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Abstract— Intermediate resonators (repeaters) of 
resonant inductive coupling wireless power transfer systems 
can improve the transmission distance as well as the output 
power. However, frequency bandwidths in which the repeater 
can operate effectively are very narrow because the repeater 
usually has a high quality-factor. Furthermore, these 
frequency bandwidths shift for the following two factors. The 
first factor is the intensity of the magnetic coupling between 
the repeater and the other resonator. The second factor is the 
variation in the natural resonance frequency of the resonators 
due to a production error, temperature characteristic, and 
aging degradation. Therefore, the repeater is not practical 
because the repeater requires accurate adjusting of the circuit 
parameters every time according to the various conditions. To 
address this problem, we propose an impedance matching 
method for the repeater. The proposed method can maximize 
the induced current in the repeater in wide frequency 
bandwidth regardless of the variations in the intensity of the 
magnetic coupling and the natural resonance frequency. 
Therefore, the proposed method can realize the repeater 
which can stably improve the performance of the wireless 
power transfer. Experiment and simulation successfully 
verified the effectiveness of the proposed method as well as the 
appropriateness of the theoretical analysis. 

Keywords—wireless power transfer, resonant inductive 
coupling, repeater, impedance matching, frequency splitting 
phenomenon 

I. INTRODUCTION 

Wireless power transfer (WPT) techniques can transfer 
electric power without physical cable connections. As a 
result, the WPT techniques realize a convenient, reliable, 
and safe power supply. Resonant inductive coupling WPT 
(RIC-WPT) systems are widely studied as a high efficiency 
WPT technique for various battery powered applications. 
The RIC-WPT can transfer the electric power via a vacant 
space using the magnetic coupling between coils. For low 
power applications such as home appliances [1], mobile 
apparatus [2], implantable medical devices [3], it is required 
to transfer enough power even if the transmission distance 
of the WPT increases so as not to damage convenience. 

However, the RIC-WPT for the low power applications 
often suffer from the short transmission distance because the 
size of receiving resonator (receiver) is usually limited due 
to small installation area [4]. The small-sized receiver tends 
to be difficult to ensure the enough magnetic coupling. 
Therefore, improving the transmission distance is the key 
issue and urgent demand in order for the RIC-WPT for the 
low power applications to become more practical. 

As a method to approach this problem, adding an 
intermediate resonator (repeater) has been widely studied 
[1, 4–9]. The repeater is utilized by placing near the 
transmitting resonator (transmitter) as shown in Fig. 1, 
where WTX, WREP, and WRX represent the transmitting, 
repeating, and receiving coils, respectively. The role of the 
repeater is to relay the magnetic field from the transmitter to 
the receiver [5]. In some case, multiple repeaters are used to 
further expand the transmission distance [7, 8]. The quality-
factor (Q-factor) of the repeater is generally as large as 
several hundreds because the repeater consists of only the 
passive components. Therefore, in principle, a large current 
in the repeater can be easily induced even if the intensity of 
the magnetic coupling is weak [9]. By inducing a large 
current in the repeater, the repeater can enhance the 
magnetic field far from the transmitter. As a result, the 
repeater can improve the transmission distance between the 
transmitter and the receiver. 

However, in fact, it is often difficult to induce a large 
current in the repeater due to troublesome frequency 
characteristics of the repeater. The repeater having a high Q-
factor often suffers from frequency splitting phenomenon 
[5, 6, 9–13]. This phenomenon easily occurs when the Q-
factor of resonators is high even if the intensity of the 
magnetic coupling is weak [9, 10]. The frequency 
characteristic of the induced current in the repeater has 
multiple peaks when the frequency splitting phenomenon 
occurs [5, 6, 9–13]. In addition, the peaks are very sharp 
because the Q-factor is high. Consequently, the frequency 
bandwidths in which a large current can be induced to the 
repeater, namely, the frequency bandwidths in which the 
repeater can operate effectively are very narrow. Moreover, 
these narrow frequency bandwidths shift for the following 
two factors: (i) the intensity of the magnetic coupling 
between the repeater and the other resonator depending on 
the relative location of the repeater [5, 6, 9, 10, 13–16], (ii) 

 

Fig. 1. Resonant inductive coupling wireless power transfer (RIC-WPT) 
system with repeater. 
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a few percent variation in the natural resonance frequency 
of the resonator due to a production error, temperature 
characteristic, and aging degradation [9, 14, 17]. Hence, the 
repeater is not practical because the magnitude of the 
induced current in the repeater is highly dependent on the 
above two factors. Consequently, the resonance frequency 
of the resonator must be adjusted every time according to 
the various conditions so that either of the frequency 
corresponding to the peaks is close to the operating 
frequency. 

