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Abstract 
 

Wireless biomedical devices have attracted the attention of researchers over the last decade 

for health monitoring, syndrome detection, disease prevention, drug delivery and prosthetic 

limb applications. However, the power requirement is the major constraint for the 

implementation of such devices. Packaged batteries are the traditional power source for 

these devices. This source of power is limited by the size and the life time which are the 

significant parameters for biomedical implants. In addition, any leakage from the battery 

can cause serious health hazard. Similarly, the transdermal or percutaneous wiring is 

inconvenient due to bulky size and risk of infection. Therefore, wireless power transfer 

technology has emerged recently as an alternative source of batteries and wired power 

supply for biomedical devices such as pacemakers, retinal implants and neurostimulators. 

The power requirement from some of these devices is however a major challenge.  

In this Ph.D. thesis, the designing, modelling and optimization of wireless power transfer 

(WPT) systems for biomedical applications are presented.  Accurate and closed form 

expressions of self- and mutual inductances are derived and also verified experimentally. 

The translational and angular misalignments are considered for the mutual inductance 

expression. Furthermore, the parasitic components such as AC resistance and capacitance 

are analyzed for the modeling of the proposed WPT systems. The expression of the power 

transfer efficiency of the multi-transmitter (TX) is analyzed and derived. A nested multi-

dimensional optimization algorithm is utilized for the optimization of the proposed WPT 

systems for biomedical applications. Two 3-D WPT receiver (RX) coils with a flexible 

mutli-TX system are designed and manufactured for capsule endoscopy (CE). The RX coils 

are optimized to accommodate in an 11 mm diameter and 26 mm length typical capsule. 

The achieved PTE of more than 1% and tissue safety analysis constitute the proposed WPT 

systems as a potential candidate for the CE. Further, one of the proposed 3-D receivers is 

studied for the potential of the capsule localization and positioning using the received 

power of the WPT system. Additionally, a WPT system is proposed and successfully 

implemented primarily for prosthetic hand for the physically disabled people.   
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Chapter 1. Introduction, Motivation and Layout of the Thesis 
 

1.1 Introduction 

This Ph.D. thesis presents the work carried out for the design, modelling, performance 

characterization, optimization and testing of wireless power transfer (WPT) systems for 

biomedical devices.  

A generalized parametric model along with a multi-nested optimization algorithm is 

presented for near field inductively coupled coils in order to achieve maximum power 

transfer efficiency (PTE) from an external power source to receivers embedded into the 

biomedical device. The optimized model is utilized to manufacture and test miniaturized 3-

D WPT receiver (RX) coil systems for capsule endoscopy (CE) applications. A WPT 

system is also proposed for prosthetic limbs (primarily prosthetic hands) for the physically 

disabled people to demonstrate the versatility of the system. For both devices, the proposed 

WPT system also allows either localization and positioning of the capsule or control of the 

angle of rotation of the artificial limb.   

The research on the developed 3-D WPT system for CE was undertaken within the overall 

scope of EPSRC-funded Sonopill programme grant (EP/K034537/2). The vision of 

Sonopill was in developing an ingestible capsule, equipped with several sensor modalities 

for the diagnostics of pathologies with the GI tract. The proposed 3-D WPT system was 

implemented to supply the required power to support the operation of the multi-modal 

Sonopill. During this research period, a Heriot-Watt University ISSS innovation prize was 

also awarded to the PhD candidate to design and demonstrate a WPT system for powering 

prosthetic limbs.  

The operation reliability of the biomedical devices (BDs) depends on the permanent and 

sufficient supply of power. This leads to an extensive investigation on numerous power 

sources in the last decades. Different power approaches are present to support the BDs for 

their autonomous operation by generating electrical power to replace or supplement 

existing battery power. The major challenges are the size limitation of the BD, 

inaccessibility, sufficient power sourcing capability continuously, biocompatibility and 
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safety. A short history and taxonomy of power sources is provided below. Further, Fig. 1.1 

classifies the potential power alternatives for BDs. 

 

Fig. 1.1. BD powering techniques. 

The independent sources can generate power by converting the chemical or mechanical 

energy into electricity. Such sources are subdivided into batteries and environmental-based 

energy harvesting techniques. 

1.1.1. Batteries 
 

In 1796, Volta invented the first battery to store energy in the form of chemical substances. 

Batteries are built with anodes, cathodes and electrolytes to generate current in the form of 

ion movement. The batteries are capable to supply low (few mWs) to high power (few Ws) 

depending on the application. However, the size of the battery is proportional to its 

powering ability. The BEDs such as prosthetic limbs require power ranges from 100 to 500 

mW. Among BIDs the pacemakers, neuro-stimulators and drug pumps require low to 

medium power (few mWs to hundreds of mWs) and implantable defibrillators or 

cardioverters need higher power (few Ws) along with longer battery longevity [1].  

In 1972, the first medical implant, the pacemaker, was introduced using batteries [2]–[5]. 

Since then various types of batteries have been used for biomedical external and 

implantable devices (BEDs and BIDs, respectively) [1], [6]–[11]. The compact size, longer 

durability and higher volumetric energy density make the lithium-based batteries most 

popular candidate for the BDs [8], [12], [13]. 
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Typical lithium (Li) batteries have been widely used as a primary power sources for the 

biomedical applications such as cochlear implants, cardiac defibrillators, pacemakers or 

drug delivery systems. The recent invention of the flexible Li or Li polymer batteries 

demonstrated significant potential for the sensitive BID applications [14], [15]. The 

prospect of the Li batteries is promising for flexible electronics, wearable consumer goods; 

however, its implementation for the BIDs is limited due to the size, life time and questions 

related to potential toxicity and leakage.   

Another potential candidate of the high power source is the nuclear batteries where power 

is transformed to electricity through energy carried by particles emitted from radio-

isotopes. More than 15 years of continuous power sourcing is achievable with a 

comparatively smaller nuclear battery than the Li battery. However, the radioactivity 

danger along with their manufacturing cost makes them a less attractive contender for 

biomedical applications [16]. 

1.1.2. Environmental Energy Harvesting 
 

Environmental energy harvesting relies on the fluctuations of the chemical, electromagnetic 

field, temperature or motion of the system within the environment and converts fluctuations 

to electricity by using sensors or actuators. 

1.1.2.1.Bio-fuel cells 
 

Generally, bio-fuel cells convert biochemical energy into electricity based on the 

involvement of the electrochemical reactions via a biochemical pathway by exploiting 

biocatalysts from renewable biodegradable materials such as glucose or amylum [10], [13]. 

The bio-fuel cell was pioneered by Potter in 1911 when he discovered that a current of 0.2 

to 0.5 mA at 0.3 to 0.5 V can be generated by placing platinum electrodes into E.coli 

cultures [17]. Fig. 1.2 shows a conceptual schematic of a fuel cell where the current is 

generated by the oxidation and reduction reactions occurring at anode and cathode, 

respectively. The released electrons from the oxidation travel to the cathode to form the 

electrical current using an external circuit [10]. Furthermore, a proton-selective exchange 

membrane can be used to escalate proton movement towards the cathode. Enzyme-based 

bio-fuel cells are capable of generating few milli-watts of power under mild conditions of 
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20~40ºC and close to pH=7.0 which is suitable for BIDs, such as pacemakers, cardiac 

defibrillators and drug delivery systems. 

 

Fig. 1.2. Schematic of a bio-fuel cell. 

Bio-fuel cells can be easily manufactured by using the existing recyclable materials present 

in nature which makes it attractive power solution for rural households and a few low 

power industrial applications. However, its implementation for biomedical applications is 

still in the early research stage due to low power and possibility of repetitive surgical 

interventions. Further, the maintenance of the biocatalyst over a long period is significantly 

challenging. 

1.1.2.2.Thermoelectricity 
 

Unlike bio-fuel cells, thermoelectricity can be exploited by utilizing the temperature 

differences in the human body. Temperature gradients in the body can be harvested to 

create a difference of potential using the thermoelectric module, as shown in Fig. 1.3  

where Tc and Th represents cold and hot temperatures, respectively [18]. In [19], a micro-

machined CMOS thermoelectric generators were developed using poly-SiGe material 

deposited on a polysilicon substrate. This research leads to an output power of 1 μW with 

generators of 1 cm2 in size with respect to 5 K of temperature difference. A maximum 

output power of 180 μW/cm2 is achievable with the maximum temperature difference of 8 

K between the inner part of the body and the skin surface.  This is significantly lower to 

generate necessary current for multi-modal biomedical devices. This power can be 

increased by implementing large number of cascaded thermocouples which increases the 

size, reliability and biocompatibility issues [18].   
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Fig. 1.3. Conceptual diagram of thermoelectricity generator. 

1.1.2.3.Piezoelectricity 
 

In 1880, French physicists Jacques and Pierre Curie discovered the piezoelectric 

phenomenon and verified that certain materials can generate proportional electrical 

polarization with applied proportional mechanical stress [20]. The physical phenomenon 

behind this technology is based on the fact that some solid materials can generate and 

accumulate a certain amount of electrical charge when those are subject to mechanical 

deformation. Fig. 1.4 shows a conceptual schematic of the piezoelectricity generator where 

a piezoelectric material can be placed in a certain position of the human body. This material 

can generate electric charge through the motion of a body part and convert it into usable 

power using an energy harvesting circuit. However, achieving and harvesting energy in 

vivo from such a system is still very much a current research topic. Furthermore, the size of 

the material and biocompatibility are the major challenges to implement this system as a 

primary power source for biomedical devices.    

 
Fig. 1.4. Conceptual schematic of piezoelectric generator for biomedical devices. 
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1.1.3. Sources with Transferring Mechanism 
 

This technique can also be referred to as WPT. The size and power limitation of the 

independent sources necessitate the development of an alternative technology to deliver 

power efficiently to multi-modal biomedical devices. Power sources with the transferring 

mechanism depend on the electromagnetic [21], acoustic [22] or optical [23] waves to 

transfer power through air or human tissue to the BDs. In Fig. 1.5, the power transmitter 

and receiver are generally coils, antennas or some form of transducers. The input and 

output powers are processed by transmitter and receiver circuits, respectively. In this 

technique, the power requirement of the biomedical devices can be managed through the 

transmitter circuit. Furthermore, the power receiver unit is in-built with the biomedical 

device and its size can be reduced through the design and repetitive optimization method to 

transfer adequate power. Therefore, this technology is a promising and viable candidate 

which is compatible with the required power, size and tissue safety for BDs.   

 

Fig. 1.5. Conceptual diagram of the power sources with transferring mechanism for biomedical devices. 

Current BIDs mostly depend on the batteries for their reliable operations. However, trade-

off between the size and capacity of the battery is a major concerning issue for the multi-

modal power hungry BIDs. In case of CE application, the battery size is limited to the 

standard capsule size of 11 mm diameter and 26 mm length. The present lithium ion and 

silver oxide battery of 9.5 mm × 2.7 mm (30 mAh) and 7.9 mm × 3.6 mm (38 mAh) can be 

easily populated in the capsules for CE operation. However, the multi-modal CE requires 

minimum of 30 mW of power for full functional operation for 8 to 10 hours. With the 

specified energy limit the lithium ion and silver oxide battery can support such multi-modal 

CE only for 2.5 and 4 hours, respectively. Therefore, an acceptable alternative power 

source of such BIDs is the WPT. It is possible to transfer more than 50 mW of power 
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continuously using the WPT techniques. The major concerning issue of continuously 

powering a BID using WPT at higher frequencies is the tissue safety of the patient. It is 

possible to use a topology where a rechargeable battery can be used to operate the multi-

modal BID where a WPT system can also be used as an alternative to recharge the battery 

after every specified period of time to confirm the continuous BID operation for longer 

time as well as the tissue safety of the patients.  

1.2 Motivation 

Designing an efficient WPT system is necessary for the BEDs and crucial for BIDs to 

transfer maximum power. However, modelling such system in commercial electromagnetic 

(EM) simulator such as ANSYS MAXWELL 3DTM and HFSSTM and CST microwave 

studio requires days of simulation to finalize a design set of TX and RX coils or antennas. 

Therefore, an accurate analytical closed form model is necessary to reduce the overall 

design period. In this thesis, a mathematical model of the near field inductively coupled 

WPT system is presented to design and optimize the WPT system accurately and time 

efficiently. Furthermore, the proposed theoretical models are utilized to design (a) 3-D 

WPT systems for CE application and (b) an inductively coupled WPT system for prosthetic 

hands.    

In CE, one of the major concerns is the diagnostic yield (DY) which depends on the quality 

of the images i.e. resolution and viewing angle. This leads to power hungry camera with 

high specifications and multiple sensors which are difficult to be operated continuously 

using current battery technology. The size constraint of the CE demands a miniaturized 

power supply system. Furthermore, the unpredictable movement and rotation of the capsule 

inside the human gastrointestinal (GI) tract demands a 3-D type power source. Finally, 

maintaining human tissue safety is a primary concern to implement a transfer mechanism-

based power supply technique for CE. In this thesis, two 3-D WPT systems are presented to 

address these issues and supply adequate power for multi-modal CE. Additionally, the 

exploitation of the received power from the 3-D WPT system as a potential for capsule 

localization and positioning has been investigated in this work. 

Battery powered prosthetic limbs are becoming popular among the wide range of physically 

disabled people all over the world. In these devices, the batteries are mounted inside the 
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limb and recharging these batteries demands to remove those limbs from the body which is 

mostly inconvenient and sometimes dishonourable as well. Therefore, a WPT system is 

proposed for the prosthetic hand as a representation of the prosthetic limbs. The overall 

system is modelled, optimized and manufactured along with the verification of the tissue 

safety. 

1.3     Thesis Layout 

This section outlines the chapters presented in this thesis. A visual layout of the thesis is 

provided at the end of this chapter in Fig. 1.6. 

Chapter 2: Literature Review on WPT for Biomedical Devices describes all the possible 

WPT techniques present in the literature. All the techniques are explained with respect to 

their link design, optimization, system design and design challenges. This chapter covers 

capacitive coupled, inductively coupled, magnetic resonance coupled, mid-field, far field, 

acoustic and optical wireless power transfer techniques. 

Chapter 3: Applications of WPT in Biomedical Devices is the extension of the literature 

review of Chapter 2. This chapter explains the possible biomedical applications of the WPT 

techniques presented in Chapter 2. An abstract level comparison along with a broad tabular 

comparison is presented to demonstrate the performance of different WPT techniques and 

their suitability for the commercial BDs. 

Chapter 4: Inductance Modelling focuses on the accurate modeling of the self- and 

mutual inductance of the near field WPT coils. Effects of translational and angular 

misalignments of the WPT coils onto the power transfer efficiency are analytically modeled 

and experimentally verified. 

Chapter 5: Parametric Analysis and Optimization of the Performance of WPT Coils 

describes how different parasitic parameters (AC resistance and parasitic capacitance), 

number of turns, quality factor and power transfer efficiency are inter-related. A nested 

multidimensional optimization algorithm is proposed in this Chapter.  

Chapter 6 Application of 3-D WPT Systems for Capsule Endoscopy presents two 

versions of 3-D WPT RX coils. A multi-TX-based WPT system is proposed in this chapter. 

Both 3-D RX coils are analytically modelled, simulated in ANSYS HFSSTM, manufactured 
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and experimentally validated. The tissue safety of the proposed systems is verified by 

specification absorption rate (SAR) simulation and temperature variation measurement 

inside a phantom mimicking the human muscle properties. 

Chapter 7: Method to Detect Capsule Position analyses the potential of the received 

power from a 3-D WPT system to identify the position of the capsule in a certain location. 

This concept is analytically described and verified by simulation and measurement. A 

liquid phantom is prepared and tested for the measurement of the proposed localization and 

positioning technique. 

Chapter 8: WPT and Rotation Monitoring for Prosthetic Hands describes a complete 

WPT system for prosthetic hand application. Inductively coupled WPT coils are modelled, 

simulated, manufactured and tested in a dummy hand model to represent prosthetic hand. 

The tissue safety of the system is verified by SAR simulation and temperature variation 

measurement.   

Chapter 9: Conclusions and Future Work summaries the results achieved in this work. 

Further, the conclusions of the thesis will describe the future possibilities of the WPT 

systems for BEDs and BIDs lead by the proposed systems in this thesis.   
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Fig. 1.6. Thesis Layout 
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Chapter 2. Literature Review on WPT for Biomedical Devices 
 

2.1 Introduction 

Wireless power transfer (WPT) can be defined as the methods and techniques necessary to 

transmit energy from a power source to an electrical load without the use of physical 

electrical wires connecting this power source to the load [24], [25]. Recently, this 

technology has been used extensively in a wide range of applications ranging from 

sophisticated low-power biomedical implants [26]–[29], high-power electric vehicles [30]–

[33] to white goods such as electric tooth brushes and mobile phones [34]. 

Fig. 2.1 shows the taxonomy of WPT techniques alongside the key technology 

breakthroughs from the 1880s to the present day, which are relevant to Biomedical Devices 

(BDs). Both electromagnetic (EM) and non-EM energy techniques are considered in this 

chapter to classify WPT methods. The former includes electric and magnetic coupling 

systems and can be further classified as non-radiative transfer systems which is also known 

as near-field, i.e. less than 100 mm distance between transmitter and BD [35], and radiative 

transfer systems. Further, midfield WPT lies in between the non-radiative and radiative 

regions [36] and characterized by a separation distance of 100 to 500 mm between the 

transducer and the BD. The non-radiative technique includes inductive coupling which is 

also known as witricity [37], magnetic resonance coupling [38] and capacitive coupling 

[39]. The predominant non-EM technique is acoustic-based power transfer [40] and is a far-

field (more than 500 mm distance) transmission technique like optical coupling [23]. The 

near field is generally the region next to the antenna and it is less than 2D2/λ where D is the 

maximum linear dimension of the antenna and λ is the wavelength of the EM waves. The 

inductive coupling works in the reactive region of the near field which is defined as λ/2π 

from the antenna surface. Furthermore, the far-field is dominated by the radiating field and 

defined as the region greater than 2D2/λ. Therefore, the selection of near and far-field 

depends on the size of the antenna and its operation frequency. 

In 1888, one of the first intentional demonstrations of WPT was carried out by Nikola Tesla 

through the use of magnetic resonance and near-field coupling-based wireless power 

transfer coils, also known as Tesla coils [41]. However, H. R. Hertz confirmed the presence 

of electromagnetic radiation ten years earlier than Tesla in 1896 when he successfully 
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transmitted electricity over a tiny gap using induction coils. The use of WPT for induction 

heating [42] became popular during the 1970s for industrial applications such as welding 

and brazing whereby a pair of magnetically coupled circular ferromagnetic plates was used 

for high frequency heating equipment. Moreover, WPT systems were applied for short 

range applications, such as inductive power transfer systems in the 1990s [43]–[47] and 

become popular for portable equipment in 2000s [48]–[52] due to wireless charging 

capability. The commercial aspect of WPT systems has attracted the attention of industries 

and of many researchers over the last decade for different electric devices such as mobile 

phones. The size of the batteries along with the reduced lifetime and the drawbacks of the 

transcutaneous wiring justify the necessity of the WPT for sophisticated BEDs and BIDs.  

Over the last two decades, different WPT techniques targeted for biomedical application, as 

shown in Fig. 2.1, have been studied to improve the performance in terms of power transfer 

efficiency (PTE), size and tissue safety. The application of WPT for BDs more specifically 

BIDs started in the 1960s, through the work of Shuder et al. who used inductive coupling to 

power an artificial heart [53]–[55]. Significant advancement occurred in the 2000s and 

2010s. Research on printed spiral coils (PSCs) manufacturing techniques and performance 

characterization intensified from 2007 onwards [21]. This form of WPT coils is suitable for 

BIDs as it can be printed and mounted conveniently. Magnetic resonance coupling for 

BIDS attracted the attention of the researchers since its invention in 2007 at MIT [38]. 

Research on mid-field [56], acoustic piezoelectric vibration-based [57] and optical [58] 

WPT techniques in the 2000s have also introduced the possibility of miniaturized WPT RX 

coils for deep implants. Recently invented chip-scale WPT coils [59] provided further 

miniaturization potential for BIDs.   

A significant research focus is recorded in the literature towards WPT systems for BIDs 

compared to BEDs due to the challenging implementation aspect of BIDs. The 

comparatively larger size of the BEDs can easily accommodate batteries to provide the 

required power. Thus, WPT systems for BEDs are rare in the literature and this chapter 

primarily focuses on the WPT systems for BIDs. In this chapter, a systematic review based 

on the system design and optimization methodology, performance and BID implementation 

currently available is presented. Sections 2.2 to 2.7 discuss the various WPT methods 

proposed for powering medical devices following the taxonomy shown in Fig. 2.1. The 
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theoretical aspects and operation principles of the WPT links are presented in these 

sections. The analytical design and optimization method of these WPT techniques are 

explained briefly alongside the expression of the power transfer efficiency (PTE).  

The power processing electronic circuitry is described for the TX and RX for each WPT 

technique presented in this chapter. Power transfer efficiency values for the link (i.e. the 

system without the electronic circuit) are included whenever possible. This is followed by a 

presentation of the range of applications using this WPT technique. Finally, a subsection is 

explained with the design challenges and future design trends. The biomedical applications 

of different WPT techniques presented in this chapter are illustrated elaborately in Chapter 

3. 

Section 2.2 describes the capacitively coupled WPT system followed by sections 2.3 and 

2.4 which present in detail the well-established non-radiative inductively coupled and 

magnetic resonance-based WPT techniques. Sections 2.5 and 2.6 explain the more recent 

mid- and far-field WPT methods. Section 2.7 summaries the potential of non-EM WPT 

techniques. Section 2.8 includes the least studied non-EM optical WPT method. Finally, 

Section 2.9 summarizes this chapter. 
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Fig. 2.1.Classification and research overview of WPT techniques with indication of key milestones relevant to medical devices.
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2.2 Effect of Frequency in Tissue Absorption 

At sufficiently low frequencies, the dielectric permittivity is constant and real-valued. The 

depth of penetration depends on the frequency of the microwaves and the tissue type.  As 

lower frequencies penetrate deeper into the tissue, and as there are fewer nerve endings in 

deeper-located parts of the body, the effects of the radio frequency waves (and the damage 

caused) may not be immediately noticeable. However, the lower frequencies at high power 

densities present a significant risk. The tissue damage depends primarily on the absorbed 

energy and the tissue sensitivity; it is a function of the microwave power density, 

frequency, absorption rate in the given tissue and the tissue sensitivity. The absorption, 

transmission or reflection of a particular frequency is highly dependent on the material 

properties of the human body. It is almost completely transparent to radio waves at lower 

frequencies. However, with the increase of the frequency the relative permittivity and 

conductivity of the human tissue decreases and increases respectively which increases the 

tissue absorption. Fig. 2.2, 2.3 and 2.4 show the variation of relative permittivity and 

conductivity with respect to the frequency sweep from 100 kHz to 100 MHz for skin, fat 

and muscle tissue respectively [60]. 

 

Fig. 2.2.Skin tissue relative permittivity and conductivity variation with respect to frequency. 
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Fig. 2.3.Fat tissue relative permittivity and conductivity variation with respect to frequency. 

 

Fig. 2.4.Muscle tissue relative permittivity and conductivity variation with respect to frequency.In wireless 

power transfer applications for BIDs the primary measure of the tissue safety is considered 

as the specific absorption rate (SAR). It is the unit of measurement for the amount of radio 

frequency energy absorbed by a body when using a wireless device. SAR must be lower 

than the 2 W/kg for 10 g of tissue as per IEEE standard [61]. 
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The industrial, scientific and medical (ISM) frequency bands are reserved internationally 

for WPT technology for BID applications. These bands include lower kHz range (6.78, 

13.56 and 27.12 kHz), lower MHz (6.78 MHz, 13.56 MHz and 27.12 MHz), higher MHz 

(433.9 and 915 MHz) and GHz (2.45, 5.8 and 24.125 GHz). However, for near field 

inductively coupled WPT the PTE is significantly dominated by the quality factor of the 

smaller size RX coils. Furthermore, the quality factor is function of frequency. With the 

increase of frequency, the skin-effect increases significantly and the ac resistance increases 

which reduces the current through the coil and the quality factor. Furthermore, at higher 

frequency the coils can also be move towards their self-resonance frequency. Therefore, it 

is ideal to use lower kHz and MHz frequency bands for inductively coupled WPT 

techniques. However, the radiative far-field WPT works on the higher MHz and GHz 

frequency range. It must be noted that in higher frequencies the SAR can increase 

significantly. Therefore, the operation frequency of the WPT must be selected carefully for 

the efficient and safe operation of WPT for BIDs.   

2.3 Non-Radiative Capacitive Coupling  

2.3.1. Link Design 
 

Non-radiative capacitive coupling (NRCC) for biomedical applications was first 

demonstrated for the powering of subcutaneous implants [62].  Extended to flexible 

implants, the coupling system can be schematically described in Fig. 2.5 by a pair of 

conductors placed at a separation distance D on each side of the skin, and connected to the 

implant device presenting a load resistance RL  [36]. Another pair of conductors ensures a 

closed current loop whereby power can be delivered to the BID. WPT across the tissue 

layers is established by the displacement current, IDisp, between the conductor plates. The 

voltage excitation on both transmitter/receiver (TX/RX) pairs generates extremely low 

currents due to the small effective area and therefore the small capacitance of the 

conductors. NRCC was originally investigated for wideband data telemetry [62], [64], [65] 

using digital modulation techniques, such as frequency shift keying (FSK) or binary phase-

shift keying (BPSK). However, the wireless powering potential of NRCC has only been 

recently studied. 
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Fig. 2.5.NRCC method schematic (taken from [36]. Copyright ©2017, IEEE). 

2.3.2. Optimization 
 

Optimization of the WPT link requires to satisfying several trade-offs. The conduction 

current, Icond, induced in the skin and surrounding tissues, must be minimized to reduce 

dispersive losses and EM field decay rate [66]. This is possible to implement either by 

increasing D, which favours deep implantation of the medical device or operating at low 

frequencies as the conductivity increases with frequency. Furthermore, the displacement 

current must be maximized for optimum PTE, which requires either a decrease of D or 

increase of the effective area, A, of the conductors which limit the application range of 

BIDs, an increase of frequency to reduce the complex, frequency-dependent relative 

dielectric permittivity, εr (ω), or an increase rate of change of the electric field.  

The optimized PTE, η, can in fact be approximated using the dielectric tissue dispersion of 

the Cole-Cole relaxation model [63], [67]: 

 

휂 =
푅

푅 + 푅 (1− |휏| ) (2.1) 
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푅 = 푅푒푎푙
−푗퐷

휔휖 휀 (휔)퐴  (2.2) 
 

where RT describes the loss resistance equivalent to tissue losses, τ is the reflection 

coefficient and ϵo is the free space permittivity. RT is calculated based on the assumption 

that the electric fields are localized within the volume defined between the TX and RX 

patches. Achievement of higher PTE depends on the nature of the tissues between the 

conductors and the operation frequency (tens of MHz) of the NRCC link. Higher 

frequencies would increase conduction losses in the tissues and, close to the tissue 

relaxation resonance (in the GHz range), would cause severe damage [68].  

2.3.3. System Design 
 

Description of NRCC-specific RX power circuitry, including rectifier and regulator, is rare 

in the literature. In [69], a nominal condition-based class-E power amplifier (PA) is 

proposed for NRCC presenting a load resistance RL, as shown in Fig. 2.6.  

 

 

Fig. 2.6.NRCC WPT system [69]. 

The class-E PA is designed with an CSD13380F3 N-channel MOSFET switch with a 

TPS28226 high frequency driver. Lc is the radio frequency choke (RFC) inductor to provide 

constant current to the circuit. The optimized shunt capacitance, CP, the resonant circuit 

inductance, LS, and the capacitance, CS, are given as: 

퐶 =

푃 (1− 훿) cos(2휋훿 + 휑) [휋(1 − 훿)
cos(2휋훿) + sin (2휋훿)]

휔푉 sin (2휋훿 + 휑)sin (2휋훿)
 (2.3) 
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퐿 =
푉

2휋휔푃
2휋 훿 − 2휋훿푉 cos(휑) + 푉

[sin(2휋훿 + 휑) − sin 휑]  (2.4) 

퐶 =
1
휔퐿  (2.5) 

 

where Po is the output power, δ is the duty ratio, φ is the initial phase shift of the load 

current and VDD is the dc voltage source. The efficiency improvement of the PA is achieved 

by using an LCL impedance matching network (L1, L2 and C) under the variable load 

condition. In [69], a maximum PA efficiency of 96.34% is claimed for 13.56 MHz 

operation frequency. The major design concern of the proposed system is the power 

consumption of the TPS28226 driver at higher frequencies. According to the technical 

datasheet, this particular driver can dissipate approximately 1.1 W of power for a switching 

frequency of less than 2 MHz. Therefore, the power dissipation would be very high for an 

operating frequency of 13.56 MHz. It is unclear whether the dissipated power by the driver 

has been included in the final PA efficiency calculation.   

2.3.4. Design Challenges and Future Trends 
 

NRCC has following major design challenges: 

1) The limited amount of power delivered by NRCC is an issue due to the low PTE. To 

improve the PTE the capacitance must increase, thus the separation distance has to be 

very small, of the order of millimetres or below. 

2) NRCC is sensitive to misalignment. Any misalignment causes drastic reduction in the 

capacitance coupling and substantial decrease in the PTE. 

3) Efficient power processing (rectification) is difficult for high operation frequency due 

to the difficulty in designing and implementing high efficiency rectifier for NRCC. 

4) Extensive tissue safety analysis should be demonstrated before considering this method 

for in vivo applications as no report is yet available regarding tissue safety.  

Accurate determination of the dielectric properties of the application-specific biological 

tissues would be essential to improve the PTE of the NRCC link. Further study and 

modelling of the effect of misalignment on the PTE is also a necessary topic of research for 

further improving NRCC WPT. 
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2.4 Non-Radiative Inductive Coupling 

2.4.1. Link Design 
 

Non-radiative inductive coupling (NRIC) is the oldest and most established WPT method 

and works according to the electromagnetic (EM) induction principle [21]. It is also known 

as loosely coupled WPT because of the separation distance is comparable with the size of 

the receiver coil. Several inductively coupled wireless implantable devices, such as 

cochlear implants and neurostimulators, have already been approved by the U.S Food and 

Drug Administration (FDA) [70], [71].  

Fig. 2.7 shows a TX coil which is positioned adjacent to the skin and supplies a time 

varying magnetic field generated by a frequency dependent voltage driver source. The 

induced electromotive force (EMF) in the receiving (RX) coil placed inside the body from 

the magnetic field generated by TX is processed further using a silicon-based rectifier with 

the RX system [72]. The TX and RX coils should be tuned to the same operating frequency 

to increase the PTE [73]. 

 

Fig. 2.7. NRIC WPT system powered by alternative EMF. 

2.4.2. Optimization 
 

A wide range of coil designs have been reported in the literature for NRIC over the last two 

decades and range from wire wound coils (WWCs) [74], [75] to PSCs [21], [76]–[78]. The 

methodology to optimize the whole WPT scheme is however relatively similar for most of 

the reported systems. As this WPT scheme is predominantly used, a detailed description of 



22 
 

the optimization method is provided here alongside the description of the main system 

components. 

2.4.2.1. Self-inductance 
 

The expression of the self-inductance, L,  of the PSC used in most of the literature is [21], 

[76], [79]–[82] 

 

퐿 =
퐶 휇푁 퐷

2 ln
퐶
휑 + 퐶 휑 + 퐶 휑  (2.6) 

 

where Nl is the number of loops, µ = µoµr is permeability, and Davg = (Do + Di)/2, where Do 

and Di are the outer and inner diameters of the coil, respectively, and φ is the fill factor. The 

coefficients Ci are layout dependent as shown in Table 2.1 [83]. 

Table 2.1. Current Sheet Expression Coefficients 

Layout C1 C2 C3 C4 

Circle 1.27 2.07 0.18 0.13 

Octagonal 1.09 2.23 0.00 0.17 

Hexagonal 1.07 2.29 0.00 0.19 

Square 1.00 2.46 0.00 0.20 

 

The analytical expression of the self-inductance, L,  of a one-turn WWC is either [75], 

[84]–[86]  

퐿 =
휇퐷

2 ln
퐷
푤  (2.7) 

 

where w is the wire diameter of the loop, or [74], [87], [88] 
 

퐿 =
휇퐷

2 ln
8퐷
푤 − 2  (2.8) 

 

For a multi-loop, multi-layer WWC, the self-inductance is the combination of the self-

inductances of all the loops and layers and the mutual inductances among different loops 

and layers [87], [88]. Additionally, an accurate estimation of the radius and length of the 
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coil, inspired from the Archimedean spiral found in nature, is presented in [89] to improve 

the optimization performance.  

2.4.2.2. Mutual inductance 
 

A simplified form of the Maxwell’s equation is used in the estimation of the mutual 

inductance between two coils Ci and Cj of radii Ri and Rj. Used for PSCs [21], [76], [79]–

[81] and WWCs [74], [87], the expression is 
 

푀 =
2휇
훼 푅 푅 1−

훼
2 퐾(훼 ) − 퐸(훼 )  (2.9) 

훼 = 2
푅 푅

푅 + 푅 + 푑
 (2.10) 

 

where dij is the distance between Ci and Cj, assumed perfectly aligned, and K(α) and E(α) 

are the complete elliptic integrals of the first and second kind, respectively. Another 

approach to calculate Mij developed from the approximation of the Neumann’s equation 

[90]: 

푀 =
휇휋푅 푅

2 푅 + 푅 + 푑
1 +

15
32훾 +

315
1024훾  (2.11) 

훾 =
2푅 푅

푅 + 푅 + 푑
 (2.12) 

 

 

The latter approach has the advantage to accommodate translational and angular 

misalignment of the coils [90]. Both the self- and mutual inductances are analyzed in 

details in Chapter 4. 

2.4.2.3. AC resistance 
 
The ac resistance of a PSC is dominated by the dc resistance and is defined as [21], [79], 

[82] 

푅 = 푅 + 푅 = 푅
푡

훿 1 − 푒
.

1

1 + 푡
푤

+
1

10
휔

3.1휌(푠 + 푤)
휇 푤 푡

 

 

(2.13) 
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where ρ, t and s are the resistivity, thickness and wire spacing, respectively. Rdc and δ are 

the dc resistance and skin depth, respectively, so that  

푅 =
휌푙
푤푡 

(2.14) 

훿 =
휌
휋휇푓 (2.15) 

 

where l is the complete wire length of the coil and f is the operating frequency. The 

commonly used formula for ac resistance of a WWC is given as [85], [91], [92] 
 

푅 =
푅 퐷  

4훿(퐷 − 훿) (2.16) 
 

Another approach is to calculate iteratively the ac resistance of WWC using [75] 
 

푅 = 푅 1 +
푓
푓

 (2.17) 
 
 

where fh is the frequency at which the ac power dissipation is four multiplied by the dc 

power dissipation. 

