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ABSTRACT: For small, low-power wireless power transfer (WPT) devices, maintaining constant output power and high transmission
efficiency over a wide range of coupling variations remains a significant challenge. The double semicircular coplanar (DSC) coils,
featuring unique magnetic field distribution, provide a potential solution for enhancing misalignment tolerance. This paper analyzes
the transmission characteristics of a WPT system employing DSC coils. A circuit model for the WPT system with DSC coils is first
developed, and its fundamental transmission characteristics are studied. The tolerance of output power and transmission efficiency to
positional offsets (X , Y , Z) over various frequency bands is then evaluated. Finally, an experimental DSC coil system that features
a stable frequency bandwidth and is largely insensitive to frequency shifts is built. Its misalignment tolerance forms a cuboid spatial
zone. Within this zone, namely, when the offset of the receiver inX and Y is under half its diameter, the output power and transmission
efficiency remain constant, supported by a uniform magnetic field. When the receiver offset is greater than half its diameter, the magnetic
field uniformity and mutual inductance change abruptly, leading to a sudden variation in output power and transmission efficiency.

1. INTRODUCTION

Since Nikola Tesla’s early-20th-century study [1], the wire-
less power transfer (WPT) technology has seen a signifi-

cant progress. The emergence of magnetically coupled reso-
nant WPT [2] led to its broad adoption in various fields, in-
cluding consumer electronics, electric vehicles, and household
appliances [3, 4].
While conventional coil topologies, such as circular and

square spiral coils, are structurally simple and manufacturing-
mature, they have significant limitations. In fact, the magnetic
field of a circular coil exhibits a large decay with distance,
which results in significantly decreasing the short-range trans-
mission efficiency. On the contrary, the field at the edges of a
square coil abruptly changes, which makes the system highly
susceptible to positional deviation. These characteristics make
the two types unsuitable for dynamic applications that require
high misalignment tolerance [5].
To enhance the system tolerance to misalignment, studies

have mainly focused on coil topology innovation and compen-
sation topology optimization. For instance, Kalwar et al. [6]
proposed a Quadrature Double-D (QDQ) coil structure com-
bined with a Series-Series (SS) compensation network. Their
design integrates four adjacent circular coils with a square coil,
allowing for efficient energy transmission even at a misalign-
ment displacement of 50% of the coil size. Prosen et al. [7] con-
ducted an in-depth study on the double DD coil structure. Their
results verified its advantages in increasing the power density
and enhancing the offset tolerance. Domajnko and Prosen [8]
then introduced a Double-D (DD) quadrature coil structure,
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which adds a set of non-polarized orthogonal coils at the trans-
mitter and receiver. Their results showed that this structure in-
creases the power density of the system while significantly en-
hancing its misalignment tolerance. Domajnko and Prosen [9]
addressed coil rotation misalignment by optimizing the layout
of transmitting and receiving coils. This allowed for enhanc-
ing the tolerance of the system to the Z-axis rotation and to
solve the problem of the decrease in the coupling coefficient in
conventional DD coils. Xie et al. [10] also presented a fully in-
tegrated WPT system with an LCCL-S compensation topology
that employs an extended DD coil as compensation inductance.
Their results showed that this approach achieves over 63.6%
steady-state efficiency at an offset of 150mm. Abdulhameed
et al. [11] tackled dynamic charging by proposing a wireless
charger with LCC compensation for electric vehicles powered
by roads. This solution integrates multiple inductive links on
the secondary side, each with independent DD quadrature coils,
presenting a novel approach for such applications.
It can be deduced from the aforementioned analysis that the

double semicircular coplanar (DSC) coils leverage their unique
magnetic field distribution and structural symmetry for gener-
ating a distinctive horizontal magnetic field through a specific
dual-coil arrangement. This configuration increases the trans-
mission efficiency and exhibits inherent tolerance to positional
misalignment, demonstrating its high potential for anti-offset
applications. The DSC structure introduces significant theoret-
ical innovations over existing coil topologies.
The DD coil improves the lateral offset tolerance through a

bipolar magnetic field. However, its unidirectional field distri-
bution leads to much lower offset tolerance in the vertical direc-
tion. The Double-D Quadrature (DDQ) coil increases the offset
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FIGURE 1. Sketch of the WPT system with DSC (M-Tx, S-Tx, and
receiver (Rx)) coils.

