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[bookmark: _Toc421687501]1	Introduction

This Report contains proposed refers to frequency ranges and associated potential levels for out-of-band emissions which have not been agreed within the ITU-R, and require further study to ascertain if they provide protection to radiocommunication services on co-channel, adjacent channel and adjacent band criteria. The Report gives an overview of current research and development and work being undertaken in some Regions.

Technologies to transmit electric power wirelessly have been developed since the 19th century, beginning from induction technology. Since the Massachusetts Institute of Technology innovation on Non-Beam wireless power technology in 2006, technologies of wireless power transmission (WPT) under development vary widely; e.g. transmission via radio-frequency beam, magnetic field induction, resonant transmission, etc. WPT applications are expanding to mobile and portable devices, home appliances and office equipment, and electric vehicles. New features such as freedom of charging device placement are added. Some technology claims simultaneous multiple device charging. Inductive WPT technologies are widely commercially available today. Nowadays, resonant WPT technologies are coming out to consumer market. Automotive industry looks at WPT for electric vehicle (EV) applications in the upcoming future.

Suitable frequencies for WPT to attain required transmission power level and power efficiency, applicable physical dimensions of coil/antenna are mostly specified. However, WPT coexistence study with the incumbent radio systems are now carefully examined and is pointed out with many issues which should be resolved in a timely manner. Some countries and international radio-related organizations are discussing radio regulations necessary to introduce WPT technologies. Some discussion results and ongoing discussions are now publicly available to share.

For example, APT Survey Report on WPT [1] and APT Report on WPT [9] provides the latest information on regulatory discussions in Asia‑Pacific Telecommunity (APT) member countries on WPT to consider introduction.

This Report provides information about WPT using technologies other than radio frequency beam, as partial answers to Question ITU-R 210-3/1.

This Report includes information about national regulations but this information has no international regulatory effect.

[bookmark: _Toc421687502]2	Applications developed for use of WPT technologies

[bookmark: _Toc421687503][bookmark: _Toc350011998]2.1	Portable and mobile devices

[bookmark: _Toc421687504]2.1.1	Inductive WPT for mobile devices such as cellular phones and portable multimedia devices

Inductive WPT uses inductive technologies and is applied to the following applications:

–	mobile and portable devices: cellular phones, smartphones, tablets, note-PCs;

–	audio-visual equipment: digital still cameras;

–	business equipment: handy-digital-tools, table-order-systems;

–	others: lighting equipment (e.g. LED), robots, toys, car-mounted devices, medical equipment, healthcare devices, etc.

Some technologies of this type may require exact device positioning on the power source. 
In general, the device to be charged should be contacted with the power source such as the power tray. Operational emission power is assumed in the range from several watts to 10 s of watts.

[bookmark: _Toc421687505][bookmark: _Toc350011999]2.1.2	Resonant WPT for mobile devices such as cellular phones and portable multimedia devices such as smartphones, tablets, portable multimedia devices

Resonant WPT uses resonant technologies, have more spatial freedom than inductive technology. The technology is applied to the following applications for any orientation (x-y and z) with no alignment techniques:

–	cellular phones, smartphones, tablets, note-PCs, wearable devices;

–	digital still cameras, digital video cameras music-players, portable TVs;

–	handy-digital-tools, table-order-systems, lighting equipment (e.g. LED), robots, toys, car‑mounted devices, medical equipment, healthcare devices, etc.

Annex 2 describes an example of this type of WPT technology.

[bookmark: _Toc421687506]2.2	Home appliance and logistics applications

This application may require similar features and aspects to WPT for portable and multimedia devices. However, in general they use higher power than those. Therefore, it may require additional regulatory compliance in some countries.

As operation power of CE appliances such TV with big video screen increases, WPT for these products require higher charging power above 100 W which may not obtain certification in the current regulatory categories and radio policies in some countries.

Magnetic induction and magnetic resonance methods can be applied according to the type of home and logistics applications of WPT. The applications are as follows:

–	Home appliance applications: Household electrical appliances, furniture, cooker, mixer, television, small robot, audio-visual equipment, lighting equipment, healthcare devices, etc.

–	Logistics applications: stocker at logistics warehouse, medical equipment, Overhead Transfer at LCD and Semiconductor product lines, Automated Guided Vehicle (AGV) system etc. 

The operation power is expected to be from several hundreds of watts to several kW range due to the consumption power of application devices. Suitable frequency band is under 6 780 kHz in considering the RF emission, exposure, and system performance.

[bookmark: _Toc421687507]2.3	Electric vehicle

A concept of WPT for EV including plug-in hybrid electric vehicle (PHEV) is to charge the car without a power-cable wherever WPT is available.

Charging power may depend on the requirement of the users. In most use cases for passenger vehicles at their home garage, 3.3 kW or equivalent charring power could be accepted. However, some users want to charge quickly or their car for specific use purpose may need much bigger power. 20 kW or higher power range are also taken in consideration today. 

Charging power may depend on the requirement of the heavy duty vehicles. In use cases for heavy duty vehicles, the initial 75 kW equivalent charging power may be required. The 100 kW or higher power range are also taken into consideration. 

Were WPT for EV to become a ubiquitous power source, it may lead to a reduction of EV battery size and unlimited drive.

Charged power at car will be used for driving, powering supplemental car devices, air-conditioning, and other car-necessities.

WPT technologies and applications both while parking and while driving are taken into consideration.

[bookmark: _Toc421687508]3	Technologies employed in or incidental to WPT applications

[bookmark: _Toc421687509]3.1	For portable and mobile devices

[bookmark: _Toc380618480][bookmark: _Toc421687510]3.1.1	Magnetic induction WPT technology

The WPT by magnetic inductance is a well-known technology, applied for a very long time in transformers where primary and secondary coils are inductively coupled, e.g. by the use of a shared magnetic permeable core. Inductive power transmission through the air with primary and secondary coils physically separated is also a known technology for more than a century, also known as Tightly Coupled WPT. A feature of this technology is that the efficiency of the power transmission drops if the distance through the air is larger than the coil diameter and if the coils are not aligned within the offset distance. The efficiency of the power transmission depends on the coupling factor (k) between the inductors and their quality (Q). This technology can achieve higher efficiency than magnetic resonance method. This technology has been commercialized for charging of smart phones. With a coil array, this technology also offers flexibility in the receiver coil location of the transmitter. 

FIGURE 3.1 

Example magnetic induction WPT system block diagram 





[bookmark: _Toc421687511]3.1.2	Magnetic resonance WPT technology

The WPT by magnetic resonance is also known as Loosely Coupled WPT. The theoretical basis of this magnetic resonance method was first developed in 2005 by Massachusetts Institute of Technology, and their theories were validated experimentally in 2007 [3]. The method uses a coil and capacitor as a resonator, transmitting electric power through the electromagnetic resonance between transmitter coil and receiver coil (magnetic resonant coupling). By matching the resonance frequency of both coils with high Q factor, electric power can be transmitted over a long distance where magnetic coupling between two coils is low. The magnetic resonance WPT can transmit electric power over a range of up to several meters. 

This technology also offers flexibility in the receiver coil location of the transmission coil. Practical technical details can be found in many technical papers, for example, those in [3] and [4].

FIGURE 3.2 

Example magnetic resonance WPT system block diagram 





[bookmark: _Toc421687512]3.1.3	Capacitive coupling WPT

The capacitive coupling WPT system has two sets of electrodes, and does not use coils as magnetic type of WPT systems. Power is transmitted via an induction field generated by coupling the two sets of electrodes. The capacitive coupling system has some merits as follows. Figures 3.3 and 3.4 show system block diagram and typical structure, respectively. 

1)	Capacitive coupling system provides horizontal position freedom with an easy-to-use charging system for end customers.

2)	Very thin (less than 0.2 mm) electrode can be used between transmitter and receiver in the system, and hence suitable for integration into slim mobile devices.

3)	No heat generation in the wireless power transmission area. This means the temperature does not rise in the wireless power transmission area, which protects the battery from heating even when the unit is placed nearby.

4)	The emission level of the electric field is low because of the structure of its coupling system. The electric field is emitted from electrodes for power transmission.

FIGURE 3.3

Capacitive coupling WPT system block diagram 





FIGURE 3.4 

Typical structure of the capacitive coupling system





[bookmark: _Toc421687513]3.2	For home appliances

Inductive power sources (transmitters) may stand alone or be integrated in the kitchen counter tops or dining tables. These transmitters could combine the WPT to an appliance with conventional inductive heating.

For the home appliance application, the power level is usually up to several kilowatts, and the load maybe motor-driven or heating type. Future products will support more than 2 kW power and some new design proposal for cordless kitchen appliances is being investigated.

Considering the high power usage in home, frequencies in the order of tens of kHz are preferred to restrict electromagnetic exposure to human bodies. And high reliable devices such as IGBTs are usually used and these devices are working in 10 kHz-100 kHz frequency range.

The product applied in the kitchen must meet the safety and EMF requirements. And it is a key issue that transmitter should be light and small size to fit the kitchen in addition to being low cost. The distance between the transmitter and the receiver is intended to be less than 10 cm.

The following pictures show examples of wireless power kitchen appliances that will come to the market soon.

FIGURE 3.5

Wireless power kitchen appliances





WPT systems are already integrated in the product lines of Semiconductor and LCD panel, the following pictures show examples.

Figure 3.6

Use cases of the LCD and semiconductor product lines and kitchen WPT systems





[bookmark: _Toc380618484][bookmark: _Toc421687514]3.3	For electrical vehicles

Magnetic Field Wireless Power Transmission (MF-WPT) is one of the focus points in standardization discussion such as IEC PT61980 and SAE J2954TF regarding WPT for EV including PHEV though there are several types of WPT methods. MF-WPT for EV and PHEV contains both inductive type and magnetic resonance type. Electric power can be transmitted from the primary coil to the secondary coil efficiently via magnetic field by using resonance between the coil and the capacitor.

Expected passenger vehicle applications assume the following aspects:

1)	WPT application: Electric power transmission from electric outlet at a residence and/or public electric service to EVs and PHEVs.

2)	WPT usage scene: at residential, apartment, public parking, etc.

3)	Electricity use in vehicles: All electric systems such as charging batteries, computers, air conditioners, etc.

4)	Examples of WPT usage scene. An example for passenger vehicles is shown in the following figure.

5)	WPT method: AWPT system for EV/PHEV has at least two coils. One is in the primary device and the other is in the secondary device. The electric power will be transmitted from primary device to secondary device through magnetic flux/field.

6)	Device location (Coil location):

a)	Primary device: on ground or/and in ground.

b)	Secondary device: lower surface of vehicle.

7)	Air gap between primary and secondary coils: Less than 30 cm.

8)	Transmission power class example: 3 kW, 6 kW, and, 20 kW.

9)	Safety: primary device can start power transmission only if secondary device is located in the proper area for WPT. Primary device needs to stop transmission if it is difficult to maintain safe transmission.

FIGURE 3.7 

Example of a WPT system for EV/PHEV








In order to run heavy duty vehicles such as an electrical bus, the infrastructure of the system is to embed electric strips in roadbeds that magnetically transmit energy to battery-powered vehicles above. The bus can move along the electrical strips without any stopping for charging its power, known as on-line electric vehicle (OLEV). Furthermore the bus can be charged a stopping condition in bus stop or bus garage. The online bus at an amusement park or at the city is the first system operated in the form of EV for heavy duty vehicles in the world. 

Figure 3.8 

Technical characteristics of an online electric vehicle





The design of magnetic field from transmitting coil to receiving coil is the key in WPT system design for maximum power and efficiency.

First, the magnetic field should be in resonance by using resonant transmitting and receiving coils to have high power and efficiency.

Second, the magnetic field shape should be controlled, by using magnetic material such as 
ferrite-core, to have minimum magnetic resistance in the path of the magnetic field, for lower leakage magnetic field and higher transmission power.

It is called as SMFIR (Shaped Magnetic Field in Resonance).

Figure 3.9 

Example of an online electric vehicle





[bookmark: _Toc421687515]4	WPT’s standardization situation in the world

[bookmark: _Toc421687516]4.1	National standards development organizations

[bookmark: _Toc421687517]4.1.1	China

In China, CCSA (China Communication Standard Association) has been creating WPT standards for portable devices, such as Mobile Stations. In 2009, CCSA TC9 set up one new research report project “Research on Near-field Wireless Power Supply Technology”. This project was finished in March, 2012 and developed the report on the wireless power supply technology research. In 2011, CCSA TC9 created two standard projects: (1) Electromagnetic field (EMF) Evaluation Methods for Wireless Power Supply (WPS); (2) Electromagnetic compatibility (EMC) Limits and Measurement Methods for WPS. These two standards will be published soon.

Now, there are three new standards related to the technical requirements and test methods (Part 1: General; Part 2: Tightly Coupled; Part 3: Resonance wireless power) and the development of safety requirements have been in the final draft status. More and more standard projects related to wireless power transmission will be created. The target products are audio, video and multimedia devices, information technology equipment, and telecommunication devices.

These standards focus on performance, radio spectrum, and interface. It is planned that this standard will not involve intellectual property rights. Generally, the possibility for these standards to become mandatory is low. 

The standards may define new logos to identify which Part of standard (Parts 2/3) the product belongs to.



China National Standardization Administration Commission (SAC) is planning to set up a National Standardization Technical Committee (TC) on WPS. China Academy of Telecommunication Research (CATR) of MIIT has been promoting it. This TC is responsible for creating national standards on WPS for mobile phones, information technology equipment, audio, video and multimedia devices.

Considering the plan and/or timeline of standard/guideline/regulation development at CCSA, EMC and EMF standards will be published soon. Part 1 of the Technical requirements standards has been approved, and Part 2, Part 3 and safety requirements standards will be completed in 2014.

In China, a national SDO oriented to wireless-powered home appliance was set up in November 2013 and it has a plan to make the national standards. Moreover, other issues such as safety and performances are also discussed there.

[bookmark: _Toc421687518]4.1.2	Japan

The WPT-Working Group of BWF (Broadband Wireless Forum, Japan) is taking responsibility for drafting WPT technical standards utilizing the ARIB (Association of Radio Industries and Businesses) drafting protocols. A draft standard developed by BWF will be sent to ARIB for approval. BWF performedis now performing in-depth technical study for WPT spectrum for all the applications and technologies. Currently, the following WPT technologies are put in pipeline with timelines for standardization. The first three with less than 50 W transmission power are intended for approvals in 20142015. The others with higher power (> 50 W) are expected in 2015.

–	Capacitive coupling WPT.

–	WPT using microwave two-dimensional waveguide sheet.

–	Magnetic resonant WPT using 6 765-6 795 kHz for mobile/portable devices.

–	Magnetic resonant WPT for home appliances and office equipment.

–	WPT for EV/PHEV.

In addition to developing and evaluating power-transmission radio wave specifications, 
control-signalling-transmission mechanisms are taken into account. Global harmonization on spectrum is carefully considered for those intended for global market. 

In June 2013, with an MIC’s aim of the Ministry of Internal Affairs and Communications (MIC) directing new regulation for WPT, the Wireless Power Transmission Working Group (WPT-WG) was formed under MIC’s Subcommittee on Electromagnetic Environment for Radio-wave Utilization. Studies on WPT frequency bands and coexistence with the incumbents are the main subjects of the WPT-WG. Given the outcomes from the WG, the Report for WPT rulemaking was approved by the Information and Communications Council of MIC and was published in 2015. Further information is provided in Chapter 6. Referring to the recent study results at BWF, new rulemaking works are in progress. The results arewill be reflected to the WPT standard development. 

[bookmark: _Toc421687519]4.1.3	Korea

MSIP (Ministry of Science, ICT and future Planning) and its RRA (National Radio Research Agency) are government agencies in charge of WPT Regulations in Korea. And the main standardization organizations developing the standards for WPT are shown in Table 4.1.




TABLE 4.1

Standardization activities status in Korea

		Name

		URL

		Status



		KATS

		http://www.kats.go.kr/en_kats/ 

		On-going

–	Multi-device charging management



		KWPF

		http://www.kwpf.org 

		On-going

–	spectrum related to WPT

–	regulatory related to WPT

–	WPT based on magnetic resonance

–	WPT based on magnetic induction

Completed

–	Use Case

–	Service Scenario

–	Functional Requirement

–	In-band communication for WPT

–	Control for management of WPT



		TTA

		http://www.tta.or.kr/English/index.jsp

		Completed

–	Use Case

–	Service Scenario

–	Efficiency

–	Evaluation

–	In-band communication for WPT

–	Control for management of WPT

On-going

–	WPT based on magnetic resonance

–	WPT based on magnetic induction





[bookmark: _Toc421687520]4.2	International organizations

Some international organizations dealing with WPT standardization and their relevant activities are summarized in Table 4.2.

TABLE 4.2

WPT related international organizations

		Name of Organization

		Activities



		CISPR (Comité International Spécial des Perturbations Radioélectriques)

		WPT is taken by CISPR SC-B (Interference relating to ISM radio frequency apparatus, and to overhead power lines, etc.) for discussion. The other SCs are considering WPT if they take.

SC-B formed a Task Force in June 2014 intended for specification development.



		IEC TC 100

		Survey for Technical Reports regarding WPT

–	IEC TC 100 Stage 0 Project

–	Survey Completed: July. 2012

–	Under Drafting Technical Reports



		IEC 61980 (IEC TC 69)

		IEC TC 69 (Electric road vehicles and electric industrial trucks) WG4, together with ISO TC22 (Road Vehicles), discusses WPT for automotive.

-	IEC 61980-1: General Requirements

-	IEC 61980-2: Communication

-	IEC 61980-3: Magnetic Field Power Transfer



		ISO 19363 (ISO (TC22/SC21))

		ISO 19363: Magnetic field wireless power transfer -- Safety and interoperability requirements (Publicly Available Specification, PAS)

-	Established in early 2014

-	Target is to develop a standard which specifies requirements for the vehicle-side parts

-	A close synchronization with IEC 61980 and SAE J2954



		ISO/IEC JTC 1 SC 6

		In-band PHY and MAC Layer Protocol of WPT

–	ISO/IEC JTC 1 SC 6 – Working Item was approved in Jan. 2012.

–	On Circulation with WD (Working Document)



		ITU-R SG1 WP 1A

		Recommendation/Report of regulatory and spectrum aspect on WPT

–	Question ITU-R 210-3/1 – Question Updated in Nov. 2012.

–	CG-WPT was established in June 2013 for Report/Recommendation developments.



		CEA (Consumer Electronics Association)

		CEA R6-TG1 (Wireless Charging Task Group) discusses WPT and related issues.



		SAE (Society of Automotive Engineers)

		WPT standardization has been getting active since 2010. Proposed specifications by OEMs are reviewed. Standardization is to complete in 2013-2014 as IEC plans. Currently specific frequency bands selection is under consideration for future decision. In November 2013, SAE International J2954™ Task Force for Wireless Power Transfer (WPT) of Light Duty, Electric and Plug-in Electric Vehicles, agreed on “85 kHz band” operation and three power classes for light duty vehicles.



		A4WP

		Non-radiative near- and mid-range magnetic resonant coupling (highly resonant coupling) (loosely-coupled WPT).

–	Baseline Technical Specification completed 2012

–	Released its technical specification (ver.1) in January 2013 



		WPC

		Tightly coupled inductive coupling solutions across a range of power levels. 

Website lists more than 120 members and 80 certified products including accessories, chargers and devices

–	Released technical specification (ver.1) in July 2010



		CJK WPT WG

		The working group on WPT of the CJK Information Technology Meeting.

Shares information in the region to study and survey on low power and high power WPT

–	Released CJK WPT Technical Report 1 in April 2013

–	To release CJK WPT Technical Report 2 in Spring 2014

–	Released CJK WPT Technical Report 3 in May 2015.





[bookmark: _Toc421687521]4.2.1	IEC CISPR

From a regulatory point of view IEC CISPR can distinguish WPT applications into:

a)	WPT applications offering wireless power transmission at a particular operating frequency without additional data transmission.

b)	WPT applications also using the WPT frequency (band) for additional data transmission or communications with the secondary device.

c)	WPT applications using other frequencies than those used for WPT for additional data transmission or communications with the secondary device.

From CISPR perspective (protection of radio reception) there is however no need to distinguish into WPT applications a) or b). In both cases, the radio frequency interference (RFI) potential of such WPT applications will be dominated by their primary function only, i.e. by the wireless power transmission at the given frequency (or within the given frequency band). 




Since CISPR standards offer already complete sets of limits and measurement methods for control of wanted, unwanted and spurious emissions from WPT applications according to item a) or b) we are convinced that it suffices just to continue in applying these standards. Clearly these standards might be employed in regulations concerning general EMC for electric and electronic products, 
as e.g. for ISM applications.

For WPT applications according to item c) above, existing regulations concerning general EMC should continue in application to the primary WPT function (inclusive of additional data transmission, if any, according to item b) above. Independently, further radio regulations may apply to any radio data transmission or communications at frequencies different from the WPT frequency. In this case, other EMC and functional standards for radio equipment may have to be taken into account too. An assessment of the total RFI potential of WPT applications according to item c) above in respect of the protection of radio reception in general and in respect of compatibility/coexistence with other radio appliances or services should always be done. 
This assessment should be comprised of the application of the respective CISPR standard and EMC and functional standard(s) for the radio communications components or modules of the WPT system.

The normal way to apply these standards will be to use them for type testing. Dependent on national or regional regulation, the results of such type test may be used then as basis for an approval of the type by a type approval authority, or for other kinds of conformity assessment and declaration. 

A proposal of CISPR for classification of power electronic equipment offering wireless power transmission (WPT) and for use of CISPR EMC emission standards in regional and/or national regulation is found in Table 4.3. The proposal is also valid for WPT applications within the scopes of CISPR 14-1 (household appliances, electric tools and similar apparatus), CISPR 15 (lighting equipment) and CISPR 32 (multimedia and broadcast receiver equipment). For them, reference to CISPR 11 (ISM equipment) is to be replaced by reference to these relevant CISPR standards.

CISPR is about to extend applicability of the requirements for power electronic WPT equipment in the scope of CISPR 11, with appropriate adjustments at some point in the future, to WPT applications in the scopes of CISPR 14-1, CISPR 15 and CISPR 32. For the time being, only CISPR 11 offers a complete set of emission requirements for type tests on WPT applications, in the range 150 kHz up to 1 GHz, or up to 18 GHz, respectively. 

CISPR is aware in a common gap in its CISPR standards, in control of conducted and radiated disturbances from WPT equipment in the range 9 kHz to 150 kHz. Controlling these emissions is an essential issue if the WPT equipment in question actually uses fundamental or operation frequencies allocated in this frequency range. 

Just for information: CISPR/B agreed to clarify the group 2 classification in CISPR 11 to cover WPT equipment as follows: 

	Group 2 equipment: group 2 contains all ISM RF equipment in which radio-frequency energy in the frequency range 9 kHz to 400 GHz is intentionally generated and used or only used, in the form of electromagnetic radiation, inductive and/or capacitive coupling, for the treatment of material, for inspection/analysis purposes, or for transmission of electromagnetic energy.

This modified definition is found in CISPR/B/598/CDV which was approved, during the National Voting in 2014. It covers the project General Maintenance (GM) for CISPR 11 Ed. 5.1 (2010) and will provide CISPR 11 Ed. 6.0. If finally approved, this 6th Edition of CISPR 11 will be published in summer 2015. It will cover:

a)	the extended and accomplished definition for group 2 equipment also comprising any type of power electronic WPT product;

b)	the set of essential emission limits and measurement methods agreed so far for performance of type tests on power electronic WPT products.

Please note that CISPR standards consist of the combination of suitable methods of measurement and appropriate limits for permissible conducted and/or radiated disturbances in the applicable radio frequency range. For group 2 equipment CISPR 11 presently specifies such requirements in the range 150 kHz to 18 GHz. They also apply to all types of power electronic WPT equipment, for the time being by default. 

CISPR urgently recommends recognition of type test reports verifying compliance with these CISPR emission requirements as Type Approval, for WPT applications with or without additional data transmission or communications at the same WPT frequency (see also Cases 1 and 2 in Table 4.3).

TABLE 4.3

Recommendation of CISPR for classification of power electronic equipment offering wireless power transmission (WPT) and for use of CISPR EMC emission standards in regional and/or national regulation

[image: ]

Case 3: If the WPT equipment operates with accompanying data transmission or communications utilizing a frequency different from the frequency used for WPT, then:

a)	compliance of the WPT function with the EMC emission requirements specified in the relevant CISPR product standard should be deemed to establish presumption of conformity with existing national and/or regional regulation on EMC according to Recommendation ITU-R SM.1056-1, in respect of any wanted, unwanted and spurious emissions resulting from WPT in the radio frequency range;




b)	compliance of the data transmission and/or communication function with the EMC and functional requirements for radio equipment specified in national and/or regional specifications and standards for control of the efficient use of the radio frequency spectrum should be deemed to establish presumption of conformity with existing national and/or regional regulation for radio devices or modules being part of the WPT system under test, in respect of any wanted, unwanted and spurious emissions which can be attributed to the radio data transmission and/or communications function.

