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A wireless power transfer (WPT) system is usually 
classified as being of either a two-coil or four-coil type. It is 
known that two-coil WPT systems are suitable for short-
range transmissions, whereas four-coil WPT systems are 
suitable for mid-range transmissions. However, this paper 
reveals that the two aforementioned types of WPT system 
are alike in terms of their performance and characteristics, 
differing only when it comes to their matching-network 
configurations. In this paper, we first find the optimum 
load and source conditions using Z-parameters. Then, we 
estimate the maximum power transfer efficiency under 
the optimum load and source conditions, and we describe 
how to configure the matching networks pertaining to 
both types of WPT system for the given optimum load and 
source conditions. The two types of WPT system show the 
same performance with respect to the coupling coefficient 
and load impedance. Further, they also demonstrate an 
identical performance in the two cases considered in this 
paper, that is, a strong-coupled case and a weak-coupled 
case. 
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I. Introduction 

In 2007, using coupled mode theory, Soljačić showed that  
a wireless power transmission is theoretically possible. The 
author demonstrated experimentally that a 60 W lightbulb 
could be lit by a 9.9 MHz source at a distance of 2 m [1], [2]. 
Since the publication of the results from [1] and [2], research 
related to wireless power transfer (WPT) has been on the rise.  

A variety of methods such as the use of equivalent circuit 
models [3]–[8] and spherical mode theory [9] have been used 
to analyze WPT systems. The main points of concern 
regarding a WPT system are that of the maximum power 
transfer efficiency (PTE) and optimum load. 

Since the 1970s, there have been numerous studies related to 
inductive coupling, whereby researchers have attempted to 
realize WPT or biotelemetry in implant devices. [10]–[13]. In 
the past, in the field of biomedical engineering, research has 
tended to predominantly focus on ways in which to transfer 
low power to implant devices; however, recently, attention has 
turned to focus upon ways in which to transfer high power (of 
up to several kilowatts) to various devices. Furthermore, early 
research tended to involve the use of two self-resonant coils, a 
primary coil and a secondary coil, in a WPT system. Soljačić, 
in contrast, used a four-coil system, adding source and load 
coils to the two aforementioned types of coil, and now standard, 
self-resonant coils [1].  

Two- and four-coil WPT systems have different topologies 
and are known by alternative names; for example, in the case 
of a two-coil WPT system, we have “inductive coupled WPT” 
or “inductively coupled power transfer” or “inductive WPT,” 
and in the case of a four-coil WPT system, we have “resonant 
coupled WPT” or “resonant WPT.” Additionally, the authors of 
[14] through [16] claimed that two-coil WPT systems are 
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suitable for only short-range transmissions and that four-coil 
WPT systems are suitable for only mid-range transmissions. 
However, in [14] and [15], it was shown that there is no 
guarantee that both a two-coil WPT system and a four-coil 
WPT system will operate with identical primary and secondary 
coils, because the inductance of either a two-coil, three-coil, or 
four-coil WPT system can be varied through an optimization 
process. Therefore, it is impossible to confirm whether any two 
such systems are designed to maximize the PTE at the same 
coupling coefficient.  

In [16], as the coupling coefficient decreases, the real part of 
the input impedance for a two-coil WPT system was shown to 
decrease, whereas that of a four-coil WPT system was shown 
to contrarily increase. In [16], the authors insisted that these 
trends give rise to different suitable transmission distances   
for two-coil and four-coil WPT systems; however, their 
explanation is unfortunately oblique for readers to clearly 
understand the relation between the real part of the input 
impedance and the transmission distance. In addition, 
performance indexes such as the PTE and output power are not 
given either experimentally or through simulation. 

In [17]–[20], source and load coils were introduced as 
impedance matching networks in a four-coil WPT system. 
However, the authors did not concretely represent the structures 
of such networks, instead only describing a simple concept of a 
matching network and comparison with the experiments in [1]. 
That is, the way in which the matching networks operate and are 
configured was not explained in any detail. 

