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[bookmark: dbreak]1	Introduction

The lack of terrestrial energy sources and global warming are important problems to be solved to meet the increase of global energy demands. Space Solar Power Systems (SSPS) receive much attention since they can supply clean sustainable energy. They convert the inexhaustible solar energy to microwave transmission from space for use on the Earth (Fig. 1).

FIGURE 1

Concept of SPS RISH, Kyoto Univ.
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Important applications of microwave radio waves include communications, radars, radio astronomy and heating. However, in order to maintain human welfare and even human life during this century, transfer of energy by microwaves should be seriously discussed and steered [1, 2], and SSPS can be a clue to solve these problems.

Research groups in Japan have been investigating the feasibility of SSPS toward the final goal of SSPS mission on geostationary earth orbit (GEO), based on several technological milestones including a 1-100 kW-class technology demonstration satellite on low Earth orbit (LEO), and a 10 MW-class pilot system on LEO [3-5].

Activities on SSPS and ITU-R after JAXA contribution to Working Party 1A in 2005 (Doc. 1A/81) were reviewed. This draft is mainly compiled from Chairman’s Report Document 1A/32 (Annex 8) in January 2001 based on NASA’s contribution so far, Document 1A/81 by JAXA in September 2005, and White Paper on Solar Power Satellite (SPS) Systems [6] published by URSI (international union of radio science), which is explained in the next section.

Difference between wireless communication and wireless power transmission is shown in Fig. 2.

FIGURE 2

Difference between wireless communication and wireless power transmission [6]
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2	Recent activities 

URSI published White Paper on Solar Power Satellite (SPS) Systems in June 2007, which is the first white paper of URSI. The purpose of the White Paper by the international body is to provide knowledge about the SPS concept based on evidence, and an open forum for debate on the scientific, technical, and environmental aspects of the SPS concept. It consists of White Paper summarized by the Board and Report of the URSI ICWG (Inter-commission working group) on SPS and opens to the public in the URSI homepage [6]. The White Paper itself briefly explains SPS, SPS technologies including microwave power transmission, and radio science influences and effects of SPS, and radio science influences for further studies. The detailed description is given in the Report and Activities on MPT and SPS in Japan, US, and Europe are reviewed in Appendices. Typical SPS parameters are shown in Table 1.

The Strategic Headquarters for Space Policy in Japan decided the Basic Plan for Space Policy in 2 June 2009. This plan has the research and development program of space solar power. This programme shows feasibility study and mission study for demonstration on orbit in space solar power.

Table 1

Typical SPS parameters

		Frequency

		5.8 GHz

		2.45 GHz



		Output power

		1.3 GW

		6.72 GW



		TX antenna diameter

		1.93 km

		1.0 km



		Amplitude taper

		10 dB Gaussian



		Max TX power density

		114 mW/cm2

		2.2 W/cm2



		Min TX power density

		11.4 mW/cm2

		0.22 W/cm2



		Antenna spacing

		0.75 λ (3.9 cm)

		0.75 λ (9.2 cm)



		Power per one antenna

		Max 6.1W

		Max 185 W



		Number of elements

		540 million

		97 million



		Rectenna diameter

		2.45 km

		10 km



		Max power density

		100 mW/cm2

		23 mW/cm2



		Max electric field

		614 V/m

		294 V/m



		Collection efficiency

		96.2 %

		89 %







National Security Space Office of the United States Department of Defense reported ‘Space-Based Solar Power, an Opportunity for Strategic Security’ in October 2007 [7]. This is a Phase 0 Architecture Feasibility Study and its discussions consist of five groups: 1) a common plenary session, 2) science and technology, 3) law and policy, 4) infrastructure and logistics, and 5) the business case. The United States is not the only country to observe the potential of SBSP and the improving technical state-of-the-art, as substantial interest and support have been witnessed in other regions of the world to include Europe, Japan, Canada, India, China, and Russia among others. Several major challenges will need to be overcome to make SBSP a reality, including the creation of low-cost space access and a supporting infrastructure system on Earth and in space. The delivered commodity can be used for a variety of purposes to include base-load terrestrial electrical power, wide-area broadcast power, carbon-neutral synthetic fuels production, or as an in-space satellite energy utility. Solving these space access and operations challenges for SBSP will in turn also open space for a host of other activities that include space tourism, manufacturing, lunar or asteroid resource utilization, and eventually expansion of human presence and permanent settlement within our solar system.




3	Response to the items of present Question ITU-R 210/1

3.1	Applications of Wireless Power Transmission (WPT)

(What applications have been developed for use of wireless power transmission?)

The most important application of WPT is SSPS. SSPS converts solar energy to electricity with solar cell arrays in GEO, provides power to microwave generators, sends power beam through transmitting antennas to rectennas on the ground for 24 hours a day under any weather conditions.

A brief summary of WPT applications that have been developed and that resulted in actual hardware are shown in Appendix 1. Most WPT applications convert received power to DC by rectenna (Rectifier + antenna) (Fig. 3). Its efficiency reaches as high as 90%.

FIGURE 3

Rectenna block diagram (above) and efficiencies (below).  (J. McSpadden and J.C. Mankins, 
IEEE Microwave Magazine, 3, 46-57, December 2002)
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System concepts

A wide variety of potential WPT application concepts exist. These include ground-to-ground transmission, ground-to-air transmission, ground-to-space transmission (including ground‑to‑space‑to-ground), space-to-ground transmission, and space-to-space transmission. Applications can also be classified by the range of power transmission, including short-range transmission (less than a kilometre), intermediate range (10s-100s of kilometres), and long-range transmission (thousands of kilometres). Power levels and frequencies are very dependent on the application.

With respect to its impact on the radio spectrum, in some cases WPT may resemble a number  of traditional Industrial, Scientific, and Medical (ISM) applications such as badge and box car/container-readers, termite destruction, concrete and coal seam cracking, etc. Each of these ISM applications generates and uses potentially high levels of energy in an open environment. The impact of other WPT applications, particularly beaming from space platforms, may be significantly different from traditional ISM. For short- to medium- range concepts, developments have been done for powering helicopters, airplanes, and airships (which are semi-rigid, lighter-than-air, powered aircraft). For long ranges, greater than 100 km, detailed studies have been conducted for Space Power Systems, low Earth orbit (LEO) and middle Earth orbit (MEO) Power Beaming and concepts exist for interplanetary and interstellar flights [8]. The following paragraphs provide short descriptions of some typical cases.

Ground-to-ground WPT

Power can be transmitted from one site on the Earth to another, perhaps for reasons of cost, in cases where the distances and the power requirements were sufficiently small to make the application feasible. Four examples illustrate the case. First, WPT systems have been used to transmit power through thin barriers, such as windows or walls, when the user wants to avoid running wires through the barrier. This can allow testing of a device mounted on an outdoor wall without making a permanent hole to run power through the wall. Second, WPT can be used to provide power redundancy to geographically-isolated installations which cannot be reached during periods of inclement weather – such as might cause failures in wire power lines. Third, WPT may be used to provide power transmissions to temporary installations and/or operations – for example on islands or at the polar regions (e.g., Antarctica) where large scale local use of diesel power is either not feasible or would cause unacceptable environmental impacts, or both. These applications would tend toward higher frequencies (e.g., above 10 GHz) in order to minimize the size and cost of both transmitter and receiver systems. Finally, WPT may be useful in providing power on an ongoing basis to locations where terrain and/or climate significantly constrain recourse to conventional sources. Studies have included examinations of sites ranging from Alaska, USA, to Reunion Island, France (off the East Coast of Africa). 

Power relay satellite systems have been studied in 1994 using ground-based transmitters and rectenna receivers, with the beam relayed by an orbiting GEO mirror. Transporting energy 7 520 km (4 700 mi.) from the 12 GW Itapu Hydroelectric Station in Brazil to a floating rectenna platform near Martha’s Vineyard, MA was investigated [9].

Ground-to-air WPT

This category of application is frequently discussed as an early step in a “tiered strategy” leading toward solar power satellites (SPS), discussed below. Powering of long-duration stratospheric heavier-than-air aircraft without recourse to onboard fuels is a typical application. Power of long‑duration airship-type systems has also been demonstrated in Japan in 1995 (Fig. 4) [10]. These applications would tend toward higher RF frequencies (e.g., above 10 GHz) in order to minimize the size of receiver systems on the aircraft or airship. Although different from RF WPT, laser power transmission is also being developed as a ground-to-air WPT approach. In particular, laser power transmission is being examined as a technology for future very advanced Earth-to-orbit (ETO) transportation systems.




FIGURE 4

ETHER (energy transmission to a high altitude long endurance airship experiment）
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Ground-to-space WPT

This category of applications is usually considered only in the context of laser-based WPT – typically near the visible region of the spectrum. The simplest case in this category would be the use of a terrestrial power sources to enable a laser WPT system to provide power to communications satellites during periods spent in the Earth’s shadow. Various studies have also been conducted of the concept of using three or more ground-based lasers to power laser-electric propulsion system (LEPS) orbital transfer vehicles (OTVs) – for LEO to GEO or LEO to low Lunar orbit (LLO) applications.  

