nd-Fe-B 780 1.35 320 

 

After arriving at point ‘3’ on the hysteresis loop shown in Figure 2.4, the magnetic field 

is moved further in the negative direction until the negative flux density saturation point, 

shown by ‘4’, is reached. Note that reversing the direction of magnetic flux (i.e. from 

negative to positive) does not close the loop at point ‘0’ and rather closes at point ‘1’. 

If the material is magnetised by an alternating sinusoidal field, that will correspond to 

a full hysteresis loop at every cycle of the alternating field [40][41]. 

The hysteresis loops obtained at different peak values of magnetising fields often result 

in a family of loops, as shown by Figure 2.4 (a).  Primary magnetisation curve can be 

obtained by connecting the tips of the resulting loops. Suppose the magnetising field 

reverses at an arbitrary point, in which case, the loop will no longer follow the original 

contour but branches out to form a minor hysteresis loop, similar to that shown in 

Figure 2.4 (b)[42-44]. 
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Figure 2.4. The family of hysteresis loops obtained for various amplitudes of the 

magnetising fields and the magnetization curve obtained by connecting the tips 

of these loops (a); major and minor hysteresis loops (b)[42]. 

 

2.8 Application of PCB planar coils 

 

2.8.1 The PCB Planar Fluxgate 

 

Several applications require small-sized magnetic sensors such as the compass and 

navigation systems. The fluxgate sensors are suitable candidates that fulfil such 

requirements as it was shown earlier. The miniaturisation of these sensors is important 

that can replace the wound excitation and sensing coils and this can, in turn, reduce 

the fabrication costs [43-44]. In this part of the thesis, the state of the art fluxgate 

sensors will be presented. The main focus will be on devices that were fabricated using 

small sized wires as this is more relevant to the scope of the work presented in the 

following chapters [44]. In the current section, the development and the comparison of 

different planar fluxgate magnetic sensor structures realised in printed circuit board 

(PCB) technology are presented. This work allowed us to define a design approach for 

the development of planar magnetic sensors and to verify the simulated performance 

with results in order to validate the entire procedure. 
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The Fluxgate structure appears to be the most feasible solution for realising precise 

vector magnetic field sensors to be used in Earth’s magnetic field measurement; the 

main drawback of Fluxgate magnetic sensors is the complex construction of the core 

and the coils. In recent years, new topologies of planar integrated micro-fluxgate have 

been presented, which allow small dimensions and low power consumption to be 

achieved together with a simplification of the integration process. When small 

dimensions and low power consumption are not vital, similar topologies can be 

fabricated in PCB technology [45]. The choice in favour of PCB technology derives 

primarily from its reduced cost and efficient fabrication. On the other hand, since low 

power consumption and small dimensions are indeed the fundamental requirements 

for a magnetic field sensor to be embedded in portable devices, a micro-integrated 

version is mandatory for these applications [45].. 

 

2.8.2 Fluxgate sensors 

 

A fluxgate magnetometer is a device used to measure magnetic fields, through 

utilisation of the non-linear magnetic characteristics of ferromagnetic core materials as 

the sensing element [45]. This type of magnetic sensor is a directional device, used 

for measuring the component of the field that is parallel to the magnetic core. Fluxgate 

magnetometers were first introduced in the 1930’s [43][44]. Initial applications of these 

magnetometers were for airborne magnetic surveys and for submarine detection 

purposes during World War II. Later on, they were further developed for geomagnetic 

studies, mineral prospecting, and for magnetic measurements in outer space. They 

also serve both civilian and military applications, as found in various detection and 

surveillance devices. Despite the advent of newer technologies for magnetic field 
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measurement, fluxgate magnetometers still continue to be used successfully in all of 

the aforementioned areas, owing to their high reliability, relative simplicity and low cost 

[45]. 

With the beginning of the space age in the late 1950’s, fluxgate found a new domain 

of application as employed in space magnetometry. The first satellite to carry a 

magnetometer to space was Sputnik 3 launched in 1958, which carried a servo-

oriented fluxgate on-board. Later on, the USSR Venus probe launched in 1961 carried 

two single-axis flux gates that measure the magnetic fields around Venus[46].  

In 1990, Seitz made the first attempt to fabricate an integrated fluxgate sensor, where 

consisted of a sputtered permalloy layer, sensing coils which were fabricated on a 

silicon substrate of 2 mm x 4mm area, and an excitation coil which was wound around 

the integrated circuit [47].  

Then in 1994, Kawahito et al. reported a micro-machined fluxgate sensor composed 

of an electroplated permalloy rod, and solenoidal excitation and sensing coils [48]. 

Gottfried-Gottfried reported on a similar sensor structure, where metallisation lines of 

the CMOS process were used to fabricate the solenoidal coils, and the permalloy core 

was electroplated in between the metal, through the modification of the CMOS process 

flow [49].  

The first fully integrated CMOS fluxgate sensor was reported by Schneider et al. in 

1997 [50-52], and then by Kawahito in 1999 [50][51]. The structure was later on 

improved by Ripka et al. who added a symmetrical core layer beneath the planar coils, 

which formed an almost closed magnetisation path between the upper and lower cores 

used for the excitation [52]. More recently, Chiesi et al. reported on the development 

of a 2D micro-fluxgate compass that used the cross-shaped amorphous material 
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(Metglas®), patterned and glued on the sensing and excitation coils fabricated by a 

CMOS process [53][54]. 

All the sensor designs discussed above use the parallel fluxgate configuration [98]. 

The first attempt to miniaturise the fluxgate sensor was done on an orthogonal 

structure, achieved by Gise and Yarborugh [56]. In their design, copper coils wound 

around the core were used as the sensing coils. After this approach, orthogonal 

configuration was almost forgotten, however, similar structures were used as GMI 

sensors [57].  

Twenty years on from the first attempt, Chiesi et al. developed a micro-fabricated 

orthogonal fluxgate sensor [57][58]. In their new design, Chiesi et al. used a 

rectangular-shaped core of dimensions 600mm x 100 μm, made out of an amorphous 

ferromagnetic ribbon (Vitrovac® 6025Z), which was glued on the micro-fabricated 

planar sensing coils. The excitation current was provided through the wires directly 

bonded to the core[59]. In 2000, Kejik et al. reported on the development of a 2D PCB 

fluxgate sensor working in the orthogonal mode [60]. The sensor consisted of a pair of 

excitation and a pair of sensing coils, which were placed in a cross shape on the PCB, 

being orthogonal to each other [61]. 

Nowadays, developments of this particular magnetic sensor are expected to rely on  

the CMOS technology for the coils and CMOS-compatible post-process technology 

(i.e. sputtering) for the core deposition; all the extra effort is for the possibility to realise 

a micro-fluxgate sensor with a very low power consumption (few milliWatts), over the 

smallest spatial occupation possible[62]. 
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2.9 Core shapes of fluxgate magnetometers 

The applications of fluxgate magnetometer can be classified based on the core shapes 

utilised in these systems such as : the rod core, the ring core sensor and the racetrack 

sensor, square and hexagon core type. These will be discussed individually in this 

section in order to highlight the differences between those configurations. Testing of 

integrity of materials by using sensing coils of square type is discussed. 

Rod core 

In this configuration, the core is made of two ferromagnetic strips or wires. These are 

excited by individual excitation coils in opposite directions. In this case, the sensing 

coil is wound around both rods, Figure 2.5 [63]. 

 

Figure 2.5. Core shape of fluxgate sensor (Rod core) [63]. 

Ring core sensor  

  

In this design shape, Figure 2.6, the excitation is wound following a toroidal trend 

around the ring-core with the diameter of the ring-core oriented in the direction of the 

magnetic field that is to be measured. In one half of the ring-core, the field due to the 

current in the excitation coil is parallel to the external field B0. Whereas in the other 

half of the ring-core, the field is anti-parallel to the external field. In this configuration, 

the ring-core is constructed from a thin tape of soft magnetic material that is made into 

several turns. The sensing coil is a simple solenoid with its axis parallel to the field that 
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is to be measured. The ring-core is placed in the centre of the sensing solenoid, and 

this provides a design of low-noise despite the fact that ring-core sensors have low 

sensitivity due to large demagnetisation [64]. 

 

 

 

 

 

 

    Figure 2.6. Core shape of fluxgate sensor (Ring core) [64]. 

Race-track sensors 

In race-track configuration, Figure 2.7, the sensitivity is generally higher than that for 

the other types with its sensitivity being lower relative to the perpendicular field due to 

the lower demagnetisation factor. This means that the advantage of closed-type 

sensors is maintained when this configuration is employed [65]. 

 

 

Figure 2.7. Core shape of fluxgate sensor (race-track sensor) [65] 
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Square core sensor  

The main drawback of fluxgate magnetic sensors realised with the schematic shown 

in Figure 2.8 is the complex construction of the core and of the coils when they have 

to be realised within a planar technology (CMOS-IC or PCB), in which it would be 

desirable to fabricate the ferromagnetic core with a technological step on top of the 

planar process. new topologies of planar integrated micro-fluxgate have been recently 

presented. For instance, a structure for a differential single-axis planar fluxgate 

magnetic sensor will be discussed in the following chapters. 

 

Figure 2.8. Core shape of fluxgate sensor (square sensor)  

 

2.10 Core Materials 

There are general requirements that have to be fulfilled for a material to be used as a 

core material and this includes:  

● High permeability and low coercivity. 

● Low magnetisation materials such as perm-alloys (Fe and with 78 to 81% Ni 

alloy) and amorphous alloys [66]. 

● Amorphous magnetic materials such as metallic glasses that are produced by 

rapid quenching. This includes Cobalt-based amorphous alloys with low 
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magnetostriction that are suitable for fluxgate applications. Annealing may 

further decrease the noise level of a tape for fluxgate core [67]. 

2.11 Operating principle   

The basic structure of a fluxgate sensor, as depicted in Figure 2.9 [68], consists of two 

coils; a primary (excitation) and a secondary (sensing) coil, wrapped around a common 

high permeability ferromagnetic core. The excitation current, Iexc, flowing through the 

primary coil gives rise to a field that periodically saturates the soft magnetic-material 

core in both directions. As can be seen in Figure 2.9) b, during saturation, the 

permeability of the core drops and the DC flux associated with the DC magnetic field, 

B0, also decreases with it. The name of the device derives from this “gating” of the flux 

that occurs when the core is saturated. In the presence of the field to be measured, 

the second and higher-order harmonics appear in the voltage, Vind, induced in the 

secondary coil [68][69]. These harmonic elements are in proportion to the field to be 

obtained and represent the coil output[70].  [70]. 

 

Figure 2.9. Fluxgate principle a) core not saturated b) core saturated [68].  
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Using Faraday’s law, the amplitude of the induced voltage can be calculated as below, 

   Vind = −
dΦ

dt
                                                                                                                   (2.8)                      

   Vind = −Nsens ∙ A ∙
dB(t)

dt
                                                                                         (2.9) 

   Vind   = −Nsens ∙ A ∙
d

dt
(

μ∙Nexc∙I0sin (2πfexct) 

I
)                                                           (2.10) 

 

 

where 𝑁𝑠𝑒𝑛𝑠 the number of is turns on the sensing coil 

 𝑁𝑒𝑥𝑐 is the number of turns on the excitation coil 

 𝐴 is the cross-section area of the sensing coil 

 𝑙 is the length of the excitation coil 

 𝜇 is the magnetic permeability; and 𝐼0 𝑠𝑖𝑛  (2𝜋𝑓𝑒𝑥𝑐𝑡)  is the sinusoidal excitation 

current, injected at frequency 𝑓𝑒𝑥𝑐[71]. It is possible to improve the sensor sensitivity 

by maximising the induced voltage through adoption of one of the following solutions: 

● By increasing the excitation frequency 𝑓𝑒𝑥𝑐,,However, there is an upper limit 

given by the cut-off frequency of the relative permeability of the ferromagnetic 

material. 

● By increasing the number of coils 𝑁𝑠𝑒𝑛𝑠 for the sensing coil. 

● By increasing the cross sectional area (𝐴) of the ferromagnetic material which, 

in turn, will consume more power due to the larger amount of current required 

to saturate the ferromagnetic material [72].  
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The main drawback associated with those fluxgate magnetic sensors that are 

constructed as shown in Figure 2.10 is the complex manufacturing processes involved 

in the making of the core and the coils, which have to be realised by using planar 

technologies (CMOS-IC or Printed Circuit Board). In these complex processes, it is 

desirable to fabricate the ferromagnetic core with an additional technological step, on 

top of the planar processes. In this situation, the solution offered in Figure 2.10 

becomes more difficult to implement [73]. As a result, new topologies of planar 

integrated micro-fluxgate sensors were recently presented.  Figure 2.10 [74][75] 

presents the schematic of the structure of a differential single-axis planar fluxgate 

magnetic sensor, where the ferromagnetic core is placed over the diagonal of the 

excitation coil. Supplying the excitation coil with a suitable alternating current, each 

half of the core saturates periodically in opposite directions, as illustrated in Figure 

2.11 [74][75]. In absence of an external magnetic field, the two sensing coils connected 

in anti-phase        exhibit an output voltage that ideally is zero [76]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10. Schematic of a double axis planar Fluxgate magnetic sensor 

[74][75]. 
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Figure 2.11. Core magnetization and external magnetic field direction: because 

of the excitation magnetic field each half of the core is magnetised in the 

opposite direction [74][75]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12. Fluxgate principle explained with the waveform of the magnetic 

field and of the voltage induced [74][75]. 
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On the contrary, when an external magnetic field component is present and is parallel 

to the core, the magnetisation in one-half of the core is in the same direction as the 

external magnetic field, while the magnetisation of the other half of the core is in the 

opposite direction (refer to Figure 2.11) [74-76]. These results in unequal levels of 

voltage induced in the two sensing coils, causing an increase in the differential output 

voltage and modulation of its amplitude. Figure 2.12 presents the results of three 

different scenarios; one with no external magnetic field applied and two with different 

amplitudes of external magnetic fields [76][77]. With a suitable core shape, e.g. cross 

shape, and with four sensing coils, the structure proposed in Figure 2.11 can be 

implemented as a double-axis magnetic sensor [78]. Due to their small footprint, these 

sensors can be embedded on the top of an IC (achieving small dimensions and low 

power consumption), or they can be manufactured using the PCB technology [78]. The 

latter solution is not affected by the main disadvantages of integrated fluxgate, where 

the ferromagnetic material has to be deposited during the integration process, by 

having it as a layer of a multilayer PCB [79]. 

 

2.12 Wireless charger  

2.12.1 Overview and major events in the wireless charging technology 

 

The wireless charging technology has become a hot spot for many devices and 

appliances such as mobile phones, tables, and more. The first scientist to conduct 

experiments with wireless charging is none other than Nikola Tesla, the pioneer of 

alternating current electricity. In 1899, he reached a breakthrough in experiments. He 

transmitted a high frequency 108 volts electric power to a distance of 25 miles; 

enabling him to light 200 bulbs and subsequently to run an electric motor [80][81]. 

