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      Rodents are essential models for research on fundamental neurological processing and for 

testing of therapeutic manipulations including drug efficacy studies. Telemetry acquisition from 

rodents is important in biomedical research and requires a long-term powering method. A 

wireless power transfer (WPT) scheme is desirable to power the telemetric devices for rodents. 

This dissertation investigates a WPT system to deliver power from a stationary source (primary 

coil) to a moving telemetric device (secondary coil) via magnetic resonant coupling. The 

continuously changing orientation of the rodent leads to coupling loss/problems between the 

primary and secondary coils, presenting a major challenge. We designed a novel secondary 

circuit employing ferrite rods placed at specific locations and orientations within the coil. The 

simulation and experimental results show a significant increase of power transfer using our 

ferrite arrangement, with improved coupling at most orientations. The use of a medium-ferrite-

angled (4MFA) configuration further improved power transfer. Initially, we designed a 

piezoelectric-based device to harvest the kinetic energy available from the natural movement of 

the rodent; however, the harvested power was insufficient to power the telemetric devices for the 

rodents. After designing our 4MFA device, we designed a novel wireless measurement system 

(WMS) to collect real-time performance data from the secondary circuit while testing WPT 

systems. This prevents the measurement errors associated with voltage/current probes or coaxial 

cables placed directly into the primary magnetic field. The maximum total efficiency of our 

novel WPT is 14.1% when the orientation of the 4MFA is parallel to the primary electromagnetic 

field, and a current of 2.0 A (peak-to-peak) is applied to the primary coil. We design a novel 

controllable WPT system to facilitate the use of multiple secondary circuits (telemetric devices) 

to operate within a single primary coil. Each telemetric device can tune or detune its resonant 

frequency independently of the others using its internal control algorithm. 
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Chapter 1: Introduction 

1.1 Motivation 

    Biomedical devices are useful for a variety of medical applications including generating 

stimulus signals, monitoring, and communicating internal vital signs to the outer world. 

Providing power to the electronics, radio, and the stimulator/sensor of these devices is one of the 

major challenges in designing such systems [1]. Power requirements for these devices vary with 

application and can range from a few milliwatts to dozens of milliwatts. Supplying required 

power to biomedical devices in a reliable manner is of utmost importance [2]. The primary 

motivation of this thesis is to develop a system that will provide adequate power to these 

biomedical devices. For this research, we focus on using a wireless power transfer (WPT) 

technique based on magnetic resonant coupling.    

   There are different methods used for powering implantable biomedical devices. One method is 

to use transcutaneous wires to deliver power from an externally positioned battery or other power 

source to the implanted devices. However, the use of transcutaneous links across skin increases 

the risk of infection to the body/patients. Alternatively, batteries can be implanted along with a 

biosensor. However, these batteries provide limited energy storage and life span and may exceed 

size and mass requirements for the implantation in small animals. In addition, replacing the 

batteries is only performed by a surgical procedure, and long-term implantation introduces a 

potential risk of leakage. To reduce the risk of the possibility of infection by wires piercing the 

skin, wire breakage, and undesirable replacement and corrosion of embedded batteries, an 

alternative approach for providing power to the implantable devices is recommended. Another 

approach utilizes ambient energy sources, such as harvesting motion energy or capturing 

electromagnetic fields, to power biomedical devices. The generated power from these harvesters 

depends on the volume of the implanted device [1-7]. 

   Biotelemetry systems are effective tools for clinical medicine and also in animal research, 

because they allow for the acquisition of otherwise unavailable physiological data [8-9]. Rodents 

are important animals for biomedical applications and tracking their movements is widely used 

to study various disease models. A vast majority of research on neural mechanisms of therapies 

is currently conducted using rodents [2]. Mice are used in such studies due to the availability of 

many different genetically modified lines that have been generated as models of human 
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disorders. Their small size presents a significant problem for the design and manufacturing of 

telemetry devices. These devices can be implanted subcutaneously or externally mounted to 

measure biophysical signals. Telemetric biosensors must be small, with a mass of a few grams 

and volumes of a few cubic centimeters, in order to provide monitoring without limiting mobility 

or behaviour of mice [1-2]. The main purpose of this work is to power the telemetric devices 

equipped with these biosensors, to transmit/record electrophysiological data of nerves or muscle 

tissue, or to provide stimulation.  

1.2 General Literature Search for Energy Harvesting   

   Different energy harvesting approaches have been investigated to power the implantable 

biomedical devices in rodents. These approaches are thermoelectric energy harvesting, 

implantable glucose fuel cells, vibration-based energy harvesting, and WPT system. 

   Thermoelectric energy harvesting is based on the heat flux through a thermoelectric element or 

a thermos-generator comprising a multitude of such elements. The heat flux is driven by a 

temperature difference across the element. The generated voltage is proportional to the number 

of elements and the temperature difference. The thermal gradient provides an energy source 

which is extracted from the model body to generate electrical power via thermoelectric elements 

[10-11]. It is recommended that the room temperature range for rodent housing is between 20°C 

and 26°C, and significant fluctuations in temperature should be avoided [12]; therefore, the 

thermoelectric energy harvesting technique is not suitable for telemetric devices using rodents. 

Glucose is considered the most common substance for implantable fuel cells. Implantable fuel 

cell systems convert glucose into electricity via a spatially separated electrochemical reaction 

chamber [11]. Cinquin et al. developed a glucose bio-fuel cell implanted in rats which produced 

a peak specific power of 24.4 µW/mL [13]. It is obvious that these approaches of energy 

harvesting are inappropriate to provide suitable power (milliwatts) for the implantable 

biomedical device in rodents. Vibration-based energy harvesting and WPT techniques are 

investigated in this dissertation. 

1.3 Proposed Thesis Scope 

   As such, a long-term powering scheme for telemetry electronics and radios is needed. In some 

applications, such as monitoring animal behaviour over long duration studies, embedded 
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batteries may be insufficient to provide the power needed to sample, record, and transmit large 

amounts of data. However, for rodent applications, battery replacement, size, and weight pose a 

problem for experiments of long durations. Powering the telemetric device for rodents using 

energy harvesting techniques (such as vibration and electromagnetic radiation) is preferred for 

long-term operation. 

   The major challenges of creating such devices for rodents are: (i) relatively small size, (ii) low 

frequency motion of rodents, and (iii) changing orientation of the rodent moving. Our proposal is 

to build a power system for telemetric devices used with rodents, which must be able to move 

freely inside their cages. We designed two different approaches for providing power to the 

devices; the first approach used vibration-based energy harvesting. Chapter 2 presents the initial 

work done involving design and simulation of a piezoelectric-based device to harvest the kinetic 

energy available from the natural movement of rodents. Ultimately, that approach was 

abandoned due to the low power available. Then we used the second approach: WPT based on 

magnetic resonant coupling.  

1.4 Thesis Objectives and Contributions 

   The primary goal of the proposed thesis research is to develop a power system for telemetry 

devices that can be implanted subcutaneously in rats or head-mounted on mice. Initially, we 

considered various ways to power the biomedical implants. We initially investigated vibration-

based energy harvesters utilizing piezoelectric materials. However, we found the achievable 

power of the piezoelectric energy harvesting device did not suit the application because it was 

too low. We then developed the WPT approach. The key objectives of this proposed thesis are: 

(1) To provide enough power to the electronics, radio, and stimulators/sensors in telemetric 

devices for rodents.  

(2) To achieve magnetic resonant coupling between the primary (transmitter) coil and the 

secondary (receiver) coil of a loosely coupled wireless power transfer (LCWPT) system. 

(3) To design a measurement system to measure the received power of LCWPT systems while 

under test, and transmit the information wirelessly. 

(4) To maintain the required power to the telemetry devices (stimulators/sensors) at different 

orientations when the small rodents move (their head tilts). 
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(5) To ensure that the maximum received power is achieved with the telemetry device, by 

using the matching impedance of the secondary circuit.  

(6) To improve the efficiency by minimizing the power losses in the LCWPT system. 

(7) To build an adjustable magnetic resonant system capable of tuning/detuning the WPT 

system, to be able to use multiple secondary coils (implants) in one primary (transmitter) 

coil. 

   More details for objectives (1-7) is as follows: Objective (1) is the main goal for the proposed 

thesis. For example, for an application with EEG sensing and stimulation, the power needed to 

start up the device is 51 mW for 100-300 milliseconds. After start-up, the system can run 

indefinitely with a power of 12 mW. The literature survey has shown that magnetic resonant 

coupling (objective (2)) is the most suitable approach for the LCWPT applications. This is 

accomplished by obtaining the same resonant frequency of the primary and secondary circuits 

[2]. For objective (3), we found traditional measurement techniques employing coaxial cables 

and voltage/current probes to measure power/efficiency of LCWPT systems are sensitive to 

electromagnetic interference, and produce poor results. We developed a custom wireless 

measurement system (WMS) to reduce measurement errors of the received power [2]. The rodent 

implanted with the telemetric device is moving and changing its orientation freely inside the cage 

(primary coil), so the secondary coil could lose coupling at high orientations (beyond 30°). 

Objective (4) reduces this problem through our design of a novel secondary coil configuration 

that employs ferrite rods placed at specific locations and orientation within the secondary coil 

[2]. The objectives (5&6) focus on minimizing the losses and maximizing the power transfer. 

The maximum power transferred by the secondary circuit occurs when the load is conjugately 

matched (such a load is called a matched load). The efficiency of the WPT system depends on 

many factors such as: the quality factor of the coils, the coupling coefficient, the separation and 

orientation between the coils, and the primary and secondary circuit topology. Objective (6) also 

focuses on improving the efficiency of the LCWPT systems, as summarized in Chapter 6. 

Objective (7) aims to expand the application by closed-loop control of the resonant frequency of 

the secondary circuit.  This has useful application to power multiple implants (one per rodent) 

that are all in the same cage. When using multiple secondary coils within same cage, there is a 

mutual coupling effect between the coils, which leads to a mismatch of the magnetic resonant 

coupling between the secondary coils and the primary coil. It also has application for preventing 
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excessive heat build-up in the secondary circuit, in cases where high voltage may be induced 

within the secondary coil due to favourable orientations. This high temperature can cause over 

heating problems in the telemetric device. We refer this overheating problem as “electronic 

heating.” We designed a novel control scheme (objective 7) to tune/detune the LCWPT system 

for the multiple secondary coils (implants) within the same primary coil. The LCWPT system is 

a highly nonlinear dynamic system and has many variables. Our controllable WPT system is 

based on adjusting the magnetic resonance of the secondary circuits to meet the load 

requirements.  

1.5 Thesis Organization 

    This thesis is divided into nine chapters as follows: 

   In Chapter 1, the motivation of this thesis presented the power requirements of telemetric 

biosensors for small rodents, and the different approaches used to power the implanted devices. 

The thesis objectives are also outlined in order to show the structure of this document and the 

contributions of this thesis are described. Chapter 2 presents the design and simulation of a 

piezoelectric-based device to generate electrical power by harvesting energy available from the 

natural movement of a mouse. The piezoelectric-based energy harvester is simulated using 

COMSOL, to predict the electrical power for different mouse motion excitation frequencies with 

the matched load impedance. Additionally, the actual data of mouse runs that is captured by an 

accelerometer is used to simulate its excitation to the proposed energy harvesting system. 

Chapter 3 describes the different WPT techniques for various applications used in the literature. 

The magnetic induction technique based on magnetic resonant coupling is suitable for powering 

biomedical applications. Mathematical equations of achieving the magnetic resonant coupling in 

the LCWPT systems are also illustrated in this Chapter. In Chapter 4, COMSOL is used to 

investigate the magnetic flux distribution surrounding four different secondary coil 

configurations. The simulation and experimental results showed the appropriate secondary coil 

configuration to provide the power requirement to the application device (EEG) while the 

rodents are moving freely inside the cage. In Chapter 5, the WMS is designed using Multisim 

simulation software. The physical prototype WMS is constructed to measure the received power 

by the secondary circuit wirelessly. In Chapter 6, different losses of the LCWPT systems are 

analyzed to maximize the total efficiency. The LCWPT system is redesigned and rebuilt to 
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minimize the losses and improve its total efficiency in Chapter 6. Chapter 7 describes the 

problems of using the multiple secondary coils in the WPT system. A literature survey of solving 

these problems is illustrated, and our new proposed controller system is designed to tune/detune 

the resonance of the secondary circuits in the LCWPT systems. Chapter 7 shows our design 

controllable LCWPT system for freely moving rodents. Chapter 8 provides a discussion of all the 

research presented in this thesis, as well as the features of our LCWPT system. In Chapter 9, 

conclusions are drawn concerning the results, the future potential, and the thesis contribution. 

These Chapters are then followed by the references used in this thesis. 
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Chapter 2: Piezoelectric Energy Harvesting 

2.1 Introduction 

   Miniature portable sensors and telemetry systems can provide great advantage for monitoring 

animal behavior, physiological information and tracking. To operate remotely, such telemetry 

systems must have a suitable power source to carry out their task, for the longest possible 

duration. Often, these remote systems must operate wirelessly, since animal mobility and 

behavior can be adversely affected by wires and cable harnesses. A significant challenge for 

these devices is to provide a power source sufficient to meet the needs of the application. The 

process of gathering ambient energy surrounding a system, and converting it into usable 

electrical energy is termed as energy harvesting (EH) [14-15].  

    The energy gathered by EH devices can be used as the sole power supply for the device, to 

recharge on-board batteries, or to extend the life of a conventional battery. Of particular interest 

to our work is a device suitable for small rodents. Vibration-based energy harvesting is used in 

numerous applications ranging from biomedical devices, common household devices, 

transportation tools, industrial machinery, and even human motion [15]. Significant development 

in EH devices using mechanical vibration has taken place using various conversion mechanisms, 

including electromagnetic, electrostatic, and piezoelectric [16-18]. Table 1 provides a summary 

of various vibration-based EH techniques, which have been implemented using micro-

electromechanical systems (MEMS) technology, and also lists the reported advantages and 

disadvantages of these techniques [19-34]. Techniques using piezoelectric EH have desirable 

features for this application, in particular: high energy density, high voltage developed, and small 

size with the ability to scavenge energy in the range of 1 to 375 μW/cm3 [19-23]. For vibration-

based EH, the optimal electrical power is achieved within a narrow frequency bandwidth, close 

to the resonant frequency of the device. The work of this Chapter shows the design and 

simulation of a piezoelectric-based energy harvesting device to provide power for miniature 

telemetry systems.  
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TABLE 1: SUMMARY OF VARIOUS EH SYSTEMS [19-34] 

Ref. Power 

(µW) 

Freq. 

(Hz) 

Vol. 

(mm3) 

Advantages: Disadvantages: 

Piezoelectric EH 

[19] 2.1 80.1 125 - No external voltage source 

- High output voltage 

- Compact design using MEMS 

- High coupling in single crystals 

- Depolarization 

- Charge leakage 

- High output impedance 

[20] 210 120 1000 

[21] 0.001 35 60 

[22] 0.6 900 2 

[23] 2.15 461.2 0.652 

Electromagnetic EH 

[24] 0.3 4400 5.4 - No external voltage source 

- Simple design 

- No smart materials. 

- Low mutual coupling 

factor 
[25] 530 322 240 

[26] 180 322 840 

[27] 1.44 400 250 

[28] 10 64 1000 

[29] 830 110 1000 

Electrostatic EH 

[30] 64 2520 75 - Simple design using MEMS 

- No smart materials 

- External (charge) 

source is required 
[31] 3.7 30 750 

[32] 6 10 800 

[33] 70 50 32.4 

[34] 110 120 1000 

   This Chapter involves the design and simulation of a vibration-based piezoelectric energy 

harvester for small animal motion (EHAM). A major challenge for this application is the 

relatively small size and low frequency motion of rodents. Rodents exhibit motion at low 

frequencies and small displacement amplitudes, where different gaits correspond to different 

frequencies [35]. Fig. 1 illustrates the proposed concept, where the EHAM design is mounted on 

a rodent. Of interest to this work are frequencies that correspond to typical (predominant) 
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behavior, such as running. An experiment is done to record mouse acceleration data while it is 

running, in three axes of motion. A power spectral density (PSD) is computed for all axes, to 

locate the highest observed power, its corresponding frequency, and the direction of that 

predominant rodent motion. Based on that information, the EHAM design has been developed, 

such that it operates at this predominant frequency to maximize the power harvested. Currently 

reported piezoelectric EHs in literature have been designed to typically operate at frequencies of 

50 Hz, or higher. However, most animals exhibit typical motion at frequencies below 20 Hz, and 

there are no reported small-sized EH devices that operate below 36 Hz [15, 17].  

 
Figure 1: Illustration of energy harvester for rodent motion. 

2.2 Model of Piezoelectric Energy Harvesting Device 

   A dynamic model of the proposed EHAM device is presented, along with the equations for the 

piezoelectric effect. This model is used to estimate the resonant frequency, the maximum 

theoretical power, and later the electrical impedance of the system. These are used to design the 

system, and are later compared to the finite element analysis (FEA) results. The EHAM can be 

approximated as a 1 degree-of-freedom (DOF) spring-mass-damper system, as illustrated in Fig. 

2 [17]. This single DOF consists of a moving mass, m, connected to the base with a spring, K, 
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and damper, C. In addition, electric energy will be extracted from the oscillating system by the 

piezoelectric element, which is modeled as fe in the diagram. The system of Fig. 2 is modeled as 

base-excitation, whereby the excitation acts on the housing (base) of the EHAM, as an 

acceleration 𝑋̈(𝑡). Accordingly, the EHAM is modeled as a second-order, spring-mass-damper 

system, as written in Eq. (1) [36]: 

𝑚 𝑋̈1(𝑡) + 𝐶 𝑋1̇(𝑡) + 𝐾 𝑋1(𝑡) + 𝑓𝑒(𝑡) =  𝑚 𝑋̈(𝑡) (1) 

where, m, C, and K are the effective mass, mechanical damping, and stiffness, respectively; fe is 

the effective force due to the piezoelectric element, and X1(t) is the mechanical displacement of 

the proof mass. 

 
Figure 2: Model of single DOF vibration based energy harvester.  

   The piezoelectric effect occurs when certain crystalline materials are subjected to mechanical 

strain, causing them to become internally electrically polarized, where the degree of polarization 

is proportional to the applied strain. This phenomenon is known as the direct piezoelectric effect 

whereby the piezoelectric material generates an electric field across its volume. This electric 

field causes surface charge to accumulate on either side of the piezoelectric volume, which can 

be harvested with metal electrodes. The direct piezoelectric effect is described by [37-38]: 

𝐷𝑖 = 𝑑𝑖𝑗  𝑇𝑗 + 𝜀𝑖𝑘𝐸𝑘                                                                          (2) 

where, D, d, T,  and E are matrices representing the electrical displacement (polarization), strain 

piezoelectric coefficients, mechanical strain, material permittivity and the electric field, 

respectively. The subscripts i = 1, 2, 3; k = 1, 2, 3; and j = 1, 2, 3, 4, 5, 6 denote the direction to 

which physical properties are related, where 1, 2 and 3 correspond to the directions x, y and z, 



11 
 

 

respectively. For instance, dij is the piezoelectric coefficient that describes the charge collected in 

the plane perpendicular to the i-direction due to applied strain in the j-direction [38].  

   Piezoelectric materials are widely available in many forms including single crystal (e.g. 

quartz), polycrystalline piezoceramics (e.g. lead zirconate titanate (PZT)), thin films, screen 

printable thick-films based upon piezoceramic powders, and polymeric materials (e.g. 

polyvinylidene fluoride (PVDF)). Piezoelectric materials typically exhibit anisotropic 

characteristics, thus, the properties of the material differ depending upon the direction of applied 

forces, and the orientation of material polarization. Sodano et al. investigated and experimentally 

tested three types of piezoelectric devices including PZT, quick pack (QP) and macro fiber 

composite (MFC). Their work confirmed that PZT is highly effective in random vibration 

environments, which is usually encountered when dealing with vibration-based EH [39]. Using 

equation (1) for the EHAM; the effective transducer force fe can be presented as [36]: 

𝑓𝑒 = 𝑘𝑚 𝑉𝑃(𝑡) (3) 

𝑘𝑚 𝑋1(𝑡) − 𝐶𝑃 𝑉𝑃(𝑡) =  𝑄𝑝(𝑡) (4) 

where, km is the effective electromechanical coupling coefficient of a piezoelectric structure, 

Vp(t) is the voltage across the piezoelectric electrodes, Qp(t) is the charge generated on the 

electrodes, and Cp is the capacitance of the piezoelectric material. For the model of Fig. 2, the 

average power dissipated within the damper, Pav, (i.e. the power extracted by the transduction 

mechanism plus the power lost through parasitic damping mechanisms) is given by [17]: 

𝑃𝑎𝑣 = 
𝑚 𝜁𝑇  𝑌

2  (
𝑤
𝑤𝑛

)3 𝑤3

[1 − (
𝑤
𝑤𝑛

)
2

] + [2 (
𝑤
𝑤𝑛

) 𝜁𝑇]
 

 

(5) 

where, 𝜁𝑇 is the total damping ratio given by 𝜁𝑇 = 𝐶/2𝑚𝑤𝑛, Y is the amplitude of the applied 

external vibration, w is the frequency of the applied excitation, and ωn is the natural frequency of 

the system. This equation is valid for steady state conditions, where the average power (Pav) is 

equal to the kinetic energy supplied per second, due to vibration. Note that maximum power 

occurs when the device is excited at an applied frequency of ωn (i.e. ω = ωn), which can be 

expressed as [17]: 
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𝑃𝑎𝑣(𝑚𝑎𝑥) = 
𝑚𝑌2 𝑤𝑛

3

4𝜁𝑇
                     (6) 

The maximum power that can be extracted by the transduction mechanism, including the 

parasitic and transducer damping ratios, is calculated as [17]: 

𝑃𝑒 = 
𝑚𝜁𝐸𝑌2 𝑤𝑛

3

4(𝜁𝑃 + 𝜁𝐸)2
 

(7) 

Pe is maximized when the electrical damping ratio equals the mechanical damping ratio (𝜁𝐸=𝜁𝑃) 

[17]. 

2.3 Collection of Mouse Gait Acceleration Data 

   An experiment to collect motion data of mice has been conducted. This data is used to 

determine the predominant (most frequently occurring) frequencies of motion during running. As 

well, it is later used as input for a FEA simulation of the EHAM, to predict its performance given 

real mouse motion. This allowed for the EHAM to be designed by adjustment of parameters, and 

evaluation of the simulation results. Fig. 3 shows the experimental setup to measure motion, 

which uses a three-axis accelerometer (PMU-9150) attached to the mouse head to measure the 

acceleration while the mouse runs on a wheel. This measurement system consists of a battery, 

accelerometer, circuit board and attachment hardware, where the total weight is 4.40 grams. 

Such a battery-based system is used for other types of short-term data acquisition, and the size 

and mass is well tolerated by the rodent. 

 
Figure 3: Experimental setup for measuring the acceleration of mouse gait. 
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    Acceleration is measured in three axes, where the x-axis corresponds to front/back motion, the 

y-axis to right/left motion, and the z-axis to up/down motion. The range setting of the 

accelerometer is ±4g (m/s2) and the sampling frequency is 200 Hz, as defined by the onboard 

microcontroller. A sample of x-axis acceleration data obtained while the mouse is running for 11 

seconds is shown in Fig. 4. By creating a PSD of all three axes of the acceleration data, the 

predominant frequencies of motion along with their relative power can be identified. Fig. 5 

shows the PSD plots for the x, y and z axes. It was found that the predominate frequency and 

motion amplitude occurred along the anterior-posterior axis of the mouse, which corresponds 

approximately to the x-axis of the EHAM, as shown in Fig. 1. Due to difficulty in mounting the 

measurement device to the mouse, there was a difference of approximately 20-30 degrees 

between the angle of the x and z axes, as evidenced by the x-axis offset seen in Fig. 4. As a 

consequence, power is observed in both the x-axis and z-axis, in the PSD plot at similar 

frequencies, as seen in Fig. 5. There are a number of resonant frequencies apparent in Fig. 5, 

corresponding to peaks of power, however, the major resonant frequency is found at 11.7 Hz.  

 
Figure 4: Acceleration recorded in the x-axis during mouse gait. 
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Figure 5: PSD plot of the x, y and z axis acceleration measurements during mouse gait. 

2.4 Design of the EHAM      

   The motivation of the EHAM design is to convert mouse motion energy into electrical power. 

Given this goal, a set of design requirements for the EHAM device are established, and 

summarized in Table 2. 

TABLE 2: DESIGN REQUIREMENTS FOR THE EHAM SYSTEM 

Design Requirement Description Target Value [units] 

Operating Frequency Predominant gait frequency of mouse 11.7 [Hz] 

Total volume Maximum volume of EHAM tolerated by mouse 2000 [mm3] 

Proof Mass Maximum moving mass tolerated by mouse during 

regular activity 

1 [g] 

Amplitude (d0) Maximum amplitude of moving mass, tolerated by 

mouse 

1.5 [mm] 

Stress in Beam Maximum allowable stress of oscillating beam 

material. To be less than 30% of ultimate strength, to 

avoid fatigue damage. 

 

600 [MPa] 

Power Output Maximize power given design requirements Max. [Watts] 

   Creating a design to meet these requirements was challenging. Several design iterations were 

done whereby the design was simulated with FEA, the results analyzed and the design 

parameters adjusted. The cantilever-beam structure with proof-mass was found to be the simplest 

oscillator design that could meet the objectives for the EHAM. A cross-sectional diagram of the 

proposed configuration is illustrated in Fig. 6 (not to scale). Given the requirement for low 

frequency operation at 11.7 Hz, a combination of high proof-mass weight and low beam stiffness 

is used. It was determined that a silicon-based cantilever beam with a PZT layer is best able to 
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provide low beam stiffness, and yet is strong enough to prevent breakage of the structure given 

the loading produced by mouse motion. Some suggestions [15, 18, 40] were used when 

designing with the aim of getting a low natural frequency with maximum power generation. 

These included a longer beam length L, shorter beam width W, and lower ratio of piezoelectric 

layer thickness to beam thickness.  

   To minimize the volume of the proof-mass, tungsten material is selected due to its high density 

and relative abundance. By placing the proof-mass near the tip of the cantilever beam, and 

increasing the beam length, the structure’s natural frequency (𝑤 = √𝑘𝑚𝑎𝑡/𝑚, where kmat is the 

material stiffness and m is the mass) decreases. However, this also results in increasing the stress 

at the root of the cantilever, resulting in a design compromise between low frequency operation 

and beam strength. A unimorph cantilever configuration (structural layer plus piezoelectric layer) 

is chosen over that of a bimorph configuration (structural layer plus upper and lower 

piezoelectric layers), since the unimorph is more suitable for lower frequencies and load 

impedances [15, 17]. Given that the ultimate strength of crystalline silicon is approximately 2 

GPa, the maximum allowable stress of 600 MPa was chosen as a design requirement to avoid 

fatigue damage to the beam. Given several design iterations, the final design parameters of the 

EHAM are listed in Table 3. 

TABLE 3: FINAL DESIGN PARAMETERS FOR THE EHAM 

 Design Parameter Description: Design Value [units] 

Overall EHAM Case Size Size of packaged EHAM [𝐿 × 𝑊 × 𝐻] 17 × 5 × 24[mm] 

Beam Geometry Material: Crystalline silicon [𝐿 × 𝑊 × 𝐻] 15 × 2 × 0.05 [mm] 

PZT layer Geometry Material: PZT-5 [𝐿 × 𝑊 × 𝐻] 15 × 2 × 0.005 [mm] 

Mass Geometry Material: Tungsten [𝐿 × 𝑊 × 𝐻] 5 × 4 × 2.4 [mm] 

Operating Frequency Natural Frequency of structure 11.7 [Hz] 

Proof mass Weight of proof tungsten mass 0.9 [g] 
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Figure 6: Illustration of dimensions for final design of EHAM cantilever (not to scale). 

2.5 Simulation of Model Performance 

      A series of computer models were developed to simulate the performance of the EHAM 

design as shown in Fig. 6. The simulation is done with COMSOL, a commercial FEA package 

for finding the approximate solution of partial differential equations where the domain 

boundaries of a given problem are complex. Further, the model is multi-physics, combining the 

structural mechanics aspects, the piezoelectric electrical aspects, and a simulated electrical load 

for the model. Given the constant geometry of the design in the y-direction as per Fig. 6, the 

model is simulated with 2-D (two-dimensional) analysis. One challenging aspect of the FEA 

simulation is the considerable differences in the size between various parts, or in the parts 

themselves. This is a common problem when simulating MEMS devices, known as multi-scale 

FEA [15]. In this case, the piezoelectric layer is only 0.005 mm thick, yet 15 mm long, and the 
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mass is much larger than the beam thickness. Hence, creating a FEA mesh for such geometries is 

not a trivial task. In order to guarantee mesh integrity, the aspect ratio of individual mesh 

elements should not be greater than three [18], and hence necessitates a large number of elements 

for structures with considerable size differences. The model solution convergence strongly 

depends on the quality of the mesh elements, and computation time depends on the number of 

elements. Our approach was to use structured meshes or mapped meshes. The most significant 

drawback of using the default free meshing in thin material layers is that the number of elements 

increases significantly, since the meshing algorithm builds elements with individual aspect ratios 

that are close to unity [15, 18].  