performance by adding orthogonal coils, which comes at the ex-
pense of increased structural complexity and higher frequency
sensitivity. On the contrary, the DSC coil employs a symmetri-
cal semi-circular coplanar design that generates a more uniform
spatial magnetic field without requiring additional orthogonal
components. Thus, it achieves superior three-dimensional (3D)
offset tolerance and frequency insensitivity while retaining a
simpler and more compact structure. However, to the best of
our knowledge, a systematic model and an experimental vali-
dation for this topology do not exist.
This paper tackles DSC coils as a coupled topology. It first

develops a circuit model to analyze power transfer characteris-
tics. A 3D electromagnetic simulation model is developed in
ANSYS Electronics 2021 R1 to evaluate the anti-misalignment
capability and magnetic field uniformity at three frequency
bands: 191, 196, and 201 kHz. An experimental setup is then
established to validate the simulated and theoretical results,
providing theoretical basis and parametric guidance for the ap-
plications of DSC coils in WPT.
The obtained results demonstrate that, at the specified fre-

quency bands, stable output power and transmission efficiency
can be maintained when the displacement of the receiver in the
X and Y directions is less than half of its outer diameter. The
main contributions of this paper are summarized as follows:

(1) A novel DSC coil topology for small, low-powerWPT de-
vices is proposed.

(2) The developed system features high frequency insensitiv-
ity and enhanced misalignment tolerance within a cuboid
region.

(3) Several improved coil structures, featuring high transmis-
sion performance, are provided.

The remainder of this paper is organized as follows. Sec-
tion 2 presents the theoretical modeling and analysis of the DSC
coils, including the derivation of its transmission characteris-
tics. Section 3 details the analysis of the impact of the coupling
misalignment on the output power and transmission efficiency.
Section 4 presents the experimental results. Section 5 outlines
the associated technology and applications of the DSC coils.
Finally, the conclusion is drawn in Section 6.

2. MODELINGOFTHEWPTSYSTEMWITHDSCCOILS
It has been demonstrated that the use of two transmitter coils
generates a uniform magnetic field, maintaining constant out-
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FIGURE 2. Equivalent circuit of the WPT system with DSC coils.

put power and high transmission efficiency at a fixed fre-
quency [12, 13]. In this paper, a WPT system topology that
incorporates DSC coils is proposed, and its transmission char-
acteristics are analyzed.
To obtain constant output power and transmission efficiency,

a single-load WPT model with DSC coils is first developed.
Figure 1 presents its schematic, comprising two transmitter

coils (L1, L2) and a receiver coil (L3). In this setup, the DSC
coils are linked into the transmitter loop. Using the same trans-
mitter circuit, the main transmitter (M-Tx) and sub-transmitter
(S-Tx) loops are formed. Fig. 2 shows the equivalent circuit of
the WPT system with DSC coils.
The DSC coils are placed horizontally on the plane, and their

vertical segments are aligned side by side. A coordinate system
is established. The midpoint of the intersection line of the two
transmitting coils is considered as the origin. The vertical plane
that contains the two transmitting coils is the Z-plane, while
the upward direction along their intersection line is the Y -axis.
The X-axis lies in the horizontal plane, perpendicular to the
intersection line and passing through the origin.
The parameters of the WPT system with DSC coils are pre-

sented in Table 1. An equivalent circuit model is then devel-
oped to facilitate the analysis of the transmission characteristics
of the system. The corresponding parameters assumed for the
M-Tx, S-Tx, and Rx coils in this model are shown in Table 2.

TABLE 1. Parameters of the WPT system with DSC coils.

Parameter Value
Input power U̇S

Load voltage U̇L

Winding ohmic resistance of the coil R1, R2, R3

Load resistance RL

Inductance of the coil L1, L2, L3

Capacitance C1, C2, C3

Mutual inductance M1,M2,M3
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TABLE 2. Assumed values for the individual circuit elements of the M-Tx, S-Tx, and Rx coils.

Parameter Value
Capacitances CS = C1 = C2 = C3

Inductances L1 = L2 = L3

Resistance R3 +RL = R

Ratio RL = βR, R1 = R2 = σR (σ >0)
Driving angular frequency ω

Resonance frequency f0 = ω0/2π
Frequency detuning factor ξ = Q0(ω/ω0– ω0/ω)
Resonant angular frequency ω0 = 1/(LC)0.5, ω1 = ω2 = ω3 = ω0

Quality factor Q0 = ω0L/R = 1/(ω0CR), Q1 = Q2 = ω0L/R1 = 1/(ω0CR1) = Q0/σ

The WPT system with M-Tx, S-Tx, and Rx coils can be ex-
pressed as:

Z1İ1 − jωM1İ3 − jωM3İ2 = U̇S

Z2İ2 − jωM2İ3 − jωM3İ1 = U̇S

Z3İ3 − jωM1İ1 − jωM2İ2 = 0

(1)

The Z1, Z2, and Z3 self-impedances are given by [14, 15]:
Z1 = Z2 = R1 + jωL1 +

1
jωCS

= (σ + jω0L
R

ω
ω0

+ 1
jω0CR

ω0

ω )R = (σ + jξ)R

Z3 = R3 +RL + jωL3 +
1

jωC3

= (1 + jω0L
R

ω
ω0

+ 1
jω0CR

ω0

ω )R = (1 + jξ)R

(2)

where τ1, τ2, and τ3 are the impedance coupling factors indi-
cating the ability of impedance coupling [14, 15]:

τ1 = ωM1√
R1(R3+RL)

= ωM1√
σR

, τ1 > 0

τ2 = ωM2√
R2(R3+RL)

= ωM2√
σR

, τ2 > 0

τ3 = ωM3√
R1R2

= ωM3

σR , τ3 > 0

(3)

Based on Equation (3), the mutual inductance expression of
each circuit can be written as:

M1 = τ1
√
σR

ω , τ1 > 0

M2 = τ2
√
σR

ω , τ2 > 0
M3 = τ3σR

ω , τ3 > 0

(4)

Using Equations (1)–(3) and the parameters presented in Ta-
ble 2, the currents can be expressed as:

İ1 =

(σ + jξ)(1 + jξ)2 + (1 + jξ)τ2
2σ

+jτ2
3σ

2(1 + jξ) − τ1τ2σ(1 + jξ)

(σ + jξ)2(1 + jξ)2 + τ2
1σ(σ + jξ)(1 + jξ)

+τ2
2σ(σ + jξ)(1 + jξ) + τ2

3σ
2(1 + jξ)2 + j2τ1τ2τ3σ

2

US

R

İ2 =

(σ + jξ)(1 + jξ)2 + (1 + jξ)τ2
1σ

+jτ2
3σ

2(1 + jξ) − τ1τ2σ(1 + jξ)

(σ + jξ)2(1 + jξ)2 + τ2
1σ(σ + jξ)(1 + jξ)

+τ2
2σ(σ + jξ)(1 + jξ) + τ2

3σ
2(1 + jξ)2 + j2τ1τ2τ3σ

2

US

R

İ3 = j

(τ1 + τ2)
√
σ(σ + jξ)(1 + jξ) + (τ1 + τ2)τ1τ2σ

√
σ

+j(τ1 + τ2)τ
2
3σ

2√σ − (τ1 + τ2)τ1τ2σ
√
σ

(σ + jξ)2(1 + jξ)2 + τ2
1σ(σ + jξ)(1 + jξ)

+τ2
2σ(σ + jξ)(1 + jξ) + τ2

3σ
2(1 + jξ)2 + j2τ1τ2τ3σ

2

US

R

(5)

The output power (Pout) and transmission efficiency (η) are
calculated using Equation (5):

Pout = |İ3|2RL=βσ(τ1+τ2)
2[(σ−ξ2)2+(σξ+ξ+τ23σ

2)2]/

[(σ2 − ξ2 − 4σξ2 − σ2ξ2 + ξ4 + τ21σ
2 + τ22σ

2

+τ23σ
2 − τ21 ξ

2σ − τ22 ξ
2σ − τ23 ξ

2σ2)2

+(2σξ + 2ξσ2 − 2ξ2 − 2σξ3 + τ21σ
2ξ + τ22σ

2ξ

+τ21σξ + τ22σξ + 2τ23σ
2ξ + 2τ1τ2τ3σ

2)2] (6)

η=
Pout

Pin
=

|İ3|2RL

|İ1|2R1 + |İ2|2R2 + |İ3|2(R3 +RL)

=β(τ1 + τ2)
2[(σ − ξ2)2 + (σξ + ξ + τ23σ

2)2]/

{(σ − σξ2 − 2ξ2 + τ22σ − τ23σ
2ξ − τ1τ2σ)

2

+(2σξ + ξ − ξ3 + ξτ22σ + τ23σ
2 − ξτ1τ2σ)

2

+(σ − σξ2 − 2ξ2 + τ21σ − τ23σ
2ξ − τ1τ2σ)

2

+(2σξ + ξ − ξ3 + ξτ21σ + τ23σ
2 − ξτ1τ2σ)

2

+(τ1 + τ2)
2[(σ − ξ2)2 + (σξ + ξ + τ23σ

2)2]} (7)

