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Abstract 
 

As the life expectancy is increased and the welfare is promoted, researches on the body implantable 

medical devices (BIMD) are actively being carried out, and products providing more various 

functions are being released. On the other hand, due to these various functions, the power 

consumption of the BIMD is also increased, so that the primary battery alone cannot provide 

sufficient power for the devices. The limited capacity and life time of batteries force patients to make 

an additional payment and suffering for the power supply of the BIMD. 

Wireless power transfer technology is the technology which has been making remarkable progress 

mainly in wireless charging for personal portable devices and electric vehicles. Convergence of 

wireless power transfer technology (WPT) and rechargeable battery can extend the life time of the 

BIMD and reduce the suffering and the cost for battery replacements. Furthermore, WPT enables the 

devices which do not need to operate consistently such as body implantable sensor devices to be used 

without batteries. In this dissertation, techniques to support WPT for BIMD are introduced and 

proposed. 

First, basic researches on magnetic coupled WPT are presented. The basics which are important 

factors to analyze power transmission are introduced. In addition, circuits that make up the WPT 

system are described. There are three common technical challenges in WPT. Those are efficiency 

degradation on coil geometry, voltage gain variation with coil geometry, and power losses in WPT. 

The common challenges are discussed in chapter II. Moreover, additional challenges which are arisen 

in WPT for BIMD and approaches to resolve the challenges are addressed in chapter II. 

Then, efficiency improvement techniques and control techniques in WPT are presented in chapter 

III. The presented techniques to improve efficiency are applied in coil parts and circuit parts. In coil 

parts, efficiency enhancement technique by geometric variation is proposed. In circuit parts, 

instantaneous power consuming technique for step-down converter is suggested. Li-ion battery 

charger is also discussed in chapter III. Additionally, the wireless controlled constant current / 

constant voltage charging mode and the proposed step charging method are described. 

After that, WPT system for BIMD is discussed one by one with the proposed techniques for each 

part in chapter IV. A load transformation is suggested to improve efficiency in weak coupling, and 

suppress voltage gain variation under coil displacement. Power conversion efficiency improvement 

techniques for rectifier and converter are also proposed. By using the proposed technique for the 

converter, we can remove the bootstrap capacitors, and reduce the overall size of power circuits. 

In conclusion, techniques in coil parts and circuit parts to handle challenges in WPT for BIMD are 

fully investigated in this thesis in addition to the efficiency improvement and control techniques in 

common WPT. All the techniques are verified through simulations or experiments. The approaches 

realized in the thesis can be applied to other applications employing the WPT. 
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Chapter I 

Introduction 
 

Wireless power transfer (WPT) is a technology that is widely known to the public by making 

remarkable progress mainly in wireless charging for personal portable devices and wireless charging 

of electric vehicles. WPT transfers electrical energy to a load wirelessly. This technology converts 

electrical energy into electromagnetic waves to transfer energy. Depending on the characteristics of 

the energy to be transmitted, it is divided into electric field type, magnetic field type, and 

electromagnetic wave type. Comparison of characteristics of each WPT is shown in Table 1.1. Electric 

filed type basically uses capacitive coupling phenomenon for energy transfer. The energy is 

transferred in voltage. Magnetic field type uses electromagnetic induction phenomenon for energy 

transfer. Theory of magnetic WPT is based on Faraday’s law of electromagnetic induction. The energy 

is transferred in current. Mechanism of electromagnetic field type is identical to wireless data 

communication but different in radiated power. To meet the demanded power at the receiver, 

increased power is radiated than wireless data communication. The energy is transferred in power. 

Among the three types, the magnetic field type is widely used because the magnetic field is less 

harmful to human than the electric field and energy transfer efficiency is the best in moderate distance. 

 

Table 1.1. Comparison of characteristics of wireless power transfer technologies 

 

Electric field Magnetic field Electromagnetic field 

Coupling Resonance Induction Resonance Radiation 

 
Capacitive coupling 

 
Electric resonance 

 
Electromagnetic 

induction 

 
Magnetic resonance  

Radiation antenna 

Feature 
• Short distance 
• Low frequency~ 
High Frequency 

• Middle distance 
• High frequency 
• Thin & Light 

• Short distance 
• Low frequency 

• Middle distance 
• Low frequency~ 
High frequency 

• Long distance 
• Ultra high frequency 

Component  
Capacitor 

 
Inductor 

 
Radiation antenna 

Energy Source Voltage Current Power 

Power 
Transmission +, =

1

2
./0

12 +3 =
1

2
4/5

12 +6 =
7

489

1

:;:6+;  

Field Electrostatic field 
(Divergent field) 

Induction field 
(Rotation field) Radiation field 
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Fig.1.1 Example of body implantable medical device applications. 

As the population is aging, and the interest of health is increasing, researches on body implantable 

medical device (BIMD) are going along, actively. A representative device in BIMD is cardiac 

pacemaker [1.1]. The body-implantable system such as cardiac pacemaker uses the primary battery as 

power supply. As the device evolves, more functions are provided, which increases the power 

consumption of the device. The battery need to be replaced in case of low battery charged capacity. 

Since surgery should be done for replacing the battery, a large capacity battery is employed to reduce 

frequency of surgery. However, large volume of battery is hard to implant in body because of limited 

space. So that the primary battery alone cannot supply enough power and the limited lifetime will 

incur additional costs and suffering for the battery replacement. Therefore, a sustainable power supply 

via WPT is required to resolve the problem with BIMD's primary battery. Fig. 1.1 shows BIMD where 

WPT can be applied. 
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Chapter II 

Basic Research on Magnetically Coupled Wireless 

Power Transfer 
 

2.1 Principle 

 
Fig.2.1 Concept of magnetic coupled wireless power transfer. 

The basic principle of WPT is the 'electromagnetic induction' phenomenon discovered by British 

physicist Faraday in the 19th century. The time-varying magnetic field around the wire induces a 

current in the wire. The voltage of the induced current is proportional to the magnitude of the change 

in the magnetic field. The Faraday’s law of induction is defined as 

 

∇×E = −
@A

@B
                                (2.1) 

 

where ∇× is curl operator, E is electric field (in V/m), and B is magnetic flux density (in T). It is also 

known as 3rd law of Maxwell’s equation. The Faraday’s law of induction only mentions magnitude of 

the induced current. The negative sign in Faraday’s law was referred by Lenz’s law. According to 

Lenz's law, the induced electromotive force generated in the electric circuit is generated in a direction 

that hinders the change of the magnetic flux passing through the closed circuit. The Faraday’s law is 

related to power reception. 
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For power transmission, Ampère's circuital law is applied to give explanation. French physicist 

André-Marie Ampère discovered it incompletely, and James Clerk Maxwell revised it to the present 

form. Ampère's circuital law is defined as 

 

∇×H = J +
@F

@B
                              (2.2) 

 

where H is magnetic field strength (in A/m), J is current density (in A/m2), and D is displacement 

current. The induced magnetic field around the closed loop is proportional to the current density plus 

the time-varying current. 

The magnetic coupled WPT is based on the Faraday’s law of induction and Ampère’s law. The time-

varying current in primary coil induces magnetic field and the time-varying magnetic field induces 

current which turns into electromotive force in secondary coil.  
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2.2 Parameters 

2.2.1 Quality factor 
The quality factor (Q factor) is a parameter that characterizes the relationship between center 

frequency to the bandwidth of resonator. It also describes the rate of energy use relative to stored 

energy, which also means efficiency. High Q factor in WPT involves that the power can be transferred 

efficiently than low Q factor system. Therefore, Q factor is a representative parameter of WPT coils. 

The Q factor is defined as  

 

GH =
I

6

J

K
=

6

LJ
=

I

L6K
    (series)                       (2.3) 

GM = N
K

J
=

LJ

6
= ON.   (parallel)                      (2.4) 

 

where Q is quality factor, L is inductance, C is capacitance, R is resistance, and ω is angular 

frequency. From (1.1) and (1.2), Q factor is dependent on load resistance. Therefore, in order to have 

a high Q factor, the RLC structure should be determined according to the value of the load resistance. 

Fig.2.1 shows characteristic of quality factor between frequency and average power dissipation. It 

illustrates that high Q factor system can transfer higher power than low Q factor. Therefore, low Q is 

used in short distance applications such as charger for personal portable devices, and high Q is used in 

long distance applications such as wireless charger of electric vehicles and BIMD. 

 

 
 

Fig.2.2 Characteristics of quality factor: frequency vs. average power dissipation.   
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2.2.2 Coupling coefficient and mutual inductance 
The coupling coefficient, k, is a parameter expressing how much the magnetic field generated in 

one coil affects the other coils. Alternatively, it is a parameter that determines how well the two coils 

are coupled to the magnetic field. The coupling coefficient is described from ‘0’ to ‘1’, where ‘0’ is 

the magnetic field of the primary coil that has no effect on the secondary coil. In other words, it can be 

seen that the two coils are isolated and not linked by a magnetic field. Coupling coefficient ‘1’ can be 

seen that the magnetic field of the primary coil is completely linked to the secondary coil. For some 

data, the coupling coefficient is expressed as -1 <k <1, where the negative value involves the opposite 

direction of the induced current [2.1] or the opposite direction of the coil winding [2.2]. The coupling 

coefficient is expressed as 

 

P =
3

JQJR
                                 (2.5) 

 

where Lp is the inductance of the primary coil, Ls is the inductance of the secondary coil, and M is the 

mutual inductance.  

Mutual inductance is the degree to which inductors in different circuits are affected by the induced 

magnetic field. When the current on primary side varies, the induced current is generated on primary 

side by the induced magnetic field at the secondary side. At this time, mutual inductance is the 

relationship between original energy and induced energy. The equation for mutual inductance is 

normally expressed with magnetic flux. In [2.3], the mutual inductance is expressed with geometric 

term to give simple understanding with WPT coil. The mutual inductance is expressed as 

 

S =
TUVWQ

XWR
X

1(WQ
XZ[X)

]
X

                              (2.6) 

 

where ^_ is permeability, rp is radius of primary coil, rs is radius of secondary coil, and Z is distance 

between primary coil and secondary coil in Fig.2.3. 

 

 
 
Fig.2.3 Simple WPT coil with electrical and geometric factors. 
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2.3 Types of magnetically coupled WPT 

2.3.1 Magnetic inductive 
The magnetic inductive method transfers the power with induced magnetic field. A current which 

flows through transmitting coil induces magnetic field. The induced magnetic field penetrates receiver 

coil. The penetrating magnetic field induces current to supply power to the load. This phenomenon is 

almost same as transformer. The principle of magnetic inductive method is followed by faraday’s law 

of electromagnetic induction. The inductive method uses wide frequency range for power transfer. It 

uses from 100 kHz to 205 kHz. To cover wide frequency range, the antenna coil is made differently 

than ordinary antenna. The ordinary antenna has high quality factor to enhance frequency selection 

quality. However, the antenna for magnetic inductive WPT has low quality factor. Since the antenna 

for magnetic inductive has low quality factor, distance of power transfer is proportional to size of the 

antenna. The magnetic inductive aims to support device within several watts. It aims to transfers 

power no more than distance of centimeters.  

 

2.3.2 Magnetic resonance 
The principle of power transfer for magnetic resonant method is same as magnetic inductive 

method. The mechanism of magnetic resonant method is different from magnetic inductive method. It 

exploits resonance mode to transfer power. Assume transmitter and receiver antenna are identically 

designed. When transmitters transfers power in resonance frequency, the transmitter and receiver coil 

enters resonance mode. In resonance mode, the impedance of each coil is minimized, and the power is 

easily transferred. The quality factor in resonant system is effect of electrical resistance. Therefore, the 

antenna for magnetic resonant method has very high quality factor to make extremely low electrical 

resistance at resonance frequency. The magnetic resonant method uses specific frequency such as 6.78 

MHz, and 13.56 MHz. At other frequency, transmitting power efficiency is considerably low. The 

magnetic resonant aims to support device within tens of watts. It aims to transfer power within several 

meters. 
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2.4 Circuit description 

2.4.1 Overall system architecture of wireless power transfer 
The wireless power transfer is performed by employing induced magnetic field. The magnetic 

inductive, and the magnetic resonant method is differentiated by power transferring principle. If the 

power is transferred by penetrated magnetic field, the method is called magnetic inductive. If the 

power is transferred by resonated magnetic field, the method is called magnetic resonant. According 

to the principle of power transfer, transfer power, distance, and frequency are determined. However, 

even though the principle is different, the fundamental operating scheme is identical.  

Both types of wireless power transfer method have same operating scheme as transformer. The 

wireless power transfer system is composed of transmitter driver, transmitter coil, receiver coil, 

rectifier, DC-DC converter, linear regulator, and the load. A transmitter driver generates AC signal to 

induce magnetic field from transmitter coil. The induced magnetic field induces current at receiver 

coil. And the transferred AC power is converted into DC power by a rectifier. After the rectifier, DC-

DC converter is needed to converted DC power into the level of desired DC power. Lastly, a linear 

regulator is used to regulate DC voltage in any circumstances. The regulated DC voltage supplies 

power to an electronic system such as sensor interface. In Fig.2.4, overall system architecture of 

wireless power transfer is shown. 

 

 

 
 

Fig.2.4. System architecture of wireless power transfer. 
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2.4.2 Transmitting coil driver 
To transfer power wirelessly, AC power generator is essential. A single phase inverter is commonly 

used in wireless power transfer system. There are two types of inverter in the single phase inverter 

which are half-bridge inverter, and full-bridge inverter.  

Fig.2.5 shows a circuit diagram of half-bridge inverter. The half-bridge inverter is used in low 

power application [2.4]. It is made up with two power transistors as switches, two diodes, and pulse-

width-modulation (PWM) driver. If metal-oxide-semiconductor field-effect-transistor (MOSFET) is 

used for power transistor, an intrinsic body diode is used for anti-parallel diode. The PWM driver 

generates complementary pulse signal to control M1, and M2. By controlling M1, and M2, DC power is 

converted into AC power. If the driver drives resistive load, phase of voltage and current is identical. 

The parallel diodes do not have any role with resistive load. In inductive loads, there are phase 

difference between voltage, and current. Sometimes, reverse current is conducted through the parallel 

diode, because of the characteristic of inductive loads.  

Fig.2.6 shows the operation state of half-bridge inverter with inductive load. High-side switch is 

turned on in Fig.2.6 (a). In this phase, current from power source conducts from the source to the load. 

When high-side switch is turned off, the current flows through parallel diode of low-side switch, 

which is shown in Fig.2.6 (b). The current flows in reverse when low-side switch is turned on, and 

after low-side switch is turned off, which is shown in Fig.2.6 (c), and (d), respectively. 

 

 
 

Fig.2.5. Circuit diagram of half-bridge inverter. 
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Fig.2.6. Operation states of half-bridge inverter with inductive load. 

 

 

 
Fig.2.7. Circuit diagram of full-bridge inverter with inductive load. 
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Fig.2.7 shows a circuit diagram of full-bridge inverter. Full-bridge inverter is made up with four 

power transistors as switches, four diodes, and PWM driver. Intrinsic body diodes in MOSFET are 

used for anti-parallel diode. The operating mechanism for generating AC power is same as half-bridge 

inverter. The performance difference between half-bridge and full-bridge is ratio of voltage and 

current of output power. Full-bridge has twice larger output voltage than half-bridge in same input 

voltage. Therefore, full-bridge has lower current than half-bridge in generating same power. This 

implies that small heat sink is needed for full-bridge inverter, and high power can be generated in full-

bridge topology. 

Fig.2.8 shows the operation state of full-bridge inverter with inductive load. Same as half-bridge 

inverter, the operation state is divided into four phase. As shown in Fig.2.8 (a), and (b), the current is 

conducted from L1 to C1. And, the current is negatively flowed from C1 to L1 in Fig.2.8 (c), and (d). 

Current flowing direction is same as half-bridge inverter. However, connected voltage source is 

different. Left node of L1, and right node of C1 are connected to VDD, and GND by turns. This 

operation generates twice larger output voltage than half-bridge inverter. 

 

 
Fig.2.8. Operation states of full-bridge inverter with inductive load.  
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2.4.3 Rectifier 

 

 
Fig.2.9. Passive rectifier with diodes: (a) circuit diagram, (b, c) operation state, and (d) waveforms. 

Transferred power through the air is obtained in AC power. Electric loads are operated by DC 

power. Hence, AC-DC converter such as rectifier is needed. Conventional rectifier consists of four 

diodes as shown in Fig.2.9 (a). The diodes are operated in pair of two. As shown in Fig.2.9 (b), D1 and 

D4 are conducting current when VAC1 is high than VAC2. The output voltage is illustrated in second 

column of Fig.2.9 (d). In opposite situation, D2 and D3 are operated in pair which is shown in Fig.2.9 

(c). Also, the output voltage is illustrated in third column of Fig.2.9 (d). By adding those two 

waveform, total output voltage is achieved in fourth column of Fig.2.9 (d). The ideally added 

waveform is mentioned in gray line. If rectifier has capacitor in the load, output voltage becomes flat 

which is illustrate in black solid line. There is a voltage drop between ideal output voltage, and reality 
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output. This is caused by diodes. The diode has around 0.7 V drop when it is forward biased. As diode 

in passive rectifier operates in pair of two, output voltage has around 1.4 V drop. The waveform of 

output voltage which have voltage drop is shown in Fig.2.9 (d) with black dot line. 

An inherent characteristic of diode makes perfect rectification. However, forward biased voltage of 

diode occurs power dissipation. The power dissipation becomes much critical feature in high current 

application. Thus, a method using MOSFET rather than diode is introduced. This is called active 

rectifier. Every diode is replaced into MOSFET. It still uses intrinsic body diode for conducting 

current, but the current is mostly conducted through MOSFET. There are three types of active rectifier 

as shown in Fig.2.10 [2.5]-[2.13]. Structure is a little different but controlling mechanism is same. 

MOSFET is controlled by comparator with sensed voltage across drain and source of MOSFET. A 

relatively small on-resistance of MOSFET reduces voltage drop. In result, power dissipation in 

current conducting device is reduced. 

 

 
Fig.2.10. Active rectifiers: (a) with cross-coupled PMOS, (b) with cross-coupled NMOS, and (c) fully 
controlled synchronous active rectifier. 
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2.4.4 DC-DC converter 
The DC-DC converter is popularly used in DC power supplies. There are two types of converter 

which are linear converter, and switch mode converter. Both has advantage in such applications, but 

switch mode converter will be discussed in this section. Only non-isolated converter will be handled. 

The linear convert is discussed in next section as regulator. In switch mode converter, there are 

switched capacitor converter, and buck converter. 

Fig.2.11 shows circuit diagram of basic switched capacitor converter. It has four switches, a flying 

capacitor, and a load. The voltage conversion is done by charging and discharging mechanism of 

flying capacitor. Operation state, and waveform are shown in Fig.2.12. Cfly is on charge when s1 is on. 

Voltage across Cfly increases in charging phase. In discharging phase, s1 is off, and s2 is on. The 

charges in Cfly supply current to load. Periodic operation makes a DC voltage with relatively small 

voltage ripple. With combination of capacitor and switches, various output voltage can be achieved. 

However, fixed conversion ratio is achieved because the ratio is decided by topology. Switched-

capacitor converter is widely used in low voltage application. MOSFET is used as switch in integrated 

switched-capacitor converter. Gate voltage is under 5 V for reliability. If gate voltage goes higher than 

5 V, MOSFET will be broken. Some manufacture company provides 12 V as a maximum input 

voltage, but it has to use special process which is much expensive than normal process. Therefore, 

most of switched-capacitor converter has 5 V as maximum input voltage. 

 

 
Fig.2.11. Circuit diagram of switched-capacitor DC-DC converter. 
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Fig.2.12. Operation states and waveforms of switched-capacitor DC-DC converter (a) charging, and 
(b) discharging. 

