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Abstract—Optimizing three-dimensional (3D) omnidirectional
wireless power transfer (WPT) remains a challenging goal in mod-
ern power electronics systems. While several methods, such as
orthogonal coil designs and current control strategies have been
explored, they still struggle with high degree of freedom charging.
Compared to conventional WPT systems, the cavity resonance
method offers a promising alternative. This article proposes an
opened quasi-static cavity resonance (O-QSCR) structure for this
application, which generates a uniform magnetic field throughout
the space by driving a wide, even current along its surface. Besides,
a method for rapidly evaluating the magnetic field uniformity is
introduced to optimize the cavity configuration of O-QSCR based
on the magnetic field distribution. Following that, the performance
of the proposed O-QSCR system is analyzed using transmission
theory and validated through both electromagnetic simulations
and experiments. Experimental results show that the transmission
efficiency stays above 46% in 95% of the space and exceeds 20%
even when the receiver rotates by 60° offset. The proposed system
has the capability to light up LEDs at various positions and angles,
offering an innovative and practical solution for omnidirectional
charging in future 3D environments.

Index Terms—Omnidirectional charging, opened quasi-static
cavity resonance (O-QSCR), three-dimensional (3D), wireless
power transfer (WPT).

I. INTRODUCTION

W IRELESS power transfer (WPT) technology has been
extensively applied in various charging applications ow-

ing to its convenience, safety, and effectiveness [1], [2], [3], [4].
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For low-power devices (e.g., internet-of-things, swarm robots
and household applications), WPT holds great potential for
delivering energy cordlessly and effectively [5], [6], [7]. Recent
research has increasingly focused on omnidirectional wireless
sectors, moving beyond traditional single- or two-direction
charging on flat surfaces [8], [9], [10]. A key challenge in this
area is minimizing performance degradation caused by either
lateral or angular misalignment, making the development of
optimized omnidirectional WPT designs crucial.

To date, substantial progress has been established, with two
primary strategies to achieve omnidirectional wireless charg-
ing: orthogonal coil design and current modulation strate-
gies [11], [12], [13], [14], [15]. Specifically, in [11], a novel
quadrature-shaped pickup coil was introduced enabling the an-
gular misalignment-insensitive 3D wireless charging. In [12],
a high-efficiency omnidirectional charging system was devel-
oped employing an original double toroidal helix coil structure.
Similarly, [13] proposed a cubic dipole transmitter coupled
with a crossed receiver to maintain stable mutual inductance
under the omnidirectional condition. However, these designs
often require multiple power sources owing to orthogonal coil
configurations, posing challenges in compact applications due
to increased complexity and limited range. As an alternative,
controling current amplitude and phase angle is effective. In [14],
a novel closed-loop-based scheme was proposed to control the
magnetic field distribution for high spatial freedom in 2D planar
transmitter coil arrays. In [15], nonidentical current control
methods were analyzed to generate magnetic fields in all direc-
tions for 2D and 3D omnidirectional WPT systems. However,
such current regulation techniques rely on external measurement
and feedback modules, leading to increased implementation
costs.

Metal cavity resonance technology provides useful insights
for this field [16]. Traditional cavity resonance enables power
transmission by reflecting electromagnetic waves off the metal
cavity walls to form a standing wave. In [17], the efficiency of
WPT can exceed 60% within around 70% of the wall-meshed
cavity area. Nevertheless, the resonant frequency is constrained
by the cavity size, typically limited to a few hundred MHz. In
addition, the electric field generated inside the cavity could be
entangled, which presents a potential safety risk to the human
body. To address this issue, the quasi-static cavity resonance
(QSCR) was proposed to confine the electric field in the ex-
tra central pole [18], [19]. This design effectively isolates the
electric field, enhancing safety while ensuring efficient power
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TABLE I
DESIGN PARAMETERS FOR THE PROPOSED O-QSCR SYSTEM

