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Wireless Power Transfer System

Hiroyuki Arai

Abstract 

This paper presents a survey of recent wireless power transfer systems. The issue of wireless power transfer is to 
achieve a highly efficient system with small positioning errors of the facilities setting. Several theories have been 
presented to obtain precise system design. This paper presents a summary of design theory for short range power 
transfer systems and detailed formulations based on a circuit model and an array of infinitesimal dipoles. In addition 
to these theories, this paper introduces a coil array scheme for improving the efficiency for off axis coils. In the 
microwave range, tightly coupled resonators provide a highly efficient power transfer system. This paper presentsan-
overlay resonator array consisting of half wavelength microstrip line resonators on the substrate with electromagne-
tically coupled parasitic elements placed above the bottom resonators. The tight couplings between the waveguide and 
the load resonator give strong power transmission and achieve a highly efficient system, and enables a contact-less 
power transfer railroad. Its basic theory and a demonstration of a toy vehicle operating with this system are presented. 
In the last topic of this paper, harmonic suppression from the rectenna is discussed with respect to acircular microstrip 
antenna with slits and stubs.
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Ⅰ. Introduction

Several solutions have been proposed for wireless 

power transfer using electromagnetic (EM) waves. For 

example, Felica utilizes electromagnetically inductive 

coils [1] over a very short distance. One of the hottest 

issues is non-radiative mid-range energy transfer [2]. 

This has weak tolerance for positioning and the cover-

age area is limited near the coil, however, it is a good 

candidate for high power transfer for fixed to fixed 

point applications. After its demonstration by the MIT 

group, many researchers carried out further studies and 

presented design methods. 

This is sometimes referred toas “magnetic field reso-

nance”; however, it is simply understood as the strong 

coupling between two resonators. Its transfer efficiency-

depends heavily on the distance between coils and is 

around 90 % at 1 m and 40 % at 2 m [2]. Although 

substantial electric power transmission is expected to 

charge an electric vehicle, a standard of small power 

less than 5 W was provided by the consortium [3]. In 

order to charge mobile devices, the detection of the de-

vice position is a key issue. The movement of coupling 

coils and the coil array are major schemes for free posi-

tioning of the device to be charged. Several applications 

using these methods are already on the market as cell 

phone chargers.

A basic theory for coil coupling is given by circuit 

theory [2], [4], and is also explained by a filter theory 

[5] and others. This paper presents a simple circuit theo-

ry based one lectromagnetism to find the coupling effi-

ciency between coils. In practical power transfer appli-

cations, the efficiency is a very important factor. To im-

prove the transfer efficiency, an parameter optimization 

of the coil [6] and a coil array approach have been pre-

sented [7], [8]. This paper also introduces a coupling ex-

periment by coil array.

If the size of the coupling coil is very small compared 

with the wavelength, then it is approximated by an in-

finitesimal magnetic current element. The reciprocity 

theorem indicates that a pair of infinitesimal current ele-

ments, such as short dipoles, is also used for wireless 

power transfer [9]. This short dipole array is simply an-

alyzed by a pair of infinitesimal currents [10] and is for-

mulated by spherical mode expansion [11]. This paper 

introduces an approximate theory and presents its cou-

pling characteristics.

The above systems provide efficient power transfer 

between fixed points. Another request is power transfer 

to moving vehicles, such as automobiles and trains. 

This is the so-called wireless power transfer rail system. 

The power supply rail was developed to enhance the 

degree of freedom in the installation of lighting fixtures 

[12].  
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The rail consists of two long lines that provide the vol-

tage source. The rail and the object to be charged have 
a contact point. Non-contact power transfer is desirable 
for safety and maintenance. A hybrid coupler approach 
[13] and overlay microstrip resonators [14] have been 
proposed for this application. This paper presents a pow-
er rail application and its principle for contactless power 

transfer.
Long range power transfer systems, such as solar 

power satellite systems, require highly efficient RF to 
DC conversion [15], [16]. A key technology to improve 
this efficiency is the development of a rectenna with 
high efficiency [17]. A filter embedded into a rectifier 
circuit will suppress harmonic radiation due to the 
non-linearity, while modified shaped patch antennas also 
suppress harmonic radiation. For the last topic of this 
paper, we examine the effects of harmonic suppression 
effects by the antenna shape and filters. The total con-
version efficiency is demonstrated by measuring DC 
output voltage.

