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Abstract—This paper presents the modelling of a single-wire 

Capacitive Power Transfer (CPT) system to reveal its power 

transfer mechanism with strong coupling to ground. An equivalent 

circuit is proposed by treating the ground as a quasi-conductive 

medium. The parameters of the equivalent circuit model are 

determined, including the capacitance between the coupling plates 

of the CPT system, the single wire inductance and the capacitance 

between the wire and ground, and the ground equivalent 

impedance. The maximum power transfer capacity corresponding 

to the system’s resonant frequency is analyzed using the proposed 

model to guide the system tuning design. A prototype single-wire 

CPT system is built, and CST (Computer Simulation Technology) 

simulation is undertaken to show the electric and magnetic field 

distributions, as well as the Poynting vector indicating the 

direction and magnitude of power flow in the system. It is shown 

that the output voltage and the power predicted by the theoretical 

model are in a good agreement with the simulation and practical 

results under frequency and load variations. Different length of 

the dangling single wire at the secondary side of the CPT system is 

also investigated to validate the model with different levels of 

ground effect. 

 

Index Terms—Wireless power transfer, capacitive power 

transfer, single-wire CPT system. 

 

I.  INTRODUCTION 

 

In recent years, there is a growing trend of using wireless 

power supplies to replace traditional fixed contact power 

supplies due to its convenience and safety. Inductive Power 

Transfer (IPT) technology based on magnetic coupling is 

currently the dominant solution for achieving Wireless Power 

Transfer (WPT), which has found many applications in 

industrial, commercial and biomedical fields such as materials 

handling in clean rooms, cell phone charging pad, implanted 

pacemaker, etc.[1-3]. However, IPT is not suitable for 

contactless power transfer across metal barriers or inside metal 

surrounding environments, and it has many practical limitations 

with regards to Electromagnetic Interference (EMI), physical 

size and power losses [4-7]. As an alternative WPT solution, 

Capacitive Power Transfer (CPT) based on electric field 

coupling has been proposed and attracted a lot of attention 

recently. This technology enables power transfer across metal 

barriers with potentially lower EMI, and reduces power losses 

with simpler coupling configuration. CPT systems are suitable 

for applications where metal objects exist between a stationary 

power source and a movable load, such as a charging platform 

for electric vehicle, mobile phones and laptops [8, 9]; 

applications where EMI and heating problems should be 

minimized, such as biomedical implants [10, 11]; or where the 

total coupling size needs to be minimized and integrated into an 

IC (Integrated Circuit) [12, 13]. 

Although CPT has clear advantages compared to IPT, it has 

not been widely adopted for WPT applications. A conventional 

CPT system in Fig. 1(a) requires two pairs coupling plates to 

form a current return path for wireless power transfer from a 

power source to a stationary/movable load. Due to the low 

permittivity of air ( 휀0 ≈ 8.854 × 10−12𝐹/𝑚 ) and normal 

dielectric constant materials that can be used between the 

coupling plates, it is difficult to obtain a high coupling 

capacitance within a confined size. Furthermore, the traditional 

CPT system with two pairs of coupling plates suffers from the 

coupling variations and cross coupling effects caused by 

misalignments, which can seriously affect the system power 

transfer performance [14-16]. 

Recently an unexpected phenomenon was discovered from 

lab experiments that power can be transferred across a single 

pair of electric field coupling plates as illustrated in Fig. 1(b), 

which cannot be explained by traditional electric circuit 

theories as there is no closed loop for a current to flow. Such a 

system called single-wire CPT system. Van Neste et al. also 

observed a similar phenomenon for a single-wire CPT system 

that utilizes standing waves in the receiver, corresponding to an 

 

