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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 anc,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 desirahle 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.




w—t

e

R et

A

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
miciowave 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 powet
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.
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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 Department 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 poweré:y microwaves took place at the Spencer Laboratory of Raytheon
Co. in May 1963 ( ). 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{ "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 usc 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 Forcec contract. but
the Air Force contract was the basis for an extension of the effort and severa%
notable demonstrations, including a ten hour continuous flight of the vehicle't’,
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 Ly 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

{
l
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 automitid 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 Fiight Center in applying microwave power trans-
mission to the transfer of energy and power betwsen -satellites, (8) and the con-
tractual effort supported at Raytheon Company. ( )

In 2 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 gffx&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. ’

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 (ciaggability of efficiently con-
verting microwave power directly into DC power.

TABLE 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 lniversity

(2) Magnetron analogue at Raytheon

1962 Semiconductor ana 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 relicbility,
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.
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1.2 Major Microwave Collector-Converter Technology Developments

As a result of the early experience with the severe demands placed
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 successtully 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 frequencices for the harmonics that are generated in the
system,

The rectenna has gone through a number of development stages whose
nature was largely determined by the motisational influences of the period and the
state of development of diodes. These 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 cefficient rectifier of
microwave power by George 4) and its adaptation as a rectifier of frec-space
radiation by Brown, et al. 15, 16) The rectenna clements were separated from
each other by approximately one-half wavelength, Unfortunatecly, such a con-
struction using the then existing point-contact diodes rould not handle nearly
enough power density to be used for the demonstration of a microwave=~powcered
helicopter. A new configuration characterized by a densc compaction of diodes




TABLE :-
MAJOR RECTENNA DEVELOPMENT PROGRAMS

j
RECTENNA ]
' SEQUENCE “
NO. DATE SPONSOR DEVELOPERS MOTIVATION STYLE MAJOR CONTRIBUTION LIT, REF,* FIGURE NO, '
i 1 1963 Raytheon George, Brown, For Microwave Powered Half-Wave An- Established General Charac~ 16 3 J
r Heenan Helicopter tennae. teristics of Rectenna e
J Full-Wave .
: Bridge
2 1964 Ravtheon Brown For Microwave Powered String Type High Power Density Receiver. 7 4,2
‘ Air Force Helicopter Array First Successful Application -
Microwave Powered Heli-
u copter,
3 1968 Brown Brown Improved Rectenna Half-Wave An- Soecific Wt. - 1 Gram per 17 5 —
Lower Specific Wt. tennae, Full- Watt ‘
Wave Bridge |
Rectifier i
L) 1970 MSFC Brown Improved Efficiency Half-Wave An- 51% Capture and Rectifi- 8 6,7
NASA tennae. Full- cation Efficiency 9
Wave Bridge
Rectilier
5 1971 MSFC Brown Improved Efficiency Half-Wave An- 64% Capture and Rectifi- 1,9 8 ‘
NASA tennae., Full- cation Efficiency 1
Wave Bridge ‘
Rectifier
6 1974  MSFC Brow= Improved Efficiency Half-Wave An~ 78-80% Capture and Rectifi- 1,9 9,10
NASA Increase Power Out- tennae. Half- cation Efficiency 140 Watt/
put - Increase Power Wave Rectifier Sq, Ft. Power Density
Density. Low Pass Filters ———d
4 1075 JPL Brown Improve Efficiencv. Half-Wave An- Certified DC-DC efficiency 10 12,13
NASA Certify Efficiency sennae. Half- at 54%, 82% Capture and
Wave Rectifier Rectification Efficiency
Low Pass Filter
H 1n75 JPL Dickinson Large Scale Demon- Half-Wave An- High Power Level of 30 KW 11,12 14,15
NASA Maynartd stration of Power tennae. Half- and 82% efficiency.
1 Rrown and Transmission Wave Rectifier
Distance Low Pass Filter

® See references in bibliography at end of this report,
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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., Composecd of 28 hali-wave dipoles
spaced one-half wave-length apart, cach dipole terminated in a bridue-type recti-
fier made from four INB2G 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 used
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 silicen 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 a2 rectenna element format.

In the time period from 1965 until 1970 there was no direct support of
rectenna development from either government oi industry. During this time
period, the Air Force did support the develop.ment of a helicopter which would
automatically position itself over the center ot a2 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 tkel967 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 ?f;}oi% antenna terminated in a full-bridge rectifier made up of HPA
2900 diodes (1" 19 (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 ti.c
various efficiencies in complete microwave power transmission system (DC <.,
DC) was made at Marshall Space Flight Center { 8) (Figure 1-6). The recte ina
used for this purpose, Figure 1-7, employecd rectenna clements patterncd afier
those just discussed but developed to the point where their individual capture 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 plan: positioned
approximately a quarter wave-length above the reflection plane. 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 rectenra coi'ection efficiency of only 74/ versus
the theoretical maximum of 100%. This low collection cfficiency was associated
with improper spacing of the rectenna elements from cach other in the rectenna
array.

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

1}




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 madce 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,

12




Figure 1-6, Test set-up of microwave power transmission system at Marshall Space Fliglh: Center

in 1970, The magnetron which converts de power at 2450 MHz is mounted on the waveguide input to

, the pyramidal Liorn transmitting antenna.,  The rectenaa in the background intercepts most of the trans-
mitted power and cenverts it to de power. Ratio of de power out of rectenna to the rf power into the
horn was 10,875, Overall de-to-de efficiency was 26. 5%,
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Figure 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 conneccted in serics.
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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 eclement
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 ractenna 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 r.ecessary in any acceptable microwave power transmission systers,
motivated a completely new direction of rectenna element development. This new
direction was the development of a rectenna element employing a single diode 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 8G%.

A lower cost and slightly more efficient form of this rectenna element
was developed for the RXCV work sponsored by NASA at JPIL.. 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-¢ and 1-10.

15
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Figure 1-8, Experimental sct-up comprised of dual-mode horn and improved

rectenna. The cfficiency ratio of the de power from the rectenna to the .
microwave 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

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

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

2

rectenna constructed in [u74 under

Figure 1-10. Photograph of the MSFC
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 an¢
at the right.

| dissipated in res.stive loads on the test panel
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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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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 Jrt 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 + 0.94%. The overall collection efficiency of the
rectenna was mnare 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, howszver, 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 Elet.icnt
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 recflected 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 made 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 th-

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, Photo of 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 rectcnna 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, 51
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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 1711,

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 space
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
natural 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 seck
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 expensive
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 energy
producing purposes.

Out in space in geosynchronous orbit, however, the sun is available
over 99% of the time and its infrequent and short term cclipses 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 means of a micro-
wave beam. As a result of this proposal and initial fcasibility study performed by
a team made up of personnel from Arthur D, Little, Inc., Raythcon Company,
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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, 24) 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 dev=lop-
ment to be reported upon, and for understanding the approaches to achieving
those objectives.

The broad objective of the effort covered in the subsequent 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 svstem. One feature of particu-
lar importance is the efficiency associated with the rating of the individual cle-
ment in the system. Surprisingly the problem is not onec of powcr handling capa-
bility since the element has more than enough power handling capability. The
problem lies rather in thc reduced efficiency that is obtained at the lower power
levels which arc more representative of the manner in which the rectenna is uscd
in the solar power satellite, 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 efficiency 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 EFFICLENCY
AND LOSSES OF RECTENNA ELEMENTS; MATHEMATICAL MODELING
AND COMPUTER SIMULATION OF THE RXCV RECTENNA 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 losses in the rectenna
elements., This data is in the form of both experimental 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 a 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.




2.2 Technigues for Measuring the Efficiencv and L.osses 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 tighniques which were used to advantage in this technolcgy 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 measurements
with the addition of a movable-probe VSWR indicator.

Another picce 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 elemcent 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 2-2 shows a directional coupler placed before the
VSWR probe for this purpose., Another useful aspect of the unbalanced set-ap is
that probes to the microwave current and voltage waveforms in the rectenna
circuit of the rectenna clement can be sct into the ground planec.

The ground plane test [ixture can also be modified as shown in
Figures 2-4 and 2-5 to accommodate the two thermistors of a thermistor bridgce
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 difference between heat
which is genecrated by microwaves and heat which is generated by DC power. The
thermustor 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 c¢fficiency 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 cnvironment,

2.2.2 Calibration of Microwave Power Irput

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 Element Mounted
on the Ground-Planc Test Fixture.
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Figure 2-4, Tiagram of the Arrangement for Measuring Diode Losscs
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Used in a Bridge to Measure the Diode Losses, The
Thermistors Measure the Temperature Drop Across the
Heat Flow Path from the Diode Heat Sink to the large
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. Moreover in this devel-
opment dealing with refinements in efficiency, an efficiency improvement of Ll
is important. It is therefore necessary that the measurement scnsistivity be
considerably less than 1%, and it is desirable that repeatability 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 £0.34% "~

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 climinates 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 ecliminate errors in the calibration of inci-
der.t microwave power, and errors in subscquent efficiecncy measurements on
rectenna clements, caused by reflections of power at various interfaces in the
system. The reading of power in the forward direction is affected by any reflee-
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 onec 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

% The uncertainty of the accuracy of the microwave power standard will be a
major factor in obtaining an accurate efficiency mcasurcement on the rectenna
eclement. 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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Figure 2-6. Schematic Arrangement of Tcst Equipment for Calibration of Incident Microwave
Power at the Input to the Rectenna Element Test Fixture.
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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 mini-
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 WWT and the input to the measurement system.

2.2.3 Measurement of Diode L.osses

The basis for being ahle to make accurate 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 arrangemen* 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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In discussing the data that was taken to respond to these areas of
interest it should be realized that the object was to develop this method to the

point of usefulness in our measurements and not to refine it to its fullest capa-
bility.

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
thermistor bridge.

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 tham a
minute. About one minute was allowed for taking a point of data if a high degree
of accuracy was wanted.

The ambient temperature of the system heat sink has an impact
upon measurement accuracy and should be taken into consideration by taking the
experimental data at the same ambient temperature at which the thermistor
bridge is calibrated. The mass of the heat sink is about 2000 grams and its heat
storage is about 160 calories or about 670 watt seconds. Hence, if there were no
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.

2.2.4 A Check on Mcasurement Accuracies by Balancing Measurements
of Input Microwave Power Against the Sum of the !“casurements
of DC Power Qutput, Diode Losses, and Circuit Losses

A primary objective of the measurement portion of this technology
development program has been the development of measurement techniques
wihich will provide high confidence in the measured rectenna element’s overall
efficrency and which will also provide an accurate measurement of the major
losses in the system. This objective has been achieved by measuring the micro-
wave power input as accurately as possible and comparing this with the sum of
the DC power output, the diode losses, and the circuit losses.

All of these measurements have some error associated with them,
The LT power output measurement has a relatively small error associated with
the measurement of voltage across a known resistance. The probable error of
these measurements is estimated to be 20, 20% of the absorbed microwave power.
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The diode losses are accurately measurced 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 measurements is listed

below :

P,E. of microwave pdower input measurement 20.6% of absorbed micro-
wave power

P.E. of diode dissipation losses 10, 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) % of C DC Power

Qutput

E+F+G
0.100 80 0. 085 0.015 56. 50 36.0C 2.62 65,12 4.88
0.200 80 0,180 0,020 66. 70 28, 26 2.62 97.58 2.92
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 G.04
1.000 80 0,001 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 3,998 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, Q84 0.016 89,50 8,39 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 a0, 59 7.51 2.62 100, 72 ~0.72
8.0 100 T. 8580 0,150 Q0. 54 7.40 2.62 100. 56 -0,56
®

The decision was to add the measured input filter loss at 2,377 to the 0.25% "other circuit losses'

Test made use of grounded-planc test {ixture and diode No,
40593 - 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 2.37%
Computer simulation of loss including harmonics in input filter is 1. 83 %,
Computer simulation of other circuit losses is 0, 287%,

Computer simulation of all circuit losses is typically 2.08%,

computer and add an uncertainty factor to give 2,623 0,4%,

= e e
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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 I
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 1
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 % = A_. 4+ B as a function of input power
in level. (1) ;
where for the curve of diode losses in Figure 2.10

10, 04 i
4,212

A
B

noh

The first term in the expression also closely approximatcs 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 dindce observed
has a constant term B which amounts to 4. 22% of the absorbed microwave power
and a variable term A_ which reflects the reclationship 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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Figure 2-16,

The DC power output, losscs in the microwave diode,

and losscs 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 comparced 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
deecribed 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 independent
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 iin the successful JPL demonstra-
tion of power transmission over a distance of 1.6 km is the use of a single
diode shunted across a transniission 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 degrce
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 efficiciii 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 phchomena
seemed to have been uncovered., This will be discusscd later in this section, In
this connection, it has been genecrally noted that many subtle problems arc en-
countered in the production of items that werc never encountercd in their develop-
ment, simply becausc the production situation presents a better chance ~
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and computer simuiation that he had successfully carried out for a rectenna cle-
ment modeled after the standard RXCV rectenna element in many respects.
contract for which this final report is bheing written was issued in 1975 and con-
tained a task in which the RXCV clement was to be math modeled and its opera-

tion simulated with a computer program.

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,
if we are dealing with a resolution of 0, 1% in efficiency.
the chance alighment of paramietric 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,

This is often difficult to do experimentally
It is also probable that

In 1975 Dr, Joseph Nahas (28, 29) reported upon Math modeling
The

This aspect of the contract was assign-
ed to E.E, Eves of Raytheron. He was assisted by Phil Knight. They requested

and obtained a copy of Nahas's computer simulation program, which was of con-

siderable aid to them,

2
7

similar to that which had been taken by Eves in the carlier time period .
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 experimentally measured values
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 modeling 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 sirnplification. 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

Although Nahas's basic approach to the problem was \(ggy

at points of sharp discontinuity., Predictor~corrector routines werc incorporateteom—

as they were in the Nahas program,

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
application of microwave 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.

42



B

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 plane test set up.

2.3.2 Mathematical Madel of the Rectenna Element

The electrical schematic model of the rectenna element 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-network
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 arc 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 vutput level is 2,969 watts and the load resistance 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.

1.

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

In Figure 2-13 it will be seen by observing the diode
Junctlon voltage Vpy as it swings into the p051t1ve 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 1.23% 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
Junctlon loss becomes 7.227% 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 experimentally. It will be noted that
there are two kinds of computer simulation data. One kind uses the theoretical _
characteristics of an ideally designed Schottky barrier diode and the other uses
the voltage drop across the diode as determined by DC measurements. The
difference in these two measurements may not necessarily be at the Schottky
barrier whose properties have been theoretically characterized tut may be a
voltage drop associated with the back ohmic contact which may not be purely

obhmic but is partially a Schottky barrier.

The circuit losses as determined by the computer in Figure
2-14 tend to check the experimentally measured losses at values of microwave
power input of 1 watt or more as discussed in more detail in Section 2.2.4, How-
ever, it is of interest that at the 300 milliwatt input level the computed losses
are about 2.5% higher than at high levels. If this computation is valid it could
account for the failure to obtain a power balance at the 300 milliwatt level by
about 3%. The circuit losses had been assumed constant at all power levels.
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3.0 RECTENNA ELEMENT CIRCUIT MODIFICATIONS

3,1 Introduction

The activities reported upon in this section are as follows:

(1) Modification of the circuit of the rectenna element to permit “
more efficient operation at lower input power levels, This was
the principle effort in this section.

(2) The first steps in the integration of the basic RXCV rectenna
element into a configuration consistent with the two~plane rec~
tenna construction in which nearly all of the basic functions of
the rectenna are carried out in the front plane to facilitate a
much more economical form of construction,

(3) Investigations into reducing the second and third harmonic
radiation from the rectenna element by the use of stub lines
tuned to the harmonic frequencies. One of these stub lines is
naturally present in the two-plane rectenna concept.

(4) Investigation of the role of metallic shielding to improve the
efficiency and reduce the radiation of harmonic power,

(5) Improvements in efficiency by refinements in the construction
symmetry of the RXCV element,

3.2 Circuit Modifications to permit more efficient operation at reduced
microwave power input levels,

3.2.1 Introduction and summary of results

The motivation for this activity was the conclusion reached
after making a study of the microwave transmission system of a solar power
satellite system (26) that most of the area of the rectenna in a full scale SPS
would be operated at power density levels that are low compared to those of the
RXCV at Goldstone., At these low input power levels, the standard RXCV reoctenna
elernent gave considerably lower efficiency than that obtained at the higher power

levels. It was therefore logical to direct a portion of the effort under this contract
to improving these efficiencies.

The efficiency objective of this technology Sevelopment contract
was 85% at an input power density level of-1 to 100 mW/cr~" (2450 MHz)., Since
the cell area occupied by a rectenna element is very clcse to 50 square centi-

meters, this objective translates into a power input range to an individual recc-
tenna element of 50 milliwatts to 5. 0 watts.

Prior to the undertaking of work under this contract an
approximate expression had been developed for diode efficiency in terms of im=
portant diode parameters, and the value of the load resistance. These led to an
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understanding that more efficiency could be obtained at low+r power levels by
doing three things: (1) reducing the junction capacitance of thc diode, (2) reduc-
ing the drop across the Schottky barrier and (3) operating at a higher value of
load resistance. Items (1) and (2) involve the design of the diode and item (2)
represents a change in the basic metallurgy of the diode and was the basis for
considerable effort under this contract.

The implementation of a program to bring about these changes
resulted in considerable improvement in efficiency at the lower microwave input
levels, This is shown in Figure 3-1, in which the efficiency achieved from the
new effort is compared with that obtained from a representative RXCV rectenna
element,

The newly achieved efficiencies are associated with a large
range (four orders of magnitude) of power input level and are obtained from
several diode and circuit configurations since it has been found impractical to
cover the entire power range with a single diode and circuit configuration.

A more detailed description of the data .n Figure 3-1 is provid-
ed in Table 3-1 for cross referencing to Section 4,0 to better identify circuit
arrangements and diodes and to indicate efficiencies better.

One of these circuit and diode configurations (No. 5 in Figure
3-1) gives remarkably higher efficiencies at very low values of power input than
does the standard RXCV element. On the other hand, the new efficiency of 80%
obtained at the 50 milliwatt level is disappointing in that it did not reach ecither
the contract objective or the efficiency predicted from previous studies.

It is believed that there are two reasons for this reduccd effi-
' ciency from that anticipated. The first one is that it was neccessary to add an
' impedance transforming section between the low-pass input filters and the diode
and its tank circuit to match the dipole antenna into the rectification circuit to
minimize reflected power. There was undoubtedly some additional circuit loss
in this section, A more important cause of the reduction in efficiency from that
anticipated is the relatively high loss that occurs in a diode with a small junction
area because of the high back contact resistance. The back contact resistance
can be reduced but in doing so the effective spreading resistance is increascd,
These losses were not taken into consideration by our earlier analysis., It is
believed that these losscs are firom 5% to 10% in absolute terms. It is belicved
that these losses can be reduced to 2% to 6%.

