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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.
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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.
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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 time during thel967 to
1968 time period. (19] This work was primarily aimed at designing a very light
weight rectenna structure which utilized a rectenna element format consisting of
a half-wave ?11905% antenna terminated in a full-bridge rectifier made up of HPA
2900 diodes '" ? ) (Figure 1-5.) This work was important in that it established
the physical format of the recienna development effort that was to be undertaken
later at MSFC and that was also to be supported under MSFC contract at Raytheon
Company. It was also used in a demonstration of microwave power transmission
to the MSFC Director, Werner von Braun, and his staff. This demonstration may
have been a decisive factor in a decision to undertake the support of this work at
MSFC during a time period of NASA contraction.

In Spetember 1970 a demonstration involving the measurement of tl.c
various efficiencies in complete microwave power transmission system (DC .
DC) was made at Marshall Space Flight Center ( 8) (Figure 1-6). The rectena
used for this purpose, Figure 1-7, employed rectenna eclements patterncd afier
those just discussed but developed to the point where their individual capturc and
rectification efficiencies approximated 70%. The configuration is important in
the context of rectenna development for sateliite power stations in that the collec-
tion, rectification, and DC collection was performed in a single planc positioned
approximately a quarter wave-length above the reflection planc. This is the in-
tended approach whose development was a part of the activity under this contract.

The MSFC demonstration of 1¢70 (8) indicated a number of deficien-
cies in the system including a rectenna coi'ection cfficicncy of only 74 Jo versus
the theoretical maximum of 100%. This lew collection cfficicncy was associated
with improper spacing of the rectenna elements from cach other in the rectenna

array.

It was therefore decided to spacc the clements more closely to cach
other and, in addition, terminate the DC output of each rcctenna element in a

1l




Figure 1-4. The special rectenna made for the first microwave-powered
helicopter. The array is 0.6 meters square and contains 4480 IN82G point-
contact rectifier diodes. Maximum DC power output was 200 watts.

Figure 1-5, Greatly improved rectenna made from improved diodes (HP2900)
which are commurcially available. The 0.3 meter square structure weighs
20 grams and can deliver 20 watts of output power,
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Figurc 1-7. Close-up view of first rectenna developed by Raythcon under MSFC
contract, Microwave collector, rectification, anc DC bussing of rectified power
are all carried out in onc plane. Rectenna elemerts arc connected in serics,

ORIGINAL PAGE i&
14 OF POOR QUALITY




4]
oF |

=3

R
.

J

]

separate resistor to obtain a much greater range of data on the behavior of the
rectenna. This latter decision involved a change in the manner in which the DC
power was collected and instrumented.(20) The output of each rectenna clement
was brought back through the reflector plane. This arrangement shown in
Figure 1-8 provided such an enhanced capability to study and understand the per-
formance of the rectenna that it was retained in the further development of the
rectenna. (See Figure 1-9 for the later adaptation to a more recent MSFC

rectenna.) The construction, however, is not economical and is not recommen-
ded for most applications,

The changed collection geometry as shown in Figure 1-8 improved the
collection efficiency to about 93%. Other changes improved the overall transmis-
sion, collection, and rectification considerably

Because the diode rectifier is such an important element in the collec-
tion and rectification process, a search for diodes which would improve the effi-
ciency and power handling capability of the rectenna has been a continuing proce-
dure. In 1971, Wes Mathei suggested that the Gallium Arsenide Schottky-barrier
diode that had reached an advanced state of development for Impatt devices might
be a very good power rectifier and provided a number of diodes for testing.(l’ )
These devices were indeed much better. Their revolutionary behavior in terms
of higher efficiency and much greater power handling capability rapidly became
the basis for the planning of improved rectenna performance.

The knowledge of the superior performance of this device was coinci-
dent with the advancement of the concept of the Satellite Solar Power Station by
Dr. Glaser of the A.D. Little Co. (21)" The earliest investigation of a rectenna
design for this concept indicated that the economics of its construction would be
crucial and that mechanical and electrical simplicity of the collection and rectifi-
cation circuitry would be of paramount importance. This factor, combined with
the fact that no harmonic filters had existed in previous recterna element designs
but would be necessary in any acceptable microwave power transmission systern;,
motivated a completely new direction of rectenna element development. This new
direction was the development of a rectenna element employing a single diod¢ in a
half-wave rectifier configuration with adequate wave filters to attenuatc the radia-
tion of harmonics and to store energy for the rectification process.

The construction of such a rectenna element and its insertion into a
DC bus collection system is shown in Figure 1-9. This rectenna element was used.
in the last phase of the MSFC sponsored work at Raytheon to construct a rectenna
1.21 meters in diameter which was illuminated by a gaussian beam horn (Figure

1-10). The combined collection and rectification efficiency of this rectenna was
measured at 8(%.

A lower cost and slightly more efficient form of this rectenna element
was developed for the RXCV work sponsored by NASA at JPL. This element is
shown in Figures 1-11 and 1-12, together with a greatly simplified equivalent

electrical circuit of the device. The same electrical circuit applies to the MSFC
rectenna element of Figures 1-G and 1-10,

15
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Figure 1-8, Experimental sct-up comprised of dual-mode horn and improved
rectenna. The efficiency ratio of the de power from the rectenna to the
mic rowave power at the input to the dual-mode horn was measured and tound
to be 60.2%.
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Sketch of the Marshall Space Flight Center rectenna which was

Figure 1-9.
constructed in spring of 1974.
the two section input low pass filter,
ment and by-pass capacitor.