 
Fig.2.13. Buck converter: (a) circuit diagram, (b, c) operation state, and (d) waveform. 
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The most popular DC-DC converter in switch mode is buck converter [2.14]-[2.19]. It uses inductor 

and capacitor, which is called power stage, to convert DC voltage. By changing position of inductor, 

step up conversion can be performed. In this section, buck converter which is as known as step down 

converter is discussed. Converting mechanism is identical in every converting mode. Fig.2.13 (a) 

shows circuit diagram of buck converter. It has a switch with MOSFET, a diode, an inductor, a storage 

capacitor, and a load. Fig.2.13 (b) shows current charging phase. MOSFET switch is turned on, and it 

conducts current from power source to inductor. Inductor current, IL, increase until switch is turned off. 

Then, stored power in power stage supplies current to the load. Fig.2.13 (c) shows that current is 

supplied from power stage, and flows through load and diode. It is current discharging phase. In this 

phase, the IL decreases until switch is turned on. Fig.2.13 (d) shows waveforms of buck converter. The 

switch control signal, q, has duty cycle, D. A pulse signal with duty cycle, VA, flows to LC filter, and 

becomes DC signal with small ripple. The LC filter act as low pass filter. Average voltage of the pulse 

signal is output voltage, VOUT. Based on inductor voltage-second balance theory, area of A and B in 

VL is equal. Current flowing through inductor is shown as IL, and average of ripple current, IL,ripple, is 

‘0’. If ripple of IL, ∆iL, is extremely small, IL can be approximated as DC current. Thus output current, 

IO, is achieved. As shown in last column of Fig.2.13 (d), input current, IIN, flows only in charging 

phase. 
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2.4.5 Regulator 
In previous section, switch mode converters are discussed. Advantage of switch mode converter is 

high power conversion efficiency in any conversion ratio. However, output voltage regulating speed is 

very slow. The regulating speed is determined by switching frequency. Switch mode converter uses 

hundreds of KHz for switching frequency. For high speed system and digital system, the regulating 

speed must be fast enough to track load variation. 

Fig.2.14 shows circuit diagram of linear regulator [2.20]. The linear regulator consists of a path 

transistor, an error amplifier, resistor for voltage divider, a storage capacitor, and reference voltage. 

The linear regulator convert voltage with ratio of voltage divider. It employs special characteristic of 

negative feedback for converting and regulating voltage. The error amplifier is powered by input 

voltage. Error amplifier has reference voltage as an input. Assume open loop gain of the amplifier is 

high, another input of the amplifier will be equal to reference voltage. Then ratio of voltage divider, 

R1 and R2, make output voltage, VOUT. If VOUT changes because of load variation, output of the 

amplifier controls path transistor, M1, to regulated VOUT. Hence regulating speed is determined by 

speed of the error amplifier. A storage capacitor is used to compensate stability of negative feedback, 

and store power for load variation. In linear regulator, there is a significant weakness which is voltage 

drop between input and output. Difference of input and output voltage is applied to path transistor and 

make large conduction power loss. Thus, the linear regulator cannot be used for large converting ratio. 

 

 
 

Fig.2.14. Circuit diagram of linear regulator. 
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2.5 Technical challenges in WPT 

2.5.1 Efficiency degradation by coil geometry variation 
The magnetically coupled WPT uses two coil to transfer power through the air based on Faraday’s 

law of induction. The intensity of coupling is determined by geometries and arrangement of two coils. 

Distance between two coils, size difference, angular misalignment, and axial misalignment are the 

factors that affects the intensity of coupling. Fig.2.15 show typical arrangement of magnetically 

coupled WPT system. D is diameter of primary coil, D2 is diameter of secondary coil, L and L2 are 

inductance of each coil. Z is distance between primary coil and secondary coil. Based on 

aforementioned dimension, Fig.2.16 shows efficiency variation that affected by size difference of two 

coils and distance variation between two coils. The power transfer efficiency between the two coils is 

determined by a combination of factors. If the two coils are the same size, the efficiency decreases 

sharply from the moment when the distance between the coils becomes larger than the diameter of the 

coil. If the two coils are different size, the efficiency decreases sharply from the moment when the 

distance between the coils becomes larger than the size ratio of two coils. And the efficiency 

decreases when the difference in the size of two coils become larger. 

The intensity of coupling is varied by distance between two coils and axial misalignment of two 

coils. The arrangement when axial misalignment is occurred is shown in Fig.2.17. Z is distance 

between two coils, and d is degree of axial misalignment. The coupling coefficient variation by axial 

misalignment is shown in Fig.2.18 when distance of coils is changed from 0.2 mm to 10 mm. 

Basically, coupling coefficient is low when distance between two coils are long. And, coupling 

coefficient becomes low when axial misalignment becomes large. The power transfer efficiency is 

proportional to the coupling coefficient. Therefore, the power transfer efficiency is low when the 

coupling coefficient is low. 
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Fig.2.15. Basic arrangement of magnetically coupled wireless power transfer system. 

 

 

 

 
Fig.2.16. Efficiency of magnetically coupled WPT dependence on the relative geometries and distance 
of coupled coils. 
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Fig.2.17. Basic arrangement of magnetically coupled wireless power transfer system. 

 

 

 

 
Fig.2.18. Coupling factor dependence on the distance of coupled coils and axial misalignment of coils. 
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2.5.2 Voltage gain variation with coil geometry 
In the previous section, power conversion efficiency variation due to coil geometry variation is 

discussed. The coil geometry variation changed the efficiency by changing the intensity of coupling. 

Changes in the coupling result in changes in voltage gain or current gain as well as efficiency. The 

degree of change of voltage gain or current gain differs depending on the coil topology. It also 

depends on the size of the load. It is necessary to design a stable system with constant voltage gain 

with in the situation of the load variation, or the position variation of the receiver. A constant voltage 

(CV) techniques were introduced in various ways for a strong coupled system with a high coupling 

coefficient. Changes in transmission frequency or frequency bifurcation are used to provide CV for 

variation in coupling coefficient or variation in load [2.21]-[2.25]. In the case of weak or loosely 

coupled system, frequency bifurcation does not occur and a method of varying the frequency has been 

introduced [2.26]. Generally, magnetic induction is strongly coupled system and magnetic resonance 

is weak or loosely coupled system. Many techniques to provide CV for the magnetic induction 

method are introduced, but it still needs more research for magnetic resonance method. Fig.2.19 

shows the simulation result of voltage gain changes when coupling coefficient is changed from weak 

to loosely. The series/parallel topology is used for simulation. The highest voltage gain is achieved 

when k is around 0.1, but it changes by various parameters such as coil size and the load. However, 

voltage gain variation in weak coupling coefficient is similar to Fig.2.19. Therefore, a technique to 

provide CV or technique to suppress the change of voltage gain or a circuit that operates safely within 

a wide voltage gain is necessary.  

 

 
 
Fig.2.19. Voltage gain vs. coupling coefficient. 

 
  



39 

 

2.5.3 Power loss in receiver circuits 
The power loss in circuits of wireless power transfer system contributes to degradation in total 

power conversion ratio from the power supply to the load. Although each of circuit has good power 

conversion characteristics, the amount of power loss can be significant because power conversion 

ratio of circuits keeps being multiplied. Since circuits in receiver for wireless power transfer system 

has identical types of power loss, power loss in buck converter is analyzed. Fig.2.20 shows the switch 

stage of synchronous buck converter. The main power loss arises due to the power MOSFET switches. 

The power loss in the switches can be described as combination of the switching loss (PSW) and the 

MOSFET’s conduction loss (PCOND) : 

 

+3abc,; = +bd +	+KafF                         (2.7) 

 

where PMOSFET is total power loss in MOSFET. Conduction loss is caused when switch is on. The 

current which is conducted through on-resistor of MOSFET occurs conduction loss. To reduce 

conduction loss, on-resistance need to be reduced. The on-resistance of MOSFET is inversely 

proportional to the size of the MOSFET. Therefore, conduction loss can be reduced by increasing size 

of MOSFET.  

 
Fig.2.20. Switch stage of synchronous buck converter. 

 

 
Fig.2.21. Timing diagram of high-side switch. 
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Switching loss occurs during switching transitions. During the transitions of the MOSFET switches, 

its parasitic capacitance is charged and discharged continuously. Since the parasitic capacitance is 

dependent on the size of the MOSFET, the switching losses are proportional to the size of the 

MOSFET. A timing diagram of drain-to-source voltage and current over a period is shown in Fig.2.21. 

In the timing diagrams, conduction loss occurs in gh whereas switching loss occurs in gI + g1, and 

gi + gj. Since voltage characteristic for high-side and low-side MOSFET are different, their loss 

derivation should be calculated separately. 

High-side losses is comprised of switching loss and conduction loss as mentioned. The high-side 

conduction loss is derived as  

 

+KafF = 5ak;
1 	×	NFb(af)	×	

lmno

lpq
                        (2.8) 

 

where IOUT is output current, VOUT is output voltage, VIN is input voltage, RDS(ON) is the on-time drain-

to-source resistance of the high side MOSFET and VOUT/VIN is conversion ratio of buck converter. 

Switching loss is occurred in turn-on, and turn-off period. For the case of turning the MOSFET switch 

on, drain current (5F) is rising linearly while voltage across the drain-to-source of MOSFET drops by 

the value determined by on-resistance. For the case of turning the MOSFET switch off, the current 

and the voltage are changed opposite as in turn-on phase. By combining turn-on and turn-off power 

losses, the total switching power loss in high-side MOSFET is derived as 

 

+bd = (
lpq×rmno

1
)(2bd)(gb(WsHstu) + gb(vwxxstu))                 (2.9) 

 

where fSW is switching frequency, gb(WsHstu) is the rising time, and gb(vwxxstu) is the falling time. The 

transition time is proportional to the value of parasitic capacitance. Therefore, low switching loss is 

achieved in small size of switch. As we analyzed above, conduction loss and switching loss has 

opposite phenomenon. Thus, optimization between each loss is needed. 

Likewise, total power loss in low-side MOSFET can be calculated with the same method from 

high-side MOSFET. Conduction loss for low-side MOSFET can be calculated as 

 

+KafF = 1 − y 	×5ak;
1 	×	NFb(af)                   (2.10) 

 

where D is duty ratio. The equation is almost same as in high-side MOSFET. However, switching loss 

is a little different. A drain-source voltage (0Fb) is voltage drop across inherent diode when current is 

conducted. The forward biased diode voltage is under 0.7 V. It is relatively lower than input voltage. 
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Therefore, switching loss in low-side MOSFET can be neglected. 

 In addition to conduction loss and switching loss in MOSFET, there are few additional losses 

which is normally much smaller but should be taken into account in low power transfer system. The 

first additional loss is the power consumed in gate driver of MOSFET switch. Fig.2.22 shows 

simplified equivalent circuit of gate driver, and MOSFET switch. To calculate power loss in gate 

driver, the power required to charge the gate capacitance should be considered first : 

 

+z{;, = Gz	×	0FF	×	2bd                          (2.11) 

 

where PGATE is power consumption in the gate, Gz  is the amount of charges required to turn the 

MOSFET on or off, and 0FF is the supply voltage of gate driver. The driving loss occurs in transition 

period of MOSFET switch. The driving loss in rising transition (PDR(rising)) can be derived as : 

 

+F6(WsHstu) =
|}~o�	×	6ÄÅpÇ�Å(ÉnÑÑÖnÉ)

16omo~Ñ
                    (2.12) 

 

where RDRIVER(PULL-UP) is resistance of pull-up resistor, and RTOTAL is resistance combination of driver 

output resistance (Rdriver) and gate input resistance (Rgate). The driving loss in falling transition 

(PDR(falling)) can be derived as : 

 

+F6(vwxxstu) =
|}~o�	×	6ÄÅpÇ�Å(ÉnÑÑÖÄmÜq)

16omo~Ñ
                  (2.13) 

 

where RDRIVER(PULL-DOWN) is resistance of pull-down resistor.  

 

 
Fig.2.22. Equivalent circuit of gate driver, and MOSFET switch. 
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Therefore, the total power loss in the driver (PDRIVER) is : 

 

+F6rl,6 = +F6(WsHstu) + +F6 vwxxstu                     (2.14) 

 

The second additional loss is diode conduction loss. Under diode conduction condition, both 

MOSFETs are off. During this time, the inherent diode in MOSFET conducts current in forward 

biased condition. The diode conduction power loss (PDIODE) caused during this time is: 

 

+FraF, = D	×	2bd	×	0c	×	5ak;                      (2.15) 

 

where 0c is the forward biased voltage across the diode. 
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2.6 Challenges for body implantable medical devices 

2.6.1 Space limitation 
The performance of WPT is affected by the size of the system. The implant location of the BIMD is 

determined by the function of the device. In the case of a cardiac pacemaker, it is designed to be large 

because it is implanted in a large space. However, such devices like bio-sensors and the retina implant 

are implanted in very small space, which limits the size of the system. WPT can have a positive effect 

when it is applied to a bio-sensors and the retina implant that are difficult to insert a large capacity 

battery. Therefore, WPT for certain BIMD should be developed with the size limitation by the 

implantation space. 

First of all, the size of the implanted power receiving coil is small. Since the size of the receiving 

coil is small and invisible, the power transmitting coil is designed to be larger than the receiving coil. 

The axial misalignment problem is resolve with larger transmitting coil. However, if the size of the 

coils is different, the coupling coefficient and power transfer efficiency are reduced in proportion to 

the coil size. Also, power transferring distance becomes shorter in proportion to the ratio of the size of 

the coils. In low coupling condition, the power transfer performance is sensitive to coil distance, 

which is equal to skin depth, and alignment changes. 

The space constraint makes external components difficult to use. External component that are 

needed in WPT system are component for impedance matching, bootstrap capacitor, and component 

for charge storage. The use of many external components make the WPT system large. The effort 

should be made to reduce the number of external components. 
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2.6.2 Human health hazard 
Electronic devices intended for medical devices or human body must meet the specific absorption 

rate (SAR) regulation. SAR is the measure of the rate that describes how much electromagnetic waves 

generated by electronic products are absorbed by the human body. SAR is used in units of W/kg and 

is standardized to the maximum allowable value. There are different SAR regulations for each part of 

the body. Table 2.1 is the SAR regulation provided by the Institute of Electrical and Electronics 

Engineers (IEEE) [2.27]. SAR regulation for those people in controlled environment is higher than for 

those people in normal environment. The average SAR is used for the whole body, and the localized 

SAR is used for part of the body. A sample volume of 1g or 10g is used in localized SAR. 

Tables 2.2 and 2.3 show the maximum permissible exposure (MPE) data provided by the IEEE 

[2.27]. Table 2.2 applies to the people in controlled environment and Table 2.3 applies to the people in 

general environment. IEEE says that compliance with MPE is equivalent to basic SAR restriction (BR) 

compliance. However, lack of compliance with BR does not imply lack of compliance with MPE. 

Even if BR is satisfied, MPE can be exceeded. Therefore, it is recommended that an additional 

evaluation of MPE should be carried out when the BR is satisfactory. In conclusion, compliance with 

the whole-body BR or MPE is sufficient. 

Table 2.4 shows the SAR standards of other international organizations and countries. Each country 

has specifications that are similar to each other. SAR restriction must be fulfilled because absorbing 

high electromagnetic wave can cause health disorder. Since the restrictions are listed with maximum 

value, commercial electronics should be made to hold values much lower than the restrictions. 

 

Table 2.1. SAR restriction for frequency from 100 kHz to 3 GHz provided by IEEE 

  Action levela 
SARb (W/kg) 

Person in controlled 
environments 
SARc (W/kg) 

Whole-body exposure Whole-body average 0.08 0.04 

Localized exposure 
Localized 
(peak spatial-average) 2c 10c 

Extremitiesd and pinnae 4c 20c 
aBR for the general public when an RF safety program is unavailable 
bSAR is averaged over the appropriate averaging times as shown in Table 3 and Table 4. 
cAveraged over an 10g tissue (defined as a tissue volume in the shape of a cube). * 
dThe extremities are the arms and legs distal from the elbows and knees, respectively. 

*The volume of the cube is approximately 10 cm3. 
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Table 2.2. MPE for people in controlled environments (for the upper tier) 

Frequency range 
(MHz) 

RMS electric field 
strength (E)a 

(V/m) 

RMS magnetic field 
strength (H)a 

(A/m) 

RMS power density (S) 
E-field, H-field 

(W/m2) 

Averaging time 
|E|2, |H|2 or S 

(min) 

0.1-1.0 1842 16.3/23 (9000, 100000/23
2)b 6 

1.0-30 4842/23  (9000/23
2, 100000/23

2) 6 
30-100 61.4  (10, 100000/23

2) 6 
100-300 61.4 0.163 10 6 

300-3000   23/30 6 
3000-30000   100 19.63/2z

1.079 
30000-300000   100 2.524/2z

0.476 
NOTE—23 is the frequency in MHz, 2z  is the frequency in GHz. 
aFor exposures that are uniform over the dimensions of the body, such as certain far-field plane-wave exposures, the 
exposure field strengths and power densities are compared with the MPEs in the Table. For non-uniform exposures, the 
mean values of the exposure fields, as obtained by spatially averaging the squares of the field strengths or averaging the 
power densities over an area equivalent to the vertical cross section of the human body (projected area), or a smaller area 
depending on the frequency (see NOTES to Table 3 and Table 4 below), are compared with the MPEs in the Table. 
bThese plane-wave equivalent power density values are commonly used as a convenient comparison with MPEs at higher 
frequencies and are displayed on some instruments in use. 

 

Table 2.3. MPE for general environment where a RF safety program is unavailable 

Frequency range 
(MHz) 

RMS electric field 
strength (E)a 

(V/m) 

RMS magnetic field 
strength (H)a 

(A/m) 

RMS power density (S) 
E-field, H-field 

(W/m2) 

Averaging time 
|E|2, |H|2 or S 

(min) 

0.1-1.34 614 16.3/23 (1000, 100000/23
2)c 6 6 

1.34-3 823.8/23 16.3/23 (1800/23
2, 100000/23

2) 23
2/0.3 6 

3-30 823.8/23 16.3/23 (1800/23
2, 100000/23

2) 30 6 
30-100 27.5 158.3/23

1.668 (2, 9400000/23
3.336) 30 0.063623

1.337 
100-400 27.5 0.0729 2 30 30 

400-2000   23/200 6 
2000-5000   10 19.63/2z

1.079 
5000-30000   10 2.524/2z

0.476 
30000-100000   10  

100000-300000   (902z-7000)/200  
NOTE—23 is the frequency in MHz, 2z  is the frequency in GHz. 
aFor exposures that are uniform over the dimensions of the body, such as certain far-field plane-wave exposures, the 
exposure field strengths and power densities are compared with the MPEs in the Table. For non-uniform exposures, the 
mean values of the exposure fields, as obtained by spatially averaging the squares of the field strengths or averaging the 
power densities over an area equivalent to the vertical cross section of the human body (projected area) or a smaller area 
depending on the frequency (see NOTES to Table 3 and Table 4 below), are compared with the MPEs in the Table. 
bThe left column is the averaging time for |E|2 , the right column is the averaging time for |H|2 . For frequencies greater than 
400 MHz, the averaging time is for power density S. 
cThese plane-wave equivalent power density values are commonly used as a convenient comparison with 
MPEs at higher frequencies. 
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Table 2.4. SAR restriction of other international organizations and countries 

Classification Korea Japan USA CENELECa ICNIRPb 

Frequency range 100kHz~ 
10GHz 

100kHz~ 
3GHz 

100kHz~ 
600MHz 

10kHz~ 
300GHz 

100kHz~ 
10GHz 

General 
environment 

Whole-body 0.08 0.08 0.08 0.08 0.08 

Head/Trunk 1.6 2 1.6 2 2 

Arm/Leg 4 4 4 4 4 

People in 
controlled 

environment 

Whole-body 0.4 0.4 0.4 0.4 0.4 

Head/Trunk 8 10 8 10 10 

Arm/Leg 20 20 20 20 20 
aEuropean Committee for Electrotechnical Standardization  
bInternational Commission on Non-Ionizing Radiation Protection 
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2.6.3 Safe operation 
Since BIMD is implanted into the human body, it cannot be seen by eyes. And the implantation 

depth is different for each person because the thickness of the skin is different. In WPT, the axis 

alignment and transmission distance have a large impact on performance. Usually, transmitter coil is 

made larger than receiver coil to avoid axis misalignment. The axis alignment problem is solved by 

using larger transmitter, but the power transfer performance drops due to the coil size difference. 

