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Abstract— The current wireless power transfer (WPT) in 

MHz band operation has a problem that efficiency deteriorates 
when the distance or load changes. To solve this problem, we will 
use circuit analysis to verify the maximum efficiency of WPT in 
MHz operation using a circuit with a class-E inverter and 
DC/DC converter that can handle coupling coefficient and load 
resistance variations, while satisfying zero-voltage switching 
(ZVS) and taking load and coupling coefficient into account. A 
system efficiency of 82.4 % was achieved in the simulation 
environment at a transmission frequency of 6.78 MHz with a 
load resistance of 10 Ω and a coupling coefficient of 0.05. 

Keywords— Wireless power transfer (WPT), class-E inverter, 

megahertz (MHz), zero-voltage switching (ZVS) 

I. INTRODUCTION  

Wireless chargers are equipped with a power transmission 
coil on the transmitting side and a power receiving coil on the 
receiving side, and charge by wireless power transmission 
(WPT). [1]. This power transmission enables charging 
without cables, thus ensuring high convenience. Currently, 
WPTs generally transmit and receive power by setting the 
resonance frequency and operating frequency in the kHz band 
and are used in chargers and are expected to play an active 
role in electric vehicles [2]-[7]. However, one problem with 
setting the resonant frequency and operating frequency in the 
kHz band is the inability to downsize the equipment. To solve 
this problem, research is being conducted to reduce the values 
of devices such as capacitors and coils by setting the 
resonance frequency in the MHz band and performing WPT 
[8]. 

One problem with MHz-band WPTs is that, compared to 
kHz-band WPTs, the higher frequency requires more 
switching at the inverter, resulting in higher switching losses. 
However, this can be improved by satisfying zero-voltage 
switching (ZVS) and zero-derivative switching (ZDS). 
Another problem is that charging conditions are limited. To 
solve this problem, there are methods of control using an 
impedance matching network (IMN) or a DC/DC converter 
[9] [10]. The method using an IMN requires feedback control from 
the power receiver to the power transmitter, but the method using a 
DC/DC converter is more convenient because it can be completed 
by control on the power receiver side, eliminating the need for 

communication. However, while there are studies that use 
IMNs to find the maximum efficiency for coupling 

coefficient and load resistance variations, there are no studies 
that use DC/DC converters to find the maximum efficiency 
of the entire circuit [11][12]. 

In this paper, we use circuit analysis to demonstrate the 
maximum efficiency of a WPT operating in the MHz band 
with a class-E inverter and DC/DC converter that can handle 
coupling coefficient variations and load resistance variations, 
while satisfying ZVS and considering distance and load. 

II. CIRCUIT CONFIGURATION 

A. Circuit Configuration 

Fig. 1 shows the circuit and operating waveforms. 

 
(a) 

 
          (b)                                                          (c) 

 
    (d)                                                       (e) 

Fig. 1. (a)Design circuit and (b) Operating waveforms of the switch, (c) 
Voltage in the transmission section, (d) Current in the transmission 

section, and (e) Current in the receiving section 
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 The circuit configuration uses a class-E inverter, a full-
bridge rectifier, and a DC/DC converter. Where �� is the input 
voltage, ��� and ���  are both choke coils, ��  and ��  are the 

transmission coil and receiver coil, respectively, and �� and �� are the internal resistance of each coil; 	� and 	� are the 
resonant capacitors of the transformer and receiver, 
respectively; 	
 is the shunt capacitor of the class-E inverter, 
and 	� and 	�� are the rectifier capacitors of the full bridge 

rectifier and DC/DC converter, respectively. �� is a switching 
device operating at a duty ratio of 0.5.  

B. Prerequisite 

The circuit assumes the following. 

• ��� and ��� in the circuit are sufficiently large that 

they become choke coils and the current flowing 
through them is direct current. 

• Consider that 	�  is sufficiently large that the AC 

component of the current flows entirely through 	�. 

• The switch handled by the class-E inverter and 
DC/DC converter is ideal, with zero on resistance 
and infinite off resistance. 

• If the currents 
��  and 
��  flowing in coils ��  and �� , respectively, are sinusoidal, consider the 
following 


�� � ��� sin�� � �� �1� 


�� � ��� sin �� � � � �2� �2� 

Where ���  and ���  are the amplitudes of the 
currents in 
�� and 
��, respectively, � is the angular 
operating frequency, and � is the phase shift from 
the gate drive voltage driving the switch of the class-
E inverter. 

C. Circuit Calculations  

A simplified circuit diagram of the DC/DC converter is 
shown in Fig. 2, with its parts represented by equivalent 
resistors. 