Cutaway section of rectenna element shows
the diode, and a combination tuning ele-

co N Y | 1 4 |

2

Figure 1-10. Photograph of the MSFC rectenna constructed in 1974 under
test. Horn at left of picture illuminates the rectenna (white pancl) with a
Gaussian distribution of power. Rectified DC power is collected from rec-
tenna in circular ring path and dissipated in res.stive loads on the test panel

at the right.
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Figure 1-11, Simplified Electrical
Schematic for the rectenna element
used in the RXCV receiving array
at the Venus site of the JPL Gold-
stone facility.
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Figure 1-12, Photograph of rectenna element designed for JPL RXCV
demonstration at Goldstone. This element represents the departure point
for the technology development being reported upon,
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The last measurements of overall system efficiency and overall
rectenna efficiency were made in March of 1975 at Raytheon Company with the
experimental setup shown in Figure 1-1310 The rectenna elements used in the rec-
tenna array were those developed for the JPL RXCV demonstration at Goldstone
but optimized for performance at 2.45 GHz. In order to establish a greater
degree of credibility to the values of efficiency that might be obtained from the
setup the Quality Assurance department of the Jct Propulsion Laboratory super-
vised the taking of the data. The overall DC to DC efficiency was measured at
54, 18% with a probable error of + 0.54%. The overall collection efficiency of the
rectenna was mnre difficult to ascertain because of the inaccuracy in determining
the fraction of the generated microwave power which is intercepted by the rec-
tenna. The most probable efficiency, however, was 82%. A schematic of the
test set up and the breakdown of efficiencizs and inefficiencies is given in
Figure 1-~14.

The last major rectenna effort (11,12) to be reported upon is the
relatively large scale reception-conversion subsystem (RXCV) for a microwave
power transmission system located at the Venus site of the JPL Goldstone facility
in the Mojave desert. This effort was not undertaken as a technology development
as such but nevertheless gave useful output in terms of (1) confirmation of the
reliability and efficiency of advanced diode design, (2) evaluation of rectenna sub-
array performance with incident uniform power density, (3) protective measures
to be taken to guard against rectenna failure with accidental load removal or with
unusual wave-forms of the envelope of the transmitted microwave power, (4)
protection of the rectenna elements from the atmospheric environment. The rec-
tenna shown in Figure 1-15 consisted of seventeen subarrays each 1. 22 meters
square and containing 270 rectenna elements. The rectenna element shown in
Figures 1-11 and 1-12 that was designed for this application constitutes the point
of departure for the technology development program being reported upon.

The collection and conversion efficiency of this array was mcasured
to be 82% at a total DC output of 30 kilowatts.

1.3 Progress in Rectenna Efficiency Using Progress in Rectenna Elerent
Efficiency as an index.

The rectenna efficiency is given by the product of the microwave power
collection efficiency and the rectification or conversion efficiency. The maximum
theoretical collection efficiency is 100% and it has been measured at over 99%
efficiency by means of VSWR measurements of a probe in front of the array. The
validity of measuring collection efficiency by this.means rests upon a small
amount of power being reflected from the rectenna and upon a gaussian distribu-
tion of energy in the incoming wave and in the reflected wave. These conditions
are closely approximated b/ the set up shown in Figure 1-13 where the gaussian
illumination is laid down by means of a dual-mode horn.

If it is assumed then that the collection efficiency can be madc close
to 100%, it follows then that the efficiency of the conversion of the collected power

19
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Figure 1--13. Photograph of the microwave power transmission system at the-

Raytheor Co. in which a cesrtified overall DC to DC efficiency of 54% was ob-
tained in March 1975, Magnetron at left of picture converts dc power into
microwave power which is fed into the throat of the dual-mode horn, The horn
illuminates the rectenna panel with a gaussian distribution of power. Rectified
dc power is collected from the rectenna in circular ring raths and is dizsipated .
in recictive loads on the test panel at the right,
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Figure 1-14, Distribution of system and subsystem efficiencies {measured
and estimated) in the experiment to obtain a certified measurement of DC to
DC efficiency in March 1975 at the Raytheon Company.
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Figure 1-15, the 24.5 Square Meter Rectenna at the Venus Site of the
Goldstone Facility of the Jet Propulsion Laboratory., Power was transferred
by microwave beam over a distance of 1,6 km and converted into over 30 kW
of cw power which was dissipated in lamp and resistive load. Of the micro-
Wave power impinging upon the rectenna, over 82% was converted into dc power,
The rectenna consisted of 17 subarrays, each of which was instrumented separ-
ately for efficiency and power output measurements, Each rectenna housed

270 rectenna elements, each consisting of a half-wave dipole, an input filter
section, and a Schottky-barrier diode rectifier and rectification circuit., The

dc outputs of the rectenna elements were combined in a series-parallel arrange-
ment that produced up to 200 volts across the output load, Each subarray was
protected by means of a self-resetting crowbar in the event of excessive inci-
dent power or load malfunction. Each diode was self-fused to clear it from
short-circuiting the array in the event of a diode failure,
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into DC power is really the measure of the overall rectenna element efficiency
where the rectenna element is defined as shown in Figure 1-11.

The progress that has been made in rectenna element efficiency as
determined by test equipment to be described in Section 2.0 of this report is
shown in Figure 1-16. According to Figure 1-16 the efficiency has now exceeded
90%. The validity of this figure is the subject of discussion in Section 2.0 of this
report. The progress in efficiency is closely associated with the use of improved
diodes but the choice of circuitry is also important.