In Case 3, the WPT system under test is regarded as multifunction equipment. An Approval of the Type should be granted if it had been demonstrated that the respective type of WPT equipment complies with the essential EMC emission (and immunity) requirements specified in the relevant CISPR (or other IEC) standard(s), for its WPT function, see indent a). Another precondition for granting the Type Approval should be that it had been demonstrated that the radio device or module being integral part of the WPT systems complies with the essential EMC and functional requirements for radio equipment specified in respective national or regional specifications and standards for radio equipment.

For the time being CISPR observed ambivalent approaches of national and/or regional regulatory authorities to the type approval, conformity assessment and licensing business in conjunction with permission of operation and use of WPT applications in the field.

While European authorities could obviously imagine sole application of the European regulatory framework for Short Range radio Devices (SRD) for Case 2, the Federal Communications Commission (FCC) in the United States of America indicated that WPT devices operating at frequencies above 9 kHz are to be regarded as intentional radiators and hence are subject to either Part 15 and/or Part 18 of the FCC rules. The specific applicable rule part depends on how the device operates, and if there is communication between the charger and the device being charged.

Table 4.4 contains an overview about present regulation in Europe. It should be noted that TCAM, the Telecommunications Conformity Assessment and Market Surveillance Committee of the European Commission approved these proposals offered by the European SDOs CENELEC and ETSI, at its meeting in February 2013. In doing so TCAM indicated that current European regulation applies to all present and upcoming types of WPT appliances.

For Case 2, Declarations of Conformity (DoCs) with sole reference to the EMC Directive will be accepted for a type of power electronic WPT appliance with or without additional data transmission at the WPT frequency, and with any rated throughput power, as long as it can be shown that the WPT appliance meets the emission requirements for group 2 equipment specified in EN 55011
(see Case 2a). In addition Case 2b opens the possibility for a DoC solely referring the R&TTE Directive, as long as it can be shown that the WPT appliance in question meets the requirements of respective harmonized EMC and functional standards of ETSI for radio communications equipment.

TABLE 4.4

European regulation concerning EMC and efficient use of the radio frequency (RF) spectrum
(TCAM, CEPT/ERC, SDOs ETSI and CENELEC)

[image: ]

The CISPR, being interested in a harmonized way of worldwide proceedings with additional regional or national regulation for WPT applications, recommends to adapting the approach proposed in Cases 1, 2 and 3.

As noted above there is a gap in the essential emission requirements in CISPR 11, in the frequency range 9-150 kHz. However, for the time being, the obvious gap was only confirmed for WPT power electronic appliances in the scope of CISPR 11 which uses operation (or fundamental) frequencies in the range below 150 kHz. Hence, if the limits are determined in the frequency range, they will preferably apply to such WPT power electronic equipment only.

CISPR/B recommends application of the existing group 2 limits to any WPT power electronic appliances. In proceeding this way CISPR/B does not identify any need to consult with ITU-R about possible allocation of further ISM frequency bands.

[bookmark: _Toc421687522]4.2.2	ICNIRP

International Commission on Non‐Ionizing Radiation Protection (ICNIRP) levels are the reference accepted worldwide, and countries’ threshold are compared to the ICNIRP exposure level. 
This material refers to the relevant frequency bands of WPT. Additional material is found 
at chapter 8.

ICNIRP has published guidelines on human exposure to electromagnetic fields. Two publications of ICNIRP guidelines of 1998 [7] and 2010 [8] are applicable to WPT. Those guidelines describe basic restrictions and reference levels. Limitations of exposure that are based on the physical quantities directly related to the established health effects are termed basic restrictions. In the ICNIRP guidelines, the physical quantity used to specify the basic restrictions on exposure to EMF is the internal electric field strength, as it is the electric field that affects nerve cells and other electrically sensitive cells. However, the internal electric field strength is difficult to assess. Therefore, for practical exposure assessment purposes, reference levels of exposure are provided. 

Compliance with the reference level will ensure compliance with the relevant basic restriction. 
If the measured or calculated value exceeds the reference level, it does not necessarily follow that the basic restriction will be exceeded. However, whenever a reference level is exceeded it is necessary to test compliance with the relevant basic restriction and to determine whether additional protective measures are necessary. The ICNIRP reference levels on electric and magnetic fields exposure are accepted worldwide, and countries’ threshold are compared to the ICNIRP reference levels.

Operators of WPT may take steps to adequately protect the public from EMF effects. 

Recent measurements of WPT H-field emissions related to RF exposure from Japan appear at Annex 3. Additional measurements on field strengths nearby WPT are encouraged.

[bookmark: _Toc421687523]5	Status of spectrum

[bookmark: _Toc419624775][bookmark: _Toc421687524]5.1	WPT, distinction between ISM and SRD bands

RR provisions of No. 1.15 – ISM applications (of radio frequency energy): operation of equipment or appliances designed to generate and use locally radio frequency energy for industrial, scientific, medical, domestic or similar purposes, excluding applications in the field of telecommunications. The ISM RF bands are primarily for use by those non-telecommunication applications. Therefore, WPT is SRD only if there are telecommunications (for the data communication), such as Bluetooth or ZigBee. WPT is an intentional radiator. 



The WPT energy transfer function is ISM: Industrial, Scientific, Medical; the data transfer is Short Range Device. CISPR already suggested treating the WPT function separately to the telecommunications function which could be SRD; see section 4.2 of Report ITU-R SM.2303. Depends on national regulations, SRDs usually operate as un-licensed and un-protected ruling.

ITU Radio Regulations provisions Nos. 5.138 and 5.150 define the ISM RF bands. Candidate 
Short Range Device (SRD) band is different than ISM band. Following Recommendation
ITU-R SM.1896 ‘Frequency ranges for global or regional harmonization of short-range devices (SRDs)’ Annexes 1 and 2, practically ISM band is sufficient condition but not obligatory for harmonized SRD operation. All the ISM bands serve short range and electronic devices. However, SRDs operate also at non-ISM bands. The ISM bands may serve WPT for the energy transfer;
the SRD bands may potentially serve as preferred RF for national, regional or global WPT use.
The following figure depicts the ISM bands in the different ITU Regions and non-ISM candidate bands for SRDs in different Regions.

[bookmark: _Ref419563785]FIGURE 5.1

ISM and non-ISM candidate frequency bands for SRDs*
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*Source: Mazar, 2015 [12]

     



[bookmark: _Toc421687525]5.12	Non-ISM bands used on a national basis for WPT

42-48 kHz

52-58 kHz

79-90 kHz

100 kHz to 205 kHz

425 kHz to 524 kHz

The frequency bands under study and key parameters for these applications are summarized in Table 5.1. Concerned incumbent systems for which coexistence is required are also provided in this table.

(i)	Magnetic induction

The frequency range anticipated for magnetic induction applications is 100-205 kHz. Given the current use cases and technical conditions, WPT operation are expected to conform to domestic and international rules and guidelines for radiated emission limits and RF exposure limits.

Some products based on the magnetic induction technologies are already introduced in some countries.

(ii)	High power magnetic induction 

The frequency range is similar to those for EV applications (see below). 

There are many incumbent devices and systems including standard clock radios and railway radio systems operating on similar frequencies to high power magnetic induction applications and hence coexistence studies will be necessary.

(iii)	Capacitive coupling

The capacitive coupling WPT systems are originally designed for the use of frequency range 
425‑524 kHz. Transmission power level is less than 100 W. Several reasons of the frequency selection are provided as follows.

The first reason is to balance efficiency and equipment size. There are many parts designed for the use in this band for example; inverters, rectifiers, etc., which lead to broader variety of components with low loss performance that optimizes WPT equipment design. The transformers are key parts of capacitive coupling WPT system. The transformer performance depends on the Q-value of ferrite material, which can be optimized in this frequency range. Consequently, total efficiency of capacitive coupling system is about 70% to 85%. 

The second reason is capability to suppress unwanted emission in the electric field in order to co‑exist with the incumbents in the adjacent frequency bands such as AM broadcast. The spectrum mask of capacitive coupling WPT systems in the frequency range 425-524 kHz wasis now being examined and demonstrated to meet the coexistence conditions with AM broadcast and other services.

(iv) 	Electric Passenger Vehicles

In this Chapter, the word “EVs” means Electric Vehicles and Plug-in Hybrid Electric Vehicles (PHEV).

In Japan, WPT for EV while parked has been considered by BWF, IEC, SAE and JARI. It was commonly agreed decided that the frequency range 20-200 kHz has advantages to achieve high energy transmission efficiency in high power circuit design. 




In Japan, theThe sub-bands; 42-48 kHz, 52-58 kHz, 79-90 kHz, 140.91‑148.5 kHz were the focus of spectrum sharing studies and coexistence talks related to incumbent applications including clock radios and railway radio systems. Intensive survey of the current spectrum usage in the world was carried out to narrow down candidate spectrums so that possible interference to the existing applications can be minimized. As of May 2015Currently, the 79‑90 kHz range has been chosen for wireless EV charging. Similarly, SAE International J2954 Task Force agreed on 81.38-90.00 kHz for light duty vehicle WPT.  is the most likely candidate for WPT because currently the studies in BWF, IEC, SAE and JARI indicate that use of this band is the least likely to cause interference to other services.

(v)	Heavy duty electric vehicles

In May 2011, the Korean government allocated the frequencies for OnLine EV (OLEV) to 20 kHz (19‑21 kHz) and 60 kHz (59‑61 kHz). These frequencies can be used for any type of vehicle whether it is heavy duty or passenger vehicle in Korea. Now, OLEV system is in trial and licensed at one site.

[bookmark: _Toc421687526]5.3	ISM bands used on a national basis for WPT

6 765-6 795 kHz 

13.56 MHz

(i)	Magnetic resonance

6 765‑6 795 kHz supports magnetic resonant WPT of low power in some countries. 6 765‑6 795 kHz is designated as an ISM band in No. 5.138 of the Radio Regulations.  

In Japan, ISM equipment up to a transmitted RF power limit of 50 W can use this band without permission. A new type-approval rule for WPT equipment is being considered, which may allow transmission power greater than 50 W. 

The reasons why 6 765‑6 795 kHz may be favoured for magnetic resonance WPT technology are summarized as follows:

–	ISM band. 

–	Several standardization development organizations are developing WPT standards for use in 6 765-6 795 kHz.

–	Small physical dimensions are possible for WPT components for example; power transmitter coils and receiver coils.

In Korea, the 13.56 MHz band is used for WPT charged 3D glasses to watch 3D TV.




TABLE 5.1

Frequency ranges under study, key parameters, incumbent systems on WPT systems 
for mobile/portable devices and home/office equipment

		

		Magnetic induction (low power)

		Magnetic resonant coupling

		Magnetic induction
(high power)

		Capacitive coupling



		Application types

		Mobile/portable devices, tablets, note-PCs 

		Mobile/portable devices, tablets, note-PCs 

		Home appliances, office equipment (incl. higher power applications)

		Portable devices, Tablets, note-PCs



		Technology principle

		Resonant magnetic induction

		High resonance

		

		WPT via electric field



		Names of countries considering

		Commercially available in Japan, Korea 

		Japan, Korea

		Japan

		Japan



		Frequency ranges under consideration

		Japan:
110‑205 kHz 

		Japan,:
6 765-6 795 kHz

		Japan:
20.05-38 kHz,
42-58 kHz,
62-100 kHz

		Japan:
425-524 kHz



		Frequency ranges assigned nationally

		Korea:
100-205 kHz

		Korea:
6 765-6 795 kHz

		

		



		Power range under consideration

		

		Japan:
Several W – up to 100 W 

		Japan: 
Several W – 1.5 kW

		Japan:
Up to 100 W



		Advantage

		Global harmonized spectrum

Higher power transmission efficiency

		–	Global spectrum availability possible

–	Flexibility for placement and distance of receiving end 

–	Transmitter can supply power for several receivers within a wide range contemporary.

		–	Increased power 

–	Flexibility for placement and distance of receiving end

–	Transmitter can supply power for several receivers within a wide range contemporary.

		High efficiency (70‑85%)

–	No heat generation at the electrode

–	Low emission level

–	horizontal position freedom



		Application Areas

		Portable devices, CE, Industrial Fields, Specific Areas

		Portable devices, tablets, note-PCs, home appliances (low power)

		Home appliance (high power), office equipment

		Portable devices, tablets, note-PCs, home and office equipment



		Related Alliances / international standards

		Wireless Power Consortium (WPC)[6]

		A4WP [4 ]

		

		



		Concerned incumbents for spectrum sharing

		

		Japan:
mobile/fixed radio systems 
Korea:
ISM band 

		Japan:
Standard clock radios (40 kHz, 60 kHz) 
railway radio systems (10‑250 kHz)

		Japan:
AM Broadcast
(525‑1 606.5 kHz), maritime/ NAVTEX (405‑526.5 kHz), and amateur radio 
(472‑479 kHz).







TABLE 5.2

Frequency ranges under study, key parameters, and incumbents systems 
on WPT systems for EV applications

		

		Magnetic resonance and/or induction for electric passenger vehicles

		Magnetic induction for heavy duty vehicles



		Application types

		EV charging in parking (Static)

		On-Line Electric Vehicle (OLEV) (EV charging while in motion including stopping/parking)



		Technology Principle

		magnetic resonance and/or induction

		magnetic induction



		Countries under consideration

		Japan

		Korea



		Frequency Range

		42-48 kHz,

52-58 kHz,

79-90 kHz, and 

140.91-148.5 kHz are in study.

		19-21 kHz,

59-61 kHz



		Power Range

		3.3 kW and 7.7 kW; Classes are assumed for passenger vehicle

		–	Minimum power: 75 kW

–	Normal power: 100 kW

–	Maximum power: On developing

–	Air gap: 20 cm

–	Time and cost saving



		Advantage

		Higher power transmission efficiency

		–	Increased power transmission efficiency

–	Maximized air gap

–	Reduced audible noise

–	Effective shield design

–	Time and cost saving



		Related Alliance / international standards

		IEC 61980-1 (TC69)

ISO 19363 (ISO (TC22/SC21))

SAE J2954

		



		concerned incumbents for spectrum sharing

		Standard clock radios (40 kHz, 60 kHz)

Railway radio systems (10-250 kHz)

Amateur radio (135.7-137.8 kHz)

AM broadcast (526.5–1 606.5 kHz)

		Fixed maritime mobile (20.05-70 kHz) → Ship station for radio-telegraphy

Restricted to hyperbolic curve radio-navigation (DECCA) (84-86 kHz)





[bookmark: _Toc421687527]6	Status of national regulation

For China, Japan, and Korea, country specific rules and conditions which can be applied to WPT frequency and ongoing rulemaking topics are introduced in [1] and [5]. 

i)	In Korea

All radio communications equipment including WPT devices should comply with three regulations under Radio Waves Act, 1) Technical regulation, 2) EMC Regulation, 3) EMF Regulation. 
The followings are the further explanation regarding technical regulations in Korea. 

WPT equipment is regulated as ISM equipment and equipment over 50 W needs a license for operation. For the equipment under 50 W, compliance with weak electric field strength and EMC testing technical regulation is required. Recently, the government revised the compliance requirements and the operating characteristics as follows, where all WPT devices are treated as ISM equipment.

−	In the range of 100-205 kHz, the electric field strength of the WPT devices are less than or equal to 500 uV/m at 3m. This value should be obtained by the measurement guideline referred to CISPR/I/417/PAS.

−	In the range of 6 765-6 795 kHz, the electric field strength of the spurious emission should be satisfied in accordance with Table 6.1.

−	In the range 19-21 kHz, 59-61 kHz, the electric field strength is less than or equal to 100 uV/m at 100m. 

TABLE 6.1 

Applied field strength limits for WPT in Korea

		Frequency range

		Field strength limit
(Quasi-peak)

		Measurement bandwidth

		Measuring distance



		9-150 kHz

		78.5-10 log(f in kHz/9) dBµV/m

		200 Hz

		10 m



		150-10 MHz

		

		9 kHz

		



		10-30 MHz

		48 dBµV/m

		

		



		30-230 MHz

		30 dBµV/m

		120 kHz

		



		230-1 000 MHz

		37dBµV/m

		

		







TABLE 6.2

Applied regulations to WPT in Korea

		Power level

		Name of application

		Applied technical regulations

		Concerned WPT technology 



		Low power

(≤ 50 W)

		ISM Equipment – WPT device using the frequency range of 100‑205 kHz

		Weak Electric Field Strength

		–	Commercial products using inductive technology



		

		ISM Equipment – WPT device using the frequency range of 6 765‑6 795 kHz

		ISM

		–	Considering products using resonant technology



		High power

(≥ 50 W) 

		ISM Equipment using the frequency range 19‑21 kHz, 59-61 kHz

		ISM

		–	Installed in a specific area

–	SMFIR (Shaped Magnetic Field In Resonance)





ii)	 In Japan

a) Emission Limits

In 2015, the Information and Communications Council of MIC approved a Report for rulemaking for WPT systems for mobile devices using 6.78 MHz (magnetic coupling), those using 400 kHz band (capacitive coupling), and for EVs. The Report provides emission limits with assessment results derived through WPT performance simulation and measurement executed from Q4 2013 to Q3 2014.  For performance survey and regulatory considerations, emission measurement models and measurement methodologies were also provided. Referring to simulated and measured data, coexistence (spectrum sharing) studies with the incumbents were performed on parallel to prove generating non-harmful interference.

In January 2015, WPT technologies for mobile devices using 6.78 MHz and those using 400 kHz band demonstrated coexistence availability with the incumbents and the Report was approved. 

In May 2015, WPT technology for EVs demonstrated consistence with incumbent systems under conditional agreement. WPT for home/office equipment with higher power (< 1.5 W) has still not met coexistence requirements.

In specifying conductive and radiated emission limits the Report refers mainly to CISPR standards in light of international regulatory harmonization as shown in TABLE 6.3. The latest CISPR discussion results may be referenced and incorporated into Japan’s WPT emission limits. For some specific cases, additional domestic coexistence conditions were agreed.

For emission limits of WPTs for mobile devices, CISPR 11 Class B is taken into consideration as the primary reference limit; and CISPR 32 can be taken in the case a comprehensive multimedia device emission evaluation is necessary. TABLE 6.4, TABLE 6.5, and TABLE 6.6 summarise those emission limits specifically.

In Japan’s regulation, any devices with transmission power not exceeding 50 W do not require a permission by the administrator for operation. The WPT technologies of for mobile devices using 6.78 MHz and those using 400 kHz band have been assumed such use cases not exceeding 50 W of transmission power so far. These technologies are expected to increase transmission power greater than 50 W once the new rule becomes effective possibly in 2015. 

TABLE 6.3

Referenced standards and conditions for specifying emission limits in Japan

		Proposed Technology

		Conductive emission

		Radiated emission



		

		9 kHz–
150 kHz

		150 kHz-
30 MHz

		9 kHz-
150 kHz

		150 kHz–
30 MHz

		30 MHz– 
1 GHz

		1 GHz–6 GHz



		(a) WPT for EVs  

(3 kW class and 7 kW class)

		Not specify for the near term (*1)

		CISPR 11 Group 2 (Ed. 5.1)

		WG coexistence condition (*1)

		CISPR 11 Group 2 (Ed. 5.1) (*4)



WG coexistence condition

		CISPR 11 Group 2 (Ed. 5.1)

		Not specify



		(b) WPT for mobile devices using 6.78 MHz 

(< 100W)

		Not specify as the range not meet the frequency bands concerned

		CISPR 11 Group 2 (Ed.5.1)(*2)



CISPR 32 (Ed.1.0) 



		Not specified

		CISPR 11 Group 2 (Ed.5.1) (*2) (*3)(*4)WG coexistence conditions

		CISPR 11 Group 2 (Ed.5.1)(*2)



CISPR 32 (Ed.1.0) 

WG coexistence conditions

		CISPR 32 (Ed.1.0)



		(c) WPT for home/office equipment

(< 1.5 kW)

		CISPR 14-1 Annex B (Ed. 5.2)

		CISPR 11 Group 2 (Ed.5.1)



CISPR 14-1 Annex B (Ed. 5.2)

		CISPR 14-1 Annex B (Ed. 5.2) 



WG coexistence conditions

		CISPR 11 Group 2 (Ed.5.1) (*2) (*3)(*4)



CISPR 14-1 Annex B (Ed. 5.2)



WG coexistence conditions

		CISPR 11 Group 2 (Ed.5.1) (*2)



CISPR 14-1 (Ed. 5.2)

		Not specify



		(d) WPT for mobile devices 2 (capacitive coupling) 

(< 100W)

		Not specify as the range not meet the frequency bands concerned

		CISPR 11 Group 2 (Ed.5.1)(*2)



CISPR 32 (Ed.1.0)

		Not specify

		CISPR 11 Group 2 (Ed.5.1) (*2) (*3)(*4)

 

WG coexistence conditions

		CISPR 11 Group 2 (Ed.5.1)(*2)



CISPR 32 (Ed.1.0)

		CISPR 32 (Ed.1.0)





Notes) 

*1) When specified in CISPR 11 in future, discuss for specification again.

*2) In case the WPT function device works without the host device, CISPR 11 shall be applied as primary; then the others as secondary. 

*3) Unless otherwise specified on the specific frequency for the use, CISPR 11 shall be applied as primary; then the others as secondary.

*4) For CISPR 11 Group-2 Class-B, emission limits at 10 m distance is specified based on the emission limit at 3 m distance.

*5) Class A/B classification is compliant with the CISPR definition.

*6) For the cases specified as CISPR 32 in (b) and (d), CISPR 32 is applied when necessary as CISPR 32 is appropriate.

TABLE 6.4

Emission limits for WPT mobile devices using 6.78 MHz (Magnetic Coupling) in Japan

		WPT target application

		Conductive emission limits

		Radiated emission limits of fundamental wave

		Radiated emission limits in other bands



		

		9 kHz– 150 kHz

		150 kHz - 
30 MHz

		6.765 MHz–
6.795 MHz

		9 kHz- 150 kHz

		150 kHz–
30 MHz

		30 MHz–1 GHz

		1 GHz – 6 GHz



		(b) WPT for mobile devices using 6.78 MHz

		Not specified

		0.15–0.50 MHz: 

Quasi Peak) 66 – 56 dBuV (linearly decreasing with log(f), 

Average) 56–46 dBuV (linearly decreasing with log(f),

 

0.50 – 5 MHz: 

Quasi Peak)  
56 dBuV, 

Average) 
46 dBuV

 

5–30 MHz: 

Quasi Peak)  
60 dBuV, 

Average) 
50 dBuV, except ISM bands.



		6.765 MHz–
6.776 MHz: 

44.0 dBuA/m at 10 m (quasi peak);



6.776 MHz–6.795 MHz: 

64.0 dBuA/m at 10 m (quasi peak).

		Not specified

		Taking basis on CISPR 11 Ed.5.1, converting to values at 10 m distance, emission limit linearly decreases with log(f) from 
39 dBuA/m at 0.15 MHz to
 3 dBuA/m at 
30 MHz.

Exception-1:

20.295 MHz–20.385 MHz: 4.0 dBuA/m at 10 m (quasi peak).

Exception-2:

526.5 kHz–1 606.5 kHz: 
-2.0 dBuA/m at 10 m (quasi peak)



		Taking basis on CISPR 11 Ed.5.1, the following is applied:30–80.872 MHz: 
30 dBuV/m;

80.872–81.88 MHz: 
50 dBuV/m;

81.88–134.786 MHz:
 30 dBuV/m;

134.786–136.414 MHz: 
50 dBuV/m;

136.414–
230 MHz: 30 dBuV/m;

230–1 000 MHz: 37 dBuV/m 

In the case CISPR 32 (Ed.1.0) should be applied, the limits at 3 m in Table A.5 is applied.

Exception:

33.825 MHz–33.975 MHz: 49.5 dBuV/m at 10 m 
(quasi peak)

		In the case CISPR 32 (Ed.1.0) –(1) should be applied, the limits at 3 m in Table A.5 of (1) is applied.





TABLE 6.5

Emission limits for WPT mobile devices using 400 kHz band (Capacitive Coupling) in Japan  

		WPT target application

		Conductive emission limits

		Radiated emission limits of fundamental wave

		Radiated emission limits in other bands



		

		9 kHz – 150 kHz

		150 kHz - 
30 MHz

		425–471 kHz; 

480–489 kHz; 

491–494 kHz; 

506–517 kHz; 

51–524 kHz

		9 kHz-150 kHz

		150 kHz–
30 MHz

		30 MHz–1 GHz

		1 GHz –
6 GHz



		(d) WPT for mobile devices using 400 kHz band (Capacitive Coupling)

		Not specified

		0.15–0.50 MHz: 

Quasi Peak)
 66–56 dBuV (linearly decreasing with log(f), 

Average) 56–
46 dBuV (linearly decreasing with log(f),

 

0.50–5 MHz: 

Quasi Peak) 
56 dBuV, 

Average) 
46 dBuV

 

5–30 MHz: 

Quasi Peak)
 60 dBuV, 

Average) 
50 dBuV, except ISM bands.