   In the EHAM simulation the meshing parameters are configured for each part (piezoelectric 

layer, silicon beam, and tungsten mass) separately. A Free Triangular mesh type is used for the 

piezoelectric layer (PZT-5A) using the Coarse mesh setting. A Free Quad mesh and a Mapped 

mesh are used for the silicon beam and tungsten mass respectively. An Extremely Fine mesh 

setting is used for both the silicon beam and tungsten mass. In order to improve the mesh quality, 

a Refine Distribution function is applied at the root (fixed constraint) of the silicon beam, to 

force the mesh into approximately square elements, and hence limit the aspect ratio to about one. 

Fig. 7 (a) illustrates the overall of EHAM meshing, and a close-up of the transition of the mesh 

between the silicon beam, the piezoelectric layer, and the proof-mass. The model mesh consisted 

of a total of 38,360 elements, and internal mesh quality analysis showed the mesh to be of high 

quality, as shown in Fig 7 (b). 

   The base excitation is modeled using a Roller constraint in COMSOL. Using the developed 

FEA model, four different studies are done to investigate the performance: (1) An 

Eigenfrequency Study to determine the first eigenfrequency (natural frequency) and its mode 

shape; (2) A Stationary Study to check the total displacement and corresponding stress within the 

beam due to gravity alone, and also at the limit pad positions; (3) A Time Dependent Study 

(transient response analysis) to simulate the performance (displacement, stress and electrical 

properties) of the model when a range of sinusoidal excitation frequencies are applied; (4) An 

additional Time Dependent Study to simulate the EHAM performance when mouse gait 

displacement data is used as excitation for the model. 
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(a)                                                            (b)               

Figure 7: Illustration of FEA element mesh used for EHAM; (a) meshing with close-up of transition from 

beam into proof-mass, (b) mesh quality. 

2.5.1 Eigenfrequency Study 

   The EHAM model is analyzed to determine its resonant frequencies using FEA to find the 

eigenfrequencies and mode shapes of the structure. This analysis is extensively used during the 

geometrical design of the EHAM. The first three eigenfrequencies of the EHAM (x-z plane of 

Fig. 6) are found to be: 11.7, 136.3, and 3616.6 Hz. The eigenfrequencies (f) in the structural 

mechanics field are related to the eigenvalues, λeig, returned by the solvers through: 

𝑓 =
√λ𝑒𝑖𝑔

2𝜋
 

(8) 

2.5.2 Stationary Study  

   A static response FEA analysis is done to determine the displacement and stress of the EHAM, 

for its limiting conditions. This occurs for the nominal case where gravity alone acts on the mass, 

and also if the EHAM comes into contact with the motion limit pads (Fig. 6), due to excessive 

acceleration loads. The EHAM is investigated for the static response (gravity alone) using the 
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gravity function in COMSOL. The maximum displacement is due to gravity is 0.34 mm, as 

shown in Fig 8 (a). This would correspond to the case where the mouse is at rest, with gravity 

acting in the -L direction. At this position the maximum Von Mises stress is found to be 10 MPa 

near the root of the beam, as shown in Fig. 8 (b). In the limiting position when touching the 

motion limit pads, the maximum stress at the root of the beam was found to be 430 MPa. 

 
(a)                                                                                           (b) 

Figure 8: Simulation results of Stationary study; (a) total displacement, (b) Stress at the root. 

2.5.3 Transient Study (Sine wave excitation) 

   In this study, a simulation of the oscillatory response of the EHAM is done. Here, the EHAM 

model is subjected to sinusoidal excitation at several specific frequencies. The resulting 

amplitude of its steady state response and the time to reach that response is determined. The 

simulations are done with a transient (time domain) FEA study where a four-second response is 

computed, using a time step of 0.002 seconds. The four-second duration was used to allow the 

model response to transition from a motionless state, to an oscillatory steady state for most 

configurations. For example, Fig. 12 shows the four-second result for one such transient study 

where the EHAM is excited at the resonant frequency of 11.7 Hz. In addition to this, it is of 
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interest to observe the EHAM response to other frequencies. For this, simulations are done with 

excitation frequencies in the range of 9 Hz to 13 Hz, using steps of 0.2 Hz. The oscillatory steady 

state response is also dependent on the system damping. Damping has been added to the 

simulation to model the effects of energy dissipation (loss) within the EHAM. There are four 

possible types of damping effects that can influence the behavior of cantilever-based energy 

harvesters [41]. These damping effects include: airflow force, squeeze force, internal friction, 

and support loss. For the proposed EHAM, the airflow damping ratio has been applied, while the 

other damping effects are small values that can be neglected, as computed in Table 4. 

TABLE 4: DAMPING RATIO CALCULATIONS FOR THE PROPOSED EHAM, BASED ON [41] 

Damping type Equation Value for silicon beam 

Airflow 𝜁 =  
3𝜋µ𝑎𝑏+0.75 (𝜋𝑏2 (2𝜌𝑎µ𝑤𝑛)2)

2𝜌𝑚ℎ𝑤𝑛𝑏2 
                 (9) 0.062 

Squeeze force   𝜁 =  
µ𝑏2

2𝜌𝑚ℎ𝑔3𝑤𝑛 
                                         (10) 2.34×10-8 

Internal friction  𝜁 =  𝜏/2                                                   (11) 1×10-6 

Support loss 𝜁 =  
0.23 ℎ3

𝑙3
                                                 (12) 8.518×10-9 

   In Table 4, the variables are defined as follows: µa and 𝜌𝑎 are viscosity (1 ×10-4 Pa∙s) and 

density (1.3 kg∙m-3) of air respectively, 𝜏 is the structural damping coefficient, 𝑔 is the gap 

distance (10 mm), 𝑏, h and 𝜌𝑚 are the width, height and density of the silicon beam. 

   The Rayleigh damping model is used in the COMSOL setup to configure the damping ratio. 

The two major materials of the cantilever are calculated separately for internal friction (silicon 

beam and the PZT layer), while the other effects are geometrically based. The values 

summarized in Table 4 are calculated for the silicon beam, and the Rayleigh damping 

coefficients used in COMSOL are configured as [18]: 

𝛼 = 0  and   𝛽 =
𝜁

𝜋𝑓
 (13) 

where, the values for 𝛽, for the silicon beam, and the PZT, are 1.7×10-3 and 4×10-3, respectively.  

   The nature (magnitude and frequency) of the excitation force applied to the EHAM is 

important, since it determines the maximum displacement of the EHAM proof mass and the 

corresponding power generation. For this application, the proposed application requires 

mounting on the head of the mouse, as illustrated in Fig. 1. Mouse motion is multi-frequency, 

chaotic, and varies based on behavioral factors. Further, the mouse is not a single rigid body, but 
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can be considered as several connected masses, each of which are moving at different 

frequencies and amplitudes of acceleration. For this reason, the experiment described in Section 

2.3 is conducted to collect acceleration data of the mouse motion in three axes. From this data, a 

PSD was created which shows a distribution of animal power available at different frequencies, 

as shown in Fig. 5. It is noted that the highest power occurs with motion in the x-axis 

(forward/backward) at 11.7 Hz, which has been chosen as the operating frequency for the 

EHAM.  

   In the sine wave excitation simulation, the excitation displacement, 𝑋(𝑡), is applied in the x-

axis. For simulation at the operating frequency (f), the predominant excitation frequency found 

from the x-axis mouse motion is used, as shown in Fig. 5. Although there is a component of 

motion in the z-axis, only the x-axis motion will be considered, to be conservative in the 

estimation of generated power. It is likely that there will always be some misalignment when 

mounting the EHAM to a mouse. Another important question is the magnitude of the exciting 

displacement 𝑋(𝑡) of the base excitation model, as shown in Fig. 2. We excited our EHAM by 

1.25 mm amplitude displacement (d0). Therefore, the excitation displacement 𝑋(𝑡) used in our 

simulation is determined using equation (14).  

𝑋(𝑡) =  𝑑0 ∙ 𝑠𝑖𝑛(2𝑓𝑡) (14) 

   Fig. 9 shows the maximum displacement result during the Transient Study (sine wave 

excitation) at the resonant frequency of 11.7 Hz, which is about 10 mm. In this position, the 

proof mass would be located mid-way between the right and left motion limit pads. Another 

important aspect of the simulation is the electrical configuration of the piezoelectric material, the 

generation of electric potential, and the resulting current flow through an application circuit. 

Here the application circuit is modeled as a simple resistive load of value RL. The value used for 

RL can be optimized for an ideal value, and will be described in Section 2.6. The general 

equation for the electrical output (power dissipation across load resistor RL) for the piezoelectric 

energy harvester, is given by: 

𝑃𝑅(𝑡) =  𝐼𝑅(𝑡) ∙ 𝑉𝑅(𝑡)                                             (15) 

   For the configuration where a piezoelectric is connected with a RL in parallel, the relationship 

between the output of the piezoelectric EH and the input to the resistive load are [36]: 
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𝐼𝑅(𝑡) = 𝑤 ∙ 𝑄𝑃(𝑡)  

𝑉𝑃(𝑡) =  𝑉𝑅(𝑡) 

(16) 

where, 𝐼𝑅(𝑡) and 𝑉𝑅(𝑡) are the current and the voltage of the load. 

 
Figure 9: Total displacement in the Transient Study. 

   From the derived equations, it is observed that X1(t), VR(t), and IR(t) are coupled together 

through RL and km. This means that X1(t), VR(t), and IR(t) are all affected by RL and km. In the 

simulation, the circuit is configured by specifying the electrodes on the piezoelectric layers, and 

connecting them to a resistive load. In COMSOL, this is done by configuring a Ground and 

Terminal (circuit) on the PZT layer, using a resistive load with Electrical Circuit Physics. 
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2.5.4 Transient Study (Arbitrary waveform excitation) 

     In this section, the actual acceleration data from a mouse during running was imported in 

COMSOL to excite the EHAM. However, the simulation results (displacement, voltage) of the 

EHAM had accumulation error and did not follow the pattern of the excitation actual 

acceleration data, as the tip displacement of the cantilever was increasing. Since the basic partial 

differential equations of the FEA are based on the force and the displacement [42], the EHAM 

should be excited by the displacement. Therefore, the actual acceleration data was integrated 

twice, to get the displacement of the mouse head while the mouse was running. We removed the 

random errors and the noise from the acceleration data during the integration using “moving 

average curve” technique [15, 18]. 

   A sample of x-axis acceleration data is used to obtain the actual displacement. The 

accelerometer hardware sampling time for the actual acceleration data is 0.005 seconds. For the 

simulation, we interpolated that data 5× to a time step of 0.001 seconds, as shown in Fig. 10 (a). 

We found that the larger sample size of the moving average curve technique, the less error is 

obtained in the integration [15]. We used 500 and 1000 sample sizes to obtain the velocity and 

the displacement, as shown in Fig. 10 (b and c). The actual displacement that is shown in Fig. 10 

(c) was imported in COMSOL to excite the EHAM. Fig. 15 (a) shows the x-component 

displacement result when exciting the EHAM with actual displacement data. It is noticed that the 

maximum displacement is 10 mm, so the proposed cantilever will not hit the motion limit pads 

of the EHAM, as shown in Fig. 6. The harvested power (PRMS) from exciting the EHAM with the 

actual displacement data (using a matched impedance load) is 37.5 µW. 

 
(a)                                                        (b)                                                   (c) 

Figure 10: Actual data (x-axis) of mouse head movement (running); (a) acceleration, (b) velocity, (c) 

displacement. 
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2.6 Results and Discussion 

      The simulation results of the proposed EHAM design are analyzed and discussed. The 

response of the EHAM to various excitation frequencies is done with an extensive simulation, 

consisting of a transient study performed for each excitation frequency between 9 Hz to 13 Hz, 

in 0.2 Hz increments. This is accomplished using the Parametric Sweep function within 

COMSOL. Additionally, the electrical power generated by the piezoelectric layer of the EHAM 

is analyzed for the same range of applied excitation frequencies. When considering the electrical 

power output of the piezoelectric layer, the value of the application circuit load RL, is important. 

The circuit load represents the impedance of the application circuit that would be powered by the 

energy harvester, and its value will vary depending on the nature of the application. For any 

piezoelectric-based harvester system, there is inherent impedance Rpiezo, which can be calculated. 

This inherent impedance must be matched to the impedance of the proposed application circuit 

load, to maximize the output power. The inherent impedance Rpiezo can be computed as follows: 

the piezoelectric layer acts as capacitor, so the capacitive impedance of the piezoelectric layer is 

given by [17]:  

𝑅𝑚𝑎𝑡𝑐ℎ𝑒𝑑 = 
1

2𝜋𝑓𝑟𝑒𝑠𝐶𝑝𝑧𝑡
 

(17) 

where, Cpzt is the capacitance of the piezoelectric layers, and fres is the resonant frequency of the 

EHAM device. The capacitance of the piezoelectric material depends on the layer dimensions, 

including in-plane area and thickness, and is given by:  

𝐶𝑝 = 
𝜀𝑟𝜀𝑜 𝑊𝑝𝑧𝑡 𝐿𝑝𝑧𝑡

𝐻𝑝𝑧𝑡
 

(18) 

where, Wpzt is the piezoelectric layer width, Lpzt is the piezoelectric layer length, Hpzt is the 

piezoelectric layer thickness, 𝜀𝑜 is the electrical permittivity of free space, and 𝜀𝑟 is the relative 

dielectric constant of the piezoelectric layer. For the EHAM, these values are Wpzt = 2 mm, Lpzt = 

15 mm, Hpzt = 0.005 mm, and 𝜀𝑟 = 1730. Therefore, the inherent impedance, Rpiezo, for the 

proposed EHAM is 222 kΩ. Given this value for the inherent impedance, we know that the 

application circuit load RL must be equal. Hence, the application circuit load must consist of both 

the application circuit and with the buffer energy cells, along with their charge/discharge circuit. 
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Given the value for Rpiezo, can now proceed to compute the power over a range of applied 

frequencies. The RMS electrical power value is calculated by: 

𝑃𝑅𝑀𝑆 = √𝑚𝑒𝑎𝑛 (𝑃𝑓
2) 

(19) 

where, Pf is the electrical power values over the period at the applied frequency (f). 

   The performance of the EHAM is simulated with a resistive load RL (matched to load RPiezo) of 

222 kΩ, and the excitation force of equation (14). Fig. 11 illustrates a plot of the electrical power 

(PRMS) produced, over a range of excitation frequencies from 9 Hz to 13 Hz, in 0.2 Hz 

increments, with sampling time 0.002. It is noteworthy to observe that the maximum power is 

computed to occur at 11.7 Hz, which corresponds to the frequency at which maximum 

displacement of the cantilever occurs. This verifies the earlier eigenfrequency result of Section 

2.5.1, which predicted the first resonant mode to occur at 11.7 Hz. 

   The transient results for displacement of the cantilever tip is plotted in Fig. 12 for the single-

frequency case of excitation at 11.7 Hz, with RL = 222 kΩ. These tip displacement values are 

used to verify the operational volume of the EHAM cantilever beam with proof mass, where the 

maximum displacement is ±10 mm. Therefore, the proposed configuration of the EHAM 

illustrated in Fig. 6 shows a 11-13 mm clearance on either side of the beam. Beyond this range, 

two motion limit pads (right and left) as shown in Fig. 6, must be used to protect the cantilever 

beam in the event of an applied displacement that exceeds X(t), such as an unexpected large 

acceleration or shock. As a point of interest, the theoretical equation (1) does not study the limit 

stop effect in the EHAM design. If such an event occurs, the mass will make contact with the 

motion limits, which will damp out the energy, and protect the beam from excessive deformation 

and stress, as shown in Fig. 13. The maximum stress at the root of the beam is determined to be 

0.53 GPa.  

   Upon reviewing the PSD plot in Fig. 5, it is observed that there are three effective peaks at 7 

Hz, 11.7 Hz and 20 Hz. As a point of interest, the EHAM is simulated with these two additional 

frequencies of 7 Hz, and 20 Hz. For each of these cases, the resulting displacement was 0.5 mm, 

and 0.25 mm, respectively. Therefore, these frequencies were ignored, and only 11.7 Hz was 

considered.  
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Figure 11: Plot of electrical power versus excitation frequency, with RL =222 kΩ. 

   The importance of impedance matching between the EHAM and the application circuit load, 

RL, is now described. Fig. 14 shows a plot of the electrical output power from the EHAM, versus 

different (non-ideal) circuit resistive loads, over a range of excitation frequencies. Different 

resistive loads are illustrated with different colored lines, which represents the RMS electrical 

power over a period of four seconds for different resistive loads (1, 100, 1000 and 222 kΩ). 

Table 5 shows the maximum displacement achieved at steady state. These simulation results 

confirm that the maximum output power is obtained when the impedance computed from 

equation (17) is used as the matched application load resistance. 

   Fig. 14 shows that the maximum electrical power generated from the EHAM is obtained with 

the matched resistance load. The best case for maximum power would occur with constant 

excitation at 11.7 Hz, which would provide continuous power predicted to be 68 µW. However, 

since mouse motion at this frequency is intermittent, the resulting average power would be 

lower. It is noticed that the maximum tip displacement of the beam is highest at the resonant 

frequency (11.7 Hz) with the matched resistive load, than the other configurations. Moreover, the 

time to reach steady state at the resonant frequency with the matched resistive load is lower than 

the others. The maximum electrical power that can be generated from a vibrating mass is directly 
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related to the oscillation frequency and drops dramatically at low frequencies [2]. This is a 

logical outcome, since fewer oscillations per second of the piezoelectric generator will lead to 

less work done per second (i.e. less power). This results in the relatively low power results 

shown in Fig. 11 and Fig. 14. 

   The EHAM can harvest 37.5 μW when the mouse is running (importing the actual 

displacement). Fig. 15 (b) shows the stress at the root of the beam when the EHAM is excited by 

the actual data. The maximum stress is 0.5 GPa. Since the ultimate stress (failure stress) of the 

silicon is approximately 2 GPa and higher, this indicates the cantilever is in a safe range of 

operation. 

 
Figure 12: x-component displacement of EHAM, with an excitation at 11.7 Hz, with RL =222 kΩ. 

TABLE 5: MAXIMUM BEAM TIP DISPLACEMENT FOR DIFFERENT RESISTIVE LOADS 

Frequency (Hz) 222kΩ (matched) 1kΩ 1 MΩ 100kΩ 

9 ±3.5 ±2.5 ±3 ±3 

10 ±4.6 ±3.5 ±4.2 ±4.5 

11 ±7.3 ±7.5 ±7 ±7.2 

11.7 ±10 ±8 ±9.2 ±9.5 

12 ±9 ±7.8 ±8.5 ±9 

13 ±7 ±4.5 ±5 ±6 
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Figure 13: EHAM with motion limit pads. 

 
Figure 14: Power versus sweep frequency for different resistive loads. 
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(a)                                                                          (b) 

Figure 15: Simulation results of exciting the EHAM by the actual displacement data; (a) x-component 

displacement of EHAM, (b) Stress at the root of the EHAM. 

2.7 Conclusion 

    The EHAM model was proposed for harvesting energy from mouse motion. The EHAM was 

designed with the help of FEA COMSOL software, to predict beam displacement, beam stress, 

electrical power produced, and impedance matching for the application load. The design of this 

harvester consists of a cantilever beam with a piezoelectric layer, a proof mass, and motion limit 

pads. An experiment was conducted to characterize the frequency and acceleration amplitudes 

produced by a running mouse, using a head-mounted accelerometer. The PSD was computed for 

all axes, and the highest power was observed in the forward/backward direction (x-axis) at a 

frequency of 11.7 Hz, which is the typical gait frequency. It was found that the predominate 

frequencies and motion amplitude occurred along the anterior-posterior axis, which was roughly 

aligned with the x-axis of the measurement device. Hence, the proposed energy harvester was 

specifically designed to resonate at 11.7 Hz. A multi-scale FEA meshing approach was used to 

accommodate the thinness and long length of the cantilever design using mapped meshes. The 

final design parameters for the EHAM are listed in Table 3, which provide dimensions that can 

be reasonably tolerated by a mouse in a simple and manufacturable configuration. The EHAM is 

designed for operation with an excitation frequency of 11.7 Hz, with displacement amplitude as 

described in equation (14). Additionally, there are a few other mouse behaviors such as 

scratching and head lifting that also occur near the 12 Hz range. Although lower in acceleration 

amplitude, those motions may also contribute to the power generated. The simulation model 

described accounts for damping parameters in the material and also accounts for the effect of 
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different resistive circuit load (application circuit load) values. The simulation results confirmed 

that the maximum power was obtained when the matched resistive load was connected at the 

applied resonant frequency. The best case (constant excitation), continuous power for the device 

is predicted to be 68 µW. The simulation indicates that the EHAM is capable of harvesting 37 

μW if driven by patterns of motion derived from measurements of mouse movements. These 

values are a consequence of 11.7 Hz operation and mouse running data, which inherently 

provides low power values, but may be of use in a low-power analog application circuit.  
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Chapter 3: Wireless Power Transfer 

3.1 Introduction 

   The designed EHAM was able to harvest 68 µW from mouse motion using piezoelectric-based 

energy harvesting, as described in Chapter 2. This harvested power by the EHAM (68 µW) is 

insufficient to power biomedical devices. The thermoelectric EH and glucose fuel cells 

approaches are unsuitable to power the implantable biomedical devices in rodents, as explained 

in Section 1.3. We found the WPT approach is the suitable candidate technique to power 

implantable sensors/stimulators, specifically for applications involving sensors for rodents. 

   The WPT is the transmission of electric energy from a power source to a load without 

conductors. The power is transmitted wirelessly via an electromagnetic field/different radiation. 

The space around a radiation/transmitter source is divided into two separate regions that are the 

near field and the far field. We operate in near field region, roughly given as [43-44]: 

𝑟 ≪


2𝜋
 

(20) 

   The WPT is categorized into three types: electromagnetic radiation WPT, electric induction 

WPT, and magnetic induction WPT, as shown in Fig. 16. The electromagnetic radiation WPT 

works in the far field and has been used in many applications. These applications are: (1) RFID 

(radio frequency identification) that allows data stored in a device to be transferred wirelessly 

using electromagnetic waves [45]; (2) microwave WPT that is based on radio waves that have a 

spectrum range of 1-30 GHz [46]; (3) laser coupled WPT that is based on the photovoltaic effect 

[47]; (4) SPS (space solar power satellites) that is considered as a travelling energy plant in the 

geostationary earth orbit [48]. The electric induction WPT and the magnetic induction WPT 

systems are in the near field region and operate at distance less than a wavelength of the signal 

being transmitted [44, 49]. Inductive power transfer (IPT) is a popular technique of transferring 

power wirelessly over a short range, which is based on magnetic induction. This technique 

depends on two fundamental laws of physics: Ampere’s law and Faraday’s law [50-51]. 

Capacitive power transfer (CPT) is a technique used to transfer power wirelessly between the 

two electrodes of a capacitor, which depends on the theory of electric induction. The electrical 

power is transferred by means of an electric field. The CPT consists of a pair of capacitors each 
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consisting of two parallel plates separated by a certain distance. The transmitter is connected to 

the first plates of each capacitor and the receiver is connected to the second plates. When an 

alternating voltage is applied to the transmitter plates, a varying electric field will be generated 

across the two plates of both capacitors. According to Maxwell’s equations, a time-varying 

electric field will produce a displacement current proportional to the rate of change of the electric 

field. The displacement current will generate an electric current in the receiver plates [51]. 

 
Figure 16: Category of WPT systems. 

   The CPT system is an inappropriate technique to transfer power to the implantable biomedical 

devices. This is due to the requirement of applying high voltages (kV) to the transmitter plate of 

the CPT and the need for large plates for long distances. Capacitive coupled systems are 

generally used in applications that require an intense electric field [51]. On other hand, the IPT 

system is based on the changing magnetic field that is created due to alternating currents through 

a primary coil (transmitter). The alternating magnetic field induces a voltage and a current onto a 

secondary coil (receiver) [1, 50-51]. Given the requirements for a general telemetric devices 

sensor/stimulator, it is recommended to use the IPT technique to power the biomedical devices 

[1-2, 50].  

   A common characteristic of the WPT applications for rodent telemetry acquisition is loose 

coupling between the primary and secondary coils [1-2]. These WPT systems are recognized as 

LCWPT, where their coupling coefficient is less than 2% [52-53]. To compensate for loose 

coupling, the use of resonant circuit systems is employed, to boost the induced voltage/current 

levels at the secondary circuit [1-2, 51]. The magnetic resonant power transfer is dependent on 
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factors such as the frequency match between the inherent resonant frequency of the primary 

circuit and the inherent resonant frequency of the secondary circuit [1]. The magnetic resonant 

technique was first proposed by Tesla [54]. 

   This work proposes the use of a WPT system to continuously power a telemetric device. This 

provides power to the device for indefinite periods, without the risks of surgery for battery 

replacement or transcutaneous wiring. The proposed application is for a rodent implant device 

(RID) that can act as a stimulator and sensor for a freely moving small rodent. The current RID 

prototype is suitable for subcutaneous implantation in a rat, and is suitable as a head-mounted 

device for a mouse. Fig. 17 illustrates the mouse-based concept for telemetry acquisition, where 

the telemetric device is located on the head of a freely moving mouse. The mouse moves within 

a stationary primary coil wrapped around a small mouse housing cage sized 250 × 120 × 150 

mm3 (length × width × height). This cage size is needed to meet the minimum animal care 

standards for mice.  

 
Figure 17: Rodent WPT concept. 

3.2 Our Application Device  

   The use of animal models to investigate human disease processes plays a vital role in 

biomedical research. The telemetric devices for rodents are needed to investigate the behavior of 

rodents and collect the biological data from rodents. These telemetry devices require a reliable 

power source without limiting rodents’ mobility or behavior. The RID is intended as a stimulator 

and EEG measurement device for small rodents. Electrophysiological recording and stimulation 

requires 51 mW for 100 – 300 milliseconds, to start up the application telemetry device. After 
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start up, the system can run indefinitely with a power of 12 mW of continuous power for periods 

of at least 24 hours, or preferably several weeks. The power requirement is based on the bio-

signal acquisition (analog to digital bit depth and sample frequency), stimulation regiments, 

microcontroller power, and radio transmitter power [1-2, 53].    

   For our rodent telemetry application, the rodent moves freely within the cage, as illustrated in 

Fig. 17. While developing the telemetric device, we found several limitations: (1) the 

continuously changing orientation of the rodent leads to coupling loss/problems between the 

primary and secondary coils, presenting a major challenge. According to [35], they found the 

predominate orientation of mouse movement is along the z-axis (up and down) rather than the y-

axis (left and right) or x-axis (forward and backward). Therefore, we propose a novel 

configuration of the secondary circuit to be able to harvest power while the RID is freely moving 

at any orientation from 0° through to 90°, with respect to the cage surface plane (z-axis); (2) The 

size and weight of the RID (telemetric device) must be suitable to be implanted subcutaneously 

in a rat or mounted on a mouse head; (3) The distance between the generated primary 

electromagnetic field and the secondary coil/RID varies as the animal moves around its cage; (4) 

A resulting mutual coupling effect of freely moving multiple secondary coils in the same primary 

coil, which causes a magnetic resonant mismatch between the secondary coils and the primary 

coil; (5) A rising temperature that occurs as a result of excessive received power by the 

secondary coil. This rising heat creates trouble for the electronic components of the telemetric 

devices. We propose a control scheme to eliminate the problems of the resonant frequency 

mismatch, and also the excessive received power causing high temperature, as listed in points 

(4&5). We considered these issues to develop a solution to address them by providing the 

required power to the RIDs that occupy minimal volume and weight.  

   We designed the WMS that is used to collect real-time performance data from the secondary 

circuit/RID, while testing LCWPT systems. We found that the traditional measuring techniques 

for the received power of WPT systems create measurement errors. These conventional 

techniques are coaxial cable-based that require the use of the voltage/current probes and 

oscilloscopes. We developed the WMS that is a portable tool to evaluate the RID/telemetric 

device without the problematic use of the conventional techniques.  