Also included in this category is ground-to-space-to-ground WPT. In these concepts, a space relay satellite (SRS) is used to provide a wireless, possibly intercontinental, power conduit from existing power generation plants to customers at remote sites on the Earth. Concepts include both passive SRS (with simple mechanical pointing) and active SRS (with phase-shifting at the SRS). Passive SRS will be driven by beam pointing requirements and geometry toward basing in geostationary Earth orbits. Recent studies have indicated that purely RF-based systems (perhaps using a space-fed, phase-shifting RF array at the SRS) are not competitive with “conventional” solar power satellites. Another approach uses a laser (near visible) for the power uplink to a more-or-less conventional SPS, with RF-based WPT providing the power downlink. This approach would have the advantage of allowing SPS in lower than GEO orbits to provide near-continuous power to customer sites on the Earth.

Space-to-ground WPT

The classical application of wireless power transmission is in the context of solar power satellites (SPS), established in orbit and delivering power to diverse sites on the Earth’s surface via space‑to‑ground WPT. In the 1970s, these concepts were largely limited to geostationary Earth orbit (GEO) in which a single very large (5 Gigawatt) SPS would provide power to a single terrestrial mega-city. More recently, various studies have examined alternative architectures, including deployment of systems in both low Earth orbit (LEO), such as sun-synchronous orbits, and in middle Earth orbit (MEO). In the latter cases, a constellation of satellites would be required to provide substantial amounts of power to a particular ground receiver. These concepts would typically prefer frequencies of between 2.45 GHz and 5.8 GHz in order to achieve very high atmospheric transmission efficiencies.

One potential application that might be developed in the very long term is the use of RF WPT power, an all-electromagnetically-powered “Lightcraft” Earth-to-orbit transportation system. This concept would be powered by an Earth-orbiting SPS. This concept has been defined for frequencies of approximately 35 GHz or higher to increase the energy density on a vehicle of finite size. (Visible or near-visible electromagnetic radiation laser applications have also been considered for this class of application.). At the grandest scale is the concept of placing extensive (multi-gigawatt) photovoltaic array-based power generation systems on the lunar surface, then using RF WPT to transmit that power to customer sites on the Earth. If they were ever developed, such systems would include the use of large-scale reflector satellites to assure that Lunar-beamed RF energy could reach all target markets on the Earth.

Space-to-space WPT

Potential applications in this category include power transmission both in Earth orbit and at planetary environments. Cases include: 

1)	providing power to various Earth-orbiting spacecraft from a central “space power station” (such as materials processing platforms on which stringent microgravity requirements militate against the use of atmospheric drag-prone solar arrays);

2)	providing power to in-space transportation systems from space power stations. (The ultimate expression of this concept is Robert Forward’s notion of using a GEO SPS to power interstellar probes); and

3)	providing power to operations in the atmosphere and on the surface of Mars includes deploying Mars-SPS in a planetary orbit and transmission of power to the planet's surface;

4)	providing Beam Power for Interstellar Exploration Missions.

3.2	Characteristics of the WPT signal

(What are the technical characteristics of the signal employed in wireless power transmission?)

WPT signals are quite narrow band, uniformly polarized, and often spatially sweeping to follow moving targets or originating from moving sources and transmitted to fixed targets. The power flux densities (measured in Watts/m2 or Watts/cm2) are generally high enough to bias non-linear junctions (mixers), which may lead to intermodulation products if other frequency signals are present. High‑power beams will be accompanied with search radar beams for beam safety subsystems. 

In light of the high power flux-densities that can be produced by WPT systems, there is the potential for interference to communications signals operating in nearby bands. As a consequence, unwanted WPT RF emissions must be limited. 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 allocation of frequencies for WPT.

WPT transmitted signals are generally designed to be monochromatic.  The usual approach is to use as stable a frequency reference as possible, with well-regulated and well-filtered power supplies and closely controlled waste heat thermal control systems for the RF power amplifiers. The strategy is to place the power beam carrier in the centre of the band so as to have the minimum emission levels at the band edges. 

The actual placement should result from a study of where the harmonics fall in other bands, and then final selection should be made on a placement that yields the least harm to other spectrum users.

Some WPT system designers have suggested spreading the transmitted power uniformly over some fixed bandwidth in order to limit the peak spectral power flux density (PFD). This suggestion has not been studied in any detail but may result in better performance at the harmonics, if the victim equipment is less sensitive to average than peak power.  Nevertheless, the existing approach has been and continues to be for judicious selection of the monochromatic signal frequency in an ISM band.

Once the monochromatic microwave signal is launched at the rectenna, its impact on other users of the radio spectrum must be examined in terms of potential intermodulation products (IMP) because of the high power levels. At the rectenna, since the diode rectifiers are non-linear devices, they can generate harmonics again from even a truly-monochromatic transmitted signal.

SSPS send microwave from a satellite to a rectenna site, where the power density distribution is not a constant, but has a distribution which is lower than the safety level at the perimeter of the rectenna site. Fig. 5 shows an example of a power distribution for the historical NASA/DOE Reference Model. The intensities and the area sizes are subject to change depending on models. This is in far field although Friis’s equation cannot be applied. In order to send the power beam correctly, a pilot signal is sent from the rectenna site, and SSPS sends the beam to the received direction (retrodirectivity). 

FIGURE 5

SSPS power distribution at a reference system rectenna site
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On the other hand, in a multi-kW class demonstration satellite, for example, its transmitter antenna is assumed to be 20 m square and the propagation from a 500 km altitude is in far field. Since its intensity is too weak to send power to the ground, this would be useful for the verification of the retrodirectivity. Therefore, WPT experiment will be performed between the satellite and a sub‑satellite in space.

3.3	Category of spectrum

(Under what category of spectrum use should administrations consider wireless power transmission: ISM, or other?)

Since wireless power transmission signals do not carry intelligence in the form of signs, signals, or pictures, they may not qualify as a radio service.  It is not clear that WPT signals are part of the ISM category either. A new category of service definition may be needed.

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

At WARC-79, the ITU considered the possibility of providing spectrum for wireless power transmission from spacecraft.  The Special Preparatory Meeting of the conference documented technical characteristics of the “solar powered satellite” envisioned at that time. The meeting report set forth interference concerns but did not deal with issues related to regulatory standing. The report cited ISM bands as appropriate but did not state why it thought them to be appropriate. It never referred to solar powered satellite as an ISM system.  While the conference did not provide spectrum, it approved Recommendation 3 (WARC-79) calling for studies on the effects on radiocommunications from power transmission from space. Due to a lack of activity, this work was later dropped.

Related Radio Regulations

RR No. 1.15 defines ISM as “generating or using locally radio frequency energy”. Although there may be some wireless power transmission applications where power may be transferred over a short distance, for instance, through a window or wall in order to avoid drilling holes and running wire, most of the applications of wireless power transmission are intended to move power over significant distances. While the definition of the term “locally” may be arguable, it is difficult to argue that satellite-to-ground, inter-satellite, or ground-to-aircraft applications constitute a local use[footnoteRef:1]. The use of the term “using locally” indicates that the ITU intended to designate ISM bands for use by systems that would have a geographically limited impact. In most traditional ISM applications, potential interference and particularly interference across national borders results from emissions escaping from ISM units, both in-band and out-of-band. Because of the power levels involved in ISM equipment, suppression of the in-band signal can be very costly. Therefore, the ITU set aside bands, recognizing that high levels might radiate from ISM equipment but that the impact would still be geographically limited. From this perspective, it appears that the use of wireless power transmission over large distances requires additional definition and designation of frequencies before those long distance applications could be implemented. Such a requirement would not prevent experimental use of wireless power transmission systems. However, this aspect of local use is not really clear nor is it necessarily confirmed by history. The first ISM frequencies 13.56, 27.12, and 40.68 MHz were identified in 1947 to solve a long distance problem as medical diathermy signals were causing interference hundreds of kilometres from the ISM source. [1: 	What RR No. 1.15 means by “generating … locally” is not clear, since all energy is generated at whatever location it is generated.] 


RR No. 15.12 deals with the potential for electrical apparatus to cause interference, but might also provide some further clarity to the ITU definition of ISM. This regulation specifically identifies power and telecommunication distribution networks as electrical apparatus or installations and stipulates that they cannot cause interference. The same regulation, however, excludes ISM which is treated in another regulation. Thus, wireless power transmission, if it is a form of power distribution, appears within this regulation to be different from ISM. 

If therefore wireless power transmission is not a form of ISM, its use does not carry the priority and status granted within the ISM designated bands to ISM uses. With respect to radio services, the Radio Regulations clearly differentiate between terrestrial and space services. This distinction is driven, in part, by the significant difference in interference considerations associated with space and terrestrial systems. However, the Radio Regulations do not differentiate between terrestrial and space ISM applications while interference considerations related to space-based ISM could be significantly different from terrestrial use. Similarly, interference considerations with respect to space-based wireless power transmission will be different from those related to terrestrial applications. Therefore, any regulations developed to deal with wireless power transmission should differentiate between terrestrial and space applications.

Whether or not they were intended to do so, the Radio Regulations appear not to clearly cover, within the regulations dealing with ISM, wireless power transmission that is conducted over significant distances. One thing that is clear is that the regulations, including definitions, related to ISM were written before wireless power transfer was first conceived. It is quite logical to assume that the regulations were not written with these systems in mind. Therefore, operational implementation of many of the applications for wireless power transmission will require the drafting of appropriate regulations to potentially include such areas as definition, requirements for interference avoidance, out-of-band and spurious emission limits, designation of frequencies and related use priorities. Furthermore, any regulations drafted to deal with wireless power transmission should differentiate between space and terrestrial applications.

The ISM bands have no concern with PFD limits at present, and the 2.45 and 5.8 GHz ISM bands, which are common in frequency allocation in the world, have been used for WPT applications for demonstration and experimental purposes. The 2.45 GHz ISM band (2 400-2 500 MHz) and the 5.8 GHz ISM band (5 725-5 875 MHz) are allocated to various services as shown in Tables 2 and 3. 

