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Abstract— This paper presents a new printed-circuit-board 
(PCB) resonator structure suitable for mega-Hertz wireless power 
transfer (WPT) applications. Unlike previous PCB resonators that 
can form only parallel resonant structures, the new designs can 
easily be configurated as either parallel or series resonators. The 
novelty of the resonator structure involves the replacement of the 
PCB material with an airgap in the main magnetic flux path of the 
resonator structure and adoption of air-trenches between adjacent 
turns, therefore greatly reducing the inter- and intra-capacitance 
of the two printed windings and its associated PCB dielectric 
power loss. The natural resonant frequency can easily be tuned for 
mega-Hertz operation. A comparative study is conducted between 
conventional and new designs. The quality factor, resonant 
frequency, transmission efficiency and ac resistance of the new 
designs are significantly improved by over 435%, 236%, 137% 
and 41%, respectively over those of the conventional designs. An 
accurate distributed-circuit model of the new PCB resonator 
structures is also included and used in domino WPT system 
simulation. PCB resonators of the conventional and new designs 
are constructed to form domino WPT systems for practical 
evaluation. Both simulation and practical results are included to 
confirm the accuracy of the PCB resonator model and the 
advantages of the new resonator structure.  

Index Terms— wireless power transfer, printed-circuit-board 
resonators, planar magnetics. 

I. INTRODUCTION

ITH the improvement of power electronics such as 
power MOSFETs in the 1980s, the switching 
frequency of switched mode power supplies could 
be increased from tens to hundreds of kilohertz to 

reduce the size of magnetics (such as isolation transformers) 
and increase power density [1]. In 1998, it was demonstrated 
that the magnetic cores in isolation transformers can be 
eliminated with the use of coreless PCB transformers for both 
power and signal transfer when the operating frequency 
exceeds a few hundred kilohertz [2]. Removal of magnetic 
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cores has the advantages of not only eliminating the cost and 
size of magnetic cores but also the frequency limitations and 
power losses of the magnetic cores [3][4]. For these reasons, 
coreless PCB transformers could be operated beyond the Mega-
Hertz frequency range [5][6] over 20 years ago. With such 
advantages, coreless PCB transformers are attractive to power 
integrated circuit companies and have been adopted in a family 
of industrial gate drive circuits for both individual power 
switches and inverter bridges since early 2000s [7]-[9]. The 
invention of operating method of coreless PCB transformer in 
[2] has led to a series of related patents with industrial
applications [10]-[12]. Besides using PCB technology, the
coreless planar transformer can in principle be manufactured in
semiconductor technology [13] if the resistance of the coils can
be kept to an acceptable level.

In recent years, research works on coreless PCB winding 
structures appear in medium-voltage and high-voltage gate 
drives [14], isolation transformers for multi-Mega-Hertz power 
supplies [15] and domino resonators for WPT applications [16]-
[19]. The PCB winding structures are particularly important for 
domino WPT systems in the high-voltage (HV) insulation rod 
applications in HV transmission towers [19]. Power companies 
have confirmed that manual windings and discrete capacitors 
are not suitable for such HV applications because of the HV 
discharge between metallic terminals in discrete capacitors 
[20]. PCB resonator structures have distributed inductance and 
capacitance and can therefore avoid internal HV discharge [19]. 
For domino WPT applications, reference [19] reports a PCB 
resonator winding design optimized by the partial-element 
equivalent-circuit (PEEC) method. However, the PCB 
resonator structures in [19] and [20], when manufactured to the 
size for embedment inside standard insulation discs of 
commercial insulation rods, have limitations on operating 
frequency range and relatively low quality (Q) factor and 
energy efficiency due to the dimensions of the PCB. In addition, 
these structures are restricted to parallel resonant 
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configurations. Traditional PCB resonators have two planar 
windings printed on the two sides of a PCB board and the PCB 
material in between is used for dielectric. At mega-Hertz 
operation, the dielectric power loss of the PCB material 
becomes significant [21]-[23].  