Power transfer efficiency is the main performance in WPT, but voltage gain for hardware fabrication 

is also important parameter to concern. Due to the difference in the size of the coils and the change in 

the transfer distance, the voltage gain changes proportional to the efficiency. Particularly in the field 

of very low coupling such as BIMD, the voltage gain variation is susceptible to the coil geometric. 

In BIMD, safe operation is paramount. Not only lowing the damage to the human body by SAR is 

important in WPT, but also protecting implanted hardware from destruction in also important in WPT 

for BIMD. Transistors used in hardware fabrication have the maximum allowable voltage. If the 

voltage exceeds the maximum allowable voltage, the transistor burns or breaks. There is a package 

that surrounds the integrated circuit (IC). However, if the hardware fails or malfunction occurs, it may 

cause safety problems. Therefore, IC in the receiver implanted into the human body should be 

designed to operate safely in any geometric conditions or have tolerance to voltage gain variation. 
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Chapter III 

Preliminary Research on Techniques for 

Improving Performance in WPT 
 

3.1 Efficiency enhancement in coil geometric variation 

3.1.1 Background 
With the rapid development of wireless communication and semiconductor technologies, the area 

of sensor networks has grown significantly, with a range of applications that include medical and 

health care systems. A wireless body area network (WBAN) is a special-purpose sensor network 

designed to connect various medical sensors and appliances, located inside or outside the human body, 

which monitor temperature, blood pressure, heart rate, oxygen saturation (SpO2)-level, glucose, 

gastrointestinal images, etc. A WBAN system can offer two significant advantages compared to the 

existing electronic patient monitoring systems. The first is the increased mobility of patients due to 

the portable or implanted monitoring devices, and the second is the location-independent monitoring 

facility [3.1]. Meanwhile, visualization of the human gastrointestinal (GI) tract, upper small intestine, 

and colon became possible after the development of optical fiber endoscopy. Generally, flexible wire 

endoscopy does not present significant problems. However, small intestine endoscopy, gastroscopy, 

and colonoscopy induce discomfort among patients due to the large-diameter flexible cables needed to 

withstand the push force, and which carry a video signal and power through optical fiber and wire. In 

addition, visualization in some GI tracts is still difficult using flexible wire endoscopy [3.2]. For this 

reason, through the rapid progress of semiconductor and communication technologies, capsule 

endoscopy has arisen as a new advanced technology to address the problems with flexible wire 

endoscopy, as illustrated in Fig.3.1 [3.3], [3.4]. In most biomedical sensor networks, the limit on the 

amount of power that can be supported by the embedded battery presents a problem. Implantable 

devices such as a glucose sensor, implantable defibrillator, retinal display, and gastric stimulator have 

to be taken out periodically via surgery to change the battery, causing patients great discomfort and 

the potential for complications, just as in other procedures. Recently, capsule endoscopy has also 

encountered the power shortage problem in the GI tract because of the demand for higher resolution 

video and the increase in the number of integrated functions [3.1], [3.5], [3.6]. Capsule endoscopy 

consists of several parts, including vision, control, and data transmission components, in a capsule 

that is typically 11 mm in diameter by 25 mm in length. Although different amounts of energy are 
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consumed, depending on the components, it is clear that each part consumes electrical energy. Vision 

processes, the first element of capsule endoscopy, utilize a CMOS image sensor, light-emitting diode 

(LED) illuminator, and processor. In the previously used capsule endoscopy products, the data rate of 

the images was a few Mbps because of the limitation of the technology in this field [3.7]. However, 

with increasing consumer demand and developing technologies, the frame rate and quality of images 

have improved. The HDCMOS image sensor provides up to 30 fps at 1920×1080 pixels per frame at 

a data rate of 78 Mb/s [3.8]. It consumes almost 40 mW of power. The LED illuminator should also 

turn on more frequently, and the processor consumes about 10 mW. With four LED illuminators in use, 

the total power consumption of the vision component is more than 95 mW. With respect to the control 

element, movement is an additional advanced function in demand. In terms of the current capsule 

endoscope market, the locomotion controls and actuators have not been commercialized. These 

locomotion controls and actuators are considered to be essential parts of future capsule endoscopes for 

fast and accurate diagnosis [3.9]–[3.11]. However, this increased benefit corresponds to increased 

power consumption. For example, locomotion requires more than 300 mW, while actuators consume 

more than 200 mW. Fortunately, these control features are only used during a short period, as opposed 

to being used for the entire operating time. Finally, the data transmission part consists of a transmitter 

and receiver. This part consumes approximately 5 mW, which is less than the other two parts. 

However, the transmitter is used during the entire procedure, and its total power consumption can 

accumulate to a significant number that is comparable to the locomotion control and actuators. The 

receiver is utilized less than the transmitter, but its power consumption is almost the same as that of 

the transmitter. Since the total power consumption greatly depends on the power consumed in the 

control parts, it is not trivial to estimate its exact value. A rough estimate is approximately 300 mW. 

This value is quite high considering the typical capacity of commercially available batteries [3.12]. 

Meanwhile, wireless power transfer (WPT) is a very suitable technology to improve the battery 

capacity limitation. It is a promising technology that can transfer power without wires. There are three 

types of WPT technologies: an inductive coupling system for very short distances of a few millimeters, 

a magnetic resonance system for midrange transmission from a few centimeters to a few meters [3.13], 

and an electromagnetic wave system for long-distance applications. The inductive coupling system is 

not good for biomedical applications because of the short transfer distance, and the electromagnetic 

wave system is also unsuitable because of the huge absorption rate in the human body, which causes 

safety issues and difficulty with alignment [3.14], [3.15]. The magnetic resonance-wireless power 

transfer (MR-WPT) system is the most suitable solution among the available types for medical 

implantable devices. However, a conventional MR-WPT system still suffers from efficiency 

degradation, due to changes in the position of the receiver. The capsule endoscopy receiver is always 

moving through the GI tract, which results in transfer efficiency degradation caused by the variations 
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in the distance, angle, and axial misalignment. Some researchers improved the WPT efficiency using 

ceramic filled cavity [3.16]. Yet the system was still not suitable under varying conditions. Hence, an 

MR-WPT system for a biomedical capsule endoscopy application must have additional methods to 

maintain a strong transfer efficiency under these dynamic circumstances. In previous research [3.17]-

[3.20], an efficiency improvement was demonstrated, limited to a distance change with a symmetric 

coil WPT system. A multiple coil WPT system [3.12], [3.21] is introduced to further improve 

efficiency. However, it occupies large volume that is very difficult to implant with small volume 

suitable for capsule endoscopy. This section presents an adaptive technique to track the high transfer 

efficiency of an MR-WPT system with variations in the relative distance, angle, and axial 

misalignment between asymmetric transmitting and receiving parts 

. 

 

 
Fig.3.1. Concept of capsule endoscopy with wireless power transfer in gastrointestinal (GI) tract of 
human body. 
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3.1.2 MR-WPT model analysis 
Prior to discussing the work to determine the optimal tracking efficiency of the MR-WPT system in 

biomedical capsule endoscopy applications, the fundamental transfer characteristics of a general MR-

WPT system are analyzed. Then, the analysis is extended to model the biomedical capsule endoscopy 

environment. In biomedical capsule endoscopy applications, a receiver moves along the human GI 

tract, which causes variations in the distance, angle, and axial misalignment between the transmitter 

and receiver. This results in a degradation of the transfer efficiency. In this section, circuit and 

electromagnetic analyses are performed to define the essential model parameters for the design and 

present methods to overcome such issues. The circuit analysis focuses on the parameters affecting the 

coupling coefficient of the MR-WPT system. The electromagnetic analysis shows how the coupling 

coefficient is affected in terms of the dimensional parameters such as the distance and angle, which 

make the MR-WPT system controllable. 
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3.1.2.1 Power transfer characteristics, and analysis on geometric variation 

A strongly coupled MR-WPT system consists of four coils. The proposed model of the MR-WPT 

system for capsule endoscopy, as illustrated in Fig. 3.2, consists of a power coil, transmitting coil (TX 

coil), receiving coil (RX coil), and load coil. The power coil is connected to a source outside of the 

human body. The load coil is connected to a capsule endoscopy system and provides additional power 

beyond the integrated battery. The TX and RX coils are called resonators, which are designed to 

resonate at the same frequency and have a high quality factor with high inductance and low 

capacitance. 

Fig. 3.3 shows the equivalent circuit model of the four-coil MR-WPT system to analyze the 

maximum transfer efficiency condition. The circuit consists of four separate circuits. These circuits 

are connected via a magnetic field, which can be characterized by coupling coefficients PI1, P1h, and 

Phi. The coupling coefficient has a value between 0 and 1, which can be expressed as follows: 

 

Páà =
3âä

JâJä
                                 (3.1) 

 

where Sáà is the mutual inductance between the “x” and “y” coils; and the parameters of each 

circuit are characterized by the resistance Ná, inductance 4á, and capacitance .á.  

 

 
Fig.3.2. Diagram model of the wireless power transfer system for capsule endoscopy. 

 

 
Fig.3.3. Equivalent circuit model of a magnetic resonance wireless power transfer(MR-WPT) system. 
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This circuit model offers an effective way to analyze the characteristics of the proposed system. 

First, by applying Kirchhoff's voltage law to this model, the relationship between the currents through 

each coil and the voltage applied to the power coil can be expressed using the following matrix: 

 

5I
51
5h
5i

=

ãI åOSI1 0 0
åOSI1 ã1 åOS1h 0
0 åOS1h ãh åOShi

0 0 åOShi ãi

éI
0H
0
0
0

                (3.2) 

 

where ãI, ã1, ãh, and ãi are the loop impedances of the four coils. These terms can be expressed 

as follows: 

 

ãI = NH + NI + å
O4I − 1

O.I
≈ NH 

ã1 = N1 + å
O41 − 1

O.1
= N1 

ãh = Nh + å
O4h − 1

O.h
= Nh 

ãi = NJ + Ni + å
LJêéI

LKê
≈ NJ                        (3.3) 

 

where å O4á −
I

LKâ
 is zero at the resonance condition, and we assume that NH + NI ≈ NH, and 

NJ + Ni ≈ NJ  because NH ≪ NI  and NJ ≪ Ni . The currents in the power and load coils are 

expressed by 3.4: 

 

5i =
íL]ìîXìX]ì]êJXJ] JîJê

6R6XZL
XìîX

X JîJX 6Ñ6]ZL
Xì]ê

X J]Jê Z6R6ÑL
XìX]

X JXJ]
0H.             (3.4) 

 

The efficiency of the WPT system can be expressed by the following equation: 

 

ñ =
|óòô

|öõ
=

ÇÑ
X

ÅÑ

ÇR
X

êÅR

= úiI
1                           (3.5) 

 

where ñ is the efficiency of the MR-WPT system, and +st and +ùûB are the source power from the 

power coil and delivered power at the load coil, respectively. 0J and 0H are the voltages applied to 

the load and source, respectively. NJ and NH are the port reference impedances with 50Ω. This 

system model can be considered to be a two-port network. The S-parameter is a commonly used 
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figure of merit for a given WPT system. ú1I indicates the power transfer efficiency, which is given 

by ú1I 1, the square magnitude of ú1I. The ú1I parameter is calculated as follows: 

 

úiI = 2
lÑ

lR

6R

6Ñ
                              (3.6) 

 

The magnitude of ú1I can be expressed by solving (3.4) and (3.6): 

 

úiI = 2
lÑ

lR

6R

6Ñ
=

1L]ìîXìX]ì]êJXJ] JîJê 6R6Ñ

6R6XZL
XìîX

X JîJX 6Ñ6]ZL
Xì]ê

X J]Jê Z6R6ÑL
XìX]

X JXJ]
.         (3.7) 

 

The relationship between the transfer efficiency and coupling coefficient is analyzed using the 

circuit models, and the following demonstration focuses on the relationship between the coupling 

coefficient and geometric factors. In Fig.3.4, a concentric resonator pair of single-turn loops with radii 

†á and †à †á ≪ †à , vertical displacement z, and angle ° between the y loop surface plane and plane 

parallel to the loop is presented [3.22]. The Biot–Savart law leads to an expression for the magnetic 

flux density ¢á at a field point † (at height z above the center of the loop axis) that is induced by the 

x loop 

 

¢á = £¢áá
=

TU

iV
5á

§x	×	W

Wá
=

TUrâWâ
X

1 Wâ
XZFâä

X
]
X

                   (3.8) 

 

where 5á£9 is the infinitesimal current source line on the x loop, and ^_ is the permeability of the 

free space. Faraday's law and Lenz's law imply that a time-varying current in the x loop (5á) results in 

a time variation of the magnetic flux through the y loop (Φà,á). The minus sign in (3.9) is an 

indication that the EM field is in such a direction as to produce a current whose flux reduces the 

magnitude of the EM field: 

 

ßà,á = −
§®ä,â

§B
= −

§

§B
¢á ∙ £™àb

= −S
§râ

§B
                    (3.9) 

 

where £™à is the infinitesimal surface area element defined by the x loop, and M is the mutual 

inductance between coils. 
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Combining (3.1), (3.8), and (3.9) creates a new expression in geometric terms (coil radii †á and †à, 

vertical displacement factor yáà, and angle °) for the coupling coefficient: 

 

Páà =
TUVWâ

XWä
X ´¨≠Æ

1 JâJä Wâ
XZFâä

X
]
X

                          (3.10) 

 

where ^_ is the permeability of the medium, and †á and †à are the coil radii. 4á and 4à are the 

inductances of the coils. yáà is the distance between the coils. This equation indicates that the 

coupling coefficient could be controlled using vertical displacement factor yáà	and angle °. 

 

 
 
Fig.3.4. Proposed simple magnetic resonance wireless power transfer coils with geometric and 
electrical factor for capsule endoscopy. 
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3.1.2.2 Maximum power transfer conditions 

Equation (3.7) expresses the power transfer efficiency of an MR-WPT system. When the relative 

positions of the TX and RX coils are changed, the modified P1h induces a degradation in úiI , 

which results in a reduced power transfer effi ciency for the MR-WPT system. úiI  has a maximum 

value at the peak value that could be found by the derivative of úiI  with respect to PI1. At 
§ bêî

§ìîX
= 0, the maximum effi ciency condition of the given MR-WPT system is achieved by the 

careful control of the PI1 value 

 

PI1 =
6R6Ñ6X6]Z6R6XL

Xì]ê
X J]JêZ6R6ÑL

XìX]
X JXJ]

Lêì]ê
X JîJXJ]JêZ6Ñ6]L

XJîJX
	Øg	

§ bêî

§ìîX
= 0.          (3.11) 

 

Fig.3.5 shows an úiI graph of (3.7) and the relationship between PI1 and P1h, where PI1 is the 

controllable value, and P1h is given by the circumstances. To maximize the transfer efficiency, the 

optimal PI1 value can be obtained depending on the P1h change caused by the movement of the 

receiver along the GI tract, as illustrated in (3.10). The coupling coefficient (Páà) is a function of the 

distance and angle. The value of PI1 can be optimized to achieve the maximum efficiency of the 

system by changing the vertical displacement (yI1) between the power and TX coils, along with angle 

between the power and TX coils. This new derivation for the MR-WPT system promises a strong 

power transfer system for biomedical capsule endoscopy applications. 

 

 
Fig.3.5. úiI  curves versus coupling coefficient PI1; red line: strong coupling (high P1h), black dot: 
weak coupling (low P1h). 
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3.1.2.3 Simulation results 

With the circuit model of the MR-WPT system, the optimum value of PI1 can be calculated for a 

given P1h. Fig.3.6 shows the improved system performance efficiency due to the proposed technique 

derived from the circuit model. This result is verified with an advanced design system (ADS) and 

high-frequency structure simulator (HFSS), which are appropriate simulation tools for a WPT system 

around the frequency of interest at 16.47 MHz [3.23]. In the HFSS simulation, the TX coil is a helical 

structure with a diameter of 8 cm, 10 turns, and a 0.4-mm pitch between lines. The RX coil is a helical 

structure with a diameter of 10 mm, 10 turns, and a 0.3-mm pitch between lines. Lumped capacitances 

of 17.5 pF and 75 pF are used for the TX and RX, respectively. Initially, resonant frequency for this 

research was chosen above 1 GHz for smaller inductor size benefit. Even though the initial system 

with resonant frequency beyond 1 GHz showed reasonable performance in the –parameter analysis 

with network analyzer [3.24], [3.25], it was not suitable for real power transfer required for capsule 

endoscopy applications. Because power devices operating near 1 GHz is nearly 10 times much costly 

than devices operating near 30 MHz. Moreover, passive devices that can operate near 1 GHz with 300 

W of power have a much larger form factor size than of passive devices near 30 MHz with 300 W of 

power. Considering the device size and component price, it was considered much more practical to 

choose a frequency under 30 MHz. Hence, the resonance frequency for the proposed system is 16.47 

MHz. This low frequency is chosen near industrial, scientific and medical (ISM) band of 13.567MHz, 

which is widely used in WPT technology, and is suitable for transmitting real power up to 300 W. 

The maximum efficiency is optimized by changing yI1, and the coupling coefficient PI1 is 

optimized to the most suitable value. The first setting of PI1 the value is determined at a TX and RX 

coil distance (y1h) of 15 mm. The proposed MR-WPT system efficiency is improved by 0.67 dB at a 

distance (y1h) of 70 mm and resonance frequency of 16.47 MHz, compared to a non-adaptive MR-

WPT system. 

 

  

(a) (b) 
Fig.3.6. Performance of self-resonance coupled wireless power transfer system dependence on: (a) 
coupling coefficient (P1h) varying, and (b) distance between TX and RX coils (y1h).  
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3.1.3 Performance verification 
3.1.3.1 Coil characteristics 

The coils are made in the form of magnetic resonance structures. The proposed MR-WPT system 

consists of four coils: a power coil, transmitter coil, receiver coil, and load coil. The coils are made 

with copper wires. The cross-sectional diameter of the copper wire is 0.32 mm. Two types of 

transmitter coil structures are implemented. Both are helical structures, one with an 8-cm diameter 

and 9.5 turns, and the other with a 22-cm diameter and 6 turns. Both transmitters are designed for the 

same resonance frequency. In biomedical capsule endoscopy applications, minimizing the RX coil 

size is always the challenge. This is required because of the very limited volume of the capsule device 

size. The proposed receiver coil diameter is as small as 9 mm, as illustrated Fig.3.7. The RX coil also 

has a helical structure. Because of the stricter coil size requirement compared to that of the transmitter 

coil, the low-resonance frequency is not easily obtained by the self-resonance frequency of the coil. 

Thus, a surface-mounted capacitor of 12 pF is used for the receiver coil. This makes it possible to 

obtain the appropriate resonance frequency in the receiver coil at a sufficiently small form factor. The 

power coil is slightly smaller than the transmitter coil, with one turn, while the diameter of the load 

coil is 8 mm. The measured electrical properties of one of the proposed MR-WPT systems with an 8-

cm diameter TX coil, a 9-mm diameter RX coil, a TX power coil, and an Rx load coil are summarized 

in Table 3.1. 