transfer. However, a limitation of QSCR design is the rapid
decline in transmission efficiency as the distance from the central
pole increases. Additionally, the central pole occupies significant
space within the cavity, limiting its practical use. The concept
of multimode QSCR was introduced, representing a major ad-
vancement in enhancing transmission performance [20], [21].
This approach has two modes, namely pole-independent and
pole-dependent in the QSCR, work in conjunction, which can
achieve over 37.1% efficiency in the full space. Nevertheless,
space utilization within the cavity is still suboptimal due to
the central pole’s physical presence. Furthermore, the system
requires complex control mechanisms and suffers from uneven
magnetic field distribution, both of which hinder efficient om-
nidirectional wireless charging.

Relying on the aforesaid analysis, QSCR provides flexible
frequency tuning and enables energy transfer over distances
several times the coil size. Its omnidirectional performance is
limited due to uneven magnetic field distribution and structural
complexity. To overcome these challenges, this article proposes
an opened QSCR (O-QSCR) structure for efficient omnidirec-
tional wireless charging. The proposed O-QSCR features a sim-
plified design with significantly enhanced spatial connectivity.
By doing so, currents flow uniformly across the metal surface in
opposite directions, which creates magnetic field superposition
in the cavity’s central region. This leads to a more uniform
magnetic field throughout the chamber. To optimize the WPT
transmission performance, the structural parameters are refined
via a tailored magnetic field uniformity evaluation method.
The experiment results confirm that the O-QSCR achieves ex-
ceptional magnetic field uniformity, making it well-suited for
omnidirectional wireless charging.

The rest of this article is organized as follows. Section II
describes the characteristics and transmission theory of the
O-QSCR WPT system. Section III illustrates the cavity model.
Section IV studies the reliability of omnidirectional charging in
3D space via experimental analysis. Section V addresses safety
considerations. Finally, Section VI concludes this article.

II. WORKING THEORY AND ANALYTICAL MODELING

A. System Overview

Fig. 1 illustrates a schematic diagram of the O-QSCR WPT
system, which primarily consists of a driving coil, a receiving
coil, and an opened cavity. A detailed description of the structural
parameters is provided in Table I. It is important to note that

Fig. 1. Schematic diagram of the O-QSCR system used in this article.

Fig. 2. (a) Surface current distributions of the O-QSCR and the z= h / 2 plane.
(b) Magnetic field distributions of the O-QSCR and the z = h / 2 plane.

two fully opened surfaces are designed at y = 0 and y = w.
Cin is welded at opened joints, which can be used to adjust
the working frequency flexibly. The O-QSCR system resonates
when the driving coil generates an electromagnetic wave at the
same frequency as the O-QSCR. The metal cavity wall acts as
a loop for the induced current, generating an effective quasi-
static magnetic field throughout the entire cavity. As a result,
the receiving coil can be effectively induced when placed at any
position inside the cavity.

Indeed, various natural resonance modes arise in the O-QSCR
structure due to different surface current distributions. In this
article, the primary focus is on the surface current distribution
pattern of the cavity current, as shown in Fig. 2(a). In this mode,
the surface currents flow along the open section. It can be ob-
served that the direction of the cavity wall currents is opposite at
the z= h / 2 section, and the magnitude is the same, such as -Iunit

and +Iunit. According to Ampere’s law [22], the magnetic field
decreases with distance from the conductor. Additionally, the
magnetic fields generated by the surface currents overlap in the
central region, causing them to reinforce each other. As a result,
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Fig. 3. Magnetic field distributions at various positions and angles within the
O-QSCR.

a uniform magnetic field is established throughout the cavity,
as shown in Fig. 2(b). Specifically, the magnetic field directions
within the cavity are all perpendicular to the opened plane. This
arrangement ultimately enhances the omnidirectional wireless
charging performance of the cavity.

The magnetic field distribution at different positions and
angles inside the cavity is shown in Fig. 3, where a magnetic
field is present in all regions from 0° to 75°. Additionally, it
can be obviously seen that the magnetic field of the O-QSCR is
uniformly distributed across all directions. Then, the omnidirec-
tional nature of the proposed O-QSCR can be highlighted by the
uniformity, and it can enable efficient energy transfer through
the magnetic field, except at certain extreme angles.