In this paper, new PCB resonator designs are proposed [24] 
for significant advancement over existing designs. This paper is 
an extended version of a conference paper [25]. Taking 
advantages of the low dielectric constant of air, the new 
resonator structure uses the airgap to separate the two printed 
planar windings of the resonator.  Compared with conventional 
designs [19],[20], the new PCB resonator design has the 
following advantages: 
1) replacing the PCB material (with a typical dielectric 

constant of 4.2 and loss tangent of 0.03) with an airgap 
(with a dielectric constant of 1.0 and virtually zero loss 
tangent), therefore greatly reducing the inter-capacitance 
and its associated dielectric power loss of the resonator, 

2) the flexibility of being configurated as either series or 
parallel resonators, 

3) have much high resonant frequency due to the reduction 
of inter-capacitance in 1), 

4) have much higher Q factor due to the reduction of ac 
winding resistance, 

5) have significant improvement in transmission efficiency. 
Section II describes the structural differences among the 

conventional PCB resonator design and two proposed PCB 
resonator designs. In the three cases, the winding patterns are 
printed on the PCBs of the same dimensions. Accurate models 
of the proposed PCB resonator designs are included and 
explained in Section III. Section IV presents the theoretical and 
practical characteristics of the three designs. Based on the same 
test platform of a domino WPT system, the three PCB resonator 
designs are tested for their transmission efficiency.  A 
comparison of the Q factor, bandwidth, ac winding resistance 
and transmission efficiency is included to confirm the 
advantages of the proposed PCB resonator structures. 

II. CONVENTIONAL AND NOVEL PCB RESONATOR 

STRUCTURES 

References [19] and [20] use PCB windings printed on the 
two sides of circular PCB discs as the relay resonators in 
domino WPT systems. It is demonstrated in [19], [26], [27] that 
printed spiral winding with variable width has low resistance. 
To provide a common platform for comparison, the spiral and 
planar PCB windings with variable widths are printed as 
resonators in this study. Each PCB has a dimeter of 21cm and 
the outermost circular winding a dimeter of 20cm. The printed 
windings for the conventional design and the two new designs 
are first optimized using the COMSOL electromagnetic design 
software to maximize the Q factor: 

𝑄 ൌ
𝑓௢
∆𝑓

 (1) 

where fo is the resonant frequency and f is the 3dB bandwidth. 
In this comparative study, the three PCB resonator structures 

are summarized as follows: 
1) The conventional PCB resonator design is adopted from 

optimized design in [19], with the two PCB windings 
printed on the two sides of the same PCB board. The 
dielectric material between the two planar PCB windings 
is the standard FR-4 PCB material. The dielectric constant 
of the FR-4 PCB is typically 4.2. 

2) New Design-1 is based on the same conventional PCB 
windings in [19] except that the two planar PCB windings 
are printed on two different PCB boards arranged in a co-
axial manner and separated with a new and uniform airgap 
to reduce the inter-winding capacitance. The dielectric 
constant of air is 1.0. 

3) New design-2 retains the two-layer structure of Design-1, 
but the two PCB windings are optimized specifically for 
the two-layer structure with an airgap between the two 
planar PCB windings and with air-trenches between 
adjacent turns to further reduce the intra-winding 
capacitance.  

The sandwiched structure utilized in the new design has 
extremely low dielectric loss. In addition, the copper loss is also 
minimized through the careful selection of trace width such that 
the current can be evenly distributed along the PCB traces. 
According to the finite element simulation results, the current 
near the connectors (or via in the conventional design) is 
relatively high and the current decreases along the copper trace. 
As a result, a wider trace width is used for the outer turns near 
the connectors to reduce the copper loss. The specific values for 
the trace width are optimized by using finite element simulation. 

In reference [28], a Bayesian optimization framework has 
been proposed for parallel resonators. To fit the framework, the 
PCB resonator is reconfigured as parallel compensation. Fig. 
1(a) shows the design variables of the n-turn PCB coil, in which 
the radius of the outermost trace rout, the radius of the innermost 
copper trace rin, the distance between two adjacent trace d, and 
the trace width of each turns w1, w2, …, wn are used. It is worth 
noting that proportional trace width is adopted, i.e., 
w2/w1=w3/w2…=wn/wn−1=k. With the ratio k, trace width of the 
first trace w1, and the number of turns n, the trace width of the 
n-turn PCB coil can be automatically generated. The use of 
proportional trace width can effectively reduce the number of 
unknown variables and expedite the optimization process. The 
flowchart of the optimization process is shown in Fig. 1 (b). In 
this optimization process, rout is set at 100 mm, and the 
constraints of the other optimization variables are set as rin ∈ 
[26 mm, 70 mm], w1 ∈ [0.5 mm, 15 mm], k ∈ [0.8, 1.2], d ∈ [0.5 
mm, 4 mm], n ∈ [1 turn, 100 turns].  
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(b) Flowchart of the optimization process 

Fig. 1. Flowchart of the optimization process. 
 