In this paper, we derive the optimum load and source 
conditions for the maximum PTE using the Z-parameters of a 
two-port network. Furthermore, we address whether a two-coil 
WPT system achieves a performance identical to that of a four-
coil WPT system. 

The remainder of this paper is organized as follows. In 
Section II, we assume a conventional two-coil WPT system as 
a two-port network, and derive both the operating power gain 
and transducer power gain using the two-port network’s Z-
parameters. We define the PTE as the transducer power gain, 
and derive the optimum load and source conditions as a simple 
closed-form expression for the ideal maximum PTE. The 
optimum load and source conditions are implemented using a 
matching network. In Section III, we deal with how to 
configure the matching networks of both a two-coil WPT 
system and a four-coil WPT system. Section IV shows that a 
two-coil and four-coil WPT system achieve the same 
performance when designed to maximize the PTE at the same 
coupling coefficient. In addition, we provide several case 
studies on two-coil and four-coil WPT systems. Finally, this 
paper ends with Section V, which contains some concluding 
remarks and a summary of the present work. 

II. System Analysis 

Figure 1(a) shows the equivalent circuit model of a two-coil 
series-resonant WPT system with voltage source Vs and 
arbitrary source and load impedances Zs and ZL. With the 
exclusion of the source and load parts, the rest of the system  
is represented as a two-port network (see Fig. 1(b)). The 
properties of the two-port network can be expressed in terms of 
the network parameters, such as Z, Y, S, and ABCD [21]. 
Because the inductive link is generally reciprocal, a two-coil 
series-resonant WPT system can be represented by a T-
equivalent circuit having Z-parameters, as shown in Fig. 1(c). 

From the definition of the [Z] matrix, the Z-parameters of the 
inductive link and series capacitors can be found as follows: 
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Fig. 1. Equivalent circuit model: (a) two-coil WPT system, (b) 
general two-port network, and (c) T-equivalent two-port 
network using Z-parameters. 
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where  is an angular frequency, and V1, V2, I1, and I2 are the 
total voltage and current at the first and second ports, 
respectively. The variables R1, L1, R2, and L2 are the parasitic 
resistance and inductance of the primary and secondary coils, 
respectively; M is the mutual inductance between the primary 
and secondary coils. 

For the T-equivalent two-port network of Fig. 1(c), the input 
impedance looking into the terminated two-port network from 
the generator end is 
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Similarly, the output impedance can be expressed as 
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1. Power Transfer Efficiency (PTE)  

We now consider the PTE of a two-port network with an 
arbitrary source and load impedances. First, the power 
delivered to the input of the terminated two-port network is 
computed as 
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where Pin is not the total power delivered by the source, but is 
the power delivered into the network. On the other hand, the 
power actually delivered to the load is given by 
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The power gain can then be expressed as 
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The power gain of (9), also called the operating power gain, 
is the ratio of power dissipated in the load to the power 
delivered to the input of the network [21]. This gain is then 
independent of the source impedance Zs, and dependent only 
on the load impedance ZL. If the network delivers the 
maximum power to the load, then the operating power gain 
becomes the ideal maximum PTE. Because the operating 
power gain does not include the effect of the source impedance, 
it is incorrect for the PTE to be estimated from the operating 
power gain of (9), as shown in [22] and [23]. 

Of the several definitions of the power gain, on the other 
hand, the transducer power gain is well known to be the most 
useful for a terminated two-port network with an input source. 
The transducer power gain is defined as the ratio of the power 

delivered to the load to the power available from the source, 
and depends on the load impedance as well as the source 
impedance. The transducer power gain, GT, is given by 
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where Pavs represents the available power of the source, and 
becomes equal to Pin when the network is conjugate-matched 
to the source; that is, Pin = Pavs when Zin = Zs

* [21]. The power 
available from the source can then be regarded as the total 
power delivered by the input source (including the source 
impedance). Therefore, the PTE of a WPT system should be 
estimated by the transducer power gain. 