Mahaitah A MG

r 3.2.2 The Design and Construction of Circuits for more efficient
operation at lower power levels

e

There were three different circuits used to obtain data on more
efficient operation at lower power levels, However, they werc all based on the

RXCV element tvpe circuit - that is the half-wave rectifier circuit, with two
low pass filter input stages.

e
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Figure 3-1,

A summary of the efficiencies achieved with various new
rectenna and diode configurations as a function of power
level, compared with performance of a standard RXCV
element,
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TABLE 3-1
.
Rectenna
Element Diode Diode Incident
Figure 3-1 Circuit Dioa Vb C. o Microwave Power Load
Curve ident fi- Identifi- ¥ Power Reflect+d  Resistance  Efficiency Other Reference
No. cation cation {(Volts)  (unfd)  (milliwatts) %o (ohms) % This Report Other Reference
1 A 40593 60 3.6 1000-8000 -1 80 82.3-90,26 Table 1-1 2:486-27 Notebook
CPXIG Figure ;-1
No. 13
C-;u\s-Pt
2 A 50234CX 56 3.5 1000-8000 n-2 80 85.8-91.3 Table 4-1 23486-37 Noteboouk
wC-§ Figure 3-1
GaAs-W
3 B 40904 51 n,99 500 1 600 86, 8 Figure 3-1 3-27-76 Diode log
WB No, 3 T 71 500 7.8 Figure 3 -~ Report
GaAs-W 1000 0 450 84,1 No, ¥
2000 3.2 300 86, ¥
4 B 40904 30 1.01 100 1 600 82.3 Figure 3-1 3-27-76 Dicde log
WO Xo, 4 200 1 600 53.9 Figure 3 ~ Report
GaAs-W 500 1 400 85,1 No. 8
1000 5.% 300 85.2
5 C 10477 16,5 0, %0 0.5 ] 1000 34,3 Figure 3 -1 5«5.76 - Diode log
3PX1 1.0 5 1000 44.5
WA.3 2.5 4 1000 56,6
5.0 2 1000 64.9
10,0 0 1000 69.5
25.9 0 1060 7.6
83,0 2 1000 80,0
100, 0 2 700 51,3
” D Typical --- .- 1006 - 5000 .—- 160 -8 --- Bibliograoh
RXCV Ref, 3. 2¢
Diode Figure oot

" RECTENNA FLEMENT CONFIGURA FION
A  RXCV ¢lement atapted to zroundd plane fixture
B Standard RXCY element with 230 ohin \/4 transformer added as in Figure 3-2
C  Standard RXCV element with 379 ohm \/4 transformer added as in Figure 3-2
D  Standard RXCV element i(balanced)
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The chief sources of loss in a low power rectenna element are
losses caused by the voltage drop across the Schottky barrier diode, and the I°r
losses caused by the passage of the charging current to the diode capacitance
through the series resistance of the diode,

The efficiency loss caused bv the voltage drop across the
Schottky barrier is closely given by Vb/(vdc + Vi) where Vy, is the Schottky bar-
rier voltage drop and V4. is the voltage across the load resistor. The voltage

drop across the Schottky barrier is fixed so that the loss caused by the barrier can

only be reduced by increasing the DC voltage. This can be done for a given
microwave power input level by raising the resistance of the DC load, A four-
fold increase in impedance will reduce the Schottky barrier losses by a factor of
two, approximately. However, raising the voltage will increase the charging
current losses into the diode so that decreasing the capacitance and thercfore the
contact area of the diode will be of some help.

Raising the DC load resistance to decrease the Schottky barrier
voltage presents a new problem in that the rectenna element will not be matched
into space. The amount of power reflected is approximately:

2
R "Rim
R; + Ry
where Rj, is the DC load resistance and Ry ) is the load resistance that gives a
match to the incoming power.

% Reflection Loss =

In the RXCV rectenna element the input impedance to the dipole
antenna is approximately 120 ohms as is the characteristic impedance of the low
pass filters that are matched to it. The value of R, that provides a good match
into the 120 ohm impedance level is about 160 ohms. Therefore » match into a
higher load resistance while still retaining the 120 ohm impedanc.: of the low pass
filters requires another matching section which is conveniently supplied by a
quarter wavelength line of an impedance level which is the geometric mcan of the
two.

In the first modification a quarter wavelength line at an impe=~
dance level of 240 ohms was used: This provided a reasonable match into a load
resistance of 640 ohms, A photograph of the arrangement just described is shown
in Figure 3-2,

The data given as Items 3 and 4 for curves 3 and 4 in Figurc 3-1
were obtained with the use of the rectenna element shown in Figure 3-2,

At values of incident power below 100 milliwatts there was an
appreciable amount of power reflected with the circuit shown in Figure 3-2, To
explore the impact of a higher impedance transformation upon operation the im=-
pedance of the \/4 section of line was raised by a factor of 1,25 to raise the
matched impedance level for the DC load resistance by a factor of 1,56. This
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change coupled with the use of a different diode made from a different wafer
resulted in less reflected power at the 50 milliwatt level (corresponding to the
one milliwatt per square centimeter lower limit specified in the work statementl
It was further found that very good efficiencies could be obtained at even lower
power levels while operating into DC load resistance of 1000 ohms and that the
reflected power remained low percentagewise. As curve 5 in Figure 3-1 indica=-
tes, seventy percent efficiency was achieved at the 10 milliwatt input level with a
reflection of less than one percent. The efficiency at the 1 milliwatt level was
still 45% with a reflected power of 5%.

One of the practical problems in the use of the \/4 impedance
transformer is that it makes the element too long to incorporate into the two-
plane construction preferred because of its much more economical construction,
This led to an approach in which the second filter section of the RXCV type ele-
ment was converted into a matching transformer of lower impedance than the
N 4 length of line, It is not possible to obtain as high a characteristic impedance
in this section as in the \/4 length of line because of limitations imposed by the
fragility of the inductive section of the filter.

However, when attention is focused upon data that has been -
taken in the 500 milliwatt to 1.5 watt region where a great deal of the SSPS rec-
tenna action is slated to occur, it is noted that a dc load resistance of the order of
300~500 ohms seemed appropriate when used with a diode having a C¢o capaci-
tance of 1 picofarad, Matching into this requires only the increase of the charac-
teristic impedance of the second filter section by a factor of Y2 rather than 2 and
this is consistent with what can be accomplished in a physical structure., Conse-
quently we constructed a2 rectenna element which incorporated a second stage
filter with a characteristic impedance approximating v2 x 120 ohms or 170 ohims
as shown in Figure 3-3, A comparison of the performance of this rectenna ele-
ment with that of the two filter section plus A/ 4 impedance transforming linc and
utilizing diode 40904 X WB3 for both sets of measurements is given in Table 3-2
for 1 watt of power input.

The above data indicates that the two-section filter with a
170 ohm second stage is as efficient as the standard two section filter with an
additional \/4 section of line. Moreover, this same diode was found earlicr to
have had an 88. 1% efficiency into a 450 ohm load, or 1.6% higher than reported
in Figure 3-4, It is believed that the diode may have changed since another
diode 40904 X WB4 was found to be more efficient than dicde 40904 X WB3 in a
new set of measurements whereas the reverse had been true when the diodes
were checked several weeks previously,

The conclusion is that the two section filter with the second
secticn modified may be acceptable for operation of the 1 picofarad diodes at the
1 watt level into a resistive load of a nominal resistance of 400 ohms; thercby
resulting in a better efficiency than with the 140 to 180 ohm load resistance
normally used and in a design compatible with the two-plane construction,
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_ Power DC Rectenna Element with Rectenna Element with
* . Input Load 170 Ohm 2nd Stage Filter Additional \/4 Length of
) Ohms 240 Ohm Line
) Watts Power Element * Power Element
o Reflected Efficiency Reflected Efficiency
& % % % %
1.00 250 3.3 85. 89
280 2.0 86,42
300 1.4 86.32 5.9 84,88
320 1.1 86.44 4.7 - 85.31
340 0.9 86,78 3.7 85,68
360 0.8 86.54 2,8 86,02
380 0.9 86,70 2.1 86, 22
" 400 1.0 86.52 1.5 86.39
- 420 1.3 86.62 1. 05 86.44 ...
- 440 1.6 86. 70 0.7 86.49
e 460 2.0 86.61 0.4 86.52
_g Element efficiencies are DC Output/ Absorbed Power
; Table 3-2.,. Comparison of efficiencies achieved with the rectenna

element configuration of ¥igure 3-3 with that achieved
from the configuration of Figure 3-2,
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3.2.3 Other Approaches to Efficient Operation at Lower Power Levels

In looking at the design of circuits for more efficient operation
at lower power levels a number of approaches were passed over. The first of
these was the use of either a full wave rectifier circuit or a pseudo-full wave
circuit. In view of the fact that the circuit losses have been demonstrated by
experimental measurement and by computer simulation to be very low for the
half-wave rectification circuit, it was felt that this approach would not be fruitful.

Another approach was to feed more than onz dipole intc a diode,
This would probably favorably impact the efficiency at the very low power input
levels., Figure 3-1 would seem to indicate an improvement in efficiency from 80
to 82% by just doubling the input power from 50 milliwatts to 100 milliwatts, and
an improvement from 45% to 56% by doubling the power from 1 milliwatt to 2
milliwatts. The latter power level is, of course, a factor of 50 below the lowest
level at which the full scale SSPS rectenna is anticipated to be operated.

It is observec that a rectenna a2rray rapidly takes on the direc-
tivity characteristics of a conventional phased array when an attempt is made to
operate many dipole elements into one rectifier element. There may be instances
where this is desirable for experimental reasons but the desirability in the full-
scale SSPS application is questionable. Since the experimental investigation of
this approach requires an elaborate new test arrangement it was not felt to be
cost~effective within the present contract,

Anciner approach that was not investigated was the elimination
of the input filter sections completely and the use of a \/4 impedance transformer
between the terminals of the dipole and the rectification circuit, Under this pro-
posed arrangement the 2nd harmonic and 3rd harmonic would be shorted out at
the terminals of the dipole by stub lines., This approach would seem to place a

burden upon the critical adjustment of the stub lines to prevent excessive harmonic

radiation, but would, nevertheless be a worthwhile investigation to determine how
efficient such an arrangement would be.

3.3 Initial Effort in_Integration of Rectenna Elemcnt into a Two Planc
Structure

An initial investigation of the performance of a rectenna element
when it was mounted in the waveguide test fixture at right angles to its normal
position as shown in Figure 3-4 was carried out. It was found that there was no
significant change in performance for the unshielded case as shown in Figure 3-4,
However, there was a reduction in efficiency of about 1% when a short circuited
quarter wavelength line was added to the structure to simulate a connection to the
next rectenna element,

The further integration effort is discussed in detail in Section 5.0,
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3.4 The Reduction of Second and Third Harmonic Radiation with the use

of Stub Lines

Another area of activity involved taking steps to decrease the amount
of second and third harmonic power radiated from the antenna. In this case the
grounded plane fixture was used and the input impedance of the antenna was simu-
lated by a matched 50 ohm line., This, of course, is an accurate simulation of
the properties of the dipole antenna only at thc fundamental frequency since the
dipole antenna will apnear as a different impedance at the two harmonic frequen-
cies., However, data an dipole antennas whose arms have a high ratio of thick-
ness to length iudicate a fairly good match (that is, not more than 75% of the
power reflected) over a frequency range that includes the fourth harmonic, On
this basis an attempt to reduce the harmonic content by placing cpen and short
circuited stubs of appropriate length in parallel with the input terminals. of the
dipole antenna seemed worthwhile,

There is a natural opportunity in the two-plane rectenna construction
to short out the second harmonic at the dipole antenna terminals because the
section of transmission line that extends to the next rectenna element in the two
plane construction must look like an open circuit. It therefore looks like a short
circuit for the second harmonic, Using the ground-plane construction it was
found that this section of line could indeed be adjusted to greatly reduce the secend
harmonic content that got into the 50 ohm line. As shown in Table 3-3, exper-
iment No, 5 indicated a 30 d3 reduction in the second harmonic level, The
experimental set up for this is shown in Figure 2-2. The connection to the 50 ohm
line is made through a small hole in the geometric center of the ground plane.

Figure 2-3 also shows a short stub which acts as an open circuit at
a quarter wavelength at the third harmonic frequency. The data indicates a
15 dB improvement in harmonic level as shown in experiment 6 in Table 3-3, It
is interesting to note that in comparison with other data in Table 3 -3 therc was
no appreciable change in efficiency caused by the reduction of the second and
third harmonics. However, it was found in later work as reported upon in
Section 5 that the adjustment for the reduction of the second harmonic in the
foreplane of the two-plane rectenna structure by this means may be so critical
as not to be practical. More investigative work needs to be done since the struc-
tures being worked with were not identical, and in the foreplane case the physical
length of the \/4 section is shortened by capacitance loading,

The method by which the harmonic content at the input to the rectenna
element was measured is indicated in Figure 2-2. The relative levels of the for-
ward directed fundamental power and backward directed harmonic power can be
measured with the use of an HFA spectrum analyzer and a dircctional coupler
which is designed to operate at the frequency of the harmonic power,

No observation of harmonics greater than the third harmonic were
obtained although the analyzer could have scen harmonics down by a factor of
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TABLE 3~-3

MEASURED EFFICIENCY AND HARMONIC LEVEL RESULTING

FROM CIRCUIT CHANGES IN RXCV ELEMENT DIRECTED

TOWARD 2-PLANE RECTENNA CONSTRUCTION AND HARMONIC

REDUC FION, MEASUREMENTS MADE ON FIXTURE WITH RF
GROUND PLANE

Absorbed Reflected DC Output 2nd Harmonic 3rd Harmonic
Sequence Microwave Microwave as % of Power Level Power Level
of Load Power Power Absorbed Related to Pealated to
Experiment L. scription of the experiment Resistance {(Watts) {Watts) Power Incident Power Incident Power
1 Unshielded RXCV clement adjusted 100 4,074 0. 042 86.30%
fos minimum reriected power,
3rd Harmonic Filter installed.

2 Add shield over entire structure 100 2,980 0. 135 87.19%

3 Change load resistance to mini- 80 4, 089 0. 028 87.53%
mize reflected power

4 Rise input power level to 5 watts 80 5.107 0.038 88.17%
nominal

5 Add 10 dB 4-10 GHz directional 80 5.116 0.029 88.73% -25 dB -55 dB
ccupler tc measure harmonics.

Compensate for insertion loss
11.052), Measure harmonic levels.

6 Add transmission line section which 8¢ 5,059 0, 086 88,67% -50 dB -55 dB
would cornect one rectenna element {-4C dB with
to its neighbor in 2-plane cunstruc- filter removed)
tion and which doubles as 2nc har-
moaic filter.

7 Take out 10 dB 4-10 GHz direct- 80 5.123 0,022 88.1%

ional coupler. Same as sequence
No, 3 bur w/conn, trans, line
t 2nd H/F) inclL

Conditions -~ Thermistur Bridge Calibration as of 10-8-75
RF Input Power Calibration as of 10-6~75 - 1.029 x 432A Powe. Supply Reading
Diode used was 40593CPX1G No, 13 (Diode Std, No. 11}
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70 dB from the fundamental. It is therefore concluded that the fourth harmonic is
down by at least this factor from the fundamental. The fourth harmonic was later
observed in the rectifier tank circuit by means of a special probe which was
coupled into the rectifier tank circuit in the ground plane test fixture,

In connection with the measurement of harmonic power at the second
and third harmonics, it is of interest to compare the level with that predicted by
computer simulation. For both the experimental case and the simulated case the
input to the rectenna element was terminated in a 50 ohm line. In the experimen-
tal case no stub lines were being used when the measurements were made,

HARMONIC LEVEL WITH RESPECT TO FUNDAMENTAL

Measured at Input Predicted at Input
on Ground - Plane Computer Simulation
Fixture

2nd Harmonic -25 dB (at 5 watts) -27.5 dB

3rd Harmonic -40 dB (at 5 watts) -37.4 dB

4th Harmonic <-70 dB (at_5 watts) .-

* Sensitivity of equipment to 4th harmonic was -70 dB from fundamental.
However, no 4th harmonic was observed.

3.5 Reduction in radiated harmonic power by metallic shielding

A considerable amount of harmonic power is radiated from the
rectifier tank circuit directly into space unless some metallic shielding is placed
around the tank circuit, Experiment No. 2 in Table 3-3 shows that the addition
of a metallic shield over the rectenna element resulted in an improvement in
efficiency by nearly 1%; this despite the fact that there must be some skin losscs
in the shield.

The second and third harmonic power being radiated from the unshiel-
d=d structure was easily detected by monitoring equipment fifty feet away. The
addition of the shield reduced any radiation to a level that the monitoring equip-
ment could not detect,

The radiation of harmonic power from the rectifier tank circuit
should not be confused with radiation of harmonic power from the dipole antenna
which must be transmitted through two or more low pass filter sections,

3.6 Improvement in the efficiency and in the consistency of efficiency

measurements by refinements in the constiuction of the RXCV rec-
tenna element,

It was found that there was a considerable variation in the efficiency
of some RXCYV rectenna elements depending upon whether they were inscrted into
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the waveguide test fixture in the "up'" or '"down'" position. The ''up'" and "down"
positions corresponded to the position of the aluminum nuts which were used in
conjunction with teflon machine screws to hold the side rails of the rectenna
element together. The test procedure was to make an efficiency measurement

in the ""up'" position, take the element out of the test fixture and reinsert it in the
"down'' position, take another efficiency reading, and to repeat this enough times
to obtain reliable statistical data. The efficiency measurements in either position
showed only a small amount of dispersion but the difference in the average effi-
ciency obtained for the two positions was 0, 64%.

It was then found possible to reduce this difference to 0.2% by sub-
stituting teflon nuts for the aluminum nuts., Therec was also a net gain of .15% in
efficiency in the higher efficiency position indicating that the aluminum nuts them-
selves were a minor source of efficiency loss, independent of their unbalancing
impact.

The reason for the impact of the orientation of the rectenna element
ir its test position upon operating efficiency is traceable back to an interaction
between the rectenna element and the metalic cylinder which surrounds a portion
of the rectenna element. Ideally, the two-wire transmission line should be
electrically centered in the metallic cylinder, If it is not, a plus-plus mode con-
tamination superimposed on the normal plus-minus mode of the transmission line
will result. The harm that this does depends both upon the amount of the imbal-
ance and what impedance the plus-plus mode couples into.