 
(a) 

 

 
(b) 

Fig.3.7. (a) Designed receiver coil with 9-mm diameter, and (b) proposed 9-mm WPT receiver paired 
with capsule endoscopy board. 
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Table 3.1. Measured electrical properties of proposed MR-WPT system 

TX and power coils RX and load coils 

Power coil 

C1 1 nF 

RX coil 

C3 12 pF 

R1 0.1 Ω R3 1.12 Ω 

L1 221.5 nH L3 7.85 µH 

Tx coils 

(8-cm) 

C2 5.48 pF 

Load coil 

C4 1 pF 

R2 0.9 Ω R4 0.11 Ω 

L2 16.14 µH L4 30.5 nH 
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3.1.3.2 Experimental settings 

In 3.1.2, the maximum power transfer condition was analyzed. The proposed method provides a 

way to track the optimal power transfer condition for the unpredictable movements of the receiver in a 

patient's GI tract. The coupling coefficient is altered by the distance, axial misalignment, and angle. In 

this experiment, the proposed method is used for measurements, which are verified over varying 

values for the distance, axial misalignment, and angle. The scattering parameter is measured using the 

PNA-X network analyzer N5242A from Agilent Technologies. Three parameters are shown in Fig.3.8: 

the distance between the TX and RX coils (y1h), angle between the vertical axes of the TX and RX 

coils (°1h), and axial misalignment (∞1h). The coupling coefficient of P1h is affected by these three 

parameters. With variable parameters, the coupling coefficient of PI1 can be optimized using manual 

control. When the value of y1h becomes larger, the value of P1h becomes smaller. Under this 

condition, the optimal efficiency is obtained by increasing yI1. 

 

 

 

 
 

Fig.3.8. Impedance mismatched conditions: (1) between TX and RX coils y1h , (2) angle between 
TX and RX’s vertical axis °1h , and (3) the axial misalignment ∞1h . 
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3.1.3.3 Experimental results 

First, an actual power transfer to the load coil is demonstrated. The anterior abdominal wall 

thickness ranges from 3.5 mm to 62.5 mm, with a 16-mm median value. The gastrointestinal tract is 

positioned behind a thin part of the anterior abdominal wall, [3.26]. Hence, the distance for the 

vertical displacement of the proposed system is designed to cover up to 7 cm between the TX and RX 

coils in order to meet the requirements of conservative cases with an abdominal thickness of 62.5 mm. 

There is a distance of 7 cm between the human skin surface where the TX coil is located and the RX 

coil inside the GI tract. The resonance frequency of the TX and RX coils is designed to be 16.47 MHz. 

An LED is integrated at the end of the load coil. The transmitted power is 158 W, while the received 

power is measured at 26 mW, as illustrated in Fig.3.9.  

In 3.1.2, it was shown that úiI is a function of the coupling coefficient PI1. The first experiment 

was performed by varying y1h. The úiI data were measured while y1h was varied from 10 to 100 

mm, as illustrated in Fig.3.8. The overall efficiency was degraded with an increase in y1h. The fi rst 

optimized point was set at 10 mm. After a change in y1h, the optimum yI1 was applied. Thus, the 

optimized point was found, as shown in Fig.3.10(a). The improvement in efficiency was increased 

from 27.79 to 32.43% (0.67 dB) at 20 mm. The improvement in efficiency was increased from 

9.4×10é1 to 1.65×10éI% (2.45 dB) at 100 mm. This experimental result is in agreement with the 

simulation result illustrated in Fig.3.6.  

In Fig.3.10(b), the measured úiI data with °1h varied from −90° to 90° at a distance of 70 

mm are demonstrated. The varied yI1 was applied to track the optimal transfer efficiency. The 

improvement in efficiency was increased from 0.55 to 0.71% (1.1 dB) at −15°. The improvement in 

efficiency was increased from 3.6×10éh to 8.1×10éh% (4.69 dB) at −90°.  

In Fig.3.10(c), the measured úiI data with the axial misalignment ∞1h varied from -50 mm to 

+50 mm at a 70-mm vertical displacement (y1h) are demonstrated. The improvement in efficiency 

was increased from 6.5×10éI to 7.1×10éI% (0.49 dB) at 10-mm. The improvement in efficiency 

was increased from 5.2×10é1 to 7.3×10é1% (1.48 dB) at -50-mm axial misalignment. 
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Fig.3.9. Working prototype demonstration: power transfer from power coil to 9-mm diameter load coil 
with LED at 7-cm distance. 

 

  
(a) (b) 

 
(c) 

Fig.3.10. Measured performance of the proposed work: (a) y1h versus úiI graph w/o optimize and 
w/ optimize, (b) °1h versus úiI graph w/o optimize and w/ optimize, and (c) ∞1h versus úiI 
graph w/o optimize and w/ optimize of resonance coupled wireless power transfer system. 
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3.1.4 Safety check 
3.1.4.1 Experimental results of effect on real tissue 

During the research on the MR-WPT system for biomedical applications, there were many issues 

regarding the transfer efficiency through real tissue. Based on the electromagnetic theory, a time-

variant magnetic flux can induce a current through a conducting material. The conductivity of real 

tissue is negligible compared to metal, and hence should not affect the transfer efficiency. Fig.3.11 

shows the human body channel model developed for a frequency range of 40 Hz to 110 MHz [3.27], 

along with the simulation results using this model. The results show a 0.394-dB difference at the 

maximum point, which is equivalent to a 6.4×10é1% decrease. Fig.3.12 illustrates the experimental 

setup to determine the penetration through biological tissue using a pork chop. The distance between 

the TX and Rx coils was 7 cm. The RX coil was deep inside the pork chop, and there was no path 

without going through the pork tissue. Fig.3.13 shows the measured efficiency result of the 

penetration experiment through the pork chop at the same distance, angle, and axis-alignment. As 

shown in Fig.3.13, the maximum transfer efficiency was almost the same; it had only a 0.390-dB 

difference, which was equivalent to a 6.2×10é1% decrease. This experimental result is consistent 

with the channel model simulation result.  

In order to further demonstrate the safety to the human body, thermogram images were taken to 

check the energy loss dissipated as heat. Fig.3.14 shows the monitored temperature change in the 

biological tissue for the worst case scenario, which was measured with a 22-cm diameter TX. After a 

power transmission for 1 h at a distance of 0 cm, there was no change in the temperature of the 

biological tissue, which was well below the 1.0	℃  safety guideline. These results show the 

possibility of using the proposed MR-WPT system for biomedical applications. 

 

  
(a) (b) 

 
Fig.3.11. (a) Human body channel model, and (b) simulation results. 
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Fig.3.12. Penetration experiment setting with pork chop. 

 

 

 
 

Fig.3.13. Measurement results of penetration experiments through real biological tissue at 7-cm 
distance. 
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(a) 
 

 
 

(b) 
 

 
 

(c) 
 
Fig.3.14. Thermogram of 22-cm diameter TX with 7-cm distance to biological tissue: (a) visible light 
image, (b) before power transmission, and (c) after 1-hour power transmission. 
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3.1.4.2 Verification on SAR 

For biomedical applications of electro-magnetic (EM) field generating devices, the EM field 

absorption in the body has to be satisfied. The SAR is a measure of the rate at which energy is 

absorbed by the human body, defined as W/kg. If the SAR becomes too high, it can cause harm to the 

human body. At a frequency range of 1 Hz to 10 kHz, the EM field stimulates the nerve cells. At a 

frequency range of 100 kHz to 10 GHz, the absorbed EM energy causes a temperature increase in a 

human. 

Thus, many countries and organizations set restrictions of 0.08 W/kg to the whole body, 1.6 or 2 

W/kg to the head/trunk, and 4 W/kg to the arm/leg at a frequency range of 100 kHz to 300 GHz. If the 

whole human body is exposed to a strong EM field, the temperature increase becomes more severe. 

Thus, the restriction is stricter than the partial absorption rate [3.28]–[3.31]. 

Therefore, the SAR was estimated for the proposed MR-WPT system using the HFSS simulation 

tool. The human body was modeled with water. Fig.3.15 shows the 3-D graph produced using the 

SAR analysis results, where Fig.3.15(a) indicates the positioning of the TX coils and RX coils. The 

RX and load coils are cylindrical shape capsule models, which are covered by water. In the SAR 

analysis, the efficiency of the system was 0.2% (-27dB) at a 7.3-cm distance. The transmitting power 

from the TX was 150 W, and 300 mW of energy was received at the load coil. The maximum SAR 

value was very small at 1.74 W/kg. A smaller amount of energy compared with the restriction was 

absorbed in a limited area of the human body. Thus, the safety of the proposed MR-WPT system in 

the human body was confirmed. 

 

  
(a) (b) 

 
Fig.3.15. 3-D graph of specific absorption rate (SAR) for the proposed MR-WPT system: (a) side-
view, and (b) bottom view. 
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3.1.5 Conclusion 
In this section, a new method to track the optimal efficiency of an MR-WPT system suitable for 

biomedical capsule endoscopy application was presented. The theoretical proof was followed by the 

results of simulations and measurement experiments. Since capsule endoscopy require a small form 

factor, a 9-mm diameter receiver with a 16.47-MHz resonance frequency was designed, and the 

performance was measured. In order to track the efficiency while the receiver was in the GI tract with 

variations in the distance, angle, and axial-misalignment to the transmitter, a new adaptive method 

was proposed. This adaptive technique utilizes the coupling coefficient PI1. In the distance change 

situation (y1h between the TX and RX coils), the efficiency was increased by up to 2.45 dB with the 

proposed work. In the angle change situation (°1h between TX and RX coils), the efficiency is 

increased up to 4.69 dB. In the axial misalignment case, (∞1h between TX and RX coils), the 

efficiency was increased by up to 1.48 dB. It was demonstrated experimentally that the proposed MR-

WPT system for capsule endoscopy applications is able to track the optimal efficiency under various 

geometric factors while transferring a real power of 26 mW to the load at a distance of 7 cm.  

Since the proposed work is intended for biomedical application, penetration experiments through 

real biological tissue were performed. There was minimal effect on the efficiency when the receiver 

and load coils were tested inside a tissue block at a depth of 7 cm, with a degradation of only 0.39 dB. 

The SAR test showed a very low value of 1.74 W/kg, with an energy transfer condition of 300 mW to 

the load. This confirmed the safety of the proposed MR-WPT system for use in a human body. 
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3.2 Step-charging technique for Li-ion battery charger 

3.2.1 Background 
Inductive power transfer (IPT) technology enables contactless energy transfer between two 

resonators through a magnetic field. IPT is a promising method of powering electrical devices, 

especially in environments where wired charging is inconvenient or even dangerous. For IPT 

applications, enhancing the power transfer efficiency is a key priority, as various research has been 

conducted to improve the transfer efficiency. Recently, IPT applications are being applied to electrical 

vehicles [3.32-3.35], biomedical implantation [3.36-3.38], and portable devices [3.39-3.41]. 

The electrical devices used in an industrial environment are generally powered by batteries, 

conventionally charged through wires. Conventional wired charging systems are susceptible to harsh 

environments, especially when exposed to water or dust. Also, in work places like manufacturing 

plants and construction sites, these wires can be cumbersome, inconvenient and hazardous, which has 

resulted in a demand for a highly-efficient and reliable alternative charging technology. IPT 

technology has been shown to transfer energy wirelessly in a range of up to about ten of centimeter 

with high efficiency. IPT charging systems are also more durable in harsh environments because there 

are no exposed terminal connectors. IPT technology can provide efficient, safe and convenient battery 

charging for electrical devices without direct electrical connection. Thus, IPT charging is beneficial 

for electrical devices in industrial environments including industrial power tools. 

The most commonly used rechargeable battery in electrical devices is the Li-ion battery because of 

its high capacity, which requires constant current (CC) and constant voltage (CV) charging modes, 

regardless of load variation, to extend battery lifetime. Conventionally, a wired battery charger is 

composed of a dc-dc buck converter to step down high input voltage to an appropriate voltage level 

for battery charging, and a charging circuit to regulate charging current and charging voltage. In IPT 

battery charging, charging power is controlled by DC-DC converter in front of the battery [3.42, 3.43], 

or power is controlled by using frequency modulation and regulator at the same time [3.44]. Another 

approach is to eliminate the Fig. 1 Proposed IPT block diagram with battery charger in receiver power 

stages in front of the battery and implement CC/CV modes using a special topology in order to 

improve the power transfer efficiency [3.45, 3.46]. 

In [3.42, 3.43], since the dc-dc converter controls the power, a separate communication circuit for 

power control is not necessary, but the efficiency is reduced due to the additional power stage circuit. 

Also, when the charging is completed, the transmission of power from the primary side must be 

stopped, so a communication device for that is needed. In [3.44], a frequency modulation (FM) and 

LDO regulator type battery charger is used to control the power. It is more efficient in power transfer 

than the previous method, but there is always a drop-out voltage in the LDO regulator and it causes 



69 

 

the secondary side to generate heat. Another widely used approach is the topology switch. Work in 

[3.45], hybrid topologies compensation structure was proposed to supply CC and CV output. A series-

series (SS) or parallel-parallel (PP) was used to realize CC mode in impedance matching conditions 

with zero phase angle (ZPA). A series-parallel (SP) or parallel-series (PS) was used to realized CV 

mode in impedance matching conditions with ZPA. To implements CC/CV modes, topology switching 

was used. In [3.46], CLC-LCL and CLC topology were used to obtain CC and CV modes charging 

states. These techniques do not require feedback control. However, the two technologies can only be 

realized with exact impedance matching. The topologies must have well matching impedance 

conditions to have load-independent operation, which is considerably difficult to realize in real 

systems. 

This study presents a step-charging technique for CC and CV modes battery charging with low-cost 

control system in Inductive power transfer system for a power tool application. The block diagram of 

the proposed IPT system is shown in Fig.3.16. The proposed IPT system has three power stages, two 

rectifiers and a half-bridge inverter. The theoretical derivation of the charging frequency 

is explained according to the battery charging condition, and the algorithm for applying the battery 

hysteresis is introduced. Using the proposed step-charging technique, a highly efficient and cost-

effective battery charging IPT system is realized. 

 

 

 

 
Fig.3.16. Proposed IPT block diagram with battery charger in receiver. 
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3.2.2 Frequency modulation for CC and CV modes 
 

 
 

Fig.3.17. Equivalent circuit of series-series compensated IPT. 

 

For the proposed system, SS compensation is used because of its simple structure and the voltage 

step-down characteristics compared to the SP, PS and PP compensation topologies. An equivalent 

circuit of the SS compensated IPT system is shown in Fig.3.17. The circuit can be used to obtain load 

current of the network with respect to switching frequency f. The relationship the voltage applied to 

the primary coil and between the currents through each coil can be expressed using following matrix. 

 

0st
0

=
ã| åOS
åOS ã|

5|
5b

                         (3.12) 

 

where ZP and ZS are the loop impedances of primary and secondary sides without coupling. These 

terms can be expressed as follow: 

 

ã| = åO4| +
I

íLKÉ
+ N|                          (3.13) 

 

ãb = åO4b +
I

íLK∏
+ Nb + NJ                        (3.14) 

 

where RP and RS are the parasitic resistance of primary and secondary side, RL is the equivalent 

resistance of the Li-ion battery, LP and LS are the inductance of primary and secondary side coils for 

power transfer, and CP and CS are the resonance capacitance of primary and secondary side. Also, O 

is the angular frequency 282. To obtain the voltage gain, equation (3.12) can be expressed as: 

 

0st = ã|5| + åOS5b                           (3.15) 
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5| = −
[∏

íL3
5b                            (3.16) 

 

In equations (3.15) and (3.16), IS can be replaced by Vout=RL. The voltage gain obtained from the 

above equation is expressed as follows: 

 

:l =
lóòô

löõ
=

L3

[É[∏ZL
X3X NJ                      (3.17) 

 

where Vin is input voltage at the primary side, Vout is the output voltage at the secondary side, and M 

is the mutual inductance of LP and LS. Since there is a rectifier with a capacitor filter, which acts as an 

impedance transformer, RL can be modified as an equivalent ac resistance RL-AC, which is introduced 

in [3.47-3.49]. The load resistance can be replaced by RL-AC, which is expressed according to the 

battery voltage Vbatt and the charge current Ichar as 

 

NJé{K =
π

VX
NJ =

π

VX
l∫ªôô

rºΩªæ
                       (3.18) 

 

According to (3.17) and (3.18), frequency could be controlled to supply constant current to the 

battery. Mutual inductance and voltage is given by the position of the coils and battery characteristics. 

The charging current is predetermined based on the recommended charge current rating for the battery. 

The optimal frequency can be derived from the following: 

 

:l_§svv = :l_vW¿¡ − :l_¬ùxBwu¿ = 0√wBB
πL3

VX [É[∏ZL
X3X rºΩªæ

−
I

löõ
        (3.19) 

 

where GV_diff is the voltage gain difference between the gain according to the frequency (GV_freq) and 

the desired gain (GV_voltage). The desired gain is determined by the current battery voltage and charging 

current given by the battery characteristic. Fig.3.18 shows GV_diff according to the normalized 

frequency. At the GV_diff = 0 condition, we can find the control frequency for the desired current and 

current battery voltage. The control frequency is calculated by interpolation method. As we can see in 

Fig.3.18, The control frequency needs to be close to the resonance frequency when the required 

charging current or current battery voltage becomes high. For the black line in Fig.3.18, the red dash 

line is when the frequency increases by about 8%, and the blue dash-dot line when the frequency 

decreases by about 5%. The frequency below the resonance frequency is the capacitive region, where 

current leads. In this region, shoot-through current at half-bridge inverter switch diode can occur. 

Because of this, the region above the resonance frequency is used for frequency modulation. Fig.3.19 
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shows charging frequency with respect to the battery voltage. The calculated frequency is extracted 

from (3.19), assuming input voltage is fixed and the battery charging current is 4 A. The calculated 

results are wellmatched to measured results, with a maximum 1 kHz difference between the measured 

and calculated frequency, which is only 0.7% error. This discrepancy is caused by non-idealities in the 

real circuit containing a half-bridge inverter and other components, which are neglected in the ideal 

circuit shown in Fig.3.17. 

 

 
Fig.3.18. Voltage gain difference graph according to the normalized frequency at different voltage and 
current conditions. 

 
Fig.3.19. Charging frequency according to the battery voltage at fixed charging current condition. 
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3.2.3 Step-charging technique 
3.2.3.1 Li-ion battery characteristics 

Rechargeable battery uses CC mode and CV mode to charge. Li-ion rechargeable battery, which is 

one of the most popular secondary battery, is charged with combination of CC/CV mode. 

Combination of CC/CV mode is used to maximize battery life time and ensure safety from explosion 

while charging the battery. To implement CC/CV mode, fundamental characteristic of the battery is 

used as known as voltage hysteresis. Fig.3.20 shows the voltage hysteresis characteristic of the 

rechargeable battery. Voltage of battery is slightly lower in discharging condition compared to 

charging condition. The voltage hysteresis is voltage difference between charging condition and 

discharging condition. The voltage difference becomes larger when charging or discharging current 

becomes higher. Fig.3.21 shows voltage hysteresis characteristic in different current. In charging 

condition, battery voltage is different with different charging current. By modulating voltage 

hysteresis characteristic, CC/CV modes are realized. 

 

 
Fig.3.20. Voltage hysteresis characteristics of the rechargeable battery. 

 
Fig.3.21. Voltage hysteresis characteristics in different charging and discharging current. 
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3.2.3.2 Step-charging algorithm 

The proposed step-charge technique enables the implementation of a battery charging circuit with a 

simple communication system and minimized feedback control. To implement this technique, 

operation of the primary and secondary sides has to be synchronized by the algorithm through one-

way communication from the secondary to primary side. A flow chart of the algorithm is shown in Fig. 

3.22, outlining the procedure for CC and CV mode battery charging. This algorithm is implemented 

on a low-cost low-frequency-resolution MCU, using a look-up table to determine the control 

frequency from the measured battery voltage. 

Before charging the battery, the primary side sends a ping repeatedly to check if the secondary side 

coil is properly placed for charging. The primary side can detect the secondary side itself without 

communication. The detection circuit and explanation will be introduced in section 3.2. The primary 

side transmits power at the initial frequency fint. In our system initial frequency is 161 kHz The 

secondary side reads the battery ID and sends this information to the primary side. If the battery ID is 

of a chargeable type, primary side starts charging. Then, the system checks the battery voltage and 

sends the calculated frequency data based on (8). 