1.4 The Energy Problem and the Solar Power Satellite Concept as Factors
in Determining the Extent and Direction of Rectenna Development

The early stages of rectenna development were carried out in
response to the need for high altitude atmospheric platforms that could stay aloft
indefinitely propelled by the power beamed to them by microwaves, and for the
transmission of power from one vehicle to another in space where wire trans-
mission would be impractical. There was no generally recognized energy
problem at that time and certainly no general recognition that our budding spacc
capability could be associated with fulfilling an energy need should one exist.

Now, of course, the energy problem is well recognized, as it is also
recognized that the use of electrical power is growing at a faster rate than our
requirements for energy as a whole and that there is a strong indication that the
electrical growth rate will be further increased as energy consumers turn to elec-
trical power as a substitute for natural gas and oil. Unfortunately, the present
methods of generating electrical power pollute the environment and consume
natural resources at a prodigious rate. Under these circumstances it is only
rnatural that we turn to the sun and investigate it as an answer to our electrical
energy requirements. However, two serious problems confront us when we seek
to use if for this purpose. The first problem is its diffuse nature which makes it
difficult to capture in large amounts without enormously large and cxpensive
physical structures. The second problem is its low duty cycle and only partial
dependability. We can be certain of its unavailability at night, but never certain
of its availability in the daytime with an intensity sufficient for electrical encrgy
producing purposes.

Out in space in geosynchronous orbit, however, the sun is available
over 99% of the time and its inafrequent and short term eclipses by the carth can
be precisely predicted and planned for. That desirable condition would be of no
practical importance if it were not possible to place large cnergy collecting
arrays into synchronous orbit and_in some manner get that cnergy back to carth
where it is needed. Dr. Glaser (21, 22) was the first to point oui that we could
combine three technologies, all developed within the past 20 years, to accomplish
this task., These three technologies are (1) the new capability to transport mater-
ial into space, (2) the solar photovoltaic cell which dircctly converts solar flux into
DC electrical power, and (3) free space power transmission by mecans of a micro-
wave beam. As a result of this proposal and initial feasibility study performed by
a team made up of personnel from Arthur D, Little, Inc., Raythcon Company,

22




Figure 1-16,
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Progress in rectenna element efficiency as a function

of time,
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Grumman Aerospace Corgoration, and Textron Inc., the concept was accepted
for study by NASA. (23, 22) Subsequent studies supported by NASA (25, 26, 27)
have not only confirmed its technical feasibility but have established the possibi-
lity of it being economically competitive in the future with conventional and other
advanced approaches to electrical energy production.

One of these studies was devoted to the microwave power transmis-
sion system associated with the solar power satellite. (26) The study confirmed
the previous finding that to be most economical the power rating of the systems
would be large. The typical rectenna would receive over five gigawatts of micro-
wave power, and have an area of 70 square kilometers. The maximum power per
rectenna element would be 1,5 watts while the minimum would be 0. 15 watts, al-
though there is a good reason to believe that in the eventual system these power
levels may be increased by a factor of two. The rectenna would have to be fully
environmentally protected and have to meet cost goals by a low material cost per
unit area and by a low-cost material handling operation which would convert basic
materials into completed rectenna subarrays at high speed.

1.5 Objectives of the Technology Development Reported Upon in this

Report

The previous sections have been included to serve as a background
for understanding the appropriateness of the objectives of the technology develop-
ment to be reported upon, and for understanding the approaches to achieving
those objectives.

The broad objective of the effort covered in the subscquent sections
of this report is to improve those features of the rectenna which are important to
its function in a full scale solar power satellite system. One fcature of particu-
lar importance is the efficiency associated with the rating of the individual ecle-
ment in the system. Surprisingly the problem is not one of power handling capa-
bility since the element has more than enough power handling capability. The
problem lies rather in the reduced efficiency that is obtained at the lower power
levels which arc morec representative of the manner in which the rectenna is uscd
in the solar power satellitc, Hence, one objective was to do those things tc both
circuit and diode which would improve efficiencies at lower power levels.

Another objective was to develop better instrumentation and procec-
dures to provide better resolution in measurements and to provide a higher con-
fidence level in the efficicncy measurements being made. Finally, but of great
importance, was the first iteration of an clectrical and mechan.cal design aimed
at the high speed, low-cost fabrication of a fully environmentally protected rec-
tenna. The achievement of this latter objective is crucial to the credibility of the
economic aspect of the satellite power system.
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2.0 IMPROVEMENTS IN TECHNIQUES FOR MEASURING THE EFFICIENCY
AND LOSSES OF RECTENNA ELEMENTS; MATHEMATICAL MODELING
AND COMPUTER SIMULA TION OF THE RXCV REC TENNA ELEMENT

2.1 Introduction

As indicated in Section 1.0, there have been many improvements in
the rectenna over a period of time. One of the major improvements has bcen in
the overall efficiency of the rectenna. The overall efficiency is the product of
the absorption or collection efficiency and the conversion efficiency. Since it is
known that the absorption efficiency is theoretically 100% and that this has been
closely approached experimentally, the concern with respect to efficiency is now
centered upon the conversion efficiency which is a property of the rectenna
element. Improvements in conversion efficiency of the rectenna element through
circuit and diode improvements have been an important part of the current tech-
nology development contract.

As incremental improvements in the efficiency of the rectenna element
have become smaller, and as further techniques for improving the efficiency have
become less obvious, the need has arisen for more refined measurements. The
need exists for increased sensitivity of the measurements, for greater confidence
in the data from which the efficiency figures are computed, and for better repeat-
ability of measurements over an extended period of time. The need also exists for
a more accurate breakdown of where the losses are occurring in the structure.

There is also the need for a tool with which to examine the current
and voltage waveforms within this highly non-linear device in great detail - not
only to suggest improvements in efficiency but also to anticipate failure mechan-
isms to which the waveforms could contribute. This may best be done by means
of computer simulation.