B. Fundamental of O-QSCR

The magnetic field described above can be generated when
the inductive metal wall resonates with the capacitor Cin. It is
assumed that the inductance of the O-QSCR is Leq and the
working frequency is f when the system is in resonance. The
finite-element method (FEM) can be used to efficiently and ac-
curately solve for Leq. Additionally, the current distribution can
be obtained for different frequencies according to the determined
capacitance and structure correspondingly. From this, the unit
area current Iunit and the total energy α of the magnetic field
can be gained accordingly. The relationship among these circuit
parameters can be expressed as [20]

α =
LeqI

2
unit

2
. (1)

The resonant frequency of O-QSCR can be tuned by changing
Cin, which can be derived as

Cin =
I2unit

8π2f2α
. (2)

The equivalent circuit diagram of the O-QSCR system is
shown in Fig. 4. Deriving an effective expression for calcu-
lating the mutual inductance between the coil and the metal

Fig. 4. Schematic diagram of the equivalent circuit for the proposed O-QSCR
system.

wall is challenging due to their complex spatial arrangement.
Therefore, the FEM is typically employed, in conjunction with
coupled-mode theory, to calculate the coupling coefficient [23].
Based on this theory, the coupling coefficientκ can be calculated
by the following formulas [16] and [20]

κ =

√
2ωβ

4
√
Lrα

. (3)

Here, Lr is the self-inductance of the receiving coil, and β
represents the total magnetic flux through the receiving coil.
The values of α and β can be determined through the following
calculations: ⎧⎪⎨

⎪⎩
α =

∫∫∫
V

μ0

2

∣∣∣−→H ∣∣∣2dV
β =

∫∫
A

μ0
−→
H · −→n dA

. (4)

In (4), V is the volume of the O-QSCR, and A is the area
of the magnetic flux through the receiving coil. The μ0 is the
permeability of free space. Once the values of α and β have
been determined, the coupling coefficient κ can be calculated.
Subsequently, the maximum transfer efficiency (ηmax) can be
obtained by the following calculations [13], [24]:

ηmax =
χ
√
1 + χ(

1 +
√
1 + χ

) (
1 + χ+

√
1 + χ

)= χ(
1 +

√
1 + χ

)2
(5)

χ =
4Q1Q2|κ|2

ω1ω2
(6)

where Q1 and Q2 are the quality factors of the O-QSCR and the
receiving coil, respectively. According to (6), the value of ηmax

at any position of the O-QSCR can be determined by Q1, Q2

and the coupling coefficient κ between the two resonators.

III. MODEL DESIGN AND OPTIMIZATION

As mentioned above, the power transfer efficiency primarily
depends on the cavity dimensions and mutual coupling strength.
Accordingly, this section is mainly concerned with the optimiza-
tion of the model design based on the magnetic field uniformity
method.

A. Cavity Size Selection

As shown in Fig. 1, the O-QSCR is designed as a rectangle
with dimensions l × w × h meters for simplicity. The magnetic
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Fig. 5. Magnetic field distribution of O-QSCR and 4×O-QSCR. (a) O-QSCR.
(b) 4 × O-QSCR.

field uniformity within the cavity changes as the dimensions
vary. To evaluate this uniformity, the standard deviation method
has been developed. In this article, the magnetic field at different
cavity dimensions in a specific plane is analyzed to identify
the configuration that offers better uniformity. The data from
different planes are normalized, as the numerical values of each
plane vary. Eventually, the uniformity of the magnetic can be
calculated using the standard deviation formula, as follows [25]:⎧⎪⎨

⎪⎩
B(i) =

Bp(i)−Bpmin

Bpmax−Bpmin

σp =

√
1
n

∑n
i=1

(
B(i)−B(i)

)2 . (7)

In (7), n is the number of selected points for the plane data.
Generally, the larger n is, the more accurate the calculation
will be. In this article, over 3000 points are selected to ensure
accuracy. Bp(i) denotes the magnetic field magnitude at point i
on the selected plane. Bpmax(i) and Bpmin(i) are the maximum
and minimum values in the plane data, respectively. B(i) is the
magnetic field magnitude at point i after normalization. The
symbol σp represents the magnetic field uniformity of the plane.
In fact, a reduction in the value corresponds to an increased
uniformity of the magnetic field distribution.