This paper first presents basic theories for a short 
range wireless power transfer system for fixed to fix-
edpoint applications. A simple circuit theory is in-
troduced to design the coupling between coils. A coil 
array to improve coupling efficiency is also introduced. 
Another short range power transfer system, an approxi-
mated formula of electrically short dipole array, is 
demonstrated. For the power transfer to moving ve-
hicles, a contactless power rail system and its principle 
are presented. A free access mat, our original power rail 
concept, is discussed in detail. The last section is de-
voted to a basic device in the power transfer system, 
namely a rectenna design to increase the RF to DC con-
version efficiency. This paper concludes with a dis-
cussion of the issues of wireless power transfer systems.

Ⅱ. Theory of Short Range Power Transfer

2-1 Theory of Coil Coupling

A simple model for coupled coils is presented in Fig. 
1, where matching capacitance Co is added to each feed-
ing point to obtain a series resonance for the coil [4]. 
In the practical application, a feeding one-turn loop is 
used for input matching of the coil [2]; however, this is 
simplified by inserting the capacitance in this analysis 

model. An equivalent circuit model for Fig. 1 is pre-
sented in Fig. 2.

Assuming radiation loss only in this circuit, the radia-
tion resistance of each coil is given by a formula for an 
electrically short normal mode helical antenna:
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Fig. 1. Two coils for power transfer.

Fig. 2. Equivalent circuit for two coupled coils.

The self and mutual inductance of coupled coils are 

calculated by Neumann’s formula as:
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where ds1 and ds2 are the elements along each coil and 

r is the distance between ds1 and ds2. A floating capaci-

tance Co of each coil is given by approximating N-turn 

coils as thin conductor slices, as:
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The coupling characteristics of two coils are calcu-

lated by these formulas, and are shown in Fig. 3 as a 

function of coil distance.

The coupling distance is enhanced by the increase in 

coil turn, so the design parameters should be adjusted to 

fix the power transfer distance. The frequency characteris-

Fig. 3. Coupling between two coils, dy=0, R=150, h=50 
mm, f=10 MHz [4].
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Fig. 4. Frequency characteristics of coupling between two 
coils, dy=0, R=150, h=50 mm [4].

tics are shown in Fig. 4. Small coil spacing increases 

the mutual coupling and causes dual resonances. The 

coupling distance is seriously changed by the turn num-

ber and frequency, and we need to adjust the coil diame-

ter and thickness when the operating frequency and coil 

distance are given in advance.

The power coupling characteristics of the two coils 

are calculated by this simple formula; however, the cir-

cuit losses in the real system are not precisely estimated.

In addition to the circuit loss, a misalignment of the 

two coil axes reduces the coupling efficiency. To over-

come this difficulty, a transmission coil array was pro-

posed [7], [8]. Fig. 5 shows the coil array system and 

Fig. 6 shows its experimental setup. Each coil is excited 

by a small loop for impedance matching.

A key feature of this array system is an excitation of 

transmission coils. To improve an off axis reception 

coil, two coils are excited in phase or out of phase. Fig. 

7 shows the measured transfer efficiency for the ori-

entation angle θ from 0 to 90°. The transfer efficiency 

of a single transmission coillocated at the center be-

tween coil #1 and #2 is also measured for comparison. 

Fig. 5. Wireless power transfer system using a transmi-
ssion coil array [8].

Transmission coil #1

Transmission coil #2

Reception coil

transmission
circuit

vector network analyzer
Port 1 Port 2

Fig. 6. Photo of measurement system [8].

