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ABSTRACT: We propose a waveguide power transfer system for electric vehicles (EVs) in motion. In conventional wireless power 

transfer systems using magnetic coupling, the coupling coefficient tends to decrease due to flux leakage, which limits the positional 

flexibility of the receiver. The proposed system addresses this limitation by significantly reducing the group velocity in a waveguide sheet, 

allowing for strong magnetic coupling to be maintained regardless of the waveguide sheet length. We introduce a theoretical framework 

that considers three critical areas: propagation, coupling, and termination. Experimental results at 85 kHz confirmed wave propagation 

characteristics, achieving maximum power transfer efficiencies of approximately 86 %. 
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1. INTRODUCTION 

The trade-off between coil alignment and coupling efficiency 

presents a significant challenge in wireless power transfer (WPT) 

systems that utilize magnetic coupling. (1) (2) In applications such 

as dynamic wireless power transfer for electric vehicles (EVs), 

where both extended power transfer range and high efficiency are 

essential, this challenge is addressed by strategically driving mul-

tiple power transfer coils. (3) - (6) 

An alternative solution is waveguide-based power transfer. (7)(8) 

In this approach, electromagnetic waves are propagated within a 

waveguide sheet, and power is extracted by receiving coils located 

nearby. By utilizing propagation and coupling mechanisms, both 

extensive range and high efficiency can be achieved. 

In this paper, we propose a magnetically coupled waveguide 

power transfer (9). Fig. 1 shows a conceptual diagram of this 

scheme. The propagation within the waveguide sheet is character-

ized by significantly slowed group velocity. Electromagnetic en-

ergy propagates gradually along the sheet. 

Thus, the waveguide sheet is divided into three regions: propa-

gating, coupled, and terminating. The extent of the coupling region 

is dictated by the group velocity, ensuring constant coupling 

strength regardless of waveguide length. Note that "waveguide 

power transfer" in this paper refers specifically to WPT via elec-

tromagnetic waves propagating along a sheet-like medium, as 

shown in Fig. 1. 

This paper is organized as follows. Section 2 introduces an 

equivalent lumped-element circuit model of the proposed scheme 

and analyzes it based on magnetic resonance theory. (10) Section 

3 presents a prototype waveguide sheet and its characteristics 

measurement results. Section 4 concludes this paper. 

2. WAVEGUIDE POWER TRANSFER 

2.1. Equivalent Circuit 

Fig. 2 presents an equivalent circuit model of the waveguide 

method. In this model, the waveguide within the propagation re-

gion is represented by a transmission line with a characteristic im-

pedance denoted as 𝑅𝑅!. The coupling region is modeled as a mag-

netically coupled circuit, consisting of both the waveguide coil 

structure and the receiving coil. The mutual inductance 𝐿𝐿" is cal-

culated using the respective inductances 𝐿𝐿#$ and 𝐿𝐿%$, along with 

the coupling coefficient 𝑘𝑘, and is expressed by the following: 

 
Fig. 1  Schematic of the waveguide method. Extending the 
waveguide mainly affects the propagation area, not the cou-
pling region. Part of the electromagnetic wave reaches the 
waveguide end and is reflected. 
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𝐿𝐿" = 𝑘𝑘%𝐿𝐿#$𝐿𝐿%$	. (1) 

2.2. Coupling and Termination 

In the equivalent circuit model, the termination region is sub-

stituted with a reactance element 𝑋𝑋&'(". When resonance condi-

tions (2) and (3) are met, the coupling and terminating regions to-

gether function as an S-S resonant circuit. (10) 

𝜔𝜔𝐿𝐿#$ + 𝑋𝑋&'(" = 0	, (2) 

𝜔𝜔𝐿𝐿%$ −
1

𝜔𝜔𝐶𝐶%$
= 0	. (3) 

Note that 𝜔𝜔 represents the angular frequency, and 𝐶𝐶%$  is the 

capacitance required for series resonance in the receiving coil. The 

coupling efficiency 𝜂𝜂) and the coupling region’s input impedance 

𝑍𝑍*+ are given by the following equations:  