After starting the optimization process, the design variables 
dataset and iterator are initialized. A set of feasible design 
variables are then generated based on the dataset. Then the 
design variables are then converted into specific trace width of 
the PCB resonator. The trace width is sent to COMSOL 
simulation software to update the 3D structure. In addition, the 
PCB resonator is reconfigured as parallel compensation by 
short-circuiting the input-output terminals. The quality factor of 
the PCB resonator can be directly obtained by running the 
eigenfrequency study. Finally, the resulting quality factor and 
trace width are used to update the dataset. The optimization 
process ends if the iterator exceeds the maximum number of 
iterations. Another factor affecting the Q factor is the loss 
tangent of the PCB materials. Table I compares the relative 
permittivity, loss tangent and costs of a common PCB, high-
frequency PCB, and air. Note that the relative permittivity of 
PCB materials is typically over three times that of air. As the 
price of the high-frequency PCB materials is much higher than 
the ordinary type, this study will use the FR-4 PCB material as 
the comparison platform. 
 

TABLE I 
COMPARISON OF COMMON PCB, HIGH-FREQUENCY PCB AND 

AIR 
Material FR-4 (Common 

PCB) 
Rogers RO4350B 
(High-frequency PCB) 

Air 

Relative 
permittivity εr 

3.3-4.8 3.48 ± 0.05 1 

Loss tangent 0.02 – 0.03 0.0037 0 
Unit cost for 100 
pieces 1oz PCB 
with dimension 
of 
210mm×210mm* 

4.79 USD/piece 72.22 USD/piece N/A 

 
 

A. Conventional PCB Resonators 
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Fig.2. Structure of a conventional PCB resonator with two spiral windings 
printed on two sides of the PCB and connected through a via. 
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(a) Front view (b) Back view 

Fig. 3. Winding patterns of the conventional PCB resonator. 

 

  
Fig. 4. Side view of the conventional resonator. 

 
Fig. 2 shows the structure of the conventional PCB resonator. 

It consists of two printed spiral windings on the two sides of the 
same PCB. The two spiral windings are connected through a 
via. Based on the optimization procedure described in Fig. 1, 
the winding patterns on the two sides of the PCB are shown in 
Fig. 3. The two spiral windings form the distributed inductor, 
which accounts for the magnetic field created in the winding 
structure whenever there is a current in the winding. The main 
distributed capacitance is provided by the electric field between 
the copper tracks between the two sides of the PCB. The electric 
field appears across the PCB material with a relative 
permittivity of typically 3.3 to 4.8 (Table I). There is also (stray) 
intra-capacitance between adjacent copper tracks on the same 
side of the PCB. The side view of the conventional PCB 
resonator is shown in Fig. 4. Note that the conventional PCB 
resonator in Fig. 2 is inherently a parallel resonant tank. It can 
only be re-configurated into a series resonant tank when the via 
connection between the two spiral coils printed on both sides of 
the PCB is removed.  

B. New PCB Resonator (Design-1) 
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Fig. 5. Structure of a new design of PCB resonator based on two separate PCBs 
with an airgap (Design-1). 
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(a) Front view (b) Back view 

Fig. 6. Winding patterns of the one of the two PCBs for a new PCB resonator. 
 

 
Fig. 7. Side view of a new PCB resonator design (Design-1) formed by two 
PCBs with an airgap, with the printed coils facing each other. 
 

The capacitance between the printed spiral coils on the two 
sides of the PCB is affected by the permittivity of the PCB 
materials in the conventional PCB resonator structure in Fig. 2. 
Table I indicates that the permittivity of the PCB materials is 
higher than that of air. Therefore, the inter-capacitance between 
the two printed spiral coils can be reduced if the two printed 
coils are printed on two separate PCBs and are separated by an 
airgap as shown in the new design (labeled as Design-1) in Fig. 
5. For Design-1, the two PCBs originally optimized for the 
conventional design are used to form the new resonator with 
one spiral coil printed on each PCB as shown in Fig. 6. The 
corresponding side view is shown in Fig. 7. With the material 
between the two printed coils changed from PCB materials to 
air, the inter-capacitance of the resonator can be reduced, 
therefore increasing the resonant frequency of the resonator. 
Since the energy efficiency of the resonator increases with the 
Q factor and operating frequency, Design-1 is expected to offer 
a higher energy efficiency as would be seen in the next section. 