2.4.2.4. Parasitic capacitance 
 

Different expressions are recorded in the literature for the PSC and WWC. The parasitic 

capacitance, Cpar, of a PSC for single dielectric layer is given as [21], [82] 

퐶 =  
(훼휖 + 훽휖 )휖 푡푙

푠  (2.18) 
 

where α and β are empirical parameters determined form experiments, lg is the total length 

of the gap between two wires and εair and εsubstrate are the relative permittivity values of air 

and of the substrate. In [79], a detailed analysis of the parasitic capacitance is included by 

considering different dielectric layers around the WPT coil. The simplified form is written 

as   

퐶 =  휖 _ 휖
퐾(푘′)
퐾(푘) × 푙 + 퐶  (2.19) 
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where ϵr_effective and Ctov are the effective relative dielectric constant and overlapping trace 

capacitance. K is the complete elliptic integral of the first kind and k (and 푘′) are defined in 

[77]. From [75], [85], [92], the parasitic capacitance between two turns of a WWC, Ct,  is 

퐶 = 휖 휖
휋퐷 푟

휍 + 휖 푟 (1− cos 휃) + 0.5휖 푠 푑휃 (2.20) 

 

where, ς is the thickness of the insulating wire, ro is the radius of the conducting section of 

the wire, Dx is the average diameter of the insulating coating shell given by (Din+Dc)/2 [93].  

The parasitic capacitance between two layers, Cl, can be written as 
 

퐶 = 휖 휖
휋퐷 푟

휍 + 휖 푟 (1− cos 휃) + 0.5휖 푠 푑휃 (2.21) 

A general expression for the total parasitic capacitance for multi-loop, multi-turn coil is 
 

퐶 =
1
푁

퐶 (푁 − 1)푁 + 퐶 (2푖 − 1) (푁 − 1)  (2.22) 

 

where Ntot = Nt × Nl., with Nt being the total number of turns and Nl the total number of 

layers. 

2.4.2.5. PTE 
 
The PTE can be estimated by utilizing different theories in the literature. Using lumped 

element circuit analysis, the simplified expression of the PTE, ηij,  between the coils Ci and 

Cj can be written as [94]–[96] 

휂 =
푘 푄 푄

1 + 푘 푄 푄
 (2.23) 

 

where kij (= 푀 / 퐿 퐿 ) is the coupling coefficient between coils, Ci and Cj. Qi and Qj are 

the quality factor of Ci and Cj, respectively. Without the effect of load resistance Qi and Qj 

are knows as unloaded quality factor, Qunloaded and defined as 
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푄 =
휔퐿 − 휔(푅 + 휔 퐿 )퐶

푅  (2.24) 
 

Where ω is the radial frequency of operation and L is the total inductance of the coil. The 

expression of PTE using coupled mode theory (CMT) [85], [92] [89] is 
 

휂 =
1

1 + Q
Q 1 + 1

퐹푂푀 1 +
Q
Q

 
(2.25) 

 

where QL (=2πfLRX/RL) [38], [97], [98] is the loaded Q-factor calculated by using the 

inductance of the RX coil, LRX and the load resistance, RL and the dimensionless figure-of-

merit, FOM, defined as [97] 

퐹푂푀 = 푘 , 푄 푄  (2.26) 
 

The PTE can also be derived using reflected load theory (RLT) [85], [86], [92] 
 

휂 =
푘 푄 푄

1 + 푘 푄 푄
푄
푄  (2.27) 

 

where QjL is the loaded Q-factor of Qj. The CMT and RLT equations of PTE can be shown 

to be mathematically identical in steady state conditions [60]. 

2.4.2.6. Optimization flow 
 

PTE is the primary evaluation metric for NRIC WPT link. The common factors to limit the 

performance of the PTE are skin effect and proximity effect resistances [21], [79], [82], 

large separation distance between TX and RX, translational and angular misalignment of 

the coils and tissue losses. Furthermore, the selection of the operating frequency to 

maximize the coils quality factor, proper impedance matching of the two-port network and 

optimal load resistance value can contribute to maximum PTE for this WPT scheme.  
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Fig. 2.8. Optimization flow graph of NRIC WPT system. 

 
 

Fig. 2.8 shows an iterative optimization flow diagram that has been adopted in most of the 

research literature to achieve maximum PTE [21], [76], [80], [85], [86]. A nested 

multidimensional optimization algorithm has recently been proposed in [89]. This 

algorithm can process the various design parameters in a multidimensional design space 

simultaneously and reach the global maximum efficiently. This algorithm is described in 

more detail in Chapter 5. In general, the frequency of operation of the NRIC is limited to 

hundreds of kHz to a few tens of MHz. 

2.4.3. System Design 
 

Fig. 2.9 shows the circuit topology of a single-ended class-E PA also known as a dc-fed 

energy injection converter.  
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Fig. 2.9. Single-ended class-E PA for NRIC WPT. 

 

In this architecture, the resonant circuit (combined of Lc and Cp) is mainly used as an 

energy storage element [99]. In each switching cycle, the energy storage element is first 

charged by the MOSFET, and then. It discharges its stored energy to the inductive load. 

The input power section is composed of a dc voltage source, VDD, and a choke inductor, LC. 

The switching section includes a MOSFET switch driven by the input voltage VG generated 

from the MOSFET driver integrated circuit and operated at the WPT frequency, and a 

parallel capacitor, CP. Finally, the load section contains in series the resonating capacitor, 

CS, and the load (LL, RL), where LL is the TX coil of the NRIC link. This class-E PA is 

exploited extensively in Chapter 6.  

Fig. 2.10 shows a nominal [100] class-E PA and class-E current driven rectifier [101]. The 

system efficiency is recorded as 84% after rectification for an operating frequency of 6.78 

MHz. This generic NRIC WPT system topology can be adopted for BED and BID 

applications. The rectifier consists of a Schottky diode, DR (STPSC406), a parallel 

capacitor, CR, a filter capacitor, CL, a filter inductor, LR, and a dc load, RL. LTX and LRX are 

the inductances; RTX and RRX are the ac resistances; and CTX and CRX are the series resonant 

capacitances of the TX and RX coils, respectively. A detailed analysis and optimization of 

the parameters is provided in [101].   
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Fig. 2.10. Schematic of class-E PA and rectifier system for NRIC. 

A similar rectifier topology with Schottky diodes is presented in [102], [103] for 3-D NRIC 

WPT for BIDs. A series rectifier architecture is demonstrated in this work for multiple 

rectifiers for 3-D coils. However, parallel rectifier topologies have also been published for 

3-D NRIC WPT [2], [104], [105]. The output power of series rectifier topology is higher 

than that of the parallel topology as all the rectifiers contribute to total power. In the 

parallel rectifier architecture, only the rectifier which produces the maximum voltage 

contributes to the total output power. However, the series rectifier topology increases the 

power loss from Schottky diodes compared to a parallel architecture. Efficiency analyses of 

the Schottky diode-based rectifiers are rare in the literature. However, the increase in the 

leakage current limits the efficiency of this type of rectifier between 30 to 80% and 

significantly lower at higher operating frequencies [106]. Therefore, the lower efficiency of 

the rectifier can reduce the overall system efficiency of the WPT. To overcome this 

challenge several application specific integrated circuit (ASIC)-based high efficiency 

rectifiers have been proposed in offering 93.6% [107],  87% [108] and 86% [109] 

efficiencies for MIDs. 

2.4.4. Design Challenges and Future Trends 
 

NRIC is the most established WPT method for biomedical applications. Issues associated 

with the implementation of NRIC WPT link include: 

1) Optimization only for a particular load to achieve maximum power. Hence, the 

operation of such a link to extract efficient power in variable load conditions still 

remains to be resolved. 
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2) Motion of BDs can cause misalignment in the RX coil and reduce the efficiency of the 

WPT link. Therefore, recent research has focused on the 3-D orthogonal WPT receiver 

architecture to mitigate the misalignment effect [110]. 

3) Robustness of performance of flexible implantable NRIC coils is another important 

design challenge. Severe mismatch of the resonance capacitance can occur due to the 

flexion characteristics of the implant coils [111]. Therefore, self-tuning circuitry is 

required to keep the transfer efficiency stable. Some attempts have been reported to 

address the self-tuning  of the NRIC WPT resonators [112], [113].   

4) The large power requirement of some multi-functional implantable devices might 

prohibit the use of a WPT system that could generate a SAR above 2 W/kg, the 

recommended limit regarding safety of human tissues [114], [115]. It is unfortunate that 

most researchers fail to measure the SAR of their designed coils.  

5) Biocompatibility of the material used for the implanted coil is not published widely in 

the literature. This information is of critical importance to facilitate medical 

acceptability of the implant. 

The demand for miniaturized BIDs has led to an increase in research on the development of 

chip-scale-based [59], [116] NRIC where the WPT coils are embedded with the integrated 

circuits (ICs). Furthermore, alternative approaches, such as 3-D orthogonal structures [2], 

[117]–[119] and ferrite materials [120] have attracted the attention of researchers as a 

means of improving the PTE. Recent research regarding the use of antiparallel resonant 

loops [121], [122] demonstrate a higher PTE at larger separation distance. This technique 

does not require complex impedance matching network associated with traditional WPT 

coils. Therefore, this technique appears to be a potential future candidate for improving the 

efficiency of the NRIC link. 

2.5 Non-Radiative Magnetic Resonance Coupling 

2.5.1. Link Design 
 

Non-radiative magnetic resonance coupling (NRMRC), also known as strongly coupled 

magnetic resonance (SCMR) [73], was first proposed by researchers from MIT in 2007 

[38]. In contrast with the NRIC method, the NRMRC technique uses three [123] or four 
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coil-based [5] architectures, as shown in Fig. 2.11(a) and Fig. 2.11(b), respectively, 

depending on the practical requirements, such as separation distance, PTE and load power 

rating [73].  
 

 
(a) 

 
(b) 

Fig. 2.11. NRMRC equivalent circuit. (a) 3-coil technique. (b) 4-coil technique. 

 

The 3-coil-based WPT system is composed of one TX coil, which is the primary coil, and 

two RX coils, defined as the secondary and load coils [97]. The load can be made 

electromagnetically transparent to the driving circuitry ensuring maximum power transfer 

[124] depending on a specific set of electrical parameters. In [85], a comprehensive 

analysis of the method concluded that three coils can increase power transfer efficiency 

compared to four coils and simultaneously keep the transfer efficiency constant over 

changes in the transferred power [73]. In contrast, the 4-coil-based configuration consists of 

two TX coils, defined as the driver and primary coils, and also the RX secondary and load 

coils. The driver and load coils can be used for impedance matching [125].  

There are multiple instances where both these configurations have superior performance 
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characteristics than the NRIC: (a) better impedance matching capability to optimize the 

system power transfer, (b) higher Q-factor enabled by the primary and secondary coils, 

which can compensate for the sharp decline of PTE caused by the reduced coupling 

coefficient due to the increasing separation distance and (c) higher bandwidth of operation 

[5]. 

2.5.2. Optimization 
 

NRMC optimization methodology follows a similar approach as NRIC. In [77], [126], 

[127] and [5], [128], L is calculated using (2.6) and (2.8), and Mij is determined using (2.9) 

and (2.11). The calculation of the ac resistance and parasitic capacitance of WWCs uses 

equations (2.17) and (2.22), respectively [115], [116], [122]. For PSCs, the same 

parameters are calculated using (2.13), (2.18) and (2.19) [77], [126], [127]. The PTE of the 

3-coil-based  system using lumped element analysis is derived as [123], [129] 
 

휂 =
(푘 푄 푄 )(푘 푄 푄 ) + (푘 푄 푄 )

(1 + 푘 푄 푄 ) 1 + 푘 푄 푄
+푘 푄 푄 + 푘 푄 푄

 
(2.28) 

 
 

where kij and Qi are the coupling coefficients between coils Ci and Cj, and the Q-factor of 

coil Ci, respectively. In [85], [92], the PTE of 3-coil-based NRMRC WPT system is 

analyzed using RLT and simplified as 

휂 =
(푘 푄 푄 )(푘 푄 푄 )

(1 + 푘 푄 푄 ) 1 + 푘 푄 푄
+푘 푄 푄

푄
푄  

(2.29) 

 
 

where QL is the load quality factor (=RL/2πfL) and QiL = QiQL/ (Qi+QL) [92]. The PTE of 4-

coil-based NRMRC WPT system using LCT is given as [5], [128], [130] 

휂 =
(푘 푄 푄 )(푘 푄 푄 )(푘 푄 푄 )
(1 + 푘 푄 푄 )

(1 + 푘 푄 푄 ) + 푘 푄 푄
1 + 푘 푄 푄

+푘 푄 푄

 

 

(2.30) 

The PTE of 4-coil-based NRMRC WPT system using RLT can be written as [77], [85], 

[92], [127] 

휂 =
(푘 푄 푄 )(푘 푄 푄 )(푘 푄 푄 )

(1 + 푘 푄 푄 )
(1 + 푘 푄 푄 ) + 푘 푄 푄

1 + 푘 푄 푄
+푘 푄 푄

푄
푄  

(2.31) 
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The optimization of NRMRC follows a similar methodology as the one presented in Fig. 

2.5 [5], [77], [85], [92], [126], [127]. 

2.5.3. System Design 
 

Similar TX and RX circuits as those used for the NRIC method can be used for NRMRC 

WPT systems.  

2.5.4. Design Challenges and Future Trends 
 

NRMRC is still in the development phase compared to the NRIC. However, this WPT 

technology has been the focus of much attention from researchers over the last decade. The 

important design issues to tackle are as follow: 

1) The design and optimization complexity is higher than the NRIC due to the multi-coil-

based architecture. 

2) The size of the implanted coil is problematic for biomedical applications. Using 

multiple RX coils (secondary and load coils) increases the real-estate required. 

3) It is difficult to align secondary and load coils inside the human body. This problem is 

compounded by the fact that effects of misalignment on the PTE are worse for NRMRC 

compared to NRIC due to the multi-coil-based architecture.  

4) The parasitic capacitance is usually used to tune the TX and RX coils to their resonating 

frequency [73].  Additionally, the biological tissue has a higher dielectric constant than 

the free space [79] which can increase the parasitic capacitance of the implanted coil 

[5]. Hence, the PTE can be affected by the parasitic capacitance inside the biological 

tissue. 

5) NRMRC WPT systems have a higher operating frequency than their NRIC 

counterparts. Therefore, the SAR is prone to the safety limit and must be studied 

carefully.   

The NRMRC is getting more focus recently compared to NRIC WPT systems due to its 

higher PTE, larger permissible separation distance and higher bandwidth. Multiple-TX 

[131]–[133] and RX [134]-based NRMRC WPT systems show great potential for future 
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MIDs. 

2.6 Mid-Field WPT 

2.6.1. Link Design 
 

Traditional BEDs and BIDs rely on the non-radiative WPT to support electronic systems. In 

these systems, a lower operating frequency range of 100 kHz to 50 MHz is used to reduce 

the tissue losses with a considerably large size for optimum operation. However, the level 

of miniaturization required for NRIC and NRMRC implantable systems affects the PTE 

performance at these low frequencies [36], [135], especially when the implant is much 

smaller than its separation distance from the TX coil [136]. Therefore, an emerging WPT 

technology, non-radiative and radiative mid-field (NRRMF) is proposed for powering low 

power implants deep inside biological tissue where the separation of the TX and RX 

antenna is of the order of a wavelength from TX antenna. The mid-field WPT scheme for 

biomedical devices was initially proposed for a 2×2 mm2 square loop RX implant antenna 

operating at 915 MHz [36], [56]. In NRRMF WPT system, the received power is however 

significantly lower (<1 mW) than the NRIC and NRMRC schemes [36], [137]. In [56], 

[136], [138], a combination of non-radiative and radiative modes, known as mid-field 

WPT, have been utilized to achieve better efficiency at larger distance compared to NRIC 

and NRMRC for mm-sized implants at sub-gigahertz to lower-gigahertz range.    

 

Fig. 2.12. Complete NRRMF WPT system [135]. The input signal is feed to the TX antenna by a power 
amplifier following by a matching network. The RX antenna is connected with a matching network and the 
output signal is processed through a power regulation circuit. 

 

As an example, Fig. 2.12 illustrates the two-port-based NRRMF WPT system [135], [139] 

where  J1, M1 and J2, M2 are the electric and magnetic current distributions on the TX and 

implanted RX antennas, respectively. For a mm-sized RX antenna the TX antenna can be 

modeled as an infinite sheet of magnetic current density, M1 [139]. Furthermore, the RX 



35 
 

antenna is considered as a combination of magnetic and electric dipoles with arbitrary 

orientation. The PTE is formulated by abstracting the TX-RX antenna as a two-port 

network and deriving its performance in terms of coupling and matching efficiency. An 

optimal operating frequency must be chosen based on the implant depth and type of tissue 

layers to achieve maximum PTE.  

In Fig. 2.13, the current density and generated magnetic fields are compared for a 

traditional coil source (NRIC)  as shown in Fig. 2.11 (a-b) and an optimal NRRMF source, 

Fig. 2.13 (c-d) [135], [140]. The effect of an optimal source results in a focusing effect of 

the magnetic field component and power flow, as shown in Fig. 2.10(d), which is 

responsible for higher PTE.  

 

Fig. 2.13. Current density and magnetic field distribution for a coil source (a-b) and optimal source (c-d) at 
2.6 GHz [135], [140]. The magnetic field component aligned with receiver dipole moment and the Poynting 
vector (white lines) generated by the coil source and the optimal source. Copyright © 2013, IEEE. 

2.6.2. Optimization 
 

The PTE of a two-port network shown in Fig. 2.12 for a mm-sized and loosely coupled RX 

antenna is given as [139] 

휂 =
|푍 |

4푅 푅
4푅 푅

|푍 + 푍 | = 휂 휂  (2.32) 
 

where Zmn and ZL are the network and load impedance parameters, respectively of the two-

port network, and R11 and R22 are the real parts of Z11 and Z22. This PTE is the product of 
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the coupling efficiency, ηc (first term on the R.H.S of the equation) and the matching 

efficiency, ηm (second term). The maximum PTE is independent of the antenna structure 

and relies solely on the maximization of the coupling parameter γ  [139]:  

훾 =
|푍 |
푅  (2.33) 

 

This parameter decreases as the power loss due to R11 increases. It is also an increasing 

function of the frequency although this increase must be traded off against larger tissue 

dielectric losses. After incorporating the tissue losses, the optimal frequency is calculated 

by considering only the lowest order multiple as  

푓 =
1

2휋
푐 휖

휏푑(휖 − 휖 ) (2.34) 

 

where τ is the tissue relaxation time constant, c is the speed of light and d is the separation 

distance. ϵro and ϵ∞ are the relative permittivity values of the tissue at dc and infinite 

frequencies and can be found in [141]. 

2.6.3. System Design 
 
For NRRMF WPT system for biomedical applications the designs of the power amplifier 

and matching network design are rarely discussed in literature. It is extremely difficult to 

design high efficiency oscillators in the GHz frequency range mainly due to the influence 

of parasitics. Fig. 2.14 shows an example of a RX circuit for NRRMF at 1.4 GHz [135].  

 

 
Fig. 2.14. RX circuit for NRRMF WPT system. 

It consists of an RX coil, an impedance matching capacitor, Cp, a single-stage full wave 

rectifier and a dc load, RL. DR1 and DR2 are the Schottky diodes. The RX coil is modelled as 

an equivalent voltage source, VRX with inductance, LRX and self-resistance, RRX. A matching 
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circuit (Fig. 2.10), is designed based on the impedance of the RX coil, but is independent of 

the impedance of the rectification circuit. The design of the rectifier depends on the voltage 

and current requirement from the load. An ASIC-based rectifier is suggested in [135] due to 

its low footprint and higher efficiency compared to Schottky diode-based rectifiers.     

2.6.4. Design Challenges and Future Trends 
 
NRRMF WPT scheme is a potential solution for deep implant mm-sized RX. However, 

there are challenges that have to be met before utilizing this technique for biomedical 

applications.  

1) The output power of NRRMF WPT systems is very low which limits the range of 

applications for this method. The output power is limited by the lower PTE due to the 

higher separation distance in NRRMF. It is possible to increase the output power by 

improving the TX power within tissue safety guidelines. 

2) The PTE in this technique is maximized by focusing the TX power towards the RX. 

Hence, the influence of misalignment on the PTE could be significant and needs to be 

studied carefully before considering this technology. 

3) Design of high efficiency amplifier and rectifier at sub-GHz and GHz frequency can be 

a challenging task. 

4) Tissue safety is the major issue of concern due to the higher frequency region selected 

for this method. 

The ability of NRRMF WPT systems to focus energy makes it an attractive proposition for 

the treatment of tumors and cancer cells.  

2.7 Radiative Far-Field WPT 

2.7.1. Link Design 
 
Radiative Far-Field (RFF) WPT primarily relies on the electromagnetic coupling of an RX 

antenna positioned at a large separation distance  from the TX antenna. This WPT 

technique demonstrates robustness against misalignment of the TX and RX coils [142], 

[143] compared to NRIC and NRMRC. RFF WPT has been studied extensively over the 

last decade in free-space [144]–[147]. On the other hand, the study of this technology for 
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biomedical devices is still in its early stage [148], [149].  

The tissue safety concerns regarding the RFF WPT system are illustrated in [142], [149], 

[150]. Fig. 2.15 shows a RFF WPT system to deliver EM radiation toward the RX antenna 

from a TX antenna at an optimal frequency [144], [147]. The parameters of the TX and RX 

antennas have been optimized in free space and in a human body model present in the finite 

field electromagnetic (EM) solver software, such as CST microwave studio and ANSYS 

HFSS [142], [149], [150]. The Federal Communications Commission (FCC) regulated a 

maximum TX output power as 30 dBm or 1 Watt [151]. Furthermore, the maximum 

isotropic radiated power (EIRP) should be less than 36 dBm or 4 Watts [142], [149]. 

Additionally, the maximum permissible exposure (MPE) for the uncontrolled exposure to 

an intentional radiator is limited to 6 and 10 W/m2 for operating frequencies of 915 MHz 

and 2.4 and 5.8 GHz, respectively [142]. Hence, the maximum transfer distance can be 

calculated as 0.178 m for the maximum limit of EIRP and MPE for a RFF WPT system.  

 
Fig. 2.15. RFF WPT system powered by alternative EMF. 

  

2.7.2. Optimization 
 

In the far-field, the radiated fields can be modelled as plane waves with electric and 

magnetic field components as Eθ and Hφ, respectively. The simplified expression of the 

power radiated by the TX antenna is [152] 

푃 = 푈 sin휃푑휃푑휑 

 
(2.35) 

where U is the radiation intensity of the far-zone electric field given as [152] 

푈 =
푟
2휂

|퐸 | + 퐸  (2.36) 
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where η and r is the intrinsic impedance of the medium and closed surface radius of the 

radiation boundary of TX antenna, respectively [152]. This radiated field is incident on the 

matched RX antenna and generates a current across the RX antenna terminals. The received 

power, PRX, can be calculated using Friis radio link formula as [149] 

푃 =
퐺 퐺 휆

2휋푑 (1− |푆 | )(1− |푆 | )푒 × 푃  (2.37) 
 

where GTX and PTX are the gain and transmitted power of the TX antenna, respectively, and 

S11 and S22 are some of the scattering parameters of the RX antenna. GRX is the gain of the 

RX antenna and ep is the polarization mismatch of antennas [153]. 

The first physical limitation in terms of Q-factor for small antennas bounded by a sphere 

was given by Chu in 1940s [154]. The Q-factor is of primary importance in the design and 

analysis of electrically small antennas because of its approximate proportionality to the 

fractional bandwidth (BW) [155], [156]. For a low Q-factor the input impedance of the 

antenna varies slowly with frequency and demonstrates broad bandwidth. This lower bound 

Q-factor, Qlb, is quantified as [157]–[159] 

푄 =
1

(푘푎) +
1
푘푎 ≅

1
퐵푊 (2.38) 

 

where k=2π/λ is the free-space wave number and a is the radius of the imaginary sphere 

circumscribing the electrically small dipole antenna. The Qlb introduces a fundamental 

limitation on the bandwidth-efficiency product of a small resonance type antenna [160]. 

Therefore, when the implantable RX antenna size is made smaller, the bandwidth will 

increase in such a way that the bandwidth-efficiency product remains constant hence 

reducing the radiation efficiency.   

The end to end power transfer efficiency of RFF WPT system can be expressed as [147] 

휂 ≜
푃
푃 = 휂 휂 휂 휂 휂 =

푃
푃  ×

푃
푃 ×

푃
푃 ×

푃
푃 ×

푃
푃  (2.39) 

 

where POUT and PIN denote the input and output dc powers of the complete system. 

Moreover, PTX, PERP, PINC and PRX are defined as the TX power, effective radiated power, 
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incident power and RX power, respectively. Despite the significant improvement in the 

transmission efficiency, η1×η2, and reception efficiency, η4×η5, the free-space propagation 

efficiency, η3, has the strongest influence on η e2e. 

2.7.3. System Design 
 

Design of a high efficiency power amplifier is rare in the literature due to the design 

complexity and higher parasitic effects. Therefore, network analyzer is used to oscillate TX 

of the RFF WPT. There are few examples of the RX system (includes RX antenna and 

rectifier) in the literature. Fig. 2.16 shows the example of a rectifier for RFF WPT for BIDs 

[149]. The Schottky diode, HSMS-2852, is used to rectify the RFF RX power at 2.45 GHz 

frequency. The source impedance of the rectifier is set at 50 Ω to match the impedance of 

the RX antenna directly without any impedance mismatch. 
 

 

Fig. 2.16. Rectifier schematic for RFF [149]. Copyright © 2014, IEEE. 

In [145], a single-stage Dickson charge pump is used as a rectifier which works as a voltage 

multiplier circuit. In the second stage, an ultra-low power dc-dc converter, BQ25504, is 

used to boost the output of the first stage rectified output, as shown in Fig. 2.17.  

In [144], a methodology is proposed to determine the optimal impedance of the rectifier in 

order to accurately design and measure the output of the rectifier circuit for RFF. In [161], a 

CMOS TI 130 nm technology is utilized to manufacture p-type Schottky diode-based 

rectifier for RFF WPT inside a proposed BID ASIC. 
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Fig. 2.17. RX power processing unit for RFF [161]. 

 

2.7.4. Design Challenges and Future Trends 
 

In the RFF WPT scheme, the overall PTE is inherently low and several design challenges 

have to be resolved to improve the efficiency performance alongside tissue safety 

considerations.  

1) One of the major limitations of RFF powering in free space is the power density 

decrease as 1/d2 due to energy spreading [142]. In the case of implantable devices, the 

power density attenuation increases significantly as the EM waves pass through 

biological tissue. 

2) To satisfy the safety regulations set by FDA and FCC for far-field based WPT systems, 

the radiated TX power and received power at the implant side are small compared to the 

NRIC and NRMRC WPT systems. 

3) The design complexity of the TX and RX circuits increases because of the higher 

operation frequency of the RFF WPT system.  

RFF WPT systems have also emerged that have field beam steering antenna capability to 

charge a mobile phone. Such capability could be applied for the localization of BIDs [162]- 

[176]. The design of TX and RX circuits for higher frequency RFF application is also an 

important future research topic. 

2.8 Non-EM WPT Techniques 

The non-EM WPT techniques comprises of acoustic power transfer (APT) and optical 

power transfer (OPT) methods. In APT, ultrasound wave is used to propagate the energy 
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wirelessly at carrier frequency above 20 kHz [165]. APT uses a pair of piezoelectric 

transducers to transfer energy in the form of ultrasound waves through tissue to an 

implanted device where it is converted to electric power. APT is the major non-EM WPT 

technique studied till the current date. Furthermore, OPT is another non-EM WPT 

technique and one of the least studied techniques to transfer power wirelessly to a 

biomedical application [23], [58]. Examples of OPT are rare [166]–[169] in the literature 

even for other applications [166]–[169]. Extensive explanation of these two techniques 

have been provided by the author of this thesis in a Review Article submitted to MDPI 

Sensors journal. For the sake of succinctness, the description of these two techniques is not 

provided here, but can be consulted in reference [170].   

2.9 Summary 

This literature review has presented various WPT platforms used for biomedical devices 

previously reported in the literature. Each WPT technique was divided in terms of the 

presentation of the wireless mode of transmission (the link), the design and optimization 

methodology of the device, the design and implementation of the TX and RX circuits and 

the different design challenges and the future research trends of each WPT technique.  

The NRIC and NRMRC schemes have been investigated thoroughly over the last decade 

for biomedical applications and have become mature technologies for multiple FDA-

approved BIDs. Device miniaturization and engineering of flexible interfaces are still under 

development for implants that need to place in critically curved locations in the human 

body, such as heart and brain.  

The NRCC WPT scheme is facilitated by the use of flexible patches, but the PTE drops 

drastically with increase of the TX and RX separation distance. Tissue safety still need 

further research for this technique. 

NRRMF and RFF WPT techniques can transfer power deep inside the human body. 

However, these powering schemes suffer from low PTE limiting the applications where 

ultra-low-power electronics is permitted inside the BID. Further, vulnerability of tissue due 

to higher radiation frequency is a challenging issue for these platforms. The non-EM 

technique such as APT uses ultrasonic waves to transfer energy through a medium to the 

BID. This technique is limited by large PTE variation due to the misalignment and long-
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term effects of the tissue vibration that is yet to be studied to ensure its safety for in vivo 

testing. OPT is the least studied WPT technique but this technique could potentially reduce 

the size of the RX significantly. This technique requires substantial research to evolve to its 

potential usability.  

In summary, NRIC and NRMRC are still considered as the most suitable WPT strategies to 

overcome power requirements of biomedical devices by maintaining the tissue safety. 

Furthermore, other techniques such NRCC, NRRMF, RFF and OPT requires extensive 

research to be established as a reliable power source for BEDs and BIDs. Moreover, APT 

demonstrated a promising footprint for biomedical applications.  
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Chapter 3. Applications of WPT in Biomedical Devices  
 

3.1 Introduction 

Miniaturized, multi-functional BEDs and BIDs are growing in importance as they allow 

monitoring, early stage detection and initial treatment of dysfunctional organs. 

Implementation of WPT systems is significantly important for BIDs as the power 

requirement from some of these devices is a major challenge. The larger wire size and 

susceptibility to the tissue infection makes transdermal or percutaneous wiring an 

inconvenient powering solution for BIDs. Moreover, for deeper BIDs, transcutaneous wire-

based power source is a medically unacceptable solution as it requires deep scarring of the 

tissue to reach the device. Compared to transcutaneous wiring, packaged battery is a more 

viable solution for BIDs. However, batteries are limited by their operational lifetime [171] 

and the need for repeated surgical interventions for replacement. Additionally, any leakage 

from the battery can pose a severe risk to patient’s health. Batteries also occupy a 

significant portion of the available internal volume of these miniaturized BIDs. Therefore, 

power requirement, longevity and size of the power supply dictate today the specifications 

of most of the modern BIDs and some BEDs.  

WPT is a potential candidate capable of fulfilling aforementioned requirements and 

enabling seamless and safe operation of BEDs and BIDs. This chapter focuses on the BD 

applications based on the different WPT techniques presented in Chapter 2. 

3.2 NRCC Applications for BD 

NRCC studies as a WPT scheme for biomedical applications are still at an early stage of 

research. In [63], an NRCC WPT link was tested on a non-human primate cadaver between 

100 to 150 MHz for a 40×40 mm2 external TX patch size. For a 20×20 mm2 RX patch the 

PTE was calculated as 56% for a separation distance of 7 mm. The maximum SAR was 

8.02 W/Kg for 1 W of input power. 

 

 



45 
 

3.3 NRIC Applications for BD 

3.3.1. Brain Implant 
 

Recently a NRIC WPT link for brain implant has been proposed in [172]. Fig. 3.1(a) shows 

the TX coil printed on the 3.2 mm thick FR4 substrate of ϵr = 4.3. The proposed 3D RX coil 

has an inner gap width of 0.1 mm and a total volume of 0.9 mm3, as shown in Fig. 3.1(b). 

The inner radius and the trace width are 6 and 3 mm, respectively, for a single layer TX. 

Further, the operational frequency of the proposed NRIC link is 402 MHz. 
 

 
(a) 

 
(b) 

Fig. 3.1. Geometry of the proposed NRIC WPT link [172]. (a) TX coil printed on FR4 board. (b) RX 3D 
antenna embedded in the cerebral spinal fluid (CSF) above the frontal lope of the brain. Copyright © 2018, 
IEEE. 
 

This proposed NRIC WPT link was tested inside the heads of a pig and piglet to confirm 

the performance of the designed link in a biological environment, as shown in Fig. 3.2(a) 

and Fig. 3.2(b). The maximum efficiency achieved by the system was measured at 0.7%, 

0.02% and 0.08% in air, pig and piglet, respectively. The maximum SAR was 1.97 W/kg 

for 10 g of tissue and 82 mW input power [172]. 



46 
 

 

 
 (a) (b)  

Fig. 3.2. Measurement of the proposed NRIC WPT link for a piglet [172]. (a) An incision was created in 
the skull to embed RX coil over the brain. (b) Position of the external TX coil. Copyright © 2018, IEEE. 
 
A new packaging strategy was adopted for the WPT system using biocompatible materials 

such as polydimethylsiloxane (PDMS) and Parylene-C [3]. Fig. 3.3(a) shows the 

transceiver part of the silicone elastomer package (Sylgard 184 PDMS, Dow corning) 

coated with a 2 μm thick layer of Parylene-C to improve its biocompatibility. Fig. 3.3(b) 

shows the fabricated transceiver package of dimensions 13×13×8.8 mm3 including the 

implant inductive link. The maximum measured link efficiency is 54.98% at 8 MHz and 10 

mm separation distance in air [79]. Link efficiency was not measured in the biological 

tissue. 
 

  
(a) (b) 

Fig. 3.3. Proposed two-body packaging for a wireless cortical implant [79]. (a) Components of the package. 
(b) Fabricated package. Copyright © 2011, IEEE. 
 

Chip-scale coils have been proposed for implantable neural microsystems [59]. The RX 
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coils were wire-wound around the CMOS die of outer diameter of 4 mm, as shown in Fig. 

3.4(a). Other CMOS chips were post-processed to accommodate the coils on top of the 

CMOS die of 2 mm diameter, as shown in Fig. 3.4(b). A third version contains the coils 

fully integrated in the CMOS die of 4 mm diameter as shown in Fig. 3.4(c). The track width 

of the around, above and in CMOS coils are 25, 250 and 175 μm, respectively. Single turn 

TX coils were designed individually for the three types of RX coils in air and tissue. The 

maximum PTE achieved was 3.05 % for the around-CMOS RX coil and a 17.2 mm 

diameter TX coil at a frequency of 318.8 MHz. Measurements were carried out ex vivo on 

11 mm lamb ribs. A maximum SAR of 0.155 W/kg for 10 mW of transmitting power was 

recorded for the around-CMOS RX coil.  

 

Fig. 3.4. Fabricated chip-scale RX coils [59]. (a) around-CMOS. (b) above-CMOS. (c) in-CMOS. Copyright 
© 2018, IEEE. 

3.3.2. Neurostimulator Implants 
 

The neurostimulator implant is designed to generate patterned stimulation to re-establish 

the motor and sensory function in the limbs. The implant can differentiate the nerve signals 

by recording and transferring the signals wirelessly to the stimulator implants. It can 

therefore assist to convey the nerve signals to the denervated muscles and restore 

functionality immediately. In Fig. 3.5, the stimulator implanted through a small incision 

made in the stomach region of a rat [173] is demonstrated. The wire wound RX coils are 

encapsulated with PDMS. The TX and RX coils diameters are reported as 30 mm and 20 

mm, respectively. A PTE of 65.8% is measured in vivo for a 1 MHz operation frequency 

and 5 mm separation distance between the TX and RX coils. The SAR for 180 mW TX 

power was calculated as 0.1 W/kg. 
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Fig. 3.5. Different coils and stimulation implant used in the rat experiment [173]. Copyright © 2015, IEEE. 