If the rectenna transmission line itself is electrically symmetrical
and if it is mechanically centered in the metallic cylinder, the amount of imbal-

ance will be negligible. However, the old design was not electrically symmetrical .

in that aluminum nuts were used on one side of the trapsmission line while the
heads of the teflon screws protrude on the other side. The 3-48 thread on the
diode also protrudes from one side which is the same side that the metallic nuts
are on., Now, when the rectenna element is inserted into the fixture, and if the
center line of the rectenna element corresponds to the center line of the metallic
cylinder, the side of the transmission line with the nuts will couple more closely
to the cylinder and set up an imbalance which will produce an efficiency loss,
Presumably if the rectenna element is taken out, rotated 180°, and replaced, the
nuts will be on the other side of the cylinder, and the imbalance and efficiency
impact will be the same., But if the axis of the cylinder and the rectenna element
do not coincide, then the results of the 180 degree rotation will be different; there
will be more electrical imbalance in one position than for the other and the
result in efficiency measurements may be noticeable.

£
'y

The use of aluminum nuts in the design of the RXCV rectenna element

was based upon better delivery and lower cost of aluminum nuts and tests
which were not refined enough to detect an appreciable difference in opera-
ting efficiency of the aluminum and teflon nut designs,
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od electrical symmetry should

In conclusion it is observed that go
foreplane if mode conversion with

be incorporated into the design of the rectenna
censequence loss in efficiency is to be avoided.
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4,0 SCHOTTKY BATRIER DIODE DEVELOPMENT

The material discussed in this section is closely associated with the
material described in Section 3.0, Section 3,0 stresses the work done in modify-
ing the circuits to a higher impedance level and the results of the total circuit
and diode modification cfforts in terms of higher efficiéncy obtained for the lower
levels of microwave power input. It was acknowledged in Section 3,0 that the
diode modifications were an important part of the effort. In this section the work
on the diode will be stressed.

Historically, much of the improvement in rectenna element performance
has been attributable to improvements in diodes. (Figure 1-16.) The major
improvements in diodes have resulted from reducing the series resistance of the
diode, This reduction was accomplished in part by using GaAs as the semicon-
ductor material., GaAs has a much higher mobility which results in much lower
series resistance. Another major imrrovement was making the thickness of the
epitaxial layer as thin as possible consistent with thickness required for the re-
verse breakdown voltage, V., specified. Most diodes are constructed with
excess thickness of the epitaxial layer to obtain greater yield. A quality control
problem is basically involved in making them thinnzr. Another important
improvement in diode construction, the plated heat sink design, reduced the
contribution of the resistance of the substrate to the total series resistance by
greatly reducing the substrate thickness,

But even after these improvements it was known that the losses in the
diodes were considerably greater than circuit losses; therefore, further improve-
ments would most likely come from improvements in diodes. Confirmation of the
source of losses of a more quantitative nature has resulted from the present work
as described in Section 2.2.3. Diode losses have now been measured quite ac-
curately, and the circuit losses sufficiently so by experiment and computer simu-
lation, These measurements indicate that the diode losses are significantly
greater than circuit losses. Circuit losses other than those represented by the
diode itself tend to be 3% or less of the power input, while diode losses range
from a minimum of 6% to much higher values.

Rectenna element efficiency with the diodes available from the RXCV
program were found f?_lge close to 90% at the power levels corresponding to such
optimum efficiency, '““’ These levels were in the three to ten watt region. How-
ever, at lower power levels of 50 milliwatts the RXCV rectenna elements would
perform at only 58%. (Figure3 -l ) Since the circuit losses tend to remain
relatively constant, such low efficiency must be associated with the diode or the
manner in which it is used.

Prior to this technology development program it had been established
that most of the loss in the diode at such low power levels was associated with
the voltage drop across the Schottky barrier itself and that the extent of this loss
relative to the microwave power input was roughly given by the ratio of the drop
across the Schottky barrier to the DC output voltages as discussed in Section
2.2.4. To improve the efficiency the DC load resistance could be-increased or
the drop across the barrier reduced,
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An approximate analysis of loesses in the diode as it is used in the rectenna
element also indicated that the capacitance across the junction should be reduced
if the diode were to be operated at nigher impedance level, Two major modifica-
tions in the diode were therefore indicated if it were to be used at a lower power
level - a decrease in the junction capacitancc¢ and in the voltage drop across the
junction, Another area of interest was the further progressive reduction of the
epitaxial layer thickness into the "punch through' region to establish the impact
of this upon the efficiency of the diode, .

A search of other possible junctions reveals that the Schottky barrier
voltage for a GaAs-W tarrier is about 25% lower than that of the GaAs-Pt
barrier. An objective of this contract was to build some diodes with the GaAs-W
barrier and to evaluate them. Now tungsten is a desirable material from most
viewpoints but it is more difficult to get it to bond to GaAs than it is platinum,
Fortunately, the development effort concerned with getting a satisfactory
mechanical and a satisfactory electrical bond between GaAs and Tungsten was the
subject of an ongoing effort supported by another contract. (31) The diode devel-
opment work for this contract benefited from that experience.

o

The voltage current characteristic of a GaAs-W diode constructed under
this contract is compared with that of a GaAs-Pt diode specified for the RXCV
element, ( Figure 4-1,) Both diodes had approximately the same reverse break-
down voltage and the same junction capacitance so a direct comparison can be
made. The GaAs-Pt diode was a diode that had been used as a standard during
the construction of the JPL RXCV rectenna. It is noted that the slope of the vol- \
tage-current characteristic in the forward direction of the two diodes are essen-
tially the same, indicating that the series resistance of the diodes are very similar,
The essential difference in the two diodes is in the Schottky barrier voltage and

- that this difference as measured by the intercept of the tangents of the voltage-
current characteristic with the zero-current axis is about 0,2 volts. This is the
value that one would expect.

The impact that the reduced junction voltage would have upon improvement
in efficiency of the rectenna element was examined by putting the diodes in the i
ground-plane test fixture ( Table 4-1) and then running a comparison test of
overall efficiency and diode losses. The results indicate that the reduction in
diode losses are just about what would be anticipated from the reduction in the
Schottky-barrier voltage.

The major importance of the comparison tests between the GaAs-W and
the GaAs-Pt diodes is to confirm what was expected - a slight improvement in
efficiency at the higher power output levels with a greater improvement as the
DC voltage output was reduced. There were no surprises.

As we sought to improve the efficiency at the lower microwave input levels, :
however, some unexpected difficulties were encountered. As the DC voltage on |
the diode is increased for a given input power by using a higher value of DC load
resistance, the loss in the series resistance during the conduction period goes ‘
down while the loss in the series resistance during the non-conduction period in- i
creases rapidly due to the charging current flowing into the junction capacitance.
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Table 4-1., Comparison of GaAs-Pt and GaAs-W Diodes in Ground-Plane Test Fixture
A B C D E F G H I
Microwave Diod: Being | Microwave | Microwave DC Power | Efficiency Mcasur: ! Inefficiency | Inefficiency | Total o:
Power Input | Tested Power Power Output of Element | Diode of Diode of Filter DC Output
Reflected Absorbed by D/C Losses F/C Circuits and Losses
Elerment E+G+H
) Watts Watts Wate: Watrs! 7 Watts % 2 %
‘ GaAs-1t ., 009 0,961 U.8lo 82.3 0. 140 14. 15 2. 37 0. 82
; ! iaAs-W n,nN23 1,077 . 838 §5. 81 0.120,9 12. 37 2. 37 100. 35
‘ GaAs-5t LoH03 1. 697 1.719 Kb, 12 n. 226 11.33 2. 37 99. 82
ki

< GaAs-\V/ 0. 020 1. 9690 1. 750 8Y. 42 3.198 10.03 2. 37 100.82
GaAs-Pt 0. 000 3.000 628 87.60 0.305 10. 17 2. 37 100. 14
3 GaAs-W 0.017 2.983 670 80, 56 0. 265 8. 90 2. 37 100. 83
GaAs-Pt n, 0n2 3,008 3.536 88. 45 0. 369 9. 24 37 190. 05
4 GaAs-W 0. 016 3. 084 3.591 90. 14 0,332 8.33 37 100. 84
GaAs-It 9. 008 4. 992 446 39, 06 0. 438 8.77 .37 100. 20
K GaAs-W 0,016 4. 284 522 an, 73 0. 394 7.92 .37 101.02
GaAs-i2t 1016 5, 984 3. 356 84. 50 0. 502 8.39 2. 37 100. 26
" GaAs-\W a, 017 5,983 .44 a1, 17 0. 455 7. 61 2.37 101.15
GaAs-i't D.928 Hh. T2 6.272 ga, a5 N. 565 8. 11 .37 100. 43
! GaAs-W 0,19 6,981 6. 378 qal. 37 0.524 7.50 .37 101. 24
GaAs-1't . 043 T.087 7. 189 90. 26 631 7.93 2.37 100. 56
8 GaAs-W 60,022 T.078 7. 284 91. 30 605 7.58 2. 37 101. 25

i, I Load Resistanre Used was 89 Ohev o

. Measurement of Falter Circuit Less was a Separate Measurement,

Standard Diode Moo i from RLCV Contract - [hode sdentiiied as 40593-CPXIG No. 33,

LAIIN- WU Ny 2 made under LeRC technolagy development cont-art,
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The distribution of losses is such that the junction capacitance and therefore the’
area of the junction should be reduced.

The reduction of the capacitance across the diode did not improve the low
power performance of the diode as much as anticipated. This was because of a
complication caused by the emergence of the back contact resistance as a sig-
nificant portion of the series resistance when the active area associated with a
low capacitance junction is small., The resistance in the depletion layer is very
low in a diode designed for low reverse breakdown voltage, even in a small
junction area associated with a small cepacitance. The back contact resistance
increases greatly, however, because the distance between the junction and the
back contact is so small in a plated heat sink diode that the current does not have
a change to spread out. This suggests making the base material out of a2 heavily
doped material to keep the spreading resistance low and of sufficient thickness to
allow spreading to a large area to cut down on the back contact resistance. Un-
fortunately diodes made in this fashion do not perform as predicted because cur-
rent at the microwave frequency flows close to the surface, resultirg in signifi-
cant skin resistance between the active junction and the back contact., There are
ways to reduce this skin resistance by evaporating a metal deposit over most of
the surface flow path and thereby reducing its length. However, this is a rec-
ommended.activity for the future since such diodes were not made under this
study.

4.1 The Diode Design and Construction Matrix

The approach to the design and construction of the diodes took the
following objectives into consideration:

1. To use the RXCV diode and rectenna element as a base and
performance reference., To this end the RXCV diode has been
included as one of the end items in the matrix.

2. To permit a systematic evaluation of the impact of various
parameters and to note any inconsistencies in results or de-
partures from expected behavior.

3. To use two types of barriers, GaAs-Pt and Ga-As-W, to investi-

gate differences in their efficiencies., And also to investigatc
GaAs-W barricr construction techniques.

4. To investigate the performance of diodes having a lcw value of
zero-bias capacitance and to confirm the design prediction that
a lower value of capacitanccs would ir prove the efficicncy of
the diode and rectenna element at low power levels,

&, To compare the performance of diodes having greatly different
values of reverse breakdown voltage, particularly at low power
levels,
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6. To investigate the performance impact of reducing the thick-
ness of the epitaxial layes,

To implement these objectives a matrix plan for diode fabrication
was derived, as shown in Figure 4-2 ,

Figure 4~2 indicates various kinds of diodes that result from such a
construction matrix. The matrix produces 16 different kinds of diodes from each
wafer. Two diodes of each kind, or a total of 32 diodes from each wafer, were
generally made available for testing.

A brief description of the manufacturing sequence may be of interest,

The epitaxially grown surface of each wafer was covered with a
material resistive to etching, The resistive coating from a portion of the wafer
was then removed, and the thickness of the epitaxial layer was reduced by the
application of an etch. Then the resistive coating was removed from another
area, and the etch was applied to both areas, Then the resistive coating was
removed from a third area, and the etch was applied to all three exposed areas,
In this manner, the four different thicknesses of the epitaxial layer correspond-
ing to the designations A, B, C and D on Figure 4-2 were established, The
designation A corresponds to the unetched portion of the wafer.

The wafer was then divided into two parts. Tungsten was deposited
as an interface with the epitaxially grown active area on one part while platinum
was deposited on the other part. A heat sink in the form of a gold-plating deposit
about three mils thick was then attached to the metallic deposition and was lapred
down to flatness. Then most of the substrate was removed by grinding.

An ohmic contact was made on the back of each piecsz of material.
A photomask technique was used to define the area occupied by the ohmic contact
for each individual diode., After the etching process, the ohinic contact was about
six mils in diameter. The mesa of the diode was then defired and etched to a
diameter of about eight mils, The diodes werc then separated from each other by
an etch applied to the outboard side of the heat sink., After etching and diodc
separation each heat sink was about twenty by twenty mils in size.

The individual diodes were then mounted by a brazing technique to the
package heat sink. The diode mesas of half of the assembled units were then
subjected to an etching process until the zero-bias capacitance was close to 3.7
picofarads. The remainder were etched down to a value of about 1 picofarad.

4,2 Life Test on Rectenna Elements and Diodes

Prior to the work undertaken under this contract there had been a
life test started on rectenna elements and diodes utilizing the 199 element rec-
tenna array development under an earlier MSF'C contract, Because of the impor-
tance of the information being obtained from the life test, the life test was con-
tinued. Altliough the work was not a portion of the prcsent contractural effort a
summary of the results of the life test are being included here for documentation

and reference purposes.
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EPITAXIAL
DIODE LAYER BARRIER ZERO-BIAS
WAFER THICKNESS TYPE CAPACITANCE
—1 3.8 pf
GaAs-W '
s l.OVE‘_f !
3.8 pf
GaAs-Pt |
!
3.8 pf ;‘
GaAs-W S——m— |
———— 1.0 pf I ?
B : i
3.8 pf ?
GoAs-Pt —-E " ' i
‘ 1.0 pf ;
3.8 pf 2
GaAs-W
L4 1.0 pf
2k C i
o 3.8 pf :
o : GaAs-Pt 3
. | DJ .0 pf
- / v 3.8 pf x
GoAs-W : ' {
1.0 pf 1
D 5}
—— GoAs-Pt '

884874

Figure 4-2, Diode Matrix and Manufacturing Sequence i
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. The life test that was run is important because it was the first and

: only life test that has been run on Schottk: barrier diodes used as high power

‘ microwave rectifiers. Normally these devices are used in Impatt applications,

: It was appreciated that the dissipation level in the Schottky barrier diode when

: used as a microwave rectifier would be considerably below the dissipation level

L when it is used as an Impatt device and that the dc bias on the diode would be less

; than half that in an Impatt device. These were factors which would normally en~

; hance the life of the device., Still the microwave power rectification was a new

application for the device and there had been no life experience.

: - Fortunately the rectenna designed as part of a complete microwave -

* power transmission system (shown in Figure 1-13) for Marshall Space Flight

; Center made a natural test rack and panel for the evaluation of diodes used in 1

: RXCV rectenna elements. 1929 rectenna elements could be inserted into the rec- 4’

’ tenna test panel., These elements were the same ones used in the certified demon- '

stration illustrated in Figure 1-13, Further, the radial Gaussian pattern of 1

illumination made it possible to vaiy the operating power level of the diodes.over

a wide range and provide a step stress kind of life test. The rectenna elements

were combined into sets, each set being comprised of those elements which had

] a common radius from the center and therefore similar power illumination as

' indicated in Figure 5-13, The dc output terminals of all the rectenna elements
in a set were connected in parallel across a common load for that set. If only one
diode shorted out; there would be zero voltage across the load which would ex-
tinguish a light normally continuously on. In the case of an open diode, a reduc-
tion in power output of the set would be found when the total current in a set was
periodically checked,

It was convenient to break the total number of elements down into |
- seven groups depending upon the incident power. The power level and set num- '
bers included in a group is given below,

s , Power Range No. of Units ;
' Group Designation Set numbers of Group : in Group j
A 15, 16, 17, 18,19, 20 0.2-0,5 Watt 78 1
B 12, i3, 14 0.5-1,0 Watt 30
C 9,10, 11 1,0-2,0 Watt 30
D 6,7, 8 2.0-4,0 Watt 24 g
E 4,5 4,0-6. . Watt 18 1
F 1,2,3 6.0-8,0 Watt 18 |
G 0 8,0-10,0 Watt ) 1

199 |

it P

It is therefore seen that the life test is conducted with a power range
of over 20, making it possible tc observe if the diodes in the high power range
degrade more rapidly than those in the low power range.

Using this equipment a life test was started on 17 March 1975 and
with occasional interruptions had reached 2913 hours by 22 Sept. 1975. During
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the first 150 hours there were three failures. There were no. more failures. If
we regard these early failures as of an infant mortality type, a total of 2763 hours
without a failure or noticeable degradation in efficiency performance had been
achieved, Thus, 549,837 diode hours have been accumulated without a failure or
noticeable efficiency degradation.

If we apply MTBF tables to this life test data, and request a 90 per-
cent confidence factor, we find that the MTBF is 239,0%9 hours or 27.3 years. If
we relax the confidence factor to 50 percent, an MTBF of 785,481 hours or 91
years is obtained,

The efficiency of the diodes in a set was monitored by periodically
checking the current which flows into the common load resistor for each set,
when the RF power which flows into the illumination horn is precisely set at a
pre-established value. The data in Table 4-2 indicated negligible drift in efficien-
cy performance after 1800 hours of life test operation. The average ratio of the
last measured currents to the initial measured currents is 0.9982, representing
a very small change and one which is easily attributable to measurement error.
The average deviation of the ratios from unity is 0,0123, Of special interest is
the fact that no degradation was noticed for the rectenna elements operating at
high power levels, These power levels are several times what would be antifira-
ted in the SSPS rectenna. B

Figure 4-3 provides 2 summation of the life test data taken up to a
total of slightly over 800, 000 diode hours. After the 2913 hours of life test just
reviewed an operator accidentally applied much higher microwave power to the
test set and four diodes failed in Group F. The first life test failure not ¢2 be
confused with operator error occurred at 3078 hours, It occurred in Group F,
The life test was continued without additional failure to 4178 hours when it was
shut down for two weeks. In restarting the life test the single center element
failed. It is believed that the applied microwave power was at an excessive
level. The life test was discontinued on 24 March 1976, a little more than a year
after it had started.