Tesla established the Wardenclyffe Tower to transmit electrical power globally through 
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the ionosphere without any cords in 1901. But this idea has not been developed further 

or commercialised due to the major limitations to the supporting technology (e.g. low 

efficiency in the system). The invention of magnetrons during the 1920s and 1930s 

enabled the conversion of electricity to microwaves and this helped in transferring 

wireless power for long distances. Until 1964, there was no technology available to 

convert microwaves back into electricity. W C Brown invented rectenna to enable this. 

Brown demonstrated this technology by powering a model helicopter using microwave 

power transfer. This technology further inspired numerous researches in Japan and 

Canada for microwave powered aeroplanes in 1980s and 1990s [81]. 

 

2.12.2 Wireless Charging techniques  

 

Wireless charging technology's evolution is improving toward three main directions: 

magnetic inductive coupling, microwave radiation and magnetic resonance coupling 

[82].  Two of these methods, namely magnetic resonance coupling and magnetic 

inductive coupling work only on near-field. In the near field, the produced 

electromagnetic radiation covers the area close to the transmitter or the scattering 

objects. In this technique, the rate of absorption of radiation influences the load 

produced on the transmitter [82][83]. The electric power in near-field technique 

gradually decreases with respect to the cube of the reciprocal of distance. In contrast, 

microwave radiation relies on far-field techniques and is used for distance 

transmission.  In this technique, the electric power attenuated with respect to the 

reciprocal of the distance. Also, in the far-field method, the absorption of radiation has 

minimal effect on the transmitter [83]. 

 



68 

 

Figure 2.13. Wireless charging techniques. 

 

2.12.3 Typical wireless phone charger  

 

Figure 2.14 illustrates the diagram of wireless chargers. It consists of two mains 

sides, the power transmitter on the left which is attached to the electrical grid and 

power receiver on the right which is incorporated into the load device is shown in 

figure 2.14 [84]. The key element for signal transfer for both the power transmitter 

and the power receiver has been defined by a resonant tank, including both coupled 

inductors. The primary coil is on the transmitter side and the secondary coil is on the 

receiver side, different topologies are proposed in (chapter 6) [84].  

 

 

Figure 2.14. diagram of wireless charger 
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Figure 2.14 shows that communication data streaming in the opposite way so signal 

flow does not only contain of the power signal from the power transmitter to the power 

receiver a communication link is requested as the power transmitter needs to be 

constantly up to date about battery power needs and state of charge [84][85]. An 

amplitude modulation of the power will be drawn from the transmitter side so the 

communications channel is implemented through it.  

In the wireless power transmitter part the transmitter coil converts the DC power AC 

power signal. An alternating magnetic field has been created in the coil due to induction 

to transmit energy by the AC current, which is linked with the wireless power 

transmitting coil. In the wireless power receiver the energy will be received as an 

induced alternating voltage (due to induction) by the receiver coils and a converter in 

the wireless power receiver part converts that AC voltage to a DC voltage. Lastly the 

load would be fed by the converted DC voltage through a voltage controller section.  

So, the wireless power receiver part’s main task is to charge a low power battery 

through inductive coupling [84]. 

2.13 Summary 

This chapter has discussed the magnetometers, materials of that magnetometers and 

its applications. This is essential in order to understand the various parameters and 

variables involved in the four design studies. The aim of this chapter was to provide 

information on and background for the subsequent chapters. In chapter 3 the 

development of different planar Fluxgate magnetic sensor structures realised in printed 

circuit boards (PCB) and compares their performance based on their magnetic field 

parameters, the design will build up ANSYS model to simulate the behaviour of a newly 

developed planar coil. In chapter 4 developed ANSYS model will test the results of the 
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model and comparison of  the output with many cases such as Evaluate the excitation 

current value that ensures the saturation for ferromagnetic material and how the 

current is affecting the BH curve which in turn will affect the sensitivity of the sensor, 

Different number of turns and analyse the BH curves of each case, Compare the output 

voltage with different thickness ferromagnetic materials, Different wire width and 

Different core width. In addition to the experimental optimisation and the results of the 

proposed planar will be compared with a Simulated optimised planar. Finally in chapter 

5 and 6 the performance, modelling and application of the various shapes of coils over 

various spacing distances will be designed, simulated, experimented and then tested 

with topologies such as circular, square and hexagon coil configurations. The 

methodology that will be described is considered an effective way for the development 

of sensors based on planar coils with better performance. Moreover, it also confirms a 

good correlation between the experimental data and the FEM models. Once the best 

topology is chosen based on performance, an optimisation exercise was then carried 

out using uncertainty models. 
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CHAPTER 3  

OPTIMISATION OF PLANAR COIL USING MULTI-CORE 

 

This chapter employs the built up ANSYS model to simulate the behaviour of a newly 

developed planar coil which is built from a Mu-metal. In this respect, the model will 

examine the material as well as the developed design of the magnetometer. The 

current work has been published elsewhere showing the novelty of the employed 

design and model. 

 

3.1 Multi-Core Fluxgate  

This section presents the development of different planar Fluxgate magnetic sensor 

structures realised in printed circuit boards (PCB) and compares their performance 

based on their magnetic field parameters.  This work provides a design approach for 

the development of planar magnetic sensors and to verify the simulated performance 

with results in order to validate the entire procedure. 

 

3.2 The Proposed Fluxgate Architecture 

The schematic of the micro fluxgate structure realised for the triple cores Fluxgate is 

shown in Figure 3.1 This structure consists of an excitation coil, sensing coils and three 

ferromagnetic cores located on the top, middle and bottom sections of the fluxgate in 

order to concentrate the field using the iterative optimisation technique. Generally 

speaking, magnetic materials have a property which allows them to influence the 

magnetic field in its environment. In other words, better performances can be obtained 

by using magnetic top and bottom shields as it is the case in the current design. 
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Magnetic shielding involves the use of high magnetic permeability material panels that 

provide a preferential path for the magnetic flux line materials such as the mu-metal. 

This material has a greater permeability to magnetic fields (H) than the air surrounding 

them and therefore concentrates the magnetic field lines. By a strategic placement of 

the ferrite materials it was possible to concentrate this magnetic field and therefore 

influence the intensity and the shape of a field. In this case, the magnetic field will be 

easily passed through the material (i.e. the upper and lower cores), it will wrap around 

the coils instead of going further away from the coil and this will allow the magnetic 

field to stay altogether within the top and bottom core. The second benefit of having 

the top and bottom cores is that the magnetic flux will not be able to pollute the 

environment. The third advantage of the multiple cores is that the coils will intensify 

the field within the sensor which means that less current is consumed to obtain the 

desired results.  The planar excitation coil is characterised by 30 µm thickness, 20 

turns and 400 µm pitch. The current in the excitation coil should be enough to saturate 

the ferromagnetic material glued over the PCB. This material is shaped similar to the 

shape of the coil to make the device sensitive to the two components of a magnetic 

field coplanar with the fluxgate. For each component of the magnetic field, the output 

voltage is obtained from the sensing coils placed in between the two layers of the 

material, having 30 µm thickness, 20 turns and 400 µm pitch. The excitation and 

sensing coils are realised at a distance of 50 µm from each other. The dimensions of 

the device are 57.3 mm width by 58.1 mm length. 
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Figure 3.1. The triple planar fluxgate magnetic sensor proposed the 

ferromagnetic material layers are on the top, in the middle between the sensing 

and excitation coil and in the bottom of the fluxgate.  

 

3.3 Instrumentation Details 

 The Ansys Maxwell is used for the simulations, which is based on the finite element 

method, the proposed micro fluxgate structure for the triple cores Fluxgate were 

analysed by following the  Parametric Adaptive Analysis setup: 

1. Parametric Model Generation – creating the geometry, Parametric Model        

Generation boundaries and excitations. 

2. Analysis Setup – defining solution setup and frequency Analysis Setup by sweeps. 

3. Results – creating 2D reports and field plots Results. 

4. Solve Loop - the solution process is fully automated. 

 

This is a virtual method which can provide important and competitive advantages with 

reduced time and cost to manufacture as well as improved system performance. To 

understand how these processes co-exist, the flow chart of the proposed micro 

fluxgate is shown in Figure 
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Figure 3.2. specifically for a Magnetostatic setup(Parametric Adaptive 

Analysis) that has been used in the design [85]. 

 

The magnetostatic model provides a range of characteristics in a very accurate way 

dependent on the design. The different AC characteristics of the circuit for the 

magnetostatic model will be investigated for the low frequency aspects of the design. 

For instance, if a higher frequency analysis is required, the high frequency structure 

simulator (HFSS) software such as the 100KHz electromagnetic simulator can be 

employed. In Figure 3.3, the voltage source (E1) generates a voltage that will be 

translated to a current. The resistance is needed in order for the circuit to become in 

an operational condition.      When the Simplorer circuit model has been created as 

shown below, run the simulation and Simplorer will initiate to solve the Maxwell model. 

Simplorer will receive the impedance values for the core and shield once the Maxwell 

model is solved. Frequency Response and Transient Analysis results can be plotted 

when the simulation is completed.  
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The changes in the voltage source will alternate the current that will cause to re-

simulate the entire model. A lower current value should be avoided as a short circuit 

might occur across the capacitor, which will affect the accuracy of the results. The 

frequency of the voltage signal was chosen as 10 kHz. 

 

 

Figure 3.3. Illustrate the excitation circuitry and equivalent load connected to 

the sensor in ANSYS- Simplorer environment. 

 

3.4 Accuracy of Simulation 

The things that always need to be taken into consideration in this kind of simulation is 

the convergence as this kind of simulation is not as simple as putting the input at one 

end and expecting the output on the other end. In fact, this kind of simulation is 

handled. While the simulation is taking place, it is essential to ensure that the energy 

level (through the convergence feature in Maxwell) of the entire system should be less 

than 1%. Once this is achieved, it can be said that the simulation is completed with 

reliable results. I.e Maxwell generates a field solution using the specified mesh. It then 
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analyses the accuracy of the solution by calculating an energy value based on the 

error in the solution. The exact mechanism for evaluating the error varies by solution 

type. For a perfect solution the result would be zero, for a real, finite mesh the result is 

some amount of residual current density. An energy value calculated from this residual 

current density is called the error energy. The “Energy Error %” is the error energy as 

a percentage of the total energy. If more than 1 pass has been completed, the software 

also calculates the change in total energy from the previous pass. The Ansys Maxwell 

software is used for the simulations, which is based on the finite element method. 

Several simulations were performed to find the best geometrical configuration of the 

ferromagnetic material on top of the device. The accuracy of simulation is related to 

the number of the tetrahedral shapes that will be created after the meshing is complete. 

It is important to define an initial meshing setting prior to starting the iterations for 

refining the mesh to achieve a better accuracy.  The initial mesh of the design is shown 

in Figure 3.4 wherein it can be seen that the mesh has fine grids next to terminals and 

the faces. 

 

Figure 3.4.  The mesh structure of the design. 
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The design optimization process in the current work is of an iterative nature whereby 

the ferromagnetic material shape was chosen as a rectangular sheet with dimensions 

of 57.3 mm x 58.1 mm for the mu-metal material. However, the main issue 

encountered in the current procedure is the creation of a good quality meshes. In other 

words, this had led to a large number of elements in the mesh of this particular section 

with 256756 volume elements. 

3.5 The External Magnetic Field 

The external magnetic field is the uniform magnetic field that has to be created to play 

the role of the magnetic field that is going to be measured by the proposed sensor. In 

this example, the external magnetic field is created by boundary conditions (i.e. 

Tangential H Field and Zero Tangential H Field) and is assumed to be constant. The 

value of the field is set by H (Magnetic field) and is set to be 17 A/m. The magnetic 

field near excitation and sensor coils is shown in Figure 3.5. 

 

 

Figure 3.5. Magnetic field vector representation for an external magnetic field 

applied to the sensor at H=17A/m.  
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Figure 3.6 presents the vector of the magnetic flux density B around the excitation and 

sensing coils. Note that in this scenario the excitation current is kept on 0A. 

 

Figure 3.6. Vector representation of the external magnetic flux density B 

applied near excitation and sensor coils. 

 

3.6 Exciting the Excitation Coil 

In order to determine the current value that saturates the core, various values of the 

current have been applied where the initial value has been arbitrarily chosen as 5mA.  

However, as it is evident in the top view of the Mu-metal in Figure 3.7, this level of 

current was not suitable to saturate the core.  

 

 

 

 

Figure 3.7. Magnetic field on the surface of mu-metal for an excitation current of 

5mA. 
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On the other hand, when the current was increased to 12mA, it can be seen that the 

Mu-metal has been saturated as demonstrated in Figure 3.8. For this chosen level of 

current, the magnetic field distribution has been modelled and shown in Figure 3.9. 

 

Figure 3.8. The Magnetic field passing through top mu material. As shown, the 

excitation current of 12 mA. 

 

Figure 3.9. The magnitude of the magnetic field on the surface of top Mu 

material. As can be seen the magnetic field caused by the excitation coil is 

saturating the material with near 0.8 Tesla of magnetic flux density (B). 

 

Figure 3.10 presents the magnetic field distribution inside the computational region 

(chosen to be air). As can be seen, by exciting the excitation coil (TX coil) with 12mA 

of current, the magnetic field of the excitation coil (TX coil) will override the constant 

magnetic field that has been applied and will start saturating the Mu-metal. The 
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magnetic field on the surface of mu material is presented in Figure 3.7. The magnetic 

flux density B is concentrated in a circular mode as shown in Figure 3.10. As can be 

seen, due to the saturation of the Mu-metal, the value of B does not exceed the 

saturation value of 0.8 Tesla. 

 

 

 

 

 

 

Figure 3.10. The magnetic vector around the excitation (and sensing coil). 

