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LETTER

Demonstration of wireless power coloring

Masataka Motoyama1, a) and Ken Umeno1, b)

Abstract This letter aims to demonstrate the concept of wireless power
coloring (WPC), i.e., frequency division multiplexing of wireless power
transfer (WPT). Currently, to obtain significant received power in WPT, the
power is generated from a single transmission source. Herein, we propose
a method of transmitting wireless power through more than one (N ≧ 2)
multiplexed coloring source. To achieve this, we use power transmitting
sources with different resonance frequencies in magnetic resonance-type
WPT to selectively send power to a designated receiver.
Keywords: WPC, WPT, cubic law
Classification: Electromagnetic theory

1. Introduction

Since the announcement of magnetic resonance-type wire-
less power transfer (WPT) by the MIT group in 2007 [1, 2],
in addition to the magnetic resonance method, the electric
resonance and radiation methods (microwave, laser) are also
being actively researched [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13,
14, 15, 16, 17]. In recent years, WPT with a relatively large
separation distance and efficient transmission methods have
been proposed [18, 19, 20, 21, 22, 23, 24, 25, 26]; however,
power is still being transmitted via a single power trans-
mission device. The predominant one-to-one transmission
method is to receive electromagnetic waves with a power
receiving device and then use them as electric power. In this
transmission method, the amount of received power is de-
termined by the total efficiency obtained by multiplying the
power transmission device’s efficiency with the power re-
ception device’s efficiency. As an improved power transmis-
sion/reception method, recently [27], a one-to-N method that
consists of a large power source on the power transmission
side and N receivers (N > 1) within the range of the power
transmission source is illustrated [28, 29, 30]. In the present
study, one power receiving device is placed to be surrounded
by numerous sources (power transmitters), and WPT is per-
formed from many different power-producing sources to po-
tentially multiply power receiving devices. This method has
numerous applications that prove WPT is acceptable to our
society; for example, sending power for numerous purposes,
including lighting, charging a mobile phone, and heating a
room. To test this concept, our research group devised an
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N-to-1 power transmission/reception method by preparing
N power transmission sources (N > 1) and connecting them
to a single power reception device and conducted experi-
ments based on this concept. For this, we considered two
power transmission devices that can transmit and identify
electric power at different frequencies. In this experiment,
we demonstrate wireless power coloring, i.e., frequency di-
vision multiplexing of WPT, where frequency represents the
resonance frequency in magnetic resonance-type WPT.

2. Method

2.1 Experiment
The experiment was performed using the WPT transmission
sources and the power reception device shown in Fig. 1. Both
the power transmission sources and power reception device
have a radius of 4 cm and 40 turns, respectively. Three
types of coils, namely, resonant, drive, and output coils were
used. Two ceramic oscillators with resonance frequencies of
4.0 MHz and 3.6 MHz were used as the oscillators, emitting
transmission frequencies of 2.0 MHz and 1.8 MHz, respec-
tively. A spectrum analyzer (Micronix MSA438) was used
to measure the peak value of the spectrum on the power
transmission sides A and B and the power reception side.

2.2 Experimental setup
In the experiment, the power transmitting sources A and B
were brought close to the power receiving device so that
wireless power could be transmitted from both sources to

Experiment apparatus

Fig. 1 (a) Block diagram of transmitter and (b) receiver.
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the single receiver. The separation distance was 1 cm, and
the transmitting sources were directed toward the receiving
device.

