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Abstract
Recent  studies,  inspired  by  Tesla's  idea  of  using  earth  coupling  and  space  electromagnetic  fields  to  achieve  global  wireless  power  transfer  (WPT),  have

focused on two main research directions: single-capacitive coupled wireless power transfer (SCC-WPT) technology and single-wire power transfer (SWPT)

technology. By coupling with the earth, these approaches enable more flexible wireless power supply features and long-distance single-wire power transfer,

attracting widespread attention. This paper reviews the current global research status of electric field power transfer technology based on earth coupling.

First,  it  summarizes  and  briefly  classifies  the  concepts  and  definitions  of  this  technology  as  presented  in  the  relevant  studies  and  explains  the  transfer

mechanisms of different modes. This paper further discusses the research status of the system model, energy efficiency features, compensation networks,

simultaneous wireless power and data transfer, and multi-load power supply. Moreover, it reviews the application of this technology in wireless charging

planes, transportation, underwater equipment, industry, and wearable devices. Finally, this paper analyzes and discusses future research directions worthy

of attention in this field, centering on five aspects: large-area free-positioning WPT, long-distance single-wire power transfer, the influence of the human

body on the transfer channel, energy efficiency improvement, and space electromagnetic safety issues.
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 Introduction

A  century  ago,  Nikola  Tesla  proposed  a  long-distance  wireless
power transfer (WPT) system based on Tesla coils[1,2]. In this system,
the  Tesla  coil  excites  a  high-frequency  electric  field,  generating
displacement  currents.  These  currents  couple  with  the  earth  and
effectively  form  a  complete  electrical  circuit.  Despite  its  ingenuity,
the  initiative  stalled  due  to  financial  constraints  and  technological
bottlenecks  at  the  time,  failing  to  yield  substantial  progress.  Over
the  next  hundred  years,  the  rapid  advancement  of  wired  power
transfer  methods  overshadowed  the  development  of  WPT.  As  a
result, Tesla's innovative idea received scant attention. The situation
changed  in  2001  when  D  Strebkov,  an  academician  of  the  Russian
Academy  of  Sciences,  developed  a  single-wire  power  transfer
system  using  Tesla  transformers.  This  system  capitalizes  on  the
displacement current between a single conductor and the earth or a
terminal  capacitor  to  transmit  electrical  energy.  Capable  of  achiev-
ing  long-distance,  high-power  electricity  transfer,  it  has  since
spurred extensive research interest[3].

Based  on  this  technology,  researchers  have  explored  two  main
directions. One group focuses on single-wire power transfer (SWPT)
by connecting a wire between the top (or bottom) ends of two Tesla
transformer  high-voltage  coils,  enabling  coupling  with  the  ground
for long-distance power transfer[4,5]. Also known as single-wire earth
return  (SWER)[6],  SWPT  reduces  wiring  complexity  without  extra
power  conversion  stages[7].  Rather  than  relying  solely  on  a  wire,
SWPT enables quasi-wireless transfer by utilizing natural conductors
such  as  buildings  or  oceans.  The  other  group  concentrates  on
single-capacitive  coupled  wireless  power  transfer  (SCC-WPT),
relying  on  the  principle  of  electric  field  resonance.  SCC-WPT
employs  coupling  capacitors  formed  by  metal  plates  and  utilizes
stray  capacitance  to  the  ground  to  achieve  short-distance  wireless
power  transfer.  SCC-WPT,  also  referred  to  as  single-wire  capacitive
power transfer (SW-CPT) or single-contact capacitive power transfer
(SC-CPT)  in  some  papers[8−11],  effectively  avoids  cross-coupled

capacitor issues in traditional electric-coupled wireless power trans-
fer  (EC-WPT)  systems.  It  leverages  stray  capacitance  and  ground
coupling  to  enable  wireless  and  quasi-wireless  transfer,  making  it
suitable  for  flat-surface  flexible  movement  and  multi-load  power
supply  applications.  Moreover,  natural  conductors  like  the  ground
or  seawater  can  extend  the  transfer  range  of  these  systems  and
enhance dynamic wireless transfer capabilities.

This  paper  provides  a  comprehensive  review  of  key  research
achievements  in  electric  field  power  transfer  technology  based  on
earth  coupling.  First,  it  systematically  summarizes  the  fundamental
classifications  and  transfer  mechanisms  of  this  technology.  It  then
provides a detailed overview of the current research status,  explor-
ing  its  wide-ranging  applications  across  various  sectors.  By  analyz-
ing  the  existing  research  and  ongoing  developments,  the  paper
further deliberates on prospective research directions, offering valu-
able  insights  to  guide  future  research  efforts  and  technological
advancements.

 Basic classification

At present,  SCC-WPT and SWPT are the principal  technologies  in
the realm of electric field power transfer based on earth coupling. As
a derivative of  the traditional  EC-WPT system, the SCC-WPT system
shares  a  similar  transfer  mechanism,  utilizing  electric  fields  as  the
primary  medium  for  power  transfer.  The  key  difference  lies  in  the
SCC-WPT  system's  use  of  coupling  capacitances  between  metal
bodies,  self-capacitances,  and  stray  capacitances  between  system
components, circuitry, and ground, as well as coupling capacitances
between metal bodies and ground to form a complete electric loop
for  wireless  or  quasi-wireless  power  transfer.  This  approach  miti-
gates  interference  caused  by  cross-coupling  capacitances  in
multi-plate  systems,  enabling  flexible  power  transfer  across  two-
dimensional  surfaces[12].  In  contrast,  SWPT  uses  a  Tesla  coil  with  a
top-end conductor.  Connecting a  wire  to  the top or  bottom of  the
system  exploits  the  stray  capacitance  between  the  coil,  the  top
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conductor,  and  the  ground,  where  the  single  wire  facilitates  long-
distance power transfer.  Moreover,  SWPT can replace the wire with
natural conductors such as seawater or buildings, thereby enabling
quasi-wireless power transfer[5,13].

Figure  1a depicts  the  experimental  prototype  of  the  SCC-WPT
system. Comprising a power supply, a pair of metal coupling plates,
an inverter-rectifier power converter, a compensation network, and
a  load,  the  SCC-WPT  system  demonstrates  remarkable  robustness
against  misalignment.  It  features  a  cost-effective  design  and  holds
great  potential  for  flexible  two-dimensional  power  delivery  and
multi-load wireless power transfer, offering versatile solutions across
various applications[10].

Figure  1b showcases  the  experimental  prototype  of  the  SWPT
system.  This  system consists  of  a  high-frequency AC power  supply,
transmitting  and  receiving  Tesla  coils,  a  single  wire  that  utilizes
ground  coupling  for  stable  operation,  a  rectifier  for  AC-DC  conver-
sion, and a load. Based on the principle of earth coupling, the SWPT
system  is  distinguished  by  its  capability  to  achieve  long-distance
power transfer using only a single wire. Recent experimental results
indicate that this system's current energy efficiency is relatively high,
reaching  a  level  suitable  for  practical  applications  in  cases  where
traditional  multi-wire  power  transfer  systems are  unfeasible  due to
technical  or economic constraints. Thus,  the SWPT system emerges
as  a  promising  solution  for  a  wide  range  of  long-distance  power
transfer applications[4].

Research  on  electric  field  power  transfer  technology  based  on
earth  coupling  can  be  broadly  classified  into  two  categories.  The
first category relies on metal plates for electric field coupling. Utiliz-
ing  the  self-capacitance  of  the  plates  and  the  stray  capacitance
between the wiring and the ground,  this  approach forms a current
loop. This mechanism allows for flexible power delivery across two-
dimensional  surfaces.  To  achieve  wireless  or  single-contact  power
transfer,  this  approach  generally  requires  a  higher  resonant
frequency along with ground coupling. The second category utilizes
a Tesla coil.  It leverages the stray capacitance between the top-end
conductor of the Tesla coil and the ground. A single wire serves as a
conduction  path,  enabling  long-distance  power  transfer.  Addition-
ally,  this  method  enables  quasi-wireless  energy  transfer  via  natural
conductors  like  seawater  or  buildings.  For  long-distance  power
transfer, a larger Tesla coil is typically required to generate the high
voltage essential for efficient power transfer.

 Transfer mechanism

Presently, researchers have extensively studied the transfer mech-
anisms of these systems. These studies are grounded in key theoreti-
cal  frameworks,  including  self-capacitance  and  stray  capacitance
theory,  electromagnetic  wave  theory,  and  standing  wave  theory.

The following sections will systematically explain the transfer mech-
anisms  of  electric  field  power  transfer  technology  based  on  earth
coupling.  This  paper  aims  to  provide  a  holistic  understanding  of
electric  field  power  transfer  technology  based  on  earth  coupling,
offering guidance for future research and development efforts.

 SCC-WPT
Researchers  have  carried  out  comprehensive  investigations  into

the SCC-WPT system, aiming to explain the intriguing phenomenon
where power transfer occurs between two metal  plates without an
explicit  current  loop.  Several  theories  have  been  proposed  to
demystify this unique transfer mechanism. One such explanation is
the  standing  wave  theory,  which  analyzes  the  behavior  of  oscillat-
ing  electromagnetic  fields.  Another  is  the  self-capacitance  theory,
which  focuses  on  the  inherent  capacitance  of  the  metal  plates.
Virtual  ground  theory  explains  the  electrical  properties  and  power
flow  using  the  concept  of  a  virtual  ground,  while  ground  coupling
theory  highlights  the  role  of  the  earth  as  an  integral  part  of  the
power transfer path. Together, these theoretical frameworks offer a
comprehensive understanding of the power transfer process in SCC-
WPT systems.

Stray  capacitance  refers  to  the  capacitance  between  two  electri-
cally insulated conductors with a potential difference, or between a
charged  conductor  and  the  ground.  In  contrast,  self-capacitance  is
the  capacitance  of  a  charged  conductor  relative  to  a  point  at
infinity[14]. Unlike stray capacitance, self-capacitance is independent
of the conductor's coupling with its surrounding environment or the
ground. In practice, the ground is often considered a representation
of  infinity[15]. Figure  2 shows  the  capacitance  model  of  a  pair  of
parallel  disks  in  free  space.  The  two  disks  carry  equal  but  opposite
charges,  with  a  non-uniform  distribution.  In  this  model, C12 repre-
sents the coupling capacitance between the disks, while C11 and C22

denote  their  respective  self-capacitances.  Research  has  shown  that
when  the  distance  between  the  coupling  disks  and  the  ground  is
much larger  than the size of  the disks,  the self-capacitance of  each
disk  approaches  half  of  its  isolated  self-capacitance  value[9,14].  The
capacitance  can  be  calculated  according  to  Eq.  (1),  where r is  the
radius  of  the  plates, ε0 ≈ 8.854  ×  10 −12 F/m is  the  permittivity  of
free space and approximately that of air, d is  the distance between
the two coupling plates, and b is the aspect ratio (b = d/2r)[9].

C12 = (1+2.367b0.867)
(
ε0πr2

d

)
(0.005 ⩽ b ⩽ 0.5)

C12 = (1+2.564b0.982)
(
ε0πr2

d

)
(0.5 ⩽ b ⩽ 5.0)

C11 =C22 = 4ε0r

(1)

Based  on  Tesla's  pioneering  concept,  Canadian  scholar  C  W  Van
Neste  proposed  a  quasi-wireless  power  transfer  method  based  on
standing  wave  principles,  utilizing  a  single  contact  and  the  stray
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Fig. 1    Experimental prototype of electric field power transfer technology based on earth coupling. (a) SCC-WPT. (b) SWPT.
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capacitance of a receiver coil to form a complete electrical circuit. A
standing wave,  in this  context,  results  from the interference of  two
sinusoidal  waves  with  identical  wavelengths,  periods,  and  wave
speeds,  but  propagating  in  opposite  directions.  At  the  receiving
end,  Van  Neste  designed  an  open-circuit  coil  with  a  length  of
precisely  one-quarter  of  the  standing  wave's  wavelength.  When
exposed  to  an  alternating  electric  field,  the  coil  generates  a  time-
varying,  spatially  non-uniform  electromagnetic  field.  The  electric
field at  any point along a quarter-wavelength helical  resonator can
be expressed as:

Eout = Eine j(γd+ωt) (2)
where, d is  the  fractional  wavelength  along  the  position  of  the
resonator, γ is  the  propagation  constant  represented  as γ = α + β, α

being  the  attenuation  factor  and β the  phase  constant;  and ω is  the
angular frequency[11].