 

3.7 Summary  

This section presents the development of different planar Fluxgate magnetic sensor 

structures realised in printed circuit boards (PCB) and compares their performance 

based on  their magnetic field parameters.  This work provides a design approach for 

the development of planar magnetic sensors and to verify the simulated performance 

with results in order to validate the entire procedure. The schematic of the micro 

fluxgate structure realised for the triple cores Fluxgate, This structure consists of an 

excitation coil, sensing coils and three ferromagnetic cores located on the top, middle 

and bottom sections of the fluxgate in order to concentrate the field using the iterative 

optimisation technique.  Figure 3.1 shows an exploded view of the multi core planar 

coil structure. The originality of the configuration lies in the geometrical design  which 
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allows a single excitation coil to be used and optimises the three ferromagnetic cores 

for a given excitation coil area. This design consists in placing three ferromagnetic 

cores located on the top, middle and bottom sections of the coil in order to concentrate 

the field. Furthermore, one of the three ferromagnetic cores is placed above the 

excitation square coil, as illustrated in Figure 3.10, a parallel fluxgate configuration for 

each measurement axis is obtained. Along the excitation coil, each half of the 

ferromagnetic cross is subjected to the opposite direction of the excitation field H and 

to the same external field Hexc . It means that the excitation and the external magnetic 

fields see a core length equivalent to half the branch length and to the total branch 

length, respectively. Consequently the external field sees a ferromagnetic core with an 

equivalent apparent permeability higher than for the excitation field. The sensor 

sensitivity is then improved compared to a configuration with two discontinuous cores 

along the measurement axis. In addition to concentrating this magnetic field and 

therefore influence the intensity and the shape of a field. In this case, the magnetic 

field will be easily passed through the material (i.e. the upper and lower cores), it will 

wrap around the coils instead of going further away from the coil and this will allow the 

magnetic field to stay altogether within the top and bottom core. To obtain the optimal 

gain from the coil, different variables have been determined using an optimisation 

solution as shown in figure 3.11. This figure demonstrates an iterative Optimisation 

approach that  explain how the simulation model works with optimisation systems. For 

example: The first step is to initialise the optimisation parameters such as number of 

turns, material type, spacing between the coils and the current in the excitation coil 

that saturate the ferromagnetic material to identify the search boundary for each 

parameter. In step 2, the aim is to  generate random values for each parameter,  step 
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3  focuses on the evaluation of results, if the gain is 0 then the optimisation process 

will terminate  

 

Figure 3.11. Optimisation technique  
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CHAPTER 4 

 A NOVEL PLANAR DESIGN USING ORTHOGONAL FLUX 

GUIDE 

 

This chapter presents the developed ANSYS model to test different type of materials, 

i.e., amorphous and metaglas, as well as discusses the evolution and the results of 

the model sensor that has been designed by ANSYS software, this work allows to 

define a design way for the development of the magnetic fluxgate sensor. In the section 

4.4  will illustrate the results of the model and compare the output with many cases 

that has been made such as Evaluate the excitation current value that ensures the 

saturation for ferromagnetic material and how the current is affecting the BH curve 

which in turn will affect the sensitivity of the sensor, Different number of turns and 

analyse the BH curves of each case, Compare the output voltage with different 

thickness ferromagnetic materials, Different wire width and Different core width. In 

addition to optimising the geometry of the fluxgate magnetometer. In other words, the 

current chapter presents an optimised study of the materials and geometry of the 

magnetometer which provides savings in terms of material usage as well as the 

employed electric current to produce an equivalent magnetic field.  

4.1 Introduction   

Traditional fluxgate magnetic sensors typically possess high device sensitivity, low 

noise density and excellent sensing accuracy. In order to determine the sensitivity of 

the developed sensors, the measured maximum output voltage of the sensor is divided 

by the maximum magnetic field strength as shown in equation    
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S =
dVout

dHext
                                                                                                                                    (4.1)                                                   

The amplitude of the equivalent magnetic field noise, Hn is found 

Hn =
√Vtotal

Stotal
                                                                                                           (4.2) 

Where Hn is the equivalent magnetic field noise in T/√Hz, Vtotal is the total voltage 

noise of the sensor in V/√Hz, and Stot is the total sensor sensitivity in V/T sensors 

accuracy depending on it feature however the equation 4.3 can be used to identify 

error rate of a sensor. 

 Sensor error rate =
(Expected sensor  value −Measured sensor value)

Expected sensor value
                                              (4.3) 

However, they are still inferior to other magnetic sensors in the aspects of bulky coil 

volume of coils, higher power consumption and lower integration capability [86]. Other 

competitive magnetometers such as anisotropic-magnetoresistance (AMR), tunnelling 

magnetoresistance (TMR), giant-magnetoresistance (GMR), magneto impedance (MI) 

and magneto transistor (MT) devices have been extensively studied and reported [87]. 

Nonetheless, with the progress of system miniaturisation, the recent advance of 

miniature fluxgate sensors using CMOS technologies has been promising. Fluxgate 

magnetometers are typically applied in craft navigation, military detection and medical 

recognition [88]. So far prospective applications of micro-fluxgates have been 

considerably developed for modern digital navigation, thoracoscopic surgery, and non-

destructive inspection [89]. More importantly, recent development of fluxgate vector 

magnetometers has been brought to simultaneous 3-axis field detection methodology 

though such research cases are still relatively rare when compared with general uni- 

and bi-axis fluxgate magnetometers [89]. An interpretation method with the use of 3-
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axis fluxgate magnetometer array had improved and compensated permanent and 

induced magnetic fields generated by magnetised objects and sensors [90]. Later a 

series of efforts for the development of 3-axis ring cores and sensor design, tests and 

calibration procedures were implemented for spacecraft missions, however, the 3-D 

ring core assembly rather than a planar structure may limit its wide applications in 

microelectronics or mobile systems [89][90]. A typical procedure for building a 3-axis 

vector magnetometer is to align three uni-axis sensors along the three orthogonal 

sensing axes [91].  

On device characterization of fluxgate magnetometers, several earlier works 

concluded that the sensing methodology and sensitivity enhancement by adopting the 

multiple harmonic frequency analysis techniques are practicable [90]. In addition to 

magnetic core materials, design of excitation and pick-up coils is also critical to 

determine the functioning of a fluxgate device. Designs for planar excitation and pick-

up coils or three-dimensional (3-D) coils were previously investigated [91][92]. The 

traditional coils of fluxgate sensors, commonly wire-wound, are usually characterised 

as high sensitivity and low noise; but, they are still too bulky and system-incompatible 

to meet the dimensional requirements of a miniature product [93][94]. To circumvent 

the drawbacks, micro-fluxgate sensors feature planar CMOS pick-up coils and 3-D 

excitation coils with wire-bonded and flip-chip [95]. 

4.2 Introduction of the PCB Planar  

This chapter will discuss the evolution and the results of the model sensor that has 

been designed by ANSYS software, this work allows to define a design way for the 

development of the magnetic fluxgate sensor, illustrate the results of the model and 

compare the output with many cases that has been made such as  
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✔ Evaluate the excitation current value that ensures the saturation for 

ferromagnetic material and how the current is affecting the BH curve which in 

turn will affect the sensitivity of the sensor. 

✔ Different number of turns and analyse the BH curves of each case. 

✔ Compare the output voltage with different thickness ferromagnetic materials.  

✔ Different wire width   

✔ Different core width.  

 

The advantage of using the PCB technology is to reduce the cost and the simplicity of 

prototyping. The magnetic fluxgate sensor that has been modelled is an amorphous 

metal that is commercially available and which is neither electroplated nor sputter 

produced as it is the case with most ferromagnetic materials. The materials involved 

in the sensor include 25 μm for Vitrovac 6025-X, the 20 μm for Vitrovac 6025-Z and 

the 16 μm for Metglas 2714-A). In this way it will be easy to optimise, build and analyse 

the design then get the results. The first step in the work is to find a suitable geometry 

for the model which will be optimised utilising ANSYS software to develop and analyse 

the sensor.  

However, the ideal formulation cannot be used when the coils are not wrapped around 

the core of the fluxgate sensor, that’s why the finite element method (FEM) by ANSYS 

software has been used to analyse the magnetic characteristics of the different PCB 

structures and their cases. The design was developed by using different shapes and 

new design parameters. 
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4.3 The developed architecture  

The architecture of the design has been developed using the PCB and a comparison 

between the various cases has been carried out in the current work. The first stage 

that has been taken into consideration is the field distribution within the core by looking 

at the flux line diagram through the core. This structure consists of a cross shaped 

ferromagnetic core, a planar excitation coil and four sensing coils. The four sensing 

coils and the excitation coil are placed on two different metal layers in a multilayer PCB 

structure. The ferromagnetic cores are placed on the excitation coils diagonally, Figure 

4.1 and Figure 4.2. Then the excited field will be in opposite directions in pairs, so they 

will cancel each other in the sensing coils. The sensing coils are placed which are 

underneath the excitation coil and centred on the four endpoints of the cross shape 

core. A cylindrical ferromagnetic tube (magnetic fluxguide) which was placed at the 

top of the core and set of ferromagnetic cubes (which was placed underneath the core) 

are acting as a flux guide in order to concentrate and guide magnetic fields. So the 

tube will deflect the field to be passed through the core, then the ferromagnetic cubes 

will emit the field into the sensing coils. 

 

Figure 4.1. schematic of the 3-axis planar fluxgate magnetic sensor realised. 
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Figure 4.2. Top view of the 3-axis planar fluxgate magnetic sensor. 

 

The ferromagnetic material that has been used for the core is an amorphous alloy 

known under the name of Vitrovac 6025 (6025-Z with a thickness of 20 μm and 

6025-X, with a thickness of 25 μm) of a high relative permeability (μr ≅ 105). Also, 

the value of BS of this material is 0.55 T. The Vitrovac alloys (6025-Z and 6025-X) can 

be recognised from the shape of their hysteresis loop; this property affects the 

excitation current that is needed to ensure the saturation of the ferromagnetic material. 

In the fluxgate sensor that has been modelled, the following parameters are modelled 

by simulation: 

✔ Excitation metal layers thickness: 25 μm;  

✔ Sensing metal layer thickness: 20 μm;  

✔ Metal lines pitch: 400 μm; 
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✔ Vitrovac thickness: 25 μm (6025 X) and 20μm (6025 Z). 

In addition to the fixed basic parameters of the design and the size of the sensor, there 

are some parameters that have to be optimised such as the number of turns of the 

excitation coil and the number of turns of the sensing coils. The four sensing coils are 

placed in separate layers of the excitation coil. In order to achieve a better sensitivity, 

a large ferromagnetic material which requires a larger current is required. The 

dimensions were finally set to be 40.0 x 3.5 x 0.025 mm (for the Vitrovac 6025-X). A 

cylindrical ferromagnetic tube was placed on the top of the centre of the crossed-core 

fluxgate and these acts as the fluxguide in order to concentrate the magnetic fields 

then emit the fields into the planar cruciform core. 

 

 

 

4.4 The Working Principle of the Sensing Device  

The system has been investigated while studying the effect of the fluxguide on the 

performance of the device. In general, the working principle of the planar fluxgate 

including the cruciform core alongside a vertically mounted fluxguide has been studied. 

In such a system, the magnetic field in the X-axis or Y-axis detections is distributed as 

flux lines which are comparable with those of the planar device in particular near the 

ends of the core as shown in Figure 4.3 Figure 4.4 .However, the interior part of the 

fluxguide system is different and this results in a trivial effect on both ends of the core 

as illustrated in Figure 4.3. Through the simulation of flux line distribution, it is 

confirmed that the tri-axis sensor with a fluxguide does not generate significant 

interference for X-axis (or Y-axis) detection and surely obtain the vector component of 
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magnetic fields in X-axis (or Y-axis) as the planar one. On the other hand, the 

measurement of the field in the Z-direction will involve that the magnetic field lines will 

be parallel to the longitudinal orientation of the fluxguide. This is evidently 

demonstrated in Figure 4.5 which reveals that the flux lines near the top of the fluxguide 

are slightly bent and hence guided into its interior and then transferred along the X-

direction or Y-direction and eventually diverged into air (or vacuum).  

 

 

Figure 4.3. The flux lines of the sensing principle of the fluxgate in X axis 

direction without fluxguide. 
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Figure 4.4. The flux lines of the sensing principle of the fluxgate in Z axis 

direction without fluxguide. 

 

It can be clearly seen that the magnetic flux lines gather at the ends of the core, in 

addition to that these flux lines are compressed into the core until they spread out to 

the air again at the other end of the core. This phenomenon creates a flux density 

around the endpoints of the core in the sensor. In this case, the flux density that has 

been generated will be converted to voltage induced through the two pick-up coils. It 

can be concluded that an orthogonally cylindrical ferromagnetic tube and set of 

ferromagnetic tubes are acting as a flux guide in order to concentrate and guide 

magnetic fields. So the tube will deflect the field to be passed through the core, then 

the ferromagnetic cubes will emit the field into the sensing coils. 
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Figure 4.4.  flux lines of the sensing principle of the fluxgate with the fluxguide 

in the X axis. 

 

Figure 4.5 flux lines of the sensing principle of the fluxgate with the flux guide 

Z axis. 

4.5 The Sensor Development and Simulation Results  

 

It is important to find the optimal dimensions of the proposed fluxgate in terms of the 

geometry of the core, geometry of the excitation and sensing coils in addition to the 

number of turns alongside the width of the wire of the excitation coil. The simulation of 

the fluxgate sensor has taken place using the Maxwell Ansys based on finite element 

analysis. Several simulations were performed to find the best geometrical 
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configuration of the ferromagnetic core, the ferromagnetic material shape selected was 

a pair of rectangular sheets with dimensions of 40.0 x 3.5 x 0.025 mm (for Vitrovac 

6025-X). The main issue encountered in this iterative optimisation process is the 

creation of a good mesh for the model of the structure. The design stages involved in 

the current project started with finding the amount of the excitation current value that 

ensures that the ferromagnetic material is saturated. This has been achieved using 

magnetostatic simulations to evaluate the excitation peak current necessary to 

saturate the ferromagnetic material.  

 

4.5.1 The Influence of the Induced Current on the Core Material  

 

The first step in the analysis is to determine the value of the excitation current that 

saturates the ferromagnetic material. This has been done using current values 

between 450mA and 750mA. The effect of the induced current on the magnetic 

properties of the ferromagnetic core material has been analysed. By looking at figure 

4.5 it can be determined that all curves have different output voltages and hence are 

not all of them are suitable to saturate the core that will be used for a fluxgate 

magnetometer. Furthermore, the different shapes of the curves that have been 

obtained from the different amount of currents values indicate that the amount of 

680mA was sufficient to cause saturation of the core of the fluxgate and perform as a 

good fluxgate sensor. However, it has been found that some of these amounts of the 

currents that have been applied do not saturate the core to make a good fluxgate at 

all. It is possible to grade all the amount of the currents that has been applied among 

themselves and conclude that the amount of (680mA) is the most suitable value to 

saturate the ferromagnetic material that has been used for the core, the amount of 

(750mA) is an average to saturate the material and the amount of (550mA) and 
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(450mA) are the least suitable amount of currents to saturate the ferromagnetic 

material to be used as cores in magnetometers. It has been observed that when the 

current was either high (750mA) or low (450mA), the material has not been saturated. 

However, at a value in-between those, i.e. 680mA, the material has reached the 

saturation point which is desirable. It has also been observed that for the geometrical 

configuration utilised in the current study, the optimum amount of 680mA was sufficient 

to cause saturation and get the highest sensitivity. This is in contrast to the case with 

the low and high currents which caused the sensitivity of the core to be dramatically 

dropped. In the case of Vitrovac 6025-X, a current of 680 mA has been observed to 

cause saturation of the ferromagnetic material, Figure 4.6, with Bmax around 0.54 T. 

The distribution of the magnetic flux density (B) along the core while the core excitation 

is realised has been simulated and evaluated by ANSYS Maxwell. 
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Figure 4.5. The effect of the induced current on the magnetic properties of the 
ferromagnetic core material. 

 

 

Figure 4.6. The determination of the saturation point of the ferromagnetic core 

material.  