		Taking basis on CISPR 11 Ed.5.1, converting to values at 10 m distance, emission limit linearly decreases with log(f) from 39 dBuA/m at 0.15 MHz to 3 dBuA/m 30 MHz.

		Not specified

		Taking basis on CISPR 11 Ed.5.1, converting to values at 10 m distance, emission limit linearly decreases with log(f) from 
39 dBuA/m at 0.15 MHz to 3 dBuA/m at 30 MHz.

Exception: 

526.5 kHz–1 606.5 kHz:-2.0 dBuA/m at 10 m (quasi peak) is applied.



		Taking basis on CISPR 11 Ed.5.1, the following is applied:

30–80.872 MHz: 30 dBuV/m;

80.872–81.88 MHz: 50 dBuV/m;

81.88–134.786 MHz: 
30 dBuV/m;

134.786–136.414 MHz: 
50 dBuV/m;

136.414–230 MHz: 30 dBuV/m;

230–1 000 MHz: 37 dBuV/m

In the case CISPR 32 (Ed.1.0) should be applied, the limits at 3 m in Table A.5 is applied.

		In the case CISPR 32 (Ed.1.0)—(1) should be applied, the limits at 3 m in Table A.5 of (1) is applied.







TABLE 6.6

Emission limits for WPT for EV applications in Japan

		WPT target application

		Conductive emission limits

		Radiated emission limits of fundamental wave

		Radiated emission limits in other bands



		

		9 kHz-
150 kHz

		150 kHz-30 MHz

		79–90 kHz

		9 kHz-
150 kHz

		150 kHz–30 MHz

		30 MHz–1 GHz

		1 GHz–
6 GHz



		WPT for EV charging 

		Not specified

		0.15–0.50 MHz: 

Quasi Peak) 66 –56 dBuV (linearly decreasing with log(f), 

Average) 56–46 dBuV (linearly decreasing with log(f),

 

0.50–5 MHz: 

Quasi Peak)  56 dBuV, 

Average)
 46 dBuV

 

5–30 MHz: 

Quasi Peak)  60 dBuV, 

Average) 
50 dBuV, except ISM bands.





		68.4 dBuA/m at 10 m. (Quasi-peak)

		23.1 dBuA/m at 10 m. (Quaisi-peak), except 79–90 kHz

		Taking basis on CISPR 11 Ed.5.1, converting to values at 10 m distance, linearly decreasing with log(f) from 
39 dBuA/m at 0.15 MHz to
 3 dBuA/m at 30 MHz ---(1).

Exception-1: 

For 158-180kHz, 237-270kHz, 316-360kHz, and 3965-450kHz, emission limits is higher than (1) above by 
10 dB.

Exception-2:

For 526.5-1 606.5 kHz, -2.0 dBuA/m (Quasi- peak)

		Taking basis on CISPR 11 Ed.5.1, the following is applied:

30–80.872 MHz: 30 dBuV/m;

80.872–
81.88 MHz: 
50 dBuV/m;

81.88–134.786 MHz: 30 dBuV/m;

134.786–136.414 MHz: 50 dBuV/m;

136.414–
230 MHz: 
30 dBuV/m;

230–1 000 MHz: 37 dBuV/m



		Not specified







b) RF exposure assessment

In Japan, the Radio-Radiation Protection Guidelines (RRPG, thereafter) is applied to conformity assessment on RF exposure to human bodies from the WPT systems. The RRPG provides recommended guidelines used when a person uses radio waves and whose body is exposed to an electromagnetic field (in a frequency range of 10 kHz through 300 GHz) to ensure that the electromagnetic field is safe without producing an unnecessary biological effect on the human body. These guidelines consist of numeric values related to electromagnetic strength, the method of evaluating the electromagnetic field, and the protection method to reduce electromagnetic field irradiation.

The guideline-values applied to the WPT systems are of the administrative guidelines in the RRPG of the general environment in a state when electromagnetic field exposure to the human body cannot be recognized, appropriate control cannot be expected, and uncertain factors exist. For example, the state where residents are exposed to the electromagnetic field in general residential environment falls under this case.

However, in the case a human body is located within 20 cm from the WPT system operating in the frequency range of 10 kHz to 100 kHz, for which the partial body absorption guidelines cannot be applied, the basic guidelines in the RRPG is applied  

The basic guidelines do not discriminate the general environment and the professional environment; therefore, in case of applying the general guidelines, the values counting safety factor of 1/5 (1/√5 in electromagnetic field strength and electric current density) which is applied in the administrative guidelines. 

Assessment methodology provides the assessment Patterns to perform conformity assessment to the RRPG which provides the guideline values and the guidelines. An assessment Pattern is defined by the combination of the following parameters.  Each target WPT technology (e.g., WPT using 
6.78 MHz WPT for mobile, WPT for EVs) has independent assessment Patterns.

1)	Possibility of human body located < 20 cm from the WPT system or located between the transmitting and receiving coils.

2)	Contact hazard protection.

3)	Ungrounded condition,

4)	Whole body average SAR.

5)	Partial body SAR.

6)	Induced current density.

7)	Contact current.

8)	Outer electric field, and

9)	Outer magnetic field.

The simplest assessment Pattern of all the target WPT technologies consists of 8) and 9) above, which is the minimum number combination of the parameters. In the evaluation, this simplest pattern is assumed to derive the worst (maximum) radio wave energy absorption to the human body. In other words, much larger excess RF exposure than actual exposure value to the human body is estimated; and then the assessment would result in much lower allowable emission power from the WPT system.




The other Patterns consist of more number of the parameters. As the number of the adopted parameters increases, assessment methodology requires more detailed evaluation, which results in more accurate RF exposure estimation. Some patterns prepared for detailed assessment apply a coupling factor which is multiplied with the measured maximum magnetic field strength to confirm that RF exposure is less than the guideline values. Derivation of a coupling factor is also provided.

If one demonstrated conformity of a system using one of the target WPT technologies to the guideline values defined in any one of the patterns, the system is deemed conforming to the RRPG.

If a new assessment methodology which is intended for an assessment is qualified by appropriate engineering approaches in the future or it can prove an improvement in the applicable assessment methodologies as appropriate, it can be applied for this purpose.

Noting at the end of this section, for the RRPG, ICNIRP 2010 guideline has been agreed for adoption for low frequency ranges. Hence, human exposure should be qualified for exposure quantities to prevent nerve stimulation in addition to prevent tissue heating on SAR for in 100 kHz to 10 MHz frequency range.

iii)	In China

This section provides classification and regulation analysis on WPT device in current Chinese radio regulation system with regard to WPT device and WPT wireless communication part according to the definition, frequency range and restriction of different radio devices.

a)	Classification and regulation analysis on WPT device

China does not have official WPT regulations. Currently, only the SRD regulation covers all the WPT frequency bands. Therefore, in order to protect the incumbent radio communication systems, WPT device has to go through a market entrance test which is the same as SRD market entrance test.  However, it is not appropriate to regulate WPT devices as SRD in the long term. Hence, the classification and regulation research of WPT is done as follows. As the research is in the early phase, different regulation and classification methods are not excluded.

a-1)	ISM device

    a-1-1)	Analysis from frequency range and definition perspectives

In Chinese radio regulation system, ISM device is defined as: the equipment or apparatus using RF energy for industrial, scientific, medical, household and similar purpose, which does not include the equipment used in telecommunication, information technology and other national standards. WPT device is the equipment used in household or industrial field to using RF energy. Therefore, WPT device can be put under ISM device.

According to Chinese ISM regulations [10], ISM devices are divided into two groups based on their applications: (1) all the ISM devices which produce and/or use conductively coupled RF energy intentionally for playing its own function; (2) all the ISM devices, including EDM and arc welding equipment, which produce or use electromagnetic RF energy intentionally to treat material. 
In addition, each group is divided into two categories according to their application scenarios: (A) the ISM devices which are not used in house or are not directly connected to residential low-voltage power facilities; (B) the ISM devices which are used in house or are directly connected to residential low-voltage power facilities.

According to Chinese ISM regulations [10], which is equivalent to CISPR 11:2003, whether the WPT frequency range, 6.675-6.795 MHz, belongs to the scope of ISM frequency range or not needs a special permission from Chinese radio regulatory agency. Nevertheless, the other WPT frequency ranges do not belong to the scope of ISM frequency range.

Hence, based on the analysis above, if the permission is available, the WPT device working in 6.675-6.795 MHz band belongs to the B category of group 2 ISM device. 

    a-1-2)	Analysis from restriction perspective

According to Chinese ISM regulations [10], the in band transmission power restriction of ISM device working in 6.675MHz-6.795MHz band is under consideration. Furthermore, its spurious radiation needs to satisfy the electromagnetic radiation disturbance restriction shown in Table 6.7.

TABLE 6.7 

The electromagnetic radiation disturbance restriction of the B category of group 2 ISM device

		Frequency range/MHz

		Disturbance restriction of the B category of the group 2 ISM device/dB(μV /m) (measured at 10 m)



		0.15-30

		-



		30-80.872

		30



		80.872-81.848

		50



		81.848-134.768

		30



		134.768-136.414

		50



		136.414-230

		30



		230-1 000

		37





(China’s ISM standard, GB 4824-2004, is equivalent to CISPR 11:2003. Group 1 is for ISM equipment that generated and/or used conductively coupled radio-frequency energy. Group 2 is ISM equipment in which radio-frequency energy is intentionally generated and/or used in the form of electromagnetic radiation)



Based on the analysis above, if the permission is available, the WPT devices working in 
6.675-6.795 MHz band can be administered in accordance with the B category of group 2 ISM device in China. Moreover, the WPT working in other frequency bands cannot be administered in accordance with ISM equipment according to current Chinese radio regulation.

  a-2)	Short Range Device (SRD)

    a-2-1)	Analysis from frequency range and definition perspectives

In Chinese radio regulation system [11], SRD has 7 categories from the A category to the G category. Among them, the working frequency bands of the categories from A to D are below 30 MHz. 
The frequency band of the A category is 9 kHz - 190 kHz. The frequency bands of the B category and WPT working frequency bands do not overlap. The frequency bands of the C category include 6.675 MHz ‑6.795 MHz. The D category, whose working frequency band is 315 kHz-30 MHz, includes all the SRD except the A category, the B category and the C category. Hence, all the WPT working frequency bands except 190‑205 kHz band belong to the frequency range of SRD. Furthermore, the frequency band of the first generation WPC’s WPT device is partial beyond the scope of the category A SRD’s frequency band. Therefore, in frequency standpoint, all the WPT devices are in the scope of SRD except the WPT device working in 190 kHz -205 kHz band.

There is no definition of SRD in existing Chinese radio regulation system. Nonetheless, the existing administration regulation [11] was established for general micro-power (short range) radio transmitting equipment. The power transfer of WPT device does not belong to the category of radio emission. The vast majority of power is transmitted to receiver through coupling, induction and other technologies, rather than radiating energy to the wireless space. Therefore, in definition perspective, WPT device does not belong to the scope of SRD.

In terms of the impact of wireless signal on environment, WPT device can be administrated temporally in accordance with SRD regulation method. This administration method can make sure that the impact of WPT device on wireless environment does not exceed the impact of SRD in corresponding frequency band. But in the long term, it is not suitable to administrate WPT device in accordance with SRD.

    a-2-2)	Analysis from restriction perspective

According to the regulation [6], SRD only has to satisfy the magnetic field strength limit. 
The magnetic field strength limit of the category A SRD, the category C SRD and the category D SRD are shown in Table 6.8.

TABLE 6.8

The magnetic field strength limit of the category A SRD, the category C SRD and the category D SRD

		Category 

		Corresponding frequency band 
of WPT devices

		Magnetic field strength restriction 
(10 m)



		The category A SRD

		9-190 kHz

The frequency band of the first generation WPC’s WPT device is partial beyond the scope of the category A SRD’s frequency band

		72 dBμA /m



		The category C SRD

		6 765-6 795 kHz

		42 dBμA /m



		The category D SRD

		425-524 kHz

		–5 dBμA /m







  a-3) 	The result of analysis on WPT device classification and administration regulation

In conclusion, if the permission is available, the WPT devices working in 6.675-6.795 MHz band can be administered in accordance with the B category of group 2 ISM device, and the WPT devices working in other band can be administered in accordance with SRD temporally. In the long term, it is necessary to allocate WPT frequency band as soon as possible and formulate the EMC technical specifications of WPT device.

b)	Analysis on wireless communication part of WPT device

Before power transfer, in order to make sure the secondary WPT device’s existence, the primary WPT device needs to realize the handshake process through wireless communication. 
This communication process has short range, short time and micro power characteristics, which are in accordance with the characteristic of SRD communication. Hence, if the working frequency band of the wireless communication part of WPT device is in the scope of SRD, it is regulated as SRD.
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In light of the high field strengths that can be produced by WPT systems, there is the potential for interference to communications signals operating in nearby bands. A determination of the required characteristics of WPT RF signals must be based on studies of potential interference from WPT to other services. Such studies and the resultant determination of characteristics must be completed prior to the assignment of frequencies for WPT.




Figures 7.1 and 7.2 show the WPT spectrum under considerations in Japan and assigned in Korea [1]. Spectrum sharing studies should be performed between the concerned systems with WPT systems to clarify the availability of coexistence. Some WPT equipment are classified into ISM equipment which shall not cause harmful nor claim protection from other stations.

FIGURE 7.1 

WPT spectrum considered and incumbent systems (10-300 kHz)










FIGURE 7.2 

WPT spectrum considered and incumbent systems (400 kHz-13.56 MHz)





In China, different kinds of high power WPT devices have been invented, which include WPT for home appliance operating frequency ranges of 47 kHz -53kHz and WPT for light and heavy duty vehicles operating working frequency ranges of 37 kHz - 43 kHz and 82 kHz -87 kHz. Facing the market requirement, sufficient coexistence research before relevant frequency planning is urgent and necessary. Considering current national frequency planning, the wireless communication system which has been put into practice and other wireless communication requirements, the coexistence studies including dedicated frequency band, shared frequency band, separation distance and so on are ongoing. CCSA TC5 WG8 will initiate a new project to study the coexistence issues of WPT with incumbent radio-communication systems in 2015. Partial research results will be completed in 2016.

Japan is discussing WPT technologies shown in Table 7.1. Candidate frequency ranges under consideration considered and the target WPT systems with fundamental parameters are summarized. 




TABLE 7.1

WPT technologies under considered in Japan MIC WPT Working Group discussion

		Target WPT applications

		(a) WPT for EVs

		(b) WPT for mobile and portable devices (1)

		(c) WPT for home appliances and office equipment

		(d) WPT for mobile and portable devices (2)



		WPT technology

		Magnetic field power transmission (inductive, resonance)

		Capacitive coupling



		Transmission power

		Up to approx.3 kW 
(max 7.7 kW)

		Several W – approx.100 W

		Several W-1.5 kW

		Approx.100 W



		Candidate WPT frequency ranges

		42-48 kHz 
(45 kHz band),

52-58 kHz 
(55 kHz band),

79-90 kHz 
(85 kHz band),

140.91-148.5 kHz 
(145 kHz band)

		6 765-6 795 kHz

		20.05-38 kHz,

42-58 kHz,

62-100 kHz

		425-524 kHz



		Transmission distance

		0 – approx. 30 cm

		0 – approx. 30 cm

		0 – approx. 10 cm

		0 – approx. 1 cm



		The information in this Table may be changed by the domestic and global standardization trend of WPT.





Japan

For spectrum sharing and coexistence studies, the WPT-Working Group (WG) under MIC’s Committee on Electromagnetic Environment for Radio-wave Utilization picked up many possible and practical combinations of the incumbent radio systems and the target WPT systems which might cause a harmful interference event in specific use cases. In such an event, the fundamental WPT radio wave may fall in the same spectrum of the incumbent radio systems when located within the minimum required separation distance from the WPT device or when an appropriate power attenuation measure is not taken. In another case, a WPT harmonic wave might fall into the spectrum of the incumbent radio system to cause degradation of signal quality at the incumbent radio receiver. There must be so many varieties of the events. The WG defined the worst case conditions to assess coexistence. Usage scenarios have been reviewed; and then, simulations and field experiments have been performed. The coexistence conditions, which gives a criteria of the use of a WPT system, were defined by the WG based on the current unacceptable harmful emission limits to the incumbent system and actual use cases assumed.  

In December 2014, 6.78 MHz magnetic coupling WPT and capacitive coupling WPT demonstrated coexistence in the defined conditions. 

6.78 MHz magnetic coupling WPT device coexistence with the public radio systems using small frequency segments in the range of 6.765-6.795 MHz were assessed. The maximum transmission power of 100 W was assumed. Specific emission limits (see TABLE 6.4) were derived and specified per a small segment in the range to meet coexistence requirements.




Capacitive coupling WPT device coexistence was assessed by theoretical calculation and field experiments. The results showed much lower magnetic emission strength than the emission limit requirement to coexist with the concerned incumbents. Accordingly, coexistence of a capacitive coupling WPT device with transmission power less than 100 W was proved. It should be noted that, however, frequency ranges used for maritime radio devices and amateur radio devices were excluded from the candidate operation frequency ranges as international spectrum usage is taken into consideration.

Another magnetic coupling WPT technology using kHz range for home appliance has still not demonstrated coexistence for all the defined test cases in the assessment. 

WPT for EV applications using 79-90 kHz demonstrated coexistence with standard clock radio devices, AM broadcast devices, and Amateur radios. Those using the other candidate frequency ranges than 79-90 kHz have still not met with the requirements. Thus, candidate frequency ranges for EV have converged to the 79 kHz-90 kHz range. 

The WG performed further assessment to prove coexistence with railway wireless systems, namely Automatic Train Stop Systems (ATS) deployed all over the railway networks in Japan and Inductive Train Radio Systems (ITRS) for very specific actual use cases. The WG finally agreed on the technical requirements on coexistence with railway wireless systems.

As a result of coexistence studies, Japan would like to add emphasis to global attention to coexistence study with railway wireless systems in particular ATS. Today, ATS is operated around 100 kHz and is deployed not only in the Japanese railway network but also in so many countries and regional railway networks of the globe. In the future, it may happen that many countries deploying ATS face the same issue to prove coexistence with WPT systems to ensure the safety of the passengers. This study should be taken into global consideration, not in a country specific approach. Japan believes that ITU-R is invited to take action on this study in collaboration with CISPR.

Railway wireless systems by electro-magnetic control mechanism are absolutely crucial for secure operation. Robustness of the systems against unwanted radio waves is a critical measure and may have independent characteristics from one by one. Accordingly, coexistence criteria for the systems differs from one country or one region to another. Therefore, emission limits to specify in CISPR should take account of such variety and reliability of the systems.

TABLE 7.2 (A), (B), (C) and TABLE 7.3 summarize results of coexistence studies and ongoing considerations. In Japanese regulations, any devices with transmission power not exceeding 50 W do not require permission by the administrator for operation in general. Currently, the proposed technologies of (b), (c), and (d) in Table 7.1 intend operation with power not exceeding 50 W in each spectrum. These technologies are expected to increase transmission power greater than 50 W in the future upon completion of successful coexistence studies with the relevant incumbent radiocommunication services. 

Those who are interested in Japanese regulatory aspects relating to WPT may refer to the “Guidelines for the use of Wireless Power Transmission Technologies, Edition 2.0” in April 2013 [2]. http://bwf-yrp.net/english/update/2013/10/guidelines-for-the-use-of-wireless-power-transmission-technologies.html

Japan has already identified the domestic incumbent systems that might suffer from WPT emission in/out of the operating frequency bands. MIC’s WPT WG has directed the concerned parties to investigate possible unwanted effects (e.g. system performance degradation) by WPT emission. 
In addition, the WG suggested necessary talks to find appropriate conditions to coexist. There found many incumbent systems in/around WPT spectrum under considerations. 

Typical ones are listed in Tables 5.1 and 5.2. Those include standard clock radios, amateur radios, railway radio systems, maritime/NAVTEX, and AM broadcast services, which are also illustrated in Figs 7.1 and 7.2. Some results as of April 2014 and ongoing considerations are summarized in Table 7.2.

In addition, the WG performed emission measurement on radiated noise and conductive noise from the WPT systems shown in Table 7.1 to discuss emission limits and coexistence conditions with the incumbent systems. Measured data is summarized in Annex 3. 

TABLE 7.2 

Summary of WPT for mobile and home appliance coexistence study resultsthe coexistence studies and ongoing considerations in Japan

(A) Coexistence with Standard Clock Radio Devices, Automatic Train Stop Systems, and Inductive Train Radio Systems

		WPT for mobile and home appliances

		Incumbent systems



		Technologies

		Candidate frequency ranges 

		Standard Clock Radio Devices (SCRD) (*1)

(40 kHz, 60 kHz) 

		ATS (Automatic Train Stop) Systems (*2)

(10 kHz–
250 kHz)

		ITRS (Inductive Train Radio Systems) (*3)

(10 kHz–250 kHz)



		Magnetic coupling (low power for mobile devices)

		6,765-
6,795 kHz

		NA

		NA

		NA



		Magnetic coupling (low-high power for home appliances)

		20.05–
38 kHz

		Meets coexistence conditions with the notes below:

•The 2nd and 3rd harmonics shall not fall in the SCRD operation bands.

 •Inviting users’ attention to the possibility of interference to the SCRD devices.  

		Further assessment necessary for coexistence.

•Need to derive required separation distance not to cause harmful interference.

		Meets coexistence conditions.



		

		42–58 kHz

		

		

		Meets coexistence conditions.



		

		62–100 kHz 

		

		

		Further assessment necessary.

•Need to derive required separation distance not to cause harmful interference.



		Capacitive Coupling  (low power for mobile devices)

		425–524 kHz

		NA

		Meets coexistence conditions by reducing magnetic field strength by 12 dB achieved.

		NA








Coexistence conditions in assessment:

(*1) 	Standard clock radio devices: WPT devices shall not cause harmful interference in simulated use cases.

•	Separation distance of 10 m was used as a coexistence criterion. In addition to the fundamental wave characteristics, integer harmonics was examined as well when they fall into the Standard clock radios operation bands.

•	Additional measure on operation time condition is considered since WPT operation of home/office equipment is not expected or observed less frequently in midnight when Standard clock radios receive their signals frequently. Advertisement of radio hazard from WPT for home appliances may lead to less interference to share the same spectrum as utilization time is not overlapped entirely.

•	WPT harmonics generated fundamental waves of 20.05 kHz and 30 kHz fall into the Standard clock radios operation spectrum. This is critical to ensure 
non-harmful interference.

(*2) (*3)	 ATS and ITRS: WPT devices shall not cause harmful interference in the actual use cases in operation. The criteria for coexistence are: 

•	WPT frequency band should not be overlapped with those used for the train signalling communication systems including ATS, or 

•	The separation distance to the ATS / ITRS devices, in which a WPT device does not cause harmful interference, should be less than the most critical threshold (approx.1.5 m) specified in the train systems building standards.

•	Above shall be met with all types of railways building layout in Japan.

(TABLE 7.2)

(B) Coexistence study with AM broadcast and Maritime radio devices

		WPT for mobile and home appliances

		Incumbent systems



		Technologies

		Candidate frequency ranges 

		AM broadcast (*1)

(526.5 kHz–1 606.5 kHz)

		Maritime radio devices (*2)

(405 kHz–526.5 kHz)



		Magnetic coupling (low power for mobile devices)

		6,765-6,795 kHz

		NA

		NA



		Magnetic coupling (low-high power for home appliances)

		20.05–
38 kHz

		Not meet coexistence conditions as found required separation distance far exceeding 10 m as the target requirement. 

		NA



		

		42–58 kHz

		

		NA



		

		62–
100 kHz

		

		Meets coexistence conditions with the following

•Avoiding the use of WPT systems emitting power in the LORAN-C frequency range. (*3)



		Capacitive Coupling  (low power for mobile devices)

		425–
524 kHz

		Meets coexistence conditions with the following notes.

•eets coexisten’ attention to the possibility of interference to the AM radio devices.

•eetharmful interference observed, WPT devices shall take appropriate measures. 

		Meets coexistence conditions with the following.

•Avoiding the use of WPT systems emitting power in the frequency ranges of NAVTEX and NAVDAT.





Coexistence conditions in assessment: 

(*1) 	AM Broadcast: A WPT device shall not cause harmful interference to an AM broadcast receiver at least 10 m distance based on the CISPR residential environment. Multiple number of WPT devices and an indoor AM-radio receiver is assumed in the system model. Field tests were performed in agreed worst use case conditions with variables of frequencies, number of WPT devices, separation distances, and high and low background city noise level areas. CISPR 11 Class-B was referred as well.

