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Abstract 

 

A Planarized, Capacitor-loaded and Optimized Loop Structure for 

Wireless Power Transfer 

 

Chenchen Jimmy Li, MSE 

The University of Texas at Austin, 2013 

 

Supervisor:  Hao Ling 

 

Simulation, optimization, and implementation of a capacitor-loaded wireless 

power transfer structure at 6.78 MHz for a target transfer distance of one meter are 

presented. First, an investigation into the operating principles behind a capacitor-loaded 

coupled loop structure is carried out via simulation. By adjusting the structural design 

parameters, it is found that an optimal configuration for this structure is coplanar. A 

prototype constructed using thin 18 AWG wire for the loops and a variable capacitor for 

tuning is used to verify simulation. To reduce losses in the wire, thick 9 AWG wire is 

implemented and measured. Thick wire is necessary for high efficiency yet undesirable 

for planarization. Since current flows only on the surface of the wire, ‘unwrapping’ that 

portion yields copper strips that reduce loss by increasing only the width. Thus, by 

replacing thick wires with copper strips, a planarized structure can be obtained that can 

reduce ohmic losses without sacrificing its form factor.  

Next, additional advantages of a capacitor-loaded system, which include reduced 

electric near-field and the possibility of resonant frequency tuning, are investigated.  It is 



 vi 

shown by simulation that the capacitor-loaded structure is not strongly affected by nearby 

dielectric materials since the stored electric energy is significantly lower than the stored 

magnetic energy in air at resonance. Finally, further optimizations of the structure are 

considered along with the analytical expressions for maximum efficiency. 
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Chapter 1: Introduction 

Delivering power wirelessly has been sought after for the past 100 years, starting 

with the work of Tesla [1]. Over the years, many attempts have been made to create 

wireless power delivery systems, but without large-scale success. Today, constant 

connectivity to wireless information is commonplace, yet we must still rely on bulky 

batteries for portability. Achieving widespread wireless power transfer (WPT) could have 

a substantial impact on modern society. However, while data rate is key in wireless 

communications, wireless power transfer can only become viable if power can be 

transmitted with sufficiently high efficiency over significant distances. 

Most past WPT work has been focused on two limiting cases — the radiating far-

field region and the very close-in inductive or capacitive coupling region. In the far-field 

region, research has been conducted to achieve WPT using microwaves. Two prominent 

examples are the use of rectennas by Brown [2] and space-based solar power (in which 

solar energy collected by satellites in space is wirelessly transmitted down to large 

receivers on earth) by Glaser [3]. However, this method requires a large aperture and 

line-of-sight propagation. Furthermore, directive microwave radiation can be dangerous 

to humans. Wireless power transfer in the near-field regime has been done at very short 

range using inductive coupling such as in electric toothbrush chargers [4] and wireless 

charging pads [5]. It is well known that current is induced on a receiving coil placed in 

the vicinity of a time-varying magnetic field produced by a transmitting coil. However, 

since magnetic field magnitude decays as r
-3

 for the parallel coil orientation, achieving 

significant transfer range is an issue. 

Resonant inductive coupling improves the distance over which efficient power 

transfer can be achieved. RFID has applied the principles of resonant inductive coupling 
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to improve the reading range between the reader and tags [6]-[9]. In 2007, Soljačić and 

his group at MIT used resonant inductive coupling to demonstrate feasible non-radiative 

wireless power transfer [10]. The transmitting and receiving structure in [10] were 

identical, with each consisting of an electrically small helix of resonant length and a 

coupling loop. Though the basic principles of the design were similar to those already 

employed in RFID, the focus in wireless power transfer is to maximize the efficiency 

without any concern for bandwidth.  Their demonstration of 40% efficiency at a distance 

of two meters showed the feasibility of WPT for consumer applications and generated a 

lot of interest in the electromagnetics community. 

Recent literature in near-field WPT can be divided into those dealing with the 

coupled mode region and those focusing on the radiating near-field region. In the coupled 

mode region, which exists only for a fraction of a wavelength, the antennas ‘see’ the 

presence of one another and high transfer efficiency can be achieved. The radiating near-

field region lies just beyond the coupled mode region and the antennas act similar to a 

pair of conventional far-field transmitter and receiver, except that they see the radiating 

near field of one another. Many papers were published after [10] with interest in WPT in 

both the coupled mode region and the radiating near-field region [11]-[34]. WPT in the 

coupled mode region has been extensively investigated in [11]-[30] and will be reviewed 

in more detail next. For WPT in the radiating near-field region, the theoretical bound was 

derived in [31]. In [32]-[34], it was shown that the theoretical bound can be approached 

by the proper design of efficient antennas. 

There are many challenges in the design of a practical and highly efficient system 

that operates in the coupled mode region. The first and most complex challenge is how to 

impedance match the system. It was shown in [11] that the input impedance is a function 

of distance when the antennas are closely spaced. Furthermore, when the antennas are 
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placed very close to each other, a phenomenon called frequency-splitting occurs where 

the resonant frequency splits into an odd mode and an even mode. Due to the complexity, 

many different solutions were proposed to address this issue [12]-[15]. They include 

impedance matching circuitry, frequency tracking of the resonant frequency, and 

simultaneous matching at source and load for each distance. It was also recognized that 

the load impedance should be well-matched to the so-called Linville load [32], [35] of the 

two-port network for maximum transfer efficiency. The manner in which a WPT 

structure is fed also affects impedance matching. An indirect-fed structure, such as in 

[10], feeds a separate loop that inductively couples with the resonant loop. A direct-fed 

structure, such as in [20], is connected directly to the resonant structure. Typically, an 

indirect-fed structure is less reliant on an impedance matching network due to more 

degrees of freedom in the design. For example, in [15], the spacing between the resonator 

and pickup loop is adjusted to achieve the proper impedance transformation.  

The second challenge is how to minimize losses in the system [15], [16]. It is 

found that the two sources of loss (radiation loss and ohmic loss) need to be minimized so 

that power is not radiated away or dissipated as heat.  The third challenge is how to 

reduce the form factor of the structure. In [15], [17]-[19], reduced form factor structures 

for practical deployment were investigated. There are two main approaches to reducing 

the form factor. The first approach is by capacitor-loading the resonant antenna in order 

to lower the resonant frequency and replace the self-resonant helix in [10] with a single-

turn loop. Alternatively, a spiral structure can be used to achieve self-resonance such as 

in [12], [17], [18]. The fourth challenge is how to reduce WPT field interaction with the 

surrounding environment, which is an important consideration both for ensuring the 

proper operation of the WPT system and for avoiding any potential health risk to humans. 