The magnetic field distribution of the O-QSCR and its am-
plified quadruple model (4 × O-QSCR) are illustrated in Fig. 5.
According to (7), the magnetic field uniformity for the two
models are 0.1125 and 0.1123, respectively. It can be observed
that the uniformity of the magnetic field is essentially the same

Fig. 6. Flowchart for optimization of cavity dimensions (with the example of
optimizing the length l).

Fig. 7. Magnetic field distributions under different dimensions. (a), (b), and
(c) Distribution diagrams as l changes (z = 0.25 m plane). (d), (e), and (f)
Distribution diagrams as h changes (z = h/2 plane).

for cavities with the same proportions. Based on this observation,
this article proposes a method to optimize the cavity size by
varying the dimension ratios. The flowchart of O-QSCR dimen-
sional optimization, based on magnetic field uniformity theory,
is shown in Fig. 6. The cavity dimensions and the magnetic field
uniformity σ are initialized as li, wi, hi, and 1 (with σ generally
much smaller than 1). If the value of σ persistently exceeds a
threshold of 0.12, the wi and hi parameters remain unchanged,
and only the li parameter is adjusted until a satisfactory uniform
magnetic field is achieved.

In this article, the initial cavity dimensions l1×w1×h1 are set
to 1.0, 0.5, and 0.5 m, respectively. At these initial dimensions,
the σ1 is calculated to be 0.1521, as shown in Fig. 7(a). By
gradually optimizing the length l, Fig. 7(b) and (c) shows the
magnetic field uniformity values of 0.1390 and 0.1180 when
l is 0.8 and 0.6 m, respectively. The optimization process that
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Fig. 8. Relationship between the resonance frequency of O-QSCR and the
skin depth and Q-factor, respectively.

reduces the magnetic field uniformity from an initial value of 1 to
0.1180 can be seen as a coarse-grained optimization. Base on the
principle, the lower magnetic field uniformity can be preferable,
and a fine-grained optimization process (such as adjusting h)
is required to further achieve a more uniform magnetic field.
During the optimization of h, the values of l and w remain fixed,
while h is varied. The results at h = 0.5 m, 0.45 m, and 0.4 m
can be validated by the FEM simulations, as shown in Fig. 7(d),
(e), and (f). It reveals that h = 0.4 m can achieve the lowest
uniformity value of 0.1125—a 4.7% improvement over the first
optimized result. For visual clarity, regions of high field ho-
mogeneity are demarcated by dotted-line boundaries, revealing
significantly improved uniformity in Fig. 7(f). Consequently, the
optimized cavity dimensions are determined to be 0.6 × 0.5 ×
0.4 m.

B. System Parameter Setting

Aluminum alloy, chosen for its superior electrical conduc-
tivity and efficient heat dissipation properties, is selected as the
material for the cavity wall with a thickness of t meters. To ensure
effective surface current flow on both sides of the wall and to
minimize waste, the thickness is designed to be slightly greater
than twice the skin depth (δ). The thickness t can be calculated
as [26], [27]

{
δ = 1√

πfμ0σ

t > 2δ
(8)

where the σ denotes the electrical conductivity of aluminum,
with a value of 3.774 × 107 S/m.

The thickness of the O-QSCR cavity wall is also dependent
on the resonant frequency. As shown in Fig. 8, the relationship
between the skin depth δ and frequency is depicted by the red
curve. To achieve optimal frequency modulation within a range
and to reduce the wastage of metal associated with the selection
of excessively thick material, a 0.5 mm thin layer of metal is
ultimately selected in this article.