 

Fig. 3.6 shows the first FDA approved spinal cord stimulation implant (Freedom SystemTM) 

by StimWave. It is a set of thin wires and a micro-receiver covered in a protective casing. 

The neurostimulator has small metal electrodes near the tip that can create electrical field 

energy when power is applied. The pain signals coming from certain nerves of the spinal 

cords are blocked. This neurostimulator receives WPT from an external module.   

 
Fig. 3.6. Spinal cord stimulator for StimWave. 
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3.3.3. Ocular Implant 
 

In [174], an inductive link is presented for glaucoma treatment with an additional coil for 

the uplink data reception. Fig. 3.7 shows an artist impression of the intraocular biomedical 

sensor device. The proposed device is to be located on the patient’s eyeball to monitor and 

regulate the intraocular pressure for glaucoma treatment. Three coils are used for wireless 

power and data transfer. The external power coil (L1), external data coil (L3) and implant 

coil (L2) are used to feed wireless power, receive uplink data, and both harvest wireless 

power and transmit uplink data, respectively. The outer diameter of L1, L2 and L3 are 40 

mm, 20 mm and 16 mm, respectively. Furthermore, the WPT link frequency is 2 MHz. 
 

 
Fig. 3.7. Proposed intraocular sensor system for glaucoma treatment [174]. Reproduced by permission from 

corresponding author and MDPI Sensors. 

 
In Fig. 3.8, the measurement setup of the proposed system [174] is demonstrated. The high 

measured PTE of 5% for a maximum coil separation distance of 40 mm, is achieved due to 

the high quality factor of the coil, the large size of the TX and the minimum presence of 

tissue between TX and RX. It is claimed by the authors that the same PTE for the air and 

beef muscle medium is measured due to the usage of lower frequency of power transfer 

link. The maximum local SAR is 0.66 W/kg.   
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Fig. 3.8. Prototype and measurement setup of the proposed system [174]. Reproduced by permission from 
corresponding author and MDPI Sensors. 

Another ocular diagnostics device embedded into a contact lens [175] and fabricated on a 

Parylene substrate is demonstrated in Fig. 3.9 and Fig. 3.10. In this case, the external coil is 

embedded into an eyeglass. The operation frequency of the proposed system is 13.56 MHz. 

The outer diameter of the TX and RX coil is 45 mm and 10 mm, respectively. A PTE of 

17.5% is achieved on a pig eye at a 20-mm of separation distance with the peak local SAR 

is 0.021 W/kg for 2 W of input power.   

 
Fig. 3.9. Proposed system [175]. External coil is embedded to eyeglasses. A thin and small implantable coil is 
embedded on wearable Parylene platform. Reproduced by permission from Springer Nature (Journal: 
Biomedical Microdevices), Copyright © 2015. 

 

Fig. 3.10. Concept demonstration of eyeglass-powered contact lens [175]. Reproduced by permission from 
Springer Nature (Journal: Biomedical Microdevices), Copyright © 2015. 



51 
 

A commercial retinal prosthesis system [176], [177], ARGUS II, developed by Second 

Sight Medical Products, is presented in Fig. 3.11(a) and Fig. 3.11(b).  

The epiretinal implant system, shown in Fig. 3.11(a), consists of an RX coil, processing 

electronics, 6×10 platinum electrode array to electrically stimulate the retinal neurons and a 

scleral band for the positioning of the implant around the eye. The external part of the 

system is shown in Fig. 3.11(b) and consists of a miniature video camera, TX coil attached 

and a video processing unit (VPU). The retinal implant is powered using the same NRIC 

link as the data at the frequency of 3.156 MHz. 
 

 
(a) 

 
(b) 

 
Fig. 3.11. ARGUS II retinal prosthesis system [176]. (a) Wearable external parts. (b) Illustration of the 
implanted parts. Copyright © 2018 Second Sight Medical Products, Inc. 
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3.3.4. Cochlear Implant 
 

Fig. 3.12 shows a commercially available, FDA-approved, NRIC WPT link-based cochlear 

implant device manufactured by MED-EL [178]. A permanent magnet was used in the 

centre of the coils to align the magnetic fluxes emanating from and to the TX and RX coils, 

respectively.  

No further information regarding the operating frequency, coil parameters, link transfer 

efficiency and overall PTE, are unfortunately available. 

 

Fig. 3.12. MED-EL cochlear implant NRIC WPT link. Adopted with permission from MED-EL. 

3.3.5. Capsule Endoscopy 
 
CE promises early stage minimally invasive detection and rapid diagnosis of 

gastrointestinal (GI) diseases [115] to limit the crucial effects of GI disorders [179], [180]. 

A wide range of researchers work today towards WPT solutions to supply sufficient power 

to support multi-modality functions of future CE. In [2], an NRIC power receiver for CE 

comprises three geometrically orthogonal coils to ensure a strong coupling with the TX for 

any orientation of the RX. The cylindrical shaped RX is a WWC made of 100 µm diameter 

copper wire, and has an outer dimension of 10×13 mm2. The inner diameter of the TX is 41 

cm and is made of rectangular Litz cable [181]. The worst-case PTE is reported as 1% in air 

for a SAR of 0.32 W/kg at approximately 20 cm separation distance with the TX and 1 

MHz operation frequency.  

Fig. 3.13 shows the experimental setup of a system operated at 218 kHz [182]. The novel 

TX coil structure is composed of a pair of double-layer solenoids of 40 cm diameter with 
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180 strands of AWG38 enameled copper wire with 25 turns for each layer, and wound on 

an acrylonitrile butadine styrene (ABS) hollow cylinder. The RX coil is fabricated with Litz 

wire AWG44 surrounding a high permeability, 6.6×6.6×6.6 mm3 MnZn ferrite cylinder.  

Further, the RX coil has a diameter and length of 11.5 mm each. The received power is 

measured in air is 540 mW at load for PTE of 5.5%. The SAR reported for 200 kHz and 1.8 

A drive current is 8 W/kg for 10 g of tissue. In [183], an RX structure similar as in [182] is 

presented at operating frequency of 400 kHz. Fig. 3.14(a) shows two Helmholtz TX coils 

with outer diameter of 69 cm with parallel orientation. The outer dimensions of the receiver 

coil are 10 mm length for a 12 mm diameter. In this 3D receiver, the coils 1, 2 and 3 are 

geometrically orthogonal to each other and wound on a common ferrite core, as shown in 

Fig. 3.14(b). The received power at the load is 310 mW for a link PTE of 1.2 % in air and a 

SAR of 0.329 W/kg.  

 

Fig. 3.13. Experimental setup of optimized 3D receiver [182]. Copyright © Institute of Physics and 
Engineering in Medicine. Reproduced by permission of IOP Publishing. 
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(a) (b) 
Fig. 3.14. 3D WPT system for CE [183]. (a) Helmholtz TX coil. (b) Structure of the 3D receiver. 
Reproduced by permission from John Wiley and Sons, Copyright © 2010. 

In [107], a two-hop-based NRIC TX system and switch mode rectifier circuit  is used to 

improve the PTE of the CE. Fig. 3.15 shows the proposed system where the PTE was 

measured at 3.04% using an in vitro human phantom model filled with saline water. The 

receiver size is 11 mm in diameter for a length of 27 mm. The maximum SAR is 0.1 W/kg 

for an operating frequency of 13.56 MHz and 8 W of input power. 

 
Fig. 3.15. Two-hop NRIC WPT CE system [107]. Copyright © 2012, IEEE. 

3.4 NRMRC Applications for BD 

3.4.1. Brain Implant 
 

In [184], free-floating implants (FFIs) are presented for brain implant applications. For very 

small sized RX coils, a high Q-factor intermediate resonator can significantly improve the 
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PTE which is explained analytically in [184]. Therefore, a 3-coil based architecture was 

adopted in this article operated at 60 MHz frequency. The outer diameters of the TX coil, 

intermediate resonator and RX coil are 45 mm, 32 mm and 1.2 mm, respectively. Fig. 3.16 

demonstrates the PTE measurement setup where a 6×7×8 cm3 hole through the skull of a 

recently deceased lamb is used as an in vitro model. The sheep brain was refrigerated 

around 24 hours and kept 1-2 hours outside before the experiment in order to reach the 

room temperature. The measured average PTE was 3% for a 16 mm separation distance. 

The average SAR was less than 1.6 W/kg for 1 g of human head tissue mass. 
 

 
Fig. 3.16. The 3-coil link test setup including a sheep brain and skull [184]. Copyright © 2017, IEEE. 

 

3.4.2. Ocular Implant 
 
In [185], the improvement of the system tolerance to the variations of the coupling factor is 

established by using a 3-coil WPT system. Fig. 3.17 illustrates the hand-wound WPT coils 

and a 36 mm diameter plastic sphere that mimics the eye. The TX and RX coils of 36 mm 

and 15 mm outer diameter, respectively, are composed of AWG44 Litz wire. A maximum 

achievable PTE of 62.5% was achieved for a resonant frequency of 3.37 MHz at 10 mm of 

separation distance in air. 
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Fig. 3.17. Eye model for 3-coil WPT performance evaluation [185]. Copyright © 2012, IEEE. 

 

A two pair resonating coils (4-coil-based configuration) for retinal prosthesis was proposed 

in [186] for an operating frequency of 6.78 MHz. Fig. 3.18(a) shows the coil locations 

inside the eye where two intermediate coils are positioned with one end on the sclera over 

the secondary coil and the other end under the skin beneath the primary coil. The TX and 

RX coils are fabricated using flexible substrate technology. Fig. 3.18(b) shows the 

placement of the coils on a human head model. The separation distance between TX and 

RX coil is 5 mm. The maximum achievable efficiency of the proposed system [186] is 

8.8% and the average load power is 50.2 mW. 

 
(a) 
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(b) 

Fig. 3.18. Multi-coil WPT retinal prostheses [186]. (a) Possible coil locations. (b) Measurement setup of two-
pair coils system. Copyright © 2011, IEEE. 

 

3.4.3. Capsule Endoscopy 
 
In Fig. 3.19(a), a four-coil WPT system is demonstrated for CE [187].  The RX coil is 9 

mm in diameter with a cross-sectional diameter of the copper wire is 0.32 mm.  Further, the 

TX coil is 22 cm in diameter and has 6 turns. The resonance frequency of the TX and RX 

coils is selected as 16.47 MHz which leads to a SAR of 1.74 W/kg. The transmitted power 

is 158 W, while the received power is measured at 26 mW in one experiment. The system 

described in [187] is tested in a 7 cm pig tissue medium as shown in Fig. 3.19(b) achieving 

a maximum PTE of 0.7%.  
 

 
(a) 



58 
 

 
(b) 

Fig. 3.19. NRMRC WPT system for CE [187]. (a) Designed receiver coil with 9-mm diameter. (b) 
Experiment setup with pork chop. Copyright © 2015, IEEE. 

 

In [188], a WPT system is proposed where the dimensions of the cylindrical TX is 11.71 

mm in length for a diameter of 12.5 mm for  433.9 MHz resonance frequency. The RX 

coils size is 15×7×6 mm3, as shown in Fig. 3.20. The in-vivo PTE is claimed to be 1.21% 

for a 5 cm separation distance from the duck intestine. The TX is placed 2 cm away from 

the skin and the RX is positioned 3 cm inside the duck intestine. Furthermore, the SAR is 

2.54 W/kg for 1 W of input power.    
 

 
Fig. 3.20. NRMRC WPT sub-GHz experimental setup [188]. Reproduced by permission of Electromagnetics 
Academy. 
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3.5 NRRMF WPT Applications for BD 

3.5.1. Cardiac Implant 
 

Fig. 3.21 demonstrates a cardiac implant application [137]. The wireless electro-stimulator 

of 2 mm diameter, approximately 4 mm in length and 70 mg of weight is inserted into the 

lower epicardium of a rabbit where the TX and RX antennas are separated at approximately 

5 cm. The heart rate of the rabbit is also monitored by ECG. For a 500 mW transmitted 

coupling power, 200 μW of RX power leading to a PTE of 0.04% and a maximum SAR of 

0.89 W/kg were achieved.  
 

  
Fig. 3.21. Wireless cardiac pacing implant [137]. (a) The wireless electrostimulator of 2 mm in diameter. (b) 
Same device before epoxy encapsulation next to a 10-French (∼3.3 mm) catheter sheath for size comparison. 
(c) The electrostimulator inserted in the lower epicardium of a rabbit via open-chest surgery. Reproduced by 
permission of PNAS. 

 

3.5.2. Neurostimulator Implant 
 
Fig. 3.22(a)  shows the design of a WPT conformal TX consisting of reactively loaded 

rings laser-cut from copper film and encapsulated in soft silicone [189] where the outer 

diameter of the TX is 30 mm. A dipole antenna is used to extract the wireless power for the 

neuromodulation device, as shown in Fig. 3.22(b). The frequency of the proposed system is 

2.4 GHz. For the transmitter placed on the human neck above the vagus nerve, the 

maximum TX power is measured at 180 mW. The receiver maximum PTE is claimed to be 

more than 20% for 1 kΩ load but decreases to 13% for a 150 Ω load.  The cuff device was 

attached to the right cervical vagus nerve of anesthetized pigs, as shown in Fig. 3.22(c). 

The TX antenna is attached to the skin surface approximately 15 mm above the implanted 

device. The simulated SAR is recorded as 2 W/kg for 10 g of tissue. 
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(a) 

 
(b) 

 
(c) 

Fig. 3.22. Wireless peripheral nerve neuromodulation system [189]. (a) Conformal wireless powering 
transmitter. (b) Design of wireless cuff electrodes. (c) Fluoroscopy images of the implanted wireless cuff and 
transmitter on skin. Copyright © 2017 Tanabe et al. 

3.5.3. Capsule Endoscopy 
 
In [190], a multiband conformal antenna is presented for 402-405 MHz and lower GHz 

frequency for CE applications. Fig. 3.23(a) shows the fabricated conformal antenna printed 

on a cylindrical capsule of 10.25 mm and 20.5 mm outer diameter and length, respectively. 

A two-port TX coil  was designed for power transmission [137]. The proposed model was 
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tested in an American Society for Testing and Materials (ASTM) phantom containing a 

porcine heart and saline water, as shown in Fig. 3.23(b). For a 5 mm separation distance 

inside porcine heart the received power is reported as 800 μW for 1 W of TX power. No 

SAR measurement was reported. 

 
(a) 

 
(b) 

Fig. 3.23. NRRMF WPT system for CE [190]. (a) Fabricated conformal antenna and 3D capsule prototype. 
(b) Measurement setup in ASTM phantom. Copyright © 2017, IEEE. 

 

3.6 RFF WPT Applications for BD 

In recent years, a few attempts have been recorded regarding the implementation of RFF 

WPT system for biomedical applications [161], [191]–[196]. Published studies are rare 

where a RFF WPT antenna is tested completely inside biological tissues. In [191], a 

broadband  monopole antenna is presented using a general substrate for the medical implant 

communication service (MICS) frequency band of 402~405 MHz with RX antenna of 

18×16 mm2. The maximum SAR observed is 0.02 W/kg for 1 g tissue and 25 μW of power 

is delivered to the implantable antenna. A triple-band biotelemetry antenna with data 

telemetry (402 MHz), WPT (433 MHz) and wake-up control (2.45 GHz) is reported in 

[192]. Fig. 3.24(a) shows the triple-band fabricated antenna of size 10×10×2.54 mm3. The 

proposed antenna was tested in a 65×92×50 mm3 minced pork, as shown in Fig. 3.24(b). 

The peak SAR measured was 1.6 W/kg for 1 g of tissue and 5 mW of input power. The 
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PTE is reported as 15%. 
 

  
(a) (b) 

Fig. 3.24. RFF WPT antenna [192]. (a) Fabricated triple-band miniaturized antenna. (b) Measurement setup 
embedded in minced pork. Copyright © 2011, IEEE. 

 
A single-fed hybrid patch/slot antenna for MICS band is presented in [193]. The maximum 

SAR is 2 W/kg for 10 g of tissue and 20.5 mW input power. A 10.02×10.02×0.675 mm3 

dual band antenna is presented for MICS and industrial, scientific and medical (ISM) bands 

[194]. The maximum SAR is 1.6 W/kg for 1 g of tissue and 5.3 mW of input power. In 

[161], a medical stent is presented with a fully wireless implantable cardiac pressure 

monitor system. In Fig. 3.25(a), the in vivo experiment of the proposed cardiac pressure 

monitoring transmitter inside the chest cavity of an anesthetized live pig is demonstrated. 

The ASIC, shown in Fig. 3.25(b), is directly connected to the end of the stent and includes 

the wireless transmitter, WPT antenna and power processing units. The power is transferred 

at 3.7 GHz frequency at a 100 mm distance. The proposed system can generate 2.5 V of 

rectified voltage which is necessary for the reliable performance of this system at the input 

power of 3.6 W. The average simulated SAR is claimed as 2.29 W/Kg. No measurement of 

the PTE is provided.   
    

  
(a) (b) 

Fig. 3.25. Implantable cardiovascular pressure monitoring system [193]. (a) Radiograph of stent implanted 
in the chest cavity of a live porcine. (b) Optical microscope picture of ASIC including WPT antenna. 
Copyright © 2010, IEEE. 
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3.7 APT WPT Applications for BD 

3.7.1. Micro-oxygen Generator 
 

In [197], An ultrasonically powered implantable micro-oxygen generator (IMOG) which is 

capable of in situ tumor oxygenation through water electrolysis is presented. Ultrasound is 

mainly used to enable deep implantation of the BID. The frequency of the APT was 2.15 

MHz.   

 
(a) 

 
(b) 

Fig. 3.26. Proposed IMOG device [197]. (a) Conceptual view of IMOG implanted in a pancreatic tumor. (b) 
Various components in a complete IMOG including ultrasonic power RX. Copyright © 2011, IEEE. 

 

Fig. 3.26(a) illustrates the conceptual design of the IMOG to be located inside a pancreatic 

tumor and powered ultrasonically from the outside. The proposed device can perform in 

situ electrolysis by utilizing the water present in the tissue to generate oxygen after getting 

energized ultrasonically. Fig. 3.26(b) includes the complete schematic of the device of 

dimensions of 1.2×1.3×8 mm3. Fig. 3.27 shows the in vivo experiment of the proposed 

IMOG system for a pancreatic tumor model grown in the flanks of the athymic mice. At a 
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separation distance of 30 mm the wireless power of 330 μW is recorded. 
 

 
Fig. 3.27. Experimental setup for real-time in vivo oxygen measurement during tumor oxygenation by IMOG 
[197]. Copyright © 2011, IEEE. 

 

3.7.2. Bladder Pressure Sensing 
 
In Fig. 3.28, an implantable LC pressure sensing system for bladder that is powered by 

APT at 350 Hz [198] is presented. The RX piezoelectric (PZT) cantilever with a dimension 

of 20×2 ×0.38 mm3 is excited by audible acoustic waves from a speaker. At 100 mm 

separation distance the maximum output power of 16 μW for a conversion efficiency of 

1.4×10–4 % is achieved. In vivo experiment of the proposed model was demonstrated in Fig. 

3.29 but tissue safety analysis is not demonstrated.  
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Fig. 3.28. Schematic of APT LC transponder implanted in the bladder [198]. Copyright © 2014, IEEE. 

 

Fig. 3.29. Photograph of in vivo experiment inside pig’s bladder [198]. 

 

3.7.3. Localized Photodynamic Therapy 
 
In situ localized light for photodynamic therapy using  an ultrasonically powered light 

source is presented in [199]. The dimensions of the implants are 2×2×2 mm3 and 2×4×2 

mm3 and consist of two red LEDs mounted on a PZT energy source, as shown in Fig. 3.30. 

The proposed ultrasonically powered implantable micro-light source can be used deliver 

light deep inside a tumor, as shown in Fig. 3.31. An ultrasonic wave of 672 kHz strikes the 

PZT receiver built inside the micro-light to generate electrical power to illuminate the on-
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board LEDs. Further, the photodynamic therapy can be initiated by the light from the LEDs 

by activating the pre-delivered photosensitizer. The proposed system is tested in 10 mm 

thick porcine tissue. The achieved output power, efficiency and tissue safety analysis is not 

reported in this research. 

 
Fig. 3.30. Mounted micro-light sources on PZT cubes on a US penny. One LED and two LEDs are mounted 
on each side of 2×2×2 mm3 and 2×4×2 mm3 PZT, respectively [199]. Copyright © 2015, IEEE. 

 

Fig. 3.31. Proposed system showing several implantable micro-light sources to activate the photosensitizer 
deep inside a tumor powered by ultrasonic wave [199]. Copyright © 2015, IEEE. 

 

3.7.4. Electrical Stimulation of Peripheral Nerves 
 
A wireless electrical implant with a dimension of 2×3×6.5 mm3 is proposed to stimulate 

peripheral nerves was manufactured using PZT receiver [200]. Fig. 3.32 shows the 

conceptual model of the proposed system. An external TX beams the ultrasonic power and 

downlink data to the implant to support fully programmable stimulation of a peripheral 
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nerve.  
 

 
Fig. 3.32. Conceptual diagram of the proposed electrical stimulation implant [200]. Copyright © 2018, IEEE. 

 

The frequency of the RX is 1.314 MHz. The available received power is reported as 3 mW 

using a commercial TX transducer for a separation distance of 10.5 cm. The proposed 

model was tested for frog static nerve stimulation. SAR value inside the tissue is not 

reported.   

3.8 Optical Power Transfer 

In [23], the maximum output power is claimed to be 168 μW for a 500×500 μm2 PD array. 

The achieved PTE inside 3-mm thick chicken skin is around 0.4%. Tissue safety is not 

analyzed in this work and the actual medical application considered is not provided. 

3.9 Performance Comparison of Various WPT Schemes 

BDs are today being used for the diagnosis or treatment of pathologies ranging from brain, 

ocular, cochlear, heart  to GI tract [173], [201], [202]. Given a specific BD especially BID, 

various factors will affect the choice of a suitable WPT. These include implant RX size, 

range of power transmission, volume of the RX electronic circuitry, PTE and tissue safety. 

A qualitative assessment of the performance – low, medium and high - of each of these 

factors is provided for each WPT scheme in Fig. 3.33. NRIC and NRMRC outperform 

other WPT techniques due to their moderate size, range and higher PTE performance. 

Furthermore, unlike the other techniques, a comprehensive study on tissue safety exists in 

the literature for NRIC and NRMRC WPT schemes. APT is comparable to NRIC and 

NRMRC WPT in terms of performance. However, an extensive analysis on tissue safety is 

required before increased utilization of this technique can occur. Most of the other methods 
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(NRCC, NRRMF, RFF and OPT) are still in an early stage of research or development.    
 

 
Fig. 3.33. Abstract level figure of the performance of different WPT techniques. 

 

Table 3.1 provides a more comparative and quantitative study which summarizes the 

existing or researched BIDs for different WPT techniques presented in this work. Criteria 

considered include the size of the implanted RX, the separation distance between the TX 

and RX coils, frequency of operation, maximum achievable PTE, the measurement 

environment for different PTE and their tissue safety parameter for different BIDs.  

Among all the WPT schemes, NRIC WPT is explored for a versatile type of BDs. The 

maximum size of the implanted RX is 20 mm in diameter. This technique demonstrates 

higher PTE for smaller separation distance. Further, the SAR is comparatively lower for 

higher input power; therefore, this technique is more acceptable for BD applications 

currently. 

NRMRC shows higher PTE than NRIC with smaller coil diameter. The tissue safety 

parameters are similar to the NRIC. NRRMF and RFF are smaller in size compared to 

NRIC and NRMRC. With higher separation distance and operation frequency these 

techniques have lower PTE and higher SAR compared to NRIC and NRMRC.  

Finally, the APT and OPT have high potential for future WPT for BDs with larger 
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separation distance and smaller RX size. However, research on tissue safety parameters is 

still in infancy for these techniques.  



70 
 

 

Table 3.1. Comparison of Different WPT Techniques for Biomedical Applications. 

Powering 
Scheme Year/Ref Implant Type Implant WPT  

RX Size 
Distance 

(mm) 
Frequency 

(MHz) 
Input 

Power (W) 
PTE 
(%) Test Model 

 
SAR 

(W/kg) 
  

Remarks Maturity for 
MID 

NRCC 2017/[63] Generic 20 mm×20 mm 7 100~150 1 56 non-human primate 
cadaver 8.02 

TX and RX are large. 
Separation distance 

and tissue safety low 
Low 

NRIC 

2018/[59]  Brain Diameter: 4 mm 
(around-CMOS) 11 318.8 0.01 3.05 Lamb ribs 0.155 

Acceptable PTE for 
medium separation 

distance. Wide range 
of application. Tissue 

safety is achieved. The 
circuit for TX and RX 

are easily 
implementable and 

cheap. 

High 
(Implemented 

in some 
commercial 

BDs) 

2017/[172] Brain Volume: 0.9 mm3, 
Gap: 0.1 mm 3 402 0.082 0.08 Piglet 1.97 

2015/[173] Peripheral 
Nerve 20 5 1 0.18 65.8 Rat stomach 0.1 

2017/[174] Ocular Diameter: 20 mm 8 (Max. 40)  2 - 60 (5) Beef muscle 0.66 
2015/[175] Ocular Diameter: 10 mm 20 13.56 2 17.5 Pig eye 0.021 
2007/[2] Capsule 10 mm×13 mm - 1 - 1 Air 0.32 

2010/[183] Capsule 10 mm×12 mm - 0.4 - 1.2 Air 0.329 
2011/[182] Capsule 11.5 mm×11.5 mm 200 0.218 - 5.5 Air 8 
2012/[107] Capsule Diameter:11 mm - 13.56 8 3.04 Phantom 0.1 

NRMRC 

2017/[184] Brain Diameter: 1.2 mm 16 60 - 3 Fresh lamb head Less than 
1.6 

RX size is smaller than 
NRIC and separation 

distance is higher. 
Tissue safety is within 

the limit. Better 
impedance matching 

than NRIC. 

High 
(Possible to 

implement in 
commercial 

BDs) 

2012/[185] Ocular Diameter: 15 mm 10 3.37 - 62.5 Air - 
2011/[186] Ocular Diameter: 15 mm 5 6.78 - 8.8 Human head - 
2015/[187] Capsule Diameter: 9 mm 70 16.47 150 0.7 Chopped pig tissue 1.74 

2016/[188] Capsule 15 mm×7 mm×6 
mm 50 433.9 1 1.21 Duck intestine 2.54 

NRRMF 

2014/[137] Cardiac Diameter: 2 mm 50 1600 0.5 0.04 Epicardium of rabbit 0.89  Higher separation 
distance for smaller 

RX. PTE is low. 
Tissue safety is 

alarming 

Medium 
(More 

research 
required for 

BD) 

2017/[189] Peripheral 
Nerve 20 mm 15 2400 0.18 20 Right neck of pig 2 

2017/[190] Capsule Printed on capsule - 402~405 - 0.08 Phantom containing 
porcine heart - 

RFF 2011/[192] Generic 10 mm×10 mm×2 
mm - 433 0.005 15 Minced pork of 

65mm×92 mm×50mm 1.6 Higher distance. 
Lower PTE and tissue 

safety is alarming 
Medium  

 2010/[161] Cardiac - 100 3700 3.2 - Chest cavity of 
porcine 2.2898 

APT 

2011/[197] 
Micro-
oxygen 
generator 

5 mm2 30 mm 2.15 - - Pancreatic tumor of 
athymic mice - Promising WPT 

technique with smaller 
RX and large 

separation distance 
compared to NRIC 

and NRMRC. Tissue 
safety study is 

necessary. 

High (More 
research 

required to 
implement in 
commercial 

BDs) 

2014/[198] Bladder 
pressure 

20 mm×2 mm×0.38 
mm 100 0.00035 - 1.4×10–4 Pig bladder - 

2015/[199] Photo dynamic 
therapy 2 mm×2 mm×2 mm 10 0.672 - - Porcine tissue - 

2018/[200] Peripheral 
nerves - 105 1.314 - - Frog static nerve - 

OPT 2015/[23] Generic 0.5 mm×0.5 mm 3 - - 0.4 Chicken skin - Early stage in research Low 

Note: Empty spaces indicates that the information is not available 
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3.10 Summary 

In summary, NRIC and NRMRC are still considered as the most suitable WPT strategies to 

overcome power requirements of biomedical devices by maintaining the tissue safety. 

NRIC is the most matured technique compared to other WPT methods. This WPT 

technique is adopted in few commercial BIDs due to easy implementation and higher PTE 

features. NRMRC is another alternative to NRIC for commercial BDs with higher PTE and 

smaller implant size. However, this technique requires more research to mitigate the 

misalignment issues and maintain tissue safety standard. Furthermore, other techniques 

such NRCC, NRRMF, RFF and OPT requires extensive research to be established as a 

reliable power source for BEDs and BIDs. NRCC is very early stage of research and there 

are very few BID application is present for this in the literature. Lower output power, larger 

size requirement of the RX and tissue safety at higher operation frequency are the major 

concerns for the implementation of NRCC for BDs. Furthermore, NRRMF and RFF are 

more suitable for deep implants with a miniaturized RX. However, lower PTE and tissue 

safety are the major constraints for their implementation for biomedical application. 

Moreover, APT demonstrated a promising footprint for biomedical applications. Similar to 

NRCC, OPT is also in its early stage of research and an extensive study on the RX 

architecture, higher PTE and tissue safety is required before considering this technique for 

the BIDs.  
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Chapter 4. Inductance Modelling 
 

4.1 Introduction 

The successful implementation of a wireless power link depends to some extent on the 

accurate modelling of the self- and mutual inductances that contributes to the optimization 

of the coupling coefficient between the primary TX coil and the secondary RX coil [203]. 

Achieving optimum power transfer efficiency along with large tolerance to  misalignment 

of the transmitter and receiver coils is today the subject of much research efforts [5], [21], 

[77], [105], [187], [204] in the field of WPT.  

A wide range of established methods for self-inductance calculation exists in the literature 

[10],[16]–[25]. Most of these methods consider simplistically the current carrying loop as a 

set of concentric circles. Consequently, there is always some discrepancy between the 

analytical expression of the self-inductance and the simulated and experimental results. 

Furthermore, different contributions in the literature have also been made to calculate the 

mutual inductance [206]–[209], predominantly in the case of perfectly aligned coils [210]–

[212]. However, studies reporting the analytical derivation of the mutual inductance for 

misaligned coils are rare [24],[33],[34] and are only carried out for translational 

misalignment despite the fact that angular misalignment in some applications can also 

drastically affect the mutual inductance and thus the power link performance. Therefore, a 

complete analysis of the variation of the mutual inductance value that considers both the 

translational and angular misalignment is necessary for the accurate characterization of the 

performance of the WPT link.  

The traditional and most consistent approaches for computing self- and mutual inductance 

values is by using 3D EM field solution software packages [90]. However, the simulation 

of complex multi-loop and multi-planar WWCs in a 3D EM solver requires substantial 

computational time. On the other hand, the previous semi-analytical approaches require 

long numerical operations which do not reduce the computational complexity 

[20],[26],[29],[30],[32]. Therefore, this chapter presents a simple, yet accurate, method to 

estimate self- and mutual inductances to design and optimize a near field WPT link. In this 

study, the self-inductance is estimated using Archimedean spiral geometry for the coiling of 

WWCs and PSCs. Furthermore, complex geometrical parameters are avoided and 
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computationally efficient models are presented for the calculation of the mutual inductance. 

The proposed models are verified by 3D EM simulation and validated experimentally.  

A generalized classification of circular WPT coils starting from single layer spiral coil 

(SLSC) to multi-layer helical coil (MLHC) is presented in Fig. 4.1. Further, the SLSC is 

classified as multi-loop PSC and WWC. The MLHC is also categorized as single loop 

WWC and multi-loop WWC. The analysis of the self- and mutual inductance is exploited 

to cover the WPT coils classification illustrated in Fig. 4.1. 

 

Fig. 4.1. Classification of circular WPT coils. 

 

4.2 Self-Inductance of SLSC 

The continuously varying radius of the loop of a spiral coil needs to be calculated to 

determine the self-inductance of such a coil. The coil is in fact an Archimedean spiral 

[213]. As shown in Fig. 4.2, the calculated radius, R, is: 

푅 = 푅 +
푤 + 푠

2휋 휃  (4.1) 
 

where R0 is the start radius, θR is the angle of revolution (=2πj at the jth loop forming 

thereby the radius Rj) and sl (s for PSC) is the space between two consecutive loops.  
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(a) (b) 

Fig. 4.2. Parameters to calculate the varying radius of single layer Archimedean spirals. (a) WWC. (b) PSC. 

 

The self-inductance, Lself,  of a single circular coil of loop radius, R , and wire diameter 

(trace width for PSC), w, can be represented as [10],[20]–[25] 

퐿 (푅,푤) = 휇푅 푙푛
16푅
푤 − 2  (4.2) 

 

where µ is the permeability of the medium surrounding the coil. For two perfectly aligned 

coils of radii Ri and Rj, with centre-to-centre distance, dij, the mutual inductance, Mij, can be 

calculated as [5], [87] 

푀 = 푀 푅 ,푅 ,푑 =
2휇
훼 푅 푅 1−

훼
2 퐾(훼 )− 퐸(훼 )  (4.3) 

with 

훼 = 2
푅 푅

푅 + 푅 + 푑
 (4.4) 

 

where K(αij) and E(αij) are the complete elliptic integrals of the first and second kind, 

respectively.  

All the loops of a single-layer coil are concentrical so that dij=0. The self-inductance of Nl 

loops, Lself, can be calculated from (4.2) and (4.3) as 
 

퐿 = 퐿(푅 ,푤) + 푀(푅 ,푅 , 0) × (1 − 훿 ) (4.5) 
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where δij=1 for i=j; δij=0, otherwise.  

The characteristics of Lself are compared in Fig. 4.3(a) and Fig. 4.3(b) for different outer 

diameters (number of loops) of a WWC and PSC coil, respectively, of wire width (or, trace 

width) w = 200 µm and spacing between the loops, sl = 10 µm (for PSC sl = 150 µm), 

against results obtained with the 3D-EM field solution software package MAXWELL 

3DTM. The case of the ideal coil of same outer diameter but with concentric circles (CC) is 

also provided [5], [87]. The maximum percentages of variation for WWC with respect to 

the 3D EM simulation for the proposed model and ideal CC are less than 3% and around 

45%, respectively. Furthermore, the maximum %variation is 9% with respect to the 3D EM 

simulation for the proposed model for PSC whereas the use of concentric circles produces a 

variation of around 46%. Therefore, the proposed model offers better accuracy in the 

approximation of Lself. 

 
 

(a) (b) 
Fig. 4.3. Lself as a function of the outer diameter of the coil. The proposed new model is benchmarked against 
the 3D EM modelling software package and the idealized model where all circles are considered concentrical. 
The %variation with respect to the 3D EM values is also indicated for the ideal and proposed models. (a) 
WWC and (b) PSC. 

4.3 Self-Inductance of a MLHC 

Fig. 4.4 shows the model of a multi-loop, multi-layer helical coil where st represents the 

spacing between two consecutive layers in the vertical direction. Li and Tj are the ith loop 

and jth layer, respectively.  
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Fig. 4.4. Multi-loop and multi-layer helical coil. The spacing between two loops has been exaggerated to 
indicate the interconnection between the loops of the MLHC. 