In summary, a great deal was learned from the life test, The test
was not a continuous life test and there were substantial periods of time in which
the set up was not operating. Hence there was also a kind of shelf life evaluation
to help rule out a "sleeping sickness' type of syndrome. Many of the groups ¢!
elements were run at power levels several times that anticipated in the rectenna
for the SSPS and no degradation in eificiency was noted for tkese elements after
a running time of 1800 hours, The life test results were marred by operator
error but there was a continuous period of time with n» failv+es of any kind which
indicated a mean time between failure of 27 years with a confidence factor of 90%
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TABLE 4-2

EFFICIENCY PERFORMANCE

No. of Initial Ratio of
Elements | Current | Current Current Current (1800 Hrs) to
Set # | in Set 151 Hrs 1428 Hrs 1800 Hrs Current (151 lrs)
0 1 251 251 254 1.0120 |
1 6 1363 1360 1360 0.9978 -
2 6 1258 1261 1268 1.0079 |
3 6 1198 1194 1199 1.0008 !
4| 12 - ' |
5 6 1010 1012 1014 1.0040 |
6 6 939 934 933 0.9936 j
7 12 1783 1768 1776 0.9961 |
8 6 792 790 791 0.9987 }
9 12 1306 1299 1298 0.9939 |
10 12 1190 1180 1189 0.9992
11 6 547 544 548 1.0018
12 6 524 509 509 0.9714
13 12 935 910 920 0.9840
14 12 818 813 825 1. 0085
15 6 362 358 358 0. 9890 |
16 12 654 668 682 1, 0428 |
17 12 639 628 631 0.9875 |
18 12 558 548 556 0.9964 !
19 6 220 235 240 0. 9600 :
20 . 18 678 681 701 1.0339 |
21 12 431 420 424 0.9838 |
Beyond current range of monitor meter. Average
Ratio: 0.9982




1,000,000 [ =
% E STRESSED LIFE TEST OF RXCV TYPE RECTENNA ELEMENTS .
' - KIND OF STRESS - POWER LEVEL .
T GROUP LIFE TEST CONDITIONS - R020M AMBIENT,
- AUXILIARY ING, 2450 MH -
B ;NR?QU%'C“Y COOLING z FAILURE CODE, FAILURE NUMBERS BY CLASS |
= ON FAILURE AND NUMBER OF FAILURES i
GROUP GROUP |
GROUP (5  UNEQUIVOCAL LiFE TEST
100,000 GROUP GROUP FAILURES - 1 -
- E F =
i @ OPERATOR~INDUCED FAILURES - 4 ;
C INFANT OR OPERATOR-INDUCED
- D  FalLLe -3 ]
w - o
3 B - _
[e) DC POWER
T 10,000 Yt LEVEL OF [XumeER —
w ! E croup  |ixorviouagor o:opes)
8 - 010DE I1x fix GRouP | o
Q " 3
3 — — WATT ]
A //////// 0.1-0.5] 78 ”
. P ]
- 3 SRy o510l 0 | S
- \ \\\ -
C \ 1.0-2.0] 32
1,000 |- //\\ _
C | TOTAL NUMBER OF DIODE HOURS > 800,000 ° /A 2.0-4.0f 30 | 7
8 - N 3
= E \‘\\\ 4,0-6.0] 18 |3
: - N\, 7
! " F 6.0-8.0] 18 B
v a ]
: 19 -
3 100 Ayl 8 8.0-109 1
, 884619
E Figure 4-3, D?ode Life Test Results Using Test Arrangement Shown in
4 Figure 1-13,
74
R ! 1
. U e P | 1 . L l ) . 4




s e

A L L T R PR TR N T

RS Y AP A e opey T

e

5.0 INTEGRATION OF IMPROVED DIODES AND CIRCUITS INTO A DESIGN
COMPATIBLE WITH THE LONGER RANGE OBJECTIVE OF A LOW-COST
RECTENNA SUITABLE FOR SSPS DEPLOYMENT

5.1 Introduction

Prior to this contract, there had alrcady been an appreciable base
established for a low-cost design, Early rectenna designs had employed a two-
plane construction in which one plane was merely a metallic reflector of some
kind while the other plane contained the half wave dipole, the rectification circuit,
and the DC collecting busses. However, in an attempt to better understand the
behavior of the recteana array, as well as to incorporate some necessary har-
monic filtering into the system, the development had subsequently gone in the
direction of a three~plane system in which the DC power was collected in a third
plane which was behind the reflecting plane. This development sponsored by
MSF C support led to better performing rectenna hardware as well as to a better
understanding of its behavior. It was then very logical to use the design of the
MSFC hardware as a base for fulfilling the NASA sponsored JPL contract calling
for the efficient reception and rectification of substantial amounts of microwave
power (30 kw) that was to be transmitted over a distance of approximately 1.6
kilometers.

At the successful conclusion of that effort it was logical to think in
terms of returning to the two-plane construction and to incorporate the best
features of the three-plane rectenna development into it. The present study has
successfully pursued this conversion while taking these pertinent factors into
account: (l) the need for protecting the active portion of the rectenna from the
weather environment (2) the need to minimize radiation of unwanted harmonics
(3) the desire to utilize the front active plane of the structure as a structural
clement to reduce the cost of materials and the cost of fabrication, and (4) the
need to develop an output voltage of at least 1000 volts to establish efficient DC to
60 cycle inversion. It is believed that the design approach that has resulted from
the present contract fulfills all of those requirements as well as lending itself to
a low-cost high spced construction. There are many details, of course, that necd
to be filled in.

The general design approach that has resulted from this study is
shown in Figures 5-1 and 5-2, The construction shown in Figure 5-2 is identical
to that tested out in the 199 element array for compatibility evaluation except for
the addition of the teflon caps over the half wave dipoles and the replacement of
the solid metallic reflector with the electrically equivalent wire mesh,

The exploded view of the foreplanc structurc shown in Figure 5-3
clearly differentiates between the basic core structure and the external metal
shield which also doubles as a major structural element.

In the material that follows we will discuss various aspects of the
development and how it should integrate into further development programs and
the final manufacturing proccss for the SSPS. The description of the testing and
electrical data are given in Sections 5.5, 5.6, and 5.7,




Figure 5-1. Proposed design of Rectenna moti

vated by environmental pro-
tection and cost considerations.

Figure 5-2, Physical construction of two-plane rectenna. With the excep-

tion of covers (white teflon sleeves in photograph ) this is the same five
element foreplanc that was electrically tested in Figure 5-12.

plane made from hardware cloth is representative of what coul
SSPS rectenna,
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5.2 Qutline of a Production Process for the SSPS Rectenna

A logical revision of the design of the core structure shown in
Figure 5-3 lends itself to a high speed fabrication method which starts out with
rolls of flattened wire and insulation material as suggested in Figure5-4, The
wire is rapidly and continuously formed into the side rails of the core structure.
These side rails double as microwave transmission lines and busses for collect-
ing the DC power, The two side rails flow together and are fastened to each
other in such a way as to form the needed capacitors and the inductive sections
of line, The diode is also incorporated at some point. This core-assembly flows
continuously together and then the metal shield flows around the core assembly
as suggested in Figure 5-5 and is joined together in some mannzr. (Note the
form of the field in the assembly of Figure 55 was an earlier variant). The
material from which the shield is fabricated is as thin as possible consistent
with the strength that is needed for structural purposes.

At this point of development, the subsequent production assembly
methods have not been defined, but one can imagine the output of many fabrica-
tion machines flowing out over a reflecting plane made up of wire mesh and
being joined to it. The reflecting plane in turn is joined to a supporting structure
as suggested in Figure 5-1, The entire prefabricated assembly then rolls off
the back of a continuously moving factory such as that shown in Figure 5.4,

In this advanced concept materials are hauled into the front of the
moving factory and the finished assembly flows out the back, An alternate
approach to the moving factory is a fixed factory at the site of the rectenna; in
this case the finished rectenna sections would be hauled to the site by specially
made trucks, However, the argument for the moving factory is that continuous
lengths of rectenna several hundreds of meters long will be necded; this would

complicate the hauling process.

In any event, some high-speed, on-site production method will be
necessary because of the large scale of the SSPS rectenna as indicated in
Table 5!, Because of the economic desirability of fast erection of facilitics, it
would probably be desirable to install a complete rectenna in about one ycar's
time. This means that for a rectenna with ten billion elements the rate of
production of rectenna elements would be about 318 per second in order to con-
struct the rectenna within the 8760 hours of a year's time., If the rectenna panels

were 6 meters wide the moving factory would have to move at the rate of 0,265
meters per second to cover the area with rectenna panels in onc year, Undoubt-
edly the use of more than one machine would be found to be cost effective.

There are a number of changes that will have to bec made in the
present core-assembly design in order to make it more compatible with a low
material cost and high speed assembly., The use of teflon machine screws, nuts
and washers to form the capacitors and to hold the structurc together is of course
incompatible both from a cost and assemblyv point of view. An alternate approach
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Figure 5-3, Basic core structure design illustrating the joining of individual 1
rectenna elements to cach other to form a linear, easily-fabricated structure

performing the functions of DC power bussing and microwave collection and
rectification
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Figure 5-4. Proposed method of continuous fabrication of the core assembly }
) of rectenna elements, ,
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L Figure 5-5. A mechanical mockup of the proposed design of Figure 5-1 ‘

showing how the metal envelope can be assembled to the core rectenna in a
continuous-flow type of manufacturing assembly, The metal envelope is an
early design and has been superceded.
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TABLE 5-1
STATISTICS ON RECTENNA

Wavelength 12.25 em
Rectenna Diameter 9.2 Kilometers
Total Area 66 x 106 Square Meters
Average Power Density

10,000 Megawatts DC 151 Watts/Square Meter

5,000 Megawatts DC 75 Watts/Square Meter
Total Number of Rectenna Elements 1.32 x 1010
Rectenna Element Density 200/Square Meter
Maximum Power Per Element

10,000 Megawatts DC 2.8 Watts

5,000 Megawatts DC 1.4 Watts

80
SN R R RS | . 1 st SR

[




;
:
.

SH R RSy

Materials

Artists' concept of a n.oving rectenna factory.
brought in at one end of factory arc basic ingredients to high speed auto-
mated manufacture and assembly of rectenna panecls which flow continu-
ously from other end of factorv., Panels are nlaced on footings also placed

in the ground by the moving factory.

Figure 5-6.
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that appears to be attractive is the use of staked-in alumina pins which supply the
needed capacitance as well as the means of holding the structure together and
spacing the core structure from the metal shield., A preliminary assembly that
has withstood some initial thermal shock testing is shown in Figure 5-7T.

5.3 Interrelationships Between the l.osses in DC Bussing, the Cross
Section of the DC Busses, the DC Power Collected by Each Elecment,
the Density of the Rectenna Elements, and the Required DC Output
Voltage Level

It has been recognized that the rectenna DC power must be collected
locally at a significantly high voltage for two reasons. The first of these is to
avoid excessive expense for collecting busses and the second is that the devices
used for inverting dc into 60 cycle power become highly efficient only at voltage
levels of 1000 volts or more. How does this requirement tie in with the proposed
fabrication technology?

In order to get the required voltage it will be necessary to connect
in series sections of rectenna line in each of which the individual diodes are
operated in parallel, Also, it will be nucessary to have an outbound section as
well as an inbound section because of the series connection. This results in the
circuit as shown in Figure 58 It is noted that the series connection of the scc-
tions can be accomplished without any additional expense as part of the fabrica-
tion procedure shown in Figure 54. The only requirements are that one side of
the line be cut between successive sections™ and that the direction of the diodes
be reversed in successive sections,

With this material as a background we¢ are now in a position to derive
a useful formula which relates the length of the structure to (1) the ratio of I2r
loss to the collected dc power, (2) the number of rectenna elements per unit
length, (3) the dc power level collected per unit clement, and (4) the dc resist-
ance provided by the side rails of a single rcctenna element, The formula
follows:

L = 103\/':—2k—- , where: ()
n“wr

L = the total length in meters of two strings of rectenna elements,
which represent the outbouid and inbound strings, respectively.

k = the ratio of the total I2R loss to the total dc power collected,
n = the number of rectenna clements per meter,

w = the dc power collected by cach element.

% Cutting the scctions in this fashion would perturb the performance of the N4
isolating section and needs to be looked at in more detail,
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Figure 5-7. Suggested assembly method in which staked-in ceramic pins
provide the dual function of assembling the rectenna element and behaving
as electrical capacitance in the low pass filter.
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Figure 5-8. Schematic electrical drawing showing how the scctions of

parallel diodes arc connected in scries to build up to the
desired voltage level at the output,




r = the dc resistance provided by the side rails acting as dc
collecting busses for one single element,

If we substitute into this formula the value of n of 13 that is currently
being used, and the value of r of 1,72 x 10-3 ohms for the RXCV rectenna element,
we obtain the following expression i

L = 18544 % (4) f
w -

As an example, if the IZR losses represent 1% of the dc power
collected (k = ., 01), and w is one watt, the total length of the assembly is 185,4
meters. It follows that the mumber of elemsnts in the string is 2, 405, the dc
power collected is 2,405 kilowatts and the I°R losses are 24 watts., Depending
upon the proper value of resistive load for each rectenna element, there will be
between 40 - 60 sections connected in series. Of course, the total number of
elements should be some integral multiple of the total number of sections and
will, therefore, not be exactly the number 2. 405,

The weight of the aluminum raw material stock from which the
rectenna line loop of 185.4 meters is constructed in 5020 grams or 2,09 grams
per element. At a current base price of 41¢ a lb for aluminum, this represents
a raw material price of 0, 183¢ per element, or $1.83 per kilowatt.

If the size of the rectenna requires 1010 elements, and the construc-
tion remains the same throughout the rectenna, a total of 2.3 x 104 tons of
aluminum will be required, or about 0,35 of one percent of the total aluminum
produced in the United States in cne year.

There is, no doubt, some tradeoff in the value of electrical encrgy J
against the investment in conductors for bussing the power. However, the
fabrication technique that is shown in Figure 53 presents definite restricticns on
the cross sectional size of the conductor. It is also noted that rectenna elements
made by conventional printed circuit technology would not provide significant
self-bussing (or cooling of the diodes) because of the small cross section of the
conduction numbers,

5.4 The Design and Construction of the 5-element Foreplane

The 5-element foreplane is the terminology used to describe all of
the structures shown in Figures 5-2 and 53, with the exception of the reflecting
plane, This ‘section will describe the design considerations going into the desipn
and construction of the outer metallic shield and the core-assembly,

1
i
i
i
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5.4,1 Considerations in the Design of the Outer Metallic Shield

In this design, the metallic shicld fulfills three requirements
imposed upon it: (1) the prevention of direct radiation from rectifier circuit into
space, (2) to function as a structural element for the rectenna, and (3) te be
tabricated economically,

A photograph of the shield as mechanically fabricated is shown
in Figure 59. The top and bottom parts are identical, The form of the shield and
its appearance when combined with the rectenna core arc shown in Figure 5]0.

The choice of the kind of mectal and its thickness for the fabrica-
tion of the shield received considerable attention. Aluminum was selected as the
initial material, primarily because it represecnts :n excellent tradeoff between
cost and durability, A secondary factor was its low electrical loss, which is of
some importance because some currents will flow in the walls of the shield.
Stainless steel might also be considered, but it would be considerably more expen-
siven even after allowing the use of a thinner material because of the higher
modulus of the material,

The requirement for low material cost which will ultimately
represent most of the cost of the rectenna indicated that the stock should be as
thin as possible since material cost is approximately proportional to thickness,

On the other uand, the strength of the shield as a structural
element, the deflection of the shield due to an external force, and the period of
vibration will be dependent upon material thickness and upon the size and shape
of the cross-section., Further, if the external force is caused by wind pressure,
this force will be a function of the size and shape of the structural element,
Although this situation would seem to generate a complex tradeoff, matters arc
greatly simplified because the size of the tubular shield must be at least 1.0
cm for mechanical reasons of housing the rectenna element core and to allow for
adequate insulation in the grommet that fits between the shield and the antennx,
but no larger than 1,5 cm because of increased wind resistance and non- TEM
modes that could exist for high-order harmonics in larger tubos. A good com-
promise would seen to be a 1,250 cn: tube, and to iua.n ** rectangular rather
than circular in shape because of the increase in moment of inertia by a factor
of 5,33 and therefore greater stiffness and stre«gth for a given wall thickness,
and because of the much casier problem in designing a suitable grommet.

The problem then narr:ws down to a selection of the thickness
of the material from which the tube of square cross-scction will be made. This,
in turn, will depend upon an appreciation of how the mectal shiclds fits into the

overall rectenna as a structural element., From Figurc 5l it is scen that the
tube is joined onto a foot which would normally be a part of the same continuously
formed piece and that this foot, in turn, is joincd onto the rcflecting planc made
from some kind of an expanded metal or interwoven wire (with sccured joints at
the crossovers)., Thus, the moment of inertia of the metal shicld arounds its
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Figure 5-9. Fabuyicated Metal Shield RHalves Which Will Support and Shield,
Both Electrically and Environmentally, the Rectenna-Element Core.

TETiT2M

Figure 5-10, Completed rectenna fore-plane assembly consisting of
metallic shield and the core assembly of five rectenna clements,
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neutral axis parallel to the metal screen and at right angles to the axis of the
tubular shape will be much larger than the moment of incrtia on the structural
member about a neutral axis normal to both the screen and the axis of the tubular

shape.

It is noted th~t the screcen itself will prevent the foot of the
structural member (that is, the point at which it jcins to the metal screcen) from
deflecting up or down, and the screen itself will add to the moment of inertia
because it is joined to the metal shield. This will probably place the neutral axis
not too far from the foot of the structural member itself, This all adds up to a
very small amount of deflection in a direction normal to the reflecting screcen.
On the other hand, if Figure 5lis examined, the metal shield as a structural
element is seen free to flex at the point where its foot joins the metal screening.
This could normally be taken care of by inserting some webbing between the foot
of the structural member and the square tubular section and welding it to all
metal interfaces. The method of continuous fabrication of the shielding member,
however, makes the insertion and welding of such a web a difficult undertaking.
On the other hand, it would be possible to attach a supporting member to the post
(the post is shown in illustration 5-1 as a " T" beam). The supporting member
would consist of two parts: an upper part which would prevent any upward
motion of the tubular portion of the metal shicld and a lower part which would
prevent any downward movement of the metal shield. Then, between any two
vertical supporting posts (the "T" sections again), the bending of the tubular
portion of the shield halfway between the supporting posts would be constrained
by the moment of inertia of the tubular section about an axis normal to its own
axis and normal to the supporting screen, and by the constraint placed on the
foot of the shield where it joins the reflecting screen,

A consideration of all of these factors led to a choice of
aluminum material in the range of 0,012 to 0,025 ¢ 1, , Material in this thickness
range is consistent with the matecrial costs that have been estimated for the pro-
duction rectenna. Rolls of alumiium shim stock in sizes 0,012. 0,020, and
0.025 cm thickness were obtained. An initial selection of 0,020 <13 thickness

was made,

The 0,020 ¢m thick material is much thinner than is normally
used in the shop and outside the scope of normal shop familiarity and shop cquip-
ment, Temporary tools were used, therefore, in the laboratory to form the
material as shown in Figure 59, Since the material was formed around com-
mercially available ground steecl stock, a high degree of precision in forming the
pieces was possible. A simple drill jig was also necessary for positioning and
drilling the holes for the grommets,

The foot or turned up scction where the shield would join the
rectifying screen was not formed on the picce. For clectrical reasons, we wanted
to be able to vary the spacing of the dipole clements from the reflecting plane
when it was tested in the central arca of the 199 element rectenna,
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Because the shield was used for an experimental assembly
containing the rectenna core which was modified during the testing period, the
edges of the shield have holes drilled in them to permit the use of 0-80 machine
screws to hold the pieces together. When the two halves are joined together with

machine screws, a surprisingly stiff member results,

5.4.2 ~ Considerations in the Design of the Core Assembly

It was determined early in the work performed under the contract
that the individual rectenna element would work satisfactorily in the waveguide
test fixture if the a:xis of the rectenna element was oriented as shown in Fig, 3-4,

Most of the effort in the design of the 5-element foreplane
assembly was in connecting the five elements together. This normally simple
problem was complicated by the fact that the pitch of the elements (that is the

distance between centers of the successive halfwave dipoles) was not great
enough to include the shorted quarterwavelength section of air line that is. neces-

sary to isolate the elements from each other at the fundamental frequency of
2.45 GHz,

This problem was resolved by adding a capacitance in shunt with
the input of the shorted section of line to resonate it at the fundamental frequency.
From a physical point of view, this was accomplished by using a thinner Teflon
washer at the input of the low pass filter so that there is no additional cost or
mechanical complication. The solution is much superior to filling the section of

line with a continuous dielectric.