Fig. 7. Measured transfer efficiency, the first mode is in 
phase excitation and the second mode is out of 
phase excitation [8].

The normalized distance defined as dn=d/r1 is 2.67 and 

dtn=2.67. The maximum transfer efficiency is obtained 
around 27 MH z in Fig. 7. In this system, the first mode 
is a suitable mode for the orientation angle θ<60°. For 
θ<60°, the second mode should be chosen to increase 
the efficiency. This coil array system has higher trans-
mission efficiency for θ>70°.

2-2 Theory of Short Dipole Array

A pair of electrically short dipoles is another candi-

date for a short range power transfer system. This sec-

tion presents an analysis of wireless power transmission 

by a pair of small dipoles, approximated as infinitesimal 

current filaments [10]. The analysis model is shown in 

Fig. 8, where the antenna array is approximated as a 

pair of infinitesimal current filaments.

Fig. 8. Geometry of a pair of small dipoles.
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Fig. 9. S-parameters of dipole array, r=0.0452λ for solid 
lines, r=0.0136λ for lines l1=λ/64, l2=λ/128, f= 
13.6 MHz.

The input and mutual impedances of this dipole array 

are given as follows:

( ) ÷
ø

ö
ç
è

æ
--=

a

l

lk
lkZ i

io

ioii

2
,1

2
ln

240
20

 ò-= dsE
II

Z 12

21

12

1
,

(4)

where i=1, 2 and a is the dipole wire radius. The E12 

is the induced electric field at the #1 feed point by an-

tenna #2, and is approximated by excited fields of in-

finitesimal current filaments. As the impedance match-

ing condition, the imaginary part is ideally canceled to 

calculate the 2×2 S-parameter matrix. The S-parameter 

characteristics are shown in Fig. 9, where the angle θ 

is changed. When the antenna distance is small, the two 

antennas have strong coupling at θ=0, 90°. A right an-

gle array (θ=90°) provides an interesting application; 

however, the input impedance matching in an actual cir-

cuit is left as a future problem.

Ⅲ. Flexible Free Access Mat

This section presents a novel wireless power transfer 

system consisting of tightly coupled microstrip line reso-

nators. Half wavelength microstrip line resonators are 

arrayed on the substrate and are electromagnetically cou-

pled by a parasitic resonator placed above the bottom 

resonators, as shown in Fig. 8. The original structure is 

based on aribbon-wire interconnected with a DC cut 

[18]. These overlay resonators are used as a one-dimen-

sional waveguide, providing the power to another micro-

strip resonator just above it. The tight coupling between 

the waveguide and the load resonator gives strong pow-

er transfer and results in a highly efficient system. The 

1-D waveguide geometry facilitates the application of 

curved lines, which provides a contact-less power trans-

fer railroad.

The configuration of the free access mat for the ISM 

band is shown in Fig. 10 (a) and (b). We use the in-

finite ground plane only for the simulation. Each port is 

(a) Top view

(b) Side view

Fig. 10. Geometry of overlay coupled microstrip resonators.

Fig. 11. S parameters of 1-D free access mat, a=5, b= 
46, g=24.5, t=0.8 mm, εr=2.

perfectly matched to the patch elements terminated by 

50 Ω. The port 2 is a half wavelength dipole antenna 

that picks up the RF energy from this wave guide. Fig. 

11 shows the simulated transmission loss (S31) along the 

one-dimensional free access mat and the coupled power 

level at the dipole antenna. The transmission loss is 

smaller than 1 dB over awide frequency range and the 

coupled power level is around —10 dB due to re-radia-

tion by the dipole antenna. 

A model vehicle run by this waveguide is demon-

strated with a rectenna embedded into a square micro-

strip resonator as a load. The receiving part consists of 

the antenna, filter, rectifier, and load. GaAs FET and 

HEMET, as well as Schottky diodes, are applied to the 

rectifiers. HSMS-282 series are good for the detector ap-

plications, with input power levels greater than —20 

dBm at frequencies below 4.0 GHz [19]. 