Researchers from Wuhan University proposed an innovative elec-
tric  field  wireless  power  transfer  system  based  on  self-capacitance
theory.  This  system  forms  a  complete  electrical  circuit  through  the
coupling  capacitance  between  metal  plates,  as  well  as  the  self-
capacitance of the plates and a metal sphere, theoretically eliminat-
ing  the  need  for  a  current  return  through  the  earth.  Notably,  even
without a metal sphere, the receiving end can still obtain significant
amounts of electrical power[15].

Virtual  ground  theory  suggests  that  when  an  alternating  high-
potential transmitting plate generates an electric field, the receiving
plate acquires an alternating potential relative to the virtual ground
terminal. To test this theory, researchers from the University of Auck-
land, and Chongqing University collaborated and published a paper
on  their  findings.  However,  their  experimental  results  showed  that
the  measured  potential  at  this  point  significantly  deviated  from
zero[16].

Following  initial  investigations,  research  teams  from  the  Univer-
sity of Auckland, and Chongqing University conducted comprehen-
sive  investigations  into  the  transfer  mechanism  of  the  SCC-WPT
system. The University of Auckland team, based on self-capacitance
theory,  formed  a  complete  current  loop  through  the  stray  capaci-
tance of plates to ground, the coupling capacitance between plates,
the  stray  capacitance  of  the  single  wire  at  the  receiving  end  to
ground,  and  the  earth.  The  earth,  as  part  of  the  return  path,  plays
an  indispensable  role  (Fig.  3a)[9].  Based  on  these  research  findings,
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Fig.  2    Parallel  disk  capacitance  model  with  opposite  polarity.  (a)  3D
diagram. (b) Circuit diagram.
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the  Chongqing  University  team  developed  a  generalized  SCC-WPT
system model by leveraging stray capacitance and self-capacitance
theories, forming a complete electrical circuit through coupling with
the  ground.  They  simplified  the  model  using  a  two-port  network,
derived  the  equivalent  circuit,  identified  key  limiting  factors  for
power  transfer,  and  determined  conditions  for  achieving  optimal
efficiency (Fig. 3b)[10]. The system efficiency can be expressed as:

η =
1

1+
PL1+PL2+PC1+PC2+PCc

Pout

(3)

where, PL1, PL2, PC1, PC2,  and PCc represent  the  losses  of  the  system.
Additionally,  they  proposed  a  novel  compensation  topology  to  en-
hance efficiency.  Simulations and experiments validated the accuracy
of  the  model  and  the  effectiveness  of  the  topology,  demonstrating
strong  consistency  among  theoretical,  simulation,  and  experimental
results.

 SWPT
Building  on  Nikola  Tesla's  groundbreaking  concept  of  wireless

power  transfer,  researchers  have  developed  a  long-distance  SWPT
system  that  connects  two  Tesla  coils  with  a  single  wire,  enabling
efficient  long-range  power  transfer.  Aiming  to  extend  transfer
distances  and  replace  traditional  long-distance  power  lines,
researchers  have  conducted  in-depth  explorations  into  the  funda-
mental  principles  of  the  SWPT  system.  They  have  examined  the
mechanisms of the SWPT system from various perspectives, includ-
ing  electric  field  resonance,  electromagnetic  field  theory,  and  elec-
tric dipole radiation theory.

Researchers  from  Dalian  University  of  Technology  conducted  a
comprehensive analysis of the transfer mechanism of SWPT systems.
Generally, SWPT systems can be classified based on the strength of
electric field coupling between the top conductors of Tesla coils into
short-distance SWPT systems and long-distance SWPT systems. They
can  also  be  categorized  based  on  whether  the  single  wire  is
connected to the top or bottom of the high-voltage coil,  into over-
head SWPT systems and near-ground SWPT systems.

In the short-range near-ground SWPT system, as shown in Fig. 4a,
a  complete  current  loop  is  formed  by  the  coupling  capacitance
between  the  top  conductors,  the  system's  stray  capacitance,  the
inter-turn capacitance of  the coils,  the single wire,  and the ground.
For short-range overhead SWPT systems, the current flows along the
wire  from  the  transmitting  side  to  the  receiving  side,  with  the
complete  current  loop  formed  by  the  stray  capacitance  between
the  overhead  wire  and  the  ground,  the  stray  capacitance  of  the

transmitting  and  receiving  sides  to  the  ground,  and  the  ground
itself[17,18].

In  long-distance  SWPT  systems,  when  the  total  length  of  the
transfer  line,  such  as  the  high-voltage  coil  and  the  single  wire,
approaches the wavelength of the electromagnetic wave, the weak
coupling  effect  between  the  conductors  at  the  top  can  be  neg-
lected.  And  when  constructing  an  accurate  model,  the  distributed
parameter circuit model of the transfer line needs to be considered.
The  transfer  mechanism  has  been  analyzed  using  electromagnetic
wave theory in prior works[5,19−22], where the Poynting vector distri-
bution of the system is also demonstrated, as illustrated in Fig. 4b. In
this context, the single wire acts as a guide for the electromagnetic
wave  flow.  Maxwell's  equations  for  a  sinusoidal  electromagnetic
wave propagating along a single wire are expressed as follows:

∇×HS = (σ2+ jωε2)ES

∇×ES = −jωµ2HS

∇ ·HS = 0
∇ ·ES = 0

(4)

where, Hs is  the  magnetic  field  intensity  in  the  single  wire, Es is  the
electric  field  intensity  in  the single  wire,  and σ2 is  the conductivity. ε2

represents  the  dielectric  constant,  and μ2 represents  the  magnetic
permeability in the single wire.

The flow of electromagnetic energy is described by the Poynting
vector S,  also  known  as  the  electromagnetic  energy  flux  density,
defined as follows:

S = E×H (5)
The vector in the equation is measured in W/m2, representing the

electromagnetic  energy  passing  through  a  unit  area  perpendicular
to the direction of  energy propagation per unit  time.  The direction
of  the  vector  indicates  the  propagation  or  flow  of  electromagnetic
energy.  In  the  SWPT system,  a  standing wave phenomenon occurs
on  the  Tesla  coil,  where  the  voltage  wave  forms  a  standing  wave
through the superposition of incident and reflected waves, with the
node  at  the  bottom  and  the  antinode  at  the  top.  This  means  the
electric field is strongest and the voltage is highest at the top of the
coil,  thereby  facilitating  power  transfer[5].  A  recent  study[23] also
highlights  the  critical  role  of  standing  waves  in  the  power  transfer
process. On the other hand, compared to SWPT systems using air as
the  transfer  medium,  SWPT  systems  using  seawater  as  the  transfer
medium  have  less  dispersion  of  the  Poynting  vector[19].  In  SWPT
systems using the ground as a quasi-conductor, when both sides are
grounded, the ground also plays a role like a single wire in guiding
electromagnetic wave propagation[20].

Scholars from Tianjin University of Technology have explained the
transfer  mechanism  of  SWPT  based  on  electric  dipole  radiation
theory. When an electric dipole oscillates, it generates varying elec-
tric  and magnetic  fields,  which radiate outward as  electromagnetic
waves. As a result,  energy from the transmitter is transferred to the
single conductor, which then transmits the power to the receiver in
the  form  of  electromagnetic  waves[21].  In  the  SWPT  system,  the
single  conductor  guides  and  confines  the  electromagnetic  waves.
The electric field lines originate and terminate on the surface of the
conductor,  with both transverse and longitudinal components.  The
magnetic field lines encircle the conductor and are perpendicular to
the electric field lines,  having only a transverse component.  Conse-
quently,  the electromagnetic  waves transmitted along the conduc-
tor are transverse magnetic waves[22].

The  SCC-WPT  system  currently  explains  its  transfer  mechanism
mainly  from  a  circuit  perspective  (i.e.,  stray  capacitance  and self-
capacitance  theories),  while  the  SWPT  system  explains  its  transfer
mechanism  from  both  circuit  and  electromagnetic  field
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perspectives.  For  the  SCC-WPT  system,  future  research  should
further explore the transfer mechanism from the perspective of elec-
tromagnetic  field  energy  distribution,  the  distribution  and  calcula-
tion  of  stray  capacitance,  and  the  distribution  of  ground  currents.
For the SWPT system, future research should analyze the model and
loss distribution of quasi-wireless SWPT systems using the ground as
a transfer medium (especially underwater) based on surface electro-
magnetic wave theory.

 Theoretical research

Current  research  on  electric  field  power  transfer  technology
based  on  earth  coupling  primarily  focuses  on  three  areas:  system
modeling, energy efficiency, and compensation networks. Addition-
ally,  due  to  the  flexible  power  supply  capabilities  and  lightweight
coupling mechanisms of SCC-WPT systems, there has been growing
interest in simultaneous wireless power and data transfer, as well as
multi-load  power  supply.  The  following  section  will  focus  on  the
current state of research in these two areas.

 System modeling
For  the  SCC-WPT  system  shown  in Fig.  3b,  assuming  the  use  of

high-quality factor components and neglecting parasitic resistance,
the system's two-port Y-parameter network is derived, as illustrated
in Fig. 5.  In this setup, U1 represents the voltage on the transmitter
side of the coupling mechanism, while U2 represents the voltage on
the receiver side. The voltage-current relationship is given by Eq. (6).

The corresponding π-type simplified circuit model of the system is
shown in Fig.  6.  This  model  approximates  the  inverter  output  volt-
age using the fundamental wave approximation, neglecting higher-
order  harmonics,  and  representing  it  as  an  AC  voltage  source Uin.
The  current Ic flows  through  the  capacitor  element Cc.  The  equiva-
lent AC resistance of  the rectifier  and load,  denoted as Req,  is  given
by: Req = 8RL/π2, where RL is the load resistance.I1 = jω(Ca−Cc)U1+ jωCc(U1−U2)

I2 = jω(Cb−Cc)U1+ jωCc(U2−U1)
(6)

Notably, existing SCC-WPT models do not establish an equivalent
circuit  model for  the ground.  However,  nearly all  SCC-WPT systems
complete  their  electrical  circuit  through  the  earth,  which  acts  as  a
quasi-conductive medium. Therefore, developing an accurate equiv-
alent  circuit  model  is  essential  for  system  analysis  and  design.
Researcher C. W. Van Neste has conducted extensive studies in this
area,  designing  sensors  to  detect  the  magnitude  and  direction  of
earth currents, which are useful for power grid monitoring and fault
detection[24]. Furthermore, by leveraging conductive currents in the
soil for wireless power transfer, sensor networks can be powered to
monitor  real-time parameters  such as  soil  temperature and humid-
ity,  transmitting  data  to  base  stations  to  support  precision
agriculture  and  digital  farming[25].  At  high  operating  frequencies,
grounding resistance increases significantly, and most of the energy
dissipates  into  the  soil  in  the  form  of  heat  and/or  electromagnetic
waves,  making  grounding  reactance  negligible[9,26].  The  conducti-
vity of the ground depends on its physical and chemical properties.

Assuming a layered structure with concrete on the surface and soil
beneath, the grounding resistance can be expressed as:

Rg =
2
|I0|2

S (7)

where, I0 represents the magnitude of the current in the floating open
circuit  within  the  system,  determined  by  integrating  the  current
density  over  the  earth's  effective  conductive  area. S denotes  the
magnitude of the Poynting vector generated by I0, which is influenced
by  factors  such  as  the  system's  operating  frequency,  ground
conductivity,  dielectric  constant,  and permeability.  However,  research
on the precise distribution of current within the earth remains limited.