By adding another capacitance of the proper value at the mid-
point of the section of line, it was possible to make the section an electrical half-
wavelength at the second harmonic while still maintaining a quarter-wavelength
at the fundamental with now another value of capacitance having been selected
for the input to the line. The half-wavelength line at the second harmonic can
behave as a short for the second harmonic at the output terminal, thus in principle
decreasing the second harmonic output. However, the adjustment of the value of
the midpoint capacitance was found to be very critical; and it was found that a
decrease in efficiency and an increase in harmonic content occurred at a point of
adjustment only slightly removed from the point at which the radiated se~~nd
harmonic power was a minimam, It was felt that the reduction in efficiency might
correlate with an increase in the generation of second harmonic power in the
rectification circuit and suggested an investigation of harmonic power generation
as a function of the termination of the low pass filter at the input to the dipole
antenna. Although such an investigation was needed, it was identified as a
diversion to the main thrust of this task, which was to test the foreplane as part
of the 199 element MSFC rectenna. The midpoint capacitance, therefore, was
not included in the construction of the core assembly,

Before concluding this discussion it is noted in Section 3.4 that
the second harmonic can be reduced considerably by tuning the intervening section
of line to the second harmonic. The criticality of the adjustment was not noted

although it may well have been there,
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5.5 Tests of the Separate Rectenna Elements in the Foreplane Structure
-vith the use of the Expanded Waveguide Fixtu:ec

Because the individual elements are isolated from cach other in the
foreplane structure it should be possible to check the elements individually,
Therefore, extensive tests were carried out on the individual elements in the
foreplane assembly using a modified expanded waveguide test fixture. The modi- 4

fications consisted of cutting deep slots into the sides of the test fixture to accept
the foreplane., After the foreplane is inserted into the test fixture, the 1lid is

closed and clamped., Secure contact is made between the lid of the fixture and the
back of the foreplane section with the use of machine screws, although good |
contact deces not appear to be necessary for proper operation,

Table 52 presents the results of the final tests that were made on
each of the rectenna elements in the foreplane structure. A set of five GaAs-W
Schottky barrier diodes fabricated as part of the diode development
program was used., Each of the five diodes was also checked out in an RXCV
element to ascertain if there was a substantial difference in efficiency between
the RXCV element in the foreplane structure. A slightly lower efficiency (less
than 1%) of these elements in the foreplane was noted. This loss was probably
caused by the losses in the section of the transmission line that joined the
rectenna section to the next within the foreplane construction, ‘'Lhe average over-
all efficiency (the ratio of DC power output to incident microwave power) of the
5 elements in the foreplane was 87.86%. The reflection loss was only 0. 26%.
An incident power level of 4 watts was used for the test,

Although it was possible to match the foreplane elements so that there
was a very small reflection, in the cases of elements 4 and 5 the efficiency
decreased substantially when the elements were matched out. This was not the
case with the other three elements, and there was no obvious cause of the
anomaly experienced with elements 4 and 5.

5.6 Smith Chart Presentation of Reflection Data

A Smith Chart presentation of microwave reflection as a function of ‘
incident microwave power level and the ohmic value of DC load resistance, made
for a typical element in the foreplane structure is shown in Figure 5-11. This 1
indicates, as had previous measurements of reflected power, that low values of
reflected power (less than 1%) can be obtained over a relatively wide range of
microwave power input if the proper load resistances are used., However, the
reflection can be made to vanish only for » combination of load resistance and i
microwave power input. An adjustment of the load resistance primarily accom-
modates a mismatch of the resistance portion of the microwave load, but not the
reactance part. The admittance is measurcd at the point where the half wave
dipole input terminals connect to the input of the low pass filter. A temporary |
short at this point was used to find the corresponding reference point on the
moving-probe slotted waveguide standing wave detector. The slotted waveguide
standing wave detector is attached to the input of the expanded wavegui'de test
fixture. Figure 5-11 utilizes only the central part of the Smith Chart in order to
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Table 5-2,

o 7 VR -~

Tacsk III, diode development

Comparison of the cfficiency of the five elements in the
foreplane structurc with the RXCV element using a set of
five GaAs-W Schottky barrier diodes fabricated as part of

Diode Identification 50234CX | 50234CX | 50234CX | 50.:4CX ] 50234CX | Average
WwWC-9 WB-12 WC-12 WC-6 wC-8 of 5 Tests
=
TEST OF DIODES} ,, . _ DC Output Power o =
IN RXCV ol = Tncident RE Power 87.32 28.95 89.55 88. 80 88,65 88,65
ELEMENT -
using expanded | %2 = QSSOOSQEZ‘RP;‘;,‘:W” 89.14 | 89.53 | 89.97 | 89.49 | 89.66 | 89.55
waveguide fix-
ture o . .
1604 load o of Tacident Power 2.05 0.65 0, 47 0.77 1,12 1.01
5 watts of rf
input
TEST OF DIODES) Rectenna Element
IN FOREPLANE | Numbder in Foreplare 1 2 3 4 5
STRUCTURE Array
using modificd
expanded wave-| 5 DC Output Power 88.20 88.90 88.20 86.66 87. 36 87. 86
guide fixture °" 7 Incident RF Power
18042 load
. DC Output Power . . ,
4 watts of ri %2 = 88. 43 88.95 88.68 86. 88 87. 49 88, 08
input Absorbed RF Power
% of Incident Power
Reflected 0.26 0. 07 0.55 0.26 0.15 0.26
* Before rematching to reduce reflected power, %2 for elemants No. 4 and No. 5 were
88.31 88. 84, respectively — significantly higher, Average %2 before rematching
was 88.60.
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Figure 5-11. Input admittance to the foreplane rectenna element measured at the :
jun~ntic. of the half-wave dipole to the low-pass filter section. Input admittance
is a .- ~tion of the input microwave power level and the DDC load resistance. Data 1
were .cained using the expanded waveguide test fixture and one of the elements !
in the foreplane construction. The rectenna element tested was connected in the
intended manner to the adjacent rectenna elements. The susceptance component
can be varied by resetting the position of the movable short near the diode rec-
tifier. By adjusting this setting and the DC load, it is possible to obtain a zcro
power reflection tor a wide range of inciden: power. The 5-watt input level was
placed at the center of the Smith Chart because this is the intended power level
of operation when the foreplane structure is put into the 199-clement rectenna for
test,
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show clearly in the form of concentric circles the relatively small amount of
reflected power associated with relatively large variations in admittance from
that which matches the generator source. It is noted that a very wide rangc of
input power is associated with a valuc of reflected power less than 1% of the
incident power,

The data in Figure 5-11 are plotted in admittance form. The conduc-
tance component tends to remain constant, while the susceptance component
varies with the input power level. A variztion in the DC load resistance tends
to vary both the ccnductance and susceptance components,

The variation in susceptance as a function of power level undoubtedly
comes from the variation in the capacitance of the Schottky barrier diode as a
function of the bias volcage which is determined by the power level and the value
of DC load resistance. The average value of this capacitance gets reflected

back through the two-stage low loss filter to the point at which the admittance is
being measured,

5.7 Test of the 5-element Foreplane as an Integrated Part of a
Larger Array

The 5-element foreplane structure was integrated into the 199-
clement rectenna array and an attempt was made to uncover important differ-
ences between the behavior of the rectenna prior to such incorporation. .

No important differences were discovercd. The foreplance assembly
consisting of the metallic shield and the core assembly of five rectenna elements
was mounted in the central portion of the 199-clement rectenta, as shown in
Figure 5-12. The output power from the foreplanc, as cxpcrimencally measured,
was then comipared with what the power output would have been frow the five
individual elements that it replaced, according to a formula to be expicined later.
On the basis of this comparison, the measurcd power output of the forepiane
structure was found to be slightly higher than predicted at lower power and cebout
the same at higher power levels, This behavior could be accounted for by the
characteristics of the diodes used in the elements in the foreplance and by other
considerations. One of the important possibilities taken into consideration was
that the 5 elements in the foreplane were robbing power from their neighbors as
the result of operating into a lower dc load resistance. However, a wide variation
of the dc load resistance presented to the foreplane structure did not substantially
perturb the aggregate power picked up by all.the diodes in a central circular arca
whose diamecter was larger than the length of the foreplanc structure.

To begin the cxperimental study of the integration of the foreplane
into the 199 element array, it is noted that in the 199-element array all of the
rectenna elements lie on sets of circles with different radii but with a common
center. The common center is at the center of the array, Starting from the
center, there is a single element at the center, decsignated set 0", There are
six elements in Set No., 1 which has the smallest finite radius, six more in Set
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The test set-up for checking the foreplane type of rectenna
array. The five element foreplane structure is placed at

the centcr of the array as shown, The DC output is dissipated
in a resistive load. The collected power from the foreplane
can then be compared with the power that would have been

collecicd from the five elements that it replaced by a procedure
discussed in the text,
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No. 2, six more ia Set No. 3, twelve in Set No, 4, six in Set No. 5 etc. This
arrangement is made more clear hy reference to Figure 5-13 which shows the
first fourteen sets of elements and the number in each set.

The average power level in each set is a function of the radius of the
circle corresponding to the set. The function is given closely by a gaussian
distribution of power density centered at the center of the array. Figure 514
shows the correspondence between experimental data and a gaussian distribution
for the 199-element.array whose perforrnance_.\f/&s verified by the Jet Propulsion
Laboratory Quality Assurance Dept. in 1975,

It is noted then that the 5-element foreplane structure as shown in
Figure 5-Breplaces two elements of the No, 1 set, two etements of the No. 3 set,
and the single element No, 0 set. Now, if the assumption is made that all
individual elements in a set have equal power output the prediction of the power

in the foreplane structure in terms of the remaining power in sets No, 1 and 3
may be formulated as:

Predicted Predicted power . Predicted Power = Predictid Power
Foreplane = in Center Element =~ of 2 adjacent elements of 2 outside
Power of Foreplane Lo center element of elements of
Foreplane Foreplane

Aggregate Power '-Aggragate Power Aggragate Power
Predicted of 4 elements left| +2{ of elements left | +2| of 4 elements
Forepiane = 1,08} in Set No, 1 in Set No, 1 left in Set No, 3
Power 4 J 4 4

ol

The factor 1,08 in the first term above comes from the fact that the
density of power at the center as given by the gaussian distribution is 1,08 times
the power density at the radius of Set No. 1 consisting of 6 elements,

All the elements in a set operate in parallel into a common load,
The effective load per element is approximately 23.5 ohms, To maintain this

effective load, it was necessary to reset the common load values of sets 0, 1,
and 3,

Figure 5-15 shows experimental data which compare the output of the
foreplare structure with the predicted value as given by the preceding formula
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Figure 5-13,

719274
SETNO, NO, IN SET SET NO., NO, IN SET
0 1 (CENTER) 8 6
1 6 9 12
2 6 10 12
3 6 1 6
4 12 12 é
5 6 13 12
6 6 14 12
7 12

Schematic Showing that all Rectenna Elements are Parts of
Sets, With Six or Twelve Elements Per Sct, Which lie on
Circles Concentric with the Rcetenna Center. In the 199-
Element Array therc are 7 additional sets to the 14 of this
figure,
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Figure 5-14. The average DC power output per element in a set of elements
is plotted as a function of the radial distance of the set. The resulting points
of data may be easily fitted to a Gaussian curve which is the approximate
power density distribution in the beam,
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Figure 5-15, Experimentally observed power output of the 5-clement fore-
plane sgtructure is compared with predicted power based upon power picked
up by remaining elements in sets whose total number of elements included
elements in the foreplane structure. Data set No. ! and No. 2 were taken
at different times, Inconsistency of data at the "relative inc:dent microwave
power” value of 1,0 is caused by difficulty in resetting the incident micro-
wave power level from one set of measurements to another.
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over a-comparaiively wide range of input power levels. The maximum average
power level of the elements in the foreplane structure was 4,34 watts, Higher
levels were not sought in order to minimize the possibility of diode failure,
since these diodes dec not have a particularly high reverse breakdown voltage,

The data shown in Figure 5-15indicate that the power output of foreplane
structure has a close linear relationship to the incident power level, as does the

formula for the predicted power level which is composed of experimental inputs
from Sets 1 and 3.

Because portions of Sets, 1, 2, 3, 4, and 5 interact with the foreplane
structure, it is of interest to see how the power outputs of these sets behave as a
function of the dc load resistance placed upen the 5-element foreplane structure.
Figure516 shows the aggregate power output of the foreplane structure plus the
power outputs of Sets 1, 2, 3, 4, and 5 all of which have some mutual coupling
impedance to the foreplane structure, as the dc load resistance of the foreplane
structure changes from 25 to 41 ohms. The aggregate power rises by 2% over
this range. The behavior of the individual power in the sets is also shown in
Figure 515, As the load resistance of the foreplane structure is increased, the
power output of the foreplane structure decreases by about 4% while the power in
sets 1 and 2 increases by about 4%. Sets 3 and 5 are relatively unchanged., Set 4
has an increase of about 2%.

The qualitative observation is that the perturbation of the aggregate
power and the individual set powers is not greatly influenced by the dc load
resistance of the foreplane structure. However, it is noted that the agreecment
between predicted foreplane power and experimentally observed values is a func-
tion of the foreplane dc load resistance. This relationship is shown in Figure 5-17.

The total aggregate power increase as a function of the foreplane dc
load resistance may be correlated with a decrease in reflected power as deter-
mined by VSWR ratio measurements with a probe in front of the center of the
199~eclement by VSWR ratio measure:nents with a probe in front of the center of
the 199-element array. The validity of this kind of measurement is good if the
illumination is gaussian and if the percentage of power reflected is uniform over
the array. In the efficient operation of the 199-element array, the elements in
each set are trimmed for minimum reflected power at the power level at which
they are intended to opcrate. The reflection loss that is experienced when they
are operated at other power levels is suggested by Figure 5IL

In the illumination of the rectenna in which the foreplane is incorpor-
ated, the incident power level is different on the five elements, although they
share a common load. Hence, the situation for making VSWR measurements is
not ideal, particularly in closec proximity to the thrce central clements of the
foreplane structure where these elements will dominate the reflected power,
However, if the probe is backed off, the VSWR ratios become more valid, Under
these conditions, the VSWR associated with a 25-ohm load is 2,8 dB as comparecd
with 1.5 dB for the 40-ohm lnad as shown in Figure 518. The corresponding
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I'igure 5-16. The power output of the fore
rectenna elements,
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Figure 5-17. Agreement between experimentally measured DC power
from the foreplane structure and predicted value as a function of foreplane
DC load resistance.
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Figure 5-18. VSWR ratio and min pousition as a function of the DC load
resistance of the foreplane construction and of the distance of the probe from
the dipole plane.
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reflected powers are 2,5% versus 0, 7%. The difference of 1.8% in reflected
power correlates with the 2% increasc in aggregate power., However, the micro-
wave input measurement accuracy and the validity of the reflected power percen-
tage by the VSWR measurements make such good agreement appear to be
coincidental,

The type of VSWR measurements that were obtained are shown in
Figure 5-18& The 25-ohm load definitely gives a higher VSWR at all probe posi-
tions., However, the variation in VSWR as a function of probe position is not
characteristic of measurements that had been made previously in this structure
without the foreplane structure, as shown in Figure 519

The fact that the 5 elements of the foreplane receive different amounts
of microwave power but operate into a common load raises the question as to the
effective load resistance each one sees., If the assumption is first made that the
efficiency of the rectenna element, a=nd therefore its power output is affected to
only a minor degree by modest perturbation of its load resistance, it is simple
to calculate these load resistances., Thus, out of a predicted foreplane power
output of 18.59 watts, 2,94 watts comes from each of the two elements in Set 3,
4,13 watts from each of the two elements i1 Set 1, and 4.46 watts frorn the central
element, The voltage across the 35-ohm load resistance for 18,59 watts input
is 25.51 volts, Since all the elements operate in parallel, the respective load
resistances are 221, 157, and 145 ochims respectively. It is possible that the non-
uniformity of reflection from these elements may contribute to the difference in
VSWR patterns between Figures 5-18and 5.19. The reflected power that would be
associated with these load resistances and these power levels for the individual
elements tested in the expanded waveguide fixtures are given in Figure 51l
According to this figure, 2,94 watts and 221 ohms gives 1% power reflection with
an admittance coimnponent of 0, 8 and very little susceptance; 4.13 watts and
157 ohms gives 1% reflection with an admittance component of 1,1 and a suscept-
ance component of . 16; 4,46 watts and 145 ohms gives a power reflection of 1.2%
with an admittance component of 1.2 and a susceptance component of about 0, 2,
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Center Rectenna Element Matched at 9.4 Watts in Expanded Waveguide
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6.0 SUMMARY OF RESULTS

The technology development covered by this final report was concerned
with improvements in the reception and rectification of microwave power at the
receiving terminal of a free-space power transmission system. More specifi-
cally, it was concerned with an application to the solar power satellite concept in
which solar energy is captured in a geosynchronous satellite and then, after an
imtermediate energy conversion process, transmitted to earth by a microwave
beam. The background of previous effort in developing a suitable technological
anproach to this portion of the transmission system,together with system studies
which have developed a set of specific requirements, indicated that development
be carried forward in certain key areas with the following objectives:

1. More efficient operation in general, but particularly at lower incident
microwave power densitics.,

2. Better confidence and finer resolution in efficiency measurements.
3. Betiter knowledge of the cfficiency loss mechanisms.
4, Better understanding of the operation of the device through computer

simulation,

5. Development of improved diodes.,

6. A decrease in the radiation of harmonic energy,

7. The development of a design that is environmentally sound.
8. The development of a design that allows low cost production.
9. An assessment of life of recteniia elements.