In [20], a simulation was performed to compare the effect of materials on a self-resonant 
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dielectric disk and a capacitor-loaded loop on the power transfer efficiency (PTE). It was 

shown that the capacitor-loaded loop provided containment of the electric field to the 

capacitor. To summarize the current state-of-the-art, it is now recognized that, despite its 

promise, a number of intricate issues need to be considered in the design of a WPT 

system that can operate effectively in the coupled mode region. 

In this thesis, I will design a WPT structure that considers all these intricacies. I 

use a coupling loop (indirectly-fed) and adjust the geometry for impedance matching. To 

minimize ohmic losses, thick conductors are employed. Capacitor-loading is used for 

reduced form factor and for confinement of electric field at resonance. Finally, I will 

replace the thick wires with wide planar strips to further reduce the form factor. The 

frequency of interest is at 6.78 MHz, which is one of the emerging standards for WPT, 

and the target transmission distance is one meter.  

The thesis is organized as follows. In Chapter 2, I discuss the structure layout and 

the underlying design principles. In Chapter 3, I verify my findings from by building and 

measuring wire prototypes. In Chapter 4, I build and measure a planar version of my 

design by converting the copper wire used in the resonant loop into planar copper tape 

and sheets. In Chapter 5, I explore two advantages of capacitive loading. First, I verify 

the electric field containment of the capacitor by comparing the stored electric and 

magnetic energy in the air. Next, I introduce dielectric materials between the transmitter 

and receiver and check for efficiency loss. I validate by making measurements using a 

large container of water as the dielectric. Second, I investigate the possibility of resonant 

frequency tuning by adjusting the value of the capacitor. In Chapter 6, I examine further 

optimizations that can be done if the frequency and size constraints are removed and 

address these optimizations from an analytical viewpoint using an equivalent circuit 
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model. Finally, in Chapter 7, I conclude and discuss applications and possible future 

work.  
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Chapter 2: Investigation of Near-Field Wireless Power Transfer 

In this chapter, the design layout, principles, and optimization are presented. First, 

the design layout introduces the indirect-fed, capacitor-loaded structure and the different 

design constraints and parameters. Next, the design principles are introduced in regard to 

impedance matching and loss minimization. Finally, using an exhaustive search of the 

design parameters, an optimal efficiency and coplanar configuration is found. 

 

DESIGN LAYOUT 

An indirect-fed, capacitor-loaded structure shown in Figure 2.1 is chosen as the 

starting design. The smaller loops are referred to as the primary loop while the larger 

capacitor-loaded loops are referred to as the secondary loop. Similar to [15], by adjusting 

the primary loop radius and spacing (r and s respectively in the figure), impedance 

matching can be achieved. Note that both the receiver and transmitter are identical. A 

radius of 30 cm is used for the secondary loop (the same as the helix radius in [10]) so 

that efficient WPT may be achieved at 1 m. Wire radius is set at 3 mm to reduce 

conductor loss. The frequency is set at 6.78 MHz because it is one of the standard 

frequencies called for by the Consumer Electronics Association and the Alliance for 

Wireless Power (A4WP). The transfer distance is defined to be the distance between the 

minimum distance between transmitter and receiver. That is, for every case except when 

the primary loop is in front of the secondary loop (s is negative), the transfer distance is 

the distance between the two secondary loops. 
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Figure 2.1: WPT structure under consideration. 

 

DESIGN PRINCIPLES 

The first step in the design procedure is to verify the operating principles of 

resonant inductive coupling. To start, the effects of capacitive loading on a 30 cm loop on 

the input impedance are examined using the Numerical Electromagnetics Code (NEC). 

Figure 2.2 shows that loading a loop with a capacitor is able to generate resonance at 6.78 

MHz but does nothing to boost the input resistance of the loop. The blue and red curves 

both show practically zero input resistance. In order to resolve this issue, an indirect-fed 

coupled loop system is introduced. It should be noted that at a 1 m distance, both 

transmitter and receiver are strongly coupled and ‘see’ each other.  Therefore, the input 

impedance is also affected by the presence of the receiving loop. The black curve in 

Figure 2.2 demonstrates the impedance boosting capabilities of the proposed structure. 
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Figure 2.2: Input impedance with capacitive loading using a 30 cm radius loop. 

In NEC, although the general rule of thumb is to use 10 segments per shortest 

wavelength of interest, it is not applicable in this case since the antenna is electrically 

very small. Thus, instead the number of segments was doubled until convergence in the 

input impedance was achieved. 

The impedance transformation can also be analytically examined through the use 

of an equivalent circuit model. For simplicity, only the interaction between the primary 

and secondary loop of the transmitter are considered. The equivalent circuit model is 

shown in Figure 2.3. R1 and R2 represent the combined radiation and ohmic resistances of 

loop 1 and loop 2, respectively. L1 and L2 are the equivalent inductances of the two loops 

and C2 is the lumped-element capacitor. The mutual inductances between loops are 

represented using M12.  
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Figure 2.3: Equivalent circuit model for impedance transformation. 

 The input impedance     is given as follows [15], [36]: 

 

             
     

 

        
 

    

 (1) 

 

Since the input impedance is a function of the mutual coupling, it is possible to 

impedance match based on the geometry of the loops. 

The next step is to examine the loop orientation in the context of WPT. It is well 

known that a small current-carrying loop can be considered a magnetic dipole. It is also 

well known that the radiation pattern of a dipole in the far-field would not support 

efficient transfer of power in the collinear orientation. However, this does not hold true in 

the near field we are operating in. There are four different orientations that 2 dipoles can 

take (shown in Figure 2.4) and [31] examines the maximum efficiency achievable for 

each orientation. It is shown that the using the collinear orientation (b) has the best 

performance for distances less than 0.3 wavelengths. Since our target distance is only 1 m 

and the wavelength at 6.78 MHz is more than 44 m, the collinear orientation is indeed the 

best choice. 
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Figure 2.4: Possible loop orientations. (a) Parallel. (b) Collinear. (c) & (d) Orthogonal.  

 In order to achieve the maximum efficiency, it would be insightful to examine the 

sources of loss in the system. Since the loops are electrically very small, it is reasonable 

to assume that there will be almost no loss of power due to radiation and the only 

significant source of loss would be due to conductor loss. Furthermore, the current 

flowing on the loop is uniform. In order to calculate the conductor loss, I then use the 

following equation: 

 

 𝑃     ∭𝑬 ∙ 𝑱 𝑑𝑉  
 

  

  

 

 

 
 (2) 

 

where r is the radius of the loop, a is the cross-sectional radius of the wire, 𝜎 is the 

conductivity of the metal, 𝛿 is the skin depth, and 𝐼 is the current on the loop. 

Since the loops will be constructed with copper, σ  5.96 × 10 
 

 
 is assumed. 

