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ABSTRACT 

This paper describes work supporting the development of a high intensity laser 

power beaming (HILPB) system for the purpose of wireless power transmission.  The 

main contribution of this research is utilizing high intensity lasers to illuminate vertical 

multi-junction (VMJ) solar cells developed by NASA-GRC.  Several HILPB receivers 

are designed, constructed and evaluated with various lasers to assess the performance of 

the VMJ cells and the receiver under a variety of conditions.  Several matters such as 

parallel cell back-feeding, optimal receiver geometry, laser wavelength, non-uniform 

illumination and thermal effects at high intensities are investigated.  Substantial power 

densities are achieved, and suggestions are made to improve the performance of the 

system in future iterations.  Thus far, the highest amount of energy obtained from a 

receiver during these tests was 23.7778 watts.  In addition, one VMJ cell was able to 

achieve a power density of 13.6 watts per cm
2
, at a conversion efficiency of 24 %.  These 

experiments confirm that the VMJ technology can withstand and utilize the high intensity 

laser energy without damage and/or significant reduction in the conversion efficiency.  
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CHAPTER I  

INTRODUCT ION 

Although the notion of wireless power transmission is now almost 200 years old, 

it remains innovative as ever while developing technology pursues the concept.  New 

advances in solid state light amplification by stimulated emission of radiation (lasers) and 

photovoltaic (PV) technologies generate an opportunity to revisit this concept.  The 

implementation of the high intensity laser power beaming (HILPB) system will extend 

the capabilities of existing applications here on Earth, and create many new avenues for 

the exploration of our universe. 

1.1 Overview and Applications of Wireless Power Transmission 

Wireless power transmission is the process by which electrical energy is sent from 

a power source to a load, without the use of conventional interconnecting wires.  This is 

ideal in applications where either an instantaneous amount or a continuous delivery of 

energy is needed, but where conventional conduction wires are prohibitively 

inconvenient, expensive, hazardous or impossible. 
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The underlying physics of wireless power transmission resembles that of wireless 

communications, but with an important difference.  Unlike information transfer, where 

the percentage of received power must be only sufficiently high enough to recover the 

signal, wireless power transmission 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 limitations 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 short-range wireless power transfer has found niche applications in 

everyday life, such as with radio-frequency identification (RFID) tags, induction charging 

of portable consumer electronics, electromagnetic card readers and transcutaneous energy 

transfer (TET) systems in artificial hearts and other surgically implanted devices [8].   

Wireless power transfer is a revolutionary concept whose full potential has yet to 

be realized.  High intensity long-range transmission is an enabling technology, by 

extending the capabilities of existing applications and facilitating the development for 

completely new paradigms.  A HILPB system will have the potential to connect lunar 

habitats, landing sites and power-plants.  It will have the capability to deliver energy 

indefinitely to remote vehicles and crafts such as unmanned aerial vehicle (UAV) 

swarms, high altitude airships, orbiting satellites, extra-terrestrial robotic rovers and deep 

space probes, thereby increasing their coverage, autonomy and endurance.  A high 

intensity long range wireless power transmission system could be used to relay power 
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from a solar farm or a nuclear reactor to the dark side of the moon, and can be easily 

reconfigured to serve as a flexible virtual power grid.     

The concept of a long range wireless power transmission system has been ahead 

of its practical implementation for a long time, but this gap is shrinking.  The current state 

of the art in technology is providing for a high intensity long range wireless power 

transmission system to be designed using many commercial off-the-shelf (COTS) 

components.  The vast application potential makes the pursuit of the 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 Tesla near the end of the nineteenth century.  Tesla built upon his previous 

research in radio transmission to successfully design, construct and demonstrate several 

wireless power transmitters.  His designs were operated on the principles of 

electromagnetic radiation 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 stringing up copper conductors on 

wooden poles in an effort to connect the country to a power distribution grid, he 

envisioned a worldwide system of radiated energy.  His large scale experiments probed 
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the very fabric of our Earthôs electrical conduction characteristics in an effort to exploit it 

for this purpose.   

Although Tesla was not afforded an opportunity to complete his research, much 

of his work is being revisited today for applications such as virtual lightning rods and 

weaponry.  The potentially volatile nature of this technology due to the large amounts of 

uncontrollable radiated energy has 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 wireless power transmission was 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 spacecraft.  Several large 

scale ground based microwave demonstrators have been constructed and operated.  The 

drawback to this technology is that microwaves have very long wavelengths which 

exhibit a moderate amount of diffraction over long distances.  This necessitates a large 

power receiver dish, which limits the flexibility 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 applications for the technology. 
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1.3 New Approaches, Laser Power Beaming 

Since Schawlow and Towneôs early patented ideas at Bell Labs [1 and 2] which 

led to the development of laser technology, wireless power transmission has been a 

considered application.  The laserôs efficient atmospheric propagation window, and its 

ability to deliver large amounts of photonic energy to a small aperture make it an ideal 

source for wireless power transmission.  Original research proposed the use of lasers to 

provide thermal energy 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 are the conversion efficiencies of the laser (electrical to photonic) 

and the photovoltaic cells (photonic to electrical).  The advancement of both of these 

technologies is allowing for greater power handling capacities and conversion 

efficiencies.  However, although 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 proposes the use of vertical-multi junction (VMJ) photovoltaic cells for 

utilization in the laser power beaming application.  These cells were originally developed 

by NASA-GRC scientists and are currently produced by Photovolt, Inc. for high intensity 

solar energy applications (greater than 2500 suns), such as parabolic and Fresnel solar 

concentrators.  VMJ cells offer high power density and conversion efficiencies through 
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the use of edge-illuminated semiconductor junctions and can operate at favorable laser 

wavelengths.   