(*2) 	Maritime radio devices: A WPT device shall not cause harmful interference. Assessment showed that the proposed WPT system has possibility substantially to coexist with the maritime radio systems. However, it is worth noting that the following frequencies in the frequency range in this study are used for secure marine navigation safety. Therefore, the same frequencies have been deleted for the use. (i) NAVTEX: 
518 kHz (424 kHz, 490 kHz) (ii) NAVDAT: 495 kHz-505 kHz. In addition, harmonics should not fall into the Marine VHF radio band (156 MHz–162 MHz) used internationally.

(*3) 	LORAN-C, eLORAN (90 kHz–100 kHz): Maritime radiocommunication operators commented that this spectrum should not be arranged for the use of WPT.  

(TABLE 7.2) 

Coexistence Amateur radio devices and Public radio systems

		WPT for mobile and home appliances

		Incumbent systems



		Technologies

		Candidate frequency ranges 

		Amateur radio devices (*1) (135.7–137.8 kHz,  472–479 kHz)

		Public radio systems (*2) (6,765–6,795 kHz)



		Magnetic coupling (low power for mobile devices)

		6,765-6,795 kHz

		Meets coexistence conditions with the following 

•Avoiding the use of WPT systems transmitting power in the amateur radio frequency ranges

		Meets coexistence conditions with specific emission limits provided.



		Magnetic coupling (low-high power for home appliances)

		20.05–38 kHz

		

		NA



		

		42–58 kHz

		

		NA



		

		62–100 kHz

		

		NA



		Capacitive Coupling  (low power for mobile devices)

		425–524 kHz

		

		NA





Coexistence conditions in assessment: 

(*1)	Amateur radio devices: For Capacitive Coupling, 472-479 kHz band is an in-band case (sharing the same spectrum). For Amateur Radios, no official interference level requirements or rules from other systems are found. However, an agreement was to exclude this band allocated to Amateur Radios in the WPT operation frequency range and to set appropriate frequency offset.

(*2) 	Public radio systems: 6 765-6 795 kHz is not designated as an ISM band in Japan. However, the regulations’ provisions allow the use for WPT applications in the band. New emission limits for WPT products in this band have been agreed, which may allow coexistence with the incumbent systems and higher transmission power in this band.

TABLE 7.3

Summary of WPT for EV coexistence study results and ongoing considerations in Japan

		WPT for EV 

		Incumbent systems



		Candidate frequency ranges

		Standard Clock Radio Devices (*1) (40 kHz,
 60 kHz)

		ATS (Automatic Train Stop) Systems (*2) (10 kHz–
250 kHz)

		ITRS (Inductive Train Radio Systems) (*3) (10 kHz–
250 kHz)

		AM broadcast (*4)  
(526.5  kHz–1 606.5 kHz)

		Amateur radio devices (*5) (135.7 kHz–137.8 kHz)



		42–48 kHz

		Not meet coexistence conditions

		Not assessed since another condition did not meet.

		Meets coexistence conditions. 

		Meets coexistence conditions with the following notes. 

•Inviting user’s attention to the possibility of interference to AM broadcast radio receivers.

•If harmful interference observed, WPT devices shall take appropriate measures.

		Meets coexistence conditions with the following note. 

•Avoiding the use of WPT systems transmitting power in the amateur radio frequency ranges.



		52–58 kHz

		Not meet coexistence conditions

		Not assessed since another condition did not meet.

		Meets coexistence conditions. 

		

		



		79–90 kHz

		Meets coexistence conditions with the following note. 

•Inviting user’s attention to the possibility of interference to Standard Clock radio devices.

		Meets coexistence conditions with the following requirement. 

•Minimum separation distance from the rail of 4.8 m shall be kept.





		Meets coexistence conditions with the following requirement. 

•Minimum separation distance from the rail of 45 m shall be kept.

•Only one rail track operation uses 80 kHz and 92 kHz where this technical requirement shall be applied.



		

		



		140.91–148.5 kHz

		

		Not assessed since another condition did not meet.

		Not meet coexistence conditions.

		

		





Coexistence conditions in assessment

(*1) 	Standard clock radio devices: WPT devices shall not cause harmful interference defined by C/I ratio derived from the minimum receiver sensitivity of the Standard clock radio devices in agreed use cases. Separation distance of 10 m was used as a coexistence criterion. Additional measures on operation time non-overlapping between WPT and Standard clock radio, radio propagation direction variation, and possible performance improvement were taken into consideration.  

(*2) (*3)	 ATS and ITRS: WPT devices shall not cause harmful interference in the actual use cases in operation. The criteria for coexistence is: (i) WPT frequency band should not be overlapped with those used for the train signalling communication systems including ATS, or (ii) The separation distance to the ATS / ITRS devices, in which a WPT device does not cause harmful interference, should be less than the most critical threshold (approx.1.5 m) specified in the train systems building standards. These (i) and (ii) shall be met with all types of railways building layout in Japan.

(*4) 	AM Broadcast: A WPT device shall not cause harmful interference to an AM broadcast receiver at least 10 m distance based on the CISPR residential environment. Field test by WPT transmitter and receiver on a mock wagon was performed in agreed worst use case conditions in which WPT’s 7th harmonics of Fc = 85.106 kHz falls into 594 kHz AM broadcast service channel covering wide area of Kanto-region of Japan. Hearing assessment was performed as well.




(*5) 	Amateur radio devices: This is an out-band case (not sharing the same spectrum). Candidate frequency ranges for WPT for EVs have appropriate offset frequencies (guard band) to detune in the Amateur radio bands. Therefore, receiver sensitivity suppression (out-of-band) by interference is not taken but radiated emission levels of harmonics (spurious emissions) from WPT devices are counted in the case they fall into the Amateur Radio bands. Referring to the emission level regulations in the Japan Radio Law and other related rules as the criteria, currently the assumptions of WPT systems for EVs show acceptable system parameters to demonstrate possible non-harmful interference to the Amateur radio devices.



		Target WPT
applications

		Candidate frequency ranges

		Incumbent systems in/around WPT bands

		Coexistence study results and ongoing discussions
(NOTE – “separation distance” in this column is calculated in the worst case scenario of the assessment models)



		WPT for home/office equipment (2) (resonant, high power)

		20.05-38 kHz, 

42-58 kHz, and 

62-100 kHz

(NOTE – Power transmission frequency is selected from the ranges above. Spectrum within ±30% of the fundamental wave frequency is used.)

		1)	Standard clock radios (40 kHz, 60 kHz) 

2)	Railway systems (10-250 kHz) 

3)	LORAN-C, eLORAN (9‑100 kHz)

4)	AM Broadcast (525.6-1 606.5 kHz

		1)	Standard clock radios: Separation distance of 10 m was used as a coexistence criterion. In addition to the fundamental wave characteristics, integer harmonics was examined as well when they fall into the Standard clock radios operation bands. Assessment by April 2014 showed the following results and ongoing considerations.  

•	The maximum separation distance required is 12.9 m at 62 kHz outside the Standard radio clock operation bands.

•	The maximum separation distance required is 24.6 m at 60 kHz inside the Standard radio clock bands. 

•	Additional measure on operation time condition is considered since WPT operation of home/office equipment is not expected or observed less frequently in midnight when Standard clock radios receive their signals frequently. Advertisement of radio hazard from WPT for home appliances may lead to less interference to share the same spectrum as utilization time is not overlapped entirely.

•	WPT harmonics generated fundamental waves of 20.05 kHz and 30 kHz fall into the Standard clock radios operation spectrum. This is critical to ensure non-harmful interference. The candidate frequency ranges and the WPT operation conditions need to be re-considered.

2)	Railway systems: 

•	The criteria for coexistence with the ATS (Automatic Train Stop) and ITRS (Inductive Train Radio Systems) are (a) WPT frequency band should not be overlapped with those used for the train signaling systems including ATS. Or (b) the separation distance should be less than the threshold (1.9 m) specified in the train systems building standards.

•	ATS (Automatic Train Stop): Separation distance required for coexistence between WPT for home/office equipment and ATS have been derived referring to the existing ATS test regulation. The models without radio-blocking object such as building walls between WPT and ATS were assumed as the worst case. Assessment showed that WPT would not generate harmful interference to ATS when horizontal separation distance is not less than 1.8 m.  





		

		

		

		•	Inductive Train Radio Systems: 

	–	20.05-38 kHz and 42-58 kHz: These ranges are not in use for Railway systems using space propagation medium; available for WPT to coexist. 

	–	62-100 kHz: This frequency range includes a band used for ITRS (sent from the ground system to a train). Separation distance required is 11 m as calculated. On this service segment using this frequency range, the inductive line and the on-board antenna are aligned on the center line of the railway track. Then, the separation distance to be secured would be around 1.9 m which is derived from the threshold specified in the train systems building standards. To meet this criterion, 25 dB reduction of the WPT emission strength should be required at the minimum separation distance. Given these considerations and assumption of 3 kHz guard band for the ITRS bands, possible WPT frequency ranges of 62-77 kHz, 83-89 kHz, and 95-100 kHz could meet the coexistence conditions with ITRS. 

3)	LORAN-C, eLORAN (90-100 kHz)

•	Maritime radiocommunication operators commented that this spectrum should not be arranged for the use of WPT.  

4)	AM Broadcast: Coexistence conditions and requirements have not been agreed yet and are still under discussion. Separation distance calculation models and methodologies are also under discussion. In the next step, the necessary conditions shown above should be agreed; and interference mitigation measures including definition of interference model, radiated electric field emission strength from WPT, wall attenuation for calculation, cumulative interferences from WPT devices, interference experiments, and background noise effect should be taken into consideration. Field experiments are expected.



		WPT for EVs

(NOTE – Not only domestic frequency availability but also global frequency harmonization is counted. Taking the updated SAE and IEC discussions

		42-48 kHz

		

		1)	Standard clock radios: Separation distance of 10 m was used as a coexistence criterion. Assessment by April 2014 showed that separation distance required is 41.9 m. Deemed difficult to meet the coexistence requirements even if additional interference mitigation measures are taken.

2)	Railway systems: 

•	The criteria for coexistence with the ATS (Automatic Train Stop) and ITRS (Inductive Train Radio Systems) are (a) WPT frequency band should not be overlapped with those used for the train signaling systems including ATS. Or (b) the separation distance should be less than the threshold (1.9 m) specified in the train systems building standards.



		into consideration, 85 kHz is assumed to be the primary frequency. In the Inductive Train Radio System discussion, 140.91‑148.5 kHz are examined mainly as spectrum is overlapped or neighboured.

		

		

		•	ATS: For the case of WPT installed at a home garage (nominal 3 kW), separation distance required is 2.2 m or longer. The target WPT emission strength assumed in the study should be reduced to meet the threshold specified in the train systems building standards. For the case of WPT at a public parking intended for a higher power charging (nominal 7.7 kW), separation distance required is 2.6 m or longer. The target WPT emission strength assumed in the study should be reduced to meet the threshold specified in the train systems building standards. 

•	ITRS: This frequency range is not in use for the Railway systems using space propagation medium; available for WPT to coexist with ITRS.

3)	LORAN-C, eLORAN: N/A 

4)	AM Broadcast: See the part of 79-90 kHz.



		

		52-58 kHz

		

		1)	Standard clock radios: Separation distance of 10 m was used as a coexistence criterion. Assessment by April 2014 showed that separation distance required is 28.9 m. Deemed difficult to meet the coexistence requirements even if additional interference mitigation measures are taken.   

2)	Railway systems: 

•	The criteria for coexistence with the ATS (Automatic Train Stop) and ITRS (Inductive Train Radio Systems) are shown in (a) and (b) in the case of 42-48 kHz.

•	ATS: For the case of WPT installed at a home garage (nominal 3 kW), separation distance required is 2.2 m or longer. The target WPT emission strength assumed in the study should be reduced to meet the threshold specified in the train systems building standards. For the case of WPT at a public parking intended for a higher power charging (nominal 7.7 kW), separation distance required is 2.6 m or longer. The target WPT emission strength assumed in the study should be reduced to meet the threshold specified in the train systems building standards.

•	ITRS: This frequency range is not in use for Railway systems using space propagation medium; available for WPT to coexist with ITRS.  

3)	LORAN-C, eLORAN: N/A

4)	AM Broadcast: See the part of 79-90 kHz.








TABLE 7.2 (cont)

		Target WPT
applications

		Candidate frequency ranges

		Incumbent systems in/around WPT bands

		Coexistence study results and ongoing discussions
(NOTE – “separation distance” in this column is calculated in the worst case scenario of the assessment models)



		

		79-90 kHz

		

		1)	Standard clock radios: Separation distance of 10 m was used as a coexistence criterion. Assessment by April 2014 showed that separation distance required is 20.4 m. Some technical interference mitigation measures have been introduced and are taken into consideration. Having them, a latest assessment shows 11‑13 m separation distance available which could be acceptable conditionally.   

2)	Railway systems: 

•	The criteria for coexistence with the ATS (Automatic Train Stop) and ITRS (Inductive Train Radio Systems) are shown in (a) and (b) in the case of 42-48 kHz.

•	ATS: For the case of WPT installed at a home garage (nominal 3 kW), separation distance required is 3.7 m or longer. The target WPT emission strength assumed in the study should be reduced to meet the threshold specified in the train systems building standards. For the case of WPT at a public parking intended for a higher power charging (nominal 7.7 kW), separation distance required is 4.3 m or longer. The target emission WPT strength assumed in the study should be reduced to meet the threshold specified in the train systems building standards.   

•	ITRS: 79-90 kHz frequency range includes frequency bands used for the ITRS (sent from the ground to a train) in one railway service segment in Japan. The separation distance required derived from calculation is approx. 45 m from the on-board antenna mounted on a car. On this service segment using this frequency range, the inductive line and the on-board antenna are aligned on the center line of the railway track. Then, the separation distance to be secured would be around 1.9 m which is derived from the threshold specified in the train systems building standards.

•	Having this separation distance condition, the emitted magnetic field strength should be reduced by 80 dB or more. However, it seems difficult to achieve such attenuation by the effect of a car body, structural objects, and other practical measures. Therefore, the WPT for EVs cannot meet the coexistence conditions in the ITRS operating bands. To be specific, 80-83 kHz and 89-90 kHz should be taken into consideration for ensuring non-harmful interference from WPT. 





		

		

		

		



		

		

		

		



		

		

		

		










TABLE 7.2 (cont)

		Target WPT
applications

		Candidate frequency ranges

		Incumbent systems in/around WPT bands

		Coexistence study results and ongoing discussions
(NOTE – “separation distance” in this column is calculated in the worst case scenario of the assessment models)



		

		

		

		•	Considering such specific inductive radio system operation bands to exclude from the WPT operation frequency range, at least the frequency range of 83‑89 kHz seems feasible for WPT for EVs to coexist with the Inductive radio systems. If required guard band is 1 kHz ensuring the requirements sufficiently, there might be coexistence possibility in the frequency range of 81-90 kHz with the Inductive radio systems. It turned out that the number of the actual service operation case using 79-90 kHz frequency range is very few in Japan. If additional frequency coordination for the Inductive radio system operation is available in the future, WPT coexistence could be easier.

3)	LORAN-C, eLORAN: N/A 

4)	AM Broadcast: Coexistence conditions and requirements have not been agreed yet and are still under discussion. Separation distance calculation models and methodologies are also under discussion. In the next step, the necessary conditions shown above should be agreed; and interference mitigation measures including definition of interference model, radiated electric field emission strength from WPT, wall attenuation for calculation, cumulative interferences from WPT devices, interference experiments, and background noise effect should be taken into consideration. Field experiments are expected.



		

		

		

		



		

		140.91-148.5 kHz

		1)Standard clock radios (40 kHz, 60 kHz) 

2)Railway systems 
(10-250 kHz)

3)Amateur radio (135.7-137.8 kHz)

4)AM Broadcast (525.6-1 606.5 kHz)

		1)	Standard clock radios: Separation distance of 10 m was used as a coexistence criterion. Assessment by April 2014 shows that separation distance required is 17.8 m. Some technical interference mitigation measures have been introduced and are taken into consideration. Having them, a latest assessment shows approx. 10 m separation distance available which could be acceptable conditionally.  

2)	Railway systems: 

•	The criteria for coexistence with the ATS (Automatic Train Stop) and ITRS (Inductive Train Radio Systems) are shown in (a) and (b) in the case of 42-48 kHz.

•	ATS: For the case of WPT installed at a home garage (nominal 3 kW), separation distance required is 4.1 m or longer. The target WPT emission strength assumed in the study should be reduced to meet the threshold specified in the train systems building standards. For the case of WPT at a public parking intended for a higher power charging (nominal 7.7 kW), separation distance required is 4.9 m or longer. The target emission WPT strength assumed in the study should be reduced to meet the threshold specified in the train systems building standards. 









TABLE 7.2 (cont)

		Target WPT
applications

		Candidate frequency ranges

		Incumbent systems in/around WPT bands

		Coexistence study results and ongoing discussions
(NOTE – “separation distance” in this column is calculated in the worst case scenario of the assessment models)



		

		

		

		•	ITRS: 100-250 kHz range includes many frequency bands for the ITRS which are widely used for many railway segments. The separation distance required derived from calculation is approx. 28 m from the inductive line and approx. 76 m from the on-board antenna mounted on a car. On this service segment using this frequency range, the inductive line and the on-board antenna are aligned on the center line of the railway track. Then, the separation distance to be secured would be around 1.9 m from the threshold specified in the train systems building standards.  

•	Having this separation distance condition, the emitted magnetic field strength should be reduced by 88 dB or more. However, it seems difficult to achieve such attenuation by the effect of a car body, structural objects, and other practical measures. Hence, an assessment shows that WPT in the 140 kHz band deems difficult to coexist with.   

3)	Amateur radio: This is an out-band case (not sharing the same spectrum). Candidate frequency ranges for WPT for EVs has appropriate offset frequencies (guard band) to detune in the Amateur radio bands. Therefore, receiver sensitivity suppression (out-of-band) by interference is not taken but radiated emission levels of harmonics (spurious emissions) from WPT devices are counted in the case they fall into the Amateur Radio bands. Note that this band is a neighboring band to the Amateur Radios. Referring to the emission level regulations in the Japan Radio Law and other related rules as the criteria, currently the assumptions of WPT systems for EVs show acceptable system parameters to demonstrate possible non-harmful interference to the Amateur Radios. 

4)	AM Broadcast: See the part of 79-90 kHz.








TABLE 7.2 (end)

		Target WPT
applications

		Candidate frequency ranges

		Incumbent systems in/around WPT bands

		Coexistence study results and ongoing discussions
(NOTE – “separation distance” in this column is calculated in the worst case scenario of the assessment models)



		WPT for mobile devices (2) (Capacitive coupling)

		425-524 kHz

Candidate frequency range has recently been extended from 480-524 kHz to seek for non-harmful frequency band(s) for Maritime radio services.  

Total 50-80 kHz spectrum in this range is intended for WPT operation.

		1)	AM Broadcast (525.6-1 606.5 kHz)

2)	Maritime, (405-526.5 kHz) 

3)	Amateur radio (472-479 kHz)

		1)	AM Broadcast: Coexistence conditions and requirements have not been agreed yet and are still under discussion. Separation distance calculation models and methodologies are also under discussion. In the next step, the necessary conditions shown above should be agreed; and interference mitigation measures including definition of interference model, radiated electric field emission strength from WPT, wall attenuation for calculation, cumulative interferences from WPT devices, interference experiments, and background noise effect should be taken into consideration. Field experiments are expected.  

2)	Maritime: Assessment showed that the proposed target emission limit does not meet the coexistence conditions now assumed but meet those taken from actual commercial models. Therefore we conclude that the proposed WPT here has possibility substantially to coexist with the maritime radio systems. However, it is worth noting that the following frequencies in the frequency range in this study are used for secure marine navigation safety. Therefore, non-use of the same frequencies should be directed. (i) NAVTEX: 518 kHz (424 kHz, 490 kHz) (ii) NAVDAT: 495-505 kHz. In addition, harmonics should not fall into the Marine VHF radio band (156-162 MHz) used internationally.

3)	Amateur radio: This is an in-band case (sharing the same spectrum). WPT for mobile and portable devices (2) (capacitive coupling) assumes the same frequency segment sharing with Amateur Radios in 475 kHz band. For Amateur Radios, no official interference level requirements or rules from other systems are found. Further evaluation should be necessary between WPT proponents and Amateur radios. One possible solution discussed is to exclude 472-479 kHz allocated to Amateur Radios in the WPT operation frequency range and to set appropriate offset frequency bands. 



		WPT for mobile devices (1) (resonant, low power)

		6 765-6 795 kHz

		1)	Mobile/fixed radio systems (6 765-6 795 kHz)

		1)	6 765-6 795 kHz is not designated as an ISM band in Japan. There exists a transmitted RF power limit such as not exceeding 50W for operation without administrator’s permission. However, the regulations’ provisions allow the use for WPT applications in the band. A new type‑approval rule for WPT products in this band is now considered, which may allow coexistence with the incumbent systems and higher transmission power in this band.








[bookmark: _Toc421687529]8	WPT human hazards

WPT may operate at close proximity to persons; therefore WPT suppliers and operators have to demonstrate compliance with RF exposure requirements. The potential for exposure must be assessed according to the operating configurations of the WPT system and the exposure conditions of users or nearby people. 

Operators of WPT should take steps to adequately protect the public from EMF effects. WPT suppliers and operators should assume worst cases.

RF human hazards are global: not regional nor national; the hazards do not recognize any borders or frontiers; therefore, the international ICNIRP guidelines, ICNIRP 1998 and ICNIRP 2010 should be used. 

[bookmark: MTUpdateHome][bookmark: _Toc421687530]9	Summary

This Report contains proposed frequency ranges and associated potential levels for out of band emissions which have not been agreed within the ITU-R, and require further study to ascertain if they provide protection to radiocommunication services on co-channel, adjacent channel and adjacent band criteria. The Report gives an overview of current research and development and work being undertaken in some Regions.

Portable and mobile devices, home appliance, and EV are candidate applications to use WPT technologies. Magnetic induction and Magnetic resonant and capacitive coupling technologies are being studied and developed. Co-existence studies are ongoing and are done in some countries.

Magnetic induction WPT technologies typically utilize the frequency ranges 100-205 kHz with powers ranging from several Watts to 1.5 kW. This frequency range is also under study for home appliances and office equipment incorporating WPT technologies. 

Magnetic induction WPT technologies for Electric passenger vehicles and heavy duty vehicles are being studied with candidate frequency ranges converging to around 85of 19-21 kHz, 42-48 kHz, 52-58 kHz, 59-61 kHz, 79‑90 kHz, 140.91-148.5 kHz. That for Electric heavy duty vehicles is being studied with candidate frequency ranges of 19–21 kHz and 59–61 kHz. Typical powers for electric passenger vehicles are 3.3 kW and 7.7 kW. Typical powers for Heavy Duty vehicles range from 75-100 kW.

Magnetic resonance WPT technologies typically utilize the 6 765-6 795 kHz ISM band with typical powers of several watts to 100 W.

Capacitive coupling WPT technology utilizes the frequency range 425-524 kHz and typical powers can be up to 100 W.
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Annex 1

RF exposure assessment methodologies

The BWF WPT-WG released BWF “Guidelines for the use of wireless power transmission technologies, Edition 2.0” [2] in April 2013. English version is available to download from the following BWF website. 

http://bwf-yrp.net/english/update/2013/10/guidelines-for-the-use-of-wireless-power-transmission-technologies.html

The following aspects on RF exposure assessment methodologies are provided with detailed excerptions from the regulations and guidelines.

“Considerations for the radio-radiation protection guidelines” in [2] provides guidelines in detail in accordance with the usage scenes defined by the BWF WPT-WG and biological and technical aspects such as WPT frequency ranges to apply. Stimulating effect, heating effect, contact current, and induced current to / in human body tissue are described. In addition, recommended flowcharts for selecting an evaluation methodology and a measurement methodology are also provided since the traditional measurement methodologies may not meet the RF exposure assessment for WPT devices.

Annexes A to G in [2] excerpt domestic and international regulations and guidelines related to RF exposure and safety issues and also explain how to read and use them. In these annexes, Japanese regulations, ICNIRP Guidelines, and IEEE Guidelines are introduced. In addition, some papers recently published in the field of simulation-based SAR assessment are introduced as references.

In addition to the document above, “APT Survey Report on WPT” [1] provides information on this topic in APT member countries.

RF exposure

Each country has own guideline or regulation on RF exposure in compliance with ICNIRP98, which does not include WPT devices and suitable measurement method yet.