A simple LPF (Low Pass Filter) is inserted between 

the receiving antenna and the rectifying circuit to sup-

press the harmonics re-radiation from the rectifier. The 

coupled power level is increased to —6 dB for the patch 

antenna by the suppression of re-radiation.

We demonstrated wireless power transfer by our pro-

posed system by building three types of waveguides, as 

shown in Fig. 12, where two different length straight 
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          (a) L=38 cm   (b) L=228 cm (along line)

(c) L=109 cm

Fig. 12. Photos of three waveguide.

guides (a) (c) and a race track guide (b) are examined. 
Measured insertion loss (S31) of the three guides are (a) 
—1 dB, (b) —7 dB and (c) —4 dB due to the unwanted 
radiation from the guide. The long guide has a radiation 
loss of 3 dB larger than the short one. The insertion loss 
of the race track depends on the guide length and is not 

increased by the existence of four corners. A toy vehicle 
run is successfully demonstrated by this waveguide.

Not all of the input power from the RF source is sup-
plied to the vehicle. The rest of the power at the wave-
guide end is terminated to a dummy load in the mea-
surement. To increase the total efficiency of the system, 

a power recollecting system is introduced [20]. A simple 
one is provided by connecting the guide end to the rec-
tifier to collect the rest of the energy as DC. Another 
system is a positive feedback system that returnsthe rest 
of the power after adjusting its phase. The phase of S21 
fluctuates between 110° and 160° depending on the po-

sition of the toy vehicle. A real-time phase control is 
not easy to introduce into this system, and we fix the 
feedback phase as an average value of the above. The 
phase shifter consists of a microstrip delay line. A few 
dB amplitude deviations are also observed; however, we 
do not use any amplitude feedback control for the sim-

ple system. To escape from an oscillation of the circuit 
by continuous feedback, a switching circuit is introduced 
into this system. The switching circuit automatically 
checks the input voltage to the guide and suppresses the 
oscillation. The circuit diagram is shown in Fig. 13. The 
power feedback gain of this collecting circuit is around 

2 to 3 dB, which is effective for enhancing the total ef-
ficiency of the system.

Fig. 13. Power recollecting system.

Ⅳ. Conversion Efficiency of the Rectenna

In wireless power transfer systems, the receiving an-
tenna with a rectifier, called the rectenna, has been in-

vestigated as a way to attain high conversion efficiency 
by suppressing re-radiation of harmonics excited in the 

diodes of rectifying circuits. For high conversion effi-
ciency, circular microstrip patch antennas (CMA) have 

been proposed with slits [21], [22] or stub loadings. How-
ever, the combination of slits and stubs has not yet been 

examined for suppression of re-radiation of harmonics. 
Very few papers have evaluated the effect of suppress-

ing harmonics by measuring antenna efficiency. To con-
firm whether the efficiency is improved by antenna dif-

ferences, we measured RF-DC conversion efficiency.
High power wireless transfer, requires the develop-

ment of highly efficient rectennas. A typical rectenna 
consists of a receiving antenna, a LPF (Low Pass Filter) 

for the fundamental mode, a diode, a DC pass filter, and 
a resistive load. The most important issue in the rec-

tenna design is obtaining high efficiency. Approaches 
like broadband antennas [23], large antenna arrays [24], 

and circular polarized antennas [25] have been inves-
tigated in the past several years to achieve this goal. Ano-

ther approach includes the suppression of harmonics 
generated by the nonlinear characteristics of the diode. 