These objectives were addressed in the technology development contract
and significant progrcss was made in all of the areas. The results are discussed
in the following material in the same sequence. Items 7 and 8 because of their
close overlap are reported upon as a single item,

1. Improvements in Efficiency

Improvements in efficiency were accomplished through the use of
higher impedance microwave circuits, higher DC load resistances,
and the use of improved diodes developed under this study. These
were changes incorporated into the rectenna element which is the
basic building block of the rectenna. The improvements in efficiency
ranged from a-fraction of a percent at six to eight watt level of micro-
wave power input to the rectenna element to twenty percent at an in-
put level of 50 milliwatts. More specifically, the changes resulted
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in an efficiency of 90.5 z 0.5% at the 8 watt input level and to 79. 5
+ 0.5% at the 50 milliwatt level,

In addition to achieving improved efficiencies at the lowest power
levels of expected interest in a full scale satellite solar power system,
good efficiencies were obtained at still lower power levels, For
example, an efficiency of 45% was obtained with an input level of one
milliwatt,

Despite the substantial improvements in efficiency at low power
levels the resulting efficiencies do not represent the best that can be
obtained., The measurements made on the diodes specifically design=~
ed for efficient operation at the lowest power levels indicated deficien- !
cies that could probably be overcome with additional development \

effort and thereby substantially imnprove the efficiency.

Althouth the emphasis on efficiency improvement was at the lower |
power levels some measurements in an exploring mode were made at }
power levels in excess of ten watts, DC output levels as high as 17 1
watts were obtained at efficiencies which were estimated to be as i
good as at levels below 10 watts. An estimate was necessary because
the measurements were outside the capability of the standard mea-
suring equipment.

2. Efficiency-Measurement Confidence and Resolution

A considerable improvement in the confidence of efficiency measure-
ments on the rectenna element was established by equating the micro-
wave power absorbed by the rectenna element to the sum of the DC
power output, the losses measured in the diode, and the circuit losses
as measured experimentally and by computer simulation. The micro-
wave power absorbed by the rectenna element is equal to the carc-
fully calibrated incident microwave power upon the rcctenna element
less the reflected power which is typically less than one percent of
the incident power. Eacn of the quantities going into the equating
operation has associated with it a probabie ecrror. It was determined
that the total probable error was = 0.75% . The resulting difference
between the two sides of the equation was within this probable error,

Prior to the technique of balancing power input against power output
and losses, confidence in efficiency measurements had to depend
upon the usc of the Burcau of Standards service in calibrating a secon
dary standard at Raytheon Company and the usc of ihis secondary
standard plus calibrated attenuators to establish the calibration of the
rectenna element test set.

In order to utilize the power balancing technique, however, it was

necessary to carefully measure or estimate the losses in the rec-
tenna element. This was done by developing a procedure to measure
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the losses in the rectenna element. This was done by developing a
procedure to measure the losses in the diode, which was determiner
to be the principal loss mechanism, and developing a procedure based
partly on experimental measurement of losses and partly upon com-
puter simulation to determine the circuit losses in the rectenna
element.

As a resuit of this procedure there is a much greater confidence in
the probable error of efficiency measurements established on the
basis of calibration procedures originating with the Bureau of Stand-
ards and transferred by suitable means but with an estimated error
to a test arrangement for measuring rectenna element efficiency.

The probable error in efficiency measurements is £0, 6% for measure-

ments over 100 milliwatts, and 0. 4% for measurements at 100 milii-
watts.

There was an improvement effected in resolution of efiiciency
measurements by using a digital meter on the microwave power input
measurement and a digital voltmeter to measure the DC voltage
across the carefully calibrated DC load resistance.

It was also determined that the reproducibility of efficiency measure-
ments depended heavily upon the electrical and mechanical symmetry
of the rectenna element itself. Higher order modes in the expanded
wave guide test fixture can also be a minor source of measurement
difficulty depending upon the coupling symmetry of the rectenna ele-
ment and upon the frequency of testing. This is a characteristic of
the test fixture itself and would not be experienced in the use of the
rectenna element in the rectenna array.

Quantitative Evaluation of Losses in the Rectenna Element

Prior to this contractual effort only engineering estimates of the
quantitative values of loss mechanisms in the rectenna element were-
available. Under this contract a highly accurate method for experi-
mentally determining the total losses in the diode was developed,
Experimental measuremcnts were also made on the losses in the in-
put low pass filter section of the rectenna element, Losses in the
rectifier tank circuit were obtained from: the computer simulation
program,

The measured losses in the diode agreed with previous engineering
estimates, The minimum total losses in the diode were found to
range from as low as 7.4% of the input power for microwave input
levels of several watts to very high values for very low power in-

puts. At very low power inputs therc was a substantial error in-
volved in the experimental method.

Circuit losses other than those taking place inside the diode were
found to be in the region of 2 to 3%. The probable er. or in these




measurements is greater than for the diode. For one set of
measurements the circuit loss was set at 2.37% 1+ 0.4%.

A novel method for accurately measuring diode losses was developed
under this contract. The method made use of a ground-plane test
fixture in which the balanced rectenna element is simulated by split-
ting the element into two halves and then locating one half of the ele-
ment above a ground plane. This perrmits the use of a thermistor
bridge to measure the temperature rise in the diode as the result of
power dissipated inside the diode, The bridge is calibrated in terms
of power dissipated in the diode by injecting ard accurately measuring
DC power into the diode. However, the measurement technique is in-
sensitive to whethe. the heating source is DC power or microwave
power since both are dissipated within the diode semiconductor chip.
Hence when the diode is operating normally in the rectenna element
as a microwave power rectifier the power dissipation is determined
from the thermistor bridge and assumed to be the total loss in the
diode as it is normally used,.

Mathematical Modeling and Computer Simulation

The rectenna element, although it has the mechanical appearance of
being a simple device, and in the half wave rectifier configuration is
indeed the simplest electrical device, is nevertheless an electrically
very complex device when it is examined in detail. This complexity
is caused by the high non-linearity of the device, which generates
harmonic power which greatly complicates the waveforms of the volt-
age and current within the element. To analyze the behavior of the
device in detail it is necessary to resort to computer simulation
based upon a reasonable mathematical model of the eclement.

Under this contract, a successful e¢ffort in mathematical modelling

the element and simulating its performance on a computer has becn
successfully carried out and has resulted in a technique that is cer-
tain to be of great importance in further refinement of the rectenna
element.

The computer simulation program has generally given results that
confirm the experimental results, but upon occasion has indicated
differences which have led to investigations to resolve the differences.
For example the diode losses were first computed on the basis of the
theoretical design of the diode and found to be less than those mea-
sured. It was found that the forward voltage drop as measured by

DC voltage measurements was greater than that predicted from
theory leading to the conclusion that the chmic contact is not purely
ohmic but retains some Schottky barrier characteristics which con-
tribute to the voltage drop.
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The computer simulation program has also indicated that there is
the possibility of a combination of effective diode capacitance, input
microwave power level, and setting of the effective inductance in the
rectifier tank circuit that can cause the generation of much power in
the higher order harmonics and decrease the efficiency significantly.
Thus the computer simulation program prcvides a useful means of

providing a large variety of operating conditions that would be difficult
to reproduce experimentally.

Development of Improved Diodes

A significant number of different diode designs were produced under
this contract as an aic in investigating their impact upon improved
rectenna element performance. The most significant development
was the use of a GaAs-W barrier in place of the well-established
GaAs-Pt Schottky barrier, As anticipated, this reduced the forward
voltage drop by about 0.2 volts or about 25%. This reduction is of
great significance in efficiency improvement when operating elements
at a very low incident microwave power level.

The development of the GaAs-W barrier is a significant achievement
because of the difficulty of the bonding properties of their physical
interface. A solution to this problem was found under separate con-
tractual support and enabled us to adapt the same fabrication techni-
ques to-the diodes that were developed under this contract.

The effort to develop diodes for improved performance of rectenna
elements when they are subjected to low values of incident microwave
power has established the importance of the resistance of the back
contact as a limiting parameter. Improved diodes for low power
operation are made with lower junction capacitance and therefore
with reduced junction area. Because the distance between the junction
area and the back contact is so small in the plated heat sink diode,
the current does not have a chance to fan out before making contact
with the back contact, Since the scries resistance in the epitaxial
layer is very small for these diodes which have a high doping density
as well as a thin epitaxial layer the back contact resistance becomes
a dominating element. Since the technique of applying the back con-
tack for these diodes is the best available, there is no way of reducing
the =pecific resistance (per unit area) of the back contact without
active development effort. However, it is possible to increasc the
distance betwecen the back contact and the epitaxial layer in order to
let the current fan out. Diodes were made with this lecature and it
was found that the scries resistance as mcasured bv DC voltage was
indeed reduced, However, it was found that these diodes did not
provide improved performance and it was then found that the micro-
wave resistance was higher than the DC resistance, indicating that
there was a skin effect involved.
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If further development is undertaken on diodes for low-power density
applications it is recommmended that the following items be examined:

a) The reduction of the specific resistance (ohms per unit area) of
the back contact.

¢) A decrease in the skin resistance of the surface of the substrate

b) The increase of the back contact area. j
over which the microwave current flows to the back contact. ¥

d) An increase in the doping density of the substrate to decrease ;
the spreading resistance and decrease the skin resistance, !

Radiation of Harmonic Energy From the Rectenna Element 1

A two.section low pass filter is inserted between the half-wave dipole
of the rectenna element and the rectification circuit to store energy
between rectification periods and to reduce the radiation of harmonic
energy from the dipole. It has been recognized that there is an
opportunity to enhance this attenuation in the design of the two-plane
rectenna construction, because the section of transmission line that
connects one rectenna element with the next can be made a half-wave-
length long at the second harmonic and provide an effective shorting
out of second harmonic energy at the input terminals of the halfwave
dipole. It is recognized that this would be a critical adjustment if
fuli advantage were to be taken of it,

This approach was investigated with mixed and uncertain results. As
the technique was studied on the ground plane fixture, it was deter-
mined that the absorption of second harmonic energy into a matched
50 ohm load, which represented the input to the dipole terminals,
could be reduced by another 30 dB by adjusting the length of this
section. There was even a slight improvement in efficiency noted.
However, when the same technique was later applied to the section :
of the two~-plane construction that was built and evaluated, it was found :
that there could be a two to three percent drop in efficiency at a point
of adjustment of the electrical length of this line extremely close to {
the one found optimum for the reduction of harmonic energy. In any
event the maximum reduction in harmonic -ontent was nominal,

It was also found that an open circuited stub line resonant at the third
harmonic could be added to the terminals of the dipole input and result
in a reduction of third harmonic output energy from 40 dB to 55 dB.

The Development of a Design that is both Environmentally Sound and

is Suited to Low Cost Speed Production

The development of basic technology for the rectenna for the full scale
satellite solar power station is quite well advanced, but the adaptation




, of this basic technology to a rectenna that is environmentally sound
- and that can be made at low cost in large volume production was

recognized as an area of special study. The SSPS rectenna design

problem is a complex one in that many different requirements must

4 be met simultaneously. The active rectenna elements must be ade-

’ quately shielded from the environment, it must be possible to inter-
connect the elements in such a manner as to produce an cutput DC
voltage of 1000 volts with adequate electrical insulation, and the
complete rectenna structure must be structurally sound and capable
of withstanding sizeable wind and ice loads,

It has been recognized for some time that the approach to meeting
these requirements should be based on the two-plane rectenna ele-
ment construction, In this arrangeoment one plane is merely a reflec-
ting plane which can be made from a coarse mesh with a surface
which is highly resistive to deterioration under long life and harsh
environmental conditions. The other plane then contains the elements
of collecting the microwave power, converting it into DC power, and
bussing it to some central point of DC poweyr collection,

Two major accomplishments in achieving a practical two-plane con-
struction were realized. The first of these was the adaptation of the
RXCV rectenna element to the two plane construction and the elec-
trical testing of the new configuration. The second was the develop-
ment of a metallic shroud that is placed around the rectenna elements
in the new configuration which functions as both an environmental
shield and as a main structural element of the rectenna.

The whole assembly consisting of the rectenna elements in tire new
format and the metallic shroud surrounding it was thoroughly ¢ested

as a portion of the 199-element rectenna that has served as the 'abor-
atory test vehicle for many projects. The conclusions are that therce
is no substantial differcnce in the efficiency or cother electrical be-
havior of the new two-plane format from that obtained from the normal
elements in the array which they replaced. A high confidence level

in the two plane construction has been provided.

However, the new two-plane design cannct be regarded as a completed
development. The metallic shroud had holes cut into it for the pro-
trusion of the half wave dipoles. The addition of some kind of grom-
met will be necessary to make a weather-proof seal between the leg
of the dipole and the metallic shroud. The rectenna elements also
need to be redesigned to eliminate the teflon machine screws and
other features that are not indicative of a final production design.
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8. An Assessment of Life of Rectenna Elements

Previocus life tests were continued on a no-charge basis but with the
use of test equipment available for this technology development program. The
life test procedure involved 199 rectenna elements and diodes divided up into
sets that were differentiated from each other by the value of the microwave power
density falling upon them. A continuous run of 2763 hours was obtained with no
element or diode failures corresponding to a 27.3 year MTBF with a 90% confi-
dence factor. About 50% of the elements were run at power levels substantially
above the maximum specified for the base line design of the SSPS.
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7.0 CONCLUDING REMARKS AND RECOMMENDATIONS

The technology of microwave power transmission has been substantially
advanced with the work covered by this report. Measurement and analytical .
tools are now available for additional, morc refined, investigations into efficiency
and other operational parameters of the rectenna element. A firm foundation for
the first iteration of an electrical, mechanical, and environmentally protected
design of a low-cost rectenna for the satellite solar power station application has
been established with the effort on the design and test of the two-plane rectenna.

format covered in this report,

It is recommmended that the next immediate technology development effort
involve the detailed design and subsequent construction and testing of a section
of rectenna that will:

1) Provide 1000 volts of DC potential at the terminals.

2) Use a revised mechanical design of the core-assembly of the
foreplane structure aimed at reduced cost of manufacture and better
compatibility with the use of an external metallic shield.

3) Use a fully environmentalized metal shield for the core assembly
that will take all environmentr: conditions into account and which
will serve as a structural el:ment in the rectenna.

The activity in this proposed effort should be carried out with the construc-
tion of a larger rectenna, either as part of the effort itself or as part of a subse-
quent effort, in mind. The larger rectenna should ke sufficiently large and with
a sufficiently tapered illumination to permit its evaluation with the use of an effi-
cient microwave generator of about five kilowatts of power output. A gaussian
illumination should be provided so that accurate measurements can be made of
the absorbing efficiency and overall efficiency of the rectenna, The kind of
system recommended is shown in Figure 7-1.

The rectenna in the system should be fully environmentally protected and
permit its evaluation under a wide variety of environmental conditions. The
rectenna a2fter initial evaluation for its efficiency and other parameters should
be set up for life test and operated continuously,
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APPENDIX A

DEVELOPMENT OF COMPUTER SIMULA TION
PROGRAM FOR THE RXCV RECTENNA EI EMENT
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DEVELOPMENT OF COMPUTER SIMUILATION PROGRAM
FOR THE RXCV RECTENNA ELEMENT

: The computer model is based around the element geometry used for the
: current rectenna element. The physical circuit shown as a photograph in Figure 1

models electrically for analysis purposes as Figure 2.

Figure 1. Rectenna Element

5 T

Rs N

| L1 L1 L2 L3 !

AAA —te {lrlr _IYYY) 1YY SYYN l

Vs l |

: 2450 1)z 2 = , DIODE | = CL 3

MHz T T ;» L

Voltage | l

Surface | I

i | i
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SUPPLY [ TRANSMISSION , FILTERING, RECTIFICATION,

884615

Figure 2. Electrical Model
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The supply and load segments of the circuit are modeled mathematically

the components shown in Figure 2:

Vs (source) (t), Rs, Cs, Rl (load), Cl; while the other components of the
rectenna element are broken into multiple subdivisions and modeled by

transmission line elements with a conduction loss (Figure 3).

IJ-1) R (J) L () L (J)
4 ————AA A Y\ -
+
vV (J-1) Vv (J) C ()

b

Jth Element of Transmission Filter and
Rectification Section of Figure 2

Figure 3,

The elements L(J), C(J), R(J) are the characteristic inductance, capacitance,

and ""skin'' resistance of the line segments. Table 1 lists the number of segments,

element values, and other parameters used in the direct analysis of the present

element:

Major Element # Segments R L C Elect. Length
(See Figure 2) ) (nh) (pf) (cm/)

C1 2 .034 . 48 .20 .36

L1 3 .096 3.0 .07 .43

2C1 2 . 034 .24 . 40 .36

L2 1 . 050 1. 68 . 044 .32

L3 2 .050 1.68 .044 .32

When the ground-plane fixture is used, all resistance and inductance valucs

are halved and capacitances are doubled,
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The diode is placed in the Kth node of the structure and that node is

modeled as Figure 4.

A Y A

I(K-1) R(K) L (K 1 (K)
(K=1) R( (K)
+ ID »
LD a
L L.CD
C KT T RDV - !
V (K) _| |
7£ cDJ PERFECT VDJ, IDJ !
DIODE
Figure 4. Model of Kth Node
In Figure 4
R(K) = Loss resistance in element at diode location
LK) = Characteristic line inductance in the element at diode location
CK) = Characteristic line capacitance in the element at the line location
CD = Case capacitance of diode ]
LD = "lead" inductance of diode
RDV = Voltage variable resistance of diode voltage
CDJ = Varijable junction capacitance of diode :
- i : i1 = ﬂ_V_DJ_ - i
Perfect Diode: described as IDJ‘ Is (e ~Th 1)
ID = Total diode current
IDIL = Current through perfect diode
VDl = Voltage across diode junction
The following equation set is used to describe the element at the input:
Vs(t) = VS sin (27ft) |
gives VST = VS* gin (TWO PIF * TIME)
1) = - L2V ye) = v(2) - V(1) + 1) Rs + L(2) difl)
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gives

DEL V(1) = - I(1) ® CIMV(])

(VST + V(1) - V(2) - I(1) * Rs) * LINV(2)

DEL I{1)

In the transmission, filter, and rectification section at the Jth node

c(J) ia‘%@ =1(3-1) - I(J)
L(J7-1) %—J—-’- = V(J) - V(J+1) - I(J) * R(T+1)

reducing to

DELV(T) = (1(J-1) - I(J)) * CINV(J)

DELI(J) (V(J‘) - V(J+1) - I(J) * (R(J'+1)) * LINV(J+1)

In developing a model of the diode, the assumption was made that an n-type
gallium-~arsenide device operating at about room temperature would be used. The
device characteristics to be specified are the case capacitance (CD), the load
inductance {LD), the work function of the metal-semiconductor junction (Vmetal),
the forward bias dc resistance (RD), the zero bias junction capacity (CDJO), and

the reversc breakdown voltage (VDJR}).
In addition, the thermal voltage (KT /Q) is included as an input and the
resistance of the epitaxial layer (RHO) may be included in the data input or

computed from other parameters.