TABLE II
KEY PARAMETERS OF THE WPT SYSTEM

Fig. 9. Coupling coefficients (κ) between O-QSCR and the coils.

According to the finite-element analysis, the simulation re-
sults of the quality factor as a function of frequency are repre-
sented by gray straight line in Fig. 8. From points A, B, and
C, it can be observed that the quality factor of the O-QSCR is
proportional to the resonant frequency. As shown in (6), the
power transfer efficiency improves as the quality factor (Q)
increases. Consequently, the working frequency of 0.651 MHz
is selected in consideration of voltage stress caused by higher
frequency.

C. Model Efficiency Analysis

Indeed, the size of the coil is primarily matched to the dimen-
sion of the cavity in the actual application scenario. To simplify
the analytical process, the driving coil and receiving coil are
designed as a square spiral coil with 19 turns and a side length
of 10 cm in this article. The key parameters are given in Table II.
To achieve the better transmission performance, the coupling
between the coils and the chamber should be tight. According
to (3), the coupling coefficient between O-QSCR and coils in
the cavity is calculated as shown in Fig. 9. It is evident that
the coupling coefficients are higher at the corners around the
O-QSCR, which means the driving coil will have a better effect
at these positions.

As illustrated in Fig. 10, the ηmax at varying heights within the
cavity at z= 0.05 m, 0.15 m, 0.25 m, and 0.35 m were calculated
in accordance with (5) and (6). It can be obviously found that
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Fig. 10. Maximum transmission efficiency based on coupling with the receiver
coil.

the WPT efficiencies of most areas maintain between 46% and
52%. Although the WPT efficiency of the opening surface in
the middle region and the four corners may fluctuate, it is still
within the range of 40% to 60%. Thus, it can be concluded that
the transfer efficiency within the entire cavity remains relatively
constant. The omnidirectional wireless charging performance is
significantly enhanced in the O-QSCR space.

IV. EXPERIMENTAL VERIFICATION

In order to verify the omnidirectional wireless charging per-
formance of the proposed O-QSCR, an experimental setup has
been established. Initially, the position and angle of the driv-
ing coil have been altered with the objective of obtaining the
maximum WPT efficiency. Following this, the omnidirectional
charging capability across the entire cavity is assessed.

A. Optimal Position and Angle of Driving Coil

As shown in Fig. 11(a), the power transfer efficiency is
measured by KEYSIGHT ENA vector network analyzer (VNA)
E5080B, and is calculated from the square of the S-parameter
(S21) [28]. The capacitors are directly connected to the driving
and receiving coil for tuning, as illustrated in Fig. 11(b). The
key parameters, given in Table II, are identical to those used in
the simulation. The selection of design parameters is just for
verification of the proposed O-QSCR structure and not intended
for optimization of mass, volume and cost.

The gray area in Fig. 11(c) represents the top view of the
cavity, which is divided into four parts for measurement. Due
to the central symmetry of the cavity structure, the system
efficiency at position A is identical to that at positions C, K,
M, and others. To confirm that the optimal driving position is at
the corners, five representative positions (A, B, D, F, and G) are
selected for testing.

As given in Table III, the driving coil is placed at each of
these five positions in turn, and the WPT efficiency is measured
as the receiving coil is moved from position A to position M.
It is important to note that the maximum value in each row is
bolded for emphasis. The results clearly show that the O-QSCR

Fig. 11. (a) WPT efficiency of the O-QSCR system based on VNA measure-
ment. (b) Physical diagram of the driving coil and the receiver coil. (c) Cavity is
divided into small regions (according to the symmetrically selected purple box,
the right panel is the physical diagram).