In  the context  of  the SWPT system model,  a  distributed parame-
ter  circuit  model  of  the  Tesla  coil  and  single  wire  was  developed
based on the space electric field coupling mechanism[18]. In contrast,
a  lumped  parameter  circuit  model  was  developed  in  a  previous
study[20],  as shown in Fig. 7a, incorporating the transfer mechanism
of  electromagnetic  wave  theory  and  accounting  for  the  parasitic
parameters of the multi-layer Tesla coil. Although the resistance and
inductance of the earth were measured experimentally, the transfer
line  effect  of  the  single  wire  was  overlooked,  and  a  distributed
parameter model for the line was not established. An SWPT system
utilizing  a  limiter[27],  along  with  the  formulation  of  an  equivalent
circuit  model  based  on  coupled  mode  theory,  as  shown  in Fig.  7b.
The power module primarily consists of a limiter, a gain module, and
a  current-controlled  voltage  source  (CCVS),  imparting  a  negative
resistance feature to the system.

Overall,  the  system  models  developed  for  electric  field  power
transfer  technology  based  on  earth  coupling,  whether  using  the
theory of stray capacitance and self-capacitance or electromagnetic
field  theory,  require  further  refinement  and  optimization.  Future
research is  needed on the equivalent model of  the ground, precise
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models of system losses, the establishment of a distributed parame-
ter  model  for  long-distance  SWPT  systems  using  transmission  line
theory,  and  system  models  under  the  influence  of  environmental
factors and foreign object interference.

 Energy efficiency features
Early  studies  on  the  energy  efficiency  of  SCC-WPT  systems

explored various approaches. The virtual ground theory was applied
using  a  Class-E  converter  and  a  double-sided  LCLC  compensation
network[16],  achieving  a  power  output  of  3.8  W  and  a  transfer  effi-
ciency of 32% at 1.6 MHz, while exhibiting strong tolerance to hori-
zontal,  vertical,  and  angular  misalignments.  Building  on  this
approach, the operating frequency was increased to 3.3 MHz, and a
floating  wire  was  introduced  on  the  receiver  side  to  enhance  stray
capacitance to the ground, resulting in a transfer distance of 3 mm,
a  power  output  of  3.6  W,  and  a  transfer  efficiency  of  35%[9].  To
further improve misalignment tolerance, a novel coupling structure
was proposed, significantly enhancing resistance to lateral, longitu-
dinal, and rotational misalignments, and achieving a peak efficiency
of  82.5%  at  34.28  W[28].  The  loss  distribution,  electrode  current
density,  and  the  effects  of  electrode  thickness  and  excitation  posi-
tion  on  current  density  distribution  were  investigated  in  recent
studies[29,30].  A  50  W  power  output  and  83%  transfer  efficiency  at
2.2  MHz  were  achieved  using  a  single-contact  method,  in  which  a
helical  coil  contacts  a  conductive  plane[11].  A  current  loop  was
further  established  via  the  stray  capacitance  of  four  helical  coils  to
the  ground,  achieving  a  2.54  cm  transfer  distance,  a  36  W  power
output,  and  20%  efficiency  at  2.74  MHz[31].  System  efficiency  was
improved  by  implementing  impedance  matching  through  a  series
connection of capacitors and resonant coils[32].  Additionally, system
efficiency was improved by increasing self-capacitance with a 45 cm
diameter  disk  and  a  30  cm  diameter  metal  sphere;  however,  the
earth  was  assumed  to  be  an  ideal  conductor,  and  ground  losses
were  neglected[15].  To  address  this  limitation,  a  hybrid  wireless
power  transfer  (HWPT)  system  incorporating  an  outer  metal  frame
around  the  inner  coil  was  proposed,  which  optimized  spatial  effi-
ciency and enhanced transfer performance[33].

Recent studies further illustrate this principle using Eq. (8)[10].  For
the system depicted in Fig. 6, the transmitted power is expressed as:

P = ωCcU1U2 sinφ21 (8)
where, φ21 represents  the  phase  difference  between  the  voltages  at
both ends of the coupling mechanism. For fixed plate size and transfer
distance, the capacitance Cc increases as CS1 and CS2 increase. When CS1

and CS2 approach  infinity,  the  capacitive  reactance  becomes  zero,
meaning Cc reaches  its  maximum  value, C12,  under  the  equivalent
short-circuit  condition.  In  practical  applications,  the  transmitting-end
power source can be grounded or directly connected to the ground. In
this case, CS1 is considered infinite, and Cc increases as CS2 increases.

To  further  reduce  losses,  both  the  transmitting  and  receiving
sides were connected to a wall, using reinforced concrete instead of
the ground as the return path[34]. The specific application scenario of
rail  transit  was  considered,  where  the  receiving  and  transmitting
sides were directly connected through metal wheels[35]. At an oper-
ating frequency of 2 MHz, this system achieved a transfer distance of
17 mm, a power output of  700 W, and a transfer  efficiency of  91%.
However,  in  general  applications,  effectively  grounding  the  receiv-
ing  side  or  directly  connecting  it  to  the  transmitting  side  remains
challenging.  A  return  path  was  formed using the  stray  capacitance
between  the  vehicle's  metal  chassis  and  the  ground;  to  minimize
losses,  the  ground was  replaced with  a  well-grounded metal  plate,
which could be smaller than the vehicle chassis[36]. Energy efficiency
was  further  enhanced  by  adding  a  metal  plate  on  the  receiving
side to increase stray capacitance[12,37]. These methods all  optimize

energy  efficiency  by  improving  the  system's  coupling  structure.
According  to  Eq.  (4),  energy  efficiency  can  also  be  increased  by
raising  the  system's  operating  frequency,  operating  voltage,  and
sinφ21.  However,  to  ensure  safety,  the  operating voltage cannot  be
excessively  high.  The use of  compensation networks,  which will  be
discussed  in  the  following  sections,  provides  another  approach  to
improving efficiency.

In efforts to enhance SWPT system efficiency, more compact low-
and high-voltage coils were designed to increase the coupling coef-
ficient  and reduce energy loss[20].  Additionally,  grounding both the
transmitter  and  receiver  enabled  the  earth  to  guide  electromag-
netic  waves  similarly  to  a  single-wire  setup,  improving  efficiency.
Previous studies[22,38] have investigated the impact of coaxial  struc-
ture  parameters,  such as  operating frequency,  wire  bending,  trans-
mitter/receiver  length  and  shape,  and  environmental  conditions.
The  effects  of  transfer  medium  properties—such  as  electromag-
netic  characteristics,  physical  structure,  and  bending—on  long-
distance  SWPT  efficiency  have  been  investigated[39].  It  was
highlighted that  a  medium with high conductivity  and low perme-
ability improves efficiency, with central bending exerting the great-
est impact. A quarter-wavelength helical resonant coil was designed
to enhance ground coupling on the receiver side, achieving a 30 m
'ground-to-air' transfer distance, 500 W power output, and 92% effi-
ciency  at  220 kHz[40].  An  additional  quarter-wavelength  Tesla
resonator  was  introduced  at  the  transmitting  end,  building  on  this
research,  to  eliminate  the  need  for  grounding  and  enable  single-
wire  power  transfer  between  any  two  points  in  space.  At  a  10  m
transfer  distance  and  500  W  power  output,  a  transfer  efficiency  of
85% for AC loads and 80% for DC loads was achieved[41].

In  practical  applications,  a  trade-off  between  system  efficiency
and safety is often required. SCC-WPT technology has been applied
to power implantable medical devices (IMDs)[42], enhancing transfer
efficiency  through  full-band  loss  compensation  while  ensuring
compliance with IEEE C95.1 safety standards[43] for temperature rise
and  specific  absorption  rate  (SAR).  However,  the  transfer  efficiency
remained  low  at  2.06%,  with  safety  as  the  top  priority.  When  an
external  object  approaches  the  system,  the  stray  capacitance
changes, leading to a shift in the resonant frequency. This principle
is utilized for foreign object detection in SCC-WPT systems.[44,45].  By
using  sensors  to  detect  object  position,  movement  direction,  and
speed, these studies aimed to improve user safety. In terms of SWPT
system safety,  a  high-turns-ratio coupled coil  with both its  top and
bottom  short-circuited  was  employed  to  effectively  mitigate  high-
voltage issues at the coil's top conductor[46].

Table  1 summarizes  the  energy  efficiency  features  of  some  SCC-
WPT  and  SWPT  systems.  It  can  be  observed  that  SCC-WPT  systems
typically operate at MHz-level frequencies in air,  with short transfer
distances and limited energy efficiency, especially when the receiv-
ing  side  is  not  effectively  grounded.  However,  when  operating
underwater,  the  high  stray  capacitance  allows  for  reduced  operat-
ing frequency while  maintaining good energy efficiency and trans-
fer  distance.  In  contrast,  SWPT  systems  can  achieve  transfer
distances  measured  in  meters  and  exhibit  large  stray  capacitance
when  operating  over  long  distances  or  underwater,  which  helps
lower  the  operating  frequency.  However,  at  short  distances,  high
frequencies are still  required, which imposes stringent demands on
high-frequency  power  supplies.  Additionally,  these  systems  often
require  large  coils,  and  quasi-wireless  power  transfer  systems  that
use  natural  conductors  as  the  transfer  medium  tend  to  have  rela-
tively poor energy efficiency.

 Compensation network
The compensation network improves system efficiency by adjust-

ing the voltage phase between the primary and secondary sides, as
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well  as  the  voltage  across  the  coupling  plates.  It  also  enables
impedance  matching,  reduces  the  reactive  power  output  of  the
inverter  to  achieve  zero  phase  angle  (ZPA)  operation,  filters  high-
order  harmonics,  facilitates  soft  switching,  and  supports  constant
voltage/constant current (CV/CC) output.

In  SCC-WPT  systems,  double-sided  LC  compensation  is  the  most
commonly  used  topology  for  the  compensation  network.  Double-
sided LC compensation has been utilized to achieve functions such
as  voltage  boosting  and  filtering[8,34,37].  When  the  LC  resonance
method  is  adopted,  the  experimental  results  achieve  a  DC-DC  effi-
ciency of 91.9% at 1.24 kW with the constant voltage[8]. To enhance
transfer power, a novel LC-CL compensation topology that achieves
a 90° voltage phase difference between transmitter and receiver[10].
An LCLC compensation network was used on the transmitting side
to  regulate  voltage[9],  while  double-sided  LCLC  compensation  was
utilized  to  enhance  the  transmitting-side  voltage  and  receiving-
side  current[16].  Additionally,  LCLC-S  and  LCLC-M  compensation
methods  were  implemented  to  achieve  CV  and  CC  outputs,
respectively[12].

In SWPT systems, the Tesla coil was replaced by a double-sided LC
compensation  topology,  which  reduces  electric  field  radiation  and
environmental  interference  while  simplifying  system  design[17].  S-
LCC  compensation  was  utilized  to  achieve  zero-phase-angle  (ZPA)
input  on  the  primary  side  and  impedance  matching  on  the
secondary  side[19].  Building  upon  the  multi-layer  Tesla  coil  SWPT
system[20],  a  double-sided  LCL  compensation  topology  was
employed  to  suppress  high-order  harmonics  and  improve  transfer
efficiency[51].  At a transfer distance of 70 m with a power output of
720 W,  the  system efficiency  increased from 87.3% to  91.3%,  while
high-order  harmonics  were  reduced  by  87.5%.  Further  research[52]

found that  this  system could achieve CC or  CV output  by selecting
an appropriate operating frequency. Additionally, during CC output,
ZPA input  could be realized without  the need for  extra  compensa-
tion circuits or control methods.

In  summary,  the  adoption  of  compensation  topologies  can
significantly  enhance  the  transfer  performance  of  the  system.
Higher-order  compensation  networks  provide  greater  flexibility  for
parameter  tuning  and  improve  the  regulation  of  both  active  and
reactive power. SCC-WPT and SWPT systems can benefit from these
advanced compensation networks to further optimize performance.
However,  this  comes  with  trade-offs,  including  increased  system
complexity,  higher  power  losses,  and  potential  variations  in
robustness.