In CC mode, the secondary side reads the battery voltage when Ichar reaches the minimum current 

value Iout-set_cc, which is selected after considering the frequency resolution of the MCU, and sends 

feedback data to the primary side to maintain the average current at 4 A. Based on equation (8), the 

frequency value satisfying the CC mode is found and the power control frequency is changed. A look-

up table is used to control this technique. If a large change occurs in the load value, when the amount 

of current can be deviated from the predicted range, all of the power predicted values in lookup table 

for a particular frequency will be shifted. This sequence is illustrated in Fig. 23(a). This sequence is 

continued until the battery voltage reaches 20.75 V, which is fully-charged battery voltage given by 

the battery profile. When the battery voltage reaches 20.75 V, it switches to CV mode. 

In CV mode, the charge current should decrease over time according to the battery conditions. To 

realize CV mode with an MCU, which can control frequency discretely, a current step-down method 

is applied, which is shown in Fig. 23(b). The battery exhibits hysteresis, shown as a drop of battery 

voltage proportional to the charging current. The current step-down method uses the battery hysteresis. 

In the flow chart, the previous charging current is expressed as Iout and the next target charging current 

is expressed as Iout-set_cv, which is set to Iout – 0.25A. When the battery voltage reaches the maximum 

acceptable voltage, which is 20.75 V in the target application, the secondary side sends the new 

frequency data to the primary side to reduce the charging current to Iout-set_cv. With the reduced 

charging current, the charging voltage is decreased below 20.75 V. This sequence continues until the 

battery charging current reaches the minimum charging current, which is 1 A for the target application. 

In addition to the charging procedure, protection is included in the proposed charging algorithm. 
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The implemented protection programs are over-voltage protection, over-current protection, and 

temperature protection. For over-voltage and over-current conditions, the charging system shuts off 

completely. For high temperature conditions, the charging current is reduced for 10 minutes to limit 

the heat generation. 

 

 
 

Fig.3.22. Flow chart of the proposed step-charging technique for battery charging system. 

 

 
(a) 

 
(b) 

Fig.3.23. Battery charging profiles with proposed step-charging technique: (a) CC mode charging 
profile, and (b) CV mode charging profile.  
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3.2.4 System description 
3.2.4.1 Transmitter and receiver 

 

 
Fig.3.24. Proposed wireless battery charger schematic. (red dot line: low level power line, blue dots 
line: control line, purple dots line: sensing line) 

Table 3.2. Parameters of system 

Parameters Value 

Primary side 

board size 14 ×	10cm2 
coil size 9.5	×	6cm2 

Lp 264 ^H 
Cp 8.2 nF 
Vin 311 Vdc 

major components 

MCU (AT90PWM), 
Driver IC (IRS2186), 
Half-bridge inverter 

(IPP60R230P6) 

Secondary side 

board size 9.5 ×	6.5 cm2 
coil size 9.5	×	6 cm2 

Ls 3.1 ^H 
Cs 700 nF 

Vbatt 16-20.75 V 

major components 

MCU (AT90PWM), 
Rectifier (IRFR8314PbF, 

IPD90P03PAL), 
Rectifier controller 

(TEA1795T) 
 

The schematic of primary side and secondary side is shown in Fig.3.24. The hardware of the 

primary-side board is shown in Fig.3.25(a). The system parameter and components used in the circuit 

are summarized in Table. 3.2. In input voltage is 311 V, which is rectified voltage rating of 220 Vrms at 

60 Hz. A fly-back converter with an integrated PWM controller is used to step down 311 V to 5 V and 

12 V, which supplies auxiliary power to the MCU, communication circuit and driver. A MCU 

(AT90PWM) is mainly used to control the operation of the power transfer between the coils. It 

changes the transfer frequency according to the received data from the communication circuits. A 

half-bridge inverter is used to drive the primary coil, where the source is the 311-V bus after the full 
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bridge rectifier. Between the full-bridge rectifier and the half-bridge inverter, a MOSFET (M1) is 

placed to prevent shoot-through current while changing the driver frequency of the primary coil. The 

M1 is needed because gate driving signals for M2 and M3 become high when the MCU changes the 

driving frequency. A MCU (AT90PWM) is mainly used to control the operation of the power transfer 

between the coils by changing the transfer frequency according to the received data from the 

communication circuits. The secondary side schematic is also shown in Fig.3.24. The secondary-side 

board is shown in Fig.3.25(b). The secondary side is made up of a full-bridge active rectifier, 

regulators, and an MCU. The active rectifier converts transferred ac power into dc power. This active 

rectification circuit decreases drop-out voltage compared to a diode rectifier from about 700 mV to 

100 mV, which increases voltage and power conversion efficiency. The system on/off circuit is 

triggered when rectified voltage Vrect is detected. After checking the signal, the system on/off circuit 

turns on MOSFET M4 and BJT M5 to charge the battery and turn on the MCU. This circuit makes 

reduce standby power by selectively turning on the MCU. The MCU plays a main role in the receiver 

as it processes all the monitored data, which are battery voltage, charging current, and temperature. 

The MCU initially senses the battery identification resistor to determine whether or not the connected 

battery is compatible with the charging system. After identifying the battery, it monitors the battery 

voltage and charging current to control the charging state. If the battery voltage and charging current 

exceed the pre-defined boundary condition, the MCU sends a data to primary side to regulate charging 

state. In addition, the monitored data are used for over-voltage protection and over-current protection. 

A thermistor is used for temperature protection. Protections are conducted by controlling primary side 

with data communication. Fig.3.26 shows the pre-charger and system on/off circuit in secondary side. 

M4 and M5 are connected to each other in the opposite direction. In the turn-off state, only the 

charging using the resistance path is possible. As mentioned above, when Vrect is detected, B2 and B1 

are sequentially turned on, and power is supplied to the MCU. Since the MCU senses the battery ID 

and the battery state, and starts power control. 

 

 
 

(a) (b) 
Fig.3.25. Fabricated step-charging technique IPT system: (a) primary side circuit, and (b) secondary 
side circuit, primary and secondary coils. 
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Fig.3.26. Pre-charger and system on/off circuit in secondary side. (red dots line: low level power line, 
blue dots line: control line) 
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3.2.4.2 Coil characteristics 

The primary and secondary coils are shown in Fig.3.25(b). The primary coil is 9.5	×	6 cm2 in size 

and consists 33 turns with a total inductance of 264 ^H. The secondary coil is 9.5	×	6 cm2 size and 

consists of 3 turns with a total inductance of 3.1 ^H. The gap between primary and secondary coils is 

7 mm during power transfer. Fig.3.27 shows measured efficiency from the primary to secondary coils. 

This was measured with a network analyzer (Keysight E5061B ENA), which supports power transfer 

efficiency measurements for wireless power transfer applications. The power transfer efficiency is 

above 95% in the 130-160 kHz range. This result is well-matched with 95.0% - 95.2%, which is the 

calculated efficiency using efficiency equations in [3.34]. Because of the low-quality factor, the power 

efficiency is almost constant over a broad frequency range. This characteristic is suitable for the 

proposed frequency modulation technique. 

 

 
Fig.3.27. Measured efficiencies of primary to secondary coil power transmission. 
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3.2.4.3 Communication circuits and analysis 

The basic concept of in-band communication is introduced in [3.44] used for IPT, but is not widely 

covered in the literature. In this section, the in-band communication is analyzed using equivalent 

circuit. Fig.3.28(a) shows the communication circuit of the primary and secondary side, where 

unidirectional in-band communication is used. The data are transferred from the secondary to primary 

side. An impedance modulation technique is used for the in-band communication. MOSFETs (T1, T2) 

are connected to LS and CS to make a path to CM and RM, which changes the impedance of the 

secondary side. When T1 and T2 are turned on, the primary side also senses the impedance change of 

the secondary side. The voltage between LP and CP is changed. During communication, the equivalent 

circuit is represented as in Fig.3.28(b). The loop impedance of the primary side is the same as (3.13), 

but the secondary side is expressed as 

 

ãb = åO4b +
I

íLK∏∥K≈
+ Nb + N3                      (3.20) 

 

where CM is the capacitor for impedance modulation and RM is the resistance for impedance 

modulation. 
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Equation (3.21) is the current IP of the primary side. The voltage of CP can be expressed as 

 

0K| =
I

LKÉ
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(a) (b) 

Fig.3.28. In-band communication circuits: (a) block diagram, and (b) equivalent circuit. 
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Based on (3.21) and (3.22), the voltage results of the CP over frequency are shown in Fig.3.29. The 

top black line shows VCP without data transferring. The bottom red line shows VCP with data 

transferring. These high voltage signals are rectified and stepped down to below 5 V. Then, a voltage 

comparator is used to restore the data and send it to the MCU. The Vref is set to 2.4V, which is chosen 

to operate in the full frequency operating range, to recover the data with the comparator. The voltage 

difference makes data recognizable. With this communication technique, the secondary side can send 

data immediately when an event occurs. Fig.3.30 shows the measured results during communication. 

The blue line (top trace) shows the sending data signal from the secondary side. Since in-band 

communication is performed while the primary side still tries to transfer power, some noise is 

observed in the sending signal. The light blue line (middle trace), shown in the middle of Fig.3.30, is 

the voltage between LP and CP. The yellow colored line (bottom trace) is the recovered data at the 

primary side. Even with some noise on the sending side, the restored date on the primary side is 

accurately received. The time required for communication is about 5.6 ms per one communication. In 

addition, the communication circuit is used to sense the secondary side, which causes the impedance 

to the secondary side coil and the ferrite to fluctuate and VCP to decrease. This is less change than the 

influence in the communication, and communication is designed considering this influence. 

 
Fig.3.29. Voltage of the Cp when communicated dependence on frequency. 

 
Fig.3.30. Measured communication signals at primary and secondary sides. 
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3.2.5 Performance verification 
3.2.5.1 Experimental settings 

Fig.3.31 shows the experimental setup of the proposed wireless battery charger. The proposed 

system is measured using a power supply (Kikusui PCR2000LA), electric load (Kikusui PLZ334W), 

oscilloscope (Lecory HDO4000A, Kesight MSO9254A), and power analyzer (N4L PPA520). The 

input voltage of the system is 311 V, which is the rectified voltage rating of the 220 Vrms. A 5S2P Li-

ion battery (5 cells in series, 2 cell strings in parallel) is used as the battery. 

 

 

 

 
Fig.3.31. Experimental setup. 
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3.2.5.2 Experimental results 

Fig.3.32 shows the battery charging waveforms of the proposed wireless battery charger in the time 

domain. The top pink line indicates charging voltage, and the bottom yellow line indicates charging 

current. Total charging time is 62 minutes. During the total charge time, the secondary side transmits 8 

bits of communication data about 100 times, and if there is any other error, it tries additional 

communication. The total communication time is 560 ms, which is 0.015 % of the total charging time. 

Around 8 W of power is consumed during communication, about, but the time required for 

communication is very short and there is almost no power loss. The average charging current is 4 A in 

CC mode. The transfer frequency is determined by the proposed algorithm and controlled discreetly 

with the MCU. The transfer frequency range is 142-162 kHz. The current decline is caused by the 

step-charging control of the frequency. After the system detects the battery voltage at 20.75 V, CV 

mode starts. In CV mode, the charging current is reduced by 0.25 A per step. Fig.3.33 shows the 

measured power transfer efficiency, charging current, and charging frequency over the output power 

range. The efficiency is measured from the dc input power Pin to the battery charging power Pout, 

which is indicated in Fig.3.24, such that efficiency is ñ = Pout = Pin. Fig.3.33(a) shows the charging 

efficiency of the system under CC mode at 4-A charging current. The average efficiency is 89.5% 

under 66-87 W charging conditions. In CC mode, the voltage of the battery increases with the 

charging power. The maximum efficiency is 90.3% under a 68-W charging condition. This includes 

3W of power consumption of MCUs and communication circuitries. The power transmission 

efficiency of the power stage alone is about 93%. This is a very high power transfer efficiency 

considering that the coil-to-coil efficiency is about 95%. Fig.3.33(b) shows the charging efficiency of 

the system under CV mode with the battery voltage at 20.75 V. The maximum and minimum 

efficiencies in CV mode are 89.7% and 68.3%, respectively. Table 3.3 shows the performance 

comparison of existing wireless power transfer systems for battery charging applications [3.34, 3.37, 

3.42-3.44, 3.50, 3.52]. The implementation of this IPT battery charging system focused on cost 

effectiveness for close-distance charging, while maintaining high efficiency. Some of the other works 

outlined in Table3.3 uses sophisticated wireless communication modules or higher-performance 

controllers (DSP) that increase the system cost. Conversely, this work used a low cost MCU for 

control using in-band communication that does not require additional wireless communication 

modules. Although [3.34, 3.51] achieved higher end-to-end efficiency, their power levels were 

significantly higher and the controllers were much costly. Compared to the remaining works with 

lower-cost implementation, the proposed IPT system achieved a higher efficiency (90.3%). In addition, 

the technology of this study can be increase the power control range when combined with 

technologies such as [3.52], which is control the power and voltage with primary side DC-DC 

converter. 



84 

 

 
Fig.3.32. CC/CV mode battery charging profiles in time domain. 

 
(a) 

 
(b) 

Fig.3.33. Charging efficiency profiles with transfer frequency and battery voltage or charging current: 
(a) CC mode profile, and (b) CV mode profile. 
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Table 3.3. Performance comparison 

 Distance Efficiency Power System feature 
Controller Comm. Power ctrl. Integration 

[3.34] 8 cm 96% 4 kW DSP Wireless Freq. modulation - 
[3.37] 1 cm 80% 15 W - Wireless Freq. modulation - 
[3.42] 10 cm 84% 560 W MCU Wireless DC-DC converter - 
[3.43] On pad 63% 2.5 W On-chip In-band - On chip (RX) 
[3.44] On pad 84% 15 W On-chip In-band Freq. modulation Full system 
[3.50] 11 cm 50% 20 W PWM IC - Load modulation - 
[3.51] 10 cm 94.5% 1.5 kW DSP Wireless Topo. Compensation - 

This work 0.7 cm 90.3% 80 W MCU In-band Freq. modulation Full system 
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3.2.6 Conclusion 
This paper presented a step-charging technique to regulate battery charging voltage and current 

with minimized power stages, achieving maximum 90.3% end-to-end efficiency. Previous studies 

using a conventional frequency modulation require high resolution frequency control, but this method 

is difficult to apply to low-end products such as power tools. To solve this problem, we analyzed the 

power control method of the system and designed the algorithm to charge the battery with the step-

charging technique. The proposed step-charging technology enables CC/CV modes power control 

with low-resolution frequency modulation using battery hysteresis. The hardware implementation is 

designed for an 80-W IPT power tool charging system. To minimize cost, a low performance MCU is 

used to control the entire IPT system and in-band communication is adopted. The experiment 

verifications were performed to confirm effective operation of the step-charging technique. The 

experimental results confirm that the feedback signals from the secondary to primary side are 

minimized during battery charging condition to reduce disturbances in the charging current. The 

experimental results show the power transfer efficiency, algorithm test and full battery charging graph 

in the time domain. Compared to previous works, the proposed frequency modulation technique for 

IPT allows for lower-cost implementation while maintaining high efficiency. 
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3.3 Instantaneous power consuming level shifter for body 

implantable buck converter 

3.3.1 Background 
Wireless power transfer has been widely used for body implantable medical device to address 

power supply problem. However, there are concerns regarding the implant location. The size of an 

implantable system with a wireless power receiving coil should be sufficiently small to fit in the 

location [3.53]-[3.55]. The coupling coefficient is proportional to the ratio of the size of the power 

receiving coil and power transmitting coil [3.56]. Therefore, coupling coefficient in the body 

implantable device is usually extremely low [3.53]. In extremely low coupling condition, voltage gain 

is susceptible to the implant depth [3.55]. Since the thickness of the skin varies for each person, the 

received voltage of the receiver varies a lot for each person. Therefore, a DC converter is needed to 

provide stable power even when the implant depth varies in extremely low coupling condition.  

A switching converter is more efficient than a linear converter in a wide voltage conversion ratio 

condition. Therefore, a switching converter is preferred as DC converter in a wireless power transfer 

system for body implantable applications [3.57]-[3.59]. This converter type uses many external 

components such as inductor, storage capacitor, bootstrap cap, and components for the compensation 

circuit. The use of many external components should be avoided in body implantable medical devices 

as these increase the size of the device. The inductor and storage capacitor are essential components 

of a switching converter and cannot be removed. The switching converter for the body implantable 

device operates in discontinuous mode (DCM) since the device is operated at low power [3.60]. In 

DCM, the number of components for the compensation circuit can be further reduced and integrated 

on the chip so that such components are not used as external components. To remove bootstrap 

capacitor, the level shifter should be the only component of the driver for a high-side power switch. 

However, the level shifter is always-on circuit and its high power consumption when it is used in a 

driver degrades power conversion efficiency.  

In this section, a low power level shifter for buck converter is proposed as a high-side power switch 

driver for wireless power transfer in body implantable medical devices. The external bootstrap 

capacitor was eliminated and only the level shifter was used as driver to reduce the overall size of 

implantable devices. Low power consumption was achieved by consuming power instantaneously 

during the transition period. Two types of on and off circuits were realized to cover the wide input 

range. 
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3.3.2 Conventional switching converter drivers 
A driver circuit is used to operate the power MOS switch of a DC converter and class D amplifier. 

A taper buffer with scale factor that is proportional to the input capacitance to output capacitance ratio 

is generally used as driver [3.61]. The taper buffer is made up of an inverter chain. However, if the 

input voltage of the converter is greater than the driving voltage of the buffer, the buffer alone will not 

be able to drive the power switch. Several driver techniques can be applied for high input voltage such 

as using a bootstrap capacitor, using a high-side ground, and using a standalone level shifter. 

3.3.2.1 Bootstrapping 

The most popular method to drive a high-side MOS switch is using a bootstrap capacitor. 

Bootstrapping is used when the high-side MOS switch is an NMOS. The principle of bootstrapping is 

charging the voltage to drive the MOS switch to the capacitor using a diode and operating the low-

voltage taper buffer using the charged voltage. The cathode of a bootstrap capacitor is connected to 

the source of a high-side MOS switch to realize an identical reference. Since the reference voltage is 

the same, the voltages of the bootstrap capacitor and taper buffer swing together with the high-side 

MOS switch. The driving signal is provided by the level shifter. The advantages of using 

bootstrapping is that it uses an NMOS as a power switch. An NMOS has a lower on-resistance 

compared to a PMOS, which has a low conduction loss. Also, driving loss is low because input 

capacitor is smaller within identical on-resistance. Bootstrapping can be applied whenever the supply 

voltage varies. However, a bootstrap capacitor cannot be integrated on a chip because a high capacity 

capacitor is required to support bootstrapping. Therefore, the use of an external capacitor is necessary. 

Applications with size constraints, such as body implantable devices, are not appropriate for 

bootstrapping. 

3.3.2.2 High-side ground method 

The high-side ground method is applied when PMOS is used in a high-side MOS switch. The high-

side ground method is similar to bootstrapping; however, the process of selecting the reference 

voltage is different. In bootstrapping, the reference voltage is the source of the MOS switch, while an 

extra voltage regulator is needed to generate the reference voltage in the high-side ground method. 

The power consumption of the driver is low since a low voltage taper buffer is used as the driver. 

However, flexibility with respect to the supply voltage variations is poor owing to its fixed reference 

voltage. The driver can be designed with adaptive reference voltage, but its efficiency is lower than 

that of bootstrapping. 
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3.3.2.3 Standalone level shifter driver 

A level shifter is a circuit that increases a low reference level swing to a high reference level with 

the same swing voltage. Using a level shifter as a driver eliminates the need for an external capacitor 

because a low voltage gate driver such as an inverter chain is not required. In addition, since it only 

increases the reference level of the voltage swing, it can operate properly even with variable supply 

voltage. 