Using Thevenin’s theorem, we can find the relations 
between I2 = V2/(Zout + Zs) and V2 = Vs/(Z11 + Zs). Therefore, the 
power delivered to the load of (8) can be written in the 
following alternative form: 
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Similarly, (7) can be written as 
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The power available from the source is obtained from (12) by 
setting Zin = Zs

*, and can then be written as 
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Substituting (11) and (13) into (10), the transducer power gain 
of a two-port network (that is, the PTE of a WPT system) is 
obtained in terms of the Z-parameters as follows: 
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2. Optimum Load, Optimum Source, and Maximum PTE 

As mentioned previously, the operating power gain is not 
dependent on the source impedance, but only on the load 
impedance. Therefore, the operating power gain becomes the 
ideal maximum PTE when the network delivers the input 
power to the load. Consequently, we can find the optimum load 
condition to maximize the operating power gain. This optimum 
load condition is one of the requirements to achieving the ideal 
maximum PTE.  

Actually, it is perfectly clear that the optimum load condition 
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is obtained from the transducer power gain because the 
transducer power gain is considered as the PTE of a WPT 
system. However, it is cumbersome to obtain the optimum load 
from the transducer power gain, because the transducer power 
gain contains the effect of both the load and the source. We use 
the operating power gain with a relatively simple formula to 
derive the optimum load condition.  

The substitution of (1) through (3) into (5) yields the 
following: 
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Using (2), (3), and (15), the operating power gain can be 
rewritten as 
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The reactance and resistance of the load impedance 
maximizing the operating power gain are 
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where k is the coupling coefficient, and the relation between   
k and mutual inductance M is expressed as 1 2 .M k L L  
Equations (18) and (19) represent the optimum load condition. 
Therefore, the ideal maximum PTE is obtained by applying  
the optimum load condition to the operating power gain as 
follows: 
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where Δ is the figure of merit (FoM) of a WPT system, and a 
larger Δ guarantees a higher efficiency. Equation (20) is equal 
to the ideal maximum PTE in [11], [17], and [24]. 

Substituting (18) and (19) into (15) and (16), the input 
impedance of a WPT system with the optimum load is 

 

Fig. 2. Equivalent circuit model of two-coil WPT system with 
optimum load. 
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where the first term on the right-hand side is the resistance 
reflected by the secondary resonator. Using the reflected 
resistance, the two-coil WPT system of Fig. 1(a) with the 
optimum load can be represented simply, as shown in Fig. 2. 

Because the ideal maximum PTE of (20) is derived from the 
operating power gain, it does not include the effect of the 
source impedance. In other words, the WPT system cannot 
achieve the maximum PTE of (20) even if the optimum load 
condition is satisfied. It is possible to maximize the PTE when 
the source delivers the maximum power to the network; that  
is, the source impedance has to conjugate-match the input 
impedance Zin. Therefore, the optimum source condition is 
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Inserting (22) and (1)–(3) into (6) gives 
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We are able to determine that the output impedance of (23) is 
conjugate-matched to the optimum load of (18) and (19), that is, 
Zout = ZL,opt

*. This means that the optimum source condition 
enables the output impedance to be conjugate-matched with 
the optimum load. Reciprocally, the optimum load also renders 
the input impedance conjugate-matched with the optimum 
source.  

III. Matching-Network Topologies 

A WPT system achieves the ideal maximum PTE when the 
optimum load and source conditions are satisfied. Matching 
networks of the WPT system transform the source and load 
impedances to the optimum ones. 

Figure 3 shows a two-coil WPT system using input and 
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Fig. 3. Equivalent circuit model of two-coil WPT system using
input and output matching networks under a maximum
PTE. 
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capacitors C1 and C2 of Fig. 1(a) are included in the matching 
networks, and are thus not shown in Fig. 3. 