A great deal of progress has been achieved in all of these arcas during
this technology development program. Much better quantitative data has been
obtained in the division between circuit losses and diode losscs in the rectenna
elements. This data is in the form of both expcrimental and computer simuiation
data. In general, there is good agreement between the two kinds of data. The
availability of this loss data has made it possible to prepare 2 balance shect
between the microwave power going into the system and the DC power and the
losses coming out of the system. A good balance between the input and the output
power and loss measurements, together with an estimate of the error involved in
each of the detailed measurements involved, leads to a better confidence in the

rectenna element efficiency.

The successful mathematical model’and computer simulation program
resulting from this study is potentially a tool of great importance. Although uscd
with some effectiveness in this study, its application was limited because of a
substantial cost involved in applying it more broadly and because of the greater
priority of other items within the contract.
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2.2  Techniques for Measuring the Efficiencv and Losses of Rectenna
Elements

2.2.1 Measurement Equipment

Raytheon Company, in part supported by contracts from Marshall
Space Flight Center and Jet Propulsion Laboratory, has established a number of
experimental t?ghniques which were used to advantage in this technology develop-
ment contract. () One of these techniques is the measurement of individual rec-
tenna element performance in an expanded waveguide fixture which tends to simu-
late its behavior and performance within the cell area that it occupies in the
rectenna. This is a closed system from which there is no microwave leakage.
The microwave input to the fixture can be calibrated to within 0.5% of the power
standard maintained at Raytheon and periodically checked at the National Bureau
of Standards at Boulder, Colorado., A photograph of this set up is reproduced in
Figure 2-1. The equipment is used to make accurate impedance micasurements
with the addition of a movable-probe VSWR indicator.

Another piece of equipment which was cffectively used in the
measurements program to improve rectenna element design is the unbalanced
version of the rectenna element and its associated coax-line test equipment. This
Piece of equipment is shown in Figures 2-2 and 2-3. The technique is to use a
ground plane to simulate one side of a balanced transmission line. This allows a
coax line to be connected to the rectenna element so that measurements can be
made over a very broad band of frequencies without the introduction of waveguide
modes which would occur in the set up of Figure 2-1. This feature can be used to
great advantage in the measurcment of harmonic power at the input terminals of
the low pass filter. Figure -2 shows a directional coupler placed before the
VSWR probe for this purpose. Another uscful aspect of the unbalanced set-uap is
that probes to the microwave current and voltage waveforms in the rectenna
circuit of the rectenna clement can be sct into the ground planc.

The ground planc test fixture can also be modified as shown in
Figures 2-4 and 2-5 to accommodate the two thermistors of a thermistor bridge
to measure the losses in the diode. This experimental technique is based upon
the fact that the heat sink of the diode cannot detect the diffcrence between heat
which is generated by microwaves and heat which is generated by DC power., The
thermistor bridge can thercfore be accurately calibrated with DC power dissipated

in the diode., The thermistor bridgc technique for measuring diodc dissipation
was developed under this contract

A very important test equipment is the complete microwave power
transmission system shown in Figurc 1-13 in which DC to DC cfficiency has been
certified - The major use of this equipment was to permit substitution of the
two plane rectenna construction developed under this contract into the rectenna
to determine its behavior in a full rectenna environment,

2.2.2 Calibration of Microwave Power I~ put

In a rectenna clement development program it is essential that the

value of microwave power input to the rectenna clement under test be accurately
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Figure 2-3. Close-up View of the "Split" Rectenna Elemernt Mounted
on the Ground-Planc Test Fixture.
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Figure 2-4, Tiagram of the Arrangement for Measuring Diode Losses
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View of the Back Side of the Ground-Plane Test Fixture
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Used in a Bridge to Measure the Diode Losses., The
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Heat Sink of the Heavy Brass Plate.




established. The efficiency of the rectenna element as given by the ratio of DC
power output to microwave power input depends upon it. Morcover in this devel-
opment dealing with refinements in efficiency, an efficiency improvemecnt of Ll
is important, It is therefore necessary that the measurement scnsistivity bhe
considerably less than 1%, and it is desirable that rcpeatability in the measure-
ment of efficiency be within a small fraction of 1%.

The microwave power standard that is used at Raytheon was
calibrated at 2450 MHz at the National Bureau of Standards in Boulder, Colorado
in the summer of 1975. The probable error in this calibration was x0,34% ™

It is estimated that another probable error of 0.5% is involved in
the calibration of the test set-ups at the two to ten watt level where the use of a
calibrated attenuator is necessary, and about 0.3% at the 100 milliwatt level.
The 100 milliwatt level is the same level as the calibrated standard so it is not
necessary to use calibrated attenuators at this power level. Calibrations were
made for both the expanded waveguide test fixture and for the fixture with the RF

Ground plane.

The block diagram for the calibration of the incident microwave
power upon the rectenna element test fixture with the use of the Raytheon micro-
wave power standard calibrated by the Bureau of Standards is shown in Figure
2-6. The power standard is placed at the point where the test fixture attaches
and the 432A power meter or other suitable power meter is calibrated against
this standard. This arrangement eliminates the errors in the calibration of the
directional coupler and in the power meter itself. A digital readout is uscd on
the power meter to eliminate operator error in reading the power meter.

Calibrations at the 90 milliwatt level and at the 4 watt level were
made for each of the two test fixtures., The microwave power standard itself is
calibrated at the 90 milliwatt level, It is therefore necessary to insert calibra-
ted incident power at the 4 watt level, The block diagram shows this attenuation
to be 15.95 dB.