3. ANALYSIS OF THE WPT SYSTEMWITH DSC COILS

3.1. Simulation and Analysis of Magnetic Field Distribution
The 3D electromagnetic model of the WPT system with DSC
coils, developed using the ANSYS finite element simulation
software is shown in Fig. 3. The model uses the coil parameters
presented in Table 3, while key quantities, such as the induc-
tance and capacitance of the M-Tx, S-Tx, and Rx coils, remain
consistent, and the number of turns is uniformly set to 10. This
ensures high accuracy of the simulation results and their value
for engineering reference. In the simulation, balloon boundary
conditions are applied to mimic an infinite space environment,

Rx

M-Tx S-Tx

FIGURE 3. Model of the WPT system with DSC coils.
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TABLE 3. Parameters used in the simulation of the WPT system with
DSC coils.

Parameter M-Tx or S-Tx coil Rx coil
Inductance L/µH 29.25 29.25
Capacitance C/nF 44.18 44.18

Outside diameter of the coil Φ/mm 40 39
Inside diameter of the coil φ/mm 14 3

Operating frequency f /kHz 191/196/201 191/196/201
Current I/A 1.5 1.5

Number of turns 10 10
Material copper

Impedance scaling factor σ 0.5
Frequency detuning factor ξ 0.262

Load RL/Ω 0.5
Input power Pin/W 34.4
Input voltage US /V 17.8

Solution type Eddy current
Number of model elements 10000

Maximum element length/mm 0.4
Maximum iterations 10

Percent error 0.5%
Refinement per pass 30%

Region 300 in x, y and z

FIGURE 4. Magnetic field distribution in the Y Z plane for the 191 kHz
model of the WPT system with DSC coils.

allowing for removing the interference induced by boundary
reflections on the magnetic field distribution. The surrounding
medium is defined as air with a relative permeability (µr) of
1 to closely reproduce the electromagnetic conditions in real
application scenarios.
WPT systems exhibit frequency splitting. Thus, in the over-

coupled region [14], three operating frequencies are selected:
196 kHz as the resonant frequency, 191 kHz and 201 kHz as
the lower and higher frequencies, respectively. The distribu-
tions of the magnetic field at these frequencies are analyzed and
compared through simulation. The obtained results are shown
in Figs. 4–9. It can be seen that the field morphology and in-
tensity do not exhibit a significant variation in this frequency
range. A closedmagnetic induction loop is established between
the semicircular coils of the DD structure, confining the area of
high field strength primarily to the inner side of the transceiver

FIGURE 5. Magnetic field distribution in theXZ plane for the 191 kHz
model of the WPT system with DSC coils.

FIGURE 6. Magnetic field distribution in the Y Z plane for the 196 kHz
model of the WPT system with DSC coils.

FIGURE 7. Magnetic field distribution in theXZ plane for the 196 kHz
model of the WPT system with DSC coils.

coils. A weaker field distribution outside the coils indicates the
presence of magnetic leakage. A stable magnetic field region,
approximating a cuboid in shape, exists at the spatial coordi-
nates of X = ±20mm, Y = ±20mm, and Z = 0–15mm.
This stable region confirms, at the magnetic field level, the the-
oretical foundation of the anti-misalignment capability of the
system.
It can be deduced from the aforementioned analysis that the

magnetic field in the frequency band of 191–201 kHz remains
almost stable. This is highlighted by the observed region of
a stable magnetic field having an approximately rectangular
shape, located at x = ±20mm, y = ±20mm, and z = 0–
15mm. The high field intensity is intense in the coupling re-
gion, facilitating the efficient transmission of energy.
However, existing edge leakage may yield losses in effi-

ciency, and thus it should be minimized through shielding or
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FIGURE 8. Magnetic field distribution in the Y Z plane for the 201 kHz
model of the WPT system with DSC coils.

FIGURE 9. Magnetic field distribution in the XZ plane for the
201 kHz model of the WPT system with DSC coils.

(a) (b)

FIGURE 10. Characteristics of η of the WPT system with DSC coils at Z = 15mm: simulated η distribution at (a) 191 kHz and (b) 201 kHz.

spacing optimization. The magnetic field direction shows high
consistency, which helps reduce eddy current losses allowing
for meeting the requirements for high-efficiency transmission.
It is important to mention that the current model does not ac-
count for the impact of the temperature increase on the material
properties. Therefore, in future work, multi-physics field cou-
pling analysis should be conducted to address this limitation.