In order to select the suitable current to saturate the ferromagnetic material to be used 

as a core in magnetometers, we propose a selective parameter approach which shows 
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the sensitivity of the sensor. The sensitivity of the planar coil does not increase 

monotonically with the excitation current, but using the current values as given in 

Figure 4.5 causes initially a voltage levels, then gradually it starts to increase decrease, 

for more clear explanations this, a comparison between the sensor outputs The peak 

of the voltage induced in each sensing coil is proportional to the derivative of the 

corresponding flux linkage and, therefore, the differential output voltage exhibits in the 

case a different peak value and a different area. Due to the output voltage that has 

been produced which is proportional to the average value of the differential voltage, 

the sensor output is larger when the excitation current value is lower. This means that 

for a given geometrical configuration of the magnetic core, there is a value of the 

excitation current that maximises the sensitivity of the coil. The analysis is carried out 

for excitation currents with peak values between 450mA and 750mA. A lower current 

would not saturate the material, while for larger current levels the sensitivity is already 

decreasing. Different sensitivity values have been obtained for the various excitation 

currents that have been applied, and these are summarised in Table 4.1   it can be 

evidently seen that the highest sensitivity is observed at a current of 680mA. Table 4.1  

clearly differentiates between a high sensitivity of the sensor and a low sensitivity of 

the sensor. Furthermore, it is possible to classify values of the sensitivity of the different 

currents values that has been applied among themselves and conclude that in the 

amount of (680mA)   can get the highest sensitivity, in the amount of (550mA)can get 

an average sensitivity and the amount of (450mA and 750mA) can get the least 

sensitivity of the sensor. 
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 Table 4.1: The various excitation current values with sensitivity in the range. 

 

The various excitation current 
values [mA] 

Sensitivity of the 
sensor[mV/ µT] 

450 0.35 

550 0.41 

680 0.48 

750 0.38 

  

From the simulation exercises, it has been observed that the middle section of the core 

has been saturated with significantly larger amounts when compared to the ends of 

the core, Figure 4.7. This is evident from the larger amount of the magnetic flux 

observed in the middle of the core material. 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4.7.  The saturation process of the ferromagnetic core material at 

680mA. 
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4.5.2 The Influence of the number of turns on the Coil  

 

In order to select the suitable coil to be used in magnetometers, the same model and 

design but with different number of turns (10, 20 and 40 turns). Looking at Figure 4.8 

it can be established that each curve has a different output; voltages were obtained 

depending on the applied number of turns.  Hence not all of them are suitable to be 

used as a magnetic core for a fluxgate magnetometer. Moreover, the different shapes 

indicate that in the case of (40 turns) should perform as a good fluxgate sensor. In 

addition to that, it has been found that some of these cores do not make a good 

fluxgate at all. It is possible to grade all the curves that has been obtained among 

themselves and conclude that in the case of (40 turns) is the most suitable coil for the 

fluxgate, in the case of (20 turns) is an average coil and the case of (10 turns)is the 

least suitable coil to be used in magnetometers. However, the higher the number is, 

the better the suitability of that coil as a fluxgate sensor. The increase in the number 

of turns will result in an increase in the size of the excitation coil and hence an increase 

in the output voltage, Figure 4.9.( turns>40 or < 40 discussed in details in next chapter. 

 

 

 

 

 

 

 

 

Figure 4.8. The effect of the number of turns on the magnetic properties of the 

ferromagnetic core material. 
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Figure 4.9. The change in number of turns of the excitation coil: (a) 10 turns, 

(b) 20 turns and (c) 40 turns. 

 

The reduction in the number of turns of the excitation coil gives a lower output voltage 

value, therefore; the maximum voltage can be obtained with the maximum possible 

number of turns, i.e. in this case 40 turns of the employed model as shown in Figure 

4.10. Approximate finite element method simulation of 3-dimensional as used in this 

study in order to show the saturation of the core material when the maximum number 

of turns, i.e. 40 turns, is used. Magnetic field strength’s variation is colour-coded: the 

highest intensity being denoted by red, the lower by yellow and lowest by green. The 

scale of the magnetic field strength in this simulation is arbitrary. 

 

 

 

 

 

 

 

 

Figure 4.10. The saturation of the core material when the maximum number of 

turns, i.e. 40 turns, is used. 
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4.5.3 The Influence of the Ferromagnetic material on the Hysteresis Loop  

 

To characterise  the most suitable core for the fluxgate, the same model design has 

been used but with different ferromagnetic, Unlike the previous simulations of the 

Vitrovac 6025-X which was saturated at 680mA, a new configuration of the same 

material called  Vitrovac 6025-Z of a smaller thickness has been employed and 

investigated. It is worthwhile mentioning that the thickness of the Vitrovac 6025-X is 

25µm whereas that of the Vitrovac 6025-Z is 20µm. Looking at all data in this Figure 

4.11 it can be established that the three different materials that have been used have 

different hysteresis loops due to the different thickness of those materials and hence 

are not all of them are suitable to be used as magnetic core for a fluxgate 

magnetometer. Furthermore the different shapes of the B-H loops of the materials 

indicating that the smaller the thickness of the core, the lower the amount of the used 

current, i.e. less power consumption, the lower the linearity error and the higher the 

sensitivity of the device which should perform as a good core for the fluxgate sensor. 

However, it has been found that some of these materials are not suitable for a good 

core fluxgate at all. It has been found from figure 4.11 that interestingly, when an 

additional material, i.e Metglas 2714A, has been investigated in terms of the influence 

of the core thickness on the output voltage. From Figure 4.11 it is possible to grade all 

the materials among themselves and conclude that the Metglas 2714A of thickness 

16µm provides very close results in terms of the saturation current to those obtained 

by 6025-Z with the added advantage of a smaller thickness of the core. However, the 

sensitivity of the Metglas 2714A is significantly lower along with a higher linearity error 

when compared to the 6025-Z. 
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Figure 4.11. The influence of the core thickness on the output voltage of the 

device. 

 

 

4.5.4 The Influence of the Ferromagnetic Wire Width on the Hysteresis Loop  

 

The different magnetic flux density (B) has been measured through the core length in 

terms of the variation of the wire width with an excitation current of 680mA. Looking at 

all data in Figure 4.12 shows the different wire width from (0.1mm- 0.5mm), it can be 

established that all cases of different wire width have a different magnetic flux density 

(B) and hence are not all of them are suitable to be used as magnetic core for a fluxgate 

magnetometer. As shown in Figure 4.12 It can be seen that the flux density B will be 

the highest value in the case of (0.1mm) wire width which is suitable to be used as 

core for the fluxgate magnetometer. Furthermore, the different magnetic flux density 

(B) that has been obtained indicates that in the case of (0.1mm) wire width should 

perform as a good fluxgate sensor. However, it has been found that some of these 

cores do not make a good fluxgate at all. It is possible to grade all cases of the 

difference of the wire width among themselves and conclude that in the case of 

(0.1mm) is most suitable materials to be used as a core of the fluxgate magnetometer, 
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In the case of (0.2mm and 0.3mm) is an average material and the case of (0.4mm and 

0.5mm) are the least suitable materials to be used as cores in magnetometers. It can 

be concluded that magnetic flux density (B) is inversely proportional to the wire width, 

i.e. the smaller the wire width the higher the flux density which is desirable.   

 

 

Figure 4.12.The influence of the wire width on the flux density through the 

core. 

 

 

4.5.5 The Influence of the Ferromagnetic Core Width on the Hysteresis Loop  
 

When the same current of 680mA was applied with the same modelled design, the 

core width has been investigated in terms of flux density and saturation of the core. 

Furthermore the different magnetic flux density (B) has been measured through the 

core length in terms of the variation of the core width. Looking at all curves in Figure 

4.13 shows the different core width from (2mm- 5mm), it can be established that all 

cases of different core width have a different magnetic flux density (B) and hence are 
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not all of them are suitable to be used as magnetic core for a fluxgate magnetometer. 

As shown in Figure 4.13, it can be seen that the flux density B will be the highest value 

in the case of (2mm) wire width which is suitable to be used as the core for the fluxgate 

magnetometer. Furthermore the different magnetic flux density (B) that has been 

obtained indicates that in the case of (2mm) core width should perform as a good 

fluxgate sensor. However, it has been found that some of these cores do not make a 

good fluxgate at all. It is possible to grade all cases of the difference of the core width 

among themselves and conclude that in the case of (2mm) is most suitable materials 

to be used as a core of the fluxgate magnetometer, in the case of (3mm) is an average 

material and the case of (4mm and 5mm) are the least suitable materials to be used 

as cores in magnetometers. It can be concluded that magnetic flux density (B) is 

inversely proportional to the core width, i.e. the smaller the core width the higher the 

flux density which is desirable. Section 4.6.5 discussed the magnetic flux density (B) 

is inversely proportional to the core width theoretically.     

 

Figure 4.13. The influence of the core width on the flux density through the core. 
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4.6 The Experimental Optimisation of the Square Coil 

 

The following design parameters are typically associated with a board level inductor 

design: 1) the excitation current value that ensures the saturation for ferromagnetic 

material and how the current is affecting the BH curve which in turn will affect the 

sensitivity of the sensor; 2) number of turns; 3) thickness of the ferromagnetic material; 

4) the wire width; and  5)the core width. Simulations have been performed by varying 

these design parameters using Ansys software. The inductors are fabricated using a 

commercial PCB fabrication process.  

 

 

 

Figure 4.14. The measurement setup. 

 

 

The measurement setup is shown in figure 4.14. Lab view program is written to the 

values of the inductances. The results of the different parameters are presented in the 

next sections. 

 

● To measure the performance of square coil: The signal generator provided a 

sine wave signal,  

● The power amplifier will magnified the sine wave signal to the excitation coil. 
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●      Lock-in amplifiers are used to detect and measure very small AC signals all 

the way down to a few nanovolts, so the signal from the sensing coil has been 

connected to the Lock-in amplifier then the performance is monitored by an 

oscilloscope. 

 

4.6.1 The Influence of the Induced Current on the Core Material 

  
Different amounts of currents have been applied between 450mA and 750mA in the 

optimization and simulation part. The amount of 680mA was sufficient to cause 

saturation of the core of the fluxgate and perform as a good fluxgate sensor. It is 

possible to grade all the amount of the currents that has been applied among 

themselves and conclude that the amount of (680mA) is the most suitable value to 

saturate the ferromagnetic material that has been used for the core. 

 

 
 

Figure 4.15. The BH curves based on 680mA (experimental vs. Simulation). 
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4.6.2 The Influence of the number of turns on the Coil 

 

The maximum voltage can be obtained with the maximum possible number of turns, 

i.e. in this case 40 turns. The increase in the number of turns will result in an increase 

in the size of the excitation coil and hence an increase in the output voltage.  

 

 

 

Figure 4.16.The effect of the number of turns on the magnetic properties of the 

ferromagnetic core material (experimental vs. Simulation model).  

 

4.6.3 The Influence of the Ferromagnetic material on the Hysteresis Loop  

 

To characterise the most suitable core for the fluxgate, the same model design has 

been used but with different ferromagnetic. A new configuration of the same material 

called Vitrovac 6025-Z of a smaller thickness has been employed and investigated. 
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Figure 4.17. The influence of the core thickness on the output voltage of the 

device (experimental vs. Simulation). 

 

4.6.4 The Influence of the Ferromagnetic Wire Width on the Hysteresis Loop 

  

The different magnetic flux density (B) has been measured through the core length in 

terms of the variation of the wire width with an excitation current of 680mA in the 

simulation section, the flux density B will be the highest value in the case of (0.1mm) 

wire width which is suitable to be used as core for the fluxgate magnetometer and it 

has been compared experimentally as shown in the figure 4.18 bellow. 

 
Figure 4.18. The influence of the wire width on the flux density through the 

core (experimental vs. Simulation). 
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4.6.5 The Influence of the Ferromagnetic Core Width on the Hysteresis Loop 

  

When the same current of 680mA was applied with the same modelled design, the 

core width has been investigated in terms of flux density and saturation of the core 

Furthermore the different magnetic flux density (B) that has been obtained indicating 

that in the case of (2mm) core width should perform as a good fluxgate sensor. 

 

 

Figure 4.19. The influence of the core width on the flux density through the 

core (experimental vs. Simulation). 
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4.7 Summary  

This chapter presented the developed ANSYS model to optimise the geometry of the 

fluxgate magnetometer and to test advanced materials, i.e., amorphous and metaglas, 

as well as discussed, the evolution and the results of the model sensor that has been 

designed by ANSYS software. In the section 4.4  the results of the model and 

comparison of  the output with many cases has been tested such as Evaluate the 

excitation current value that ensures the saturation for ferromagnetic material and how 

the current is affecting the BH curve which in turn will affect the sensitivity of the sensor, 

Different number of turns and analyse the BH curves of each case, Compare the output 

voltage with different thickness ferromagnetic materials, Different wire width and 

Different core width. In section 4.6 the experimental optimisation and the results of the 

proposed planar were compared with a Simulated optimised planar. In chapter 5 and 

6 an improvement to the proposed planar, the performance, modelling and application 

of a planar electromagnetic sensor will be discussed  in detail. In addition to the 

improved Ordinary and the Blind Kriging methods  will therefore be used in the next 

chapter as a new technique and an optimisation tool to investigate the best possible 

performance of various topologies of planar sensors when they are used in inductive 

sensing. 
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CHAPTER 5 

 USING THE VARIABLE GEOMETRY IN A PLANAR INDUCTOR 

FOR AN OPTIMISED PERFORMANCE USING A ROBUST 

DESIGN METHOD   

 

 

In this chapter, the performance, modelling and application of a planar electromagnetic 

sensor are discussed. Due to the small size profiles and their non‐contact nature, 

planar sensors are widely used due to their simple and basic design. The chapter 

discusses the experimentation and the finite element modelling (FEM) performed for 

developing the design of planar coils. In addition, the chapter investigates the 

performance of various topologies of planar sensors when they are used in inductive 

sensing. This technique has been applied to develop a new planar coil. The ANSYS 

Maxwell FEM package has been used to analyse the models while varying the 

topologies of the coils. For this purpose, different models in FEM were constructed and 

then tested with topologies such as circular, square and hexagon coil configurations. 

The described methodology is considered an effective way for the development of 

sensors based on planar coils with better performance. Moreover, it also confirms a 

good correlation between the experimental data and the FEM models. Once the best 

topology is chosen based on performance, an optimisation exercise was then carried 

out using uncertainty models. That is, the influence of variables such as number of 

turns and the spacing between the coils on the output inductance has been 

investigated. This means that the combined effects of these two variables on the output 

inductance was studied to obtain the optimum values for the number of turns and the 

spacing between the coils that provided the highest level of inductance from the coils. 
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Integrated sensor systems are a pre‐requisite for developing the concept of smart 

cities in practice due to the fact that the individual sensors can hardly meet the 

demands of smart cities for complex information. 

5.1 Introduction 

The concept of smart growth started in the 1990s. However, the concept of smart cities 

manifested after the financial crisis in 2008. During this period, cities had to compete 

with each other across the world through global internet connectivity and networks. 

This led to the concept of smart cities. It is based on different areas of decision-making 

based on the quality of life with an inclination towards saving while deliberating on a 

system approach to provide a solution. Hence the smart city is a concept to manage 

cities using the latest technology with environmentally friendly principles in a modern 

way intended to save resources [96-98]. 