However, even if the resonance frequency is properly 
adjusted, based on the concept of the impedance matching, 
the induce current in the repeater cannot be maximized 
unless the equivalent resistance of the repeater viewed from 
the transmitting side (the real part of reflected impedance [3, 
18] of the repeater) is properly adjusted. Recently, in order 
to adjust the equivalent resistance viewed from the 
transmitting side, several impedance matching methods 
have been proposed using DC-DC converter [19, 20] or 
active rectifier [14, 21]. However, these impedance 
matching methods are originally proposed for the receiver 
having the load resistance. Therefore, these impedance 
matching methods cannot be applied to the repeater because 
the repeater has not the load resistance. 

Therefore, the purpose of this paper is to propose the 
impedance matching method for the repeater. The proposed 
impedance matching method can maximize the induced 
current in the repeater in wide frequency bandwidth 
regardless of the variations in the intensity of the magnetic 
coupling and the natural resonance frequency. The basic 
idea of the proposed impedance matching method is an 
auxiliary circuit named an automatic tuning assist circuit 
(ATAC) originally proposed in [17]. The ATAC is an 
attractive technique because the ATAC can adjust the phase 
of the current in the resonator, namely, the resonance 
frequency of the resonator without complicated control [9, 
17]. Reference of [17] has reported the effectiveness of the 
ATAC applied to the transmitter under the limited condition 
in which the frequency splitting phenomenon does not 
occur. Then, our previous study [9] has been verified the 
effectiveness the ATAC under the condition in which the 
frequency splitting phenomenon occurs. According to [9], 
the ATAC applied to the repeater can realize the repeater 
which is less affected by the variation in the intensity of the 
magnetic coupling. However, in [9], the induced current in 
the repeater cannot be maximized because the optimal 
impedance matching has not been achieved. In other words, 
the approach reported in [9] can adjust the resonance 
frequency of the repeater, however the equivalent resistance 
of the repeater viewed from the transmitting side cannot be 
adjusted. On the other hand, the impedance matching 
method proposed in this paper can adjust not only the 
resonance frequency of the repeater but also the equivalent 
resistance of the repeater viewed from the transmitting side. 

The following discussion consists of four sections. 
Section II presents a brief review of the basic operation 
principle of the ATAC in order to discuss the proposed 
impedance matching method. Then, section III elucidates 
that the proposed impedance matching method can 
maximize the induced current in the repeater. Section IV 
presents experimental results to verify the effectiveness of 
the proposed impedance matching method and 

appropriateness of the theoretical analysis. Finally, section 
V gives conclusions. 

II. OPERATING PRINCIPLE OF ATAC 

In this section, based on [9, 17], we review the operating 
principle of the ATAC by using the basic circuit shown in 
Fig. 2. This circuit comprises the AC voltage source Vs, the 
resonator (composed of the coil L, the capacitor C, and the 
parasitic resistor r), and the ATAC. The ATAC consists of 
the full-bridge circuit. The DC bus line of the full-bridge 
circuit has only the smoothing capacitor CA. The 
capacitance of CA does not contribute to the resonance 
frequency of the resonator because it is sufficiently greater 
than the capacitance of C. 

The switches Q1–Q4 of the ATAC are turned on or off in 
synchronization with Vs and with an arbitrary phase 
difference φ with respect to Vs as shown in Fig. 3 (a). In 
addition, the DC voltage appears in CA when Q1–Q4 start 
operating. Therefore, the ATAC generates the rectangular 
wave voltage using the self-generated DC voltage. As a 
result, the ATAC can be expressed as the AC voltage source 
as shown in Fig. 4, where VA is the effective value of the 
fundamental wave component of the rectangular voltage 
generated by the ATAC. When the Q-factor of the resonator 
is sufficiently larger than 1, the rectangular voltage can be 
approximated as the sinusoidal voltage [12]. 