The stages in the calculation of the other parameters follow. A relative

doping density (DOPING) is derived from the reverse breakdown veltage

DOPING = (VDIR/75) 43 (x 102¢/cm?)
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The voltage difference (VDIFF) between the metal work function (VMETAL) and
the Schottky barrier voltage (VDJO) is calculated from the doping density

VDITF KT /Q4n (47. /DOPING) (VOLTS)

vDJO VMETAL - VDIFF (VOLTS)

The junction capacity inverse (CDJ1) is calculated from VBJO and the

present value of junction voltage (VDJ)

70 - vpy \/2
VvDJIO Farads

CDJI = 1/CDIO (VD

From other values above the thickness of the epitaxial layer at zero bias (THKEPO)
and its ideal overall thickness (THKEPR) may also be calculated

THKEPO= 3.46 x 10~ x (VvDJO/DOPING)!/2 cm
1/2

, ~ VDJO - VDJR

THKEPR = THKEPO x 575 ) em

Using the zero bias capacity (CDJO) the diode area (AREA) is

AREA = 3.59 x 10 x CDJO x (VDJO/DOPING)_cm?

In the diode the resistance (RDV) also varies with voltage and can be calculated

from the forward resistance (TD) and the characteristics of the epitaxial layer.
RDV = RD - RDVO * CDJI
where

13

RDVO = 9.65x 10° °~ x RHO,
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If the resistivity (RHO) of the epitaxial layer is not well known, it may be
calculated as RHO = , 15/DOPING,

J———"

The material properties of gallium arsenide assumed in the above calcula-

tions are relative dielectric constant (10.9) and density of conduction states
17 3
(4.7x 10" " /em®).

The terminal characteristics are related by the equation set:
IDT = Is (e Q._Qi - 1)

cD7J (vDr) VDL dVDJ ID - IDJ

L4 d?tI-D- = (V(K) - VDJ - RDV (VDJ) -ID ~

where voltage variable junction capacity and epitaxial resistance derived in the

explanation of the dinde model are used. These equations are written as

IDJ = IDJO * ( EXP (QOKT * VDJ - 1)
DELVDT

CDJ1 * (ID - IDJ)
DELID

(V(K) - VDJ - RDV * ID) * LDINV

At the output terminal (J = NUMNOD)

{
C(NUMNOD) dV‘NgtMNOD’ = I(NUMNOD) - I(NUMNOD -1 ) |

and I(NUMNOD) = V(NUMNOD)/RL . 1

where RL is the load resistor.
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All above equations describe the instantaneous characteristics cf the system.
A predictor-corrector routine is used to give the time integrals of the derived

differentials so that
T M

de(J) =2 d—lég—"‘l) at = 13, 7)

O 4=0

anhd
T

M
oL av(z, 4) .
de(J) = 2: ——d(;*- dt = V(J, 1)

') 4=0

where M steps are used to go from the start of the program to time (7).
In the numerical routine

I(J) 1(J) + DELI(J) * TO

V(J) = V(J) + DELV(J) *TO

where TO is the time interval (dt).

Power calculations use a similar integration technique where for example

at a particular node

POWER (J) = POWER (J) + I(J) * I{J) * R(J+1)

or in the diode
POWERD = POWERD + V(K) *ID .
Fourrier coefficients are calculated as for example

for a variable V(n), the cosine coefficient of the Kth harmonic is
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Aln) = 2 cos (2mK-f:t) + V(n, t)-At

one cycle

The output of the analysis has two parts: (1) an output calculated at the end

of each cycle to give an idea of

a) the convergence of the solution

b) the absolute error in variable integration calculated in the predictor-
corrector routine

c) the source of that absolute error.
(2) In the last cycle, the following information is given for a converged cycle:

a) at intervals through the cycle at 128 equally spaced points the values
of eleven terminal parameters of voltage and current

i) input voltage (VIN)

ii) input current (I(1))

iii) predictor-corrector error in diode junction voltage (ERVDJ)
iv) predictor-corrector error in diode current (ERID)
v) diode current (ID)

vi)  diode junction current (IDJ)

vii) diode junction voltage (VDJ)

viii) diode voltage (V(NODDIO))

ix) load voltage (V(NUMNOD))

x) current into diode node (I(NODDIO-1))

xi)  current from diode node (I(NODDIO))

b) the power integrated over the cycle in all ''loss' mechanisms

i) input power to the element (POWER(1))

ii) power loss in each skin loss element
(POWER(J) for J = 2 to J = NUMNOD-1)
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iii) power in the source resistor Rs (PWRSRS)

iv) power in the load resistor Rl (POWERL)

v) power loss in the diode junction (POWRDJ)

vi) power loss in the diode series resistance (POWRRD)
vii) power loss in the total diode (POWERD)

(A good check on the convergence in the system is that POWERD should equal
POWRDJ + POWRRD and

NUMNOD

POWER(1) = Z POWER(J) + POWERL + POWERD
J=2

The element match to the input may be determined by comparing POWER(1) to
PWRSRS. If there is a perfect match POWER(1) = PWRSRS, )

c) Sine, cosine, and dc Fourier coefficients are calculated for the first

five harmonics of the input frequency. The variables so analyzed are

i) diode current (ID)
ii) diode voltage (VNCDDIO)

iii) three current or voltage variables selected by the uscr
(V(M1), I(M2), V(M3)).

d) An automatically scaled graphical display of four currents and four
voltages at each of the 128 points tabulated is presented on two plots

(one of voltage, one of current). The variables displayed are

i) I(1) as an asterisk

ii) ID as an X

iii) I(NODDIO-1) as a plus
iv) I(NODDIO) as a zero

v) VIN as an asterisk
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vi) VDJ as.an X
vii) V(NODDIO) as a plus
viii) V(NUMNOD) as a zero.

Input variables available to the user are presented in a NAMELIST format.

All program inputs are backed. up by default data in the program that will cause

the program to run for an original set of inputs. The user may access and change

the data variables with single cards in an unformatted input. The input variables

are automatically listed under a heading of the associated NAMELIST.

Following is a list of input variables and their functional meanings,
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LIST OF INPUT VARIABLES AND THEIR FUNCTIONAL MEANINGS

CNTROL (control elements)

VSTART

MAXCYC

STDERR
CLOSER

NUMNOD

NPRINT

Initial bias placed on the structure

- if this number is negative all voltages are assigned the
bias value

- if positive the program will read data inputs under
NAMELIST INIT

Number of rf cycles run before prirt out of last cycle.

Optional convergence criteria which may be used to initiatc the
end of the run on print out last cycle.

Number of nodes in the elememt. If the maximum number of nodes
(19) is chosen, the program assumes a ground plane fixture is
being used and adjusts element parameters accordingly.

Number of data points printed in the final cycle

CIRELS (circuit elements outside the diode)

R(J)
C(J)
L(J)
RS
RL

Skin losses Default values

- . match the rectenna clement
Characteristic capacitances ased in RXCV

Characteristic inductances Will be adjusted to ground

Source res plane values if NUMNOD = 19

Load resistor

DIODELS (diode parametcrs)

NODDIO
CD

LD
VMETAL
VDJR -
CDJO
KTOQ
RHO

Diode location in the rectenna clemeni
Package capacity
Package lcad inductance

Schottky metal work function (volts)

‘Brceakdown voltage (a negative number) (volts)

Zcro bias junction capacity (farads)
Exponent multiplier (thermal voltage of diode junction)
Epitaxial resistivity of diode (ohm ¢m)

- if this is made negative the program calculates
RHO = .15 x 107!®/DOPING LEVEL
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TIMELS (timing elements for a cycle)

INIT

FREQ Microwave frequency in Hz
VS Drive source amplitude (volts)

NUMSTP Number of subdivision of one microwave cycle

M1
M2 Node number of V(M1), I(M2), V(M3) for

which Fourrier coefficients will be calculated
M3

(initial conditions) e

v(J) .

J) Initial values of node currents anc voltages if

VDI VSTART <O, this lict will not be read and al!
V's will receive a default value equal to VSTART

ID all I's will be set to zero.

ERRORS (error criteria for use in predictor corrector)

124

These values are present for future Program expansion and are not
currently in use.

Data may be changed from its default values by the following procedure

(an example). Place at the end of program execution cards the following

- - $ CNTROL - VSTART = -8 - $
$ CIRELS - §

$ DIODELS - $

$ TIMELS -VS =16, - $

In this case only the operating level of the "default" element-diode com-
bination has been changed to a low power case. Note that almost all
NAMELIST names had to be read whether sr not they were used to change
"default" data. INIT was not read since VSTART was negative.

-

Y




o ——-

PROGRAY RECTIN 73774 cPYey

10

15

en

%

L 13

3§

wn

us

s

58

(e NaNal

[a Knl

FIN 4,5¢010

PROGRA ¥ ~5c11~(1~°u7ooufluvotAPESllNﬂurovAPEelouTPuY)
CNWPUTER PQOGRAN VOREL OF & RECTIFYING ANTENNA

NIMFNSTONING AND PRELIMINARY STATEYENTS

HEAL XoLclﬂolf“ﬁC“o!EﬂR!Lo!DE‘OQQIDEQQLOLOolTCG

REA) ynJa.20511oL!~V.LDx~v.!oJoLI~E

INTFGPR ABSIS

NIVENSION vtIO'S)ol(l9v!)obELI(!OoS)oDELVIIOo!)oc!LvDJ(!)
CIMENSICH DEL!B(!)010(3)vVDJ(S)o!DJ(l)oRDV(JJoCDJIt!)
NYSENSTAA ntqo).Lth)oct19)-hntcxllﬂ)oPﬂvatli)

DINENSI0A ’Ca€4(19)oFGU"CC(S)oFQCCStScS)-FRSIN(SoS)
NIMPANSINN ﬂtonuvtlZ-iso)oLruvtlv)-c1~v(so)oFU\C(S)oLIN!(!Zb)
SIMENSIAN AD(0)
VA“‘LISVIC%YQGLIVSTAJY.“IXCVC.SYCERH.CLOGE“oNUPNﬂC.hPRIRT
Vl“‘LYSY/CIﬂELSIﬂcLoCoﬂS|nL
"A“!L!SYID!OHFLI\G"nIO'CDoﬂD.LDvV"ETALoVOJﬂotDJO.K'ccoﬂro
Vl"ELIS'ITI”ELS/"EQoVSvNU"SY’v“lO"Zv"l
N!‘ELTS'/XNITIVOI'VﬂJuXO
N&"EL!SYIEQQODS/!!RQONoV!QGOQv1FRR!L.V!RREL0!DENOR0!B!QRL
2 oVNJFRRVDJERL

SET DEFAULY VALLFS

c(1yac,Ffei

NATA VSTAEYcHA!CVC-SYDERHtCLOSE"oNU'NODI-ES.01590005.0v19l
NPRTINT=120
DAYI("(J)oJ’Zv!°)IE'.01703‘.000-2‘.01703‘o00802'.017.
0,025/
OAYA(L(J)cJaec103IZt.2“!-9.3'1.5!0902‘.125-9'3'1.5!-90
938, 24P 4% ,9bF09/
nnrn(c(J).J-z.19)/zt.aoe-izcst.1a£-12-e‘.010!-12.
o30.10!-12.2'.“"!-12.5'.1OEolzcﬂ.OE-!Il

nAYA “‘cm.QNC')CIGOCDU"D'LD/SOo00000““ .255"120 +BeUEmY/
Nata V"FT“.OVDJ“.CDJOO‘?OGQQ”O/l01“0'680l‘-"F‘lz' 20320,15/
naTA FRFGsVSINUNSTR2,48E0 . 0N0,98102/

nATA !Eunnn.vrnncn.xznaELov!RﬂELll.E-ocs.E-Sol.!-S-a.t-a/
NaTA !WFRCQcYﬁEﬂRan7JER99VDJFRL/l.!-501.!-501.t~“ol.!-5/
NATA Mle¥2/14el/

NNYICESN

ERCR1T31,0

neEan REPLACEMEAT VA UFS AND INITIALIZF CEPENCENTY VARIABLES
REAN(S9CATHEOL)
REAN(S,TIVFLS)

OF AN(SsrIRELS)
REAN(SHNICNFL)

REAN(SeINIT)

REAN(S¢FANNAY)Y

M3NUMNED

CALVERT Tr Rat ANCEG FIXTURFE
LF (s JWART ,GEL19) 67 T3 6

nn % tagetumCl
ceIyz,5¢0( 1)

LeY=2.8L 0

Q(}I=m2,* 1)

S cOoNTINE

clNprrOn)=2,t el
nes120,

9£704/194 11013452 PAGE

AT s gy vpera (7 00,

3




Ny -

971

ot

In

7%

Leh]

9s

1en

1058

1

PLf ks~

[ Xal

RICTIN ‘14 cPT=y

10

15

290
30

35

4n

RiL.ziAn,
CONTINGE

ng 15 8213

A 160 JaleAIVAND
VEJenSizvETARY
T¢Jen8)20,0
PNaFR(IIZN,N
CANTINGE
VNJICvS)avSTART
I7(NS)a0,0
VLASTaVSTART/2,
CONTINGE

nn 30 2345
FOURDC(A)=0,Nn
00 23 s3fed
FRENS(ve<ysd, 0
FRASINE: ex)ad 1
COMYINGE
CANTINLE

PRINT PARAMETFR vALUFS AAD INITIAL CONCITIONS
WRITE(O6eCNTRN))

ARITELHLCYRELS)

WRITE(AsDTODFL)

WRITE (6o TIMELS)

ARITE(OLINIT)

ARITE(H+ERRORSY)

PREIIMINARY CALCULATICNS INCLUDING DIOCE PARAMETPRS
NAPIAGS(«T75,/VRJRI*s] 45

FLLSE SIWES 1
VNTFFz4T0ReALNG(4T,/700PING

VN )A=VHETALevNn]FF

CNITVa  27(r0InesS IR T EVDJNY)Y
THAFPCaAY 48EnYAS3RT(VOJO/O0PING)
AREM=CIINITRXEPLHL ,Nut Y2
TF(AMC L1 7,040 RMI=,1S5/CNeINEG
INNIPNBG  45Fu|]

ININA G STF7SARCASE AP (wJOXNTIVMEYALY
INSATE2 ,T4FSSARLASTCPING
THAEPGRTHXEPESAAT ((«VDIReyNINY 2VRI0Y
REPIARIVEICCINYESCERT(VDICeVEIH)
NAPFaraPIAGSY E14
CINODLINIECDeC(ANCOTN)

TwNPIF=4 2AY{ASYIONTHFIFD

TEINZY /PR

TOSTEIN/FLOMTENLYSTR)
NPOINTSINULMSTR/APRINT

NCYCLE=N

NUYNIISNYW (Rl

AL B T E - PRNNLLE

cl-v(N)=1,20¢))

P IAVIIIst 2L ()

[ 2R 2 SX0 4

CINV{1)st1 700 Y1)

QS2=wSeq( D)

[Hed £2'F 3 AV It

FYN G 50410

AN AR S

76701719, 1143352

PAGE

e

R

|

Y




L1

115

120

128

130

135

a0

148

150

15%

1er

1465

175

S

Do

PROGRAM RFCY

50

60

300

400

410

w20

51¢

: 7%
P g
(!
4
;

™ 13774 trr2y FYN Q,89810 76/01/719, $1,1%,.92

A INVE /R0

PRIMT IMPPARTANTY CALCULATER VALUFS
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LELVIAOENIOWME)XCELVINODLIOWME)IC(ME)RCINVINCDDIO)
CNITINFISCNIOVISCRT(VRJOaVDICME))

1BJ(¥Flze1DJO

TFLYNI(VE) GT 23,3 1DJ(MEYIRTINJO*(EXPC(OOXTPYDI(ME) )ul,)
ANV (MF YRR LRAVOSCTCIT(VEY
NELVOJI(VEISCID(VEIRINJ(REYIPCCIT(ME)
NELIO(MEIm(V(NEDDIOMFIoVDI(MEY=RDVIME)¥ID(ME)ISLBINY

PRENDICTOR INYFGRATINN
TF{MELNVF,2) 6N TC 920

70 810 J=teNvNCY
1030312 (Jel )02, sTOSDELI(I02)
VEJeWI2V(Je1)e2,.8TCERELV(Je2)
CAVTINGE

VIVIVASD a1 2 (A v 200 1) 42, 2TODFLVINUMALD2)Y
TN TUNOP e 3IEBVENLYAUN g 3)SRLIMY
VRJ3I3VI(1)42,3T080FLVEI(R2)
IF(VDIC3) 6T, vDINT vBJI(3)=vDJ0
INEY)I2IN(1)142,07C*DFLICL2)
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178

187

1A%

190

195

200

2%

210

215

ez2n
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¢ & we i e
FREGKAY RECTIN 73774 cPT=y FIN Uob4410
no %515 Jz=i o NUMACD
PRENICIIFT(Je)
PREAVLIISV(JeY)
515 CANTINUE
eyCI=VNIC)
IRENINSTIL3)
MF=3
6N 10 41N
¢
C £IRRFLTON TATEGHATIAN
520 DN RN JEighyMAC)Y
I(Jc3)=ffJoZ)O.5‘70¥(CFLI(JOZIODELI(JOS))
tho3)=V(J02)0.5'100(DELV(JvZ)ODELV(J037)
533 CONTIANYF
V(\U“\GF-11=V(NL'ﬁ0n-2)‘.5’?n‘(ﬁtLV(NU”NGDIZ)ODELV(kUVNCDo3))
!t\U“N"P.3)=Vf\U?NUO.!)‘“LINV
VGJ(S)xch(?)o.S*T"'(ntLan(ZJonELVCJt3)1
1FLVD.I(3),6T,VDJC) voJ(3)=vnIc
ID(B):!O(E)#.S‘TC‘(DELID(?)OOELXD(S!)
4
c PARAYETF@ VALUF STIRAGF SHIFT
nn 34 A8z1e2
00 8§35 Ja1eNLUACO
TCJIeNS)I=1(ToN\SH1)
VEJeNS)IEVIIanSe])
535 £ONTIMUF
vDIINS)SYCI(9+1)
1OCENSIZTCING+Y)
536 CONTINUF
4
o DETERVINE MAXTMUY ERRIRS PFTAEEN INTFGRATICNS
NN §37 J=teAuMsODl
ERT=ARS(I(Jr$)ePREDLI{I))
P RY=ARS(V(J)3)~PRFLVIY)
TF(FRTLGTGFRIVANY waXars(CurNT
TF(ERT.RT FRIVAX) FRI¥AX3FRY
IF(FRV 6T ERVVAX) ERVMAXIERY
537 CONTINUF
FAVYNI2A9S(VRI(3IwPRAVD])
ERIN=AMS(TID(3)ePREDIN)
IF(FAVE ] AT FRVVAX) FRVMAXZERVOJ
TRLERTN AT HIIVAN) MaXsNCoUnT
IF(FRIN,GT ERTMAX) FRIMAXSFRID
60 TN Sas
[
r METEIVINATION OF STEP STZF SnR NEXT STEP
C NALVING