The power consumption of a level shifter differs from that of a digital inverter. Fig.3.34 shows the 

schematic and waveform of a conventional level shifter. The level shifter always consumes current 

alternating between IF and IR. This current consuming property is a serious drawback of the converter 

driver because it lowers the power conversion efficiency (PCE). The larger the driving capacitor, the 

faster the switching frequency; thus, the level shifter becomes the dominant component that reduces 

the PCE. 

 

 
(a) 

 

 
(b) 

 
Fig.3.34. Conventional level shifter: (a) schematic, and (b) timing diagram. 
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3.3.3 Driver for body implantable converter 
The PCE and the size are the main parameters of a converter used in body implantable devices. 

Another important parameter is the tolerance of the input voltage variation. As mentioned earlier, a 

switching converter uses a driver circuit to control the power MOS switch. The three commonly used 

techniques are bootstrapping, high-side ground method, and using a standalone level shifter. 

Bootstrapping and the high-side ground method have the advantage of low power consumption using 

a low voltage inverter chain. The level shifter has the advantage on not using external storage 

capacitor. In this section, a level shifter driver that realizes low power consumption by controlling the 

instantaneous flowing current similar to a digital inverter is introduced. 

The proposed instantaneous power consuming level shifter is shown in Fig.3.35. The methodology 

to reduce power consumption was proposed for low power high voltage flat panel display driver in 

[3.62]. The instantaneous power consuming level shifter driver reduces power consumption 

considerably by controlling the flowing currents IF and IR only at the transition period. A combination 

of two signals from a microcontroller controls the operation of the driver. However, it is difficult to 

use a microcontroller for a body implantable device because it increases the size of the device and 

there is only one feedback signal to control the driver of a switching converter. Hence, an embedded 

controller for instantaneous power consuming level shifter using a single feedback signal is needed. 

Fig.3.35(b) shows the block diagram of a controller for the proposed level shifter for a switching 

converter. The controller is composed of an edge detector, a delay cell, and an output voltage detector. 

The edge detector and delay cell are used to operate the level shifter during the transition period of the 

input signal. Fig.3.35(c) shows the timing diagram of the controller.  The edge detector detects the 

rising edge of the input signal (VIN) to turn on the falling signal of the level shifter (VFL). The delay 

cell is used to turn VFL off after a certain time delay. To control the rising signal of the level shifter 

(VRS), the edge detector and delay cell are used in a manner similar to controlling VFL by detecting the 

falling edge of VIN.  

The current IRS, which controls the rising time of the level shifter output voltage (VOUTH) can be 

very low because it only charges the gate capacitance of MP3 and MP4. However, IFL, which controls 

the falling time of VOUTH should be high because it discharges a considerably large output capacitance. 

The current source I3 is set from the relation of the switching frequency and output capacitance. I3 

draws the charge stored in the output capacitance through MP5. To regulate the voltage drop, a diode 

connected MP6 is used. IFL is divided into the current through MP5 (IMp5), which is related to the 

inevitable switching loss, and the current through MP6 (IMp6), which is related to the driver loss. 

Fig.3.36 shows IMp5 and IMp6 for varying values of VOUTH. The sum of IMp5 and IMp6 is I3. IMp5 

discharges the charge stored in the output capacitance and IMp6 increases as IMP5 decreases. When IMp5 

is halved, the consumed power is as high as the switching loss (Psw). From this point, the driver 
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consumes more power to fully turn on the power switch. The driver loss (Pdr) includes extra power 

consumption due to the delay margin of the delay cell (tdm). To increase the PCE, an output voltage 

detector is used to eliminate extra power consumption. 

 
 

(a) (b) 

 
(c) 

 

Fig.3.35. Proposed level shifter: (a) schematic, (b) controller, and (c) timing diagram. 

 
 

Fig.3.36. Detailed waveforms of IFL and VOUTH. 
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The output voltage detector is composed of current mirror, diode connected transistor, and 

comparator. The transition of VOUTH is sensed by the current mirror. When VOUTH falls, MP8 supplies 

current to MN3, then VOUTL increases. When VOUTL is higher than the reference voltage, the comparator 

triggers the ending signal to turn the level shifter off. If the transition of VOUTH becomes higher than 

the threshold voltage required to turn on the power switch before the time delay of the delay cell, the 

output voltage detector controls VFL to turn the level shifter off. In the case of low supply voltage, 

VOUTH does not vary sufficiently to be detected by the output voltage detector. In this case, the level 

shifter is turned off by the delay cell. Hence, the level shifter operates in a wide input range using a 

combination of the output voltage detector and delay cell. Monte Carlo simulation of the proposed 

level shifter was performed with 600 samples resulting in output voltage error of 0.1%. 

The power distribution of buck converter with conventional and proposed level shifter driver is 

shown in Fig.3.37. Simulation was conducted when the load current is 3 mA. The result shows that 

the load with proposed level shifter occupies more portion because power consumption of level shifter 

is reduced by 66%. In Fig.3.38, efficiency of buck converter on various load with and without 

proposed level shifter is shown. The efficiency is increased by the maximum of 9% when the load is 

lightest. 

 
Fig.3.37. Simulated power distribution of the buck converter with conventional and proposed level 
shifter. 

 
 

 
 

Fig.3.38. Simulated efficiencies of the buck converter with conventional and proposed level shifter 
driver.  
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3.3.4 Measurement results 
A buck converter with the proposed instantaneous power consuming level shifter driver was 

implemented by the TSMC 0.18-µm BCD process. The converter includes a conventional type II 

compensator with error amplifier because it operates in DCM [3.63]. Fig.3.39 shows the micrograph 

of the fabricated buck converter. The chip area without bonding pad is 0.38 mm2. The converter 

operates at a switching frequency of 1.3 MHz and can support input voltage in the range of 2–5V. It 

provides a regulated output voltage of 1.8 V with output current from 400 µA to 18 mA. To only 

verify the performance of the proposed level shifter, techniques to increase the PCE such as zero 

voltage switching (ZVS) and ringing suppression were not implemented.  

Fig.3.40 shows the measured low voltage duty signal (VdutyL), duty signal shifted to high voltage by 

the level shifter (VdutyH), regulated output voltage, and drain terminal voltage of high-side PMOS 

switch (Vx), which indicates proper operation of the converter. The plot in Fig.3.40 indicates that the 

converter operates properly by moving the low voltage duty signal to the high voltage duty signal 

using the proposed level shifter. The transition speed of the output of the level shifter is slower than 

the low voltage duty signal, which is realized by decreasing the peak current within a limit that does 

not significantly affect the operation of the level shifter. Although the transition speed is slow, the 

converter operates successfully because the output voltage detector and delay cell provide sufficient 

time to turn on the power switch. Fig.3.41 shows the operation of the converter with various output 

current levels. The simulated and measured PCE values of the converter with proposed level shifter 

driver are shown in Fig.3.42. 

 

 

 
 

Fig.3.39. Micrograph of the buck converter with proposed level shifter. 
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Fig.3.40. Measured voltage of converter output VdutyH, VdutyL, and Vx. 

 

 
(a) 

 
(b) 

 
Fig.3.41. Measured voltage of converter output VdutyL, and Vx voltage at: (a) 500 ^A, (b) 5 mA. 

 
 
Fig.3.42. Efficiency of the buck converter with proposed level shifter driver.  
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3.3.5 Conclusion 
In this section, a level shifter driver was proposed to minimize the size of the converter by 

removing the bootstrap capacitor while reducing the power consumption of the driver stage. To 

achieve low power consumption, the level shifter consumes power only during the transition time, 

similar to a digital circuit. The power consumption of the level shifter decreased by a third. The effect 

of reduced power consumption of proposed level shifter influences strongly when the load is light. 

Therefore, the instantaneous power consuming level shifter is suitable to use in body implantable 

device. The instantaneous power consuming level shifter can be also used in applications where low 

power consumption and size reduction are important requirements such as in human implantable 

devices and internet of things. 
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Chapter IV 

WPT System for Body Implantable Devices 
 

4.1 Motivation 

WPT is a technology that has the effect of increasing the capacity of the battery by indirectly 

increasing the duration of the battery. It was popularized with wireless charging function in smart 

phone. However, WPT is most needed for BIMD. The main reasons are that a large battery cannot be 

inserted into the human body and an operation is required to replace the battery. Therefore, pacemaker 

has already adopted WPT. Since the pacemaker is relatively large in size among BIMD, the 

combination of a large battery and WPT can indirectly increase duration and capacity. However, 

BIMD, such as bio-sensors and retina implants, has a limited insertion area and space, which make it 

difficult to insert even batteries. WPT is an essential technique to supply power for the 

aforementioned applications. As mentioned in Section 2.6, there are three considerations in WPT for 

BIMD. 

�Space limitation 

�Human hazard 

�Safe operation 

First, space constraints are introduced by the location of insertion. Due to space constraints, the 

volume or size of the system must be small and the Rx coil, the core of WPT, must be small. Due to 

the relatively small receiver coil, the wireless power transmission performance becomes sensitive to 

the distance between the coils. The variation in distance between the coils changes the voltage 

induced in receiver. In a coil of different sizes, the voltage change is larger than the coil of the same 

size. In order to ensure the safety of the inserted system, the receiver circuit should be designed not to 

break even under wide voltage variation. In addition, the use of external passive components should 

be reduced to make the system smaller. 

Electronics intended for the human body should lower SAR. If SAR is high, a problem may occur 

to the human body. The best way to lower SAR is to transmit very low power. Of course, in order to 

transmit low power, the load must be designed to have low power consumption, but above all, the 

PCE at each converting part must be high. The power converting parts in WPT are the power transfer 

between the transmitter coil and receiver coil, the ac to dc conversion of the rectifier, and the dc to dc 

conversion of the converter. Increasing the power conversion efficiency at each part can indirectly 

lower the absorption rate of the human body. 
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4.2 Proposed approaches 

WPT system is made up with two coils which are transmitter and receiver coils, transmitter driver, 

rectifier, and DC-DC converter. Size of two coils is different because of space constraint by implant 

location. The power transfer efficiency is very low with different size of coils. A medium for power 

transfer is a human body. As a result, the transmitter cannot transfer high power because power loss in 

a medium will occur human hazard. Therefore, the BIMD should be operated in very low power, and 

WPT system for BIMD should have high power transfer and conversion efficiency. Moreover, 

receiver should support safe operation in wide input voltage range because different size of coils 

occurs large input voltage variation caused by displacement. In addition to space constraint, receiver 

should be designed in small size by reducing the use of external components. 

To lower transmitting power, the power transfer efficiency should be increased and the efficiency in 

circuit level should be increased by reducing power losses. The power transfer efficiency can be 

increased by load transformation. PCE in circuit level can be increased by reducing power losses. The 

power losses in WPT circuits are switching loss, conduction loss, and driving loss. Switching loss and 

conduction loss can be minimized by optimizing size of power transistors, but optimization of switch 

control timing should be introduced. Furthermore, power reduction technique for high-side driver is 

needed to further reduce driving loss while supporting wide input voltage variation. 

For enhancing efficiency in WPT system and proper operation with different size of coils, this 

research proposes three techniques: 

 

1) Optimal resonant load transformation for efficiency enhancement. 

2) Sampling-based on/off-time calibrated active rectifier. 

3) Bootstrap-capacitor-less DCM-VOT wide input buck converter. 

 

The power transfer efficiency and PCE will be increased with the proposed techniques. Also, the 

receiver circuit will not be broken by transferred power variation in displacement of two coils. Along 

with the proposed techniques, the main goal of this research is designing wireless low power transfer 

system for battery-less body-implanted system. 
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4.3 Optimal resonant load transformation for efficiency 

enhancement 

4.3.1 Model and analysis 
In the magnetic resonance WPT, a capacitor is connected to a coil to generate an LC resonance 

point, and power is transmitted at a resonance frequency. There are four kinds of coil structure which 

are SS, SP, PP, and PS depending on the position where the compensation capacitor is connected. The 

coil compensation structure determined by the capacitor is shown in Fig.4.1. Coils and capacitors can 

be connected in series or in parallel. The power transmission performance varies depending on each 

combination. Using a serial structure at the transmitter, power is transmitted from a voltage source, 

and when using a parallel architecture, power is transmitted from a current source. 

The most commonly used structure among the above four structures is the SS structure. It is easy to 

design and easy to analyze. In order to analyze the efficiency of the performance of wireless power 

transmission, reflected impedance is used. The reflected impedance can be obtained by dividing the 

voltage induced in transmitter by receiver by the input current. The reflected impedance is a measure 

of how the information in receiver appears to the transmitter through coupling. Therefore, it is 

possible to assume that all power consumed by the reflected impedance is transmitted to receiver. To 

do this analysis, the M-model is used, and it is shown in Fig.4.2. WPT modeling methods include T 

models and L models as well as M models. The T model uses circuit theory for WPT analysis, and the 

L model uses the ideal transformer. 

 

 

  
(a) (b) 

 

  

(c) (d) 
Fig.4.1. Basic compensation topologies in WPT: (a) SS, (b) SP, (c) PP, and (d) PS. 
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The analysis of SS using the M model is as follows. Let’s assume resonance frequency is used. The 

reflected impedance, Zr, can be expressed as 

 

ãW =
LX3X

6R»º
						(NH¿… = N1 + Nù)                      (4.1) 

 

where O = 282, M is mutual inductance, Rsec is resistance in receiver which is equal to sum of 

parasitic resistance, R2, and load resistance, Ro. With reflected impedance, efficiency at transmitter, 

ñMWs, is 

 

ñMWs. = 	
[æ

6î	Z	[æ
                               (4.2) 

 

where R1 is sum of source resistance and parasitic resistance. ñMWs  is also known as coupling 

efficiency of WPT system. The efficiency at receiver is 

 

ñH¿…. = 	
6ó

6X	Z	6ó
.                              (4.3) 

 

The product of efficiency at transmitter and receiver is end-to-end efficiency, ñBùB, 

 

ñBùB. =
[æ

6î	Z	[æ
×

6ó

6X	Z	6ó
.                          (4.4) 

 

 

 

 

 
Fig.4.2. Basic M-model, and M-model with reflected impedance. 

  



100 

 

The quality factor, Q, in series compensation is as follows, 

 

GH =
I

KRL6R
=

JRL

6R
.                             (4.5) 

 

where Cs is series compensation capacitor, Rs is series connected resistance, and Ls is series connected 

coil inductance. 

Q factor of the receiver can be considered to be equal to the magnitude of the reflected impedance. 

Therefore, a series compensated receiver has large reflected impedance in low load resistance, which 

implies high power transfer efficiency. If BIMD is modeled into a resistance, it can be modeled into a 

high resistance because it operates in low power consumption. According to (4.5), high resistive load 

will have low Q factor with series compensation. Thus, parallel compensation topology is considered 

in receiver. Q factor in parallel compensation is as follows, 

 

GM = NM.MO = 	
6Q

JQL
.                          (4.6) 

 

where Cp is parallel compensation capacitor, Rp is parallel connected resistance, and Lp is parallel 

connected coil inductance. It is possible to understand from (4.6) that parallel compensation topology 

in the receiver is suitable with BIMD because of its high Q factor possibility. However, parallel 

compensation is a little complicate to analysis than series compensation. Therefore, passive 

impedance transformation is required [4.1]. The passive impedance transformation is a technique to 

transform parallel circuit to series circuit or vice versa. The passive impedance transformation is 

simplified when GM1 ≫ 1 and the result of parallel to series conversion is  

 

.H ≈ .M                                 (4.7) 

NH ≈ 	
6Q

ÀQ
X 	 = 	

I

6QKQ
XLX.                           (4.8) 

 

 

 
Fig.4.3. Parallel to series conversion in receiver. 
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After the passive impedance transformation, the reflected impedance is  

 

ãW,HM =
LX3X

6XZ
ÅÑ

ÃÑ
X

                              (4.9) 

 

where Zr,sp is reflected impedance in series to parallel WPT system, RL is load resistance, and QL is Q 

factor with RL. With (4.2), (4.3), and (4.9), high Q factor which is equal to high reflected impedance 

induces high efficiency in transmitter but low efficiency in receiver. In contrast, low Q factor which is 

equal to low reflected impedance induces low efficiency in transmitter but high efficiency in receiver. 

It is possible to perceive that optimum Q factor exists to have maximum efficiency. 

To achieve optimum Q factor, we need to find a RL which makes @Õ

@6Ñ
= 0. The end-to-end 

efficiency can be calculated by combining (4.4) and (4.9), 
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where	S = P 4I41. The optimum RL is extracted from (4.10) by partially differentiating end-to-end 

efficiency to load resistance, RL. The extracted optimum RL, RL,opt is 

 

NJ,ùMB =
I

KX
XLX 6X

XZ
ÅX
Åî
LX3X

                         (4.11) 

 

where R1 is parasitic resistance in transmitter, R2 is parasitic resistance in receiver, and C2 is 

compensation capacitor in receiver. To find optimum load resistance, simulation environment is 

established, and it is shown in Table 4.1. L1 is transmitting coil, which is also known as primary coil, 

L2 is receiving coil, which is also known as secondary coil, and C1 is compensation capacitor in 

transmitter. From the simulation, NJ,ùMB is 6.5 PΩ with the given specifications. 

 

Table 4.1. Parameters of primary and secondary coils for simulation 

Parameter k L1 C1 R1 L2 C2 R2 

Value 0.05 18 ^F 7.41 pF 100 Ω 3.6 ^H 37 pF 10 Ω 
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4.3.2 Proposed load transformation technique 
In the previous section, the method to obtain optimum load for maximum efficiency is introduced 

in WPT environment. In a given WPT environment, the optimum load value is 6.5 PΩ. However, the 

actual target load is about 1.8 PΩ. Using a 1.8 PΩ as a load will result in significantly lower 

efficiency than using a 6.5 PΩ. So an additional circuit is required that can amplify the load between 

the coil and the load. 

Fig.4.4 shows two types of L-section technique used for impedance matching in the RF 

microelectronics. The L-section is used to amplify or attenuate the equivalent load. If the LC value 

used in the L-section is set to the resonance frequency, the reactance component can be canceled and 

neglected, which implies that it is a suitable technology for the magnetic resonance WPT. Since the 

Fig.4.4(a) increases the load, it is applied to the SP topology. 

A schematic with L-section is shown in Fig.4.5. To have easier analysis, series connected capacitor, 

Ct, is transform into parallel. Then, inductance, Lt, and capacitance for equivalent load amplification is 

canceled out. The Q factor with L-section is 

 

GB =
I

6ÑKôL
=

JôL

6Ñ
                            (4.12) 

 

and amplified equivalent load resistance is 

 

. 

(4.13) 

 

 

 

 

  
(a) (b) 

Fig.4.4. L-section for impedance matching in RF microelectronics. 
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Fig.4.5. Series-Parallel topology with L-section. 

 
With (1) and (3) in (4.13), capacitance for L-section is calculated, and it can be expressed as, 

 

.B =
KX
X 6X

XZ
ÅX
Åî
LX3X

6Ñ
.                           (4.14) 

 

With (2) and (3) in (4.13), inductance for L-section is calculated, and it can be expressed as, 

 

4B =
6Ñ

KX
XLê 6X

XZ
ÅX
Åî
LX3X

.                         (4.15) 

An inductance and a capacitance for optimum load resistance can be calculated with parameters 

from Table 4.1. Parameters are applied to (4.14) and (4.15), and 3.4pF and 39^H are achieved, 

respectively. Parameters including L-section are organized in Table 4.2. 

