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Abstract 
 

A modified 4-coil magnetic resonance wireless power transfer (MRWPT) system is proposed. Four coils based on 2-coil system with 

additional two matching coils were used in this topology. When Tx-Rx distance is changed, the input impedance is changed. 

However, it can be adjusted by coil parameters of matching coils to maintain impedance matching for maximum efficiency. The 

equivalent circuit of MRWPT system was analyzed for both transmission function and optimum coupling coefficient of the matching 

coils. By using four spiral resonant coils, these design considerations was experimentally verified. The measured data agreed well 

with the calculated data and the transmission function of the proposed system was more efficient than that of conventional 2-coil 

system. 
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1. Introduction 
 

Magnetic resonance wireless power transfer (MRWPT) 

systems have been researched actively since 2007 [1]-[5]. At 

first, a 4-coil system which consists of drive coil, Tx coil, Rx 

coil and load coil is studied. The drive coil and load coil are 

used to control the transfer characteristics such as the 

frequency splitting in the overcoupled region and the 

efficiency dropping in the undercoupled region. 2-coil and 

3-coil systems have been investigated [6], [7]. These systems 

also have the overcoupled region and undercoupled region 

which show the same characteristics with the 4-coil system. 

However, the transfer characteristics in terms of frequency, 

distance and efficiency in 2-coil system are difficult to be 

adjusted if the coil parameters are determined. The 

characteristics in 3-coil system can be adjusted by changing 

the coupling coefficient at only one side (Tx or Rx part) while 

the characteristics in 4-coil system can be changed by both Tx 

and Rx part.  

One of the important challenges in MRWPT is to avoid 

frequency splitting because the industrial, scientific, and 

medical (ISM) bands in which MRWPT can operate are very 

narrow and the multi frequency system is more complex than 

the single frequency system. To prevent the frequency 

splitting, the impedance matching technique is proposed [8]. 

This technique allows the system to keep the single operating 

frequency in entire Tx-Rx distances by changing the coupling 

coefficient between drive coil and Tx coil. However, this 

technique has inherent problems. Because drive coil is close 

to the Tx coil, parasitic coupling between drive coil and Rx 

coil occurs easily at close Tx-Rx distance. Also, the size of 

drive coil can be very large if large Tx coil is used because of 

high coupling coefficient which is needed in the technique. 

In this paper, a modified 4-coil MRWPT system is 

proposed. Based on 2-coil system, two matching coils are 

added apart from Tx and Rx coils in Tx circuit part. This 

system has several advantages comparing to conventional 

4-coil system. The sizes of matching coils are independent of 

the Tx coil because coupling between matching coils and Tx 

will be almost zero. Also, the Tx coil part can be separated 

from Tx board and matching coils which increase the size of 

Tx coil part. It takes an advantage when Tx needs to be 

buried. In this case, only Tx coil can be buried without 

burying other Tx parts which are preferred to be outside for 
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fixing or replacing broken parts. It is easy to replace each 

component by separating the Tx coil from the matching part. 

Moreover, there is no parasitic coupling at the near distance 

between Tx and Rx.  

The concept of matching coils in MRWPT system is 

introduced in Section 2. And a modified 4-coil equivalent 

circuit analysis is presented in Section 3. The experimental 

result is given in Section 4. Finally, the conclusion is given in 

Section 5. 
 

2. Concept of Matching Coils 

 

Impedance matching is necessary to use single frequency 

in narrow bandwidth. In the impedance matching systems, 

one side matching system might be preferred because it is less 

complicated than both side matching system which comes 

with wireless communication between Tx and Rx. In case of 

one side matching system, only Tx part can be considered. To 

control input impedance, two magnetically coupled coils can 

be used as an impedance transformer (Fig. 1). 

In Fig. 1, the right side of A describes the Thevenin 

equivalent circuit of Tx circuits such as a signal generator and 

a power amplifier. In between A and B, it describes RLC 

components for two matching coils which are coupled by 

coupling coefficient, km. Lastly, R describes the equivalent 

resistance which contains an arbitrary circuit. All components 

in the right side of A can be expressed by input impedance ZIN. 

The goal of the impedance matching is to follow the 

condition as 
 �� � ���.              (1) 
 

It is assumed that each matching coil resonates at the same 

frequency. Then, ZIN can be expressed by 
 ��� � ���	
�������  1� ,           (2) 

 

 

Where 
 ��� � �������  ,   ��� � ���������,           (3) 

 
� � ���������.                 (4) 
  In (2), km can be varied from 0 to 1 by varying the distance 

and allocating the matching coils [9]. So ZIN can be  

changed from Rm1 to Rm1(Qm1Qm2+1) theoretically. This 

indicates that ZIN can be controlled to be the same as RS for 

impedance matching by changing the coupling of matching 

coils without knowing actual circuit of R.  

 

3. Modified 4-Coil System 

 

In the previous section, two matching coils for the general 

circuits are discussed. According to this concept, a 2-coil 

MRWPT system can be attached in place of R (Fig. 2). This 

system is called modified 4-coil MRWPT system. If the 

distance (k12) between Tx and Rx is changed, the input 

impedance will be changed. This impedance variation can be 

compensated by controlling km to keep the impedance 

matching condition.  