 
In this model, a loop L1 of radius R0 is formed initially with Tj layers going downwards. At 

the bottom of the coil, a second loop L2 of radius R1 is formed with Tj layers going 

upwards. At the top of the coil, the same process continues for loop Li (= L3) going 

downwards, etc. In this case, θR=2π(i–1) is used to estimate the radius of the Li
th loop using 

equation (4.4). The distance between the reference layer T1 and Tj, 푑  , is simply 

푑 = (푗 − 1) × (푠 + 푤) (4.6) 
 
For a coil with Nt layers and Nl loops per layer, the total self-inductance can be modelled as  
 

퐿 = 푁 퐿(푅 ,푤) +푁 푀 푅 ,푅 , 0 × 1 − 훿

+ 푀 푅 ,푅 , 푑
×( )( )

 

(4.7) 

 

where δij = 1 for i = j, δij = 0, otherwise. The first term in (4.7) is the self-inductance of the 

Nt layers containing Nl loops each. The second term accounts for the mutual inductance 

effect of the loops for a single layer. The last term considers the mutual inductance of 

different loops of different layers with one layer always considered as a reference plane. 
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In Fig. 4.5, the performance of Lself, considered as an ideal CC and MLHC is benchmarked 

against the 3D EM simulation as a function of numbers of layers where Nl =2, w = 400 µm, 

D = 8.4 mm, st = 10 µm and sl =10 µm. This configuration is representative of biomedical 

implant applications such as capsule endoscopy [115]. The variation with respect to the EM 

software results, %variation, is around 12% for Nt=2, decreasing to less than 5% for a 

larger number of layers.  Again, the proposed model shows better performance for a high 

number of Nl and Nt. 

 

Fig. 4.5. Lself for different layers Nt of multi-layer helical coil using 3D EM simulation results, ideal 
(concentrical circles) model and proposed model. 

4.4 Mutual Inductance of Inductively Coupled Coils 

Mutual inductance is a measure of extent of magnetic linkage between current-carrying 

coils. In this section, the mutual inductance is modeled for perfectly aligned and misaligned 

inductively coupled coils. Results are compared with the 3D EM simulation. 

4.4.1. Case of Perfectly Aligned Coils 
 

The mutual inductance, M, for two current carrying coils, C1 and C2, can be approximated 

using the Neumann’s formula [206], [214] 

 

푀 =
휇

4휋
푑푙 ∙⃗ 푑푙 ⃗

푅  (4.8) 

 

The magnitude, Rp, of the vector joining a point P on C1 to a point Q lying on C2, as shown 
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in Fig. 4.6, is: 

   푅 = [푅 + 푅 + 푑 − 2푅 푅 cos(휑 − 휑 )]  (4.9) 
 

  

(a) (b) 

Fig. 4.6. Configuration of perfectly aligned coils. (a) In this example, coil C1 has 5 loops and 4 layers. Coil 
C2 has 6 loops and 3 layers. Further, dr=d1 due to the choice of the points P and Q.  (b) Simplified 
representation of two current carrying loops. 

where φC1 and φC2 are the angular co-ordinates of P on C1 and Q on C2, respectively. RC1 

and RC2 are the radii of the coils C1 of wire diameter wC1, and C2 of wire diameter wC2, 

respectively. The relative centre-to-centre distance, dr, between the coils where these points 

lie, can be approximated as 

푑 = 푑 ( , , , ) = 푑 + 푁 , − 1 × 푤 + 푠 ,  
+ 푁 , − 1 × 푤 + 푠 ,  

(4.10) 

 

where d1 is the centre-to-centre distance for the top and bottom layers of C1 and C2, 

respectively. The point P lies on the Nt,C1
th layer in C1 taking the reference layer as the top 

layer in Fig. 4.6(a). In the same way, the point Q lies in the Nt,C2
th layer in C2 taking this 

time the bottom layer as the reference layer. Equation (4.8) can be simplified by 

introducing [90] 

훾 =
2푅 푅

푅 + 푅 + 푑
 (4.11) 

 

Typical coils configurations used in WPT such as RC1=30 mm and RC2=4.2 mm and d1=100 

mm, provide a value of γ<<1. Furthermore, cylindrical co-ordinates are considered to avoid 
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the calculation complexity and both the lines are incrementing in the φ direction as shown 

in Fig. 4.6(b). The point vectors at P and Q using Cartesian coordinates can be presented as 
 

푟 ⃗ = 푅 cos휑 푥 +푅 sin휑 푦 (4.12) 
푟 ⃗ = 푅 cos휑 푥 +푅 sin휑 푦 (4.13) 

 

The differential current element of TX and RX coils from (4.12) and (4.13) can be 

presented by 

푑푙 ⃗ = −푅 sin휑 푥푑휑 +푅 cos휑 푦 푑휑  (4.14) 
푑푙 ⃗ = −푅 sin휑 푥푑휑 +푅 cos휑 푦 푑휑  (4.15) 

  

The angle between the two increments is (φC1–φC2) and both angles are integrated to the 

range from 0 to 2π. Therefore, the dot product of (4.14) and (4.15) is 

푑푙 ⃗ ∙ 푑푙 ⃗ = (−푅 sin휑 푥푑휑 + 푅 cos휑 푦푑휑 )
∙ (−푅 sin휑 푥푑휑 + 푅 cos휑 푦푑휑 ) 

(4.16) 

푑푙 ⃗ ∙ 푑푙 ⃗ = 푅 푅 cos(휑 − 휑 )푑휑 푑휑  (4.17) 
 

Further, relative position vector is given by  

푅⃗ = 푟 ⃗ − 푟 ⃗ + 푟 ⃗ 

= 푑 푧̂ − (푅 cos휑 −푅 cos휑 )푥 − (푅 sin휑 −푅 sin휑 )푦   

 

(4.18) 

and its magnitude is 

푅 = 푅⃗ = [푅 + 푅 + 푑 − 2푅 푅 cos(휑 − 휑 )]  (4.19) 
 

This expression is used in (4.9) where dr = d1. Replacing (4.9), (4.11) and (4.17) in (4.8), 

the new expression of M can be presented as 

푀 =
휇

4휋
푅 푅

푅 + 푅 + 푑
cos(휑 − 휑 )

[1− 훾 cos(휑 − 휑 )]
푑휑 푑휑  (4.20) 

 

The integrand inside (4.20) can therefore be linearized as a Taylor series up to the 5th order 

such that 
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푀 =
휇휋푅 푅

2(푅 + 푅 + 푑 )
1 +

15
32 훾 +

315
1024훾  (4.21) 

 

For a coil C1 containing TC1 layers and LC1 loops and a coil C2 containing TC2 layers and 

LC2 loops, the total mutual inductance is then 
 

푀 =  푀(푅 1: ,푅 2: ,푑 ( , ))
212

 (4.22) 

 

where RC1:k and RC2:l are the radius of kth loop of C1 and lth loop of C2, respectively, and 

dr(i,j) is calculated according to (4.10).   

Fig. 4.7 shows the value of the mutual inductance as a function of d1 using the 3D EM 

simulation and (4.22).  The coil radius for the two coils was calculated using (4.1).  

 

Fig. 4.7. Mtotal at different d1 using 3D EM simulation results and proposed model. The percentage of variation 
with the software model is indicated on the right vertical axis. 

The total numbers of layers and loops were 12 and 1, respectively for C1, and 10 and 3, 

respectively for C2. The outer diameters for coils C1 and C2 were taken as 60 mm and 8.4 

mm, respectively. The %variation between 3D EM simulation and proposed model is less 

than 10% for separation distance less than 70 mm and increases to around 14% at d1=100 

mm. The magnetic inductive relationship between two coils can be represented by the 

following coupling coefficient kC1,C2 
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푘 , =  
푀

(퐿 , × 퐿 , )
 (4.23) 

 

4.4.2. Case of Translational Misalignment 
 

Fig. 4.8 shows the configuration between C1 and C2 in the case of translational 

misalignment. C2 is off-axis by a distance, d2, from the axis of the coil C1. The distance 

between two arbitrary points P and Q lying on C1 and C2, respectively, can be written as: 
 

  

(a) (b) 

Fig. 4.8. Configuration of translational misalignment of C2. (a) In this example, coil C1 has 5 loops and 4 
layers. Coil C2 has 6 loops and 3 layers. Further, dr=d1 is considered.  (b) Simplified representation of two 
current carrying loops where C2 is translational misaligned. 

 

푅 = 푅 + 푅 + 푑 + 푑 − 2푅 푅 cos(휑 − 휑 )
−2푑 푅 cos휑 + 2푑 푅 cos휑  (4.24) 

 

To calculate the mutual inductance, the following parameters, γa, γb and γc are introduced: 

훾 =
2푅 푅

푅 + 푅 + 푑 + 푑
 (4.25) 

훾 =
2푅 푑

푅 + 푅 + 푑 + 푑
 (4.26) 

훾 =
2푅 푑

푅 + 푅 + 푑 + 푑
 (4.27) 

 

The values of γa, γb and γc are less than unity for traditional WWC configurations. In Fig. 

4.8(b), the relative position vector is given by  
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푅⃗ = 푟 ⃗ − 푟 ⃗ + 푟 ⃗ + 푟 ⃗ (4.28) 
 

where 2dr


 is lateral misalignment pointing vector with respect to x̂, φC1, and φC2. Thus, 
using (4.14) and (4.15) we can write 

푅⃗ = 푑 푧̂ − 푅 cos휑 푥 − 푅 sin휑 푦 + 푅 cos휑 푥 + 푅 sin휑 푦
+ 푑 푥 

= 푑 푧̂ − (푅 cos휑 −푅 cos휑 − 푑 )푥 − (푅 sin휑 −푅 sin휑 )푦 

(4.29) 

 

and its magnitude is: 

푅 = 푅⃗ = 푅 + 푅 + 푑 + 푑 − 2푅 푅 cos(휑 − 휑 )
−2푑 푅 cos휑 + 2푑 푅 cos휑  (4.30) 

 

This expression is used in (4.24) where dr = d1. Further, replacing (4.25), (4.26) and (4.27) 

in (4.24) we can write 

푅 = (푅 + 푅 + 푑 + 푑 ) 1 − 훾 cos(휑 − 휑 ) −
훾 cos휑 + 훾 cos휑  (4.31) 

 

Utilizing (4.17) and (4.31) in (4.8) we can write 

푀 =
휇

4휋
푅 푅

푅 + 푅 + 푑 + 푑
 

cos(휑 − 휑 )

1 − (훾 cos(휑 − 휑 ) +
훾 cos휑 − 훾 cos휑 )

푑휑 푑휑  (4.32) 

 

Linearizing again the denominator of (4.32) using a Taylor series expansion to the 4th order 

and integrating 

푀 =
휇휋푅 푅

2(푅 + 푅 + 푑 + 푑 )

1−
3
2 훿 +

15
32 훾

 1−
21
2 훿

+
15
16

(훾  + 훾  ) 1 −
7
4 훿

 (4.33) 
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where 

훿 =
푑

푅 + 푅 + 푑 + 푑
 (4.34) 

 

Note that, when d2=0, which is the case of perfectly aligned coils, the expression of M from 

(4.21) is recovered up to the third order. The total mutual inductance, Mtotal, can be 

calculated as 

푀 =  푀 푅 1: ,푅 2: ,푑 ( , ), 푑
2121

 (4.35) 

 
Fig. 4.9 shows the variation of Mtotal between C1 and C2 at d1=50 mm for d2 ranging from 0 

to 50 mm using the 3D EM simulation software and (4.35). The coil parameters are the 

same as in the case of perfectly aligned coils. The %variation between 3D EM simulation 

and proposed model is less than 9%. 
 

 

Fig. 4.9. Mtotal at different translational displacements d2, for d1=50 mm using 3D EM simulation results and 
proposed model. The percentage of variation of the values of the proposed model with respect to the 
simulation results is indicated on the right vertical axis. 

 

4.4.3. Case of Angular Misalignment 
 
The configuration of coils suffering from angular misalignment is shown in Fig. 4.10. 

Angular misalignment can be due to roll and pitch rotations which are represented in the 

figure by θ and λ, respectively. The distance between two arbitrary points lying on C1 and 
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C2 can be written as 
 

 
 

(a) (b) 

Fig. 4.10. Configuration of angular misalignment of C2. (a) In this example, coil C1 has 5 loops and 4 layers. 
Coil C2 has 6 loops and 3 layers. Further, dr=d1 is considered.  (b) Simplified representation of two current 
carrying loops where C2 is angularly misaligned. 

 

푅 =
푅 + 푅 + 푑 − 2푅 푅 (cos휑 cos휑 cos휃cos휆 + sin휑 sin휑 )

−2푑 푅 cos휑 (sin휃cos휆 + sin휆cos휃)
+2푅 cos 휑 sin휃cos휆sin휆cos휃

 (4.36) 

 
The parameters γa, γb and γc are introduced as 
 

훾 =
2푅 푅

푅 + 푅 + 푑
 (4.37) 

훾 =
2푅 푑

푅 + 푅 + 푑
 (4.38) 

훾 =
2푅

푅 + 푅 + 푑
 (4.39) 

 

The values of γa, γb and γc are less than unity for wireless power application. In Fig. 4.10(b), 

the point vectors at P and Q using Cartesian coordinates can be presented as 

푟 ⃗ = 푅 cos휑 푥 +푅 sin휑 푦 (4.40) 
푟 ⃗ = 푅 cos휑 cos 휃 cos휆푥 +푅 sin휑 푦 − 

푅  cos휑 (sin휃 + sin휆cos휃)푧̂ (4.41) 
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The differential current element of TX and RX coils from (4.40) and (4.41) can be 

presented by  

푑푙 ⃗ = −푅 sin휑 푥푑휑 +푅 cos휑 푦 푑휑  (4.42) 
푑푙 ⃗ = −푅 sin휑 cos 휃cos휆푥 푑휑 + 푅 cos휑 푦 푑휑

+ 푅 sin휑 (sin휃 + sin휆cos휃) 푑휑  
(4.43) 

 

The angle between the two increments is (φC1–φC2) and both angles are integrated to the 

range from 0 to 2π. Therefore, the dot product of (4.42) and (4.43) is 

푑푙 ⃗ ∙ 푑푙 ⃗ = 푅 푅 (sin휑 sin휑 cos휃cos휆 + cos휑 cos휑 ) 푑휑 푑휑  (4.44) 
 

In Fig. 4.10(b), the relative position vector is given by  

푅⃗ = 푟 ⃗ − 푟 ⃗ + 푟 ⃗ (4.45) 
 

Using (4.40) and (4.41) we can write (4.45) as 

푅⃗ = 푑 − 푅 cos휑 (sin휃 + sin휆cos휃) 푧̂ − (푅 cos휑 − 
푅 cos휑 cos휃cos휆) 푥 − (푅 sin휑 −푅 sin휑 )푦 

(4.46) 

 

and its magnitude is 

푅 = 푅⃗ =
푅 + 푅 + 푑 − 2푅 푅 (cos휑 cos휑 cos휃cos휆

+sin휑 sin휑 ) − 2푑 푅 cos휑 (sin휃 + sin휆cos휃) +
2푅 cos 휑 sin휃sin휆cos휃

 (4.47) 

 

This expression is used in (4.36) where dr = d1. Replacing (4.37), (4.38) and (4.39) in (4.47) 

the modified (4.8) can be written as 

푀 =
휇

4휋
푅 푅

푅 + 푅 + 푑
 

(sin휑 sin휑 cos휃cos휆 + cos휑 cos휑 )

1− 훾 cos휑 cos휑 cos휃cos휆 +
sin휑 sin휑 − 훾 cos휑

(sin휃cos휆 + sin휆cos휃) +
훾 cos 휑 sin 휃cos휆sin휆cos휃

푑휑 푑휑  (4.48) 

 
Furthermore, The Taylor expansion of M can be solved ad written as: 
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푀 =
휇휋푅 푅 cos휃cos휆

2(푅 + 푅 + 푑 )

1 +
15
64 훾

 +
15
64훾

 cos 휃 cos 휆 +

15
8 훾  (sin휃cos휆sin휆cos휃)

 (4.49) 

 
It must be noted that, when θ=λ=0, which is the case of perfectly aligned coils, the 

expression of M from (4.21) is recovered up to the third order. Mtotal can be written as 
 

푀 =  푀 푅 1: ,푅 2: ,푑 ( , ),휃, 휆
2121

 (4.50) 

 

Fig. 4.11 shows the changes of Mtotal for d1=50 mm as a function of θ (with λ fixed at 45o) 

using 3D EM simulation and (4.50) using the same coil parameters as in the previous 

section. Allowing independent variations of θ and λ, the maximum % variation with respect 

to the simulation model is also less than 7%. The changes of Mtotal as a function of θ and d1 

(for λ=45o) using (4.50) are provided in Fig. 4.12. A 3D plot using the 3D EM simulation 

provides similar results. The minimum and maximum differences between the two surfaces 

occur at θ=60o and d1=40 mm (4% variation) and θ=80o and d1=100 mm (13% variation), 

respectively.   
 

 

Fig. 4.11.Mtotal at different θ for λ=45o and d1=50 mm using 3D EM simulation results and the proposed 
model. The percentage of variation of the values of the proposed model with respect to the simulation results 
is indicated on the right vertical axis 
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Fig. 4.12. Mtotal at different θ and d1 for λ=45o using the analytical model. 

 

4.4.4. Case of Translational and Angular Misalignment 
 

The configuration in the case of combined translational and angular misalignment is shown 

in Fig. 4.13. The distance between two arbitrary points of C1 and C2 is approximated such 

that: 

 
 

(a) (b) 

Fig. 4.13. Configuration of translational and angular misalignment of C2. (a) In this example, coil C1 has 5 
loops and 4 layers. Coil C2 has 6 loops and 3 layers. Further, dr=d1 is considered.  (b) Simplified 
representation of two current carrying loops where C2 is translational and angularly misaligned. 
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푅 =

⎣
⎢
⎢
⎡푅 + 푅 + 푑 + 푑 − 2푅 푅 (cos휑 cos휑 cos휃cos휆
+sin휑 sin휑 ) − 2푑 푅 cos휑 (sin휃cos휆 + sin휆cos휃)

−2푑 푅 cos휑 + 2푑 푅 cos휑 cos휃cos휆
+2푅 cos 휑 sin휃cos휆sin휆cos휃 ⎦

⎥
⎥
⎤

 (4.51) 

 
For simplification, the parameters γa, γb, γc, γd and γe are introduced as 

 

훾 =
2푅 푅

푅 + 푅 + 푑 + 푑
 (4.52) 

훾 =
2푅 푑

푅 + 푅 + 푑 + 푑
 (4.53) 

훾 =
2푅 푑

푅 + 푅 + 푑 + 푑
 (4.54) 

훾 =
2푅 푑

푅 + 푅 + 푑 + 푑
 (4.55) 

훾 =
2푅

푅 + 푅 + 푑 + 푑
 (4.56) 

 

These parameters are smaller than unity for the wireless power transfer coils. In Fig. 4.13 

(b), the relative position vector is given by  

푅⃗ = 푟 ⃗ − 푟 ⃗ + 푟 ⃗ + 푟 ⃗ (4.57) 
 

Replacing (4.40) and (4.41) we can write (4.57) as 

푅⃗ = 푑 − 푅 cos휑 (sin휃 + sin휆cos휃) 푧̂ − (푅 cos휑 − 
푅 cos휑 cos휃 − 푑 ) 푥 − (푅 sin휑 −푅 sin휑 )푦 

(4.58) 

 

Magnitude of (4.58) can be presented as 

푅 = 푅⃗ =

⎣
⎢
⎢
⎡푅 + 푅 + 푑 + 푑 − 2푅 푅 (cos휑 cos휑 cos휃cos휆

+sin휑 sin휑 ) − 2푑 푅 cos휑 (sin휃 + sin휆cos휃)
−2푑 푅 cos휑 + 2푑 푅 cos휑 cos 휃cos휆 +

2푅 cos 휑 sin휃sin휆cos휃 ⎦
⎥
⎥
⎤

 (4.59) 

 

This expression is used in (4.51) where dr = d1. Replacing (4.52), (4.53), (4.54), (4.55) and 

(4.56) in (4.59) the modified (4.8) can be written as 
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푀 =
휇

4휋
푅 푅

푅 + 푅 + 푑 + 푑
 

(sin휑 sin휑 cos휃cos휆 + cos휑 cos휑 )

⎣
⎢
⎢
⎡1 − 훾 (cos휑 cos휑 cos휃cos휆 + sin휑 sin휑 )

−훾 cos휑 + 훾 cos휑 cos휃cos휆
−훾 cos휑 (sin휃cos휆 + sin휆cos휃)

+훾 cos 휑 sin 휃cos휆sin휆cos휃 ⎦
⎥
⎥
⎤

푑휑 푑휑  
(4.60) 

 
Finally, the Taylor expansion of M is   
 

푀 =
휇휋푅 푅 cos휃cos휆

2(푅 + 푅 + 푑 + 푑 )
 

⎣
⎢
⎢
⎢
⎢
⎡ 1 +

15
64

(훾  + 4훾  ) +
15
64

(훾  + 4훾  ) cos 휃cos 휆

+
15
8 훾  (sin휃cos휆sin휆cos휃) −

15
8 훾 훾 cos휃cos휆

(sin휃cos휆 + sin휆cos휃) −
3
2 훿 − 훿 (tan휃+ tan 휆) ⎦

⎥
⎥
⎥
⎥
⎤

 

(4.61) 

where  

훿 =
푑

푅 + 푅 + 푑 + 푑
 (4.62) 

훿 =
푑 푑

푅 + 푅 + 푑 + 푑
 (4.63) 

 

Furthermore, Mtotal can be expressed as: 
 

푀 =  푀(푅 1: ,푅 2: , 푑 ( , ),푑 , 휃, 휆)
2121

 (4.64) 

 

Mtotal between C1 and C2 was calculated at d1=50 mm for d2 varying from 0 to 50 mm, and 

θ from 0 to 90o (with λ=45o) using (4.64) and 3D EM simulation. Parameters for the coils 

are the same as in the previous section. The %variation between 3D EM simulation and 

proposed model is less than 10% over the complete range of d2 and angles. 

4.5 Experimental Setup 

As listed in Table 4.1, various coils have been hand-made, as shown in Fig. 4.14 to validate 

the proposed models using copper wire of different wire diameters, number of layers and 

numbers of loops. A Fluke PM6306 RCL meter was used to measure Lself of the assembled 
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coils.      

 
Fig. 4.14. Manufactured coils. 

Fig. 4.15 shows the experimental setup schematic for the measurement of the mutual 

inductance. The experimental validation of the mutual inductance model is conducted by 

two sets of secondary coils, SLSC and MLHC, reported in Table 4.1.  
 

Table 4.1. Coil Properties 

Coil Type R 
(mm) 

w 
(μm) Nl Nt 

Single loop single layer 30 1000 5 1 
Single loop multi-layer 5.2 560 1 12 
Multi-loop multi-layer 7.5 720 3 5 

 

The primary coil is a single layer coil made of 6 loops with R=43.75 mm and w=1 mm. An 

auto-balancing bridge is used to measure the mutual inductance. The voltage drop across 

the primary coil is V1 and output voltage of the amplifier is VF. The operational amplifier is 

connected in a differentiator configuration and used as a negative impedance converter. The 

amplifier sinks the input current of inverting port through RF resistor connected in the 

output. I1 is the current through the primary coil and induces a voltage V2 in the secondary 

side. The transfer impedance seen at the secondary coil is 

|푍| =  
푉
퐼 =

−푉 푅
푉  (4.65) 

Therefore, 
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푀 =  
|푍|

2휋푓 (4.66) 
 

where f is the frequency of the input signal. 
 

 
Fig. 4.15. Schematic view of the experimental setup for the measurement of the mutual inductance. 

 

4.6 Experimental Results 

Fig. 4.16 shows the measured values of Lself for the SLSC presented in Table 4.1 with 

varying outer diameters.  
 

 
Fig. 4.16. Measured Lself values at different outer diameters for the single-layer WWC. The percentage of 
variation of the proposed model and 3D EM simulation with respect to the measured results is indicated on 
the right vertical axis. 

 
The measured result is compared with the simulation and the proposed model. The 

%variation of the model and the 3D EM simulation with respect to measured results is 

presented on the right vertical axis and show the %variation is less than 7% for both the 
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proposed model and 3D EM simulation 

Fig. 4.17 shows the measured values of Lself for the multi-layer single loop case presented in 

Table 4.1 as the number of layers vary. The %variation of the experimental results with 

respect to both the proposed and 3D EM simulation models is less than 6%. 
 

 

 
Fig. 4.17. Measured Lself values for multi-layer, single loop coils and comparison with the proposed model and 
3D EM simulation results. The percentage of variation of the values of the proposed model and 3D EM 
simulation with respect to the measured results is indicated on the right vertical axis. 

 
Fig. 4.18 presents the experimental and simulation results of Lself for the multi-loop, multi-

layer (Nt=5) coil as the number of loops is varied from 1 to 5. The variation for both the 

proposed and 3D EM simulation models with respect to experimental values is less than 

8%. 
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Fig. 4.18. Measured Lself values as a function of the number of loops for the multi-loop (Nt =5) WWC and 
comparison with the proposed model and 3D EM simulation results. The percentage of variation for the 
proposed model and 3D EM simulation with respect to the measured results is indicated on the right vertical 
axis. 

Fig. 4.19 shows the measurement results in comparison with (4.22) and 3D EM simulation 

for perfectly aligned single layer primary and secondary coils. The %variation occurring 

with respect to the proposed model is less than 3.5% for single layer coils. Similar plot of 

multi-layer coils demonstrates less than 10% variation for the proposed model.  

 

Fig. 4.19. Measurement of Mtotal at different d1 and comparison with proposed model and 3D EM simulation 
results for perfectly aligned single layer primary and secondary coils. The %variation of the proposed model 
and 3D EM simulation with respect to measured results are presented in the right vertical axis. 
 

It is possible to simulate the magnetic field distribution of a pair of inductively coupled 

coils using ANSYS Maxwell 3DTM. This feature can verify the strength of the mutual 

coupling by showing the magnetic fields around the coils quantitatively. Two types of 

magnetic field distribution diagrams are available: 1. linear distribution, 2. vector 
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distribution. In the first type the red regions demonstrate higher magnetic field strength 

which represents higher mutual coupling. Furthermore, the later type shows the magnetic 

field in terms of vector arrows. The red arrows represent higher magnetic field and mutual 

coupling.  Fig. 4.20 shows the magnetic field distribution of perfectly aligned single layer 

primary and secondary coils. In Fig. 4.20 (a), d1=10 mm, the secondary coil is strongly 

exposed to the magnetic field radiation of the primary coil due to smaller center-to-center 

distance. Fig. 4.20 (b) and Fig. 4.20 (c) demonstrate lower magnetic field intensity in the 

secondary coil due to the larger separation distance (d1=35 and 50 mm, respectively) of the 

primary coil. This confirms the reduction of Mtotal due to the increase in d1. 

  
(a) (b) 

 
(c) 

Fig. 4.20. Magnetic field distribution for perfectly aligned coils. (a) d1=10 mm. (b) d1=35 mm. (c) d1=50 mm. 
 
Fig. 4.21 presents the measured and 3D EM simulated results for different translational 

misalignment distances, d2, for d1=10mm for single layer primary and secondary coils. The 

variation in the proposed model remains less than 3%.   
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Fig. 4.21. Measurement of Mtotal values at different translational displacement d2 for d1 = 10 mm and 
comparison with the proposed model and 3D EM simulation results for single layer primary and secondary 
coils. The %variation of the proposed model and 3D EM simulation with respect to measured results are 
presented in the right vertical axis. 

 

The same type of measurement for multi-layer coils can show a %variation of slightly over 

6%. Fig. 4.22(a) and Fig. 4.22(b) show the magnetic field distribution for d2=10 and 30 

mm, respectively, for d1=10 mm. The field intensity in the secondary coil due to primary 

coil is lower in both cases compared to Fig. 4.20(a), causing thereby a reduction of the 

Mtotal.   

  
(a) (b) 

Fig. 4.22. Magnetic field distribution for translational misalignment for d1 = 10 mm. (a) d2=10 mm. (b) d2=30 
mm. 
 
 

Fig. 4.23 shows the measured, calculated (4.50) and 3D EM simulated results of angular 

misalignment for single-layer primary and secondary coils. The roll rotation angle, θ is 

changed for a constant pitch rotation angle λ=30o. The %variation remains less than 6.5% 
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for the proposed model and 3D EM simulation for single layer coils. In the case of multi-

layer coils, the percentage variation is around 8%.  

 

Fig. 4.23. Measurement of Mtotal  for single layer primary and secondary coils at different θ  for λ=30o and 
d1=35 mm. The proposed model and 3D EM simulation results are also compared. The %variation of the 
proposed model with respect to measured results are presented in the right vertical axis. 

 

Further, Fig. 4.24 shows the measured, calculated (4.50) and 3D EM simulated results of 

varying θ with respect to constant λ=45o and d1=35 mm. The observed %variation is less 

than 7% for the proposed model and 3D EM simulation for single layer coils. In the case of 

similar plot of multi-layer coil, this percentage variation is raised up to 10%.  

 

Fig. 4.24. Measurement of Mtotal for single layer primary and secondary coils at different θ  for λ=45o and 
d1=35 mm. The proposed model and 3D EM simulation results are also compared. The %variation of the 
proposed model with respect to measured results are presented in the right vertical axis. 
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In Fig. 4.25, the measured, calculated (4.50) and 3D EM simulated results are illustrated for 

varying θ with respect to constant λ=60o and d1=35 mm. The %variation is close to 5% for 

the proposed model and 3D EM simulation for single layer coils. This percentage variation 

is less than 11% for the similar plot of multi-layer coil.  

 

Fig. 4.25. Measurement of Mtotal  for single layer primary and secondary coils at different θ  for λ=60o and 
d1=35 mm. The proposed model and 3D EM simulation results are also compared. The %variation of the 
proposed model with respect to measured results are presented in the right vertical axis. 

 

Fig. 4.26(a), Fig. 4.26(b), Fig. 4.26(c) and Fig. 4.26(d) show the magnetic field distribution 

for θ=λ=30o, θ=λ=45o, θ=λ=60o and θ=λ=90o, respectively, for d1=35 mm. Compared to 

Fig. 4.20(b) the exposure of the magnetic radiation from primary coil reduces with the 

gradually increasing θ and λ of the secondary coil. Mtotal reduces therefore significantly. In 

case of θ=λ=90o, the field vectors of primary coil are in parallel with the position of the 

secondary coil bringing Mtotal close to zero. 

  
(a) (b) 
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(c) (d) 

Fig. 4.26. Magnetic field distribution for angular misalignment at d1 = 35 mm. (a) θ=λ=30o. (b) θ=λ=45o.(c) 
θ=λ=60o. (d) θ=λ=90o. 

 
The calculation of Mtotal at different d2 and θ ranging from 0 to 90o (λ=45o, d1=35 mm) for 

the single layer secondary coil has also been conducted. The %variation of the measured 

results with the proposed model (4.64) and 3D EM simulation are less than 3% and 5.5%, 

respectively.  

The proposed model is designed for near field wireless power transfer applications. It is 

observed that the simulated M depends on the frequency. This is mainly caused by the 

parasitic effects near the self-resonant frequency of the coil [90]. In Table 4.1, the single 

layer coil has a self-resonance frequency over 40 MHz. A variation of less than 10% 

between the analytical and simulated M is recorded in the complete kHz frequency range.  

This variation increases up to 15% at 20 MHz, 20% near 30 MHz and 34.5% at 40 MHz. 

The multi-layer coil shows a variation over 25% near their self-resonant frequency (over 30 

MHz). It is therefore recommended that the analytical model be used only up to half the 

self-resonant frequency of the coil studied. 

4.7 Computational Efficiency 

Table 4.2 provides a comparison of the computational time required for the proposed 

analytical model (MATLABTM) and the 3D EM software (MAXWELL 3DTM) using 

parameters for the coils manufactured for this study.  
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Table 4.2. Comparison of the Simulation Times 

Configuration of the coil(s) Simulation Time  
(3D EM) 

 Simulation Time 
(Proposed Model)  

Lself, single layer 10 min 12 × 10˗3 s 
Lself, single loop multi-layer 15 min 15 × 10˗3 s 
Lself, multi-loop multi-layer 45 min 18 × 10˗3 s 

Mtotal, perfectly aligned (single 
layer secondary coil) 6 hr 30 min 2.3 s 

Mtotal, translational misaligned 
(single layer secondary coil) 5 hr 45 min 2.1 s 

M, angularly misaligned (single 
layer secondary coil) 5hr 30 min 2.4 s 

M, incorporated misaligned (single 
layer secondary coil) 12 hr 40 min 5 s 

 
The simulation was performed on an Intel (R) Xeon (R) CPU E5-2640 with processor 

speed of 2.5 GHz and 128 GB of RAM (HP Z820 workstation). The comparison confirms 

that a significant amount of simulation time can be saved using the models proposed in this 

thesis. 

4.8 Summary 

In this chapter, an accurate modelling method of the self-inductance, and compact solutions 

for the calculation of the mutual inductance for near field wireless power transfer systems is 

presented. The detailed mathematical derivation of inductances is illustrated. The proposed 

models have been compared with the 3D EM simulation results for numerical validation 

and experimentally validated. This method shows excellent prediction capability of self-

inductance for all types of WWC coils (single and multi-layer) and PSCs. Additionally, it 

provides a cost-effective calculation for the determination of the mutual inductance values 

at any separation distance and misalignment cases.  

 

 

 

 



100 
 

Chapter 5. Parametric Analysis and Optimization of the Performance of 
WPT Coils 

 

5.1 Introduction 

This chapter models the parasitic components: ac resistance and parasitic capacitance, 

present in the WPT coils. Both AC resistance and parasitic capacitance increase with 

frequency and affect the quality factor of the WPT coils adversely therefore reducing the 

PTE significantly. It is important to consider these parameters during the modeling of the 

WPT coils to achieve higher PTE. Furthermore, the PTE of multi-TX coil and 3-D RX coil 

is studied and formulated in this chapter. Couple mode and equivalent circuit mode theories 

are adapted to analyze the PTE. Recently, ferrite cores have become popular in WPT 

applications to improve the PTE  [90], [120]. The effect of ferrite cores on the important 

parameters of the WPT coils is therefore studied in this chapter. Finally, a nested 

multidimensional optimization algorithm is proposed to model the performance of the WPT 

coils accurately.    

5.2 AC Resistance 

5.2.1. PSC AC Resistance 
 

The PSC ac resistance is dominated by the dc resistance of the conductive traces and can be 

presented as 

푅 _ =
휌 × 푙
푤 × 푡  (5.1) 

 

where ρ, l and tt are the resistivity of the PSC conductive material, length and thickness of 

the track, respectively. The total length of the track can be calculated exactly by integrating 

the arc length, l, over the number of loops, Nl, of the PSC such that  

푙 = 푅(휃)푑휃 = 휋푁 [2푅 + (푤 + 푠 )푁 ] (5.2) 
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where R0 is the start radius, θR is the angle of revolution and sl is the space between two 

consecutive loops. These parameters were explained in Chapter 4, Section 4.2. 

The PSC tracks are considered here as ideal prismatic foil conductors [215] as shown in 

Fig. 5.1. The current penetration factor, ξ, is defined as 

 

Fig. 5.1. Cross section view of PSC. 