Fig. 1. Two types of CPT systems. (a) Conventional system with two pairs 

of coupling plates. (b) Single-wire CPT system with only one pair of 

coupling plates. 
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explanation based on reflection theory [17], but such an 

explanation is incomplete as we found the system can still work 

without the described standing wave resonance. Two big 

metallic balls through a virtual self-capacitance route are used 

to enhance a single-wire CPT system [18], but the earth was 

regarded as an ideal conductor without power losses. A unipolar 

CPT system with two active plates/balls transfers power from 

transmitter to receiver by using two grounded passive plates or 

wire [19, 20], but the difference is that the single-wire CPT 

system only has one side grounded and uses an open loop 

dangling wire/plate on the secondary side. As a result, the 

current does not flow in a complete loop. In general, there is a 

lack in understanding the power transfer mechanism of a single-

wire CPT system, so there is no systematic approach to 

establish accurate models for system analysis and design. 

However, single-wire CPT systems can be used to transfer 

power across metal barriers, and they demonstrated very good 

large coupling tolerances, which are required in many mobile 

wireless power transfer systems [21, 22]. 

This paper presents the modelling of a single-wire CPT 

system with strong coupling to ground. The rest of the paper is 

arranged as follows. Section II proposes a single-wire CPT 

system and establishes its equivalent circuit model. Section III 

determines the equivalent circuit parameters of the model. 

Section IV analyses the maximum power transfer capacity 

corresponding to the system resonant frequency and tuning to 

guide the system design. Finally, Section V demonstrates 

practical single-wire CPT prototypes and validates the 

theoretical and simulation results by varying the frequency, 

load and the wire length before the conclusion is drawn in 

Section VI. 

 

II. BASIC STRUCTURE OF EQUIVALENT CIRCUIT MODEL 

 

Fig. 2 shows a typical single-wire CPT configuration. A high 

frequency AC voltage 𝑉𝑠 is used to drive the primary Coupling 

Plate 1, which can be realized by using a high frequency 

amplifier or a DC-AC inverter. The Coupling Plate 2 with a 

lumped tuning inductor 𝐿𝑙𝑢𝑚𝑝 and load 𝑅𝐿 are connected by a 

dangling wire 3 with the whole secondary side left floating. The 

Coupling Plates 1 & 2 are two circular plates with radius r, and 

the dangling wire 3 is cylindrical with a total length 𝑙 and radius 

𝑎. 

Based on the practical setup, an equivalent circuit model is 

proposed as shown in Fig. 3. Here 𝐶12 is the capacitance formed 

between the two coupling plates, 𝐶1 and 𝐶2 are the capacitances 

between each plate (1 & 2) and the ground, respectively. 𝐿𝑙𝑢𝑚𝑝 

is a lumped tuning inductor for decreasing the resonant 

frequency of the system, and 𝑅𝐸𝑆𝑅 is the total equivalent series 

resistance of the dangling wire and the tuning inductor. 𝐿𝑤 is 

the inductance of the dangling wire including the contribution 

from ground  currents while 𝐶𝑤 is the equivalent capacitance 

between the dangling wire and the ground plane. 𝑅𝐿 is the load 

resistor, and 𝑍𝑔  is the equivalent impedance of the effective 

ground area. As the lower part of the source is connected to the 

ground, and the wire is vertical and not aligned to the ground 

surface, its capacitance to the ground is negligible. 

 

III. DETERMINING THE EQUIVALENT CIRCUIT  

PARAMETERS OF THE PROPOSED MODEL 

 

A. Capacitive Coupling Plates 

A capacitance is formed between two coupling plates, as well 

as a capacitance between each plate and ground. Considering 

the edge effects, the capacitance between two parallel plates can 

be calculated according to [23]: 

𝐶12 = [1 + 2.367𝑏0.867](
𝜀0𝜋𝑟2

𝑑
)    (0.005 ≤ 𝑏 ≤ 0.5) or 

𝐶12 = [1 + 2.564𝑏0.982](
𝜀0𝜋𝑟2

𝑑
)       (0.5 ≤ 𝑏 ≤ 5.0) (1) 

where 𝑟 is the radius of the plates, 휀0 ≈ 8.854 × 10−12𝐹/𝑚 is 

the permittivity of free space and approximately that of air, 𝑑 is 

the distance between two coupling plates, and 𝑏 is the aspect 

ratio (𝑏=𝑑/2𝑟). 