A matching network can be implemented in various forms 
such as that of a transformer, lumped elements, or transmission 
line. Because a matching network using transmission lines is 
only appropriate at a high frequency, such as the microwave 
frequencies, a general WPT system has difficulty using 
transmission lines. At a low frequency, lumped elements can be 
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When the source impedance is transformed into the 
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On the other hand, if the matching networks are 
implemented using an air-core transformer, which is a 
transformer without a magnetic core, a two-coil WPT system 
changes into the form of a general four-coil WPT system, as 
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Fig. 4. Typical two-coil WPT system: (a) two-coil WPT system 
with L-section matching networks and (b) L-section 
matching arbitrary load impedance with reflected 
impedance. 
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and 2
2 1 21R k Q Q . For the reactance part, the resonant 

capacitors, C1 and C2, are tuned to cancel the inductance of the 
coils and conjugate-match the primary and secondary coils to 
the optimum source and load conditions. 

In the case of the four-coil WPT system, the secondary 
resonator is represented using the reflected impedance, as 
shown in Fig. 5(c). The primary and secondary coils are used 
to transfer power between coils, as well as to construct the 
matching networks. Because the reflected impedance includes 
the inductance of the secondary coil, L2, the inductance of the 
matching network, L2, should be modeled as 0 H. Therefore, 
the matching network circuit of Fig. 5(c) cannot be 
implemented using a real inductor, and can only be analyzed 
through a simulation. 

IV. Simulation Results and Discussion 

Thus far, our study has ascertained that two- and four-coil 
WPT systems are different only in terms of the structure of 
their input and output matching networks.  

In this section, we analyze the characteristics of the L-section 
and air-core matching networks, and compare a two-coil WPT 
system with a four-coil WPT system in terms of efficiency. For 
the sake of the comparison, we used the Advanced Design 
System (ADS) of Keysight Technologies, which is one of the 
most powerful tools for an RF design and simulation, and the 
High Frequency Structural Simulator (HFSS) of ANSYS, 
which is a 3D EM simulator based on a finite element method. 

The parameters for the system used in this simulation, as 
shown in Fig. 1(a), are described in Table 1. We use the same 
parameter values as used in [3], which were designed to 
achieve the maximum PTE at the target coupling coefficients. 
For the strongly and weakly coupled cases, the target coupling 
coefficients are set to 0.0125 and 0.005, respectively. The 
unloaded Q-factor of each coil is 1,256.5 at an operating 
frequency of 10 MHz, and the FoMs of the strongly and 
weakly coupled cases, Δ	 = k2Q1Q2, are 246.74 and 39.48, 
respectively. From (20), the ideal maximum PTEs of the 
strongly and weakly coupled cases are 0.8805 and 0.7283, 
respectively.  

1. Characteristics of Matching Networks  

To achieve these maximum PTEs, the optimum load and 
source conditions of (18), (19), and (22) should be satisfied. As 
mentioned before, for simplicity of the circuit, suppose the 
capacitors of (18) and (21)–(23), C1 and C2, are included in the 
matching networks. In the strongly coupled case, both the 
optimum source and load impedances, Zs,opt and ZL,opt, become  

Table 1. Circuit values used to evaluate simplified model. 

Parameters Value Description 

L1, L2 20 μH Inductance of primary and secondary coil 

R1, R2 1 Ω Parasitic resistance of primary and secondary coil

Zs, ZL 50 Ω Source and load impedances 

0.0125 Coupling coefficient of strong-coupled case 
k 

0.0050 Coupling coefficient of weak-coupled case 

f0 10 MHz Operating frequency 

 

Table 2. Evaluated parameter values of matching networks. 