The skin depth, δ, is calculated to be 25 μm at 6.78 MHz [37]. The current in each loop, I, 

is calculated using NEC. Thus, the total power dissipated in the wire is the sum of power 

dissipated in each of the four loops. Figure 2.5 shows the power budget of the structure. 

For now, the capacitor is assumed to be ideal and lossless. The plot shows how the 

accepted power (power from the source that is not reflected at the input of the loop) is 
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either delivered (the blue curve) or lost through heat in the wire (the red curve). The 

green curve is the remaining power in the system and is negligible. This shows that 

indeed, there is negligible power loss due to radiation. Since all other independent 

variables in the previous equation are fixed, in order to increase the efficiency, it is 

necessary to increase the radius of the wire. 

 

Figure 2.5: Power budget vs. distance. 

 However, it is not necessary to increase the wire radius of both the primary and 

secondary loops. Figure 2.6 shows that the majority of the current in the system flows in 

the secondary loops at the target distance (the green and blue curves). Thus, it is only 

necessary to increase the wire radius of each secondary loop. Once again, the analysis is 

done with both transmitter and loaded receiver in place since placing an object in the near 

field of the transmitter will affect its current distribution. 
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Figure 2.6: Current in each loop vs. distance. 

 Aside from minimizing losses in the system, another key factor in maximizing 

PTE is the load. In [35], the Linville load is shown to provide the maximum coupling 

between two dipoles. It is calculated using the admittance matrix of a two-port system 

with the below equations: 
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    (      )

 

|      |
 (6) 

 

         
      

      
 (7) 

 

 In this case, Yin is the Linville load admittance that should be placed at the load of 

the system and should be inverted to obtain the impedance. Clearly, the admittance 

matrix (Y-parameters in the above equations) will be a function of the transmission 

distance as well as the geometry of each loop. In our particular system, we can take 

advantage of the symmetry of our design and let Y11=Y22 and Y21=Y12. Unfortunately, 

there is no guarantee that the Linville load is purely real and it is certainly also a function 

of distance. As such, a fixed load of 50 Ω is used and the geometry is altered to 

manipulate the Linville load to as close to 50 + j0 Ω as possible. 

As mentioned previously, impedance matching is also important in WPT. At the 

source, the impedance seen at the source must be as close to Z0 (50 Ω in this case) as 

possible. Furthermore, according to the maximum power transfer theorem, the load 

impedance should be conjugate matched to the impedance looking towards the source as 

seen from the output. Due to the symmetric nature of the structure, we can see that the S-

parameters of the system will be symmetric. That is, S11=S22 and S21=S12. Therefore, 

impedance matching at the source will also provide impedance matching at the load. The 

methodology is to choose a distance to transfer power (1 m in this case) and change the 

geometry of transmitter and receiver (in terms of r and s) to set the input impedance to be 

as close to 50 Ω as possible. 

 Next, PTE is defined in the context of this document. In this thesis, PTE is 

defined as the ratio of power accepted by the load to the available power at the 
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transmitter input (or the |S21|
2
 of the two-port network). The reason |S21|

2
 is chosen instead 

of 
|   |

 

(  |   | )
 is because in the strongly coupled regime, a well-matched system can only be 

maintained for a small distance given a fixed load and geometry. It would be too 

optimistic to ignore mismatch loss in PTE since it is quite challenging to be well-matched 

for all distances. 

 

DESIGN OPTIMIZATION 

In order to find the correct r and s for impedance matching at 1 m, an exhaustive 

search method is implemented to maximize PTE and minimize mismatch loss. In this 

exercise, the secondary loops are placed 1 m from each other the wire radius is set to a 

thick 8.08 mm to minimize conductor loss (and correspond to the 1 inch wide copper 

strips used later in this thesis). Figure 2.7 shows the simulated PTE values vs. the primary 

loop radius (r) and the spacing between the primary and secondary loops (s). Negative 

spacing is achieved by placing the primary loop in front of the secondary loop.  

The plot shows that the efficiency at 1 m can almost reach 90% (very comparable 

to what was achieved in [10]). A maximum exists at s=0 where the structure is coplanar. 

This means that the structure can be potentially planarized. It can also be seen that to 

maintain high efficiency with spacing other than zero, a larger primary loop radius is 

required (to maintain the same mutual coupling) and that it is nearly symmetric on both 

sides of the secondary loop. The slight asymmetry is most likely due to the better mutual 

inductance between the primary loops (they are now closer) for negative spacing.  
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Figure 2.7: Exhaustive search PTE optimization sweeping s and r. 

 Next, the performance of this design is examined as a function of distance. In 

addition, the difference in efficiency is examined if the loop is loaded with a 50 Ω load or 

the Linville load calculated at each point. The performance of the optimization process in 

terms of impedance matching can be deduced by examining the PTE with or without 

mismatch loss. Figure 2.8 shows that at 1 m, the structure is well matched for the fixed 50 

Ω load case. Since the design impedance transformation using the primary loop also 

heavily depends on the transmission distance, it is clear that a certain distance bandwidth 

exists for which respectable PTE can be achieved. This distance bandwidth seems to be 

about 20 cm. It can also be seen from the two dash-dot curves that the Linville load is 

fairly close to 50 Ω at 1 m since their efficiencies without mismatch loss is comparable. 

However, the red curve shows that although the Linville load guarantees maximum 
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coupling between the transmitter and receiver, it does not guarantee the input impedance 

is well matched. 

 

 

Figure 2.8: PTE of a fixed 50 Ω load compared to Linville load at each distance. 

In this chapter, the basic design principles and considerations in the design of a 

capacitor-loaded WPT system are presented. Using these principles and using an 

exhaustive search of design parameters an optimal design is found. The efficiency of this 

design is then examined over distance. By comparing the efficiency of the design to that 

without input and load mismatch, the design is found to be well matched at both the input 

and load. 
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Chapter 3: Wire Loop Measurement Results 

In this chapter, verification of simulations results is performed by measurement of 

wire prototypes. First, for ease of construction, thin-wire is used and the efficiency is 

measured and compared to simulation. Thick-wire is then implemented on the secondary 

loop and once again compared to simulation. 

 

THIN-WIRE PROTOTYPE 

A quick validation of simulation results is performed using thin-wire (18 AWG). 

The support material for the loops is foam (chosen for its air-like relative permittivity) 

and a variable capacitor is used for loading. A variable capacitor is required to be able to 

tune the resonant frequency based on the geometry. In simulation, the typical capacitance 

required is in the 300-400 pF range, so the Sprague-Goodman GME50601 trimmer 

capacitor (mica dielectric) with a quality factor of 650 was chosen. 