 
Fig. 2.  Equivalent circuit with simplified DC/DC converter 

The equivalent resistance �  is then obtained as follows. 

� � �!�� �3� 

Where !� is the duty ratio on the DC/DC converter side. A 
simplified equivalent circuit of the full bridge rectifier is 
shown in Fig. 3. 

 

Fig. 3. Equivalent circuit with simplified full bridge rectifier 

The equivalent resistance �   is obtained by considering the 
diode loss as follows. 

�′′ � 8�2 %�′ � ��&�'2 � �2�&4 ) �4� 

Where �*  is the diode drop voltage and �*  is the parasitic 
resistance of the diode. The final equivalent circuit is shown 
in Fig. 4. 

 
Fig. 4. The final equivalent circuit 

The values of �+,  and �+,   that can be derived from this 

equivalent circuit are obtained as follows [13]. 

�+, � -���������  � ���
��  � ���� � ���� . 1�	��� � �� �5�

 

�+, � -��� 0��  � ���� . ��	� � � 1�	���1
��  � ���� � ���� . 1�	��� � ���1 . -�� �6� 

Where -  is coupling coefficient. To make this equivalent 
circuit a circuit that achieves the ZVS condition 

3
�2�� � 0 �7� 

must be satisfied. Where 3
  is the switching voltage. The 
values of the components required from the previous study 
are as follows [14]. Also, from previous study [14], 3
 is is 
also obtained as follows. 

3
 � 6 
7
8��9��:
;

�
⎩⎨
⎧ 0 �0 ? �9 @ 2�!������9 . 2�!�� � ��ABcos��9 � �� . cos�2�!� � ��E�	�  

�2�!� ? �9 @ 2��
�8� 

where ��  is the current flowing in choke coil ���. Also, 
7� is 

the current flowing in 	
 and is obtained as follows. 
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7F � 0 0 �0 ? � @ 2�!���� . ��A sin��9 � �� �2�!� ? �9 @ 2�� �9� 

From equation (8), ��A  is obtained as follows. 

��A � �� 2��1 . !��cos�2�!� � �� . cos � �10� 

The input voltage �� also has the following relationship. 

�� � 12� 6 3
  8��9��:
; � �1 . !��! 

�	� tan��!� � �� sin �!� �� �11� 

!′ is the following value. 

! � B�1 . !��� cos �!� � sin �!�E �12� 

The amplitude of the voltage �J+,  of the equivalent 

resistance �+, is obtained from equation (8) as follows. 

�J+, � 1� 6 3
 sin��9 � �� 8��9��:
;

� . 2 sin �!� sin��!� � ����1 . !�� �� �13� 

Where �K is the reactance component left over when �+,  and 	� cancel each other out due to resonance. This give 	�, 	L, 
and output power MNOP  as follows. 

	L � 2 sin �!� cos��!� � �� sin��!� � �� ! 
���1 . !����+, �14� 

	� � 1��Q�+, . �KR �15� 

MNOP � 4� -�������
����  � ���� ���� �16� 

The efficiency S is also obtained as follows 

MJA � ��2 ���� �17� 

MJT � ��-�������
2��  � ���� ���� �18� 

MU � 4�*� %-V������  � �� ���) � �*-�������
2��  � ���� ���� �19� 

S � MNOPMNOP � MJA � MJT � MU �20� 

Where MJ�,  MJT  , and MU  are the losses at �� , �� , and �U , 

respectively. From these values, the optimal parameters can 

be obtained. 

III. MAXIMUM EFFICIENCY  

In this section, we confirm by simulation whether the 
maximum efficiency can be achieved by considering the load 
and coupling coefficient while satisfying ZVS in WPT in 
MHz band operation in a circuit using a class-E inverter and 
DC/DC converter that can handle load and coupling 

coefficient variations. Table 1 shows the components of the 
circuit. 

TABLE Ι Parameter value. 

Components Theoretical value Simulation Y 6.78 MHz 6.78 MHz 

�� 50 V 50 V 

!� 0.5 0.5 

�* 0.7 V 0.7 V 

�* 0.5 Ω 0.5 Ω 

�� 0.5 Ω 0.5 Ω 

�� 0.5 Ω 0.5 Ω 

�� 5 μH 5 μH 

�� 5 μH 5 μH 

	� 110 pF 110 pF 

��� - 500 μF 

��� - 500 μF 

	�� - 4.7 μF 

	� - 4.7 μF 

 