3.2. Simulation and Analysis of the Output Power and Trans-
mission Efficiency

The transmission efficiency (η) (cf. Equation (7)) is determined
by five key factors: β, σ, ξ, τ1, and τ2. Therefore, a MATLAB
model incorporating the parameters presented in Table 3 is de-
veloped to study the characteristics of η. The obtained results
are shown in Fig. 10.
It can be seen that η of the coil has a stable trend in the fre-

quency band of 191–201 kHz, demonstrating that the system is
insensitive to frequency. Note that this conclusion will be com-
bined with the analysis of the following experimental results to
determine the final ones.
In summary, the simulation results demonstrate that theWPT

system with DSC coils exhibits a “high-coupling, low-leakage”
magnetic field distribution, and it maintains a stable η over the
operational frequency band. These attributes are conducive to

energy transfer under the given parameters. However, they
leave room for further optimization. Thus, in future work, the
misalignment tolerance and magnetic field uniformity of the
system will be experimentally validated.

4. EXPERIMENTAL RESULTS
The block diagram of the experimental WPT system with DSC
coils is illustrated in Fig. 11. An AC 220V input is used, with
the following labeled components: capacitors CS and C3, rec-
tifier diodesD1–D4, load resistance RL, and load voltage UK .
The experimental setup for the system is shown in Fig. 12.

It comprises a power amplifier, a function generator, voltage
probes, an oscilloscope, capacitors, a transmitter, a receiver, a
load, and the M-Tx, S-Tx, and Rx coils.
In the experimental system, a function generator produces

a sinusoidal signal (cf. Figs. 11 and 12). A power amplifier
is used to amplify the signal, which is input into the resonant
circuit, generating an oscillating magnetic field. When the Rx
coil is placed in this field, a high-frequency alternating current
is induced. This current is then rectified and finally provided to
the load for consumption.
In this experiment, the controlled variable method is em-

ployed. The operating frequency of theWPT system is constant
at 191, 196, and 201 kHz. For each frequency, the output power
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FIGURE 11. Experimental block diagram of the WPT system with DSC
coils.

FIGURE 12. Experimental setup of the WPT system with DSC coils.

(a) (b)

FIGURE 13. Characteristic curves of (a) output power and (b) η in theX-direction at f = 191 kHz and Z = 0mm.

(a) (b)

FIGURE 14. Characteristic curves of (a) output power and (b) η in theX-direction at f = 191 kHz and Z = 5mm.

of the system ismeasuredwhile the receiving coil is offset in the
ranges of −40– +40mm, −40–+40mm, and 0–15mm along
the X , Y , and Z axes, respectively.

4.1. Transmission Characteristics of the WPT System with DSC
Coils in the X-direction

To study the X-axis transmission characteristics of the WPT
system, an experiment is conducted with the following fixed
parameters: frequencies of 191, 196, and 201 kHz, and vertical
gaps (Z) of 0, 5, 10, and 15mm. Each configuration employs
the following procedure.

With the Y -axis position fixed at −4mm, the receiving coil
is first displaced along theX-axis from−40mm to+40mm in
increments of 5mm, and the output power is recorded at each
point. This X-axis sweep is then repeated at Y -axis positions
of −2, 0, +2, and +4mm (i.e., in increments of 2mm). The
results of these measurements are presented in Figs. 13–18. It
can be seen that:
(1) At a frequency of 191 kHz, with Z set to 0, 5, 10, and

15mm and Y incremented in steps of 2mm, the output power
remains stable within the lateral range of X = ±30mm. In
particular, it respectively records values of 22, 22, 22, and
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(a) (b)

FIGURE 15. Characteristic curves of (a) output power and (b) η in theX-direction at f = 191 kHz and Z = 10mm.

(a) (b)

FIGURE 16. Characteristic curves of (a) output power and (b) η in theX-direction at f = 191 kHz and Z = 15mm.

21W, before sharply decreasing. The global maximum power
is 25.2W at (X = −20mm, Y = 0mm) for Z = 0mm and
Z = 5mm, while it is 24W at (X = 15mm, Y = 2mm) for
Z = 10mm, and 24.4W at (X = −20mm, Y = −2mm)
for Z = 15mm. This demonstrates that an appropriate lat-
eral offset can effectively optimize the coupling performance,
as shown in Figs. 13–16.
(2) At a frequency of 196 kHz, with Z set to 0, 5, 10, and