TABLE [3.10]

Regulatory status on RF exposure

		Country

		RF exposure 

		RF assessment



		Australia

		–	The ACMA is responsible for the management of the mandatory Radiocommunications (Electromagnetic Radiation – Human Exposure) Standard 2003 (incorporating amendments to Radiocommunications (Electromagnetic Radiation - Human Exposure) Amendment Standard 2011 (No. 2)), 

	•	specifying the RF exposure limits for most mobile and portable radiocommunication transmitters with integral antenna operating
100 kHz ~ 300 GHz 

–	Radiation Protection Standard for Maximum Exposure Levels to Radiofrequency Fields – 3 kHz to 
300 GHz (RPS3)

	•	set by ARPANSA (Australian Radiation Protection and Nuclear Safety Agency)

		Such devices are required to show compliance using test methods such as EN 62209-2

(Human exposure to radio frequency fields from hand-held and body-mounted wireless communication devices – Human models, instrumentation, and procedures – Part 2: Procedure to determine the specific absorption rate (SAR) for wireless communication devices used in close proximity to the human body (frequency range of 30 MHz to 6 GHz) http://infostore.saiglobal.com/store/details.aspx?ProductID=1465960. The ACMA mandates the limits for RF and EMR exposure set by the Australian Radiation Protection and Nuclear Safety Agency (ARPANSA). The primary source of RF exposure limit information is ARPANSA’s Radiation Protection Standard for Maximum Exposure Levels to Radiofrequency Fields - 3 kHz to 300 GHz (RPS3) – http://www.arpansa.gov.au/Publications/codes/rps3.cfm



		Japan

		–	BWF’s guideline on RF exposure 
http://bwf-yrp.net/english/ : compliance requirements

–	Referring to Radio Radiation Protection Guidelines and ICNIRP guidelines

	•	RF exposure limit

		BWF of Japan considers the following approaches in RF exposure assessment.

Assume specific worst cases, such a case that a part of the human body is contiguous to Tx or located between Tx and Rx.

Additional safety measures to take into account if safety cannot be declared.

Magnetic fields by the WPT products are non-uniform and RF exposure is expected to be local. Therefore ICNIRP guidelines can be safer references. Simulation assessment methodologies such as radiation dosimetry are suggested to consider if dosimetry experts can participate. 

Assessment method should not take longer time unnecessarily and not intend to search for exact RF exposure. It should be a reasonable one which could be useful for certification procedures and acceptance tests.



		Republic of Korea

		–	The current EMF regulation is referenced by ICNIRP guidelinePlans to revise current EMF regulation to include WPT device for application during 2013

		–	Plans to introduce assessment methods specified for WPT during 20152013





Evaluation of EMF human exposure from Electric Vehicle in Korea

The Republic of Korea studied the evaluation method of magnetic fields generated by on-line electric vehicle (OLEV) using the wireless power transfer technology in 2013, which is operated in area accessible to the public. The electric power lines in roadbeds (1st coil) and 5 pickup coil segments under the OLEV (2nd coil) is considered as a field source, in which resonance frequency of 20 kHz and output power 75 kW.

Figure 1 shows the EMF human exposure condition from the power lines and pickup coils of OLEV system.

FIGURE 1

EMF human exposure condition of OLEV system

[image: EMB0000132423df]

Where the field at exposure condition 1 of OLEV is considered to be non-uniform that is similar to AC power system (IEC 62110), the field level at the position of interest is calculated and measured at the three heights, 0.5 m, 1.0 m, and 1.5 m above the ground. 

FIGURE 2

The model in the field generated by OLEV

[image: EMB0000132423e1][image: EMB0000132423e2]

The average exposure level is calculated using the spheroidal human model whose vertical and horizontal axes are 1.5 m and 0.35 m, located 0.2 m above ground. 

The deviation is 4 % at distance of 5 cm from OLEV, and –2 % at distance of 100 cm accessible to the public. Figure 3 shows that the vertical distribution of magnetic fields is uniform. We can know that the three-point average exposure level almost corresponds to the average exposure level for the exposure condition 1 of the electric vehicle (OLEV).

FIGURE 3

The calculated magnetic field distributions at each distances from OLEV

[image: EMB0000132423e3]

From the numerical analysis, the three-point (at the three heights, 0.5 m, 1.0 m, and 1.5 m above the ground) average exposure level represents the average exposure level over the entire human body, which is evaluated as 2.1 A/m, 40% less than the the technical criteria of RF exposure.

The magnetic field strength at exposure condition 2 of each seat inside OLEV is assessed and the evaluation values are represented as in Figure 4. 

FIGURE 4

The calculated magnetic field distributions at each distances from OLEV

[image: EMB00001fc83587]

FIGURE 5

The calculated magnetic field distributions at each distances from OLEV

[image: EMB00001fc8358e][image: EMB00001fc8358f]

From the numerical analysis using 5-point average method, the 3.36 A/m is resulted, but 3.06 A/m is measured in the same condition. However, if using 3-point average method, simulated data and measured data are acquired as 0.53 A/m and 0.57 A/m, respectively. Considering the complex exposure conditions such as internal shielding architecture, the difference of altitude, and positions, the 5-point average method is more optimal than 3-point average method in measuring the worst case of RF exposure. 




Annex 2

Implementation example of the use of the 6 765-6 795 kHz ISM band for wireless charging of mobile devices

A wireless power transmission technology and specification based on the principles of magnetic resonance using the 6 765-6 795 kHz ISM band for wireless charging of mobile devices has been developed. This technology brings a number of unique benefits to the wireless charging ecosystem.

		[image: superior-charging-range-icon.png]

		SUPERIOR CHARGING RANGE

A superior charging range allowing for a true drop and go charging experience, through most surfaces and materials commonly encountered in the home, office and commercial environments.
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		MULTI-DEVICE CHARGING

Ability to charge multiple devices with different power requirements at the same time, such as smartphones, tablets, laptops and Bluetooth® headsets.
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		READY FOR THE REAL WORLD

Charging surfaces will operate in the presence of metallic objects such as keys, coins, and utensils, making it an ideal choice for home, office, automotive, retail, and dining and hospitality applications.
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		BLUETOOTH COMMUNICATION

Uses existing Bluetooth Smart technology, minimizing the manufacturer’s hardware requirements, as well as opening the door for future Smart Charging Zones.





Technical specification

The objective of the specification is to deliver a convenient, safe and exceptional user experience in real-world charging situations, while defining the technical basis for industry to build compliant products. The technology is an interface specification for the wireless power transmitter and receiver, mutual coupling, and mutual inductance - leaving most options open to implementers.

To pair wireless power with real-world conditions, spatial freedom allows for higher variability in coupling coefficient, device size, load conditions and separation between the power transmitter and receiver. This offers wireless power product designers greater latitude in implementing charging systems, and results in a superior consumer experience.

 Electronic products intended for this technology integration should address several factors:

•	power dissipation and layout;

•	integration of resonator to device;

•	miniaturization;

•	integration of communication link to on-board radio.

Designers may specify and source their own implementation of the required out-of-band radios, power amplifiers, DC-to-DC converters, rectifiers, microprocessors – discrete or integrated – and assemble them as they require.

As long as the components conform to the specification, they can utilize any topology. 
The specification reserves only the interfaces and model of transmitter resonator to be used in the system.

The below figure illustrates the basic wireless power transmission system configuration between a Power Transmitting Unit (PTU) and a Power Receiving Unit (PRU). The PTU can be expanded to serve multiple independent PRUs. The PTU comprises three main functional units which are a resonator and matching unit, a power conversion unit, and a signalling and control unit (MCU). 
The PRU also comprises three main functional units like the PTU.

[image: rezence-basic-block-diagram.png]PRX_OUT

PTX_IN



As shown in the above figure, the Transmitting Resonator (Tx Resonator) uses 6 780 kHz (±15 kHz) to transmit power from the PTU to the PRU. Bluetooth SmartTM at 2.4 GHz band is used for 2-way communication in a channel outside of the frequencies used to transmit power and provides a reliable communication channel between the wireless power receivers and the charging surfaces.

The specification provides for many categories of PRU and classes of PTU based on the power delivered using the 6 780 kHz band, they range from a low power charging unit for small device that can require only a few watts to larger devices that require many watts. Shown in the below tables are PTU classes and PRU categories based on a draft Baseline System Specification, new categories/classification are being developed.






PRU Categories

		PRU

		PRX_OUT_MAX’

		Example applications



		Category 1

		TBD

		BT Headset



		Category 2

		3.5 W

		Feature Phone



		Category 3

		6.5 W

		Smart Phone



		Category 4

		13 W

		Tablet, Phablet



		Category 5

		25 W

		Small Form Factor Laptop



		Category 6

		37.5 W

		Regular Laptop



		Category 7

		50 W

		Performance Laptop



		PRX_OUT_MAX’ is the maximum value of PRX_OUT (Output power of the Rx Resonator).







PTU Classes

		

		PTX_IN_MAX’

		Minimum category support requirements

		Minimum value for max number of devices supported



		Class 1

		2 W

		1  Category 1

		1  Category 1



		Class 2

		10 W

		1  Category 3

		2  Category 2



		Class 3

		16 W

		1  Category 4

		2  Category 3



		Class 4

		33 W

		1  Category 5

		3  Category 3



		Class 5

		50 W

		1  Category 6

		4  Category 3



		Class 6

		70 W

		1  Category 7

		5  Category 3



		PTX_IN_MAX’ is the maximum value of PTX_IN (Input power to the Tx Resonator).







The Bluetooth operations will transmit between −6 dBm to +8.5 dBm measured at the antenna connector.

The specification for PTUs and PRUs enables products to be built in compliance with regulatory requirements for the country they are sold. For example, in the USA, the operation in 6 785 kHz will be in compliance with FCC Part 18 requirements and 2-way operation in 2.4 GHz will be in compliance with FCC Part 15 requirements. 






Annex 3

Measurement data of radiated noise and conductive noise from WPT systems 
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[bookmark: _Toc421687532]1	Introduction

This Annex provides measured data of radiated noise and conductive noise from the WPT systems under the consideration of the new rulemaking in Japan. The systems are listed as follows and fundamental parameters are shown in Table 7.1. Detailed information on the coexistence studies of the systems are introduced in Doc. 1A/152:

(1)	WPT system for passenger EV (Electric Vehicle) charging;

(2)	WPT system for mobile and portable devices using magnetic resonance technology;

(3)	WPT system for home appliances and office equipment using magnetic inductive technology, and

(4)	WPT system for mobile and portable devices using capacitive coupling technology.

[bookmark: _Toc386652177][bookmark: _Toc421687533]2	Measurement models and measurement methods 

Measurement models and measurement methods for radiated noise and conductive noise from WPT systems were discussed and determined by WPT-WG under the Subcommittee on Electromagnetic Environment for Radio-wave Utilization of the Ministry of Internal Affairs and Communications (MIC). The following measurements were conducted:

(1)	Radiated noise in the frequency range from 9 kHz to 30 MHz:

	Magnetic field strength is measured by using loop antennas. Electric field strength is obtained by simple translation using the characteristic impedance of plane wave, 
377 ohm.

(2)	Radiated noise in the frequency range from 30 MHz to 1 GHz:

	Electric field strength is measured by using bi-conical antennas or log-periodic dipole arrays. In the case of portable devices applications, the measured frequency range is expanded to 6 GHz.

(3)	Conductive noise in the frequency range from 9 kHz to 30 MHz:

	Conductive noise radiated from power supply lines is measured. In this measurement, EUT (Equipment under Test) should be connected to AMN (Artificial Mains Network). 

[bookmark: _Toc386652178][bookmark: _Toc421687534]2.1	Measurement model and measurement method for WPT system for EV charging 

Figures A3-1 and A3-2 describe measurement methods for radiated noise from WPT systems for EV charging. Figure A3-1 is in the frequency range from 9 kHz to 30 MHz. Figure A3-2 is in the frequency range from 30 MHz to 1 GHz. Figure A3-3 describes the top view of EUT and its arrangement for radiated noise measurement. In this measurement method, CISPR 16-2-3 “Radiated disturbance measurements” is referred. Figure A3-4 describes an imitated car body used in this measurement. This imitated car model was proposed to IEC TC 69 / PT 61980, in which an international standard regarding WPT systems for EV charging. Figure A3-5 describes the top view of EUT and its arrangement for conductive noise measurement. In these measurements, the transmission power is defined as power level measured at the input port of RF power supply equipment or the primary coil.

FIGURE A3-1

Measurement methods for radiated noise from WPT systems for EV charging,
in the frequency range from 9 kHz to 30 MHz





FIGURE A3-2

Measurement methods for radiated noise from WPT systems for EV charging,
in the frequency range from 30 MHz to 1 GHz








FIGURE A3-3

Top view of EUT and its arrangement for radiated noise measurement








FIGURE A3-4

Configuration of the imitated car body








FIGURE A3-5

Top view of EUT and its arrangement for conductive noise measurement





[bookmark: _Toc386652179][bookmark: _Toc421687535]2.2	Measurement model and measurement method for mobile devices, portable devices, and home appliances

Figures A3-6 and A3-7 describe measurement methods for radiated noise from WPT systems for mobile and portable devices and home appliances. Figure A3-6 is in the frequency range from 9 kHz to 30 MHz. Figure A3-7 is in the frequency range from 30 MHz to 6 GHz. It is noticed that the frequency range is expanded to 6 GHz only in case of mobile and portable devices. For home appliances, the upper limit of measured frequency range is 1 GHz. Those are because CISPR 14-1
is referred to a measurement method for home appliances, and CISPR 22 for mobile and portable devices. Figure A3-8 describes measurement methods for conductive noise measurement. 
Two measurement methods are considered here.

FIGURE A3-6

Measurement methods for radiated noise from WPT systems for mobile and portable devices and home appliances, in the frequency range from 9 kHz to 30 MHz





FIGURE A3-7

Measurement methods for radiated noise from WPT systems for mobile and portable devices and home appliances, in the frequency range from 30 MHz to 6 GHz





FIGURE A3-8

Measurement methods for conductive noise measurement





[bookmark: _Toc386652180][bookmark: _Toc421687536]3	Target radiation emission limit set by BWF 

The radiation emission limit for a new Japanese regulation is under discussion in WPT-WG, MIC. But, Broadband Wireless Forum (BWF), Japan, has already set the target radiation emission limit as tentative values to discuss co-existing conditions for other wireless systems. The fundamental viewpoints for the target radiation emission limits are as follows;

(1)	Target radiated noise limits are set only in the frequency range from 9 kHz to 30 MHz. Both of electric field strength limits and magnetic field strength limits are described here.

(2)	Target radiated noise limits of electric field strength are firstly considered, because BWF refers to the current Japanese national radio regulation and its radiated noise limits are basically determined by electric field strength. Translation of electric field strength to magnetic field strength is done by calculation using the characteristic impedance of TEM wave (plane wave), 377 ohm.

(3)	BWF does not set the target limits of radiated noise over 30 MHz and conductive noise.

Next, the target radiation emission limits for each WPT system are described. It should be noted that these are tentative and are under discussion.

[bookmark: _Toc386652181][bookmark: _Toc421687537]3.1	Target radiation emission limit for WPT system for EV charging

Tentative target radiated noise limit for WPT frequency range was proposed by reference to FCC Part 18 Subpart C as an international rule and by measurement results of developed WPT systems. Tentative target radiated noise limit for the other frequency range was proposed on the basis of the Japanese radio regulation applied to inductive cooking equipment as a commonly used magnetic inductive application.




(1)	Tentative target limit of radiated electric field noise

(a)	WPT frequency range (frequency range used for power transmission)

	3 kW – Tx Power	: 	36.7 mV/m@30m (91.3 dBμV/m@30m)

	7.7 kW – Tx Power	: 58.9 mV/m@30m (95.4 dBμV/m@30m)

(b)	Frequency range from 526.5-1606.5 kHz

					: 30 μV/m@30m (29.5 dBμV/m@30m)

(c)	 Frequency range expect for the above frequency range

					: 200 μV/m@30m (46.0 dBμV/m@30m)

(2)	Tentative target limit of radiated magnetic field noise

(a)	WPT frequency range (frequency range used for power transmission)

	3 kW – Tx Power	: 	97.5 μA/m@30m (39.8 dBμA/m@30m)

	7.7 kW – Tx Power	: 156 μA/m@30m (43.9 dBμA/m@30m)

(b)	Frequency range from 526.5-1606.5 kHz

					: 0.0796 μA/m@30m (−22.0 dBμA/m@30m)

(c)	Frequency range expect for the above frequency range

					: 0.531 μA/m@30m (−5.51 dBμA/m@30m)

[bookmark: _Toc386652182][bookmark: _Toc421687538]3.2	Target radiation emission limit for mobile and portable devices using magnetic resonance technology

Tentative target radiated noise limit for WPT frequency range was proposed on the basis of measurement results of developed WPT systems. Tentative target radiated noise limit for the other frequency range was proposed on the basis of the Japanese radio regulation applied to inductive cooking equipment as a commonly used magnetic inductive application.

(1)	Tentative target limit of radiated electric field noise

(a)	WPT frequency range (frequency range used for power transmission)

						: 100 mV/m@30m (100 dBμV/m@30m)

(b)	Frequency range from 526.5-1 606.5 kHz

						: 30 μV/m@30m (29.5 dBμV/m@30m)

(c)	Frequency range expect for the above frequency range

						: 100 μV/m@30m (40.0 dBμV/m@30m)

(2)	Tentative target limit of radiated magnetic field noise

(a)	WPT frequency range (frequency range used for power transmission)

						: 265.3 μA/m@30m (48.5dB μA/m@30m)

(b)	Frequency range from 526.5-1 606.5 kHz

						: 0.0796 μA/m@30m (−22.0 dBμA/m@30m)

(c)	Frequency range expect for the above frequency range

						: 0.265 μA/m@30m (−11.5dB μA/m@30m)

[bookmark: _Toc386652183][bookmark: _Toc421687539]


3.3	Target radiation emission limit for home appliances using magnetic inductive technology

Tentative target radiated noise limit for WPT frequency range was proposed on the basis of measurement results of developed WPT systems. Tentative target radiated noise limit for the other frequency range was proposed on the basis of the Japanese radio regulation applied to inductive cooking equipment as a commonly used magnetic inductive application.

(1)	Tentative target limit of radiated electric field noise

(a)	WPT frequency range (frequency range used for power transmission)

						: 1 mV/m@30m (60 dBμV/m@30m)

(b)	Frequency range from 526.5-1 606.5 kHz

						: 30 μV/m@30m (29.5 dBμV/m@30m)

(c)	 Frequency range expect for the above frequency range

						: 173 μV/m@30m (44.8 dBμV/m@30m)

(2)	Tentative target limit of radiated magnetic field noise

(a)	WPT frequency range (frequency range used for power transmission)

						: 2.66 μA/m@30m (8.5 dBμA/m@30m)

(b)	Frequency range from 526.5-1 606.5 kHz

						: 0.0796 μA/m@30m (−22.0 dBμA/m@30m)

(c)	Frequency range expect for the above frequency range

						: 0.459 μA/m@30m (−6.7 dBμA/m@30m)

[bookmark: _Toc386652184][bookmark: _Toc421687540]3.4	Target radiation emission limit for mobile and portable devices using capacitive coupling technology

The tentative target radiated noise limit for WPT frequency range was proposed on the basis of measurement results of developed WPT systems. The tentative target radiated noise limit for the other frequency range was proposed on the basis of the Japanese radio regulation applied to inductive cooking equipment as a commonly used magnetic inductive application.

(1) 	Tentative target limit of radiated electric field noise

(a)	WPT frequency range (frequency range used for power transmission)

						: 100 μV/m@30m (40 dB μV/m@30m)

(b)	Frequency range from 526.5-1 606.5 kHz

						: 30 μV/m@30m (29.5 dBμV/m@30m)

(c)	Frequency range expect for the above frequency range

						: 100 μV/m@30m (40 dB μV/m@30m)

(2) 	Tentative target limit of radiated magnetic field noise

(a)	WPT frequency range (frequency range used for power transmission)

						: 0.265 μA/m@30m (−11.5 dB μA/m@30m)

(b)	Frequency range from 526.5-1606.5 kHz

						: 0.0796 μA/m@30m (−22.0 dBμA/m@30m)

(c)	Frequency range expect for the above frequency range

						: 0.265 μA/m@30m (−11.5 dB μA/m@30m)

[bookmark: _Toc386652185][bookmark: _Toc421687541]4	Measurement results of radiated noise and conductive noise

Measurement results of radiated noise, conductive noise and related measurements for each WPT system are described. WPT systems measured here are equipment for test and under development.

[bookmark: _Toc386652186][bookmark: _Toc421687542]4.1	Measurement results for WPT system for EV charging

(1)	Overview of test equipment

Two pieces of test equipment were prepared for this measurement as shown in Table A3-1. In test equipment A, WPT frequency is 120 kHz and planer circular Tx and Rx coils are used. In test equipment B, WPT frequency is 85 kHz and solenoid type coils are used for both of Tx and Rx. Also, test equipment B includes devices to suppress higher order harmonics of WPT frequency. Photographs of each test equipment are described in Figs A3-9 and A3-10, respectively.

TABLE A3-1

Overview of test equipment for EV charging

		WPT system

		EV charging



		WPT technology

		Magnetic resonance



		WPT frequency

		Test equipment A: 120 kHz
Test equipment B: 85 kHz



		Condition for WPT

		Transfer power: 3 kW
Power transfer distance: 150 mm







FIGURE A3-9

Test equipment A





FIGURE A3-10

Test equipment B








(2)	Measurement results of radiated noise

Radiated noise from each test equipment was measured in shielded anechoic chamber. Measured distance is 10 m. When field strength at 30 m is described, the field strength is obtained by the following translation rule which is published in Japanese radio regulation.

	[Attenuation factor due to measurement distance from 10 m to 30 m]

		Lower frequency than 526.5 kHz:	1/27

		From 526.5-1 606.5 kHz:			1/10

		Over 1 606.5 kHz to 30 MHz:		1/6

Measurement results in the frequency range from 9 kHz to 30 MHz are shown in Figs A3-11 
and A3-12. Figure A3-13 describes measurement result of higher order harmonics of each test equipment. The results of these measurements show that test equipment B clears the tentative target limit of radiated noise. Test equipment A clears the tentative target limit for WPT frequency, and does not clear the tentative target limit of the other frequency range. But, by including the suitable devices to suppress high frequency noise, it is thought that the tentative target limit can be cleared.

Measurement results in the frequency range from 30 MHz to 1 GHz are shown in Figs A3-14 and A3-15.

FIGURE A3-11

Radiated noise of test equipment A (9 kHz – 30 MHz, peak value)





FIGURE A3-12

Radiated noise of test equipment B (9 kHz – 30 MHz, peak value)








FIGURE A3-13

Measurement results of higher order harmonics (Quasi-peak value)





FIGURE A3-14

Radiated noise of test equipment A (30 MHz – 1 GHz, peak value)








FIGURE A3-15

Radiated noise of test equipment B (30 MHz – 1 GHz, peak value)





(3)	Measurement results of conductive noise

Measurement results of conductive noise in the frequency range from 30 MHz to 1 GHz are shown in Figs A3-16 and A3-17.

FIGURE A3-16

Conductive noise of test equipment A (9 kHz – 30 MHz, peak value)





FIGURE A3-17

Conductive noise of test equipment B (9 kHz – 30 MHz, peak value)





[bookmark: _Toc386652187][bookmark: _Toc421687543]4.2	Measurement results for mobile and portable devices using magnetic resonance technology

(1)	Overview of test equipment

Table A3-2 shows the overview of the test equipment for mobile and portable devices using magnetic resonance technology. WPT frequency is 6.78 MHz. Figure A3-18 describes a typical coil structure for this test equipment. 

The portable device measured here includes this coil structure inside. Transmission power of this test equipment is 16.8 W. In measurement results shown next, the transmission power is converted to 100 W, and measurement distance is translated to 30 m using the translation factor mentioned in § 4.1(2). It is noted that test equipment includes no devices to suppress higher order harmonics of WPT frequency.

TABLE A3-2

Overview of test equipment for mobile and portable devices using magnetic resonance 

		WPT system

		Mobile and IT devices



		WPT technology

		Magnetic resonance



		WPT frequency

		6.78 MHz



		Condition for WPT

		Transfer power: 16.8 W
Power transfer distance: several centimeters





FIGURE A3-18

Typical coil structure for test equipment for mobile and portable devices using magnetic resonance





(2)	Measurement results of radiated noise

Radiated noise from test equipment was measured in shielded anechoic chamber. Measurement results in the frequency range from 9 kHz to 30 MHz, from 30 MHz to 1 GHz, and from 1 GHz to 6 GHz are shown in Figs A3-19, A-20 and A3-21, respectively. Also, Fig. A3-22 describes measurement result of higher order harmonics of this test equipment. As results of these measurements, it is found that this test equipment clears the tentative target limit of radiated noise for WPT frequency. And also, it is recognized that there is no emission noise over 1 GHz.

FIGURE A3-19

Radiated noise of test equipment (9 kHz – 30 MHz, peak value)





FIGURE A3-20

Radiated noise of test equipment (30 MHz – 1 GHz, peak value)








FIGURE A3-21

Radiated noise of test equipment (1 GHz – 6 GHz, peak value)





FIGURE A3-22

Measurement results of higher order harmonics (Quasi-peak value)





(3)	Measurement results of conductive noise

Measurement results of conductive noise in the frequency range from 30 MHz to 1 GHz are shown in Fig. A3-23.