   When designing our RID, we consulted the ICNIRP (International Commission on Non-

Ionizing Radiation Protection) to understand the effects of the electromagnetic field (energy 
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density) on living tissue of rodents. The ICNIRP provides scientific advice and guidance on the 

health and environmental effects of non-ionizing radiation (NIR) to protect living bodies (human 

and animals) and the environment from detrimental NIR exposure. NIR is sub-grouped into 

different frequencies or wavelength bands. These subgroups have different effects on the living 

bodies and require different protection measures. ICNIRP provides recommendations on limiting 

exposure for the frequencies in the different NIR subgroups [55]. Muscle and nerve stimulation 

occurs with frequencies of up to 100 kHz, while frequencies higher than 100 kHz cause tissue 

heating. The Specific Absorption Rate (SAR) is the parameter used to determine the effects of 

this heating. A SAR of 4 W/kg or higher is the threshold where harmful heating begins to occur 

in living tissue [56-57].    

   Prior to this PhD work, Dr. Delaney’s team investigated telemetric devices for collecting bio-

signals from rodents, to be powered by WPT. They developed the original primary and 

secondary coil architecture, using an earlier version of the air core secondary, as well as a multi-

coil secondary design. They also developed the RF data transmission scheme and hardware for 

telemetry communication to the base station. In addition, they developed the EMG and EEG 

sensors used to acquire data from a rodent. In their multi-coil secondary design [1], two different 

coils were housed on the secondary, where each coil was connected with its own resonant 

capacitor and its own rectifier circuit: one coil was the earlier air core coil, and the other was a 

tightly wrapped ferrite rod. They encapsulated their telemetric device (secondary circuit), and it 

was successfully mounted on mice heads and subcutaneously implanted in rats. However, their 

telemetric device (secondary circuit) had several issues, including poor received power at high 

orientations, and had an electronic heating problem that damaged the encapsulation and the 

electronic components of the device. They used PP (parallel to parallel) topology to achieve 

magnetic resonant coupling, which has low efficiency in this WPT application involving rodents, 

as explained in detail in this thesis. In addition, their WPT system had issues in achieving 

resonant matching between the primary and secondary, and they did not use impedance matching 

within the secondary, which both led to low power transfer efficiency in that early system.  

3.3 WPT Theory 

   The IPT is a popular technique for WPT based on magnetic induction over a short range. The 

principal operation of the IPT systems is creating an oscillating electromagnetic field that is 
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generated due to an alternating current through a primary coil. This electromagnetic field induces 

a voltage onto a secondary coil [1-2]. The resulting magnetic field at the secondary (receiver) 

coil can be obtained by integrating Biot-Savart’s law around the primary (transmitter) loop [58]: 

𝐻⃑⃑ =  
𝐼𝑃
4𝜋

∮
𝑑𝑙⃑⃑  ⃑  ×  𝑟 

𝑟3
 

(21) 

where, IP is the current applied to the primary (transmitter) coil. The integration of Biot-Savart’s 

law with respect to the line integral of the wire carrying the current (IP) is [59]: 

𝐻 = 
𝐼𝑃𝑁𝑃𝑎𝑃

2 

2(√𝑎𝑃
2 + 𝑟2)3

 
(22) 

where, NP is the number of primary turns, and aP is the primary coil radius. By Faraday’s law, 

the induced voltage (Vind) at the secondary coil is given by the rate of change of flux crossing the 

secondary coil [44]: 

𝑉𝑖𝑛𝑑 = −𝑁𝑆µ
0
µ

𝑟
𝐴𝑆 ∙ 𝑗𝑤𝐻 (23) 

where, NS is the number of secondary turns, AS is the loop area of the secondary coil, µr is the 

relative permeability of a specific medium and µ0 is the permeability of free space. Combining 

equations (22 and 23), the induced voltage in the secondary coil can be expressed in terms of the 

primary current (IP), as [44]: 

𝑉𝑖𝑛𝑑 = −
𝑁𝑃𝑁𝑆µ

0
µ

𝑟
𝐴𝑆𝑎𝑃

2

2(√𝑎𝑃
2 + 𝑟2)3

∙ 𝑗𝑤𝐼𝑃 
(24) 

   There are four topologies for achieving magnetic resonant coupling between the primary and 

secondary coils. The topologies are SS, SP, PP, and PS, where the first S or P stands for series or 

parallel compensation of the primary winding, and the second S or P stands for series or parallel 

compensation of the secondary winding. In this work, we initially used the PP topology, as 

shown in Fig. 18 (a).  
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(a)                                              (b) 

Figure 18: PP topology of primary and secondary coils; (a) PP topology, (b) parallel compensation. 

   The load impedance of the secondary resonator is calculated as a lumped impedance Zs whose 

value depends on the secondary parallel compensation as given by [60]: 

𝑍𝑠 = 𝑗𝑤𝐿𝑠 +
1

𝑗𝑤𝐶𝑠 +
1
𝑅𝐿

 
(25) 

   The loading effect of the secondary coil back onto the primary circuit is shown in Fig. 18 (b), 

as a reflected impedance Zr. It depends on the coupling factor and operating frequency, and it can 

be written as [60]: 

𝑍𝑟 =
𝑤2𝑀𝑆𝑃

2

𝑍𝑠
,  𝑀𝑆𝑃 = 𝑘 √𝐿𝑃𝐿𝑆 (26) 

where, MSP is the mutual inductance between the primary and secondary coils, and k is the 

coupling coefficient (value between 0 and 1). Substituting equation (25) into equation (26), the 

reflected impedance is obtained as [60]: 

𝑍𝑟 =
𝑤2𝑀𝑆𝑃

2 𝑅𝐿

𝑅𝐿
2(𝑤2𝐶𝑠𝐿𝑠−1)2+𝑤2𝐿𝑠

2 
+  𝑗 

−𝑤3𝑀𝑆𝑃
2 [𝑅𝐿

2𝐶𝑠 (𝑤
2𝐶𝑠𝐿𝑠−1)+𝐿𝑠]

𝑅𝐿
2(𝑤2𝐶𝑠𝐿𝑠−1)2+𝑤2𝐿𝑠

2 
  

(27) 

   In order to minimize the VA ratings of the power supply and to achieve magnetic resonant 

coupling, it is desirable to operate at the zero phase angle of the impedance at the resonant 

frequency of the load impedance. This zero phase angle of the impedance at the resonant 

frequency must be achieved to ensure maximum power transfer. The primary capacitance used 

for PP topology can be obtained by [60]: 

𝐶𝑃 =
𝐿𝑝 − 𝑀𝑆𝑃

2/𝐿𝑠 

(
𝑀𝑆𝑃

2𝑅

𝐿𝑠
2 )2 + 𝑤2(𝐿𝑃 −

𝑀𝑆𝑃
2

𝐿𝑠
)2 

 
(28) 



38 
 

 

   The maximum power received by the secondary circuit occurs when the load is conjugately 

matched. At resonance, the reactive components cancel and the impedance is simply the real 

component, which is the resistive loss of the secondary tank. For maximum power transfer to 

occur, the load resistance needs to be equal to the resistive loss (R) of the secondary tank (LSCS). 

We found the optimum value of load resistance (RL) required for maximum power transfer is: 

𝑅𝐿 = 
𝑅√1+𝑘2𝑄𝑃𝑄𝑆

𝑄𝑆
2   

(29) 

where, QP and QS are the quality factor of the primary and secondary coils, respectively. At 

resonance, the reactive parts in the secondary coil impedance cancel out. The transferred real 

power via the magnetic resonant coupling is defined as:  

𝑃𝑜 = 
𝑉𝑖𝑛𝑑

2

𝑅𝐿
 

(30) 

3.4 Our Methodology/Approach 

   In this work, we employ a rectangular-helical primary coil, as shown in Fig. 17, with an 

approximately uniform internal magnetic field. Further, we employ ferrite rods within the 

secondary coil to increase the quality factor to improve the coupling at all orientations. Chapter 4 

describes the novel design secondary coil configuration that eliminates the orientation problem 

between the primary and the secondary coils. 

   Researchers are using conventional techniques to measure the induced voltage, the received 

power, and the efficiency of the WPT systems. These techniques depend on using the coaxial 

cables, twisted-pair cables, or oscilloscope probes, which are sensitive to the parameters of the 

LCWPT systems. The use of these techniques leads to measurement errors of the LCWPT 

systems. In Chapter 5, we design a new measuring system that is denoted as WMS to accurately 

measure the induced voltage and the received power of the LCWPT systems.  

   Our novel development configuration of the secondary coil employing ferrite rods, captures 

electromagnetic flux at most orientations. The maximum efficiency achieved using this 

secondary circuit configuration is 1.5%, as explained in Chapter 4. A further limitation of our 

previous LCWPT system is poor efficiency because of high heat dissipation and losses in the 

primary and secondary circuits. The high efficiency is a great importance for the LCWPT for 
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biomedical applications. The LCWPT systems are recommended to have a good efficiency to 

minimize the electronic heating problem that represents a major concern for any implantable 

device [61-62]. Chapter 6 focuses on improving the efficiency of the LCWPT system. Chapter 7 

reports the resonant frequency mismatch that occurs in the WPT systems using multiple 

secondary coils (receivers). A control scheme is designed to tune/detune the LCWPT system for 

rodent applications in Chapter 7. 

   For the experimental validation of this thesis, there were no animals (rodents) used. We used 

angled fixtures that mimic rodent orientations for the experiments. Our experiments using the 

SIP/RID are not currently conducted in vivo. In future work, we plan to mount the RID on mice 

heads or to implant subcutaneously in rats.   
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Chapter 4: WPT for Variable Oriented Telemetric Devices  

4.1 Literature Work of WPT for Rodents 

   A number of researchers are investigating WPT for mice and rats. Where possible, features of 

their WPT systems are reported, such as their primary coil size and applied current, secondary 

coil received power, the use of the ferrite rods, multiple-secondary coils, and size. Wentz et al. 

developed a head-mounted device for mice using resonant RF (radio frequency) WPT. Their 

secondary coil employed a wrapped ferrite rod where the received energy was 200 mW 

continuous [63], with 2W bursts available when buffered with an adaptive supercapacitor 

circuit. Their primary magnetic field strength (H) was 300 A/m. Laskovski et al. designed a 

WPT device (air core) for mice roaming on top of primary planar-spiral coils, where each coil 

was 100 × 100 mm2. The resulting electromagnetic field was not uniform, with reported blind-

spots where the secondary coil received insufficient power [64]. Cong et al. designed a wireless 

implantable microsystem (air core) to capture blood pressure information from a freely moving 

laboratory mouse, with a 150 × 250 mm2 primary, and a received power of 2.5 mW [65]. 

Soltani et al. designed a WPT system consisting of an array of planar-spiral primary coils (100 

× 100 mm2) to deliver power to a planar-spiral air core secondary coil (40 × 40 mm2). They 

reported power transfer of 21-225 mW [66], with a parallel orientation between coils. Russell et 

al. demonstrated a WPT mouse implant with a wrapped ferrite secondary coil. It delivered 20 

mW to the arbitrarily oriented secondary, using a system of 24 overlapping primary coils, each 

of which were 100 × 100 mm2 planar-spiral coils. They were selectively switched, providing 

coverage anywhere over the surface area of 150 × 300 mm2. The peak primary coil current was 

4.4 A [67]. Kilinc et al. developed an implantable device (air core) for a freely moving mouse, 

to monitor organic compounds, pH and temperature. They designed a coil tracking system to 

move the primary coil, using a servo-controlled system with two rails (x-axis and y-axis) under 

the mouse cage. The moving primary coil was 80 × 80 mm2, with a transfer of 1.7 mW to the 

secondary [68]. 

   Other researchers designed WPT systems for rats. Jow et al. designed a WPT device (air core) 

for a rat roaming on primary spiral coils on printed circuit boards. The primary coil was 308 × 

283 mm2, consisting of an overlapping (four layers) hexagonal planar-spiral coil array. The 

maximum power received was 33 mW when the secondary coil was at 90o with respect to the 
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primary coil plane [69]. McCormick et al. designed a WPT device (air core) for rats roaming 

over a charging pad (primary coil) to deliver 100 mW to a secondary coil, in a parallel 

orientation. The charging pad was 300 × 300 mm2, with nine coils at resonant frequencies 

between 97 kHz and 209 kHz, driven by an H-Bridge inverter by a phase locked loop (PLL) 

[70]. Xu et al. designed a WPT implant (air core) for rats roaming on several planar-spiral 

primary coils, each 132 mm in diameter. Their WPT system used four coils, namely a driver, 

primary, secondary, and load coil. The secondary coil was a combo of planar-spiral and helical 

coil, with a 29 mm diameter. The driver and primary coils generated a nearly flat magnetic field 

that induces 1.3 V for neural stimulation [71-72]. Eom et al. built a WPT system for an 

implantable device in freely moving rodents. They used also four coils based on magnetic 

resonant coupling. Their implanted secondary coil (air core) was fabricated on the biocompatible 

liquid crystal polymer (LCP) substrate of a six-layer structure. Four of the six layers are assigned 

for a resonator coil of 20.5 turns per layer with outer and inner diameters of 19 and 5 mm, 

respectively. Their multilayered receiver coil was fabricated on a flexible polymer LCP substrate 

with conventional flexible printed circuit board (FPCB) technology. They built columnar dual-

primary (transmitter) coils to generate a three dimensionally uniform electromagnetic field, 

within a cage of 150 × 200 × 150 mm3. Their WPT system achieved efficiency of 15.2% [73]. 

Hsu et al. proposed a model of a secondary with multiple coils (three coils perpendicular to each 

other wrapped on a square ferrite core) for rats [74]. Hosain et al. designed an antenna that was 

mounted on a rat head for drain brain stimulation (DBS). Their wireless power transferred 

through a rectenna and inductive coupling with operating resonant frequency of 915 MHz. The 

dimension of the mounted antenna is 10 × 12.5 × 1.5 mm3. The dimension of their primary coil 

is 171×159×41 mm3, which is a compact transmitter with an integrated antenna of gain of 8 dBi 

and 60-degree beam pattern [75]. Amelia et al. built a miniature optogenetics head-stage for 

wirelessly stimulating the brain of rodents. The dimension of their head-stage is 15 × 25 × 17 

mm3, which weighs 7.4 grams. The head-stage consists of three stacked PCBs (printed circuit 

board) that are comprised of an electrophysiological signal readout circuitry, a power 

management unit (PMU), and a low-power RF microcontroller. The head-stage device is 

powered wirelessly into an animal chamber using inductive coupling, the maximum received 

power by the head-stage is 94.52 mW [76]. 

It is noted that the power transfer of the WPT systems in [64-67, 69-73] decreases when the 
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freely moving rodent moves away from the center of the primary coil (rodent’s cage). However, 

the edge and corners are of particular importance, as it is common in rodent behavior to loiter in 

the corners and move adjacent to the edges of their enclosures [70]. The WPT system designed 

in our work delivers higher power at the edges of the cage than at the center. We show the 

measurements at the center of the cage only in this Chapter. The measurements of the received 

power at the center and edge of the cage are illustrated in Chapter 7. 

Some researchers have proposed or designed a secondary with multiple coils [74, 77-78] for 

implantation, in order to achieve reasonable orientation independence from the primary coil 

plane. Each coil is ideally orthogonal to the others, and with similar area [19], or with area on the 

same order, such as in [77-78]. The volume reported in [77] is 1090 mm3 (air core) and 480 mm3 

(ferrite core).  It is 1020 mm3 for air core in [78]. In these multi-coil designs [74, 77-78] each 

coil was connected with its own resonant capacitor, and its own rectifier circuit (or half-wave 

rectifier equivalent). The main problem of a multiple-coil secondary is resonant frequency 

mismatch between the coils, due to component property variations (i.e. tank capacitors and 

inductors), and mutual inductance effects between coils [2]. 

   In this work, we employ a rectangular-helical primary coil, as shown in Fig. 17, with an 

approximately uniform electromagnetic field. We employ ferrite rods within the secondary coil, 

to increase the quality factor to improve the coupling at all orientations. As well, we employ a 

single wound secondary coil. This is advantageous since a single-coil winding is not plagued by 

frequency mismatch with other coils, or mutual inductance from other coils. Further our minimal 

ferrite size leaves volume for on-board electronics, and has reasonable volume as compared to 

multi-coil designs. 

4.2 Methodology for Ferrite Configurations  

   We reported WPT with a secondary coil encircling a PCB without ferrite rods [1]. That 

secondary configuration is called the air core in this thesis. It exhibits low coupling with the 

primary coil when the air core coil plane is at high orientations (i.e. oriented beyond 30° relative 

to the primary coil x-y plane). For our rodent telemetry application, as illustrated in Fig. 17, the 

rodent moves freely within the cage. Hence, its orientation and posture are constantly changing, 

which results in variable coupling and hence high variability in power transfer. In some 

orientations coupling is lost, resulting in system reset. To remedy these problems we propose 
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using ferrite rods located at specific locations within the secondary coil to boost the power 

transfer. To show the effect of using ferrites, four configurations are used in this work, as shown 

in Fig. 20 and Fig. 27, called the air core, WFR4 (four wrapped ferrite rods), 4MF (four medium 

ferrite) and 4MFA (four medium ferrite angled) configurations. To allow for performance 

comparisons, the latter three configurations use the same volume of ferrite rods, with the same 

ferrite length, and have similar coil inductance values. 

   A baseline of power transfer is first established with the air core design. A variation of the air 

core employing ferrite rods is the 4MF (four medium ferrites) configuration. 4MF is studied to 

investigate improvements in power transfer from the distributed addition of ferrites. Also, a 

traditionally wrapped ferrite rod pack referred to as WFR4 is examined. We propose that power 

transfer is improved with the 4MF configuration, compared to the WFR4 configuration. 

   Another issue is the reduced coupling or loss of coupling of the 4MF, WFR4, or air core 

configurations at high angular orientations (where the secondary coil plane is beyond 60° with 

respect to the primary coil plane). At these high orientations, little magnetic flux passes through 

the secondary coil plane. To overcome this problem, we propose use of tilted ferrite rods angled 

at 45˚ with respect to the secondary plane, to improve the capture of magnetic flux at high 

orientations. This is called the 4MFA configuration. We propose that 4MFA will increase the 

power transfer in comparison to 4MF at high angular orientations. In addition, 4MFA occupies 

less volume than 4MF. 

   We first simulate the air core, WFR4, 4MF and 4MFA configurations using FEA. The 

simulation results show vector plots of the magnetic flux density surrounding these 

configurations. As well, we show magnitude plots of the flux density passing through these 

configurations, at various angular orientations. This data is used to determine the total flux that 

passes through each coil configuration, at each orientation. The FEA simulations are non-

resonant models; hence, further analysis beyond calculation of total flux is not warranted. Rather, 

the simulations provide insight into the effect of ferrite placement and orientation, to help with 

design of the best configurations. 

   Physical prototypes of these four configurations are constructed and experiments are done to 

determine performance. Each configuration is placed within the primary coil (Fig.17), using 

fixtures with variable orientation. Performance is determined by measuring the voltage induced 

at the secondary, of various configurations, at various angular orientations, at various locations, 
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with various currents applied to the primary coil and different resistor loads (RL). Since the 

experimental work employs magnetic resonant coupling between the primary and secondary 

circuits, effects such as frequency matching, impedance matching, and quality factor, all 

influence the total power transfer. 

4.3 Simulation Setup 

   A simulation using 3-D FEA with COMSOL software is done to determine the magnetic field 

distribution surrounding the various secondary configurations. FEA is used to discretize a 

physical model into a mesh of elements (subdivisions) and nodes, to find the approximate 

solutions to Maxwell’s equations that govern the system behavior. Physical models with 

irregular geometric shapes and multiple materials, such as our configuration models, are well 

suited for FEA. The entire model is discretized into millions of elements, which are then 

combined into a set of equations describing the entire system, and these are then solved with the 

appropriate boundary conditions [2]. The motivation for using 3D FEA is twofold. First, to 

understand how the primary magnetic field interacts with the ferrite rods in the secondary coil 

when the secondary is oriented with respect to the primary field. Also, to correlate the total flux 

captured by the secondary coil to the ferrite rod size and location within the secondary. Such 

FEA analysis is not trivial, and cannot be done with 2D-based or 2D axis symmetric FEA 

analysis. It requires fully 3D FEA, which is seldom reported in literature [68, 70, 77]. The 

second motivation is to use these 3D FEA results to help design novel configurations of ferrite 

coil combinations suitable for different applications. Our motivation is to add a minimal volume 

of ferrite at specific positions within the secondary coil, to maximize the secondary performance 

at different orientations. The best ferrite utilization occurs when the ferrite rods are made as long 

as possible [79]. Despite the ferrite rods being the same volume, the FEA simulation found that 

the longer ferrite rods pull more magnetic flux than the wider ferrite rods [53, 79]. The size of 

the ferrites chosen in this work is 6.4 mm long by 1.6 mm in diameter. This ferrite size was 

suitable for the 4MFA configuration (Fig. 27), and provides a balance between providing 

sufficient space for onboard PCB electronics (microprocessor, radio, buffer capacitors, rectifier, 

EEG and stimulator) while minimizing the overall RID volume. The total weight of the 4MFA 

RID configuration is 1.8 g. 
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   Many authors have used FEA simulation software for plotting the magnetic flux density [1, 67, 

70]. We analyze the magnetic flux density distribution around (and within) various 

configurations in this work. The first simulation done is for the air core configuration. This 

consists of a primary coil (Lp) that is 250 × 120 × 150 mm3 (length × width × height) in size, 

together with the secondary air core coil (LS, simplified as one wire loop) that is 13.25 × 20.25 

mm2 in size, as shown in Fig. 20 (a). Both coils are placed in a spherical domain of radius 120 

cm with the properties of air, as shown in Fig. 19 (a). A Frequency Domain Study is used to 

investigate the WPT model at an applied frequency, corresponding to the system’s resonant 

frequency. A simulated current of 2.5 A (peak-to-peak) is applied through the primary coil 

windings. The simulation output is the magnetic flux density at all points in space. A sample plot 

surrounding the primary coil is shown in Fig. 19 (b) (arrow vectors are normalized, with only the 

x-z plane plotted for figure clarity). 

 
(a)                                                                 (b) 

Figure 19: WPT model in COMSOL; (a) spherical workspace, (b) arrow plot on single x-z plane, showing 

normalized magnetic flux density. 

   The second simulation is for the WFR4 configuration. This uses the same primary coil (Lp), 

applied current, and spherical workspace, as in the previous simulation. The WFR4 configuration 

consists of four pieces of ferrite rod (FR) bundled together as shown in Fig. 20 (b), where each 

piece is 6.4 mm in length and 1.6 mm in diameter. The secondary coil (SC) is wrapped tightly 

around the rods (LS-WFR4, modeled as a simplified one wire loop). The third and fourth 

simulations are done for the 4MF and 4MFA configurations, respectively. These also use the 

same primary coil (Lp), applied current, and spherical workspace, as in the previous simulation. 
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The 4MF configuration uses four pieces of ferrite rod (6.4 mm long and 1.6 mm diameter) placed 

within the corners of the air core, as shown in Fig. 20 (c). The 4MFA configuration consists of 

the same four pieces of ferrite rod placed within the corners of the air core; however, they are 

tilted at 45° to the secondary coil plane, as shown in Fig. 20 (d). For both of these, the secondary 

coil is wrapped around the 13.25 × 20.25 mm2 PCB (LS-4MF and LS-4MFA, each modeled as a 

simplified one wire loop). The type of ferrite rod used in this work is 4B1, which is suitable for 

the operating frequency of our WPT system. Its material specifications [80] are configured in 

COMSOL, including the B-H curve and permeability as a function of frequency. 

   Modeling the system with 3D FEA simulation is challenging due to the considerable 

differences in the size between various system parts, or in the parts themselves. For this system, 

the secondary wire diameter is 0.100 mm, the ferrite rod diameter is 1.6 mm, and the major 

dimension of the primary cage is 250 mm. To guarantee FEA mesh integrity, the aspect ratio of 

individual 3D mesh elements should not be greater than three. Therefore, the 3D mesh must 

transition from small to large features, which necessitates a large number of elements for systems 

with considerable part size differences. The simulation convergence and accuracy of the 

calculated solution strongly depend on the quality of the mesh elements. An excessive number of 

elements increases the computing time [2]. 

  The parts of each configuration are meshed using different elements, with different mesh 

settings. To minimize 3D FEA complexity and ensure convergence, the secondary coil and 

primary coil wires are modeled as 1D line elements. The sphere domain and the ferrite rods are 

modeled with tetrahedral elements, using the Finer and the Extremely Fine meshing settings, 

respectively. For example, the complete mesh of the entire 4MF simulation consists of 1,304,507 

elements. Fig. 21 illustrates the meshing of the air core, WFR4, 4MF and 4MFA configurations. 

The internal COMSOL mesh quality was found to be of high quality. 
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Figure 20: Meshing of secondary; (a) air core, (b) WFR4, (c) 4MF and (d) 4MFA. 

4.4 Simulation Results 

   The simulation results demonstrate a significant improvement in the total flux captured when 

using a secondary coil configuration with ferrite rods. The magnetic field is locally attracted by 

the ferrite, which improves the coupling between the primary and secondary coils. Fig. 21 shows 

an x-y plane plot of the magnetic flux density distribution produced by the primary coil, at the 

middle of the cage. The rectangle labeled SC indicates the location used to simulate the air core 

and other configurations, at the 0°, 30°, 60°, and 90° orientations. The 3D FEA models 

developed here cannot simulate resonant power transfer behavior; hence a direct estimate of 

power is not done. Instead, flux densities and total flux passing through the secondary coils are 

reported. 
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Figure 21: Color plot of the magnetic flux density; (a) plotted on the x-y plane within and around the primary 

coil, (b) plotted within the WFR4 configuration coil, (c) plotted within the 4MF configuration coil plane and 

within the ferrite rods, (d) plotted within the 4MFA configuration coil plane and within the ferrite rods. 

   The mutual inductance, MSP, between the primary and secondary coils, is defined when a 

second coil is located such that it captures a portion of the flux generated by the primary coil as 

[79]:  

𝑀𝑆𝑃 =
𝜓𝑆𝑃

𝐼𝑃
 

(31) 

where, SP is the total flux captured by the secondary coil, that is given by [79]: 

𝜓𝑆𝑃 = ∮𝐵𝐶
⃑⃑ ⃑⃑  × 𝑑𝐴𝑆

⃑⃑ ⃑⃑ ⃑⃑  ⃑ = 𝑁𝑆µ
0
µ

𝑟
𝐴𝑆𝐻 

(32) 

where, BC is the flux density crossing perpendicularly through the secondary coil. Combining 

equations (22, 31 and 32), the MSP is given as [79]: 
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(33) 

where, aS is the secondary coil radius. When the coils are merely angularly misaligned the 

approximation mutual inductance equals MSP∙cos, where  is the angle between of the primary 

and the secondary coils. The mutual inductance (MSP) increases when a ferromagnetic material is 

inserted within the secondary coil (LS). This is due to an increase in the relative permeability (µr) 

and thus an enhancement of the magnetic flux through the secondary coil. The aim of using 

ferrite rods in inductively coupled systems is to improve the power transfer between the primary 

and secondary coils [56]. Fig. 22 illustrates an arrow plot of the magnetic flux density, passing 

through the 4MF configuration. The plots are done in the x-z plane, where that plane intersects 

the axis of two ferrite rods. The arrow plots are logarithmatic, and show the 4MF configuration 

at 0°, and 30° orientations. 

 
Figure 22: Arrow plot of the magnetic flux density passing through the 4MF configuration. Plots are in the x-

z plane only; (a) 4MF at 𝟎° orientation, (b) 4MF at 𝟑𝟎° orientation. 

   Fig. 23 illustrates an arrow plot of the magnetic flux density, passing through the 4MFA 

configuration at the 0°, 30°, 60° and 90° orientations. The simulation results show that magnetic 

flux is pulled into the ferrite rods from the surrounding space, thereby increasing the flux density 

inside the ferrite rods. Note line AB shown in Fig. 22, which passes through two ferrites on the 

x-y plane. The magnitude of the flux density crossing the secondary coil, along line AB is then 

determined, and is plotted in Fig. 24. As seen from Fig. 24, the ambient magnetic flux density 

produced by the primary coil is approximately 1.15× 10−4 Wb/m2 in locations away from the 

ferrites. Close to the ferrites, but not within them, the field strength drops to near zero for the 0° 
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and 30° orientations. This occurs since the ferrites have consumed the surrounding field near 

their tips, leaving little flux around them. In this sense, there is an effective capture diameter 

(ECD) of flux around the tip of the ferrite, where all surrounding flux is drawn in. The ECD is 

related to the length, volume and material properties of the ferrite, as well as the ambient field 

strength. The ECD concept will be discussed further in the discussion. Within the ferrites, the 

field strength is relatively high. Using the plotted information of Fig. 24 and similar plots 

adjacent to the ferrites, the total flux 𝜓𝑆𝑃 passing perpendicularly through the inside of the 

secondary coil x-y plane is computed, as listed in Table 6. 

