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Wireless Power Beaming Raytheon

Tesla’s (1900) and Brown’s (1965) pioneering work
Historical Wireless Power Beaming efforts
Power Beaming Components and Atmospherics

_ong-term Applications:

— Space Solar Power, Space-to-Space, Ground- & Interstellar
Propulsion

Nearer-Term Applications:

— Quad Copters, UAV’s, LTA platforms

Conclusions

This document does not contain technology or technical data controlled under either the
Non-Export Controlled — See Slide 1 U.S. International Traffic in Arms Regulations or the U.S. Export Administration Regulations. 111312019 | 2



Nikola Tesla, 1856-1943

Lifetime Pursuits;

Alternating current, high-voltage,
high-frequency power, wireless power
transmission

1899, Colorado Springs Lab:
Large oscillators; Transmitted at 150
kHz with potentials >100,000 kV

Born: 10 July 1856, Smilian, 1901-03, War(_JIencnyfe Tower, NY:
Austrian Empire (modern-day World’s first wireless power and
Croatia) communication station...lost funding

Died: 7 January 1943(aged 86),
New York City, New York, United
States
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Bill Brown, Raytheon — RF Rectenna

» 1963: First RF power capture
100W output power, 15%
DC-to-DC efficiency; 2.45
GHz; at 5.5m distance

* 1965/1969: Invention of ~
55% Redctifying Antenna
(Rectenna) with George,
Heenan, Wonson
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JPL - Raytheon Goldstone Experiment

Raytheon

» 1975: 34 kW collected from rectenna located 1 mile (1.54 km) from

320 kW transmitter
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“Reception-
conversion
subsystem (RXCV)
for microwave power
transmission system,
final report,”
Raytheon Company,
Sudbury, MA, Tech.
Report No. ER75-
4386, JPL Contract
No. 953968, NASA
Contract No. NAS 7-
100, Sept. 1975
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Peter Glazer - Space Solar Power Satellite

= Born in Czechosolvakia 1923, died in Cambridge, Ma 2014
» VP, Advanced Technology, Arthur D. Little, Cambridge, Ma

= 1968/1973: Inspired by Brown’s power beaming
technology begins work on the Solar Power Satellite

Non-Export Controlled — See Slide 1

United States Patent 19

Glaser

(3,781,647
145) Dec. 25, 1973
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Power Beaming Applications Raytheon
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Raytheon
ATTENUATION OF EM WAVES BY THE ATMOSPHERE
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Solid-State RF Amplifiers Raytheon

» 85% power added efficiency (PAE) at 2 GHz for a m 79% PAE at 5.65 GHz for a GaN HEMT
GaN amplifier [1] amplifier [2]
— 16.5W, 12 dB Gain, 42.5V Drain Bias — 2.1 W, 11 dB Gain, 20.5V Drain Bias
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Solid State Optical Components Raytheon

Solar Spectrum

Advanced Laser Pump Modules ~65%

Yb-doped Band-reflect Filter
Pump/Signal double-clad (1.18-1.38 eV, 900-1050 nm)

Fiber-coupled . ﬁ{"/ combmgr galn fiber
7

pump diodes ) @
[ .

- - Si Cell (1.1 eV)

'_

High povyer 2% GalnP (1.88 eV)
Fiber master c@‘ connectorized E 5
oscillator Fiber- couple end cap assembly S = GalnAs (1.41 eV)
isolator =0
Ge (0.67 eV)

Figure 4.3 Graphic schematic of a pumped Yb fiber laser [68].

Multi-junction photocells ~ 40% for Sunlight
Tuned PV ~ 65% (lab exp)
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Atmospheric & Physical Realities

Raytheon

Higher RF frequencies allow smaller
apertures but provide lower RF efficiencies

e ——
Aperture Size Comparisons

[1] Recommendation

ITU-R P.676-10, 2.45 GHz
Juenuatonby « Most used WPT frequency
a[mospherlc gases,

2013. * ISM band

[2] Recommendation
ITU-R P.838-3,
“Specific attenuation
model for rain for use
in prediction
methods," 2005.