Table 2

Frequency allocation around the 2.45 GHz ISM band

’

		Allocation to services



		Region 1

		Region 2

		Region 3



		2 300-2 450

FIXED

MOBILE 5.384A

Amateur

Radiolocation

		2 300-2 450

FIXED

MOBILE 5.384A

RADIOLOCATION

Amateur



		5.150  5.282  5.395

		5.150  5.282  5.393  5.394  5.396



		2 450-2 483.5

FIXED

MOBILE

Radiolocation

5.150  5.397

		2 450-2 483.5

FIXED

MOBILE

RADIOLOCATION

5.150



		2 483.5-2 500

FIXED

MOBILE

MOBILE-SATELLITE
(space-to-Earth)  5.351A

Radiolocation

		2 483.5-2 500

FIXED

MOBILE

MOBILE-SATELLITE
(space-to-Earth)  5.351A

RADIOLOCATION

RADIODETERMINATION-SATELLITE
(space-to-Earth)  5.398

		2 483.5-2 500

FIXED

MOBILE

MOBILE-SATELLITE
(space-to-Earth)  5.351A

RADIOLOCATION

Radiodetermination-satellite
(space-to-Earth)  5.398



		5.150  5.371  5.397  5.398  5.399  5.400  5.402

		
5.150  5.402

		
5.150  5.400  5.402










5.150	The following bands:

		13 553-13 567 kHz	(centre frequency 13 560 kHz),

		26 957-27 283 kHz	(centre frequency 27 120 kHz),

		40.66-40.70 MHz	(centre frequency 40.68 MHz),

		902-928 MHz	in Region 2 (centre frequency 915 MHz),

		2 400-2 500 MHz	(centre frequency 2 450 MHz),

		5 725-5 875 MHz	(centre frequency 5 800 MHz), and

		24-24.25 GHz	(centre frequency 24.125 GHz)

are also designated for industrial, scientific and medical (ISM) applications. Radiocommunication services operating within these bands must accept harmful interference which may be caused by these applications. ISM equipment operating in these bands is subject to the provisions of No. 15.13.

’

Table 3

Frequency allocation around the 5.8 GHz ISM band

		Allocation to services



		Region 1

		Region 2

		Region 3



		5 725-5 830

FIXED-SATELLITE
(Earth-to-space)

RADIOLOCATION

Amateur

		5 725-5 830

RADIOLOCATION

Amateur



		5.150  5.451  5.453  5.455  5.456

		5.150  5.453  5.455



		5 830-5 850

FIXED-SATELLITE
(Earth-to-space)

RADIOLOCATION

Amateur

Amateur-satellite (space-to-Earth)

		5 830-5 850

RADIOLOCATION

Amateur

Amateur-satellite (space-to-Earth)



		5.150  5.451  5.453  5.455  
5.456

		
		5.150  5.453  5.455



		5 850-5 925

FIXED

FIXED-SATELLITE
(Earth-to-space)

MOBILE

		5 850-5 925

FIXED

FIXED-SATELLITE
(Earth-to-space)

MOBILE

Amateur

Radiolocation

		5 850-5 925

FIXED

FIXED-SATELLITE 
(Earth-to-space)

MOBILE

Radiolocation



		5.150

		5.150

		5.150







Recently, the 2.45 GHz ISM band has been widely used for Radio LAN (IEEE 802.11b and g) applications. It is a problem that these commercial applications are quite vulnerable to interference although the ISM bands are appropriate for WPT. In order to avoid this, other frequency bands should also be taken into consideration. The upper half, 2.45-2.5 GHz cannot be used for SSPS since the 2nd harmonic is allocated in radio astronomy (4.9-5.0 GHz). 




The 5.8 GHz ISM band is also used heavily for various applications. The 5 725-5 850 MHz band is allocated to Radiolocation service and is expected to be used for DSRC (Dedicated Short-Range Communications) application which is described in Recommendation ITU-R M.1543-1. Based on the reply of the Radio Regulatory Council of the Ministry of Internal Affairs and Communications, DSRC frequencies in Japan was determined to be the 5.8 GHz band in September, 1997. Seven frequencies from 5 775 to 5 805 MHz were assigned in every 5 MHz for uplink (land mobile station) of DSRC and seven frequencies from 5 815 to 5 845 MHz in every 5 MHz for down-link (base station) in 2001. In addition to this, the 5 850-5 925 MHz band is allocated to Fixed/Mobile services and is used for terrestrial ENG (Electronic News Gathering) in some countries including Japan as a B band for the relay channels of a programme material (FPU/TSL: Field Pick-up Unit / Transmitter to Studio Link). The band is composed of 4 channels as B1: 5861 MHz, B2: 5879 MHz, B3: 5897 MHz, B4: 5915 MHz in centre frequencies. 

3.4	Most suitable frequency bands

(What radio frequency bands are most suitable for this type of operation?)

The following information discusses the physics of wireless power transmission, presents the manifestations of the associated EMC problems, considers current approaches to obtaining SSP frequencies and RFI mitigation, and discusses data collection and potential international cooperation.

In order for a SSP satellite to focus the microwave beam to a small spot on the Earth, from the long ranges from orbit, the diameter of the transmitting antenna has to be huge. This results from the diffraction or spreading of the beam once it has left the transmitter. To first order, for a focused aperture the diameter of the spot containing approximately 1/2 the transmitted power is the focus range times the wavelength, divided by the antenna diameter. For example, at 2.45 GHz (~12 cm wavelength), from GEO (~ 37 500 km), the -3 dB spot diameter is about 4 600 m, for a 1 000 m diameter antenna. 

For a 500 m diameter antenna at 5.8 GHz at GEO, the half-power spot diameter is 3 900 m. For a 90 m diameter ground transmitter at 5.8 GHz, the spot size at 21 km altitude for a HAPS (high altitude platforms) is a little over 12 m. 

Since a higher beam coupling efficiency than just 50%, is desired, the transmitter and rectenna apertures have to be enlarged. In order to obtain a beam coupling efficiency greater than 50% between transmit and receive apertures, the quotient of the product of the aperture diameters divided by the product of the wavelength and the beaming range should be slightly greater than unity. Also, the RF power distribution across the transmitting aperture must be tapered, so as to put more power in the main beam and less in the side lobes. For a 1 km diameter SSPS transmitting antenna with a -10 dB truncated Gaussian taper, about 94% of the beamed power can be intercepted in a 10 km diameter rectenna at 2.45 GHz.

Shorter wavelengths would make the diameters of the transmitting and receiving apertures smaller for the same beam coupling efficiency, but propagation through the Earth’s atmosphere impairments (absorption and scattering) [11] would be more lossy. This is particularly the case in bad weather when reliable electric power is needed.

Selecting lower frequencies favors the higher efficiency achievable in devices for converting DC to RF and for converting RF to DC. However, lower frequencies’ harmonics potentially affect more spectrum users.




Beam crossings, such as other spacecraft and aircraft, can be accommodated by coordination and scheduling with air traffic control (ATC), and spacecraft tracking activities. The handling of unscheduled or emergency beam crossings will require the SSP operators to maintain a surveillance radar to acquire and track potential beam crossings and respond appropriately. The radars may be separate or could be side-lobe-Doppler detector receivers situated on the Earth or aboard the SSP platform. The responses could be to dim, divert or douse the beam as appropriate. Random “beam‑testers” could be utilized to assure the continued safe operation of the beam safety system [12].

The scattering of the power beam off meteors in space and the Earth’s atmosphere, rain, hail, snow, dust or birds, bats, butterflies and locust will lead to randomly increased levels of energy at off rectenna sites. 

The ISM bands have been of particular interest because, in those bands, radio communications users operate in an environment of ISM emitters with unlimited power.  The ISM bands receiving the most attention have been 902-928 MHz (UHF), 2.40-2.50 GHz (S-Band), and 5 725-5 875 GHz (C‑Band).  There are other lower frequencies, but the physics of their use is not favorable due principally to the long wavelengths.

The 902-928 MHz band would require very large diameter antennas and rectennas, would potentially have strong interactions with the ionosphere and the harmonics would potentially affect a very large number of spectrum users.

The 2.4-2.5 GHz band is less affected by the ionosphere and is potentially an all-weather band due to the wavelength compared to the size of atmosphere meteors.

The 5 725-5 875 GHz band allows for smaller diameter transmitters and rectennas, but the atmospheric attenuation during heavy rain can fade the power beam significantly.  Its harmonics would affect much less services than the lower ISM bands.  

In general, the millimetre wavelength ISM Bands at 24-24.25 GHz, 61-61.5 GHz and 122-123 GHz have too much water vapour or oxygen attenuation, with the possible exception of 244-246 GHz for specialized applications, if sites are available at altitudes above about 4 km, above most of the Earth’s oxygen, due to the large size reduction available in transmitting antenna and rectenna diameters. 

Nevertheless, proper spectrum engineering will require actual measured test results of adequate filtering and proper safety pilot beam retrodirective phased arrays performance and rectennas minimum IMP characteristics, along with assurances of technical capabilities and engineering techniques to mitigate RFI problems

Although the ISM bands would be suitable for SSPS, recognizing that these bands have been widely used in various fields, the necessity of frequencies other than these bands is to be pursued. As co‑existence with wireless communications is one of the most important issues, simulated results could be offered in the future. 