 
Figure 23: Arrow plot of the magnetic flux density passing through the 4MFA configuration. Plots are in the 

x-z plane only; (a) 4MFA at 𝟎° orientation, (b) 4MFA at 𝟑𝟎°, (c) 4MFA at 𝟔𝟎°, (d) 4MFA at  𝟗𝟎°. 

   The results of Table 6 begin with the nominal case for the air core secondary (with no ferrite 

rods), where the total flux through the coil is only a function of angular orientation. Notice that 

the ambient flux density through the 4MF coil and the 4MFA coil is less than the ambient flux 

density passing through the air core coil, at the 0° orientation. This occurs since the ferrite ECD 

starves the field in its vicinity, leaving less flux to pass through the air-filled portions of coil. For 
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the case of WFR4, nearly no ambient field is available for the coil, since it is all captured by the 

ferrites. For the case of 4MF, 4MFA and WFR4, the flux density within a single ferrite rod (third 

column) is listed. The total flux within all ferrites (fourth column) crossing normal to the coil is 

found by the ferrite area × number of ferrites × third column. The total flux (ambient + ferrite) 

of each configuration is listed in the fifth column. Note that the 4MF simulation predicts a 

substantial increase in flux gathered, in comparison to the air core configuration for the 0°, 30° 

and 60° orientations. However, it is near zero at the 90° orientation. The simulation predicts that 

the 4MFA configuration gathers less flux at the 0° and 30° orientations in comparison to 4MF 

(as expected since its ferrites are angled at 45˚). However, 4MFA provides improvement at the 

60° and 90° orientations in comparison to 4MF, since it can still draw in flux at high 

orientations. The case of WFR4 is provided as a reference, and demonstrates that the same 

volume of ferrite when tightly wrapped by a coil is far less effective than either 4MF or 4MFA, 

and is not effective at the 90° orientation. 

 
(a) 

 
(b) 

Figure 24: Waterfall plot of the magnetic flux density within the ferrite rods and the air space around them, 

where they intersect the plane corresponding to the secondary coil windings (coil x-y plane); (a) 4MF, (b) 

4MFA. 
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TABLE 6: SIMULATION RESULTS OF SECONDARY COIL CONFIGURATIONS 

Configuration 

Ambient Flux 

through Coil 

(𝑊𝑏) × 10−8 

Flux Density in 

Ferrite 

(𝑊𝑏/𝑚2) 

Total Flux in Four 

Ferrites 

   (𝑊𝑏) × 10−8 

Total Flux 𝜓𝑆𝑃 in 

Config 

(𝑊𝑏) × 10−8 

Air core,  0˚ 2.95 0 0 2.95 

Air core, 30˚ 2.56 0 0 2.56 

Air core, 60˚ 1.48 0 0 1.48 

Air core, 90˚ 0 0 0 0 

4MF,   0˚ 2.37 2.20× 10-3 1.77 4.14 

4MF,  30˚ 2.32 1.60× 10-3 1.29 3.61 

4MF,  60˚ 1.61 0.70× 10-3 0.56 2.17 

4MF,  90˚ 0 0 0 0 

4MFA,  0˚ 2.55 1.60× 10-3 0.91 3.46 

4MFA, 30˚ 2.14 2.10× 10-3 1.19 3.33 

4MFA, 60˚ 1.45 2.10× 10-3 1.19 2.64 

4MFA, 90˚ 0 1.50× 10-3 0.85 0.85 

WFR4,  0˚ 0 1.10× 10-3 0.89 0.89 

WFR4, 30˚ 0 0.90× 10-3 0.72 0.72 

WFR4, 60˚ 0 0.50× 10-3 0.40 0.40 

WFR4, 90˚ 0 0 0 0 

 

4.5 Experimental Setup 

   The four configurations have been physically prototyped and are tested using our custom 

designed LCWPT system. The WPT system can be divided into two parts, namely the primary 

and secondary circuits, as illustrated in Fig. 25. Magnetic resonant coupling is achieved by 

tuning the primary section such that both sections resonate at the same frequency.  

   The power is supplied to the primary circuit using a DC power supply. A signal generator 

(Agilent 33250A) provides the desired frequency to a Class-E power amplifier, which is used to 
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generate a sinusoidal current (IP) in the primary coil (LP), which in turn generates the 

electromagnetic field. This alternating electromagnetic field induces a sinusoidal voltage (Vind) in 

the secondary coil (LS) of the secondary implant prototype (SIP), which is rectified into a DC 

voltage (Vrec) that powers the application load (RL). The DC voltage (Vrec) is measured across the 

load RL, using the WMS that we have designed. The WMS is powered by battery and 

communicates via radio to a remote base station connected to a laptop. The WMS wireless data 

transmission helps our WPT measurements, since it overcomes many problems when using 

corded oscilloscope probes [81], to measure the secondary circuit. Initially, our attempts to 

measure the Vrec across the load RL used an oscilloscope via coaxial cable. However, those 

measurements exhibited offset and noise problems, as explained in detail in Chapter 5. 

 
Figure 25: Block diagram of proposed LCWPT. 

    The Class-E amplifier design used to drive our primary coil (LP) is shown in Fig. 26. This is a 

common approach used extensively by Sokal et al. who demonstrated the operational 

characteristics of their zero-voltage-switching (ZVS) inverter [82]. The Class-E topology is 

preferred as it reduces the stress on the switching element to a minimum. Our Class-E amplifier 

is configured as parallel resonance, where Cpar works in combination with Ctank, to create a 

primary resonant tank, as shown in Fig. 26. We vary the parallel capacitor, Cpar, to adjust the 

resonance of the primary circuit. The series capacitor (Cser) shields the MOSFET from the high 

voltage developed by the primary resonant tank. The choke inductor (LChoke) is connected in 

series with the DC power supply (VCC) and blocks the ac current from the DC supply [53]. The 

parallel capacitance normally present in a Class-E amplifier has been replaced here by a diode 

where the diode allows for suboptimum operation [78].  
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Figure 26: Class-E amplifier design schematic (parallel resonance). 

   A pulse train (VG, duty cycle 0.5) is applied at the gate driver (MIC4421). The switch used is a 

MOSFET (STP16NK65Z), which has high power handling and nanosecond switching 

capabilities [83-84]. This MOSFET was also selected due to its relatively low output capacitance 

(Coss) at high VDS [84]. It is important to note that the Coss is effectively absorbed by the Cpar [2]. 

The power amplifier can deliver a maximum sinusoidal current (peak-to-peak) of 7 A through 

the primary coil, however, we use only up to 2.5 A in this work. This creates sinusoidal voltages 

(peak-to-peak) of up to 2.3 kV across the primary resonant tank, shown in Fig 26. 

   The SIP consists of a LSCS-tank (different for each of the four configurations) and a full bridge 

rectifier, as shown in Fig. 27. The rectification is an important part of the secondary circuit in the 

LCWPT system, where it is vital to efficiently utilize the generated Vind. High frequency 

rectifiers have two losses associated with the diodes; losses due to forward conduction and a high 

frequency loss that can be attributed to the finite switching time of the diode. The switching 

losses occur as a consequence of the reverse recovery time of the diode. The forward conduction 

losses exist due to the forward voltage of the diode and the loss associated with its non-zero 

series resistance. Several rectifier topologies can be implemented for LCWPT (low power 

applications). The small diameter of the secondary coil (LS) and the poor coupling factor, make it 

difficult in most applications to induce a high secondary voltage (Vind). For this reason, full-

bridge rectifiers with Quad diodes designed for use in ultra-high-speed switching applications 

[85] are preferred to rectify the induced voltage [86]. Fig. 27 shows the schematic diagram and 

cross section of the air core, WFR4, 4MF and 4MFA configurations. The rectifier output from 

each configuration is connected to the load, RL. The secondary coil is wound around the 
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perimeter of the PCB for the air core, 4MF and 4MFA configurations. For WFR4 the secondary 

coil is wrapped directly around the ferrites. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 27: SIP configurations; (a) air core, (b) WFR4, (c) 4MF and (d) 4MFA. 

   To achieve high quality factors, inductors with low effective series resistance (ESR) are 

required for high frequencies, due to the skin effect and proximity effect [2]. To reduce the ESR, 

multistrand Litz wires are commonly used [87]. For the application of this work, the ideal 

frequency range of operation is 100 kHz to 4MHz, where no biological effects have been 

reported [88]. All four configurations of the secondary coil employ 48/15 AWG/strands Litz 

wire. The number of turns per layer used in the air core, 4MF and 4MFA configurations is 7 

turns/layer for four layers, so the total number of turns is 28 turns. The number of turns per layer 

used in WFR4 is 25 turns for two layers, so the total number of turns is 50 turns. 
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   The resonant frequency of each configuration is a function of its own LSCS-tank properties and 

is not adjustable. The secondary LSCS-tank is created by using a fixed 235 pF capacitor (Cs) for 

all configurations. The coil parameters (Q and Ls) of each configuration are listed in Table 7, as 

measured using a HP 4285A LCR meter. The resulting resonant frequency and the impedance 

(RLC) for each configuration are listed in Table 8, along with the LSCS-tank impedance, which are 

measured using a HP 4193A Vector Impedance Meter.  

TABLE 7: PARAMETERS OF THE SECONDARY COIL OF SIP CONFIGURATIONS 

Configuration Q L (µH) 

Air core 36 22.4 

WFR4 51.3 25.7 

4MF 44 29.5 

4MFA 44.3 26.8 

   The impedance matching within the SIP must be designed appropriately to avoid internally 

reflected power loss from the secondary load (RL) to the secondary LSCS-tank. The rectifier in the 

SIP exhibits impedance with a resistive and reactive part. The reactive part (capacitive 

component) of this load impedance can be considered as part of the tank impedance of the 

secondary circuit. Maximum power will flow when the resistive component of the load RL is 

conjugately matched [2], as explained in Section 3.3. Our experimental measurements make use 

of a conjugately matched load RL to ensure the maximum power transfer for the overall system. 

Each SIP configuration has different impedance magnitude (RLC), as shown in Table 8. Hence, 

different resistor loads (RL) are suggested to determine the matched impedance for the SIP 

configurations (Fig. 30).  

TABLE 8: MEASURED RESONANT FREQUENCY AND THE IMPEDANCE MAGNITUDE OF SIP 

CONFIGURATIONS 

Configuration Fres (MHz) RLC (kΩ) 

Air core 2.302 10.1 

WFR4 2.101 12.3 

4MF 2.057 12 

4MFA 2.104 11.5 
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   For our LCWPT experiments, the primary coil is wound around a small animal cage (Fig. 17). 

To simulate the angular orientations of a rodent, four experimental fixtures were constructed to 

hold the SIP at various orientations (0°, 30°, 60° and 90° with respect to the x-y plane of Fig. 

17). Each fixture holds the SIP at a 3 cm height above the base of the cage, at the center of the 

cage. Fig. 28 shows the experimental setup of the complete LCWPT system. The output voltage 

of the Class-E power amplifier is measured by a high voltage probe and the primary current (IP) 

is measured by a current probe (Agilent N2893A). The high voltage and current probes are 

connected to the oscilloscope, as shown in Fig. 28. Prior to each WPT experiment, a calibration 

procedure is done to ensure resonant coupling between the primary and secondary. 

   Most of the system losses occur as heat at either the amplifier transistor (MOSFET) or the 

primary coil (LP). A temperature increase at the primary coil (LP) is not critical because it is a 

passive component and more resilient to heat [86]. A 12V DC brushless fan is used to achieve an 

air flow for forced air cooling. In addition, the heat sink on the MOSFET further enhances the 

heat-dissipation capabilities. Fig. 29 shows the top view of the Class-E power amplifier. 

 
Figure 28: WPT experiment setup. 
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Figure 29: Top view of the Class-E power amplifier. 

4.6 Experimental Results 

   Experiments with the four prototype SIP configurations were conducted to measure the power 

transfer between the primary and secondary circuits. The experiments varied four independent 

parameters: the SIP orientation (0°, 30°, 60° and 90° with respect to the x-y plane), the position 

of the SIP with respect to the primary coil, the matched impedance of the secondary circuit, and 

the current (Ip) applied to the primary coil (1, 1.5, 2 and 2.5 A peak-to-peak sinusoidal). The 

resulting voltage induced in the secondary SIP was measured by the WMS. In this Chapter, the 

rectified voltage and the received power were measured at the center of the cage only. All the 

measurements of the received power (V2
rec/RL) are RMS values. For the work of this thesis, there 

were no animals (rodents) used. We used angled fixtures that mimic rodent orientations for the 

experiments. Our experiments using the SIP/RID are not currently conducted in vivo.  

4.6.1 Air Core Configuration 

   Fig. 30 shows a plot of the power received by the air core configuration with different resistor 

loads when the SIP is located at the centre of the primary coil, 3 cm above the base at a 0° 

orientation. The maximum power, with a matched load of 5 kΩ, is found to be 58 mW with an 
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applied primary coil current (Ip) of 2.5 A. The rectified voltage (Vrec) is measured across the RL 

by the WMS, and the values are recorded in Table 9. Fig. 31 shows the power received by the air 

core configuration with a matched load (5 kΩ) at 0°, 30°, 60°, and 90° orientations. 

   The results of the air core configuration are expected. As the applied primary current 

increases, the Vind increases, leading to higher power transfer. As the orientation of the secondary 

increases beyond 0°, coupling is reduced, leading to lower Vind, which becomes very small when 

 ≈ 90°. The power transfer could be further increased, by increasing the primary coil current, 

Ip, until the ferrites become saturated. This is possible as long as the DC power supply has 

sufficient power, the parameter VDS (Fig. 26) stays within its breakdown voltage, and the primary 

coil voltage and current are safe. 

 
Figure 30: Power received in the air core configuration versus resistor loads for different currents applied to 

the primary coil.  The SIP was located at the middle of the primary coil, in a horizontal (𝟎°) orientation. 
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Figure 31: Power received in the air core configuration at the middle of the cage, with a 5 KΩ load RL. 

4.6.2 WFR4 Configuration 

   Fig. 32 shows a plot of the power transferred to the WFR4 configuration at the middle of the 

primary cage. WFR4 uses a RL value of 5 kΩ to achieve impedance matching within the SIP. The 

Vrec is measured across RL, and is recorded in Table 9. The maximum power received is 20.8 

mW, which occurs at the 0° orientation with a primary coil current (Ip) of 2.5 A.  

 
Figure 32: Power received in the WFR4 configuration at the middle of the cage, with a 5 KΩ load RL. 
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4.6.3 4MF Configuration 

   Fig. 33 shows a plot of the power transferred to the 4MF configuration at the middle of the 

primary cage. The 4MF configuration uses a RL value of 10 kΩ to achieve impedance matching 

within the SIP. The Vrec is measured across RL, and is recorded in Table 9. The maximum power 

received is 86 mW, which occurs at the 0° orientation, with a primary coil current (Ip) of 2.5 A. 

The 4MF configuration differs from the air core due to the 4 ferrite rods placed perpendicular to 

the PCB, as shown in Fig. 27 (c). Recall that the FEA simulations predict that 4MF picks up 

more flux at all orientations, compared to the air core. The experimental results confirm an 

increase in the received power at all orientations, as expected. However, the 4MF configuration 

is not effective at the 90° orientation, where the received power is only 1 mW. 

 
Figure 33: Power received in the 4MF configuration at the middle of the cage, with a 10 KΩ load RL. 

4.6.4 4MFA Configuration 

   Fig. 34 shows a plot of the power transferred to the 4MFA configuration at the middle of the 

primary cage. The 4MFA configuration uses a RL value of 10 kΩ to achieve impedance matching 

within the SIP. The Vrec is measured across RL and is recorded in Table 9. The maximum power 

received is 113 mW, which occurs at the 0° orientation, with a primary coil current (Ip) of 2.5 A. 

4MFA has tilted (45°) ferrite rods located at the edges of the PCB, as shown in Fig. 27 (d). It can 

be seen that the power collected by 4MFA is higher than the 4MF configuration at all 

orientations, yet it uses the same size secondary coil with similar L and Q properties as listed in 
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Table 7, and the same size and volume of ferrites. The angularity of the ferrite rods at 45° 

demonstrates an improvement in coupling. Even at the 90° orientation, the power received by 

4MFA is 1.7 mW (with Ip of 2.5 A), where all other configurations collected near zero power. 

The FEA simulation results predict that 4MFA would have a flatter spread of collected flux at 

the 0°, 30° and 60° orientations, as shown in Table 6. This flatter trend can be observed in the 

Vrec data of Table 9, at these orientations.  

 
Figure 34: Power received in the 4MFA configuration at the middle of the cage, with a 10 KΩ load RL. 

4.7 Discussion 

   Improvements in wireless power transfer between the primary and secondary coils have been 

observed when using a small volume of ferrite rods within the secondary coil, at specific 

locations. This can be seen in the simulation results of Table 6, and also the experimental results 

of Table 9 and Figs 31 – 34.  

   The 4MF configuration shows a clear improvement in power transfer as compared to the air 

core configuration, as expected. The ability of the air core coil to harvest magnetic flux is 

directly proportional to the coil area through which the primary field passes, which defines the 

induced voltage (Vind) in the secondary coil. Addition of ferrites draws more flux into the coil, 

resulting in improved coupling and hence power transfer. 

   The comparison of 4MF vs. WFR4 is more interesting. Given that both configurations use the 

same volume of ferrite material, and have similar coil properties (L and Q), it is noteworthy to 
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observe that 4MF is far more effective at power transfer than WFR4 at all orientations. This is 

noteworthy since the normal practice in the literature is to tightly wrap the windings around the 

ferrite for most WPT applications, as is done with WFR4. The 4MF configuration is more 

effective for WPT for a number of reasons: (i) The coil winding area of 4MF is larger at 13.25 × 

20.15 mm2 than WFR4, so extra ambient flux is captured, as listed in Table 6; (ii) The ferrite rods 

have an ECD. Since they are placed close to the corners of the 4MF coil windings, this allows 

them to pull magnetic flux into the coil from further beyond the coil. This effectively increases 

the coil area to a much larger size. The ECD is estimated as 9 mm in this work, but will vary for 

different shapes and properties of ferrite, as well as primary field strength. The ECD size can be 

visualized with the FEA simulations, as shown in Fig. 22 (a). In this work, we used 4 ferrites 

since their ECD areas overlap inside the coil, and hence the 4 ferrites consume most of the 

internal field. Addition of more ferrite rods within 4MF yields very little additional gain; (iii) 

Corner placement of the ferrite rods is important, since they would be much less effective if 

placed in the center of the secondary coil. The distance between the ferrite rods themselves is 

governed by the ECD.  If two ferrite rods are placed too close together, such as for WFR4, they 

will compete for the same flux, and hence will reduce their effectiveness. This only holds true as 

long as the ferrites are not saturated. If the ferrites become saturated, they can be placed closer 

together; (iv) The length of the ferrite rods (in addition to corner placement) also plays an 

important factor for collecting flux at orientations beyond 0°, such as between 0° and 90°. The 

maximum length of the ferrite rods becomes a design compromise between the device total 

volume and power transfer. In summary, although 4MF is more effective at power transfer than 

WFR4, both are not effective at orientations that approach 90°.  

   To improve the performance of the 4MF configuration at high orientations, the 4MFA 

configuration was created by tilting the ferrites at 45° with respect to the PCB. It is observed that 

4MFA will increase the power transfer in comparison to 4MF at all angular orientations. The 

motivation to tilt the ferrites was to allow them to draw flux through the secondary coil, even 

when the secondary coil is oriented at 90° to the primary electromagnetic field. This can be 

observed in the simulation of Fig. 23 (d). Further, Table 9 and Fig. 34 show that 4MFA is the 

most effective for WPT at any orientation, in comparison to all other configurations. 

   The complete WPT system can be characterized in terms of end-to-end efficiency, from the DC 

supply source to the SIP application load RL (DC-Load). This can be calculated as [81]:  
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𝜂𝐷𝐶−𝐿𝑜𝑎𝑑 =
𝑃𝑜

𝑃𝑖𝑛
 

(34) 

where, Pin is the total DC input power to the system (i.e. into the power amplifier and transfer 

link). Table 10 summarizes the efficiency of the air core, WFR4, 4MF and 4MFA configurations. 

It is found that the efficiency of the power transfer depends on the coupling coefficient between 

the coils and their quality factors. The coupling coefficient essentially depends on the relative 

size of the primary and secondary coils, and their spatial arrangement [2]. In our application, the 

mouse is always inside the cage (primary coil), as shown in Fig. 17. Inside the primary coil, the 

electromagnetic field is uniform along the z-axis. Generally, inside there is little variation in 

received power along the z-axis. Once the RID (telemetric device) moves outside the coil (z-

axis), the magnetic flux density is non-uniform and lower than inside the cage. In the region 

outside the coil, the efficiency of the LCWPT system (DC-Load) drops significantly. In this work, 

we did not measure outside the primary coil (cage). 

  The efficiency of our LCWPT system increases with increased primary current using this 

LCWPT system (PP topology). This LCWPT system draws 330 mA and 25 V from the DC 

power supply to provide primary current (IP) 2.5 A (peak-to-peak). These VA ratings are high, so 

the total efficiency of this WPT system is low. In Chapter 6, the LCWPT system is redesigned to 

improve the efficiency.  

   Some comparisons can be made between the simulation results and the experimental results, in 

relation to induced voltage improvements from the addition of ferrite rods. Note that the 

simulation results are non-resonant, while the experimental results are resonant, hence, only 

comparisons of normalized trends can be made. Table 11 shows the total flux 𝜓𝑆𝑃 calculated 

from the simulation results (from Table 6), and the rectified voltage (Vrec) measured from 

experiment (from Table 9).  Also included is the normalized percent variation (NPV), defined as: 

𝜓𝑆𝑃/(𝜓𝑆𝑃 at 0°), and Vrec/Vrec at 0°) for simulation and experiment, respectively. For WPT, the 

Vind is directly proportional to the total flux 𝜓𝑆𝑃 passing through the secondary, so normalized 

comparisons can be made. For the air core configuration and the WFR4 configuration, it can be 

seen that the NPV for the simulation matches the NPV for the experiment, quite well. For the 

4MF configuration, the NPV for simulation and experiment are relatively close, however, 

discrepancies are observed for the 30° and 60° orientations. For the 4MFA configuration, there 

are significant differences in NPV between simulation and experiment. The simulation predicts 
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that the angled ferrites should create a flatter induced voltage between the 0° through 60° 

orientations, with a notable increase at 90°. However, experimental results show a more gradual 

variation in the Vrec across the orientations, also with a reasonable improvement at 90°. Recall 

that the “total power” for 4MFA as indicated in Fig. 34 is still much higher than other 

configurations. This indicates that the simulation of 4MFA requires further work to sufficiently 

model this complex 3D arrangement. 

TABLE 9: RECTIFIED VOLTAGE VREC MEASURED ON THE SIP ACROSS LOAD RL 

 
1.0 A primary 

current  

1.5 A primary 

current 

2.0 A primary 

current 

2.5 A primary 

current  

Configuration (V) (V) (V) (V) 

Air core,  0˚ 7.3 10.6 13 17.1 

Air core, 30˚ 6 9 11.6 14.6 

Air core, 60˚ 3.7 5.5 7.3 9.1 

Air core, 90˚ 0 0 0 0.14 

 4MF,   0˚ 10.9 16.2 21.1 29.3 

 4MF,  30˚ 9.4 13.9 18.3 23.5 

 4MF,  60˚ 5.6 8.2 10.7 13.1 

 4MF,  90˚ 0 0 0.14 0.32 

 4MFA,  0˚ 11.1 16.3 22.2 33.6 

 4MFA, 30˚ 10.5 15.1 19.9 27.3 

 4MFA, 60˚ 7.1 10.4 13.2 16.2 

 4MFA, 90˚ 1.2 2.3 3.3 4.1 

 WFR4,  0˚ 3.7 5.8 8.1 10.2 

 WFR4, 30˚ 2.9 4.7 6.4 8.1 

 WFR4, 60˚ 1.2 2.1 3.2 4 

 WFR4, 90˚ 0 0 0 0.26 
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   For the application of this work, the SIP is intended as a stimulator and EEG measurement 

device for small rodents, as shown in Fig. 35. In such an application, the power needed to start 

up the circuit is 51 mW for 100 – 300 milliseconds. After start-up, the system can run 

indefinitely with a power of 12 mW. Given the experimental results reported here, the 4MFA 

configuration is best suited for the stimulator/EEG application to deliver power at typical 

orientations and positions of the rodent within the animal cage. Although 4MFA cannot deliver 

enough power at the 90° orientation, the rodent rarely stands in such a pose with the device at 

this angle, for more than 1 second. To cope with the reduced power, a capacitor bank (Cst of 800 

µF) is used to store energy, where the storage period is given by: 

∆𝑡 =  
∆𝑉 × 𝐶

𝐼𝐿
= 

(9.27 − 3) ∙ 800 ∙ 10−6

4 × 10−3
= 1.3 𝑠𝑒𝑐𝑜𝑛𝑑𝑠  

(35) 

 

 
Figure 35: Circuit diagram of RID. 
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TABLE 10: TOTAL EFFICIENCY (DC-LOAD) 

 
1.0 A primary 

current  

1.5 A primary 

current 

2.0 A primary 

current 

2.5 A primary 

current  

Configuration (%) (%) (%) (%) 

Air core,  0˚ 0.38 0.52 0.63 0.77 

Air core, 30˚ 0.17 0.37 0.46 0.56 

Air core, 60˚ 0.04 0.10 0.18 0.22 

Air core, 90˚ 0 0 0 0 

 4MF,   0˚ 0.42 0.6 0.76 1.13 

 4MF,  30˚ 0.31 0.45 0.57 0.73 

 4MF,  60˚ 0.11 0.15 0.19 0.23 

 4MF,  90˚ 0 0 0 0 

 4MFA,  0˚ 0.44 0.61 0.84 1.5 

 4MFA, 30˚ 0.39 0.52 0.68 0.98 

 4MFA, 60˚ 0.18 0.25 0.3 0.36 

 4MFA, 90˚ 0 0.01 0.018 0.02 

 WFR4,  0˚ 0.1 0.15 0.22 0.27 

 WFR4, 30˚ 0.06 0.10 0.13 0.17 

 WFR4, 60˚ 0.1 0.02 0.03 0.04 

 WFR4, 90˚ 0 0 0 0 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



68 
 

 

TABLE 11: COMPARISON BETWEEN SIMULATION RESULTS AND EXPERIMENTAL RESULTS 

Secondary coil 

configurations 

Simulation Experiment 

Total Flux 𝜓𝑆𝑃 

through the coil 

Normalized Percent 

Variation  

Rectified voltage 

in Secondary  

Normalized Percent 

Variation  

(𝑊𝑏) × 10−8 (%) (Vrec) (%) 

Air core,  0˚ 2.95 100 17.1 100 

Air core, 30˚ 2.56 87 14.6 85 

Air core, 60˚ 1.48 50 9.1 53 

Air core, 90˚ 0 0 0.14 1 

 4MF,   0˚ 4.14 100 29.3 100 

 4MF,  30˚ 3.61 87 23.5 80 

 4MF,  60˚ 2.17 53 13.1 45 

 4MF,  90˚ 0 0 0.32 1 

 4MFA,  0˚ 3.46 100 33.6 100 

 4MFA, 30˚ 3.33 96 27.3 81 

 4MFA, 60˚ 2.64 76 16.2 48 

 4MFA, 90˚ 0.85 25 4.1 12 

 WFR4,  0˚ 0.89 100 10.2 100 

 WFR4, 30˚ 0.72 82 8.1 79 

 WFR4, 60˚ 0.40 45 4 39 

 WFR4, 90˚ 0 0 0.26 2.5 

 

 

 
 

 

 

   

 

 



69 
 

 

Chapter 5: Design Wireless Measurement System 

5.1  Literature of Traditional Measuring Techniques  

   In order to characterize the LCWPT systems, some key performance parameters need to be 

accurately measured. These include the induced voltage, the received power, and the overall 

efficiency of the LCWPT, measured from the secondary circuit. A number of researchers have 

measured the induced voltage, received power, or efficiency of WPT systems with various 

schemes using coaxial cables, twisted-pair cables, or oscilloscope voltage/current probes. 