 Simultaneous wireless power and data transfer
With the increasing application of WPT technology in implantable

medical  devices (IMDs),  electric vehicles,  and consumer electronics,
simultaneous  wireless  power  and  data  transfer  (SWPDT)[53] has
garnered significant  attention in  recent  years.  SWPDT enables  real-
time  information  feedback,  supporting  closed-loop  control,  system
monitoring, and overall performance enhancement.

Recent research on SWPDT in SCC-WPT systems has seen notable
advancements.  Multi-channel  SWPDT  was  implemented  in  an
underwater  environment,  where  the  energy  channel  was  formed
through magnetic coupling and the signal channel was established
using  a  coupled  single capacitor  formed  by  two  coils[47].  The
system's  stray  capacitance  completed  the  circuit,  and  due  to  its
small value, the resulting high capacitive reactance minimized elec-
tromagnetic interference from power transfer to the signal channel.
This  setup successfully  achieved 1.2  kW power transfer  and 1 Mb/s
full-duplex  communication.  In  an  underwater  SCC-WPT  system,
stray capacitance was utilized to create closed-loop circuits for both
the energy and signal channels[48]. A field programmable gate array
(FPGA) was used for data modulation and demodulation, and differ-
ential  phase  shift  keying  (DPSK)  was  employed  for  signal  modula-
tion,  effectively  reducing  the  bit  error  rate.  This  approach  enabled
300  W  power  transfer  and  500  kb/s  bidirectional  communication.
Building  upon  this,  an  underwater  single-to-multiple-load  power
supply system was developed, adopting a shared channel approach
to  enable  multi-channel  bidirectional  communication  between  the
transmitter and receivers[54]. This enhancement increased the trans-
fer rate of each channel to 1 Mb/s.

Research on SWPDT in SWPT systems is still in its early stages. An
energy modulation method was employed to achieve bidirectional
signal  transfer  and  simultaneous  power  transfer  using  a  single
conductor[55].  However, both the transfer power and signal transfer
rate remained relatively low. An SWPT system was designed, using a
mooring cable and open seawater as transmission media, to enable
simultaneous power and data transfer, filling the research gap in the
relevant  field.  A  double-sided  LCC  compensation  circuit  was
employed  to  filter  out  harmonics  and  reduce  the  interference  of
power  transfer  on  signal  transfer.  The  system  adopted  binary
frequency shift keying (2FSK) modulated signals and used coherent
demodulation for signal decoding. Theoretically, it achieved a 170 W
power supply and 10 kb/s data transfer for underwater sensors, but
further experimental validation is lacking[56].

In  summary,  further  research  is  required  on  SWPDT  in  SCC-WPT
and  SWPT  systems  to  improve  transfer  distance  and  energy  effi-
ciency,  adopt  advanced  modulation  and  demodulation  techniques
to enhance system robustness in harsh environments, increase data
rates,  improve  the  signal-to-noise  ratio  (SNR),  and  reduce  bit  error
rate (BER). In addition, studies are required on the generation mech-
anisms and suppression methods of system harmonics, as well as on
the  implementation  of  multi-load  systems  capable  of  bidirectional
power transfer and full-duplex communication using SCC-WPT tech-
nology in air media.

 Multi-load power supply
Simultaneous wireless power transfer to multiple loads enhances

system flexibility and convenience, making it a key research focus in
WPT technology and a critical need in practical applications. Notable
examples  include  free-positioning  wireless  charging  for  multiple
devices  on  a  desktop,  wireless  charging  platforms  for  drones,  and
dynamic wireless power transfer for electric vehicles[54,57].

SCC-WPT  offers  several  advantages,  including  high  offset  toler-
ance,  low  cost,  compact  size,  and  flexible  power  delivery  within  a
two-dimensional plane, making it particularly suitable for powering

 

Table 1.    Energy efficiency features of SCC-WPT and SWPT.

Classification Frequency Distance Power Efficiency Ref.

SCC-WPT 3.3 MHz 3 mm 3.6 W 35% [9]
1 MHz 50 mm 266 W 62% [10]

1.97 MHz 5 mm 106.9 W 56.2% [12]
741.5 kHz 550 mm 20 W 19.5% [15]
2.74 MHz 25.4 mm 36 W 20% [31]

2 MHz 17 mm 700 W 91% [35]
1 MHz 110 mm 350 W 74.1% [36]
2 MHz 10 mm 30 W 30% [37]
85 kHz 50 mm (seawater) 1.2 kW 91% [47]

200 kHz 100 cm (seawater) 300 W 91.07% [48]
SWPT 847 kHz 2 m 200 W 61% [17]

10.55 MHz 5 m 65.28 W 72.08% [23]
6.7 kHz 5 km 5 kW 87% [20]
220 kHz 30 m 500 W 92% [40]
580 kHz 4.5 m (salt water) 25 W 54% [13]
40 kHz 51 m (salt water) 30.2 W 51.8% [49]

300 kHz 10 m (seawater) 206.8 W 83% [50]

* Unless otherwise specified in the table, air is used as the transfer medium.
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multiple loads on a single surface. A compact SCC-WPT system for a
dual-load  power  supply  was  proposed,  which  accounted  for  cross-
coupling capacitance among five plates and introduced a three-port
equivalent circuit model[12]. This system achieved a power output of
106.9  W  with  a  transfer  efficiency  of  56.2%.  It  enabled  CC  and  CV
outputs  for  two  independent  loads,  ensuring  that  removing  one
load  did  not  affect  the  performance  of  the  other.  A  desktop  SCC-
WPT  system  operating  at  813 kHz  was  designed  to  power  multiple
mobile  phone-sized loads  within  a  1.2 m2 area  under  the  influence
of  a  high-frequency  electric  field[58].  However,  the  system's  effi-
ciency remained susceptible to environmental factors.

For  multi-load  power  supply  in  SWPT  systems,  a  single  wire  was
used to power a sensor network, and the system's omnidirectional-
ity  capabilities  were  experimentally  demonstrated[23].  A  large-scale
quasi-wireless  SWPT  system  was  developed  using  the  ground  as  a
power transfer medium to supply multiple loads[25,26]. However, due
to  its  relatively  low  energy  efficiency,  the  system  is  currently  suit-
able  only  for  low-power  applications,  such  as  powering  sensors.  A
rebar matrix structure was utilized as a single-wire transfer medium
to  power  multiple  sensors  embedded  in  reinforced  concrete,
enabling  real-time  health  monitoring  of  civil  structures  such  as
buildings and bridges[59].

Currently,  multi-load  power  supply  in  SCC-WPT  and  SWPT
systems still  suffers  from low energy efficiency.  In  particular,  quasi-
wireless  SWPT  systems  that  utilize  natural  conductors  like  the
ground  instead  of  a  dedicated  transfer  wire  can  only  support  low-
power  devices.  The  design  of  efficient  multi-load  power  transfer
systems  requires  a  comprehensive  approach,  taking  into  account
system  modeling,  coupling  mechanisms,  control  strategies,  and
compensation network optimization.

 Application and development

Electric  field power transfer  technology based on earth coupling
offers  advantages  such  as  low  cost  and  flexible  power  delivery,
making  it  applicable  across  various  fields,  including  consumer
electronics, transportation, industrial production, underwater equip-
ment,  and  wearable  devices.  The  following  sections  will  explore
its  applications  in  detail  and  discuss  the  challenges  hindering  its
development.

 Wireless charging planes
In  recent  years,  the  increasing  demand  for  convenient  and  safe

wireless charging solutions has been driven by fast-paced lifestyles.
WPT  technologies  offer  an  efficient,  low-carbon,  and  cost-effective
approach  to  simultaneously  charging  personal  electronic  devices
such as  mobile  phones,  laptops,  and earphones.  Beyond consumer
electronics, advancements in WPT have also facilitated research into
powering multiple high-power loads,  such as electric vehicles,  over

large  surface  areas. Figure  8a illustrates  a  two-dimensional  flexible
power supply system designed by Chongqing University,  based on
SCC-WPT technology. This system is capable of illuminating a 40 W
bulb at  any position within  the plane while  maintaining consistent
brightness[37].  Expanding  upon  this  concept,  a  dual-load  SCC-WPT
system was proposed that preserves planar flexibility while enabling
independent  constant  current  (CC)  and  constant  voltage  (CV)
outputs for multiple loads[12]. Further advancements include a large-
area  wireless  power  transfer  plane  developed  by  Kunming  Univer-
sity  of  Science  and  Technology,  as  shown  in Fig.  8b.  This  system
integrates  SCC-WPT  technology  with  a  four-coil  compensation
topology,  achieving  an  output  power  of  538  W  and  a  transfer
efficiency of  84.7% over a 1 m2 charging surface while maintaining
stable  energy  efficiency  features[60].  Additionally, Fig.  8c presents  a
dynamic  wireless  power  transfer  system  for  robotic  applications,
designed by the University of Alberta. Operating over a 28 × 28 cm2

charging  plane,  this  system  incorporates  a  17  cm  wire  attached  to
the top of the receiver to enhance stray capacitance to the ground.
Within  the  charging  plane,  efficiency  fluctuations  are  limited  to
within 3%, with an average transfer efficiency of 93%[61].

A wireless charging plane must efficiently power multiple devices
simultaneously  while  ensuring  that  the  receiving  side  remains
lightweight without compromising energy efficiency. Moreover, the
cross-coupling  effects  introduced  by  multiple  loads  can  lead  to
system detuning, making it essential to maintain independent output
regulation  for  each  load  while  preserving  high  overall  system  effi-
ciency.  This  challenge  has  become  a  key  focus  of  research  in  WPT
technology.

 Transportation
To  lessen  dependence  on  petroleum  and  other  energy  sources

while accelerating the 'dual carbon' goals, electric vehicles (EVs) are
increasingly gaining attention and adoption. However, wired charg-
ing poses challenges such as high costs, plug wear, cable breakage,
and  electric  shock  risks  in  rain  or  snow.  Industry  forecasts  predict
that  the  global  market  for  wirelessly  charged  EVs  will  reach  $568
million  by  2030[62],  significantly  driving  advancement  in  wireless
power transfer technology[63−65].

SCC-WPT  technology,  with  its  advantages  of  fewer  plates,  mini-
mal  cross-coupling  issues,  and  strong  misalignment  tolerance,  is
well-suited  for  both  static  and  dynamic  EV  charging.  A  research
team from the University of California, San Diego, replaced the tradi-
tional  two-plate  EC-WPT system by utilizing the EV chassis  and the
ground  as  conductive  elements.  By  harnessing  the  stray  capaci-
tance  between  the  chassis  and  the  ground,  they  established  a
current loop, achieving a transfer power of 350 W with an efficiency
of 74.1%[36], as shown in Fig. 9a. Similarly, Kyushu University in Japan
designed a static SCC-WPT charging system for EVs[66], adopting the
same  principle  but  with  different  compensation  structures.
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Fig. 8    Application of SCC-WPT in wireless charging plane. (a) Flexible power supply system. (b) Large-area free-position power supply system. (c) Robot
free-position power supply system.
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Simulations  confirmed  that  the  system  could  transmit  3.3  kW  of
power while maintaining a chassis voltage of only 114 V. Figure 9b
illustrates a  dynamic EV charging system developed by the Univer-
sity  of  Alberta[31],  which  delivers  power  through  a  3  m  long,  0.3  m
wide aluminum foil  surface.  This  system achieves  an output  power
of 36 W with an overall efficiency of 20%.

Overall,  transportation demands high power levels,  and research
on electric field power transfer technology based on earth coupling
for  this  application  is  still  in  its  early  stages.  Practical  implementa-
tion  must  also  address  factors  such  as  chassis  voltage,  ground
impedance, and leakage current.