C. New PCB Resonator (Design-2) 
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Fig. 8. Structure of a new design of PCB resonator based on two PCBs 
separated with an airgap, and with air trenches between adjacent turns on each 
PCB (Design-2). 
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(a) Front view (b) Back view 

Fig. 9. Winding patterns of one of the two PCBs for a new PCB resonator (Front 
view showing spiral coil with trenches or air slots) between adjacent turns; back 
view has no printed coil) 

 
 
Fig. 10. Side view of a new PCB resonator design (Design-2) formed by two 
PCBs with an airgap.  
 

Unlike Design-1 which uses the winding designs optimized 
for the conventional design, Design-2 is optimized for its two-
layer structure with the COMSOL software for maximum Q 
factor. Therefore, it has different number of turns (Table II). 
The structure of Design-2 is further improved by reducing the 
intra-capacitance between adjacent turns of the printed spiral 
coil by removing some part of PCB material between the 
adjacent turns to form air trenches. Fig. 8 shows the structure of 
this improved design (Design-2). Similar to that of Design-1, 
the resonator structure is formed by two PCBs, with one printed 
spiral coil on each PCB. The two PCBs are separated by an 
airgap to reduce the inter-capacitance. Design-2 has less intra-
capacitance because of the formation of trenches (with the PCB 
materials removed) as shown in Fig. 9. Note that not all PCB 
material between adjacent turns is removed, because it is 
necessary to use some PCB material to keep the printed coil in 
the spiral structure. The side view of Design-2 is included in 
Fig. 10. The extra advantages of Design-2 over Design-1 and 
the conventional PCB resonator will be illustrated in the next 
sections.  

III. ACCURATE MODELING AND PRACTICAL VERIFICATION 

OF THE THREE PCB RESONATOR STRUCTURES 

Table II summarizes the parameters of three PCB resonators 
structures.  

TABLE II 
PARAMETERS OF PCB RESONATORS STRUCTURES 

 Convention
al design 

Design 1 Design 2 

Copper 
trace  
parame
ters 

First turn trace 
width w1 

0.701 mm 0.701 mm 1.626 mm 

Radius of the 
outermost trace 
rout 

99 mm 99 mm 100 mm 

Radius of the 
innermost trace rin 

46.211 mm 46.211 mm 26.971 mm 

Trace width ratio 
between two 
adjacent turns k 

1.044 1.044 0.963 

Number of turns n 17 17 20 
Distance between 
trace 

2.059 mm 2.059 mm 2.482 mm 

Slots width N/A N/A 1 mm 
PCB thickness 1.6 mm 1.6 mm 1.6 mm 
Copper thickness 1 oz 1 oz 1 oz 
Distance between two PCBs N/A 5 mm 5 mm 
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Fig. 11. (a) Second-order circuit and (b) equivalent circuit for a WPT system 
with secondary parallel resonant circuit. 
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Fig. 12. (a) Third-order circuit and (b) equivalent circuit for a WPT system with 

secondary parallel resonant circuit. 
 

The two new PCB resonator designs are tested and compared 
with the conventional structure in two ways. Firstly, their 
impedance-frequency characteristics, resonant frequencies and 
Q factors are modeled, measured and compared. Secondly, the 
three PCB resonator structures are used to form three domino 
WPT systems with the same transmission distance so that their 
transmission efficiencies can be measured and compared. 

The traditional lumped-element equivalent circuit for 
inductive-capacitive (LC) resonators is to use a second-order 
circuit as shown in Fig. 11. But for printed resonators, both of 
the inductance and capacitance are distributed. More 
importantly, it is necessary to consider both the inter-
capacitance (Cs) and the intra-capacitance (Cp) of the winding 
structures because the resonant frequency would be in the 
Mega-Hertz range. For this reason, an extra capacitor is added 
in a third-order resonant circuit to represent the intra-
capacitance as shown in Fig. 12. 

A. Characteristics of the three PCB Resonator Structures 
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(a) Input impedance of the 

conventional PCB resonator 
structure when it is converted into 

“series” resonator 

(b) Input impedance of the 
conventional PCB resonator 

structure as seen from a transmitter 
coil. 
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(c) Input impedance of the Design-

1 structure. 
(d) Input impedance of the Design-

2 structure. 
Fig. 13. Measured and theoretical impedance plots of the three PCB resonator 
structures. 

 
The impedance-frequency plots of the three different PCB 

resonator structures are practically measured and compared 
with the simulated results based on the second-order and third-
order circuit models (Fig. 13).  