FIGURE A3-23

Conductive noise of test equipment (9 kHz – 30 MHz, peak value)





[bookmark: _Toc386652188][bookmark: _Toc421687544]4.3 	Measurement results for home appliances using magnetic inductive technology

(1)	Overview of test equipment

Table A3-3 shows the overview of the test equipment for home appliances using magnetic inductive technology. There are two coil structures for this WPT system as shown in Fig. A3-24. WPT frequency is 23.4 kHz and 94 kHz. Transmission powers are 1.5 kW for test equipment A, and 1.2 kW for test equipment, respectively. Measurement distance is translated to 30 m using the translation factor mentioned in § 4.1(2). It is noted that the two pieces of test equipment include devices to suppress higher order harmonics of WPT frequency.

TABLE A3-3 

Overview of test equipment for home appliances using magnetic induction 

		WPT system

		Home appliances



		WPT technology

		Magnetic inductive technology



		WPT frequency

		Test equipment A: 23.4 kHz
Test equipment B: 95 kHz



		Condition for WPT

		Transfer power (Test equipment A): 1.5 kW
Transfer power (Test equipment B): 1.2 kW
Power transfer distance: less than 1 cm







FIGURE A3-24

Typical coil structures for test equipment for home appliances using magnetic inductive technology





(2)	Measurement results of radiated noise

Radiated noise from each test equipment was measured in shielded anechoic chamber. Measurement results in the frequency range from 9 kHz to 30 MHz are shown in Figs A3-25 and A3‑26 for each test equipment. Measurement in the frequency range from 30 MHz to 1 GHz was done only for test equipment A. That result is shown in Fig. A3-27. As results of these measurements, it is found that these two pieces of test equipment clear the tentative target limit of radiated noise for WPT frequency and higher frequencies. 

FIGURE A3-25

Radiated noise of test equipment A (9 kHz – 30 MHz, Quasi-peak value)





FIGURE A3-26

Radiated noise of test equipment B (9 kHz – 30 MHz, Quasi-peak value)








FIGURE A3-27

Radiated noise of test equipment A (30 MHz – 1 GHz, Quasi-peak value)





(3)	Measurement results of conductive noise

Measurement results of conductive noise in the frequency range from 9 kHz to 30 MHz are shown in Fig. A3-28.

FIGURE A3-28

Conductive noise of test equipment A (9 kHz – 30 MHz, Quasi-peak value)





[bookmark: _Toc386652189][bookmark: _Toc421687545]4.4	Measurement results for mobile and portable devices using capacitive coupling technology

(1)	Overview of Test equipment

Table A3-4 shows the overview of the test equipment for mobile and portable devices using capacitive coupling technology. Figures A3-29 and A3-30 show the test equipment for this measurement and the block diagram of the WPT system, respectively. WPT frequency is 493 kHz. Transmission power is 40 W in maximum. It is noted that this test equipment adopts as many commercial product requirements as possible including shield design to suppress radiation emission and higher order harmonics.

TABLE A3-4

Overview of test equipment for mobile and portable devices 
using capacitive coupling technology 

		WPT system

		Mobile and IT devices



		WPT technology

		Electric field coupling



		WPT frequency

		493 kHz



		Condition for WPT

		Transfer power: 40 W max
Power transfer distance: 2 mm







FIGURE A3-29

Test equipment for mobile and portable devices using capacitive coupling technology 





FIGURE A3-30

Block diagram of WPT system for mobile and portable devices using capacitive coupling technology 





(2)	Measurement results of radiated noise

Radiated noise from this test equipment was measured in shielded anechoic chamber. Measurement results in the frequency range from 9 kHz to 30 MHz, from 30 MHz to 1 GHz, and 1 GHz to 6 GHz are shown in Figs A3-31, A3-32, and A3-33, respectively. The results of the measurements in Fig. A3-31 show that the radiated noise is less than the tentative target limit, which may be due to the means to suppress radiation and emission.

FIGURE A3-31

Radiated noise (9 kHz – 30 MHz, peak value)








FIGURE A3-32

Radiated noise (30 MHz – 1 GHz, peak and Quasi-peak value)








FIGURE A3-33

Radiated noise (1-6 GHz, peak value)





(3)	Measurement results of conductive noise

Measurement results of conductive noise in the frequency range from 9 kHz to 30 MHz are shown in Fig. A3-34.

FIGURE A3-34

Conductive noise of test equipment (9 kHz – 30 MHz, peak and Quasi-peak value)





______________
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This Recommendation provides frequency ranges and human hazard guidelines for non-beam wireless power transmission (WPT) for operation on a global or regional basis with a focus on charging of mobile/portable devices, and electric vehicles, etc.  

The ITU Radiocommunication Assembly,

considering

a)	that wireless power transmission (WPT) is defined as the transmission of power from a power source to an electrical load using electromagnetic field;

b)	that WPT technologies utilize various mechanisms, such as transmission via radio frequency beams, inductive, resonant and capacitive coupling;

c)	that such WPT technologies may be useful in applications of charging of mobile/portable devices and electric vehicles etc.;

d)	that WPT standards are currently being developed at national, regional, and international levels for the above-mentioned wireless charging of mobile devices and electric vehicles, etc.;

e)	that industrial alliances, consortia, and academia have investigated several frequency bands for WPT technologies, including; 19‑21 kHz and 59‑61 kHz for the shaped magnetic field in resonance Electric Vehicles, 79‑90 kHz for magnetic resonant technology for Electric Vehicles, 100‑300 kHz for magnetic resonant and induction technology for mobile devices and 6 765‑6 795 kHz for magnetic resonant technology for mobile devices;

f) 	that studies have been concluded by one administration on the impact of WPT to radiocommunication services in the bands 79‑90 kHz and 6 765‑6 795 kHz, another administration undertook studies on the impact of WPT in the band 110300 kHz and some administrations already authorise use of some of these bands for WPT technologies;

g)	that as the number of WPT devices is growing the use of WPT technologies may have an impact on the operation of radiocommunication services including the standard frequency and time signal service and the radio astronomy service;

h)	that radiation outside the bands used by WPT should be minimised in order to preserve the RF spectrum of radiocommunication services;

i) 	that to mitigate the impact of WPT devices on the operation of radiocommunication services some solutions utilize ISM bands;

j)	that issues of non-ionizing radiation exposure related to systems employing WPT technologies are dealt with by international organizations such as the World Health Organization (WHO) and the International Commission on Non‑ionizing Radiation Protection (ICNIRP),

recognizing

a)	that WPT has no status in the radio regulations and therefore should not cause interference to radiocommunication services including the standard frequency and time signal service and the radio astronomy service; 

b)	that both consumers and manufacturers will benefit from common spectrum bands used for WPT technologies;

c)	that Industrial, Scientific, Medical (ISM) frequencies  have been successfully used in the past for development and proliferation of innovative technologies in accordance with the Radio Regulations;

d)	the band 6 765-6 795 kHz also designated for ISM use under 5.138 has been found to have advantages for WPT using magnetic resonance technologies in applications of charging of mobile/portable devices;

e)	that some non-ISM bands are taken into consideration for the global or regional harmonized use of specific WPT applications;

f)	that the WPT energy transfer can be treated separately from data communications, especially when the receiving device receives data communications at a different frequency to the energy transfer; 

g)	that some Administrations classify the WPT energy transfer as an ISM application, even for operation outside bands designated for ISM use;

h)	that some Administrations classify WPT as SRD, and operated in bands listed in Recommendation ITU-R SM.1896 and Report ITU-R SM.2153;

i)	that in the absence of a load, the WPT shuts off and only periodically polls or searches for the load, with very low duty cycle; 

j)	that for WPT the radiated power is much lower than RF power transferred. Most power is transferred to the receiver through mechanisms such as capacitive, resonant and inductive coupling; 

k)	that at VLF, LF and MF frequencies the environment is already very noisy relative to the victim’s thermal noise floor, due to atmospheric and man-made noise;

l)	that duration or power limits can be placed on WPT,

noting

a)	that the International Electrotechnical Commission (IEC) has published a Technical Report IEC/TR 62869 on Wireless Power Transfer (WPT) for audio, video and multimedia systems and equipment developed by TC 100;

b)	that the IEC 61980 series, International Standard Organization (ISO) 19363, and the Society of Automotive Engineers (SAE) International J2954 are developing international standards intended for global and regional harmonization on electric vehicle WPT systems;

c)	that Resolution Global Standards Collaboration (GSC)-17/34 resolves to facilitate a strong and effective standards collaboration on WPT in terms of protocol, regulatory and interoperability aspects;

d)	that this Recommendation will assist administrations in applying No. 15.13 of the Radio Regulations to prevent harmful interference to a radiocommunication service from equipment used for industrial, scientific and medical applications;

e)	that Recommendations ITU-T K.52 contain guidelines and mitigation techniques to limit human exposure to electromagnetic fields;

f)	that ICNIRP 2010 provides Guidelines for limiting exposure to time‐varying electric and magnetic fields up to 10 MHz, and ICNIRP 1998 provides Guidelines for limiting exposure (up to 300 GHz);  

g)	that Rec. ITU-R SM.1056 on the limitation of radiation from industrial, scientific, medical (ISM) equipment recommends that administrations consider the use of the latest edition of CISPR publication 11;

h)	Report ITU-R SM.2303 Wireless power transmission using technologies other than radio frequency beam,

recommends

1	that administrations should consider frequency range listed in the following table for WPT technologies requiring operation on global or regional basis and should take steps to ensure that radiocommunication services including the standard frequency and time signal service and the radio astronomy service are protected from WPT operations;

Table 1

Frequency range for global or regional operation of WPT 

		Frequency range

		Suitable WPT technologies and applications



		6 765 – 6 795 kHz

Note: See RR No. 5.138

		Magnetic resonant technology for mobile devices







2	that administrations should use ICNIRP guidelines for RF exposure.
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[bookmark: dbreak]At its June 2015 meeting, Working Party 1A (WP 1A) agreed to convert the Correspondence Group (CG-WPT) into a Rapporteur Group (RG-WPT) to further the work in between meetings. WP 1A agreed a preliminary draft new Recommendation ITU-R SM.[WPT], to revise Report ITU-R SM.2303, and the working document towards a preliminary draft new report ITU-R SM.[WPT‑BEAM] on wireless power transmission under Question ITU-R 210-3/1. It is intended that the preliminary draft new Recommendation ITU‑R SM.[WPT] be finalized for seeking its adoption and approval in 2016. 

As a result of discussions, and in accordance with Resolution ITU-R 1-6 (§§ 2.14 and 2.17), WP 1A decided that the RG will continue the development of the outputs mentioned above.

The terms of reference of the RG-WPT are as follows:

−	To review in detail the documents from the June 2015 meeting of WP 1A (see 1A/TEMP-105, 1A/TEMP-106 and 1A/TEMP-107) and other material directly initiated by Question ITU-R 210-3/1, as appropriate.

−	Input documents to the work of the RG should be provided six weeks prior to start of the WP 1A meeting in 2016.

−	To further develop content, especially that content related to the impact of WPT on radiocommunication services, including the standard frequency and time signal service, and the radio astronomy service.

−	To report the progress of the work to the next meeting of WP 1A one month prior to start of the WP 1A meeting in 2016.

Active participation of the ITU-R membership is encouraged. 

RG Rapporteur: 	Mr. Alex Orange			E-mail: aorange@qti.qualcomm.com 

E-mail reflector: 	rwp1a-cg-wpt@itu.int

FTP server:	http://ties.itu.int/u/itu-r/ede/rsg1/rwp1a/rwp1a-cg-wpt/
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Wireless Power Transmission (or Transfer) (WPT) Technology is considered as one of game changing technologies. We will be able to become free from lacking electric power when electric power will be supplied wirelessly. Power transmission by radio waves dates back to the early work of Nikola Tesla in 1899. Tesla carried out his first attempt to transmit power without wires in 1899. He used low frequency power of 150 kHz, but his attempts failed. Parallel to Tesla’s first WPT experiments, M. Hutin and M. Le-Blanc proposed an apparatus and method for powering an electrical vehicle (EV) inductively in 1894 using an approximately 3-kHz AC generator [HUT 94]. EVs were developed during the period of time shortly after the steam engine, approximately one hundred years ago. Both inductive WPT which is called ‘non-beam type’ and the WPT via radio frequency beam which is called ‘beam type’ were started in the early 20th century. 

The present development of the WPT via radio frequency beam owes to William Brown in 1960s using microwave technology developed during the World War II. He transmitted the microwave power from a transmitter to a receiver (point-to-point) with the overall (DC-microwave-DC) efficiency of 54% in his laboratory [BRO73]. When we use the microwave frequency, the WPT via microwave is called a Microwave Power Transmission (MPT). A lot of the inductive WPT research projects for a wireless charging of EVs were carried out in 1980s and 1990s [SHI 14]. Commercial products of contactless cables are produced after 1900s. A turning point of the inductive WPT was in 2006, when Massachusetts Institute of Technology (MIT) demonstrated Non-Beam wireless power technology called resonance coupling WPT [KUR 07]. Nowadays, resonant WPT technologies are coming out to consumer market. Automotive industry looks at WPT for electric vehicle (EV) applications in near future. Information about WPT using technologies other than radio frequency beam, as partial answers to the Question ITU-R 210-3/1 was published as Report ITU-R SM.2303 in 2014. After the MIT’s demonstration, a variety of WPT technologies including magnetic induction, resonance coupling, transmission via radio frequency beam, etc. are paid attention as game changing technologies. 

This report provides introductory information mainly about WPT using radio frequency beam. It also covers wider genre of power transmission by radio waves, which can include non-beam applications like energy harvesting but does not include magnetic induction, magnetic resonance, nor capacitive coupling technology, which are treated in the Report ITU-R SM.2303.

[BRO 73] 	Brown, W. C., “Adapting Microwave Techniques to Help Solve Future Energy Problems”, 1973 G- MTT International Microwave Symposium Digest of Technical Papers 73.1, pp. 189-191, 1973.

[HUT 94] 	Hutin, M. and M. Le-Blanc, “Transformer System for Electric Railways”, US Patent Number 527,875, 1894

[KUR 07] 	Kurs, A., A. Karalis, R. Moffatt, J. D. Joannopoulos, P. Fisher and M. Soljačić, “Wireless power transfer via strongly coupled magnetic resonances”, Science, Vol. 317, pp. 83–86, 2007.

[SHI 14] 	Shinohara, N., “Wireless Power Transfer via Radiowaves (Wave Series)”, ISTE Ltd. and John Wiley & Sons, Inc., Great Britain and United States, 2014.1

2	Applications developed for use of WPT technologies via radio frequency beam

Major characteristics of the WPT via radio frequency beam are 1) long distance WPT, 2) no electromagnetic coupling between a transmitting antenna and a receiving antenna, which is different from an inductively coupled WPT and a resonance coupling WPT, and 3) various applications, e.g. weak powered sensors, high power wireless chargers, huge power transfer from power station, etc.

2.1	Wireless powered sensor network

Recommendation ITU-T Y.2221 [ITU10] defines sensor network as:  A network comprised of interconnected sensor nodes exchanging sensed data by wired or wireless communication. Wireless sensor networks (WSNs) are one of the most rapidly developing information technologies and promise to have a variety of applications in Next Generation Networks (NGNs) based on ITU-T Technical Paper Y.2000 [ITU14]. Energy efficiency is quite important. This paper states as follows:

	“The WSN parts may be spatially distributed on the area of many kilometres, especially if a WSN user is managing it via the Internet. At the same time, sensor nodes can be located in the inaccessible places, or the concrete location of each sensor node can be unknown. Also, a WSN may consist of dozens, hundreds or even thousands of sensor nodes. Under these conditions charging of sensor nodes by the user is out of question. That is why a sensor node must have high energy efficiency in order to keep working on small and inexpensive battery for a few months and even years. This ultra-low-power operation can only be achieved by using low-power hardware components.”

Microwave power can drive a wireless sensor without a battery. Wireless power can be actively transmitted to sensors requiring electricity (Fig. 2.1.1). This system could solve the above problem. A rectenna, which consist of an antenna and rectifying circuit with diodes, receives and rectifies a radio wave to DC (Direct Current). RF (Radio Frequency) – DC conversion efficiency is theoretically 100%, and reaches approximately 90% at 2.45 GHz for a developed rectenna.

FIGURE 2.1.1 

Image of Wireless Powered Sensors (ZigBee) [ICH12]

[image: ]

The ZigBee/IEEE802.15.4 sensor represents a potential wirelessly powered sensor. The ZigBee network is configured as a coordinator, router, and an end device. The coordinator is just one device in the network and coordinates the network. The router has the function of relaying data from other routers and end devices as well as sensing information. The end device sends data only; otherwise it sleeps. Therefore, power consumption of the end device is lower than the other devices. The router and end device send a total of nearly 2 milliseconds of data every 1.14 seconds. The coordinator drops either device from its network if it does not receive data from either for 15 seconds. The out of network device must perform the necessary routines to rejoin the network. When the end device and the router rejoin the network and communicate with each other, they expend 9.46 mW and 57.4 mW, respectively, to do so. When they do not join the network and sleep, they expend 61.8 mW and 57.1 mW, respectively [ICH12]. The electricity consumption is one example that indicates we can drive the ZigBee sensor strictly with microwave power.

Another Japanese proposed wireless powered sensor network is called wireless grid or microwave illumination whose concept is shown in Fig. 2.1.2 [SAK 10] [MAE 13]. The system provides wireless power and wireless information of active RF-ID in the 920 MHz band. The system uses 4 channels (1 W) without carrier sensing for passive RFID for wireless power. 77 channels (1 mW) for active RFID are used for the sensor network. Instantaneous received power should be larger than the power consumed by the sensor. The average consumed power is controlled by changing the duty cycle. A multi-power transmitter is used in the room and a carrier shift diversity is proposed in which multi frequencies are used to reduce standing waves in a closed room. The carrier shift diversity effectively reduced standing waves and created an approximately uniform power density in the room.

FIGURE 2.1.2 

Concept of the Wireless Grid (Microwave Illumination) [SAK 10].

[image: ]

Japanese company provides a commercial wireless sensor using WPT in the 920 MHz band [DEN 13]. The distance of application is less than 5 m. The RF–DC conversion efficiency is approximately 60%. The company proposes applications of the wireless sensor for sensing in high temperature environments (85–120oC), sensing on a rotating or moving object, and sensing in severe environments; for example, in outdoor or marine environments, etc. They has developed a high efficiency rectenna whose RF–DC conversion efficiency is approximately 91.6% at 8W, 2.45 GHz and 7 W [FUR 13]. 

[ICH 12] 	Ichihara, T., T. Mitani, and N. Shinohara, “Study on Intermittent Microwave Power Transmission to a ZigBee Device”, Proc. of 2012 IEEE MTT-S International Microwave Workshop Series on Innovative Wireless Power Transmission: Technologies, Systems, and Applications (IMWS-IWPT2012), pp.209-212, 2012

[ITU 10] 	“Requirements for support of ubiquitous sensor network (USN) applications and services in the NGN environment.” Recommendation ITU-T Y.2221 (2010).

[ITU 14] 	“Applications of Wireless Sensor Networks in Next Generation Networks,” ITU-T Technical Paper Y.2000 (2014).

[DEN 13] 	DENGYO Corporation http://www.den-gyo.com/solution/solution10_b.html (in Japanese)

[FUR 13] 	Furukawa, M., T. Minegishi, T. Ogawa, Y. Sato,  P. Wang, H. Tonomura, M. Teramoto, and N. Shinohara, “Wireless Power Transmission to 10kW Output 2.4 GHz-band Rectenna Array for Electric Trucks Application (in Japanese)”, IEICE Technical Report, WPT2012-7, pp.36-39, 2013

[MAE 13] 	Maehara, D., R. Akai, G. K. Tran, K. Sakaguchi, S. Sampei, K. Araki, and H. Iwai, “Experiment on Battery-less Sensor Activation via Multi-point Wireless Energy Transmission“, Proc. of 2013 IEEE 24th Annual Int. Sympo. On Personal, Indoor, and Mobile Radio Communications (PIMRC), pp. 2346-2350, 2013

[SAK 10] 	Sakaguchi, K., R. P. Wicaksono, K. Mizutani, and T. Khanh, “Wireless Grid to Realize Ubiquitous Networks with Wireless Energy Supply (in Japanese)“, IEICE Tech. Report, Vol. 109, No. 442, 




2.2	Wireless Charger of Mobile Devices

Sensors are suitable devices to take advantage of WPT via radio waves because they are very low power devices. However, various kinds of mobile devices exist that operate using battery storage and WPT should be applied for wireless power feeding or wireless charging of these various mobile devices. For this purpose, a concept termed ubiquitous power source (UPS) was proposed near the end of 1990s [SHI 04] [SHI 05] and is based on the concept that microwaves are everywhere at all times (ubiquitous) and are always available for WPT. 

The concept of UPS is shown in Fig. 2.2.1(a). Microwave power at 2.45 GHz [industrial, scientific, and medical (ISM) band frequencies reside in the 2.40–2.50 GHz range] is transmitted from the edges of a ceiling to charge mobile phones. It is quite possible to create a uniform microwave power density in a UPS room with antennas installed at the ceiling edges. Slot antennas are selected as the transmitting antennas because of their reduced cost. For the same reason, a frequency stabilized and phase controllable magnetron is used. However, because the UPS concept is based on a “wireless power source all the time and everywhere,” the design of UPS is limited by safety issues associated with prolonged exposure to microwaves by human beings. The safety level set is under 1 mW/cm2 for continuous exposure over the entire human body. For an experimental room of 5.8 × 4.3 m, approximately 150 W of microwave power was transmitted from a magnetron to create a uniform microwave power density of 1 mW/cm2 or less. High-efficiency rectennas are also necessary for operation at a microwave power density of 1 mW/cm2 or less. Under these conditions, an experiment was successful at charging mobile phones, as shown in Fig. 2.2.1(b). Furthermore, a mobile phone can still be used in the UPS room because of the difference between the 2.45 GHz microwave power and the 1.9 GHz communication system frequencies.

FIGURE 2.2.1 

		(a) The ‘Ubiquitous Power Source’ Concept

		(b) Wireless mobile phone charging experiment
using a UPS [SHI 04]
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As an extension of UPS systems, a phased array should be used to reduce the total transmitting power and to reduce unexpected radiation at positions where power is not needed (Fig. 2.2.2). For directional UPS in a room size equivalent to the UPS experiment described above, only 22 W of microwave power (versus 150 W for the conventional UPS system) is required if the power density around a device is to be 1 mW/cm2. The phase array is still expensive for commercial WPT and UPS. The cost of the array depends on component costs, especially the phase shifter. Therefore, systems without phase shifters are proposed to reduce the total microwave power necessary for UPS while lowering the cost [HAS 11]. 

FIGURE 2.2.2

Present UPS vs future UPS using a phased array

[image: ]

Emergency UPS was proposed and an experiment was carried out in 2009 in Japan [MIT 10], as was discussed in Section 2.4. An image if the experimental system is shown in Fig. 2.2.3. Worldwide, there are some research projects involving emergency base stations for mobile phones by balloon or by airship. However, even if a base station for mobile phones is established for emergencies, a mobile phone cannot be used without electricity. So an emergency UPS system is proposed for rapid and periodic recovery of electricity by wireless power. In the experiment from 2009, a mobile phone was charged using only wireless power from an airship.

FIGURE 2.2.3

Image of an emergency UPS system and photo of experiment (2009)

 [image: ]



At the TechCrunch disrupt 2013 technology conference, a U.S. based company proposed a commercial wireless charger of a mobile phone using MPT whose frequency is the same frequency as that of WiFi [AOL 13]. It is called ‘Cota’ and can wirelessly deliver 1 W of power at a distance of 30 ft. In the conference, they showed an iPhone 5 being remotely charged from a prototype WPT system. The company claimed that the commercialized version of Cota is ready to ship in 2013–14 and a consumer version will be ready to ship before 2015. The other U.S. company starts to produce a wireless charger of a mobile phone called ‘Wattup’ in 2015. They use two frequencies; 2.4 GHz (unlicensed) for Bluetooth low energy communication and 5.7-5.8 GHz (Unlicensed Industrial, Scientific & Medical, ISM) band for power transfer. 