To solve the circuit, each current of the loops can be 

calculated by solving a matrix in (5) 

 

   � ��� ���� 0���� ���  �� �����0 ����� ��
! �"�"�"#

! � �$�00 !      (5) 
 

where, 

 

��� � ���  ��  ��%�� & � �
�'��  ��� � ���  ��%�� & � �

�'��  �� � ��  ��%� & � �
�'�  �� � ��  ��  ��%� & � �

�'�.         (6) 

 

The parameter M is mutual inductance corresponding to its 

subscript (the subscripts indicate that m1: matching coil1, m2: 

matching coil2, m: matching coil, m1 and m2, 1: Tx coil, 2: 

Rx coil). Matching coils, Tx coil and Rx coil have the same 

resonant frequency, so that the imaginary part of the 

impedances in (6) cancels out. The S21 can be calculated from 

the transfer function (VL/VS) by using the relationship in (7) 

[10]. 
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Fig. 2. The equivalent circuit of modified 4-coil MRWPT 

system. 

 

Fig. 1. The equivalent circuit of matching coils 
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Fig. 3. Photograph of the modified 4-coil MRWPT system.
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where S21 is the transmission function which can be used as 

an efficiency equation such as η = |S21|
2
 when the network is 

matching at both ports. At resonance, S21 can be expressed by

 

     |)��|�2�3 � + �0�-1��1�
�4��4��5�5�5��4��� 5�5�1��4�� 5��5�

 

In modified 4-coil MRWPT system, the impedance 

matching is achieved by adjusting km. It can compensate the 

impedance variation when Tx-Rx distance is changed. Using 

the condition in (1) optimum km is expressed by

 


�_789 � +	��0:1���;4��� 5�5�1��1�5��5��1��1��

4. EXPERIMENTAL RESULT

 

To verify the equations derived in previous sections, a 

modified 4-coil MRWPT system was designed

 Matching coil1, 2 

Outer Diameter 

[mm] 
110 

Pitch [mm] 4 

R [Ω] 2.47 

L [µH] 10.95 

C [pF] 12.58 

Q 377.12 

Table. I. Coil parameters and values
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coil MRWPT system. 

                (7) 

 �-
�1�	1���1��     (8) 

is the transmission function which can be used as 

when the network is 

can be expressed by 

�5��1�1��
��1���1���1�.   (9) 

coil MRWPT system, the impedance 

. It can compensate the 

Rx distance is changed. Using 

is expressed by 

���1�<
.       (10) 

 

ESULT 

equations derived in previous sections, a 

coil MRWPT system was designed (Fig. 3). 

Spiral coils which were tuned to res

used and their parameters and values are shown in Table I. 

All coils have 0-mm inner radius. And the copper wire  

(1.024-mm thickness) is used.  

In this experimental configuration, a nonmetallic vise that 

has a negligible effect on wiere

used to hold matching coil2. Several distances (

Tx and Rx coils were tested from 10 mm to 100 mm using 

10 mm steps. Then, km was determined using (10). To 

experimentally achieve these coupling coefficients, the 

corresponding distance (dm) was set using the relation 

between distance and coupling coefficient in [

The |S21| at each distance was measured using HP8753ES 

vector network analyzer and compared to the expected 

calculated |S21| (Fig. 4). The experimental 

calculated |S21| with R
2
 = 0.9917.

coils are isolated from Tx and Rx coils, which means no 

parasitic couplings, so not much error was showed even also 

at very close distance (10 mm). 

system using only Tx and Rx coils without matching coils 

was measured in the same range of distances. The result 

shows that |S21| of the proposed system is higher except at 

10 mm and over twice higher than that of 2

when distance ≥ 40 mm. 
 

5. CONCLUSION
 

This paper proposed the modified 4

Using two matching coils, the impedance matching at input 

port was achieved although the input impedance is changing. 

The analysis presented the transmission fuction and 

optimum km of the proposed syste

parameters. The experimental results well agreed with the 

calculation results. Comparing to conventional 4

system, this topology has advantages such as independent 

matching coil size with Tx-Rx coils, small Tx coil part, 

systematizing component and no parasitic coupling. 
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Fig. 4. Comparison result of |S
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Spiral coils which were tuned to resonate at 13.56 MHz are 

used and their parameters and values are shown in Table I.  

mm inner radius. And the copper wire  

 

In this experimental configuration, a nonmetallic vise that 

a negligible effect on wiereless power transfer was  

used to hold matching coil2. Several distances (d12) between 

Tx and Rx coils were tested from 10 mm to 100 mm using 

was determined using (10). To 

experimentally achieve these coupling coefficients, the 

) was set using the relation 

between distance and coupling coefficient in [9].  

| at each distance was measured using HP8753ES 

vector network analyzer and compared to the expected 

| (Fig. 4). The experimental results match the 

= 0.9917. Because the matching 

coils are isolated from Tx and Rx coils, which means no 

parasitic couplings, so not much error was showed even also 

at very close distance (10 mm). Additionally, two coil 

g only Tx and Rx coils without matching coils 

was measured in the same range of distances. The result 

| of the proposed system is higher except at 

10 mm and over twice higher than that of 2-coil system 

ONCLUSION 

This paper proposed the modified 4-coil MRWPT system. 

Using two matching coils, the impedance matching at input 

port was achieved although the input impedance is changing. 

The analysis presented the transmission fuction and 

of the proposed system in terms of coil 

parameters. The experimental results well agreed with the 

calculation results. Comparing to conventional 4-coil 

system, this topology has advantages such as independent 

Rx coils, small Tx coil part, 

ng component and no parasitic coupling.  
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