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SUMMARY

This technology development was concerned with improvements in the
reception and rectification of microwave power at the receiving terminal of a
free-space power transmission system and,more specifically, with its application
to the rectenna receiving array in the solar power satellite concept. In this
system, large areas of the array operate at relatively low power density levels,
A 20 percent improvement in the efficiency of elements operating at these levels
was obtained by a combination of circuit and diode redesign. GaAs-W Schottky
barrier diodes were designed and constructed to provide a lower voltage drop
across the diodes to improve efficiency,,

A major accomplishment was the adaptation of previous rectenna technology
to the more economically desirabhle two-plane construction format in which the
foreplane provides the functions of collection, rectification, filtering, and DC
power bussing and collection. A metal shield in the foreplane was designed to
provide environmental protection and to act as a structural element in the rectenna
array.

Improvements in measurement and analytical techniques that were achieved
were: mathematical modeling and computer simulation of the basic receiving
element that checked out well with experimental data; quantitative measurement
techniques for experimentally measuring diode and circuit losses; and an accounting
method for balancing the microwave power input against the sum of DC power output
and diode and circuit losses to achieve better confidence in efficiency measure-
ments.
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1.0 INTRODUCTION

The RF to DC Collector/ Converter technology development with which this
report is concerned is in support of the larger ' ~chnoiogical development o free
space power transmission by means of a microwave beam. The efficient free-
space transportation of energy by electromagnetic beam brings a new three-
dimensional aspect to the transfer of electrical power and permits the coupling of
terrestrial power transmission systems to power sources and sinks located 'n the
earth's atmosphere and space.

This report relates to the application of free space power transinission in
which the sun's energy is captured in equatorial geosynchronous crbit, converted
to electrical power, and then sent to Earth by means of a microwave beam. At
the earth's surface the raicrowave power is efficiently ccllected and converted
back into DC electrical power. Improvements in the performance of this receiv-
ing system and its reduction to a practical design are the specific subject
matter of this report.

To place the work to be reported upon in proper perspective, it is desirable
to define and review tne technology ef free-space power transmission with partic-
ular emphasis upon prior RF to DC collector/converter technology.

1.1 Description of [ree-space power transmission by microwave beam and
its early development.

Free-space power transmission by microwave beam is defined as the
efficient point-to-point transfer of ener% through free space by a highly collima-
ted microwave beam. As a technology it includes the interchanging of dc and
mic:owave power at the transmitting and receiving ends of the system. Frecc-
space is defined to exclude the use of any physically injected material such as
waveguides or reflectors between the transmitting and receiving points of the
system but not to exclude the presence of gaseous, liquid, o: congealed material
that exists naturally in the earth's atmosphere.

Free-space power transmission as a technology is differentiated {rom
the use of microwaves in free space for point to point communication purposes by
its very high efficiency and by the magnitude of the power which is handled at the
receiving point - being in many cases over 90 percent of the microwave power
launched at the transmitting point. The efficient collection and conversion of this
incoming microwave power to conventional electrical power comprises a unique
technolegy which bears little relationship to the traditional methods of recciving
and processing microwave energy in communication and radar applications.

The concept of power transfer by radio waves was first pioncered by
Tesla (2), (3) at the turn of the century, An acknowledged genius in low~frequency
electric power generation and distribution, Tesla became interested in the
general concept of resonance and sought to apply this to the transmission of
electrical power from one point to another without wires. He built a large " Tesia
coil'" with which he hoped to produce oscillations of clectrical energy around the
surface of the earth and set up standing waves into which he could immersec his
receiving antennas at the optimum point.

NEEHANNG PAGE BLANK NOT FILMK®
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With the advantage of historical perspective, we recalize that these
experiments were decades ahead of the unfolding of a technology that could ac-
complish his objective. This new technology was based upon the early micro-
wave experiments of Hertr (4), but had to await the development of efficient gen-
erators of microwave power. This capability began to emerge with the micro-
wave generators developed for the radar of World War Il and later for microwave
communications.

The event which directly precipitated interest in the use of micro-
waves for power transmission was the support of the development of super-power
microwave tubes by the Departmenat of Defense in the early 1960's, 5). This
program resulted in high-efficiency tubes with such high power * "ndling capability
(several hundreds of kilowatts) that the use of microwaves for t : efficient trans-
fer of large amounts of power became a distinct feasibility.