As the separation distance between the coupling plates and 

the ground is larger compared to the size of the plates, the 

capacitance between each coupling plate and ground 𝐶1 and 𝐶2 

approaches to half of their self-capacitances 𝐶𝑠𝑒𝑙𝑓_𝑝𝑙𝑎𝑡𝑒 [24, 25]. 

𝐶𝑠𝑒𝑙𝑓_𝑝𝑙𝑎𝑡𝑒 = 8휀0𝑟 (2) 

𝐶1 = 𝐶2 =4휀0𝑟 (3) 

B. Wire Inductance and Capacitance 

A wire without insulation of total length 𝑙 connected with the 

lumped tuning inductor 𝐿𝑙𝑢𝑚𝑝  and load 𝑅𝐿 , will have an 

inductance that is influenced by the magnetic fields of the 

ground currents. The wire inductance between the ground 𝐿𝑤 

 

Fig. 3.  The equivalent circuit model of the proposed single-wire CPT 

system. 

 
Fig. 2.  The proposed single-wire CPT system. 
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can be determined by Eq. (4), which is based on the mirror 

method by assuming the ground has infinite conductivity [26].  

𝐿𝑤 =
𝜇0𝑙

2𝜋
𝑐𝑜𝑠ℎ−1 (

ℎ

𝑎
) (4) 

where 𝜇0 = 4𝜋 × 10−7𝐻/𝑚 is the permittivity of air, 𝑙 and 𝑎 

are the total length and radius of the dangling wire respectively, 

and ℎ is the distance between the wire and the ground plane.                          

As the separation distance between the wire and the ground 

is larger compared to the radius of the wire, the total equivalent 

capacitance between the wire and ground can be accurately 

modelled by using a practical 1D method as shown in equation 

(5). This method is usually used for an accurate extraction of 

interconnected parasitic capacitance found on PCB boards [27]. 

The first component of Eq.(5) is contributed by the wire self-

capacitance, which can be determined by J. D. Jackson’s 

correction formula for a long wire 𝑙  with radius 𝑎  (or 

equivalently, Vainshtein’s formula) [28]. And the second 

component of Eq. (5) is contributed by the capacitance between 

the wire and ground, which can also be obtained by the mirror 

method [29]. 

𝐶𝑤 = 2𝜋휀0

𝑙 

Ʌ
{1 +

2

Ʌ
(1 − ln2)

+
4

Ʌ2
[1 + (1 − ln2)2 −

𝜋2

12
]

+ 𝛰(1/Ʌ3)} +
2𝜋휀0𝑙

𝑐𝑜𝑠ℎ−1 (
ℎ
𝑎

)
 

(5) 

where Ʌ=2ln (𝑙/ 𝑎)≥ 6, and 𝑙/2𝑎 ≥ 10. 

In this model, the wire inductance and capacitance between 

the wire and ground are calculated by assuming the ground has 

infinite conductivity. As the system operates at a resonant 

frequency and the lumped inductor value is large, the error 

introduced by the assumption can be ignored. The mirror theory 

has been widely used for modelling the inductance and 

capacitance to ground, and we found it is sufficiently accurate 

for determining the inductance and capacitance of the dangling 

wire.  

 