15mm and Y incremented in increments of 2mm, the output
power exhibits distinct stability regions for each Z setting. In
particular, at Z = 0mm, the output power remains stable at
20W withinX = ±20mm, before sharply decreasing, and the
global maximum power of 28.4W is located at X = −15mm,
Y = 0mm. At Z = 5mm, stability is maintained at 20W for
X = ±25mm, with a sharp decrease outside this range, while
the global maximum power of 26.8W occurs atX = −20mm,
Y = 0mm. At Z = 10mm, the output power remains stable
at 20W within X = ±25mm, before sharply decreasing, and
the global maximum power of 24W occurs at X = 10mm,
Y = 0mm, Finally, at Z = 15mm, the output power is stable
at 21W across a wider range of X = ±30mm, with a sharp
decrease outside it, and the global maximum power of 22.4W
occurs at X = 10mm, Y = 0mm. These results demon-
strate that an appropriate lateral offset can optimize the cou-
pling performance. This is highlighted in Fig. 17 and presented
at Z = 15mm.

(3) At a frequency of 201 kHz, with Z set to 0, 5, 10, and
15mm and Y incremented in steps of 2mm, the output power
remains stable within the lateral range of X = ±30mm. In
particular, it respectively records values of 23, 22, 22, and
21W, before it sharply decreases. The global maximum power
is 24.8W at X = −25mm, Y = 0mm) for Z = 5mm,
23.6W at the same position for Z = 10mm, and 23.2W at
(X = −15mm, Y = 0mm) for Z = 15mm. These results
demonstrate that an appropriate lateral offset can effectively op-
timize the coupling performance. This is highlighted in Fig. 18
and presented at Z = 15mm.

4.2. Transmission Characteristics of the WPT System with DSC
Coils in the Y-Direction

To study the transmission characteristics of the WPT system
along the Y -direction, experiments are conducted at frequen-
cies of 191, 196, and 201 kHz, while Z is set to 0, 5, 10, and
15mm. The X-axis position is fixed at −4mm, while the Y -
axis position is varied in the range of−40–40mm in increments
of 5mm. In addition, theX-direction is offset by −2, 0, 2, and
4mm. For each X-offset, the Y -direction sweep is repeated,
and the output voltage is measured and recorded. The obtained
results are shown in Figs. 19–24. It can be observed that:
(1) At a frequency of 191 kHz, with Z set to 0, 5, 10,

and 15mm and the Y -direction offset incremented in steps of
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(a) (b)

(c) (d)

FIGURE 17. System output power characteristic curves under X-direction offset for (a) Z = 0mm, (b) Z = 5mm, (c) Z = 10mm, and (d)
Z = 15mm, at f = 196 kHz.

2mm, the output power remains stable within the range of
Y = ±20mm. In particular, it records values of 22, 22, 22,
and 22W, respectively. Near Y = ±20mm, the power first
decreases and then increases. This sharp transition may be at-
tributed to magnetic field distortion resulting from the gap be-
tween the two semicircular coils. The maximum power occurs
at 24.8W (Y = 0mm, X = −4mm) for Z = 0mm, 24.8W
(Y = 5mm,X = −4mm) forZ = 5mm, 23.2W (Y = 0mm,
X = −4mm) for Z = 10mm, and 23.2W (Y = 0mm,
X = −4mm) for Z = 15mm. These results demonstrate that
an appropriate lateral offset can increase the coupling perfor-
mance (cf. Figs. 19–22).
(2) At the operating frequency of 196 kHz, with Z set to 0,

5, 10, and 15mm, the output power remains stable within a
Y -direction offset range of ±20mm, measured in increments
of 2mm. The corresponding steady-state output power values
are fixed at 22W, with fluctuation rates of approximately 9,
9, 4, and 13%, respectively. Beyond Y = ±20mm, the out-
put power sharply decreases, which demonstrates a significant
coupling degradation. This may be attributable to the offset
exceeding the effective spatial range of the coil structure. The
global maximum power for eachZ setting occurs at Y = 0mm,
X = −4mm, with values of 27.6, 24.4, 23.6, and 23.2W at
Z = 0, 5, 10, and 15mm, respectively. These results demon-

strate that an appropriate lateral offset can optimize η. The out-
put power profiles are illustrated in Fig. 23.
(3) When operating at 201 kHz with Z set to 0, 5, 10, and

15mm, the output power remains stable within a Y -direction
offset range of±20mm, measured in increments of 2mm. The
corresponding steady-state output power values are 22W, with
fluctuation rates of approximately 22, 13, 9, and 9%, respec-
tively. Beyond Y = ±20mm, the power sharply decreases,
demonstrating a significant coupling loss. This may be be-
cause the offset exceeds the effective spatial range of the coil
system. The global maximum power occurs at Y = 0mm,
X = −4mm, with values of 27.2, 25.2, 24.4, and 23.2W at
Z = 0, 5, 10, and 15mm, respectively. These results demon-
strate that a controlled lateral offset can increase the coupling
efficiency. The corresponding output power profiles are pre-
sented in Fig. 24.