휉 =
푡
훿  (5.3) 

 

where the skin depth, δ, is defined as 

훿 =
휌

휋푓휇  (5.4) 

 

where µtrack = µ0 µr with µ0 and µr being the permeability of free space, relative permeability 

of the conductor and f is the operation frequency, respectively. The form factor, ηw, can be 

calculated as [215] 

휂 =
푁 푤

푁 푤 + (푁 − 1) × 푠  (5.5) 

 
 

The modified penetration factor is therefore 

휉′ = 휂 × 휉 (5.6) 
 
Further, the current distribution throughout the cross-section of a PSC trace is uniform 

when dc is passing through it. In contrast, the ac causes non-uniform distribution in a 

manner that the current density is higher at the surface of the conductor compared to its 

center. This effect becomes predominated with the increase of frequency. This phenomenon 

is known as skin effect. Furthermore, a similar phenomenon, the proximity effect causes 

non-uniform distribution of current due to the ac flow through two consecutive PSC traces. 

This effect increases significantly with the reduction of the distance between two traces. 
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Both skin and proximity effect contribute to the overall resistance with the increase of 

frequency.       

The skin effect factor, Δ1, is given as [216]: 

∆ =
sinh(2휉′) + sin(2휉′)
cosh(2휉′)− cos(2휉′) (5.7) 

 
Further, the proximity effect factor, Δ2, is written as [216] 

∆ = 2
sinh(휉′) − sin(휉′)
cosh(휉′) + cos(휉′) (5.8) 

 

Finally, the ac resistance of PSC can be calculated using (5.3) to (5.8) as 

푅 _ = 푅 _ 휉 ∆ +
휂
3 ∆  (5.9) 

5.2.2. WWC AC Resistance 
 

The dc resistance of WWC for conductor wire radius, rc, is: 

푅 _ =
휌푙푁
휋푟  (5.10) 

 

The ac resistance is the combination of skin and proximity effect resistors and can be 

written as [217] 

푅 _ = 푅 _ + 푅 _  (5.11) 
 

The asymptotic representation of resistance due to skin effect, Rskin_wwc ,is [91] 

푅 _ = _  ×
×( )

  (5.12) 
 
Fig. 5.2 shows the WWC wire model with the insulating coating layer where σc, σin, rin and 

µc are the conductivity of the conductor, conductivity of the insulator, wire radius including 

the insulator layer and permeability of the conductor, respectively. From [218], [219] the 

proximity effect, Dp, can be approximated as 

퐷 =
휋
4

(휔휇 ) {휎 (푟 − 푟 ) + 휋 × 휎 × 푟 } (5.13) 
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Fig. 5.2. WWC wire model with coating layer. 

 
For an insulator, σin = 0. The total proximity effect resistor, Rprox_wwc can be calculated as 
[218] 

푅 _ = 훼 푙푁 퐷  (5.14) 
 
where α is the shape factor and calculated as [218] 

훼 =
∑ 푅× × 퐻
∑ 푅× × 퐼

 (5.15) 

 
where Hi is the intensity of the applied magnetic field to the ith wire and Ii is the current 

flowing through ith wire. Fig. 5.3 shows the cross-section model of WWC where the total 

thickness height of the coil is T = iw + (i – 1)st for a coil with i layers. 

 

Fig. 5.3. Cross section model of WWC. 
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The magnetic field intensity applied to ith wire can be calculated as a summation of the 

squares of the effect of the magnetic fields [220] from all other wires due to the flow of Ii 

and can be expressed as [218], [220] 

퐻 = 퐻
×

+ 퐻
×

 (5.16) 

퐻 =
휇퐼
2휋

푇 − 푇

푅 푅 + 푅 + 푇 − 푇
−퐾(훽)

+
푅 + 푅 + 푇 − 푇

푅 − 푅 + 푇 − 푇
퐸(훽)  

(5.17) 

퐻 =
휇퐼
2휋

1

푅 + 푅 + 푇 − 푇
퐾(훽) +

푅 − 푅 + 푇 − 푇

푅 − 푅 + 푇 − 푇
퐸(훽)  (5.18) 

훽 = 2
푅 푅

푅 + 푅 + 푇 − 푇
 (5.19) 

 

Where K(β) and E(β) are the complete elliptical integrals of 1st and 2nd kind, respectively.  

5.3 Parasitic Capacitance 

5.3.1. PSC Parasitic Capacitance 
 

Fig. 5.4 shows the parasitic capacitance model for the PSC where per unit length 

capacitance due to the dielectric effect of substrate can be expressed as [221] 

 

Fig. 5.4. PSC parasitic capacitance modeling. 
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퐶 = 휀 휀
푤
푡  (5.20) 

 

where εrs is the dielectric constant of the substrate and ts is the thickness of the substrate. 

The capacitance between adjacent traces, assuming that sl is thinner than the track width, is 

written as 

퐶 = 휀
퐾(푘′)
퐾(푘)  (5.21) 

 
where k = sl/( sl +2w) and k' = √1 − 푘 . K(k) is the complete elliptic integral of the 1st kind. 

The capacitance of adjacent traces in the substrate region can be presented as 

퐶 =
휀 휀
휋 ln coth

휋
4 ×

푠
푡  (5.22) 

 
The total capacitance for the complete length of the track is 

퐶 = 퐶 + 퐶 + 퐶 × 푙 (5.23) 
 
To communicate with the inner terminal, a conductor bridge has to be built. This bridge or 

via goes across all the other turns of the PSC and results in additional parasitic capacitance 

which is known as the overlapping trace capacitance Ctov and written as [77], [79] 

퐶 = 휀 휀 _
퐴
푡  (5.24) 

 

where εeff_ov is the effective dielectric constant between two conductive traces due to 

overlapping and Atov = lovwov is the overlapping area and tov is the thickness of overlapping 

trace.  

휀 _ =
휀 + 1

2 +
휀 − 1

2 1 +
12
푤
푡

−
휀 − 1

4.6 ×

푡
푡
푤
푡

 (5.25) 

 
Therefore, overall parasitic capacitance can be expressed as 

퐶 = 퐶 + 퐶  (5.26) 
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5.3.2. WWC Parasitic Capacitance 
 
In [75], a detailed analysis of the parasitic capacitance for WWC is presented. The parasitic 

capacitance between two layers, Ct for a tightly wound coil can be written as [75] 

퐶 = 휀 휀
휋퐷 푟

휍 + 휀 푟 (1− cos휃) + 0.5휀 푠 푑휃 (5.27) 

 
where, ς is the thickness of the insulating layer in a wire and Dx = (rin + rc) [93] is the 

average diameter of the insulating coating shell as shown in Fig. 5.2. From [93], the 

parasitic capacitance between two loops, can be presented as 

퐶 = 휀 휀
휋퐷 푟

휍 + 휀 푟 (1− cos휃) + 0.5휀 푠 푑휃 (5.28) 

 
A general expression for the total parasitic capacitance for MLHC WWC is [93] written as 

퐶 =
1
푁

퐶 (푁 − 1)푁 + 퐶 (2푖 − 1) (푁 − 1)  (5.29) 

 

where Ntot = Nl Nt. 
 

5.4 Number of Turns 

The estimation of the number of turns is one of the important factors used to optimize the 

performance of the WPT coil. The difference of the radius, Δr, of a coil is 

∆푟 = 푟 − 푟  (5.30) 
 
where ro and ri are the outer radius and inner radius of the coil, respectively. A loop factor, 

φl is introduced as 

휑 =
∆푟

푤 + 푠  (5.31) 

 
The number of loops, Nl, in one CC layer is estimated as 
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푁 = 푖푛푡
Δ푟

푤 + 1 − 1
휑 푠

 (5.32) 

 

In MLHC, a layer factor φt for total layer height T as shown in Fig. 5.3 can be presented as 

휑 =
푇

푤 + 푠  (5.33) 
 

The number of layers in MLHC, Nt is estimated as 

푁 = 푖푛푡
푇

푤 + 1− 1
휑 푠

 (5.34) 

 
Total number of turns, Ntot, in all the layers can be calculated as: 

푁 = 푁 ×푁  (5.35) 
 
Fig. 5.5 shows a comparison of the number of turns calculated using the coil model 

provided in [21], coils provided in references [21], [75]–[77], [90], [123]  and our model 

given by Eqn. (5.35). The proposed model demonstrates better accuracy in terms of number 

of turns than the previously recorded methods. 

 

Fig. 5.5. Comparison of number of turns calculation using proposed model with a reference model [21]. 
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5.5 Quality Factor 

Fig. 5.6 shows the equivalent lumped model of WPT coil [222] where Cself is the parasitic 

capacitance, Rs is the equivalent series resistance and Xs is the equivalent reactance.  

 

Fig. 5.6. Lumped equivalent circuit model of WPT coil. 

with 

푋 =
1
푗휔퐶 (5.36) 

푋 = 푗휔퐿 (5.37) 
휔 = 2휋푓 (5.38) 

 
The equivalent impedance is 

푍 = (푅 + 푗휔퐿) ∥
1
푗휔퐶    =

푅 + 푗휔퐿
(1 −휔 퐿퐶) + 푗휔푅 퐶 (5.39) 

Finally 

푍 =  
(푅 + 푗휔퐿) ∙ [(1− 휔 퐿퐶)− 푗휔푅 퐶]

[(1−휔 퐿퐶) + 푗휔푅 퐶] ∙ [(1−휔 퐿퐶)− 푗휔푅 퐶] 

=
푅 [(1−휔 퐿퐶) − 푗휔푅 퐶] + 푗휔퐿[(1−휔 퐿퐶) − 푗휔푅 퐶]

(1− 휔 퐿퐶) + (휔푅 퐶)  

   =
푅

(1 −휔 퐿퐶) + 휔푅 퐶
+
푗휔퐿 1− 휔 퐿퐶 − 푅 퐶

퐿
(1− 휔 퐿퐶) + 휔푅 퐶

 

= 푅 + 푗푋  

(5.40) 

The quality factor of the coil without the load effect, Qunloaded, can be written as 

푄 =
|푋 |
푅  (5.41) 
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=
휔퐿 1− 휔 퐿 퐶 −

푅 퐶
퐿

푅  

 

At lower frequency (5.41) can be simplified as 

푄 =
휔퐿
푅  (5.42) 

5.6 Power Transfer Efficiency of Multi-TX System 

In this section, the power transfer efficiency (PTE) of a multi-TX and multi-RX WPT 

system is modelled. The PTE is first modelled with coupled mode theory (CMT).  An 

equivalent circuit theory (ECT) is used later to verify the derived model.  

5.6.1. PTE Using CMT 
 
Fig. 5.7 shows the 3-D WPT system with two transmitter coils. The receiver coil is placed 

in the middle. The TX coils are powered with the external driving sources F1(t) and F2(t). 

In this case, only the x-axis of RX coil is considered. The output of x-axis coil is connected 

with the load resistance RL. Further, Kij (≈ Kji) is the coupling rate between coil i and j. The 

multiple TX system can be described by using CMT as: 
 

 

Fig. 5.7. Two TX and 3D RX-based WPT system. 
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푑푎 (푡)
푑푡 = −(푗휔 + Γ )푎 (푡) + 푗퐾 , 푎 (푡) + 푗퐾 , 푎 (푡) (5.43) 

푑푎 (푡)
푑푡 = −(푗휔 + Γ )푎 (푡) + 푗퐾 , 푎 (푡) + 푗퐾 , 푎 (푡) (5.44) 

푑푎 (푡)
푑푡 = −(푗휔 + Γ + Γ )푎 (푡) + 푗퐾 , 푎 (푡) + 푗퐾 , 푎 (푡) (5.45) 

 
where ωTX1 = ωTX2 = ωRX is the angular resonant frequency and Γi is the resonance width or 

rate of intrinsic decay due to the objects absorption and radiation losses. The field 

amplitude inside a coil is ai (t) = Ai e-jωt. Therefore, the differential equations in (5.43), 

(5.44) and (5.45) can be derived to a set of algebraic equations: 

Γ 퐴 − 푗퐾 , 퐴 − 푗퐾 , 퐴 = 0 (5.46) 

Γ 퐴 − 푗퐾 , 퐴 − 푗퐾 , 퐴 = 0 (5.47) 

(Γ + Γ )퐴 − 푗퐾 , 퐴 − 푗퐾 , 퐴 = 0 (5.48) 
 

The distance between TX1↔TX2 is large enough to neglect the coupling rate (KTX1,TX2 = 0). 

Therefore, 

Γ 퐴 − 푗퐾 , 퐴 = 0 (5.49) 

Γ 퐴 − 푗퐾 , 퐴 = 0 (5.50) 

(Γ + Γ )퐴 − 푗퐾 , 퐴 − 푗퐾 , 퐴 = 0 (5.51) 

 
Furthermore, (ATX1 / ARX) and (ATX2 / ARX), (ATX3 / ARX) can be written as 

퐴
퐴 =

퐾 , (Γ + Γ )Γ
푗퐾 , Γ + 푗퐾 , Γ

 (5.52) 

퐴
퐴 =

퐾 , (Γ + Γ )Γ
푗퐾 , Γ + 푗퐾 , Γ

 (5.53) 

The power dropped at coil i can be presented as Pi = 2Γi|Ai|2. Further, the total power is PTot 

= PTX1+PTX2+2*PRX. Therefore, the PTE of the multi-TX WPT can be written as 
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휂 =
푃
푃 =

1

2 + Γ
Γ 2 + Γ

Γ
A
A + Γ

Γ
A
A

 
(5.54) 

By replacing (5.52) and (5.53) in (5.54) we can write  

휂 =
1

2 + Γ
Γ

⎣
⎢
⎢
⎢
⎡
2 + 1

퐾 ,
Γ Γ +

퐾 ,
Γ Γ

1 + Γ
Γ

⎦
⎥
⎥
⎥
⎤
 

(5.55) 

 

Finally, 

휂 =
1

2 + Γ
Γ 2 + 1

퐹푂푀 1 + Γ
Γ

 
(5.56) 

 
A distance dependent figure-of-merit, FOM, is proposed: 

퐹푂푀 =
퐾 ,

Γ Γ +
퐾 ,

Γ Γ = 푘 , 푄 푄 + 푘 , 푄 푄  (5.57) 

 

where 

Γ =
휔

2푄 ,퐾 , =  
휔푘 ,

2  (5.58) 

Qi and ki,j is the quality factor of ith coil and coupling coefficient between i and j coils, 
respectively. 

A larger FOM is required to generate higher η. It is possible to increase FOM by reducing 

the loss, therefore the decay rate in each coil. Similarly, the coupling rates between TX and 

RX should be large. Taking the derivative of (5.56) with respect to ΓL, the optimal value of 

ΓL, 횪푳∗ , can be derived to achieve maximum η as 

Γ∗ = Γ 1 + 2
퐾 ,

Γ Γ + 2
퐾 ,

Γ Γ  (5.59) 

 
 



112 
 

5.6.2. PTE Using ECT 
 
Fig. 5.8 shows the equivalent circuit model of the multiple transmitter (TX) WPT system. 

The two TX coils are connected with the voltage sources V1 and V2. The receiver (RX) of 

one axis of a 3D coil is connected with the load resistance RL. The power is transferred 

from the TX to RX through an inductive coupling. The magnetic inductive relationship 

among the coils can be presented by the coupling coefficient kij as follows 

 

Fig. 5.8. Equivalent circuit model of the two-TX WPT system. 

 

For the sake of simplicity, the cross-coupling term kTX1,TX2, between TX coils is neglected 

[131], [223], [224]. The equivalent input impedances seen by the TX coils can be expressed 

as [131]: 

푍 = 푅 + 푗휔퐿 +
1

푗휔퐶 + 푍  (5.60) 

푍 =
휔 푀

푍  (5.61) 

 

In (5.61), the effect of the secondary coil or the equivalent reflected impedance of the 

secondary coil back on to the primary is expressed as Zreflection where Zequivalent is the 

equivalent load on the secondary side. Further, 
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푍 = 푅 + 푗휔퐿 +
1

푗휔퐶

+
2푘 , 휔 퐿 퐿

푅 + 푗휔퐿 + 1
푗휔퐶 + 푅 푅

푅 + 푅
 (5.62) 

푍 = 푅 + 푗휔퐿 +
1

푗휔퐶

+
2푘 , 휔 퐿 퐿

푅 + 푗휔퐿 + 1
푗휔퐶 + 푅 푅

푅 + 푅
 (5.63) 

 
At resonance, the reactance terms become zero as 

푗휔퐿 +
1

푗휔퐶 = 0 (5.64) 

Furthermore, (5.62) and (5.63) can be written as 

푍 = 푅 +
2푘 , 휔 퐿 퐿

(푅 + 푅 ) 푅
푅 + 푅

 
(5.65) 

푍 = 푅 +
2푘 , 휔 퐿 퐿

(푅 + 푅 ) 푅
푅 + 푅

 
(5.66) 

The power transfer efficiency from TX to RX can be presented as the ratio of the 

impedance terms due to the effect of mutual coupling in (5.65) and (5.65) with the total 

input impedances in TX 

휂 =

2푘 , 휔 퐿 퐿

(푅 + 푅 ) 푅
푅 + 푅

+
2푘 , 휔 퐿 퐿

(푅 + 푅 ) 푅
푅 + 푅

⎝

⎜
⎜
⎛
푅 + 푅 +

2푘 , 휔 퐿 퐿

(푅 + 푅 ) 푅
푅 + 푅

+

2푘 , 휔 퐿 퐿

(푅 + 푅 ) 푅
푅 + 푅

+
⎠

⎟
⎟
⎞

 

(5.67) 

Equation  (5.67) can be simplified as 
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휂 =

2푘 , 휔 퐿 퐿 푅
(푅 + 푅 ) +

2푘 , 휔 퐿 퐿 푅
(푅 + 푅 )

푅 푅 +
2푘 , 휔 퐿 퐿 푅

(푅 + 푅 ) +
2푘 , 휔 퐿 퐿 푅

(푅 + 푅 )

 (5.68) 

 

However, some part of the received power is absorbed in the internal resistance and 

considered as a loss while the power transferred to the RL is the major part that can be 

utilized in the system. Therefore, the utilized efficiency is the ratio of the load resistance 

and total resistance at RX 

휂 =
푅

2(푅 + 푅 ) (5.69) 

 

The total power transfer efficiency can then be written as 

휂 = 휂 휂 =
푅 2푘 , 휔 퐿 퐿 푅 + 2푘 , 휔 퐿 퐿 푅

2
푅 푅 (푅 + 푅 ) + (푘 , 휔 퐿 퐿 푅 +

푘 , 휔 퐿 퐿 푅 )2(푅 + 푅 )

 
(5.70) 

 
Finally, 

휂 =
1

2 + 푅
푅

2 + 1
푘 , 휔 퐿 퐿

푅 푅 +
푘 , 휔 퐿 퐿

푅 푅

1 + 푅
푅

 

(5.71) 

 
From (5.71) a new FOM is proposed as 

퐹푂푀 =
푘 , 휔 퐿 퐿

푅 푅 +
푘 , 휔 퐿 퐿

푅 푅  

= 푘 , 푄 푄 + 푘 , 푄 푄  
(5.72) 

 

At lower resonance frequency we can write 

푄 =
휔퐿
푅  (5.73) 

Therefore, 
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휂 =
1

2 + 푅
푅 2 + 1

퐹푂푀 1 + 푅
푅

 (5.74) 

 
In (5.72), FOM is proportional and inversely proportional to coupling coefficient and 

resistance of the coils, respectively. In (5.74), η can be maximized by increasing coupling 

efficient and reducing the coil resistance. Taking the derivative of (5.74) with respect to RL, 

the optimal value of RL to achieve maximum η can be written as: 

푅∗ = 푅 1 + 2
푘 , 휔 퐿 퐿

푅 푅 + 2
푘 , 휔 퐿 퐿

푅 푅
 

 

(5.75) 

5.6.3. Comparison between CMT and ECT 
 

For a two-TX coil WPT system the formulas of η and FOM estimated from CMT (5.56) 

and (5.57) are the same as those obtained from ECT (5.74) and (5.72), respectively. 

Replacing (5.58) in (5.56) we can write 

휂 =
1

2 + Q
Q 2 + 1

퐹푂푀 1 + Q
Q

 
(5.76) 

 

Furthermore, replacing FOM (5.57) in (5.76) 

휂 =
Q (푘 , 푄 + 푘 , 푄 )

2Q 푘 , 푄 + 푘 , 푄 +

2Q 푘 , 푄 + 푘 , 푄 + Q Q 1
Q + 1

Q

 

(5.77) 

 

Taking the derivative of (5.76) with respect to QL we can write the optimized QL as 

Q∗ =
푄

√1 + 2퐹푂푀
=

푄

1 + 2푘 , 푄 푄 + 2푘 , 푄 푄
 

(5.78) 

 
Furthermore, the optimized load is 

R∗ =
휔퐿

Q∗  (5.79) 
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By replacing (5.78) in (5.76) the optimized PTE is presented as 

휂∗ =
1

2 + 1
√1 + 2퐹푂푀

2 + 1
퐹푂푀 + 2 + 1

퐹푂푀

 
(5.80) 

 
Finally, the total PTE for a multi-TX and 3-D RX coil is 
 

휂 = 휂 푘 , ,푘 , 푄 ,푄 ,푄 + 

+휂 푘 , ,푘 , ,푄 ,푄 ,푄  

+휂 푘 , ,푘 , ,푄 ,푄 ,푄  

(5.81) 

5.7 Effect of a Ferrite Core in WPT Coils 

The inclusion of ferrite core in a WPT system can increase the magnetic flux generated 

inside the space enclosed by the coil allowing thereby an increase of the coupling between 

the TX and RX coils. The magnetic field in a cylindrical shaped ferrite rod is not constant 

throughout its volume in contrast with elliptical shapes. The magnetic field variation in a 

cylindrical ferrite rod occurs both in the radial and axial directions. Further, this variation is 

maximum at the centre and reach a minimum at the ends [225].  This deviation is a function 

of both the shape of the rod and its permeability. Therefore, rather than substituting the 

magnetic field at the center of the rod directly with the case of air coil, an average value of 

demagnetizing factor of cylindrical ferrite rod, Dc is considered [120] over the entire rod. 

Demagnetizing factor is defined as the opposite magnetic field created by a ferromagnetic 

material at its opposite ends when it is excited by a magnetic field. An accepted 

approximation for the Dc can be written as [120] 

 
퐷 = 0.755퐷 휆 . , 푓표푟 휆 > 1 (5.82) 
퐷 = 0.76퐷 휆 . , 푓표푟 휆 < 1 (5.83) 

where λ is the height to diameter ratio (hF/2RF), DE is the elliptical demagnetization factor. 

The solution for prolate (λ > 1) (5.84) and oblate (λ < 1) (5.85) ellipsoids can be expressed 

as [220][120]     
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퐷 =
2푅
ℎ 푒

ln
1 + 푒
1 − 푒 − 2푒 , 푒 = 1 −

2푅
ℎ  (5.84) 

퐷 =
푅

ℎ
2 푒

[푒 − tan 푒], 푒 = 1 −
ℎ

2푅  (5.85) 

where RF and hF are the radius and height of the ferrite rod, respectively, as shown in Fig. 
5.9.   

 
Fig. 5.9. Cylindrical ferrite rod. 

If ferrite core is not tightly encompassed by the coil (R > RF), the self-inductance, LF, can be 

approximated as [120] 

퐿 = 퐿 2 −
푅
푅 1 −

휇
1 + 퐷 (휇 − 1)  (5.86) 

 
Furthermore, the mutual inductance can be expressed as [120] 

푀 = 푀 2 −
푅
푅 1−

휇
1 + 퐷 (휇 − 1)  (5.87) 

 

The expressions of  Lself and Mtotal in (5.86)and (5.87) are adapted from Chapter 4. 

The simplified closed form ac resistance with the ferrite effect on WPT coils is provided in 

[120] and estimated using the iterative EM simulation as 

For 휆 > 1 

푅 _ = 푅
휆
퐷  (5.88) 

 
For 휆 < 1 
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푅 _ = 푅
휆푅

0.001 ∗ 휆 .  (5.89) 

 

5.8 Optimization 

In Fig. 5.10, a nested multidimensional optimization algorithm has been developed for 

WPT applications. The proposed algorithm checks the compatibility of the input design 

variables with the given design constraints such as outer diameter, wire width and number 

of turns. The algorithm compares the calculated PTE’s for each iteration to retrieve the 

global maximum PTE and the algorithm stops if the computation of all the variables is 

completed or it reaches the target PTE value (η = 100%). It is an exhaustive search 

algorithm where one parameter is considered as the reference (in this case, the outer 

diameter) and swept in the horizontal plane of the search space. The search window for 

each parameter is decided-based on the design constraints. For example, the maximum 

outer diameter of the RX coil for CE application is restricted to 10 mm. Furthermore, to 

achieve higher PTE the outer diameter should not be less than 5 mm.  Therefore, the 

minimum and maximum range of outer diameter for CE application are selected as 5 and 

10 mm, respectively with an increment of 0.5 mm each sweep in the horizontal plane. For 

each horizontal point the algorithm searches the local maximum PTE by considering the 

parameters in the vertical direction. If a local maximum is found which is higher than the 

previous value than it is stored as global maximum. Otherwise, the previous maximum is 

kept as the global maximum. This process continues until the PTE is calculated using all 

the defined parameters range in the search window or the targeted global maximum is 

achieved.  
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Fig. 5.10. Flow graph of nested multidimensional optimization algorithm. 
 

An example of the proposed optimization algorithm is demonstrated in Fig. 5.11. In this 

case, the nested multidimensional algorithm runs for 150 iterations until it reaches the 

global maximum, η = 86.14%, achieved for wTX = 1,100 µm, NTX = 18, wRX = 200 µm and 

NRX = 14 at the 110th iteration for a PSC WPT system. The simulation was conducted using 

an Intel (R) Xeon (R) CPU E5-2609 v2 with processor speed of 2.5 GHz and 8 GB of 

RAM. The simulation time to run all the iterations was less than 10 minutes.  
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Fig. 5.11. PTE vs. optimization iterations for a PSC WPT system. 

This optimization algorithm is used in the subsequent chapters to implement the WPT 

systems for capsule endoscopy and prosthetic hand applications. 

5.9 Summary 

In this chapter, the important parameters of the WPT coils have been modelled. The 

improvement of the PTE depends significantly on the accuracy of the modeling of the 

parasitic components such as ac resistance and parasitic capacitance. Therefore, the 

accurate models of the parasitic components are presented for both PSC and WWC. 

Furthermore, the PTE model presented in this work is capable of approximating the 

efficiency of the multi-TX and 3-D type RX WPT systems such as in capsule endoscopy as 

demonstrated in a later chapter. Effect of the ferrite core on the self- and mutual inductance 

is discussed along with the ac resistance. The presented parameters are utilized in the next 

chapters to design and model the WPT system for BDs. Furthermore, the nested 

multidimensional algorithm is used to optimize the WPT coils for BD application 

accurately.  
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Chapter 6. Application of 3-D WPT Systems for Capsule Endoscopy 
 

6.1 Introduction 

The number of people affected by gastrointestinal (GI) disorders [179], [180] is increasing 

significantly due to diseases like gastric cancer [226], [227], stomach bleeding [228], [229] 

and tumours [230]. To prevent subsequent complications, early stage detection is necessary 

for effective treatment and greater chance of survival. Advanced capsule endoscopy (CE) 

possesses the potential of early stage detection screening. It offers comfortable, relatively 

painless and rapid diagnosis to the patient, enabling a thorough diagnosis, which can be 

performed seamlessly without strongly disrupting the daily activity of the patient. CE can 

also travel to parts where typical endoscopes fail to reach such as small bowel area [204], 

[231]. Additionally, CE can be effectively conducted without full supervision by a 

specialist. CE is actually today the only technique that allows direct visualization of the 

complete GI tract. However, diagnostic yield (DY) is still major concern for CE due to 

technological barriers [232]–[234]. Better DY depends on high-quality images for imaging 

capsules therefore important features such as image resolution, viewing angle, frame rate 

and device working time need to be improved. Additional features such as improved and 

miniaturized control systems, actuation and locomotion mechanisms can also significantly 

increase DY quality. Multiple sensors are further required to extract better data during CE. 

Moreover, an enhanced electronics system is required to capture and partially process the 

data and control the device in a semi-autonomous manner. It can then be concluded that the 

power requirement of the future generation CE is likely to increase significantly compared 

to existing CE units and the battery capacity may not be sufficient to support a multi-

modality sensing prototype [104], [235].  

Recent compact battery technologies used in CE deliver around 21 mW of power [236], 

[237]. Although harvested energy from ambient sources such as light, radio frequency, 

vibration or thermoelectric can generate electrical energy, the resulting output power is still 

in the range of µWs. Therefore, WPT technique might be the best candidate to provide 

relatively high power to CE to support multi-modality sensing features. In Chapter 2, NRIC 

[21] and NRMRC [77], [238] were discussed and were seen to be the most convenient 

WPT techniques for CE due to their moderate size, range of transmission and high wireless 
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link power transfer efficiency (WL-PTE). Although WPT link using inductive coupling is 

less susceptible than NRMRC to misalignment between the receiver (RX) and transmitter 

(TX), the orientation of the capsule inside the GI tract is nevertheless unpredictable. A 

single coil, 1-dimensional (1-D) WPT system cannot therefore continuously supply 

constant power for CE as the capsule travels inside the gut. The size of the RX coil must 

also be small enough to fit in typical 11 mm diameter and 26 mm length capsule [239]. The 

portability of the TX coil is also a major issue as indicated in previous WPT research [182], 

[183]. Finally, tissue safety has to be ensured for any successful WPT system in CE. 

Several designs that are tolerant to misalignment have been reported in the literature for 

different WPT applications over the last few years. Strongly coupled magnetic resonance 

(SCMR) is presented for 3-D WPT coils in [117], [118]. Two and three orthogonal loops 

are connected together to mitigate the effect of angular misalignment resulting in an 

efficiency of more than 60% at 41.5 MHz  [117] and 40% at 80.2 MHz [118] in air for the 

complete range of coil rotation. The diameter of the outer loop of the TX and RX coils in 

both studies is however 100 mm which is inappropriate for biomedical implant 

applications. The frequencies of the proposed systems could also be inappropriate for tissue 

safety for long term applications such as CE therefore tissue safety validation is necessary 

at these frequencies before considering for their application in BIDs. A novel WPT system 

including six TX and four RX coils is presented in [119]. TX coils are placed at different 

positions of a 46×24×20 cm3 rodent home cage. The RX coils are positioned around a 

11×20×22 mm3 box placed on the head of a rat. PTEs of 23.6% to 33.3% and 6.7 to 10.1% 

in air have been achieved for a head height of 8 and 20 cm, respectively, at 13.56 MHz 

operation frequency. The configuration proposed where multiple TX coils are positioned on 

the boundaries of a human patient’s room is however cumbersome for CE WPT 

applications. Furthermore, the size of the RX proposed is more than 1.5 times larger than 

the volume of typical capsules used for CE. A 3-D receiver for CE is proposed in [2] with 

three orthogonal coils spread inside the capsule with outer diameter of 10 mm and length of 

13 mm. The TX coil is installed in a cylinder of 41 cm in diameter and 30 cm length 

surrounding the patient. A system efficiency of 1% is achieved for an operating frequency 

of 1 MHz in air. The SAR is recorded as 0.4 W/Kg. In [104], [236], [240], a 3-D WPT RX 

coil for CE is fabricated on a modified ferrite plate. The size of the RX coil is 9×5 mm2. 

The outer diameter of the non-portable Helmholtz TX coil is 30 cm. The RX can deliver 
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300 mW of power at 1 MHz of frequency. However, the information on the PTE and SAR 

is not provided. Another 3-D WPT coil for CE is presented in [182] where the RX coils are 

winded around a ferrite slab. The proposed system demonstrates a WL-PTE of around 5% 

at 218 kHz frequency for 400 mm and 11.5 mm diameter TX and RX coils, respectively. 

The SAR is recorded as 8 W/Kg which is significantly higher than the IEEE guidelines 

[61]. A miniaturized omnidirectional WPT RX coil similar to [117], [118] is present in 

[102] for CE applications. The size of the RX coil is 24×18 mm2 which is not appropriate 

for a CE capsule. The size of the TX coil is around 78×52 mm2. The system PTE is 

recorded as less than 5% for a separation distance of 7 cm in air and 6.78 MHz operation 

frequency. This work does not provide any tissue safety information. 

In the light of previous work achieved and presented in the previous paragraph, this chapter 

addresses the challenges outlined above by proposing two new types of 3-D type RX WPT 

coils. Both coils are analyzed using the set of accurate equations presented in Chapter 4 and 

5 and use coil parameters obtained from the link optimization through the nested multi-

dimensional algorithm. Multi-TX system is adopted for both the WPT systems to improve 

the WL-PTE for longer separation distance. The TX coils are fabricated on flexible 

substrate to demonstrate the portability of the proposed systems. The bending effect of the 

TX coil, which is likely to happen for a WPT system strapped to a patient, is also studied 

regarding potential degradation of the WL-PTE performance. Tissue safety is demonstrated 

by simulating the specific absorption rate (SAR) in the tissue using a human body model 

found in ANSYS HFSS. Simulation results are validated by measuring the temperature 

variation at multiple positions inside a phantom mimicking the dielectric properties of 

human tissue. Finally, the complete system efficiency (CSE) is analyzed for both the multi-

TX and 3-D RX WPT systems to validate the potential of the proposed systems to fulfill the 

power requirement of the typical commercial capsules.       

6.2 Cross-Type 3-D RX 

6.2.1. Modelling and Optimization 
 

Fig. 6.1(a) and Fig. 6.1(b) show a schematic of the 3-D cross-type holder of the WPT RX 

without and with copper wires, respectively. A ferrite rod is used to confine the magnetic 

flux generated inside the space enclosed by the coil, thereby enhancing the mutual coupling 
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between the TX and RX coils [120].  
 

 

Fig. 6.1. Proposed 3-D cross-type RX coil holder model. (a) Without copper wires. (b) With copper wires. 

 

The proposed 3-D cross-type RX coil is modelled by using the self- and mutual inductance, 

ac resistance and parasitic capacitance expressions presented in Chapters 4 and 5 along 

with the flexible TX coil. The effect of ferrite cores on the self-inductance and ac resistance 

is illustrated in Fig. 6.2 and Fig. 6.3, respectively.  

Fig. 6.2 shows the calculated and simulated self -inductance values as a function of the total 

number of turns, Nl × Nt, without (NF) and with a ferrite core (F), respectively. 3-D 

electromagnetic (EM) solver ANSYS HFSSTM was used to carry out the simulation. The 

maximum relative difference between the calculated and simulated results in the ferrite case 

is only 8% for a ferrite core of radius RF = 1 mm, height hF = 2.5 mm and RX coil wire 

width w = 0.3 mm. The operation frequency, f, is selected as 5 MHz. This frequency is 

chosen to demonstrate the concept of the 3D WPT system as it allows the design and 

construction of cheaper electronic circuitry compared to the ISM band of 6.78 MHz. It must 

be noted that the radius of the RX coil, R varies with respect to the number of loops, Nl. 
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Fig. 6.2. Self-inductance as a function of total number of turns, Nl × Nt, without (NF) and with ferrite (F). The 
% variation between the analytical and 3-D EM simulated results is indicated on the right vertical axis. RF = 1 
mm, hF = 2.5 mm and w = 0.3 mm. 

Fig. 6.3 shows the analytical and 3-D EM simulated AC resistance without (NF) and with 

ferrite (F) as a function of the total number of turns at f = 5 MHz. The maximum percentage 

of variation between the calculated and simulated results is less than 8%. 

 

Fig. 6.3. AC resistance as a function of total number of turns, Nl × Nt, without (NF) and with ferrite (F). The 
% variation between calculation and 3-D EM simulation is indicated on the right vertical axis. 