   Jow et al. used a digital oscilloscope (MSO4034B, Tektronix) to measure the peak-to-peak 

voltage across the LC-tank that was connected to a 500 Ω resistor load in their secondary circuit. 

To do this, they placed a voltage probe within the primary coil’s electromagnetic field, to 

measure the induced voltage in the secondary LC-tank circuit, and they calculated the received 

power [69]. Pinuela et al. initially measured the induced current of their secondary using an 

Agilent N2783A current probe. However, they noted that the results did not reflect the true 

operation of their WPT, as current probes are not capable of measuring the induced current 

precisely in the presence of significant electromagnetic noise. Also, they could not measure the 

induced voltage (Vind) using a voltage probe across the load, because the capacitance of the probe 

can detune the resonance of the receiver circuit. Therefore, they measured the efficiency of their 

WPT system using a thermal measurement scheme. This was done by measuring the temperature 

of the heat sink of the receiver coil, and the temperature of their metal film resistor load, by 

calculating the applied DC input power to their WPT system [81]. Russell et al. placed the 

resistor load of their secondary outside the primary field of their WPT system, and connected 

that load to the secondary coil via twisted-pair wires. They measured the DC voltage across the 

resistor load using a NI card (PCI-6025E) interfaced with LabVIEW [67]. Zhao et al built a 

LCWPT system for an epiretinal prosthesis application. They measured the induced voltage by 

connecting a voltage probe and a ground probe across the resistor load of the secondary circuit, 

all of which were within the primary coil’s electromagnetic field. These probes were part of a 

single coaxial cable, which was connected to an oscilloscope [89]. Xu et al. built a WPT system 

for rodent (rat) applications, where their WPT system was based on four coils: driver coil, 

transmitter coil, receiver coil (secondary coil), and load coil (application load). Their load coil is 

intended for implantation subcutaneously within the dorsal region of a rat. They likely used a 
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coaxial cable to connect their load coil to an oscilloscope, to measure the peak-to-peak induced 

voltage of the load coil [71-72]. Dionigi et al. presented a secondary resonator based on a coaxial 

cable, which is suitable for WPT applications [90-91]. Their work indicates that coaxial cables 

can affect the magnetic resonance of WPT systems. 

   In this Chapter, we designed, constructed, and tested the WMS to avoid potential measurement 

errors inherent with coaxial cables, twisted-pair cables, or oscilloscope probes within the primary 

field. The WMS is connected to the output of the SIP to measure the rectified voltage (Vrec) of 

our LCWPT system. 

5.2 Design Methodology for WMS  

   There are a few possible ways to measure the power transfer of the LCWPT systems. These 

include: (i) Using current probes to measure the current passing through the secondary load, RL, 

while it is within the primary electromagnetic field; (ii) Using voltage probes to measure the 

voltage across the secondary load, RL, while it is within the primary field; (iii) Placing the 

secondary load, RL, outside the primary field and connecting it to the secondary coil via coaxial 

cable or twisted-pair wires. Then, measuring the current/voltage of the load RL with oscilloscope 

probes. 

   In regards to approach (i) or (ii), Pinuela et al. found the probe’s capacitance of 15 pF was 

enough to detune the secondary coil from resonance. They also concluded that current probes 

were not capable of measuring the current accurately in the presence of significant 

electromagnetic fields [81] due to noise. Hence, oscilloscope probes should not be used inside 

the primary field electromagnetic zone. 

   In regards to approach (iii), coaxial cables or twisted-pair cables can be used to place the load 

RL farther away from the primary field, to measure the voltage across the load, or the current 

through the load, as Russell did in [67]. However, twisted/coaxial cables add an impedance to the 

secondary circuit. For example, coaxial cable has an impedance of 50 or 75 Ω depending on 

connector type. This impedance increase may cause impedance mismatch, leading to reflected 

power loss in the secondary coil. 

   The purpose of this Chapter is to measure the power transfer of the LCWPT systems precisely 

using a cable-free (wireless) approach. By avoiding the use of coaxial cables, twisted-pair wires 
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and current/voltage probes, we are able to avoid the problems described above. The design of the 

WMS is explained in Section 5.3.  

5.3   WMS Design for LCWPT Systems  

   The main motivation for the WMS is to measure the power transfer of our LCWPT system. 

Given this goal, a set of design requirements for the WMS are established, and summarized in 

Table 12. Several design iterations were undertaken to create the WMS, to meet the design 

requirements and to achieve a robust measuring system. A high-level diagram of the WMS 

connected to the SIP is provided in Fig. 36. The requirement to minimize volume keeps the 

WMS compact and lightweight. It also minimizes physical interference when connected to the 

SIP/RID, and allows for easy placement and orientation within the primary coil. Ideally, the 

WMS should not disturb the primary magnetic field, and should not have significant effect on the 

system coupling. As noted in the methodology, a wireless (radio link) communication system has 

been designed into the WMS to transmit the measured data to an external base-station that 

records it. The WMS has an on-board CPU, radio and other electronics requiring power, which is 

supplied by a battery. This is needed since the WMS must operate independently of the WPT 

system, which it measures.  

    Several detailed points are made here regarding the WMS physical construction: (i) We used 

the nRF24LE1-F16Q24 microcontroller, since it is a low-power, wireless, system on-a-chip 

design that is suitable for RF applications [92]; (ii) The WMS is built on a four layer PCB that 

includes power (VC) and ground (GND) planes in the middle, and two routing planes (top and 

bottom), for best performance in RF applications [93]; (iii) Use of surface-mount devices (SMD) 

of size 0201/0402 are ideal, since these sizes improve the RF performance and have good 

thermal properties [94-95]; (iv) We built a customized impedance matching circuit network for 

the RF antenna (FR05-S1-N-0-110) [96], by following the schematic circuit diagram of the 

QFN24 as described in [92]. (v) We avoid use of nonlinear components (such as voltage 

regulators or zener diodes) in the measurement stream. These components may affect the 

resonant frequency of the secondary circuit, as mentioned in [86]; (vi) We use a lithium-polymer 

(non-metallic) battery to power the WMS, since it is small and its composition is minimally 

disruptive to the primary field, which avoids the problems described in point (v). We cannot use 

induced power from the SIP/RID, since that power is variable during development experiments. 
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TABLE 12: DESIGN REQUIREMENTS FOR THE WMS 

Design Requirement Description Value / Range [units] 

Minimum volume 
Minimize volume of 

WMS 
1600 [mm3] 

Non-disruptive to 

induced field 

WMS design should 

not interfere with 

resonance or coupling 

of the WPT 

- 

Measure induced 

voltage 

Wide measurement 

range across the 

secondary load 

 0 - 63 [V] 

Wireless data 

transmission 

Transfer the 

measurement data by 

radio signal 

4800 bits/sec 

Self-powered 
Powered by lithium-

polymer battery 
4.2 [V] 

Disconnectable 
WMS should be easily 

removable 
two header connector 

 
Figure 36: High-level diagram of the WMS configuration. 

   The design of the measurement circuit on the WMS is described here. The WMS measures the 

voltage developed across RL on the SIP, which represents the application load. The value of RL is 

pre-selected to ensure a good impedance match with the LSCS-tank and rectifier of the SIP/RID. 

The rectified voltage developed across load RL can vary between 0 to 35 volts, depending on the 

experimental setup of the SIP [2].   

      The WMS employs a voltage divider when making measurements. This is needed since the 

voltage (VM) measured by the microcontroller cannot exceed the internal reference value of the 
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analog-to-digital converter (ADC). The reference value is set by an internal bandgap of the 

microcontroller (nRF24LE1), which is nominally 1.2 V [92]. The system was simulated with 

Multisim software (National Instruments) to configure the resistor and capacitor values.  Fig. 37 

shows the Multisim model with voltage labels for the simulation results. The voltage source 

represents the induced voltage (Vind) from the LSCS-tank of the SIP. It is assumed that the 

maximum output voltage of the LSCS-tank is 66 V (peak-to-peak), using a resistor load RL of 5 

kΩ, and the parameter values as listed in Table 13. The voltage points at Vrec, VM and Vout of the 

WMS simulation are plotted in Fig. 38. 

 
Figure 37: Multisim model of the SIP connected to the WMS. 

   The measured voltage (VM) is digitized using a 12-bit setting on the ADC relative to the 

internal reference value of 1.2 V. The values of the voltage divider resistors R1 & R2 control the 

resolution of the range of the measured voltage (VM), allowing the WMS to measure DC voltages 

up to 62.4 V, as explained in equation (36). We can ignore the voltage drop over the filter (R3 & 

C2), as the resistance value of R3 is small compared to R2, as shown in Table 13. We can back-

calculate the rectified voltage (Vrec) over the resistor load RL as follows: 

𝑉𝑀 = 𝑉𝑖𝑛𝑑

𝑅2

𝑅1 + 𝑅2
 

 

 

 

(36) 

𝑉𝑟𝑒𝑐 = 𝑉𝑀

𝑅1 + 𝑅2

𝑅2
 

𝑉𝑟𝑒𝑐 =
𝑉𝐴/𝐷

212 − 1
𝑉𝑅𝑒𝑓𝐺 

where, 

𝑉𝑀 =
𝑉𝐴/𝐷

4095
𝑉𝑅𝑒𝑓, 

G: Voltage divider factor (
𝑅1+𝑅2

𝑅2
), it is 52, 

𝑉𝑅𝑒𝑓: Internal reference (1.2V). 
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Figure 38: Voltage traces of the WMS simulation.  

      Table 13 lists the performance parameters of the final WMS design. The WMS circuit 

schematic was designed using Altium CAD software and is shown in Fig. 39. A radio 

communication protocol is built into the Nordic platform and uses a proprietary handshaking 

network protocol to transfer the measured voltage (VM) in digital format. The microcontroller 

chip on the motherboard is programmed by compiling the program on a computer, and 

downloading it to the chip using a USB-connected interface board. 

   The magnetic resonant properties of our LCWPT system were evaluated with and without the 

WMS attached. This was done by first measuring the resonant frequency of the SIP LSCS-tank, as 

listed in Table 8. The resonant frequency of 4MF was 2.057 MHz when we measured the 

resonant frequency of the SIP alone (without connecting the WMS). When we measured the 

resonant frequency of the SIP with the WMS attached, we observed a resonant frequency 2.067 

MHz with the 4MF configuration. This difference of frequency is only 10 kHz (0.5%), which 

shows that the WMS does not cause a large shift in the resonant properties for LCWPT systems. 
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TABLE 13: FINAL DESIGN PARAMETERS FOR THE WMS 

Design Parameter Description Design Value [units] 

Overall size 𝐿 × 𝑊 × 𝐻 35 × 18 × 1 [mm] 

Total weight The weight of WMS 3 [g] 

C1 Smoothing capacitor  0.1 µF  

R3 & C2 Filter  1 kΩ & 2 nF 

R1 & R2 voltage divider 

resistor  

510 & 10 kΩ 

Nonlinear component Power the voltage 

regulator externally 

- 

5.4   WMS Experimental Results 

   The physical WMS was constructed and a set of experiments were conducted to test its 

performance. First, we examined the effect of measuring the rectified voltage (Vrec) across the 

secondary load (RL) using the WMS, and compared it to measurements using a physically 

connected coaxial cable. Measurements using the WMS are described in Section 4.5. The 

measurements using the coaxial cable were performed with one end of the cable connected to the 

output of the rectifier on the SIP, and then running the remaining length of the coaxial cable 

outside the primary coil. The other end of the coaxial cable was connected to the secondary load 

(RL), where the rectified voltage (Vrec) was measured using the high voltage probe (measured 

outside the primary coil). We varied the shape and orientation of the coaxial cable within the 

primary magnetic field using four shapes/orientations which were: straight cable (parallel to 

magnetic field), 45° titled cable (45° to magnetic field), S-shape bent cable (in plane parallel to 

magnetic field), and circle-shape bent cable (in plane parallel to magnetic field). Table 14 

summarizes the measured voltage and the received power using both the WMS and the four 

coaxial cable configurations. All tests were done using the air core configuration (SIP) over four 

days, placed at the center of the cage, using a 2.5 A current (sinusoidal, peak-to-peak) applied to 

the primary coil. We observed that the measured value of the rectified voltage (Vrec) using the 

four shapes of the coaxial cable was not consistent from shape-to-shape, and also not consistent 

from day to day. However the measured values from the WMS were very consistent. The 
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measured values of the Vrec using the four shapes of the coaxial cable were higher than the values 

obtained using the WMS by 5 – 28%.  

Note: It is not practical to place the voltage probe or current probe directly into the primary field, 

since the probes will pick up significant noise, and will affect the magnetic resonance of the 

WPT system, as explained in Section 5.2. Hence the RL resistor cannot reside on the SIP if using 

direct cable-based probe measurements.  

   We also investigated our LCWPT behaviour using different types of battery to power the 

WMS. Since the WMS must provide reliable measurements over time, its power must be 

supplied by a battery to make its operation independent of the SIP performance. We tested the 

use of AA, coin cell, and lithium-polymer batteries. We found that the primary circuit of the 

WPT system draws more voltage and current from the DC supply when using the AA and coin 

cell batteries, in comparison to the lithium-polymer battery. This is likely due to the metallic 

components of the AA or coin cell battery, which produce a load in the electromagnetic field. In 

addition, metallic objects near the field affect the inductance of the primary coil to shift the 

operating point (resonant frequency) of the Class-E power amplifier [97]. The Class-E power 

amplifier compensates for this load effect by drawing more DC current to maintain application of 

the sinusoidal current to the primary coil. The extra draw on the DC power supply of voltage and 

current when using the AA or coin cell batteries was 1 – 2 V and 0.1 – 0.3 A. 
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Figure 39: Schematic diagram of the WMS. 
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TABLE 14: MEASURED THE VREC AND RECEIVED POWER OF AIR CORE USING WMS AND THE 

FOUR SHAPES OF THE COAXIAL CABLE 

Measuring approach Day 1 Day 2 Day 3 Day 4 

WMS 

Vrec (V) 17.06 17.03 17.06 17.03 

P(mW) 58.2 58.04 58.2 58.04 

Straight coaxial 

cable 

Vrec (V) 18.7 18.3 17.85 18.02 

P(mW) 69.9 65.7 63.72 64.9 

45° tilted coaxial 

cable 

Vrec (V) 18.03 17.52 17.2 17.3 

P(mW) 65.1 61.4 59.2 59.9 

S-shape coaxial 

cable 

Vrec (V) 21.3 20.2 18.9 19.1 

P(mW) 90.73 81.6 71.5 72.9 

Circle-shape 

coaxial cable 

Vrec (V) 21.8 21.1 19.5 20.02 

P(mW) 95 89 76.1 80.2 

5.5 Discussion 

   The WMS communicates wirelessly via radio link to a receiving base station that is connected 

via USB to a laptop that collects performance data of the WPT system under test. The utility of 

the WMS approach is that it overcomes many of the problems that result when using directly 

connected coaxial cables or voltage/current probes to measure the performance of the secondary 

circuit. In our earlier work, we had measured the rectified voltage (Vrec) using a coaxial cable 

connected to an external (outside the primary field) load (RL), however, those measurements 

were plagued by offset and noise problems. This lead to the development of the WMS system 

presented in this paper, where reliable performance measurements were needed at various 

orientations and positions of the SIP, within the primary field. Such measurements of the SIP 

using a tethered coaxial cable produce inconsistent results. By using the WMS, measurements 

are consistent (within 0.2%) from day-to-day as shown in Table 14, whereas those from the 

cables varied by 5% from day-to-day. Furthermore when the same length cable was bent in 

different shapes, measurements of the RID (with all other parameters fixed) varied by 5 – 27%. 

This variation is because we took down the experimental setup each day after conducting the 

measurements. The primary coil (cage), the power amplifier, the oscilloscope, current probe, the 
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signal generator, and the base station remained in the same place each day. The secondary circuit 

(SIP), voltage probe, and the four shapes of the coaxial cable had to be placed at the beginning of 

the experiment each day, hence the slight change in values for using four shapes of the coaxial 

cable in Table 14. 

       Note that the WMS is not able to measure the sinusoidal induced (AC) voltage of the LSCS-

tank circuit because of a floating ground issue. This occurs since the measured voltage (VM) over 

the voltage divider (Fig. 36) will be a floating signal with respect to the ADC of the 

microcontroller. The WMS was only designed to measure the rectified DC voltage (Vrec), as 

shown in Fig. 36. When developing the WMS, we wanted a rough check of the WMS DC 

measurement values. We did this with a coaxial cable to measure the AC voltage across the LSCS 

tank, even though we acknowledge the problems of Section 5.4 and Table 14. We placed a 5 kΩ 

(RL) resistor outside the primary cage, and connected it to the LSCS-tank using a straight coaxial 

cable. We measured the induced voltage across RL using a voltage probe connected to an 

oscilloscope. We found the induced AC voltage was 54.2 V (peak-to-peak) when driving the 

primary coil with (IP) 2.5A (peak-to-peak).  An AC value of 54.2 V corresponds to 17.3 V DC 

(rectified voltage, Vrec), which approximately matches the measurements using the WMS, as 

shown in Table 14.           

    In general, the WMS system described here could be used for measurement of induced DC 

voltage of various WPT systems. This could be done, by modifying the WMS configuration of 

the voltage dividers (R1 and R2) and by modifying R3 and C2 (filter) to measure the induced 

voltage and the received power for any WPT application. 
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Chapter 6: Maximizing Efficiency of LCWPT Systems 

6.1 Design Methodology for LCWPT 

   We reported the development of a novel configuration of the secondary circuit employing four 

ferrite rods placed at edge corners of a PCB and oriented at 45° within the secondary coil. This 

configuration is denoted as 4MFA, which improved power transfer at most orientations with 

respect to the primary electromagnetic field. The maximum efficiency achieved using 4MFA in 

the previous design of LCWPT was 1.5%, as described in Chapter 4. A further limitation of our 

previous LCWPT system is poor efficiency because of high heat dissipation and losses in the 

primary and secondary circuits. High efficiency is of great importance for the WPT in 

biomedical applications. The LCWPT systems are recommended to have a good efficiency to 

minimize the electronic heating problem that represents a major concern for any implantable 

device [61-62]. Our focus in this Chapter is on improving the efficiency of the LCWPT system. 

   A number of researchers improved the efficiency of the LCWPT systems for rodents using a 

four coil system, as described in Section 4.1. Our LCWPT is based on a simple two coil system, 

namely the primary coil (LP) and the secondary coil (LS). In this Chapter, we rebuilt our 

rectangular-helical primary coil (LP) to improve its quality factor (QP). The size of the new 

stationary primary coil is 250 × 120 × 45 mm3 (length × width × height), as shown in Fig. 40. It 

is wrapped around the mouse housing cage that is needed to meet the minimum animal care 

standards for mice [1-2]. We redesigned the whole LCWPT system using mathematical analysis 

to minimize the losses and improve the efficiency. We used the air core and the 4MFA 

configurations to investigate the performance of the improved LCWPT for rodents. In this 

Chapter, the received power by the SIP and the efficiency of the LCWPT are investigated at the 

middle and the edge of the cage.   



81 
 

 

 
Figure 40: Redesigned wrapping primary coil around a small mouse housing cage for rodents. 

6.2 Design LCWPT 

   The coupling coefficients in the biotelemetry applications of the LCWPT are restricted by the 

separation and the size of the coils. The low value of the coupling coefficient of the LCWPT 

causes low efficiency of the system [62, 87]. The efficiency of a two coil system using magnetic 

resonance is a function of the quality factor of the primary coil (Qp) and the secondary coil (Qs), 

and the coupling coefficient (k). The main goals for improving the efficiency of LCWPT systems 

are increasing the quality factor of the coils and minimizing the losses of the LCWPT systems 

[87]. The efficiency of a two coil system using magnetic resonant coupling is approximately 

derived as [62, 90]: 

𝜂 =
𝑘2𝑄𝑃𝑄𝑆

(1 + √1 + 𝑘2𝑄𝑃𝑄𝑆)
2 

(37) 

   The coupling coefficient is a function of the dimensions of the coils, the orientation with 

respect to each other of the two coils, the number of turns of the coils, the distance between the 

two coils, and the magnetic core that if the coils are wound around [98-100]. The coupling 

coefficient was calculated as a function of the dimensions of the two coils and the distance 

between the two coils (two parallel single-turn coils), it is given as [99]: 
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𝑘 = √
4𝑎𝑃𝑎𝑆

(𝑎𝑃 + 𝑎𝑆)2 + 𝑑2
 

(38) 

where, d is the separation distance between the coils.  

   Improving the quality factor of the coils and the different type of the losses in the LCWPT 

systems are discussed in this section. There are two sources of losses in the WPT systems which 

cause a decrease in the efficiency of power transfer. The first source is the effect of the reflected 

impedance from the secondary circuit over the primary circuit [60]. There are four possible 

compensation topologies, which are PP, PS, SP and SS, where these four topologies have 

different values of the reflected impedances. The primary compensation capacitors for the 

reflected impedances are analyzed in this section. The second source is radiation and ohmic 

losses. The radiation loss is proportional to the fourth power of the operating frequency and the 

ohmic loss is nearly proportional to the square root of the frequency [62, 100]. The ohmic losses 

are caused by skin and proximity effects, which are the dominant parts of losses. The radiation 

loss is negligible in this type of WPT system (non-radiative) because the ratio of the perimeter of 

the primary and secondary coil to the wavelength of the electromagnetic field is usually less than 

one-tenth. Our WPT system is based on the near field region operation [100-101]. 

6.2.1 Reflected impedance  

   The reflected impedance is a measure of how much of the actual load of the secondary circuit 

is seen by the primary coil (LP). It is a function of the mutual inductance (MSP) between the coils, 

the operating frequency, and the distance between the coils [102-103]. The mutual inductance 

and the reflected impedance increase when the coils are closer to each other [102]. The reflected 

impedance causes: (1) a shift of the resonant frequency of the WPT system; (2) changing in the 

amount of applying current (IP) to the primary coil (LP), which is affected by the position of the 

secondary coil; and (3) an increase of the required VA rating of the DC power supply [103-104]. 

The primary capacitor (CP) is designed to compensate both the primary coil and the reflected 

impedance to achieve the magnetic resonance. At the magnetic resonance, the zero phase angle 

of the primary circuit occurs and the maximum power transfer is achieved with minimum VA 

rating of the power supply [60].  
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   Fig. 41 shows the four basic topologies (SS, SP, PP and PS) for the LCWPT systems and the 

primary circuits with the reflected impedance. The primary series compensation topologies (SP 

and SS) are independent of the load (RL), which is a desirable property particularly when the 

loading profile of WPT system is variable [105]. However, the primary parallel compensation 

topologies (PP and PS) depend on the coupling coefficient (k) and load resistance (RL) [57]. 

Since the required primary compensation capacitance of the SP topology depends on the 

coupling coefficient (k), the use of SS compensation is recommended for a high coupling WPT 

system for moving objects (secondary coil; like vehicles) [60, 106]. Table 15 lists the required 

primary compensation capacitance of the four topologies and the value of the reflected 

impedance at the magnetic resonance [60, 105]. For a general analysis, a normalized primary 

capacitance is defined as the primary compensation capacitance divided by the primary 

capacitance, which is determined by equation (39), as listed in Table 15.  

𝐶𝑃𝑛 =
𝐶𝑃

𝐶𝑆𝐿𝑆

𝐿𝑃

 
 

(39) 

𝑤𝑜 = 
1

√𝐶𝑆𝐿𝑆

=
1

√𝐶𝑃𝐿𝑃

 
(40) 

 

        
(a)                                                                             (b) 

Figure 41: Modelling WPT system of four topologies; (a) four topologies, (b) primary circuits with reflected 

impedance. 
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TABLE 15: PRIMARY CAPACITANCE (CP), NORMAL PRIMARY CAPACITANCE (Cpn) AND 

REFLECTED IMPEDANCE (ZR) OF THE FOUR TOPOLOGIES 

Topology Primary capacitance Normal primary capacitance Reflected impedance at 

resonance 

SS                     𝐶𝑃 =
1

𝑤𝑜
2𝐿𝑃

                   (41)                  𝐶𝑃𝑛 = 1        (45)  

𝑍𝑟 =
𝑤𝑜

2𝑀𝑆𝑃
2 

𝑅𝐿 
+  𝑗 0 

(49) 

PS     𝐶𝑃 =    
𝐿𝑃

(
𝑀𝑆𝑃

2𝑤𝑜2

𝑅𝐿
)2+𝑤𝑜

2𝐿𝑃
2
            (42)                      𝐶𝑃𝑛 =

1

𝑄𝑆
2𝑘4+1

      (46)   

PP 
  𝐶𝑃 =

(𝐿𝑃−𝑀𝑆𝑃
2/𝐿𝑆)

(
𝑀𝑆𝑃

2𝑅𝐿

𝐿𝑆
2 )2+𝑤𝑜

2(𝐿𝑃−𝑀𝑆𝑃
2/𝐿𝑆)2

   (43)    𝐶𝑃𝑛 =
1−𝑘2

𝑄𝑆
2𝑘4+(1−𝑘2)

     (47) 𝑍𝑟 =
𝑀𝑆𝑃

2 𝑅𝐿

𝐿𝑠
2 

−

 𝑗 
𝑤𝑜𝑀𝑆𝑃

2 

𝐿𝑆
 (50) 

SP        𝐶𝑃 =
1

𝑤𝑜
2(𝐿𝑃−𝑀𝑆𝑃

2/𝐿𝑆)
                (44)         𝐶𝑃𝑛 =

1

1−𝑘2          (48) 

   The value of the coupling coefficient of biomedical devices ranges from 0.1% to 10% [1-2, 87] 

and our application device (stimulator/EEG) has a variable loading (impedance) profile, as 

described in Section 4.7. In order to investigate the effects of the coupling coefficient and the 

load on the primary compensation capacitance of the four topologies, the parameters of the 

primary and the secondary coils, listed in Table 16, are used to investigate the LCWPT 

performance. Fig. 42 shows the required primary capacitance (CP) and the normal primary 

capacitance (CPn) versus the coupling coefficient (k). The values of the primary capacitance (CP) 

for parallel compensations (PP & PS) decrease with increasing the coupling coefficient. The 

required parallel compensation capacitances at 10% of the coupling coefficient (k) drop by 100 

pF from the required value at 0.1% of k, as shown in Fig. 42 (a). The normalized primary 

capacitance of using the SS topology is constant, as shown in Fig. 42 (b). At 10% of the coupling 

coefficient, the normalized primary capacitance of using the SP topology increases by 1% from 

the value of the normalized primary capacitance at 0.1% of k. However, the normalized primary 

parallel capacitances (PP and PS) at 10% of k decrease by 12% from the value at 0.1% of k, as 

shown in Fig. 42 (b). Fig. 43 shows the required primary capacitance (CP) versus the resistor 

load (RL). The primary capacitances of using the series compensations (SS & SP) are constant 

with changing the resistor load (RL). However, the primary parallel compensation capacitances 

(PP & PS) decrease when increasing the resistor load (RL). This concludes why the primary 

series compensations (SS & SP) are preferred for variable load and low coupling coefficient of 

LCWPT systems. 
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(a)                                                               (b) 

Figure 42: Primary capacitance of the four topologies versus the coupling coefficient; (a) primary 

compensation capacitance, (b) normalized primary capacitance. 

 
Figure 43: Primary capacitance of the four topologies versus load (RL).  

   Since the mutual inductance (MSP) of the LCWPT systems is very small and the resistor load of 

the secondary circuit (RL) is in the range of 5-10 kΩ [1-2, 53], the magnitude of the reflected 

impedance (Zr) at the resonance of the secondary series compensations (SS & PS) is negligible. 

Moreover, there is no imaginary component of the reflected impedance at the resonance of using 

the secondary series compensations, as shown in Table 15. However, the reflected impedance at 

the magnetic resonance of using the secondary parallel compensations (PP & SP) can be 

considered with respect to the used RL, and it has a small imaginary value that can be 

disregarded. With respect to Figs 42-43 and Table 15, the primary series compensation (SS/SP) 

is suitable for our LCWPT system, where the primary coil (LP) can be tuned out independent of 

either the magnetic coupling (k) or the load (RL). The choice between the two primary series 
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compensation strategies (SS and SP) would depend on various factors such as efficiency, its 

tolerance to variable frequencies, and the desired power levels of operation, as described in 

Sections 6.4 and 6.5. 

6.2.2 Designing High Quality Coils 

   The coils used in LCWPT for biomedical applications are desirable to have a low ESR to 

reduce the power dissipation. At higher frequencies, both skin effect and proximity effect 

increase the ESR and cause additional power dissipation. The ESR is given by [87]: 

𝐸𝑆𝑅 =  
𝑅𝐴𝐶

(1 − 𝑤2𝐿𝐶𝑠𝑒𝑙𝑓)2
 

(51) 

where, RAC is the AC resistance of a coil, Cself is the equivalent parasitic capacitance of a coil. 