However, since the predicted efficiency will be low at 1 meter with 18 AWG 

wire, the target distance is initially set at 50 cm instead. In Figure 3.1, the previous 

exhaustive search algorithm is used with 18 AWG primary and secondary loops. The 

exhaustive search is performed for spacing (s) greater than or equal to zero since the plot 

is almost symmetric in s and we interested in the points where s=0. The optimal point for 

WPT at 50 cm with 18 AWG wire is coplanar with a primary loop radius of 21 cm with 

efficiency over 60% (assuming ideal capacitor). 
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Figure 3.1: Optimization for 50 cm distance using thin-wire. 

In general, for high frequency devices, it is desirable to use implement a balun 

before exciting a dipole or loop antenna from a coaxial feed. Without a balun, currents 

may flow on the outer jacket of the cable and unbalance the symmetric current in each 

arm of the dipole. To determine the necessity of a balun in measurements at 6.78 MHz, 

input impedance measurements are taken with and without the balun in place. Figure 3.2 

shows input impedance measurements of a 30 cm radius capacitor-loaded loop resonating 

at 6.78 MHz. There is not a significant difference between using a balun (blue curve) and 

without (green curve). The input reactance matches well between simulation (dashed red 
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Nonetheless, measurement results reflect the expected almost zero input resistance of the 

loop at this frequency. 

 

 

Figure 3.2: Input impedance measurements with and without balun. 
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50 Ω, it is the same as loading one end with a 50 Ω load. Each loop is tuned separately to 

resonate at the approximately the same frequency using the variable capacitor. 

 

 

Figure 3.3: Thin-wire measurement setup. 

First, measurement and simulation results are compared in a 3D plot. In Figure 

3.4, the measurement results of |S21|
2
 in frequency and distance are plotted as a surface 

plot and the simulation results in frequency and distance are plotted as a mesh that 

overlaps the measurement surface plot. The simulation results line up nicely with 

measurement but are a little higher in efficiency. Note the frequency splitting that occurs 

as described in [11]. 
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Figure 3.4: Thin-wire measurement vs. simulation 3D plot. 

Figure 3.5(a) shows the PTE at 50 cm vs. frequency and Figure 3.5(b) shows the 

PTE at the resonant frequency (the peak PTE frequency) vs. distance. Figure 3.5 shows 

the measured values of |S21|
2
 of the thin-wire prototype as black squares. Note that the 

resonant frequency of the loop is not exactly at 6.78 MHz but slight shifted to the left. 

This is because it is quite challenging to manually adjust the variable capacitor to 

resonate the system at exactly 6.78 MHz in measurement. In simulation, the value of the 

capacitance is adjusted slightly (from 225 pF to 235 pF) to be in line with the 

measurement values. Figure 3.5(a) also shows that this is a very narrowband structure. 

Because the capacitor is non-ideal, a series resistance is included in the simulation for the 

solid blue curve. A series resistance is used since the quality factor of a capacitor is 



 22 

defined to be the ratio of the absolute value of the reactance to that of the equivalent 

series resistance. Additionally, the physical capacitor utilizes air in between the plates. 

The resistance is approximated by [37], [38]: 

 

    
 

    
 (8) 

 

Q is assumed to be 650 (the value shown from the data sheet of the capacitor),    is the 

resonant frequency of the system, and C is the capacitance value needed to resonate the 

loop. The dashed curve represents the case where the capacitor is lossless. After adjusting 

the resonant frequency in simulation, the measurement and simulation matched very well 

in both frequency and distance. The fact that the measured PTE is higher than the 

simulated PTE for the 650 Q case hints that the capacitor has a higher Q-factor than 

approximated by the data sheet. This design is able to achieve 60% efficiency at 50 cm. 

 

 

(a) 

 

(b) 

Figure 3.5: Thin-wire measurement vs. simulation. (a) PTE vs. frequency at 50 cm. (b) 

PTE vs. distance at resonance. 
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In Figure 3.6, we examine the effects of capacitor mismatch in simulation. The 

PTE at 6.78 MHz over distance is simulated where the capacitors were  10 pF (blue 

curve) and  20 pF (green curve) from the proper value for resonance at 6.78 MHz. It is 

clear that having the identical loops loaded with identical capacitance is important. In 

other words, both loops must be at the same resonant frequency for efficient transfer at 

this distance. The distortion in the curve for the 20 pF and 40 pF of capacitor mismatch is 

most likely due to impedance matching issues with the loops now at different resonant 

frequencies. This also highlights an advantage for capacitor-loaded loops. Since the 

capacitor can be variable, tuning can be done on the fly. For a self-resonant system, 

tuning must be done by adjusting the length of the conductor. 

 

 

Figure 3.6: Effect of capacitance mismatch. 
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 Overall, it is clear that the simulation and measurement match well and validates 

the design concept. Next, efficiency improvements are made by increasing the wire 

radius to reduce the conductor loss. 

  

THICK-WIRE PROTOTYPE 

 Instead of using 18 AWG wire, the secondary loop is replaced with thicker 9 

AWG wire. As mentioned previously, only the secondary loop needs to be changed since 

the current is significantly higher on the secondary loop than the primary loop. Figure 3.7 

shows significantly improved PTE through the use of the thick wire achieving about 75% 

efficiency at 50 cm up from 60%. The simulation results again support measurement 

findings.  It is also somewhat noticeable the slight frequency splitting that is occurring 

with the loops being placed in such close proximity to each other. 

 

 

(a) 

 

(b) 

Figure 3.7: Thick-wire measurement vs. simulation. (a) PTE vs. frequency at 50 cm. (b) 

PTE vs. distance at resonance. 

6.5 7 7.5
0

20

40

60

80

100

Frequency (MHz)

P
T

E
 (

%
)

 

 

Inf. Q

650 Q

Measurement

0.4 0.5 0.6 0.7 0.8 0.9 1
0

20

40

60

80

100

Distance (m)

P
T

E
 (

%
)

 

 

Inf. Q

650 Q

Measurement



 25 

Now that the efficiency has been improved, the target distance is set to 1 m. For 

this target distance, the primary loop radius needs to be changed to achieve impedance 

matching and is now 14 cm (as shown previously in Fig. 2.7) instead of the 21 cm used 

for WPT at 50 cm. Figure 3.8 shows the measurement results compared to simulation. 

Though the results are much lower compared to the infinite Q case, the results matched 

well to the 650 Q case. Now that wire loss has been reduced, capacitor loss begins to 

dominate. Also note that as the distance is increased to 1 m, the frequency splitting is not 

as prominent and the peaks are now even narrower in frequency. 

 

 

(a) 

 

(b) 

Figure 3.8: Thick-wire measurement vs. simulation. (a) PTE vs. frequency at 1 m. (b) 

PTE vs. distance at resonance. 