 Underwater equipment
At  present,  autonomous  underwater  vehicles  (AUVs)  and  other

underwater  equipment  are  increasingly  utilized  for  monitoring
underwater  environments  and  conducting  underwater  operations.
To ensure long-term operation, underwater charging is essential  to
avoid  frequent  battery  replacements  that  waste  manpower  and
financial resources[67,68]. Additionally, it is crucial to transmit the data
collected  by  AUVs  to  personnel  in  real-time  and  enable  simultane-
ous wireless power and data transfer among multiple devices.

Underwater  wireless  power  transfer  based  on  SCC-WPT  techno-
logy  offers  several  advantages,  including  low  eddy  current  losses,
strong  misalignment  tolerance,  and  minimal  impact  from  cross-
coupling capacitance. Additionally, the high coupling capacitance of
the water medium reduces the required inductance in the compen-
sation network and lowers the system's  resonant frequency,  result-
ing  in  a  more  compact  system  and  increasing  power  density.  The
Institute  of  Electrical  Engineering,  Chinese  Academy  of  Sciences,
achieved a  transfer  power  of  1  kW and an efficiency of  76% over  a
1  m  transfer  distance  at  a  200  kHz  operating  frequency  using  an
electronic  load[69].  They  also  developed  an  underwater  SWPDT
system with a transfer power of 300 W, an efficiency of 91.07%, and
a  bidirectional  communication  rate  of  500  kb/s[48].  Building  on  this
research, a system was designed for wireless power and data trans-
fer in AUV clusters, achieving a total output power of 200 W, an effi-
ciency of  71.27%,  and a  bidirectional  transfer  rate  of  1  Mb/s  over  a
60  cm  transfer  distance[54].  Harbin  Institute  of  Technology  imple-
mented  SCC-WPT  technology  for  signal  transfer  and  achieved  a
transfer  power  of  1.2  kW  with  an  efficiency  of  91%  over  a  5  cm
distance  using  a  dual-sided  LCC  compensation  network  with  an
electronic load. The system also maintained a full-duplex communi-
cation rate of 1 Mb/s over a 50 cm transfer distance[47].

In  underwater  applications  based  on  SWPT  technology,
Tennessee  Technological  University  replaced  a  single-wire  system
with  a  4.5  m  long,  0.15  m  wide,  and  0.15  m  deep  saline  solution,
creating  a  quasi-wireless  SWPT  system.  This  system  is  capable  of
providing power to isolated offshore islands, though its energy effi-
ciency remains relatively low in practical applications[13]. Figure 10a
shows an underwater SWPT system developed by Tianjin University

based  on  electromagnetic  wave  theory[19].  This  system  achieves  a
transfer power of 19.93 W and a transfer efficiency of 24.95% over a
transfer distance of 51 m at a 40 kHz operating frequency. Building
upon this research, a reconfigurable cascaded coupler (RCC) and its
control  strategy  were  proposed,  substantially  expanding  the
system's load range and enhancing energy efficiency[49]. Figure 10b
presents  a  SWPT  system  proposed  by  the  Harbin  Institute  of
Technology-Weihai[50],  designed  for  long-distance  power  supply  to
underwater sensors. Using a dual-sided LCL compensation network,
this  system  achieved  a  transfer  distance  of  10  m  and  a  transfer
power of 206.8 W, with an efficiency of 83% in real ocean conditions.

In  summary,  SCC-WPT  and  SWPT  technologies  for  underwater
device applications still  require significant improvements in energy
efficiency  and  communication  speed.  Current  systems  fall  far  short
of  practical  requirements  in  terms  of  energy  transfer  distance  and
efficiency,  and  communication  rates  are  insufficient  for  real-world
applications.  Additionally,  crosstalk  between  power  and  communi-
cation  channels  needs  to  be  further  reduced  to  ensure  system
stability. Most existing studies are conducted under idealized exper-
imental  conditions,  lacking  tests  for  significant  variations  in  the
physicochemical  properties  of  the  transfer  medium  (e.g.,  dielectric
properties).  Future  research  should  focus  on  enhancing  system
robustness  in  complex  underwater  environments  (e.g.,  foreign
object  interference,  high  salinity,  deep-sea  low-temperature,  and
high-pressure conditions).  Moreover,  research on SWPT technology
supporting multiple underwater devices (e.g., sensor networks) with
simultaneous  data  transfer  remains  limited.  For  SCC-WPT-based
systems  supplying  more  than  two  loads  underwater,  the  mutual
coupling between loads and its impact on system efficiency must be
further considered. Additionally, the effects of load entry and exit on
system safety, robustness, and power loss require in-depth analysis.

 Industrial applications
SCC-WPT and SWPT technologies have also found applications in

light industries such as drones, household appliances, and robotics.
Chongqing  University  proposed  an  SCC-WPT  system  for  wireless
charging  of  drones.  The  system  has  excellent  longitudinal,  lateral,
and angular  misalignment tolerance performance,  and achieves  an
efficiency  of  64.1%  with  a  CV  output  of  66.4  W[70]. Figure  11a illus-
trates  an  SCC-WPT  system  for  a  robotic  arm,  developed  through
collaboration  between  Tennessee  Technological  University  and
NASA.  This  system  is  designed  for  aerospace  engineering  applica-
tions and features the added capability of collecting data and send-
ing  commands[71]. Figure  11b shows  a  SWPT  system  developed  by
the University of Wisconsin,  designed to provide power to outdoor
aerial  devices.  This  system  is  known  for  its  economic  and  flexible
features, achieving a 500 W power output with a transfer efficiency
of 92% over a 30 m air-to-ground distance[40].

In  summary,  electric  field  power  transfer  technology  based  on
earth  coupling  offers  significant  advantages  in  specific  industrial
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Fig. 9    Application of SCC-WPT technology in transportation. (a) Static wireless charging EV. (b) Dynamic wireless charging mobile EV.
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applications,  but  its  energy  efficiency  remains  insufficient  to  meet
the  demands  of  heavy  industries  and  power  systems.  Future
research  should  not  only  focus  on  improving  system  efficiency  to
expand practical applications but also leverage the strong misalign-
ment tolerance and flexible power delivery capabilities of SCC-WPT
technology, as well as the long transfer distance and relatively high
efficiency  of  SWPT  technology,  to  promote  their  broader  adoption
in industrial scenarios.

 Wearable devices
Wearable  devices  can  monitor  heart  rate  in  real-time  while

enabling  information  exchange,  making  life  healthier  and  smarter.
Powering  such devices  with  SCC-WPT  technology  reduces  system
weight  and  volume,  offering  higher  power  density  and  greater
application  value. Figure  12a illustrates  a  system  developed  by
Donghua  University,  which  uses  flexible  cross-linked  interactive
fibers  (i-fiber)  for  electromagnetic  energy  collection  and  wireless
data  transfer  based  on  SCC-WPT  technology.  The  team  designed  a
chip-free smart fabric with advantages such as comfort, washability,
and  high  integration.  The  complete  current  loop  is  formed  by  the
coupling  capacitance  between  the  human  body,  which  has  a  high
dielectric  constant  and  conductivity,  the  i-fiber,  the  stray  capaci-
tance between the system and the ground, and the coupling to the
earth[72]. Figure 12b shows an SCC-WPT system developed by Xi'an
University  of  Technology,  using  flexible  graphene  films  (measuring
10 mm × 5 mm × 0.2 mm) as the coupling mechanism[73]. Known for
its flexibility, transparency, compact size, and excellent conductivity,
this  system  achieved  a  transfer  power  of  200  mW  and  a  transfer
efficiency of 31.3% over a 20 mm transfer distance.

For wireless power transfer in wearable devices,  the most critical
issue is ensuring human safety. Long-term use raises concerns about
potential health risks to the human body, and the impact of environ-
mental  factors  on  the  stability  of  the  power  supply  also  requires
further  research.  Ensuring  that  energy  transfer  remains  safe,  effi-
cient,  and  unaffected  by  external  factors  such  as  temperature,
humidity,  and  electromagnetic  interference  is  essential  for  the
widespread adoption of these technologies.

 Future research directions

With  the  continuous  development  of  SCC-WPT  and  SWPT  tech-
nologies  in  recent  years,  this  section  explores  future  research
directions  based  on  existing  studies,  focusing  on  five  key  aspects:
large-area  free-position  wireless  power  transfer,  long-distance
single-wire power transfer, the influence of the human body on the
transfer channel, energy efficiency improvement, and space electro-
magnetic safety issues.

 Large-area free-position WPT
SCC-WPT  technology  offers  significant  advantages  in  terms  of

cost,  lightweight design,  and flexible  power delivery over  large flat
surfaces, making it particularly suitable for wireless power transfer to
multiple devices in free positions within a large area.  As the power
delivery area increases, the size and losses of the transmitting plates
can  significantly  impact  the  system's  output  features.  The  mecha-
nisms  behind  these  effects,  as  well  as  the  losses  associated  with
large  flat  surface  couplers,  still  require  further  investigation.  Addi-
tionally,  in  large-area  free-position  wireless  power  transfer,
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Fig. 10    Application of SWPT technology in underwater equipment. (a) A 51 m underwater SWPT system. (b) A 10 m underwater SWPT system.
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Fig. 11    Application of SCC-WPT and SWPT technology in industrial applications. (a) For the robotic arm. (b) For an aerial platform.
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powering  multiple  loads  has  become  a  necessity  and  has  already
been  demonstrated  in  agricultural  applications,  where  power  is
supplied  to  multiple  sensors[25].  However,  current  research  has  not
yet addressed the output effects caused by coupling between multi-
ple devices placed nearby. To ensure a stable power supply in multi-
device  systems,  it  is  crucial  to  maintain  load  independence  during
the process of moving devices in and out.  Furthermore, the output
variation  caused  by  the  coupling  relationships  between  multiple
devices needs to be explored in more depth.

 Long-distance single-wire power transfer
SWPT technology has shown promising results  in terms of  trans-

fer  distance  and  energy  efficiency,  making  it  a  viable  option  for
power  transfer  projects  in  remote  rural  areas,  isolated  islands,  and
other sparsely populated regions[7,74].  However, the current transfer
distance  still  falls  short  of  the  standards  required  for  large-scale
power transfer, and the use of natural conductors such as the earth
or  oceans  to  replace  single-wire  systems  for  quasi-wireless  power
transfer remains in the exploratory phase. As early as the beginning
of the last century, Tesla envisioned using the earth as a conductor,
establishing  a  low-frequency  resonance  (Schumann  Resonance)
between  the  earth  and  the  ionosphere,  and  utilizing  the  electro-
magnetic  waves  surrounding  the  earth's  surface  to  achieve  global
wireless  power  transfer.  To  effectively  realize  long-distance  power
transfer, new transfer mediums must be explored to replace single-
wire  systems  for  guiding  electromagnetic  waves.  Moreover,  the
safety, cost, transfer mechanisms, energy efficiency, and robustness
of these systems require further investigation to enable their practi-
cal and widespread implementation.

 Human body transfer channel
A  paper  published  by  Donghua  University  in  Science  demon-

strated  the  tremendous  potential  of  SCC-WPT  technology[72].  By
using flexible fibers or flexible PCBs, the technology can be embed-
ded  in  wearable  devices,  achieving  power  transfer  through  the
human body as a transfer channel and coupling with the earth. This
approach offers a convenient, flexible, and low-cost solution. In the
future, it is necessary to study the efficiency improvement of energy
harvesting over a wider frequency range, enhancing system robust-
ness for factors such as human height, weight, gender, position, and
varying  environmental  conditions  (e.g.,  temperature,  humidity,
pressure).  Additionally,  research  is  needed  on  the  distance  and

efficiency  of  signal  transfer.  Furthermore,  studies  should  address
potential  skin  irritation  and  allergy  testing  for  such  wearable  or
implantable  devices[42],  precise  circuit  models  of  the  human  body,
and the flow of current within the human body.