C. Ground Equivalent Impedance Approximation 

As the equivalent circuit model of this single-wire CPT 

system is based on the theory that the ground is the return path, 

it is very important to evaluate the role of ground and estimate 

the equivalent impedance of the ground. In this case, the ground 

acts as a quasi-conductive medium as illustrated in Fig. 4 by a 

CST (Computer Simulation Technology) model, its conductive 

capability can be evaluated. Good conductivity is equivalent to 
𝜎

𝜔𝜀
≫ 1, while poor conductivity is equivalent to 

𝜎

𝜔𝜀
≪ 1 (휀 =

휀0휀𝑟 ). The ground conductivity depends on its physical and 

chemical properties (texture, salinity, temperature, water 

content, etc.), its electrical resistivity exhibits a large range of 

values from 1Ωm for saline soil to 105 Ωm for rocks, and the 

relative permittivity could be about from 2 to 40 [30, 31]. To 

simplify the model of the ground in this case, we assume the 

ground is homogenously distributed and considered in two 

segments, concrete on top and soil underneath. Under this 

condition, the average ground resistivity 400Ωm with relative 

dielectric constant 10 is chosen for modelling the cement 

ground in the lab. Normally, the system operates at high 

frequency (1~10MHz) due to the lumped tuning inductor. In 

this frequency range, the ground acts as a conductor, but not as 

a good conductor as metal, because its conductive capability 
𝜎

𝜔𝜀
 

is slightly larger than 1, even if the soil’s relative dielectric 

constant is considered (10−2 ≤
𝜎

𝜔𝜀
≤ 102), which can be called 

as a quasi-conductor [32].  

As a quasi-conductor, the ground is assumed to have an 

infinite cross-section in conducting the current from the wire 

capacitance towards the voltage source. The electric and 

magnetic fields on the right-hand side generated by the current 

in the wire are shown in Fig. 5, and can be expressed by  

 𝑬𝟎(𝑧) = (�̂�𝐸0𝑥 + �̂�𝐸0𝑦)𝑒−𝛼𝑧𝑒−𝑗𝑧 (6) 

𝑯𝟎(𝑧) =
1


𝑐

(−�̂�𝐸0𝑦 + �̂�𝐸0𝑥)𝑒−𝛼𝑧𝑒−𝑗𝑧 (7) 

where α,  and 
𝑐
 are the attenuation constant, phase constant 

and intrinsic impedance of the ground, which can be determined 

by the operating frequency , the ground resistivity or 

conductivity  (σ), permittivity ε and permeability . 

 
 

Fig. 4.  Illustration of ground as a quasi-conductive path in CST. 
 

 
Fig. 5.  Electric and magnetic fields due to the dangling wire. 
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𝛼 =  [
휀

2
[√1 + (𝜎/휀)2 − 1]]

1/2

 (8) 

 =  [
휀

2
[√1 + (𝜎/휀)2 + 1]]

1/2

 (9) 


𝑐

=


𝜀
[1 − 𝑗(𝜎/휀)]−1/2 =|

𝑐
|𝑒𝑗𝜃  (10) 

And the Poynting’s vector flux over the ground surface can be 

expressed as: 

𝑆(𝑧) = ℜ𝔢[𝑬𝟎 × 𝑯𝟎
∗] = �̂�

|𝐸0|2

|
𝑐
|

𝑒−2𝛼𝑧𝑐𝑜𝑠 (11) 

Due to the skin effect, the current density is not uniformly 

distributed across the infinite cross-section. Assuming the 

maximal real penetration value of electric filed is the skin depth 

𝛿𝑠 =
1

𝛼
  , and meanwhile the angle between the electric field 

strength vector and the ground is φ, then the effective ground 

area can be calculated as: 

𝐴𝑒𝑓𝑓 = 𝑟 ∙ 𝑙 ∙ 𝑎𝑐𝑜𝑠(ℎ/(ℎ + 𝛿𝑠)) (12) 

where 𝑟 =ℎ+𝛿𝑠, and the 𝑙 is the total dangling wire length. 

Therefore, the total power through the ground path is  

𝑅𝑔|𝐼0|2 = 2 ∫(𝑬𝟎 × 𝑯𝟎
∗) ∙ 𝑑𝐴𝑒𝑓𝑓 (13) 

where the current 𝐼0  can be determined by integrating the 

current density vector over the effective ground area. 