Values 

 Parameters Strong coupling 

(k = 0.0125) 

Weak coupling

(k = 0.005) 

C1s, C2s 7.11 pF 4.52 pF L-section matching 
network C1p, C2p 5.56 pF 8.15 pF 

Ls, LL 1 μH 

Rps, RpL 0.25 Ω 

C1, C2 12.67 pF 

Cs, CL 253.3 pF 

Ms, ML 447.6 nH 284.6 nH 

Air-core  
transformer  

matching network

ks, kL 0.1001 0.0636 

 

 
15.74 – j1256.6 Ω. For the weakly coupled case, both Zs,opt and 
ZL,opt become 6.36 – j1256.6 Ω. The matching networks used to 
transform the source and load impedances into Zs,opt and ZL,opt 
can be configured using the L-section and air-core transformer, 
as shown in Figs. 4(b) and 5(c). Therefore, with the S-
parameter simulation controller of the ADS, we simulate the 
circuits of Figs. 4(b) and 5(c), each of which consists of two-
port impedance terminations and lumped elements. The used 
capacitors are modeled with an ideal capacitor and a small 
resistor in series having an equivalent series resistance (ESR) 
of 0.0015 Ω (for authenticity). 

For the strongly and weakly coupled cases, the parameters 
for the matching networks are evaluated. The evaluated 
parameter values are shown in Table 2, where it can be seen 
that the values in the case of the strongly coupled four-coil 
WPT system are identical to those used in [3]. 

To investigate the characteristics of the matching networks, 
the matching networks of the L-section and air-core 
transformer are constructed using the parameter values in  
Table 2 for the strongly coupled two-coil and four-coil WPT 
systems. Figure 6 shows the reflection and transmission 
coefficients as well as the input and output impedances versus 
the frequency. No noticeable differences in bandwidth are 
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Fig. 6. Frequency characteristics of matching networks for
strongly coupled WPT system: (a) reflection and
transmission coefficients, and (b) input and output
impedances. 
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observed for the two matching networks. Moreover, at an 
operating frequency of 10 MHz, the two matching networks 
have similar reflection and transmission characteristics. The 
reflection coefficient of the air-core transformer is about 
−55 dB at the operating frequency of 10 MHz, while that of the 
L-section is about −40 dB. The reflection coefficient difference 
of 15 dB between the two matching networks means that the 
performance of a matching network that uses an air-core 
transformer is better than that using reactive lumped elements. 
In particular, the reflection coefficients are less than −40 dB 
and the transmission coefficients are nearly 0 dB, which means 
that most of the power into the matching networks is 
transferred to the load. That is, a reflection coefficient of less 
than −40 dB and a transmission coefficient of nearly 0 dB is 
enough to claim that the efficiency of a WPT system is going 
to be slightly affected. In addition, the two matching networks 
have the same input resistance of 15.7 Ω, which is identical to 
that of the optimum load, and the output impedance also 
becomes a load impedance of 50 Ω. However, the input    
and output impedances of the two matching networks have 
substantially different frequency characteristics except at 
around 10 MHz. 

 

Fig. 7. Characteristics of matching networks at operating 
frequency of 10 MHz with respect to coupling 
coefficient between primary and secondary coils for 
strongly coupled WPT system: (a) reflection and 
transmission coefficients and (b) input and output 
impedances. 
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Figure 7 shows the S-parameters and impedance with 
respect to the coupling coefficient between the primary and 
secondary coils for the two types of matching networks. When 
the coupling coefficient varies from 0.001 to 0.1, the L-section 
and air-core transformer matching networks have the same 
transmission and reflection coefficients. The transmission 
coefficient is nearly 0 dB, and the reflection coefficient is less 
than −40 dB at a target coupling coefficient of 0.0125. On   
the other hand, the input impedances of the two matching 
networks remain unchanged, because the output port 
impedance (that is, the load impedance) is not a function of the 
coupling coefficient, k.  

On the contrary, the input port impedance, Zreflected, increases 
with the coupling coefficient, as shown in Figs. 4(b) and 5(c). 
Hence, the output impedances of the two matching networks 
change with respect to the coupling coefficient, but have a 
different trend of variation. The output impedance of the    
L-section increases with the coupling coefficient, whereas that 
of the air-core transformer decreases with the coupling 
coefficient. However, at the target coupling coefficient (k = 
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0.0125), the output impedance of the two matching networks 
has the same value of 50 Ω, which is the value of the load 
impedance. It is notable that both types of matching network 
have different impedance characteristics, with the exception of 
the target coupling coefficient and operating frequency, but 
have nearly identical S-parameter characteristics. 

