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Various Wireless Power Transfer via Radio Waves

(a) Beam-type (Narrow-Beam) (b)Ubiquitous-type (Wide-Beam)
(High efficiency with higher frequency) (Low efficiency, like RF-ID)
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http://k-tai.impress.co.jp/img/ktw/docs/445/475/photogallery/gsh13c02.jpg.html

Perspective of Wireless Power Transfer in Next Decade

e -2010 R&D period of WPT
e 2010-2020 Commercialization of Inductive WPT

e 2020 — Commercialization of Wlde Beam WPT via
Microwaves (On-going)

— Establishment of New Radio
Regulation of WPT

e 2030 - Commercialization of Narrow-Beam WPT
via Microwaves (Hopefully)

e 2040 - 1oT and IoE Society (Our Dream1)
e 2050 - Power from Space (SPS) (Our Dream?2)
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Kyoto Univ. with SoftBank, Kanazawa Inst. Tech.

WPT standardization in Japan 5G 5G

Communication x WPT System

SIS PR i FI I"deet (Assumed System)

by Kyoto Univ. : to simplify phase control

Tx EIRP (Max.) 75 dBm

FSPL (10m) -81.3 dB

Rx Antenna 1.3 dBi

element gain

RF receiving -5 dBm (1 element)
power 15 dBm (100

Assumed Communication x WPT System (100 elements)  elements)

The power transmission system to sensors with existing base stations .
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R&D Project in Japan (Nov. 2021-)
- Millimeter Wave WPT X Communication (28GHz) -

Equipment of Millimeter Wave Antenna
Communication Base Band For Communication

Initial WPT experiment is succeeded in 2022.

— L

Novel cheap and high efficiency phased array antenna is developed now in Kyoto University.

By SoftBank, Kyoto Univ. Kanazawa Inst. Tech., Supported by NICT.
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SR DI TRARAZO0FO—2,(2021)

mud

Takabayashi, N., et al, “Lightweight and Compact Rectenna Array with 20W-class Output at C-band for
Micro-drone Wireless Charging”, IEICE Trans. C, Vol.E105-C,No.10,0ct. 2022,



WPT to Flying Micro-Drone in Kyoto Univ.(2021)

Takabayashi, N., et al, “Lightweight and Compact Rectenna Array with 20W-class Output at C-band for
Micro-drone Wireless Charging”, IEICE Trans. C, Vol.E105-C,No.10,0ct. 2022,
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AETERLINK corp. received Japanese first 1=
WPT license (AirPlug™) (2022/9/26) ">

ABBY—2

With Takenaka corp.

920MHz-1W Transmitter

Image of Wireless powered sensors loT sensors behind chairs

to control air conditioner to measure temperature/humidity/etc.

17
https://aeterlink.com/ https://prtimes.jp/main/html/rd/p/000000013.000071264.html



“Enesphere” — WPT products by Panasonic. (2022)

Technology to drive sensors as wide of a range with limited Tx microwave power

Receiver (Rectenna) < ImW @ 10m
920MHz, 1W, 6dBi, Transmitter

9 TIZREFATS(BAE#)), Panasonic ¥ B IZTEHIRIEEER, 2FBHHAFEHR, 18
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ITU : International Telecommunication Union

e HH . BRBIENDHELEENFAHDI-HOERHRHZIEEL. ESEEFEFDEE
RigHE FRBREERDI=O . BRITKFEROFRIELR —%—E’] FH’HEJET%)-_t
o A /\—:

— MEE:193ME (2016F4AKF =)

— BOF—AUN—(H{K. £F5F) 700l £
e K : oapr—T (RAR)
o IR 3BPFIEFE BRI BIED,

Discussion Result is published as

Question [> Report [> Recommendation j> Regulation

Working Document (4§ 5 3C&) . Preliminary Draft (B %) Z#& T, Draft (R) Z&KRBLTARICES. ,,