 𝐼0 = ∫ 𝑱𝟎 ∙ 𝑑𝐴𝑒𝑓𝑓 = ∫ 𝜎𝑬𝟎 ∙ 𝑑𝐴𝑒𝑓𝑓 (14) 

According to equations from (11) to (13), the total ground 

equivalent resistance can be obtained by: 

𝑅𝑔 =
2

|𝐼0|2
𝑆 (15) 

where 𝑆  is the Poynting vector representing the directional 

energy flux along z axis. 

As the system operates in a several MHz frequency range, 

the ground resistance is high, the reactance of the ground goes 

to zero and can be ignored at resonance mode, because nearly 

all energy is dissipated into the soil as radiated heat and/or EM 

waves at a resonance mode [33]. Therefore, only the equivalent 

ground resistance needs to be considered in the proposed 

model. 

 

IV. SYSTEM RESONANT FREQUENCY AND TUNING 

ANALYSIS USING THE PROPOSED MODEL 

 

From Fig. 3, the voltage transfer function from the output to 

the input of the CPT system can be expressed as equation (16). 

Substitute s with j𝜔, and the voltage gain at steady state (the 

transfer function magnitude) can be determined as equation 

(17). 

Let the imaginary part of the transfer function be zero, the 

zero-phase angle resonant frequency 𝜔𝑜  can be determined as: 

 

𝜔𝑜 = √
𝐶12 + 𝐶2 + 𝐶𝑤

𝐶𝑤(𝐿𝑙𝑢𝑚𝑝 + 𝐿𝑤)(𝐶12 + 𝐶2)
 (18) 

 

The magnitude of the transfer function at the resonant 

frequency 𝜔0 can be determined as: 

 

|𝐻(𝑗𝜔𝑜)| =
𝑉𝐿

𝑉𝑠

=
𝑅𝐿𝐶12

(𝑅𝐿 + 𝑅𝐸𝑆𝑅 + 𝑅𝑔)(𝐶12 + 𝐶2)
 (19) 

 

At the resonant frequency, the output power reaches 

approximately the maximum power, which can be expressed as:  

 

𝑃𝑚𝑎𝑥 =
𝑉𝐿

2

𝑅𝐿

= [
𝑅𝐿𝐶12

(𝑅𝐿 + 𝑅𝐸𝑆𝑅 + 𝑅𝑔)(𝐶12 + 𝐶2)
]

2
𝑉𝑠

2

𝑅𝐿

 (20) 

 

In the proposed single-wire CPT system, the lumped inductor 

𝐿𝑙𝑢𝑚𝑝 is added to reduce the system resonant frequency, which 

otherwise would be too high for practical operation because the 

parasitic dangling wire inductance 𝐿𝑤 is normally very low. To 

tune the system to a lower resonant frequency 𝜔𝑜, the lumped 

inductance can be determined by the following equation: 

 

𝐿𝑙𝑢𝑚𝑝 =
𝐶12 + 𝐶2 + 𝐶𝑤

𝜔0
2𝐶𝑤(𝐶12 + 𝐶2)

− 𝐿𝑤  (21) 

 

 

V. SIMULATION AND EXPERIMENTAL VERIFICATION 

 

To verify the proposed single-wire CPT system and the 

modelling method, CST (Computer Simulation Technology) 

simulation and experimental study are further carried out. Table 

I shows the system parameters for simulation and experiment. 

As the ground underneath the lab floor is concrete, the average 

ground resistivity of about 400Ωm and relative dielectric 

constant of about 10 are selected according to the previous 

study of the ground for system modelling. The calculated values 

are obtained from the equations derived in Section III and IV 

previously, in which the equivalent ground resistance is 

calculated when the system operates from 1MHz to 10MHz. 

The equivalent ground resistance changes with the operating 

frequency.  