The impedance of the conventional PCB resonator, being a 
closed-loop “parallel” resonator, cannot be measured directly. 

To measure such impedance, the resonator is first transformed 
into a “series” configuration by removing the via that connects 
the top and bottom copper layers and using the via's terminals 
as the input and output ports of the resonator. For the structures 
of Design-1 and Design-2, they can be configurated as “series” 
resonators for direct measurement. After configurating the 
resonators as “series” resonators, the impedance-frequency 
plots Zin_data of these resonators can be measured with an 
impedance analyzer directly. 

The quality factor Q and the resonant frequency f0 can be 
directly obtained from the impedance data Zin_data. The 
parameters of second-order model are derived based on the 
definition of Q 

𝑅 ൌ ห𝑍𝑖𝑛_𝑑𝑎𝑡𝑎ሺ2𝜋𝑓଴ሻห (2) 
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2𝜋𝑓଴
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The parameters of third-order model are derived by solving 
the optimization problem as 

argmin
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(5) 
The characteristics of the three resonator structures are 
tabulated in Table III.  

The simulated and measured impedance-frequency plots are 
shown in Fig. 13. Fig. 13 (a) shows the results for the 
conventional PCB resonator when it is converted into a “series” 
resonator and Fig. 13 (b) shows the input impedance of the 
conventional design as seen from a transmitter coil. Fig. 13 (c) 
and Fig. 13 (d) show the input impedance for Design-1 and 
Design-2 as “series” resonators, respectively.  

In all three cases, the simulated results of the third-order 
circuit models fit very well with the measured ones. The 
simulated results of the second-order model deviate 
increasingly from practical measurements as the frequency 
moves away on both sides from the respective resonant 
frequencies. Therefore, the third-order equivalent circuit should 
be used for analysis of PCB resonators.  

B. Comparison of parameters of the three PCB Resonator 
Structures 

TABLE III 
COMPARISON OF MEASURED RESONATOR PARAMETERS 

 Conventional 
design 

Design 1 Design 2 

Q and f0 37.069 @ 
879.107 kHz 

156.055 @ 
2.726 MHz 

198.574 @ 
2.961MHz 

Number of turns 17 17 20 
Second
-order 
model 

L (μH) 94.679 112.09 87.825 
Cs (pF) 346.180 30.412 32.883 
R (Ω) 14.108 12.302 8.230 

Third-
order 
model 

L (μH) 50.528 46.191 35.521 
Cs (pF) 473.848 47.693 51.682 
Cp (pF) 174.705 26.083 29.642 
R (Ω) 14.108 12.302  8.230 

From Table III, the Q factor of the conventional resonator is 
37.1 at the resonant frequency of 879 kHz. The Q factors of the 
Design-1 and Design-2 are 156.1 at a resonant frequency of 
2.73 MHz and 198.6 at 2.96 MHz, respectively. The 



 

improvements in the Q factor are therefore 4.21 times in 
Design-1 and 5.35 times in Design-2. The resonant frequencies 
change from 879 kHz in the conventional structure to 2.73 MHz 
in Design-1 and 2.96 MHz in Design-2. The increase in the 
resonant frequencies is due mainly to the reduction in the self-
inductance and the inter-capacitance. The equivalent winding 
resistances of Design-1 and Design-2 are smaller than that of 
the conventional design. The comparative results in Table III 
confirm that the two new PCB resonator structures, namely 
Design-1 and Design-2, have superior characteristics than the 
conventional one. 

C. Loss mechanism and comparison 

The dielectric loss of the PCB capacitor is associated with the 
dissipation factor of the dielectric material. In conventional 
PCB resonator designs, the displacement current flows through 
the high-loss FR-4 substrate, leading to high dielectric losses, 
as shown in Fig. 14(a). In contrast, Design-1 and Design-2 
redirect the displacement current to flow through the air, as 
demonstrated in Fig. 14(b) and (c), respectively. This design 
modification results in lower dielectric losses for Design-1 and 
Design-2 compared to the conventional design. 

The ohmic loss of the resonator is affected by the skin effect 
and proximity effect of the PCB traces. In conventional design, 
the surface current density of inner turns is higher (Fig. 15(a)). 
In contrast, in Design-1 and Design-2, the outer turns display 
higher surface current density (Fig. 15(b) and (c)). To reduce 
the ohmic loss, wider trace widths are utilized for the outer turns 
in Design-2, resulting in a lower ohmic loss. In summary, given 
the reduced dielectric loss and ohmic loss, Design-2 achieves 
the highest quality factor among these three designs. 