A smart city can be identified with different phrases such as a digital city, an e-city, a 

global community, or a cyber-city. The concept of a smart city is derived from the idea 

of a smart planet that is made up of specific urban areas composed of smart homes. 

Hence, a smart city can be defined as a safe and secure urban centre that is 

environmentally efficient and uses advanced infrastructures to promote sustainable 

economic growth that would provide a high quality of life[99]. It ensures that the needs 

of the current generation are catered for without compromising the needs of the future 

generation [99]. 
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5.2 The Elements of Smart Cities 

Different countries will benefit differently from the smart cities concept. Developing 

countries have an urgent need for smart cities. This is because, smart cities the 

concept can be used to deliver a satisfactory metropolitan infrastructure to cater to the 

growing need for urbanisation. Thus, smart infrastructures in cities provide the 

possibility of economic sustainability [100]. It is difficult to maintain infrastructure in 

developing countries due to cost, politics, and space. Hence, if these countries are 

focusing on smart cities then they will be focusing on efficient use of its current 

infrastructure. However, the overall purpose of smart cities in both developed and 3rd 

world countries is to focus on sustainable developments [100][101]. 

A smart city must have smart infrastructure as this is the theme in all smart cities. It 

includes smart mobility, governance, economy, and environment. All these 

components of smart infrastructure are connected and each generates its data that is 

used to monitor the use of various resources to ensure they are used sustainably and 

performance is improved. Thus, there are different elements of smart city infrastructure 

[101]. 

 

5.2.1 Smart Buildings 

 

A smart building is a structure that sensibly uses different physical systems to ensure 

that all systems operate accordingly together to ensure optimization and efficiency. 

These buildings are used for energy efficiency, waste reduction, and optimum water 

usage and hence guarantees operational effectiveness. Smart buildings are estimated 

to reduce water usage by 30% and energy usage by 40%. Thus overall maintenance 

costs would be reduced by 10% to 30%. The first smart building is in Austria and it 

provides more energy than it utilises[102]. 
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5.2.2 Smart mobility 

 

Smart mobility is the use of alternative transport options that are cheaper, faster, and 

environmentally friendly while ensuring that they reduce congestion. This can be 

achieved by collecting data about mobility patterns and using it to optimise traffic 

conditions. Both mass transit systems and individual mobility structures such as 

vehicle and bicycle sharing and on-demand transportation. In Sao Paulo, Brazil, 

bicycle-sharing systems are being used and it has helped in reducing carbon dioxide 

emissions in the city since 2012. Similarly, uber is a smart mobility system. It ensures 

convenience, encourages sharing and uses technology. Uber is a common mode of a 

taxi in many countries across the globe [103].  

There is a need for intelligent transport systems that would integrate the different 

transport systems in the city. It considers and collects data on various attributes such 

as the various network sensors, the position of public transportation across the globe, 

the passengers’ profile, traffic lights, and navigation facilities. This data is then used to 

improve mobility safety, manage networks, reduce traffic congestion, improve 

convenience and accessibility, and reduce environmental pollution. Poznan in Poland 

has a modern intelligent transport system [103]. 

 

2.2.3 Smart Energy 

 

Smart energy is the use of sensors, renewable energy sources, and digital controls to 

automatically distribute energy and monitor and optimise its use. Thus smart energy 

management systems are used to optimise grid operation by balancing the needs of 

the different users. Smart energy infrastructure includes renewable energy generation, 

automated response to demand, virtual energy plants, smart energy storage, and grid 
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operations, and energy-efficient innovation such as smart machines and electric 

automobiles. Smart energy innovations offer energy saving devices that provide 

energy consumption patterns and thus they can be monitored and this data used to 

improve energy efficiency in buildings [104]. 

The main component of smart energy is a smart grid. This is an electricity delivery 

system that transmits energy from the point of transmission to the point of consumption 

through the use of ICT to enhance its operations and thus customer satisfaction and 

environmental benefits. Japan has a smart city project called Kashiwa-no-ha. It utilises 

a smart grid that is made up of home energy management systems, monitoring of 

energy supply, and demand in real-time. The energy is generated and stored optimally 

to ensure that the energy management system is self-sustaining [104]. 

  

5.2.4 Smart Water 

 

Cities across the globe are faced with the challenge of water scarcity as they lack 

innovative technologies that can be used for water management. Smart water is the 

use of innovative technologies to improve metering and movement management to 

ensure the water is distributed optimally [105]. Thus, with the system, more water is 

saved while the cost of distribution is reduced. Similarly, it ensures the water 

distribution system is reliable and transparent. Smart water combines physical pipe 

networks with data and information networks. The data is used to analyse water flow 

and pressure to detect any real-time anomalies, hence better water flow management 

. Similarly, consumers receive real-time information that they would use to conserve 

water and thus reduce water bills. Smart water exists in Mumbai, India. It has smart 

water metres in its water supply systems. The metres are managed remotely and they 

have helped in reducing water leakage by 50% [105]. 
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5.2.5 Smart waste management 

 

The total waste generated in urban cities is increasing at a faster rate than the 

decomposition rate. It has become difficult to collect, differentiate, and determine the 

types of waste that can be recycled. Waste management is a whole process that 

involves monitoring, collecting, transporting, handling, recycling, and disposing of the 

waste. The purpose of a smart waste management system is to reduce waste and 

separate the different types of wastes and then develop waste handling methods. 

Similarly, with these systems, the waste can be converted into various resources and 

thus develop a closed-loop economy [106]. 

Smart waste management is beneficial as it ensures efficiency during the process of 

waste collection and picks up as it can be used to predict the days of waste pick up. 

Sensors can be used to reduce inefficiency. With a smart waste management system, 

waste can be monitored, and then technology used to manage the waste as it moves 

from its source to the point of disposal. Smart waste management systems are 

currently being tested in the United Arab Emirates and Spain [106]. 

 

5.2.6 Smart Health 

 

The current economic development practices are affecting human health especially in 

locations with many industrial plants. For this reason, the health and well-being of city 

dwellers have become a concern. Smart health-care systems are an important element 

of smart cities. Technologies can be used to identify epidemic hotspots. A smart-health 

management system can be used to provide more insight into health practitioners who 

can use this information to remotely diagnose, treat, and monitor patients using digital 
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health records. Similarly, it can be used to monitor the health of the city’s residents. It 

focuses on prevention measures by ensuring healthy living. Smart health-care 

systems may help in reducing health-care inequalities by having a system that is 

suitable for both low and high-income societies [107]. 

An example of a smart health technique is crowdsourcing which is used to collect data 

on disease outbreaks and using it to predict potential hotspots and thus ensuring 

preventive measures are taken. Additionally, it is used to collect data on the patients’ 

vital health, and this data is used to automatically alert patients about their medications 

and check-ups. Africa has a project called Medic Mobile project that is used by health 

workers in the rural areas to report any medical symptoms and then provide treatment 

advice using their mobile phones [107][108]. 

 

5.2.7 Smart digital layers 

 

Smart digital is used to control operation and ensure the sustainable use of the city’s 

limited resources. They can be used to collect and share data promptly and the city 

can find mitigation measures before the issues escalate to adverse levels. The digital 

infrastructure in smart cities can be in different layers [109]. 

Urban is the first layer which is the meeting point between the physical and digital 

infrastructure. This is made of smart buildings, smart energy, smart waste 

management systems, and smart mobility. The second layer is the sensors that are 

made up of all the smart machines that are used to manage all the parameters in the 

city. The third layer is connectivity to transmit data and information from the sensors 

to the storage and then the data aggregators. The fourth layer is data analytics in which 

any collected data is analysed to predict various events. Finally, the last layer is 
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automation. In this layer, devices are programmed and controlled across different 

domains [109]. 

5.3 Applications of Sensing Techniques 

Smart cities have started to be emerging environments across the globe in which these 

systems have become data production centres from urban environments, buildings, 

vehicles, traffics, public offices, water systems [110]. Such a huge number of data 

helps scientists, policy and rule makers and other stakeholders to generate the most 

appropriate decisions. Hence, the sensory‐based infrastructure has become the key 

concept for GPS, RFID scanners, magnetometers, Light Detection and Ranging 

(LIDARs), temperature and humidity air pressure measurements. Furthermore, such 

a concept finds applications in smart parking, structural health, smartphone detection, 

electromagnetic field levels, traffic congestion and smart lighting. The most widely 

used application of such a concept is the electromagnetic sensing system [111][112]. 

Sensors are important and substantial for any intelligent control system. A process is 

improved based on its environment and this requires a control system typically 

equipped with an array of sensors from which it collects the required data. One of the 

important applications of integrated sensor systems is the Smart Transport and 

Mobility Tracking system since this is needed to avoid and optimise the traffic flows on 

roads. As smart cities prevail with a rising ability to be instrumented, various movable 

and fixed sensors, connected through wired and wireless networks, are implemented. 

Such applications include adaptive and personalised maps, vehicle navigation, traffic 

monitoring and road incident detection [110–113]. A few years back, researchers have 

been made aware of the planar type of electromagnetic sensors and the possible 

defects in printed circuit boards (PCBs). The study of such planar type systems for 
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sensing has been extended to evaluate properties related to the near surface material 

such as permeability, conductivity and permittivity. The non‐invasive techniques used 

for determining the properties of a component or structure, coherence of a material or 

the quantitative measure of characteristics of any object is termed as non‐destructive 

testing (also known as NDT). Such methods can be easily used, without harming or 

damaging the system, for inspection and measurement. Recently, the NDT has been 

found in various applications and industries. The demand for the utilisation of 

appropriate techniques is increasing with the increase in demand of greater 

performance techniques for inspection. For operation in severe environments, the use 

of NDT approaches is considered a necessity [110–113]. Nowadays, due to the 

application of sensing principles in the non‐destructive evaluation (NDE) and the 

wireless power transmission, the power coil technology has been renewed. The 

advantages of planar coils are more than those provided by the traditionally wound 

coils due to the former’s wireless sensing capabilities when compared to the latter 

[114], small size profiles [115][116], higher levels of robustness [117][118] and the 

lower cost. Based on the application [119-121], these planar coils can be manufactured 

on hard or flexible substrates [122][123]. The inductance of a planar coil is affected by 

both the electromagnetic [124][125] and the physical factors and these are frequently 

implemented as a part of an inductance‐capacitor (LC) circuit [126]. Any change in the 

value of the inductance affects the resonance of the circuit [127-129]. Such 

characteristics allow for various effective applications which include NDT and NDE 

[130-132], health monitoring [133][134], sensing techniques and wireless power 

transfer [135][136]. To monitor and capture the various physical aspects of the external 

environment, e.g., light, temperature, humidity, magnetic fields and sound, there exists 

a handful of sensor types capable of fulfilling such purposes [137]. Integrated sensor 
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systems involve the use of multiple complementary sensors within Micro‐Electro‐

Mechanical Systems (MEMS) [138]. Apart from the internal connections of sensors, in 

the context of smart cities, it is important for them to be externally connected via 

wireless networks to a central unit that receives and processes the data, hence called 

wireless sensor networks [139][140]. That is important because cities are too complex 

for a single type of sensor to satisfy the demands for the analysis of information 

necessary for smart management. 

5.4 The Scope of the chapter 

In this chapter, the planar coils, being a part of a displacement sensor, will be 

investigated and an overview of the typical sensor types and their corresponding urban 

applications are discussed. This research presents a key development of the 

electromagnetic sensors by analysing the behaviour of different planar coils for 

tracking and location identification for the smart cities. The ANSYS Maxwell 3D FEM 

software package has been used for the evaluation of the different coil topologies: 

circular, square and hexagon coils. Then, an impedance analyser was used for 

characterising the manufactured versions. A comparison of both the measured and 

simulated performance of each design sensor is presented in this chapter. In order to 

study the interaction of magnetic, dielectric and conducting materials, sensors of a 

planar type such as circular, square and hexagon configurations were designed and 

fabricated. These sensors have a simple structure and are planar in nature. A simple 

fabrication technology, i.e., printed circuit boards (PCBs), is used for fabricating such 

sensors. The principle for operating these sensors is dependent on the interaction of 

the electromagnetic field, which is produced by the sensor, and the neighbouring 

materials to be tested. There are two coils in these sensors, namely: the sensing coil 

and the exciting coil. Alternating current is carried by the exciting coil which generates 
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an electro‐ magnetic field of a high frequency that penetrates in the system under 

investigation. In the process, eddy currents are generated on the system by the 

electromagnetic field induced by the system under investigation. The materials which 

are used for investigation are magnetic and conducting properties. The generated field 

in the system is modified by the field induced due to the flow of the eddy current. The 

resultant field is diagnosed by the coil which is placed above the exciting coil. The coil 

which detects the field is the sensing coil or ‘pick up’ coil. Amongst the utilised coil 

geometries, the hexagon type sensor when used for detecting cracks in metals, for 

instance, has a poor performance as it is affected by the non‐homogeneity of the 

material as well as the alignment of the cracks. Hence, the square type sensors were 

developed to overcome such issues [139]. Furthermore, the circular pattern is less 

influenced by the developed eddy currents and these results in less dependence on 

the geometry or alignment of the sensors when compared to the other configurations. 

 

5.5 Methodology 

5.5.1 The Experimental Method 

 

The following design parameters, Table 5.1, are typically related to the board level 

inductor design utilised in the experiment. The coils used for experimental 

measurements have the same dimensions as the ones used for simulation purposes. 
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Table 5.1. The structural parameters of the proposed Printed Circuit Board 

(PCB) inductor. 

Parameters Unit Value 

Inner radius (R) mm 0.15 

Width of the copper track (W) mm 0.1 

Gap between the copper tracks mm 0.2 

Thickness of the copper (Th) mil 2.5 

Distance between two layers (D) mm 0.5 

Turns in a single layer (N)  12 

 

In terms of the fabrication of the three planar coils stage, each coil is constructed with 

copper wires. Several calibration holes are set on the board for a precise angular 

adjustment. By using a commercial 2‐layer PCB fabrication process, different sets of 

inductors were fabricated. The setup of the fabricated coils is shown in Figure 5.1 a 2‐

port Agilent network analyser has been used to measure the excitation of the 

fabricated inductors. The short‐open‐load‐through (SOLT) calibration method has 

been used to calibrate the network analyser by standard calibration tools. The S‐

parameters (S11, S12, S21, and S22) were measured for each inductor using the 

network analyser. The values of the inductance for each design were obtained from 

the Y‐parameter data. 

 

. 

 

 

 

Figure 5.1. The fabricated coils on the PCB, for 3D printed support structures: 

(a) square coil topology; (b) circular coil topology; (c) hexagon topology. 
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5.5.2 The Analytical Method  

 

A leakage inductance might develop through the transmission of electrical energy 

between the primary and the secondary coil. In the intervening period of time, a mutual 

inductance is produced due to the magnetic flux from the primary coil that cuts through 

the secondary coil to induce the voltage and the current in the secondary coil. 