𝐻(𝑠) =
𝑉𝐿

𝑉𝑠

=
𝑉𝑐2

𝑉𝑠

∙
𝑉𝐿

𝑉𝑐2

=
𝑠𝑅𝐿𝐶12𝐶𝑤

𝑠2𝐶𝑤(𝐿𝑙𝑢𝑚𝑝 + 𝐿𝑤)(𝐶12 + 𝐶2) + 𝑠(𝑅𝐿 + 𝑅𝐸𝑆𝑅 + 𝑅𝑔)𝐶𝑤(𝐶12 + 𝐶2) + 𝐶12 + 𝐶2 + 𝐶𝑤

           (16) 

 

|𝐻(𝑗𝜔)|

=
𝜔𝑅𝐿𝐶12𝐶𝑤

√[𝜔(𝑅𝐿 + 𝑅𝐸𝑆𝑅 + 𝑅𝑔)(𝐶12 + 𝐶2)𝐶𝑤]2 + [𝜔2𝐶12𝐶𝑤(𝐿𝑙𝑢𝑚𝑝 + 𝐿𝑤) + 𝜔2𝐶2𝐶𝑤(𝐿𝑙𝑢𝑚𝑝 + 𝐿𝑤) − 𝐶12 − 𝐶2 − 𝐶𝑤]2

              (17) 
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The simulation study is undertaken in a frequency domain 

from 1MHz to 10MHz in CST Microwave studio. Since the 

system physical dimensions are much smaller than the free 

space wavelength λ0 of the resonant operating frequency 

(smaller than 0.1 λ0), so this single-wire CPT system falls under 

quasi-static near field region, and the wire can be simply 

modelled in terms of a lumped-element circuit model as 

illustrated in Fig. 3. To simplify the system simulation, an ac 

input voltage 𝑉𝑠  is directly applied on the primary coupling 

plate. The electric field, the magnetic field and the power flow 

distributions at the resonant frequency 3.3MHz are shown as in 

Fig. 6.   As can be seen from the Fig. 6 (a) and (b), the ac voltage 

source generates strong electric field E(t) and weak magnetic 

field H(t) between two coupling plates. The high electric field 

occurs around the surface of the secondary plate and along the 

dangling wire. According to the IEEE C95.1 Standard, the 

human exposure of electric fields is 830/f (V/m) between 3-

30MHz. In a practical system the maximum electric field 

people can approach can be reduced by shielding or adding an 

insulation layer.These coupled E(t) and H(t) fields distribute 

along the dangling wire, which results in a voltage difference 

and displacement/leakage current between the wire and the 

ground. As the wire length is much shorter than the wavelength 

(about 91m at 3.3MHz), the current in the wire is almost 

constant except for zero at the end as shown in Fig. 7. This is 

similar to an open-circuited short transmission line. The 

difference is only one line is available and a ground plane is 

involved. The current flow into the ground of the proposed CPT 

system is low, and the earth effective area is large, so the current 

density in the effective area is much lower compared to the 

current density in the wire. The current is distributed in the 

ground rather than flows in a closed loop, and its actual 

distribution and effect on the safety and EMI (Electromagnetic 

Interference) needs to be studied further in the future. 
TABLE I 

SYSTEM PARAMETERS FOR SIMULATION AND EXPERIMENT 

Symbol Parameter Value 

𝑉𝑠 Input voltage (Amplitude/Peak 
value) 

100 V 

r Coupling plates radius 10 cm 

d' Coupling plates thickness 1 mm 
d Distance between coupling plates 3 mm 

l Total wire length including 

components length (copper) 

0.43 m 

a Wire radius 1 mm 

h Height above the ground 1 m 

𝐿𝑙𝑢𝑚𝑝 Lumped tuning inductor 470 𝜇H 

𝑅𝐸𝑆𝑅 Total ESR of lumped tuning inductor 

and wire 

6.5 Ω 

f Frequency range 1~10 MHz 

𝑅𝐿 Load 500 Ω/LED 

𝐶12 Capacitance between two coupling 

plates 

98.47 pF (calculated) 

𝐶𝑤 Equivalent capacitance between the 

wire and  ground 

5.26 pF (calculated) 

𝐿𝑤 Wire inductance 0.608 𝜇H (calculated) 

𝐶1 Capacitance between coupling plate 

1 and ground 

3.54 pF (calculated) 