1)	Most suitable radio-frequency bands

FIGURE 6

Transmission efficiency as a function of the parameter  for optimum power density 
distribution across the transmitting antenna aperture [14]
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The most suitable radio-frequency band for use in WPT would always be a function of the specific application and the availability of relatively high-efficiency RF generation devices. There is a direct relationship between the size of the transmitter, the size of the receiver, the distance (range) over which the transmission is to occur and the frequency of the beam; this relationship determines the efficiency with which WPT will be performed. The relationship is:

		Beam Efficiency = (1 − e −2)	(1)

as shown in Fig. 6 [13] where:

		 =  * (DT*DR) / (4 * * R)	(2)

and

	DT	= diameter of the transmitter

	DR	= diameter of the receiver

		= wavelength

	R 	= range = distance between transmitter and receiver.

For example, at an 80% efficient beam coupling, equation (2) yields:

			DR = (4 *  * R) * 1.269 /  * DT = 1.6 *  * R / DT	(3)

and for a DT = 50 metres, and R = 6,000 km, then:

		at 2.45 GHz, DR = 23 km

		at 5.80 GHz, DR = 10 km

		at 35.0 GHz, DR = 1.7 km, and

		at 90.0 GHz, DR = 675 metres, etc.

Most frequencies above 2.45 GHz which coincide with regions of low atmospheric absorption are of potential interest for WPT. For long-range, high power applications (such as WPT from space to ground), frequencies below 10 GHz are preferred to minimize losses due to clouds and rain. If occasional losses are acceptable, frequencies up to about 35 GHz may be viable. This is particularly the case for power transmission from the ground to aircraft or to spacecraft, in which small receiving antennas are essential and occasional, short duration outages due to clouds or rain can be compensated for through the use of on-the-vehicle energy storage. 

Consideration has been given to frequencies that are allocated as ISM bands as a strategy to minimize potential impacts on communications systems. Examples include:

–	2.45 GHz – For medium to long range (e.g. space-to-ground) power transmissions in which magnetrons and other devices are suitable and in which low atmospheric losses and insensitivity to weather is important.

–	5.8 GHz – For medium to long range (e.g. space-to-space, space-to-ground) power transmissions in which solid state and other devices are suitable and in which low atmospheric losses and relatively good insensitivity to weather is needed.

–	245 GHz – For short (in air) or long range (in space) power transmissions in which electron tube devices are suitable and in which atmospheric losses and signal losses due to weather are acceptable.

Consideration has also been given to frequencies that are not allocated as ISM bands. Examples include:

–	35 GHz – For short, medium or long range (e.g. space-to-space, space-to-ground, ground‑to‑space, ground-to-air) power transmissions in which electron tube devices are suitable and in which modest atmospheric losses and occasional signal losses due to weather are acceptable.

–	94 GHz – For short, medium or long range (e.g. space-to-space, space-to-ground, ground‑to-space, ground-to-air) power transmissions in which electron tube devices are suitable and in which atmospheric losses and occasional signal losses due to weather are acceptable.

–	Visible and near-visible light (laser-generated) – for short, medium or long range (e.g. space-to-space, space-to-ground, ground-to-space, ground-to-air) power transmissions in which free electron lasers or other devices are suitable and in which low atmospheric losses are required, but occasional outages due to weather are acceptable.

As noted, from the perspective of WPT technology, the choice of frequency is tied to the overall RF system approach being considered. For example the choice between solid state devices and electron tube devices (e.g., magnetrons) is crucial. However, radio-communications operations will have to be considered in selecting frequencies for WPT. While frequencies considered thus far have been limited for the most part to ISM bands due to historically lower levels of radio-communications use, it is recognized that some ISM bands now have a significant radio-communications use.

2)	Space-to-space WPT

Generally the shorter wavelengths in a millimetre wavelength band are desirable for applications of WPT in space, where free-space propagation obtains, in order to limit the size of the transmitting and receiving apertures. The short wavelength desire is tempered by the DC to RF and the RF to DC conversion efficiencies of available equipment. The former concern has been reduced by the advent of gyrotrons at millimetre wavelengths, with over 40% conversion efficiency, but the rectenna efficiencies are currently less than 70%. Nonetheless, short wavelength bands such as the ISM band at 244-246 GHz are desirable for space WPT links.

The lower frequency ISM bands at 122-123 GHz, 61-61.5 GHz, and 24-24.5 GHz are also suitable for space operations, whereas, if the beam passes through the Earth’s atmosphere there would be severe attenuation due to the absorption by oxygen and water vapour resonant lines.

3)	Ground-to-stratosphere and ground-to-space WPT

The bands below about 10 GHz are more desirable for those applications that must operate in or that transit through the Earth’s atmosphere, such as beaming power from ground based transmitting antennas to high altitude platform systems (HAPS) equipped with rectennas or the space solar power (SSP) GEO satellites.  

The low frequency desire is tempered by the large sizes of apertures required at the long wavelengths, and ultimately at very low frequencies by the polarization rotation and absorption by the ionosphere and the Earth’s magnetic field.

The 902-928 MHz ISM band is generally unsuitable except for short range WPT applications such as beam powered transponders. The 2.4-2.5 GHz ISM band is very desirable because propagation impairments are very small. For those applications where weather outages can be tolerated, 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.

3.5	Required steps to protect radio services

(What steps are required to ensure that radio services are protected from power transmission operations?)

The WPT signal should be monochromatic, unmodulated so as to occupy the least amount of spectrum. There is no requirement to carry any modulation. If other spectrum users know precisely where the WPT beams are in frequency, then they can plan to avoid that portion of the spectrum.  For example, the frequency hopping radios can be preprogrammed to avoid hopping to that frequency.

Furthermore, when selecting the exact WPT frequency, there should be due regard to where the harmonic frequencies will lie. Although the harmonics will be filtered at the WPT transmitter, the filtering required can be maintained within the realm of good engineering practice by appropriately selecting the monochromatic exact frequency such that the integer harmonics do not lie directly on particularly sensitive users of the higher frequencies, such as radio astronomy receive only bands.

Band pass filters and harmonic filters should be required on both the power transmitting and receiving equipment.

Where by design, the power beams are to be received on the ground, there should be a signed, fenced zone around the rectennas to exclude, and thus protect the general public from attempting to operating sensitive receivers in close proximity to the beam, as the WPT signal level could overload the front ends of such equipment. 

Similarly, when aircraft or spacecraft are about to collide with the beam, proximity warning sensors and interface ties with air traffic control or spacetrack output signals that are interlocked with the transmitters should be used to turn off the beam until the aircraft or spacecraft are clear of the intense part of the beam. 

Additionally, the power transmission beam systems should be operated with sensitive power reception monitors that are also interlocked with the transmitters such that if unusual conditions prevail, such as beam wander, the beam is interrupted or doused.  This is to assure that the power beams are directed only at the power receivers or rectennas, within the state of the art for beam pointing and tracking. 

The power transmitting antennas and rectennas must be maintained to operate as engineered. That is, if the power beamer is a phased array, then the failed elements should be fixed or replaced in order to maintain the designed side lobe and grating lobe levels. The rectenna elements that fail or become obstructed due to for instance guano, should also be replaced or cleaned in order to prevent undue rescatter.

For space-to-space WPT beaming operations, the selection of a frequency that is readily absorbed by the Earth’s atmosphere will aid in reducing the signal levels at the Earth’s surface, thus adding to the protection of existing radio services there.

JAXA have investigated various kinds of interferences of energy transmission to wide variety of radio services by SSPS operated at ISM bands, 2.45 GHz and 5.8 GHz including their harmonics. Results of this investigation are summarized in Section 4. This covers collection of susceptibility data including passive applications, such as earth observation satellites and radio astronomy. 

A tentative altitude, frequency, and transmitter antenna size of the 50 kW-class demonstration satellite are 500 km, 5.8 GHz, and 20 m square [3]. The peak power density is 3 μW/cm2 on the ground near the equator. A duration when it is observed at an elevation larger than 50 degrees will be at most a few minutes. 

3.6	Effects on radio propagation

(What effects would wireless power transmission have on radio propagation?)

The SSPS should be operated at intensities lower than the safe level (e.g. 1 mW/cm2) outside the reception field. No effects on the propagation are so far found except under an intense electric field [2] although the intensities are stronger than the safe level. At the neighbour of the satellite, however, the power density will be high and its effects on the ionosphere will be examined experimentally.

Tests were conducted with ionosphere heaters near Arecibo that showed that 5 GW level, 2.45 GHz beams could safely pass through the ionosphere and upper atmosphere without disrupting radio propagation [14]. Therefore, lower power densities and higher frequency WPT signals should not have any deleterious effects on standard radio propagation.

Atmospheric and ionospheric effects are summarized below based on URSI White Paper on SPS Systems [6].

3.6.1	Atmospheric effects

The rain attenuation can be calculated based on Recommendation ITU-R P.618. In case of Tokyo, Japan, the specific attenuation R = 0.2 dB at 5.8 GHz since its rain rate is 50 mm/h for 0.01% of the time (about 52.5 minutes per year). Since the effective path length Le = 4.5 km, the value of attenuation A = 0.9 dB (81%). However, the values decrease to R = 0.1 dB and A = 0.45 dB (90%) at 5 GHz. These values are smaller in Europe due to less rain.