The first demonstration of the efficient transmission of meaningful
amounts of povvergay microwaves took place at the Spencer Laboratory of Raytheon
Co. in May 1963 (6), In this first demonstration, shown in Figure 1-1, the means
used for collecting the power at the receiving end of the system utilized conven-
tional antenna technology in the form of a pyramidal horn. The means used for
rectifying the microwave power to DC power was a close~spaced thermionic diode.
Neither of these technologies was completely satisfactory. The receiving horn
was highly directive and because of the difficulty of matching its antenna pattern
to that of the incoming beam its collecting efficiency was only 87%. The rectifier
efficiency was only 50%.

Nevertheless, as a result of this demonstration the Rome Air Develop-
ment Center of the Air Force became interested in the concept of a microwave
powered platform for communication purposes. The Raytheon proposal of a
microwave powered helicopter to accomplish this objective and the resulting con-
tract became crucial in determining the evolutionary path of the collegtion and
rectification of microwave power from a free-space microwave beam{7)It was

"recognized that the pyramidal horn would not be satisfactory because of a combi-

nation of its high directivity with the natural roll and pitch of the vchicle. It was
also recognized that the limitations of the close-spaced thermionic rectifier would
place severe limitations on the practicality of the platform. The '"rectenna'
device was proposed to the Air Force as a solution to this problem. The rectenna
device made it possible to simultaneously solve the directivity and antenna pat-
tern matching problems of microwave power collcction and at the same time make
practical use of the semiconductor device whose power handling capability had
prevented it from being seriously considered for a system in which significant
amounts of power were being handled.

The Raytheon Company actually demonstrated a microwave powered
helicopter using a rectenna prior to active work on the Air Force contract. but
the Air Force contract was the basis for an extension of the effort and severag
notable demonstrations, including a ten hour continuous flight of the vehicle(?),
Figure 1-2 shows the helicopter in flight, 1t was necessary, of course, to use
laterally constraining tethers to keep the helicopter on the microwave beam but
this limitation was later removed by a study and experimental confirmation
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Figure 1-1. First experiment in the efficient transfer of power sy means

of microwaves at the Spencer Laboratory of Raytheon Co. in May 1963. In
this experiment microwave power generated from a magnetron was trans-
ferred 5.48 meters and then converted with DC power with an overall effi-
ciency of 16%. A conventional pyramidal horn was used to colleci the energy
at the receiving end and a close-spaced thermionic diode was used to con-
vert the microwaves into DC power. The DC power output was 100 watts.




R

Figure 1-2. Microwave powered helicopter in flight 18.28 meters above a
transmitting antenna. The receiving array tor collecting the microwave

power and converting it to DC power was made up of several thousand point

contact silicon diodes. DC power level was approximately 200 watts. .
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that the microwave beam could be used successfully as a position reference in a
control system in an automa(t%d helicopter which would keep it self positioned
over the center of the beam 7,

This progression of efforts established the rectenna device as a.
probable solution to the collection and rectification problem in a broad class of
microwave power transmission applications, but much work remained to be done
to make it a practical device in the context of the SSPS type of application. The
opportunity to further evolve the rectenna device was largely the result of the
interest of the Marshall Space Flight Center in applying microwaye power trans-
mission to the transfer of energy and power betwsen satellites, (8) and the con-
tractual effort supported at Raytheon Company. ( )

In a2 more recent time frame very substantial advances in overall
system performance have been made. These advances include a certified overall
transmission efficiency of 54% starting with the DC power applied to the micro-
wave g?fx&rator and ending with the DC power out of the rectenna at the receiving
point. A particularly impressive demonstration was made at the Goldstone
facility of the Jet Propulsion Laboratory. In this demonstration power was trans-
mitted over a distance of 1.6 kilometers and a DC power output of over 30 kilo-
watts was obtained at the receiving point. (11, 12)

Table 1-1 presents a summary of the early chronology of the collec-
tion and rectification of microwave power. It will be noted that there was inter-
est in microwave power transmission prior to any (claé;iability of efficiently con-
verting microwave power directly into DC power.