2.3 Experimental results
Experiments were conducted using the setup shown in Fig. 2
and measured with a spectrum analyzer. The resonance fre-
quency of transmitter source A is set to 1.8 MHz, and the
resonance frequency of Transmitter source B is shifted using
a ceramic oscillator such that Transmitter B is at 2.0 MHz,
as shown in Fig. 3. Transmitter source A has a maximum
peak spectrum of 1.7338 mW, and transmitter source B has a
maximum peak spectrum of 2.0091 mW. Transmitter source
B contained multiple spurious peaks in addition to the peak
spectrum. When this power was transmitted, the receiver
received 0.955 mW of power from Transmitter source A at
a resonance frequency of 1.8 MHz (Transmitter A), while a
suppressed power of 0.03281 mW at the non-resonant fre-
quency as shown in Fig. 3(c). These results show that wire-
less power from multiple power sources can selectively be
sent to a receiving device via the choice of the resonance
frequency, that is, a selected WPT source’s resonance fre-
quency matches that of the receiving device. Additionally,
Figure 3(d) shows the output characteristics of the receiver
for source. The efficiency of the single source case is 62%
which is higher than the efficiency 55% for the case of mul-
tiple transmitters. Thus, there is a certain tradeoff between
transmitting efficiency and the number of multiple power
sources.

Fig. 4 shows the fitting of the experimental result illus-
trated in Fig. 3(c) to a theoretical cubic law curve with a
peak at a frequency of 1.8 MHz. This has been illustrated
for received power, Lorentz distribution, and Gaussian dis-
tribution to compare the experimentally obtained values,
wherein the distribution functions are as follows:

Lorentzian: P =
0.018
π

γ

∆ f 2 + γ2
[mW], ∆ f [MHz],

γ = 0.006 [MHz] (1)

Gaussian: P =
0.1221√
(2πσ2)

exp
(
− ∆ f 2

2 · σ2

)
[mW],

σ = 0.00051 [MHz] (2)

Fig. 2 Experimental setup

Cubic: P =

√
2

70π
β3

(∆ f 4 + β4)
[mW],

β = 0.0064 [MHz] (3)

The values of full width at half maximum are 0.012 MHz
(Gaussian, Lorentzian) and 0.0128 MHz (cubic law) for the
case where the resonance frequency is 1.8207 MHz.

According to Ref. [1], the intensity of electromagnetic
waves follows the Lorentzian equation, i.e., am (t) =

Fig. 3 Spectrum from each transmitter and receiver. (a) Transmitter A
synchronized with peak frequency. (b) Transmitter B not synchronized with
peak frequency. (c) Receiver synchronized with Sender A peak frequency.
(d) Receiver for single source.
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Fig. 4 Spectrum from receiver, fitting with gauss distribution and Lorentz
distribution and cubic law

exp(iω0t − Γ0t). However, according to this experiment, the
received signal significantly deviates from the Lorentzian.
The received signal is a mixed wireless power signal ob-
tained by superimposing two power transmission sources
rather than one, which could be the reason for the deviation.
Notably, it was observed that the mixed radio signal power
follows the cubic law rather than the Lorentzian.

3. Discussion

The experiment was conducted using a power transmission
method with two different power transmission sources and a
single power receiving device. The frequency of the electro-
magnetic wave transmitted from the oscillator of the power
transmission source A is 1.8 MHz, and that of the power
transmission source B is 2.0 MHz. The resonance frequency
at the receiver is set at 1.8 MHz, equal to the power transmis-
sion source A and has an offset from the power transmission
source B. Consequently, the electromagnetic wave spec-
trum from transmission source A, matching the resonance
frequency, produced a transmission efficiency of 55% with
0.955 mW of power received when the transmission power
was 1.7338 mW at the peak level.

Conversely, it was found that the power received from
the power transmission source B with the changed reso-
nance frequency was 0.03281 mW compared to the power
transmission of 2.0091 mW at the peak level, and the power
transmission efficiency was substantially suppressed to ap-
proximately 1.6%. The result suggests that it is possible
to selectively receive the transmitted electromagnetic waves
from a plurality of wireless power transmission sources by
changing the resonance frequency. For the WPC concept,
if we can associate electric power with different resonance
frequencies as coloring power, we can distinguish the de-
sired color (frequencies) by a transmitted power suppression
mechanism with the non-resonance frequency.