The microwave SPS beam is scattered by rain or hail [15]. For a rain rate, R = 50 (mm/hour), frequency of 2.45 GHz, and the elevation angle of 47 degrees, the attenuation is about 0.015 dB/km. Furthermore, the maximum interference intensity P (W) received by an antenna for terrestrial radio relay links near the rectenna site for a power density of 23 mW/cm2 is:

		P = 6.7 × 10−11R1.4h

where h (m) is the scatterer length. If R = 50~150 mm/hour and h = 3~10 km, then P = 0.1~1 mW. This level, however, would not cause nonlinear problems and interference can be removed by filters. 

Batanov et al. [16] studied the effects of powerful microwaves on the atmosphere both theoretically and experimentally. Of particular interest are the experimental studies devoted to cleaning the troposphere of ozone. The idea involves artificially ionizing the air using high power electromagnetic waves. The necessary threshold field strength and intensity are 680 kV/m and 6 × 104 W/cm2 at 15 km, corresponding to a 6 GHz continuous wave. Since microwave pulses are used for the excitation of discharges, this breakdown electric field level can be several times higher. Although both levels are much higher than the values that will be achieved from the SPS, one sees that microwave radiation may have positive effects on the Earth environment. We also need to study and monitor potential negative consequences.

3.6.2 	Ionospheric effects

Although much more published works are available, there are no conclusive observations or propagation models to provide a definitive view about the effects of microwave radiations on the ionosphere.

1)	Ohmic heating

The first obvious effect of high-power microwaves on the ionosphere is resistive or Ohmic heating. The absorption of the radio waves can be calculated from the electron density and electron-neutral collision frequency profile. The effect is largest in the lower ionosphere (D and E regions) where the collision frequency is highest. Although the effect is expected to be small with increasing frequency, it could still be significant. Several authors [17] have calculated the heating effect of 3 GHz waves. They estimate that, for a power density of about 16 mW/cm2, the electron temperature could increase from about 200 K in the E region to about 1 000 K. A temperature increase would result in a decrease of electron density because of a decrease in the temperature‑dependent recombination rate of O2+ and NO2+. In the D region an increase in the attachment rate to O2+ also reduces electron density. To our knowledge no measurements of electron heating from high power microwaves in the ionosphere exist.

Microwave injections from a rocket have been tried [18], but Ohmic heating effects could not be observed. The lack of measured microwave heating in the ionosphere should not cast doubt on the reality of Ohmic heating caused by powerful microwaves, but only points out the shortcomings of the attempts made so far to measure it. On this rocket flight, the expected heating effect was less than 100K, which was below the detection limit of the Langmuir probe. However, the illuminated plasma volume was very small.

Because the ionospheric heating efficiency varies as the inverse square of the radio frequency, heating effects equivalent to those from high-power microwaves can be achieved at much lower powers by heating at a lower frequency. This is done using ionospheric modification or heating facilities that are simply high-power (~1 MW) short-wave (2 to 10 MHz) transmitters radiating upwards using high gain (16 to 30 dB) antenna arrays. D-region Ohmic heating effects are clearly observable indirectly through the conductivity and current modulation experiments [19] and the sometimes dramatic heating effects on polar mesospheric summer radar echoes [20, 21]. Direct measurements of the temperature enhancement using incoherent scatter radar are, however, difficult and rare [22]. 

2)	Self-focusing effects

Thermal self-focusing takes place as a result of a positive feedback loop. Small natural density fluctuations give rise to a spatial variation in the refractive index, resulting in slight focusing and defocusing of the microwave. This slight differential heating of the ionospheric plasma results in a temperature gradient driving the plasma from the focused region and thereby amplifying the initial perturbation. Such effects are well known and have been studied from HF-heating experiments, but it is unclear how important this is for an under‑dense plasma where the microwave frequency is much greater than the plasma frequency.

3)	Three-wave interactions

The heating effects discussed above are the result of non-resonant interactions with the plasma. Another effect of high power microwaves is the production of plasma waves through resonant interactions, in particular through parametric instabilities. There have been several theoretical predictions that microwaves at high power may produce instabilities in the ionosphere. Matsumoto [23] and Matsumoto et al. [18] demonstrated that the microwaves may decay into forward‑travelling electron plasma waves (Raman scattering) or ion acoustic waves (Brillouin scattering) and a backward-travelling secondary microwave. The electron plasma waves could be Langmuir waves when the excitation is parallel to the geomagnetic field, or electron cyclotron waves for excitation perpendicular to the field. Dysthe et al. [24] and Cerisier et al. [25] examined the case of two powerful microwaves having a frequency difference equal to the local ionospheric plasma frequency, typically 2 to 10 MHz. The ponderomotive force, which is proportional to the product of the two electric fields, can be strong enough to excite a parametric instability that results in Langmuir waves being produced. One result of a ground-based radar experiment near 1 GHz [26] shows that such effects may indeed take place in the ionosphere. The three-wave interactions are expected to be most effective in the F region, above about 170 km.

Apart from the radar experiment of Lavergnat et al. [23], there is, to our knowledge, only one other report of plasma waves being caused in the ionosphere by powerful microwave transmissions. This was from a 830W, 2.45 GHz transmitter on a mother-daughter Japanese rocket experiment (MINIX) where electrostatic electron-cyclotron waves at 3/2 the local electron gyrofrequency and electron plasma waves above the local plasma frequency were observed [15,20]. It was found that the excited waves differed from the initial theoretical expectations [27] in that the line spectrum expected from a simple three-wave coupling theory was in fact a broad spectrum, and the electron cyclotron harmonics were stronger than the Langmuir waves. Both these features could be successfully modelled using a more realistic computer simulation [28] where the nonlinear feedback processes were fully incorporated. From these simulation results, it was estimated that 0.01 per cent of the microwave beam energy from the SPS would be converted to electrostatic waves. 

In conclusion, there have not been enough experiments with powerful microwaves in the ionosphere to determine with confidence the importance of instabilities as a loss mechanism for the beam and as a source of plasma waves and heating of the ionosphere. In the neighbourhood of the satellite the power density will be high and its effects on the ionosphere will be examined experimentally. Care must be taken in the choice of frequency separations if multiple frequencies are used to beam down the power. Effects on the atmosphere are not expected.




3.6.3	Effects of electric propulsion on the magnetosphere

[bookmark: _Ref108621085]In the process of SPS construction, large high-power electric propulsion systems are needed. The electric propulsion systems inject heavy ions accelerated by electrodes powered by the photovoltaic cells. For transformation of orbits around the equator, the heavy ions are injected perpendicular to the Earth’s magnetic field. The injection can strongly disturb the electromagnetic environment surrounding the ion engine in the plasma sphere and the magnetosphere through interaction between the heavy-ion beam and the magnetospheric plasmas.  The interaction between the heavy-ion beam and the magnetic field has been studied theoretically [29, 30]. Based on an MHD analysis, Chiu [29] predicted that Argon ion injection could excite Alfven waves propagating along the magnetic field down to the ionosphere and being reflected back.  He also predicted that injected Argon ions can accumulate in the magnetosphere, significantly changing the plasma environment.  Curtis and Grebowsky [30] showed that the bulk of the injected ion beam is not stopped in the magnetosphere.  However, the relatively small fraction of the beam that is not stopped may give rise to a large distortion in the magnetospheric plasma population. They also evaluated possible loss mechanisms from the magnetosphere for this artificial ion component. 

The interaction of the heavy ions and the surrounding magnetized plasma field has been studied by particle simulations using hybrid code, where motions of ions are solved as particles while electrons are treated as a neutralizing fluid. As an initial response to the injection, a shock structure can be formed in the ambient plasma along with generation of magneto-hydro-magnetic waves and associated heating of the background plasmas [31].

It has to be noted that heating processes and parametric instabilities may also take place within the plasmasphere, in the neighbourhood of the satellite. The plasma is less dense but there is a high level of wave activity. The artificial generation or loss of extremely low (ELF) and ultra low (ULF) frequency waves in that region may have consequences on the dynamics of the radiation belts.

4	Samples of the interference analyses to the services in Japan which have possibilities to share the band with SSPS 

[Editorial note: This part of the PDN Report needs more contributions in order to fully describe the interference analysis results.]

This section introduces the investigation on interferences of model SSPSs to wide variety of radio services [32]. Table 4 shows typical parameters used for SSPS based on NASA/DOE Reference Model in 1970s [33] and JAXA (former NASDA) Model in 1999 [3]. The beam and harmonics characteristics for the fundamental frequencies were examined. The parameters used for the calculation were as in Table 3. A dipole antenna array is assumed for the evaluation of harmonics intensity in case (b). Filters were not taken into consideration. In case (a), random phases are assumed for the array elements (no antenna gain is assumed). These data are used for the interference evaluation.