AL XEGEDRadio Regulation|ZBE 9 5%

@ ITU-R (International Telecommunication Union)
O imIETH<1978FE ML

-FHAGHEERESPSHLNDTAIOKIEEEFITIBEAM WPT

19974 [ZQuestion ITU-R 210/1&E L TNASAEIAXADMR R, ER/EU T —k
20134 IZNON-BEAM WPTEBEAM WPTIZ4E| > NON-BEAM WPTD i& 5

T SRAESWPTERIED#HEN ST EY .. NON-BEAM WPTDEERIZE R A~

- FIZEV-WPTZHIDIZEMR. PLETERRESRLED

- ITU-R Report SM.2303-0(2014) - SM.2303-1(2015) - SM.2303-2(2017) - SM.2303-3(2021),

“Wireless power transmission using technologies other than radio frequency beam”

*ITU-R Recommendation SM.2110-0(2017)->SM.2110-1(2019), “Guidance for the use of
frequency ranges for operation of non-beam wireless power transmission for electric vehicle”

% NON-BEAM WPTD E R 87%h RH¥EITER (?)
O RE IR &G HDBEAM WPTIZEL BV ViE R

-BEAM WPT7Z )45 — 3 (ZRB8 9 BITU-R Report SM.2392% #17(20164E) -SM.2392-1
(2021), “Applications of wireless power transmission via radio frequency beam”

-WIDE BEAM WPT® &K i A& 5112451k L /=ITU-R-REP-SM.2505, “Impact studies and
human hazard issues for wireless power transmission via radio frequency beam” Z¥17(2022)

- R4 AR AT ISR E L =B K $0 &) & SM.[WPT.BEAM.FRQ] % £ 17(2022)
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Report ITU-R SM.2505-0 (Jul., 2022) for Wide Beam WPT

“Impact studies and human hazard issues for wireless power
transmission via radio frequency beam”,
http://www.itu.int/pub/R-REP-SM.2505

TABLE 1

Examples of radio characteristics of beam WPT systems

System System 1 | System 2 System 3 System 4 System 5 Svstem 6 System 7
Frequency 915- 915-921 915-921 917-920 2410-2486 | 5738-5766 61-61.5
921 MHz MHz MHz MHz MHz MHz GHz
Output power 4w 15W UptoSO0W 1w I5W 2w SOW
Antenna gain 7dBi 8.24 dBi 10 dBi 6 dBi 24 dBi 25 dBi 45dBi ™
eLrp. 43 dBm 50 dBm 54.8 dBm 36 dBm 65.8 dBm 70 dBm 92 dBm M
Bandwidth S00kHz | 500kHz 500 kHz 200 kHz N/A® N/A @ 10 MHz
Beacon Other Other Other Other Other Beam-WPT Other
signals wireless wireless wireless wireless wireless dedicated wireless
systems systems systems systems systems wireless systems
system

Question - Report I’ Recommendation [> Regulation



Recommendation ITU-R SM.2151-0 (Sep., 2022)

“Guidance on frequency ranges for operation of wireless power transmission via radio
frequency beam for mobile/portable devices and sensor networks”
https://www.itu.int/dms_pubrec/itu-r/rec/sm/R-REC-SM.2151-0-202209-1!!PDF-E.pdf

recommends

1 that administrations may consider as guidance the use of the frequency ranges. or portions
thereof. listed in the Table 1 below. for the operation of beam WPT for mobile/portable devices and
charging of sensor networks:

2 that necessary steps should be taken to ensure that beam WPT does not cause harmful
interference to radiocommunication services, so that radiocommunication services remain protected
from radio frequency energy emanating from WPT operations falling into all bands.