4.3. Comparison between the Efficiencies of Topological Struc-
tures

It can be deduced from Tables 4 and 5 that the stable operat-
ing range of output power exhibits clear 3D spatial distribution
characteristics.

(1) Coupling behavior along the X-direction:
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(a) (b)

(c) (d)

FIGURE 18. System output power characteristic curves under X-direction offset for (a) Z = 0mm, (b) Z = 5mm, (c) Z = 10mm, and (d)
Z = 15mm, at f = 201 kHz.

TABLE 4. Transmission characteristics along theX-direction.

Operating
frequency
(kHz)

Z

(mm)
Range
(mm)

Maximum
power (W)

Coordinates of the
maximum power (mm)

Coordinates of the
minimum power (mm)

191

15

−30–30

24.4 Y = −2,X = −20 Z = 15, Y = −2

10 24.0 Y = 2,X = 15 Z = 10, Y = 2

5 25.2 Y = 0,X = −20 Z = 5, Y = 4

0 25.2 Y = 0,X = −20 Z = 0, Y = −4

196

15 −30–30 22.4 Y = 0,X = 10 Z = 15, Y = −4

10 −25–25 24.0 Y = 0,X = 10 Z = 10, Y = 4

5 −25–25 26.8 Y = 5,X = −20 Z = 5, Y = 0

0 −20–20 28.4 Y = 0,X = −15 Z = 0, Y = 0

201

15

−30–30

23.2 Y = 0,X = −15 Z = 15, Y = −4

10 23.6 Y = 0,X = −25 Z = 10, Y = −4

5 24.8 Y = 0, X= −25 Z = 5, Y = 2

0 28.4 Y = 0, X = −15 Z = 0, Y = 0

At f = 191 kHz, the stable operating range is extended to
X = ±30mm.
When the frequency reaches the critical coupling point (f =

196 kHz), this range is narrowed to X = ±20mm. This
presents a contraction attributed to the alignment of the coil
self-resonant frequency.

At f = 201 kHz, the operating range is re-extended to
X = ±30mm, which indicates that the system enters an over-
coupled state. In general, the X-direction offset demonstrates
a “contraction-recovery” trend with frequency variation.

(2) Spatial stability along the Y -direction:
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(a) (b)

FIGURE 19. (a) Output power and (b) η under Y -direction offset at 191 kHz and Z = 0mm.

(a) (b)

FIGURE 20. (a) Output power and (b) η under Y -direction offset at 191 kHz and Z = 5mm.

TABLE 5. Transmission characteristics along the Y -direction.

Operating
frequency
(kHz)

Z

(mm)
Stable

range (mm)
Maximum
power (W)

Coordinates of the
maximum power (mm)

Coordinates of the
minimum power (mm)

191

15

−20–20

24.4 Y = −0,X = −4 Z = 15,X = −4

10 24.0 Y = 0,X = −4 Z = 10,X = −2

5 25.2 Y = 5,X = −4 Z = 5,X = 4

0 25.2 Y = 0,X = −4 Z = 0,X = 4

196

15

−20–20

22.4 Y = 0,X = −4 Z = 15,X = 0

10 24.0 Y = 0, X = −4 Z = 10,X = 4

5 26.8 Y = 5,X = −4 Z = 5,X = −4

0 28.4 Y = 0,X = −4 Z = 0,X = −2

201

15

−20–20

23.2 Y = 0,X = −4 Z = 15,X = 4

10 23.6 Y = 0,X = −4 Z = 10,X = −2

5 24.8 Y = 5,X = −4 Z = 5,X = −4

0 28.4 Y = 0,X = −4 Z = 0,X = −2

Regardless of the frequency, the stable range in the Y -
direction remains constant at Y = ±20mm. The 3D model
confirms that the impact of the Y -direction offset on system
coupling is spatially isotropic, verifying the magnetic-field
uniformity provided by the two semicircular coil structures
along the Y -axis. This result is consistent with the theoretical
magnetic-circuit design.

(3) Spatial stability along the Z-direction:

Similarly, for all the tested frequencies, the stable range in
the Z-direction is fixed at Z = 0–15mm. Beyond this range,
output power and η vary significantly.

4.4. Comparison with Related Coil Topologies
The performance of the proposed DSC coils is compared with
those of DD, double DD, and double DDQ coils [16–20]. The
obtained results are shown in Table 6. The DSC coils demon-
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(a) (b)

FIGURE 21. (a) Output power and (b) η under Y -direction offset at 191 kHz and Z = 10mm.