Precaution is taken to climinate errors in the calibration of inci-
der.t microwave power, and errors in subscquent efficicncy measurements on
rectenna elements, caused by reflections of power at various interfaccs in the
system. The reading of power in the forward direction is affected by any rcflcee-
tion of reverse directed power from an impedance mismatch at the source. By
means of the three port circulator and the coax matching section, this reverse
directed power can be absorbed so well that the resulting forward directed power
can be held to less than one percent of the reverse directed power. The result of
this adjustment is that a change from a match condition to a full short at the input

N i e e e ¢

% The uncertainty of the accuracy of the microwave power standard will be a
major factor in obtaining an accurate efficiency mcasurcement on the rectenna
element, For this reason, the present calibration of the Raytheon standard
has been discussed with Mr. Paul Hudson, Program Chief, RF Power, Cur-
rent and Voltage Scction of the National Burcau of Standards, Boulder, Colo-
rado. His statement to me was that if a perfectly matched termination is
used on the atandard, a 2-sigma confidence level corresponds toa : 1w crror,
It follows that the probable error is t 0,347%,
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to the rectenna element test fixture will cause the measurement of incident
power to vary by only 1%. Since the measurement of rectenna element efficiency
takes place under reasonably well matched conditions, we can be well assured
that the measurement of incident power is affected to less than 0. 1% by reflected
power during any efficiency measurement of rectenna elements.

Likewise, any errors in the measurement of reflected power from
the expanded waveguide test fixture that might be caused by a mismatch in the
coax to waveguide transmission unit is eliminated by terminating the WR 430
waveguide at the normal point of attachment of the expanded waveguide test fix-
ture with a precision-matched waveguide termination load and then adjusting the
waveguide matching section near the coax to waveguide transition so that a minij-
mum of reverse power is indicated by the directional coupler.

In the use of the microwave power standard for calibration pure
poses, any reflected power from the standard and from the waveguide-to-coax
transition is matched out to a reflection of less than 0.02% as measured by the
slotted waveguide VSWR detector by adjustment of the matching section located
on the outboard side of the slotted waveguide detector,

Finally, in order to eliminaie any measurement error caused by
2nd and 3rd harmonic output from the 10 watt TWT Amplifier, a low pass filter
was inserted between the TWT and the input to the measurement system.

2.2.3 Measurement of Diode Losses

The basis for being ahle to make zccurate measurements of micro-
wave losses in the diode is that the heat flow geometry for getting rid of the heat
from dissipation losses in the semiconductor chip in the diode package is the
same whether the heat comes from insertion of DC power or from microwave
power. (It is assumed that all of the microwave losses and all of the DC losses
taking place within the diode eavelope originate in the semiconductor chip.) If
it is then possible to build a sensitive senscr to indicate the heat flow from the
diode, one can calibrate this sensor by the injection of accurately measured DC
power into the diode. The sensing arrangement for doing this is shown in
Figures 2-4 and 2-5,

The bridge consisting of two thermistors was used primarily
because of the great sensitivity of the thermistors to a change in temperature.
One thermistor was placed adjacent to the heat sink of the diode while the other

thermistor was placed in the larger system heat sink across an impedance to the
heat flow,

A number of factors are of interest in this arrangement. One of
these, of course, is the sensitivity of the system or how small an increment of
heat dissipation it will resolve. Another is the system noise. The response of
the systern to a change in the heat input to the diode is of interest. Still another

is the linearity of the system and its sensitivity to a change in the ambient tem--
perature of the heat sink.
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The sensitivity of the arrangement is best indicated by the
measurements that were made in the calibration Process and by the residual
drift in the system. Figure 2-7 shows a typical calibration curve of output of
the thermistor bridge as a function of DC power dissipated in the diode.

The slope of the curve shown in Figure 2-7 is 0. 188 millivolts per
milliwatt, On the other hand as Figure 2-8 indicates, the drift of the zero on
the thermistor bridge shows that a variation of as much as 0.4 millivolts can
occur within a time period of a minute. Thus it would appear that the resolution
of the system is in the range of two milliwatts, Larger variations that occur
over a time period of several minutes can be eliminated by rebalancing the

Figure 2-9 indicates the typically fast response time of the
measuring system to a step function of applied or removed Power. The time
constant is nine seconds, so that the steady state is reached in less than a
minute. About one minute was allowed for taking a point of data if a high degree
of accuracy was wanted,

other means of dissipating the heat than absorbing it in the mass of the brass
Plate, about 20 minutes would be required for the plate to increase its tempera-
ture by one degree Centigrade,

of Input Microwave Power Against the Sum of the "casurements
of DC Power Output, Diode Losses, and Circuit Losses

A primary objective cof the measurement portion of this technology
development Program has been the development of measurement techniques
wiiich will provide high confidence in the measured rectenna element's overall

All of these Measurements have some e€rror associated with them,
The LC power output measurement has a relatively small eérror associated with
the measurement of voltage across a known resistance, The probable error of
these measurements is estimated to be 120, 20% of the absorbed microwave power.
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The diode losses are accurately measured by the technique
described in Section 2. 2.3. The measurements themselves are accurate to
within 2% at diode loss levels corresponding to incident power levels of two watts
or more. Since the diode losses at these power levels are typically less than
10% of the absorbed microwave power, the measurement uncertainty with respect
to the absorbed microwave power corresponds to a probable error of 0.2%. This
of course, is considerably better than the measurement of the microwave power
input and no further refinement is necessary.