2. Efficiencies of Two- and Four-Coil WPT Systems  

We compare the two-coil WPT system with the four-coil 
WPT system in terms of transmission coefficient and efficiency, 
such as operating and transducer power gains.  

The operating power gain, Gp, represents the relation 
between a two-port network and the load impedance. 
Therefore, after the source part is directly connected to the two-
port network by eliminating the input matching network shown 
in Fig. 3, the operating power gain of (9) is estimated with the 
Z-parameters, whereas the transducer power gain is obtained 
using the Z-parameters simulated with the input and output 
matching networks. To obtain the Z-parameters, we simulate 
the circuits of Figs. 4(a) and 5(a) using the S-parameter 
simulation controller of the ADS. However, for the         
S-parameter simulation, the voltage source and source 
impedance are replaced with a port impedance terminator 
having an identical source impedance. Similarly, the load 
impedance is replaced with a port impedance terminator 
having an identical load impedance. Additionally, the four-coil 
WPT system of Fig. 8 is simulated using the EM solver of 
ANSYS HFSS. For the two-coil WPT system, the primary and 
secondary coils of Fig. 8 are only simulated without the source 
and load coils. The lumped RLCs are used to resonate at the 
operating frequency. 

Figure 9 shows the efficiencies of a strongly coupled case  
(k = 0.0125) using (9) and (14) as a function of the coupling 
coefficient between the primary and secondary coils. The EM-
simulated results show good agreement with the circuit-
simulated ones. Both the two- and four-coil WPT systems have 
similar efficiencies for the operating and transducer power 
gains. The efficiencies of the four-coil WPT system are slightly 
less than those of the two-coil WPT system, which results from 
the fact that the air-core transformers used in the four-coil WPT 
system have parasitic resistances, RsL and RpL. That is, the air-
core transformers are a lossy matching network, whereas the  
L-section matching network in the two-coil WPT system uses 
only reactive elements. In most cases, because the parasitic 
resistances of the source and load coils are smaller than the 
source and load impedances, their effect on the PTE may be 
negligible. The transducer power gains of the two-coil and 
four-coil WPT systems reach an ideal PTE of 88% at k = 
0.0125. The deviation of the coupling coefficient from the  
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Fig. 8. Geometry of four-coil WPT system for 3D EM simulation. 
 

 

Fig. 9. Operating and transducer power gains of strongly coupled 
two- and four-coil WPT systems at operating frequency of 
10 MHz with respect to coupling coefficient. 
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target coupling coefficient brings about a decrease in the PTE. 
The high value of PTE at around the target coupling coefficient 
results from the steep reflection characteristics of the matching 
networks, as shown in Fig. 7(a). These phenomena can be 
explained by the frequency splitting. 

Figure 10 shows the transmission coefficients when the 
source and load impedances of the two-coil WPT system are 
replaced with the port. It should be noted that a frequency 
splitting appears at k > 0.0125. If the coupling coefficient 
exceeds the target coupling coefficient, then the input power of 
the WPT system is delivered to the load through the split 
frequencies, and not through the operating frequency. 
Therefore, the PTE at the operating frequency drops when    
k > 0.0125. 

Under the assumption that the load impedance is 
transformed to the optimum load at k = 0.0125, the operating 
power gains are estimated as shown in Fig. 8. Contrary to the 
transducer power gain, the operating power gain increases as 
the coupling coefficient increases. This phenomenon indicates 
that although the optimal load of the target coupling coefficient 
is implemented, a high efficiency can be achieved by adjusting 
only the source part beyond the target coupling coefficient. 