1.4 Research Objectives 

The first objective of this work is to design, construct and test a preliminary 

engineering model of a HILPB receiver as a proof-of-concept hardware device.  The 

receiver needs to meet the thermal 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 densities and conversion efficiencies.  This will be accomplished by 

investigating matters such as the parallel-cell back-feeding, optimal receiver geometry, 

non-uniform illumination and thermal effects at high intensities.  New iterations of the 

receiver will be designed, constructed and tested to support these investigations and to 

provide solutions to problems encountered during development.  Finally, suggestions will 

be made to improve the future performance of the design, based on the analysis of the 

data collected from these experiments. 
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1.5 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 and finally laser power beaming.  The enabling PV and 

laser technologies for HILPB are discussed in Chapter 3.  The experimental apparatus are 

described in Chapter 4, including the design, construction and validation of the HILPB 

receivers and the supporting electronics.  Chapter 5 contains the experimental results and 

conclusions concerning issues such as parallel cell array back-feeding, optimal receiver 

geometry and proper laser wavelengths to maximize conversion efficiency, the impact of 

non-uniform beam distribution and thermal effects at high intensities.  Finally, Chapter 6 

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

 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 kilovolts 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 power transmission 

systems.  

2.1 Electromagnetic Radiation 

The origins of wireless power transfer can be traced back to the first half of the 

nineteenth century with the invention of the electromagnet by William Sturgeon, the 

discovery of electromagnetic induction by Michael Faraday and the mathematical 

modeling of electromagnetic radiation by James Maxwell.  These discoveries were 

combined and demonstrated by Nicholas Callanôs construction of the induction coil and 

Guglielmo Marconiôs Hertz-wave transmitter apparatus, but it wasnôt until Nikola Teslaôs 
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coupled-tuned-circuit oscillator that the concept of wireless power transmission became 

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 orders-of-magnitude greater than those of its predecessors.  It consisted 

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

frequency. 

Teslaôs apparatus was demonstrated as early as 1891 in his New York 

laboratories.  While conducting an experiment, his electro-mechanical oscillators started 

to generate a resonant frequency in the surrounding buildings, causing them to shake 

violently.  As the speed of the oscillators grew, he hit the resonant frequency of his own 

laboratory, and had to terminate the experiment with a sledgehammer to avoid a 

catastrophe.  During these experiments, the radiated energy lit up vacuum tubes within 

the proximity of the oscillators, providing impressive evidence for the potential of 

wireless power transmission.  This type of electrical conduction (the movement of energy 

through space and matter, and not just the production of voltage across a conductor) was 

named the Tesla effect. 
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Figure 1: Teslaôs Wireless Energy Apparatus [3] 

Tesla demonstrated his wireless power transmission method to the public over the 

next few years, including the 1893 World Fair at Chicago where he powered fluorescent 

lamps and single node bulbs with his apparatus.  He delivered a well received 

demonstration lecture to the Institute of Electrical Engineers (IEE) in London and the 

American Institute of Electrical Engineers (AIEE) in New York City, which fueled his 

desire to design and construct a large scale wireless power transmission demonstrator. 



 

11 

 

 

Figure 2: Teslaôs Wireless Energy Lecture - Wikipedia 

By 1900, he applied for patents describing improvements to his system 

[3, 4 and 5], and he began construction of his large 187 foot Wardenclyffe Tower facility 

on Long Island to conduct his high-voltage, high-frequency experiments.  The main focus 

of Wardenclyffe was to serve as a wireless power transmission facility, and allow him to 

increase the intensity of the generated electrical oscillations.  This was to be the first of 

many such installations around the world, thus creating a global system of multi-channel 

broadcasting and wireless industrial transmission of electric power. 

http://en.wikipedia.org/wiki/Wireless_energy_transfer
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Figure 3: Teslaôs Wardenclyffe Tower - Wikipedia  

At Wardenclyffe, he operated across a range of frequencies from 1 kHz to 

100 kHz at powers up to 1.5 MW in an effort to excite and exploit the Earthôs inherent 

resonant LC circuits through the ionosphere and the natural ground.  Excitation at these 

frequencies would yield the most economical method of power transmission, and his 

apparatus indicated an efficient range between 30 ï 35 kHz.  Under certain conditions, he 

found that he could send pulses of electricity through the air with undiminished strength 

by setting up a longitudinal acoustic-type compression wave, rather than an 

electromagnetic Hertzian-type transverse wave.  He could also include a stationary 

resonant wave within the earth-ionosphere cavity, as well as add an 8 Hz component to 

resonate with the Earthôs Schumann cavity to determine the most efficient method of the 

wireless transmission of power. These preliminary experiments revealed much about the 
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electrical nature of Earth, from its resistivity, capacitance and inductance, and these 

findings convinced Tesla that his large scale construction would not only work, but 

would be the beginning of greater technologies:   