The measurement of the circuit losses (other than those in the
diode itself) represent the remainder of the energy output of the system. Getting
an estimate of these losses can be approached in two ways., One of these is by
computer simulation to be discussed in Section 2.3. In the mathematical model
the skin resistances in the circuit are modeled and given a value. An accurate
computation of power losses is then provided by the computer simulation of the
overall functioning of the rectenna element. Typically, all of the circuit losses
amount to 2.15%, of which 1.9% represents circuit losses in the microwave input
filter, and 0. 25% is the remainder. However, the validity of the results from
computer simulation depend upon the assumptions made with respect to skin
resistance.

Another approach to establishing these losses is to make an
insertion loss measurement upon the input filter which the computer simulation
(as well as simpler analysis) indicates is the major portion of the circuit losses.
These losses were measured to be 2.37% = 0.3% at the fundamental frequency,
and seen to be 0.47% higher than those obtained by computer simulation. They
are believed to be more valid because no assumptions of the skin resistance were
needed. We have decided to use the measured value of 2.37% for the input filter
losses and to add to this the 0. 25% for the rest of the circuit losses as deter-
mined by computer simulation. Thus, the circuit losses are established as
2.62% and the probable error associated with this is 0.4%.

The probable error of the individual measurcments is listed

below:

P,E. of microwave poswer input measurement $0.6% of absorbed micro-
wave power

P,E, of diode dissipation losses 20, 2 of absorbed micro-
wave power

P.E, of circuit losses 10.4% of absorbed micro-
wave power

P,.E. of D.C., power output measurement 10, 2% of absorbed micro-

wave power

From the listing, the composite probable error of balancing
microwave power input against the sum of dc power output, diode losscs, and
circuit losses may be computed. It is found to be =0, 75%.

In Table 2-1, the DC power output, diode losses, and circuit
losses are given in terms of their ratio to the absorbed microwave power in the
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TABLE 2-1

DC Power Output, Diode l.osses and Circuit Losses
as % of Absorbed Microwave Power ©

A B C D E F G

H 1

Incident DC Load Absorbed Reflected DC Output Diode Losses Measured and Total 100% - H
Microwave Resistance Power in  Power as % of as "y of Computed Measured
Power (ohms) Element (Watts) C C Circuit Losses Losses and
Level Watts) %o of C DC Power

Output

E+F+G
0.100 80 0. 085 0.015 56. 50 36.¢C 2.62 Q5,12 4.88
0.200 80 0. 180 0,020 66. 70 28, 26 2.62 97.58 2.2
0.400 80 0.37% 0.025 74.30 21. 86 2.62 98.78 1,22
0.600 80 0.57% 0.027 77.80 18.84 2.62 99, 26 0.74
0.800 80 0,772 0.028 80. 00 17.34 2.62 99,96 0.04
1.000 80 0,091 0,009 82.30 14.30 2.62 99. 22 0.78
2.000 80 1,097 0.003 86,12 11,33 2.62 100,07 -0.07
3.000 80 3.000 0.000 87.60 10.17 2,62 100.39 -0.39
4.000 80 3,908 0,002 88. 45 9.24 2.62 100,31 -0.31
5.00 80 4,902 0,008 89, 06 8. 77 2.62 100, 45 -0.45
6.00 80 5, 984 0.016 89,50 R, 39 2,62 100.51 -0.51
7.00 80 6.972 0,028 89,95 8. 11 2.62 100,68 -0.68
8.0 89 7.0%7 0.043 90. 26 7.93 2.62 100. 81 -0.81
8.0 a0 EELY 0,062 Q0, 59 7.51 2.62 100, 72 -0.72
8.0 100 T. 880 0,150 a0, 54 7.40 2,62 100. 56 -0,56
*

Test made use of grounded-planc test {ixture and diode No,
405893 - CPXIG No, 13, a tiaAs-Pt standard reference diode,

This value is a composite of following measured and computed inputs,
Mcasured loss at fundamental frequency in microwave input filter is 2.377%
Computer simulation of loss including harmonics in input filter is 1. 837%.
Computer simulation of other circuit losses is 0, 287%,

Computer simulation of all circuit losses is typically 2.08%,

t 0.3".;

The decision was to add the measured input filter loss at 2,37% to the 0.25% "other circuit losses' computed by

computer and add an uncertainty factor to give 2,622 0,4%,
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rectenna element over a wide range of power levels. The cfficiency of the rec-
tenna element as measured by the ratio of DC power output to microwave power
absorbed is seen to vary from a low of 56% at 100 milliwatts of incident power to
90.5% for a power input of 8 watts. The diode losses are observed to vary from
36% to 7.4% of the absorbed microwave power. The circuit losses are assumed
to remain constant at 2.62%. When the DC power output is added to the sum of
the diode losses and circuit losses the total sum as represented as a percentage
of the absorbed microwave power is seen to be very close to 100% and within the
probable error of 0. 75% previously established, over an appreciable portion of
the range of input power levels examined.

All of the data given in Table 2-1 was obtained with the use of
the ground-plane test fixture shown in Figure 2-2, since the diode loss measure-
ments can only be made with the aid of this test fixture. The measurements were
also made with the use of diode 40593-CPX1G #13 which was one of the standard
reference diodes obtained from the RXCV program. The Schottky barrier was
platinum on Gallium Arsenide. A metallic shield was placed over the rectenna
element to improve the efficiency.

Most of the information given in Table 2-1 is given in graph
form in Figure 2-10.