The AC resistance is derived as [87, 99]: 

𝑅𝐴𝐶 = 𝑅𝐷𝐶(1 +
𝑓2

𝑓ℎ
2)       

(52) 

where, RDC is the DC resistance of the coil, and fh is the frequency at which power dissipation is 

twice the DC power dissipation and is given by [73, 87]: 

𝑓ℎ =
2√2

𝜋𝑟𝑠2µ𝑜𝜎√𝑁𝑡𝑁𝑆𝑡υ𝛽
       

(53) 

where, rs is the radius of an individual strand, µo is the permeability of the conductor, σ is the 

conductivity of the conductor, Nt is the total of turns, Nst is the number of strands, υ is a 

parameter defined to characterize a coil’s geometry properties, and 𝛽 is the area efficiency 

defined as the ratio of the total conducting area over the cross section of the winding. To 

optimize the power efficiency of the LCWPT systems, fh should be as high as possible. In 

practical coil design, the power dissipation from the proximity effect is not the major concern 

when the fh is higher than the operating frequency [87].  

   The efficiency of the two coils of the LCWPT systems is proportional to the quality factors of 

the coils (QP & QS) and quadratic of the coupling coefficient (k), as explained in equation (37). 

While the coupling coefficient is limited in LCWPT systems, the main focus is increasing the Q 

of the coils to improve the efficiency. The definition of the Q for the WPT systems agrees with 
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the intuition that a high quality resonator is one that does not dissipate much energy at resonance 

[107], which is a very important requirement for implantable biomedical devices. 

   The quality factor is a function of parameters and properties of the coils. These parameters 

need to be investigated to achieve a high Q factor for the primary and secondary coils (QP & QS). 

They are explained as follows: (1) Wire property: Litz wires are commonly used to reduce the 

AC resistance of wire (RAC). Analytical models of winding losses using the Litz wire are 

presented in [108-109]. There are parameters that are used to determine the type of Litz wire, 

such as the operating frequency, diameter, and resistance [110]. For our purpose of the LCWPT, 

the range of our operating frequency is from 1 MHz to 3MHz, where no biological effects have 

been reported, and tissues have lower absorption for low-frequency RF signals compared to 

high-frequency signals [111]. This restricts our choice of wire from AWG40 to AWG48 [112]. 

(2) Optimal frequency of the quality factor: Yang et al. characterized the quality factor of the 

coil versus the operating frequency, where fpeak represents the frequency at which a coil has 

maximum quality factor [87]. The Q of the inductor is a function of the frequency, and the band 

width of the quality curve that is defined by fh, as shown in equation (54). To reduce the AC 

resistance (RAC) of the coil, fh should be kept sufficiently high, as shown in equation (52). The 

quality factor is given by [87]: 

𝑄(𝑓) = 2𝜋𝑓
1−(

𝑓

𝑓𝑠𝑒𝑙𝑓
)2

𝑅𝐷𝐶(1+(
𝑓

𝑓ℎ
)2)

              
(54) 

where, fself is the self-resonant frequecy of an inductor. To obtain the fpeak, equation (54) is 

differentiated and set to zero. The fpeak is approximately given as [87]: 

𝑓𝑝𝑒𝑎𝑘
2 ≈ 𝑓ℎ

2||(𝑓𝑠𝑒𝑙𝑓
2/3)                         (55) 

   The heat dissipation in the biotelemetry applications represents a big concern for biotelemetry 

applications, so it is desirable to operate near the fpeak [87]. Also, Hu et al. recommended the 

secondary circuit to operate near to the fpeak, because the secondary circuit is too sensitive to the 

circuit parameter changes at the fpeak [113]. The bandwidth (BW) of the quality factor curve is 

defined in terms of its 3 dB attenuating of Qpeak [87]. As an example, Fig. 44 shows the quality 

factor curve of the secondary coil of the 4MFA configuration. The BW is defined as: 
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𝐵𝑊 = 
𝑓𝑝𝑒𝑎𝑘

𝑄
= 𝑓2 − 𝑓1 

(56) 

𝑓1 = 𝑓𝑝𝑒𝑎𝑘(√1 +
1

4𝑄2
− 

1

2𝑄
) 

 

(57) 

𝑓2 = 𝑓𝑝𝑒𝑎𝑘(√1 +
1

4𝑄2
+ 

1

2𝑄
) 

 

(58) 

where, f1 and f2 are the lower and upper cut-off frequency. (3) Number of strands: the number of 

strands of a coil controls the bandwidth of the quality curve and the fpeak. The Qpeak becomes high 

at low frequency (0.1-2 MHz) when the number of strands increases [87]. This is due to the fh 

increasing while decreasing the number of strands (NS), as shown in equation (53). The DC 

resistance (RDC) of a coil is much higher when fewer strands are used per winding [98]. (3) 

Number of turns: RamRakhyani et al. found that the Q of a coil increases when the number of 

turns per layer is less than 10 [112].    

 
Figure 44: Quality factor the 4MFA configuration versus frequency. 

6.3 Redesign Power Amplifier and Primary Coil  

   In order to transfer the power wirelessly, a sinusoidal alternating electromagnetic field is 

needed to be generated by the primary coil (LP). Signal generators are not sufficiently strong to 

drive the primary coil directly, hence a power amplifier is needed to generate a high sinusoidal 
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current (IP). The intensity of the electromagnetic field (B) is related to the amplitude of the 

applying current through the primary coil (LP). The generated magnetic flux density from a 

solenoid coil is given as [51]:  

𝐵⃑ =  
µ

𝑜
𝑁𝑃𝐼𝑃 × 𝑥̂

𝑙
 

(59) 

where, l is the length of the coil, and 𝑥̂ is a unit vector of the transmission distance along x-axis.                                           

   The inductance of the primary coil is compensated by either a series or a parallel capacitor. 

Both ways have their benefits and drawbacks, as explained in Section 6.2.1. The use of the 

primary series compensation in the amplifier circuit delivers a high applying current (IP) to the 

primary coil but lower applied voltage. The primary parallel compensation in the amplifier 

circuit maintains the need for a high output voltage of the amplifier, but the amplifier output 

current (IP) is lower [88]. The Class-E amplifiers are fitted with a double tuned circuit. The series 

resonance Class-E amplifiers feature a series tuned primary coil (LP) with a second capacitor in 

parallel with a switch. This offers an elegant solution as it combines the benefits of high voltage 

operation of a parallel resonance with the high current operation of a series resonance [88, 114]. 

This combination in the series resonance Class-E amplifier gives an advantage of the both the 

voltage and current ratings are designed to meet industrial regulation with the low cost of 

commercially available components [103]. The parallel capacitor bypasses the switch and takes 

up the larger part of the coil current (IP), and the series capacitor acts as an AC coupling 

capacitor that separates the switch from the coil [114].  

   Fig. 45 depicts the schematic diagram of series resonance Class-E power amplifier that 

resonates in series. It consists of a DC supply (VCC), a DC-feed inductor (LChoke), a switch 

(MOSFET), the ESR of the windings of the primary coil (RP), a parallel capacitor (Cpar) with the 

MOSFET, and a series resonant circuit (LP & Cser). The power losses of the amplifier are 

minimized at the operating frequency that is called the Class-E point or Class-E mode [97-114].  

   The efficiency is maximized by minimizing power dissipation of the Class-E power amplifier.    

This is achieved when the MOSFET voltage (VDS) or the voltage across the capacitor (Cpar) is 

zero, and its derivative should be zero at switch closure; otherwise there will be power losses due 

to the simultaneous large current through and voltage across the MOSFET [97, 115-116]. The 

operation of the Class-E power amplifier at the Class-E mode is described as follows. The output 
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current (IP) in the LP and Cser is sinusoidal with a frequency equal to the frequency of the 

MOSFET drive (VG). When the MOSFET switch is closed, the LP and Cser supply current back to 

the MOSFET (IP is negative), no current flows through Cpar and the voltage across the MOSFET 

switch is zero. The series resonant tank (LP and Cser) continues supplying current (IP is still 

negative), and this current also flows through Cpar resulting in a positive voltage across the 

switch when the MOSFET switch opens. When the current in the LP and Cser reverses (becomes 

positive), the charge on Cser supplies the current (IP) and reduces the voltage across the 

MOSFET. When the voltage across the MOSFET becomes zero, the switch is closed and the 

cycle is repeated. At the operating frequency (Class-E point), the phase angle between the output 

voltage and output current (IP) of the amplifier is close to 90°, and the voltage across the 

MOSFET (VDS) is zero with zero slope. This ensures that no large peak currents in the switch and 

the switching losses of the Class-E power amplifier are minimized [97]. A parallel diode is added 

between the drain and source of the MOSFET, as shown in Fig. 45. The antiparallel diode in the 

MOSFET turns on when the voltage crosses zero, before the oscillation waveform reaches its 

minimum. This diode protects the MOSFET from damage. This configuration is referred to as 

suboptimum operation [1-2]. 

 
Figure 45: Class-E power amplifier (series resonance). 

    Class-E power amplifiers have many parameters and variables that affect the performance of 

the WPT systems. The derivations of design equations are carried out for achieving the Class-E 

operation, which are described as follows. (1) The duty cycle (D) of the signal generator: the 

required DC supply voltage (VCC), increases when the duty cycle (D) decreases. Also, decreasing 

the duty cycle results in a reduction of DC supply current (ICC) and vice versa. Since the input 

DC power to the power amplifier is given by Pin= ICC∙VCC, the DC supply voltage (VCC) must be 

increased/decreased for a fixed applying current (IP) to the primary coil (LP) and a fixed output 

power (Pout). This presents a problem in low voltage battery operated systems [115, 117]. It is 
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preferred to set the switch duty cycle (D) as 50%, to draw reasonable VA ratings from the DC 

supply [97, 114-115] and to guarantee the voltage drain of the MOSFET (VD) will reach its 

minimum before the zero crossing of the IP [115]. (2) The inductance of the choke coil (LChoke) is 

large enough to neglect its current ripple. It is chosen to be three to ten times greater than LP [97, 

115]. (3) The MOSFET ON resistance is low enough, so the current and voltage waveforms 

remain almost unchanged [115]. It is recommended to use the MOSFET (IRF840) that supports 

fast switching; a VDS of up to 500 V and an IDS of up to 8 A [115-116]. (4) A suitable gate driver 

guarantees ruggedness and matching rise and fall time of the MOSFET and provides a high 

output current, so the gate driver (MIC4421) is recommended [1-2, 83]. (5) The parallel 

capacitor (Cpar): its value is affected by the reflected impedance and a parasitic capacitance of the 

MOSFET that is the drain-source (CDS) capacitor of the MOSFET [112, 118]. (6) The series 

capacitor (Cser) value depends on the properties (inductance, Q, ESR) of the primary coil (LP) 

[112]. (7) The quality factor (QP) of the primary coil: the operating frequency of the Class-E 

power amplifier is dependent on the quality factor of the primary coil, as shown in equations (60-

61). A number of researchers characterized the Class-E performance versus the quality factor of 

the primary coil as follows. The voltage across Cpar does not return to zero and additional 

harmonics are generated along with the fundamental component of IP when the value of the 

quality factor (QP) is too low. This performance of the Class-E power amplifier is denoted as too 

much damping. With too high QP (too little damping), the VDS swings below zero and does not 

damp sufficiently. This leads to placing the MOSFET in the inverted mode which causes the 

switch voltage (VDS) to have a negative peak below zero [97, 115, 120]. Under these conditions, 

the performance of the Class-E causes high power dissipation and breakdown of the MOSFET 

[120-121]. Since the quality factor of the coil is a function of the frequency, a suitable QP is 

required for minimum-loss operation of the Class-E power amplifier. It is recommended to use a 

high Q (> 80), with low ESR of the primary coil [51]. (8) The primary coil (LP) increasing the 

turns of the LP with reducing ESR will accomplish a high QP. This is achieved by using Litz wire 

to guarantee low ESR with more turns [97, 112]. A solenoid coil configuration is devised to meet 

care standards for rodents [1]. Our previous solenoid coil configuration with a separation of 15 

mm between the windings generates a uniform electromagnetic field within its volume [1-2]. The 

inductance and the quality factor of the previous coil are 27 µH and 60, respectively. The new 

designed solenoid (primary) coil is wrapped around the same cage with a separation of 5 mm (as 
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minimum) between the windings to minimize the stray capacitance between the windings and 

improve the QP, as shown in Table 16. The height of the new wrapped coil occupies 45 mm of 

150 mm of the cage to be able to monitor the rodent activity, as shown in Fig. 40.  

   We used COMSOL to compare the magnetic field distribution surrounding the 4MFA 

configuration of using the primary coil of the 15 mm and the 5 mm separation windings. A 

simulated current of 2.5 A (peak-to-peak) is applied through the primary coil windings. Fig. 46 

shows an x-y plane plot of the magnetic flux density distribution produced by the primary coil, at 

the middle of the cage. The line AB shown in Fig. 46, which passes through two ferrites on the x-

y plane, is used to plot the flux density. The magnitude of the flux density crossing the secondary 

coil at 0° orientation, along line AB is plotted in Fig. 47. As seen from Figs 46-47, the magnetic 

flux density produced by the primary coil using the new design (LP of 5 mm separation 

windings) is higher than when using the previous (LP of 15 mm separation windings). Hence, the 

induced voltage will be boosted and the received power by the secondary circuit will increase.   

 
            (a)                                                                 (b) 

Figure 46: Magnetic flux density; (a) plotted on the x-y plane within separation winding of 15 mm, (b) plotted 

on the x-y plane within separation winding of 5 mm. 

   The frequency of the Class-E power amplifier is dependent on the quality factor of the load 

network (primary coil) [97, 114-118, 120-121]. The resonant operating frequency (f) of the 

LCWPT is chosen as 1 MHz, with respect to the value of the QS & QP and the biomedical 

application limits [2, 118]. The numerical equations of Sokal are used to obtain the Cser and Cpar 

that are given as [120]: 

𝐶𝑝𝑎𝑟 =
1

2𝜋𝑓𝑅𝑃𝑟5.447
 

(60) 

𝐶𝑠𝑒𝑟 = (
1

(2𝜋𝑓)2𝐿𝑃
) (1 +

1.42

𝑄𝑃 − 2.08
) 

(61) 
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Figure 47: Waterfall plot of the magnetic flux density within the ferrite rods and the air space around them 

from the 5 mm and 15 mm separation primary windings. 

      The numerical values of the Cser and Cpar are 700 pF and 0.2 nF. The Multisim software is 

used to simulate the Class-E power amplifier with applying DC voltage (VCC) of 40 V. Fig. 48 

shows the output voltage, the switch voltage (VDS) and output current (IP) waveforms of the 

calculated capacitors (Cpar & Cser). The calculated value of the Cpar (0.2 nF) is large, so the Cpar 

could not be charged fast enough to achieve resonance in the coil voltage and current, as shown 

in Fig. 48. The researchers used different approaches to tune the Cpar of the Class-E power 

amplifier. Jourand et al. used a contraction factor (CF) to calculate the tuned Cpar as Cpar/CF. 

They chose CF as 40, so the tuned Cpar is 522 pF [118]. The output voltage and the switch 

voltage of using 522 pF have distortions, as shown in Fig. 48 (a). Then, they considered the 

parasitic capacitance (Cparmos) effect of the MOSFET (IRF840). Hence, they calculated the tuned 

Cpar as (Cpar/CF) is in parallel with Cparmos [118], so the tuned Cpar is 210 pF while the output 

voltage and the switch voltage of using the tuned Cpar (210 pF) have distortion also, as shown in 

Fig. 48 (a). We used a typical tuning approach that is developed by Sokal. The Cpar is adjusted to 

achieve the nominal VDS waveform, where increasing the Cpar moves the trough of the waveform 

upwards and to the right and vice versa [116]. Fig. 48 shows the simulation result of the Class-E 

amplifier using the suitable tuned Cpar (600 pF), where the highest output voltage and current 

obtained are about 2.5 kV and 8.8 A (peak-to-peak) respectively, with applying 40 DCV from 

the DC supply (VCC). 
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(a) 

 
(b) 

Figure 48: Simulation results of Class-E power amplifier (series resonance); (a) output and switch voltages, 

(b) output current (IP). 

   The Altium CAD software is used to design a PCB for the Class-E power amplifier. The traces 

of PCB were built to handle ∼8 A and ∼2.5 kV (RMS values). Equation (62) shows the 

calculated width trace (wt) of the PCB: 

𝑤𝑡 =
(

𝐼
0.048∆𝑇0.44)

−0.725

𝑡𝑝𝑐𝑏
 

(62) 
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where, I is the maximum current in RMS value (8 A), ∆𝑇 is temperature difference, and tpcb is 

the thickness of the PCB that is related to the amount of the copper covering the PCB.    

6.4 Improved LCWPT Experimental Setup 

   The tissue absorption loss increases with frequency, while a lower operating frequency yields 

better power transfer efficiency [49]. A higher operating frequency reduces the physical size of 

electronic components; however, the power efficiency would decrease due to the increase in 

switching losses [50]. In order to avoid the tissue and switch losses problems, the operating 

resonant frequency of the redesigned LCWPT system is chosen as 1 MHz. 

   The air core and 4MFA configurations of the secondary coil employ 48/15 AWG/strands Litz 

wire. The same number of turns per layer in the 4MFA configuration is used, which is 7 

turns/layer, however, we changed the number of the layers to three to improve the QS, as 

explained in Section 6.2.2. Fig. 49 shows the schematic diagram of the SIP (series and parallel 

resonance) for the air core and the 4MFA configurations.  

 
Figure 49: SIP configuration (series and parallel resonances). 

   The coil parameters (Q and L) of the primary coil, the air core and the 4MFA configurations 

are listed in Table 16, as measured using the HP 4285A LCR meter at 1 MHz. Ceramic 

capacitors (CS) with a high quality factor and a low ESR were used to achieve high quality factor 

resonance of the secondary circuit. A secondary capacitor (CS) of 1.180 nF is used to resonate the 

SIP at 1 MHz sharply. The quality factor (QS) of the secondary resonant circuit is given as [62]: 

𝑄𝑆 =
𝑅𝐴𝐶

𝑤𝑜𝐿𝑆
= 𝑤𝑜𝐶𝑆𝑅𝐴𝐶 

(63) 

   The resulting resonant frequency (1 MHz) and the LSCS-tank impedance (RLC) for each 

configuration are measured using the HP 4193A Vector Impedance Meter for series and parallel 

resonance, as listed in Table 16. 
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TABLE 16: PARAMETERS OF REDESIGNED THE SECONDARY COIL AND THE LC-TANK 

IMPEDANCE OF SIP CONFIGURATIONS 

Configuration L (µH) Q RLC (kΩ), parallel RLC (Ω), series 

Primary coil 38.5 165 - - 

Air core 22.4 36 4.3 12 

4MFA 21.4 45.5 4.7 15 

   A prototype of the redesigned LCWPT system for freely moving rodents was rebuilt, as shown 

in Fig. 50. The primary coil was wound around a rodent cage, as shown in Fig. 40 The output 

current of the Class-E (primary current (IP)) is measured by a current probe (Agilent N2893A), 

as shown in Fig. 50.  The output voltage and switch voltage (VDS) of the Class-E power amplifier 

are measured by high voltage probes, as shown in Fig. 51. 

6.5 Improved LCWPT Experimental Results 

   Experiments with the air core and the 4MFA prototype SIP configurations were conducted to 

measure the received power transfer at the center and the edge of the cage. The WMS measured 

the DC induced voltage across the load (RL) and transmitted the data wirelessly to the base 

station, as shown in Fig. 25. Equation (30) calculated the received power that depends on the 

applying current (IP) and the SIP orientation, as shown in Figs 52-53. 

   In order to investigate the performance of the SIP of using series or parallel resonance, as 

explained in Section 6.2, the induced current (Iind) of the secondary circuit is calculated, which is 

given as [122]: 

𝐼𝑖𝑛𝑑 = 
𝑗𝑤𝑀𝑆𝑃𝐼𝑃

𝑍2
 

(64) 

where, Z2 is the impedance of the secondary circuit.  
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Figure 50: Experimental setup of improved LCWPT system. 

 
Figure 51: Outputs of Class-E power amplifier (series resonance). 
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   Under resonant conditions the capacitor and the inductor cancel each other and Z2 equals RLC. 

The RLC of the series resonance of the 4MFA is 15 Ω, however, the RLC of the parallel resonance 

of the SIP is around 5 kΩ. Consequently, the high induced current (Iind) of the series resonance is 

higher than the parallel resonance of the secondary circuit. However, we found that the rectified 

voltage (Vrec) of the series resonance of the secondary circuit (SIP) is low, in the mV range. 

Hence, the received power of the series resonance of the SIP is in µW range that is much lower 

than the parallel resonance of the SIP. Therefore, our experiments proceeded using the SP 

topology of the LCWPT.  

6.5.1 Redesigned Air Core Configuration 

   Fig. 52 shows the received power to the air core configuration when it is placed at the center 

and the edge of the primary cage. The air core uses a RL value of 5 kΩ to achieve impedance 

matching within the SIP itself. The maximum power received occurs at  0° orientation with an 

applied primary coil current (Ip) of 2.5 A. The maximum power transferred is 94.3 mW when the 

air core at the 0° orientation and at the edge of the primary cage, as shown in Fig. 52 (b). 

 
(a)                                                                              (b) 

Figure 52: Power received in the air core configuration of the redesigned LCWPT at; (a) the middle of the 

cage, (b) the edge of the cage. 

6.5.2 Redesigned 4MFA Configuration 

    Fig. 53 shows the power transferred to the 4MFA configuration at the center and the edge of 

the primary cage. The 4MFA configuration uses a RL value of 5 kΩ to achieve impedance 

matching within the SIP. The maximum power received is 395 mW, which occurs at the 0° 

orientation and at the edge of the primary cage, as shown in Fig. 53 (b).  
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(a)                                                                               (b) 

Figure 53: Power received in the 4MFA configuration of the redesigned LCWPT at; (a) the middle of the 

cage, (b) the edge of the cage. 

6.6 Discussion  

   The results of the air core and the 4MFA configurations are as expected. As the applied 

primary current increases the Vrec increases, leading to higher power transfer. As long as the 

orientation of the SIP increases beyond 0°, coupling is reduced, leading to lower Vrec, which 

becomes very small when  ≈ 90°.  

   In series compensation of the secondary circuit (SIP), the LSCS-tank acts as a short circuit. The 

induced voltage (Vind) is independent of the load and equals to the secondary open circuit voltage 

[103]. We found the induced current (Iind) of the 4MFA configuration with the matched 

impedance (15 Ω) was 30 mA, but the induced voltage was 468 mV when the applying current 

(IP) was 2 A (peak-to-peak). In parallel compensation of the secondary circuit (SIP), the induced 

current (Iind) is independent of the load [103]. The induced current of the 4MFA configuration 

with the matched impedance (5 kΩ) was 4 mA, and the induced voltage was 17 V when the 

applying current (IP) was 2 A. Therefore, the SS topology is not suitable for LCWPT systems; it 

is applicable for a large-scale application like vehicles to provide a high charging current.  

   The electromagnetic field generated by the primary coil covers the whole cage area, but the 

magnetic field at the center is weaker than at the edge. Therefore, the power transferred to the 

SIP is higher at the edge of the cage than at the center of the cage, as shown in Figs 52-53. The 

complete LCWPT system is characterized in terms of end-to-end efficiency (DC-Load), as given 

in equation (34). Table 17 summarizes the efficiency of the air core and the 4MFA 

configurations at the center and the edge of the primary cage. Fig. 54 shows the total efficiency 

(DC-Load) of our LCWPT system using the 4MFA configuration versus the operational frequency 
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(from the signal generator), with applying current (IP) of 2 A. The maximum efficiency is 

achieved at the edge of the cage when the magnetic resonant coupling is achieved at the resonant 

frequency (1 MHz), which is 14%. The efficiency drops gradually when the operation frequency 

deviates (increases/decreases) from the tuned point that represents the resonant frequency of the 

LCWPT. This is due to the fact that the required VA rating of the power supply increases 

dramatically when the operational frequency moves away from the tuned frequency [103]. The 

experimental results confirmed that the efficiency of WPT systems depends on the coupling 

coefficient, the quality factors of the coils, the distance and the orientation between the coils.  

 
Figure 54: Total efficiency of the redesigned LCWPT versus the applied frequency. 

TABLE 17: TOTAL EFFICIENCY (DC-LOAD) OF THE IMPROVED LCWPT 

 Configuration 1.0 A 1.5 A 2.0 A 2.5 A 

Cen. Edge Cen. Edge Cen. Edge Cen. Edge 

Air core, 0˚ 1.3 2.3 1.8 3.5 2.5 4.7 2.0 3.6 

Air core, 30˚ 0.8 1.7 1.4 2.7 1.9 3.5 1.6 2.8 

Air core, 60˚ 0.3 0.3 0.4 0.7 0.7 1 0.6 0.8 

Air core, 90˚ 0 0 0 0 0 0 0 0 

4MFA, 0˚ 4.8 8.9 6.6 12.7 7.6 14.1 7.5 14.1 

4MFA, 30˚ 4.2 8.2 5.7 10.9 6.7 12.7 6.8 12.7 

4MFA, 60˚ 1.4 2.7 2.1 4.1 2.5 4.7 2.6 4.8 

4MFA, 90˚ 0.01 0.04 0.03 0.1 0.07 0.13 0.07 0.16 
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   Our redesigned LCWPT system draws 180 mA and 12 V from the DC power supply to provide 

the primary current (IP) 2.5 A (peak-to-peak). The DC VA ratings of using this design LCWPT 

system are lower than the previous system of Chapter 4 (Pin is lower). The received power (Po) 

increased using this design of the LCWPT system. Therefore, the total efficiency (DC-Load) of 

this design LCWPT system is higher than the previous LCWPT system (Chapter 4). We can 

operate our LCWPT with applying a current up to 2 A (peak-to-peak) only that draws 140 mA 

and 9 V from the DC supply. The redesigned LCWPT system can provide the needed power for 

the telemetry device (EEG/stimulator) with applying a primary current of 2 A. This design 

LCWPT system can be powered by a portable (external) battery. 
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Chapter 7: Controlling WPT by Tuning and Detuning Secondary Resonance 

7.1 Introduction 

   One of our objectives of this thesis is powering multiple telemetric devices continuously that 

are implanted subcutaneously in rats or mounted on mice head. Fig. 55 shows freely moving 

multiple mice in one cage (primary coil), the telemetric device is placed on the head of a mouse. 

During building our WPT system for rodents, we observed some problems that cause a resonant 

frequency mismatch in WPT systems. Researchers reported these problems: (1) The loading 

effect, where McCormick et al. reported the loading effect causes mismatch of the resonant 

frequency of the WPT systems [70]; (2) The temperature effect, where Wang et al. found that the 

high induced voltage generates the higher temperatures in the implant that affects the secondary 

capacitor (Cs) and creates the resonant frequency mismatch of the LSCS-tank circuit [103]. Also, 

this increasing heat in the implant may cause a detrimental effect on the tissue in the long term, 

and may damage the electronic components of the telemetric devices (electronic heating 

problem) [62, 123]; (3) In the case of multiple secondary circuits within the same primary coil, 

mutual coupling may develop between the secondary coils. This mutual coupling will cause 

mismatch of the resonant frequency of each secondary circuit (telemetric device) [124]. 

   A description of a literature review that illustrates how the resonant frequency mismatch is 

solved is referred to in Section 7.2. In this Chapter, we designed a novel scheme to remedy the 

electronic heating problems, and the resonant frequency mismatch between the primary coil and 

the RIDs. Furthermore, this novel scheme allows for the use of multiple secondary circuits 

(telemetric devices) to operate within a single primary coil, since each secondary circuit can 

tune/detune its resonant frequency independently of the others. 
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Figure 55: WPT concept for multiple rodents, with a primary coil wrapped around a mouse housing cage. 

7.2 Literature Survey 

   A number of researchers investigated the WPT systems to eliminate the resonant frequency 

mismatch between the primary circuit and secondary circuit. The researchers used WPT systems 

for either large applications (received power higher than 10 W) or small applications (power 

transferred lower than 10 W).  There are two main approaches used to control the WPT system. 

The first main approach is to control the primary circuit with respect to the secondary circuit. 