A. Maximum Efficiency under ZDS Conditions  

To achieve ZDS by previous studies 

83
8��9�cdPe�: � 0 �21� 

must be satisfied [14]. This allows � to be 

tan � � cos 2�!� . 12��1 . !�� � sin 2�!� �22� 

must satisfy. From this equation, 	� and 	L can be obtained 
by setting �+,. Fig. 5 shows the analytical waveforms of the 

output power and efficiency for coupling coefficients - �0.01, 0.05 and 0.1 based on the theoretical equation and the 
simulation results. However, the load resistance is 10 Ω  , 
which limits the �+, that can be taken in the simulation. Since �+, includes the internal resistance of the power transmission 

unit, the minimum value is �+, � 0.5. In addition, 	L and 	� 

are modified every time to their optimal values using 
equations (14) and (15). 
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Fig. 5. Design curve of (a) Output power, and (b) Efficiency, as 

functions of �+, with fixed coupling coefficients. 

From Fig. 5, the maximum efficiency points of the 
analytical waveforms of the theoretical and simulation results 
coincide. However, when �+, is small, the results from the 

theoretical equation and the simulation do not match. The 
reason for this is thought to be that when �+, is small, the 

load resistance of the power receiver, which is inversely 
proportional to �+,  in equation (5), becomes too large, 

resulting in a small Q value, and the sinusoidal condition is 
not satisfied. 

 

 

Fig. 6. Design curve of (a) Output power, and (b) Efficiency, as functions 

of �+, with fixed load resistances.  

Fig. 6 shows the efficiency and output power when k=0.05 
and the load fluctuates. As shown in this figure, although the 
range of �+,  changes when the load resistance fluctuates, �+, can be set to any value by changing the duty ratio of the 

DC/DC converter, and when �+, is equal, the efficiency and 

output power hardly change even if the load resistance is 
different. Therefore, the use of a DC/DC converter allows the 
system to cope with load fluctuations. 

B. Maximum Efficiency without ZDS Condition 

In the calculations, power efficiency and other factors were 
considered by fixing �  to be ZDS, but in considering 
maximum efficiency, it is necessary to consider power 
efficiency when ZDS is not considered. For this purpose, � 
in equation (22) are rederived as following equations. This 
makes 	
 a degree of freedom. 

� � 12 arcsin � ���1 . !���	
�+,! � � ��1 . !�� �23� 

� � . 12 arcsin � ���1 . !���	
�+,! � � � g32 . !�h �24� 

This makes 	
 a degree of freedom. 

 

Fig. 7.  Design curve of (a) 	
 , and (b) 	�, as functions of Φ with fixed �+,. 

Fig. 7 shows the change in 	
  and 	�  when the same 
circuit configuration as in section A is used. This makes it 
possible to vary the value of � by changing 	
 and 	�. 

From Fig. 5, when the coupling coefficient is 0.1, the 
efficiency is maximum when �+, is 10 Ω. When the value of � is changed as shown in Fig. 7 at that component value, the 
analytical waveforms of the results from the theoretical 
equation and the simulation are shown in Fig. 8. 
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Fig. 8. Design curve of (a) Output power, and (b) Efficiency, as 

functions of Φ. 

From Fig. 8, both output power and efficiency improve as 
the value of �  is increased. However, in the range beyond 
ZDS, the best performance is achieved when ZDS is satisfied 
because of the reverse voltage on the diode of the class-E 
inverter during ZVS. It can also be seen that the theoretical 
equation and the simulation do not match when approaching 
the limit of the range of �. This is because the value of �K 
becomes smaller as 	� becomes smaller, as can be seen from 
equation (15), and the j  value on the transmission side 
becomes smaller, so the sine wave condition is not satisfied. 

IV. CONCLUSION 

In this paper, a circuit analysis is performed for the 
maximum efficiency in a WPT in MHz band operation with 
a class-E inverter and a DC/DC converter that can handle load 
and coupling coefficient variations while satisfying ZVS and 
considering coupling coefficient and load resistance. The 
analysis showed that the maximum efficiency can be obtained 
by changing the �+, and duty ratio, even when the coupling 

coefficient and load resistance are varied, based on the 
theoretical equations and simulation results. In the simulation 
environment, a system efficiency of 82.4% was achieved at a 
transmission frequency of 6.78 MHz, a load resistance of 10 
Ω, and a coupling factor of 0.05. 

Also, if ZDS is removed from the condition, there is one 

more degree of freedom, but the efficiency is best when ZDS 
is used, so it is better to use a circuit that satisfies the ZDS 
condition even when designing for maximum efficiency. 

This technology can be applied in a variety of locations. 
For example, in EV charging, it has the potential to accurately 
charge vehicles at maximum efficiency even when there is a 
difference in vehicle height or when the ground slope is not 
level. Future research should include experiments with actual 
equipment to determine the potential for use in various 
locations, such as EV charging. 
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