 Energy efficiency improvement
Compared to traditional EC-WPT, SCC-WPT reduces the number of

electrode  plates,  while  SWPT  reduces  the  number  of  conductors
compared  to  traditional  two-wire  power  transfer  systems.  On  the
surface,  both  technologies  appear  to  adopt  a  'one-way  transfer'
approach,  offering  cost  advantages.  However,  when  compared  to
traditional  wireless  or  power  transfer  methods,  the  current  energy
efficiency features of these technologies still lag significantly behind
traditional  approaches[20,75].  Improving  the  system's  energy  effi-
ciency  to  meet  practical  needs  is  an  urgent  task.  This  requires  not
only further research into the loss distribution of the coupling mech-
anism,  the  use  of  wide-bandgap  devices  for  soft-switching  power
converters,  optimization  of  compensation  topologies,  and  the
development of improved circuit models, but also innovation in the
transfer  medium,  coupling  mechanism  materials,  and  even  the
transfer mechanisms themselves.

 Space electromagnetic safety
SCC-WPT  technology  forms  a  current  loop  through  stray  capaci-

tance  generated  by  coupling  with  the  earth,  creating  an  electro-
magnetic  field  of  a  certain  intensity  around  the  system.  Similarly,
SWPT  technology,  using  the  high  voltage  generated  by  Tesla  coils,
creates  an  electromagnetic  field  along  the  transfer  path.  In  both
methods, the presence of a strong electromagnetic field could pose
safety risks to individuals. Currently, there is limited research on the
electromagnetic field distribution during the power transfer process
in  WPT  technology,  as  well  as  methods  for  suppressing  it,  and  the
transmitted  power  remains  relatively  low[76,77].  To  balance  energy
efficiency  and  safety,  the  system  must  be  designed  with  multiple
constraints, including energy efficiency and safety considerations. In
the  future,  further  research  is  needed  on  the  temperature  rise  in
human  tissues,  specific  absorption  rate  (SAR),  spatial  electromag-
netic  field  distribution  and  intensity,  as  well  as  the  electric  field
strength  and  current  density  in  various  human  organs  (e.g.,  brain,
heart,  liver,  stomach,  lungs,  kidneys,  etc.).  Notably,  for  SCC-WPT
systems,  suppressing  leakage  electric  fields  by  adding  shielding
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Fig. 12    Application of SCC-WPT technology in wearable devices.  (a)  Schematic diagram of I-fiber harvesting energy in various situations.  (b)  Wireless
power transfer is realized when metal plates interfere and thin films bend.
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plates may affect the system's stray capacitance, thereby impacting
energy  efficiency  features.  Currently,  further  research  is  also
required  on  foreign  object  detection  technology  for  SCC-WPT
systems.

 Conclusions

Electric  field power transfer  technology based on earth coupling
is currently divided into two major categories:  SCC-WPT and SWPT.
This  paper  first  explains  the  power  transfer  mechanism  of  the
system, followed by a discussion of  its  circuit  models  and the chal-
lenges  it  faces.  It  then  analyzes  the  current  research  status  of  the
system's  energy  efficiency  features  and  methods  for  improvement,
as well as the research achievements and difficulties that need to be
overcome  in  compensation  circuit  topology  design,  simultaneous
wireless  power  and  data  transfer,  and  multi-load  power  supply.
Regarding  the  advantages  of  SCC-WPT  technology,  such  as  its
simple  and  lightweight  coupling  structure,  strong  misalignment
tolerance,  and  flexible  power  supply  capabilities,  this  paper
discusses its applications in multi-load power supply, SWPDT, large-
area  free-positioning  power  supply,  transportation,  underwater
devices, and wearable medical devices. For SWPT technology, based
on  its  good  energy  efficiency  and  long-distance  power  transfer
capabilities,  this  paper  highlights  its  applications  in  underwater
devices  and  industrial  settings.  The  disadvantage  of  SCC-WPT
technology  lies  in  its  relatively  low  energy  efficiency,  while  SWPT's
drawback  is  its  limited  power  supply  flexibility,  which  restricts  its
application  scenarios.  Finally,  the  paper  discusses  the  future
research directions of electric field power transfer technology based
on  earth  coupling,  focusing  on  five  key  areas:  large-area  free-posi-
tion wireless power transfer, long-distance single-wire power trans-
fer,  the  influence  of  human  transfer  channels,  enhancement  of
transfer features, and space electromagnetic safety issues.

 Author contributions

The authors confirm contribution to the paper as follows: concep-
tualization:  Liu  Z;  writing-original  draft  preparation:  Liu  Z,  Nie  R;
visualization:  Nie  R;  supervision:  Rong E;  writing - review & editing:
Rong E, Li T, Xia J, Luo W, Lu S, Li S; resources: Li S. All authors have
read and agreed to the final version of the manuscript.

 Data availability

The data that support the findings of this study are available from
the corresponding author upon reasonable request.

Acknowledgments

This  research  was  funded  by  Yunnan  Fundamental  Research
Project (Grant No. 202501CF070119), and Yunnan Double First Class
Special Project in KUST (Grant No. 202401BE070001-061).

Conflict of interest

The authors declare that they have no conflict of interest.

Dates

Received  24  April  2025; Revised  27  June  2025; Accepted  21  July
2025; Published online 10 December 2025

References 

 Tesla N. 1919. The true wireless. Electrical Experimenter 5:28−321.

 Tesla  N. 1927. World  system  of  wireless  transmission  of  energy. Tele-
graph and Telephone Age 20:457−60

2.

 Strebkov  DS,  Avramenko  SV,  Nekrasov  AI. 2000. Single-wire  electric
power  system  for  renewable-based  electric  grid. New  Energy  Technolo-
gies Magazine 1:20−5

3.

 Chen  X,  Chen  J,  Mu  X,  Zhang  Z. 2017. Single-wire  power  transmission
based on spatial  electric  field coupling:  simulation,  understanding and
construction. Proceedings of the CSEE 37(19):5749−58 (in Chinese)

4.

 Jin  X,  Chen  X,  Qi  C,  Li  T. 2023. Investigation  on  the  electromagnetic
surface  waves  for  single-wire  power  transmission. IEEE  Transactions  on
Industrial Electronics 70:2497−507

5.

 Nkom B,  Taylor APR, Baguley C. 2018. Narrowband modeling of single-
wire  earth  return  distribution  lines. IEEE  Transactions  on  Power  Delivery
33:1565−75

6.

 Kasprzak M, Kaczmarczyk Z, Frania K, Kierepka K, Przybyla K, et al. 2022.
High voltage high frequency single wire energy transfer. 2022 IEEE 20th
International  Power  Electronics  and  Motion  Control  Conference  (PEMC),
25−28  September  2022,  Brasov,  Romania.  USA:  IEEE.  pp.  487−92  doi:
10.1109/PEMC51159.2022.9962882

7.

 Liu  Z,  Su  Y,  Deng  R,  Qian  L,  Dai  X. 2022. Research  on  single  capacitive
coupled wireless power transfer system with double-side LC compensa-
tion. Transactions  of  China  Electrotechnical  Society 37(17):4306−14 (in
Chinese)

8.

 Zou LJ, Zhu Q, Van Neste CW, Hu AP. 2021. Modeling single-wire capaci-
tive power transfer system with strong coupling to ground. IEEE Journal
of Emerging and Selected Topics in Power Electronics 9:2295−302

9.

 Liu  Z,  Su  Y,  Hu  H,  Deng  Z,  Deng  R. 2023. Research  on  transfer  mecha-
nism and power improvement technology of the SCC-WPT system. IEEE
Transactions on Power Electronics 38:1324−35

10.

 Van  Neste  CW,  Hawk  JE,  Phani  A,  Backs  JAJ,  Hull  R,  et  al. 2014. Single-
contact transmission for the quasi-wireless delivery of power over large
surfaces. Wireless Power Transfer 1:75−82

11.

 Liu Z, Hu H, Su YG, Sun Y, Chen F, et al. 2023. A double-receiver compact
SCC-WPT  system  with  CV/CC  output  for  mobile  devices  charging/
supply. IEEE Transactions on Power Electronics 38:9230−45

12.

 Van  Neste  CW,  Mahajan  SM.  2009.  Wireless  reactive  power  transfer  for
off-shore energy harvesting. 2009 International Conference on Clean Elec-
trical  Power,  9−11  June  2009,  Capri,  Italy.  USA:  IEEE.  pp.  504−6  doi:
10.1109/ICCEP.2009.5212003

13.

 Minteer TM. 2014. The many capacitance terms of  two parallel  discs in
free space. European Journal of Physics 35:035022

14.

 Gao X, Zhou H, Hu W, Deng Q, Liu G, et al. 2018. Capacitive power trans-
fer  through  virtual  self-capacitance  route. IET  Power  Electronics
11:1110−18

15.

 Zou  LJ,  Hu  AP,  Su  YG.  2017.  A  single-wire  capacitive  power  transfer
system  with  large  coupling  alignment  tolerance. 2017  IEEE  PELS  Work-
shop  on  Emerging  Technologies:  Wireless  Power  Transfer  (WoW),  20−22
May  2017,  Chongqing,  China.  USA:  IEEE.  pp.  93−98  doi:
10.1109/WoW.2017.7959372

16.

 Chen  X,  Li  T,  Lang  Z,  Qi  C.  2020.  A  single-wire  power  transfer  system
using  lumped-parameter  LC  resonant  circuits. 2020  IEEE  9th  Interna-
tional Power Electronics and Motion Control Conference (IPEMC2020-ECCE
Asia),  29  November−2  December  2020,  Nanjing,  China.  USA:  IEEE.  pp.
1098−103 doi: 10.1109/IPEMC-ECCEAsia48364.2020.9367764

17.

 Li  T,  Chen  X,  Lang  Z,  Jin  X,  Qi  C,  et  al.  2021.  Modeling  and  analysis  of
single-wire  power  transfer  system  using  distributed  parameter  reso-
nant  coil. 2021  IEEE  Industrial  Electronics  and  Applications  Conference
(IEACon), 22−23 November 2021, Penang, Malaysia. USA: IEEE. pp. 141−45
doi: 10.1109/IEACon51066.2021.9654728

18.

 Xu J, Pang S, Pan S, Ma Q, Li X, et al. 2024. Modeling and construction of
underwater  single  wire  power  transfer  system. IEEE  Transactions  on
Industrial Electronics 71:16792−802

19.

 Jin  X,  Chen  X,  Qi  C,  Mu  X. 2023. Modeling  and  construction  of  single-
wire  power  transmission  based  on  multilayer  Tesla  coil. IEEE  Transac-
tions on Power Electronics 38:6682−95

20.

 Li Y,  Hu T,  Wang X, Zhai Y,  Li  Y,  et al. 2023. Design and optimization of
novel  transceiver  device  for  one-way  single-wire  power  transfer. Jour-
nal of Power Electronics 23:1594−604

21.

 Li  Y,  Zhai  YJ,  Li  Y,  Wang  XL,  Hu  TC. 2022. Single-wire  power  transfer
method and verification. Journal of Power Electronics 22:685−93

22.

 
Review of electric-field power transfer

Page 12 of 14   Liu et al. Wireless Power Transfer 2025, 12: e032

https://doi.org/10.13334/j.0258-8013.pcsee.161977
https://doi.org/10.1109/TIE.2022.3170634
https://doi.org/10.1109/TIE.2022.3170634
https://doi.org/10.1109/TPWRD.2017.2775189
http://doi.org/10.1109/PEMC51159.2022.9962882
https://doi.org/10.19595/j.cnki.1000-6753.tces.211053
https://doi.org/10.1109/JESTPE.2019.2942034
https://doi.org/10.1109/JESTPE.2019.2942034
https://doi.org/10.1109/TPEL.2022.3202074
https://doi.org/10.1109/TPEL.2022.3202074
https://doi.org/10.1017/wpt.2014.9
https://doi.org/10.1109/TPEL.2023.3266270
http://doi.org/10.1109/ICCEP.2009.5212003
https://doi.org/10.1088/0143-0807/35/3/035022
https://doi.org/10.1049/iet-pel.2017.0629
http://doi.org/10.1109/WoW.2017.7959372
http://doi.org/10.1109/IPEMC-ECCEAsia48364.2020.9367764
http://doi.org/10.1109/IPEMC-ECCEAsia48364.2020.9367764
http://doi.org/10.1109/IPEMC-ECCEAsia48364.2020.9367764
http://doi.org/10.1109/IEACon51066.2021.9654728
https://doi.org/10.1109/TIE.2024.3387081
https://doi.org/10.1109/TIE.2024.3387081
https://doi.org/10.1109/TPEL.2023.3238469
https://doi.org/10.1109/TPEL.2023.3238469
https://doi.org/10.1109/TPEL.2023.3238469
https://doi.org/10.1007/s43236-023-00656-6
https://doi.org/10.1007/s43236-023-00656-6
https://doi.org/10.1007/s43236-022-00383-4


 Li  Y,  Wang R,  Zhai  YJ,  Li  Y,  Ni  X,  et  al. 2020. A  novel  single-wire  power
transfer method for wireless sensor networks. Energies 13(19):5182

23.