We also confirm that the efficiency 55% for multiple trans-
mitter case is slightly lower than the efficiency 62% for sin-

gle source case which shows that WPC has some impact on
efficiency.

These results conform to the concept of WPT multi-
plexing, which corresponds to resonance frequency divi-
sion multiplexing. In this experiment, we demonstrated
the simplest transmission method in the case of N = 2 to
one transmission, but this can be applied to N ≧ 2 to one
multiplexing in WPT such as CDMA [31]. Furthermore,
we found that the spectrum on the power-receiving side is
closer to the cubic law rather than the Lorentzian [1], which
can be derived from the classical theory of WPT. The cubic
law is a distribution found in financial price fluctuations [32]
in which the characteristic function is the superposition of
two Lorentzian characteristic functions. The experimental
results suggest that the superposition of the mixed power
signal can be written by the superposition of the Fourier
transform (characteristic function) of the Lorentz distribu-
tion.

4. Conclusion

This study demonstrates the WPC concept, and we experi-
mented with WPT multiplexing according to the distribution
of different resonance frequencies to validate the WPC con-
cept. Consequently, we demonstrated that two-to-one power
transmission and reception can be realized by changing the
resonance frequency. It was also found that by changing
the resonance frequency on the power transmission sources,
the power reception device can selectively receive power
from a power transmission source having a frequency equal
to the resonance frequency, similar to a router. The spec-
trum of the mixed radio power signal obtained in the exper-
iment was expressed by the cubic law [32] rather than the
Lorentzian obtained by the theory proposed by the research
group at MIT. Based on this investigation, we proposed
a new power transmission method, namely wireless power
coloring-multiplexing for WPT, by designing the distribu-
tion of different resonance frequencies.

Acknowledgments

This work was supported by Minna-Denryoku, Inc. We
express our sincere gratitude to them for supporting our
research. The authors would also like to thank Mr. Masahiro
Hamasaki at Kyushu University for his technical assistance.

References

[1] A. Kurs, et al.: “Wireless power transfer via strongly coupled mag-
netic resonances,” Science 317 (2007) 83 (DOI: 10.1126/science.
1143254).

[2] A. Karalis, et al.: “Efficient wireless non-radiative mid-range en-
ergy transfer,” Ann. Phys. 323 (2008) 34 (DOI: 10.1016/j.aop.2007.
04.017).

[3] M.A. Houran, et al.: “Magnetically coupled resonance WPT: re-
view of compensation topologies, resonator structures with misalign-
ment, and EMI diagnostics,” Electronics 7 (2018) 296 (DOI: 10.3390/
electronics7110296).

[4] K.H. Yi: “Output voltage analysis of inductive wireless power trans-
fer with series LC and LLC resonance operations depending on cou-
pling condition,” Electronics 9 (2020) 592 (DOI: 10.3390/electron-
ics9040592).

3

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

https://doi.org/10.1126/science.1143254
https://doi.org/10.1126/science.1143254
https://doi.org/10.1016/j.aop.2007.04.017
https://doi.org/10.1016/j.aop.2007.04.017
https://doi.org/10.3390/electronics7110296
https://doi.org/10.3390/electronics7110296
https://doi.org/10.3390/electronics9040592
https://doi.org/10.3390/electronics9040592


IEICE Electronics Express, Vol.18, No.5, 1–4

[5] I. Alhamrouni, et al.: “Application of inductive coupling for wireless
power transfer,” Int. J. Power Electron. Drive Syst. 11 (2020) 1109
(DOI: 10.11591/ijpeds.v11.i3.pp1109-1116).

[6] “Wireless power takes control,” Nat. Electron. 3 (2020) 131 (DOI:
10.1038/s41928-020-0398-8).

[7] E. Maulana, et al.: “Wireless power transfer characterization based
on inductive coupling method,” 2018 EECCIS (2018) 164 (DOI:
10.1109/EECCIS.2018.8692901).