Occasionally, the mutual inductance can be lower than that of the leakage inductance, 

which leads to minimising the magnetising flux. The relationship that is used to 

calculate the mutual inductance is given by Equation (5.1) [139]: 

  M = √L1 L2                                                                                                           (5.1) 

 

Where L1 is the inductance of the primary coil and L2 is the inductance of the secondary 

coil. The power transferred to the sensing coil, 𝑃, can be calculated by Equation 

(5.2)[139-140]: 

  P = f
M2IP

2

L2
                                                                                                                                             (5.2) 

Where 𝑓 is the frequency and Ip is the current in the primary coil. From this relationship, 

it is known that the output power (𝑃) is restricted by the mutual inductance. In this 

context, the mutual inductance can be calculated using many different formulae such 

as the Neumann’s Integrals method and the Maxwell formulae as well as the use of 

finite element analysis (FEA). When the FEA approach is applied, the Ansys software 

can be utilised to simulate the output of the coils and this can provide an accurate 

performance using built‐in advanced calculation techniques. An illustration of the 

stages in FEA modelling is shown in Figure 5.2. 
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Figure 5.2. The stages involved in Finite Element Analysis (FEA) modelling of 

the proposed design. 

 

 

5.6 The Modelling Method    

The Maxwell 3d of Ansys Electronics desktop 18 Suite was utilised to simulate the 

different types of coils. This simulation investigates the mutual inductance or the 

coupling coefficient between two identical coils of which one acts as the transmitter 

while the other acts as the receiver. The magnetic fields generated by a defined DC 

current in the transmitter coil and the correspondence with the receiver coil, i.e., TX 

and RX, respectively, are thoroughly studied. The Ansys Maxwell software has been 

used to compare various coil shapes (circular, square, and hexagonal). The generated 
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coils using Ansys Maxwell are shown in Figure 5.3 The features of each coil design 

with regards to the number of turns, thickness and space between the traces are 

shown in Table 5.2. In this context, the space between the traces was varied according 

to the desired pitch value.  

 

 

 

 

 

Figure 5.3. The various topologies of the modelled coils: square, circular 

and hexagonal, respectively. 
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Table 5.2. The various features of the designed coils. 

Coil ID Coil Geometry 
Number of 

Turns 
Thicknes

s (mil) 

The space between the 
excitation and sensing coils 

(mm)  

Option 1 Option 2 
Option

3 

Circular 

 

12 2.5 0.5 1 1.5 

Square 

 

12 2.5 0.5 1 1.5 

Hexagon
al 

 

     12      2.5 0.5 1 1.5 

 

5.7 The Robust Design Method 

The Meta‐model‐based design optimization is becoming increasingly popular in the 

industrial practice for the optimization of complex engineering problems, especially to 

reduce the burden of computationally expensive simulations . The idea behind the 

Meta‐model‐based design optimization is to build a surrogate model (or a meta‐model) 

from a reduced number of simulations runs and subsequently use the model for 

optimization purposes [141-143]. The surrogate model, i.e., 𝑦 = 𝑓 (𝑥1, 𝑥2 … , 𝑥𝑛), 

approximates the relationship between the design variables, i.e. 𝑥1, 𝑥2 … , 𝑥𝑛, and the 

output variable, 𝑦 [141][142]. This method can speed up the design optimization 

process since the function evaluations of the surrogate model are less expensive to 

execute when compared to deterministic simulations. The simplest type of ‘Response 
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Surface’ is a linear model in which the functional relationship  𝑓 (𝑥1, 𝑥2 … , 𝑥𝑛) is 

assumed to be a linear function of the design variables [143]. Linear models can be 

extended to polynomial response surface models wherein the response surface is a 

polynomial function of the design variables. In either way, the linear or higher order 

response surface (polynomials) can be obtained using the ‘Ordinary Least Squares’ 

approach by minimising the sum of the squared distances of a given data points from 

the surface [144]. In this case, the surrogate modelling utilising the least squares 

approach assumes that all errors are normally distributed with given mean and 

variance [144]. This assumption is often too stringent in real‐world problems [141-144]. 

The Kriging method has been pre‐fixed with different names depending on the form of 

the regression function, 𝑓(x). For instance, the simple Kriging method assumes that 

𝑓(x) is a known constant, i.e., 𝑓 (0)=0. On the other hand, the ordinary Kriging approach 

assumes that 𝑓(x) is constant but unknown, i.e., 𝑓(x)=a0. For more complex processes, 

trend functions might be linear or quadratic polynomials. In this regard, the universal 

Kriging treats the trend function as a multivariate polynomial such that [141]: 

  f(x) = ∑ αi
p
i=1 bi(x)                                                                                     (5.3) 

Where 𝑏i(x)=b1(x), b2(x)..., bp(x), are the basis functions (e.g., the power base for a 

polynomial) and αI = (α1, α2… αp) denote the coefficients. The idea is that the regression 

function captures the largest variance in the data (the general trend) and then the 

Gaussian Process interpolates the residuals [141–142]. In fact, the regression function 

𝑓(x) is the mean of the broader Gaussian Process Y. One of the most widely used 

Kriging approaches is the Blind Kriging method. In this approach, the trend function 

𝑓(x) is unknown and is hard to choose for a given problem [140-141]. Some feature 

selection methods sometimes offer the possibility to identify the most plausible 

interactions occurring in the data [141]. The Blind Kriging is used to efficiently 
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determine the base functions, or features, that capture the most variance in the sample 

data [142]. In this respect, a set of candidate functions is considered from which to 

choose for the problem. In the ideal case the sample data are almost fully represented 

by the chosen trend function and the stochastic process 𝑍(x) has little or no influence 

[141]. The idea is to select new features to be incorporated in the regression function 

of this Kriging model, considering features that are already a part of the regression 

function of the model. The whole set of candidate functions that is used to fit the data 

in a linear model are given by Equation 5.4 [141]: 

 

 

   g(x) = ∑ αi
p
i=1 bi(x) + ∑ βi

t
i=1 ci(x)                                                                      (5.4) 

 

where 𝑡 is the number of candidate functions. The first part of this equation is the 

regression function of Kriging and, hence, the coefficients of 𝛼 have already been 

determined independently of  β = (β1,…, βt). The estimation of 𝛽 provides a relevance 

score of the candidate features [202][203]. A frequentist estimation of 𝛽 (e.g., the least‐

squares solution) would be a straightforward approach to rank the features (e.g., the 

least‐squares solution) [141–144]. 

 

 

5.8 Results and Discussion 

5.8.1 The Experimental Results 

 

The spacing distance between the coils changes the effective mutual inductance value 

as shown in figure 5.4 It is evident that the increase in the spacing distance causes a 

gradual decrease in the value of the generated inductance. The results were obtained 
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from measurements of actual displacement. It can be seen that for any given spacing 

value, the squared coil configuration has provided the highest level of inductance 

compared to the hexagonal and circular designs. Furthermore, it can be seen that the 

larger the spacing the lower the generated inductance and this applies to all design 

configurations. As the spacing value increases, the generated inductance obtained 

from all designs converges and this means that at larger spacing values, it becomes 

less dependent on the coil configuration. 

 

 

Figure 5.4.The experimental result between the resulting inductance and the 
spacing between the excitation and sensing coils. 

 

5.8.2 The Modelling and Optimisation Results    

 

To compare the effectiveness of the three proposed coil designs, the Ansys Maxwell 

electromagnetic software has been employed to analyse the distribution of the 

magnetic flux density in the magnetic cores of the excited sensors. To simplify the 

design diversity despite the distinct geometric designs of the excitation coils, key 



129 

 

design factors were maintained unchanged through the various designs to allow for 

comparisons. This includes the number of wire turns, the metal wire gap, the cross‐

sectional area of the metal wire, the coil resistance, the coil inductance and the 

dimensions of the ferromagnetic core. Therefore, by assuming uniform excitation 

currents through the coils, the simulation results, Figure 5.5, provide an approximate 

solution of the electromagnetic excitation condition via the excitation coils and the 

magnetisation of the magnetic cores. From the obtained results in Figure 5.5, it can be 

seen that the highest flux density recorded for the square coils was 5.55 × 10−4 T with 

a lowest value of 2.59 × 10−5 T. It is also evident that for this particular design, the 

highest flux is recorded at the centre of the coil which decreases towards the 

circumference of the coil, i.e., in the radial direction. On the other hand, the hexagonal 

coil design provided a lower maximum flux value when compared to the square coil 

design. The maximum value for the hexagonal design was around 4.006 × 10−4 T at 

the centre of the coil which, again, decreased towards the circumference of the coil, 

i.e., in the radial direction. The lowest value for this specific coil design was around 

3.77 × 10−5 T. The flux values were lowest for the circular design with a maximum of 

3.99 × 10−4 T at the centre and 6.49 × 10−5 T nearby the circumference. Overall, the 

square coil design provided the highest possible flux density followed by the hexagonal 

and then the circular geometry. This was also the case while changing the spacing 

distance between the coils, Figure 5.6. It can be seen that for any given spacing value, 

the squared coil configuration has provided the highest level of inductance compared 

to the hexagonal and circular designs. This is due to the size of the wire cable for each 

coils shows that the Hexagon coil has a lower perimeter so it requires a shorter cable 

however circles require second less and square shapes require higher than all others 

hence this increases resistance.  
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 Furthermore, it can be seen that the larger the spacing the lower the generated 

inductance and this applies to all design configurations. As the spacing value 

increases, the generated inductance obtained from all designs converges and this 

means that at larger spacing values, it becomes less dependent on the coil 

configuration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5.The modelling and simulation results of the square (a), hexagonal 

(b) and circular (c) coil topologies. 
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Figure 5.6. The simulation results in varying the spacing distance between 
excitation and the sensing coils. 

The purpose of the proposed design in the current research is to optimise the design 

of the PCB inductor for the applications of smart cities. As such, it is desirable to 

achieve the highest possible inductance. The Figure‐Of‐Merit (FOM) of an inductor is 

given by equation[144]. 

 FOM =
L

A
                                                                                                              (5.5) 

where 𝐿 is the inductance (μH) and 𝐴 is the area of the coil 16mm for the 

square,12.57mm for circle coil and 12mm for the hexagon coil) The target of 

optimization is to obtain the maximum possible FOM values from the given design 

configurations. The results in figure 5.7 show the effects of changing the number of 

turns and the spacing between the coils on the value of the FOM for the square, 

hexagonal and circular configurations, respectively. The general trend in these figures 

is that the higher the number of turns, the larger the value of the FOM and hence the 

output inductance. On the contrary, the larger the spacing between the coils the lower 
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the value of the FOM. Amongst all, the square coil design provides the highest FOM 

at any given number of turns or a spacing value.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7. The Figure‐Of‐Merit (FOM) value as a function of number of turns 
and spacing between the coils for the square (a), hexagonal (b) and circular (c) 

designs, respectively. 

 

5.8.3 The Uncertainty and Robust Design Results    

 

The obtained results from the Ordinary and the Blind Kriging models for the optimum 

configuration (square) design (the best configuration) are shown in Figure 5.8 and 

Figure 5.9, respectively. The ‘Mean Squared Error’ of the Leave‐out cross validation 

was chosen to evaluate the quality of the fit as well as the predictive capability of the 

technique. These optimisation methods have both interpolated and extrapolated the 
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data based on the short‐term measurements which mean, creating a Kriging model 

can be interpreted as constructing two Kriging models in sequence: a first Kriging 

model of 100 samples  followed by a second Kriging model constructed on the 

residuals of the 1000 samples .This is a very good way to predict the long‐term 

behaviour based on short‐term measurements. This saves time and cost associated 

with long experimental time and hence, it is favourable. In these plots, the response 

surface is constructed based on the equations of the Ordinary and Blind Kriging 

approaches whereas the dots are those simulated by the MATLAB code that randomly 

assigns the data points and runs the analysis through ANSYS, as can be seen in 

Figure 5.8a. The fit of the data is very good despite the small variances observed 

between the data points and the response surface as shown in Figure 5.8b. However, 

an optimum region characterised by the highest inductance is observed when the 

distance between the coils, i.e., Z spacing is between 0.5 mm to 1.5 mm while the 

number of turns is between 37 and 60. In this region, the highest inductance was above 

20,000 μH. When looking at the results of the blind kriging optimisation approach, it 

becomes evident that the fits, in general, are better with a lower level of variance 

compared to the ordinary kriging approach, Figure 5.9a and 5.9b. Moreover, it can be 

seen in Figure 5.9c that an optimum region of the highest inductance is observed 

(yellow‐coloured zone) with values exceeding 25,000 μH. It is evident that the 

decrease in the spacing between the coils, i.e., the Z‐spacing, as well as increasing 

the number of coils enhances the generated inductance. 
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Figure 5.8. (a) The Ordinary Kriging response surface, (b) the variance plot 

and, (c) the contour plot of the inductance. 

 

Figure 5.9. (a) The Blind Kriging response surface, (b) the variance plot and, (c) 

the contour plot of the inductance. 

 

 

5.9 Discussion of Results 

The FEM displacement results in Figure 5.4 and 5.6 show the largest inductance value 

for the square coil, followed by the circular and hexagon coil. There are two distinct 

characteristics here, one for the square and circular coils and another for the hexagon 

coil. Lowest measurement range is for Hexagon coil, which is approximately 0.5 mm, 

1.5 mm and largest measurement range is for square and circular coils and is 

approximately equal to 0.2 mm. The hexagonal coil has the lowest measurement range 

with pitch of 1.5 mm. Contrary to this, the circular and square topologies have 1.5 mm 

pitch values, which is the lowest value. These are the lowest values of pitch for each 



135 

 

topology, respectively. The results of simulation show that alterations in topology of 

coil enable the sensitivity for matching the required range of displacement. The values 

of pitch chosen in this work to calculate the inductance and the magnetic flux density 

over various spacing distances. The different coil geometries generated different 

magnetic fluxes. The higher the magnetic flux the better the inductance. It has been 

observed that the inductance decreases with increasing the coils spacing distance. 

There is a possibility that it is due to mutual inductance because interaction between 

tracks of copper increases due to area which becomes densely populated. Figure 5.1 

shows that fabricated coils follow the same trends for FEM counterparts. All the 

fabricated coils have greater values of inductance than that of simulated ones and 

circular and square coil topologies double the value of inductance. Square and circular 

coil topologies have irregularities in signal, and these are more obvious at greater pitch 

values but the correlation between these coils and the simulations are also good. Such 

type of irregularities is not visible in Hexagon topology. The data shown represent the 

inductance value of 80 kHz which lies in the range of 20 kHz to 100 kHz.  Signal to 

noise ratio is small for data which are below 20 kHz. For further analysing performance 

of the sensor, both experimental data and FEM were fitted with an exponential line 

with decaying trend. There is a more rapid decrease in inductance because the decay 

constant is larger for hexagon topology as compared to circular and square coils. Due 

to the non‐linear nature of the sensor, it is difficult to quantify sensitivity of the sensor. 

It can be seen that the spiral coil technologies have an operating range which is greater 

in a displacement sensing application and have greater inductance value and 

sensitivity as well. Due to the decrease in dimension of pitch, these parameters 

increase proportionally. These results show that for inductive sensing of displacement, 

planar coils use spiral coil topologies, ideally square, which have the highest copper 
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track density for the sensor to perform better. However, design considerations are 

dependent on the application and it is difficult for general design rules to be applied as 

compared to the one mentioned above. 