 Farris AC, Stump WA, Johnson CS, Craven R, Van Neste CW. 2023. Grid-
induced  telluric  currents  for  non-contact  load  monitoring  and  fault
detection. 2023 IEEE Energy Conversion Congress and Exposition (ECCE), 29
October−2  November  2023,  Nashville,  TN,  USA.  USA:  IEEE.  pp.  1248−52
doi: 10.1109/ECCE53617.2023.10362635

24.

 Nieman  B,  Johnson  CS,  Pearce  M,  Marcrum  T,  Thorne  MC,  et  al. 2024.
Through the soil long range wireless power transfer for agricultural IoT
networks. IEEE Transactions on Industrial Electronics 71:2090−99

25.

 Van Neste CW, Hull R, Hawk JE, Phani A, Unsworth MJ, et al. 2016. Electri-
cal  excitation  of  the  local  earth  for  resonant,  wireless  energy  transfer.
Wireless Power Transfer 3:117−25

26.

 Liu G, Zhang B. 2019. Analytical model of a 25–50 m robust single-wire
electric-field coupling power transfer system using a limiter. IEEE Trans-
actions on Circuits and Systems II: Express Briefs 66:978−82

27.

 Liang  C,  Liu  M,  Zhao  F,  Wang  D,  Wang  X,  et  al. 2025. A  multicell  SCC
capacitive  coupler  with  strong  lateral,  longitudinal,  and  rotational
antioffset  performance. IEEE  Transactions  on  Power  Electronics
40:6230−47

28.

 Zang S,  Zhu Q, Hu AP. 2022. Basic analysis of coupler loss in capacitive
power  transfer  systems. 2022  Wireless  Power  Week  (WPW),  5−8  July
2022,  Bordeaux,  France.  USA:  IEEE.  pp.  15−20  doi: 10.1109/WPW54272.
2022.9854012

29.

 Su  Y,  Deng  Y,  Liu  Z,  Hu  H,  Yan  ZQ.  2023.  Co-simulation  analysis  of
current density inside the plates of the coupler for CPT system. 2023 IEEE
6th  International  Electrical  and  Energy  Conference  (CIEEC),  12−14  May
2023,  Hefei,  China.  USA:  IEEE.  pp.  1838−43  doi: 10.1109/CIEEC58067.
2023.10166625

30.

 Van Neste CW, Phani A, Hull R, Hawk JE, Thundat T. 2016. Quasi-wireless
capacitive energy transfer for the dynamic charging of personal mobil-
ity vehicles. 2016 IEEE PELS Workshop on Emerging Technologies: Wireless
Power  Transfer  (WoW),  4−6  October  2016,  Knoxville,  TN,  USA.  USA:  IEEE.
pp. 196−99 doi: 10.1109/WoW.2016.7772091

31.

 Marcrum T, Williams J, Johnson C, Pearce M, Van Neste CW, et al.  2023.
Impedance  matching  a  quarter  wave  resonant  receiver  to  improve
efficiency  in  unipolar  capacitive  wireless  power  transfer. 2023  IEEE
Wireless Power Technology Conference and Expo (WPTCE), 4−8 June 2023,
San  Diego,  CA,  USA.  USA:  IEEE.  pp.  1−4  doi: 10.1109/WPTCE56855.
2023.10215521

32.

 Gao X, Liu C, Zhou H, Hu W, Huang Y, et al. 2021. Design and analysis of
a  new  hybrid  wireless  power  transfer  system  with  a  space-saving
coupler structure. IEEE Transactions on Power Electronics 36:5069−81

33.

 Zhang  H,  Lu  F.  2019.  A  2m  quasi-wireless  capacitive  power  transfer
(CPT)  system  using  earth  ground  as  the  current-returning  path. 2019
IEEE  Energy  Conversion  Congress  and  Exposition  (ECCE),  29  September−3
October  2019,  Baltimore,  MD,  USA.  USA:  IEEE.  pp.  5740−43  doi:
10.1109/ECCE.2019.8911829

34.

 Li S, Liu Z, Zhao H, Zhu L, Shuai C, et al. 2016. Wireless power transfer by
electric  field  resonance  and  its  application  in  dynamic  charging. IEEE
Transactions on Industrial Electronics 63:6602−12

35.

 Lu F, Zhang H, Mi C. 2018. A two-plate capacitive wireless power trans-
fer system for electric vehicle charging applications. IEEE Transactions on
Power Electronics 33:964−69

36.

 Liu Z, Su Y, Hu H, Dai X, Sun Y. 2023. A three-plate SCC-WPT system with
two-dimensional  flexible  charging  characteristics. Proceedings  of  the
CSEE 43(23):9251−61

37.

 Li  Y,  Wang X,  Hu T,  Zhai  Y,  Huang W, et al. 2022. Design and optimiza-
tion  of  one-way  single-wire  power  transfer  structure. Energies
15(18):6701

38.

 Li Y, Huang W, Chen Y, Hu W, Wang X. 2023. Study on the media charac-
teristics of single-wire power transfer system. IEEE Transactions on Power
Electronics 38:11974−83

39.

 Wang  SY,  Ludois  DC. 2024. A  capacitively-coupled  single-wire  power
tether  for  aerial  platforms. IEEE  Transactions  on  Industry  Applications
60:4408−18

40.

 Wang S,  Ludois  DC. 2025. Floating single-wire power transfer  between
two  points  in  space  via  Tesla  resonators. IEEE  Journal  of  Emerging  and
Selected Topics in Power Electronics 13:6699−708

41.

 Han  C,  Yu  S,  Zhang  Z,  Mao  J. 2024. An  investigation  of  implantable
capacitive  coupling  intra-body  power  transfer  based  on  full-band  loss
compensation. IEEE Transactions on Power Electronics 39:8904−15

42.

 IEEE.  2019.  IEEE  standard  for  safety  levels  with  respect  to  human
exposure  to  electric,  magnetic,  and  electromagnetic  fields,  0  Hz  to
300  GHz.  In IEEE  Standard  C95.1-2019  (Revision  of  IEEE  Std  C95.1-2005/
Incorporates  IEEE  Std  C95.1-2019/Cor  1-2019).  USA:  IEEE.  pp.  1−312
doi:10.1109/IEEESTD.2019.8859679

43.

 Robinson CA, Pearce MGS, Lu H, Van Neste CW. 2022. Capacitive omni-
directional position sensor using a quarter wave resonator. IEEE Sensors
Journal 22:15817−24

44.

 Kumar V, Parajuli S, Awasthi S, Sharma V, Ranade G, et al. 2025. Wireless
powered  passive  resonant-based  omnidirectional  sensing  system  in
human cooperative robots. IEEE Sensors Letters 9:1−4

45.

 Chen X,  Lan Y,  Qi  C,  Mu X.  2020.  Single-wire power transmission using
shorted high-voltage coupling coils. IECON 2020 The 46th Annual Confer-
ence of  the IEEE Industrial  Electronics Society,  18−21 October 2020,  Singa-
pore. USA: IEEE. pp. 3930−35 doi: 10.1109/IECON43393.2020.9254294

46.

 Li T, Sun Z, Wang Y, Mai J,  Xu D. 2024. Undersea simultaneous wireless
power and data transfer system with extended communication distance
and high rate. IEEE Transactions on Power Electronics 39:2917−21

47.

 Da C, Li F, Wang L, Tao C, Li S, et al. 2024. Analysis and implementation
of  underwater  single  capacitive  coupled  simultaneous  wireless  power
and  bidirectional  data  transfer  system. IEEE  Transactions  on  Industrial
Electronics 71:15674−84

48.

 Pang S, Xu J, Pan S, Li H, Li X. 2025. Reconfigurable cascaded coupler to
improve efficiency and achieve wide load range for underwater single-
wire  power  transfer  system. IEEE  Transactions  on  Industrial  Electronics
72:9769−79

49.

 Li C, Ren X, Liu X, Wu S, Qi M, et al. 2025. Modeling and implementation
of  a  long-distance  seawater  single-wire  CPT  system  for  underwater
sensor. IEEE Transactions on Power Electronics 40:7603−14

50.

 Chen  X,  Jin  X,  Qi  C,  Mu  X,  Yang  J. 2024. Efficiency  improvement  and
harmonic  suppression  of  single-wire  power  transmission  system
through  compensation  network. IEEE  Journal  of  Emerging  and  Selected
Topics in Power Electronics 12:2345−60

51.

 Qi  C,  Yang  S,  Jin  X,  Chen  X,  Wang  P. 2024. Frequency  selection  to
achieve CV/CC output for single-wire power transfer systems. IEEE Trans-
actions on Circuits and Systems II: Express Briefs 71:5034−38

52.

 Yao Y,  Sun P,  Liu  X,  Wang Y,  Xu D. 2022. Simultaneous  wireless  power
and  data  transfer:  a  comprehensive  review. IEEE  Transactions  on  Power
Electronics 37:3650−67

53.

 Da  C,  Li  F,  Nie  M,  Li  S,  Tao  C,  et  al. 2025. Undersea  capacitive  coupled
simultaneous  wireless  power  and  data  transfer  for  multiload  applica-
tions. IEEE Transactions on Power Electronics 40:2630−42

54.

 de Campos de Freitas SV, Domingos FC, Mirzavand R, Maunder A, Naseri
P, et al. 2017. A novel method for data and power transmission through
metallic structures. IEEE Transactions on Industrial Electronics 64:4027−36

55.

 Pan  J,  Li  H,  Pang  S,  Xu  J.  2025.  Research  on  underwater  single  wire
power and data transmission system. In The Proceedings of 2024 Interna-
tional  Conference  of  Electrical,  Electronic  and  Networked  Energy  Systems,
eds.  Sha A,  Yang M,  Cai  L,  Hu C,  et  al.  Singapore:  Springer.  pp.  267−78
doi: 10.1007/978-981-96-1868-2_29

56.

 Yuan H, Liang C, Zhang R, Ruan Z, Zhou Z, et al. 2023. A novel anti-offset
interdigital  electrode  capacitive  coupler  for  mobile  desktop  charging.
IEEE Transactions on Power Electronics 38:4140−51

57.

 Chen  X,  Wang  Z,  Lang  Z,  Li  T,  Qi  C. 2021. Research  on  desktop  wide
range  wireless  power  transfer  based  on  high  frequency  electric  field.
World Electric Vehicle Journal 12(3):141

58.

 Ma E,  Peng Y,  Wang Q,  Mai  R,  Chen Y.  2024.  Experimental  research  on
multi-load  single-wire  power  transfer  system  based  on  rebar  network.
2024 IEEE 7th International Electrical and Energy Conference (CIEEC), 10−12
May  2024,  Harbin,  China.  USA:  IEEE.  pp.  4940−45  doi: 10.1109/CIEEC
60922.2024.10583429

59.

 Liu  Z,  Zuo  C,  Li  S,  Lu  S,  Xia  J,  et  al. 2025. A  large-area  free-positioning
SCC-WPT system for movable receivers. IEEE Transactions on Power Elec-
tronics 40:8911−16

60.

 Pickering AK, Hull R, Hawk JE, Phani A, Van Neste CW, et al. 2015. Quasi-
wireless  surface  power  and  control  for  battery-free  robotics. Wireless
Power Transfer 2:134−42

61.