[8] M. Tamura, et al.: “Feasibility of electric double-layer coupler for
wireless power transfer under seawater,” IEICE Trans. Electron.
E103-C (2020) 308 (DOI: 10.1587/transele.2019ECP5033).

[9] T. Hirakawa, et al.: “RF-DC conversion efficiency improvement
for microwave transmission with pulse modulation,” Wireless Power
Transf. 6 (2019) 57 (DOI: 10.1017/wpt.2019.3).

[10] Microwave Power Transmission System Market: Global forecast over
2020–2025, Market Study Report (2020) https://www.aeresearch.net/
microwave-power-transmission-system-market-266594.

[11] J. Dorrier: “New Zealand is about to test long-range wireless power
transmission,” Singularity hub (2020) https://singularityhub.com/
2020/08/30/new-zealand-is-about-to-test-long-range-wireless-
power-transmission/.

[12] Y. Song, et al.: “Research on the multiobjective optimization of
microwave wireless power receiving in an unmanned aerial vehicle
network,” Complexity 2020 (2020) 8882528 (2020) (DOI: 10.1155/
2020/8882528).

[13] A. Kumar: “Antenna assists MW power transmission,” Microwaves
and RF (2020) https://www.mwrf.com/technologies/components/
article/21842439/antenna-assists-mw-power-transmission.

[14] K. Iizuka, et al.: “Wireless power transmission technology for wire-
less sensing on rotor,” Mitsubishi Heavy Ind. Tech. Rev. 57 (2020) 1.

[15] B.-J. Hu, et al.: “Long-distance wireless power transfer based on time
reversal technique,” in Recent Wireless Power Transfer Technologies
(2019) (DOI: 10.5772/intechopen.89078).

[16] K. Shimamura, et al.: “Feasibility study of microwave wireless pow-
ered flight for micro air vehicles,” Wireless Power Transf. 4 (2017)
146 (DOI: 10.1017/wpt.2017.9).

[17] B. Clerckx, et al.: “Fundamentals of wireless information and power
transfer: from RF energy harvester models to signal and system
designs,” IEEE J. Sel. Areas Commun. 37 (2019) 4 (DOI: 10.1109/
JSAC.2018.2872615).

[18] Q.-T. Duong and M. Okada: “kQ-product formula for multiple-
transmitter inductive power transfer system,” IEICE Electron. Express
14 (2017) 20161167 (DOI: 10.1587/elex.14.20161167).

[19] Y. Narusue, et al.: “Load optimization factors for analyzing the ef-
ficiency of wireless power transfer systems using two-port network
parameters,” IEICE Electron. Express 17 (2020) 20200093 (DOI:
10.1587/elex.17.20200093).

[20] H. Andoh, et al.: “Study on impedance matching and maximum
wireless power transfer efficiency of circuits with resonant coupling
based on simplified S-matrix,” IEICE Electron. Express 16 (2019)
20190156 (DOI: 10.1587/elex.16.20190156).

[21] K. Hatano, et al.: “Development of improved 24GHz-band class-
F load rectennas,” 2012 IMWS (2012) 163 (DOI: 10.1109/IMWS.
2012.6215776).

[22] C. Cheng, et al.: “Load-independent wireless power transfer system
for multiple loads over a long distance,” IEEE Trans. Power Electron.
34 (2019) 9279 (DOI: 10.1109/TPEL.2018.2886329).

[23] Y. Li, et al.: “Influences of coil radius on effective transfer distance
in WPT system,” IEEE Access 7 (2019) 125960 (DOI: 10.1109/
ACCESS.2019.2937394).

[24] X. Shi, et al.: “Effects of coil shapes on wireless power transfer
via magnetic resonance coupling,” J. Electromagn. Waves Appl. 28
(2014) 1316 (DOI: 10.1080/09205071.2014.919879).

[25] M. Liu: “Analysis on the power and efficiency in wireless power
transfer system via coupled magnetic resonances,” AIP Conf Proc.
1971 (2018) 040023 (DOI: 10.1063/1.5041165).