TABLE 1

Frequency ranges for operation of beam WPT

Suitable beam WPT technologies

Frequency range A
q 3 g and applications

915-921 MHz

2 410-2 483.5/2 486 MHz Wireless charging of mobile/portable devices
5 725-5 875 NMHz Wireless powered and charging of sensor networks
61-61.5 GHz
NOTE 1 — The frequency ranges listed in this Table indicate those with possible use for beam WPT, noting
that some frequency ranges may not be designated for ISM applications. and may not be available for beam
WPT applications in some countrics. as a result of the different national allocations and regulatory
conditions.
NOTE 2 — In some administrations in Regions 1 and 3, the compatibility study of beam WPT is still ongoing
and the available frequency ranges for beam WPT are still under consideration,

Question [> Report [@mmend@ Regulation
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Current Policy for Far-Field WPT in Each Country

Japan — One of radio applications with License (In-Door, 2.4GHz-band,
5.7GHz-band, and 920MHz-band without license)(2021- )

US — One of ISM applications (governed by Part 18 of the Federal
Communications Commission (FCC) rules, while Part 15 contains
the rules for unlicensed communication devices, even those that
share ISM frequencies) (920MHz-band, 2.4GHz-band and 5.7GHz-
band without license)(2017-)

China — One of ISM applications (2016- ) ?? personal information

EU — One of the Short Range Device (917.3-917.7 MHz) (2020.5 in
Addendum to ECC Report 200) ?? EccC : Electronic Communications Committee
But European Broadcasting Union (EBU), BBC, and the others are
negative in ITU-R)

We work together but in different worlds now.
26



Visit wpt.ieee.org !

IEEE Wireless Power
Transfer Initiative

27



Wide Beam Type WPT — Low Power Rectennas -

(a) Wide Beam Type including Energy Harvesting
for Multi-Users, Low Power, in Fraunhofer Region

- Electric
Power

— Electric

Power — Electric

Power

Only Carrier for WPT

‘“““‘“m“““““““‘ Time and
Space

\
Transmitted \\
Power (Broad) )

Frequency

Transmitter

Very Narrow

Low Power Rectenna is
important.

_ b G A, .
= P, 4md?

(+ Diffraction)

[Rectenna — Rectifying Antenna —]

Antenna

Octave Bandwidth RF Antenna + Circuit
Harvesting Tee-Shirt
by J. A. Estrada et al.,
Colorado Univ., WPW2019
Broadband and High Impedance
Rectenna by C Song et al. Univ. Of
Liverpool, IEEE TIE, 2017
) Circuit
Device
100mW Rectenna by K. Kawai et
al., Kyoto Univ., AWPT2021
Rectenna with Tunnel Diode by V.
Manev et al., Eindhoven Univ. of
Tech., WPW2019
Hybrid

SIW solar cavity-backed slot antenna
by S. Lemey et al., Ghent Univ, EUMW2015

Peak RF-DC Efficiency

- = - | Output |—— pc >90% @ 2.4GHz
- An Filter To Load >85% @ 5.7GHz
Radio Wave tenna LPF with —_—
Capa-
- B — | citance [
- =
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Startup Companies of Far Field WPT in USA

- FCC Certification (2017) -

FCC Certification
(2020)

FCC Certification
(2019)

High Cost

. Laser 29
Material from Dr. Tanabe, CEO of AETERLINK



AirFuel RF (with Energous) (2022)

https://airfuel.org/airfuel-rf/
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Energours®1W WPT%
ADIoTT /N RIZ
(2023/1/10)

https://www.sato.co.jp/about/news/2023/
release/20230110.html
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PowerCAST — CES2023

https://www.youtube.com/watch?v=cBdfHvLWULc
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Narrow Beam Type WPT — Beam Forming with Higher Frequency-

(b) Narrow Beam Type
for Single User, High Power, in Fresnel Region

2
— 1 _ p,—T
n= 1 e *  Theoretically 100%
T2 . GtAr . & *  Target detecting and beam
A77c2 Pt forming is important.

*  Higher Frequency is better.