Of especial interest is the manner in which the diode losses
are shown to vary in Figure 2-10. The diode losses follow very accurately a
curve described by the equation:
Diode Loss % = L. 4+ B as a function of input power
in level. (1)
where for the curve of diode losses in Figure 2-10

A
B

10,04
4,212

noh

The first term in the expression also closely approximatces the
following relationship

0.90 Volt + DC voltage across load resistor

in which 0.9 volt represents a fixed voltage drop in the forward direction indc-
pendent of current level and is analogous to the brush drop in a DC generator or
motor. Therefore, it is seen that the diode loss in the particular dinde ohserved
has a constant term B which amounts to 4. 22% of the absorbed microwave power
and a variable term A_ which reflects the relationship of a fixed voltage drop
VP,
in
across the Schottky barrier to the total dc voltage developed., For good cfficiency
it is obvious that this voltage drop should be as low as possible, and this is the
prime reason for shifting to a GaAs-W barrier in the Schottky diode.
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and losses in the input filter circuit are shown as a per-
centage of the microwave power absorbed by the rectenna
element as a function of incident microwave power level.
The sum of all of these is then comparcd with the absorbed
microwave power,
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In conclusion it is observed that the balancing procedure just
described and used in one example greatly improves confidence in the accuracies
of all the measurements. The establishment of probable errors for each of the
individual measurements eliminates the possibility of two or more gruss mecas-
urement errors offseting each other to provide false confidence. Even greater
confidence r~sults from including further results of computer simulation to be
described in Section 2.3.

In the quest for higher efficiency, it is noted that the diode it-
self is the greatest source of loss particularly at the lower power levels. The
circuit loss at approximately 3% is relatively small and tends to be indcpendent
of power level. However, at the lower power levels, it may be found that a
circuit which greatly reduces the diode losses may significantly increase the
circuit loss.

2.3 The Development of a Mathematical Model of the Rectenna Element
Together with Computer Simulation Program and its Use

2.3.1 Introduction

A major feature that characterizes the present standard design of
the rectenra elemen t that has been used in the establishment of 54% DC to DC
microwave power transmission efficiency and in the successful JPL demonstra-
tion of power transmission over a distance of 1.6 km is the usc of a single
diode shunted across a transmission line and used as a half-wave rectifier. This
approach was adopted in 1972 and represented a distinct departure from the full
wave bridge rectifier design that had been used up to that time with a high degrece
of success. A principle reason for the departure was a simultaneous recogni-
tion of the need for a better understanding of the functioning of the rectenna
element and the difficulty of analyzing the device because of the complexity intro-
duced by its high non-linearity and harmonic contect for the wave forms, Ob-
viously, if an analysis were to be attempted, the initial effort would be made
easier by the simpler math model afforded by the half-wave rectifier approach,

A substantial start on such a mathematical model and computer simulation pro-
gram was made by E, E, Eves of Raytheon at that time but the contractual sup-
port was not sufficient to finish the work.

Meanwhile, many advantages afforded by the rectenna clement
with a half-wave rectifier had become evident, Acceptable cfficiencies were
being measured, and it was recognized that for the '"power from space' applica-
tion a single GaAs diode would adequately handle the power requirement placed
upon a single rectenna element.

With the realization of an apparecntly cfficicii and practical rectenna
element the role of a computer simulation program has shifted to an cxploratory
tool for further optimization of the efficiency and to help expose any phenomena
that might be a source of trouble at some time in the future but which had thus
far not been detected experimentally, It is of interest that onc such phcnomena
seemed to have been uncovered. This will be discussed later in this section. In
this connection, it has been generally noted that many subtle problems arc en-
countered in the productinon of items that werc never encountercd in their develop-
ment, simply becausc the production situation presents a better chance
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for an unusual mix or an unusual alignment of factors necessary for the occur-

rence of the phenomena,

From the viewpoint of optimizing efficiency, the computer
simulation program will become very valuable in the future, because it is pos-
sible to change one parameter and observe its effects upon cfficiency while the
other parameters remain constant, This is often difficult to do experimentally
if we are dealing with a resolution of 0. 1% in cfficiency. It is also probable that
the chance alignment of parametric factors becomes more important as efficiency
refinements deal with small improvement in efficiency, say from 91% to 92%.
Obviously such computer simulation becomes very valuable in a quality assur-
ance program where the objective is to maintain efficiency within very tight tol-
erences and above all to avoid highly destructive mechanisms.

Ia 1975 Dr. Joseph Nahas (28, 29) reported upon Math modeling
and computer simuiation that he had successfully carried out for a rectenna cle-
ment modeled after the ciandard RXCV rectenna element in many respects. The
contract for which this final report is being written was issued in 1975 and con-
tained a task in which the RXCV element was to be math modeled and its opera-
tion simulated with a computer program. This aspect of the contract was assign-
ed to E.E. Eves of Raytheon. He was assisted by Phil Knight. They reqguested
and obtained a copy of Nahas's computer simulation program, which was of con-

siderable aid to them,

Although Nahas's basic approach to the problem was v$:\§y
similar to that which had been taken by Eves in the earlier time perio (“
Dr. Nahas's program was not used directly or modified for two rcasons. it did
not directly model the RXCV clement, and the detail of the math modeling was
so great that the computer time to obtain performance data represented an ex-
pense that the present contract could not support. Further, we wanted to com-
pare the results of the computer simulation with experime
of diode dissipation and the latter could be obtained only with the use of the
ground-piane fixture which omits a consideration of the half wave dipole input.
Hence, the mosdeling of the antenna was eliminated, This provided considerable
simplification. The skin losses were modeled only for the fundamental frequency
and the number of.filter sections to be modeled was two rather than five in the
Nahas model. This represented additional siinplification. However, every
effort was made to simulate the diode charactcristics and function very accurate-
ly, starting with the most basic characteristic of the junction itself. Further
precautions were taken in setting up the program to eliminate computer errors
at points of sharp discontinuity. Predictor-correc
as they were in the Nahas program.

