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HIGH INTENSITY LASER POWER BEAMING

FOR WIRELESS POWER TRANSMISSION

DANIEL EDWARD RAIBLE

ABSTRACT

This paper describes work supporting the development of a high intensity laser
power beamindHILPB) system for the purpose of wireless power transmission. The
main contribution of this research isllizing high intensity lasers to illuminateertical
multi-junction VMJ) solar cellsdevelopedoy NASA-GRC. SeveralHILPB receivers
are designed, constructed asmvhluatedwith various lasesto assesshe performance of
the VMJ cells and theeceiverundera vaiety of conditions. Severahatterssuch as
parallel cell bacKeeding, optimal receiver geomgtrlaser wavelengthnon-uniform
illumination and thermal effects at high intensities are investigatedbstantial power
densities are achieved, and suggest are made to improve the performaméethe
systemin future iterations. Thus far the highest amount of energy obtainedm a
receiverduring these tests was 23.77%@tts In addition, one VMJ cell was able to
achieve a power density ©8.6wattspercn?, ata conversion efficiency of 2%. These
experiments confirm that the VMdchnologycan withstandind utilizethe high intensity

laserenergy without damage and/or significant reduction in the conversion efficiency.
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CHAPTER |

INTRODUCT ION

Although the notion of wireless power transmissionasv almost 200 years old,
it remainsinnovative as everwhile developingtechnologypurstes the concept. New
advances in solidtatelight amplification bystimulatedemission ofradiation {aser$ and
photovdtaic (PV) technologes generate an opportunity to revisit this concept. The
implementation othe high intensity laser power beamingI(PB) system will extend
the capabilities oéxistingapplicatiors here on Earth, and create many new aesrfor

the exploration of our universe.

1.1  Overview and Applications of Wireless Power Transnission

Wireless power transmission is the process by which electrical energy is sent from
a power source to a load, without the use of conventional intercormedties. This is
ideal in applications where either an instantaneous amount or a continuous delivery of
energy is needed, butwvhere conventional conduction wires are prohibitively

inconvenient, expensive, hazardous or impossible.

1



The underlying physics afireless power tramsissionresembles that of wireless
communications, but with an important difference. Unlike information transfer, where
the percentage of received power mustohg sufficiently highenoughto recover the
signal, wireless power tramsssion places a critical emphasis on the maximum amount
of possible energy transfer and conversion efficiency. Ideally, a wireless power
transmission system would have the ability to transmit any amount of power to any point
in space, but practical lingitions such as conversion efficiencies at the source and the
receiver, and disturbances in the transmission medium will always limit the performance

of an implemented system.

Low-level and shortange wireless power transfer has found niche applications in
everyday life, such as with radicequency identification (RFID) tags, induction charging
of portable consumer electronics, electromagnetic card readers and transcutaneous energy

transfer (TET) systems in artificial hearts and other surgically implatgedeq8].

Wireless power transfer is a revolutionary concept whose full potéwisayet to
be realized. High intensity lonrgange transmission is an enabling technology,
extending the capabilities of existing applicatiarl facilitating the deslopmentfor
completely new paradigmsA HILPB system will have the potential to connect lunar
habitats, landing sites and powsants It will have the capability taleliver energy
indefinitely to remote vehicles and crafts such as unmanned aerialevébAV)
swarms, high altitude airships, orbiting satellites, etdreestrial robotic rovers and deep
space probesthereby increasing their coverage, autonomy and enduraAcdiigh

intensity long range wireless power transmission system could betausethy power

2



from a solar farm or a nuclear reactor to the dark side of the moorgaarie easily

reconfigured to serve as a flexible virtual power grid.

The concept of a long range wireless power transmission system hashieeein
of its practical implementation for a long time, bustbap is shrinking The current state
of the art in technologys providing fora high intensity long range wireless power
transmission system to be designed using meommercial off-the-shelf (COTS)
components. Theastapplication ptential makes the pursuit of ¢\HILPB system a

worthwhile endeavor.

1.2  Existing Work in Wireless Power Transmission

The discussion of significant amounts of wireless power transmission began with
Nikola Teslanear the end of the nineteenth century. Tesla built upormpregous
research in radio transmission to successfully design, construct and demonstrate several
wireless power transmitters. His designs were operated on the principles of
electromagnetic dhiation through tuned circuitry. Although he could power light bulbs
and vacuum tubes within the vicinity of his transmitters, Tesla had a much broader vision
for where his technology should be used. Rather than isiging copper conductors on
wooden ples in an effortto connect the country to a power distribution grid, he

envisioned a worldwide system of radiated energy. His large scale experiments probed



the very fabricof our Earths el ect r i c al c oimanh effort to exploitit har ac

for this purpose.