 

The estimation of PTE for multi-TX and 3-D RX coil is achieved from the WL-PTE 

expression presented in Chapter 5. 

Fig. 6.4 shows the magnetic field distribution for both single and two TX WPT systems. 

The RX coil is positioned 10 cm from the TX coils. Compared to a single TX WPT, Fig. 
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6.4(a), the RX coil in multi-TX WPT, Fig. 6.4(b), is enclosed by a higher intensity 

magnetic field. Therefore, the WL-PTE of a multi-TX WPT is higher compared to a single 

TX WPT for a large separation distance. 

 
(a) 

 

(b) 

Fig. 6.4.  Magnetic field distribution. (a) Single TX WPT. (b) Multi-TX WPT. 

 

The proposed multi-TX and 3-D RX WPT system is optimized for 5 MHz operation 

frequency using the mathematical models presented in Chapters 4 and 5  to extract the coil 

parameters such as wire width and number of turns to improve distance dependent figure of 

merit (FOMD) and maximum WL-PTE using the nested multi-dimensional optimization 

algorithm presented in [89]. This frequency was chosen instead of the ISM band frequency 
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of 6.78 MHz which displays a lower PTE due to the increase in the parasitic components of 

the TX and RX coils. Moreover, the electronic circuitry of the whole WPT system is 

cheaper and easier to design at that frequency. The optimization takes approximately 15 

minutes to complete in Intel (R) Xeon (R) CPU E5-2640 with processor speed of 2.5 GHz 

and 128 GB of RAM (HP Z820 workstation) computer.  The simulation of these types of 

complex WPT coils requires usually substantial time for commercial electromagnetic (EM) 

solver software packages. The optimized load, 푅∗, is calculated as 1.3 Ω for dr = 10 cm. 

The optimized parameters of the TX and RX coils are listed in Table 6.1 where s and N are 

the spacing between two copper wires and total number of turns, respectively. Furthermore, 

R, w, LF and Q is outer radius, wire width, self-inductance with ferrite core and quality 

factor of the coils, respectively. 

Table 6.1. Optimized TX and RX coil parameters 

Parameter R (mm) w (mm) s (m) N LF (H) Q 
TX 101 2 500 6 15.21 224 

RX (x-, y- and 
z-axis) 2.8 0.315 – 20 1.4 40 

 

6.2.2. Experimental Setup and Results 
 
Fig. 6.5(a) shows the 3-D printed coil holders with and without ferrite rod for the proposed 

3-D cross-type RX. Nickel zinc (NiZn) material 61 for the cylindrical shaped ferrite rod of 

hF=2.5 mm and RF=1 mm is used to improve the PTE of the 3-D WPT system. 3D printing 

of the coil holder was carried out using Vero white material produced by Stratasys (Eden 

Prairie, Minnesota, United States) and the Object500 Connex printer. Fig. 6.5(b) shows the 

RX coil wound with copper wire. The total length of the proposed RX and the diameter of 

the cylinders onto which the copper wire is wound are 8 mm and 5.6 mm, respectively, in 

all three directions. The RX coil is mounted at the centre of the solid spherical phantom, as 

shown in Fig. 6.5(c). Five temperature sensors (TSs) are inserted approximately 

equidistantly around the RX coil and TS6 is placed outside the phantom to measure the 

relative temperature variation of the phantom due to radio wave radiation with respect to 

room temperature. 
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Fig. 6.5. (a) 3-D printed coil holders. (b) RX with copper wire. (c) Temperature sensor installation inside the 
phantom. 

 

Fig. 6.6. Measurement setup. 

 
The optimized parameters of WPT coils presented in Table 6.1 are used to fabricate the RX 

and TX coils. The TX coils are manufactured on 150 µm thick DuPontTM Pyralux AP 

flexible substrate with a 35 µm thick copper cladding. Fig. 6.6 shows the measurement 

setup with the multi-TX coils and 18 cm diameter spherical phantom which is made of two 

identical hemispheres. The TX coils are 1 cm away from the phantom. The TX coils are 

driven by separate TX circuits (class-E amplifier) 1 and 2 as shown in Fig. 6.6. The 

phantom has been prepared using hydrophilic organic powder and degassed water [115] to 

reproduce the electromagnetic properties of muscle tissue. A test bench (RX circuit) is 

prepared using variable capacitors to adjust resonant condition of the RX coils and 

optimized load resistors to measure the total WL-PTE presented in Chapter 5. The circuit 

contains also the Schottky diode-based bridge rectifier for each RX coil to measure the 

complete system efficiency. Keysight Technologies current probe (1147B) and oscilloscope 
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are used for the accurate measurement of the PTE. Microcontroller Arduino Nano 3.0 is 

used to measure the temperature variation in a serial communication window. 

Fig. 6.7 and Fig. 6.8 show the variation with frequency of the theoretical, simulated and 

measured values of the Q-factors for TX and RX coils, respectively, the latter along the 3 

axes. In Fig. 6.8, the variation of Q factors is provided for RX coils with (-F) and without (-

NF) ferrite rods. The impedance analyzer HP 4192A is used to measure the Q-factors of the 

TX and RX coils at different frequencies. Good agreement is observed between the 

calculated, simulated and measured results. A highest Q factor of about 240 is achieved for 

the TX and 40 for the RX with the ferrite core, both at around 5 MHz.The Q factor of the 

WPT coils are the direct function of the frequency, as given in (5.42). Therefore, the Q 

factor increases with frequency. However, at higher frequencies the skin effect (AC 

resistance) increases significantly which dominates the Q factor. Thus, Q factor start 

decaying after the optimized frequency selected for this application. 

 

Fig. 6.7.  Q-factor of the TX coil versus frequency. 
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Fig. 6.8. Q-factor of the RX coils versus frequency. 

Fig. 6.9 (a) and (b) show the variation of WL-PTE for a TX and RX separation distance 

ranging from 0.5 to 20 cm for single and multi-TX coils in air and phantom. The single-TX 

coil demonstrates higher WL-PTE at a low distance compared to multi-TX. However, the 

WL-PTE drops significantly after 8 cm and becomes negligible at 20 cm. In contrast, the 

multi-TX coils maintain promising WL-PTE in the 5 to 15 cm distance, which is the 

separation typically expected between the TX and the RX inserted in the capsule inside the 

GI tract of a typical human. The measured WL-PTEs at 10 cm distance with ferrite rod 

from a single TX coil in air and phantom are 1% and 0.7%, respectively. These PTEs 

increase to 1.8% and 1.3% for multi-TX coils, respectively. Further, the measured WL-PTE 

for the RX without ferrite rod (NF) and multi-TX at 10 cm distance in air is 1.2%. Fig. 6.8 

shows the measured Q-factor of the RX coils without the ferrite rods are lower compared to 

the RX coils with ferrite rods. This justifies the reduced WL-PTE, for the RX without 

ferrite rod (NF), as shown in Fig. 6.9. The relative permittivity, εr of the air and phantom is 

1 and 300, respectively, at 5 MHz. The conductivity, σ, and loss tangent, tan δ, of the 

phantom are 0.59 S/m and 7, respectively.  
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(a) (b) 
Fig. 6.9. WL-PTE versus TX and RX separation distance. At 5 MHz, εr=300, σ=0.59 S/m and tan δ=7 for the 
phantom. (a) PTE of 1 TX coil. (b) PTE of 2 TX coils.  

 

 

Fig. 6.10. WL-PTE versus angular rotation for different axes (dr = 10 cm in phantom). 

 

Fig. 6.10 shows the total measured WL-PTE presented in Chapter 5 with the angular 

rotation (0 to 90º) of the phantom globe in the x-, y- and z-axes. Separation distance 

between the centroid of the 3-D WPT receiver and the TX has been kept constant during 

measurements. The proposed 3-D WPT system maintains a total WL-PTE at over 1% for 

complete rotation of the RX inside phantom with maximum variation of 2.3%, 8.4% and 

5.8% in the x-, y-and z-axes, respectively. As expected, the 3-D cross-type RX shows 

therefore great robustness to angular movement of the capsule containing it. The different 

variations of the WL-PTE along the 3 axes have been found due to be caused by the 

difference of Q-factors in the three axes of the hand wound RX coil. The Q-factor of the 
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manufactured RXx, RXy and RXz coils were indeed measured at 42, 39 and 41, respectively, 

compared to the simulated RX coil (Q-factor=40) where the number of turns are uniform in 

all the three axes of the RX coil. Therefore, the variation of the total WL-PTE is lower in 

the rotation of the x-axis compared to the rotation in the y- and z-axes.  

In Fig. 6.11, the effect of translational displacement on the WL-PTE is demonstrated for 

RXx for multi-TX coils. The RXx is kept at dr=10 cm and 0º rotational angle with the TX 

coils. The measurement is conducted for -7 cm (left) to +7 cm (right) translational 

distances. The minimum WL-PTE recorded for calculation, simulation, and measurement 

in air are 2.15%, 1.69% and 1.51%, respectively. The measured minimum WL-PTE of 1% 

is achieved in the phantom case for 7 cm of translational displacement. Furthermore, RXy 

and RXz show similar WL-PTE values for the same range translational displacement.  

 

Fig. 6.11. WL-PTE versus translational displacement (left to right side) for RXx (dr = 10 cm). 

    
Fig. 6.12 shows the bending setup of TX coil. Such a bending situation would occur when 

TXs are strapped onto a patient.  Fig. 13 shows the results of the bending effect on the WL-

PTE as measured in air. The flexible TX coil is placed 12 cm away from the RX and 

bended from 0 to 90º. Fig. 6.13 shows an increase in the WL-PTE due to 90º bending of TX 

coil by 58%. The bending of TX coil concentrates the magnetic field towards the RX and 

reduces the relative separation distance.  
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Fig. 6.12. Flexible TX coil bending effect measurement. 

 

 
Fig. 6.13. WL-PTE versus TX coil bending angle (dr = 12 cm in air). 

 
Fig. 6.14 shows the SAR simulation results using the ANSYS HFSS human model. At f=5 

MHz and 10 W of input power the SAR value of 0.86 W/kg is lower than the IEEE 

standard of 2 W/Kg for 10 g of tissue [61].  
 

 
Fig. 6.14. SAR simulation in human model in ANSYS HFSS. 
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Safety of the tissue was also verified by measuring the variation of temperature, shown in 

Fig. 6.15, in the phantom using multiple TS’s for a duration of 10 hours, which is the 

typical transit time of a capsule along the GI track. 
 

 

Fig. 6.15. Variation of temperature in complete CE duration. 

The value of the temperature in TS5 is more than the other TS’s as it is mounted close to 

the RX coil. In Fig. 6.14; an SAR of 0.86 W/kg is noted in the region near the TX coils. 

TS1 and TS2 demonstrate similar effect as they are located close to and in parallel with the 

TX coils. In Fig. 6.15, after 10 hours, the measured maximum temperature variation is 

measured between 1.5 and 2.2ºC with respect to room temperature (TS6). TS3 and TS4 are 

located away and opposite side of the TX coils. Therefore, a lower variation of temperature 

is noticed in TS3 and TS4 compared to TS1 and TS2.  

6.3 Miniaturized 3-D RX 

6.3.1. Modelling and Optimization 
 

Fig. 6.16 shows the proposed miniaturized 3-D RX coils system without and with copper 

wires. A ferrite rod, of radius RF and height hF,  is included in the core of the system to 

increase magnetic flux generated inside the space enclosed by the coils allowing thereby to 

increase the mutual coupling between the TX and RX coils [120]. The diameter and 

thickness of the holder are 8.9 and 4.8 mm, respectively. Each coil, of wire diameter w, is 

assumed to have Nl  loops, and Nt layers. 
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Fig. 6.16. Proposed miniaturized 3-D RX coil holder and 3D RX architecture. 

Similar to 3-D cross-type RX architecture of Section 6.2 the miniaturized 3-D RX and 

flexible TX coils are modeled by using the self- and mutual inductance, ac resistance and 

parasitic capacitance expressions presented in Chapter 4 and 5. The effect of ferrite cores 

on the self-inductance and ac resistance is illustrated in Fig. 6.17 and Fig. 6.18, 

respectively.  

In Fig. 6.17, the calculated and simulated self-inductance values are presented as a function 

of Nl × Nt, without (NF) and with ferrite (F), respectively. Simulations were carried out 

using the using 3-D electromagnetic (EM) solver ANSYS HFSSTM. The maximum relative 

difference between the calculated and simulated results in the ferrite case is only 6% for RF 

= 2.5 mm, hF = 2 mm and w = 0.3 mm. In this case, f is selected as 1 MHz. This frequency 

was chosen for tissue safety. It also offers cheaper electronic circuitry compared to the ISM 

band. Similar to the ferrite effect evaluation of the previous cross-type 3-D RX coil the R of 

the coil varies with respect to the number of Nl. 
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Fig. 6.17. Self-inductance as a function of total number of turns, Nl × Nt, without (NF) and with ferrite (F). 
The % variation between the analytical and 3-D EM simulated results is indicated on the right vertical axis. RF 
= 2.5 mm, hF = 2 mm and w = 0.3 mm. 

Fig. 6.18 shows the analytical and 3-D EM simulated ac resistance without (NF) and with 

ferrite (F) as a function of the total number of turns at f = 1 MHz. The maximum percentage 

of variation between the calculated and simulated results is less than 10%. The higher 

%Variation at lower number of turns is due to the very small value of the resistance. 

Analysis of influence of the parasitic capacitance for copper wire and PSC are described in 

[75] and [89], respectively. 

 

 

Fig. 6.18. AC resistance as a function of total number of turns, Nl × Nt, without (NF) and with ferrite (F). The 
% variation between calculation and 3-D EM simulation is indicated on the right vertical axis. 
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 This WPT system is also optimized using the nested multi-dimensional algorithm 

presented in Chapter 5. The complete optimization routine requires approximately 20 

minutes for the Intel (R) Xeon (R) CPU E5-2640 with processor speed of 2.5 GHz and 128 

GB of RAM (HP Z820 workstation). The optimized load, 푅∗, is calculated as 6.5 Ω for dr = 

10 cm. The optimized parameters of the TX and miniaturized 3-D RX coils are listed in 

Table 6.2. 

Table 6.2. Optimized TX and 3-D miniaturized RX coil parameters 

Parameter R (mm) w (mm) s (mm) N LF (H) Q 
TX 101 2.5 2 14 30 88 

RX (x-, y- and 
z-axis) 4.45 0.2 – 35 8.3 33.5 

 

6.3.2. Experimental Setup and Results 
 

3-D printed coil holders without and with ferrite rod are proposed as 3-D RX demonstrators 

as shown in Fig. 6.19. Similar material and 3-D printer as with the 3-D cross-type RX was 

used to manufacture the proposed miniaturized 3-D RX coil holder. The outer diameter of 

the coil holder without the ferrite, label (a), is 8.9 mm. The material 61 Nickel Zinc (NiZn) 

ferrite rod of height  hF=2 mm and  radius RF=2 and 2.5 mm, shown in Fig. 6.19(b) and Fig. 

6.19 (c), respectively, is adopted to improve the PTE of the 3-D WPT system for the same 

outer diameter of the holder. The outer diameter and thickness of the proposed 3-D RX and 

its copper wire winding are 8.9 mm and 4.8 mm, respectively.  
 

 

Fig. 6.19. Manufactured coil holders. (a) Without ferrite. (b) With 4 mm diameter ferrite. (c) With 5 mm 
diameter ferrite. 

 

A similar experimental setup as Fig. 6.6 with the multi-TX coils and 18 cm diameter 

spherical phantom is presented in Fig. 6.20. The optimized parameters presented in Table 

6.2 are used to fabricate the TX and RX coils. The TX coils are manufactured on DuPontTM 

Pyralux AP flexible substrate of 150 µm thickness with a 35 µm thick copper cladding. The 
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TX coils are placed 1 cm away from the outer surface of the phantom globe, resulting in a 

total distance of 20 cm between the RX. The TX coils are driven by separate TX circuits 

(class-E amplifier) fabricated on a single circuit board labelled TX circuit in Fig. 6.20. 

Similar phantom described in the previous section is used in this experimental setup as 

well. A RX circuit test bench with variable capacitors to adjust resonant condition of the 

RX coils and optimized load resistors is used to measure the total WL-PTE. The Schottky 

diode-based bridge rectifier for each RX coil is also embedded in the RX circuit to measure 

the complete system efficiency. PTE is measured using a Keysight Technologies current 

probe (1147B) and oscilloscope. The Q-factors of the TX and RX coils at different 

frequencies are measured with impedance analyzer HP 4192A. The temperature variation 

inside the phantom globe is measured by using Microcontroller Arduino Nano 3.0 using a 

serial communication window. 
 

 

Fig. 6.20. Full experimental setup. 

 

Fig. 6.21 shows the cross-section of the phantom globe which is made of two identical 

hemispheres filled with the phantom tissues described above and in sub-section 6.2.2. The 

3-D RX coil is mounted at the centre and five temperature sensors (TSs) are inserted 

approximately equidistantly around the RX coil. A sixth thermistor, TS6, is placed outside 

the phantom to measure room temperature. 
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Fig. 6.21. 3-D RX coil and temperature sensor installation inside the phantom. 

 

The variations with frequency of the theoretical, simulated and measured values of the Q-

factors for TX and RX coils, are presented in Fig. 6.22 and Fig. 6.23, respectively. For the 

RX coil, the 3 axes are shown for the frequency range of 500 kHz to 5 MHz. For each 

frequency, the ideal load, 푅∗ is calculated. Excellent agreement is recorded between 

calculated, simulated and measured values for both figures.   
 

 

Fig. 6.22. TX coil Q-factor with frequency. 
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Fig. 6.23. RX coil Q-factor with frequency. 

 

The variations of Q-factors for RX coils with (-F) and without (-NF) ferrite rods are 

displayed in Fig. 6.23. The highest Q factor is achieved at around 1 MHz. 

The variation of PTE is shown in Fig. 6.24 for a separation distance between TX and RX 

ranging from 0.5 to 20 cm. PTEs for both single and multi-TX coils are recorded in air and 

phantom. A high PTE is recorded for single-TX coil at small distance compared to multi-

TX. A significant drop in the PTE after 8 cm is noticed with the PTE becoming negligible 

at 20 cm. In contrast, the multi-TX coils demonstrate promising PTE in the 5 to 15 cm 

distance which is the location of the GI tract location in an average human body. The 

measured PTEs for 10 cm distance of 3-D RX with ferrite rod (RF=2 mm) from single TX 

coil in air and phantom are 0.9 and 0.75%, respectively. An increased PTE at 1.3 and 1% is 

achieved for multi-TX WPT system in air and phantom, respectively. No significant 

difference occurs in air or in the phantom due to the low absorption of the phantom tissue at 

1 MHz. Further, the measured PTE for the 3-D RX without ferrite rod (-NF) and multi-TX 

is 0.8% at 10 cm distance in air. A similar WPTE is achieved for 3-D RX with RF =2.5 mm 

and multi-TX WPT system. 
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Fig. 6.24. PTE of the link as s function of separation distance between TX and RX at 1 MHz operation 
frequency. 

 

 

Fig. 6.25. PTE versus angular rotation in different axis. 

 
The total measured WL-PTE is shown in Fig. 6.25 for angular rotation of 0º to 90º of the 

phantom globe in the x-, y- and z-axes. The WPT system maintains a total PTE over 0.9% 

for the complete rotation of the 3-D RX inside the phantom validating thereby the 

significant robustness of the proposed WPT system against the angular movement of the 

capsule inside the GI tract. The translational misalignment from -7 cm (left) to +7 cm 

(right), showed in Fig. 6.26, shows a minimum measured WL-PTE of 0.84% in air and 

0.7% in the phantom.   
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Fig. 6.26. PTE versus translational displacement (dr = 10 cm). 

SAR simulation results using the ANSYS HFSSTM human model at 1 MHz and 6.78 MHz 

(ISM band) is shown in Fig. 6.27 and Fig. 6.28, respectively, for 10 W of input power. The 

SAR obtained at 1 MHz, 0.66 W/Kg, is lower than the IEEE standard of 2 W/Kg for 10 g of 

tissue [61]. However, the SAR is recorded at 1.54 W/Kg for 6.78 MHz of operation 

frequency which is significantly closer to the IEEE standard of tissue safety.  
 

 

 

Fig. 6.27. SAR simulation in human model in ANSYS HFSS (f=1 MHz). 
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Fig. 6.28. SAR simulation in human model in ANSYS HFSS (f=6.78 MHz). 

Temperature rise inside the tissue was also measured in the phantom using multiple TS’s 

for a typical capsule transit time of 10-hour inside the GI tract, as shown in Fig. 6.29.  

 
Fig. 15 

Fig. 6.29. Variation of temperature in the complete CE duration. 

 

The maximum temperature variation in the body (TS5) was 1.9ºC for a variation of 1.4ºC 

of the room temperature (TS6). The change of room temperature (TS6) is caused by the 

overall temperature variation in the environment. Further, another acceptable argument for 

changing the room temperature over the full measurement time period is the positioning of 

the temperature sensor near the phantom globe, as shown in Fig. 6.21. The microwave 

absorption of the phantom globe for 10 hours can increase the vicinity temperature 

gradually which can affect TS6.   



144 
 

6.4 Class-E Power Amplifier 

Power amplifiers (PAs) are the primary section in many electrical and communication 

systems, such as wireless power transfer, DC-DC converters, laser switching devices, 

imaging devices and high power lasers [241]–[243]. These devices consume and dissipate a 

major part of power in the electronic systems. Hence, efficiency of the PA is the key design 

parameter to reduce the power consumption of the system [244], [245]. The switch mode 

PAs are introduced to achieve high efficiency. Class-E [246], [247] is the efficient switch 

mode amplifier compared to the conventional class B or C amplifiers. In class-E amplifier, 

the active device (mostly MOSFET) acts as an on-off switch. The load network 

configuration consists of the series inductance, shunt capacitance, and series filter tuned to 

the fundamental frequency. It provides a high level of harmonic suppression. Further, the 

load network forms the voltage and current waves and suppresses the simultaneous flow of 

high voltage and current to the MOSFET. This results in minimum power dissipation 

during the switching transition [248]. Theoretically, the maximum efficiency of the class-E 

amplifier can be 100%. Zero voltage switching (ZVS) and zero voltage derivative 

switching (ZVDS) condition are necessary for this amplifier to achieve zero switching loss, 

low noise and maximum efficiency at higher frequencies [249]. In ZVS, the switching of 

MOSFET in class-E amplifier occurs when the output voltage crosses zero volts. Similarly, 

in ZVDS, the switching occurs when the derivative of the output voltage is zero. 

In the WPT application, power amplifiers are require for the TX coil to transmit power,  

enabling thereby to maintain a high PTE in the WPT system for biomedical implants, such 

as capsule endoscopy. Therefore, class-E amplifier is commonly used in the implantable 

biomedical WPT application due to its low cost, size and higher power efficiency [173], 

[250], [251]. 

6.4.1. Nominal and Sub-nominal Condition 
 
The class-E PA with a shunt capacitance can work in the nominal condition (ZVS and 

ZVDS) [252] or sub-nominal condition (ZVS) [100]. The higher efficiency of the class-E 

amplifier depends on the operation at nominal conditions  [253]. Multiple attempts have 

been reported-based on the class-E amplifier design and analysis using nominal conditions 

[254]–[256]. However, WPT systems for biomedical implants may suffer from the 

functional drawbacks of the nominal model-based class-E amplifier. In the nominal model, 
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the efficiency of the PA is not optimized with respect to the load resistance. The load 

resistance of the PA of a WPT system consists of the TX coil and RX coils resistances. This 

load resistance is in the range of the MOSFET’s on resistance which affects the quantity of 

required charge flow through the MOSFET [257]. Hence, MOSFET’s conduction loss is 

large compared to the PA’s output power. This reduces the efficiency of the PA. The 

maximum threshold of the drain-to-source voltage (Vds) must also be maintained in order to 

avoid the breakdown risk. Therefore, the nominal model fails to guarantee the highest 

efficiency and a safe voltage stress in the class-E PA in the WPT system. The switching 

power loss is proportional to the square of the MOSFET’s turn-on switching voltage which 

reduces the PA efficiency significantly. This performance can be improved by satisfying 

the ZVS condition in the sub-nominal model. Hence, sub-nominal model is adopted in this 

work to increase the efficiency of the amplifier for the WPT system.  

6.4.2. Sub-nominal Class-E PA Design 
 

Fig. 6.30 shows the circuit topology of a single-ended class-E PA. It is also known as dc 

fed energy injection converter whereby the resonant circuit is used as an intermediate 

energy storage element [99]. It includes a power loop composed by a power source, VDD, 

and a radio frequency choke (RFC) inductor, LCHOKE, a switching loop composed by a 

MOSFET switch, a driver and a shunt capacitor, CS and a load loop consists of a resonating 

capacitor, CRES, an inductor and load (LLOAD, RLOAD).  

 

Fig. 6.30. Circuit topology of a single-ended class-E PA. 

The efficiency, ηPA, of the class-E PA can be derived as [258] 
 

휂 =
푃
푃 =

4휋푅
4휋푅 + 푅 푋  (6.1) 
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where RDS is the channel resistance of the MOSFET. Further, XA is defined as  

푋 = 8휋퐷푋 + 4휋퐷 + 8푋 cos(2휋퐷 − 휑) − 8푋 cos(휑)
− sin(2휑)− sin(4휋퐷 − 2휑) (6.2) 

 

where φ is the phase difference between the rising edges of ILOAD and VGG and D is the duty 

cycle. In this case, XB is defined as 

푋 =
퐼
퐼 =

cos(2휋퐷 − 휑) − cos(2휋 − 휑)
2휋(1− 퐷)  

 

(6.3) 

 

The expression of XB is only true when the ZVS condition is satisfied for sub-nominal 

class-E PA [258]. It also provides an expression for φ 
 

휑 = cos (−휋(1 −퐷))
퐼
퐼  (6.4) 

 

For a given LLOAD, the output CRES can be calculated as 
 

퐶 =
1

2휋푓(2휋푓퐿 − 푋 ) (6.5) 
 

 
where XLOAD is the reactance of the load loop. Finally, for D=0.5, CS can be written as 
 

퐶 =
sin(2휑)
휋 푓푅  (6.6) 

  
 

In (6.6), CS is maximum when sin(2φ)=1. 
 

6.5 Performance Analysis of Proposed CE WPT Systems 

A new figure of merit, FOM, is proposed to evaluate and compare the performance of the 

various WPT techniques. This figure of merit can be written as:  
 

퐹푂푀 =
푃푇퐸 × 푠푒푝푎푟푎푡푖표푛 푑푖푠푡푎푛푐푒 × 푎푥푒푠
푇푋 푑푖푎푚푒푡푒푟 × 푅푋 푠푖푧푒 × 푓 × 푆퐴푅  (6.7) 

 

In (6.7), a higher FOM represents better WPT performance. Higher WL-PTE and large 

separation distance between the TX and RX coils are desirable in the WPT systems. The 

term “axes” in (6.7) is representing the many directions where the RX can receive power. 

In our case, this number would be 3. In the applications where the RX is significantly prone 
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to misalignment, the RX must capable to receive power from all the directions (x-, y, and z-

axes). Furthermore, the reduced diameter and size of TX and RX coils, respectively is an 

important parameter for BIDs. Higher frequency leads to the reduction of the tissue relative 

permittivity and can thus increase the tissue absorption. The square of SAR highlights the 

importance of tissue safety. The performance of the proposed 3-D WPT systems are 

compared with other recent WPT systems for CE application as listed in Table 6.3.  

Table 6.3. Performance Comparison 

Parameter [182] [187] [103] [188] 3-D Cross-
Type 

Miniaturized 
3-D 

TX Diameter 
(mm) 400 220 100 23.5 200 200 

RX size 
(mm2) 

11.5 × 
11.5 9 × 6 15 × 7 15 × 7 8 × 8 8.9 × 4.8 

Axes (-D) 3 1 3 1 3 3 
Distance (cm) 20 7 5 5 10 10 
WL-PTE (%) 5.02 0.7 19 1.21 1.3 1 

f (MHz) 0.218 16.47 0.750 433.9 5 1 
SAR (W/Kg) 8 1.74 - 2.54 0.86 0.66 

Test 
environment Air Pig 

muscle Air Duck 
intestine 

Muscle 
phantom 

Muscle 
phantom 

FOM (×10˗3)  4.08 0.0824 - 0.009 8.23 80 
 
 

In [182], the proposed 3-D WPT system can achieve WL-PTE of around 5% in air at 218 

kHz frequency for a non-portable TX coil. However, the reported SAR is dangerously 

higher than the recommended IEEE guidelines [61]. Further, the WPT systems for CE 

presented in [187] and [188] are sensitive to misalignment, not portable [38], or display a 

high SAR [188]. In [103], the diameter of the cylindrical TX coil (100 mm) is significantly 

lower and inappropriate to fit around an average human body. Furthermore, the proposed 3-

D rectangular shaped RX coil and its electronic circuitry occupy a significant portion of the 

capsule volume leaving therefore little room for other necessary circuits. Compared to the 

other research works presented in Table 6.3 the proposed 3-D cross-type RX-based WPT 

systems offer a portable and flexible multi-TX coils which can be fit easily around an 

average human body. The size of the proposed 3-D WPT RX coils are also ideal for CE 

applications and offer enough space inside the capsule for other important circuits. 

Furthermore, the efficiency is measured for higher separation distance than [187] - [188]. 
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Tissue safety is confirmed by calculation of the SAR and demonstrated experimentally 

through measurement of the temperature variation [259] inside the phantom. Finally, the 

calculated FOM confirms the better performance of the proposed 3-D WPT systems 

compared to other recently published research works for CE. Compared to the 3-D cross-

type-based architecture another WPT system presented in this chapter, the miniaturized 3-D 

RX coil-based WPT, is however smaller in size and offers therefore more space for other 

electronic processing circuitry or sensing modalities. It also demonstrates better tissue 

safety. The PTE is however lower compared to some previous works. 

6.6 Complete System Efficiency 

Fig. 6.31 shows the complete WPT system implemented in this work. One TX circuit of the 

multi-TX WPT system is demonstrated where both TX coils are powered with separate TX 

circuits. Both WPT systems presented in this chapter are implemented with this circuit 

topology. 
 

 

Fig. 6.31. Schematic of the complete WPT system. 

 

A dc fed energy injection single ended class-E PA is designed using the closed-form 

equations of the sub-nominal model indicated in Sub-Section 6.4.2 [258]. IRF640 N-

channel MOSFET with breakdown voltage of 200 V and RDS=0.18 Ω is used as the switch 
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with EL7457 non-inverting MOSFET driver. Adjustable capacitors are used as shunt 

capacitor, CSH=600 pF and series resonant capacitor, CTX=67 pF for 3-D cross-type RX-

based WPT system. Further, the miniaturized 3-D RX-based WPT system uses CSH =7 nF 

and CTX =894 pF. CSH also includes parasitic capacitance of the MOSFET whose value is 

400 pF obtained from the technical datasheet. A RFC inductor, LCHOKE =10 mH, is utilized 

to stabilize the output current of the TX circuit. The measured efficiency of the designed 

PA is 91% at 5 and 1 MHz where LTX and RTX are the inductance and resistance of the TX 

coil, respectively for the 3-D cross-type and miniaturized 3-D RX-based WPT systems, 

respectively. In Fig. 6.31, the inductively coupled RX circuit consists of three LC series 

resonant circuits formed by three RX coils and their resonant capacitors, CRX. LRX and RRX 

are the inductance and resistance of the 3-D RX. Three full wave bridge rectifiers are 

connected in a series rectification topology. Schottky diode DB2S20500L with surface 

mount package (1.6 mm×0.8 mm×0.6 mm) is used to implement the bridge rectifiers. The 

three outputs are then dc-combined and share the same dc filter where CD=100 pF and 

CDC=1 μF. Furthermore, LDC=100 nH and 500 nH [260] is adopted for 3-D cross-type and 

miniaturized 3-D RX-based WPT systems, respectively. The value of the load resistor, 

RLDC, is considered the same as the optimized load for the WPT link to measure the 

efficiency of the complete system.  

The CSE of the proposed WPT systems are shown in Fig. 6.32 and Fig. 6.33 for 3-D cross-

type and miniaturized 3-D RX-based WPT systems, respectively.  
 

 

Fig. 6.32. Efficiency analysis of the complete WPT system for 3-D Cross-Type RX-based WPT. 

 

Fig. 6.33. Efficiency analysis of the complete WPT system for miniaturized 3-D RX-based WPT. 
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In the case of 3-D cross-type RX-based WPT system, the final output power is 90 mW for a 

total input power of 10 W where 5 W input power is supplied in each TX circuit. The 

current commercial CE typically requires around 30 mW of power [261], [262]. In the 

worst cases of angular and translational misalignment of the proposed WPT link, the 

achievable output power is still 70 mW. Therefore, the proposed WPT system including 

multi-TX coils and 3-D cross-type RX coil can support current CE even for worst case 

misalignment conditions. Furthermore, it also has enough power to support other sensor 

and actuator modalities. It is possible to improve the CSE to 1.03% by utilizing application 

specific integrate chip (ASIC)-based high efficiency (more than 87%) rectifier circuits 

[108], [109].    

The CSE of the proposed miniaturized 3-D WPT system is 0.7% with the PA, multi-TX 

WPT link and Shottky diode-based bridge rectifier displaying respective efficiencies of 

91%, 1% and 75%. For a total input power of 10 W, i.e. input of 5 W for unit TX circuit, an 

output power of 70 mW is achieved which is higher than current commercial CE [261], 

[262]. The proposed system can supply approximately 50 mW of power inside the phantom 

in the worst cases of angular and translational misalignment. It should be possible to 

improve the CSE to 0.8% by utilizing high efficiency ASIC rectifier circuits.    

6.7 Summary 

In this chapter, two 3-D RX coil along with multi-TX-based WPT systems are presented for 

CE application. The WPT systems operated at 5 and 1 MHz demonstrate a CSE of 0.9% 

and 0.7%, respectively at 10 cm separation distance inside the phantom. The proposed RX 

coils can easily fit into a standard endoscopic capsule. The measured results demonstrate 

promising PTE at larger separation distance and complete capsule rotation inside phantom 

for both the proposed systems. The implementation of the TX coils using flexible substrate 

facilitates easy mounting of the transmitter and portability. Tissue safety is verified by 

simulating SAR and measuring temperature variation inside a tissue phantom. Compared to 

miniaturized 3-D RX-based WPT system the cross-type architecture can provide higher 

PTE. However, the miniaturized 3-D RX-based WPT is smaller in size and better in terms 

of the SAR. Both the proposed 3-D WPT systems can be considered as a potential 

candidate as an alternative power source for CE.  
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Chapter 7. Method to Detect Capsule Position 
 

7.1 Introduction 

Information regarding the location (lower intestine, duodenum, etc.) and position (upside 

down, sideways) of the capsule within the GI tract remains hard or cumbersome to obtain in 

real-time.  This information is however important for subsequent surgery intervention or 

local drug delivery. More specifically, (1) the position of the capsule can provide important 

information on the exact placement of the pathologies in a given location; (2) the location 

of the capsule within a specific section of the GI tract can help adjusting the frame rate for 

video transmission, enabling power savings for battery-power capsules, (3) an insertion 

path for subsequent biomedical devices can easily been determined to avoid repetitive 

attempts of invasive endoscopy; (4) location and position can be used to reconstruct the 

travel path of the capsule inside the GI  tract which can be helpful for micro-robotic 

surgeries and medical science (creation of  a “gut-atlas”) in general.   