 

5.10 Conclusion  

This chapter presented a good correlation between the FE modelling simulation and 

the experimental measurements. A study of various shapes of coils has been 

presented, using Ansys Maxwell simulation and experimentation. The topology of the 

coil has also an effect on the performance of the sensor. In total, three shapes of coils 

were designed, simulated and experimented to calculate the inductance and the 

magnetic flux density over various spacing distances. The different coil geometries 

generated different magnetic fluxes. The higher the magnetic flux the better the 

inductance. It has been observed that the inductance decreases with increasing the 

coils spacing distance. Comparing the performance of the three shapes, the square 

coil geometry has shown the best performance. Generally, the experimental 

measurements were very comparable with the analytical and FE modelling 

simulations. To optimise the design of the square geometry, optimisation models have 

been employed and the optimum values of the spacing distance and number of coils 

were obtained. That is, for the best configuration, i.e., the square design, the optimum 

spacing distance was between 0.5 mm to 1.5 mm while the optimum number of turns 

was between 37 and 60.  

5.11 Summary  

 This chapter has presented two improvements to the optimum configuration design 

which was Ordinary and the Blind Kriging methods, These optimisation methods is to 
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build a surrogate model (or a meta‐model) from a reduced number of simulations runs 

and subsequently use the model for optimization purposes,  This method can speed 

up the design optimization process since the function evaluations of the surrogate 

model are less expensive to execute when compared to deterministic simulations his 

is a very good way to predict the long‐term behaviour based on short‐term 

measurements. This saves time and cost associated with long experimental time. Both 

improvements to the various shapes of coils have been presented. Three shapes of 

coils were designed, simulated and experimented to calculate the inductance and the 

magnetic flux density over various spacing distances. Comparing the performance of 

the three shapes, the square coil geometry has shown the best performance. 
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CHAPTER 6 

 DESIGN INTEGRATION OF PLANAR INDUCTANCES 

ON WIRELESS CHARGER 

 

 

Wireless charger technology has been efficiently used for high-efficiency power 

transfer in long distances. Conventionally, two-coil-based inductive links are adopted 

for this purpose. To develop the efficiency and unfavourable effect of low coupling 

magnetically coupled, fully planar coil printed spiral resonator-based wireless power-

transfer systems has been presented. This chapter presents the PTE values against 

the spacing distance between the coils in circular, square and hexagon coils as well 

as the PTE values against frequency and the Inductance as an against the frequency 

for all the different realised integrated coils, which use a wireless power-transfer 

system based on a magnetically coupled fully printed spiral to investigate. The high 

quality-factor coils improve the efficiency significantly.  The transmitter and receiver 

size are reduced by adopting a conformal architecture. The possibility of both hexagon 

and square architecture is explored and their performance is optimised to generate 

maximum efficiency at specific operating distance. The performance of these 

architectures is analysed on the basis of efficiency of power-transfer and power 

delivered. The system's efficiency can be found by using the equation 

η=(POUT/PIN)×100%                                                                                                 (6.1) 

 where Pout is output power and Pin is input power. In other words, the measured input 

power is equal to the output power plus the power loss of the system, so the square 

coils generate high power-transfer efficiency (80%) compared to hexagon coils (79%) 

at 0.5 mm distance between receiver and transmitter with air medium and at a 
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frequency of 10 MHz . Contrarily, the circle resonators generate lower power-transfer 

efficiency  under the same conditions and medium.  

 

6.1 Introduction  

Wireless charging is a method of conducting power between an air gap to another 

electrical device for energy recharging. Wireless charging technology has come a long 

way in terms of efficiency and utility in recent years [145]. This chapter presents a 

comprehensive overview of wireless charging technology. First, an introduction of 

wireless charging technology has been presented. Then, a general review of 

standards, with a detailed description of their respective protocols for communication 

is given. In addition to presenting an innovative concept of wireless charger 

networking. This technique allows chargers to be interconnected to enable collection 

of information and its control. This technique is demonstrated via a user-charger 

assignment [145]. The experimental results clearly show that wireless charger 

networking yields low cost for the users to find the best chargers for recharging their 

mobile gadgets [146]. 

 

 6.2 The Concept 

 

Wireless charging techniques help to transmit power from a source (e.g., a charger) to 

a load (e.g., mobile devices) through an air gap. This technology is crucial for better 

user experience and convenience [146][147].  Wireless charging is rapidly progressing 

from theories to standards and being utilised for a wide range of commercial items. It 

is an essential feature for portable devices and mobile phones. Adopting wireless 

charging technology yields many benefits to the devices and users. It is a user-friendly 
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technology since the inconvenience of connection cables can be eliminated [148].  

Same charger can be used for different brands and models of devices. Since they are 

waterproof and dustproof, chargers usually have better durability especially for 

contact-free devices [148]. Wireless technology provides increased flexibility In the 

case of devices with replaceable batteries or with connection cables which are 

infeasible (body-implanted sensors), costly and hazardous. Lastly, the major 

advantage of wireless charging technology is they provide on-demand power 

[147][148]. Through this they avoid overcharging and reduce energy costs. Many 

leading smartphone manufacturers such as Samsung, Huawei and Apple released 

their devices with built-in wireless charging capacity. This chapter begins with a quick 

introduction of wireless power transmission mechanisms. Then the foundations of 

wireless charging systems are explored [2149]. The data communication protocols 

followed by both standards are reviewed. From this review it is found that existing 

standards are only focused on simple data communication between a charging device 

and a charger. They completely avoid the communication among the other parts of a 

network and with chargers. Hence, we put forward a novel concept of wireless charger 

networking. This will enable data communication and other information transfer among 

the chargers. This technique is further demonstrated with the help of a user-charger 

assignment problem [149]. The results clearly indicate that wireless charger 

networking can reduce the cost of user-charger assignment [149]. The concept of a 

smart city or a city with integrated digital systems came into existence towards the end 

of the 1990s, however, it only became commercialised after the worldwide fiscal crisis 

in the year 2008. Everything inside a city is connected via a sort of digital infrastructure, 

where different components interact and respond to each other. Various electronic 

systems and techniques are utilised to obtain data as well as real-time information of 
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a city. The focus has shifted to develop this idea ever since, as a potential problem-

solver for many countries facing obstacles. Analysts have identified two perceptions of 

what a smart city should look like. One perspective is that they are a product of a digital 

and viable innovation, drawn from the theory of ‘smart growth’ [149]. In this case, 

research is carried out over a defined period and the technologically motivated 

solutions are made, in which the job of managing a city is reinvented. On the other 

hand, the second view is that smart cities would come about as a result of urban digital 

evolutions, just as the development of the first notable computer [147-149]. It is only 

logical to assume that the same would occur to the technical aspects of a city. Some 

of the challenges that had risen over the years had caused people to think to try to 

generate ways and methods to overcome the challenges that were encountered. The 

rapid urbanisation was one of the causes. It is recorded that half of the Earth’s 

population moved into cities by the year 2010[149], and if this is not alarming enough, 

it is predicted that 75% would have migrated into cities by the year 2050; approximately 

6 billion people. Many countries were not - and are still not - equipped to handle the 

loads that came their way. Over-population can have very negative effects on a city 

[147][148]. A high level of disorganisation and confusion may arise if a city is not 

adequately prepared to manage the large number of people. Furthermore, over-

population would lead to higher demands on energy resources. Generally, power lines 

are normally uninsulated; a small percentage of electricity is lost during transmission 

due to the heating effects of the wires. As the population number rises in a city, this 

may cause larger percentages of power to be consumed and also wasted. 

Simultaneously, electrical networks that are not closely monitored will become 

unreliable due to the fact that in the case of power failures,  the response time may 

become longer, which could lead to more extreme damages. Road congestion and 
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traffic jams can also be major problems in many cities all over the world. This typically 

presents a ‘knock on’ effect with regards to over-population as well. Lastly, one of the 

negative consequences due to overpopulation is that a lot of people acquire diseases 

from the poor air quality, and this may be due to emissions of the gases released from 

industrial practices as well as vehicles. In other words, smart cities are intended to 

enhance the living conditions for the different communities around a city. If the 

population of a  given city constantly increases without any counteraction, it is only a 

matter of time before that city becomes overpopulated whereby the living conditions 

become unsuitable for people[148][149]. 

 6.3 The Mathematical Modelling of The Inductor  

This section gives an idea of the proposed individual models for or both self and mutual 

inductance and their parasitic components. The models are designed for Circular, 

Square and Hexagon coils. Further Investigation on PTE values is also presented. 

Figure 6.1 gives the design of the proposed planar with the geometrical parameters 

for the three type’s coils.  

 

 

 

 

 

Figure 6.1. The defined integrated coils, namely: square, circular and 
hexagonal, respectively. 
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6.3.1 Self inductance 

 

An inductor is a passive element to store magnetic energy. The energy is generated 

when electric current flows through an inductor as shown in equation 6.2 and figure 

6.2. The self-inductance L is defined as the ratio of magnetic flux of a current carrying 

conductor and the amount of current conducted [150]. To measure self-inductance the 

sides of spirals are designed to be symmetrical current sheets. Along with this the 

adjacent sheets are designed to be orthogonal with zero mutual inductance.  

Equation 6.2 gives all possible mutual inductance values for planar inductors by 

considering each turn of the coil and the total inductance can be calculated by adding 

all the combinations. ρ=1, for circular shaped TX and RX coils. In other cases such as 

square shaped TX and RX, ρ is approximately (4/π)2. Therefore, the mutual 

inductance, M between two square shaped coils is (4/π)2 times greater than other 

circular shaped ones.  

 

 

Figure 6.2. a. Inductor bias and b. magnetic field around. 

E =
1

2
Li2                                                                                                     (6.2) 

which (E) is the magnetic energy (in Joule dimension), (L) is the value of inductance 

(in Henry), and (i) is the value of electric current (in Ampere dimension).  
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6.3.2 Mutual inductance 

 

In the previous section, a self inductor was described. When two or more coils are 

magnetically linked together by a common magnetic flux they are said to have the 

property of Mutual Inductance. Mutual Inductance is the basic operating principle of 

the transformer, motors, generators and any other electrical component that interacts 

with another magnetic field. Then we can define mutual induction as the current flowing 

in one coil that induces a voltage in an adjacent coil[151].  

 

Figure 6.3. Mutual inductance. 

 

6.3.3 Practice elements  

 

In this chapter, will employ mutual inductance for wireless battery charger applications. 

Since the real mutual inductor has parasitic elements including resistance and 

capacitance as shown in figure 6.4, will investigate three structures including circle, 

square, and hexagonal structure of mutual inductor to find out which structure is more 

suitable when an FR4 PCB is used for substrate of inductors. 
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 Figure 6.4. Parasitic elements. 

 

 

6.3.4 Power Transfer Efficiency 

 

The efficiency of the coils can be computed as: 

 

PTE Ƞ can be expressed as: 

Ƞ =
output power

input power
=

I2

E I 
                                                                                         (6.3) 

Where I is the current flow through the resistive load  

 

6.4 Design methodology 

 

This section presents the steps for the design of a fully planar two-coil wireless power 

transform system as described in the previous section. The significance of these 

design steps is, it will be helpful to achieving maximum PTE values with high PDL. The 

equivalent circuit of a mutual inductor is shown in Figure 6.5.  
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Figure 6.5. Equivalent circuit of a mutual inductor. 

 

The value of inductance between two mutual inductor (M) is shown in equation 6.4 

 

 

M =
A.μ0μr  N1.N2

l
                                                                                                (6.4) 

 

 

Where, µo is the permeability of free space, µr is the relative permeability of the 

material which inductor is on, N1 is in the number of turns of input inductor, N2 is in 

the number of turns of output inductor, A is in the cross-sectional area in the mutual 

inductor, and l length of the coil. Therefore, the energy transferred from the right side 

to the left side is dependent to M value and thus, dependent to N1, N2, and A, and l.  

6.5 The Experimental Work 

Power electronics is currently evolving towards integration, as a result of the 

constraints related to the need to miniaturise but also to reduce the manufacturing 

costs. In many cases, hybrid systems offer volume reduction possibilities whereby the 

inductance, transformer and capacitor, represent a brake on this miniaturisation. 

Inductive components such as coils or transformers are key elements of power 

electronics. These are well-known and mastered components with regard to their 

discrete form, but their integration is still at the study stage and is still far from 

industrialisation. In this work, the focus is on the design and characterisation of spiral 

planar coils on a PCB-FR4 [208] the design of a PCB substrate inductor is difficult to 
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modify once manufactured. The current study has explored the following topologies, 

namely: the circular and the square topology. The parameters that have been taken 

into account in this study are the topology of the coil, the number of turns, width and 

the spacing within the coil system. 

6.7 The Characteristics of the Planar Inductances 

Figure 6.1 gives the design of the proposed planar and the geometrical characteristics 

of the coils inductors are presented in Table 6.1. For a given coil geometry, the 

inductance is characterised by the number of turns (n), outer coil diameter(D out) , inner 

coil diameter (D in), of the conductor.  

 

Table 6.1: The geometrical characteristics of the examined inductors. 

Parameters Symbol Value 

outer coil diameter D out 10mm 

inner coil diameter D in 1mm 

Number of turns no. turns 12 

Wire thickness Wth 2.5mm 

 

6.8 The Manufacturing Process of the Integrated Planar Micro Inductance 

on PCB-FR4 

 

1. The fabrication process involved laying up different integrated inductor 

topologies on a substrate of a PCB. In this case, the mask was transferred to the 

copper-metallised PCB-FR4 using photolithography which aims to reproduce 

precise patterns over the different layers. , whether for engraving or deposition 

steps, the patterns of this mask will be transferred to a movie. The illustration in 

Figure 6.6 shows the fabrication process of the designed coils. This is summarised 
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as follows: The PCB-FR4 substrate was made of several layers of different 

thicknesses by a chainsaw, this substrate is a support of insulating material intended 

for receiving the impression of an electrical or electronic circuit and the various 

components. The copper wires were then wounded.  

2. Secondly, it’s important to clean the BCP plates. The copper circuits of the 

coils of the different topologies were realised on a flex. 

 

3. Prior to engraving, to recreate accurate patterns on the layers for deposition 

and graving steps the mask was transferred to the copper-metallised PCB  using 

photolithography  

 

4. A lamination process was conducted whereby the topologies were printed on 

a glass plate containing a chromium layer in order to obtain the mask. 

 

5. The engraving process was done by etching the metallised inorganic substrate 

using a photosensitive film. To eliminate the copper from the surface of the flex by 

wet etching the photosensitive film needs to be removed , then etched the bonding 

layer, that’s allowed to remove the copper on the surface of the flex. In addition to 

that the sample has been wetting in a solution form of iron perchloride and the water 

which is heated to about 27 °C. The copper has been protected by dissolving the 

part of the unprotected copper with the cured film and show the desired pattern.  

6. A rinsing process was done using water and NaOH or acetone to remove the 

resulting blue film and show the conductive lines. 

7. To avoid oxidation the component is heated up to 70C.   

8. To remove any oxides remained the inductor has been varnished 
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9.  Finally to make sure that the central and external stud is connected to each      

other by bonding. 