Although Tesla was not afforded an opportunity to complete his research, much
of his work is being revisitetbday for applications such as virtual lightning rods and
weaponry. The potentially volatile nature of this technoldgg tothe large amounts of
uncontrollable radiated energyas partially prevented it from gaining support for

wireless power transmission applications.

Around the middle of the twentieth century, research on applying microwave
communications technology to wirgke power transmissiowas started This work
mainly focused on utilizing the technology to transmit energy from solar power satellites
down to Earth, or to provide power and propulsion to other spacec®afieral large
scale ground based microwave destoators have been constructed and operatdzd
drawback to this technology is thatiamowaves havevery long wavelengthswhich
exhibit a moderate amount of diffraction over long distances. ridusssitates arge
power receiver dish, which limits tHikexibility of this technology to certain applications.
The ability for HILPB to focus large amounts of power to a small aperture across long
distances is what separates it from the microwave technology, and this broadens the

number of potential applidans for the technology.



1.3 New Approaches, Laser Power Beaming

SinceSc hawl ow a paly patented idedssat Bell Laldsgnd 2] which
led to the development of laser technologyiyeless power transmissiomas been a
considered applicationThel aser 6s efficient atmospheric
ability to deliver large amounts of photonic energy tenaall aperture make it an ideal
source for wireless power transmission. Original research proposed the use of lasers to
provide thermal engy for beamed energy propulsion to spacecraft. Later, it was
proposed to use the laser with a photovoltaic receiver, to effectively beam electrical
power from one location to another. The main limiting factors to the laser power
beaming (LPB) system atke conversion efficiencies of the laser (electrical to photonic)
and the photovoltaic cells (photonic to electricallhe advancement of both of these
technologies is allowing for greater power handling capacities and conversion
efficiencies. However,ldhough there are a variety of photovoltaic cells on the market
approaching conversion efficiencies of 40 % (such as triple junction cells), these

technologies cannot operate at intensities 1000 times or greater than that of the sun.

This work proposede use of verticamulti junction (VMJ) photovoltaic cells for
utilization in thelaser power beaming applicatioithese cellswere originally developed
by NASA-GRCscientists and are currently produced by Photovolt,fordiigh intensity
solar energy applicationgreater thar500 suns), such gsarabolic and Fresnalolar

concentrators.VMJ cells offerhigh power density and conversion efficiescthrough



the use of edgéluminated semiconductor junctiorend can perate at favorable laser

wavelengths.

1.4  Research Objectives

The first objective of this work is to design, construct and tegteliminary
engineering model of &ILPB receiver as a proaif-concept hardware device. The
receiver needs to meet thieermal and electrical demands of the system, and will be
tested with various laser sources to evaluate the performance of the VMJ cells for this
application. Next, the receiver design needs to be refined, in order to demonstrate
substantial power dens#s and conversion efficienciesThis will be accomplished by
investigating matters such as the paratkdl backfeeding, optimal receiver geometry,
nontuniform illumination and thermal effects at high intensities. New iterations of the
receiver will bedesigned, constructed and tested to support these investigations and to
provide solutions to problems encountered during development. Fsadjigestionsvill
be madeto improve thefuture performance of the desighbased on the analysis of the

data cdected from these experiments



15 Document Overview

This paper is organized as follows: Chapter 2 investigates the history of wireless
power transfer, from the early days of induction and electromagnetic radiation, to
microwave power transmission anddlly laser power beaming. The enablidy and
laser technologies fdfILPB are discussed in Chapter Bhe experimentapparatusre
described in Chapter 4, including the desigmstruction and validation of thelLPB
receivers and the supportingeelronics. Chapter 5 contains the experimental results and
conclusions concerning issues such as parallel cell arrayféagding, optimal receiver
geometry and proper laser wavelengths to maximize conversion efficiency, the impact of
nontuniform beam diibution and thermal effects at high intensities. Finally, Chapter 6

offers a summary of the results and suggestions for future work.



CHAPTER Il

HISTORY OF LONG -RANGE WIRELESS POWER TRANSFER

From the beginnings of wireless power transfer with the prolific Tesla literally
igniting the world on fire with his kilovadt of energy, the prospects of a large scale
system have engaged many researchers to push the technology further. Airships, lunar
bases and spacecraft applications have been identified as benefactors of this concept, and
as the technology progresses so do the capabilities of the wireless powenissios

systems.