* Low cost RF components

Apertures with
equivalent antenna
directivity
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At low RF frequencies (<9GHz) rain/fog
does not greatly attenuate power beam
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Raytheon

JAXA — Space Solar Power System 2000 -
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Mankins — NASA SPS-ALPHA — 2010- Raythoon

= John Mankins — Artemis Innovations (former NASA)
= 5.1-5.8GHZ, 10MW Solar Power Satellite with Arbitrarily
Large Phased Array (SPS-ALPHA) in LEO and GEO versions

Dr. Paul Jaffe, U.S. Naval Research Laboratory, DOD (Presenter,

delitiimiitddinh Tt Dr. Julia Nesheiwat, Bureau of Energy Resources, DOS

- e &) ,‘ Col. Thomas Bongiovi, Joint Staff Logistics Directorate, DOD
N RL 2015 Space Solar o -—- Dr. Avram Bar-Cohen, DARPA
CO nve rs i 0 n m O d u | e . w -. i Col. Peter Gar'retsif.:?rr?:::;iizp:r:}: Staff College, DOD
prototype i

John Mankins, President, Mankins Space Technology, Inc.
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U.S. Air Force Research Laboratory Developing Space Solar Raytheon
Power Beaming -$100M to NGC, 10/24/2019
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Raytheo
Space-to-Space Power Transfer — Low Power myieen

Deliver power to orbital sensors and
transmitters onboard Small Sat’s

Provides continuous power through Dark
and light, reducing overall weight
Wireless power delivery of <100W is
generally the need for small spacecraft

Power radiated sources can be onboard of
larger installations

Space station currently has 90 kW of
prime power

Size and Weight of the receiving antennas
are most important (< 1kg/m?)

Lasers radiated power is a realistic option

in space but RF power is currently Lower
SWAP

RF Power radiated
to MicroSat

MicroSat remote wireless power
feed

Courtesy of NASA |
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Raytheon

Space-to-Space Power Transfer — High Power

100-MW Laser Beam - Spacecraft with 175-m dia.
photovoltaic array tuned

to the laser frequency

Space-based laser powers a 60,000-s Isp vehicle
past Jupiter on a 12-year trip to 500 AU
John Brophy, NASA Jet Propulsion Laboratory, 4/6/17

Used with the prior permission of NASA

Laser “Sail” Deep Space Interstellar Propulsion System

This document does not contain technology or technical data controlled under either the
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Directed Microwave Energy enables high Thrust-to-Weight Ratio Raytheon
circa 2012

INCOMING BEAM
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« Hydrogen fuel with a
thermal heat exchanger
for high ISP

« Successful laboratory
experiments

¢ Full scale implementation
still awaits

Reference: http://parkinresearch.com/microwave-thermal-rockets/
Used with the prior permission of NASA, Caltech and Dr. K. L.G Parkin)
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Recent Microwave Power Beaming Experiments Raytheon

Canadian Japanese ETHER
SHARP 1987 (10 kW) | 1995 (10 kw)

-

Dual-polarized
rectenna

10 kW 3m diameter
dual-polarized

Japanese MILAX 1992 transmitter
(1.25 kW)
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Laser Power Beaming - PowerLight Technologies Raytheon
Quadcopter Demo

e With Ascending Technologies (later bought by Intel)
e Specific power ~ 0.8kW/kg
e 12.5 hour flight (with 5 minute battery), limited only by venue

— Recharge battery during flight after off- beam flight times
e Automatic tracking, including auto-acquisition

— Plus sending location to multicopter as pseudo-GPS

e Multiple records for power beaming duration and UAV
endurance

This chart is presented with the permission of PowerLight Technologies
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Laser Power Beaming — PowerLight Technologies

Fixed Wing UAV Demo

<

Proof-of-concept
flights in southwest

US desert

~1 cm accuracy at 500 mrange

Non-Export Controlled — See Slide 1

Receiver designed for 2x average flight power

Ground proof-of-concept operated 48+ hours continually,
verified functionality

Outdoor flights: Day & night, strong winds
Tracking accurate to ~20 microradians, 1cm @ 500 m
Altitudes up to 2,000 feet (600 meters)

Automatic beam shut-off if >5 cm off center, when entering
Laser Clearinghouse-defined windows

Robust receiver: undamaged even on landings causing
airframe damage

This chart is presented with the permission of PowerLight Technologies

This document does not contain technology or technical data controlled L?rgder either the
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Forward Power Distribution Network

Raytheon

Increased:
- Power distribution flexibility
- Resilience
Specific applications:
- Remote site energy resupply
- Ship-to-shore energy provision

- Unattended sensors

Non-Experticentielied ceSeeSligealn technology or technical data controlled under either the
U.S. International Traffic in Arms Regulations or the U.S. Export Administration Regulations.

NRL5kW 3.2 km
Laser Transmission
Demo

Fiber
A\ Lasers



Conclusions Raytheon

1. Power Beaming an emerging disruptive technology for long-
term and nearer-term applications — The Future Is Now!
2. Multiple system architectures evolving to meet system
design trade-offs
 Wavelength and antenna aperture diameter
e “Spot Size,” beaming distance, environmental
impact
e Assuring safety and control of beam front
3. Ongoing development of RF and HEL & PV component
technologies enabling accelerated development

23
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