Table 4

Parameters used for calculations

		

		NASA/DOE Model [14]

		JAXA Model [4]



		Transmitting power

		6.72 GW

(5 GW DC on the ground)

		1.369 GW

(1 GW DC on the ground)



		Microwave frequency

		2.45 GHz

		5.8 GHz



		Type of modulation

		N0N (Unmodulated continuous carrier)



		Bandwidth (assumption)

		1 MHz



		TX antenna diameter

		1 km

		2.6 km



		Excitation distribution

		10 dB Gaussian taper



		Antenna gain

		88.2 dB

		104.0 dB



		Distance

		36 000 km



		Power density at the centre

		24.5 mW/cm2/1 MHz

		189.2 mW/cm2/1 MHz



		Near the rectenna edge

		−30 dBc (near 10 km)

		−25 dBc (near 2 km)



		Around 100 km from the centre

		about −40 dBc

		about −53 dBc



		Around 300 km from the centre

		about −50 dBc

		about −65 dBc



		Harmonics intensity (actual measurement of a magnetron)

		2nd: −55 dBc, 3rd: −80 dBc, 4th: −70 dBc, 5th: −75 dBc

(Bandwidth =1 MHz × n at the n-th harmonics)



		Harmonics intensity (a)

(Random phases)

		2nd: −143 dBW/m2/4 kHz

3rd: −170 dBW/m2/4 kHz

4th: −161 dBW/m2/4 kHz

5th: −167 dBW/m2/4 kHz

		2nd: −150 dBW/m2/4 kHz

3rd: −177 dBW/m2/4 kHz

4th: −168 dBW/m2/4 kHz

5th: −174 dBW/m2/4 kHz



		Harmonics intensity (b)

(Phase controlled dipoles)

		2nd: −45.1 dBW/m2/4 kHz

Higher harmonics are not 
directed to Earth

		2nd: −37.2 dBW/m2/4 kHz

Higher harmonics are not 
directed to Earth







One-dimensional beam pattern was calculated with the following parameters: Output power: 6.72 GW, frequency: 2.45 GHz, transmission antenna diameter: 1 km, amplitude distribution: 10‑dB Gaussian taper, sub-array interval: 10.4 m (= 85 wavelengths), transmission distance: 36,000 km. As a result, the power density was 24.5 mW/cm2 at the centre of the beam on the ground and the necessary rectenna diameter is 8.48 km when beam collection efficiency is assumed to be 89%.

The grating lobes are generated like the squares every about 420 km. However, its intensity depends on the beam control direction. No grating robes are generated when the beam control direction is 0 degree (the boresight), see Figs. 7 and 8. Grating lobe intensities are −41 dBc, −32.4 dBc, and −14.4 dBc, when the beam directions are 3 km, 10 km, and 100 km from the boresight, respectively.




FIGURE 7

Beam pattern for the fundamental wave of the reference system
(Beam direction is 0 or boresight)
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FIGURE 8

Beam pattern for the fundamental wave of the reference system
(Beam direction is 0.16 or 100 km from boresight)
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In evaluating the harmonics levels, antenna patterns in the harmonics was not taken into consideration in the reference system. In this examination, the patterns for the harmonics emitted from a power transmission antenna were taken into consideration by assuming the half-wavelength dipole antennas. If the beam for the 2nd harmonic is directed to the boresight (the centre of the rectenna site) like the fundamental wave, the power density is −50.1 (dBW/m2/4 kHz) at the centre and the 1st grating lobe intensity is −78.0 (dBW/m2/4 kHz) if the beam is directed to 0.016 degree.

The grating lobes in the 2nd harmonics are generated every 212 km which were generated every 424 km in the fundamental wave. However, it is hard to think that the phases of harmonics for the array are well controlled similarly to the case of the fundamental wave by the SSPS system. The intensity is then −157 (dBW/m2/4 kHz) as is examined in the reference system which assumed to be a non-directional antenna. The directions of the main beams of the other harmonics are directed outside of the earth due to the directivity of the dipole antenna.

Uniform radiation over a hemisphere is assumed to the harmonics in the present estimation. If the bandwidth of the fundamental wave is assumed to be 1 MHz, that of the 2nd harmonics is 2 MHz. The noise level P' on the ground is estimated as follows to SSPS with 6.72 GW radiation.



		  (2nd harmonic)



		  (3rd harmonic)



		  (4th harmonic)



		  (5th harmonic)

The antenna pattern of the dipole is also taken into consideration in some cases. In this examination, the radiation patterns of harmonics emitted from the power transmission antenna were estimated by assuming the half-wavelength dipole for the array elements whose radiation pattern for each harmonics are well understood. The radiation pattern of the dipole is given by the following formula. 



		     (4)

where L is the length of the dipole and L = lambda/2 for the fundamental wave, L = lambda for the 2nd higher harmonic, L = 3/2 lambda for the 3rd higher harmonic, and so on. And beta = 2 pi/lambda and A is a constant decided from the radiated power. An antenna front direction (broadside) corresponds to theta = 90 degrees in this examination. The antenna pattern of each higher harmonic is shown in Fig. 9. The beam patterns of higher harmonics emitted from the power transmission antenna with 1 km in diameter are shown in Figs. 10 and 11 based on this antenna pattern. These beam patterns show relative values. The absolute value of higher harmonic is calculated next. The absolute value of radiation power and the gain of an antenna are required for calculation of the absolute value.




FIGURE 9

Antenna patterns of a half-wavelength dipole for higher harmonics
(Top left to the right: Fundamental, 2nd, 3rd. Centre left to the right:
4th, 5th, 6th. Bottom left to the right 7th, 8th, 9th.)
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FIGURE 10

Beam patterns for 2nd harmonic of the reference system (beam direction is 0 or boresight)
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FIGURE 11

Beam patterns for 5th harmonic of the reference system (beam direction is 0 or boresight)
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The power transmission system whose transmitters use magnetrons is assumed in this examination. The radiation powers of higher harmonics are based on the actual measurement of commercial magnetrons for microwave ovens as shown in Table 4.

Since a wavelength is one half for the 2nd harmonic, the antenna gain with 1 km in diameter of the power transmission antenna itself is that of twice the diameter due to this relative wavelength, and gain will be 22 = 4 times. That is, supposing the same power is radiated as the fundamental wave, its power flux density becomes 4 times. If a wavelength will be 3 times, it will become 32 = 9 times. Furthermore, since it assumes that higher harmonics are emitted from the same dipole, the directivity of the dipole itself also changes. From equation (1), the electric power for the front direction will be 22 for the 2nd harmonic, and will become 0 for the 3rd harmonic, and 12 for the 4th harmonic. In total, for the 2nd harmonic, power flux density will be 4 × 4 = 16 times, and power flux density will be 9 × 1 = 9 times for the 3rd harmonic.

The absolute value of each higher harmonic is calculated using this result.

[2nd higher harmonic] Radiation power is assumed to be −55 dBc. 

		Beam centre: 24.5 (mW/cm2)  (−55 dB) 16 = −19.1 (dBW/m2)

If the band of a fundamental wave is 1 MHz,

		−19.1 (dBW/m2)  (4 kHz/2 MHz) = −45.1 (dBW/m2/4 kHz)

However, as shown in Fig. 9, if the front beam direction (boresight) is defined as 0, the main beam direction becomes ±47 in the 3rd harmonic, ±33 in the 4th harmonic, and ±58 in the 5th harmonic. These main beams directions and targeted direction of the fundamental wave are not in agreement. At the distance of 36 000 km, ±33 of the 4th harmonic are equivalent to ±23 400 km, which is far from the earth or an orbit of a low-altitude earth-orbit satellite.

The grating lobes are generated since subarrays are introduced in order to reduce the number of phase shifters in SSPS. Some methods to suppress grating lobes are (a) reduction of the number of antennas for a subarray (b) introduction of an array with non-regular-intervals (c) high accuracy of position of SSPS and antenna plane angle below 1 minute (= 0.017). Some methods to suppress 




higher harmonics are (a) insertion of filters, (b) realization of phase shifters which do not synchronize with the phase control of a fundamental wave. The above values for the harmonics are maximum ones and it is predicted that higher harmonics will decrease greatly.

4.1	Microwave beam intensities of the JAXA System (5.8 GHz)

One-dimensional beam pattern was calculated with the following parameters: Transmission power: 1.369 GW, microwave frequency: 5.8 GHz, transmission antenna diameter: 2.6 km, amplitude distribution: 10-dB Gaussian taper, subarray gap: 1.5 m (= 29 wavelengths), power transmission distance: 36 000 km. The same antenna array calculation as the reference system was performed with these parameters as shown in Fig. 12. As a result, the power flux density in the microwave beam centre is 189.2 mW/cm2. If beam collection efficiency is 89.94%, required rectenna size is 1.51 km in diameter. This model is designed in order to make the rectenna size minimum for SSPS realization in Japan. The intensity at the beam centre is as large as 7.7 times of that of the reference system. Power density in the beam centre is, however, 100 mW/cm2 on the ground in the present design.

Grating lobes are generated like squares every about 1,240 km. The intensities of grating lobes are −52 dBc, −42 dBc, and −22.6 dBc, respectively, when beam targets directions are 3 km, 10 km, and 100 km from the centre. 

FIGURE 12

Beam pattern for the fundamental wave of the JAXA system 
(Beam direction is 0 or boresight)
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If phase control is performed in the 2nd higher harmonic as in the fundamental wave to the rectenna centre, −42.2 (dBW/m2/4 kHz) in a beam centre. The 1st grating lobe intensity is −59.2 (dBW/m2/4 kHz) when the beam is directed to 0.016. However, the intensity is −155 (dBW/m2/4 kHz) when phases of phase shifters becomes random and the directivity of the antenna becomes non-directional.

As higher harmonic intensities, the same values as those of the reference system are used. Fig. 13 shows microwave beam pattern for 5.8 GHz and 2.6 km diameter system. The trial calculation assumed uniform radiation over a hemisphere for higher harmonics as the NASA/DOE system did. If the band of a fundamental wave is assumed to be 1 MHz, the band of the 2nd higher harmonic will be set to 2 MHz. The trial calculation of noise level P' for SSPS of 1.369 GW radiation on the ground is made as follows.




		  (2nd harmonic)



		 (3rd harmonic)



		  (4th harmonic)



		  (5th harmonic)

The antenna patterns when antenna patterns for harmonics are taken into consideration are as follows.

FIGURE 13

Beam patterns for 2nd harmonic of the JAXA system (beam direction is 0 or boresight)
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The absolute value of each higher harmonic is calculated as follows.