In this chapter, the simulation results from Chapter 2 are verified in measurement 

of wire prototypes. The use of a balun is measurement is found to be unnecessary at 6.78 

MHz. It is found that resonant frequency matching of transmitter and receiver is 

important to maintain high efficiency. Furthermore, it is discovered that once the ohmic 

losses in the wire are reduced, the capacitor loss becomes significant. 
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Chapter 4: Planarized Loop Measurement Results 

In this chapter, the coplanar wire structure is further planarized by converting 

thick-wire into wide copper strips. Two implementations of the copper strips are 

measured and compared to simulation. Furthermore, investigation is performed on the 

required thickness of the planar strips. Finally, the impact of different sources of loss on 

the overall PTE is analyzed.  

PLANAR EQUIVALENT OF THICK WIRE 

The next step is to convert the thick-wire to planar copper sheets. In order to do 

so, we ‘unwrap’ the wire into a sheet. However, the equivalent sheet width (for a 

thickness greater than 2 skin depths but still negligibly thin) is only half of the 

circumference of the wire due to current flow on both sides of the conducting sheet. 

Thus, the transformation equation is: 

 

   𝑑      (9) 

 

where width is the width of the planar copper strip and a is the wire radius. 

In order to validate this equation, FEKO is used to simulate copper sheets. 

Furthermore, there are two orientations that can be used once the wire is converted into a 

planar strip. While, the planar orientation is the one we are interested in, the cylindrical 

configuration is equally valid. In Figure 4.1, FEKO simulation is used to show that the 

efficiency using thick wire, cylindrical orientation, and planar orientation are the same. 
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Figure 4.1: Planarization equivalence validation. (a) Loop configurations. (b) PTE vs. 

distance at resonance. 

COPPER TAPE PROTOTYPE: CYLINDRICAL CONFIGURATION 

Initially, 1 inch wide copper tape is used to implement the planar equivalent of 

thick wire. Furthermore, since the cylindrical and coplanar orientations produce identical 

results, the cylindrical orientation is chosen for a proof-of-concept measurement since 

construction is much simplified in this orientation. However, the results are lower than 

expected. 

Upon further inspection, it is revealed that the copper tape is only 36 μm thick 

while the penetration depth is 25 μm thick. Thus, the copper tape is less than two 

penetration depths thick and is too thin. To rectify this issue, using two layers of copper 

tape (one layer placed on top of the other with conductive adhesive in between) is 

attempted. Figure 4.2 shows the results of the copper tape implementation of the 

cylindrical orientation compared to FEKO simulation (slightly adjusted to match better in 

frequency with measurement). While adding a second layer of tape did improve 
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measurement results, it still did not perform as well as compared to simulation as the 

solid wire cases. 

 

 

(a) 

 

(b) 

Figure 4.2: Two layer copper tape cylindrical configuration measurement vs. 

simulation. (a) PTE vs. frequency at 1 m. (b) PTE vs. distance at resonance. 

Simulation, however, does show that 72 μm thick copper would be sufficient. 

Even though FEKO uses surface impedance equivalence to model the planar structure, it 

properly accounts for the metal thickness when the defined thickness is less than two 

penetration depth. Figure 4.3 shows the efficiency that can be lost if too thin of a 

conducting sheet is used (36 μm or less). This loss in efficiency can also be explained by 

the assumption made in Equation 9. If current is unable to freely flow on both sides of the 

copper sheet the effective width to wire radius conversion changes and would require 

wider strips to achieve the same efficiency. Therefore, the copper sheet needs to be at 

least 2 penetration depths thick. 
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Figure 4.3: Conducting sheet thickness effect on PTE. 

Instead of the thickness being the issue, it is more likely the conductive adhesive 

introducing more loss to the system. The data sheet specifies 0.005 Ω of resistance 

through the adhesive. Though this is a small value, it is comparable the ohmic losses of 

the copper itself. We can use the below equation to approximate the ohmic losses in the 

wire [39]: 

 

       
 

 
√
    

  
 (10) 

 

where r is the radius of the loop, a is the wire radius (8.08 mm wire radius is equivalent 

to 1 inch wide tape according to Equation 9), and σ is the conductivity of copper.  
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Using Equation 10, we find Rwire to be 0.0248 Ω (only 5 times larger than the 

resistance through the adhesive). Using Equation 8, with C=393 pF, we find Rc to be 

0.0920 Ω. Clearly, the capacitance, as previously deduced, is the largest contributor to 

loss in the system. However, loss from the conductive adhesive is still detrimental. 

 

COPPER SHEET PROTOTYPE: CYLINDRICAL CONFIGURATION 

In order to resolve the thickness and adhesive loss issue, 0.02 inch thick copper 

strips are wrapped around the foam construct to create the secondary loop. Electrical tape 

is used to secure the 18 AWG wire primary loop and copper strip secondary loop to the 

foam cutout. This prototype is guaranteed an order of magnitude thicker than the copper 

tape layering method. The experimental setup is shown in Figure 4.4. 

 

 

Figure 4.4: Copper sheet in cylindrical configuration experimental setup. 
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In Figure 4.5, the measurement and simulation results using the copper sheet are 

much closer to the simulation results. However, it is still clear that the efficiency is still 

lacking a bit compared to FEKO simulation. In this case, the loss of efficiency is more 

likely due to construction and possibly tuning imperfections. While the design specified a 

14 cm radius primary loop and a 30 cm radius secondary loop, the physical 

implementation of the structure is imperfect. It was shown earlier in Figure 2.7 and 

Figure 3.6 that there is efficiency loss if the optimal radius is not achieved or the two 

loops are not exactly at the same resonant frequency. 

 

 

(a) 

 

(b) 

Figure 4.5: Copper sheet in cylindrical configuration measurement vs. simulation. (a) 

PTE vs. frequency at 1 m. (b) PTE vs. distance at resonance. 

 

COPPER SHEET PROTOTYPE: PLANAR CONFIGURATION 

Next, the prototype using the planar configuration is implemented. This time, a 

foam poster board is used to the support the planar structure and a loop is cutout from a 

large copper sheet. The loop is split and the capacitor is soldered onto it. Figure 4.6 
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shows the experimental setup of the planar measurement where the loops are elevated 

from the ground using a wooden bench. Painter’s tape was used to secure the components 

to the poster board. While it is also possible to implement this using copper tape, it is 

much more difficult to realize and the junctions between segments can be problematic. 

 

 

 

Figure 4.6: Copper sheet in planar configuration experimental setup. 
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Figure 4.7 shows the measurement results match extremely well with FEKO 

simulation. It is shown that in a planar configuration, an efficiency of about 60% is 

achieved. 