2.1 Electromagnetic Radiation

The origins of wireless power transfegin be traced back tbe first half of the
nineteenth centuryvith the invention of the electromagnet by William Sturgeon, the
discovery of electromagnetic induction by Michael Faradend the mathematical
modeling of electromagnetic radiation by Jameaxiell. These discoveries were
combined and demonstrated by Nicholas Call

Gugl i el mo Mawacvoenitérsa ntsemrittzt er apparatus, but

8



coupledtunedcircuit oscillator that the concepf wireless power tramsissionbecame
widely known. His vision of a "world system for the transmission of electrical energy
without wires"[3, 4 and 5]led him to design his own transmitter, whose power handling
capacity was five ordersf-magnitude grear than those of its predecessoltsconsisted

of two flat coil variations of his Tesla coil design, witte capability to tune its operating

frequency.

Tesl ads apparatus was demonstrated as
laboratories. While conductirgn experiment, his electrmechanical oscillators started
to generate a resonant frequeneythe surrounding buildings, causing them to shake
violently. As the speed of the oscillators grew, he hit the resonant frequency of his own
laboratory, and hadot terminate the experiment with a sledgehammer to avoid a
catastrophe. During these experiments, the radiated energy lit up vacuunwitiioes
the proximity of the oscillatorsproviding impressiveevidence for the potential of
wireless power transmissio This type of electrical conduction (the movement of energy
throughspace and matter, and not just the production of voltage across a conahastor)

named the Tesla effect.



No. 645.576. Patented Mar. 20, 1900,
N. TESLA. a1sktod:Mar

SYSTEW OF TRANSHISSION OF ELECTRICAL ENERGY.
Chpplisation Wit Begst, B, V09T
(Ne Nedel)

’ ./

{ A : | M
?&&E G
R

WITHESSES INVERTOR

M Siuteobn. Teado_

ATTORNEIS,

Figure 1. T e s IWaebess Energy pparatug3]

Tesla demonstrated his wireless power transmission method to thequéslibe
next few years, including the 1893 World Fair at Chicago where he powered fluorescent
lamps ad single node bulbs with his apparatus. He delivered a well received
demonstrabn lecture to the Institute of Electrical Engineers (IEE) in London and the
American Institute of Electrical Engineers (AIEE) in New York Cityhich fueled his
desire to design and construct a large scale wireless power transmission demonstrator.
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Figure 2: T e s WadbessEnergy Lecture Wikipedia

By 1900, he applied for patents describiimgprovements to his system
[3, 4 and5], and he began construction a$ eargel187 footWardenclyffe Tower facility
on Long Island to conduct his higloltage, highfrequency experiments. The main focus
of Wardenclyffe was to serve as a wireless pomansmission facility, andllow him to
increase the intensity of the g@ated electrical oscillations. This was to be the first of
many such installations around twerld, thus creating a global system of mudtiannel

broadcasting and wireless industrial transmission of electric power.
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At Wardenclyffe, he operated across a range of frequencies frdidz1to
100kHz at powersupto 1L.5MWn an effort to excite and
resonant LC circuits through the ionosphere and the natural ground. Excitatieseat th
frequencies would yield the most economical method of power transmission, and his
apparatus indicatecheaefficientrange between 3035 kHz Under certain conditions, he
found that he could send pulses of electricity through the air with undiminsstesajth
by setting up a longitudinal acoustype compression wave, rather than an
electromagnetic Hertantype transverse wave. He could also include a stationary
resonant wave within the eatitnosphere cavityas well asaddan 8 Hz component to
resonate with the Baetdarnhing she Bostleflicraat methofithe v i t vy

wireless transmission of powérhese preliminary experiments revealed much about the
12
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electrical nature of Earth, from its resistivity, capacitance and inductancehesel t
findings convinced Tesla that his large scale construction would not only work, but

would be the beginning ajreatertechnologies

"As soon as [the Wardenclyffe facility is] completed, it will be possible for a
business man in New York to dictatesiructions, and have them instantly appear in type
at his office in London or elsewhere. He will be able to call up, from his desk, and talk to
any telephone subscriber on the globe, without any change whatever in the existing
equipment. An inexpensivestrument, not bigger than a watch, will enable its bearer to
hear anywhere, on sea or land, music or song, the speech of a political leader, the address
of an eminent man of science, or the sermon of an eloquent clergyman, delivered in some
other place, hoever distant. In the same manner any picture, character, drawing, or print

can be transferred from one to another placé N Tesla[6]

Unfortunately the Wardenclyffe Tower facility was never fully completed, due to
Tesl ads e c o rpartmlly cesulting frahsthei Us Patent Office revokihis
earlier patent for the radio and awarding it to Marconi. By 1917, the tower was

dismantled, and his large scale vision of wireless power transmissidonfaied.