TABLE III
WPT EFFICIENCY AT DIFFERENT DRIVING COIL POSITIONS

system achieves the highest transfer efficiency when the driving
coil is positioned at A. This observation aligns with the results of
the coupling coefficient calculations presented in Fig. 10, which
are based on the coupled mode theory. Specifically, the coupling
coefficient is higher at the corners of the cavity. As a result, the
driving coil in the subsequent experiment is placed at A.

The primary loss mechanism in the O-QSCR system is at-
tributed to eddy current losses in the walls. This loss becomes
increasingly significant as the angle of the driving coil is rotated.
To better understand this effect, the system efficiency was eval-
uated at various rotational angles of the driving coil. Due to the
cavity central symmetry, it suffices to measure the efficiency for
coil rotations ranging from 0° to 90° at position A. The VNA
is employed to measure the WPT efficiency at discrete angles:
0°; 15°; 30°; 45°; 60°; 75°; and 90°. Subsequently, the system
efficiency can be determined, as illustrated in Fig. 12. The results
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Fig. 12. System efficiency at different driving angles.

Fig. 13. System efficiency of the receiving coil at different heights.

clearly indicate a decrease in efficiency as the angle of the coil
increases. The optimal efficiency can be achieved when driving
coil is rotated from 0° to 30°. Therefore, a driving coil angle
of 0° was ultimately selected as the optimal configuration to
maximize system performance.

B. Reliability Analysis of Omnidirectional Charging

The system efficiency was measured at varying heights and
positions of the receiving coil, and the results are presented in
Fig. 13. It is evident that the WPT efficiency at heights of z =
0.10 m, 0.15 m, and 0.20 m are nearly identical, indicating a uni-
form magnetic field distribution across these heights within the
O-QSCR system. Furthermore, the 95% cavity demonstrates a
WPT efficiency ranging from 46% to 52%, which aligns closely
with the theoretical values predicted by coupled-mode theory.
These results highlight the O-QSCR system’s unique advantage
in providing efficient omnidirectional wireless charging.

Fig. 14. (a) WPT efficiency of the receiver at different positions and angles.
(b) Comparison of calculated, simulated and experimentally measured values.

In order to verify the omnidirectional charging capability in
space, the receiving coil is rotated at B-M in the experiments. As
illustrated in Fig. 14(a), the WPT efficiency remains relatively
consistent across most positions at a given angle, as indicated
by the uniform height of the histogram. Furthermore, the trend
of these changes with the angle is also consistent, which indi-
cates that the magnetic field is highly uniform in all directions.
For a more intuitive representation, Fig. 14(b) illustrates the
theoretical, simulated, and experimental measurements as the
receiving coil is rotated from 0° to 90° at the representative
position. The experimental measurements are highly alignment
with the theoretical and simulated values. Additionally, the
system efficiency reaches up to 20% in 95% of the cavity areas,
even when the coil is rotated to 60°, demonstrating the feasibility
of omnidirectional wireless charging.

C. WPT Demonstrations

To intuitively evaluate the feasibility of the proposed system,
LEDs were employed as the load for experimental verification,
as shown in Fig. 15(a). The LEDs light up when the input
voltage exceeds their threshold, with their brightness directly
corresponding to the magnitude of the input voltage. This pro-
vides further insights into the transmission characteristics of
O-QSCR, particularly in terms of omnidirectional performance.
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Fig. 15. (a) WPT demonstration based on O-QSCR. (b) Experimental obser-
vations of LEDs at different angles (with the center height of the receiver at
0.05 m) for points G, L, M, etc. (c) LEDs experimental observations for points
G, L, and M when the center height of the receiver is 0.15 m (with the receiver
angle at 0°).

Fig. 15(b) shows the comparative experimental results of the
LEDs at different receiving angles, positioned at locations G,
L, and M. Through comparing the brightness of these positions
at angles of 0°, 45°, and 90°, it can be observed that the LEDs
becomes dimmer as the angle increases. Notably, the LEDs do
not light up at all when the angle reaches 90°. This phenomenon
is consistent with the results shown Fig. 14(b).