Dissanayake et al. designed a WPT system based on magnetic resonance for implantable medical 

devices in a sheep. Their WPT system was controlled using a variable capacitance in the primary 

tank circuit, which is used to adjust the resonant frequency. Their variable capacitance is 

achieved using switched capacitor control; however, the frequency of the secondary resonant 

tank is fixed [125]. Ng et al. built an adaptive controller using back telemetry (load modulation 

technique) to tune the resonant frequency of the primary (transmitter) coil; however, the resonant 

frequency of secondary tank circuit (retinal prostheses) is fixed [126]. Brusamarello et al. used 

two microcontrollers (MCUs), where one works with the primary circuit and the other MCU is in 

the secondary circuit. The MCU of the primary circuit initializes a communication link with the 

MCU of the secondary circuit. Thus, the control system on the primary circuit starts a scan 

frequency synchronized with the measurements of received power over the load of the secondary 

circuit. At each frequency point, a measurement of power is performed on the secondary circuit. 
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This measurement is sent by a wireless link to the primary circuit, and the algorithm scans for the 

optimum operation point, and adopts it as the resonant frequency [127]. Si et al. developed a 

frequency control method that is used for regulating the operating frequency of the primary 

driver circuit (Class-E power amplifier), with respect to the measured feedback resonant 

frequency of the implantable devices (left ventricular assist devices (LVAD)) [128].  

   The second main approach is to control the resonant frequency of the secondary circuit of the 

WPT system. Boys et al. designed a short control scheme that is the most well-known control 

technique used in the IPT. The controlled secondary circuit of the short control consists of a 

LSCS-tank, a switch (S), a rectifier, a freewheeling diode (D), a DC inductor (LDC), and a DC 

capacitor (CDC), as shown in Fig. 56. The short control works like a buck converter that uses a 

switch to control the average load current through hysteresis or pulse width modulation (PWM) 

[122]. Hu et al. designed a phase-controlled variable inductor to tune/detune the secondary coil, 

based on a short control scheme, as shown in Fig. 57. They built the phase-controlled inductor 

(L) based on two semiconductor switches (S1 and S2) to improve the power efficiency of their 

IPT system. The inductor (L) was controlled by the two series switches (S1 and S2), so the 

equivalent inductance would become variable. The AC inductor current (IL) followed in both 

directions, as a result of the switches (S1 and S2) and their anti-parallel diodes. The IL increased 

gradually in one direction when both switches (S1 and S2) were turned on, and zero current 

switching (ZCS) turn-on operation occurred. The ZCS turn-off operation was achieved when the 

inductor current was detected and the switch was only turned off when its anti-parallel diode is 

on [113]. This causes power losses to the IPT systems and decreases the overall efficiency of the 

system. The IPT system suffers severely from this inefficient operation particularly under 

no/light load conditions [129]. The short current occurs when the switch is on, which produces 

dangerous high current that causes the switching devices to fail [130].  

 
Figure 56: Short control scheme used in the secondary circuit [122]. 
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Figure 57: Secondary circuit with a phase controlled inductor [113]. 

   James et al. used a variable inductor circuit within the LSCS-tank, which consists of a tuning 

inductor (L2), two switches, two diodes, and a compensating capacitor (C2). The two switches 

were controlled by a PLL scheme. The variable inductor circuit was connected in parallel with 

the LC-tank, where the current through L2 was balanced by the current through C2 in the normal 

operation. The PLL controlled the resonance of the secondary circuit when the current through 

L2 changed (increased/decreased). Their variable inductor circuit kept the resonance of the 

secondary circuit by varying the current in the tuning inductor (L2) and the compensating 

capacitor (C2) [131]. Si et al. designed a dynamic tuning/detuning (DTD) control technique that 

dynamically changed the tuning/detuning condition of the secondary circuit with respect to the 

required voltage to power the load (application device). It is achieved by deliberately putting a 

soft switched capacitor (C) parallel to the secondary capacitor (Cs), as show in Fig. 58. The 

output voltage is used as a feedback signal to determine the turn on/off time of the soft switch 

and thereby achieves the required equivalent capacitance. The DTD process is divided into four 

segments: initial, discharging, charging, and final segment. Based on analytical analysis of each 

segment, an iterative method is used to obtain a numerical solution for the detuning operating 

frequency [132]. There are some challenges with the DTD method as follows: The relationship 

between the tuning capacitance and the output voltage is bell shaped; therefore, it can result in 

two possible operating points with one being in the over tuning region and the other in under 

tuning region [133]. It is insufficient to use the DTD method to achieve maximum power transfer 

when the operating frequency shifts to the other region due to circuit parameter variations. It may 

track in the wrong direction and fail to control the output voltage [134]. Covic et al. built a self-

tuning WPT system. They used a binary series of capacitors (C, 2C, 4C, 8C) that were switched 

via relays wired across the secondary LC-tank (LSCS), as shown in Fig. 59. Their binary series 

capacitors were added to tune the secondary LC-tank. The equivalent capacitance value from 

adding the tuning capacitors is big, in the range of µF that is suitable for high power applications. 
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Their WPT system was used in materials handling applications that require 500 W [135]. Hsu et 

al. designed a system using an inductor-capacitor-inductor (LCL) that is based on a transformer 

in the secondary circuit, as shown in Fig. 60 [133]. Hsu et al. discovered that their control 

approach (LCL) is restrained by the tuning step. A larger step change in the inductance often 

causes chattering of the output voltage. Although the chattering effect can be reduced by using a 

smaller step change in the inductance, it causes the overall response to be sluggish. They 

remedied this problem by designing a fuzzy logic controller to make the overall response fast 

[134].  

 
Figure 58: Schematic of DTD technique [132]. 

 
Figure 59: Schematic using relay to tune the secondary circuit [135].  

 
Figure 60: Using a transformer in the secondary circuit [133].  

   Huang et al. designed a fast switching control topology to regulate the power flow by adjusting 

the equivalent ac output voltage of the LCL network using two diodes and two switches (S1 and 

S2) in the secondary circuit. Their IPT system was used for vehicle applications, where their 
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received power of the secondary circuit was 2.5 kW. The idea of their topology is similar to the 

traditional controlled rectifier to regulate the average output current through the rectifier, while 

allowing variance in mutual coupling. Fig. 61 shows their designed secondary circuit, the series 

tuning capacitor (Cseries) and CS are used to achieve the resonance of the secondary circuit, the 

values of L2 and C2 are designed to accommodate the extra inductance introduced by the 

nonlinear effect of the rectifier to minimize the current in the secondary coil (LS) [136]. Pantic et 

al. built a tri-state boost converter in their secondary circuit, as shown in Fig. 62. Their WPT 

system was used for vehicle applications, where the received power was 10 kW. They used a 

freewheeling period to control the reactive power reflected into the secondary resonant tank 

circuit (including rectifier circuit) by appropriately partitioning the freewheeling period [137]. 

Hsu et al. used the DTD control technique that was designed by Si et al. in [132], where the 

switch is connected in series with a tuning/detuning capacitor, which are connected in parallel 

with the secondary LSCS-tank circuit, as shown in Fig. 58. The objective of their approach is to 

control the power flow of the LSCS-tank circuit by either increasing or decreasing the 

tuning/detuning capacitance. The value of the tuning/detuning capacitor is big, in the µF range. 

The generated signal from the controller is denoted as a switching signal that controlled the 

effective tuning/detuning capacitance using different values of the duty cycle. The switch signal 

controlled the charging and discharging of the capacitor (can either be a unidirectional or 

bidirectional switch). They used a PI controller [138]; however, the PI controller was incapable 

of performing control over a bell-shape relationship between the tuning/detuning capacitance and 

the induce voltage, and the chattering effect, as explained in [139]. The performance of the 

controller is dependent on two major factors: the tuning/detuning step-size and the sampling 

frequency. Therefore, they used the fuzzy logic controller to overcome the limitations of the PI 

controller and make the system response fast [135]. The designed WPT systems by Hsu et al. 

[133-134, 138-139] are used for vehicle applications. 

 
Figure 61: Using fast switching in the secondary circuit for circulating the induced current [136].  
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Figure 62: Tri-state boost in the secondary circuit [137].  

   Although the presented research of Hsu et al. is able to overcome all of the drawbacks of the 

previous solutions, some issues still remain. Namely, the nonlinearity, the slow dynamic, and the 

bulkiness of the transformer as the variable inductor are significant limitations of the proposed 

approach. Also, their design depends on complicated control algorithm using the fuzzy logic, for 

selection of a sampling frequency and step size [140]. 

   Petersen designed a tuning WPT for biomedical applications, with efficiency of 0.7%. He used 

a switching capacitor circuit that was switched by MOSFETs to change the capacitance of the 

secondary circuit, as shown in Fig. 63. The switched capacitors Ca1/Ca2 are small with respect to 

un-switched capacitors Cb1/Cb2, the effective range of the variability is small, and vice versa. The 

controller was used to switch the MOSFETs and control the timing of the MOSFET switching 

using different values of duty cycles. The control of the timing on the MOSFET switching 

allowed a continuously variable capacitance, where the minimum capacitance occurs with 50% 

duty cycle, and maximum capacitance happens with 100% duty cycle [141]. Riehl et al. designed 

a resonant WPT that uses parallel series resonant secondary capacitors (Ca and Cb) with an open-

circuit impedance (Zoc) adjustment by a switching capacitor (CD), as shown in Fig. 64. The 

capacitor (CD) was switched to adjust Zoc to reduce the induced voltage. The switching capacitor 

changed Zoc that also changed the reflected impedance seen by the primary coil, so the switching 

capacitor (CD) regulated the induced voltage [142]. Yung-Chih et al. designed multiple wireless 

power receivers using a programmable power path. Their system depends on a linear low 

dropout regulator (LDO), where the LDO input voltage (rectified voltage) was controlled very 

close to the LDO output voltage. The rectifier voltage (Vrec) can be higher than the regulator 

output that made the power transfer very inefficient through the LDO. Therefore, a switching 
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mode regulator (SMPS) was applied for better efficiency when the voltage step down ratio is 

large [143]. 

 
Figure 63: Designed tuning secondary circuit using switched capacitors of [141].  

 
Figure 64: Controlling open circuit impedance of the secondary circuit of [142].  

7.3 Limitation of Other Approaches of the Literature 

   In the various other schemes described in the literature, there are limitations of their approach, 

and they differ from our proposal. For the control schemes that control the primary circuit 

resonant frequency [125-128], these are not suitable for maintaining the resonance with multiple 

secondary coils within one primary coil. If there are multiple secondary coils in a single primary 

coil, each secondary circuit may have a slightly different resonant frequency that varies in time, 

for various reasons. The resonant frequency of each secondary circuit (RID) shifts as a result of 

the mutual inductance effect between the implants, and possible heating effects that change 

capacitance or inductance properties. Hence, by controlling the resonance of the primary circuit 

(power amplifier), it cannot keep the resonance of all the secondary circuits. In such a scenario, it 

is preferable to control the resonant frequency of each freely moving RID and fix the resonant 
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frequency of the primary circuit. Another limitation of tuning/detuning the primary circuit is the 

use of continuous switching, which can cause a large power loss due to switching, and the 

resultant surge currents that can damage the switching devices [133, 144]. 

   The control schemes described for tuning/detuning the secondary circuit in [113, 122, 131, 

133-139, 142-143], are more suitable for WPT systems for large scale applications like wireless 

charging of vehicles.  This is because much higher power transfer levels are involved, the needed 

tuning/detuning inductor occupies a large volume, and the tuning/detuning capacitor value is 

large, in the range of µF. The control schemes of the secondary circuits in [133-134] are 

complicated, and have a slow dynamic response when tuning/detuning secondary circuits, which 

causes a sluggish response [140], and is not suitable for fast application devices (such as rodent 

movement). The limitation of using the DTD method [132] is that any change in the parameters 

of the secondary circuit affects the operation of the four segments and creates a resonant 

frequency mismatch. The WPT method using relays [135] is not suitable for biomedical (small 

size) applications since the relay occupies large volume. Also, the relay requires a high operating 

current to turn on, which represents a problem for low power applications (telemetry devices). 

Petersen claimed that his WPT system is used for biomedical applications [141]. However, the 

maximum received power of his secondary circuit (Fig. 63) was 15 W, which is considered high 

power for implant applications. Also, Petersen’s WPT system is AC-AC, where the input to the 

primary circuit is AC power, and the output power of the secondary circuit is AC power. Since 

there is no rectification on the secondary circuit, DC power is not available which prevents the 

use of digital electronics needed for telemetry acquisition, signal processing, and digital 

communication. The WPT system of Riehl et al. (Fig. 64) [142] depends on controlling the 

reflected impedance of the secondary circuit seen by the primary circuit. Their WPT system is 

suitable for large WPT applications that have high coupling coefficient. But their WPT system is 

not suitable for the small WPT applications, such as LCWPT systems for biomedical devices. 

This is due to the reflected impedance of the secondary circuit is a function of the coupling 

coefficient, which can be neglected in LCWPT system, as described in Section 6.2.1. Also their 

designed secondary circuit might likely have a floating ground problem because of the 

connection of the switching capacitor (CD) with the full bridge rectifier, as it is explained in 

detail in our design of the controllable LCWPT, in Section 7.5.1.  
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7.4 Methodology for Our Controllable LCWPT 

   There are two main approaches to control the LCWPT system to adjust the magnetic resonant 

coupling between the primary circuit and the secondary circuit(s). These two approaches are: (1) 

Controlling the resonance of the primary tank circuit with respect to the secondary circuit; (2) 

Controlling the resonance of the secondary tank circuits with respect to the primary circuit. The 

first approach is not applicable when using the multiple secondary circuits (RIDs) in a single 

primary coil, because of the potential resonant frequency differences and changes of the RIDs, as 

a result of mutual inductance effect between the implants, and possible electronic heating that 

change capacitance or inductance properties. Even if we control a telemetric device (secondary 

circuit) within a primary coil, the first approach is costly and complicated, where we need a 

feedback system to communicate from the secondary circuit to the base station, to control the 

resonance of the primary circuit. Our proposed technique is based on the second approach that 

tunes/detunes the resonant frequency of the secondary circuit(s), in order to match it with the 

steady resonant frequency of the primary circuit.  

   Our proposed controllable LCWPT system will meet two conditions: (i) Tuning the secondary 

circuits (RIDs) to achieve the magnetic resonant coupling with the primary circuit, in cases 

where resonant frequency mismatch occurs because of the mutual coupling effect from the 

multiple RIDs, from the heating effect on the LSCS-tank circuit, or from poor orientation between 

the secondary coil and primary coil; (ii) Detuning the secondary circuits (RIDs) to deviate the 

magnetic resonant coupling between the primary circuit and the RIDs when the secondary coil 

(LS) induces high voltage that increases the temperature in the RID. This rising temperature 

creates electronic heating problems for the telemetric devices. Note that in our approach, we 

assume that nominal operation of the telemetric device occurs when the RID is oriented in a 

semi-favorable (limiting operation state) orientation between the secondary coil and primary coil. 

   We used the 4MFA configuration that acts as a LSCS-tank circuit in this Chapter. A number of 

experiments were done to validate our proposed tunable LCWPT system. One experimental 

setup was built to investigate the power transfer amounts at various orientations of the secondary 

coil with respect to the primary coil. Another experiment was done to characterize the power 

curve (received power versus frequency) of the secondary circuit, by adding and removing 

capacitors within the LSCS-tank circuit. This helped to establish the relationship between the 

capacitor values needed to tune or detune the secondary circuit operating (resonant) frequency by 



112 
 

 

specific amounts. Another experiment was done to determine the utility of using a MOSFET 

based switch within the LSCS-tank of the secondary circuit, while it operates within the primary 

electromagnetic field. Another experiment was done to investigate the mutual coupling effect 

between multiple secondary circuits within the same primary coil. 

   As we carried out this work, we designed a few different configurations to tune/detune the 

resonance of secondary circuits in a controllable manner. Most of these previous controllable 

secondary circuit configurations will work outside a primary electromagnetic field; however, 

they do not work within a primary electromagnetic field, as described in Section VI.A. We have 

included them here as a point of reference, to explain how we ultimately developed the working 

controllable LCWPT system proposed in this thesis.   

7.5 Design of the Controllable Secondary Circuit 

   We designed our secondary (LS) with a high quality factor (Q), shown by the sharp power 

curve (received power versus frequency) of Fig. 68 (a). The high Q coil gives a narrow 

frequency band which makes the secondary circuit sensitive to the operating frequency of the 

primary circuit, where the secondary resonant frequency is defined by its LSCS-tank circuit [141].  

The secondary load is the collection of all application circuits (i.e. MCU, radio, etc.) on the 

secondary that consume power. Any extra (excess) power received by the secondary circuit 

increases the heat in the RID that causes electronic heating problems for the telemetric devices. 

Moreover, this increasing heat may affect the capacitance CS of the LSCS-tank depending on the 

dielectric material of the capacitors [145-146], leading to resonant frequency shift.  

   The resonant frequency of our RID (secondary circuit) is a function of the LSCS-tank circuit. 

The proposed controller technique tunes/detunes the secondary resonance by adding/removing 

capacitor in parallel with the secondary capacitor (Cs), to change the overall capacitance value of 

LSCS-tank circuit. There are two different modes of operation achieved by adding/removing 

capacitor as follows: (1) Adding/removing (by electronic switching) small capacitors in range of 

10-70 pF for fine tuning the resonant frequency of the secondary circuit. These small capacitor(s) 

tune the secondary circuit when the resonant frequency deviates due to the mutual coupling 

effect from the multiple secondary circuits, or due to the temperature effect; (2) 

Adding/removing (by electronic switching) large capacitors in the range of 100-800 pF to detune 

the RIDs (implants) when the temperature of the RID increases because of excessive received 
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power by the secondary coil due to favorable orientation between the primary and secondary 

coils. Experiments were done with different secondary circuit prototypes to determine the 

appropriate capacitor values corresponding to appropriate shifts in resonant frequency, as well as 

determining appropriate MOSFETs to be used as switches, as explained below. The main 

features of these capacitors are high Q and low ESR, where its dielectric material is independent 

of temperature and its voltage coefficient is constant over different applied voltages. We found 

that the NP0 dielectric material has these features in the ceramic capacitors [145]. 

7.5.1 Initial Designs  

   As explained in the methodology, we want to be able to add or remove capacitor within the 

LSCS-tank, upon command. Initially, we used MOSFETs to switch open/close capacitors (CD1) 

that are in parallel to CS, as shown in Fig. 65 (a, b and c). Our baseline design for the controllable 

secondary circuit (telemetric device) contains the LSCS-tank, the switching system (MOSFETS 

and capacitors), a rectifier bridge, the application secondary load, and a tuning/detuning 

controller that measures the rectified voltage (Vrec) and controls the switching system by a MCU. 

We used the Nordic MCU (nRF24LE1-F16Q24) that is used for the WMS, as described in 

Chapter 5.  

   As shown in Fig. 65 (a, b, and c), the MOSFET is connected in series with a tuning/detuning 

capacitor (CD1), with both connected in parallel with the CS capacitor. A DC control signal 

(high/low value of 3 V or 0 V, respectively) is supplied from the MCU to the MOSFET gate (G) 

via a wire. In Fig. 65 (a) the capacitor is connected to the drain (D) of the MOSFET, whereas in 

Fig. 65 (b) the capacitor is connected to the source (S) of the MOSFET. Both configurations of 

Fig. 65 (a and b) operate well outside an electromagnetic field, and the measured resonant 

frequency shift of the secondary circuit follows theoretical predictions. However, these 

configurations do not work properly when the secondary circuit is placed within the primary 

electromagnetic field. Upon further analysis, we found there a floating ground problem. As 

evident in the circuit diagram of Fig. 65, the LSCS-tank is AC (Vind sinusoidal), while the MCU 

and application load are DC, where both halves of the circuit are separated by the full-wave 

bridge rectifier and buffer capacitor (Csmooth). The problem occurs because we are controlling the 

gate of the MOSFET with a DC control signal from the MCU, but the source and drain of the 

MOSFET are exposed to AC conditions. This creates a floating ground problem for the 

MOSFET operation, causing erratic operation. In order to overcome this problem, we decided to 
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use a half-wave bridge (voltage doubler) rectifier, which provides a common ground on the AC 

side (Vind sinusoidal) and DC side of the secondary circuit, as shown in Fig. 65 (c). Using a half-

wave bridge (voltage doubler) rectifier is very unusual for rectification of AC power, since it has 

a lower efficiency than full-wave bridge rectifiers (about 30% less efficient), and nearly all 

systems do not use it. However, it has the value of a common ground that we need here. 

Therefore we used a half-wave bridge (voltage doubler) rectifier that consists of two diodes, a 

coupling capacitor (CC= 0.1µF), and a smoothing capacitor (Csmooth= 0.1µF), as shown in Fig. 65 

(c). In our initial attempt, we connected the tuning/detuning capacitor (CD1) to the source of the 

MOSFET, as shown in Fig. 65 (c); however, this setup does not work. This occurs since the 

capacitor effectively isolates the MOSFET from ground, and hence also creates the floating 

ground problem. This finally leads us to the correct design, as described in the next section 

below. 

 
(a) 

 
(b) 

 
(c) 

Figure 65: Switching capacitor techniques (not working); (a) using a full bridge rectifier, (b) using a full 

bridge rectifier with swapping the MOSFET and the CD, (c) using a half-wave bridge rectifier. 
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7.5.2 Working Design 

   For our proposed working system, we connected the tuning/detuning capacitor (CD1) to the 

drain of the MOSFET, while the source of the MOSFET is connected directly to the common 

ground, as shown in Fig. 66. This now provides the MOSFET with a common ground with 

respect to the MCU, allowing the control signal to effectively switch the MOSFET on/off. This 

is not intuitive, since it must use a half-wave bridge (voltage doubler) rectifier between the AC 

and DC side of the circuit, in order to operate the MOSFET via a DC control signal from a 

MCU.   

   The theory of operation of our proposed working system is now described: For achieving 

maximum power transfer, the resonant frequency of the secondary circuit (telemetric device) 

must equal the operating frequency of the primary circuit (1 MHz in our application). As 

previously explained, the resonant frequency of the secondary circuit may increase because of 

the heating effect [103, 146], which causes the secondary capacitor (CS) value to drop. In 

addition, the resonant frequency of the secondary circuit may decrease when the secondary 

inductance (LS) increases because of the mutual coupling of the multiple secondary circuits [103, 

105] within the primary field. This increasing inductance is denoted as ∆𝐿, the equivalent 

secondary inductance (Leq) due to the multiple secondary coils, and is given as: 

   𝐿𝑒𝑞 = ∆𝐿 + 𝐿𝑆 (65) 

 
Figure 66: Switching capacitor technique using half-wave bridge rectifier with grounding the source of the 

MOSFET. 

As a result of the multiple secondary circuits/RIDs, the total reflected impedance (Zrtot) from the 

multiple RIDs is given as [105]: 



116 
 

 

𝑍𝑟𝑡𝑜𝑡 = ∑𝑍𝑟𝑖

𝑛

𝑖=1

= 𝑛
𝑊2𝑀𝑆𝑃

22

𝑍𝑠
 

(66) 

where, n is the number of the RIDs in the cage. The equivalent mutual inductance and coupling 

coefficient of the multiple RIDs are [105]: 

𝑀𝑆𝑃𝑛 = √𝑛𝑀𝑆𝑃 (67) 

𝑘𝑛 = √𝑛𝑘 (68) 

In order to compensate the ∆𝐿, the secondary capacitance should be: 

𝐶𝑆 = 
1

𝑤𝑜
2(𝐿𝑆 + ∆𝐿)

 
(69) 

   Our switching capacitor technique adds/removes capacitor (CD1) to tune the RIDs to the 

resonant frequency. Also, we can add/remove additional capacitors (CD*) to detune the RID from 

the resonant frequency to decrease the induced voltage (Vind). In order to tune and detune the 

secondary circuits/RIDs and avoid bell-shape problem, we designed the LSCS-tank to resonate at 

over tuning region. While switching on and off between the capacitors (CD*), we must keep the 

value of the RAC almost same to achieve the matched impedance (RL) and avoid the reflected 

impedance problem that may detune the resonance of the primary circuit, as report in [142]. The 

resistance, RAC, should maintain its value during switching as [139, 147-149]:  

𝑅𝐴𝐶 ≈ 𝑅𝑃

𝜋2

8
 

(70) 

where, RP is the equivalent parallel resistance of the secondary coil, it is measured using a LCR 

meter [147-149]. 

   The core of our telemetry device is based upon a system on chip (SOC) from Nordic 

Semiconductor (nRF24LE1). This SOC includes a 2.4GHz RF transceiver core, an 8-bit CPU, 

embedded Flash memory (16 kB), and a rich set of on-chip analog and digital peripherals which 

provides a flexible, single chip solution for our application [92]. Our analog signal of the 

rectified voltage (Vrec) and the application device (EEG/stimulator) are connected to the 

peripheral 12-bit ADC located on the SOC. The 2.4GHz radio provides a wireless link to the 

base station which passes the transmitted data to the laptop for view/saving the data.  
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   The lack of memory precludes storage of parameters such as sample frequency, gain settings, 

and stimulation parameters. The sampling frequency of the controller should be selected based 

on the settling time (tS). The settling time can be written as [145]: 

𝑡𝑠 = 𝑅𝐴𝐶𝐶𝐷∗    (71) 

   The sampling time of the proposed controller must be higher than tS, otherwise the controller 

response will be sluggish with high values of the RAC and CD* [145]. We found that the power 

requirements increase linearly with the frequency of sampling of biological data. The time 

constant of our system is based on sampling rate/number of samples per packet. We set the 

sampling frequency of our telemetry device at 409Hz and 14 samples per packet, so the data 

(biology signals and Vrec) are transmitted at 29.2Hz or 34.2 milliseconds.  

7.6 Experimental Setup of Controllable LCWPT  

   The SP topology is used to achieve the magnetic resonant coupling between the primary circuit 

and the secondary circuit, as illustrated in Section 6.6. Fig. 67 shows the schematic diagram of 

the controllable LCWPT system. The measured Vrec by the WMS is used as a feedback to control 

the MOSFETs. The telemetry device is composed of an application device (EEG/stimulator), a 

tuning/detuning controller, a MCU (nRF24LE1-F16Q48), and the WMS that uses the same MCU 

(nRF24LE1-F16Q48). A 2.4 GHz radio communication is built into the Nordic platform and 

uses a proprietary handshaking network protocol to transfer the measured data of the telemetry 

device to the base station. 

 
Figure 67: Block diagram of our controllable LCWPT system. 

   The controllable RID contains a LSCS-tank of the 4MFA configuration, the switch capacitors 

and a half-wave bridge rectifier, as shown in Fig. 67. The used MOSFET (switch) is a chip 
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(Si1026X) that has two N-channel MOSFETs. The properties of these MOSFETs are high power 

handling (VDS up to 60 V), nanosecond switching (15 ns) capabilities and a low on-resistance 

(1.4 Ω) [150] that should not damp the coupling factor of the LSCS-tank. We used switching 

diodes (DA4J101K0R) for the half-wave bridge rectifier, which have a small reverse current 

(100 nA) and a short reverse recovery time (3 ns) [151].  

   In this Chapter, we wrapped the 4MFA secondary coil using the Litz wire 44/15 AWG/strands. 

The coil parameters (RP, Q and Ls) of the primary coil and the secondary coil are listed in Table 

18, as measured using the HP 4285A LCR meter. The LSCS-tank is created by using a 1313 pF 

capacitor (Cs) to resonate the RID at 1 MHz sharply. The HP 4193A vector impedance meter is 

used to measure the resonant frequency and impedance of the RID, where the measured 

impedance (RLC) at the resonant frequency was 7.04 kΩ. Our experimental measurements make 

use of a conjugately matched load RL to ensure the maximum power transfer for the overall 

system. The RP of the secondary coil (LS) is 8.2 kΩ, so the RAC is recommended to be kept around 

10.2 kΩ while switching capacitors (CD*). The used match impedance (RL) for the experiments is 

10 kΩ.  

   For our controllable LCWPT experiments, we used the experimental setup of Fig. 50. We 

found that the resonant frequency of the primary circuit (Class-E amplifier) decreases by 10 kHz. 

This is a result of the total reflected impedance (Zrtot) from the mutual inductance (MSPn) of the 

multiple RIDs in the same primary coil. The Cpar was needed to be decreased/increased by 3-8 

pF when the multiple RIDs are in the same cage (primary coil). This small decrement/increment 

of the Cpar was accomplished by a variable capacitor to achieve the magnetic resonant coupling 

between the primary circuit and the multiple RIDs (secondary circuits).  