As shown in Fig. 5, the current IL in the resonator is the 
superposition of the current Is generated by Vs and the 
current IA generated by −VA. The definitions of IL and VA are 
in opposite directions. Therefore, in Fig. 5, the sign of VA is 

 

Fig. 2. Single resonator with ATAC. 

 

(a) Steady state                                (b) transient state 
Fig. 3. Schematic diagram of operating waveforms of ATAC. 

 

Fig. 4. Equivalent circuit of Fig. 2. 
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negative. Is is the current when the ATAC is not applied. 
Hence, the phase difference θ between Vs and Is shown in 
Fig. 5 is uniquely determined by the impedance of the 
resonator and the operating frequency of Vs. Therefore, the 
phasor of IL can be changed according to the phasor of IA. 

The ATAC does not ideally dissipate effective power 
because the ATAC does not have any resistive component. 
Therefore, the phase difference between VA and IL shown in 
Fig. 5 is always π/2. In other words, the time integrations of 
the current for charging and discharging CA must be equal 
with each other as shown in Fig. 3 (a). The magnitude of VA 
is automatically determined so that the phase difference 
between VA and IL is π/2. Hence, the phase of IL can be freely 
controlled by only setting phase difference φ between VA 
and Vs regardless of the impedance of the resonator and the 
operating frequency of Vs. In particular, in the phasor 
diagram of Fig. 5, when φ is set to 3π/2 (−π/2), the imaginary 
part of IL is fully canceled, and the resonator works as a 
resistive circuit. 

However, the range of φ that the ATAC can operate is 
limited as pointed in [9, 17]. To generate a DC voltage in 
CA, in the initial operation, the time integrations of the 
current for charging the CA must be larger than the time 
integrations of discharging, as shown in Fig. 3 (b). 
Therefore, when we apply the ATAC to the inductive 
resonator as shown Fig. 5, the phase difference φ must be 
set to 3π/2≤φ≤2π (−π/2≤φ≤0). On the other hand, when we 
apply the ATAC to the capacitive resonator, the phase 
difference φ must be set to 0≤φ≤π/2. 

Moreover, the switches of the ATAC can achieve the 
Zero-voltage-switching (ZVS) turn-on when the phase of IL 
is delayed by π/2 with respect to −VA in the steady state. 
However, the switches of the ATAC operate under hard-
switching (HS) turn-on when the phase of IL is advanced by 
π/2 with respect to −VA in the steady state. The switches 
should operate under the ZVS turn-on because the HS turn-
on equivalently decreases the Q-factor of the resonator due 
to the switching loss. 

III. IMPEDANCE MATCHING METHOD TO MAXIMIZE 

INDUCED CURRENT IN REPEATER 

The purpose of this section is to present how the 
proposed impedance matching method maximizes the 
induced current in the repeater. In addition, we formulate 
characteristics in the steady state of the proposed system. 

A. Conventional RIC-WPT System (without Proposed 
Impedance Matching Method) 

Firstly, we analyze the conventional RIC-WPT system 
not applying the proposed impedance matching method 
shown in Fig. 1. Then, we indicate why it is difficult to 
maximize the current in the repeater. Figure 6 illustrates the 
simplified equivalent circuit of Fig. 1, where Vs is the 
voltage of the AC voltage source, LTX and LREP are the self-
inductance of WTX and WREP, respectively, CTX and CREP are 
the capacitance of the resonance capacitor, rTX and rREP are 
the series parasitic resistance of the transmitter and the 
repeater, respectively, and M is the mutual inductance 
between WTX and WREP. In this paper, the small-sized 
receiver is ignored because the small-sized receiver usually 
uses only little flux to receive the power. Therefore, we 
assume the small-sized receiver does not affect to the 
currents in the transmitter and the repeater. 