𝐶2 Capacitance between coupling plate 

2 and ground 

3.54 pF (calculated) 

𝑅𝑔 Equivalent ground resistance range 628.75~616.60 Ω  
(calculated from1-10MHz) 

 

 
(a) 

 
(b) 

 
(c) 

 
Fig.6. (a) A 2D view of electric field distribution. (b) A 2D view of 
magnetic field distribution. (c) A 2D view of Poynting vector showing 

power flow distribution. 
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A prototype was built and shown in Fig. 8. A high frequency 

power amplifier (Agitek ATA-122D) is used as a variable 

frequency power source, which is connected to an LCLC tuning 

circuit to provide a constant input ac voltage 𝑉𝑠  with an 

amplitude of 100V.  

Firstly, the functionality of the system is tested by using an 

LED lamp as shown in Fig. 8, and the typical waveforms of the 

input voltage 𝑉𝑠, input current 𝐼𝑖𝑛 and the output current 𝐼𝑜 are 

measured in Fig. 9 when the system achieves the approximate 

maximum power on the LED lamp. The result shows the input 

voltage and current are approximately in phase, with an actual 

phase difference of 5.8 degrees. This is in consistent with the 

theoretical result of 0 degree when the system operates at 

resonant frequency. It also can be seen that the output current 

in the wire is much higher than the input current, because the 

system is resonant, and the current in the resonant loop could 

be higher than the input current. Since the coupling plates and 

wire capacitances to the ground (𝐶1, 𝐶2 and 𝐶𝑤)  are very small, 

the resonant current through those capacitors are very small, so 

most resonant current stay in the dangling wire.  

An optometer is used to measure the output power of the 

LED lamp without direct contact, yielding a total output power 

of 3.6W with 201V (peak-peak value) input voltage. The 

system efficiency from the AC source to the final resistive load 

is 35%. The LED load can be placed at any position of the 

dangling wire except at the terminal of the wire, because the 

current is zero at the end of the wire. As the wire length  is much 

shorter than the wavelength (about 91m at 3.3MHz), the current 

in the wire is almost constant except at the end, so the power to 

LED stays more or less the same along the wire, but it becomes 

zero at the farther end. 

The effect of the frequency variation on the system 

performance is studied at a constant load of 500Ω. A current 

probe is used to measure the current through the dangling wire 

to minimize the effect of measurement equipment on the result, 

then the load voltage across the resistor is calculated. Fig. 10 

shows the simulation, experimental and theoretical results are 

plotted against frequency variation in logarithm scale from 

1MHz to 10MHz at a constant load of 500 Ω . The CST 

simulation results show the maximum output voltage occurs at 

the frequency of 3.3MHz. Therefore, the operating frequency 

range from 2.8MHz to 3.8MHz was chosen. This also made the 

experimental results more accurate as the output current outside 

of this frequency range was low and not easy to measure 

accurately. As can be seen from the Fig. 10, the maximum 

output voltages predicted by the theoretical model and CST 

simulation occur at 3.28MHz and 3.3MHz respectively, while 

 
Fig. 7.  A 3D view of current density distribution. 

 
Fig. 8.  A prototype of single-wire CPT system with LEDs and 500Ω. 

 
Fig. 9.  Input voltage, input current and output current waveforms. 

 

 
Fig. 10.  Output voltage vs. frequency variation at constant load of 500Ω. 
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the experimental maximum output voltage occurs around 

3.3MHz as well. Comparing these three results from the 

theoretical prediction, simulation and experiment in the 

frequency range of 1~10MHz, we can see that the proposed 

equivalent circuit model is able to predict the output voltage of 

this single-wire CPT system with reasonable accuracy without 

consideration of the reactance component of the ground. 