 

 

Table 4.2. Parameters of primary and secondary coils including L-section 

Parameter k L1 C1 R1 L2 C2 R2 Lt Ct RL 

Value 0.05 18^F 7.41pF 100Ω 3.6^H 37pF 10Ω 39^H 3.4pF 1.8kΩ 
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4.3.3 Simulation results 
MATLAB software is used to verify the proposed load transformation technique. The equations for 

verification was derived from T-model, and the parameters in table 4.2 are used. In order to 

investigate the efficiency changes due to displacement in the WPT environment, the simulation was 

done while the coupling coefficient variation. The range of the coupling coefficient variation was 

confirmed by measurement, and from 0.1 to 0.02 was measured when the distance between the coils 

was changed from 0 mm to 30 mm. Before measuring the efficiency, we simulated the change of 

reflected impedance by L-section. 

Fig.4.6 shows the change in reflected impedance when the coupling coefficient changes. Unlike 

other verification, the reflected impedance was extracted from M-model. The blue line is the basic SP 

topology, and the red line is the SP topology with the L-section, SPT. The reflected impedance is 

increased by the L-section, which will be resulting efficiency increment. 

Fig.4.7 shows the change in efficiency when the coupling coefficient changes. When the L-section 

is used, it is confirmed that the efficiency increases even if the coupling coefficient is changed. The 

lowest increment is 2.6% and the maximum increment is 8.6%. The maximum increment is appeared 

at coupling coefficient near 0.05 because optimization was done near 0.05 in section 4.3.2. 

In addition, the voltage gain change was also verified. The change in voltage gain is shown in 

Fig.4.8. In the conventional SP topology, the voltage gain decreases as the coupling decreases. 

However, using the L-section, the decrease in the voltage gain is not proportional to the decrease in 

the coupling coefficient. In the basic SP topology, the voltage gain is changed from 0.4 to 1.4. The 

voltage gain in L-section type is changed from 0.6 to 1. The result shows that L-section suppresses the 

variation of voltage gain. 

 
Fig.4.6. Reflected impedance vs. Coupling coefficient. (SP: series-parallel, SPT: series-parallel and L-
section) 
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Fig.4.7. Power transfer efficiency vs. Coupling coefficient. (SP: series-parallel, SPT: series-parallel 
and L-section) 

 

 

 

 

 

 
Fig.4.8. Voltage gain vs. Coupling coefficient. (SP: series-parallel, SPT: series-parallel and L-section) 
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4.3.4 Coil characteristics, and measurement results 
The implant location is decided as artificial blood vessel. The size of transmitting coil and receiving 

coil are different in order to resolve misalignment problem. The coils are fabricated with flexible 

printed circuit board (FPCB). The fabricated coils are shown in Fig.4.9. Fig.4.9(a) is primary coil, and 

Fig,4.9(b) is secondary coil. Outer dimension of primary coil is 50 mm × 70 mm. A width of electric 

wiring and spacing is 0.5 mm. Inner dimension, which is empty space, is 25 mm × 40 mm. The 

winding is 14 turns, and the inductance is 19 ^H. And, outer dimension of secondary coil is 10 mm 

× 20 mm. A width of electric wiring and spacing is 0.1 mm. Inner dimension, which is empty space, 

is 6 mm × 16 mm. The winding is 10 turns, and the inductance is 3.3 ^H. 

Keysight network analyzer E5061B was used for measurement, and the WPT analysis software 

provided by E5061B was used for measuring the power transfer efficiency. The compensation 

capacitor is selected as a value which resonates at frequency of 13.56 MHz in accordance with the 

measured coil inductance. For L-section, 33 ^H is used for Lt, and 4.2 pF is used for Ct. The 

secondary coil is moved vertically from primary coil from 0 mm to 30 mm, which is an identical 

environment to the coupling measurement. The measured power transfer efficiency and the voltage 

gain are shown in Fig.4.10. The maximum efficiency increment is 9.82%, and the average efficiency 

increment is 5.34%. The efficiency increment trend is similar to the simulation result. In measured 

voltage gain, SPT shows less gain variation than SP in vertical displacement. Maximum voltage gains 

of SP and SPT is 2.08 and 1.38, respectively. Minimum voltage gains of SP and SPT is 0.08 and 0.31, 

respectively. The additional effect of reducing the change in voltage gain will provide simplification 

on receiver circuit design. 

 

 

(a) (b) 
Fig.4.9. Fabricated coils with flexible printed circuit board: (a) primary coil, and (b) secondary coil. 
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(a) 

 

 
(b) 

 
Fig.4.10. Measurement results of between SP and SP with L-section (SPT): (a) power transfer 
efficiency, and (b) voltage gain. 
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4.4 Sampling-based delay compensated active rectifier 

4.4.1 Background 
Existing BIMD have limited performance and usable time due to limitations of available power. 

Pacemakers, cochlear implants, and gastric stimulators, which are universally implanted with a battery, 

had to conduct operation again to replace the battery after the end of battery life. In order to increase 

the service life, the size of the capacity of battery should be increased. However, there is a limitation 

in increasing battery capacity because of the foreign body sensation to the patient, and the volume of 

the battery cannot be increased beyond a certain limit due to the space limitation in the implant 

location. To overcome the limitations, WPT is emerging as a power supply solution in the field of 

BIMD. In particular, attempts have been made to supply electric power from the outside of the human 

body by using the MR-WPT in implantable devices [4.2] - [4.3]. 

 The MR-WPT uses the magnetic coupling between the primary coil and the secondary coil to 

transfer power. The power amplifier (PA) applies the AC current to the primary coil to generate a 

magnetic field, and the magnetic field is applied to the secondary coil according to the amount of 

magnetic coupling between the primary coil and the secondary coil. The AC voltage induced at the 

receiver is changed to a DC voltage through a rectifier, and it is supplied to the voltage required by the 

implanted device through the regulator. The magnetic coupling becomes stronger as the distance 

between the primary coil and the secondary coil becomes closer to each other or the size of the two 

coils becomes the same. However, in the case of BIMD, the magnetic coupling is very low because of 

the size of the implanted coil is small due to the implant space limitation. In a situation where 

magnetic coupling is low, the receiver circuit must be designed to operate stably even with changes in 

voltage gain, because the power transfer efficiency and voltage gain changes due to the distance and 

alignment between the coils. 

A power consumption of BIMD powered by WPT without a battery varies from application to 

application, from less than 1 mW [4.4] to tens of mW. The PCE of receiver circuit is significant when 

the power consumption of the implanted device is large. The low PCE of the receiver end not only can 

damage the surrounding skin tissues by generating heat due to the power loss, but also increases the 

amount of electromagnetic field radiated to the human body by making more power available at the 

transmitting end. 

The rectifier, which converts the induced AC voltage to DC voltage, should be designed to have a 

high PCE and a high voltage conversion ratio (VCR) within a voltage range caused by a change in 

coil coupling. Diodes that have been used as passive switches have been replaced with active switches 

to reduce the voltage drop and to achieve high efficiency, but internal delays caused by parasitic 

resistances inside the chip, parasitic capacitors and speed limit of the comparator have become a 
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problem. The internal delay of the active switch reduces the duration of power supply, generates 

reverse current, and reduces PCE and VCR. In particular, the internal delay of the active switch 

becomes a major negative influence on performance of the rectifier because the higher the frequency 

is used to reduce the size of external components such as coils and resonant capacitors. Therefore, 

compensating the internal delay is the most important factor in designing an active rectifier with high 

PCE and VCR. 

In this section, an adaptive delay compensated active rectifier that can operate at a wide input 

voltage of 3-12V is proposed. The delay compensation block consists of negative feedback based on 

the sample and hold, and it compensates the delay even when the magnitude of the voltage applied to 

the rectifier changes due to the change of the magnetic coupling or PVT variation. 
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4.4.2 Previous approaches 
 

 
Fig.4.11. Block diagram of conventional PMOS cross-coupled active rectifier. 

 

Fig.4.11 shows an active rectifier commonly used in implantable devices. The high-side switch is 

presented in a cross-coupled form and does not require a driver. The low-side switch turns on when 

the coil induced voltage, VAC, becomes lower than VSS, detects by a comparator. Parasitic resistors and 

capacitors, and the speed limit of the comparator causes a delay in the switch transition. A delay of 

several ns or more results in an efficiency reduction. The delay affects both on-transition and off-

transition of the low-side switches. If the on-transition time is delayed, the effective conduction time 

is reduced to increase the peak current. The increased peak current increases the voltage drop. On the 

other hand, when the off-transition time is delayed, the switch is still turned on even when the VAC is 

lower than the rectified voltage, Vrec. It generates a reverse current from the storage capacitor, and it is 

critical to the PCE. 

Conventionally, delay in switch control is minimized by increasing the speed of the comparator. 

However, it is not suitable for use in the BIMD because it requires large power to speed up the 

comparator. In order to overcome the problem, there have been many studies to compensate the delay 

by operating comparator faster than the actual comparison voltage by applying offset to the input of 

the comparator. Compensating for delay by applying offset to the input of the comparator eliminates 

the need for a high-speed performance. 

In [4.5] and [4.6], reverse current is removed by compensating the low-side switches turn-off delay 

using unbalanced current biasing or unbalanced sizing of the comparator. However, since the methods 

generate only fixed offsets, the delay cannot be fully compensated when the magnitude of induced 

voltage at the receiver or the load resistance changes. And the fixed offset in a specific condition 
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cannot have compensation accuracy under process, voltage, and temperature (PVT) variation. [4.7] 

introduces a switched-offset technique that applies unbalanced current biasing only during turn-off 

transition. Unlike [4.5] and [4.6], the offset is only applied after the low-side switch is turned on to 

avoid increase on turn-on delay. However, fixed offset cannot still compensate the delays perfectly in 

various conditions. 

[4.8] and [4.9] dynamically apply turn-on offset and turn-off offset through a switch operation to 

prevent reverse current and reduce conduction loss by increasing effective conduction time. The 

amount of offset is externally control by manipulating the control bit. However, off-chip control is not 

suitable for the implantable system. Therefore, an adaptive delay compensation technique that can 

adjust offset internally according to the operation condition is required. 

  



112 

 

4.4.3 Proposed sampling-based delay compensation technique 
 

 
Fig.4.12. Proposed adaptive delay compensated active rectifier. 

 
Fig.4.13. Waveform of rectifier when delay is: (a) less, (b) perfect, and (c) over compensated. 

 

An active rectifier including an adaptive delay compensation technique that can adjust the amount 

of offset internally is shown in Fig.4.12. It aims for a loosely coupled WPT system, where the 

required power and coupling coefficient changes. The power switches in proposed active rectifier is 

designed with DMOS to operate over a wide input voltage range. The comparator and circuits for 

adaptive delay compensation control block are designed with CMOS to minimize power consumption. 

Since the circuits can be damaged when a high VAC is induced, a signal divider is used to lower the 

voltage. In addition, high-side drivers are employed to control high-side switches because the cross-

coupled PMOS structure cannot be used due to the gate-source voltage limit in a situation where a 

wide input voltage is required. 
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Fig.4.14. Schematic of sampling-based adaptive offset generator. 

 

 
Fig.4.15. Schematic of common gate comparator and push-pull type offset generator. 

 

Fig.4.13 shows waveforms of rectifier when the delay compensation is applied. If the delay is less 

compensated, the reverse current occurs. If the delay is over compensated causing early gate transition, 

the conduction time is reduced, and the peak current is increased. Hence, it is necessary to adaptively 

control the offset to compensate the delay because it acts as a factor to lower the PCE. Likewise, when 

compensating for the internal delay that occurs during turn-on period, the delay compensation 

becomes a problem if the amount of offset is added more or less than necessary. In contrast to the 

turn-off period, when the delay is over compensated, a reverse current occurs. When the delay is less 

compensated, the conduction time decreases and the peak current increases. 
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The proposed adaptive delay compensation control block consists of two negative feedbacks to 

compensate the delay occurring at turn-on and the turn-off to generate gate transition at optimal 

timing. The offset generated by the negative feedback is alternately applied to the comparator through 

a switch operation. The two negative feedbacks produce offsets equal to the difference between VAC 

and VSS by detecting the VAC at the moment of turn-on and turn-off of low-side switches. The VAC 

value is continuously detected to change the amount of offset. Therefore, adaptive delay 

compensation is possible, even if the magnitude of input signal is changed or the power required by 

the load is changed.  

A sampling-based adaptive offset generator (SBAOG), a key circuit in the adaptive delay 

compensation control block, is shown in Fig.4.14. SBAOG has cascade connection of sample-and-

hold circuit, voltage buffer, and error amplifier (EA). Each circuit has a parallel structure to 

compensate turn-on delay and turn-off delay. The SBAOG samples the VAC at the moment when the 

gate transition of the low-side switch occurs, and makes offset by the difference from the VSS. Since 

the sampled voltages are close to VSS, it is necessary to increase the voltage level to match the 

dynamic range of the OTA. A symmetric single stage voltage buffer is used to increase voltage level 

of sampled signal and VSS. EA is designed to have a bandwidth that is sufficiently lower than the 

resonant frequency used for WPT. By adding a low pass filter to the output stage, the noise 

component due to the switching operation of the sample-and-hold circuit is reduced. 

Fig.4.15 shows the common gate comparator and push-pull type offset generator used in the 

proposed active rectifier. VEA_OFF and VEA_ON, which are output signals of EA, are applied to the 

PMOS gate of the offset generator to determine the offset. The offset generator generates an offset by 

flowing additional current to the comparator which is similar to the unbalanced-current biasing 

scheme. The timing of adding offset is controlled with SOFF and SON. 

Fig.4.16 shows the timing diagram and control logic used to control the switch of the adaptive 

delay compensation block when VAC1 is used as input. The block receives VGN1 and VGN2, which are 

gate control signal of two low-side switches, and controls sampling timing and offset generating 

timing. The switch control is based on SR latch. Turn-on sampling and turn-off sampling starts from 

the falling edge of VGN2. It stops turn-on sampling at the rising edge of VGN1. It stops turn-off 

sampling at the falling edge of VGN1 and detects VAC. The Shold signal is generated from Son,sample2, and 

is applied via delay logic to prevent it from turning on simultaneously with Soff,sample1. Offset enable 

signals Son1 and Soff1 are generated from the output of SR latch which has the rising edge detector of 

VGN1 and the falling edge detector of VGN2 as an input. The turn-on offset is applied from the falling 

edge of VGN2 to the rising edge of VGN1. The turn-off offset is applied from the rising edge of VGN1 to 

the falling edge of VGN2. 
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(a) 

 
(b) 

 

Fig.4.16. Control logic of proposed delay compensation circuit: (a) block diagram, and (b) timing 
diagram. 
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4.4.4 Simulation and measurement results 
An active rectifier with the proposed adaptive delay compensation technique was designed using 

the TSMC 0.18-µm BCD process. The storage capacitor which holds the output DC voltage of the 

active rectifier is an only external component. The proposed active rectifier is designed to operate 

over a wide AC input voltage range from 3V to 12V. To minimize power consumption, a comparator 

and a delay compensation block are designed with 1.8V devices. 

Fig.4.17 shows simulation results of the input AC waveform, delay compensated low-side switch 

gate signal, and output current waveform when the load requires 6 mW as output power. Fig. 7 (a) and 

7 (b) show waveforms when the input voltage is 3 V and 12 V, respectively. It can be seen that the on- 

and off-delay is well compensated with the proposed technique at the low and high limit of the input 

voltage range. 

 
(a) 

 
(b) 

Fig.4.17. Simulated waveforms of delay compensated switch operation and output current at: (a) VAC 
= 3V, and (b) VAC = 12V. 
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(a) (b) 

Fig.4.18. Simulation results while input AC voltage changes with and without proposed compensation 
technique: (a) VCR, and (b) PCE. 

 

 
 

(a) (b) 
Fig.4.19. Simulation results under load resistance variation with proposed compensation technique: (a) 
VCR, and (b) PCE. 

 

Fig.4.18 shows the VCR and PCE of the active rectifier with the proposed technique without the 

adaptive delay compensation technique while the input voltage is changed from 3V to 12V. The 

results show that higher VCR and PCE are achieved with the proposed technique. To achieve VCR in 

Fig.4.18 (a), the simulation is done with the fixed output power at 6mW. If the input voltage increases, 

the output current decreases due to increased resistance. Therefore, the lowest VCR is achieved when 

the input voltage is 3V, and the largest VCR is achieved when the input voltage is 12V. The minimum 

VCR value of the delay compensated active rectifier is about 0.88 at Vin = 3V and the maximum VCR 

value is over 0.96 at Vin = 12V. The PCE graph of Fig.4.18 (b) was also measured with the fixed 

output power at 6 mW. The PCE of the delay compensated active rectifier is about 80% at Vin = 3V 
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and about 77.5% at Vin = 12V. As the input voltage increases, the PCE decreases because the increase 

in the power consumed by the high-side driver is greater than the reduction in the conduction loss. 

VCR and PCE of the delay compensated active rectifier when the load resistance is changed are 

shown in Fig.4.19. The input voltage is fixed at 5V and the load resistance is increased 10 times to 

reduce the output power from 6mW to 0.6mW. As shown in Fig.4.19 (a), VCR is 0.9 or higher even 

when the load resistance is changed. In the PCE graph of Fig.4.19 (b), PCE tends to decrease as the 

load resistance increases because the amount of power consumed by the adaptive delay compensation 

block and the driver are larger than that required by the load. Therefore, to achieve the efficiency 

improvement using the adaptive delay compensation technique, the active rectifier should be 

employed under load conditions requiring a minimum of several mW of power. 

The proposed active rectifier with adaptive delay compensation technique is implemented in a 0.18-

µm BCD process. Fig.4.20 shows chip microphotograph of fabricated active rectifier. Fig.4.21 shows 

measurement result of waveform of delay compensated active rectifier. And, Fig.4.22 shows measured 

VCR of the active rectifier. Measurement was done without high-side switches. Diode was used as 

high-side switches. Measured VCR and simulated VCR in high resistances are almost equal, but 

measured VCR in low load resistance is lower than simulation results. It is assumed that 

compensation was not perfectly applied. 

 

 
Fig.4.20. Chip microphotograph of the active rectifier. 
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Fig.4.21. Measured waveforms of delay compensated active rectifier at VOUT = 5V. 

 

 

 

 

 
Fig.4.22. Measured VCR under load resistance variation at VOUT = 5V. 
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4.5 Bootstrap-capacitor-less DCM-VOT buck converter 

4.5.1 Background 
As the population ages and the welfare is promoted, researches on BIMD are actively being carried 

out, and products providing more various functions are being released. On the other hand, due to these 

various functions, the power consumption of the BIMD is increased, so that the primary battery alone 

cannot provide sufficient power and the limited life time forces the patients to pay additional cost and 

suffering only for the power supply of the BIMD. 

Wireless power transfer technology is a technology which has been making remarkable progress 

mainly in wireless charging for personal portable devices and wireless charging of electric vehicles. 

Convergence of WPT and rechargeable battery can extend the life time of the BIMD and reduce the 

suffering and the cost of battery replacement. It has the effect of increasing the capacity of the battery 

by indirectly increasing the duration of the battery. 

A MR-WPT is an attractive solution to extend battery life for space-limited applications such as 

BIMD. However, MR-WPT has a property that voltage gain changes when there is coupling variation 

caused by misalignment or distance variation. Especially, when the receiver coil is smaller than the 

transmitter, coupling change results in larger voltage gain variation than where identical coils are used. 

Therefore, a challenge for MR-WPT for space-limited application is that receiver must operate safely 

while coupling variation occurs. Previously, [4.10] offered wireless feedback solution to provide 

stable rectified voltage to the load. However, regulating rectified voltage through wireless 

communication is only possible in limited distance variation and it cannot respond safely when 

coupling condition varies rapidly due to its slow response. Therefore, additional regulator is required 

to supply stable voltage where coupling condition is changing rapidly.  