!V(E“Y*AX.L7.IERRU“.AND.PQVHAX.LT.VERROQ) 60 10 %542
NYMSTRTAYNSTRR

NCOUNTIRCOUNT S

L BAVE=SAVFE2

LBrT TSN USTO/APHRIATY

TASTF IS JFLOAT(ANL~SETO)

AP S48 JaleN vNTY

T0Je13381¢ e (J925)72,

vETaldZ(Ve Te13eVIJe23) /2,

“u0 €0 TINF
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621

e3o

235

240

245

250

255

260

265

270

27%

280

785

PRAGRAM RECTIN 73/74 GPT=1 FIN 8454430

C

[aNa] (2K 2]

VINUYNDR e 1) 2 (VINLPNRD g LISV INYMRGD2Y) /2,
vDJ1)I=CVDJ(1YeVDIC(2)) /2,
INC1)2(ICC1)+1I0(2)) /2,

6N TD S46

HNURL ING

542 IF(FRIVAX,GT,(,013IFRRNR) JANDERVMAX (T (s 01#VERROR))

544

546

550

SA40
570

+60 TO S46

CHECXIFLNATINGOUANT) 2,
NCHECKaNCOUNT 22

IF(CHECK WNESPLCATINCHECKY) 6N TN S4é
NUMSTPaNyNgTR 2

NCOUNTRACOUNT./2

NSAVEaINSAVE 22

NPOINTSENI MSTP/NPRINT
TOSYFIN/FIGAT(MUNSTPR)

D0 S84 J=1.NUMANDY
TCIe)ZT(Je )0 lICJoR)wl(Js1))
V{Je33aVIJe1)a(V(Je2)=viJle]))
CONTINUE

VINUMAOD 91 )IVINLMNCD o 1) m(VINUNNCD22) «V(NUMNOD 1))
vDJ(1)sVvDI(1)e(VCI(2)eVDI(1))
ID(1)8IP(1)=(I0(2)w1D(1))

CONTIMUE

CHELX 1F LAST CYCLE
IF(NOYTICE.EQ,0) GO TO 600

CALCULATYE POAERS FOR LAST CYCLE

DO 550 Js32.MNUMACD
POAFR(JISPOWERC(JIFPRIIFII®TI(Ic3)*I(J03)
CONTINUE |
VINZVSTaRE*I(§03)4V(1¢3)
POWER(IIZPOAER(1IISVINEI(193)
PWRSASEPNRSESIRSSTI(1,3)81(1e3)
POAFRLSPOWERLSVINUMNDD9S)® T (NLMADD3)
POWRZJ2POWRDISVDI{3)*IDIC(Y)
PAWRRECSPCARACHRDVIIIFINLIIF*INCS)
PRERCIPONERDIVINCODIOGI)*ID(3)

CALCULATE FOURIFR CNEFFICIENTS FOR LASTY CYCLE
PUNC(I)SVML,Y)

FUNC(2)2]I(M2+3)

FUNC(3)2V(M3,3)

Fiaglu)=z10(3)

FULC(S)aVIn

N0 S7T0 Xa1,%
FOURDC(XIAFOURBCIK;SFUNC(X)
COSHPIS2,8NS(XRTACPIF*TIVE)

SINKP T2 SSINIKITHOPTIFSTING)

N0 560 N31e5
FRENS(NeXKIBFRCOSINoxX)+COSKPTIHFYNCINY
PASINCNyRISFREIN(N ok IISIAKPINFYUVCINY
CONTYINUE

CANTINUE

CHNGSE UYCLE TIMES FOR NATA STORAGE
IF(NCOUNT J%NF ASAVE) GG TC &00

76701739 11413,52
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310

318

300

328
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335

PLOGRAY RECTIN 7%/74 cPY=1 FTN 4,54410

laN o}

oG [aXe)

(s Nal [n N o)

~ oy

767014194 1141332

STAQF NATA 2T SELFUYED TIVFS
NESAUTCLeNSTEPLIZFLAAT(NSTFPY)
REINUT (2o 8TFPLIZV I
QEANUTL34NSTFPL)=T(103)
REJNTLUeNSTFPLIZERVD)
RENOUT(SASTEPLI=ERTD
RENAUTCHINSTFP1I=T0(3)
RESAUT (T STERLI=INI(Y)
RECAUT(ReNSTERYIaVDI(3)
RFNAUT(QWASTFRL)2VINONRDICYYS)
QERAUT (109 NSTEPL ISV (NUMNGD, 3)
RENNUT (11 eNSTEPLIST(NCON N1y 3)
RESAUT(12.VETFP1)21(NODDI0Y)
NSAVEINSAVESAROIANTS
“QTEPISANSTFP L]

CHEELK FOR END CF CYCLE
N0 IF(NCOUNT LY NUMSTP) GO TO 400

FNR OF CYCLE CALCULATIONS AND PRINTOYT
NCYCLE=NCYCLESS
gncnltzsas((v(NbvkcnnS)oVLA$T)/V(NUﬂN0093))
VLAST=VINUAOD3)
ARITE(H9650) NCYCLEthNn»NOOo3)-ERCQIT'ER!MAXoERVNAXoNAx
650 FORMATLIM o3naT ¢14425H CYCLESs OUTPUT VOLTAGE =,
21N, 4e10R) ERCRIT ByFTBe12M8 ERIMAX 341PE10,2120H} ERVMAYX S«
+1PEL0,24110)

CHFCK 1F ExC OF LAST CYCLE
1F(NCTICE,EQ,P) GC' TN 300

FIvaL CYCLF PRIATCUT PREPARATION
50 720 JSieNUMADED
POAFR{JISPORER(JIZNUMSTP

720 CONTINVE
POARINSPOARIN/NUPSTE
PRRSRESIP+RSRS/NUPSTR
POSFRLSPOaERL 2MGVETP
BNARDIZOCARDIINU¥STP
PONERCIPOERNINUNSTR
POWRINZPOURANINUNETR
nn TN X3ye9
FOURDE (X)SFCURCC (X)) /NUMSTP
nn 730 N2ie5S
FRCAGIA gXISFREGS (MoK ) /NINSTP
FROINC VX )IFRSIN(N9K) /NIUNSTP

730 £ONYINUE

780 CONTIANUE

FTNAL CYCLF PRINTICUY
ARITECA9A0D)

B30 FORMAT(////7e1240 SYEP VCLTS IN AMPS IA ERRvCJ ERRICIC
L4 nirdr 1 JUNET 1 JULNCY VY CIODE Vv LGal v AC 1 n
o1 17)

NSTER12ASTEPLa]

WRITFH(ARTD) (C(RECOUTINIK) oN31912) eKa1oNSTEPY)

PAGE




Tet

3458

150

358

b 1.1

368

370

378

3en

3as

3909

398

PRCGRAM RECTIN 73774 CPTay FIr 4,54430

o060

840

Aa6n

870

910

9290
930

940
959

949

TEr08/719, 11,13,%2

FORMAT(gw 10PF10,0¢1P15E10,2)

ARITE(RyR20)
FORMAT(//7/7038m PCAEYR CALCULATINA RESULTYS» IN wATYS//)
WRITE(6eB3D) (PCxFR(J) ozt o NyPNOL)

FORMAT(IMN 41P10F12,3)

VRITVECS,800) 90wﬂ1~.9ni$ks.PUMERL'POuRDJ.POHtRo,PONRQc
FOAVATIIM 4iPAE12,3)

WRITE(beB860)

PORMAY(//7//924% FOURIER COFFFICIENTS/ /1M 958N YCICODE AMP
*IN vour 1010c¢E VIN)

#RITEC69870) (FOURDC(J) s JD1y5)

#RITECH.8T0) CCFICOSINIKI ox=105) 0 X% ],%)

ARITE(64870) (fFHSlN(Nok)ONSlOS)c“aloﬂ)

PORMAT (1% o1PSE12,3)

PLOTTING ROUTIANE
DATA Nc(l)ohote)o\D(!)ch(a).AGSIS/!.G!!!OIZ.&!/

DATA PLANKGCCYoASToXoPLUSVZERD/ZIN 2L IYR LI PR NRT L Vs
NN 990 NPLOTage2

IF(NPLOT,FI,1) GO To 910

ND(1)=2

NOD(P)=3

ND(3) 29

NDC4)=40

ABS182100

DETERVIANE SCALING FACTOR

VALMAXZARS (REDOUT(NG(1)41))

DO 034 r§i=1,a

NN 920 N82214NSTEPY
xr(Asstnecou7(~c(hsx)'st)).s?.anunx) VALFAXZABS(REDCUT(AD(ASY)

.N82))

CONTINYE
CONTINUF

SCALE=(ABSTISwy)/vaLMAY

PRINT GRDIVATE

DN 940 Jzy1.126

LINEC(I)3DNT :

ARITE(64950) 1 INE
FORMAT(I1M)912641)

ALANK TWE LINE

20 940 Jatel2s

LINVZ(I)=sL ANy

PJY COT IN LINE TC PROQUCE ARSCISSA
LINF(ABSIS)eng0T

NDATA LOOP

NP 980 K=14NSTEPY
J!=REC0U7!VD(1)rK7'SClLF¢APSISO.9
!2=DFP‘uT(\D(z).ﬂ)tsCALEOAFSISﬁﬁS
Jlsﬁfnour(\nti)o‘)'SClLEOABSISO.S
!u:nlnanr{nO(a)-n)'sCALE¢lPS!SO,i
PIT SYMACLS Tn SELECTEN LINES AMNg PRINTY
LINECIYYaaSY

LINF(J2Yax

LINECI3)ar s
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(43|

aogn

408

410

PROLEAY RECTIN 13774 AR KR

CARC NR, SEVERITY

218

FATRY P
2115

VARTAAL
anay
unNas
5078
5047
4143

10330
9201
50%0
5443
4127
4122
4170
g1e%
41596
5214
22347
4218
3517
a3sy
4114
1513
421
a2
G124
-3In6
at1s
CREY]

1

979

989
990

NETAILS

LINF (JUISZERD
VRIITE(9e970) LIM
FOR4AT(1~ o124A1)
RE«ALAVK NATA POSITIGNS
LINF(J1)3RLANK
LINFCJPI=ALANK
LINE(JIRY=R ANK
LINF(JUIZALANK
LINF(ARSIS)=NNT
CONTINUF

CONTINUF

END

CTAGNGSIS OF PRCYL IV

T=ERE 18 NC PATH TO THI8 STATEVENT,

SYMBCLIC REFFRENCE VAP (R3))

G178
RECTIN

ES
ABSTS
[3.24

[

rndt
critv
Ciny
cos«21
NELID
TELY)LY
Mo €34
ERCSTY
Faten
Fav
ERYvAX
Faces
ERS TN
1
ICERQR
nJ
1CSaT
AL
It

J3

a

L
LT
LINV

s\

TYPE

RELOCATION

IYvTEGER

HF AL
BFAL
REAL
RESL
HF AL
RPAL
GF AL
<EAL
JEAL
~FalL
~% AL
HFAL
~Fal
~EaL
BT IR
~E AL
qEaL
QF AL
REAL
~Fay

ARQAY
AIGAY

AXRAY

AIRAY
ARRAY

ARTAY
ARy
asnAyY

AIRAY

I*» TE5EQ
I+ THieQ
1 t65Fa

Sl
“E 3,
~F Al

ARRAY

L2 %4

413%
agou
3500
31505
4371
31473
4691
4742
4108
a04s
9164
4155
4167
5211
151¢
1n35%
4333
3520
af13
3518
412?
4212
42148
3504
3502
4362
3671

ARF A
RLANK
ce
ccJan
CHECXK
CLQSER
OELI
BELV
DOPE
DIk
LLD ¢
ERI™AYX
ERVDJ
FOURDC
FRFO
Fune
]
I0ERRL
1cJ0
1EQREL
J

Je2

J4

L8 faled
LC
LINE
MaxCyC

FTIN 4,54430

REAL
REAL
REAL
HE AL
REEL
REAL
REAL
REAL
REAL
REAL
RE AL
KEAL,
RE AL
REAL
REAL
Rt AL
SEAL
RE AL
RE AL
REAL
INTERER
INTEGER
INTEGER
REAL
REAL
RE AL
INTEGFR

ARRAY
ARRAY

ARRAY

ARRAY
ARRAY

ARRAY

76701719 11¢13.52 " PaGE e




et

PulLka® RECTI T3/74
VARTARLFES S\ Tvop RFLO
0161 VE INTFGED
3524 M2 INTEGER
4128 N INTEGER
4172 MCHFCx INTEGFR
4346  NCYCLF INTFGER
3477 ARl INTFGER
4208 APLOT INTEGPR
Q116 NPRINT INTEGER
4157 rSavE INTEGER
4206  ~O% INTEGER
3474 Npunge INTEGER
3512 ANLMSTP INTEGFR
51686 OCER RF AL APRAY
G173 PO R REAL
4203  Plas]n AF AL
9162 PROVDY QE AL
4163 PRECIN REBL
4174 PaISIS RF AL
8082 R RP AL ARRAY
5040 RNV RFAL ARRAY
30N RENNYY REAL sRRAY
3507 RmC REAL
2153 Rilvy REAL
2150 RS2 REAL
4202 SINKPL REAL
4143 TFIA RE s\,
4137 TexFpu R AL
atbe T NEAL
'L 1.3 I E AL ANURAY
4131 vRIFF LI FR
3522 IDJF9L REAL
9182 wvnJc REAL
3516 VEWRLL <FAY
0173 VI~ NEAL
$503  wvETal NEAL
Q4154 vs?Y QFAL
LI | SKal
FILE NAMES “nng
8 InPtr 1003
FATEGALLS TYPE ARGS
ALTC RFAL 1 LIRRARY
FxB HE AL t 11904y
SgeY QF AL, 1 VLIRPRARY
INLINE FLACTYICNS TYPF ARCS
ABS REAL 1 INTRIN
NA“HL1STS
CIRFLS CATR0L
STATEYS ST LArELS
¢ S
¢ 1%
e 3% 1NACTYTIVE
322 4O Ev?

cPT1=1

CATINN

cuTPUTY

2157

23403

e s

FTS G,5eu80 Y6/03/19. 11413,52 PAGF ]
1523 M INTFGER
3117 3 INTEGER
PR LT ¥ INTEGER
415% NCOUNT INTEGER
10360 NC INTEGF & APRAY ——m
4320 ~NOYICE INTEGER
4145 NPOINTS INTEGER
4123 NS INTEGER
03160 NSTEPS INTEGER
8207 N92 INTEGER
Q147 NYMADY INTEGER
00%0 PLUS REAL
0200 POWERD REAL R
4176 POWRCJ REAL -
4177 POwRRC RE AL
5420 PRED]Y REAL ARRAY
5143 PREDV KEAL ARRAY
4130 QOKY REAL
3504 RO REAL
4136 REvVO REAL
4140 REP] REAL —
3474 RL REAL
3475 R$ REAL
4210 SCALE REAL
3472 STYOERR REAL
4134 THEPD REAL
4182 YIME REAL
8142 TaOPIF REAL
4208  VALMAX REAL —
5041 vey REAL ARRAY
3521 VOJFRR REAL
3508 VEJR REAL
3514 VERRUR REAL
4124 vLAST REAL
3541 vS REAL
3470 VSTARY REAL
405y 2fRQ nEAL ————d
0 TAPFS NAME 1903 TAPES MIXEL
ccs REAL 1 LIBRERY
SIN REAL 1 LIBRARY _,j
FLOAY QF AL 1 INTRIM
LICDEL ERWECRS INIY TIFELS
~F
[ 0 10
20 0 0
a0 3e0? S0 [ 241
100 2355 w00



ERRECQ NUMBER
FALLPE FROY RECTIN AT LIME 60

ENNe”FaE Ll b-ri (NTEVE T

FSEND AN _vaFR
CALLED FROw 2R CTTN AT ) IrE 4%

49

[

PREGEAM RICTIN 73/%4
STATEVFAT LaPRELS
w 2382 410
0 818
8 51%
0 %a)
2751  Sae
6 570
f 720
3723 8on0? FrY
3747 B3N (X3
qour  ATC EvY
0 930
¢ 90
¢ 990
LCOPS  LaARF) INNEX FIrsall
213%  § J &1 85
2tel 18 A5 +° &9
216% i J &1 b%
220% 3 A 7¢ 76
2237 20 X Y 18
2321 a9 J 108 111
2410 420 J 1ud §8¢
2065 %10 J 163 1606
251%  S1Y J 172 175
2933 %30 J 122 1RS
2867 538 » AS 193 2non
2575 535 J 194 107
2611 S37 J /0y 209
2670  Suc J 2?2y 228
2733 S4b J 2484 247
271588  9%0 J 2%7 ?%9
TWiu S0 * 274 2A2
N30 580 N\ 218 283
111y 700 J 319 421
3188 700 » 328 334
3144 730 \ 331% 333
3207 €90 * AP CY 380 010
3222 Q¢ * ASY 373 17a
27 Q0 rSD 474 377
3247 Goo J 3Ry 382
1287 9s0 J 3106 327
I2he Gny * 361 upY
sYavIsrTics
PEPLLEAY 6 T 6255
AUBEER LFARTS 21371
NAYELTISY TaTa YERVINATEL LY FQF nCT S

NETECTYER BY MAvIAE

ETLENavE

NETELTED Ky AamIAz

CFT=

0
2824
0
270¢
0
in7s
0
(3 2T
4nny
3216
¢
wret

LEAGTR
an
208
4a
158
iR
5a
10
14,
uR
1{R
178
LLS
17
58
5a
ua
A
Sk
30
21
3n
1068
20"
78
1w
i

Lup

3244
1095

Q20
£29
e3¢
c42
&§n
69N
730
'TY: Fy
240 pw
S0
T
$70 13

PREPEKTIES
INBTACK

TASTACK

INSTACK
IASTACK
nPe
INSTACK
INSTACK
oPY

INSTACK
oPT
INSTACK
INSTACK
INSTACK

INSTALK
In8TACK

INSTACK
INSTACK

INSTACK
INSYACK

AT 20DRESS 000437

Iwely

AT APDRESS AROUSE

1
T

1

ACY

NCY

NCTY

Exy

NCT

EXY
~CT

FxT

INLER

INNER

INNER

REFS

INLER

REFS
INMER

Wt S

FIN 0,54410

NCT INMER

MCT IANER

Tése1/19,

510
530
537
S4u
560
650
74¢
820
860
920
950
980

PrY

pry
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