Different loads of 200 Ω  and 600 Ω  are tested to further 

investigate the influence of the load variation on the output 

voltage of the system. Fig.11 shows the output voltages under 

different load conditions against frequency variation in a linear 

scale when the system setup maintains the same values given in 

Table I. The maximum output voltages for the different load 

values all occur around the resonant frequency of 3.3MHz. It is 

noteworthy that the output voltages and the bandwidth are 

positive in proportion to the load values, which is reasonable 

for this resonant system, because the quality factor Q decreases 

as the load value increases. The lower the Q, the bigger the 

bandwidth, and vice versa. 

The wire with different lengths of 50cm and 60cm are 

modelled, simulated, and tested to validate the theoretical 

model with different levels of ground effect. All of parameters 

are same as shown in Table I, except for the dangling wire 

length, which means the wire inductance, capacitance and the 

equivalent ground resistance will change too. Table II and Fig. 

12 show the results from theoretical model, simulation and 

experiment when the dangling wire length is varied. The 

maximum output voltages calculated from the theoretical model 

are approximate to the simulation results when the ground 

resistivity and relative permittivity are set with 400Ωm and 10 

respectively. But the experimental output results are little bit 

lower than the theoretical ones as the actual ground resistivity 

and relative permittivity may be lower than the assumed values. 

Different ground resistivity and relative permittivity will result 

in different output voltage. Moreover, based on the proposed 

theoretical model, the wire inductance, capacitance and the 

equivalent ground resistance are replaced with an inductor, 

capacitor and resistor in LTspice, and their values are the same 

as the calculated values, the output voltages on the load are 

quite close to the theoretical values under the resonant 

frequency, which further verifies that the theoretical model can 

predict the output power and ground loss of the proposed 

single-wire CPT system. 

 
Fig. 11.  Output voltage vs. frequency variation with 200Ω and 600Ω. 

 
Fig. 12.  Output voltage vs. frequency variation with different wire length. 

 

TABLE II 
RESULTS FROM THEORETICAL MODEL, SIMULATION AND EXPERIMENT 

Parameters Case I Case II Case III 

Total wire length Ɩ including components length 0.43m 0.53m 0.63m 

Theoretical results    

Equivalent capacitance between wire and ground 𝐶𝑤 5.26 pF 6.38 pF 7.48 pF 

Wire inductance 𝐿𝑤 0.608 𝜇H 0.806 𝜇H 0.958 𝜇H 

Equivalent ground resistance (1~10MHz) 𝑅𝑔 628.75~616.60 Ω 510.12~500.26 Ω 429.15~420.85 Ω 

Resonant frequency 𝑓 3.29 MHz 3 MHz 2.78 MHz 

Maximum output voltage 𝑉𝐿𝑚𝑎𝑥 (Amplitude/Peak) 42.83V 47.78V 51.87V 

CST simulation results    

Resonant frequency 𝑓 3.3 MHz 3 MHz 2.79 MHz 

Maximum output voltage 𝑉𝐿𝑚𝑎𝑥 (Amplitude/Peak) 41.84V 46.18V 49.44V 

Experiment results    

Resonant frequency 𝑓 3.3 MHz 3.05 MHz 2.8 MHz 

Maximum output voltage 𝑉𝐿𝑚𝑎𝑥 (Amplitude/Peak) 39.5V 42.5V 45V 
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VI. CONCLUSION 

 

This paper has developed an equivalent circuit model to 

explain the working principle of a typical single-wire CPT 

system. The effect of the ground on the CPT system is 

considered by treating it as a quasi-conductive medium. The 

capacitance between the coupling plates, wire inductance and 

capacitance between the wire and ground, equivalent ground 

resistance, and the methods to determining these parameters are 

provided. The system voltage transfer function and the resonant 

frequency are analyzed using the proposed model, and the 

inductance needed for tuning the system is determined. A 

prototype single-wire CPT system was built, and the system 

resonant frequency and the output voltage were evaluated under 

frequency, load and the dangling wire length variations. Both 

the CST simulation results and experimental measurements 

have shown that the proposed equivalent circuit model can be 

used to predict the performance of the single-wire CPT system 

with reasonable accuracy.  
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