 

 

(a) 

 

(b) 

Figure 4.7: Copper sheet in planar configuration measurement vs. simulation. (a) PTE 

vs. frequency at 1 m. (b) PTE vs. distance at resonance. 

 

As mentioned previously, it is not desirable to place the loops directly on the 

ground because the ground can be quite lossy. Figure 4.8 shows the measurement results 

when the loops are placed directly on the ground and the measured efficiency appears to 

have dropped by about 5%. By placing the loops on the ground, a significant amount of 

the magnetic flux of the transmitting loop to travels through the ground before passing 

through the receiving loop. Unfortunately, material parameters of the floor are not 

known. 
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(a) 

 

(b)  

Figure 4.8: Copper sheet in planar configuration measurement on the ground vs. 

simulation. (a) PTE vs. frequency at 1 m. (b) PTE vs. distance at resonance. 

 

APPROACHING THE THEORETICAL BOUND 

With the many different sources of loss in the measurement, it would be 

beneficial to identify how much each source of loss affects the efficiency and how this 

system can reach the theoretical bound. In [31], the theoretical bound is derived for the 

radiating near-field. However, from their results, it can be seen that for distances less than 

a tenth of a wavelength, the theoretical bound is 100% efficiency. 

 Figure 4.9 shows the breakdown of efficiency loss in the current design for 

different sources of loss in NEC simulation. If mismatch loss, capacitor resistive loss, 

wire resistive loss are included and a fixed 50 Ω load is used, we get the solid black curve 

that shows the efficiency of the current system. At 1 m 59% efficiency is achieved. 

Without input mismatch, the blue curve, the efficiency is 60%. Without capacitor loss, 

the dashed blue curve, the efficiency is 88%. Without load mismatch, the red curve, the 

efficiency is 91%. Without conductor loss, the red crosses, the efficiency is 100%. 
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Therefore, the greatest loss appears to be capacitor loss, followed by conductor loss, 

followed by load mismatch. To best improve efficiency, we should use a high-Q 

capacitor. 

  

  

Figure 4.9: PTE decomposition. 

In this chapter, a fully planarized geometry is measured with greater than 60% 

efficiency at 1 m. It is found that at least two penetration depths of thickness in the planar 

structure are required to avoid efficiency loss. It is also found that some efficiency is lost 

when the measurement is performed with the structure placed directly on the floor. 
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0.5 1 1.5
0

20

40

60

80

100

Distance (m)

P
T

E
 (

%
)

 

 

Theoretical Bound

PEC+Linville

Cu+Linville

Cu+50

Cu+650Q+50

Mismatch+Cu+650Q+50



 36 

Chapter 5: Further Investigation into Capacitor-loading 

In the previous chapter, it was shown that capacitor-loading can be unfavorable 

for efficiency due to capacitor loss. In this chapter, the advantages of capacitor-loading 

are presented. Two major advantages of capacitor-loading are the reduction of near-field 

electric field and the potential for frequency tuning. In particular, the reduction of near-

field electric field allows the structure to interact weakly with nearby dielectric material. 

In this way efficiency is not lost with the introduction of dielectric material in the 

environment. This is verified in measurement using water as the dielectric material. 

 

REDUCING NEAR-FIELD ELECTRIC FIELD 

While the capacitor introduces another source of loss, it confines the electric field 

to the capacitor and limits the amount of stored electric energy in space. Therefore, 

dielectric materials in the surrounding environment are not expected to strongly shift the 

resonant frequency or lower the PTE. To verify this is indeed the case, the stored electric 

and magnetic energy in free space at resonance are examined using FEKO. The first case 

is to examine the stored magnetic and electric energy around a single capacitor-loaded 

wire loop as shown in Figure 5.1. The loop is placed in the center of the yellow region 

where the electric and magnetic fields are sampled uniformly. 
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Figure 5.1: FEKO stored near-field energy simulation setup with only transmitter. 

To evaluate the stored magnetic and electric energy in free space, the following 

two expressions are used:  

  

    ∭
 

 
  | |

 𝑑  (11) 

    ∭
 

 
  | |

 𝑑  (12) 

 

WE and WH are the stored electric and magnetic energy respectively and E and H are the 

electric and magnetic field value at each integration point over the volume. 

The points are uniformly sampled at in a 4 m
3
 volume and integrated using a 

midpoint Riemann sum scheme. Table 5.1 shows the results for different values of dx 

(where dv is dx
3
). Though the values have not converged, dx, is much smaller than even a 

tenth of a wavelength and the results show that the stored magnetic energy is consistently 
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two orders of magnitude higher than stored electric energy. Intuitively, this also makes 

sense as an electrically small loop primarily stored magnetic energy in the near field. The 

capacitor stores additional electric energy to provide balance with the stored magnetic 

energy of the loop and achieve resonance. Unfortunately, it is not possible to uniformly 

sample at 10 cm
3 

due to the presence of the wire itself.  

 

dx [cm] Stored Electric Energy [μJ] Stored Magnetic Energy [μJ] 

40 0.30357 35.4718
 
 

20 1.4578 342.8531 

Table 5.1: Simulated stored electric and magnetic energy around a capacitor-loaded 

loop. 

Next, the more interesting case of stored electric and magnetic field is examined 

in different regions of the proposed WPT system. A 0.6 m
3
 region of space is examined 

in both the center of the transmitter and receiver and to the side of the transmitter. Figure 

5.2 and 5.3 show the simulation setup in FEKO. Note that, in Figure 5.3, the region is 

purposely placed close to the capacitor since that side is most likely to contain more 

electric field due to the charge on each side of the capacitor. 

Table 5.2 lists the stored electric and magnetic energy in each region. In both 

cases, the stored magnetic energy is more than an order of magnitude greater than the 

stored electric energy. The center region refers to the region in Figure 5.2 and the side 

region refers to the region in Figure 5.3. Once again, while the results have not fully 

converged as dx is decreased, the results are consistent in showing containment of free 

space electric field by the capacitor. 
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Figure 5.2: FEKO stored near-field energy simulation setup with region between 

transmitter and receiver. 

 

Figure 5.3: FEKO stored near-field energy simulation setup with region next to 

transmitter. 
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dx [cm] Stored Electric Energy [J] Stored Magnetic Energy [J] 

 Center Region Side Region Center Region Side Region 

6 4.9186 x 10
-12

 1.4394 x 10
-12

 1.6576 x 10
-9

 3.6196 x 10
-11

 

3 3.8751 x 10
-12

 1.1759 x 10
-12

 1.3731 x 10
-9

 2.9066 x 10
-11

 

1.5 3.4205 x 10
-12

 1.0599 x 10
-12

 1.2439 x 10
-9

 2.5954 x 10
-11

 

0.75 3.2095 x 10
-12

 1.0056 x 10
-12

 1.1827 x 10
-9

 2.4505x 10
-11

 

Table 5.2: Comparison of stored electric and magnetic energy for the WPT structure. 