Various attempts to create a reliable and accurate localization and positioning techniques 

have been published in the literature [162], [263], [264]. These techniques can be classified 

as radio frequency (RF)-based localization and positioning, magnetic tracking localization 

and positioning, video localization and other techniques, such as medical imaging, 

ultrasound, X-ray, gamma ray and positron emission tomography (PET). The common RF-

based localization and positioning approach uses a two-step estimation process to 

determine the location of the capsule. The first step is based on the use of multiple sensors 

and antennas mounted on the human body that measure one or more signal parameters 

related to the position of the transmitter, such as received-signal-strength (RSS), time-of-

arrival (TOA) or angle-of arrival (AOA) [265]. In the second step, statistical algorithms 

process these parameters to estimate the best location and position of the implant. The 

antenna or coil installed in the capsule is used to transmit the RF signal.  

In this Chapter, a WPT-based localization and positioning system is proposed and 

investigated. As discussed in previous chapters, due to the size and limited storage capacity 

of the batteries, WPT is being studied extensively to extend the operational lifetime of 

BIDs [5], [77], [127], [266]. In Chapter 6, two WPT methods have been studied that utilize 

a 3-D configuration for the receiver (RX) coil to enable good power transfer efficiency that 
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accommodates time-varying positions of the capsule with the GI tract. This chapter utilizes 

the architecture of the 3-D cross-type RX coil and demonstrates, using analytical, simulated 

and measured results, that the RX output power variation, due to the varying magnetic field 

generated by a multi-transmitter (TX) system, can be exploited to estimate also the position 

of the capsule at a given location. The measurement was conducted on a homogeneous 

agar-based liquid phantom. One of the measured RX output power values is considered as a 

reference data stored in a look-up table and four other sample values are considered to 

compare with the reference to examine the accuracy of the proposed WPT-based position 

technique.   

7.2 Different RF-based Localization and Positioning Techniques 

7.2.1. RSS-based Localization and Positioning 
 

RSS is a key signal property which can be acquired without any hardware overhead [263]. 

A receiver sensor measures  the strength of the signal recovered to estimate the distance of 

the capsule from the transmitter [162]. In a generalized RSS model, the target device, T, 

inside the human body emits a pulse of power PT, as shown in Fig. 7.1.  

 
 

Fig. 7.1. RSS-based localization technique. 

 

This power is received by a RX antenna, S, and the received power, PS, can be represented 

as a function of PT, the distance between T and S, dT, and the path loss coefficient, η, such 

that 
  

푃 = 푘 푃 푑  (7.1) 
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where kl represents the influences of the antenna height and gain. The coefficient kl is 

usually ignored so that (7.1) becomes 

푃 = 푃 푑  (7.2) 
 

In this approach, the TX inside the capsule transmits a signal to some RXs placed on the 

abdomen and those RXs provide a signal strength measurement data which is used to 

determine the correct location of the object [267]. One of the first RSS-based localization 

systems used eight external antennas to measure the RSS of data transmitted from a capsule 

[268]. This technique was utilized for the M2A capsule (precursor of PillCam) 

commercialized by Given Imaging Ltd. Generally, a signal propagation model is used to 

relate the RSS to the distance between the internal TX and the RX antennas mounted on the 

body [268]–[270]. A trilateration algorithm is applied on the distance data to calculate the 

coordinates of the capsule. In [271], a look-up table-based approach is adopted instead of a 

propagation path model to estimate the location of the capsule. The proposed algorithm 

compares the measured RSS data with the off-line measurement data of the look-up table 

and provide the predicted position of the capsule. A more accurate propagation model that 

includes the antenna orientation and tissue absorption along with the distance data is 

presented in [272]. [273] considers the antenna radiation pattern to improve the accuracy of 

the localization. The detailed analysis of radio wave propagation in different human tissues 

is carried out by calculating the path loss parameters at various frequencies. Further, the 

path loss is compensated using both the distance and azimuth data in the GI parts of human 

body.   

Despite all these improvements, RSS suffers from multi-path effects, such as reflection, 

refraction, diffraction and shadowing due to the complex and unpredictable environment 

conditions inside human body. 

7.2.2. ToA-based Localization and Positioning 
 

In ToA-based techniques, the distance is measured by a sensor unit consisting of a TX, RX 

and precision clock. The transmitted signal is reflected by a biomedical sensor and received 

by the RX which estimates the distance by reading ToA. The ToA, ta, at distance dT can be 

formulated as [274] 
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푡 =
2푑
푣  (7.3) 

 
where vave is the average signal propagation velocity. ToA demonstrated higher precision 

than the RSS method [269]. The ToA value can be detected by sensing the phase of the 

received narrow band carrier signal and directly detecting the arrival time of a wide-band 

narrow signal [267]. However, [275] shows that the time-based methods require strict time 

synchronization and high bandwidth to achieve acceptable precision. Therefore, ultra wide-

band (UWB) is more appropriate for this application compared to MedRadio band 

(401~406 MHz). The accuracy of the localization can suffer significantly due to the signal 

attenuation at higher frequencies inside the human body [263]. 

7.2.3. AoA-based Localization and Positioning 
 
In AoA-based technique, the distance between the TX and RX is estimated by using an 

array of directional antenna and an estimation algorithm simultaneously [269]. The 

accuracy of the system depends on the accuracy of the distance estimation and higher 

number of reference points. This technique suffers from the multipath issue inside the 

human body [275]. 

7.2.4. RFID-based Localization and Positioning 
 

The RFID-based localization is investigated in [276]–[278] where a cubic antenna array is 

placed around the human body to detect an RFID tag placed inside a capsule. Localization 

and positioning are performed based on the assumption that the closest antenna detects the 

tag. In [275], a phase difference calculation-based method is presented to estimate the 

localization in the 2D and 3D environment. 

7.3 Phantom Preparation and Measurement 

In Chapter 6, a phantom was prepared using hydrophilic organic powder and degassed 

water [115] to verify the performance of the 3-D WPT system. However, that phantom is a 

thick gel and it is impossible to move the 3-D RX coil easily in it. Therefore, a new gel 

phantom has been prepared in this work with reduced thickness and viscosity.  
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7.3.1. Phantom Preparation 
 

In this section, a highly hydrous gel phantom is introduced. The composition required to 

prepare the phantom is listed in Table 7.1. The polyethylene powder is used for the 

adjustment of the relative permittivity. Furthermore, NaCl is the material used for 

conductivity adjustment, agar is used for forming, hydroxyethyl cellulose is used as a 

thickener, and dehydroacetic acid sodium salt is the antiseptic. The main material to 

prepare this phantom is purified water (PW).  

. 
Table 7.1. Composition of the prepared phantom 

Materials Weight (g) Ratio with respect 
to PW Effects 

Purified water  26 1 Primary material 
Polyethylene Powder  2.6 0.1 Relative permittivity 

NaCl 0.3016 0.0116 Conductivity 
Agar 0.8 0.0309 Forming 

Hydroxyethyl 
Cellulose 0.65 0.025 Thickener 

Dehydroacetic acid 
Sodium salt 0.026 0.001 Antiseptic 

 

7.3.2. Measurement 
 

Fig. 7.2 shows the prepared liquid phantom using the materials listed in Table 7.1. The 

relative permittivity and conductivity of the phantom are measured using the technique 

presented in [279]. Fig. 7.3 shows the measurement test fixture for the prepared phantom. It 

consists of two square silver plates of 8×8 cm2. A polytetrafluoroethylene (PTFE) guide of 

7 cm diameter is employed to prevent misalignment and hold the liquid phantom between 

the metal plates. The phantom is inserted between the two metal plates to obtain a parallel 

arrangement.  
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Fig. 7.2. Prepared phantom. 

 

Fig. 7.3. Parallel plate capacitance test fixture. 

The relative permittivity can be measured as 

휀′ =
퐶푑
휀 퐴 (7.4) 

 
where C, d and S are the parallel capacitance generated due to the liquid phantom, distance 

between the parallel plates and electrode area, respectively. Furthermore, εo is the 

permittivity of vacuum. Conductivity is written as 

휎 =
푑
푅퐴 (7.5) 

 

where R is the resistance of the parallel plates. 

The capacitance and resistance are measured using the impedance analyzer HP 4192A. Fig. 

7.4 and Fig. 7.5 show the variation of relative permittivity and conductivity, respectively 

variation with frequency of 1 to 10 MHz. The prepared phantom has a maximum of 5% at 4 

MHz and 6% at 10 MHz for relative permittivity and conductivity, respectively, compared 
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to real human muscle. This liquid phantom was therefore used to test and verify the 

localization and positioning measurement using WPT technique. 

 

Fig. 7.4. Relative permittivity of the phantom. 

 
Fig. 7.5. Conductivity of the phantom. 

7.4 Proposed WPT-based Localization and Positioning Technique 

Fig. 7.6 illustrates, as a proof-of-principle of this concept, the configuration of the proposed 

WPT-based localization and positioning technique.  
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Fig. 7.6. Proposed WPT-based localization and positioning technique. 

Two orthogonal printed spiral flexible TX coils of 200 mm diameter are used to transmit 

power to an RX coil embedded into an endoscopic capsule. The RX receiver system is 

composed of three wire wound coils placed orthogonally to each other  [280]. An RX coil 

similar to the 3-D cross-type architecture presented in Chapter 6 is used in this work.  

The proposed technique is borrowed from the RSS-based method where the localization is 

estimated by measuring the signal strength transmitted to the capsule with the main 

difference being that the RX is placed inside the capsule. In our system, the three receiver 

coils will record different received power intensities, which, by looking at a look-up table 

and taking into account the history of the position of the capsule, will provide the current 

location for the capsule. As the capsule is translated or rotated, different RX output power 

intensities are measured. The unique mapping of the intensities for each receiver coil with 

respect to angular and translational changes makes it possible to estimate the orientation of 

the capsule within the magnetic field configuration defined by the two transmitter coils.  

The magnetic field distribution between the TX coils and the RX was simulated for 3 

positions of the receiver as shown in Fig. 7.7 to Fig. 7.9. The simulation was conducted 

using the 3D electromagnetic (EM) field solver ANSYS MAXWELL 3DTM.  

Fig. 7.7 shows the 3-D RX positioned near to the TX coils. The strength of the magnetic 

field is high near the TX coils leading to a high power reception by the RX. The power 

received decreases as the RX is positioned further away from the TX coils as shown in Fig. 

7.7 to Fig. 7.9. Therefore, the received power can be utilized to estimate how far the CE 

inside GI tract is away from the coils.  



159 
 

 
Fig. 7.7. Magnetic field distribution of the proposed localization and positioning technique with 3-D RX near 
to the TX coils. 

 
Fig. 7.8. Magnetic field distribution of the proposed localization and positioning technique with 3-D RX 
placed at middle distance of the TX coils. 

 
Fig. 7.9. Magnetic field distribution of the proposed localization and positioning technique with 3-D RX far 
away from the TX coils. 
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7.5 Measurement Results 

Fig. 7.10 shows the capsule localization and positioning measurement setup in air. The RX 

coil is the 3-D cross-type architecture presented in Chapter 6. The primary measurement 

instruments are similar to the 3-D WPT measurement setup used in Chapter 6. The TX coils 

are positioned orthogonally, as shown in Fig. 7.6.  

 
Fig. 7.10. Localization measurement in air using 3-D cross-type RX. 

Furthermore, Fig. 7.11 shows the measurement setup in the liquid phantom. A human body 

shaped polystyrene half mannequin is used to hold the phantom. Only the GI tract location 

of the human body is filled with the prepared phantom in the mannequin. 

 
Fig. 7.11. Localization measurement in liquid phantom using 3-D cross-type RX. 
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Fig. 7.12 shows the schematic setup for the proposed WPT-based localization and 

positioning technique with the origin of the x, y, z orthogonal reference system (solid black 

circle). In the x-axis, the initial position of the capsule, (x = 0 mm) is assumed to be at the 

cross section of the rotation axes of both TX1 and TX2. The starting measurement point, y 

= 0 mm, of the y-axis is considered at 50 mm away from the TX2 coil due to the shape of 

the mannequin. Similarly, the initial measurement point, z = 0 mm, of the z-axis is assumed 

at 10 mm away from the TX1 coil due to the thickness and curve of the mannequin.      

 
Fig. 7.12. Assumption for the localization measurement. 

Fig. 7.13 to Fig. 7.30 shows the analytical, simulation and measurement results of the 

proposed WPT-based localization and positioning technique from 0 to 10 cm distance 

variation in x-, y- and z-axis in air and liquid phantom along with the movement direction 

of the 3-D RX representing the capsule of CE application. The mutual inductance and PTE 

expressions presented in Chapter 4 and Chapter 5, respectively, are used to calculate the 

output power for different location distances of the 3-D RX in air which are compared with 

the EM simulation and measured output powers. The left vertical axis shows the output 

power variation with respect to the position of 3-D RX for different distances in air and 

inside the phantom. For each movement location of the 3-D RX five output power 
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measurements are considered where the first data is considered as a reference data for the 

look-up table and other four output power data are compared with it to verify the accuracy 

of the position measurement. The right vertical axis shows the worst case positioning error 

of the 3-D RX which is representing the capsule extracted by comparing the four sample 

data with the reference value present in the look-up table.   

Fig. 7.13 shows the variation of output power for the distance change in y-axis where x- and 

z- axes kept at 0 mm for the perfect angularly aligned y-coil of the 3-D RX. In this case, the 

worst case %error on distance is slightly more than 9% at 10 cm translational misalignment 

of 3-D RX with respect to TX2 coil from the four sample data compared with the reference 

data. This leads to a ±9 mm inaccuracy in the positioning measurement of the capsule. It 

must be noted that the worst case %error is achieved at the distance of 10 cm translational 

misalignment of the RX from the centre of the TX2 where the received power is 

significantly low. Furthermore, such a far distance is usually outside the boundary of the GI 

tract for an average human body. In case of a more acceptable worst-case location of 6 cm 

translational distance of 3-D RX from the centre of the TX2, the %error on distance is 

approximately 7% which leads to ±7 mm inaccuracy with respect to the reference data 

stored in the look-up table. A similar measurement of the z-coil of the 3-D RX shows the 

%error of less than 5% (±5 mm) and 9% (±9 mm) at 5 and 10 cm translational distance at y-

axis, respectively for TX1 coil, as shown in Fig. 7.14.          
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Fig. 7.13. Output power variation with respect to distance at y-axis while x=0 mm and z=0 mm for y-coil of 3-

D RX. 

 

Fig. 7.14. Output power variation with respect to distance at y-axis while x=0 mm and z=0 mm for z-coil of 3-

D RX. 

Fig. 7.15 shows the output power variation for the distance change in y-axis where x=10 
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mm and z=0 mm for the perfect angularly aligned y-coil of the 3-D RX. In this case, the 

worst case %error on distance is less than 7% (±7 mm) and 9.5% (±9.5 mm) at 6 cm and 10 

cm translational misalignment, respectively of 3-D RX with respect to TX2 coil from the 

four sample data compared with the reference data in the look-up table. A similar 

measurement of z-coil in Fig. 7.16 demonstrates %error of less than 4% (±4 mm) and 9.5% 

(±9.5 mm) at 5 and 10 cm, respectively for TX1 coil where x= 10 and z=0 mm.  

 

Fig. 7.15. Output power variation with respect to distance at y-axis while x=10 and z=0 mm for y-coil of 3-D 

RX. 
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Fig. 7.16. Output power variation with respect to distance at y-axis while x=10 and z=0 mm for z-coil of 3-D 

RX. 

Fig. 7.17 illustrates the change in the output power for the distance variation in y-axis 

where x= 25 and z=0 mm for the y-coil of the 3-D RX. In this case, the worst case %error 

on distance is slightly more than 8% (±8 mm) and 10% (±10 mm) at 6 cm and 10 cm 

translational misalignment, respectively of 3-D RX with respect to TX2 coil from the four 

sample data compared with the reference data. In Fig. 7.18, a similar measurement of z-coil 

demonstrates %error of less than 5% (±5 mm) and 8% (±8 mm) at 5 and 10 cm, 

respectively for TX1 coil where x= 25 and z=0 mm.  
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Fig. 7.17. Output power variation with respect to distance at y-axis while x=25 mm and z=0 mm for y-coil of 

3-D RX. 

 
Fig. 7.18. Output power variation with respect to distance at y-axis while x=25 mm and z=0 mm for z-coil of 

3-D RX. 
 

In Fig. 7.19, the change in the output power for the distance variation in y-axis is shown 

where x=50 mm and z=0 mm for the y-coil of the 3-D RX. In this case, the worst case 
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%error on distance is 6.5% (±6.5 mm) and 9% (±9 mm) at 6 cm and 10 cm translational 

misalignment, respectively of 3-D RX with respect to TX2 coil from the four sample data 

compared with the look-up table reference data. In Fig. 7.20, the measurement of z-coil 

gives %error of less than 7% (±7 mm) and 9% (±9 mm) at 5 and 10 cm, respectively for 

TX1 coil where x= 50 mm and z=0 mm inside the liquid phantom.  

 
Fig. 7.19. Output power variation with respect to distance at y-axis while x=50 mm and z=0 mm for y-coil of 

3-D RX. 
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Fig. 7.20. Output power variation with respect to distance at y-axis while x=50 mm and z=0 mm for z-coil of 

3-D RX. 
 

A gradual degradation of output power for y-coil is noticeable from Fig. 7.13, Fig. 7.15, 

Fig. 7.17 to Fig. 7.19 as the 3-D RX coil moves from x=0 mm to 50 mm due to another 

translational misalignment in the x-axis along with the y-axis. A similar power reduction 

effect is noticed for the z-coil from Fig. 7.14, Fig. 7.16, Fig. 7.18 to Fig. 7.20 for the 

translational movement of the 3-D RX across the x-axis. 

Furthermore, Fig. 7.21 to Fig. 7.26 show the variation of the output power due to the 3-D 

RX translational movement in y- and z-axes where the x-axis is kept constant for y- and z- 

coils. Similar to the previous cases the output power degrades gradually during the 

movement of the 3-D RX along the z-axis. The worst case %error on distance is limited to 

7% (±7 mm) and 9.5% (±9.5 mm) at 6 cm and 10 cm translational misalignment, 

respectively of y-coil of 3-D RX with respect to TX2 coil from the four sample data 

compared with the reference data for the Fig. 7.21, Fig. 7.23 and Fig. 7.25. Further, the 

measurement of z-coil gives worst case %error of less than 5% (±5 mm) and 10% (±10 

mm) at 5 cm and 10 cm, respectively for TX1 coil in Fig. 7.22, Fig. 7.24 and Fig. 7.26.  
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Fig. 7.21. Output power variation with respect to distance at y-axis while x=0 mm and z=10 mm for y-coil of 

3-D RX. 

 
Fig. 7.22. Output power variation with respect to distance at y-axis while x=0 mm and z=10 mm for z-coil of 

3-D RX. 

 



170 
 

 
Fig. 7.23. Output power variation with respect to distance at y-axis while x=0 mm and z=25 mm for y-coil of 

3-D RX. 

 
Fig. 7.24. Output power variation with respect to distance at y-axis while x=0 mm and z=25 mm for z-coil of 

3-D RX. 
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Fig. 7.25. Output power variation with respect to distance at y-axis while x=0 mm and z=50 mm for y-coil of 

3-D RX. 

 
Fig. 7.26. Output power variation with respect to distance at y-axis while x=0 mm and z=50 mm for z-coil of 

3-D RX. 
 

The localization and positioning is studied further for the variation of the 3-D RX distance 

diagonally by varying both x- and z-axes with respect to TX coils. For both y- and z-coils 

the worst case %error on distance is less than 10% (±10 mm) at 10 cm of translational 
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misalignment of the 3-D RX where x- and z-axes values are 25 mm, as shown in Fig. 7.27 

and Fig. 7.28, respectively where the initial position of the capsule is also. In Fig. 7.29, the 

worst case %error on distance is increased to 10% for the y-coil due to the significantly 

higher translational misalignment of 50 mm at x- and z-axes where the initial position of 

the capsule is also demonstrated. However, it remains less than 8% (±8 mm) at y-axis 

distance of 10 cm and 50 mm translational misalignment at x- and z-axes, as shown in Fig. 

7.30.  

 
Fig. 7.27. Output power variation with respect to distance at y-axis while x=25 mm and z=25 mm for y-coil of 

3-D RX. 
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Fig. 7.28. Output power variation with respect to distance at y-axis while x=25 mm and z=25 mm for z-coil of 

3-D RX. 

 
Fig. 7.29. Output power variation with respect to distance at y-axis while x=50 mm and z=50 mm for y-coil of 

3-D RX. 
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Fig. 7.30. Output power variation with respect to distance at y-axis while x=50 mm and z=50 mm for z-coil of 

3-D RX. 

7.6 Trajectory Estimation 

In real-life situation, it is not always possible to visually assess the location and position of 

the capsule inside the GI tract unless continuous real-time MRI or X-ray scanning is 

performed; a method which limits the portability of capsule endoscopy. The question 

remains as to whether, from the sheer measurements of the power recorded by the WPT, it 

is possible to infer the location or position of the capsule. This type of inverse problem is 

studied in this section. 

In this section, the measured data of Section 7.5 are used to estimate the path of a blind 

trajectory of the 3-D RX coil within the phantom and compare it with reference data. In this 

case, the initial position of the RX is considered as known. Further, the magnetic field close 

to the both TX coils are identical due to their similar size. Therefore, for these experiments 

it is considered that the position of the capsule closer to a particular TX is also known. The 

output power of the 3-D RX coil was measured as the capsule was following a random 

trajectory in the phantom. It was possible to re-create the trajectory from the predetermined 

power versus distance data present in the lookup table. Fig. 7.31 shows the measured blind 

trajectory path of the 3-D RX coil in a 50×50×50 mm3 space inside the phantom. Further, 
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Fig. 7.32 determines the %error of the measured data with respect to the reference. The 

%error is calculated by averaging the three axes error data and compares it with the 

reference data shown in Section 7.5. The maximum %error is 9% which leads to a ± 5mm 

of distance offset with respect to the reference data. 

 
 

Fig. 7.31. Blind trajectory estimation and comparison 
with reference in 50×50×50 mm3 space inside the 

phantom. 

Fig. 7.32. %Error of the blind trajectory data with 
respect to reference. 

 

Furthermore, Fig. 7.33 illustrates the measured blind trajectory path of the 3-D RX coil in a 

larger 100×100×100 mm3 space inside the phantom. The maximum %error with respect to 

the reference data in look up table is this time 18% (± 15mm approximately), as shown in 

Fig. 7.34. In this case, the %error increased significantly due to the higher translational 

misalignment of the 3-D RX from the multi-TX coils which leads to a very large reduction 

of received power.  A similar measurement result demonstrates a maximum %error of 25% 

for a blind trajectory into a 150×150×150 mm3 space inside the phantom. This %error will 

increase significantly at the region very close to the edge of the TX coils (approximately 

200 mm) due to the lower efficiency of the WPT system at those regions. 
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Fig. 7.33. Blind trajectory estimation and comparison 
with reference in 100×100×100 mm3 space inside the 

phantom. 

Fig. 7.34. %Error of the blind trajectory data with 
respect to reference. 

7.6.1. Discussion 
 

The proposed WPT-based localization and positioning technique is in its very early stage of 

research compared to other established techniques such as RSS- and ToA-based 

localization and positioning. An extensive research work is required before considering this 

technique for commercial CE application. The accuracy of the proposed technique can be 

improved by following manner: 

1. In this work, data points per increment of 10 mm within a 200×200×200 mm3 space. 

To increase accuracy, it is required to get more data by reducing the distance 

increment. With the current 3-D WPT coil’s efficiency (approximately 1%) it is 

however considerably difficult to achieve accurate data within a 1 mm of distance 

variation. Thus, a higher efficiency (at least 10%) 3-D WPT system is required to 

increase the accuracy of the localization. Furthermore, the current probe (1147B) 

used for the measurement imposes inaccuracy of ±0.3% which leads to a current 

measurement inaccuracy of 30 mA and approximately ±5 mm of distance offset. 

Therefore, more accurate measurement instruments are required to achieve higher 

measurement accuracy. A more accurate and expensive Tektronix TCP0150 current 

probe can be an ideal alternative. 

2. With the current multi-TX-based localization measurement setup, as the 3-D RX 

moves further away from the centre, the power transfer efficiency decreases 

significantly. At the edge of the TX coils (200 mm distance) the efficiency is only 
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0.3%. Therefore, the power is very low and the measurement accuracy drops 

significantly, due to lower signal-to-noise ratio. Higher PTE WPT coils are needed 

to increase accuracy. 

3. Measuring the power received every 10 mm in a 200 × 200 × 200 mm3 space would 

generate 24×103 data.  It is possible to process such a quantity of data with a look-up 

table-based algorithm. However, to improve the accuracy of the proposed system, 

measuring data every 1 mm would generate 24×106 data. It is necessary to develop 

a neural network based algorithm to process such an enormous amount of data, 

which is beyond the scope of this thesis. It might be possible to combine measured 

and simulated data, as the simulation proved to be quite effective, with proper 

treatment of the combined errors obtained from measurement and simulated results.  

4. The proposed system used a single-layered agar-based phantom. However, to mimic 

the real human body a more complex and expensive multi-layer phantom is 

necessary with a good expertise in the phantom. 

5. The measurement is conducted using a constant load. The change of load will 

generate a different set of data due to the variation of the output power for the load. 

Each load condition will require to consider 24×103 data for 10 mm distance 

accuracy. Therefore, a massive amount of data will be required for variable load 

condition. It is a substantial drawback of the look-up table proposed system today. 

Therefore, an efficient neural network-based algorithm is necessary. 

6. The 3-D RX system used in this work is manufactured by using hand-wound coils. 

It leads to manufacture process variation thus inaccuracy in the proposed system for 

different coils. Therefore, a machine-based coil manufacturing process is suggested 

to be adopted to implement the proposed WPT-based positioning technique. 

7. It is possible to increase the accuracy by increasing the transferred power. However, 

this can harm the human tissue by increasing SAR significantly. 

7.7 Summary 

The potential of WPT technique for the localization and positioning of the capsule location 

identification has been studied in this Chapter. Agar-based liquid phantom has been 

prepared and tested at lower frequency for the measurement of the proposed technique.  

The measurements were conducted both in air and phantom inside a human shaped 



178 
 

mannequin. The cross-type 3-D RX coil presented in Chapter 6 was used to conduct the 

position measurement. Two orthogonally positioned TX coils were used to create a 3-D 

magnetic field space which is represented with the received power into a 3-D matrix look-

up table. The received power data indicates corresponding location of the 3-D RX coil 

therefore the capsule. The reference data in the look-up table is used to find the blind 

trajectory of the 3-D RX coil used in this experiment. In this work, five data sets are used to 

verify the performance of this proposed CE positioning technique where one data set is 

used as reference. The measurement results show that, in the acceptable range of 

translational misalignment of the 3-D RX coil in any axis, the worst-case distance error of 

8% (±8 mm) is achievable compared with the reference data. The %error on distance is 

increased to 10% (±10 mm) for significantly higher range of translational misalignment.  

The blind trajectory experiments show promising results for lower translational 

misalignment of the 3-D RX with respect to the multi-TX coils. The accuracy can decrease 

significantly at higher translational misalignment due to the lower efficiency of the 3-D RX 

used in this work. It is possible to improve the measurement accuracy by utilizing advanced 

optimization algorithm such as particle swarm and neural network-based optimization 

techniques which was not in the scope of this thesis.  

A higher efficiency 3-D WPT system is also necessary for the proposed WPT-based CE 

positioning technique. Furthermore, a more complicated multi-layered phantom is required 

along with an intensive in-vivo measurement data before considering this positioning 

technique to be utilized for CE.  

In conclusion, the early stage measurement results presented in this Chapter show a 

promising aspect of the proposed WPT-based localization and position estimation 

technique for CE and other implantable devices.            
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Chapter 8. WPT and Rotation Monitoring for Prosthetic Hands 
 

8.1 Introduction 

Rehabilitation biomedical external devices (BEDs), such as prosthetic hands and legs, 

suffer also from lack of long-life power sources. Prosthetics limbs use rechargeable 

batteries embedded within, which drain relatively quickly due to the large power required 

for actuators. The current recharging method of these limbs demands the removal of 

prosthetics limbs from the patient, a procedure which is uncomfortable and sometimes 

undignified. This inefficient power sourcing could be resolved by either making BEDs 

more energy efficient, improving the power storage capacity or using alternative power 

sources. Regarding the latter, WPT offers a promising alternative, due to its convenient 

portability [77], [127].                    

This Chapter proposes the wireless power transfer of a prosthetics hand, one of the most 

common artificial limbs used among the physically disabled population. Published research 

in wireless power and data transfer techniques for prosthetic limbs is relatively scarce 

[281]–[283]. In [282], the characterization of wireless link is studied for upper limb 

prostheses through simulation. In [283], a fully wireless EMG recording system for upper 

limb prosthesis control is presented. Commercial prosthetic hand suppliers, such as 

Ottobock [284] and SteeperUSA [285],  use rechargeable batteries embedded in the hand to 

drive five actuators. When the battery capacity approaches its lower limit, the hand 

operation slows down and stops when the power has been completely drained from the 

battery. Recharging of the battery requires the removal of the prosthetic hand from the 

body.  

The proposed WPT system is shown in Fig. 8.1 whereby the battery is not embedded in the 

limb but is carried by the user. A TX circuit, placed on the wrist of the user, powers a RX 

circuit within the prosthetic limb through inductive coupling. This circuit then controls the 

relevant actuators of the hand for effective operation.  
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Fig. 8.1. Proposed WPT system for prosthetic hands. 

 

In this work, the WPT link is designed, optimized and manufactured to achieve maximum 

PTE. Section 8.2 describes the modelling and optimization of the WPT link. Furthermore, 

Section 8.3 presents the experimental setup and measurement results of the proposed 

system. WPT system implementation, PTE measurement with respect to the distance 

variation and PTE performance as a function of wrist rotation are presented in Sub-Sections 

8.3.1, 8.3.2 and 8.3.3, respectively. The assessment of the unwanted heating of the human 

tissue due to wireless power transfer was simulated using the commercial electromagnetic 

simulator ANSYS HFSSTM and presented in Sub-Section 8.3.4. Results were 

experimentally validated by measuring in real-time temperature variations inside a phantom 

mimicking the properties of human muscle. In Sub-Section 8.3.5, monitoring and control 

the rotation of the prosthetic hand was also demonstrated utilizing rotation-dependent 

wireless power transfer parameters. The WPT scheme proposed serves therefore the dual 

property of providing power to the prosthetic limb whilst monitoring the wrist rotation. A 

brief description of the performance of the proposed WPT system for prosthetic hand is 

illustrated in Section 8.4.      

8.2 Modelling and Optimization 

Single loop multi-layer (SLML) coil is adopted for the proposed WPT system for prosthetic 

hands applications. The proposed system is designed using the set of equations presented in 

Chapter 4 and 5.  

The nested multi-dimensional optimization algorithm flow graph presented in Chapter 5 is 
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used to optimize the proposed WPT link for the prosthetic arm. The maximum radii of the 

TX and RX coils are 24 mm and 34 mm, respectively, and correspond to the dimensions of 

the average human hand. These values are used as initial inputs to the optimization 

algorithm. Constraints include (1) the maximum weight that could be tolerated by the user 

– less than 10 grams for each coil – and (2) the maximum coupling distance, taken as 30 

mm, between the TX and RX coils. The WPT link frequency is chosen as 1 MHz as Class-

E amplifier can easily be designed at this frequency.    

The optimization algorithm checks the compatibility of the optimization variables defined 

in Chapter 4, wTX, wRX, Nt,TX and Nt,RX, with the initial input parameters and design 

constrains . The algorithm retrieves the global maximum value of PTE in this multi-

dimensional design space, by comparing this value with PTE values calculated at each 

iteration. The algorithm stops if the computation of all the variables is completed or a PTE 

value of 100% is reached.  

In Fig. 8.2, the optimization algorithm is run for 150 iterations and a global maximum PTE, 

η, of 72%, is achieved for wTX =1.05 mm, wRX =1.03 mm, Nt,TX =10 and Nt,RX =5. The 

simulation took approximately 15 minutes to complete and was performed on Intel Xeon 

CPU E5-2609 with a processor speed 2.5 GHz and 64 GB of RAM computer. 
 

 
Fig. 8.2 PTE vs. optimization iterations. 
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8.3 Experimental Setup and Results 

8.3.1. WPT System and Class-E Amplifier Implementation 
 

Fig. 8.3 shows the implemented WPT system for the prosthetic hand application alongside 

the measurement setup. 
 

 

Fig. 8.3. Measurement setup (with enlarged view of dummy prosthetic hand). 

 

Keysight technologies current probe (1147B) and CAL test electronics differential probe 

(CT2593-1) are used to measure the output current and voltage, respectively, of the class-E 

PA and WPT link. The TX and RX coils have been mounted on a dummy hand which is 

representing the prosthetic hand. Five DC motors (Q4SL2BQ280001) are used to 

demonstrate the performance of the proposed WPT system in terms of providing power to 

actuators. The motors used in this work can provide a maximum of 13,830 rotations per 

minute (RPM) for 47.3 mA current and 30 mW of output power. Such motors represent the 

necessary actuation for the movement of the mechanical fingers in the prosthetic hand. The 

received power by the RX coil is rectified and regulated by the commercially available 

DFLS130L Schottky diode-based bridge rectifier and L78M05 (DPAK) 5.0 V regulator, 

respectively. The dummy hand is filled with a phantom mimicking the electrical properties 
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of human muscles. This is the similar phantom used in Chapter 6 which has been prepared 

using hydrophilic organic powder and degassed water [115]. Two Arduino Nano 3.0 

(ATmega328) microcontrollers, named μC1 and μC2 in the figure, are used to control and 

monitor the rotation of the DC motors and measure the temperature variation inside the 

phantom, respectively. The PMF370XN N-channel MOSFET is used to implement the 

motor driver circuit which is controlled by μC1.     

The single-ended class-E amplifier has been designed for 1 MHz operating frequency. The 

design methodology of the class-E PA is described in Chapter 6. IRF640 N-channel 

MOSFET with breakdown voltage of 200 V. A value for RDS = 0.18 Ω is adopted as the 

switch with an EL7457 40 MHz non-inverting driver with 2 A peak current. Adjustable 

capacitors are used for Cs and CRES. Cs also includes a MOSFET parasitic capacitance of 

430 pF. An RFC inductor, LCHOKE = 1.6 mH, is utilized to stabilize the power current. Fig. 

8.4 shows the measured output of the designed PA confirming the ZVS condition and sub-

nominal operation of the amplifier. The calculated and measured efficiency are 85.5% and 

85%, respectively. The calculated and measured parameters of the designed class-E PA is 

listed in Table 8.1. 
 

Table 8.1. Optimized and measured parameters 

Parameters Calculated Measured 
VDD (V) 12 12 

ILOAD(PA) (A) 2.8 2.74 
POUT(PA) (W) 1.29 1.27 

ηPA (%) 85.5 85 
CS (nF) 4.8 5 

CRES (nF) 8.7 8.4 
LTX  or LLOAD (μH) 6.2 6.3 

LRX  (μH) 2.2 2.32 
RTX  (mm) 24 23 
RRX  (mm) 34 32.5 
wTX  (mm) 1.05 1 
WRX  (mm) 1.03 1 

QTX 118 120 
QRX 96 98 

ηWPT (%) 72% 71% 
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Fig. 8.4. Measured class-E PA output for a duty cycle of 0.5. 