[2nd higher harmonic] Radiation power is assumed to be −55 dBc

		Beam centre: 189.2 (mW/cm2)  (−55 dBc)  16 = −10.2 (dBW/m2)

If the bandwidth of the fundamental wave is 1 MHz,

		−15.2 (dBW/m2)  (4 kHz/2 MHz) = −37.2 (dBW/m2/4 kHz).

4.2	Terrestrial radio relay links

Radio-relay systems for synchronous digital hierarchy (SDH)-based network are evaluated. The condition for compatibility is 20 dB below the thermal noise level (Rec. ITU-R F.1094-1). In 5 GHz system, which is called 5G-150M, the compatibility condition is -193.6 (dBW/m2/4 kHz) since the thermal noise level is −96.7 (dBm/10m2/19.8 MHz) for a 3.6 m receiver antenna. This is −194.8 (dBW/m2/4 kHz) since the noise level is −93.9 (dBm/12.57m2/ 39 MHz) for a 4 m receiver antenna in the 11G-50M system. 


If harmonics of the SSPS beam are phase controlled, the intensities of the 2nd harmonic at the centre of the rectenna site are −45.1 (dBW/m2/4 kHz) at 4.9 GHz and −37.2 (dBW/m2/4 kHz) at 11.6 GHz. At a distance of 6 km from the centre, the loss is −25 dB at 4.9 GHz. The loss at 11.6 GHz is −30 dB at 3 km from the centre. Since the elevation of the SPS is generally more than 50º in the mid-latitude region, the directivity losses are −67.3 dB at 2.45 GHz and −62.5 dB at 5.8 GHz based on Rec. ITU-R S.465. As a result, the inputs to the receivers are −132.4 (dBW/m2/4 kHz) at the 2.45 GHz system and −129.7 (dBW/m2/4 kHz) at the 5.8 GHz system. These cases do not satisfy the compatibility condition in such the worst case. 

If the harmonics are not phase-controlled and the array is omnidirectional, the 2nd harmonic intensities are −143 and −150 (dBW/m2/4 kHz) at the 2.45 GHz and 5.8 GHz systems, respectively. If the directivity losses of −67.3 dB and −62.5 dB are taken into consideration, they are −230.3 and −242.5 (dBW/m2/4 kHz) at the 2.45 GHz and 5.8 GHz systems, respectively. They satisfy the compatibility condition. It should be noted that this is not satisfied in the high latitude region since the directivity losses are smaller.

4.3	Radars

SSPS compatibility with ARSR (air route surveillance radar, 1.3-1.35 GHz), ASR (airport surveillance radar, 2.7-2.9 GHz) and MR (meteorological radar, 5.25~5.35 GHz) among radars is evaluated. There are two conditions. 

One is a TR limiter threshold input level of 100 mW and allowable interference levels inside the band. The latter levels are −112 dBm (ARSR), −108 dBm (ASR), and -116 dBm (MR). Parameters for the radars are shown in Table 5.

Table 5

Parameters for the radars

		

		ARSR

		ASR

		MR



		Frequency range

		1.3~1.35 GHz

		2.7~2.9 GHz

		5.25~5.35 GHz



		Antenna gain

		35 dBi

		34 dBi

		45 dBi



		Effective aperture for a given elevation, Ae

		130 cm2

		23 cm2

		8×104 cm2 †



		Receiver bandwidth

		0.4 MHz

		1.2 MHz

		1.4 MHz



		TR limiter sensitivity, Tr

		20 dBm

		20 dBm

		20 dBm



		Allowable interference level

		-112 dBm

		-108 dBm

		-116 dBm





	† The maximum value when the antenna is directed to SSPS.

If it is assumed that a microwave beam is radiated from the 5.8 GHz system and its array antenna is omnidirectional for a spurious emission with the intensity of -70 dBc and the bandwidth of 1 MHz, then its output power is −162 dBW/m2/4 kHz = 6.31×10−17 (W/m2/4 kHz) = 6.31×10−18 (mW/cm2/4 kHz). From the effective aperture and bandwidth of each radar, the following values are obtained:

ARSR: 6.31×10−18× (0.4 MHz/4 kHz) ×130 = −130.8 (dBm) < −112 (dBm)

ASR: 6.31×10-18× (1.2 MHz/4 kHz) ×23 = −133.6 (dBm) < −108 (dBm)

MR: 6.31×10-18× (1.4 MHz/4 kHz) ×8×104 = −97.6 (dBm) > −116 (dBm).


The values of ARSR and ASR are less than the allowable levels. MR is, however, 18 dB higher than the allowable level. If the elevation of the radar antenna is lower than 45º, interference could occur since the used frequency is too close to 5.8 GHz to insert a filter. The TR limiter of either radar will not work in these levels. 

Since S and C bands are also allocated to radars for radiolocation as shown in Tables 1 and 2, the interferences to such radars are evaluated. Although interferences inside the receiver bandwidth cannot be avoided, out-of-band interferences can be avoided due to the expected attenuation of 70 dB at frequencies detuned by 6 times their bandwidths from the centre frequencies. If the radars use MTI (moving target indicator), the improvement of about 40 dB is expected.

4.4	Space-to-Earth communications

The 5th harmonic of the 2.45 GHz band and the 2nd harmonic of the 5.8 GHz band overlap the bands for space-to-Earth communications. The compatibility condition is the limits of power flux‑density (pfd) as shown in Table 6 (RR No. 21.16). If the phases of the array are not controlled and the array is omnidirectional, this condition can be satisfied in these bands. The compatibility of other bands in space-to-Earth communications must be investigated. 

Table 6

Power flux density (pfd) limits from space stations (dBW/m2/4 kHz)

		Arrival angle 

		0-5°

		5-25°

		25-90°



		10.7～11.7 GHz

		−150

		−150+0.5(-5)

		−140



		11.7～12.5 GHz

		−148

		−148+0.5(-5)

		−138







4.5	Microwave radiometers and other satellite missions in Japan

As an example of tentative study, the observing frequencies of the Advanced Microwave Scanning Radiometer for EOS (AMSR-E), 6.925, 10.65, 18.7, 23. 8, 36.5 and 89 GHz, do not seem to be affected by at least harmonics of the 5.8 GHz ISM band.  Other frequencies used in JAXA, such as S band and X band, also do not seem to have big problems against ISM band.  But, further analyses should be made in the future.

4.6	Applications in the ISM bands

The applications inside the 2.45 and 5.8 GHz ISM bands, like radio LAN, DSRC, and FPU, have possibility of interferences with SSPS as stated in section 3.3.

4.6.1	Radio LAN

Figure 14 shows the relation between measured frequency difference and a D/U ratio when a disturbance wave is CW for radio system which uses the chip sets widely adopted by IEEE 802.11b radio LAN. This figure indicates that a D/U ratio of about -60 dB can be obtained in IEEE 802.11b if frequency differences are not less than 20 MHz. However, this is valid if the intensity of a disturbance wave is below the allowable incoming signal level of a receiver. If it exceeds IP3 (3rd order intercept point) of the high frequency stage, this cannot be applied. The coexistence of SSPS with 2.4 GHz ISM seems as follows.


a)	distance from the receiving system of SSPS

At least near the SSPS receiving point, it is difficult to obtain the compatibility. It is necessary to make efforts to widely show that the institution concerned will receive the interference. Sufficient physical separation must be obtained in selection of the installation location of SSPS.

FIGURE 14

Relation between frequency difference and D/U ratio in IEEE802.11b radio LAN

[image: ]



4.6.2	DSRC

The compatibility of a SSPS microwave beam and DSRC which uses the same 5.8-GHz band is examined. The candidate for examination is limited to a mobile station. It is because tolerance of a mobile station (in-vehicle machine) is low in order to meet low cost and miniaturization. On the other hand, a base station is equipped with a sharp filter and its antenna is directed to a road, and it has high disturbance wave tolerance.

The following three items are prescribed by ARIB standards STD-T75 as interference tolerance.

1)	Adjacent-wave selectivity.

2)	Intermodulation characteristics.

3)	The spurious response rejection (SRR).

The above adjacent-wave selectivity prescribes the interference tolerance within a system and there is no numerical regulation about the intermodulation characteristics. Therefore, in interference examination with SSPS, only SRR is applicable. 

SRR is a ratio of a disturbance wave level and to 3 dB above a standard practice sensitivity (−57 dBm) and is specified as a reference value as follows.

The area within the ISM band (5.725-5.875 GHz): not less than 24 dB (not less than −33 dBm).

The area outside the ISM band (outside of the above): not less than 18 dB (not less than −39 dBm).

TABLE 7

SSPS signal received power of DSRC mobile station 

		Receiving position 

		Received power [dBm] 

		Receiving position 

		Received power [dBm] 



		Beam centre 

		36.1 

		300 km separation 

		−23.9 



		10 km separation 

		6.1 

		1 000 km separation 

		−33.9 



		100 km separation

		−13.9 





TABLE 8

Calculation parameters

		Items 

		Specifications 

		Symbols 

		Remarks 



		PFD at the beam centre 

		189.2 mW/cm2

		P0 

		JAXA 5.8 GHz reference model 



		Maximum gain

		10 dBi 

		Gmax 

		ARIB STD-T75 3.4.3.2 



		Wavelength

		5.2 cm 

		λ 

		@5.8 GHz 



		Effective area 

		21.3 cm2

		Ae 

		



		Received power at the centre 

		36.1 dBm 

		Pr 

		



		Directional attenuation (10 k) 

		30 dB 

		10 km separation



		Directional attenuation (100 k)

		50 dB 

		100 km separation 



		Directional attenuation (300 k)

		60 dB 

		300 km separation 



		Directional attenuation (1 000 k) 

		70 dB 

		1 000 km separation 







Received power of a DSRC mobile station in taking the beam directivity of SSPS into consideration is shown in Table 7. Table 8 shows calculation parameters for the received power. 