Finally, it is verified that dielectric materials have little effect on the PTE. 

Simulation is done in FEKO with a 0.6 m
3
 dielectric cube placed in between the 

transmitter and receiver (spaced 1 m apart) as well as to the side of the transmitter. 

Figures 5.4 and 5.5 show the FEKO simulation model for the case where cube is in the 

middle and on the side respectively. Once again, since the cube is electrically small and 

the near field of the loops can be rapidly varying in this region, the mesh size on the 

surface of the dielectric is determined by halving mesh size until convergence of PTE is 

achieved in the results. Capacitor loss is neglected in the simulation and copper wires are 

used instead of planar copper to save simulation time. 
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Figure 5.4: FEKO material simulation setup with cube in center. 

 

Figure 5.5: FEKO material simulation setup with cube on the side. 

Table 5.3 shows the resulting PTE values for materials of different dielectric 

constants and loss tangents. It is seen that the capacitor-loaded structure is not at all 

affected by a lossless dielectric materials.  There is some minor efficiency loss if the 
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material is lossy.  This is because a time-varying magnetic field will induce currents in a 

lossy medium that leads to dissipation. 

 

Dielectric Material Simulated PTE 

εr tanδ Cube in Middle Cube on Side 

1 0 87.7% 87.7% 

4 0 87.7% 87.7% 

2 0.3 86.8% 87.6% 

80.22 0.003758 85.5% 87.6% 

60.228 1.1089 79.1% 87.5% 

Table 5.3: Simulated PTE values for various relative permittivity and loss tangent. 

The simulation results are corroborated in measurement as well. A styrofoam 

container filled with water is placed in between the transmitter and receiver. Figure 5.6 

shows the experimental setup while Figure 5.7 shows the measurement results with the 

container in the middle between the transmitter and receiver and the container right next 

to the transmitter.  It is evident that the water did not have an adverse effect on the PTE 

of the WPT system. 
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Figure 5.6: Experimental setup with water as dielectric material. 

 

Figure 5.7: Measurement results with water as dielectric material. 
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ADJUSTING THE RESONANT FREQUENCY 

Since the capacitor used is a variable capacitor, the resonant frequency can be 

changed by simply adjusting the capacitance value of both capacitors. To simulate this in 

NEC, the structure geometry and distance is fixed and only the capacitance of both loops 

is varied. Figure 5.8 verifies the frequency adjustable nature of the structure by changing 

the capacitance from 180pF (the blue curve) to 550 pF (the black curve). It can be seen 

that different frequency bands (from 5 MHz to 9 MHz in this case) can be utilized by 

simply adjusting the capacitance value. Interestingly, the efficiency appears to be 

increase slightly as frequency is increased. This phenomenon will be further investigated 

in the next chapter. 

 

 

Figure 5.8: Changing the resonant frequency. 
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The frequency tuning aspect is much harder to realize for any self-resonant 

structure since the geometry of the loops and/or electrical length of the resonating device 

needs to be changed. For a capacitor-loaded structure, it may be possible to use a low loss 

varactor to control the resonant frequency. 

In this chapter, the advantages of capacitor-loading are presented. It is verified 

that, in free space, the stored electric energy is much smaller than the stored magnetic 

energy at resonance. It is then shown in simulation and measurement that efficiency is 

not reduced by the introduction of dielectric material that is not highly lossy. Finally, 

frequency tuning flexibility through the use of a variable capacitor is demonstrated. 
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Chapter 6: Further Optimization and Analytical Expressions for 

Maximum Efficiency 

Previously, a number of design constraints were imposed in the design process.  

For example, the maximum loop radius was set to 30 cm, the target distance to 1 m, and 

the resonant frequency to 6.78 MHz. In this chapter, possible efficiency improvements 

that can be obtained with the constraints relaxed are examined. It is known from previous 

chapters that thick conductors improve efficiency. In the previous design, 1” wide copper 

strips were used. Potential efficiency improvement that can be obtained by using even 

wider strips is also investigated. 

 

ANALYSIS OF OPTIMAL PTE IN FREQUENCY, SIZE, AND TARGET DISTANCE 

In this section, the previous design constraints in frequency, target distance, and 

size of the structure are removed and their effects on PTE are investigated. Two of these 

parameters are altered while keeping one of them fixed. At each point in the sweep, the 

primary loop is re-optimized to achieve impedance matching. Intuitively, it is expected 

that decreasing the size of the structure would also decrease the distance at which 

efficient transfer can be maintained. Figure 6.1 is a contour plot of the efficiency for a 

sweep in both the target distance and secondary loop radius. There is a direct relationship 

between the target transfer distance and the secondary loop radius to maintain the same 

efficiency. 
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Figure 6.1: PTE vs. target distance and size using NEC. 

Another interesting case is fixing the target distance while changing the size and 

frequency. In Figure 6.2, size and frequency are swept while keeping the target distance 

fixed at 1 m.  There is an inverse relationship between size and frequency such that in 

order to decrease size, an increase in frequency is required to maintain the same 

efficiency. This seems a bit counter-intuitive since increasing the frequency also 

increases the electrical distance the loops are spaced apart. On the other hand, increasing 

the frequency increases the electrical size of the loops (though not significantly large 

enough that radiation resistance starts to become an issue). 
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Figure 6.2: PTE vs. frequency and size using NEC. 

 

ANALYTICAL EXPRESSIONS FOR MAXIMUM PTE 

To gain a better insight into the behavior of these curves, a simplified analytical 

expression for maximum PTE based on the formulations in [15] is derived using an 

equivalent circuit model. Though there are many mutual inductances to consider, two 

assumptions are made. First, it is assumed the primary and secondary loop coupling is 

utilized primarily for impedance matching. Second, it is assumed the coupling between 

the primary loop of the transmitter and the secondary loop of the receiver and vice versa 

is negligible compared to that of coupling between secondary loops. Thus, the circuit 

model is simplified to model the interaction between the two resonant secondary loops. 

Figure 6.3 shows the simplified equivalent circuit. R1 and R2 are the loss resistances in the 
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loops, L1 and L2 are the self- inductance of the loops, C1 and C2 are the lumped-element 

capacitors used to create resonance, and RL is the load resistance. 

 

 

Figure 6.3: Simplified equivalent circuit model for WPT. 