The viability of such a largecaleelectromagnetic radiatiosystem has yet to be
demonstrated, and faces the key challenges of efficiently coupling power into and out of
the earthionosphere cavity through its resonant modes, and in devising a small and
efficient receiver 7]. Implementabn concerns such as safety, susceptibility to weather
and environmental impadtave also limited the pursuit of this form of wireless power

transmission.
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Recentl vy, a group of researchers at M1
idea of transporting reergy over a distance without a carrier medium using
electromagnetism. They identified the impracticality of radiating the energy@ram
directional manner, due to the large amount of energy that is wasted into free space. The
focus of tleir researchs on directional (rather than radiated) power transfer atramge
distances (where the length of the transmission equals antdtiples ofthe size of the
device) for autonomous mobile electronics applications such as laptops and cell phones.
This isachieved by establishing near field resonant coupling between the objects, upon
which energy can be transferre8].[ A demonstrator of this system has been constructed
using selresonant coils, and has achieved a transfer of 60 watts witha éfiiciencg
over distances in excess of 2 met&js [The approximate practical transmission distance
of this scheme is 8 times the radius of the cailkich would be the primary limiting

factor when considering the end applications

2.2 Microwave Power Transmisson

Following the World War Il development dfigh-power microwave emitters
(calledcavity magnetronsthe idea of using microwaves for wireless power transfer was
researched. One of the main pioneers ©f ¢bncept ofmicrowave power transmission
(MPT) was William Brown who in 1964 on CBS News with Walter Cronkite
demonstrated a microwaymwered model heligaer that received all of its flight power

from a microwave beani]. MPT for a proposed micrbelicopter application was later
14
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revisited and demonstrated using a 1.3 GHz continuous wave at 1 watt of transmitted

power, nearing efficiencies of 34 [11].

Figure 4: W. C. Brownwith MPT Helicopter[10]

Brown later served as technical director ofIRL-Raytheonprogram between
1969 and 1975 that beamed B over a distance of 1 mile at 84 efficiency. Further
MPT experiments in the tens of kilowatts have bemmductedat the JPLGoldstone
Deep Space Communications CompiexCalifornia in 1975 12, 13 and ¥] and more

recently (1997) at Grand Bassin Beunion Island15].
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Figure 5: JPLGroundto-Ground MPT ExperimerjtL2]

Following the MPT research of W.Brown, notable field experiments have been
conducted such as the Stationary High Atte Relay Platform (SHARPn Canada
which utilized 2.45 GHz to successfully power a large scale fuel free airt8hft The
SHARP concept envisions a microwave powered airplane circling at a 21 km altitude for
the purpose of distributingelecommunications services within a 600 km region. A 1/8

scale model of the aircraft was constructed and successfully flown.
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Figure 6: 1/8 SHARPFlight ExperimentModel[16]

A similar fuelfree airplane flight experiment using a MPT phased array with
2.411 GHzm 1992 was conducted in Japai][ The target application was another high
altitude long endurance airship. A rectelfrectifying antennajvas designed to employ
a dual polarization technique to double the microwave power flux density, and this array
was mounted on an airship which had a successful microwave powered flight test lasting
3 minutes and a demonstratexdiio frequencyto direct currentconversion efficiency of

81%.
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Figure 7: Phased Arrajodel Airplane Experimenitl7]

One patrticular endoatmospheaipplication ofMPT is to provide power to pulsed
particle accelerator®f an ion propulsion mode Micid/ave Light Craft (MWLC). This
type of vehicle would be able to tdeve hypersonic velocities d00 to 1000X cost
reduction over conventional chemicaropulsion methods. This concept was
demonstrated in 2003 by transmitting 3 kW of 5.85 Ghz microwave power to a remote
rectenna 18] . The rectenna delivered 6 kV to
applied a torqueo the charged hull for pitch anll maneuvers(Figure 8). This

demonstrated the feasibility of usiMPT for endoatmospheric ion propulsion.
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