[AOL 13] 	Aol Tech. http://techcrunch.com/2013/09/09/cota-by-ossia-wireless-power/

[HAS 11] 	Hashimoto, K., T. Ishikawa, T. Mitani, and N. Shinohara, “Improvement of a ubiquitous power source”, Proc. of International Union of Radio Science (URSI) General Assembly 2011, CD-ROM CHGBDJK-1.pdf, 2011

[MIT 10] 	Mitani, T., H. Yamakawa, N. Shinohara, K. Hashimoto, S. Kawasaki, F. Takahashi, H. Yonekura, T. Hirano, T. Fujiwara, K. Nagano, H. Ueda, and M. Ando, “Demonstration Experiment of Microwave Power and Information Transmission from an Airship”, Proc. of 2nd International Symposium on Radio System and Space Plasma 2010, pp.157-160, 2010

[SHI 04] 	Shinohara, N., H. Matsumoto, T. Mitani, H. Shibata, T. Adachi, K. Okada, K. Tomita, and K. Shinoda, “Experimental Study on “Wireless power Space“ (in Japanese)“, IEICE Tech. Report, SPS2003-18, pp. 47-53, 2004 

[SHI 05] 	Shinohara, N., T. Mitani, and H. Matsumoto, “Study on Ubiquitous Power Source with Microwave Power Transmission”, Proc. of International Union of Radio Science (URSI) General Assembly 2005, CD-ROM C07.5(01145).pdf, 2005

2.3	MPT in a Pipe

In the 1990s in Japan, a microrobot moving in a pipe and powered by MPT in a pipe was developed. The concept is shown in Fig. 2.3.1(a). The MPT in a pipe system was developed at 14 GHz microwaves, as shown in Fig. 4.5.17 [SHB 97], propagating down a 15 mm diameter circular pipe, as a circular waveguide, in the TE11 mode (Fig. 2.3.1(b)) with a transmission loss estimated to be < 1 dB/m. The rectenna which was composed of a monopole antenna and a rectifying circuit received the microwave power and fed the rectified DC power to the robot’s inertial drive system composed of a piezoelectric bimorph cell to drive the microrobot. The microrobot received 50 mW of microwave power and was able to move at a rate of 1 mm/sec in the pipe when 1 W of microwave power was transmitted through the pipe. 

FIGURE 2.3.1

		(a) The concept of a robot in a pipe powered by MPT

		(b) Conventional method of power conversion from a circular waveguide to a coaxial cable [SHB 97]
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In the 1990s, an MPT system was proposed in Japan for powering an observation robot in a gas pipe [HIR 97] [HIR 99]. The diameter of the gas pipe was approximately 155 mm, which was suitable for propagation of microwaves operating at a frequency of 2.45 GHz. The problems associated with this particular MPT application were (1) an unknown propagation loss in rusty gas pipes, and (2) the complex branching of the gas pipe network. The propagation loss was estimated by experiments and theory and was on the order of −0.1 to −1.0 dB/m. It was concluded that the loss was sufficiently low to propagate microwave power in the gas pipe. 

The complexity of the pipe branch network posed a bigger problem. Theoretically, radio waves cannot propagate to all branches of the waveguide, and some branches would not be serviced with radio waves. Experimental results supported the theory, which indicated that the proposed MPT in a pipe system had limited application.

[HIR 97] 	Hirayama, K., N. Shinohara, K. Hashimoto, H. Matsumoto, T. Nakauchi, and Y. Yoshida, “Fundamental Study of Microwave Power Transmission to a Robot Moving in Gas Pipes (in Japanese)”, Proc. of IEICE Comm., p. 116, March 1997

[HIR 99] 	Hirayama, K., N. Shinohara, H. Matsumoto, and I. Nagano, “Study of Microwave Power Transmission to a Robot Moving in Gas Pipes (in Japanese)”, Proc. of IEICE Comm., p. 25, March 1999

[SHB 97] 	Shibata, T., Y. Aoki, M. Otsuka, T. Idogaki, and T. Hattori, “Microwave Energy Transmission System for Microrobot”, IEICE Trans. Electr., Vol.E80-C, No. 2, pp. 303-308, 1997

2.4	Microwave Buildings

A Japanese building company jointly proposed with Kyoto University a wireless building using microwave power technology [SHI 14]. The proposed power system is shown in Fig. 2.4.1. This system wirelessly supplied electric power using a deck plate consisting of extra cover boards that acted as microwave transmission waveguides. A frequency of 2.45 GHz was selected on the basis of size limitations of the conventional deck plate and a magnetron was used as the microwave transmitter to reduce cost. The flow of microwave power could be controlled by variable power dividers that supplied microwave power only to users requiring it and blocked flow to places where there were no users. Rectennas as DC converters and as DC power sources were placed under the floor. Adjusting the position of the rectenna was quite easy because microwaves were present practically everywhere under the floor. Total efficiency from electricity to DC via microwave transfer was assumed to be 50%. Although the day by day running costs of electricity for the microwave building system is approximately twice that of a conventionally wired home, the initial cost of the building is reduced because of reduced construction costs. Therefore, it was estimated that the overall life cycle cost of the building can be reduced by using the microwave building system.

FIGURE 2.4.1

Wireless building using microwave power transmission.
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In the initial phase, the wireless system was considered for office buildings where DC-driven computers and other OA instruments are mainly used. It is estimated that one DC converter requires < 50 W, and > 3 kW of microwave power is provided to a single room, indicating that the system provides sufficient power to run a number of typical electrical devices per room. The microwave traveling through the waveguide in this application serves as a UPS system.  

[SHI 14] 	Shinohara, N., N. Niwa, K. Takagi, K. Hamamoto, S. Ujigawa, J.-P. Ao, and Y. Ohno, “Microwave Building as an Application of Wireless Power Transfer”, Wireless Power Transfer, pp. 1-9, 2014.4

[TAK 09] 	Takahashi, K., J.-P. Ao, Y. Ikawa, C.-Y. Hu, H. Kawai, N. Shinohara, N. Niwa, and Y. Ohno, “GaN Schottky Diodes for Microwave Power Rectification”, Japanese Journal of Applied Physics (JJAP), Vol. 48, No. 4, pp. 04C095-1 – 04C095-4, 2009

2.5	2D (Surface) WPT 

A MPT operating through closed waveguides is a good potential application under present radio wave regulations. Another MPT operating through closed waveguides was proposed and developed in Japan. It is called the “two-dimensional waveguide power transmission (2DWPT) system or surface WPT system” [SHD 07]. In 2DWPT systems, the microwave propagates along a waveguide sheet and is selectively received by special receiving devices on the sheet (Fig. 2.5.1). The 2DWPT system also has an inevitable trade-off between the safety and power transmission capacity. Figures 2.5.2(a) and (b) illustrate an improved waveguide surface which has been demonstrated to enhance EMC (Electro-Magnetic Compatibility) performance [NOD 11] [NOD 12]. The microwave is received at a waveguide-ring resonator (WRR) coupler which extracts the power from the waveguide across a thick insulator (Fig. 2.5.2(c)). Extraneous objects near or even touching the sheet are not exposed to the strong electromagnetic fields. The WRR coupler has a significantly high quality factor (high-Q) in the resonant state, which is essential to support the selective power transmission. The WRR is connected to a rectifying circuit which is driven in class F. The total efficiency, defined as the ratio of the DC output of the rectifying coupler to the microwave input into the sheet, was 40.4% at maximum where the microwave input was 1 W in the 2.4 GHz band with a 6.4 × 3.6 cm2 coupler on a 56 × 39 cm2 sheet (nearly 100 times the area of the coupler) [NOD 12]. 

FIGURE 2.5.1

Photographs of the 2DWPT system
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FIGURE 2.5.2

Wireless power transfer sheet

		(a) Upper view of the waveguide sheet
around its edge

		(b) Schematic drawing
of its cross section

		(c) Receiver of wireless power [NOD 11] [NOD 12]
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FIGURE 2.5.3

Block diagram of the microwave power supply system using a phased array 
which has seven RF amplifiers along each edge [NOD 13].
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Microwaves are used in the 2DWPT system and the microwave diffuses in accordance with Maxwell’s equations even if the dimension decreases from 3D to 2D. To suppress unexpected radiation, a phased array can be applied to the 2DWPT system, which is equivalent to a 3DWPT system [NOD 13]. Figure 2.5.3 presents a proposed experimental 2DWPT system using a phased array at the University of Tokyo. Results of the experiment indicated that the variation of the efficiency at a receiving point on the sheet using the phased array is suppressed within 2 dB, wherein the variation was more than 10 dB without the phased array system.

[NOD 11] 	Noda, A., and H. Shinoda, “Selective wireless power transmission through high-Q flat waveguide-ring resonator on 2-D waveguide sheet,” IEEE Trans. MTT, Vol. 59, No. 8, pp. 2158–2167, 2011.

[NOD 12] 	Noda, A., and H. Shinoda, “Waveguide-Ring Resonator Coupler with Class-F Rectifier for 2-D Waveguide Power Transmission“, Proc. of 2012 IEEE MTT-S International Microwave Workshop Series on Innovative Wireless Power Transmission: Technologies, Systems, and Applications (IMWS-IWPT2012), pp. 259-262, 2012

[NOD 13] 	Noda, A., and H. Shinoda, “A Phased Array Feeding System for 2-D Waveguide Power Transmission (in Japanese)”, Proc. of IEICE, BSC-1-8, March 2013

[SHD 07] 	Shinoda, H., Y. Makino, N. Yamahira, and H. Itai, “Surface sensor network using inductive signal transmission layer,” Proc. of Int. Conf. on Networked Sensing Systems (INSS) 2007, pp. 201–206, 2007.

2.6	Wireless charging for electric vehicles

Highly efficient MPT can be applied not only through closed waveguides, but also over short distances with smaller antennas. Photographs of the wireless charging of an Electric Vehicle (EV) using MPT are shown in Fig. 2.6.1. It is convenient to apply MPT for wireless charging both for parked EVs and for EVs in motion because the transmitting and receiving antennas are not coupled. The impedance of the antennas is not changed by a change in the position of the EV nor is the efficiency of MPT changed. Problems of safety and interference by microwaves are diminished for both MPT in a closed waveguide and over short distances because there is almost no diffusion of unexpected microwaves. In short-distance power transfer systems, the magnitude of wireless power can be also increased to the kW range because the transmission does not interact with humans or other living things between the transmitting and the receiving antennas.

FIGURE 2.6.1

Images of wireless charging of EVs (a) for parked EVs, and (b) for EVs in motion
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		(a)

		(b)





A MPT system for EVs has proposed and implemented (Fig. 2.6.2) [SHI 04]. From 2003 to 2008, the collaborative research between Japanese car company and university first collaborated was carried out to develop a MPT system between the road and the body of an EV using a microwave frequency of 2.45 GHz (Fig. 2.6.3) [SHI 11] [SHI 11-2]. Magnetrons and slot antennas were used to reduce the system cost. The distance between the transmitting and the receiving antennas was approximately 12.5 cm, a distance of 1  at the 2.45 GHz frequency. The battery on the electric vehicle can be effectively charged using microwave transmissions having a theoretical beam efficiency of at least 83.7% and an experimental beam efficiency of at least 76.0% [SHI 11-2]. This efficiency is sufficiently high to realize the transmission of wireless power using microwaves. For this application, a new GaN Schottky diode was utilized to increase the rectified power and to reduce the EV charging time. 

In 2000, a scaled MPT model for running an EV was developed [SHI 04]. To reduce power loss, the position of the model EV was detected by positioning sensors and microwave power was transmitted only to the position of the model EV.

FIGURE 2.6.2

Short-distance wireless microwave charging road system for EVs [SHI 04]
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FIGURE 2.6.3

Wireless charging experiment with microwaves by Kyoto University, (a) the System, (b) Microwave transmitting antenna on the road, (c) Rectenna array on the body of the EV [SHI 11-2]
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		(a)

		(b)

		(c)





From 2006 to 2008, Japanese company conducted a MPT R&D project for EVs with Japanese three car company [SHI 13-2]. To reduce the power loss, they used (1) 6.6 kV directly to drive the 2.45 GHz magnetrons as microwave transmitters, (2) a blocking wall around which microwaves pass between the transmitting antennas and receivers, and (3) a heat recycling system. The total efficiency, including the heat recycling, was approximately 38% with an output power of 1 kW at a distance of 12.5 cm. The prototype released in 2009 is shown in Fig. 2.6.4.

In 2012, a Japanese branch of Swedish automotive company and Japanese company began to develop a new MPT system for an electric truck. The former system led to mutual coupling problems between the transmitting and receiving antennas because the MPT distance was too short; therefore, the new MPT system was changed from a road-to-body to a top-to-roof configuration (Fig. 2.6.5) [SHI 13-1] [SHI 13-3] to take advantage of the MPT as long distance WPT. The distance between the transmitting antennas and the receiving antennas on the roof-top of the EV was 2–6 m, depending upon the type of the EV used. To keep a high efficiency over the varying distance, a phased array system that can create a flat beam on the receiving antennas was proposed. On July 6th, 2012, they released a 10 kW rectenna array with an efficiency of 84% operating at a frequency of 2.45 GHz for the mid-distance WPT system (Fig. 2.6.6) [FUR 13]. The received microwave power density was over 3.2 kW/m2 at a distance of approximately 4 m from the transmitter. 

FIGURE 2.6.4

Wireless charging experiment with microwaves by Mitsubishi Heavy Industries’ group in 2009 [SHI 13-2]
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FIGURE 2.6.5

Proposed mid-distance wireless charging for EV and the FDTD simulation of the microwave beam [SHI 13-1]
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FIGURE 2.6.6

Photograph of the 10kW Rectenna operating at 2.45 GHz for wireless charging of EVs [FUR 13]
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[FUR 13] 	Furukawa, M.,  T. Minegishi, T. Ogawa, Y. Sato, P. Wang, H. Tonomura, M. Teramoto, and N. Shinohara, “Wireless Power Transmission to 10kW Output 2.4GHz-band Rectenna Array for Electric Trucks Application (in Japanese)”, IEICE Tech. Report, WPT2012-47, pp. 36-39, 2013

[SHI 04] 	Shinohara, N. and H. Matsumoto, “Wireless Charging System by Microwave Power Transmission for Electric Motor Vehicles (in Japanese)”, IEICE Trans. C, Vol.J87-C, No. 5, pp. 433-443, 2004

[SHI 11] 	Shinohara, N., “Beam Efficiency of Wireless Power Transmission via Radio Waves from Short Range to Long Range“, Journal of the Korean Institute of Electromagnetic Engineering and Science, Vol. 10, No. 4, pp. 224-230, 2011

[SHI 11-2]	Shinohara, N., “Wireless Charging System of Electric Vehicle with GaN Schottky Diodes”, Proc. of Int. Microwave Sympo. (IMS) Workshops, WFA “Wireless Power Transmission”, 2011

[SHI 13] 	Shinohara, N. and Yuta Kubo, “Suppression of Unexpected Radiation from Microwave Power Transmission System toward Electric Vehicle”, Proc. of 2013 Asia-Pacific Radio Science Conference (AP-RASC), E3-4 (No.290450), 2013

[SHI 13-2] 	Shinohara, N., “Wireless Power Transmission Progress for Electric Vehicle in Japan”, Proc. of 2013 IEEE Radio & Wireless Symposium (RWS), pp. 109-111, 2013

[SHI 13-3] 	Shinohara, N., Y. Kubo, and H. Tonomura, “Mid-Distance Wireless Power Transmission for Electric Truck via Microwaves”, Proc. of 2013 International Symposium on Electromagnetic Theory (EMT-S2013), pp. 841-843, 2013

2.7	Point-to-Point WPT

It is easy to image a point-to-point WPT via radio waves in over km distance instead of a wired power transfer (Fig. 2.7.1). In the 1960s, point-to-point WPT operating in the km range via microwaves was highly expected for WPT application. Brown and Dickinson carried out MPT experiments at JPL in 1975 (Fig. 2.7.2) [BRO 84]. However, the size of the transmitting and receiving antennas was decided by theory and they were too large to realize a commercial point-to-point MPT application with reasonable cost as an alternative to wired power transfer. Point-to-point MPT systems were revised and further experiments were proposed in the 1990s (Fig. 2.7.3) [SHI 98] [CEL 97]. They have developed a rectenna array. Under certain conditions, such as providing electrical power to an isolated mountain top or an island where the cost of a wired power supply is too expensive and/or electric power needs are sporadic, the point-to-point MPT system has a distinct advantage over wired power transfer. 

FIGURE 2.7.1

Image of point-to-point WPT
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FIGURE 2.7.2

1 Mile point-to-point MPT experiment with 26 m parabolic antenna and 450kW-2.388 GHz Klystron as a transmitter and 3.4 × 7.2 m Rectenna array as a receiver
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FIGURE 2.7.3

50 m point-to-point MPT experiment with 3 kW-2.45 GHz Magnetron in Japan (1995)
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The size of the antenna and the expense of an MPT system depend on the MPT’s intended range. In Japan, a short-distance point-to-point MPT system has been proposed by NTT Corp. and Kyoto University, which is called MPT for Fixed Wireless Access (FWA). Fig. 2.7.4 shows an image of the proposed system [HAT 12]. The outdoor device communicates with the Internet by the FWA or an optical fiber. The inside device and the outside device wirelessly communicate with each other. The inside device transmits power to the outside device by microwave. The outside device can operate without a battery. For the system, it is preferred that both information and power are carried by the same microwave carrier to reduce the size of the system. At first, a frequency of 24 GHz was selected and a MMIC rectenna with a class-F load output filter was developed, as shown in Fig. 4.5.18 [HAT 13].

FIGURE 2.7.4

Concept of a microwave-driven FWA system [HAT 12].
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[BRO 84] 	Brown, W. C., “The History of Power Transmission by Radio Waves”, IEEE Trans. MTT, Vol. 32, No. 9, pp. 1230-1242, 1984

[SHI 98] 	Shinohara N. and H. Matsumoto, “Dependence of dc Output of a Rectenna Array on the Method of Interconnection of Its Array Element”, Electrical Engineering in Japan, Vol. 125, No. 1, pp. 9-17, 1998

[CEL 97] 	Celeste, A., J-D. L. S. Luk, J. P. Chabriat, and G. Pignolet, “The Grand-Bassin Case Study: Technical Aspects”, Proc. of SPS’97, pp. 255-258, 1997




[HAT 12] 	Hatano, K., N. Shinohara, T. Mitani, T. Seki, and M. Kawashima, “Development of Improved 24GHz-Band Class-F Load Rectennas”, Proc. of 2012 IEEE MTT-S International Microwave Workshop Series on Innovative Wireless Power Transmission: Technologies, Systems, and Applications (IMWS-IWPT2012), pp. 163-166, 2012

[HAT 13] 	Hatano, K., N. Shinohara, T. Seki, and M. Kawashima, “Development of MMIC Rectenna at 24 GHz”, Proc. of 2013 IEEE Radio & Wireless Symposium (RWS), pp. 199‑201, 2013

2.8	WPT to moving/flying target 

The WPT via radio frequency beam is suitable for a WPT to a moving/flying target. A Canadian group of the Communication Research Centre (CRC) successfully conducted a fuel-free airplane flight experiment using MPT in 1987, which was called SHARP (Stationary High Altitude Relay Platform; Fig. 2.8.1) [SCH 88] [SHA 88]. They transmitted a 2.45 GHz, 10 kW microwave signal to a model airplane, having a total length of 2.9 m and a wing span of 4.5 m, flying more than 150 m above ground level. In Japan, a fuel-free airplane flight experiments with MPT phased arrays operating at 2.411 GHz for the MILAX project was succeeded in 1992 (Fig. 2.8.2) [MAT 93]. It was the first MPT experiment with the phased array beam forming in the world. The MPT experiments conducted during the SHARP and MILAX projects aimed at a stationary high altitude relay platform in the stratosphere.

FIGURE 2.8.1

The Canadian SHARP flight experiment and the 1/8 model airplane in 1987 [SHA 88]
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FIGURE 2.8.2

The MILAX project airplane experiment showing the model airplane 
and the phased array used in Japan in 1992
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In the early 21st century, the MPT to micro aerial vehicle (MAV) [MYS 12] and Mars observation airplane [NAG 11] [NAG 12] projects, which were MPT systems directed towards small airplanes, were proposed and developed in Japan (Fig. 2.8.3). The MPT to the MAV was proposed by the University of Tokyo. Researchers transmitted 5.8 GHz microwave power to a flying MAV from which a pilot signal of 2.45 GHz was transmitted as a signal for target detection. Rectennas were installed on the body of the MAV. Initially, five horn antennas were used as a phased array. The diameter of the phased array was 330 mm and its element spacing was 2. Microwave power from the horn antennas was 4 W each. For the base system, a phased array using 8 microstrip antennas whose element spacing was 1.36 was adopted. Microwave power from the microstrip antennas was 8 W each.

FIGURE 2.8.3

First concept of a MPT to micro aerial vehicle [MYS 12]
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The Mars observation microwave airplane system was proposed by Kyoto University and Kyusyu Institute of Technology, Japan. Wide-ranging, continuous observation of the surface of Mars is of interest for understanding the physical properties of that planet. The Mars surface has been mainly observed by a rover, which can neither move rapidly nor observe bumpy areas. Therefore, small airplane observation is receiving attention as an alternative to the rover. In order to realize stable flight in the greatly reduced atmosphere of Mars, the weight of the airplane must be reduced. MPT is an excellent possible technology to reduce or even eliminate the fuel requirements of an airplane. A description of a possible future Mars observation airplane is shown in Fig. 2.8.4 [NAG 11] [NAG 12]. An experimental setup is shown in Fig. 2.8.5. The MPT system using a phased array antenna composed of “power-variable phase-controlled magnetrons (PVPCMs)” was used in the experiment. The PVPCM is a derivative technology from the phase-controlled magnetron (PCM) developed at Kyoto University. A PVPCM can transmit 2.45 GHz, 61 dBm microwave power and can control the beam direction using phase control [NAG 11]. The transmitter traces the airplane’s location with a camera using an image processing application [NAG 12].

FIGURE 2.8.4

A description of the MPT to Mars observation airplane [NAG 11] [NAG 12]
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FIGURE 2.8.5

		(a) Schematic diagram and photograph of the Magnetron-based phased array

		(b) Alignment of the six Rectennas on the airplane body for ground experiments [NAG 12]
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MPT to a moving rover is another potential application as shown in Fig. 2.8.6. From 2004 in Japan, MPT using active integrated antenna (AIA) technology was developed [SHI 07]. The target of this project was (1) development of very light power-to-weight-ratio microwave power transmitter using AIA technology (with a target below 50 g/W), (2) advancement of the power management of the rectified microwave power at the rectenna, receiver, and rectifier of the microwave power, especially against changes in the connected load, and (3) fundamental experiments of the coexistence of 100 W microwaves and 10 mW wireless communication waves. For the target of the project, MPT to a moving rover was chosen. The microwave transmitting sub-system was composed of a 32 element AIA with a linear polarized rectangular microstrip antenna array and 4 W output 3-stage GaAs high power amplifiers on a bent di-electric base for an expanded cooling area, whose total power is 120 W at 5.8 GHz. The system uses no phase shifter. A photograph of the MPT experiment in an anechoic chamber is shown in Fig. 2.8.7. The rover moved only by means of the microwave power provided by MPT.

FIGURE 2.8.6

Experimental system of MPT for the moving rover [SHI 07]
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FIGURE 2.8.7

Photograph of the MPT rover experiment [SHI 07].
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[NAG 11] 	Nagahama, A., T. Mitani, N. Shinohara, N. Tsuji, K. Fukuda, Y. Kanari, and K. Yonemoto, “Study on a Microwave Power Transmitting System for Mars Observation Airplane”, Proc. of 2011 IEEE MTT-S International Microwave Workshop Series on Innovative Wireless Power Transmission: Technologies, Systems, and Applications (IMWS-IWPT2011), pp. 63-66, 2011

[NAG 12] 	Nagahama, A., T.  Mitani, N. Shinohara, K. Fukuda, K. Hiraoka, and K. Yonemoto, “Auto Tracking and Power Control Experiments of a Magnetron-based Phased Array Power Transmitting System for a Mars Observation Airplane”, Proc. of 2012 IEEE MTT-S International Microwave Workshop Series on Innovative Wireless Power Transmission: Technologies, Systems, and Applications (IMWS-IWPT2012), pp. 29‑32, 2012

[MYS 12] 	Miyashiro, K., F. Inoue, K. Maki, K. Tanaka, S. Sasaki, and K. Komurasaki, “Sequentially Rotated Array Antenna for Wireless Power Transmission to an MAV (in Japanese)“, IEICE Tech. Report, WPT2012-30, pp. 59-61, 2012

[SHI 07] 	Shinohara, N., K. Nagano, T. Ishii, S. Kawasaki, T. Fujiwara, S. Nakayama, Y. Takahashi, S. Sasaki, K. Tanaka, Y. Hisada, Y. Fujino, S. Mihara, T. Anzai, and Y. Kobayashi, “Experiment of Microwave Power Transmission to the Moving Rover”, Proc. of Int. Sympo. on Antennas and Propagation (ISAP2007), 3B1-1, 2007

2.9	Solar power satellite

Hugest application of the WPT via radio frequency beam is a Solar Power Satellite (SPS) [SPS 07]. The SPS is designed as a huge solar power satellite in geostationary orbit, 36,000 km above the Earth’s surface (Fig. 2.9.1), where there is no cloud cover and no night throughout the year. The generated power in the SPS is transmitted to the ground via microwave. Because of the theoretically calculated, large antenna size required to achieve high beam efficiency to a far distant target like the SPS, approximately 2 km size antennas at 5.8 GHz are required for the SPS but it is not impossible. Microwave energy is not absorbed by air, cloud, and rain; therefore, it is possible to obtain approximately ten times the solar power, a stable and CO2-free energy source, from the SPS using MPT technology than that from terrestrial solar sources. 