The operating and transducer power gains versus the load  
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Fig. 10. Transmission coefficients of strongly coupled two-port 
WPT system as function of frequency for several
coupling coefficients. 
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Fig. 11. Operating and transducer power gains of strongly coupled
two- and four-coil WPT systems at operating frequency
of 10 MHz with respect to load impedance. 
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impedance in the cases of the two- and four-coil WPT systems 
are plotted in Fig. 11. The efficiencies of the two- and four-coil 
systems are also alike. The parameters in Table 2 were 
calculated for the maximum PTE at a load impedance of 50 Ω. 

Figure 12 shows the operating and transducer power gains 
for the weakly coupled two- and four-coil WPT systems, 
which were designed to achieve the maximum PTE at a 
coupling coefficient of 0.005. Similarly to the strongly coupled 
WPT systems, the operating power gain of the weakly coupled 
WPT systems increases as the coupling coefficient increases. In 
addition, the operating and transducer power gains of the two- 
and four-coil WPT systems look almost identical. The two 
WPT systems show the same performance when designed for 
the same target coupling coefficient and operating frequency. 
The results of the circuit simulation are in agreement with those 
of the EM-simulation. The only difference between the two 
WPT systems can be found in the structures of their respective  

 

Fig. 12. Operating power gain and transducer power gain of 
weakly coupled two- and four-coil WPT systems at 
operating frequency of 10 MHz with respect to 
coupling coefficient. 
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8

Fig. 13. Transmission coefficients of weakly coupled two-port 
WPT system as function of frequency for several 
coupling coefficients. 
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matching networks. 

At a target coupling coefficient of 0.005, the transducer 
power gains of the two- and four-coil WPT systems are 
maximized to 72%, which is identical to the ideal PTE. 
Beyond the target coupling coefficient, the operating power 
gain drops sharply as in the strongly coupled case. In the 
strongly coupled case shown in Fig. 10, the maximum 
frequency is split into two maxima when k > 0.0125. In 
contrast, the weakly coupled case in Fig. 13 already has two 
maximum frequencies when k = 0.0125. Therefore, the 
frequency splitting occurrence depends on the source and load 
impedances. The optimum source and load conditions 
maximize the transmission coefficient at the operating 
frequency without splitting the frequency. A critical coupling 
occurs when the highest level of coupling is achieved without a 
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frequency splitting [3], [8]. Therefore, the optimum source and 
load conditions are identical to the critical coupling conditions. 

The maximum operating power gain of the strongly coupled 
WPT system is about 0.94, as shown in Fig. 9, whereas that of 
the weakly coupled WPT system is 0.86, as shown in Fig. 12. 
In other words, according to the specific target coupling 
coefficient, the WPT system has a different maximum 
achievable efficiency. 

V. Conclusion 

We presented the operating power gain and transducer 
power gain of a two-coil WPT system using the Z-parameters, 
and derived the optimum load condition to maximize the 
operating power gain. Similarly, the optimum source condition 
was also derived. These optimum source and load conditions 
maximize the PTE of a two-coil WPT system.  

We ascertained that the two- and four-coil WPT systems 
have the same efficiency for the same target coupling 
coefficient and operating frequency, with the two systems 
having only different matching networks; the two-coil WPT 
system has L-section (or lump-reactive) matching networks, 
whereas the four-coil WPT system has air-core matching 
networks. In particular, we presented how to determine the 
coupling coefficient to maximize the PTE of the four-coil WPT 
system. Therefore, our study provides analytical solutions 
regarding the easy design of a four-coil WPT system. 

For the strongly and weakly coupled cases, two- and four-
coil WPT systems were designed and simulated using ADS 
and HFSS software. The two cases had the same maximum 
PTE at the given target coupling coefficients. These results 
confirm the notion that two- and four-coil WPT systems can  
be regarded as similar from the point of view of circuitry. 
Additionally, we revealed the optimum source and load 
conditions that force a WPT system to reach a critical coupled 
state. 
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