Finite element simulations with COMSOL software are 
performed to quantitatively assess the loss of the resonators. 
Two sets of simulations are performed. A practical resonator 
based on a PCB substrate FR-4 (with a loss tangent of 0.017) is 
used in the first simulation. In the second simulation, the loss 
tangent of the same PCB substrate is artificially set to zero. By 
performing adaptive frequency sweeping, the impedance curves 
of the resonators are obtained, and the parameters of the third-
order model are obtained based on (5). By comparing the 
parameters in two sets of simulations, we were able to separate 
the load resistance contributed by the PCB substrate (RPCB) and 
copper trace (Rcopper), as shown in Fig. 16. The corresponding 
results are summarized in Table IV.  

When comparing the RPCB among these designs, it becomes 
evident that the reduction in dielectric loss is the primary reason 
for the superior performance of Design-1 and Design-2 over the 
conventional design. Additionally, by removing the PCB 
substrates between adjacent turns and optimizing the trace 
widths, Design-2 achieves a significant reduction in both 
dielectric loss and ohmic loss, resulting in a lower RPCB and 
Rcopper, and eventually leading to the highest quality factor 
among the three designs. 
 

 
(a) Conventional design 

 
(b) Design-1 

 
(c) Design-2 

Fig. 14. Displacement current density (unit: A/m2) of the resonators operating 
at f0. 

 

 
(a) Conventional design 

 
(b) Design-1 

 
(c) Design-2 

Fig. 15. Surface current density (unit: A/m) of the resonators operating at f0. 
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Fig. 16. Equivalent circuit model of the resonator with separated load resistance. 

 
 

TABLE IV 
COMPARISON OF RESONATOR PARAMETERS BASED ON FINITE 

ELEMENT SIMULATIONS 
 Conventional 

design 
Design 1 Design 2 

L (μH) 53.1 49.4 38.5 



 

Loss 
tangent=0.

017 

Cs (pF) 465 44.7 49.1 
Cp (pF) 169 22.8 24.5 
Rcopper+RP

CB (Ω) 
14.7 13.6 8.53 

Loss 
tangent=0 

L (μH) 53.1 49.4 38.5 
Cs (pF) 465 44.7 49.1 
Cp (pF) 169 22.8 24.5 
Rcopper (Ω) 6.30 11.1 7.87 

Summary 
RPCB (Ω) 8.43 2.5 0.66 
Rcopper (Ω) 6.30 11.1 7.87 

 

IV. COMPARISON OF TRANSMISSION EFFICIENCY IN 

DOMINO WPT SYSTEMS 

The three different PCB resonator structures are configurated 
to form 4-coil domino WPT systems as shown in Fig. 17. The 
first and the fourth PCB resonators are configurated into series-
resonator. The second and the third resonators are parallel-
resonators, and are used as relay resonators. The distance 
between adjacent PCB resonators is kept the same in these 
domino WPT systems. The matrix system equations for the 4-
coil domino WPT system are shown in (6) and (7). 
 

 
(a) Conventional design 

 
(b) Design 1 

 
(c) Design 2 

Fig.17. The 4-coil domino WPT systems. 
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Fig.18. Equivalent circuit model of the 4-coil domino WPT system. 

 

The state-space matrix equations for the 4-coil domino WPT 
system are derived as 
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቏ 𝑣௜௡                                                                            (6) 
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where 𝑳𝒎𝒂𝒕𝒓𝒊𝒙 ൌ ൦

𝐿ଵ 𝑀ଵଶ 𝑀ଵଷ 𝑀ଵସ
𝑀ଶଵ 𝐿ଶ 𝑀ଶଷ 𝑀ଶସ
𝑀ଷଵ 𝑀ଷଶ 𝐿ଷ 𝑀ଷସ
𝑀ସଵ 𝑀ସଶ 𝑀ସଷ 𝐿ସ

൪,  

𝑪𝒔_𝒎𝒂𝒕𝒓𝒊𝒙 ൌ ൦

𝐶௦ଵ 0 0 0
0 𝐶௦ଶ 0 0
0 0 𝐶௦ଷ 0
0 0 0 𝐶௦ସ

൪,  

𝑪𝒑_𝒎𝒂𝒕𝒓𝒊𝒙 ൌ

⎣
⎢
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⎢
⎡
𝐶௣ଵ 0 0 0
0 𝐶௣ଶ 0 0
0 0 𝐶௣ଷ 0
0 0 0 𝐶௣ସ⎦