𝜂𝜂) =
𝑅𝑅,(𝜔𝜔𝐿𝐿")-

𝑟𝑟#$(𝑅𝑅, + 𝑟𝑟%$)- + 𝑟𝑟%$(𝜔𝜔𝐿𝐿")- + 𝑅𝑅,(𝜔𝜔𝐿𝐿")- 	 , (4) 

𝑍𝑍*+ =
(𝜔𝜔𝐿𝐿")-

𝑅𝑅, + 𝑟𝑟%$
+ 𝑟𝑟#$	. (5) 

In the model, 𝑟𝑟#$, 𝑟𝑟%$ and 𝑅𝑅, represent the resistances of the 

waveguide sheet, receiving coil and load within the coupling re-

gion, respectively. Similar to the S-S scheme, both the coupling 

coefficient and the quality factor significantly influence the effi-

ciency of the power supply. Note that reflections occur within the 

waveguide if 𝑍𝑍*+ deviates from the characteristic impedance 𝑅𝑅!. 

 

2.3. Propagate 

The group velocity 𝑣𝑣. in the propagation region is given by (6), 

and the attenuation coefficient 𝛼𝛼 is defined in (7). 

𝑣𝑣. =
𝜕𝜕𝜕𝜕(𝑘𝑘/)
𝜕𝜕𝑘𝑘/

	 , (6) 

𝛼𝛼 =
𝑘𝑘/𝑅𝑅0
2𝜔𝜔𝐿𝐿0

. (7) 

The wavenumber 𝑘𝑘/  characterizes the electromagnetic wave 

propagating in the waveguide, while 𝑅𝑅0 and 𝐿𝐿0 represent the re-

sistance and inductance of the waveguide per unit distance, respec-

tively.  

According to (6) and (7), the wavenumber 𝑘𝑘/ determines the 

group velocity and propagation loss. A larger 𝑘𝑘/ slows down the 

group velocity, effectively narrowing the coupling region and im-

proving efficiency due to reduced flux leakage. However, this 

slower propagation also results in higher propagation losses, high-

lighting an inherent trade-off. Thus, the optimal choice of 𝑘𝑘/ bal-

ances coupling efficiency and propagation loss. 

3. EXPERIMENTAL RESULT 

In this section, we evaluate the feasibility of waveguide power 

transfer at 85 kHz. A prototype scaled for implementation in vehi-

cles and road infrastructures was developed and evaluated in terms 

of propagation efficiency, load characteristics, positional flexibil-

ity, and air-gap tolerance.  

 

3.1. Propagation Efficiency 

Fig. 3 illustrates the prototype waveguide sheet along with its 

simplified structural model. The waveguide sheet operates as a 

transmission line, composed of continuously distributed inductors 

and capacitors, realized by connecting multiple coil elements in 

series. Each coil element comprises two coils wound in opposite 

directions and driven by currents of differing phases, creating a 

uniform magnetic field. To enhance field uniformity, the coil pat-

terns partially overlap, forming capacitances between patterns A 

and B. 

Table 1 summarizes the waveguide's characteristics and propa-

gation efficiency 𝜂𝜂!, determined by measuring input and output 

power using a power analyzer (HIOKI, PW8001) with the wave-

guide terminated by a matched, non-inductive load. A sinusoidal 

signal provided by a high-speed bipolar amplifier (NF Corporation, 

HSA42014) was used during the measurements. The propagation 

efficiency measured at various frequencies is shown in Fig. 4. 

 
Fig. 2  Equivalent circuit of the waveguide method. The termi-
nation area is represented by a reactance element. Due to its 
similarity to the S-S magnetic resonance circuit, there is a high 
potential for applying established theoretical frameworks. 

 
Fig. 3  Prototype waveguide. Coil elements are serially inter-
connected. The waveguide length can be extended by longitu-
dinally connecting an additional waveguide. 
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Within the waveguide, the wavelength 𝜆𝜆 and group velocity 𝑣𝑣. 

are significantly reduced—approximately 1/1750 of their free-

space values. As a result, electromagnetic energy propagates 

slowly along the sheet, advancing about 2 m per cycle. This slow 

propagation ensures a stable coupling strength between the wave-

guide sheet and receiving coil, unaffected by the length of the 

waveguide. 