In the environment where the voltage conversion ratio changes widely, a switching converter is 

more efficient than a linear converter because switching converter has higher PCE than linear 

converter when the voltage conversion ratio is large. However, the switching converter requires 

several external components, such as an inductor, a storage capacitor, a bootstrap capacitor, and 

components for frequency compensation. Use of external components should be avoided for BIMD 

because implant space is limited. An inductor and a storage capacitor are essential to the switching 

converter and cannot be removed, but a bootstrap capacitor and components for frequency 

compensation can be removed. A pulse width modulation, which is widely used as a control method in 

converters, uses a fixed switching frequency to ensure a clean output, but compensation components 

are required and efficiency is very low in light loads. On the other hand, pulse frequency modulation 

(PFM) has relatively noisy output due to fluctuating switching frequency, but it does not need 

compensation components and shows high efficiency in light loads. Therefore, PFM control is 
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suitable for space constrained applications such as BIMD. 

This section introduces a DCM PFM buck converter providing 1.8V output with input voltage 

varying from 3-to-12V. The presented buck converter supports safe operation at the receiver while 

coupling variation occurs. An external bootstrap capacitor for high-side driver is removed by only 

using a standalone level shifter as the driver to reduce receiver size. A momentary power consuming 

(MPC) technique is applied to the standalone level shifter to increase PCE. In addition, dead-time-

based off-time calibration circuit (DOCC) is proposed to further increase PCE by reducing the low-

side conduction loss.  
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4.5.2 Over architecture 

 
Fig.4.23. System architecture of DCM-VOT-converter. 

 

The overall proposed system architecture of DCM-PFM buck converter is shown in Fig.4.23. The 

converter consists of standalone level shifter, DOCC, comparator, variable on-time generator, soft 

starting circuit, linear regulator, and bandgap reference. A linear regulator using VDDH, which is an 

input voltage which can vary with the variation of the coupling, as the power supply is used to 

initialize converter settings and operate the control circuit. It is temporarily used before the converter 

is stabilized. When the soft start is ended and output of the converter is stabilized, the linear regulator 

is deactivated, and output of the converter supplies power to the control circuits. Bandgap reference is 

designed to use VDDH as the power supply to operate regardless of the power reception state of the 

receiver. Since the converter operates in PFM mode, total size of the converter is reduced due to lack 

of compensation block. However, an integrated 10pF capacitor, Cf, is used to improve noise immunity 

by increasing ramp signal with relatively small output ripple. Basically, the on-time generator 

produces constant-on-time (COT) at certain VDDH, but it provides variable-on-time (VOT) when VDDH 

changes. An inductor and a storage capacitor are only used externally. The high-side NMOS switch, 

which is used to reduce conduction loss and size, is replaced with PMOS switch and eliminated the 

need for an external bootstrap capacitor. 
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Fig.4.24. Timing diagram of initial operation sequence of the proposed converter. 

 

Fig.4.24 shows the timing diagram of the initial operation sequence of the proposed converter. First, 

the output of bandgap voltage reference, VBGR, rises when an input voltage is applied. As VBGR rises, a 

linear regulator begins to operate. The output of linear regulator, Vinit_supply, is settled after VBGR is 

settled. Before Vinit_supply reaches the desired voltage, the initialization circuit limits the operation of 

the converter control circuit. When Vinit_supply becomes the desired voltage, the initialization circuit is 

turned off and the converter control circuit starts operating. At the same time that the converter control 

circuit starts to operate, the soft starting circuit controls the output of the converter, VOUT, to prevent 

excessive current. Finally, when VOUT reaches the desired voltage, the linear regulator is deactivated 

and the output of converter is used as the power supply. 
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4.5.3 Building blocks 
4.5.3.1 Proposed high-side driver (MPC level shifter) 

 
                    (a)                                      (b) 

Fig.4.25. Schematic of level shifters: (a) conventional MPC level shifter, and (b) proposed MPC level 
shifter. 

 
Fig.4.26. Timing diagram of the MPC level shifters. The properties of conventional and proposed 
level shifter are compared. 

 

Several drivers were used to convert low reference signal to high reference level for driving high-

side MOS switch. The most popular high-side driver is driver with bootstrap capacitor, which is used 

when the driving target is NMOS. The low on-resistance of NMOS compared to PMOS leads to 

smaller size, resulting in low gate capacitor. However, the capacity of bootstrap capacitor should be 

much higher than the amount of charge consumed to drive high-side NMOS to maintain stable supply 

voltage. Therefore, bootstrap capacitor is usually used in the capacity of nF. The sub nF capacitor can 

be integrated on the chip, but it still occupies large area. Hence, bootstrap technique is not suitable for 
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BIMD. 

The high-side ground method or stand-alone level shifter can be used for driving high-side PMOS. 

The high-side ground method is similar to bootstrapping except that an additional voltage generator is 

needed for extra ground. This method has poor supply voltage range by fixed extra ground. 

 The stand-alone level shifter itself also is used as a high-side driver. The stand-alone level shifter 

changes low reference level swing to high reference level with same magnitude. It can drive MOS 

switch without external capacitor or additional ground. Also, the level shifter can operate properly 

even when supply voltage varies. However, the general level shifter consumes power continuously in 

contrast to the inverter chained buffer. The static power consumption deteriorates PCE of the 

converter. 

To resolve large static current problem in level shifter, capacitively coupled level shifter (CCLS) 

[4.11], and MPC level shifter [4.12] were introduced. However, CCLS needs a large capacitor which 

is almost 10 times larger than gate capacitance to suppress charge sharing effect. As a result, it is not 

compatible with space-limited applications. The conventional and the proposed level shifter using 

MPC technique are shown in Fig.4.25. The MPC level shifter is divided into current sinking part and 

current sourcing part. These two parts are isolated by body diode of MP3. Each parts are only operated 

when the output of level shifter needs transition. As a result, a large static current is eliminated, and a 

dynamic current is dissipated when the transition is occurred. [4.12] uses diode-connected MP4 to 

regulate maximum voltage drop of the output, VOUTH. To drop VOUTH, MN2 is turned on and IFL is 

conducted. IP3 and IP4 gradually decreases and increases, respectively. The sum of IP3, and IP4 is IFL. IP3 

is the current which drops VOUTH. However, IP4 takes current away from IP3 which increases the 

transition time. A technique to reduce transition time while maintaining maximum voltage drop 

regulation is proposed. The diode-connected MP4 is replaced with a zener diode. By using the intrinsic 

characteristic of a zener diode that extremely small current flows before the reverse breakdown 

voltage, IP3 sinks the current equal to IFL. If IFL is regulated by current source I2, the transition time is 

reduced by 50%, and the power dissipation of the level shifter also decreases in proportion to the 

transition time reduced. A timing diagram of the MPC level shifters is shown in Fig.4.26, and 

reduction of power consumption can be intuitively understood from Fig.4.26. A comparison of power 

consumption of the MPC level shifters at duty cycle of 10% and 5% are shown in Fig.4.27. It is 

extracted from cadence simulation. The results show that proposed MPC level shifter has low power 

consumption when the duty cycle is low. However, the power reduction ratio increases as the duty 

cycle increases. 
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Fig.4.27. Power consumption comparison between conventional and proposed MPC level shifter at 
duty cycle of 10% and 5%. 
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4.5.3.2 Proposed low-side compensator (DOCC) 

Conduction loss of the low-side diode in the converter is a factor that reduces PCE. A synchronous 

converter using a transistor switch rather than a diode is commonly used to eliminate diode 

conduction losses. It reduces the conduction loss compared to the diode by using the on-resistance of 

the transistor. The synchronous converter utilizes zero-voltage-switching to efficiently control the 

transistor switch. 

While using ZVS, propagation delay of comparator and buffer results in a reverse current causing 

power loss. To eliminate the reverse current, a high speed comparator or a turn-off timing adjustment 

technique for switch control should be used. The concept of the proposed switch control technique to 

eliminate the reverse current is subtracting the delay time of the comparator and buffer from the 

switch control time. Since it is impossible to subtract time, the proposed switch control technique is to 

turn-off the switch as early as the delay time of the comparator and buffer. 

Fig.4.28 shows the DOCC which compensates the delay of the low-side driver and reduces power 

loss caused by the reverse current. The DOCC provides an intentional offset voltage proportional to 

the delay that can alter the comparison timing resulting in zero reverse current. DOCC consists of 

buffers, comparators, dead-time to DC converters (DTDC), error amplifier, and V-I converter. The 

buffer is used to isolate offset added signal from the original compared signal. A function of DTDC is 

converting the time difference to DC voltage. 

 

 
Fig.4.28. Block diagram of dead-time-based off-time calibration circuit (DOCC). 
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Fig.4.29. Schematic of dead-time to DC converter (DTDC). 

 

 
Fig.4.30. Timing diagram of DOCC. 
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A schematic of DTDC is shown in Fig.4.29. DTDC is originated from phase frequency detector 

(PFD) and charge pump which are commonly used in phase locked loop. However, DTDC differs 

from the usage in phase locked loop. DTDC measures time difference with PFD and only a single 

output is connected to charge pump. The charge pump generates DC voltage proportional to the time 

difference. A sample-and-hold circuit is used to store the DC voltage and isolate a capacitor for 

storing DC voltage from the output of charge pump. A timing diagram of DOCC is shown in Fig.4.30. 

A calibration reference is generated using a replica of circuit for ZVS. DTDC in replica converts the 

time difference between off-edge of Vduty and on-edge of VN,ref to DC voltage. The time difference 

between each edge is a dead-time to eliminate shoot-through current, and it represents the delay of the 

driver, td. The DTDC in main signal path converts time difference between off-edge of VN, and VN,ref. 

The error amplifier and V-I converter generate offset, and add it to the buffer. Negative feedback to 

generate offset, ∆Vcal, turns VN off earlier than VN,ref by the amount of the dead-time. The comparator 

has additional delay which is proportional to the transition speed of the input signal. Therefore, delay 

occurred at switch off-period is larger than on-period. However, the dead-time includes propagation 

delay of level shifter which can compensate the delay difference caused by input transition speed. The 

DOCC calibrates for fixed dead-time, but this ensures a PCE rise through safe reverse current 

rejection. 
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4.5.3.3 Variable-on-time generator 

 

 
Fig.4.31. Waveform of inductor current. 

 

PFM is a method of controlling the output voltage by changing the pulse frequency when the input 

voltage or the load changes. It is easier to design than pulse width modulation and shows high PCE in 

light load. There are several ways to implement PFM [4.13]. COT is a method of fixing the time for 

turning on the high-side switch, and determining the period of operation of the switch by the change 

of the output voltage. When the output voltage falls below the desired voltage, the comparator 

activates the pulse generator to operate the converter. The pulse generator is deactivated after the 

converter has been running for the set time. When the output voltage becomes lower than the 

reference voltage, it is activated again to operate the converter. VOT is a method of varying on-time in 

inverse proportion to the input voltage of converter, but the on-time is constant in the certain input 

voltage. The on-time of VOT is determined by f (Vin-Vout), where Vin is input voltage of the converter, 

Vout is output voltage of the converter.  

Generally, VOT shows better performance over a wide input range than COT [4.14]. To compare 

the performance between COT and VOT, key design parameter is derived such as peak inductor 

current (IL,peak), switching frequency (fsw) and output voltage ripple (Vripple). The waveform of inductor 

current is shown in Fig.4.31. Key parameters derived from Fig. 12 are 
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 (a)  

 

 

 

 (b)  

 

 

 

 (c)  
 

Fig.4.32. Performance comparison between COT, VOT, and semi-VOT: (a) peak inductor current, (b) 
switching frequency, and (c) output voltage ripple. 
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where L is an inductance, Iout is output current of the converter, T1 is on-time of high-side switch, T2 is 

on-time of low-side switch, and CLoad is a capacitance of storage capacitor. 

Performance comparison between VOT and COT is shown in Fig.4.32. The rate of change of each 

parameter is small when the converter is controlled by VOT while the input voltage changes. In 

particular, the peak inductor current has a fixed current value even if the input voltage changes. 

However, when the input voltage is small, the switching frequency is low causing large ripple voltage. 

Even if WPT for BIMD should support a wide input voltage range, the main operating voltage range 

is a low voltage range. Therefore, a control method that has better performance when the input voltage 

is low should be employed. In this section, a VOT that on-time is determined by f(Vin-Vgs) is 

employed, and it is called a semi-VOT for classification. The semi-VOT has small variation rate of 

each parameter even when input voltage is changed, and output voltage ripple is small due to high 

switching frequency when input voltage is low. 

 

 

 

 
Fig.4.33. Schematic of variable-on-time generator. 
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Fig.4.33 shows a schematic of the VOT generator. The bias current, Ion, is determined by the 

voltage across the resistor, Ron, and the voltage across Ron is Vin-Vgs. When the output of the 

comparator, VCMP, operates D flip-flop, the bias current charges the on-chip capacitor, Con, and when 

the voltage of the capacitor exceeds the threshold voltage, the VOT generator is deactivated by 

resetting the D flip-flop. The output signal from the D flip-flop is the on-time signal, and the on-time 

of the signal is defined by the following equation: 
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4.5.3.4 High voltage bandgap reference 

A voltage reference circuit for the linear regulator and the converter control circuit operates before 

the other circuits using the input voltage of the converter as a power source. The input voltage of the 

converter varies from 3 to 12 V, and a two-stage bandgap voltage reference circuit is designed to 

operate at a high voltage. The schematic of two stage bandgap reference circuit is shown in Fig.4.34. 

The output of 1st bandgap reference circuit is used as voltage supply of the 2nd bandgap reference 

circuit. The output of a normal bandgap reference circuit is less than 1.5V because the VBE of the 

bipolar transistor is from 0.6 to 0.8V. For the operation of the 2nd bandgap reference circuit, the 

minimum output of 1st bandgap reference circuit is made around 3V by using four cascaded bipolar 

transistors, Q3. The output branch of the 1st bandgap reference circuit consumes more current than 

other branches for temperature compensation of 4 cascaded bipolar transistors. The 2nd bandgap 

reference circuit, which receives the output of the 1st bandgap as a power supply, is designed as a 

normal bandgap circuit and the output, VBGR, is around 1.2 V. 

 

 
Fig.4.34. Schematic of high voltage two stage bandgap reference circuit. 

 

  



135 

 

4.5.3.5 Linear regulator 

The linear regulator is used to supply power to the converter control circuit before the converter 

operates, and it is shown Fig.4.35. The bias current required for the regulator is a self-bias current 

using a resistor, R1. The HRI device provided by the BCD process is utilized for R1, and an on-chip 

capacitor, Cf, and resistor, Rf, are used for frequency compensation. The output capacitor, Cout, is used 

externally. When the output of the converter is stabilized and the output of the converter becomes 

equal to the output voltage of the linear regulator, the linear regulator is deactivated. To deactivate the 

linear regulator, MN6 is turned on to turn off MN1, MN2, and MN5 that supply a biasing current to the 

regulator. The reference bias current flowing through R1 when the linear regulator is deactivated flows 

to MN6, but it does not influence on converter efficiency because it is too low. 

 

 
Fig.4.35. Schematic of high voltage linear regulator. 
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4.5.4 Measurement results 
 

 
 
Fig.4.36. Chip microphotograph. 

 
The DCM PFM buck converter with MPC level shifter and DOCC is implemented in a 0.18-µm 

BCD process, and it occupies an active area of 0.68 mm2. Fig.4.36 shows the chip microphotograph.  

The converter operates at switching frequency under 750 kHz and it can support input voltage in the 

range of 3–12 V. It provides a regulated output voltage of 1.8V with output current from 20 µA to 3 

mA. The external inductor and capacitor values of 47 µH and 100 nF are used, respectively. Fig.4.37 

is measurement setup to check performance of the converter. Fig.4.38 shows measured waveform of 

DOCC from minimum VDDH to maximum VDDH. DTDC generates time difference of VP and VN,ref, and 

VN,ref and VN, properly, resulting in reverse current prevention. Measured waveform of the converter 

under various conditions are shown in Fig.4.39 and Fig.4.40. The switching frequency changes 

according to the input voltage and the output current. The output ripple voltage become higher when 

input voltage increases or output current decreases. Fig.4.41 is a WPT configuration measurement 

setup to verify the operation of the converter in noisy environment. Coils shown in Fig.4.9 are used. 

The rectifier shown in Fig.4.20 is used to construct WPT environment. Measurement results of DOCC 

in noisy environment is shown in Fig.4.42, and Measurement results of the converter in noisy 

environment is shown in Fig.4.43. From the results, proper operation of the converter with proposed 

techniques is confirmed. Measured efficiency of the converter is shown in Fig.4.44. Average 
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efficiency of the converter from 100 uA to 3 mA is 78 %. The efficiency of the converter starts to 

decrease from 100 uA. Performance summary and comparison is given in Table 4.3. Publications that 

supports below 5 mW is used for comparison. The presented converter supports widest input voltage 

range without bootstrap capacitor with highest efficiency below 5 mW as output power. The 

efficiency of [4.15] is higher than the converter, but it occupies much larger area with its bootstrap 

capacitor. 

 

 

 

 
Fig.4.37. Measurement setup. 
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(a) 

 
(b) 

Fig.4.38. Measured waveforms of DOCC at IOUT =1mA when VDDH is: (a) 3V, and (b) 12V. 
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(a) 

 
(b) 

Fig.4.39. Measured steady-state waveforms of the converter when VDDH is 3V: (a) IOUT = 660uA, and 
(b) IOUT=3mA. 
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(a) 

 
(b) 

Fig.4.40. Measured steady-state waveforms of the converter when VDDH is 12V: (a) IOUT = 660uA, and 
(b) IOUT=3mA. 

  



141 

 

 
Fig.4.41. WPT configuration to measure the converter in noisy environments. 
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(a) 

 
(b) 

 

Fig.4.42. Measured waveforms of DOCC in WPT environments at IOUT =1mA when VDDH is: (a) 3V, 
and (b) 12V. 
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(a) 

 
(b) 

 

Fig.4.43. Measured steady-state waveforms of the converter in WPT environments when VDDH is: (a) 
3V, and (b) 12V. 
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Fig.4.44. Measured efficiencies of proposed converter. 

 

Table 4.3. Performance comparison 
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Chapter V 

Conclusion 
 

In this thesis, techniques to improve performances such as efficiency, size in WPT for BIMD are 

presented. The most significant property that needs to deal with in WPT for BIMD is the human 

health hazard with exposure in EM field. Too much exposure in EM field can cause several problems 

to the human body. In addition, large physical size of implantable devices can give foreign body 

sensation to the patients. To solve the problems mentioned above, a method to improve the PCE of the 

system to lower the radiated EM field and a method to reduce the size of the system to alleviate 

foreign body sensation are proposed. Additionally, a method to charge the Li-ion battery safely and 

efficiently with WPT is also proposed. 

First, techniques that improve the performance of WPT using coils are presented. In 4 coil system, 

the power transfer efficiency is improved by using the coupling coefficient optimization in the 

transmitter. A load transformation circuit is used for the implanted receiving coil to improve the power 

transfer efficiency. The load transformation for efficiency enhancement has the additional effects of 

reducing the change in voltage gain, which can provide a simplification on the receiver circuit design. 

In the receiver circuit, PCE is improved by reducing power losses. For the rectifier, an adaptive 

compensation technique that reduces the power loss due to the switch operation delay is realized. The 

realized technique is a method of optimizing the timing of switch operation based on sampling. The 

technique not only improves the efficiency but also increases voltage conversion ratio by preventing 

reverse current and maximizing conduction time, respectively. Likewise, the PCE in converter circuit 

is improved by reducing the power loss by adopting a DOCC circuit that prevents reverse current. 

Furthermore, a high-side switch driver that reduces power consumption while eliminating bootstrap 

capacitors of converters and rectifiers is employed. The employed driver eliminates nF sized bootstrap 

capacitors, which can dramatically reduce the size of systems. Since the presented high-side driver 

does not have additional capacitors, the converter operates under wide input range with reduced area 

occupation. By making the proposed driver operate instantaneously, it reduces power consumption 

and further contributes to lower the PCE of the converter. 

Techniques that are suggested in this thesis increase the power efficiency and reduce the size of the 

system in MR-WPT for BIMD. These techniques are able to be employed in any applications that use 

WPT as power supply requiring low power consumption and small size occupation such as internet-

of-things. 
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