Review of electric-field power transfer
 

Liu et al. Wireless Power Transfer 2025, 12: e032   Page 13 of 14

https://doi.org/10.3390/en13195182
http://doi.org/10.1109/ECCE53617.2023.10362635
https://doi.org/10.1109/TIE.2023.3250743
https://doi.org/10.1017/wpt.2016.8
https://doi.org/10.1109/tcsii.2018.2867571
https://doi.org/10.1109/tcsii.2018.2867571
https://doi.org/10.1109/tcsii.2018.2867571
https://doi.org/10.1109/TPEL.2024.3508769
http://doi.org/10.1109/WPW54272.2022.9854012
http://doi.org/10.1109/WPW54272.2022.9854012
http://doi.org/10.1109/CIEEC58067.2023.10166625
http://doi.org/10.1109/CIEEC58067.2023.10166625
http://doi.org/10.1109/WoW.2016.7772091
http://doi.org/10.1109/WPTCE56855.2023.10215521
http://doi.org/10.1109/WPTCE56855.2023.10215521
https://doi.org/10.1109/TPEL.2020.3027473
http://doi.org/10.1109/ECCE.2019.8911829
https://doi.org/10.1109/TIE.2016.2577625
https://doi.org/10.1109/TIE.2016.2577625
https://doi.org/10.1109/TPEL.2017.2735365
https://doi.org/10.1109/TPEL.2017.2735365
https://doi.org/10.13334/j.0258-8013.pcsee.221870
https://doi.org/10.13334/j.0258-8013.pcsee.221870
https://doi.org/10.3390/en15186701
https://doi.org/10.1109/TPEL.2023.3300585
https://doi.org/10.1109/TPEL.2023.3300585
https://doi.org/10.1109/TIA.2024.3371951
https://doi.org/10.1109/JESTPE.2025.3569480
https://doi.org/10.1109/JESTPE.2025.3569480
https://doi.org/10.1109/TPEL.2024.3379118
 http://doi.org/10.1109/IEEESTD.2019.8859679
https://doi.org/10.1109/JSEN.2022.3188454
https://doi.org/10.1109/JSEN.2022.3188454
https://doi.org/10.1109/lsens.2024.3511348
http://doi.org/10.1109/IECON43393.2020.9254294
https://doi.org/10.1109/TPEL.2023.3337801
https://doi.org/10.1109/TIE.2024.3395764
https://doi.org/10.1109/TIE.2024.3395764
https://doi.org/10.1109/TIE.2025.3536617
https://doi.org/10.1109/TPEL.2025.3532279
https://doi.org/10.1109/JESTPE.2024.3363506
https://doi.org/10.1109/JESTPE.2024.3363506
https://doi.org/10.1109/tcsii.2024.3427851
https://doi.org/10.1109/tcsii.2024.3427851
https://doi.org/10.1109/tcsii.2024.3427851
https://doi.org/10.1109/TPEL.2021.3117854
https://doi.org/10.1109/TPEL.2021.3117854
https://doi.org/10.1109/TPEL.2024.3483956
https://doi.org/10.1109/TIE.2016.2644602
http://doi.org/10.1007/978-981-96-1868-2_29
http://doi.org/10.1007/978-981-96-1868-2_29
http://doi.org/10.1007/978-981-96-1868-2_29
http://doi.org/10.1007/978-981-96-1868-2_29
http://doi.org/10.1007/978-981-96-1868-2_29
http://doi.org/10.1007/978-981-96-1868-2_29
http://doi.org/10.1007/978-981-96-1868-2_29
http://doi.org/10.1007/978-981-96-1868-2_29
http://doi.org/10.1007/978-981-96-1868-2_29
https://doi.org/10.1109/TPEL.2022.3220674
https://doi.org/10.3390/wevj12030141
http://doi.org/10.1109/CIEEC60922.2024.10583429
http://doi.org/10.1109/CIEEC60922.2024.10583429
https://doi.org/10.1109/TPEL.2025.3543069
https://doi.org/10.1109/TPEL.2025.3543069
https://doi.org/10.1109/TPEL.2025.3543069
https://doi.org/10.1017/wpt.2015.15
https://doi.org/10.1017/wpt.2015.15


 Statista.  2023. Size  of  the  global  wireless  electric  vehicle  (EV)  charging
market  in  2022,  with  a  forecast  through  2030.  Statista,  Hamburg,
Germany. www.statista.com/statistics/974702/global-wireless-ev-charg
ing-market-size

62.

 Liu Z,  Li  T,  Li  S,  Mi  CC. 2024. Advancements  and challenges in  wireless
power transfer: a comprehensive review. Nexus 1:100014

63.

 Pan W, Liu R, Xie R, Zhuang Y, Mao X, et al. 2025. A multi-output modu-
lar  wireless  power transfer  system with constant-current  characteristic.
IEEE Transactions on Power Electronics 40:6272−81

64.

 Zhou  X,  Wang  L,  Yang  L. 2024. An  LCC-LCC  compensated  WPT  system
with  inherent  CC-CV  transition  function  for  battery  charging  applica-
tions. Wireless Power Transfer 11:e002

65.

 Muharam A, Mostafa TM, Nugroho A, Hapid A, Hattori R. 2018. A single-
wire method of coupling interface in capacitive power transfer for elec-
tric  vehicle  wireless  charging  system. 2018  International  Conference  on
Sustainable  Energy  Engineering  and  Application  (ICSEEA),  1−2  November
2018,  Tangerang,  Indonesia.  USA:  IEEE.  pp.  39−43  doi: 10.1109/ICSEEA.
2018.8627079

66.

 Rong E, Sun P, Qiao K, Zhang X, Yang G, et al. 2024. Six-plate and hybrid-
dielectric  capacitive  coupler  for  underwater  wireless  power  transfer.
IEEE Transactions on Power Electronics 39:2867−81

67.

 Tang H, Liu C, Pan W, Rao P, Zhuang Y, et al. 2025. A self-adaptive dual-
channel  LCC-S  detuned  topology  for  misalignment  tolerance  in  AUV
wireless  power  transfer  systems. IEEE  Transactions  on  Power  Electronics
40:4630−39

68.

 Nie M, Da C, Li F, Tao C, Li S, et al. 2025. A 1kW, 76% efficiency underwa-
ter single-capacitor coupled WPT system with a 1 m separation distance
single-capacitor  coupled. International  Journal  of  Circuit  Theory  and
Applications 53:3088−100

69.

 Lv X,  Dai  X,  Yu F,  Li  X,  Wang H,  et  al. 2025. A  high misalignment  toler-
ance SCC-WPT system with relay single capacitive coupler for UAV wire-
less  charging  applications. IEEE  Transactions  on  Power  Electronics
40:10372−77

70.

 Johnson  CS,  Marcrum  T,  Tidwell  M,  Stump  W,  Coultis  M,  et  al. 2025.
Quantifying  charge  sharing  loss  in  switched  capacitor  inverters  for
capacitive  power  transfer  applications. IEEE  Journal  of  Emerging  and
Selected Topics in Power Electronics 13:1330−38

71.

 Yang W, Lin S, Gong W, Lin R, Jiang C, et al. 2024. Single body-coupled
fiber enables chipless textile electronics. Science 384:74−81

72.

 Yang L,  Feng B,  Zhang Y,  Li  X,  Zhang L,  et  al. 2022. Single wire  capaci-
tive  wireless  power  transfer  system  for  wearable  biomedical  sensors
based on flexible graphene film material. IEEE Transactions on Biomedi-
cal Circuits and Systems 16:1337−47

73.

 Sumaya  RJ,  Nkom  B,  Nair  NKC.  2019.  Island  power  system  operation
with  single-wire  earth  return  (SWER),  solar  PV  and  diesel  generation–
marinduque,  philippines  case  study. 2019  29th  Australasian  Universities
Power  Engineering  Conference  (AUPEC),  26−29  November  2019,  Nadi,  Fiji.
pp. 1−7 doi: 10.1109/AUPEC48547.2019.214527

74.

 Rong  E,  Sun  P,  Yang  G,  Xia  J,  Liu  Z,  et  al. 2025. 5-kW,  96.5%  efficiency
capacitive  power  transfer  system with  a  five-plate  coupler:  design and
optimization. IEEE Transactions on Power Electronics 40:2542−55

75.

 Li Y, Li Y, Wang R, Zhai Y, Shi S, et al. 2022. Electromagnetic safety analy-
sis  on  single  wire  power  transfer  system  based  on  wireless  sensor
networks. Transactions of China Electrotechnical Society 37(4):808−15 (in
Chinese)

76.

 Yang  J,  Zhang  X,  Wang  Y,  Shang  S,  Wang  K,  et  al. 2024. A  frequency-
adjustable  PCB  shielding  coil  in  Wireless  Power  Transfer  system. Wire-
less Power Transfer 11:e006

77.

Copyright:  ©  2025  by  the  author(s).  Published  by
Maximum Academic Press, Fayetteville, GA. This article

is  an  open  access  article  distributed  under  Creative  Commons
Attribution  License  (CC  BY  4.0),  visit https://creativecommons.org/
licenses/by/4.0/.

 
Review of electric-field power transfer

Page 14 of 14   Liu et al. Wireless Power Transfer 2025, 12: e032

https://www.statista.com/statistics/974702/global-wireless-ev-charging-market-size/
https://www.statista.com/statistics/974702/global-wireless-ev-charging-market-size/
https://www.statista.com/statistics/974702/global-wireless-ev-charging-market-size/
https://www.statista.com/statistics/974702/global-wireless-ev-charging-market-size/
https://www.statista.com/statistics/974702/global-wireless-ev-charging-market-size/
https://www.statista.com/statistics/974702/global-wireless-ev-charging-market-size/
https://www.statista.com/statistics/974702/global-wireless-ev-charging-market-size/
https://www.statista.com/statistics/974702/global-wireless-ev-charging-market-size/
https://www.statista.com/statistics/974702/global-wireless-ev-charging-market-size/
https://www.statista.com/statistics/974702/global-wireless-ev-charging-market-size/
https://www.statista.com/statistics/974702/global-wireless-ev-charging-market-size/
https://www.statista.com/statistics/974702/global-wireless-ev-charging-market-size/
https://doi.org/10.1016/j.ynexs.2024.100014
https://doi.org/10.1109/TPEL.2024.3512656
https://doi.org/10.48130/wpt-0024-0002
 http://doi.org/10.1109/ICSEEA.2018.8627079
 http://doi.org/10.1109/ICSEEA.2018.8627079
https://doi.org/10.1109/TPEL.2023.3334888
https://doi.org/10.1109/TPEL.2024.3492194
https://doi.org/10.1002/cta.4221
https://doi.org/10.1002/cta.4221
https://doi.org/10.1109/TPEL.2025.3554676
https://doi.org/10.1109/JESTPE.2024.3495493
https://doi.org/10.1109/JESTPE.2024.3495493
https://doi.org/10.1126/science.adk3755
https://doi.org/10.1109/TBCAS.2022.3205762
https://doi.org/10.1109/TBCAS.2022.3205762
https://doi.org/10.1109/TBCAS.2022.3205762
http://doi.org/10.1109/AUPEC48547.2019.214527
https://doi.org/10.1109/TPEL.2024.3462410
https://doi.org/10.19595/j.cnki.1000-6753.tces.L90235
https://doi.org/10.48130/wpt-0024-0008
https://doi.org/10.48130/wpt-0024-0008
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Basic classification
	Transfer mechanism
	SCC-WPT
	SWPT

	Theoretical research
	System modeling
	Energy efficiency features
	Compensation network
	Simultaneous wireless power and data transfer
	Multi-load power supply

	Application and development
	Wireless charging planes
	Transportation
	Underwater equipment
	Industrial applications
	Wearable devices

	Future research directions
	Large-area free-position WPT
	Long-distance single-wire power transfer
	Human body transfer channel
	Energy efficiency improvement
	Space electromagnetic safety

	Conclusions
	Author contributions
	Data availability
	References