Subsequently, the effect of different heights of the receiving
coil in the O-QSCR system is also examined. In the experiment,
a wooden holder of 10 cm height is placed beneath the receiver
coil. The LEDs are lit when the receiver coil is positioned at a
height of 0.15 m and an angle of 0°, as shown in Fig. 15(c). It is
observed that the brightness of the LEDs decreases at the edges

Fig. 16. (a) Top view of the human arm model from the outside into the cavity.
(b) SAR simulation results of human arm model under 600 W transmitted power
(inside and outside the cavity).

compared to the brightness at a height of 0.05 m, which aligns
with the calculated values shown in Fig. 10. Therefore, it can
be concluded that the O-QSCR structure can satisfy the normal
load operation at any height and any position in 3D space except
for some extreme angles.

V. SAFETY ISSUE

In daily use scenarios, biological tissues and organs are
unavoidably exposed to the magnetic fields generated by the
O-QSCR system. To this end, the human arm is employed as a
model for simulation analysis in this article. According to IEEE
and FCC standards, the specific absorption rate (SAR) of the
torso or organism in an exposed magnetic field is usually limited
to 1.6 W/kg [18], [29].

As illustrated in Fig. 16(a), a standard SAR analysis is per-
formed by FEM simulations with the model of the human arm
developed from the MRI scan. The length of the arm is 0.3
m, which is employed to simulate the scenario when the arm
was exposed to the cavity. In order to analyze the safety of
the O-QSCR system in both the internal and external space,
the labels “OUT” and “IN” are employed to distinguish the
spatial state of the arm and the chamber. The SAR values of
them scanned are shown in Fig. 16(b). The maximum SAR in
the dotted frame at “OUT” reaches 1.25 W/kg as the transmitted
port increases its output to 600 W. The SAR value at any position
in the cavity is much lower than the limit value. As a result, the
O-QSCR system is fully capable of 600 W application scenarios,
such as wireless charging cabinets with equivalent power levels.
Additionally, the O-QSCR provides a idea for room-level WPT
with more uniform magnetic fields in the future.

In terms of tunability, structural complexity, and transmission
characteristics, a comparison of O-QSCR with other cavity
transmission methods is given in Table IV. Given that the
QSCR and M-QSCR methods exist identical polar column, the
O-QSCR structure is significantly simple in comparison. The
magnetic field uniformity is 0.276, 0.169, and 0.145 when based
on CR, QSCR, and M-QSCR transmission techniques with the
same dimensions, respectively. A lower value of uniformity
indicates a reduction in the degree of magnetic field fluctua-
tion, which signifies a more uniform magnetic field within the
chamber. Consequently, the uniformity value of the O-QSCR is
0.110, indicating O-QSCR has a markedly more homogeneous
magnetic field than other cavity methods. In conclusion, it can
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TABLE IV
COMPARISON WITH OTHER APPROACHES

be seen that the O-QSCR-based transmission system is more
suitable for omnidirectional charging in 3D place.

VI. CONCLUSION

In summary, we propose a novel O-QSCR, providing a sim-
pler and more practical design. The O-QSCR facilitates omni-
directional WPT within a 3D space by effectively distributing
surface currents across the cavity. To optimize its design, we
propose a method for evaluating the magnetic field unifor-
mity, which aids in determining the optimal cavity size for
the O-QSCR model. Subsequently, the WPT efficiency at any
position within the cavity can be accurately predicted based on
the coupled-mode theory. Experimental results validate these
predictions, demonstrating that the transfer efficiency exceeds
46% across 95% of the 3D space, with a cavity volume of 0.6 ×
0.5 × 0.4 m. Furthermore, the system retains at least 20% effi-
ciency even with a 60° angular offset, highlighting its robustness.
Importantly, the O-QSCR ensures the safety of biological tissues
within the charging region, even when operating at an input
power of 600 W. Consequently, the O-QSCR offers significant
potential for applications in smart homes and intelligent wireless
charging cabinets. Future research will focus on increasing the
volume and operating frequency to further enhance the system’s
performance.
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