At lower frequencies, longer wavelengths within the wave-

guide sheet improve propagation efficiency 𝜂𝜂1 . However, this 

simultaneously expands the coupling region, reducing the cou-

pling efficiency 𝜂𝜂). Thus, an optimal system design must balance 

both efficiencies. 

 

3.2. Load Characteristics 

Similar to magnetic resonance, coupling efficiency 𝜂𝜂) can be 

optimized by appropriately designing the load impedance 𝑅𝑅, . 

Coupling efficiency was measured under varying 𝑅𝑅, for two ter-

mination conditions: shorted and matched. In the shorted-termi-

nated case, the receiving coil was positioned at a standing-wave 

peak (x = 20 cm in Fig. 7), while for the matched-terminated case, 

the coil was placed at the center of the waveguide sheet. The air-

gap distance was fixed at 100 mm in both measurements. 

The experimental setup is shown in Fig. 5, and measurement 

results are presented in Fig. 6. For the shorted termination, the re-

ceiving coil position satisfies the resonance condition given by (2), 

maximizing 𝜂𝜂). Under this condition, 𝜂𝜂)	reaches its maximum of 

86.9 % at a load resistance of 33 Ω. At a significantly higher load 

(4700 Ω), 𝜂𝜂) drops to approximately 7.25 %, and according to (5), 

Table 1  Properties of Prototyped Waveguide. 

Var. Description Value 

𝑓𝑓 Electromagnetic wave frequency [kHz] 85 

𝑙𝑙 Length of waveguide sheet [m] 1.3 

𝑅𝑅0 Resistance per unit distance [Ω/m] 1.02 

𝐿𝐿0 Inductance per unit distance [µH/m] 125 

𝐶𝐶0 Capacitance per unit distance [nF/m] 278 

𝑄𝑄 Q value at 85 kHz 69.8 

𝑅𝑅! Characteristic impedance [Ω] 21.3 

𝜆𝜆 Wavelength [m] 2 

𝑘𝑘/ Wave number 3.148 

𝑣𝑣. Group velocity [m/s] 170,000 

𝜂𝜂1 Propagation efficiency [%/m] 89.2 

 

 
Fig. 4 Propagation efficiency per unit length at various fre-
quencies. Efficiency decreases at higher frequencies due to 
shorter wavelengths within the waveguide sheet. 
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Fig. 5 Experimental setup for evaluating load characteristics. 
The receiving coil is positioned at a standing-wave peak, and 
the waveguide sheet is shorted-terminated. 

 
Fig. 6 Power transfer efficiency versus load resistance. 
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Table 2  Properties of Receiving Coil. 

Var. Description Value 

𝑓𝑓 Resonance frequency [kHz] 85 

𝑅𝑅%$ Resistance [Ω] 1.2 

𝐿𝐿%$ Inductance [𝜇𝜇H] 603 

𝑄𝑄 Q value at 85 kHz 257 

 Optimum load impedance [Ω] 12 

 Airgap [mm] 100 

 Outer diameter [mm] 450 

 Turns 48 

 Specifications of wire KIV 2.0 sq 
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the input impedance 𝑍𝑍*+  is dominated by 𝑟𝑟#$. Consequently, the 

coupled-termination region behaves effectively as a shorted termi-

nation. 

For the matched termination, 𝜂𝜂) reaches its maximum at a load 

resistance of 12 Ω. At a significantly higher load resistance (4700 

Ω), 𝜂𝜂) decreases to below 1%. Under this condition, most electro-

magnetic energy is not extracted by the receiving coil and is in-

stead absorbed by the matched termination. 

Note that for the matched termination, the theoretical 𝜂𝜂) is lim-

ited to 50 % due to the symmetric configuration around the receiv-

ing coil (9). Shorted or open-ended terminations break this sym-

metry condition, enabling a theoretical maximum 𝜂𝜂) of 100 %. 