According to Kirchhoff’s voltage law, Fig. 6 can be 
described as 

 
Vs= rTX+jXTX IL1 − jωMIL2,	jωMIL1= rREP+jXREP IL2,

 (1) 

where jXTX and jXREP are expressed as 

 		jXTX=j ωLTX − 1 ωCTX⁄ ,	jXREP=j ωLREP − 1 ωCREP⁄ .
 (2) 

The repeating side can be modeled as reflected impedance 
Zr [3, 18] on the transmitting side as shown in Fig. 7. As 
pointed out in [3, 18], based on (1) and (2), the real part of 
the Zr (the equivalent resistance of the repeater viewed from 
the transmitting side) and the imaginary part of the Zr can be 
obtained respectively as 

 	Re Zr =ω2M	2rREP XREP
2+rREP

2 ,

Im Zr =−ω2M	2XREP XREP
2+rREP

2 .
 (3) 

In order to maximize the induced current in the repeater, the 
power consumed by Re[Zr] in Fig. 7 have to maximize. 
Therefore, based on the concept of the impedance matching, 

 

Fig. 5. Phasor diagram of Fig 4 in steady state. 
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Fig. 6. Simplified equivalent circuit of Fig. 1. 

 

Fig. 7. Equivalent circuit with reflected impedance of Fig. 6. 
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the current in the repeater of Fig. 6 can be maximized by 
satisfying the following two conditions. The first condition 
is to achieve the relationship of rTX=Re[Zr] by adjusting 
XREP. The second condition is to set the reactance 
component (the imaginary part) of the input impedance Zi to 
zero by adjusting XTX. However, in order to achieve these 
two conditions, it is necessary to accurately estimate rTX, 
rREP, and M when adjusting Re[Zr] because both Re[Zr] and 
Im[Zr] depend on XREP. Hence, it is often difficult to 
maximize the induced current in the repeater according to 
the various situations. 

Then, in order to compare the conventional system with 
the proposed system in the section IV, we formulate 
characteristics of IL1 and IL2 based on [9, 14]. By substituting 
(2) into (1), IL1 and IL2 can be derived accordingly as 

 
	IL1= Vs N1R+jN1I Dp⁄ ,	IL2= Vs N2R+jN2I Dp⁄ ,

 (4) 

where N1R, N1I, N2R, N2I, and Dp are defined as 

 

N1R=ω2M 2rREP+rTX rREP
2+XREP

2 ,

N1I=ω
2M 2XREP − XTX rREP

2+XREP
2 ,

N2R=ωM XTXrREP+XREPrTX ,

N2I=ωM ω2M 2+rTXrREP − XTXXREP ,

Dp=2ω2M 2 rTXrREP − XTXXREP+ω2M 2 2⁄
       + rTX

2+XTX
2 rREP

2+XREP
2 .

 (5) 

B. RIC-WPT System with Proposed Impedance Matching 
Method 

Then, Fig. 8 shows the equivalent circuit of the RIC-
WPT system with the proposed impedance matching 
method, where κ is a proportional constant, VA1 and VA2 are 
the voltage of the ATAC of the transmitting and repeating 
side, respectively. In the proposed system, the ATAC is 
applied to each of the transmitter and the repeater. Fig. 9 
shows the phasor diagram of Fig. 8. The ATAC on the 
transmission side is driven with the phase difference fixed 
to π/2 with respect to Vs. On the other hand, the ATAC on 
the repeating side is driven with the phase difference θ to 
with respect to Vs. According to the discussion of the 
previous section, the phase difference between VA1 and IL1 
as well as VA2 and IL2 are always π/2, respectively. In 
addition, based on Fig. 9. the both ATACs can achieve the 
ZVS turn-on. 

According to Kirchhoff’s voltage law, Fig. 8 can be 
described as 

 

Vs+jVA1= rTX+jXTX IL1																	−jωMκVA2 − sin θ+ jcos θ ,
jωMIL1= rREP+jXREP κVA2 − sin θ + jcos θ																+VA2 cos θ +j sin θ .

 (6) 

Similarly, as in Fig. 7, the repeating side can be modeled as 
the reflected impedance on the transmitting side as shown 
in Fig. 10. Based on (2) and (6), Re[Zr] and Im[Zr] of Fig. 
10 can be obtained respectively as 

 
Re Zr = ωM cos θ 2 rREP⁄ ,

Im Zr =ω2M	2 cos θ sin θ rREP⁄ .
 (7) 

In the conventional system of Fig. 6, the reflected 
impedance Zr is adjusted by setting XREP. On the other hand, 
according to (7), the reflected impedance Zr can be 
controlled by setting θ in the proposed system of Fig. 8. 