This causes alow conversion efficiency; therefore, the 
rectenna requires an LPF between the antenna and the 

diode, and a DC pass filter on the diode output side.
One merit of the circular microstrip antenna (CMA) 

is that higher mode resonance frequencies do not co-

incide with harmonics of the diode. However, the reso-

nance band edges overlapping with harmonic frequencies 

reduce the conversion efficiency. Suppression of the sec-

ond and third mode resonances of CMA is very effective 

for improving the conversion efficiency. We examined four 

types of CMA for the rectenna in order to suppress har-

monics in the rectifying circuit. The geometry of the CMA 

is shown in Fig. 14. We also demonstrated an improved 

efficiency by applying stubs and slits to the CMA. The 

techniques for suppression of the resonances at the sec-

ond and third higher order modes are given by inserting 

slits in the CMA by controlling the current flows on the 

top patch [22]. The ideal shape of the slit is parallel to 

the dominant current flow and is perpendicular to higher 

order mode currents. The current distributions on the CMA 

are complex and the harmonics of re-radiation are not 

completely suppressed by this technique. Another har-

monics suppression method is to add open stubs for the 

feeding microstripline [24]. The length of the open stub 

is a quarter guide wavelength in higher order resonant 

modes. Two or more stubs are required for complete 

suppression of the second and third modes.
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Fig. 14. Geometry of circular patch antenna with stubs and
slits, r=22.5, d=0.5 mm.

We compare the effects of suppressing harmonics in 

the S11 characteristics. Fig. 15 summarizes the S11 of 

four types of CMA designed to have a resonance at 2.45 

GHz. The dielectric substrate of the relative constant εr 

is 2.6 with the thickness of 1.6 mm. Fig. 15 (a) shows 

the S11 of the original CMA structure and three higher 

order mode resonances that appear at less than 7 GHz. 

First, we add an open stub S1 with the length of λg/4 

at 6.7 GHz, where λg is the guide wavelength. The 

deep resonance at 6.7 GHz is reduced, while another 

resonance at 6.1 GHz is excited. To eliminate this, we 

add another stub, S2, which improves the S11 at the sec-

ond and third harmonics, as shown in Fig. 15(b). Next, 

we examine the slits as another harmonic suppression 

technique. To reduce current flows of the CMA at the 

second mode frequency at 4.05 GHz, the slits are cut as 

shown in Fig. 11, enclosed with a red dotted line. The 

resonance at 4.05 GHz is well suppressed, while the res-

onance at 6.7 GHz is not changed. To suppress the cur-

rents at 6.7 GHz, we add arch shaped slits, as shown in 

Fig. 14, enclosed with a blue dotted line. Fig. 15 (c) 

shows its S11 characteristics. It suppresses the resonances 

at higher order mode frequencies, where the diameter of 

CMA and slit parameters are adjusted to suppress the 

resonance at 4.05 GHz. We then examine the CMA 

with slits and stubs. As shown in Fig. 15(c), the CMA 

with two kinds of slits has resonances at 3.6 GHz, 4.45 

GHz and 6.4 GHz. We add stubs to CMA with slits, 

just like above method. This optimization reduces these 

resonant frequencies, as shown in Fig. 15(d). The CMA 

with slits and stubs is the best choice to suppress the 

higher order mode resonances for the CMA. As a result, 

the S11 of the second and third harmonic frequencies is 

suppressed to —0.26 dB at 4.9 GHz and —0.17 dB at 

7.35 GHz.

Frequency [GHz]

S
1

1
 [

d
B

]

2 3 4 5 6 7
-20

-15

-10

-5

0

f0 2f0 3f0

(a)

(c)

(d)
(b)

Fig. 15. Geometry of circular patch antenna with stubs 
and slits, (a) Without slits and stubs, (b) With 
stubs and without slits (sl1=6.9, sl2=7.6, L=26, 
w1=w2=l1=0), (c) With slits and without stubs (θ

1= 45°, θ2=15°, θ3=20°, w1=w2=0.5, l1=4.5, sl1= 
sl2=0, a1=35, a2=47), and (d) With slits and stubs 
(θ1=45°, θ2=15°, θ3=20°, w1=w2=0.5, l1=4.5, 
sl1=10.5, sl2=7.4, L=22, a1=35, a2=47). Units are 
mm.