TABLE 18: PARAMETERS OF THE PRIMARY AND THE SECONDARY COILS OF THE 

CONTROLLABLE LCWPT SYSTEM 

Configuration AWG RP (kΩ) Q L (µH) 

Primary coil (LP) 22 49.5 165 38.5 

Secondary coil (LS) 44 8.2 55 19.3 
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7.7 Experimental Results of Controllable LCWPT 

   The physical RID (controllable secondary circuit) was constructed and a set of experiments 

were conducted to test its performance. The LCWPT experiment depends on the four parameters 

(IP, RL, the position and the orientation). We measured the received power by the RID at 0° 

orientation, the middle of the cage, with a matched impedance (RL) 10 kΩ, and with applying a 

current (IP) of 2 A only (peak-to-peak).  

   We investigated our controllable LCWPT performance using the WMS. Since the WMS must 

provide reliable measurements over time, its power must be supplied by a lithium-polymer 

battery to make its operation independent of the RID performance [1-2, 152], as shown in Fig. 

50. We used the WMS to measure the rectified voltage (Vrec) of the secondary circuit, and then 

we calculated the received power at the various orientations [152]. The maximum power 

transferred (180 mW) occurs when the secondary coil is parallel to the primary electromagnetic 

field. However, the received power decreases as the orientation increases [2], where the received 

powers at 30°, 60°, and 90° are 127 mW, 38.2 mW, and 3.5 mW, respectively. 

   In order to determine the required switching capacitors to tune/detune the RID, the received 

power curve of our RID is needed to be obtained. We used different values of the secondary 

capacitors (CS), to get the received power curve of the received power versus the frequency/CS, 

as shown in Fig. 68 (a). The curve has a sharp peak, and the maximum received power is 180 

mW at the resonant frequency of 1 MHz using the resonant secondary capacitor CS of 1313 pF. 

We did the same measurements with using the switch MOSFET by adding a capacitor (CD1) to 

find out the MOSFET effect. We noticed there is quite a difference between the received power 

by the RID with and without using the MOSFET, as shown in Fig. 68 (b). This difference is due 

to the stray capacitance of the MOSFET that changes in the electromagnetic field [150]. The 

stray capacitances of a MOSFET are given as: 

𝐶𝑖𝑠𝑠 = 𝐶𝐺𝐷 + 𝐶𝐺𝑆 (72) 

𝐶𝑜𝑠𝑠 = 𝐶𝐷𝑆 + 𝐶𝐺𝐷 (73) 

𝐶𝑟𝑠𝑠 = 𝐶𝐺 (74) 

where, Ciss (input capacitance) is measured between the gate and the source, with the drain 

shorted to the source. Coss (output capacitance) is measured between the drain and the source, 

with the gate shorted to the source. Crss (reverse transfer capacitance) is measured between the 



120 
 

 

drain and the gate, with the source is connected to the ground. CGD, CGS and CDS are the gate-

drain capacitance, gate-source capacitance and drain-source capacitance, respectively.    

  

(a)                                                                     (b) 

Figure 68: Received power versus frequency/capacitance; (a) received power versus frequency, (b) received 

power versus capacitance with and without using MOSFET. 

   We noticed that the impedance value (RLC) of the RID changes when we switch with different 

values of the capacitors (CD*). Therefore, we used a combination of switching capacitors (CD*), 

which achieves a constant impedance value of the RID, while switching between these capacitors 

(CD*). Moreover, the value of secondary capacitor (CS) is chosen as lower than 1313 pF to 

resonate the implant in the over tuning region to avoid the bell curve problem. We used CS= 680 

pF, CD1= 470 pF, CD2= 100 pF, CD3= 68 pF and CD4= 47 pF, so we have 16 states of different 

received power values of our RID. The value of CD3 is used to tune the RID when two RIDs are 

at 0° orientation, in the same cage and separated by a distance of 0 cm (their edges touch each 

other), as explained in Section 7.8. The CD4 can be used to tune the secondary circuit when the 

secondary capacitance (CS) decreases because of the heat effect. The two capacitors (CD1 and 

CD2) are used to detune the RID when the heat increases due to high induced voltage (excessive 

received power). Table 18 shows the measured resonant frequency, impedance (RLC), rectified 

voltage (Vrec) and received power of the different 16 states. The measured impedance (RLC) is 

almost constant over switching between the four capacitors, as shown in Table 19. This avoids 

the reflected impedance problem. The maximum power (180 mW) is achieved at the resonant 

frequency of 1 MHz when the four capacitors are connected.  

 

 



121 
 

 

TABLE 19: MEASURED RESONANT FREQUENCY, IMPEDANCE, RECTIFIED VOLTAGE AND 

RECEIVED POWER OF SWITCHING CAPACITORS OF THE RID 

CD1 

470 pF 

CD2 

100 pF 

CD3 

68 pF 

CD4 

47 pF 

Fres 

(MHz) 

RLC 

(kΩ) 

Vrec 

(V) 

P 

(mW) 

1 1 1 1 1 6.26 42.4 179.6 

1 1 1 0 1.024 6.3 37.6 141.2 

1 1 0 1 1.028 6.33 37.5 140.3 

1 1 0 0 1.037 6.33 32.4 104.6 

1 0 1 1 1.053 6.31 29.1 84.7 

1 0 1 0 1.056 6.37 28.9 83.8 

1 0 0 1 1.066 6.31 25.9 67.1 

1 0 0 0 1.076 6.36 22.8 52.2 

0 1 1 1 1.236 6.85 11.5 13.2 

0 1 1 0 1.243 6.88 10.2 10.4 

0 1 0 1 1.257 6.9 9.8 9.6 

0 1 0 0 1.279 6.94 9.3 8.8 

0 0 1 1 1.283 7 9.1 8.2 

0 0 1 0 1.29 6.92 8.9 7.9 

0 0 0 1 1.333 7.04 7.6 5.8 

0 0 0 0 1.338 7.05 7.2 5.1 

7.8 Experimental Results of Multiple RIDs 

   In order to characterize the effect of mutual coupling as a result of using multiple RIDs 

(secondary circuit), an experimental setup of using multiple RID was conducted, as shown in 

Fig. 55. This helps to determine the required adding/removing capacitor (CD) to compensate the 

ΔL due to the mutual coupling of the multiple RIDs. We used two RIDs in the primary coil, 

where the fixtures were used to mimic the orientations of the two RIDs. The received power by a 

RID is measured at 0° orientation and the center of the cage; we denoted this RID as a fixed 

RID. The other RID moves around the cage and rotates by 0°, 30°, 60°, and 90°  with respect to 

the fixed RID. The received power is a function of the orientation and distance between two 
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RIDs. Table 20 lists the measured Vrec and the received power of the fixed RID. We found that 

the maximum dropped power is 6% when the moving RID is at the same orientation (0°) and 0 

distance with the fixed RID (their edges touch each other), as shown in Table 20. 

   We measured the secondary inductance (Leqv) using the HP 4285A LCR meter when the two 

secondary coils are at 0° orientation and their edges touch each other. We found the ΔL equals to 

1.2 µH. In order to tune the RID due to the ΔL, equation (69) is used to determine the required 

capacitance (CD) to be added/removed. This tuning capacitor equals 64 pF that is used to 

compensate the dropped power as a result of the mutual coupling between RIDs. 

TABLE 20: MEASUREMENTS OF THE RECTIFIED VOLTAGE AND THE RECEIVED POWER OF 

THE FIXED RID 

Distance 

(cm) 

0° 30° 60° 90° 

Vrec (V) P (mW) Vrec (V) P (mW) Vrec (V) P (mW) Vrec (V) P (mW) 

0 40.9 168 41.6 173 41.9 175.9 42.2 177.9 

1 41.2 170 41.9 175.6 42.2 177.9 42.4 179.5 

2 41.8 174 42.3 178.5 42.4 179.5 42.4 179.5 

3 42.1 146.8 42.4 179.5 42.4 179.5 42.4 179.5 

4 42.3 178.6 42.4 179.5 42.4 179.5 42.4 179.5 

5 42.4 179.5 42.4 179.5 42.4 179.5 42.4 179.5 

6 42.4 179.5 42.4 179.5 42.4 179.5 42.4 179.5 

7.9 Discussion  

   We designed a controllable WPT system to tune and detune the resonance of the secondary 

circuit. For rodent applications, the code we wrote to control the MCU monitored the telemetry 

device every 400 milliseconds by checking the Vrec with respect to the power requirement of the 

application device (EEG/stimulator). The maximum settling time achieved is 20.4 ns using 

equation (71), as a result of adding capacitance (CD*) of 2 nF, and RAC is 10.2 kΩ.  

   We observed that the mutual coupling between the multiple secondary coils, and the thermal 

effect on the secondary capacitance (CS), will detune the resonant frequency of the secondary 

circuits by 5-20 kHz. As a result of this resonant frequency mismatch, the received power by the 

RID drops slightly [103]. For example, the maximum reduction of the received power by the 
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RID is 6%. This happens when the edges of the two different RIDs touch each other at the same 

orientation, as shown in Table 20. Also, the resonance of the primary circuit detunes by 10 kHz 

when multiple (two) RIDs are used in the same primary coil.   

   In other cases, however, detuning the secondary circuits (RIDs) is needed when the RIDs 

induce too much voltage/current. This may present trouble by excessive heating of the electronic 

circuits in the telemetry device. The received power at 0° and 30° orientations is generally quite 

high, and will cause the described electronic heating problems for the telemetric devices for 

rodents. To remedy the electronic heating problem, we can detune the secondary circuit to 

decrease the high induced voltage. This can be done by adjusting the status of the switching 

capacitors (CD*) that are listed in Table 19. For example, when the secondary circuit is oriented 

between 0° and 30° orientations, the programmed state “1001” corresponds to connection of 

capacitors CD1 (470 pF) and CD4 (47 pF) in parallel with the tank capacitor, thereby setting the 

resonant frequency (1.066 MHz), allowing for a received power of approximately 67 mW. If 

needed, the control system will change the programmed state to “0111”, that corresponds to 

connection of capacitors CD2 (100 pF), CD3 (68 pF) and CD4 (47 pF), thereby changing the 

resonant frequency (1.236 MHz), and limiting the power transferred to 13.2 mW. This state 

“0111” can be used when the secondary circuit is oriented between 30° and 60° orientations. 

When using these states, the secondary circuit can guarantee our needed power to start up the 

telemetry device that is 51 mW for 100 – 300 milliseconds, and to run it indefinitely with a 

power of 12 mW after start-up. Our novel controllable scheme can be considered as a coarse 

tuning/detuning of the resonance of the secondary circuit, which has an advantage point of a low 

switching loss from the MOSFETs. 
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Chapter 8: Discussion 

    In this thesis, we show different ways to power telemetric devices for use as implants in 

biomedical applications. The focus has been on investigation of WPT systems, which have been 

found as the most suitable candidates to provide the needed power for our telemetric device 

application with rodents. The main characteristic of WPT systems for biomedical applications is 

that they are generally loosely coupled systems, which means low transferred power and 

efficiency. To increase the efficiency of the power transfer, we employed magnetic resonant 

coupling to match the frequency of the stationary primary coil (transmitter around the cage) to 

the resonant frequency of the freely moving secondary coil (receiver on the biosensor). Initially, 

we designed a piezoelectric-based device (EHAM) to generate electrical power by harvesting the 

kinetic energy available from the natural movement of mice. The maximum harvested power was 

68 µW when the excitation frequency (mouse motion) corresponded to the resonant frequency of 

the energy harvester (11.7 Hz), as described in Chapter 2. Since mouse movements are spread 

across a range of low frequencies, and due to the size and mass restrictions of devices suited to 

mice and rats, this energy harvesting scheme (EHAM) was inherently unsuitable to power our 

telemetry devices.  

   Chapter 4 investigated a LCWPT system suitable for transmitting power to a telemetric device 

located on a freely moving rodent. Since the rodent orientation is variable, the coupling between 

the primary and secondary coils varies with the orientation between them. Methods to improve 

coupling at various orientations were investigated using ferrite rods placed within the secondary 

coil. FEA simulation was performed to find the magnetic flux density distribution around various 

secondary configurations to predict the best arrangements of ferrites within the secondary coil. 

Physical prototypes of four configurations (air core, WFR4, 4MF and 4MFA) were constructed 

and experiments were conducted to determine the power transfer performance at the center of the 

cage. The 4MF configuration showed a clear improvement in power transfer compared to WFR4, 

even though both configurations had similar coil properties and used the same volume of ferrite 

rods. By tilting the ferrite rods of the 4MF configuration to create the 4MFA configuration, it is 

shown that 4MFA increased power transfer in comparison to all other configurations and at all 

angular orientations. The 4MFA configuration was shown to provide up to 113 mW of power 

when oriented at 0° to the primary field, with a WPT efficiency of 1.5%. These maximum 
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received power and efficiency values were obtained when the applied current (IP) was 2.5 A 

(peak-to-peak). Since the simulation results were non-resonant while the experimental results 

were resonant, only comparisons of normalized trends between the simulation and experiment 

were made. For any WPT system, some form of application circuit resides on a PCB to perform 

a function. In such a case, our design approach allowed for plenty of volume within the 

secondary coil winding for application circuits. The winding was wrapped around the perimeter 

of the PCB, with four ferrites placed in the corners inside the coil. This was in contrast to 

traditional approaches to tightly wrap the secondary coil around a solid ferrite. By using this 

approach, the minimal addition of ferrite rods at carefully placed locations provided significant 

improvements in power transfer at most orientations, while leaving plenty of volume for 

application circuits. 

   Chapter 5 described the design of a new testing device called WMS, for evaluating the 

LCWPT system properties. The WMS was designed and built to reduce measurement errors that 

are inherent to cable-based measurement due to field interference, noise, and voltage offset. The 

WMS measured sample analogue values (0 to 62.4 V) from the SIP/RID within the primary 

magnetic field and digitized them with 12-bit resolution. It then digitally transmitted these values 

via a wireless radio so that the performance of our LCWPT could be assessed during 

development. Furthermore, the WMS was made to minimize its own interference with the 

resonance of the LCWPT system by adhering to the design requirements summarized in Table 12 

to achieve the specifications listed in Table 13. The WMS served as a useful and portable tool to 

evaluate the SIP/RID device without the problematic use of coaxial cables or current/voltage 

probes within the primary field. Physical prototypes of the WMS and SIP/RID configurations 

were constructed. Experimental tests showed that the WMS performed well by gathering data. It 

did not significantly affect the magnetic resonance of the LCWPT system and measured the 

received power with better performance than cable-based-measurement systems, as listed in 

Table 14.  

   Chapter 6 described work to redesign the LCWPT system to improve its total efficiency, by 

adjusting the power amplifier design, better coil design with higher quality factors, and changing 

the system (primary circuit and secondary circuit) topology. The previous LCWPT system of 

Chapter 4 has a low coupling coefficient, resulting in poor efficiency due to low quality factors 
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of the primary and the secondary coils, and also due to a long separation distance between the 

two coils (LS and LP). The efficiency of a WPT system using magnetic resonance is a function of 

the coupling coefficient and the quality factors of the primary and secondary coils. The coupling 

coefficient is limited by the separation distance between the coils, the primary coil to secondary 

coil diameter ratio, and the coil-to-coil angular misalignment. Different types of losses in the 

primary and secondary circuits were analyzed to maximize the total efficiency. The four 

topologies (SS, SP, PP and PS) for achieving the magnetic resonant coupling between the 

primary and the secondary circuit were investigated as a function of coupling coefficient and the 

variable load application to minimize the reflected impedance losses in the LCWPT systems. The 

redesigned LCWPT system was built with high quality factors of the primary and the secondary 

coils. Experimental results affirmed that the SP topology was suitable for LCWPT systems for 

biomedical applications. When the redesigned 4MFA configuration was used, the received 

power increased to 200 mW at the middle of the cage and at  0° orientation. The maximum total 

efficiency achieved at the center and the edge of the cage were 7.6% and 14.1%, respectively, as 

listed in Table 17. These values were obtained when the applied current (IP) was 2 A (peak-to-

peak), and the secondary coil was oriented to the primary electromagnetic field. The required VA 

ratings drawing from the DC power supply to provide 2 A (peak-to-peak) at the magnetic 

resonance were 9 V and 140 mA. Hence, an external and a portable DC power supply/battery can 

be used to power our redesigned LCWPT system. 

   Chapter 7 explored a new area to actively control the resonant frequency of the secondary 

circuit, using on-board closed-loop control. This allows us to control the resonant frequency 

match between the primary circuit and the secondary circuits in the WPT systems. This has two 

important applications:  First, it allows us to control the temperature of the secondary circuit in 

cases where the secondary coil receives too much power. Second, it allows us to use multiple 

secondary coils (each one independently tuning itself) within a single primary coil. This allows 

for multiple mice (each with implants) to be present in a single cage, where that cage is powered 

by a primary coil. In the first application, the high induced voltage (due to favourable orientation 

with the primary) creates a temperature rise in the secondary circuit, which may affect the 

secondary capacitance (CS) and leads to a resonant frequency mismatch of the secondary circuit. 

The high temperature can create problems with the electronic components of the telemetry 

device, and an implanted device may cause damage to the rodent tissue. A literature review, in 
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Section 7.2, demonstrated how the resonant frequency mismatch in WPT systems was solved. 

Researchers used two schemes to eliminate the resonant frequency mismatch problem: 

Controlling the resonance of the primary circuit with respect to the secondary circuit and 

controlling the resonance of the secondary circuits of the WPT system. In the second application, 

we can use this approach for multiple freely moving rodents with RIDs within the same 

stationary primary coil. This second application is suitable to control the resonance of each 

secondary circuit (RID) independently. Different initial schematics were built to tune/detune the 

RID resonance, which did not work properly within the primary electromagnetic field because of 

the floating ground problem in the LSCS-tank circuit. Fig. 67 shows the novel schematic 

controllable LCWPT system using adjustable magnetic resonance. The resonance of the 

secondary circuit was controlled by adding/removing capacitors (CD*) into the LSCS-tank circuit. 

This was achieved using MOSFETs with a half-wave bridge (voltage doubler) rectifier. An 

experimental setup of multiple RIDs was conducted to investigate the mutual coupling effect 

between the RIDs. These results showed that the maximum drop of the received power was 6% 

when the edges of the two RIDs at the same orientation touched each other, as listed in Table 20. 

The mutual coupling of the multiple secondary coils did not present a problem for powering 

rodent applications; however, the rising temperature caused electronic heating problem for the 

telemetric devices. Extra received power by the secondary circuit (RID) occurred when the RID 

was oriented equal to or less than 30° to the primary electromagnetic field. Hence, our proposed 

controller for rodent applications detuned the resonance of the secondary circuit when the 

secondary coil induced high voltage that increased the temperature. For rodent applications, 

every 400 milliseconds the rectified voltage (Vrec) was compared to the load requirements to 

control the resonance of the secondary circuit. Our controller circuit used four switching 

capacitors (CD1-CD4) to tune/detune the RID, as listed in Table 19. Our novel controllable WPT 

system allowed us the ability to use freely moving multiple RIDs (telemetry devices) within the 

same primary coil, where the controller of each RID tunes/detunes its resonance independently 

of the other RIDs.  

   The specifications of our design LCWPT based on a two coil system are summarized in Table 

21. Our LCWPT was used to power rodent applications, such as an EEG/stimulator. The 

electrophysiological data were transferred to a base station via a RF communication, as shown in 
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Fig. 67. The base station was connected to a notebook via an USB cable, where the transmitted 

data (electrophysiological and Vrec) were displayed and saved via a customized GUI. 

TABLE 21: FEATURES OF OUR LCWPT SYSTEM USING MAGNETIC RESONANCE COUPLING (1 

MHZ) 

Circuit Item Feature Note 

Primary 

Primary coil (LP) Wrapped around an acrylic 

cage (Fig. 40) 

The size of the rectangular cage is 250 × 

120 × 150 mm3 (length × width × height) 

Power Amplifier Series resonance (Fig. 45) Using high quality factor ceramic 

capacitors 

DC power Portable DC battery up to 

12 V and 150 mA 

Needs 9 V and 140 mA to provide 2 A 

(peak-to-peak) to the LP 

Signal generator Provide a square signal at 1 

MHz 

Internal/external 

 

 

 

 

 

Secondary 

 

Secondary coil (LS) Wrapped around a PCB 

with four angled ferrites 

Using 4MFA configuration, the size of the 

rectangular PCB is 18.14 × 11.55 × 1.5 

mm3 (length × width × height) 

LC-tank Parallel resonance Using high quality factor ceramic 

capacitor, its dielectric is independent of 

temperature and applied voltage 

Energy store Buffer capacitor (800 µF) Provide a power for 1.5 sec when the 

rodent moves to an unfavorable 

orientation for a brief instant. 

Application device EEG/stimulator, sampling 

frequency 410 Hz 

Needed power: 51 mW to start up for 100-

300 milliseconds and 12 mW for normal 

operation 
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Chapter 9: Conclusion, Future Work, and Thesis Contributions 

9.1 Conclusion 

   The WPT system we designed consists of a stationary coil (primary coil) and a free moving 

telemetry device (secondary coil). The secondary coil can be subcutaneously implanted in a rat 

or mounted on a mouse head and wrapped around the perimeter of the PCB. To conduct research 

with rodents effectively, they must be able to move freely inside their cage. However, the 

continuously changing orientation of the rodent leads to coupling loss/problems between the 

primary and secondary coils, presenting a major challenge. We designed a novel secondary coil 

configuration (4MFA) employing four ferrite rods placed at the corners of the PCB and angled at 

45o with respect to the PCB plane. The 4MFA coil configuration improved the loose coupling 

problem as a result of high orientation with respect to the primary electromagnetic field (beyond 

60o). The 4MFA configuration received power up to 395 mW when oriented at 0o to the primary 

electromagnetic field and at the edge of the primary coil. The maximum total efficiency obtained 

at the center and the edges of the cage were 7.6% and 14.1%, respectively when applying a 

current of 2 A (peak-to-peak) to the primary coil.  

   The performance of LCWPT systems is a function of many parameters such as resonance 

matching, coil quality factor, system impedance match, and others. We designed a novel WMS 

that collects real-time performance data from the secondary coil circuits while testing LCWPT 

systems. We built the WMS to greatly reduce such measurement errors when using 

voltage/current probes or coaxial cables placed directly into the primary magnetic field. Our 

WMS characterized the properties of the LCWPT systems by measuring the induced voltage and 

calculating the received power. 

   Our LCWPT system was designed to transfer the power needed by the telemetric device while 

it was at a poor orientation and poor position within the primary coil. However, when the 

secondary coil was oriented equal to or less than 30° to the primary electromagnetic field, extra 

received power transfer by the secondary coil occurred. This resulted in high induced voltage on 

the secondary circuit, leading to high temperature that caused electronic heating problem for the 

telemetric device. A novel control scheme was designed to eliminate the electronic heating 

problems in the secondary circuit and the resonant frequency mismatch of using the multiple 
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secondary coils within the same primary coil of the LCWPT system. Furthermore, this novel 

scheme facilitated the use of multiple secondary circuits (telemetric devices) to operate within a 

single primary coil, where the internal control algorithm of each RID was able to tune or detune 

the resonant frequency independently of the others. This allows for applications where multiple 

rodents (each equipped with a telemetric device) can run around in a stationary primary coil, all 

receiving adequate power to power their telemetric device regardless of the rodents’ position or 

orientation within the cage. The design controller tuned/detuned the resonance of the secondary 

circuits (RID) to meet the load requirements of the telemetric devices for rodents.   

9.2 Future Work 

   In order to extend the developments in this thesis for powering implantable biomedical devices 

using a WPT system, several design improvements can be made in future research. The first 

improvement is to decrease the size of our secondary coil that is currently too big to be 

implanted in mice, where the size of the secondary circuit (RID) is 20.25 × 13.25 × 1.7 mm  

(length × width × height).      

   The second improvement is to build the WMS as a self-powering system. Our RID 

communicates wirelessly via radio link to a base station. The base station is connected via USB 

to a laptop that collects performance data of our LCWPT system and the biological information. 

We investigated our LCWPT performance using the WMS. We powered our WMS using an 

external battery to ensure the WMS did not affect the operation and the matched impedance of 

the SIP/RID. A lithium-polymer battery was used to power the WMS to provide accurate 

measurements during the experiments and communicate independently to the remote base station 

via RF [1-2, 53, 152], as shown in Fig. 36. We propose using the matched impedance of the RID 

that includes the LSCS-tank circuit, rectifier circuit, voltage regulator, the MCU, and the 

application circuit (EEG/stimulator). A vector network analyzer will be needed to characterize 

the impedance profile of the secondary circuit (application device) during its operation. By using 

this matched impedance within the RID, the rectified voltage (Vrec) can power the MCU via the 

voltage regulator directly or to charge a battery. 

   The third improvement is to design a novel rectification system to rectify the induced voltage 

and adjust the resonance of the secondary circuit. We used a full bridge rectifier in our initial 
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designs as the full bridge rectifier was suitable for low power applications (such as LCWPT 

systems) [86, 152]. However, we used a half-wave bridge (voltage doubler) rectifier for 

controlling the switching capacitors to avoid the floating ground problem in the full bridge 

rectifiers, as shown in Fig. 67 (explained in Chapter 7). There are two losses associated with the 

diodes that are explained in Section 4.5. Some researchers investigated replacing the diodes from 

the full bridge rectifier with MOSFETs [145, 153-155]. The use of the MOSFETs in the full 

bridge rectifier reduces the conduction losses that are achieved by a lower forward voltage drop 

in the MOSFETs (with a low on-resistance) than in the diodes. The MOSFETs have a lower 

conduction loss compared with the diodes, so the efficiency of the WPT systems using the 

MOSFETs in the rectifier increases [145]. However, the proposed MOSFETs in the rectifier 

systems [153-155] need to be activated by control signals that drive the gates of the MOSFETs to 

switch the MOSFETs on/off. These drive control signals synchronize with freewheeling diodes 

that are connected in parallel with the source-drain MOSFETs to rectify induced voltage 

efficiently [145]. We recommend designing a controllable secondary circuit that contains a novel 

schematic design using the MOSFTs for rectifying the induced voltage and tuning/detuning the 

resonance of the secondary circuit, which will improve the efficiency of the LCWPT systems.    

9.3 Thesis Contributions 

   The main purpose of this thesis was to provide a wireless power transmission to the telemetric 

devices for rodents, while the rodents move freely inside the cage (primary coil). The novelty of 

the proposed WPT system itself was comprised of several major developments. These were 

briefly introduced in Chapter 1, with the details provided by the following: 

      The first major contribution was to design an energy harvester device based on piezoelectric 

material. The EHAM was designed to harvest the mechanical energy from mouse movement. An 

experimental setup was established to compute the PSD of a mouse running using an 

accelerometer device that was mounted on a mouse head. The highest power of the PSD was 

observed in the x-axis (forward/backward motion) at 11.7 Hz. In order to obtain maximum 

electrical power, the matched load with the EHAM was used and the resonant frequency of the 

design EHAM corresponded to 11.7 Hz. FEA COMSOL software was used to simulate the 

EHAM. The maximum electrical power harvested by EHAM was 68 µW that is insufficient 

power for the telemetry devices.  
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   The second major contribution was to design and build a WPT system for a freely moving 

secondary coil (telemetric device for rodents). The rodents (secondary coils) continuously 

change their orientation which leads to a coupling problem between the primary coil and the 

secondary coils. A novel secondary coil configuration was designed to eliminate this coupling 

problem at high orientations (beyond 60°). We built four secondary coil configurations that have 

same size, inductance, and quality factor. We used FEA COMSOL software to simulate the 

magnetic flux distribution surrounding the four secondary coil configurations of our design WPT 

system. The simulation and the experimental results showed that the secondary coil 4MFA 

configuration improved the power transferred at most orientations. 

   The third major contribution was to design and construct a measuring system (WMS) to 

characterize the properties of the WPT systems. The WMS measured the induced voltage onto 

the secondary coil and transmitted the data to a base station via a RF link. We used the WMS to 

avoid the measurement errors associated with using coaxial cables and voltage/current probes.   

   The fourth major contribution was to redesign our LCWPT system to improve the efficiency. 

Our LCWPT was based on a two coil system that is a stationary primary coil and a freely moving 

secondary coil. The resonances of the primary and secondary circuits were analyzed and the 

constructions of the primary and secondary coils were rebuilt to minimize the losses of the 

LCWPT for rodent applications.  

   The fifth major contribution was to design a controllable WPT system for rodent applications. 

We found the high induced voltage onto the secondary coil raised the temperature that caused 

electronic heating problem for the telemetric devices. We built an adjustable magnetic resonant 

system capable of tuning and detuning the WPT system, to be able to use multiple secondary 

coils (telemetry devices) within the same primary coil, and eliminate the rising temperature 

problem (electronic heating problem). We controlled the resonance of the secondary circuits with 

respect to the load requirements. 
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