"As soon as [the Wardenclyffe facility is] completed, it will be possible for a 

business man in New York to dictate instructions, 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 inexpensive instrument, 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, however distant. In the same manner any picture, character, drawing, or print 

can be transferred from one to another place ..." ï N. Tesla [6]  

Unfortunately the Wardenclyffe Tower facility was never fully completed, due to 

Teslaôs economic hardship partially resulting from the US Patent Office revoking his 

earlier patent for the radio and awarding it to Marconi.  By 1917, the tower was 

dismantled, and his large scale vision of wireless power transmission was forfeited. 

The viability of such a large-scale electromagnetic radiation system has yet to be 

demonstrated, and faces the key challenges of efficiently coupling power into and out of 

the earth-ionosphere cavity through its resonant modes, and in devising a small and 

efficient receiver [7].  Implementation concerns such as safety, susceptibility to weather 

and environmental impact have also limited the pursuit of this form of wireless power 

transmission. 
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Recently, a group of researchers at MIT have revisited Nikola Teslaôs original 

idea of transporting energy over a distance without a carrier medium using 

electromagnetism.  They identified the impracticality of radiating the energy in an Omni-

directional manner, due to the large amount of energy that is wasted into free space.  The 

focus of their research is on directional (rather than radiated) power transfer at mid-range 

distances (where the length of the transmission equals a few multiples of the size of the 

device) for autonomous mobile electronics applications such as laptops and cell phones.  

This is achieved by establishing near field resonant coupling between the objects, upon 

which energy can be transferred [8].  A demonstrator of this system has been constructed 

using self-resonant coils, and has achieved a transfer of 60 watts with 40 % efficiency 

over distances in excess of 2 meters [9].  The approximate practical transmission distance 

of this scheme is 8 times the radius of the coils, which would be the primary limiting 

factor when considering the end applications. 

2.2 Microwave Power Transmission 

Following the World War II development of high-power microwave emitters 

(called cavity magnetrons), the idea of using microwaves for wireless power transfer was 

researched.  One of the main pioneers of this concept of microwave power transmission 

(MPT) was William Brown, who in 1964 on CBS News with Walter Cronkite, 

demonstrated a microwave-powered model helicopter that received all of its flight power 

from a microwave beam [10].  MPT for a proposed micro-helicopter application was later 

http://en.wikipedia.org/wiki/CBS_News
http://en.wikipedia.org/wiki/Walter_Cronkite
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revisited and demonstrated using a 1.3 GHz continuous wave at 1 watt of transmitted 

power, nearing efficiencies of 31 % [11]. 

 

Figure 4: W. C. Brown with MPT Helicopter [10] 

Brown later served as technical director of a JPL-Raytheon program between 

1969 and 1975 that beamed 30 kW over a distance of 1 mile at 84 % efficiency.  Further 

MPT experiments in the tens of kilowatts have been conducted at the JPL Goldstone 

Deep Space Communications Complex in California in 1975 [12, 13 and 14] and more 

recently (1997) at Grand Bassin on Reunion Island [15]. 

http://en.wikipedia.org/wiki/JPL
http://en.wikipedia.org/wiki/Raytheon
http://en.wikipedia.org/wiki/Kilowatt
http://en.wikipedia.org/wiki/Goldstone_Deep_Space_Communications_Complex
http://en.wikipedia.org/wiki/Reunion_Island
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Figure 5: JPL Ground-to-Ground MPT Experiment [12]  

Following the MPT research of W.C. Brown, notable field experiments have been 

conducted such as the Stationary High Altitude Relay Platform (SHARP) in Canada 

which utilized 2.45 GHz to successfully power a large scale fuel free aircraft [16].  The 

SHARP concept envisions a microwave powered airplane circling at a 21 km altitude for 

the purpose of distributing telecommunications 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 SHARP Flight Experiment Model [16] 

A similar fuel-free airplane flight experiment using a MPT phased array with 

2.411 GHz in 1992 was conducted in Japan [17].  The target application was another high 

altitude long endurance airship.  A rectenna (rectifying antenna) was 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 demonstrated radio frequency to direct current conversion efficiency of 

81 %. 
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Figure 7: Phased Array Model Airplane Experiment [17] 

One particular endoatmospheric application of MPT is to provide power to pulsed 

particle accelerators for an ion propulsion mode Micro-Wave Light Craft (MWLC).  This 

type of vehicle would be able to achieve hypersonic velocities at 100 to 1000X cost 

reduction over conventional chemical propulsion 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 a special óIon Breezeô engine, which 

applied a torque to the charged hull for pitch and roll maneuvers (Figure 8).  This 

demonstrated the feasibility of using MPT for endoatmospheric ion propulsion. 