TABLE 1-1
CHRONOLOGY OF COLLECTION & RECTIFICATION OF MICROWAVE POWER

1958 First interest in microwave power transmission
1958 No rectifiers available -~ turbine proposed and studied
1959-1962 Some government support of rectifier technology

(1) Semiconductors at Purdue lUniversity

(2) Magnetron analogue at Raytheon

1962 Semiconductor and close-spaced thermionic diode rectifiers made
available.
1963 First power transmission using pyramidal horn and close-spaced

thermionic diode rectifiers - 39% capture and rectification efficiency
not practical for aerospace application.

1964 RADC microwave powered helicopter application demanded non-
directive reception, light weight, high reliability.
1964 Rectenna concept developed to utilize many semiconductor rectifiers

of small power handling capability to terminate many small apertures
to provide non-directive reception and high reliability.
1968~ Continued development of rectenna concept to format with high powver
Present handling capability, much higher capture and rectification efficiency,
and potentially low production cost.




1.2 Major Microwave Collector-Converter Technology Developments

As a result of the early experience with the severe demands placad
upon the receiving portion of a free-space microwave power transmission system
and the discovery of the ability of the rectenna concept to cope with all of these
demands, the history of microwave collector/converter technology is almost ex-
clusively that of the development of the rectenna,

The following gencral requirements are placed upon the collector/
converter:

large aperture

high power handling capability

non-directive

high efficiency

ability to operate efficiently over a substantial frequency range
light weight

easy mechanical tolerances

ability to passively radiate any heat resulting from inefficient
operation

high reliability

very long life

minimal radio frequency interference

low cost.

The rectenna has been found to successtfully meet all of these require-
ments, with the possible cxception of radio frequency interference. RFI, however
in the form of harmonic power, is a special problem that confronts both the trans-
mitter and the receiver. Since the harmonic level must be down to such low
levels to meet non-interference requirements and meeting it by wave filters would
result in such higher cost and reduced efficiency, the proper solution may be to
have an allocation of frequencies for the harmonics that are generated in the
system,

The rectenna has gone through a number of development stages whose
nature was largcely determined by the motizational influences of the period and the
state of development of diodes. Thesec stages are outlined with the aid of Table 1-2.

The microwave powered helicopter application was the dominant carly
influence and was responsible for the initial development of two separate embodi-
ments of the rectenna concept. The very first rectenna, Figure 1-3.which estab-
lished its general properties made usc of a rectenna clement characterized by a
halfwave dipole antenna terminated in a full-wave bridge. This development was
based upon an carly study of the solid-state diode as an efficient rectifier of
microwave power by George 4) and its adaptation as a rectifier of frec-space
radiation by Brown, et al. (15, The rectenna clements were separated from
each other by approximateiy one-half wavelength, Unfortunatcly, such a con-
struction using the then existing point-contact diodes could not handle nearly
enough power density to be used for the demonstration of a microwave=-powcred
helicopter. A new configuration characterized by a densc compaction of diodes
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Figure 1-3. The first rectenna. Conceived at Raytheon Company, it was built
and tested by R. George of Purdue University. Composed of 28 hali-wave dipoles
spaced one-half wave-length apart, cach dipole terminated in a bridue-type recti-
fier made from four IN82G point-contact semi-conductor diodes. A reflecting
surface consisting of a sheet of aluminum was placed one-quarter wavelength
behind the array.

10

.




A

PR

in a string-like construction in which the diodes themselves were part of the
collection process as well as the rectification process was developed and usecd
successfully in the early helicopter work., (Figures l-2 and 1-4.)

In time coincidence with the demonstration of the helicupter, Hewlett
Packard Associates had developed a new physical format for a silicon Schottky
barrier diode with the potential for much greater reliability and power handling
capability than the point contact diode as well as offering considerably greater
efficiency. A number of these were forwarded by HPA for evaluation and their
superiority as rectifiers was confirmed by R.H. George (18), They were not put
into a rectenna element format.

In the time period from 1965 until 1970 there was no direct support of
rectenna development from either government or industry. During this time
period, the Air Force did support the develop.nent of a helicopter which would
automatically position itself over the center ol a microwave beam, a capability
necessary for the practical use of a microwave pow~red helicopter.

However, a substantial amount of development work on the rectenna
was carried out by W, C. Brown using private funds and