[26] S. Nimura, et al.: “Improvement in power transmission efficiency for
cavity resonance-enabled wireless power transfer by utilizing probes
with variable reactance,” IEEE Trans Microw. Theory Techn. 68
(2020) 2734 (DOI: 10.1109/TMTT.2019.2956028).

[27] B.L. Cannon, et al.: “Magnetic resonant coupling as a poten-

tial means for wireless power transfer to multiple small receivers,”
IEEE Trans. Power Electron. 24 (2009) 1819 (DOI: 10.1109/TPEL.
2009.2017195).

[28] Y.-J. Kim, et al.: “Selective wireless power transfer for smart
power distribution in a miniature-sized multiple-receiver system,”
IEEE Trans. Ind. Electron. 63 (2016) 1853 (DOI: 10.1109/TIE.2015.
2493142).

[29] H. Le-Huu, et al.: “Multiple-receiver wireless power transfer system
using a cubic transmitter,” 2019 IEEE Wireless Power Transf. Conf.
(WPTC) (2019) 170 (DOI: 10.1109/WPTC45513.2019.9055603).

[30] W. Cai, et al.: “Multiple-receiver wireless power transfer with effi-
cient power control strategy,” 2019 IEEE PELS Workshop on Emerg.
Technologies: Wireless Power Transf. (WoW) (2019) 378 (DOI:
10.1109/WoW45936.2019.9030641).

[31] K. Umeno and K. Kitayama: “Spreading sequences using periodic
orbits of chaos for CDMA,” Electron. Lett. 35 (1999) 545 (DOI:
10.1049/el:19990389).

[32] S. Kakinaka and K. Umeno: “Characterizing cryptocurrency market
with Lévy’s stable distributions,” J. Phys. Soc. Jpn. 89 (2020) 024802
(DOI: 10.7566/JPSJ.89.024802).

4

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

https://doi.org/10.11591/ijpeds.v11.i3.pp1109-1116
https://doi.org/10.1038/s41928-020-0398-8
https://doi.org/10.1038/s41928-020-0398-8
https://doi.org/10.1109/EECCIS.2018.8692901
https://doi.org/10.1109/EECCIS.2018.8692901
https://doi.org/10.1587/transele.2019ECP5033
https://doi.org/10.1017/wpt.2019.3
https://doi.org/10.1155/2020/8882528
https://doi.org/10.1155/2020/8882528
https://doi.org/10.5772/intechopen.89078
https://doi.org/10.1017/wpt.2017.9
https://doi.org/10.1109/JSAC.2018.2872615
https://doi.org/10.1109/JSAC.2018.2872615
https://doi.org/10.1587/elex.14.20161167
https://doi.org/10.1587/elex.17.20200093
https://doi.org/10.1587/elex.17.20200093
https://doi.org/10.1587/elex.16.20190156
https://doi.org/10.1109/IMWS.2012.6215776
https://doi.org/10.1109/IMWS.2012.6215776
https://doi.org/10.1109/TPEL.2018.2886329
https://doi.org/10.1109/ACCESS.2019.2937394
https://doi.org/10.1109/ACCESS.2019.2937394
https://doi.org/10.1080/09205071.2014.919879
https://doi.org/10.1063/1.5041165
https://doi.org/10.1109/TMTT.2019.2956028
https://doi.org/10.1109/TPEL.2009.2017195
https://doi.org/10.1109/TPEL.2009.2017195
https://doi.org/10.1109/TIE.2015.2493142
https://doi.org/10.1109/TIE.2015.2493142
https://doi.org/10.1109/WPTC45513.2019.9055603
https://doi.org/10.1109/WoW45936.2019.9030641
https://doi.org/10.1109/WoW45936.2019.9030641
https://doi.org/10.1049/el:19990389
https://doi.org/10.1049/el:19990389
https://doi.org/10.7566/JPSJ.89.024802