 

Figure 6.6. Different steps of lithography. 

   

To produce the mask, the pattern needs to be engraved on a glass plate that is already 

covered with a layer of chrome. The mask needs to transfer to flex copper. Etching 

stage allows the erasing of the copper from the upper layer of the flex. The sample has 

been wetting in a solution form of iron perchloride and the water which is heated to 

about 27 °C. The samples washed with water then heated up them up to 70c to protect 

them to be oxide. 

To avoid oxidising the inductors the samples were varnished. The three different coils 

have been created and presented as shown in Figure 6.7. 
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6.9 Circuit design and test setup 

Fully planar WPT of circular, square and Hexagon are made on FR4 circuit boards. 

This is fabricated to determine the accuracy of PTE , PDL and the inductance values. 

Figure 6.7 a, b and c represents the fabricated circular, square and Hexagon coils. 

Three different structures including circular, square, hexagon used as input inductor 

and output inductor are shown In Figure 6.7. The parasitic elements are different in 

these cases and we are experimentally looking for the minimum parasitic elements 

(Resistance and Capacitance) and thus maximum energy transfer.  

 

 
 

Figure 6.7.  (a) Square, (b) Circular, (c) Hexagonal structure for the input 
and output inductor. 

 

We keep the fixed size for the inductors. We assume one side is the exciter in the fixed 

location, and another is the portable receiver. We expect when the receiver is closed 

to the exciter, it means the “l” parameter will be reduced, then, notable electromagnetic 

energy is transferred to the receiver wirelessly. The measurement setup is shown in 

Figure 6.8 to verify the fabricated coils. Resonant circuit was built for the square, 

circular and Hexagon coils. For the measurement a power source was used by a signal 

generator, in addition to an oscilloscope and an LCR metre was used.  By calculating 

the current and voltage the transmitted and received power can be easily obtained. To 

test the circuit, we connected the input inductance to a voltage source Vin= 10 
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sin(2*π*10MHz t) , and then measured the output voltage on the receiver. The test setup 

is shown in Fig. 6.8.  

 
 

 
(a) Square 

 
 

 
(b)Circular 

 
 

 
                 (c)Hexagonal 

Figure 6.8. Test setup a) Square, (b) Circular, (c) Hexagonal structure for the 
input and output inductor. 

 

We repeated this setup for circular and hexagonal structure too. So, the exciting  

(transmitter) coil keeps fixed on the veroboard and the receiver is closed and then 

gotten away.  The schematic of the test circuit and the test table are shown in Figure 

6.9 and Figure 6.10 respectively. 

 

 

Figure 6.9. Test circuit schematic.  
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Figure 6.10. Test table including signal generator and oscilloscope to excite 

and measure the mutual coil. 
 

 

 

 6.10 Measurement result   

Different sets of inductors were fabricated using commercial PCB fabrication methods. 

The fabricated inductors as explained in the previous section, the input inductor has 

been excited with a 10 V / 10 MHz RF signal. We follow the receiver voltage by 

oscilloscope to find out which structure can better transmit the energy. The 

measurement results are shown in Table 6.2. the squared coil configuration has 

provided the highest level of output compared to the hexagonal and circular 

designs, this is due to the size of the wire cable and the shape for each coil. Also 

,it is desirable to achieve the highest possible inductance and quality factor for the 

targeted 10 MHz application considering the level of specific absorption rate (SAR) in 

the human body. The following design parameters are typically associated with the 
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board level inductor design: the number of the metal layers, the spacing between the 

metal traces, the width of the metal trace, and the number of turns n. 

 

Table 6.2. measurement results (f=10 MHz). 

Structure Input signal Distance Output signal 

Square 10 sin(2πft) L=0.5 mm 6.4 sin(2πft) 

Hexagonal 10 sin(2πft) L=0.5 mm 6.2 sin(2πft) 

Circular 10 sin(2πft) L=0.5 mm 5.4 sin(2πft) 

 

 

 

Figure 6.11. Voltage waveform on the inductor. 

 

Figure 6.12 represents the measured PTE values against the spacing distance 

between the coil in circular, square and hexagon coils. The spacing distance between 

the coils changes the effective inductance value as shown in Figure 6.12. It is clear 

that the value of the Power transfer efficiency (PTE) is decreasing when the spacing 

distance increases. The results were achieved from measurements of actual 

displacement. It can be seen that the squared coil configuration has come up with the 
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highest level of Power transfer efficiency (PTE) compared to the hexagonal and 

circular designs. Furthermore, it can be seen that the lower Power transfer efficiency 

(PTE) generated by the larger the spacing and this applies to all design configurations. 

 

 

Figure 6.12. Experimental PTE values against the spacing distance. 

 

The PTE values in figure 6.13 are maximised at approximately 10-16 MHz in circular, 

square and hexagon coils. It can be seen that the squared coil configuration has 

provided the highest level of Power transfer efficiency (PTE) compared to the 

hexagonal and circular designs. As the frequency value increases, the generated 

power transfer efficiency (PTE) obtained from all designs converges and this means 

the improvement in PTE is very small at higher frequencies. 
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Figure 6.13. PTE values against the Frequency. 

 

 Figure 6.14 It can be seen that the load receive power of the three coils increase first 

and then decrease as the distance between the receiving and transmitting coils 

becomes bigger, the load receive power reaches its peak when the distance between 

coupling coils reach a certain value, this means that at larger spacing values, the PDL 

becomes less dependent on the coil configuration. 

. 
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Figure 6.14. PDL values against the spacing distance. 

 

The obtained results in Figure 6.15 shows the variation of the series inductance as a 

against the frequency for all the different realised integrated coils, it can be seen that 

the highest inductance recorded for the square coils was 2700µH with a lowest value 

of 1100 µH. On the other hand, the hexagonal coil design provided a lower maximum 

flux value when compared to the square coil design. The maximum value for the 

hexagonal design was around 1900 µH at 10MHz. The flux values were lowest for the 

circular design with a maximum of 1200 µH. The largest inductance value for the 

square coil, followed by the hexagon and circle coil. Lowest measurement range is for 

a circle coil which is approximately 600µH and the largest measurement range is for 

square and hexagon coils and is approximately equal to 2700 mm and 1900µH 

respectively.  
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Figure 6.15. Frequency values against the inductance. 

 

Overall, the square coil design provided the highest inductance and power transfer 

efficiency followed by the hexagonal and then the circular geometry. This was also the 

case while changing the spacing distance between the coils, moreover it can be seen 

that for any given spacing value, the squared coil configuration has provided the 

highest level of inductance compared to the hexagonal and circular designs. 

Furthermore, it can be seen that the larger the spacing the lower the generated power 

transfer efficiency (PTE) and this applies to all design configurations. As the spacing 

value increases, the generated power transfer efficiency (PTE) obtained from all 

designs converges. 

 

 

 

 



158 

 

6.11 Conclusions  

Wireless charging technology becomes widespread especially for consumer 

electronics, mobile, and portable devices. The work that presented in this chapter is 

related to the wireless charging techniques, containing planar type inductors. The 

geometric and electrical dimensioning of these inductors is an important step that 

requires taking into account many electrical and geometrical parameters. The 

conductive spirals of all three coils were made on a PCB of a low cost which makes it 

applicable to a large number of applications. Three shapes of coils were designed and 

experimented to calculate the inductance and the power transfer efficiency (PTW) over 

various spacing distances and frequency. The obtained results showed that the 

inductance decreases with the frequency and this was found to apply to all inductors. 

The maximum value of inductance was obtained from the square topology whereas 

the minimum value was measured in the circle topology. This is due to the geometrical 

specifications of each topology. It has been observed that the power transfer efficiency 

(PTE) decreases with increasing the coils spacing distance and the frequency. 

Comparing the performance of the three shapes, the square coil geometry has shown 

the best performance. Generally, the experimental measurements concluded that the 

square mutual inductor in comparison with the circular and hexagonal can transfer the 

energy better. As the square structure covers a larger area rather than other structures. 

However, other structures are also useful depending on the PCB shape.  
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6.12 Summary  

The novelty of this chapter was the application of a newly developed model to constrain 

the uncertain parameters while simulating others to keep the original shape. Fully 

planar WPT of circular, square and Hexagon are made on FR4 circuit boards and 

experimented. The significance of these designs is to achieve maximum PTE values 

with high PDL. This is fabricated to determine the accuracy of power transfer efficiency 

PTE, PDL and the inductance values over various spacing distances and frequency. 

It is desirable to achieve the highest possible inductance and quality factor for the 

targeted 10 MHz application considering the level of specific absorption rate (SAR) in 

the human body. This chapter was presenting a study of the three shapes of coils were 

designed, and experimented to calculate the inductance and the power transfer 

efficiency (PTW) over various spacing distances and frequency. The obtained results 

showed that the inductance decreases with the frequency and this was found to apply 

to all inductors. The maximum value of inductance was obtained from the square 

topology. 
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CHAPTER 7 

 DISCUSSION, CONCLUSIONS AND FUTURE WORK  

 

 

This chapter summarises the contributions and conclusions of this project. In addition 

to  suggestions for further research. 

7.1 Discussion   

This project discussed the performance, modelling and application of a planar 

electromagnetic coil. the main four common topics that has been shared amongst all 

design studies are the involvement of composite materials, the multi-core of planar 

coil, the application of uncertainty models to simulate the uncertain parameters in the 

structure and three shapes of coils designed to calculate the maximum power transfer 

efficiency (PTW) over various spacing distances and frequency and inductance. Due 

to the small size profiles and their non‐contact nature, planar coils are widely used due 

to their simple and basic design. The uncertain parameters have been identified and 

simulated using ANSYS that has been run utilising a newly developed MATLAB code. 

This code has made it possible to run thousands of trials without the need to manually 

input the various parameters for each run. This has facilitated the process of obtaining 

all the probable solutions within the defined range of properties. The optimum and 

robust design properties were then determined. The thesis discusses the 

experimentation and the finite element modelling (FEM) performed for developing the 

design of planar coils and used in wireless chargers. In addition, the thesis investigated 

the performance of various topologies of planar sensors when they are used in 

wireless chargers. The ANSYS Maxwell FEM package has been used to analyse the 

models while varying the topologies of the coils. For this purpose, different models in 
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FEM were constructed and then tested with topologies such as circular, square and 

hexagon coil configurations. The described methodology is considered an effective 

way for obtaining maximum PTE with a certain distance on planar coils with better 

performance. The explored designs  are, namely: (1) Optimization of Planar Coil Using 

Multi-core (chapter 3), (2) planar coil with an Orthogonal Flux Guide(chapter 4), (3) 

Using the Variable geometry in a Planar Inductor for an Optimised Performance by 

using the robust design method(chapter 5), (4) Design and Integration of Planar 

Inductances on wireless charger(chapter 6). In chapter 3 which was the first case 

study, the aim was to present the behaviour of a newly developed planar coil, built 

from a Mu-metal, via simulation. The structure consists of an excitation coil, sensing 

coils and three ferromagnetic cores located on the top, middle and bottom sections of 

the coil in order to concentrate the field using the iterative optimisation technique. 

Magnetic materials have characteristics which allows them to influence the magnetic 

field in its environment.  Chapter 4 which presents the optimal geometry and material 

selection for the planar with an Orthogonal Flux Guide. The study demonstrates the 

optimising of the materials and geometry of the coil that provides savings in terms of 

material usage as well as the employed electric current to produce an equivalent 

magnetic field. Chapter 5 which presents the variable geometry in a planar inductor to 

obtain the optimised performance. The study has provided the optimum and robust 

design parameters in terms of different topologies such as circular, square and 

hexagon coil configurations then been tested and choose the best topology based on 

performance. The originality of the work is evident through the randomisation of the 

parameters using the developed MATLAB code and the optimisation of the joint 

performance under defined conditions. Chapter 6 which presents the development of 

the planar coil applications. Three shapes of coils are designed and experimented in 
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order to calculate the inductance and the maximum power transfer efficiency (PTW) 

over various spacing distances and frequencies. 

7.2 Conclusions 

In conclusion, this Research shows the investigation and the performance of various 

topologies of planar sensors when they are used in wireless chargers. For this 

purpose, different models in the FEM and ANSYS Maxwell FEM package have been 

used to analyse the models while varying the topologies of the coils were constructed 

and then tested with topologies such as circular, square and hexagon coil 

configurations. The described methodology is an effective way for obtaining maximum 

PTE with a certain distance on planar coils. The proposed multi-core optimisation of 

Planar Coil studied the schematic of the micro planar structure realised for the triple 

cores planar. To concentrate the field using the iterative optimisation technique, better 

performances can be obtained by using magnetic top and bottom shields. In addition 

to that magnetic field will be easily passed through the material (i.e., the upper and 

lower cores), it will wrap around the coils instead of going further away from the coil 

and this will retain  the magnetic field to stay altogether within the top and bottom cores. 

Furthermore, the benefit of having the top and bottom cores is that the magnetic flux 

can not pollute the environment. Lastly, the main  advantage of the multiple cores is 

that the coils will intensify the field within the sensor which means that less current is 

consumed in order to obtain the desired results (chapter 3). The multi core planar coil 

has a novel planar, which has an ability to concentrate and guide the field in a highly 

efficient manner by employing orthogonally cylindrical ferromagnetic tube and set of 

ferromagnetic cubes in order to deflect and emit the field in the desired path (chapter 

4). The planar coil was improved by determining the Optimal Geometry in Planar 

inductor Using Robust Design Method. A novel of using the Meta‐model‐based design 
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optimisation to develop the electromagnetic sensors by analysing the behaviour of 

different planar coils topologies: circular, square and hexagon coils for the application 

such as wireless charger, tracking and location identification, etc. for the smart cities 

by using Meta‐model‐based design optimisation (chapter 5). Finally the newly 

developed model was utilised in the application of the smart city such as wireless 

charging systems, to constrain the uncertain parameters while simulating others to 

keep the original shape. Fully planar WPT of circular, square and Hexagon were made 

on FR4 circuit boards and experimented. The significance of these designs is to 

achieve maximum PTE values with high PDL. This fabricated to determine the 

accuracy of power transfer efficiency PTE, PDL and the inductance values over 

various spacing distances and frequency. It is desirable to achieve the highest possible 

inductance and quality factor for the targeted 10 MHz application considering the level 

of specific absorption rate (SAR) in the human body (chapter 6). 

 

 

 

 

 

 

7.3 Further work 

The novel MATLAB code can further be developed in the future to link with other 

software tools as well as with industrial equipment to analyse live data from machines. 

Such industrial data created by industrial equipment might hold more potential values 

to reduce costs in maintenance and to increase the quality of products. The work can 

be extended to include more design aspects such as the uncertainty in environmental 
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conditions on the behaviour of structures. In addition to including other engineering 

applications in the smart city. The four employed designed and techniques can be 

compared against existing techniques of uncertainty quantification using chosen case 

studies which was beyond the scope of the current project. Finally the utilised 

techniques and newly developed planar coil  in the current work can open a new era 

of research between the various departments and engineering applications both in 

academia and industry. 
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