Based on the operating principle of the ATAC described 
in the previous section, the reactive current caused by the 
reactance components in the equivalent circuit of Fig. 10 
can be canceled by the ATAC of the transmission side. 
Consequently, Fig. 10 can be transformed to Fig. 11. In 
order to maximize the induced current in the repeater, θ 
should be set to satisfy the relationship of rTX=Re[Zr]. In the 
range of −π<θ<π, θopt which can maximize the induce 
current in the repeater can be obtained as 

 θopt= ±cos 1 1 k QTXQREP
⁄ , (8) 

where k is the coupling coefficient, i.e. k2=M 2/LTXLREP; QTX 
and QREP are the Q-factor of the transmitter and the repeater, 
respectively, i.e. QTX=ωLTX/rTX and QREP=ωLREP/rREP. In 
order for the solution of θopt to exist, the relationship of 
k2QTXQREP≥1 must be satisfied. The relationship of 

 

Fig. 8.  RIC-WPT system with proposed impedance matching method. 

 

Fig. 9. Phasor diagram of Fig. 8 in steady state. 

 

Fig. 10. Equivalent circuit with reflected impedance of Fig. 8. 

 

Fig. 11. Equivalent circuit of Fig. 10 transformed based on operating 
principle of ATAC. 
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k2QTXQREP≥1 is the same as the condition under which the 
frequency splitting phenomenon occurs [10].  

From (8), θopt has two solutions according to the sign of 
plus or minus. The phase of the induced current in the 
repeater is different depending on the sign of the θopt as 
shown in Fig. 9. Another advantage of the proposed 
impedance matching method is that the resonance modes 
[10, 11] of the repeater can be selected by only selecting the 
sign of θopt. When the sign of θopt is set to positive, the 
repeater operates as the odd mode. On the other hand, when 
the sign of θopt is set to negative, the repeater operates as the 
even mode. The magnetic field distribution generated by the 
transmitter and the repeater differs according to the 
resonance modes [10]. Therefore, it is necessary to select 
the resonance mode depending on the location of the 
receiver. 

In the proposed impedance matching method, the ATAC 
automatically compensates for the variations in the natural 
resonance frequency of the transmitter and the repeater. 
Therefore, the induced current in the repeater can be 
maximized regardless of the variation in the natural 
resonance frequency. However, the voltage of the ATAC 
(VA1 and VA2) tends to increase as the variation in the natural 
resonance frequency increases. Moreover, the proposed 
impedance matching method can eliminate the difficulty 
due to the frequency splitting phenomenon because Im[Zr] 
which is the cause of the frequency splitting phenomenon 
can be canceled by the ATAC of the transmitting side. 

Finally, we formulate characteristics of the proposed 
system shown in Fig. 8. By substituting (8) into (6), IL1 and 
IL2 at θ=±θopt can be derived accordingly as 

IL1|θ=±θopt
= Vs 2rTX⁄ ,   IL2|θ=±θopt

= Vs 2√rTX+rREP⁄ . (9) 

Equation (9) indicates that the magnitude of the current in 
the repeater and the transmitter does not depend on the 
resonance frequencies of the resonators. Similarly, as in (9), 
VA1 and VA2 at θ=+θopt can be obtained as 

	 		 					 	
VA1|θ=+θopt

=
XTX+rTX k2QTXQREP − 1

2rTX
Vs,

 							 	 (10) 

	 		 			 
VA2|θ=+θopt

=
XREP+rREP k2QTXQREP − 1

2√rTX+rREP
Vs.

 						 	 (11) 

Then, VA1 and VA2 at θ=−θopt can be derived accordingly as 

	 		 				
VA1|θ= θopt

=
XTX − rTX k2QTXQREP − 1

2rTX
Vs,

 							 	(12) 

	 		 				
VA2|θ= θopt

=
XREP − rREP k2QTXQREP − 1

2√rTX+rREP
Vs. 					 	(13) 

IV. EXPERIMETAL RESULTS 

In this section, experiment and simulation are carried out 
to verify that the proposed impedance matching method can 
maximize the induced current in the repeater regardless of 
the variations in the intensity of the magnetic coupling and 
natural resonance frequency. In addition, we verify the 
appropriateness of the theoretical analysis results in the 
previous section by the experiment and the simulation. 