(a) (b)

FIGURE 22. (a) Output power and (b) η under Y -direction offset at 19 kHz and Z = 15mm.

TABLE 6. Comparison between the proposed DSC coils and existing DD-type ones.

Topology DD Double DD DDQ DSC
Coil size (mm) 100× 100 100× 100 100× 100 Φ40

Operating frequency (kHz) 85 87 87 196
Transfer distance (mm) 15.3 15.3 10.0 0–15
Output power (W) 12.6 30.0 24.0 21.0–28.4

η (%) 83.7 83.3 60 80–85

Misalignment tolerance (mm) X: ±25

Y : sensitive
X: ±25

Y : ±25

X: ±30

Y : ±30

X: ±30,
Y : ±20,
Z: 0–15

strate clear advantages in normalized misalignment tolerance
and frequency stability. They achieve stable output power and
η within a well-defined 3D spatial region, outperforming exist-
ing DD-type structures. This is attributed to their simple copla-
nar geometry, combining 3D spatial stability with frequency
robustness.

5. DISCUSSION
In the proposed WPT system, a uniform magnetic field is
achieved at the transmitting and receiving ends by employing
DSC coils and a single Rx coil. This design ensures stable out-
put power and η within a specific 3D spatial range. However,
this improvement in misalignment tolerance comes at the ex-
pense of a reduced peak transmission efficiency compared with

conventional WPT systems. It can be seen from the circuit dia-
gram in Fig. 2 and the formula of η in Equation (7) that splitting
the transmitting coil into two semicircular coils introduces mu-
tual inductance between them. This has been observed many
times in the denominator of the efficiency expression, which
results in reducing the peak transmission efficiency.
Therefore, in future work, the structure of the DSC coils

should be optimized, and new coil topologies should be derived
based on its magnetic field constraint principle. This could in-
crease η within its stable operating region. Fig. 25 shows copla-
nar symmetric topological coils. Several improved coil struc-
tures having higher transmission performance can be observed.
These advancements are crucial for enabling reliable applica-
tions in offset-sensitive scenarios, such as mobile phone wire-
less charging.
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(a) (b)

(c) (d)

FIGURE 23. Output power under Y -offset at 196 kHz for transmission distances of (a) 0mm, (b) 5mm, (c) 10mm, and (d) 15mm.

(a) (b)

(c) (d)

FIGURE 24. Output power under Y -offset at 201 kHz for transmission distances of (a) 0mm, (b) 5mm, (c) 10mm, and (d) 15 mm.
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(a) (b)

FIGURE 25. Coplanar symmetric topological coils: (a) one-third circular coplanar coil and (b) quarter-circular coplanar coil.

6. CONCLUSION
This study proposes a WPT topology employing DSC coils and
a single receiver coil. It analyzes its performance character-
istics through theoretical modeling, finite element simulation,
and experimental verification.
The system generates a uniform magnetic field within a spa-

tial range of X = ±20mm, Y = ±20mm, and Z = 0–
15mm through DSC coils, establishing a foundation for stable
energy coupling and high misalignment tolerance. However,
comparedwith conventionalWPT structures, this design results
in reducing the peak transmission efficiency.
Within the frequency band of 191–201 kHz, the system has

high frequency stability. The magnetic field distribution has no
significant variation, and the transmission efficiency follows a
peak-stable trend. At 191 kHz and 201 kHz, the stable output
power range in theX-direction remains at±30mm. Even at the
critical frequency of 196 kHz, where a critical coupling point
occurs, this range is only narrowed to ±20mm.
The misalignment tolerance demonstrates 3D spatial charac-

teristics: the stable range in theX-direction has a “contraction–
recovery” behavior exhibiting frequency variation, while those
in the Y -direction (±20mm) and Z-direction (0–15mm) are
stable. Within this cuboid region, which does not exceed half
the outer diameter of the receiving coil, the output power and
transmission efficiency slightly fluctuate in the ranges of 21–
28.4W and 4-27%, respectively. When the receiver offset ex-
ceeds half its diameter, the magnetic field uniformity and mu-
tual inductance change abruptly, leading to a sudden variation
in the output power and transmission efficiency.
The proposed topology provides a practical solution for

offset-sensitive applications, such as mobile phone charging,
allowing for effectively balancing the implementation com-
plexity and system performance. It also provides a theoretical
foundation and a parametric reference for the further optimiza-
tion of WPT systems.
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