 

3.3. Positional Flexibility 

Power transfer efficiency, defined here as the ratio of the output 

power at the receiving coil load to the input power supplied to the 

waveguide sheet, was measured at different positions along the 

waveguide.  

Measurements were conducted under three termination condi-

tions: matched, shorted, and open-ended, with the optimal load re-

sistance for each termination condition. The experimental setup is 

shown in Fig. 7. The receiving coil was moved in 10-cm incre-

ments along the waveguide, maintaining an air gap of 100 mm. 

Measurement results are presented in Fig. 8. 

With shorted and open-ended terminations, standing waves 

form within the waveguide sheet, resulting in alternating regions 

of high and low efficiency. High-efficiency peaks occur at posi-

tions satisfying the resonance condition described by equation (2). 

Switching between shorted and open-ended terminations reverses 

the positions of these peaks and troughs. By suitably selecting the 

termination type, power transfer efficiency ranging from approxi-

mately 80 to 86 % can be achieved across nearly the entire wave-

guide area. 

In contrast, the matched termination prevents reflections, elim-

inating standing waves and producing a relatively uniform effi-

ciency distribution. Efficiency gradually decreases with increasing 

distance from the input port due to propagation losses. Note that 

efficiency declines near the sheet edges as the receiving coil par-

tially extends beyond the waveguide sheet area. 

 

3.4. Air Gap 

To evaluate the effect of the air gap between the waveguide and 

receiving coil on power transfer efficiency, measurements were 

conducted at the highest efficiency position (shorted termination, 

x = 20 cm in Fig. 8), varying the air gap from 50 mm to 250 mm 

in 50 mm increments. Load resistance and other experimental con-

ditions remained consistent with previous experiments. The results 

(Fig. 7) show that efficiency gradually decreases for gaps exceed-

ing 150 mm, with approximately a 10 % drop at 200 mm compared 

to the efficiency at a 100 mm gap. 

The mutual inductance between the waveguide and the receiv-

ing coil varies with the air-gap distance. Thus, selecting the opti-

mal load impedance according to each air-gap distance could po-

tentially maintain higher power transfer efficiency. 

 
Fig. 7 Experimental setup. Measurements are conducted at 10 
cm intervals along the waveguide, using the coil center as a 
reference point, under matched, shorted, and open-ended ter-
mination conditions.  

 
Fig. 8 Power transfer efficiency at various receiving coil posi-
tions. Measurements were conducted under matched, shorted, 
and open-ended terminations, with efficiency calculated from 
input and receiving coil output power. 
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Fig. 9 Power transfer efficiency versus air gap, measured at  

x = 20 cm with shorted termination. 
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4. CONCLUSIONS 

In this paper, we proposed a magnetically coupled waveguide 

power transfer system for dynamic wireless power transfer appli-

cations, addressing the positional flexibility limitations and effi-

ciency losses typically associated with flux leakage. By signifi-

cantly reducing the group velocity of electromagnetic waves prop-

agating along a waveguide sheet, the proposed system separates 

the propagation, coupling, and termination regions. As the cou-

pling strength remains independent of waveguide length, posi-

tional flexibility can be extended without compromising efficiency. 

We experimentally demonstrated the feasibility of this ap-

proach through a prototype operating at 85 kHz. Experiments eval-

uated propagation efficiency, load characteristics, positional flex-

ibility, and air-gap dependence. Consistent with magnetic reso-

nance methods, optimizing the receiving coil load significantly 

improved power transfer efficiency. Efficiency was also found to 

vary distinctly with different termination conditions. 

Matched termination resulted in relatively uniform efficiency, 

whereas shorted and open-ended terminations produced clear 

standing-wave patterns. By appropriately switching between 

shorted and open-ended terminations, efficiencies of approxi-

mately 80–86 % were achievable across most of the waveguide 

sheet. Additionally, increasing the air gap up to 200 mm reduced 

efficiency by no more than 10 %. 

Future work will focus on enhancing the quality factor of the 

waveguide sheet by refining coil pattern structures, aiming to fur-

ther improve both propagation efficiency and coupling efficiency. 
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