⎥
⎥
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, 

𝑹𝒎𝒂𝒕𝒓𝒊𝒙 ൌ ൦

𝑅ଵ 0 0 0
0 𝑅ଶ 0 0
0 0 𝑅ଷ 0
0 0 0 𝑅ସ ൅ 𝑅௅

൪, 

 
iL_martrix=[iL1(t), iL2(t), iL3(t), iL4(t)]T, vs_martrix=[vs1(t), vs2(t), vs3(t), 
vs4(t)]T, vp_martrix=[vp1(t), vp2(t), vp3(t), vp4(t)]T, vin_martrix=[R1

−1, 0, 
0, 0]T, 0 is the 4×4 zero matrix, and vin is a purely sinusoidal 
voltage source vin=Vinsin(2πft). 

The efficiency of the domino system is written as 
 

𝜂 ൌ
భ
೅׬ ௜೚

మோಽ
ഓశ೅
ഓ ௗ௧

భ
೅׬ ሾ௜೚

మሺோಽ
ഓశ೅
ഓ ାோరሻା௜ೃయ

మோయା௜ೃమ
మோమା௜೔೙

మோభሿௗ௧
          (8) 

 
where T (=1/f) is the period of vin, and τ is the starting time for 
efficiency calculation. To increase the accuracy of efficiency 
calculation, a sufficiently large τ is used such that the WPT 
system is operating at steady-state. 

In this test, the distance between adjacent PCB resonator is 
10 cm and the load of 4-coil domino WPT system RL = 25 Ω. 
To lower the complexity of the model, some parameters of the 
PCB resonators in the 4-coil domino WPT system can be 
assumed to be identical, e.g., L1=L2=L3=L4, Cs1=Cs2=Cs3=Cs4, 
Cp1=Cp2=Cp3=Cp4 R1=R2=R3=R4. In addition, the mutual 
inductance between two PCB resonators with the same distance 
can be assumed to be identical, i.e., M12=M23=M34, and 
M13=M24. 

By fitting the experimental input impedance data Zin_data of 



 

the 4-coil domino WPT system with 2-norm, the mutual 
inductance of the equivalent circuit model (see Fig. 18) can be 
obtained as: 

argmin
ெభమ,ெభయ,ெభర

ቛቚ
௩೔೙ሺ௦ሻ

௜೔೙ሺ௦ሻ
ቚ െ ห𝑍௜௡೏ೌ೟ೌหቛ

ଶ
                       (9) 

 
By using the corresponding parameters of the PCB 

resonators in Table III, the resulting mutual inductance of the 
4-coil domino WPT system are shown in Table V. 

 
TABLE V 

PARAMETERS OF THE 4-COIL DOMINO WPT SYSTEMS 
 Conventional 

design 
Design 1 Design 2 

M12 5.2878 µH 5.4519µH 5.2467 µH 
M13 1.2799 µH 1.4051µH 1.3801 µH 
M14 0.1520 µH 0.1452µH 0.8962 µH 
M23 5.2878 µH 5.4519µH 5.2467 µH 
M24 1.2799 µH 1.4051µH 1.3801 µH 
M34 5.2878 µH 5.4519µH 5.2467 µH 

 
Figs. 19-21 show the frequency spectra of the input 

impedance of the 4-coil domino WPT system conventional 
design, Design-1, and Design-2, respectively. The impedance 
curves from the model are close to the experimental results. The 
accuracy of the model in frequency domain is verified.  

To further verify the accuracy of the model, time-domain 
tests are performed. The amplitude of the AC excitation is 
Vin=50 V. The operating frequencies of these domino systems 
are 879 kHz, 2.72 MHz, and 2.96 MHz, corresponding to the 
self-resonant frequencies of the PCB resonators (see Table III). 
Figs. 22-24 show the time-domain waveforms of the 4-coil 
domino WPT system with conventional design, design 1, and 
design 2. The time domain waveforms from the model are very 
close to the experimental ones. The accuracy of the model in 
time domain is verified. 
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Fig. 19. Input impedance of the 4-coil domino system with conventional design. 
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Fig. 20. Input impedance of the 4-coil domino system with Design-1. 
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Fig. 21. Input impedance of the 4-coil domino system with Design-2. 
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(a) Waveforms of vin (b) Waveforms of iin 
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Fig. 22. Waveforms of the 4-coil domino system with conventional design. 
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Fig. 23. Waveforms of the 4-coil domino system with Design-1. 
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Fig. 24. Waveforms of the 4-coil domino system with Design-2. 