Figure 12 illustrates the circuit configuration for the 
experiment and the simulation. Moreover, Fig. 13 shows the 
photograph of the experimental setup of the proposed 
system. In order to drive the ATAC of the repeating side, it 
is necessary to self-generate the power and the control signal 
to drive the switches constituting the ATAC because the 
repeater does not have any power sources. In addition, the 
phase difference θ of the ATAC applied to the repeater must 
be controlled to either +θopt or −θopt. However, these are 
out of the scope of this paper. Therefore, in this paper, the 
ATACs are driven by using the external power supply and 
the signal generator as shown in Fig. 13. The proposed 
impedance matching method which can self-drive will be 
realized by our future works. 

Table I shows the circuit parameters for the experiment 
and the simulation. In this paper, based on Table I, we carry 
out following three evaluations. 

 

Fig. 12. Circuit configuration for experiment and simulation (with proposed impedance matching method). 
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a) In the first evaluation, we evaluate the frequency 
characteristics of IL1, IL2, VA1_dc, VA2_dc, and θopt when the 
circuit parameters are set to the initial designed value, i.e. 
CREP is set to 16.14 nF and M is set to 2.30 μH. In the initial 
designed value, the parameters have been determined such 
that the resonance frequencies of the transmitter and the 
repeater are nearly equal. Moreover, in the first evaluation, 
we evaluate the frequency characteristics under both of 
θ=+θopt and θ=−θopt. Then, based on the experimental and 
simulation results, we discuss the difference of 
characteristics between the proposed system and the 
conventional system. In addition, we verify the 
appropriateness of the theoretical analysis results in the 
previous section. 

b) In the second evaluation, we set CREP to 15.34 nF 
which is 5% smaller than the initial design value of 16.14 
nF. Then, we evaluate the frequency characteristics of IL2, 
VA1_dc, and VA2_dc and θopt. The sign of θopt is set to positive. 

Based on this evaluation, we indicate the effectiveness of 
the proposed impedance matching method. 

c) In the third verification, we set M to 4.40 μH which 
is 2.1 μH larger than the initial design value of 2.30 μH. In 
this verification, CREP is set to the initial design value, i.e. 
CREP=16.14 nF. Then, we evaluate the frequency 
characteristics of IL2, VA1_dc, and VA2_dc and θopt. The sign of 
θopt is set to positive. Based on this evaluation, we indicate 
the effectiveness of the proposed impedance matching 
method. 

Figures 14 and 15 shows the results of the first 
evaluation. The phase difference θ is set to +θopt in Fig. 14, 
and θ is set to −θopt in Fig. 15. In the experiment, +θopt and 
−θopt are defined the phase difference in which IL2 becomes 
a maximum. The results of the conventional system are the 
same in Fig. 14 and Fig. 15. In order to operate the proposed 
impedance matching method, the DC voltage of the both 
ATACs (VA1_dc and VA2_dc) must be positive. Therefore, in 
the proposed system, the experiments can be carried out at 

Fig. 13. Photograph of experimental setup. 

TABLE I. CIRCUIT PARAMETERS 

Input DC voltage V
DC

 4.0 V 
Self-inductance of W

TX
 L

TX
 55.32 μH 

Parasitic resistance of transmitter r
TX

 0.107 Ω 
Capacitance of transmitter C

TX
 40.81 nF 

Self-inductance of W
REP

 L
REP

 141.62 μH 
Parasitic resistance of repeater r

REP
 0.171 Ω 

Capacitance of repeater 
(Initial designed value) 

C
REP

 16.14 nF 

Mutual inductance 
(Initial designed value) M 2.30 μH 

Capacitance of ATAC C
A1, A2

 22 μF 
Capacitance of repeater 
(5% smaller than 16.14 nF) 

CREP 15.34 nF 

Mutual inductance 
(2.1 μH larger than 2.30 μH) 

M 4.40 μH 

 

Fig. 14.  Frequency characteristics of IL1, IL2, VA1_dc, VA2_dc, and θopt under initial designed values (Sign of θopt is set to positive). 
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only frequencies in which the both VA1_dc and VA2_dc are 
positive. Furthermore, the upper limit of the operating 
frequency for the proposed system is determined by the 
breakdown voltage of the MOS FETs (IPB083N10N3 G 
manufactured by Infineon Technologies) constituting the 
ATACs.  