In the MPT system of the SPS, a large phased array with a high efficiency must be employed. The phased array is necessary for steering a power beam to a small rectenna target on the ground within a tolerance of 0.0005 degree; although, the transmitting antenna of the SPS will always move and fluctuate. The power beam must be generated and transmitted without much loss for economic reasons.

FIGURE 2.9.1

Image of solar power satellite
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[SPS 07] 	Report of the URSI Inter-Commission Working Group on SPS, URSI, 2007, available at URL: http://www.ursi.org/files/WhitePapers/WPSPS-ReportMin.pdf 

3	Technologies employed in WPT applications 

In a WPT system via radio frequency beam, antennas are used to transmit and to receive radio wave. The transmitting and receiving antenna are not electromagnetically coupled. So number of transmitters and receivers are free from circuit parameters of transmitters and receivers. Main theory of the WPT via radio frequency beam is based on Friis’ transmission Formula. The radio wave which transmits wireless power does not need modulation like a wireless communication system. 

The WPT via radio frequency beam is classified as follows (Fig. 3.1 and Table 3.1);

a)	Wide beam to multi-users at short range

b)	WPT in closed area

c)	Narrow beam to single user at short/long range.

FIGURE 3.1

WPT via radio frequency beam technologies 

		(a) Wide beam to multi-users

		(b) WPT in closed area
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		(c) Narrow beam to single user
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TABLE 3.1

Classification of WPT applications

		ID

		Application

		a) Wide beam to multi-users at short range

		b) WPT in closed area

		c) Narrow beam to single user at short/long range



		A1

		Wireless Powered Sensor Network

		○

		

		



		A2

		 Wireless Charger of Mobile Devices

		○

		

		



		A3

		MPT in a Pipe

		

		○

		



		A4

		Microwave Buildings

		

		○

		



		A5

		2D (Surface) WPT

		

		○

		



		A6

		Wireless Charging for Electric Vehicles

		

		

		○



		A7

		Point-to-Point WPT

		

		

		○



		A8

		WPT to Moving/Flying Target

		

		

		○



		A9

		Solar Power Satellite

		

		

		○







In the narrow beam WPT and in the WPT in closed area, it is possible to suppress unexpected radiation in spacing with antenna technology.  Phased array antenna, which can control beam direction and beam form with phase and amplitude controlled plural antennas, are sometimes used in the narrow beam WPT. The phase array antennas were developed for WPT and WPT field experiments were carried out [SHI 13]. 

The radio wave itself is an electric power. Only a difference between the radio wave and the electricity is frequency. MHz-GHz radio wave is used for the WPT via radio frequency beam, the wireless communications, and remote sensing. DC or 50/60 Hz (commercial power frequency) is used as the electricity. So frequency conversion from the radio frequency to DC/commercial power frequency is only required in the WPT, including not only the WPT via radio frequency beam but also an inductive WPT and a resonance coupling WPT. Rectenna, antenna with rectifying circuit with diodes, is used as a receiver and rectifier in the WPT via radio frequency beam (Fig. 3.2). RF‑DC conversion efficiency of developed rectenna was approximately 90% at 2.45 GHz [BRO 80] [FUR 13] and 80% at 5.8 GHz [MCS 97]. The rectenna can be applied for all WPT via radio frequency beam, for example, at UHF [SAM 09], X-band [EPP 00], K-band [TAK 13], and 
W-band [WEI 14]. 

FIGURE 3.2

Rectenna, rectifying antenna
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[BRO 80] 	Brown, W. C., “The History of the Development of the Rectenna, Proc. of SPS microwave systems workshop, pp. 271-280, Jan. 15-18, 1980, at JSC-NASA

[EPP 00] 	Epp, L. W., A. R. Khan, H. K. Smith, and R. P. Smith, “A compact dual polarized 8.51GHz‑rectenna for high-voltage (50 V) actuator applications”, IEEE Trans. MTT, Vol. 48, No. 1, pp. 111-119, 2000

[FUR 13] 	Furukawa, M., T. Minegishi, T. Ogawa, Y. Sato,  P. Wang, H. Tonomura,  M. Teramoto, and N. Shinohara, “Wireless Power Transmission to 10kW Output 2.4GHz‑band Rectenna Array for Electric Trucks Application (in Japanese)”, IEICE Technical Report, WPT2012-7, pp. 36-39, 2013

[MCS 97] 	McSpadden, J. O., L. Fun, and K. Chang, “A High Conversion Efficiency 5.8 GHz Rectenna”, IEEE MTT-S Digest, pp. 547-550,1997

[SAM 09] 	Sample, A. P. and J.R. Smith, “Experimental Results with two Wireless Power Transfer Systems”, Proc. of 2009 IEEE Radio & Wireless Symposium (RWS), MO2A-5, pp. 16‑18, 2009

[SHI 13] 	Shinohara, N., “Beam Control Technologies with a High-Efficiency Phased Array for Microwave Power Transmission in Japan”, Proceeding of IEEE, vol. 101, Issue 6, pp. 1448-1463, 2013

[TAK 13] 	Takacs, A., H. Aubert, L. Despoisse, and S. Fredon, “K-band Energy Harvesting for Satellite Application”, Proc. of Int. Microwave Sympo. (IMS), WE3G-1, 2013

[WEI 14] 	Weissman, N., S. Jameson and E. Socher, “W-Band CMOS On-Chip Energy Harvester and Rectenna”, Proc. of Int. Microwave Sympo. 2014, TH2C-5, 2014

4	Organizations expected to contribute to WPT’s standardization

Although no standardization organization for WPT for radio waves exists, some organizations to promote the WPT are expected to contribute WPT’s standardization.

4.1	Europe 

WIPE (Wireless Power Transmission for Sustainable Electronics) [W13]

[W13] http://www.cost-ic1301.org/ 

COST has been an intergovernmental framework for European Co‑operation in the field of Scientific and Technical Research since its creation in 1971. Its goal is to strengthen the competitiveness of Europe's scientific and technical research for peaceful purposes.

The COST Action aims to address efficient Wireless Power Transmission (WPT) circuits, systems and strategies specially tailored for battery‑less systems. Battery‑free sensors, passive RFID, Near Field Communications (NFC) are all closely related concepts that make use of WPT and energy harvesting systems to remotely power up mobile devices or to remotely charge batteries, contributing to develop and foster the Internet of Things (IoT) evolution.

In this context, this COST Action aims at bringing together RF circuit and system designers with different backgrounds to: 1) provide enhanced circuit and subsystem solutions to increase the efficiency in WPT; and 2) investigate the use of novel materials and technologies that allow minimizing cost and maximizing integration of the electronics with the environment and with the targeted applications.




The COST Action expected benefits include the creation of a wide network of experts both from academia and industry that can address the existing and upcoming challenges in wireless power transmission scenarios in an interdisciplinary manner paving the way for the future generations of wireless power transmission solutions and the associated regulation.

COST is an ideal framework towards joining efforts at an international level and establishing Europe as a leading scientific and industrial community in the field of wireless power transmission.

WIPE Management Committee includes 27 European countries at this time with more than 100 entities participation in regular meetings and workshops. WIPE also organizes a yearly PhD schools on Wireless Power Transmission.

4.2	Japan

4.2.1	WiPoT (Wireless power transfer consortium for practical applications) [WI]

[WI] http://www.wipot.jp/english/ 

The objectives of the consortium are: 1) matching new ideas and solutions to society’s needs regarding wireless power transmission (WPT) technologies, particularly with regards to microwave power transmission (MPT), and 2) accelerating the development of practical applications of WPT. To achieve these objectives, the WiPoT shares information about not only technology, but also standardization, safety, and user needs. The consortium also advertises WPT technologies, including MPT, throughout the world. The consortium was established in 2013 and has 27 company members, 30 university members, and 2 institute members as of July 30, 2013.

The consortium considers that microwave power transmission can be base technology of all wireless power transmission and has the following working groups: 

WG1:	Energy Harvesting and Weak Power Wireless Power Supply WG

WG2:	Electric Vehicle WG

WG3: 	WPT in Life Space and Industrial Space WG

WG4: 	Space Application WG

4.2.2	BWF (Broadband wireless forum) [BWF]

[BWF] http://bwf-yrp.net/english/ 

The Forum shall aim at contributing to sound advancement of new radio use systems and services to promote early commercialization and international development of the systems and services using new radio communication technologies. To achieve these aims, the Forum conducts R&D, investigation, information collection, liaison and coordination with related organizations, and dissemination activities, etc., on new radio communication technologies. Its members are 128 bodies As of January 11, 2013.

Its activities are:

(1)	R&D on new radio communication technologies utilizing test beds

(2)	Investigation on new radio communication technologies

(3)	Collection, exchange, and provision of information on new radio communication technologies

(4)	Liaison and coordination with organizations related to new radio communication technologies

(5)	Dissemination and awareness raising of new radio communication technologies

(6)	Other activities necessary for the achievement of the Forum's aim

Technology Application Subcommittee has Wireless Power Transmission Working Group.

The Sub Group-5 in WPT-Working Group of BWF is taking responsibility for drafting WPT using microwave technical standards utilizing the ARIB (Association of Radio Industries and Businesses) drafting protocols. A draft standard developed by BWF will be sent to ARIB for approval.

4.3	Other international organizations

[bookmark: focus]IEEE MTT (Microwave Theory and Technique) Society currently promotes the Wireless Energy or Power Transmission and conversion technologies, using either near-field or far-field techniques, for either fixed or mobile access platforms. For the purpose, they established Technical Committee 26 named Wireless Energy Transfer and Conversion in MTTS in 2011 [TC26]. Wireless energy harvesting from radio-frequency (RF) sources is also part of the interest of this committee. In the international microwave symposium (IMS), they conduct student design competitions every year since 2012. 15 teams from 12 countries joined the competition in IMS2014. The TC26 has been organizing an international conference named Wireless Power Transfer Conference (WPTc) since 2013, which started as a workshop in 2011 and was repeated in 2012. Number of the paper submission to this conference is over 170 in 2015.

URSI (International Union of Radio Science) is composed of 10 commissions. URSI organized the inter commission working group (ICWG) on Solar Power Satellites, which is one of microwave power transmission (MPT) applications, and published the white paper on Solar Power Satellites in 2007 with the cooperation of all the commissions including those which cover SPS systems, radio technologies as well as MPT, electromagnetic interference, radio astronomy, and safety issues. URSI general assemblies (GA) which are held every three years have sessions on SPS and/or WPT since 2002 to 2014 (latest). A general lecture of RF energy harvesting and WPT was held in 2014 URSI GA.

[TC26]	IEEE MTTS TC-26 http://www.mtt-archives.org/~mtt26/ 

5	Status of spectrum for WPT via radio frequency beam

One of expected frequency band for the WPT is ISM (Industrial, Scientific, and Medical) band. Since wireless power transmission signals do not carry intelligence in the form of signs, signals, nor pictures, they may not be considered as a conventional radiocommunication service.

The 902-928 MHz ISM band (in Region 2 only) is generally unsuitable except for short range WPT applications such as wireless powered sensor networks and UPS. The 2.4-2.5 GHz ISM band and 5.725-5.875 GHz ISM band were used for WPT experiments and are expected for narrow beam WPT applications. The 2.4-2.5 GHz ISM band is more desirable than higher frequency bands because propagation impairments are smaller. For those applications where transmission failure due to rain, etc. can be backed-up by for example having standby, alternate energy systems or adequate energy storage, the 5.725-5.875 GHz ISM band is desirable due to the reduction in aperture sizes.

Annex 1 of Recommendation ITU-R SM.1056 notes power transfer as a future application of ISM.  However, Radio Regulations pertaining to ISM imply that the definition and designation of frequency bands for ISM may not have been done with wireless power transmission in mind.

6	Co-existence between WPT and other systems

It is necessary to conduct studies on co-existence between WPT and other systems. It is noted that it is possible to mitigate the spatial interference by directional antennas and to reduce interference power by filters. However, since the detail of receiving specification of interfered systems are not certain at the current stage, this section shows some examples of the systems in Japan which might be interfered by WPT. 

As shown in Table 6.1, frequency bands assumed for WPT systems are mainly 2.45 GHz or 5.8 GHz bands. Therefore, the following 8 systems are listed as examples of the systems for co‑existence studies and their explanations are indicated in Appendix A.

–	2.45 GHz band wireless LAN system

–	2.45 GHz band beacon radio system

–	2.4 GHz band amateur radio

–	5 GHz band wireless LAN system

–	5 GHz band weather radar system

–	5.8 GHz band ETC/DSRC system

–	5.8 GHz band amateur radio

–	radio astronomy

Further studies are necessary on 900 MHz band systems since this band is the ISM band only in Region 2.

TABLE 6.1 

Frequency bands assumed for WPT applications

		ID

		Application

		2.45 GHz band

		5.8 GHz band

		900 MHz band



		A1

		Wireless Powered Sensor Network

		

		

		○



		A2

		Wireless Charger of Mobile Devices

		○

		

		



		A3

		MPT in a Pipe

		○

		

		



		A4

		Microwave Buildings

		○

		

		



		A5

		2D (Surface) WPT

		○

		○

		



		A6

		Wireless Charging for Electric Vehicles

		○

		○

		



		A7

		Point-to-Point WPT

		○

		○

		



		A8

		WPT to Moving/Flying Target

		○

		○

		



		A9

		Solar Power Satellite

		

		○

		





7	Safety issues

International Commission on Non-Ionizing Radiation Protection (ICNIRP) levels are the reference accepted worldwide, and countries’ threshold are compared to the ICNIRP exposure level. This material refers to the relevant frequency bands of WPT. There were and are a lot of researches of safety of electromagnetic field and electromagnetic waves (radio frequency) in the world [IARC]. Main researches are carried out in a several MHz – 2.4 GHz band whose frequency is mainly used for mobile phones. But there is few researches of safety at 5.8 GHz band and it is necessary to study it in detail in near future. 

ICNIRP has published guidelines on human exposure to electromagnetic fields. Two publications of ICNIRP guidelines of 1998 and 2010 are applicable to WPT. Under the ICNIRP guideline, 10 W/m2 microwave power at 2.45 GHz and 5.8 GHz in public environment is considered as safe for human being. Safety level at 900 MHz is described as f/200 W/m2 (f: frequency [MHz]). Those guidelines describe basic restrictions and reference levels. Limitations of exposure that are based on the physical quantities directly related to the established health effects are termed basic restrictions. In the ICNIRP guidelines, the physical quantity used to specify the basic restrictions on exposure to EMF is the internal electric field strength, as it is the electric field that affects nerve cells and other electrically sensitive cells. However, the internal electric field strength is difficult to assess. Therefore, for practical exposure assessment purposes, reference levels of exposure are provided. 

Compliance with the reference level will ensure compliance with the relevant basic restriction. If the measured or calculated value exceeds the reference level, it does not necessarily follow that the basic restriction will be exceeded. However, whenever a reference level is exceeded it is necessary to test compliance with the relevant basic restriction and to determine whether additional protective measures are necessary. The ICNIRP reference levels on electric and magnetic fields exposure are accepted worldwide, and countries’ threshold are compared to the ICNIRP reference levels. 

Operators of WPT may take steps to adequately protect the public from EMF effects.

[IARC] 	IARC Working Group: Non-Ionizing Radiation, Part 2: Radiofrequency Electromagnetic Fields. Vol. 102, IARC Monographs on the Evaluation of Carcinogenic Risks to Humans, 2013

8	Summary

This Report contains possible applications of WPT via radio frequency beam, technologies employed in those applications, candidate frequency bands and identification of some co-existing systems as well as issue on safety aspects as a basis for further activities in ITU-R. 

Wireless powered sensor network, wireless charger of mobile devices, MPT in a pipe, microwave buildings, 2D (Surface) WPT, wireless charging for electric vehicles, point-to-point WPT, WPT to moving/flying target and solar power satellite are studied for applications of WPT via radio frequency beam. WPT technologies using wide beam to multi-users at short range, WPT technologies in closed area and WPT technologies using narrow beam to single user at short/long range are being studied and developed.

WPT technologies using wide beam to multi-users at short range have been studied in the 2.45GHz and 900 MHz bands. Wireless powered sensor network and wireless charger of mobile devices are studied under these technologies. 

WPT technologies in closed area have been studied in the 2.45 GHz and 5.8 GHz bands. MPT in a pipe, microwave buildings and 2D (Surface) WPT are studied under these technologies.

WPT technologies using narrow beam to single user at short/long range have been studied in the 2.45 GHz and 5.8 GHz bands. Wireless charging for electric vehicles, point-to-point WPT, WPT to moving/flying target and solar power satellite are studied under these technologies.

Based on this Report, further studies for the co-existence between such WPT systems above and existing other systems, and safety aspects such as human exposure to electromagnetic fields are necessary in order to realize these applications.






APPENDIX A

Examples of the systems for co-existing study against each WPT application

Some examples of the systems for co-existing study against each application in section 2 are indicated in Table A.1 and their explanations follow.

TABLE A.1

Systems for co-existing study against each WPT application

		Frequency

		ID

		Application

		Systems for co-existing study



		2.45 GHz

		A2

		Wireless Charger of Mobile Devices

		2.45 GHz band wireless LAN system,

2.45 GHz band beacon radio,

2.4 GHz band amateur radio,

radio astronomy



		

		A3

		MPT in a Pipe

		



		

		A4

		Microwave Buildings

		



		

		A5

		2D (Surface) WPT

		



		

		A6

		Wireless Charging for Electric Vehicles

		



		

		A7

		Point-to-Point WPT

		



		

		A8

		WPT to Moving/Flying Target

		



		5.8 GHz

		A5

		2D (Surface) WPT

		5 GHz band wireless LAN  system,

5 GHz band weather radar system,

5.8 GHz band ETC/DSRC system,

5.8 GHz band amateur radio,

radio astronomy



		

		A6

		Wireless Charging for Electric Vehicles

		



		

		A7

		Point-to-Point WPT

		



		

		A8

		WPT to Moving/Flying Target

		



		

		A9

		Solar Power Satellite

		







A.1	Wireless LAN (Local Area Network) system using 2.45 GHz band

The 2.45 GHz band wireless LAN system is a radio communications system which is mostly prevailing worldwide. Most of the 2.45 GHz band wireless LAN systems are unlicensed. Since they use an ISM band, they must accept harmful interference from ISM equipment. However, considering its penetration, it is also important to indicate conditions for frequency sharing with WPT clearly. The following denotes the outline of the 2.45 GHz band wireless LAN system.

(1) 	Frequency band

The frequency width for the first generation wireless LAN system is 26 MHz within the range of 2.471 GHz to 2.497 GHz, and one for the second generation system is 83.5 MHz within the range of 2.400 GHz to 2.4835 GHz.

(2) 	Application, function and usage

It is used by various wireless systems such as wireless LAN, Bluetooth, ZigBee, digital codeless phone, etc.

(3) 	Spread trend

The second generation system is widespread, and a total of about 390 000 000 pieces of equipment were shipped in 3 years from 2007 to 2009 in Japan. It was about 2.2 times of shipment number as compared with the previous 3 years from 2004 to 2006, and the numbers are still increasing.




(4) 	Specification of main receiver

Direct conversion is the major receiving scheme. Modulation systems include spread spectrum system and OFDM system, which show high interference resistance.

A.2	2.45 GHz band beacon radio

The 2.45 GHz beacon radio is one of the communication tools for Intelligent Transportation System (ITS) in Japan. This system is transmitting congestion information road information, etc. It is a part of ITS system in Japan, called VICS (Vehicle Information and Communication System).

(1)	Frequency Band

2.4997 GHz

(2)	Application, function and usage

It is set up in road side. Information on traffic jam, regulation of traffic, parking etc. is offered to the vehicle equipped with a VICS terminal which can receive the beacon radio.

(3)	Spread trend

Number of roadside units of total installation: 2 936 (as of April, 2014: source: VICS Center)

Number of vehicles equipped with VICS: 40 million (as of 2013: source: VICS Center)

The other hand, a number of vehicles equipped with the radio beacon is uncertain.

(4)	Specification of main receiver

Receiver bandwidth: 85 kHz, Data speed: 64 kbps, Minimum received power: –65 dBm 

A.3	2.4 GHz band amateur radio

(1) 	Frequency band

Assigned frequency band is from 2 400 to 2 450 MHz

(2) 	Application, function and usage

The amateur radio is for the purpose of self-training, intercommunication and technical investigations. It is the secondary service. The types of information are telegraphy, telephony, video, television, etc.

(3) 	Spread trend

Under investigation

(4) 	Specification of main receiver

Fig. A.1 shows frequency usage of 2.4 GHz band amateur radio in Japan. The system uses a lower side of the ISM band and it is preferable for WPT to avoid this band. When the same frequency band is used, it is necessary to take a certain frequency separation. 

FIGURE A.1

Frequency usage of 2.4 GHz band amateur radio in Japan

[image: ]

A.4	5 GHz Wireless LAN system

(1)	Frequency band

5.150-5.350 GHz and 5.470-5.725 GHz

(2)	Application, function and usage

The principal usage includes home use wireless LAN, public wireless LAN, etc.

(3)	Spread trend

–	Home use wireless LAN

3.93% of the ordinary family in Japan uses it. (Result of the survey from January to February 2012.)

–	Public wireless LAN

Number of subscribers of public wireless LAN service in Japan: 3.86 million (as of March 2012).

(4) 	Specification of main receiver

Minimum received power: –71 dBm (54 MB/s)

A.5	5 GHz band weather radar system

(1)	Frequency band

5.250-5.370 GHz

(2)	Application, function and usage

Monitoring of severe weather, quantitative precipitation estimation and numerical weather forecast.

(3)	Spread trend

Most of the operational weather radar systems in Japan use this band.

(4)	Specification of main receiver

Minimum received power: –113 dBm

A.6	5.8 GHz Electronic Toll Collection (ETC) / Dedicated Short Range Communication (DSRC) system

DSRC is one of the ITS system and ETC is the most popular application of the DSRC in Japan.

(1)	Frequency band

5.775-5.845 GHz




(2)	Application, function and usage

ETC base station, ETC mobile station (on-board unit), etc.

(3)	Spread trend

The ETC on-board units were installed to about 43% of all cars including motor cycles in Japan (as of the end of May 2011).

(4)	Specification of main receiver

Minimum received power: –75 dBm

A.7	5.8 GHz band amateur radio

(1) 	Frequency band

The frequency bands for amateur radio are 5 650 to 5 850 MHz in Regions 1 and 3, and 5 650 to 5 925 MHz in Region 2

(2) 	Application, function and usage

The amateur radio is for the purpose of self-training, intercommunication and technical investigations. It is the secondary service. Other than the direct communication between the amateur radio communications machine, it is communicated using repeaters and moon bounces.  The types of information are telegraphy, telephony, video, television, etc.

(3) 	Spread Trend

In Japan, the number of licensed stations are 2 626 as of November 2012.

(4) 	Specification of main receiver

Fig. A.2 shows the frequency use of 5 GHz band amateur radio in Japan. It is necessary to take a certain separation distance to prevent interference from WPT because amateur radio uses the same frequency band as ISM band, and carrier frequency of WPT is in the same band. In addition, it is said that the use of ‘All types radio wave’ band is generally limited for amateur radio services, and it may be better to choose the carrier frequency of WPT in the ‘All types radio wave’ band.

FIGURE A.2

Frequency usage of 5 GHz amateur radio in Japan

[image: ]

A.8	Radio astronomy

Radio astronomy provides important means to space research of space physics, etc. The main operation is of passive nature. 

An ITU-R Recommendation summarizes global frequency bands allocated to radio astronomy as shown in Table A.2. Threshold levels of interference (Reference Value) are extracted from an ITU‑R Report and shown in Table A.3.

(1)	Frequency band

The frequency range for radio astronomy is from shortwave to millimetre wave and global frequency bands allocated for radio astronomy are from 13.360 MHz to 275 GHz as summarized in Recommendation ITU-R RA.314.

(2)	Application, function and usage

Research organizations or the universities which assume radio astronomy study duties install observation facilities and observe a feeble electromagnetic waves from the space.

The observation facilities are generally installed in the place with low suburban background noises to treat feeble electromagnetic waves.

(3)	Spread trend

As for the microwave and/or millimetre wave astronomical observatories, they are established at 14 places in Japan. In addition, the receiving facilities of HF-band to UHF-band are under investigation.

(4)	Receiver specification

The receiving systems are optimized to the individual system. Receiver specification for the frequency bands are decided individually based on observation objects and the details are unknown.

The specifications about interferences are summarized in Report ITU-R RA.2131.

For example, reference values are –55.2dBμV/m@13.4MHz and +4.8dBμV/m@31.5GHz.

TABLE A.2

Global frequency bands allocated to the radio astronomy service

[image: ]

Ref.: Recommendation ITU-R RA.314-10



TABLE A.3

Threshold levels of interference (Reference value)

[image: ]

Ref.: Report ITU-R RA.2131
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