 
Based on the model, the optimal operating frequency and 

optimal load can be derived thorough solving the optimization 
problem as 

argmin
௙,ோಽ

െ𝜂

ൌ argmin
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(10) 
The maximum (fmax) and minimum frequencies (fmin) for the 
optimization are set as 1.05f0 and 0.95f0, while the maximum 
(RL_max) and minimum load resistances (RL_min) are set as 1000 
Ω and 1 Ω. The MATLAB surrogate optimization solver is used 
to solve the optimization problem. The resulting optimal 
frequency and load for the conventional design are 851.715 kHz 
and 76.36 Ω, those for Design-1 are 2.744 MHz and 218.77 Ω, 
and those for Design-2 are 3.003 MHz and 201.77 Ω.  

Fig. 25 (a)-(c) show the time-domain waveforms of the 
domino systems operating at the optimal frequency and load. In 
Fig. 25 (a), the waveform corresponds to the conventional 
design, where the peak-to-peak voltage of the AC input is 98.44 
V. The input power, output power, and transmission efficiency 
of this system are 12.11 W, 4.395 W, and 36.29%, respectively. 
In Fig. 25 (b), the waveform corresponds to Design-1, where 
the peak-to-peak voltage of the AC input is 101 V. The input 
power, output power, and transmission efficiency of this system 
are 5.811 W, 4.892 W, and 84.20%, respectively. In Fig. 25 (c), 
the waveform corresponds to Design-2, where the peak-to-peak 
voltage of the AC input is 97.44 V. The input power, output 
power, and transmission efficiency of this system are 5.809 W, 
5.073 W, and 87.32%, respectively. 

vo=52.52 Vpp io=0.688 App

iin=1.369 App vin=98.44 Vpp

 
(a) 4-coil domino WPT system with conventional design  

vo=95.12 Vpp io=0.426 App

iin=0.473 App vin=101 Vpp

 
(b) 4-coil domino WPT system with Design-1  

vo=91.52 Vpp
io=0.453 App

iin=0.485 App
vin=97.44 Vpp

 
(c) 4-coil domino WPT system with Design-2 

Fig. 25. Time-domain waveforms of the 4-coil domino WPT systems operating 
at the maximum efficiency point. 

 
In Fig. 26 (a)-(d), the efficiency-normalized frequency plots 

of domino systems with various load conditions are evaluated. 
Fig. 26 (a) shows the efficiency curves of domino WPT systems 
with 50 Ω load. The WPT system with conventional design, 
Design-1, and Design-2 achieve highest efficiency of 35.37%, 
67.69%, and 74.76%, respectively. Fig. 26 (b) shows the 
efficiency curves of domino WPT systems with 150 Ω load. The 
WPT system with conventional design, Design-1, and Design-
2 achieve highest efficiency of 33.56%, 82.66%, and 86.16%, 
respectively. Fig. 26 (c) shows the efficiency curves of domino 
WPT systems with 250 Ω load. The WPT system with 
conventional design, Design-1, and Design-2 achieve highest 
efficiency of 27.54%, 83.64%, and 86.96%, respectively. Fig. 
26 (d) shows the efficiency curves of domino WPT systems 
with optimal load. The WPT system with conventional design, 
Design-1, and Design-2 achieve highest efficiency of 36.66%, 
83.65%, and 87.07%, respectively. These results reveal that 
Design-2 consistently outperformed the other designs, 
achieving the highest efficiency in all load conditions tested. 
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Fig. 26. Transmission efficiencies of the 4-coil domino system with difference 
loads. 

V. CONCLUSION 

A new structure of PCB resonators based on two co-axially 
arranged PCBs separated by a small airgap to reduce inter-
winding capacitance and the adoption of air-trenches between 
adjacent turns to reduce intra-winding capacitance is proposed 
and evaluated. An accurate distributed circuit model has been 
adopted to study the impedance and phase characteristics of a 
conventional resonator and two proposed resonators. The 
comparative study confirms that the new structure could lead to 
significant improvements in the quality factor, resonant 
frequency, and transmission efficiency. Compared with the 
conventional resonator, the new structure increases the Q factor 
from 37 to 199, and the resonant frequency from 879 kHz to 

2.96 MHz. In the same domino wireless power transfer system, 
the transmission efficiency is increased from 37% to 87%. 
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