From this result, in order to satisfy standard value -34 dBm of SRR, it is necessary to separate SSPS from a DSRC system not less than 1 000 km. 1 000-km separation is required to aim at coexistence with SSPS and DSRC under the present condition. Since DSRC is used on the arbitrary outdoors, however, reduction of a side lobe and examination of assignment of the dedicated frequencies for SSPS outside the ISM band are required like radio LAN. Moreover, it is very difficult to satisfy an SRR standard value under the present circumstances even outside the ISM band. The frequency response of a receiving antenna and examination of the frequency characteristics of a reception IF filter are also needed. The frequency with coexistence possibility is 5 725-5 750 MHz.

4.6.3	Broadcast relay: FPU

Although a problem could occur in all the cases, we will focus on relay via a helicopter. The following values are used as parameters of an interfered side (FPU).

1)	The receiver thermal noise electric power of FPU is −109.8 dBm/MHz. If a necessary NI ratio is assumed to be 10 dB, allowable interference power is −119.8 dBm/MHz.

2)	Various kinds of sizes are used as a receiving antenna of helicopter tracking. When 0.6 m and antenna efficiency of 50% is assumed, antenna effective area is 1 414 cm2. It corresponds to 31.5 dB relative to 1 cm2. The allowable interference power per cm2 is set to −151.3 dBm/cm2/MHz.

3)	The receiving antenna of FPU follows a helicopter by adjusting the direction. Therefore, the case when the same direction as SSPS above must be considered. Attenuation by directivity cannot be expected about a receiving antenna. 

Therefore, the allowable interference power of FPU is -151.3 dBm/cm2/MHz.

Since there is beam centre intensity with 189.2 mW/cm2/MHz in the JAXA model, the parameter of the interfering side (SSPS) is set to 22.8 dBm/cm2/MHz. Since it is -65 dBc near 300 km from the centre, it is set to -42.2 dBm/cm2/MHz also in this case. This value has exceeded an allowable interference level by not less than 100 dB of the above-mentioned FPU.

Even if it secures separation and a separation angle from the result of the above calculation, frequency sharing of FPU and SSPS is impossible. 

4.7	Radio astronomy

4.7.1	Direct overlap of SPS beam frequency harmonics with primary RAS bands

If the SPS frequencies are allocated to the 2.45 GHz ISM band, the second and the ninth harmonics may overlap with bands having primary allocations to radio astronomy at 4 990-5 000 MHz and 22.21-22.5 GHz, respectively, and the sixth harmonic could land in the band 14.47-14.5 GHz where RAS has a secondary allocation. It is expected that the interference level at around 4.9 GHz is higher than the harmful interference threshold given in Recommendation ITU-R RA.769.  If SPS uses the 5.8 GHz band, radio astronomy bands lower than 43.5 GHz would not contain its harmonics. However the band with primary allocation to radio astronomy at 76-116 GHz (excepting 77.5-79 GHz and 94-94.1 GHz, where RAS is secondary) would contain the 15th – 21st harmonics of, for instance, 5.8 GHz or the 32nd – 48th harmonics of 2.45 GHz.

4.7.2	SPS as sources of broadband thermal noise

Heating of the SPS structure by sunlight and the waste energy dissipated at the SPS in the form of local heating of the structure, would render the SPS a copious source of broadband thermal noise.  Reflected solar radiation would create an additional source of broadband noise at the SPS.  This broadband thermal radiation would render large parts of the sky unobservable by astronomers at all wavelengths [6,34]. 

4.7.3	Other influences upon RAS

The existence of SPS would require retrofitting of filters on all RAS instruments whose receiver passbands include the SPS frequency or its harmonics, degrading performance.  Precautionary measures would also be required in cases where the SPS frequency or its harmonics could propagate into the receiving equipment, regardless of the frequency of observation.

5	Conclusions

Research groups in Japan have been investigating the feasibility of SSPS. We hope a multi-kilowatt SSPS technology demonstration satellite on LEO will be launched in the near future. This will demonstrate WPT and examine ionospheric effects due to a strong microwave near the satellite. Similar milestones seem to be planned in the United States and Europe. We need efforts to make an appropriate frequency band allocated for each step. We propose this draft as a Report based on the Question on Wireless Power Transmission.
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APPENDIX 1



Applications developed

The first application of WPT was a 24 hour demonstration in Waltham, MA by Bill Brown in 1964. He powered a tethered model-helicopter using 3-5 kW of 2.45 GHz microwave beam transmitted from a 1 m diameter elliptical reflector a range of 18.3 m to a planar array of silicon diodes yielding about 150 W of DC power to run the electric motor driving the rotor blades. The helicopter was to support a high-altitude radar for improved observation range capabilities (Fig. A1).

FIGURE A1

Microwave powered helicopter (W.C. Brown, 
IEEE Trans. MTT-32, pp. 1230-1242, 1984)

[image: 70fig12]



Power was transmitted in 1969, at 2.45 GHz to a small three-wheeled electric motor driven cart arranged to seek the peak of the beam [A1]. NASA JPL demonstrated wireless power transmission over 1.54 km at 2.388 GHz in 1975. The 26m diameter parabolic antenna at Goldstone, California radiated 450 kW to 24 m2 rectenna array. DC output power was over 30 kW (Fig. A2) [A2]. Later in 1992, a nearly 1 square metre rectenna at 5.8 GHz was built and demonstrated driving a modified go-cart to follow a moving beam from a 10 kW klystron equipped 3-m steerable parabolic antenna [A3]. The 5.8 GHz Moonstruck Rover is now being tested for potential use in exploring dark polar craters on the Moon, powered by beamed power generated on the lunar surface.


FIGURE A2

Microwave power transmission over 1.54 km. Power of 450 kW was transmitted 
from 26m parabola and 30 kW was received by 1.16 m × 1.2 m rectennas
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Subsequent applications developments in the 1970s and early 80s involving greater end-to-end efficiency demonstrations and higher-power, longer-range demonstrations, investigated the characteristics, environmental interfaces and technologies for beaming microwave power from space solar powered satellites (SPS) in GEO to rectennas on the Earth for adding alternate electric energy sources to the electric utility grid.

In 1983, the Japanese demonstrated power transmission from one space vehicle to another at 2.45 GHz using a microwave oven magnetron (Fig. A3). A later test used a Japanese solid-state phased-array transmitter to transfer power to a separate rectenna in space.

FIGURE A3

MINIX, the world-first MPT experiment in the ionosphere. (Matsumoto, H., 
et al. ISAS Space Energy Symposium, 69-76, 1982)

[image: MINIX-PIC]

In 1987, the Canadian government demonstrated the 40 minute flight of a scale-model airplane equipped with a 1 m diameter rectenna as part of a development to yield a circling stratospheric platform for telecommunication applications (Fig. A4). The power source was a pair of 5 kW magnetrons at 2.45 GHz illuminating a dual orthogonal-polarized, mechanically-steered 3 m diameter parabolic dish.

FIGURE A4

Canadian 1/8 scale airplane and flight experiment (http://friendsofcrc.ca/Projects/SHARP/sharp.html)
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Later the Japanese also demonstrated a microwave-powered airplane whose beam power came from a solid-state phased-array at 2.41 GHz. The application was also for a circling, high-altitude telecom platform (Fig. A5).

FIGURE A5

MILAX airplane experiment and model airplane. (Matsumoto, H., et al., 
12th ISAS Space Energy Symposium, Tokyo, Japan, March 1993
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In 1988, 400 W of power at 35 GHz was beamed from a TWTA to a small, 72% efficient rectenna- equipped stationary model-airplane under development for use as a telecom platform.

A microwave powered rover at 5.8 GHz was developed in the United States by Sarnoff Labs for Rockwell in 1992 for potential application as a lunar traverse vehicle. An earlier beam-seeking cart at 2.45 GHz was demonstrated in 1969.

In 1994 in Japan 5 kW model tests were conducted by Kansai Electric Power Company and others for beaming power from the mainland to islands at 2.45 GHz (Fig. A6).

FIGURE A6

A 5 kW model transmission over 42m.  RISH, Kyoto Univ.
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2.45 GHz microwave power was beamed to a rectenna-equipped, helium-inflated airship in a low‑altitude demonstration of technology for a high-altitude telecom and observation platform development by the Japanese in 1995, near Kobe.

Tests were conducted in 1996 by France on La Reunion Island at 2.45 GHz for an application to beam power over a canyon for supplying electric power to a remote building (Fig. A7).




FIGURE A7

Grand Bassin, Reunion, France (A. Celeste, P. Jeanty and G. Pignolet, 
Acta Astronautica, vol. 54, pp. 253-258, 2004)
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Microwave power at 7.167 GHz was used to propel a carbon fiber sail upward against gravity at an acceleration of more than a gee in a metal-screened vacuum chamber at JPL in July 2000.  The application will be used eventually for launching interstellar probes pushed by WPT beams, with a portion of the energy collected in a rectenna to power the spacecraft and to charge its batteries.

Kyoto University demonstrated microwave power transmission at 2.56 GHz from an airship to the ground in 2009.
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