From [15], we find the maximum efficiency using the following equations for a 

symmetric system: 

 

   
   

 
 (13) 

 

     
 

 
 (14) 

 

      
    

(  √      )
  (15) 

 

where k is the coupling coefficient, M12 is the mutual coupling between the two loops, L 

is the self-inductance of the loop, Q is the quality factor of the loop, R is the ohmic losses 

in the loop,    is the resonant frequency, and      is the maximum efficiency 
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achievable. For a symmetric system, we set L1=L2=L and R1=R2=R. It is clear from this 

equation that in order to achieve high efficiency it is desirable to have a high coupling 

coefficient and quality factor. While the coupling coefficient falls anywhere between 0 

and 1, the quality factor is only limited by the losses in the system. kQ is considered the 

figure of merit in for a WPT structure with higher kQ being better. In a symmetric 

system, the self-inductance term of kQ cancels leaving only mutual inductance, 

frequency, and ohmic losses. 

The equations for mutual inductance (for a symmetric system) and radiation 

resistance can be found in [9], [39] and are as follows: 

  

     
    

 

 (     )
 
 

 (16) 

 

       0 
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 )
 

 (17) 

 

where r is the loop radius, d is the distance between two loops, and c is the speed of light 

in free space. 

The radiation resistance, Rrad, for a 30 cm radius loop at 6.78 MHz is only 0.65 

mΩ and is indeed negligible as previously assumed. Through the equations for wire 

ohmic resistance, coupling coefficient, quality factor, and mutual inductance (Equations 

10, 13, 14, and 16 respectively) we obtain an analytical expression for k
2
Q

2
 (ignoring the 

radiation and capacitor resistance) and can reduce it to the following equation: 
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 Equation 18 explains some of the trends shown in Figures 6.1 and 6.2. Clearly 

increasing the resonant frequency,   , will improve the figure of merit, as was found in 

Fig. 6.2. The 
 

 
 ratio also confirms the inverse relationship between the target distance and 

loop radius found in Fig. 6.1. 

Of course, Equation 18 only holds for the coupled mode region where power 

decays as r
-6

. An equation that includes the radiation resistance and capacitor loss 

resistance takes on a more complicated form. 
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 (19) 

 

 In Figure 6.4, the maximum efficiency by plugging Equation 19 into Equation 15 

is compared with an NEC simulation of a direct fed capacitor-loaded loop with the 

Linville load that discounts mismatch loss vs. distance. The maximum efficiency 

predicted by Equation 15 and NEC are the same—validating each other. 
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Figure 6.4: Maximum efficiency of analytical equation compared to NEC simulation. 

 Finally, the figure of merit is examined for the current structure (the planarized 

design from Chapter 4). Then, by adjusting design parameters and using Equations 10, 

13-17, it is investigated how effectively different methods improve the efficiency. Figure 

6.5 plots Equation 15 as a function of kQ in the dashed green curve. The current structure 

performance is shown on the plot as a magenta triangle marker. Since the structure was 

optimized to be input and load matched, the efficiency approaches the theoretical 

maximum at its kQ. If the quality factor of the capacitor is increased from 650 to 1300, 

the efficiency is improved to the red square. Alternatively, if the resonant frequency is 

doubled from 6.78 MHz to 13.56 MHz (with capacitor series resistance held constant), 

the efficiency is improved to the blue asterisk. 
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Figure 6.5: Maximum efficiency vs. kQ. 

EFFICIENCY IMPROVEMENT THROUGH THICK CONDUCTORS 

Neglecting losses due to the capacitor, Equation 10 shows that the thicker the 

wire, the lower the loss and the higher the efficiency becomes until it approaches the PEC 

case. Similarly, Equation 18 shows that      improves with a
2
. In this section, the 

efficiency improvement that can be obtained using this approach is investigated. 

Using NEC, the primary loop radius is optimized and the capacitor is tuned to 

find the optimal PTE that can be achieved at 1 m for a particular secondary wire radius. 

Figure 6.6 shows the monotonically increasing but diminishing return nature of the 

efficiency as we increase the wire radius. This result also demonstrates that 1 inch wide 

strips (or 8.08 mm radius wires) are sufficiently wide (if not overly wide) for reducing 

conductor loss in the copper strips. 
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Figure 6.6: Diminishing returns in efficiency when increasing wire radius. 

In this chapter optimization of efficiency with respect to size, resonant frequency, 

and target distance is presented. It is found that the secondary loop radius and target 

distance are directly related such that in order to achieve larger distances, a larger loop is 

required. It is also found that a higher resonant frequency would improve the efficiency. 1 

inch wide copper strips are found to be sufficient to minimize conductor loss and very 

little improvement can be seen in further increasing the width. Using the analytical 

expression for maximum efficiency, the current design is found to be optimal given the 

current constraints. Then, two possible improvements are suggested that improve 

efficiency by approximately 15%. 
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Chapter 7: Conclusion 

 In this thesis, a capacitor-loaded and indirect-fed resonant inductive coupled 

wireless power transfer structure with a reduced form factor was presented. The chosen 

design constraints were a resonant frequency of 6.78 MHz, a maximum loop diameter 60 

cm, and a target transfer distance of 1 m. The structure was optimally impedance matched 

through the variation of both the radius of the primary loop and the spacing between the 

primary and secondary loops. After determining that a coplanar configuration was an 

optimal point, an easy-to-construct, thin-wire prototype was built and measured as a 

proof of concept. S21 measurements were performed using a VNA in frequency for 

various distances. Next, thick conductors were used to reduce the conductor loss in wires. 

In order to achieve a planar structure, the thick copper wire on the secondary loop was 

converted to a copper strip. Measurement results showed efficiency greater than 60% at 1 

m distance that was only limited by the Q-factor of the capacitor. 

Investigation of the stored electric and magnetic field in free space around the 

structure revealed that the capacitor confined the electric field at resonance. This allowed 

the structure to be mostly unaffected by the presence of nearby dielectric materials. 

Measurement results using a large volume of water in between the transmitter and 

receiver corroborated this claim. Additionally it was shown that a variable capacitor can 

be used to tune the resonant frequency and maintain similar efficiency without changing 

the geometry of the structure. 

Finally, investigation of the structure in simulation with the design constraints 

removed was performed in order to further improve the efficiency. It was found that the 

efficiency can be improved by increasing the size, frequency, and/or capacitor quality 

factor while the conductor loss in the wire was already negligible. An investigation of the 



 56 

analytical expressions for maximum PTE further upheld the simulation results. Further 

work may include adding an additional turn while maintaining a planar form factor using 

a spiral geometry and examining any efficiency improvements that may be obtained. 

While the device is planar, it is only optimally matched at a certain target 

distance.  Therefore, it is best suited for applications where only a small variation in 

distance is expected. One potential application is in a wireless charging system for 

electric cars where the driver needs only to park the car over a transmitter embedded in 

the ground. Other potential applications include transmission to table top devices from 

the floor or ceiling or power transmission to a television from the wall. 
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