 

8.3.2. PTE Performance as a Function of Separation Distance 
 

Copper WWCs were fabricated for the WPT coils. The properties of the TX and RX coils 

are listed in Table 8.1. The measured mass of the TX and RX coils are 8.1 g and 6.8 g, 

respectively. The mass of the RX coil is significantly lower than the 90 g obtained with 

commercial batteries (Steeper Lithium Polymer) used inside current prosthetic hands. 

Fig. 8.5 shows the calculated, simulated and measured PTE for a separation distance 

ranging from 5 to 100 mm. The maximum percentage of variation (%Variation) of the 

simulated and measured values, compared to the closed-form expression of the PTE from 

Chapter 5, are 13% and 8%, respectively. The measured efficiency at 1 MHz operation 

frequency and 30 mm separation distance is 71%.  
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Fig. 8.5. PTE and deviation of the PTE with respect to analytical values as a function of the separation 
distance of the coils (퐑푳

∗= 9.8 Ω). 

 

Fig. 8.6 shows the simulated and measured effect of the varying load on PTE. The 

maximum PTE of 71% is achieved for the optimized load of 9.6 and 9.8 Ω for the 

simulated and measured values, respectively.  
 

 

Fig. 8.6. PTE as a function of the load resistance (dr = 30 mm). 

8.3.3. PTE Performance as a Function of Wrist Rotation 
 

As the hand is being rotated in everyday activities, it is important to measure the change of 
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PTE as a consequence of the angular misalignment of the TX and RX coils. The 

measurement setup for the measurement of PTE at different angular rotations is presented 

in Fig. 8.7. The prosthetic hand section is separated from the dummy hand to perform this 

measurement and the separation distance is kept at 30 mm as the hand is rotated from -45 to 

+45 degrees.   

The minimum PTE achieved is 56.7% at the rotation angle of +45 degrees, as shown in Fig. 

8.8. Unsurprisingly, the PTE is symmetric with respect to the zero-degree rotation angle. 

The small difference noticed for the measured results is due to uncertainties in the physical 

implementation process. The maximum %variation is 6.5% and 2.5% for simulation and 

measured values, respectively. 

 

Fig. 8.7. PTE measurement at different angles of rotation. 

 

Fig. 8.8. PTE as a function of angle of rotation. 
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The magnetic field variation shown in Fig. 8.9(a) and Fig. 8.9(b), for perfectly aligned and 

rotated coils, respectively, validates the reduction in the PTE due to the angular rotation. 

The distorted field pattern shown in Fig. 8.9(b) leads to the reduction of the PTE.   
 

  
(a) (b) 

Fig. 8.9. Variation of the magnetic field distribution at angles of rotation of zero and 45 degrees. 

8.3.4. Tissue Safety Measurements 
 

Assessment of any temperature increase inside tissues close to the WPT system was carried 

out by measuring the temperature variation inside a muscle phantom model for 12 hours 

and simulating the SAR using the ANSYS HFSSTM EM simulator. A five-layer phantom 

was designed in ANSYS HFSSTM to measure the SAR, as shown in Fig. 8.10. The tissue 

configuration is meant to model the wrist of the user. Table 8.2 listed the properties of the 

different tissue layers considered to design the wrist model. 
 

Table 8.2. Tissue properties at 1 MHz. 

Tissue Permittivity (εr) Conductivity (σ) (S/m) Loss Tangent (tan δ) 
Skin 991 0.0132 0.24 
Fat 50.8 0.044 15.61 
Muscle 1840 0.503 4.91 
Cortical 
Bone 145 0.244 3.02 

Cancellous 
Bone 249 0.09 6.53 
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Fig. 8.10. Five-layer tissue model developed in ANSYS HFSSTM. 

 

Fig. 8.11 shows the SAR variation inside the phantom from the front view and along the 

wrist (side view). The maximum SAR measured is 10.03 mW/kg at 1 MHz operating 

frequency and for 5 W of input power.  This value is lower than the IEEE standard of 2 

W/kg for 10 g of tissue [61]. 

 

 

Fig. 8.11. SAR simulation in five-layer phantom model in ANSYS HFSSTM. 

Fig. 8.12 shows the position of the three temperature sensors (TS 1 to 3) inserted inside the 

phantom to measure the temperature variation due to electromagnetic radiation. TS4 is used 

to measure the temperature of the environment. The microcontroller μC2 (Fig. 8.3) is used 
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to process the temperature data and record them in the laptop through RS232 serial 

communication. 

 

 

Fig. 8.12. Position of the temperature sensors inside the phantom. 

     

 

Fig. 8.13. Variation of temperature vs. measurement duration. 

 

TS1 shows the maximum temperature variation in Fig. 8.13 as it was the closest to the TX 

coil. The highest temperature variation recorded is 1.63ºC at TS1 compared with the 

measured temperature variation recommended by TS1 without the WPT system. Tissues 

properties are listed in Table 8.2 for 1 MHz frequency [60]. 
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8.3.5. Monitoring of the Hand Rotation 
 

Beyond receiving power to actuate motors within the prosthetic limb, the WPT system 

presented here allows the measurement of the power received such that valuable 

information regarding the determination of the angle of rotation can be provided to help the 

user controlling the hand. Fig. 8.14 shows the variation of the output power ratio as a 

function of the angle of rotation. This power ratio is calculated with reference to the power 

rectified and regulated at the RX for a perfectly aligned RX coil (0 degree).  

The proposed algorithm to monitor and control the rotation of the prosthetic hand is 

illustrated in Fig. 8.15. The algorithm keeps record of the output power, when the RX coil 

is perfectly aligned with the TX, and calculates the ratio of the power at each angle with 

respect to the power at 0º angle position of the RX. If the ratio goes below 0.8 (45º angular 

rotation) the rotation of the prosthetic hand will be stopped. In Fig. 8.14, the right y-axis 

demonstrates the percentage of error (%Error) on the angle of rotation for the power ratio. 

The maximum %Error is 15% at the maximum angle of rotation and the minimum %Error 

is less than 1% achieved for the 0º rotation. The %Error is calculated on four set of 

measurement results. This algorithm is developed for the optimized load used in this work. 

A complex algorithm will be required for variable load applications. The monitoring of the 

hand as it is rotated in 3 dimensions could also be carried out if the centres of the two coils 

are no aligned along the same axis. This 3D monitoring of the hand will be the topic of a 

future research. 

 

Fig. 8.14. Output power ratio with respect to power at 0º angle as a function of the angle of rotation. The input 
power is the rectified and regulated power at the receiver. 
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Fig. 8.15. Proposed algorithm to monitor the rotation of the prosthetic hand. 

8.4 Discussion 

The estimation of the power budget of the proposed WPT system is given in Fig. 8.16. The 

microcontroller μC1 used in this work needs approximately 180 mW to operate properly 

along with the motor driver circuit. The five DC motors require 100 mW in full load 

condition. Therefore, the total power requirement is approximately 280 mW for the 

proposed system. Fig. 8.16 shows that the total output power of the designed system is 350 

mW when the TX and RX coils are perfectly aligned, yielding thereby an overall system 

efficiency of 24%. The proposed system can supply enough power (294 mW) to run five 

DC motors simultaneously at the maximum angle of rotation of 45º.   
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Fig. 8.16. Power budget of the proposed WPT system. 

 

The major power consuming devices of the system are shown to be the commercial 

regulator and Schottky diode-based rectifier circuit. The power efficiency of 63% and 60% 

is recorded at 1 MHz operation frequency for the rectifier and regulator circuit, 

respectively. Application specific integrated circuit (ASIC) of the regulator [286]–[288] 

and rectifier [108], [109] circuits can offer efficiency of more than 87%. In addition, the 

efficiency of the WPT link could be increased to more than 85% by increasing the 

operation frequency to 10 MHz. However, it is firmly recommended to validate the tissue 

safety in such frequency bands before using higher frequency for any BEDs. Furthermore, 

[258] presented a class-E amplifier for BEDs with an efficiency of 91.7% utilizing the sub-

nominal design technique. Therefore, using the aforementioned schemes the complete 

system efficiency could be increased to more than 60%. The mass of the TX and RX coils 

could also be reduced further by utilizing modern 3D printing technology and flexible 

printed circuit boards. Finally, lower power microcontroller compared to Arduino Nano 3.0 

and DC motors can be used to reduce the power consumption even further in the prosthetic 

hand.      

8.5 Summary 

In this chapter, a WPT system is proposed and successfully implemented for prosthetic 

hand application. The receiver coil has significantly lower mass compared to the batteries 
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used inside commercially available prosthetic hands. An easily replaceable and 

rechargeable battery can be used at the TX side of the proposed WPT system.  

The proposed system offers an overall system efficiency of 24% which can be improved 

significantly by utilizing low power, high efficiency ASIC designs, and higher operating 

frequency. A low power microcontroller and DC motors can reduce the power consumption 

and enhance the battery life connected to the TX side of the proposed system. The 

simulated SAR of the proposed system is well below the safety standard of the IEEE. 

Tissue safety was also validated by measuring the temperature variation in a muscle 

phantom for 12 hours’ continuous wireless power supply. This work presented also a 

rotation control and monitor algorithm utilizing the RX power for an optimized load.  

The proposed WPT system offers a dignified, comfortable, and efficient way to supply 

power to artificial limbs.            
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Chapter 9. Conclusions and Future Work 
 

9.1 Conclusions and Original Contributions 

The primary goal of this Ph.D. thesis was to implement high efficiency WPT systems for 

biomedical devices. An extensive literature review on all the WPT techniques used in 

biomedical devices was conducted in the initial phase of this research to understand the 

importance and range of WPT strategies for biomedical applications and to choose a 

suitable technique for the two case studies presented in the thesis. Following the literature 

review an accurate closed-form mathematical model was developed for the expressions of 

the self- and mutual inductance. Furthermore, to design the WPT coils, parasitic 

components, ferrite effects were included.  Expression of the PTE was derived and used as 

a performance metric and an optimization algorithm was developed. The proposed 

theoretical model and optimization algorithm were utilized to design and manufacture 

miniaturized 3-D WPT systems for capsule endoscopy application under the EPSRC-

funded project Sonopill. The designed miniaturized and efficient 3-D RX coils also offered 

the potential of WPT for capsule localization and positioning application. During this PhD 

work Heriot-Watt University ISSS innovation award was received to conduct the research 

on the WPT for prosthetic hands. The overall contributions of this thesis work are listed 

below:  

 
In Chapter 1, a brief review of different power sources is presented for BEDs and BIDs. 

This leads to a clear motivation towards the development of WPT systems for biomedical 

devices. A graphical illustration of the layout of the whole thesis is presented in this 

chapter.   

Chapter 2 presents an in-depth review of the WPT techniques researched and implemented 

for biomedical devices over last few decades. These WPT techniques are initially classified 

as EM and non-EM method. EM technique covers both the near and far field WPT methods 

where the non-EM technique includes acoustic and optical WPT. Further, these techniques 

are analyzed based on the link design, optimization, system level design, design challenges 

and future trends. Such extensive review work on WPT techniques for BEDs and BIDs is 

rare in the literature and has been in review for publication in the MDPI Sensors.  
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Chapter 3 extends the review work of the WPT techniques presented in Chapter 2 and 

includes the range of possible BED and BID applications using these techniques. The most 

important applications of WPT for biomedical devices are found in brain implants, 

neurostimulators, ocular implants, cochlear implants and capsule endoscopy. An abstract 

level comparison followed by broad tabular comparison is presented. This Chapter provides 

an indication of which WPT technique is more used today for commercially available 

biomedical devices. 

In Chapter 4, an in-depth analysis of the self- and mutual inductances is presented for both 

PSC and WWC [289]. In this work, the WPT coils are modelled as an Archimedean spiral, 

which is a more realistic configuration of the coil over the traditional concentric loop 

concept to achieve higher modeling accuracy for the self-inductance assumption. This 

model also contributes to the accurate modeling of the mutual inductance. This chapter 

presents a simple yet accurate expression of the mutual inductance for WWCs including 

both the translational and angular misalignment which is rare in the literature and important 

for the real-life implementation of WPT systems. In the same Chapter, the performance of 

the WPT coils is shown to be significantly affected by the parasitic components such as ac 

resistance and parasitic capacitance.  

Chapter 5 presents the accurate modelling of these parasitic components for both PSCs 

[89] and WWCs. A wide number of WPT applications benefits in terms of PTE 

enhancement from the use of a ferrite core inside the RX. However, inclusion of analytical 

expressions of the effect of the ferrite core onto WPT coils performance is rare in the 

literature. In this Chapter, the effect of ferrite core on self- and mutual inductance is 

considered along with the ac resistance for the modelling and optimization of WPT coils 

[290], [291]. One of the main applications covered in this thesis is the implementation of 

WPT systems for capsule endoscopy. It is proposed that the WPT for capsule endoscopy 

can be implemented efficiently by using multi-TX based WPT systems compared to a 

single TX-based WPT. Hence, the PTE of multi-TX WPT system is solved using coupled 

mode theory and verified by circuit theory in this Chapter. All these models are utilized in a 

new nested multi-dimensional optimization algorithm for maximum performance of the 

WPT systems for biomedical applications.  

Chapter 6 presents two unique 3-D RX architectures for capsule endoscopy application. 
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Two WPT links are developed utilizing the models and optimization algorithms presented 

in Chapters 4 and 5. Furthermore, a multi-TX configuration is adopted and manufactured 

on flexible substrate to enable the patient to carry the TX effortlessly. A high efficiency 

Class-E amplifier of 91% is designed to convey power to the TX and the RX power is 

processed by Schottky diode-based bridge rectifier with series topology. Overall system 

efficiencies of 0.9% and 0.7% along with the wireless link efficiencies of 1.3% and 1%, 

respectively are achieved for 3-D cross type and miniaturized 3-D RX coil-based WPT 

systems, respectively. A brief comparison demonstrates the superiority of the performance 

of the proposed WPT systems with the previously published works for CE application. 

Tissue safety compatibility of the proposed systems is also verified in terms of SAR 

simulations (less than 2 W/kg) and temperature measurement for a typical capsule 

endoscopy lifetime.  

In Chapter 7, a novel localization and positioning method is investigated for capsule-based 

endoscopy. The conventional RF-based localization techniques are briefly discussed. 

Furthermore, the potential for WPT-based localization and positioning method is studied 

and initial measurement results are presented utilizing the 3-D RX and multi-TX WPT 

system presented in Chapter 6. Agar-based liquid phantom is prepared for the low 

frequency measurement of the proposed localization technique. Initial measurement results 

demonstrated a promising performance of the proposed WPT-based localization and 

positioning technique. 

Millions of people all over the world depend on the prosthetic limbs and more thousands of 

people are getting added in the total every year. These prosthetic limbs are mostly operated 

by the batteries and suffered by the size and low power limitation of the current battery 

technology. Therefore, a WPT system is proposed in Chapter 8 and results are 

demonstrated for prosthetic hand applications which can be extended to other prosthetic 

limbs [292]. An overall system efficiency of 23.3% is achieved for the proposed WPT 

system at 1 MHz operation frequency. Utilizing the similar concept of the WPT-based 

localization presented in Chapter 7 a prosthetic hand rotation monitoring concept is 

presented. The tissue safety is verified by simulation of SAR (10.03 mW/kg at 1 MHz) in a 

multi-layered hand model in ANSYS HFSSTM and temperature measurement inside 

phantom.        
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9.2 Future Work 

In this thesis, a broad study is conducted on WPT for biomedical applications. The 

proposed WPT systems are modelled, optimized, manufactured and tested. However, there 

is a wide range of future possibilities created which need further investigations and research 

as follows: 

1. An extensive literature review describing all the possible power sources for biomedical 

applications is necessary. This should include the design and optimization of battery-based, 

energy harvesting-based and power transfer-based sources. The implementation 

methodology along with the circuit topology and tissue safety analysis must be included. A 

performance comparison to demonstrate and identify the best power source solution in 

terms of size, power and tissue safety is still limited in the literature. 

2. A complete simulation model utilizing the accurate analytical expressions presented in 

this thesis is required to be implemented with a graphical user interface (GUI). It can 

improve the user accessibility of the developed WPT coil modelling and optimization 

technique in this thesis and also can serve a wide range of WPT researchers. It will also be 

an important task to interface this GUI with the commercial EM solver software to compare 

the performance. Global sensitivity analysis using variance-based method or density-based 

methods should be undertaken in order to analyze the main effects on the PTE based not 

only on the inputs to the model taken separately but also the effects of the interactions of 

these inputs to the PTE.   

3. The size of the RX coil is one of the most important factors for the implementation of the 

3-D RX coil for capsule endoscopy application. In this work, the 3-D RX WPT coils are 

implemented with copper wires wound by hand. This manual method is inaccurate in terms 

of the number of turns and wire spacing decreasing therefore the quality factor in each coil 

of the 3-D RX. Therefore, a more efficient and accurate 3-D RX coil implementation 

method is required which also can implement the coils with low space. The aforementioned 

issues can be resolved by utilizing novel direct laser write techniques [293], [294] to print 

the 3-D RX WPT coils onto a coil holder. Fig. 9.1 and Fig. 9.2 show the models of 3-D 

cross-type and miniaturized coil’s models, respectively to be manufactured using the 

techniques discovered under the EPSRC project Photobioform. These coils can reduce the 
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space and have accurate number of turns compared with the hand wound 3-D RX coils 

implemented in this thesis.     

 

Fig. 9.1. 3-D  cross-type RX coil model for implementation using Photobioform. 

 

Fig. 9.2. Miniaturized 3-D  RX coil model for implementation using Photobioform outputs. 

 

4. In WPT, the total system efficiency largely depends on the efficiency of the TX and RX 

circuits. Therefore, a high efficiency class-E amplifier implementation at higher frequency 

is necessary in the future. Furthermore, Schottky diode-based rectifiers have high leakage at 

higher frequency causing lower efficiency. ASIC-based rectifier is the possible solution to 

improve the rectifier efficiency approximately to 90%.  

5. An in-depth literature review is needed in the future to understand and compare the 

capsule localization techniques. In this thesis, early stage results are demonstrated to show 

the potential of WPT-based localization and positioning technique for the future capsule 
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endoscopy application. A multi-layer phantom with accurate human tissue properties is 

required to test the proposed system. A more complex and efficient Newton-Raphson, 

particle swarm or neural network-based algorithm is required to improve localization 

accuracy. Finally, in vivo results will be necessary before integrating the proposed WPT-

based localization technique for capsule endoscopy applications. 

6. Finally, WPT can offer a promising scope for the increasing number of disabled patients 

by improving the power sourcing of different prosthetic limbs. Technology Readiness 

Levels of the technique proposed should be increased in collaboration with an industrial 

partner.  
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Appendix: MATLAB Scripts 
 
This section presents the MATLAB scripts used for the analytical expressions described in 

Chapter 4 and 5. 

MATLAB Script for Self-Inductance Description 

clear 
clc 
close all 
 
Do = 20e-3;                                                                  %diameter of the loop 
nl = 6;                                                                      %number of loops in coil 
nt = 1;                                                                     %number of layers in coil  
w = 400e-6;                                                                                % wire width 
wr = w/2;                                                                                   % wire radius 
sl = 150e-6;                                         %spacing between two loops of a coil 
st = 0e-3;                                %spacing between two layers of the same coil 
 
uo = 4*pi*1e-7;                                                    %the permeability of space 
ur = 1;                                                            %the permeability of conductor  
f = 5e6;                                                                         %operation frequency 
omg = 2*pi.*f;                                                                 %angular frequency 
ro = 1.68e-8;                                                                                  %resistivity  
Icur =1; 
 
%Archimedean spiral radius 
 
Ro = ((Do/2)-(nl-1)*(w+sl)); 
 
for i = nl:-1:1 
   ra(i) = (Ro+((nl-i)*(w+sl)))*Theta; 
end  
 
La = 0; 
for i = 1:nl  
    La = uo*ra(i)*(log(8*ra(i)/wr)-2)+La; 
end 
 
%total self-inductance of a coil without effect of mutual inductance 
La_total = La*nt;  
 
%mutual inductance of different loops and  layers of the coil  
dct = 0;                                                                         
nar = nl;  
 
%distance measurement between consecutive loops in one turn 
for k = 1:nl   
    for l = 1:nar 
    dct =dct+1; 
    if l > 2 
    dkl(dct) =0; 
 
 
    else 

 

 

These are the input 

variables of TX and RX 

coils used commonly for 

the expressions of 

Chapter 4 and 5.  

 

 

Coil radius estimation 

using Archimedean 

Spiral. 
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    dkl(dct) = 0; 
    end 
    end 
    nar = nar-1; 
end  
 
nw = 1;  
act = 0;  
for k = 1:nl  
    for l = nw:nl 
     act = act +1; 
    if l == k 
        alphkl(act)=0;  
    else 
        alphkl(act) = 2*(sqrt(ra(k)*ra(l)/((ra(k)+ra(l))^2+dkl(act)^2)));   
    end 
    end 
        nw = nw+1;  
end  
 
for k = 1:act 
    [K(k),E(k)] = ellipke(alphkl(k)); 
end 
 
% Mutual inductance in same turn but different loops 
nw = 1;  
mct = 0;  
Mlk=0; 
for k = 1: nl 
    for l =nw: nl 
        mct=mct+1; 
        if l == k 
           Mlk = 0+Mlk; 
        else 
           Mlk = Mlk +((2 *uo*sqrt(ra(k)*ra(l)))/alphkl(mct))*((1-
(alphkl(mct)^2/2))*K(mct)-E(mct)); 
        end    
    end 
    nw = nw+1;    
    %sum_mut=sum_mut+Mlk; 
end 
 
M_loops = Mlk*nt;  
%total mutual inducatance on the coils of same turn different loops 
 
 
% Mutual inductance in all the turns of different layers 
dm = 0;  
nlr = nt -1;  
dct =  nt -1; 
for i = 1: nlr 
    for l = 1:dct 
    for j = 1: nl 
        for k = 1: nl 
            dm=dm+1; 
            dij(dm) =l*(st+w); 
        end 
    end   

 

 

 

 

 

 

 

Complete elliptic 

integrals of first and 

second kind calculation. 
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    end 
    dct=dct-1; 
    %dct=0; 
end 
 
alpht =  nt -1; 
adl = 0; 
for i = 1: nlr 
    for l = 1:alpht 
    for j = 1: nl 
        for k = 1: nl 
            adl = adl+1; 
            alphij(adl) = 2*(sqrt(ra(j)*ra(k)/((ra(j)+ra(k))^2+dij(adl)^2)));  
            end 
        end 
    end 
     alpht=alpht-1; 
end 
 
for i = 1:adl 
    [K_l(i),E_l(i)] = ellipke(alphij(i));  
end 
 
for i = 1: nlr   
for k = 1: nl  
    for l =1: (nl*(nt-i))  
        mcl=mcl+1; 
        m = m+1;   
        if m > nl 
            m = 1; 
        else 
            m = m; 
        end   
        if alphij(mcl) == 0; 
            Mij = 0+Mij; 
        else 
           Mij = Mij+((2*uo *sqrt(ra(k)*ra(m)))/alphij(mcl))*((1-
(alphij(mcl)^2/2))*K_l(mcl)-E_l(mcl)); 
        end 
    end 
end 
mcl =0; 
end 
 
M_lay = Mij; 
 
L_selfa = La_total+M_loops+M_lay;                         % total self-inductance 
 
L_SELF = L_selfa; 
 
 
% Self-inductance with ferrite effect 
 
FD = 2e-3; 
Fh = 2.5e-3; 
 
ur = 50; 
gama = Fh/FD; 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Total self-inductance is 

the addition of the self-

inductance of the coil, 

mutual inductance 

between loops and 

mutual inductance 

between layers   

 

 

This section presents 
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FR = FD/2; 
 
e_high1 = sqrt(1-(FD^2/Fh^2)); 
Dfe_high1 = (FR^2/(((Fh/sqrt(2))^2)*e_high1^3))*(log((1+e_high1)/(1-
e_high1))-2*e_high1); 
Dfc_high1 = Dfe_high1*(0.755*(gama^0.13)); 
 
% final ferrite effect 
FER_MUL_high1 = (2-(FR^2/Ro^2))+((ur*FR^2)/((1+Dfc_high1*(ur-
1))*Ro^2)); 
 
 
L_F = L_SELF* FER_MUL_high1;     % Self-inductance with ferrite effect 
 
 

the effect of ferrite core 

on self-inductance. 

 

Multiplication of ferrite 

effect with the total self-

inductance. 

MATLAB Script for ac Resistance Description 

 
lc = pi*nl*(2*Ro+(w+sl)*na)*nt;                                    % Length of the coil 
 
SD = sqrt(ro/(pi*freq*uo));                                                  % SD=skin depth 
 
Rdci = (ro*lc)/(pi*(w/2)^2);                                                     %dc resistance 
  
Rskin =(Rdci*wr^2)/((w-SD)*SD);                             %skin effect resistance 
 
Dp = (pi/4)*(omga*uo)^2*((pi*wrc^4)/ro); 
  
for i = 1:nl  
   ra(i) = Ro+((nl-i)*(w+sl)*2*pi); 
end  
 
for j = 1:nt  
   Ta(j) = j*wa+(j-1)*sla; 
    
end  
HR = 0; 
HT = 0; 
 
for k = 1:nl 
for l = 1:nt 
alph = 2*sqrt((ra(1)*ra(k))/((ra(1)+ra(k))^2+(Ta(nt)-Ta(l))^2)); 
[K,E] = ellipke(alph); 
 
if k >1 
HT = HT+((uo*ur*Icur*(K+((((ra(1))^2-(ra(k))^2+(Ta(nt)-
Ta(l))^2)*E)/((ra(1)-ra(k))^2+(Ta(nt)-
Ta(l))^2))))/(2*pi*ra(k)*sqrt((ra(1)+ra(k))^2+(Ta(nta)-Ta(l))^2)))^2;   
end 
if l<nt 
HR = HR+((uo*ur*Icur*(Ta(nta)-Ta(l))*(-K+((((ra(1))^2+(ra(k))^2+(Ta(nta)-
Ta(l))^2)*E)/((ra(1)+ra(k))^2+(Ta(nta)-
Ta(l))^2))))/(2*pi*ra(k)*sqrt((ra(1)+ra(k))^2+(Ta(nta)-Ta(l))^2)))^2; 
end 
end 
end 
Hi = (HR^2+HT^2); 

  

dc resistance is the 

major contributing 

factor in ac resistance. 

 

Calculation of shape 

factor. 
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mul1 = 0; 
for x = 1:nl 
    for y = 1: nt 
     mul1 = mul1+(ra(x)*Hi*2*pi);    
    end 
end 
 
mul2 = 0; 
for w = 1:na 
    for z = 1: nt 
     mul2 = mul2+(ra(w)*Icur^2*2*pi);    
    end 
end 
 
mul = sqrt(mul1/mul2); 
Rprox = mul^2*lc*na*nta*Dp;                          %Proximity effect resistance 
 
Rac_total = (Rskin+Rprox); 
Rac = Rac_total; 
 
 
FER_MUL_Rs_high1 = gama/Dfc_high1;                             %Ferrite effect 
 
 
Rac_F = Rac *FER_MUL_Rs_high1 = gama/Dfc_high1; 

 

 

 

 

 

 

Total ac resistance is 

the combination of skin 

effect and proximity 

effect resistance.  

ac resistance with 

ferrite effect. 

MATLAB Script for Parasitic Capacitance Description 

epr = 3; 
zta = 3e-6;                                                    %thikness of the insulation layer 
Nta=nl*nt;                                                                  % total number of turns  
Di_ins = (w+(w-2*zta))/2;  
r_oa = (w/2)-zta;                    %radius of a single turn without the insulation 
 
fun1a = @(thta)((pi*Di_ins*r_oa)./(zta+epr*r_oa*(1-cos(thta)))); 
integ1a = integral(fun1a,0,pi/4); 
Cb = epo*epr*integ1a;                %Cb=parasitic cap between 2 nearby loops 
 
 
fun2a = @(thta)((pi*Di_ins*r_oa)./(zta+epr*r_oa*(1-cos(thta))+0.5*epr*st)); 
integ2a = integral(fun2a,0,pi/4); 
Cm = epo*epr*integ2a;                 % Cm = parasitic cap betn different layers 
 
for i=1:nl 
        sq_mul=(2*i-1)^2*(nt-1); 
        csum=csum+sq_mul; 
end 
 
C_slf = (1/Nta^2)*(Cb*(nl-1)*nt+Cm*csum);            % parasitic capacitance 
C_Para = C_slf;   
 
 
     

 

 

 

Parasitic capacitance 

between 2 loops. 

Parasitic capacitance 

between 2 layers. 

mailto:@(thta)((pi*Di_ins*r_oa)./(zta+epr*r_oa*(1-cos(thta))));
mailto:@(thta)((pi*Di_ins*r_oa)./(zta+epr*r_oa*(1-cos(thta))+0.5*epr*st));
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MATLAB Script for Mutual Inductance Description 

dr  = 50e-3;                            %Center to center distance between TX and RX 
d2 = 20e-3;                        %Translational misalignment between TX and RX 
that =0;                                      %Angular misalignment between TX and RX   
lamda=0;                                   %Angular misalignment between TX and RX 
 
 
for i= 1:nta1                                              %nta is the number of layers of TX 
for j =1:ntb1                                              %ntb is the number of layers of RX 
for ca = 1:(nla)                                            %nla is the number of loops of TX 
    for cb = 1:(nlb)                                       %nlb is the number of loops of RX 
        gamafref =           
(2*raref(ca)*rbref(cb))/(raref(ca)^2+rbref(cb)^2+dr^2+d2^2); 
        alphafref = (2*raref(ca)*d2)/(raref(ca)^2+rbref(cb)^2+dr^2+d2^2);    
        betafref = (2*rbref(cb)*d2)/(raref(ca)^2+rbref(cb)^2+dr^2+d2^2); 
        zitafref = (2*rbref(cb)*dr)/(raref(ca)^2+rbref(cb)^2+dr^2); 
        delta1fref = (d2^2)/(raref(ca)^2+rbref(cb)^2+dr^2);  
        delta2fref = (d2*dr)/(raref(ca)^2+rbref(cb)^2+dr^2);          
         
         
        Mmutref = 
((uo*pi*raref(ca)^2*rbref(cb)^2*cosd(thta)*cosd(lamda))/(2*(raref(ca)^2+rbr
ef(cb)^2+(dr+((wa+sta)*(i-1))+((wb+stb)*(j-
1)))^2+d2^2)^(3/2)))*(1+((15/64)*(gamafref^2+2*alphafref^2))+((15/64)*(g
amafref^2+betafref^2)*(cosd(thta))^2*(cosd(lamda))^2)+((15/16)*(zitafref*(s
ind(thta)+sind(lamda)*cosd(thta)))^2)-
((15/8)*(betafref*zitafref*(sind(thta)+sind(lamda)*cosd(thta))*cosd(thta)*cos
d(lamda)))-((3/2)*(delta1fref-
delta2fref*(tand(thta)*secd(lamda)+tand(lamda))))); 
        Mtotref=Mtotref+Mmutref; 
    end 
end 
end 
end 
M_final = Mtotref; 
 
M_F = M_final * FER_MUL_high1;  
 
 
k_coupl = M_F /(sqrt(L_F_TX*L_F_RX)); 
COUPLING_COEFF = k_coupl; 

Variables of TX and RX 

coils for mutual 

inductance estimation. 

 

 

 

 

 

 

 

 

 

 

Ferrite effect on mutual 

inductance. 

Coupling coefficient 

estimation. 

MATLAB Script for Quality Factor Description 

Q = (omg*L_F)/Rac_F; Quality factor of one 

coil. 

MATLAB Script for Power Transfer Efficiency (PTE) Description 

QL = 
QRX/(sqrt(1+2*QTX1*QRX*kTX1RX^2+2*QTX2*QRX*kTX2RX^2)); 
FOM = sqrt(QTX1*QRX*kTX1RX^2+QTX2*QRX*kTX2RX^2); 

PTE of multi-TX WPT 
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PTE = 1/(2+((QL/QRX)*(2+(1/(FOM^2))*(1+(QRX/QL))^2)))*100; 
RL = (omg*L_F_RX)/QL; 
 

system 

MATLAB Script for Optimization Algorithm Description 

E =0; 
E_New = 0; 
%x=0; 
for i= 1:150 
    x=0; 
  for j = 1:15 
      for k =1:23 
          for l= 1:14 
              x=x+1; 
              L_SELF_TX = 
L_SELF_CAPSULE(uo,Doa,nla(j),nta,wa(i),wra(i),sla,sta,TX_TYPE); 
              L_SELF_RX = 
L_SELF_CAPSULE(uo,Dob,nlb(l),ntb,wb(k),wrb(k),slb,stb,RX_TYPE); 
              L_SELF_TX_GUI = L_SELF_TX*1e6;  
              L_SELF_RX_GUI = L_SELF_RX*1e6;  
 
              R_AC_TX = 
R_AC_CAPSULE(Freq,uo,ro,Doa,nla(j),nta,wa(i),wra(i),sla,sta,tta,ztaa,TX_T
YPE); 
              R_AC_RX = 
R_AC_CAPSULE(Freq,uo,ro,Dob,nlb(l),ntb,wb(k),wrb(k),slb,stb,ttb,ztab,RX
_TYPE); 
 
              Q_Factor_TX = 
Q_FACT_CAPSULE(Freq,L_SELF_TX,R_AC_TX); 
              Q_Factor_RX = 
Q_FACT_CAPSULE(Freq,L_SELF_RX,R_AC_RX); 
 
[MUTUAL_IND,COUPLING_COEFF] = 
MUTUAL_IND_COUPLCOEFF_CAPSULE(uo,dr,Doa,nla(j),nta,wa(i),wra(i
),sla,sta,Dob,nlb(l),ntb,wb(k),wrb(k),slb,stb,TX_TYPE,RX_TYPE,L_SELF_
TX,L_SELF_RX); 
 
              MUTUAL_IND_GUI = MUTUAL_IND*1e6;  
 
              [PTE_max,R_L] = 
PTE_RL_CAPSULE(Freq,COUPLING_COEFF,Q_Factor_TX, 
Q_Factor_RX,L_SELF_TX,L_SELF_RX); 
              E(x)= PTE_max;  
              %E= ((A(i))+(B(j)))/((D(l))+C(k));  
               if (E(x) > E_New) 
                  A1=wa(i); 
                  B1= nla(j); 
                  C1=wb(k); 
                  D1=nlb(l); 
                  E1= E(x); 
                  E_New =E(x); 
              else 
                  E1; 
              end 
 
          end 

Nested multi-

dimensional 

optimization algorithm. 

The parameters are 

taken from the functions 

of self-inductance, ac 

resistance, Q-factor and 

PTE. Parasitic 

capacitance is 

neglected due to lower 

operation frequency. 

The MATLAB script is 

prepared according to 

the algorithm presented 

in Chapter 5 to find 

global PTE. 
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      end 
  end 
  Am(i) = A1;                                                      % width of traces of TX coil 
  Bm(i) = B1;                                                    % Number of turns of TX coil 
  Cm(i) = C1;                                                      % width of traces of RX coil 
  Dm(i) = D1;                                                   % Number of turns of RX coil 
  Em(i) = E1;                                                                                %Efficiency 
  E_New =0; 
end 
  plot(Em); 
  xlabel('Iteration'); 
  ylabel('Fun'); 
 

 

 