To measure the power conversion efficiency, a rec-

tifying circuit is designed, as shown in Fig. 16. The rec-

tifying circuit is connected to the antenna, and we meas-

ure RF-DC conversion efficiency. The above design pro-

cedure suppresses the second and third harmonics of 

CMA, then the LPF between the antenna and diode is 

eliminated. The RF-DC conversion efficiency is defined 

as η=Vo
2/(RLPRF), where Vo is the output voltage at the 

load, RL is the variable resistor value, and PRF is the in-

put power as shown in Fig. 13. We join this rectifying 

circuit and 4 types of antennas, where a square micro-

strip antenna is measured as a reference. Fig. 17 shows 

conversion efficiency for the input power level, where a 

simulated ideal curve is calculated by approximating the 

antenna as an ideal LPF. In this calculation, the value 

of RL=1,500 Ω. The maximum conversion efficiencies of 

each curve are 55.8 % (ideal curve)，43.6 % (square MSA 

as a reference)，47.5 % (original CMA)，51.8 % (CMA 

with stubs) and 53.0 % (CMA with slits and stubs), 

respectively. This result shows that the efficiency of the 

CMA with slits and stubs is higher than that of the oth-

er antennas.

In this section, we showed that CMA suppresses re- 

radiation of harmonics excited by the diode in a rectify-

ing circuit. We examined the input characteristic of the 

CMA by slits, stubs, and their combinations and showed 

that the CMA with slits and stubs was the most effec-

tive in suppressing harmonics. We also measured RF- 

DC conversion efficiency, and confirmed that the con-

version efficiency is improved by applying stubs and 

slits to the CMA.
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Fig. 16. Rectenna circuit.

Fig. 17. RF-DC conversion efficiency.

Ⅴ. Conclusion

This paper presented three topics in the research fields 

of wireless power transfer. A simple circuit theory was 

introduced to explain short range power transfer by the 

resonator coupling. The theory, based on electro-

magnetics, is easy to understand for electrical engineers, 

and provides a simple design tool for the coupling be-

tween two coils. To overcome misalignment of the cou-

pling coils, a two-element array coil is a good candidate 

for practical applications. A further improvement in cou-

pling efficiency is expected to result in a highly efficient 

power transfer system. Short range power coupling is al-

so given by a pair of electrically small dipole arrays. A 

theory based on infinitesimal current filaments was pre-

sented and its flexible coupling scheme was demonstra-

ted. Its experimental verification is fully expected. 

The power rail concept without physical contact is a 

very attractive technology for delivery of power to mov-

ing vehicles. This paper demonstrated a new power rail 

concept that uses coupled overlay microstrip resonators 

and that provided small insertion loss and tight coupling 

to the load rectenna. A toy vehicle was successfully po-

wered by this rail. The decrease in operating frequency 

is an important issue for this power rail application and 

a power recollecting system in the RF range is a major 

challenge forachieving high power wireless transfer.

The last topic of this paper was the rectenna effi-

ciency in the microwave range as a means of long range 

power transmission. The RF to DC conversion effi-

ciency is mainly determined by the performance of the 

rectifier diode. We have already designed a highly effi-

cient rectenna that operates in a high power handling re-

gion of more than a few watts [27], and it reaches to 

around 90 % at 2.45 GHz. However, we have still have 

requests to improve the conversion efficiency of the rec-

tenna in the low power microwave region, as discussed 

in this paper. Optimal design for suppression of the har-

monic radiation from rectifiers is also an important re-

search topic in rectenna design.

Wireless power transfer has become a hot research 

topic recently for electromagnetic wave researchers. Through 

their contributions, Tesla’s lost dream could come true, 

step by step, in the near future. After decades of “All 

information is wireless,” a new age of wireless power 

transfer is on its way.

The author would like to thank Prof. N. Kikuma, 

Nagoya Institute of Technology and Dr. Oodachi, 

Toshiba Corporation to permit to use their figures.
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