As can be seen from Fig. 14 and Fig. 15, in the case of 
the conventional system, two sharp peaks appear in the 
frequency characteristics of IL1 and IL2 due to the frequency 
splitting phenomenon. It is known that the lower peak 
corresponds to the odd mode, and the higher peak 
corresponds to the even mode [10, 11]. From Fig. 14 and 
Fig. 15, in the case of the conventional system, the 
frequency bandwidths in which the repeater can operate 
effectively are very narrow. On the other hand, in the case 
of either θ=+θopt and θ=−θopt, the proposed system can 
induce almost constant and relatively large current in the 
repeater in the wide operating frequency bandwidth 
regardless of the frequency splitting phenomenon.  

Form Fig. 14 and Fig. 15, the experimental results are 
corresponded well with the theoretical values in the case of 
the conventional system. On the other hand, in the case of 
the proposed system, the experimental results have some 
error with respect to the theoretical values. The errors occur 
because the Q-factor of the resonators used in the 
experiment are very large. The Q-factors of the initial 
designed values are QTX≈360 and QREP≈570 at 110 kHz. 
Therefore, the slight losses caused by adding the ATACs 
easily affect to the experimental results. Based on (9) and 
experimental results, additional parasitic resistances caused 
by the ATACs can be roughly calculated. As a result, the Q-
factors equivalently decrease to QTX≈245 and QREP≈430 at 
110 kHz by adding the ATACs. Although the experimental 
results are lower than the theoretical values, the proposed 
system can induce large current in the repeater in the wide 
frequency bandwidth compared with the conventional 
system. The simulation results without losses of the ATACs 

are corresponded well with the theoretical values. 
Therefore, the appropriateness of the theoretical analysis 
results in the previous section can be confirmed. 

Finally, Fig. 16 and 17 shows the results of the second 
and third evaluations, respectively. From Fig. 16 and 17, in 
the case of the conventional system, the frequencies at 
which the peaks of IL2 appeared are shifted when there are 
the variations in the natural resonance frequency and the 
intensity of the magnetic coupling. Therefore, to design the 
practical repeater, accurate adjusting of the circuit 
parameters must be required every time according to the 
various conditions. On the other hand, from Fig. 14–17, the 
proposed system can induce IL2 of almost same magnitude 
regardless of the variations of the circuit parameters. In 
other words, the proposed impedance matching method can 
eliminate that the performance of the repeater is influenced 
by the variation in the circuit parameters. 

V. CONCLUSION 

The repeater having high Q-factor is effective for 
improving the transmission distance as well as the output 
power. However, the performance of the repeater which has 
high Q-factor is easily affected by the variations in the 
intensity of the magnetic coupling and the natural resonance 
frequency. Therefore, the repeater cannot operate 
effectively without accurate adjusting of the circuit 
parameters every time according to the various conditions. 
In order to approach this difficulty, we proposed the 
impedance matching method for the repeater using the 
ATACs. The proposed impedance matching method can 
maximize the induced current by adjusting the real and 
imaginary parts of the reflected impedance. In addition, the 
proposed method can select the phase of the current in the 
repeater corresponding to either of odd mode or even mode 
by only selecting the sign of the optimum phase difference 
(θopt) for the ATAC applied to the repeating side. From the 
experimental results, it is clarified that although the 

 

Fig. 15.  Frequency characteristics of IL1, IL2, VA1_dc, VA2_dc, and θopt under initial designed values (Sign of θopt is set to negative). 
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proposed method slightly decreases the Q-factor of the 
resonators, it can stably induce a large current in the repeater 
in wide frequency bandwidth even if there are the variations 
in the intensity of the magnetic coupling and the natural 
resonance frequency. As a result, we conclude that the 
proposed impedance matching method can realize the 
repeater which can operate effectively under the various 
conditions.  
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Fig. 16.  Frequency characteristics of IL1, IL2, VA1_dc, VA2_dc, and θopt when CREP is set to 15.34 nF (Sign of θopt is set to positive). 

 

Fig. 17.  Frequency characteristics of IL1, IL2, VA1_dc, VA2_dc, and θopt when M is set to 4.40 μH (Sign of θopt is set to positive). 
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