ntally measured values

Both the Nahas and the Eves-Knight computer simulation pro-
grams depend upon watching the buildup of the current and voltage waveforms
from a transient to a steady state condition in the rectenna element after the step
ai');?lication of micrawave power input. The convergence to a stecady state con-
dition tor the kves-Knight program requires about 20 cycles. The number of
steps within a cycle is 8192 and a printout is made of designated paramecters 128
times at equal intervals in the last cycle. The computer time required to obtain

the results from one set of input parameters is 3 minutes on a CDC6700 computcr,

The cost is about $20.00 per set of data.
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The Eve's-Knight computer simulation program records the
losses within the rectenna element, divided up into approximately twenty loca-
tions. It computes harmonic coefficients up to the fifth harmonic in a Fourier
analysis of five different wave forms. It prints out several key currents and
voltages as a function of time,

The complete description of the Eves~-Knight math-modeling
and computer simulation program and one example of its use and print out of
data is shown in Appendix A. In the remainder of this section a brief introduction
to the modeling and some typical results of the computer simulation will be
presented. The results of the computer simulation will then be compared with
the experimental data obtained from the ground planc test set up.

2.3.2 Mathematical Madel of the Rectenna Element

The electrical schematic model of the recteana clement in its
simplest form is shown in Figure 1-11, The element is seen to consist of half-
wave dipole antenna, a two scction low-pass filter, and a rectification circuit
consisting of a Schottky-barrier diode in shunt across the circuit, an inductive
section of line to resonate with the diode capacitance, and a capacitance to store
energy and to remove harmonic content in the DC output power. The dipole
antenna is matched to space, and the characteristic impedance of the filter is
matched to the terminal impedance of the dipole. The input low pass filter, in
addition to attenuating harmonic power, also acts as a buffer between the sinue
soidally periodic input and the ab:rupt switching action of the diode.

This simplistic model is not at all adequate for a computer
simulation program. The behavior of the diode needs to be modeled in great
detail. The sections of transmission line which are a portion of the low pass
filter need to be broken down into short sections so that the lumped-netwvork
equivalent of these sections will suitably handle the higher harmonic currents
which will flow in the filter sections., The computer simulation program is
completely in the time~-domain. The manner in which this is done, the number
of divisions made, and the assignment of values .7 R, L and C to these divisions
is clearly explained in Appendix A.

2.3.3 A Representative Set of Data Resulting from the Usc of the
Computer Simulation Progra:n_

Figure 2-11 represents a simplificd schematic of the circuit
elemeats of the mathematical model for the computer simulation program pre-
sented in Appendix A. The chief purpose of Figure 2-11 is to indicate the
current and voltage parameters which are presented as a function of time during
the rf cycle in Figures 2-12 and 2-13 respectively.

The particular set of data corresponds to the test arrangement
for the RXCV circuit element and diode on the ground-plane test fixture. The dc
power output level is 2,969 watts and the load resistancc is 80 ohms - the value
usually used for tests in the ground-plane test fixture. The complete sct of data
is given in Appendix A together with the graphs replotted in this section as
Figures 2-12 and 2-13.
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Figure 2-11,

Simplified Math-Model Schematic Diagram for

Interpreting Computer-simulation results presented
in Figures 2-12 and 2-13.
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Figures 2-12 and 2-13 in conjunction with other readouts from
the computer simulation program, permit a number of statements to be made
about the behavior of the rectenna element.

Il

There are no current or voltage spikes whose presence,
if severe, is usually associated with a life failure
mechanism.,

In Figure 2-13 it will be seen by observing the diode
junction voltage Vpy as it swings into the positive voltage
region, that the conduction period is about 105°,

There is a large amount of diode current flow during the
non-conduction period which is caused by the charging
and discharging of the diode capacitance. This repre-
sents a loss as the charging current must flow through
the series resistance of the diode. It will be recalled
that the series resistance in the forward direction
remains constant during the forward conduction cycle but
decreases considerably as the voltage swings away from
the zero-bias value. The total loss in the series resis-
tance integrated over the entire cycle as printed out is
121. 7 milliwatts or 3.73% of the input power. Of this,
82 milliwatts cr 2.52% is represented by losses in the
series resistance of the diode in the forward conduction
period; while 40 milliwatts or l. 23% represents a loss
through this resistance in the reverse direction. The
loss in the Schottky junction itself is 170 milliwatts or
5.22% of the input power. Finally, the skin losses in
the rectenna element amount to 68 milliwatts or 2. 08%.
The total losses as given by the computer simulation
program are therefore 11. 03% of the power input. This
compares well with 12. 8% obtained experimentally as
noted in Table 2-1. It compares more closely if a
Schottky junction voltage drop of 0.9 volts observed
experimentally is used in place of the 0. 65 volts assumed
theoretically. Under these circun stances the Schottky
junction loss becomes 7. 22% and the total losses become
13.03% - very close to the 12.8% observed experimen-
tally.

It will be noted that there is a small an.. unt of ripple on
the output filter capacitance. The maximum voltage is
15. 8 volts and the minimum is 15.1. When this ripple is
broken down into the harmonics, the first harmonic is
found to have an rms valuc of 0. 246 volts, representing
a power in the load resistance of 0.75 milliwatts. The
second harmonic is down by almost a factor of 100 from
this value.
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2.4 Agreement of Computer Simulation Data with Experimental Measure-

ments.

2.4.1 Comparison of Simulated Efficiency and Losses with Those

Measured Experimentally.

Figure 2—14 compares the data obtained by math modeling and

computer simulation with that obtained e