[Beam Forming by Phased Array Antenna]

antennal antenna2 antenna3 antenna4d

antenna, X-axis: distance from antenna

Retrodirective in Multi Path et al., Kyoto Univ., [EEE WPW2019
Device Field Experiment

Rectenna at 95GHz with New . . .
Developed GaN Diode, Field Experiment with 91.2kW-TxMW

by H. Kazemi, Raytheon, TMTT, 2022 to 1.6kW-RxDC in > 1km.in X-Band,
by C. Rodenbeck, NRL, J. of Microwaves, 2022

[Target Detecting by Retrodirective]
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Millimeter wave WPT by Xiaomi (2021/1)

https://www.youtube.com/watch?v=jxRcOGFnCUo
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Field Experiment in Munich by EMROD corp. (Sep.26, 2022)

(EMROD is founded
in New Zealand in 2019)
https://emrod.energy/

Supported by ESA
(European Space
Agency)

5.8GHz
Phased Array

https://www.linkedin.com/feed/update/urn:li:activity:6980565319845036034?updateEntityUrn=urn%3Ali%3Afs_fee 35
dUpdate%3A%28V2%2Curn%3Ali%3Aactivity%3A6980565319845036034%29



X-Band Beam WPT Experiment at the US Army
Research Field in Blossom Point (2021)

5.4m Parabolic Antenna QAACOMMA451317
i chottky diode
with 10.5 GHz, 91.2kW Pulse Magnetron % APERTURE

TX APERTURE
ﬁ

8,
Received RF Power 2.27kW
Rectified DC Power 1.65kW
D &R ST (&R £ 3) 532023 IEEE Journal of Microwaves Best Paper Awardx 2§

Rodenbeck, C. T., et al. “Terrestrial Microwave Power Beaming”, IEEE J. Microwaves, Vol.2, No.1, 2022
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94GHz Rectenna with New GaN Diode by Raytheon, US (2022)

Fig. 12.

Plots of RF-d¢ efficiency at 93 GHz are shown versus input

power level and the power density. The GaN nano-Schottky rectenna circust
represents an outstanding input power handling at high degree of efficiency.

94-95GHz
Rectenna

K. Hooman, “61.5% Efficiency and 3.6 kW/m2 Power Handling Rectenna
Circuit Demonstration for Radiative Millimeter Wave Wireless Power
Transmission”, IEEE Trans. MTT, Vol.70, No.1, pp.650-659

Reference ) 24 R 26 27 | This WORK
[Rectifier Tech, GeAs | 013uymCMOS|  B50m GsAs | 40nm | GoN nano
Dicde Sch Diode CMOS Dicde CMOS | Schottky
chitecture | Ante Integ MMIC | Intag MMIC [Ant « Dioda| MMIC | MMIC no-
{Diode Chip with Ant with Asil Chp no-Ant Ant
[Tx Source Type | Khstion | Network | ‘s&d‘s‘%’f’s’&w‘ﬁiﬁ”ﬂﬁi&ﬂ “Soid Stale
! Analyzer | Powor Amp | Power Amp |Analyzer| Power Amp
{!i Power®) | 100 | o1 | on | o4 | 0063 009
e 065 09 | o1 s |o0m | s7
Efficiency (%) | 323 a7 10 | 38 458 615
[Element Area
fmz,m 562 29 048 18 0075 | 158
[Power Handling | 1
(XWim’) 0.47 0.31 | 0038 238 0.38 J 361
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1GW Solar Power Station
2kmf Solar Cells

2kmf Microwave Antenna
< 10,000 ton weight

Solar Power
Satellite (SPS)

Microwave Power
Transfer (1.3GW MW)

SPS > 90% 11-31 g- © Beam Eff. Tx-> Rx
CO.,/kWh @ 36,000km
Ground PV <15% 53-76 g- O >95%
CO.,/kWh
LNG > 90% 631 g-CO,/kWh X
Atomic > 90% 22 g-CO,/kWh A
Ground PV

: < 15% (Night, Rain...)
Space PV (SPS)

: >90% (No Night in 36,000km Orbit, ;kmf o A
No Rain by Microwave Propagation) (fé\e,\l,vgf) ntenna

-> SPS is huge, stable, and CO,-free
. (DCtoDC Eff. > 50%)
Power Station 38
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SPS Omega Demonstrator in Xidian Univ. (June, 2022)

Chinese SPS “SPS Omega”

https://mp.weixin.qg.com/s/9jHxZ9I90fNgiRyY ozo5w
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